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Abstra
tThe Heterodyne Instrument for the Far-Infrared (HIFI) was laun
hed aboard the Hers
helSpa
e Observatory on the 14th of May 2009. HIFI's frequen
y range is spread over 7 mixerbands. Bands 1-5 (480-1270 GHz) use Super
ondu
ting-Insulator-Super
ondu
ting (SIS) mixerte
hnology while bands 6 & 7 (1410-1910 GHz) use Hot Ele
tron Bolometer (HEB) mixerte
hnology. HIFI is a double side band instrument and hen
e 
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�e
t introdu
es a 
alibration un
ertainty that must be understoodin order to a
hieve the HIFI 
alibration goal of 3%.To determine the frequen
y dependent side band ratio for ea
h 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) mole
ules were observed using the HIFI instrument.Using a radiative transfer model with the measured pressure and opti
al path length of the gas
ell and mole
ular line parameters taken from the JPL and HITRAN 
atalogs, model spe
tra
an be generated. By 
omparing the generated spe
tra with the observed spe
tra the side bandgain 
an be determined.In order to extra
t the side band ratio a number of additional instrumentation e�e
ts must�rst be understood. Bands 1 and 2 shows good performan
e and the side band ratio wasextra
ted for these bands. The data showed good agreement with predi
ted antenna response.Bands 3 and 4 had signi�
ant IF gain e�e
ts due to a diplexer mistuning problems. Band 5had spurious LO signals at 
ertain frequen
ies making the data observed unusable. Bands 6 &7 had signi�
ant standing wave issues due to a non-optimal IF 
hain design. These instrumente�e
ts are dis
ussed 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 extra
ted from the data using a 2 parameter �t where the side band ratiowas the other free variable. This approa
h was shown to be problemati
 with multiple viablesolutions possible. It was proposed to use the analysis of the simpler mole
ules to 
onstrain thepressure broadening extra
tion pro
ess. The methanol pressure broadening parameters wereextra
ted from the data and showed some frequen
y dependen
e. The values extra
ted were inreasonable agreement with the values predi
ted in other publi
ations. A �rst pass extra
tionv



of the side band ratio was undertaken at the lower edge of band 2, there was a large degree ofs
atter in the measured data but an en
ouraging agreement was seen with the side band ratiovalues extra
ted from the other simpler mole
ules.
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Chapter 1Introdu
tionThe dis
overy in 1800 of infrared radiation from the Sun by William Hers
hel opened a newera in astronomy. Astronomy was no longer 
on�ned to the opti
al wavelengths seen by theeye but was expanded into new regions of the ele
tromagneti
 spe
trum. Ea
h wavelengthregime tells the astronomer something di�erent about the astronomi
al sour
e. Gamma raysare seen from the most extreme rea
tions in nature while the 21 
entimeter line hydrogen probesubtle 
hanges in the spin relation between a proton and ele
tron in a hydrogen atom and ea
hwavelength in between tells the observer something unique about the sour
e of emission.New dis
overies in astronomy have been made through the development of new instruments.With ea
h generation of astronomers new instruments and larger teles
opes are developedfurther pushing the boundaries. In the 20th 
entury astronomers pushed the envelope furtherby pla
ing larger teles
opes at higher altitudes to get above the atmosphere and further still ontoair
raft and balloons. The laun
h of Sputnik in 1957 provided a new platform for astronomi
alobservatories.The Hers
hel Spa
e Observatory follows the pattern of larger teles
opes operating at previ-ously unobserved frequen
y ranges in spa
e. Hers
hel �ies with 3 state of the art instrumentsea
h ful�lling in a unique role.1.1 Hers
hel Spa
e ObservatoryThe Hers
hel Spa
e Observatory was formally proposed to ESA in 1982 and was in
orporatedinto the `Horizons 2000' long term programme for implementation as one of the four 
ornerstonemissions. The proje
t was originally 
alled Far InfraRed and Submillimetre Spa
e Teles
ope(FIRST) but this was later 
hanged to the Hers
hel Spa
e Observatory in line with the ESApoli
y of naming s
ien
e satellites after famous European s
ientists. In 1993 the satellite gotthe o�
ial go ahead and work began on developing this ambitious satellite. For time line ofthe development of the Hers
hel satellite see [98℄.The Hers
hel Spa
e Observatory 
arries a 3.5m diameter passively 
ooled Cassegrain tele-1



1.1. HERSCHEL SPACE OBSERVATORY

Figure 1.1: Left: Hers
hel 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 Hers
hel satellite during ground testing at ESTEC[98℄s
ope. The primary mirror is mounted on a super�uid helium 
ryostat inside whi
h the 3instruments are found, see �gure 1.1. The 
ryostat has a 
apa
ity for 2367 liters of liquid
ryogen whi
h depending on 
onsumption should provide enough 
ooling for a 3.5 year missionlifetime. The satellite ele
troni
s are housed at the base of the satellite and 
ontrol all aspe
tof the satellite operation. The teles
ope operates in an orbit around the L2 Lagrange point,1.5 million kilometers from Earth. The Hers
hel Spa
e Observatory was su

essfully laun
hedaboard an Ariane 5 ro
ket on 14 May 2009 at 13:12 (UTC).The �nal 
on�guration of the Hers
hel spa
e teles
ope �ew with 3 instruments. The Pho-tode
tor Array Camera and Spe
trometer (PACS) was developed by a 
onsortium led by theMax-Plan
k-Institut für extraterrestris
he Physik (MPE) Gar
hing[100℄. The PI of the instru-ment is Albre
ht Poglits
h. The Spe
tral and Photometri
 Imaging RE
eiver (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 Helmi
h. The 
alibration of HIFIis the topi
 of this thesis. Table 1.1 provides an overview of main 
hara
teristi
s of the threeinstruments.

2



1.1. HERSCHEL SPACE OBSERVATORY

Table 1.1: Overview of instruments on the Hers
hel spa
eteles
ope[98℄.HIFI Heterodyne spe
trometerWavelength 
overage 157-212 & 240-625 µmField-of-view (FOV) single pixel on skyDete
tors 5 × 2 SIS∗ & 2 × 2 HEB∗ mixersSpe
trometers auto-
orrelator & a
ousto-opti
alSpe
tral resolving power typi
ally 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′Dete
tors 64 × 32 × 32 × 16 pixel bol. arraysPACS integral �eld spe
trometerWavelength 
overage 55-210 µmField-of-view (FOV) (5 × 5 pixel) 47′′ × 47′′Dete
tors two 25 × 16 pixel Ge:Ga∗ arraysSpe
tral 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′Dete
tors 139, 88 & 43 pixel NTD∗ bol. arraysSPIRE imaging Fourier transf. spe
trometerWavelength 
overage 194-324 & 316-671 µmField-of-view (FOV) 2.0 F λ sampled 
ir
ular 2.6′Dete
tors 37 & 19 pixel NTD bol. arraysSpe
tral resolving power 370-1300 (high) / 20-60 (low)
∗A
ronyms relating to dete
tors: super
ondu
tor-insulator-super
ondu
tor(SIS), hot ele
tron bolometer (HEB), gallium-doped germanium (Ge:Ga),and neutron transmutation doped (NTD)

3



1.2. THE HIFI INSTRUMENT

Figure 1.2: Sket
h of sub-mm astronomi
al heterodyne re
eiver1.2 The HIFI instrument1.2.1 Introdu
tionIn this se
tion a brief overview of the HIFI instrument is given. The major 
omponents arebrie�y des
ribed and referen
es provided for further reading.1.2.2 Heterodyne prin
ipleThe heterodyne prin
iple is based on the property that the multipli
ation of 2 signals of slightlydi�erent frequen
ies results in a set of new signals, the frequen
y of one of these new signals isthe di�eren
e in frequen
y between the 2 original signals. The heterodyne prin
iple is 
ommonlyused in 
ommer
ial radio to up
onvert a signal to a higher frequen
y for transmission, the signalis then down 
onverted to the original frequen
y at the radio re
eiver end by 
oupling the skysignal to a lo
al signal of similar frequen
y, this is tuning that is 
ommon to anyone who hasused a radio.The heterodyne prin
iple is used in astronomy to down 
onvert high frequen
y sky signals tolower frequen
ies where the signal 
an be ampli�ed and sampled using 
onventional ele
troni
sthus providing spe
tral resolution not possible when dire
tly observing the sky signal. Figure 1.2provides an overview of a typi
al heterodyne astronomi
al re
eiver. The broadband sky signalis mixed together with the lo
al mono
hromati
 signal. The down 
onverted beat frequen
y isthen fed to the ba
kend spe
trometers.By 
hanging the lo
al os
illator signal, di�erent sky frequen
ies 
an be down 
onverted andfed to the ba
kend spe
trometer. Only small bands of the broadband sky signal 
an be down
onverted. Depending on the mixer type this varies from 4-8GHz for the low frequen
y bands to2.4-4.8 GHz for the higher frequen
y bands. Another feature of the heterodyne prin
iple is that2 bands either side of the lo
al os
illator signal are down 
onverted, these 2 bands are known4
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ies, red denotesthe lower side band 
overage, blue denotes the upper side band 
overage. Right: Double sideband OCS spe
tra 5



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 pro
ess using a model spe
trum of the OCS spe
tra. The left handside of �gure 1.3 is the spe
trum for OCS as seen between 805 and 830 GHz. The right hand�gures show what the double side band spe
tra look like for di�erent LO frequen
ies. Noti
ehow lines from the upper and lower side bands move in opposite dire
tions with 
hanging LOfrequen
y.1.2.3 HIFI opti
sFigure 1.4(a) provides an overview of the HIFI opti
s. The HIFI opti
s 
ouples the signal fromthe Hers
hel teles
ope to the mixer fo
us. The beam size varies greatly over the HIFI frequen
yrange and hen
e 7 di�erent 
hannels are evident in the opti
al set up, see Trappe et al. [121℄ forfurther information. The 
hopper and the diplexer are the only 2 moving parts in the opti
alpath. Moving me
hani
al 
omponents are avoided in satellites as they in
rease the 
han
es offailure in the system. The 
hopper is shown in �gure 1.4(b). The 
hopper is used to swit
h thebeam between 5 preset positions. 3 sky positions are available, looking at the M3 
enter, left of
entre and right of 
enter. These 3 sky positions are used for point sour
es allowing for qui
kswapping between the ON and OFF. These o� 
entre sky positions are also used in the dualswit
h observation mode. The �nal 2 
hopper positions are the hot and 
old 
alibration loadswhi
h are vital for the intensity 
alibration of sky observations. The 
hopper me
hanism has a
ertain degree of redundan
y designed in with a ba
kup a
tuator able to move the 
hopper inthe event of a failure. Furthermore the 
hopper me
hanism has a default position that pointsto the 
enter of M3 mirror, this is a
hieved 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 hen
e 
an a�ord a poor 
oupling the LOunit. The diplexer bands were originally expe
ted to have problems produ
ing the requiredamount of LO power and hen
e the need for a more e�
ien
y LO 
oupling pro
ess. Figure1.5(a) shows a s
hemati
 of signal 
ombining pro
ess for a beamsplitter and diplexer setup.The diplexer a
hieves a high 
oupling by delaying one polarized beam relative to another,then 
ombining the 2 signal at the mixer fo
us. 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 a
hieved. The diplexer 
onsists of 2 armswith rooftop mirror at ea
h end. One roof top mirror has a slightly longer path length whi
h isset depending on the 
enter IF band frequen
y. For the SIS band with an IF bandwidth of 4-8GHz, the IF 
enter is at 6 GHz whi
h 
orresponds to an additional path length of 12.5mm. TheHEB bands have an IF bandwidth of 2.4-4.8 GHz, hen
e the IF band 
enter is at 3.6GHz whi
h
orresponds to an additional path length of 20.833mm. In addition to the �xed o�set between6



1.2. THE HIFI INSTRUMENT
Chopper

Sky path

LO
 p

a
th

(a) Left: S
hemati
 of HIFI opti
s showing sky and LO paths. Right: Photo of HIFI takenbefore integration with Hers
hel

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

(a) Left: Beamsplitter signal inje
tion.Right: Diplexer signal inje
tion

(b) Mixer 
urrent vs diplexer position for a band 4adiplexer s
an at an LO frequen
y of 1009.998 GHzFigure 1.5: Overview of beam 
ombining me
hanisms in HIFI
8



1.2. THE HIFI INSTRUMENTMixer band/Beam Frequen
y Mixer Mat
hing Feed and 
ouplingCombiner/Laboratory range (GHz) element 
ir
uit Stru
ture1 (Beamsplitter) 480-640 SIS Nb on Nb 
orrugated horn(LERMA/IRAM)[25℄ Nb-Al2O3-Nb mi
rostrip and waveguide2 (Beamsplitter) 640-800 SIS Nb on NbTiN 
orrugated hornKOSMA[116℄ Nb-Al2O3-Nb mi
rostrip and waveguide3 (Diplexer) 800-960 SIS Al on NbTiN 
orrugated hornSRON/TUD[24℄ Nb-Al2O3-Nb mi
rostrip and waveguide4 (Diplexer) 960-1120 SIS Al on NbTiN 
orrugated hornSRON/TUD[24℄ Nb-Al2O3-Nb mi
rostrip and waveguide5 (Beamsplitter) 1120-1250 SIS Au on Nb lens and twin slotCalte
h/JPL[56℄ Nb-AlN-NbTiN mi
rostrip 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 te
hnology[22℄.the two rooftop mirrors the path length di�eren
e between the diplexer arms 
an be adjustedfurther using an a
tuator 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 typi
al diplexer s
an. Thediplexer is moved through all positions and the mixer 
urrent re
orded. From the �gure one 
ansee that the mixer 
urrent is modulated by the tuned diplexer position. In this example thereare 2 diplexer positions whi
h provide the 
orre
t polarization angle. This diplexer setting isfrequen
y dependent and s
ans su
h as that shown in �gure 1.5(b) are used to generate a lookup table to determine the setting for other LO frequen
ies.Unlike the 
hopper, the diplexer me
hanism itself it not redundant. The redundan
y 
omesfrom the availability of 2 separate mixer units dete
ting 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 frequen
y hen
e no loss in frequen
y 
overage.1.2.4 Mixer unitsHIFI uses two types of mixer te
hnologies. Super
ondu
tor-Insulator-Super
ondu
tor (SIS)mixers are used in bands 1-5 (480-1250 GHz) and Hot Ele
tion Bolometer (HEB) mixers inbands 6-7 (1410-1910 GHz). Both mixers use super
ondu
ting prin
iples to mix the in
omingterahertz sky signal with the LO signal, albeit with 
ompletely di�erent me
hanisms. HEBmixer te
hnology was �rst proposed in the early 1970's[93℄ but was superseded by the develop-ment of SIS mixer te
hnology in the 1980's. SIS mixers however have an upper frequen
y limitwhi
h is set by the energy gap of the super
ondu
ting material. Below 1THz SIS mixers area key te
hnology 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) Pi
ture of band 7b LO 
hain[123℄Figure 1.6: LO signal 
hainmixer te
hnology used in HIFI. The laboratories asso
iated with ea
h mixer unit and the keyreferen
e asso
iated with the mixer are also given.1.2.5 LO signal 
hainThe LO signal provides frequen
y 
overage from 480-1250 GHz and 1410-1910 GHz[91℄. This
overage is spread over 14 bands. The 
over of ea
h of the mixer band is split between 2 ofthe LO bands. The LO signal starts from a high quality low frequen
y synthesizer. This signalis fed into multiple stages of frequen
y multipli
ation until the �nal THz signal is produ
ed.Figure 1.6 provides an overview of the signal multipli
ation pro
ess.1.2.6 Ba
kend spe
trometersThe down 
onverted IF signal is fed from the mixer through a signal ampli�
ation 
hain to theba
kend spe
trometers. There are 2 types of ba
kend spe
trometers, the wide band spe
trom-eter (WBS) and the high resolution spe
trometer (HRS). The wide band spe
trometer is ana
ousto opti
al spe
trometer. The IF signal is split into four bands and ea
h of these bandsis fed to a pizeoele
tri
 a
tuator whi
h indu
es an a
ousti
 wave into a Bragg 
ell. A laser ispassed through the Bragg 
ell and the density �u
tuations indu
ed on the Bragg 
ell by theIF modulated a
tuator 
ause the laser dire
tion 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 ba
kend is an auto 
orrelator spe
trometer. The HRS has 4 options for spe
tral10



1.3. THESIS OVERVIEW
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(a) Sket
h of HIFI WBS spe
trometer[109℄ (b) A
ousto opti
al spe
trometeroperation[125℄Figure 1.7: Wide band spe
trometer layout and operationresolution varying between 125kHz, 250kHz, 500kHz and 1000kHz. As the resolution in
reasesthe band width de
reases. The HRS bands 
an be pla
ed any where in the band so knowledgeof the frequen
y 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 in
reases 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 ba
kend 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 dis
ussed. The 
entral theme of thethesis is the analysis the gas 
ell data and the extra
tion of the side band ratio. In order toextra
t this information a number of additional instrument e�e
ts must be over 
ome beforethe true side band ratio is extra
ted.The thesis is laid out as follows. Chapter 2 provides a theoreti
al ba
kground on the intensity
alibration of HIFI. In this 
hapter the various sour
es of un
ertainty in the determination ofthe intensity from a stellar sour
e are des
ribed. The ba
kground to the side band ratio isdes
ribed and some examples are provided. Other sour
es of intensity un
ertainty are alsodis
ussed su
h as the load 
oupling e�
ien
y, diplexer mistuning e�e
ts and standing wavee�e
ts. The standing wave dis
ussion presents a more general dis
ussion and des
ribes some ofthe an
illary e�e
ts of standing waves in addition to the typi
al 
ontinuum modulation.Chapter 3 details one of the dominant instrumental e�e
ts in HIFI, the HEB band standingwave. In this 
hapter the ba
kground to the HIFI HEB band development in des
ribed and theorigin of the standing wave in the ele
troni
s 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 approa
hes fail.Two approa
hes to removing the standing wave are proposed. One is based on an ele
tri
al11



1.3. THESIS OVERVIEWmodel of the HEB and IF 
hain. The se
ond approa
h uses large 
atalog of standing wavepro�les to 
orre
t the data. This 
atalog approa
h is applied to the gas 
ell and 2 �ightobservations with 
onsiderable su

ess.Chapter 4 introdu
es the 
on
ept of using a gas 
ell as a 
alibrating instrument. Thedimensioning, design and manufa
turing of the gas 
ell are des
ribed. The rationale behindthe gas sele
tion and the test pro
edure are summarized. A typi
al gas 
ell test observation isdetailed and the 
alibration pro
edure used to 
onvert the raw data into transmission spe
trais shown. The latter half of 
hapter 4 is 
on
erned with pro
essing and analysis of mole
uleswhi
h saturate in the gas 
ell setup. The prepro
essing and �ltering of the data is des
ribed andthen the side band ratio results themselves are presented. The presentation of results follows agas by gas approa
h. 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 extra
tion ofthe side band ratio from un-saturated lines. In order to extra
t this information a spe
tral linemodel of the gas opa
ity must be developed. In this 
hapter the main pro
esses in the spe
tralline pro�le shape are detailed. From this theoreti
al framework a model 
ode is developedwhi
h is used to extra
t the side band ratio from saturated lines. The analysis follows the sameapproa
h as 
hapter 4 and the results are presented on a gas by gas basis. From the data itwas apparent that additional e�e
ts were a�e
ting the data in addition to the side band ratio,the most dominant e�e
t being a diplexer indu
ed IF gain slope. The latter half of 
hapter 5 is
on
erned with the analysis of the methanol data. Methanol is an important gas in the gas 
ell
ampaign and a

ounts for 80% of all observations. The �nal se
tion of 
hapter 5 des
ribes theappli
ation of the gas 
ell spe
tral line 
ode developed in this 
hapter to gas 
ell observationat 2.9156 THz using a prototype quantum 
as
ade laser (QCL).Chapter 6 provides the 
on
lusions of the thesis.

12



Chapter 2HIFI 
alibration
2.1 Introdu
tionThe development and operation of a spa
e teles
ope is a 
ostly endeavor and great e�orts aremade to maximize the time and data returned from these missions. Before the laun
h of theHers
hel spa
e observatory great e�orts were made to have a working teles
ope as soon afterlaun
h as possible. From an early stage in the Hers
hel mission an observation planning infras-tru
ture, inherited from the Spitzer mission, was used to help the astronomers plan observations[33℄. From the data analysis perspe
tive the instrument data pro
essing pipelines were oper-ational on the laun
h date allowing the 
alibration teams to qui
kly establish the state of theinstruments 2 weeks after the laun
h. The �rst data taken with Hers
hel using the PACS wastaken 1 month after laun
h and was pro
essed using the instrument data pro
essing pipeline.Previous spa
e teles
opes would develop a large amount of the pro
essing software during the�ight stage of the satellite.The 
alibration of the Hers
hel spa
e teles
ope also far ex
eeds the e�orts of its prede
essors.From an early stage in the satellite development ambitious 
alibration a

ura
y goals were setfor ea
h instrument. Extensive instrument level testing (ILT) 
ampaigns were undertaken forea
h instrument to investigate and quantify sour
es of error in the system. To ful�ll these 
al-ibration requirements 
ustom test fa
ilities and equipment were developed for ea
h instrument[7, 17, 27℄.The 
alibration of a heterodyne instrument, su
h as HIFI, involves the 
onversion of thespe
trometer units (CCD 
ounts, IF voltages) into a unit of sour
e intensity whi
h 
an be
ompared with other teles
opes and with astrophysi
al models. To a
hieve 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 un
ertaintieswhi
h must be understood or at least quanti�ed so reliable errors 
an be atta
hed to anymeasurements.HIFI 
alibration is split into 3 main areas:13



2.2. RADIO TELESCOPE CALIBRATION
• Intensity 
alibration
• Frequen
y 
alibration
• Spatial response 
alibrationIn this 
hapter we will 
on
entrate on intensity 
alibration of the instrument and follow the
alibration equations detailed in Ossenkopf [86℄. This 
hapter will des
ribe the 
alibration in themost general sense starting at the teles
ope e�
ien
y and des
ribing the pro
ess of 
onvertingthe ba
kend spe
trometer response into units of intensity. The following se
tions will des
ribethe main sour
es of intensity 
alibration error and the role of gas 
ell measurements in resolvingthese sour
es 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�
ien
y work is based on the report of Raphael Moreno[80℄.2.2 Radio teles
ope 
alibrationA radio teles
ope nominally 
onsists of an antenna, a re
eiver and a ba
kend. For HIFI theantenna is the Hers
hel teles
ope. The Hers
hel mirror has a 
ertain �eld of view or beamsize whi
h samples a portion of the sky and feeds the signal to the re
eiver. HIFI itself 
an bedes
ribed as the re
eiver. HIFI is a heterodyne re
eiver whi
h means a lo
al monotoni
 signalis 
oupled to the sky signal 
olle
ted by the antenna. The 2 signals are 
ombined togetherusing a mixer. The mixer is sensitive to the beat signal between the lo
al signal and sky signal.A band of signal is down 
onverted to GHz frequen
y where it is propagated to the ba
kendspe
trometers. The spe
trometer digitizes the IF broadband signal 
onverting it into spe
trom-eter spe
i�
 units. The basi
 
alibration pro
ess aims to 
onvert these spe
trometer units intointensity units whi
h 
an used to verify astrophysi
al models or 
ompare with observations fromother teles
opes. To extra
t teles
ope independent intensity values the e�e
t of ea
h teles
ope
omponent on the sky signal must be understood.The astronomer is interested in the intensity distribution of an astronomi
al obje
t in boththe spatial and frequen
y domain. The antenna samples the spatial domain of the intensitydistribution. Ea
h antenna has a unique gain pro�le or point spread fun
tion that is 
onvolvedwith the sky signal. At its simplest the teles
ope samples a portion of the sky equal to thearea of its 
olle
ting surfa
e. However, due to di�ra
tion e�e
ts antennas 
an be sensitive topower 
oming from other dire
tions. Furthermore, due to the support stru
ture of the se
ondarymirror and manufa
turing �aws in the mirror this 
auses the overall intensity dete
ted to deviate14



2.2. RADIO TELESCOPE CALIBRATIONfrom the ideal 
ase. These deviations are summed up through a variety of e�
ien
ies whi
h aremultiplied by the dete
ted intensity to 
onvert the measured intensity into the original stellarsour
e intensity.Three e�
ien
ies are normally used to summarize the teles
ope performan
e [42, 77℄. Theyare the aperture e�
ien
y, ηa, the forward e�
ien
y, ηl and the main beam e�
ien
y, ηmb.2.2.1 Aperture e�
ien
yThe aperture e�
ien
y is the ratio of the e�e
tive teles
ope 
olle
ting area from the geometri
alteles
ope 
olle
ting area . In an ideal 
ase all signal from the sky signal is 
oupled to the dete
torhowever due various opti
al and manufa
turing e�e
ts this perfe
t 
oupling is impossible. Thedeviation from this ideal 
ase is des
ribed by the aperture e�
ien
y. The aperture e�
ien
y
an be written as the ratio of the e�e
tive 
olle
ting area 
ompared to the geometri
al area:
ηa =

Aeff

Ageom
. (2.1)Knowledge of the aperture e�
ien
y is ne
essary when 
onverting from antenna temperaturesto �ux density units su
h as Jansky. During an antenna 
ommissioning a point sour
e of known�ux (solar system obje
t) is observed and from this the aperture e�
ien
y 
an be determined.A number of e�e
ts 
ouple together to redu
e the aperture e�
ien
y, in order of importan
ethey are the illumination e�
ien
y, the spillover e�
ien
y, the blo
kage e�
ien
y and the Ruzelosses due to mirror surfa
e variations.The main 
omponent in the aperture e�
ien
y is the illumination e�
ien
y. The illumina-tion e�
ien
y or taper e�
ien
y is one of the �rst 
onsiderations when designing the teles
opeand instrument opti
s. One of the �rst de
isions in the design of a teles
ope system is size andfo
al lengths of the primary and se
ondary mirrors. The instrument opti
s are then designedaround this so the beam pro�les of the dete
tors are mat
hed in size to the instrument tele-s
ope opti
s. The instrument opti
s 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 
olle
ting 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 des
ribe an opti
al system and is normally quoted in units of dB[36℄.An illumination e�
ien
y, ηi, 
an be derived as a fun
tion of the taper ratio su
h that

ηi =
2

α

[1 − exp(−α)]2

1 − exp(−2α)
. (2.3)

15



2.2. RADIO TELESCOPE CALIBRATIONA spillover e�
ien
y, ηs, 
an also be derived from the taper ratio su
h that:
ηs = 1 − exp(−2α). (2.4)For more ba
kground on these relationships see 
hapter 6 of Goldsmith [36℄. The relationshipbetween the taper ratio and illumination and spillover e�
ien
y is shown in �gure 2.1. ForHIFI the taper ratio was designed to be 11dB.Another signi�
ant e�e
t on the aperture e�
ien
y is the level of obs
uration due these
ondary mirror and support stru
ture on the primary mirror. This e�e
t must also be in
ludedin the aperture e�
ien
y as this 
auses further deviation from the optimum 
olle
ting area.From Goldsmith [36℄ the degree of obs
uration is de�ned by a blo
kage fa
tor, fb, where:

rbl = fbra, (2.5)
rbl is the radius of a 
ir
le of area equivalent to the total blo
kage area. Hers
hel was designedto have a maximum 7.7% obs
uration ratio of the total mirror area whi
h 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 obs
uration ratio is a ratio of radii and is dire
tly 
omparable to fb de�ned in equation2.5. Hen
e an obs
uration fa
tor of 7.7% yields a blo
kage fa
tor of 0.077. From Goldsmith[36℄ blo
kage e�
ien
y, ηbl, 
an be 
al
ulated as a fun
tion of the taper ratio, α, and blo
kagefa
tor, 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 blo
kage due to a se
ondarymirror, fb = 0. The e�e
t of the 7.7% blo
kage, fb = 0.077, is also plotted. For the 11dB edgetaper this yields an aperture e�
ien
y of 0.8. Following a more rigorous opti
al modeling ofthe Hers
hel primary mirror the aperture e�
ien
y whi
h in
luded trun
ation, aberration andsupport stru
ture blo
kage e�e
ts, the aperture e�
ien
y was 
al
ulated to be 0.71 (fb = 0.18)[55℄. This e�
ien
y is also plotted in �gure 2.1.Another signi�
ant e�e
t whi
h redu
es the aperture e�
ien
y is the e�e
t of the surfa
ea

ura
y. Unlike the taper and blo
kage e�e
ts the surfa
e roughness is a frequen
y dependente�
ien
y and has a greater e�e
t at shorter wavelengths. For Hers
hel 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�
ien
y for di�erent taper ratios and levels of aperture obs
uration.(3.4µm) and 
ool down distortions (1.5µm). A 6µm wave front error translates into a 3µmsurfa
e error. The level of surfa
e error 
an be 
onverted into an e�
ien
y using the Ruzeformula:
ηe = exp(

4πǫ

λ
)2. (2.7)where λ represents the signal wavelength and ǫ represents the RMS surfa
e a

ura
y of thedish. Figure 2.2(a) 
ompares the e�
ien
ies of 3 surfa
e �nishes. It is apparent from this plotthe need for high quality mirror surfa
es towards higher frequen
ies.The �nal aperture e�
ien
y is the produ
t of the four e�
ien
ies.

ηa = ηiηsηblηe. (2.8)The �nal e�
ien
y for the HIFI frequen
y range is given in �gure 2.3. There are a numberof se
ond order e�
ien
ies whi
h 
an also 
an be 
onsidered but are beyond the s
ope of thisthesis, see Baars [1℄ for further dis
ussion.2.2.1.1 Forward e�
ien
yThe forward e�
ien
y, ηl, des
ribes the fra
tion of the radiation re
eived from the forwardhemisphere of the beam 
ompared to the total radiation re
eived 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 teles
ope ηl is 
al
ulated 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�
ien
y 
an be 
al
ulated. For HIFI the sky dips option is unavail-able. OFF 
alibrations 
ombined with an assumed radiation temperature for the teles
ope 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�
ien
y, ηl, of 0.96 is 
al
ulated[81℄.2.2.1.2 Main beam e�
ien
yThe �nal e�
ien
y to be 
onsidered in the antenna 
alibration is the main beam e�
ien
y, ηmb.The main beam e�
ien
y des
ribes the fra
tion of the total signal in
luded 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 distan
e between the �rst nulls inthe antenna power diagram and is frequen
y dependent, see �gure 2.4. Hen
e the main beame�
ien
y is the de�ned as the per
entage of power entering the main beam between the �rstnulls. For HIFI a quasi opti
al model of bands 1,4,6 was developed to determine the mainbeam e�
ien
ies and main beam angles for various fo
using s
enarios[88℄. This analysis founda main beam e�
ien
y of 0.72 whi
h has a s
atter ± 1% for se
ondary mirror fo
using errorsof ± 15mm.The dis
ussion so far has 
on
entrated on the theoreti
al determination of the antennae�
ien
ies. It is ne
essary to also measure these e�
ien
ies during the 
ommissioning phaseof the teles
ope. Determination of the beam e�
ien
ies form a key part of the 
ommissioningand performan
e veri�
ation phase of the HIFI mission. Both the aperture and main beame�
ien
ies are determined through observation of solar system obje
ts with well known sour
eintensities and size.The primary 
alibrating sour
e for the main beam e�
ien
y is Mars. An intensity model ofMars is available along with detailed sour
e size information based on previous observations[71℄.The main beam e�
ien
y 
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 frequen
y su
h that
T ∗

A =
Tmrj

F

ηmb

ηl
. (2.11)here F is the geometri
al dilution fa
tor and is de�ned as:

F =
1

1 − 2−(θs/θt)2
. (2.12)where θs is the sour
e size and θt is the teles
ope beam size. The main beam temperature, Tmb,
ommonly quoted by astronomers is equal to Tmrj/F . Rough approximations of the beam size
an be 
al
ulated using the following approximation[80℄:

θt = (1.019 + 0.0134 ∗ Te) ∗ λ/D. (2.13)However this is a theoreti
al value and a more a

urate measure of the teles
ope beam size forea
h observing frequen
y must be determined.The beam size is 
al
ulated by observing a point sour
e and moving the teles
ope beamover the sour
e. For HIFI this was undertaken using a raster map observation of Mars for allbands through whi
h both the main beam e�
ien
y and main beam size 
an be determined.The 
al
ulation of the beam size and main beam e�
ien
y is best des
ribed using an example.The following data was des
ribed in the 
ommissioning phase beam e�
ien
y test report[80℄.As an example we take the band H polarization 1a observation at an LO frequen
y of 491GHz(obsid 13421941791). This observation 
ontains 49 map points whi
h are separated by 23ar
minutes and orientated into a square map 
entered on the planet mars, see �gure 2.5. The
entral position a
ts as the point observation used to 
al
ulate the main beam e�
ien
y. 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 extra
tion the full width half maximum the main beamsize 
an then be determined. The full width half maximum (FWHM) of the �tted Gaussian
an 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 ar
se
onds whi
h yields a teles
ope main beam size, θt,at 491 GHz of 43.22 ar
se
onds assuming the angular size of Mars as 8.5 ar
se
onds. Now thatthe beam size has been determined the main beam e�
ien
y 
an be 
al
ulated using equation2.11. T ∗

A is taken as 3.7K, the mean intensity a
ross the IF band for the map position 
enteredon Mars. The geometri
al dilution is 
al
ulated from measured main beam size using equation1Ea
h observation has a unique obsid. This obsid 
an then be used to qui
kly sear
h the observation database,for further dis
ussion of the Hers
hel data stru
ture see referen
e [31℄.20
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Figure 2.5: Main beam map observation of Mars taken at an LO frequen
y of 490.975 GHZ.The H polarization is plotted in red while the V polarization is shown in blue. Mars is seen atthe 
enter of the map. The right as
ension and de
lination o�sets from the 
enter of the mapare plotted for ea
h spe
trum in units of ar
se
onds.
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(g) Band 7a, 1703 GHzFigure 2.6: Raster map of mars for the H polarization LO bands 1a-7a. Ea
h map 
ontains49 map points however the sampling between map points is de
reased to mat
h the de
reasingbeam size with in
reasing frequen
y. 22
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Figure 2.7: Comparison of main beam angle 
al
ulated from the empiri
al relationship de-s
ribed in equation 2.11, the opti
al toleran
ing model from Pea
o
ke [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 frequen
y of 491GHz is 188.048K. Rearrangingequation 2.11 for the main beam e�
ien
y we �nd:
ηmb =

ηlT
∗
AF

Tmrj
(2.15)assuming a forward e�
ien
y, ηl of 0.96 returns a main beam e�
ien
y of 0.718 for the Hpolarization of band 1a at an LO Frequen
y of 491GHz.For ea
h of the 14 LO bands a raster map of Mars was taken during the 
ommissioningphase, see �gure 2.6. The same pro
ess of extra
ting the beam size by �tting a 2D Gaussian isapplied to all Mars maps. A dilution fa
tor is 
al
ulated whi
h is 
ombined with the expe
tedbrightness temperature of Mars to generate an expe
ted main beam temperature for the HIFIopti
al setup. By 
omparing the measured and the model main beam temperature the e�
ien
y
an be 
al
ulated. Figure 2.7 shows the measured main beam sizes plotted against frequen
y.The measured data is 
ompared to the empiri
al relationship given in equation 2.11 and theopti
al model of Pea
o
ke [88℄.Figure 2.8 shows the �nal main beam e�
ien
y determined from the raster map observationsof Mars. The main beam e�
ien
ies 
al
ulated by [88℄ are also plotted for 
omparison. Theerror bars for the opti
al model are based on di�erent fo
using s
enarios. The error bars forthe measured main beam e�
ien
ies are based on the ideal 
alibration a

ura
y for HIFI of3%. From �gure 2.8 it is apparent that there is a large degree of s
atter in the measurede�
ien
ies. A number of sour
es of error are present in the system whi
h must be investigatedfurther to redu
e the s
atter in the beam e�
ien
ies 
al
ulation. The instrument pointingmust be 
onsidered in the determination of the beam intensities and this must be fa
toredinto the beam 
al
ulation. Furthermore there are a number of instrument e�e
ts within HIFIwhi
h must be 
arefully 
onsidered su
h as side band ratio, diplexer mistuning and standing23
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Figure 2.8: Comparison of main beam e�
ien
ies from the opti
al model in
luding Ruze surfa
elosses and the main beam e�
ien
ies determined through raster map observation of Mars. Theopti
al model error bars are 
al
ulated for various se
ondary mirror defo
using s
enarios. Themeasured data assumes an ideal 
alibration a

ura
y of 3% and has being 
orre
ted for surfa
eerror losses as the opti
al model is based on an ideal mirror surfa
e.waves. The next se
tions will dis
uss these sour
es of error whi
h have a two fold e�e
t forthe astronomer in that the beam e�
ien
ies used to determine the sour
e temperature havean unde�ned error and the observed data itself 
alibrated using the same pro
ess as the beame�
ien
ies has the same error.2.3 HIFI intensity 
alibrationThe 
hapter so far has dis
ussed the 
onversion of the dete
ted antenna temperature to a sour
etemperature. In this se
tion we take a step ba
k and dis
uss how the antenna temperature is
al
ulated. Unfortunately the output units from the ba
kend spe
trometer are not Kelvin.Furthermore the output from the spe
trometer looks nothing like the �at baseline presentedin �gure 2.5 on page 21. The raw spe
trometer output is dominated by the spe
trometerand IF 
hain behaviour and the sky signal is only a small portion of the output signal, theseinstruments e�e
t are known as the band pass. Fortunately the band pass is normally stableover the 
ourse an observation and the subtra
tion of a referen
e position is used to removethese e�e
ts. 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 teles
ope primary mirror. The ON phase is taken on the target obje
t 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 sour
e had an intensity equal to the di�eren
e between the hot and 
old load the
alibrated spe
trum would have a value of 1. In order to 
onvert this ratio to an equivalentantenna temperature the HOT and COLD spe
tra are 
onverted to their Rayleigh-Jeans bla
kbody 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 bla
k body radiation tempera-tures. γrec is known as the band pass. For a given bla
k body temperature the equivalent bla
kbody intensity at a given frequen
y, ν, is

J =
hν

k

1

exp( hν
kT

) − 1
. (2.18)The �nal temperature 
alibrated spe
tra is determined by dividing the di�eren
e 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 sour
e 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. The
entral panel shows the small di�eren
e between the COLD and ON,OFF phases. The bottompanel shows the �nal 
alibrated spe
trum. The 
alibrated spe
trum 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�eren
e between the ON and OFF responses is 0.044 of the di�eren
e 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 sour
e 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 ex
ept at the line emission frequen
y where an higher CCD
ount is seem for the ON sour
e. After the 
ross 
alibration, the spe
tral line is apparent witha 
orresponding antenna temperature of 5K.The dis
ussion so far has presented the basi
s of HIFI 
alibration. At this stage we willdis
uss 3 major sour
es of error in the HIFI intensity 
alibration, the 
alibration load 
oupling,standing wave e�e
ts and the side band ratio e�e
ts. These sour
es of error were anti
ipatedduring the design of HIFI and the investigation and 
ategorization of these e�e
ts formed a
ore 
omponent to the HIFI ground testing. The next se
tions in this 
hapter will dis
uss thesetopi
s. The 
on
ept of side band ratio and its e�e
t on the intensity 
alibration is dis
ussedhere. The determination of the side band ratio is the primary goal of this thesis
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oupling e�
ien
y, ηhFigure 2.11: Overview of hot and 
old load 
oupling e�
ien
ies 
al
ulated 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 physi
al units. Hen
e the a

ura
y of the 
alibrationload measurement must be established and in
luded in the 
alibration pro
ess. The need toestablish the a

ura
y of the load measured was foreseen during the 
on
eption 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 su
h that the sour
esize was larger than the HIFI beams. The external loads are observed through the same opti
alpath as the sky signal. By 
omparing the external load measurements to the internal loadmeasurements the e�
ien
y of internal load path 
ompared to the sky path 
an be established.In an ideal setup the dete
ted signal from the external and internal loads would be identi
al.However due to the di�erent opti
al paths for the internal hot and 
old loads a residual fa
toris present. These are then 
alled the 
oupling e�
ien
ies.Figure 2.11 shows the results of the ground test 
ampaign to establish the 
alibration load
oupling e�
ien
ies for the hot and 
old internal loads [70℄.From the measured data it is ap-parent there is a large degree of s
atter toward higher frequen
ies in parti
ular the HEB bands.This s
atter is due to the poor baseline behaviour in these bands. This topi
 is dis
ussed indetail in 
hapter 3 and is due to re�e
tion IF power in the ele
tri
al ampli�
ation 
hain of theHEB bands. The resulting un
ertainty in the 
oupling fa
tor is propagated into the antennatemperature un
ertainty. From the intensity 
alibration do
ument [86℄, the hot load 
ouplinge�
ien
y, ηh, and the 
old load 
oupling e�
ien
y, ηc, are in
luded 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�
ien
y and ηh is the hot load 
oupling e�
ien
y.Figure 2.12 shows data before and after the appli
ation of the load 
oupling e�
ien
y. For28
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Figure 2.12: Calibrated data with and without Load e�
ien
y 
orre
tion. 12CO data taken atan LO frequen
y of 570.020 GHz with the H polarization mixer. The data shown here is thesame as that shown in �gure 2.10.an LO frequen
y of 570.020 in band 1b, ηh is 0.991 and ηc is 0.97. From ground test datathe degree of un
ertainty in the SIS bands for the 
oupling e�
ien
y is estimated to be 0.2%.For the HEB band the 
ertainty is estimated to be 10%. This degree of un
ertainty has asigni�
ant e�e
t on the 
alibration a

ura
y of the �nal data. Ossenkopf [86℄ analyzed thee�e
t of various 
alibration errors on the �nal 
alibration a

ura
y. 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 spe
i�
ation of 3% the HEB bands are outside of thespe
i�ed 
alibration a

ura
y and this is before the additional 
alibration errors are 
onsidered.The degree of un
ertainty in the determination of the 
oupling e�
ien
y in the HEB bandsis primarily due to large standing waves in the HEB bands. This topi
 is dis
ussed in detail in
hapter 3. The methods developed for 
orre
tion 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 datapro
essing 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�
ien
ies 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 Introdu
tionHIFI is a double side band re
eiver. The mixer dete
ts radiation from 2 4-8GHz (2.4-4.8GHzfor HEB bands) windows on either side of the LO frequen
y. The dete
ted 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 fra
tion of the total signal whi
h 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 re
eiver 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 a
tual side bandratio, Rg, where Rg is the gain ratio between the image and signal side band or Gi/Gs. Fora gain balan
ed mixer Gi equals Gs whi
h leads to a side band ratio, Rg, of 1 whi
h returnsa normalized side band ratio, Gssb, of 0.5. Hen
e in a gain balan
ed mixer ea
h spe
trometer
hannel has a equal portion of upper and lower side band intensity.Unfortunately the gain a
ross the upper and lower side bands are not equal and this leads to
alibration errors when 
al
ulating a line intensity in a given side band. It is normally assumedthat the mixer is gain balan
ed and that simply doubling the double side band intensity returnsthe single side band intensity. However if a gain imbalan
e exists this assumption leads to anun
ertainty in the line intensity. The resulting un
ertainty 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 balan
ed 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 Frequen
yrange(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 se
tions will dis
uss the main drivers resulting in an unbalan
ed mixer. Anexample of the e�e
t of an unbalan
ed mixer on the �nal s
ien
e 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 fo
us the signal from the instrument opti
s to the mixer
hip. For bands 1 to 4 a horn antenna was used to 
ouple the HIFI opti
s 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 be
ome prohibitively small and di�
ult toa

urately manufa
ture. Hen
e for bands 5-7, a quasi opti
al lens antenna is used to 
ouplethe instrument opti
s to the dete
tor. The dete
tor is mounted on a double slot wave guideprobe whi
h 
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 manufa
ture of the mixer antenna has a dire
t e�e
t on the mixer RF gaina
ross its frequen
y range. Careful design and manufa
ture of the wave guide probes is neededto optimally 
ouple the mixer to the teles
ope opti
s (both the lo
al os
illator and sky signal).The mixer antenna is designed to have the best 
oupling at the band 
enter frequen
y. Thewave guide is dimensioned based on this band 
entral frequen
y whi
h leaves frequen
ies towardthe band edges to be less optimally 
oupled to the mixer. For a 
omplete dis
ussion of antennadesign see Rebeiz [102℄.For ea
h mixer a dire
t dete
tion test was undertaken using a lo
al os
illator as a sour
e.The response of the mixer at various frequen
ies was measured using a Fourier transformspe
trometer (FTS). These tests were undertaken at a 
omponent level and as su
h provideonly a measure of the dete
tor antenna response and not of the entire mixer band with all theHIFI opti
s in
luded. The FTS measurements provide a rough estimate of the gain variationa
ross the band and provide a �rst order estimation of the e�e
t of gain variation between the32



2.3. HIFI INTENSITY CALIBRATION
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Figure 2.13: Band 4 mixer unit[24℄33



2.3. HIFI INTENSITY CALIBRATION

(a) S
anning Ele
tron mi
ros
ope image of the Band 6 Double slot antenna and a s
hemati
of Sili
on lens operation. Double slot antenna is glued dire
tly to the ba
k of the lens.

(b) Photographs of mixer unit showing �nal mixer unit and Sili
on lens, the IF boards withmixer 
hip and the mixer 
hip glued to ba
k of Sili
on lensFigure 2.14: Band 6 mixer unit[16℄
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Band 7Figure 2.15: Normalized signal 
oupling for mixer bands 1-7 determined through FTS observa-tion in dire
tion dete
tion mode. The data for band 1 is taken from Delorme et al. [25℄, band2 band is from [116℄, for bands 3 & 4 is from de Lange et al. [24℄, band 5 is from Karpov et al.[56℄ and the data for bands 6 & 7 is taken from Cheredni
henko et al. [16℄.upper and lower side bands. The response of the instrument is expe
ted to vary from whenin a heterodyne dete
tion mode and hen
e the need for further testing to determination theheterodyne response. Figure 2.15 for an overview of the dire
tion dete
tion FTS measurements.Referen
es to the mixer performan
e papers for ea
h band are also given.From the �gure it is apparent that a large degree of variation exists for ea
h band. A numberof these extreme points 
an be explained away by the FTS test setup. The band 1 FTS testwas undertaken under atmospheri
 pressure and hen
e the 
lose to 0 
oupling at 550 GHz dueto the water transition line 110 − 101 at 557GHz [25℄. Furthermore the os
illations seen in band3 and 4 are due to standing waves in the FTS set up whi
h indu
e a 70GHz modulation onthe measurement[24℄. The data shown for band 5 is smoothed, the original measured data wasvery noisy with an error of ± 10%[56℄. The band 6 and 7 data was taken from Cheredni
henkoet al. [16℄ and 
ompare well with the antenna model predi
tion. The band 2 
oupling e�
ien
yalso 
ompares well with the model data presented in [116℄.From the RF gain pro�les shown in �gure 2.15 the resulting double side band gain 
anbe 
al
ulated. The normalized side band ratio is determined using equation 2.24 on page 31.Figure 2.16 shows an example of the side band ratio for three di�erent LO frequen
ies. Fromthe �gures it is apparent that a range of side band gain ratios a
ross the IF band are possible.Figure 2.17 gives another perspe
tive on the variation of side band ratio a
ross the IF bandwith 
hanging LO frequen
y. Figure 2.17(a) shows a 
ontour plot of the variation of side bandgain with LO frequen
y. Figure 2.17(b) shows the maximum side band ratio of ea
h IF 
hannelfor band 2, this plot is 
al
ulated from the 
ontour plot. From this �gure it is apparent thatthe largest variation in side band ratio is at higher IF frequen
ies. This 
on
lusion is expe
tedgiven that USB and LSB 
hannels are 
loser together in the lower IF frequen
ies than higherIF frequen
ies.
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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 a
ross the IF band. IF gain is usually asso
iated with theIF ele
tri
al ampli�
ation 
hain. For HIFI the ampli�ers were 
arefully designed to provide anuniform gain a
ross the IF band. The supplied ampli�ers meet these requirement hen
e gainvariations due to the ampli�
ation 
hain are not 
onsidered signi�
ant in HIFI 
alibration.Another sour
e of IF gain variation is in the diplexer signal 
oupling me
hanism used inbands 3 and 4 and band 6 and 7. As dis
ussed in se
tion 1.2.3, a diplexer is used in these bandsdue to a per
eived la
k 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 whi
h 
ouples just a fra
tion of the LO power.The diplexer is based on a polarizing Martin-Puplett interferometer. The in
oming signal issplit into 2 orthogonal polarization 
omponents and dire
ted to 2 roof top mirrors. The 2 rooftop mirrors are separated by a path length equal, L, 
al
ulated from the 
enter IF frequen
y:
L =

c

4νc
. (2.27)where νc is the 
entral IF frequen
y. For the SIS bands, with an IF 
enter frequen
y of6GHz,there is a separation of 20.8mm and for the HEB bands, with an IF 
enter frequen
y of3.6GHz, there is a separation of 12.49mm. One of the diplexer mirrors is adjustable. By movingthe adjustable mirror a phase di�eren
e between the two signals is introdu
ed. Depending onthe phase di�eren
e 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 pro
ess 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, des
ribed in equation2.27 su
h that:
Gsky = 1 − 
os(2π

c

4(L + δL)νif

)

/2. (2.30)Figure 2.18 provides an overview of the various diplexer tuning s
enarios. Figure 2.18(b)shows an example of a perfe
tly tuned diplexer whi
h ea
h IF gain for both the upper and38
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2.3. HIFI INTENSITY CALIBRATIONlower side bands. The diplexer tuning is however sus
eptible to errors. The diplexer tuning isbased on a diplexer model whi
h is generated from spot measurements where a diplexer s
anis undertaken at a multiple LO frequen
ies. The response of the mixer is measured throughthe mixer 
urrent. During a diplexer s
an 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�e
t of a diplexer mistuned by 3µm. From the side band gainratio it is apparent that a signi�
ant slope is a
ross 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 whi
h 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 
orre
t diplexer positions are sele
ted. Figure 2.18(d)shows an example of a diplexer position whi
h provides the optimum LO 
oupling but has theoptimum sky 
oupling at a lower IF frequen
y. This results in non-optimum 
oupling for thehigher IF frequen
ies whi
h 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 optimum
oupling is only possible at a single IF frequen
y however having the optimum gain at the
enter of the IF band 
an minimize the problem.The end e�e
t of the diplexer mistuning on the side band ratio is similar to the RF gaine�e
ts dis
ussed in the previous se
tion. However side band ratio variation with RF gain
hanges are LO frequen
y dependent as shown in �gure 2.16 on 36 while the e�e
t of diplexermisalignment is LO frequen
y independent and depending on the degree of misalignment resultsin a 
onstant slope a
ross the IF band for all LO frequen
ies.2.3.2.4 E�e
t on line intensityIn the previous se
tion we have presented some of the instrument e�e
ts whi
h result in a sideband gain imbalan
e in the mixer response. As has been stated numerous times the mixeris sensitive to 2 side bands either side of the LO frequen
y. The sky signal is 
alibrated byobserving 2 internal loads. Ea
h 
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 whi
h o

urs only in one side band. A priori knowledge of the side band ratio is requiredin order to a

urately determine the line intensity in one side band. If it is assumed that themixer has a balan
ed side band gain ratio this results in an un
ertainty in the measurement.Figure 2.17(b) on page 37 demonstrated the range of values possible for a typi
al mixer RFgain pro�le. In this se
tion the e�e
t of these extremes on a line intensity is demonstrated.Figure 2.19 shows an example of the e�e
ts of side band ratio on line intensity. The datapresented is a double side band observation of the mole
ule OCS. OCS is a useful mole
ulefor this illustration as it has spe
tral lines approximately every 12GHz. By 
areful sele
tion40



2.3. HIFI INTENSITY CALIBRATIONof the LO frequen
y one line 
an be pla
ed at the upper end of the IF band and one in thelower. For this example the LO frequen
y is set at 721.3 GHz whi
h pla
es the OCS lines at716.546 GHz at an IF frequen
y of 4.754 GHz and the 728.654 GHz an IF frequen
y of 7.354GHz. Figure 2.19(a) shows the single side band spe
tra 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 mole
ule is that subsequent lines have very similar lineintensity. For the 2 lines shown in �gure 2.19 there is a 6% di�eren
e 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 opti
al path length of 128
m. This model generation will be des
ribed 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 balan
ed mixer or where Gssb is equal to 0.5 for all IF
hannels or to put it more simply where the fra
tion of the signal whi
h is from the upper sideband is half the total double side band signal for all IF 
hannels. The resulting OCS doubleside band spe
tra 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 frequen
y of 644.0 GHz. This shows an example of a mixersetting where the fra
tion 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 frequen
y) has now a greaterintensity than the lower side band line. The astronomer ideally wants to get ba
k to the singleside band spe
tra 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 spe
tral 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% un
ertainty in the side band ratio leads to a 10%un
ertainty in the line intensity. The need for a

urate a priori knowledge of the side band ratiowas seen as 
ru
ial in a
hieving 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 laun
h. For this test setup known gases would be observed at a known pressure,temperature and opti
al depth. The gas mole
ules were 
arefully 
hosen to saturate in the gas
ell set up. Using this prin
iple measurement of the side band ratio 
ould be taken. The testsetup, measurement pro
edure, analysis and results will be dis
ussed in detail in 
hapter 4.41
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2.4. STANDING WAVES2.4 Standing waves2.4.1 Introdu
tionStanding waves are dis
ussed here in a dedi
ated se
tion of their own. Standing waves introdu
ean un
ertainty in the intensity 
alibration and as su
h should be in
luded in the intensity
alibration se
tion. However they have a number of an
illary e�e
ts on the 
alibration whi
hmerit further dis
ussion.Standing waves are a 
ommon sour
e of 
alibration error in radio teles
opes. Sin
e thewavelength of the signal is 
omparable with the teles
ope opti
s internal re�e
tions in theinstrument opti
s leads to a frequen
y modulation of the signal. Standing waves typi
allymanifest themselves as a modulation in the baseline of the broadband dete
ted signal su
has the Mars observation shown in �gure 2.9, page 26. However the data shown in spe
tralline data shown in �gure 2.10 also has a 
alibration un
ertainty 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�
ien
ies se
tion, ele
tri
al standing waves in the HEB IF 
hain have adetrimental e�e
t on the 
alibration a

ura
y of the HEB bands. Standing waves also a�e
t theLO signal power pumping the mixer. This e�e
t is parti
ularly apparent in frequen
y swit
hobservation modes. The origins of the ele
tri
al standing wave, its behaviour and the methodsto remove it from the data are dis
ussed in detail in 
hapter 3. In this se
tion standing wavesin the opti
s and the kno
k-on e�e
ts on the instrument operation and spe
tra are dis
ussed.The tests undertaken to investigate standing waves are also detailed in this se
tion.2.4.2 Standing waves in a double side band re
eiverStanding waves o

ur when the in
oming signal is not 
ompletely absorbed by the mixer, partof the signal is re�e
ted ba
k out the opti
al path. The re�e
ted signal is further re�e
tedo� another surfa
e and a fra
tion of the signal is re�e
ted ba
k along the signal path towardsthe mixer. The mixer then dete
ts the superposition of 2 signals; the full sky signal and are�e
ted sky signal. The 2 signals interfere at the mixer fo
us and depending on the phasedi�eren
e between the 2 signal add 
onstru
tively or destru
tively. When this is seen from abroadband perspe
tive a frequen
y dependent modulation of the signal is seen. The amplitudeof the resulting modulation is fun
tion of the re�e
tivity of the 2 
avity surfa
es. The periodof the modulation is a fun
tion of the distan
e between the 2 
avities and 
an be 
al
ulatedusing the following relationship:
d =

c

2P
, (2.31)where d is the distan
e between the re�e
ting surfa
e, 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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y overlaid as a dashed line and the upper and lower side bands are denotedby a blue and red line respe
tively. The 
enter �gures shown the upper and lower side bandstanding wave before addition into the DSB spe
tra. The right hand side �gures shows theaddition of the upper and lower side bands shown in the 
enter 
olumn.
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Figure 2.21: Standing wave test data showing the 
he
kered pattern of a 90 MHz standing wavein instrument opti
s. The 
he
kered pattern is 
aused by the interferen
e between the upperand lower side band standing wave whi
h is LO frequen
y dependent.Standing waves in a double side band system su
h as HIFI have an added layer of 
omplexitydue to the double side band nature of the dete
ted signal. HIFI down 
onverts 2 bands of 4-8GHz (2.4-4.8 for HEB bands) of sky signal around the LO frequen
y. The output IF signal
ontains the addition of the upper and lower side bands. Depending on the phase di�eren
ebetween the upper and lower side band standing wave, the dete
ted standing wave seen indouble side spe
tra 
an 
onstru
tively or destru
tively interfere. The appearan
e of standingwaves in the double side band spe
tra is dependent on where the LO frequen
y interse
ts thestanding wave in the sky frequen
y domain.Figure 2.20 shows a model of double side band behaviour for di�erent LO frequen
ies sam-pling the same sky signal standing wave. A standing wave period of 1.0 GHz is simulated.No su
h standing wave period exists in HIFI, this period is 
hosen for illustrative purposes.The point to note from �gure 2.20 is that while the standing amplitude seen in the sky signalis the same for all settings the double side bad amplitude dete
ted is seen to vary with LOfrequen
y. This is due to the interferen
e between the upper and lower side band. The inter-feren
e between the upper and lower side band is dependent on the LO frequen
y interse
tionwith the phase of the sky signal. The 3 LO frequen
ies plotted in �gure 2.20 are separated bya quarter of the standing wave period. From this one 
an see side band interferen
e goes from
onstru
tive interferen
e to destru
tive interferen
e to 
onstru
tive interferen
e. Figure 2.21shows a grays
ale plot of multiple spe
tra taken with an LO frequen
y spa
ing smaller thanthe standing wave period seen in the data. From the plot one 
an see the 
hanging phase andamplitude of the 90 MHz standing wave due to the side band interferen
e.The end result of this side band interferen
e is that ea
h LO frequen
y e�e
tively has aunique set of standing waves as the re�e
tivity of the standing wave 
avities will most likely befrequen
y dependent. The side band ratio will also have an e�e
t on the standing wave pro�le.For most observation types the standing waves 
an
el in the 
ross 
alibration. However the45



2.4. STANDING WAVESpresen
e of standing waves 
an produ
e poor quality data in the frequen
y swit
h mode. Thefrequen
y swit
h mode uses a spe
trum taken at a di�erent LO frequen
y as an OFF phase
alibration. This 
an produ
e signi�
ant standing waves if the frequen
y step is not a multipleof the standing wave period. Standing waves 
an also be an issue for high 
ontinuum sour
essu
h 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 ea
hphase 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 pro
edures and analysis s
ripts to interpret the tests. The basi
layout of a standing wave test 
onsists of a series of spe
tra taken at small LO frequen
y stepsof 15MHz around a 
entral LO frequen
y. The LO power is tuned to this 
entral LO frequen
y.The 
hopper is then set at a �xed position and a spe
trum is taken at ea
h LO frequen
y step.The data is then 
alibrated by dividing all spe
tra by the last spe
trum in the series. Thisremoves the band pass and returns a 
alibrated spe
trum of sorts. With this 
alibration routinethe standing waves are exaggerated sin
e di�erent LO frequen
ies are 
ombined together. Thestandard 4 phase 
alibration would have the same LO frequen
y in all phases (with the ex
eptionof the frequen
y swit
h observation) and any 
ommon standing wave would 
an
el in the 
ross
alibration. For the standing wave tests, the goal is to identify the standing waves presenthen
e the spe
ial 
alibration routine.A standard standing wave test 
onsists of 50 LO steps of 15MHz around a 
entral LOfrequen
y. Ea
h spe
trum is then divided by last spe
trum and a spe
trum with the pass bandremoved is returned. The standing waves for these 
alibrated spe
tra are the residual betweenthe denominator spe
trum and the numerator spe
trum. It is di�
ult to extra
t the standingwave properties of a single raw spe
trum as the pass band dominates the signal. Hen
e the needto divide by another spe
trum at a di�erent LO frequen
y. By keeping the 
alibrator spe
trum
onstant for all spe
tra it allows an indire
t observation of the standing wave behaviour.On
e a set of 
alibrated spe
tra is at hand the standing wave behaviour 
an be extra
ted.The author developed a method to automati
ally extra
t the standing wave behaviour from thedata using Fourier transforms of the 
alibrated data. The Fourier transform of all spe
tra is�rst 
al
ulated and then a peak �nding routine extra
ts the strongest periodi
 signals from theFourier transform. Ea
h of the peaks in the Fourier transform is then �tted with a Gaussian andthe total power for that frequen
y is extra
ted, this pro
ess is repeated for all signi�
ant peaksin the FFT. By taking the �tted signal power as a fra
tion of the total power the standing waveamplitude in the signal domain 
an be determined. This is des
ribed 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 frequen
y 
hannels in the spe
trum and Fhan is a Hanning 
onversion fa
tor 1.4657.The fa
tor 2 a

ounts for the frequen
y folding in the FFT pro
essing. Using this pro
essthe amplitude of ea
h standing wave in the system 
an be determined and plotted against theLO frequen
y. While this is not an absolute measure of the standing wave amplitude at thatLO frequen
y it does provide an a

urate 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 s
ript. These �gures provide an overview of an entire standing wave test. The sour
eobserved (sky path, hot load, 
old load) is given in the plot title. A number of interesting points
an be taken from the over view plots. Figure 2.22 shows a standing wave test undertaken whilelooking at the sky through the Hers
hel internal opti
s. From the FFT plot a number of weak
omponents 
an be seen. A small signal 
an be seen whi
h 
orresponds to the se
ondary mirror
avity. This feature is not seen for the other polarization (V mixer is plotted here). There is novisible eviden
e of the standing standing wave in the plotted spe
trum. The spe
trum shapeis distorted slightly, this is due the mixer 
urrent di�eren
e between the 2 
alibrating spe
tra.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 LOfrequen
y is seen. The amplitude is seen to vary periodi
ally with the LO frequen
y showing the
onstru
tive and destru
tive interferen
e between the side bands for di�erent LO frequen
ies.Again the large s
ale variation on the baseline is due to the mixer 
urrent di�eren
e betweenthe 2 spe
tra used in the 
alibration. This feature is an artifa
t of the 
alibration routine andis not seen in the 
alibrated data unless a large drift in LO power o

urs 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 whi
h is due to a straight edge betweenthe diplexer root top mirrors. This will be dis
ussed in the next se
tion. The diplexer adds anadditional level of 
omplexity to the standing waves seen in the system. The diplexer adds afrequen
y 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 frequen
y.Conversely the signal from the LO dire
tion has a maximum 
oupling at the LO frequen
y anda minimum 
oupling at the ± 6 GHz from the LO frequen
y. This gain variation 
an be seen inthe standing wave data. Standing waves 
oming from the LO dire
tion are signi�
ant towardsthe band edges and disappear towards the IF band 
enter. On the other hand standing waves
oming from the sky signal dire
tion su
h the 
old loads have a maximum amplitude towardsthe band 
enter.
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Figure 2.22: Example of the output from the standing wave analysis s
ript. This is an example of a standing wave test at an LO frequen
yof 595.1295 GHz in band 1b looking at the sky through the Hers
hel primary mirror. Note the presen
e of a small signal at the se
ondarymirror 
avity frequen
y, 34MHz. Top left : Average FFT plot of all data taken during test. Top 
enter : Plot of 3 
entral spe
tra in thestanding wave test series Top right : Same plot as the top 
enter panel but with a �xed axis to allow for qui
k 
omparison between tests.Bottom left : Plot of standing wave amplitude vs LO frequen
y. The line 
olor relates to a single standing wave period whi
h is des
ribedin the legend. Bottom 
enter : Plot of mixer 
urrent vs LO frequen
y. Green line represents the goal mixer 
urrent. Bla
k, Red and Blueline mark the mixer 
urrents for the 
orresponding spe
tra 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 s
ript. This is an example of standing wave test at an LO frequen
y of595.1295 GHz in band 1b observing the internal 
old load.
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Figure 2.24: Example of output from standing wave analysis s
ript. This is an example of standing wave test at an LO frequen
y of815.139 GHz in band 3b looking at the sky through the Hers
hel primary mirror.
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Figure 2.25: Example of output from standing wave analysis s
ript. This is an example of standing wave test at an LO frequen
y 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 Hers
hel opti
s, from the spe
trumin 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 LOdire
tion. The period of the standing wave 
orresponds to the distan
e between the mixer andthe LO signal horn. Figure 2.25 shows an example of data taken towards the internal 
old load.From the spe
tra 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 sour
es, onefrom the 
old load and one from the lo
al os
illator 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-opti
al antenna as opposed to the wave guide antenna of bands 1 and 2, this leads toa redu
tion in re�e
tions ba
k into the opti
s. Furthermore the band 5 mixer units have aredu
ed sensitivity 
ompared to the bands 1 and 2 mixer units and hen
e any standing wave
an be dominated by the mixer noise. As stated earlier band 6 & 7 have signi�
ant ele
tri
alstanding waves whi
h are dis
ussed in 
hapter 3 whi
h dominate over any opti
al e�e
ts.This se
tion dis
ussed the standing wave tests undertaken. The dedi
ated standing wavetests proved very useful in determining the standing waves present in the system. By 
ombiningthe spe
tra observed in a non-optimum manner it helped exaggerate the standing waves in thesystem and provide some insight into the instrument behaviour whi
h is not possible using astandard astronomi
al observation.2.4.4 Sour
es of standing waves in HIFIDuring the development of HIFI and the Hers
hel teles
ope great e�orts were made to mini-mize the e�e
ts of standing waves in the instrument. In parti
ular the se
ondary mirror andsupport stru
ture were designed so that perpendi
ular surfa
es to the opti
al path dire
tionwere avoided. The se
ondary mirror is a 
ommon sour
e of standing waves when signal is re-�e
ted between the mixer horn and the the se
ondary. In order to avoid this a s
atter 
one wasin
luded at the 
enter of the se
ondary mirror whi
h minimizes the amount of light s
atteredba
k into the mixer. Figure 2.26 shows a sket
h of the s
atter 
one shape and its e�e
t onsignal re�e
ted ba
k from the instrument. A photo of the s
atter 
one is also seen in �gure2.26, the s
atter 
one is noti
eable through the distorted re�e
tion seen in the primary mirror.The in
lusion of the s
atter 
one removes almost all tra
es of a standing wave between these
ondary mirror and mixer fo
us. However there is still some eviden
e at the longer wavelength(larger beam) bands, as was shown in �gure 2.22, however this is only seen when non standard
alibration routines are used and for most observation routines the general astronomer shouldsee no eviden
e of a standing wave from the se
ondary mirror.Unfortunately not all sour
es of standing waves were foreseen in the development of HIFI52
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Figure 2.26: Left : Sket
h of s
atter 
one on Hers
hel se
ondary mirror. Right : Pi
ture ofHers
hel se
ond mirror with s
atter 
one. S
atter 
one is noti
eable through the distortion ofmirror re�e
tion.and 4 signi�
ant sour
es of standing waves still remain in the HIFI internal opti
s. The worsta�e
ted bands are those with the diplexer 
oupling (bands 3,4,6,7) whi
h show eviden
e of allfour standing waves in their data. Figure 2.27 shows a sket
h of the diplexer opti
al set upshowing the four sour
es of standing waves in the system namely the hot and 
old loads, thediplexer rooftop mirror and the LO unit.The most likely sour
e of standing waves are the hot and 
old loads as they have supportstru
ture whi
h 
an indu
e standing waves, see �gure 2.28. Even with 
areful design of theopti
s for the hot and 
old loads and the painting of ea
h sour
e with anti-re�e
tive 
oatingstanding waves are still signi�
ant. Figure 2.28 shows a photo of the hot bla
k body withanti re�e
tive 
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 thelo
ations of the loads. Returning to equation 2.31 the period of the standing wave is inverselyproportional to the 
avity size, hen
e the hot load positioned further from the mixer fo
us 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 exa
tlo
ation of the re�e
ting surfa
e on the 
alibration load stru
ture a series of 
hopper s
answere proposed by the author. These tests 
onsisted of moving the 
hopper through its range of
hopper angle s
anning a
ross the se
ondary mirror and onto the load stru
ture. A spe
trumwas taken at a number of 
hopper positions. The data was 
alibrated mu
h like the standingwave test. A single 
alibration spe
trum was divided into all other spe
tra to remove theband pass. This 
alibrated data was then 
onverted into Fourier spa
e. 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 s
an tests. From this one 
an see53



2.4. STANDING WAVES

Sky Signal

M4

M5

M7

 

M6, Chopper

M8

 

Cold LoadHot Load

LO Unit

LO Signal

Sky Signal

H mixer

V mixer

Movable 

diplexer 

arm

Movable 

diplexer 

arm

Beam-

splitters

Figure 2.27: Sket
h of diplexer band opti
al set up showing the 4 sour
es of standing wave inthe system namely the hot and 
old 
alibration loads, the diplexer rooftop mirror and the LOunit. They are highlighted with arrows showing a returned signal.

Hot load

Cold load

Figure 2.28: Left: Photo of hot bla
k body 
alibration load showing anti re�e
tive 
oating.Right: CAD drawing of 
alibration load layout.54
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(a) Band 1a 
hopper s
an

(b) Band 3a 
hopper s
an

(
) Band 5a 
hopper s
anFigure 2.29: Chopper s
an data showing the variation of di�erent standing wave periods with
hopper 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 verti
al lines. The purpleline is the average CCD for ea
h 
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�eren
ebetween 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 internal
old standing wave. The sour
e 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 fa
ing the mixer. However due to manufa
turing toleran
es a �atedge was evident in the roof top mirror, see �gure 2.30. Ideally the roof top mirror should bemanufa
tured from 2 separate mirrors and then bolted together unfortunately the HIFI mirrorswere ma
hined from one blo
k of aluminum hen
e the �at edge at the line 
enter due to themilling pro
ess.As the diplexer rooftop mirror is relatively 
lose to the mixer unit this results in a longperiod standing wave of 680MHz su
h as that seen earlier. Re�e
tions from the rooftop mirroralso have a number of an
illary e�e
ts and 
an introdu
e some un
ertainty 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 rea
t,however in the plot we see that both mixer 
urrents rea
ted 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 in
oming single by 180◦ through re�e
tion of 2 45◦ mirrors.By 
hanging the path length di�eren
e between the 2 split signals the polarization angle of the
ombined signal 
an be rotated to suit the mixer polarization angle. However with a �at surfa
ebetween the mirrors the signal is not rotated 
ompletely and a fra
tion of the signal instead ofpassing through the beam splitter is re�e
ted away from the mixer unit, see �gure 2.31. Thissignal is further re�e
ted into the other mixer unit and enters into the diplexing pro
ess there.Hen
e moving the H mixer diplexer has an e�e
t on the V mixer unit and vi
e versa. This
ross talk between mixers limits the overall a

ura
y of any polarization studies, the extent ofthis un
ertainty requires further analysis.The 4th sour
e of standing waves in the HIFI opti
s is from the lo
al os
illator signal horn.Coin
identally the standing wave period from the lo
al os
illator unit has a similar period tothe 
old load standing wave of ∼95 MHz. This standing wave is most signi�
ant in the diplexerband sin
e the signal 
oupling here is high 
ompared to the beamsplitter bands. As shownin �gure 2.24 standing waves from the LO dire
tion 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 des
ribed inse
tion 2.4.3 the LO power was kept �xed for a 
entral LO frequen
y. While the LO frequen
ywas 
hanged the LO output power was kept 
onstant. When the mixer 
urrent is then plottedagainst the LO frequen
y 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�e
ted signal between from the diplexers[26℄.
H mixer 

V mixer 

reflected signal

from H mixerbeamsplitter

movable

diplexer arm

movable

diplexer armFigure 2.31: Sket
h of 
ross talk between H and V mixer due to standing waves between the 2mixers. 57
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(b) Band 3aFigure 2.32: LO path standing wave at 90 MHz seen in pump level of the mixer when the LOpower is kept 
onstant and the LO frequen
y is 
hanged.on page 48 where the mixer 
urrent versus LO frequen
y is plotted in the bottom 
enter panel.Figure 2.32 shows an example of mixer 
urrent versus LO frequen
y plots for both polarizationsin bands 3a and 5a. From the data the 95 MHz period is apparent in both sets of data, howeverthe amplitude in the diplexer band data is mu
h larger than the beamsplitter band with apeak of trough modulation for V mixer of ∼10% with values 
lose to ∼2% for the band 5 data.There is also a noti
eable di�eren
e in amplitude between the H and V mixer in the diplexerband. The H mixer has almost half the V mixer standing wave amplitude, indi
ating di�erentstanding wave behaviour between the 2 polarizations.2.4.5 Standing wave e�e
ts2.4.5.1 Introdu
tionThe standing wave dis
ussion so far has 
on
entrated on the dedi
ated standing wave testswhere the data is 
alibrated in a way that exaggerates the standing wave behaviour. For astandard observation the 
alibration routine is designed to minimize standing wave e�e
ts.However in 
ertain s
enarios standing waves persist. In this se
tion examples of standing wavein 
alibrated data are presented.2.4.5.2 Strong 
ontinuum sour
esFor most observations the standard 
alibration pro
edure with the subtra
tion of an OFFreferen
e position is su�
ient to remove all standing waves in the data. However when thesour
e target has bright 
ontinuum this 
an lead to standing waves from the loads appearing inthe data. This is 
onfusing on �rst inspe
tion, why aren't standing waves from the loads therefor all observations sin
e the loads are observed for all observations? The 4 phase 
alibrationis a ratio of the ON-OFF phases divided by the HOT-COLD phases. For sour
es with a58
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tra taken during a Mars map observation showing the dependen
e ofthe standing wave amplitude on the 
ontinuum brightness.low 
ontinuum and only spe
tral line emission the ON-OFF phase is 
lose to zero outsideof the regions of line emission. Hen
e when dividing the ON-OFF phase by the HOT-COLDdenominator the standing wave is not seen outside of the region of line emission. Hen
e standingwaves are only seen a
ross the IF band when there is a strong 
ontinuum that is when the ON-OFF di�eren
e is signi�
ant. Figure 2.33 shows an over plot of a sele
tion of map points fromthe Mars observation previously shown in �gure 2.5 on page 21. From this �gure it is apparentthat the standing wave amplitude in
reases when Mars is at the 
enter of the beam and thesignal is brightest.2.4.5.3 Line intensity modulationFrom the previous se
tion des
ribing standing waves in a high 
ontinuum, it is apparent thatthe standing waves s
ale with brightness of the sour
e being observed. The example shown in�gure 2.33 has a broadband emission. Spe
tral lines on the other hand are bright over a smallfrequen
y range but they too have standing wave e�e
ts. However they are more subtle thanthose shown in the Mars example and it is only when a spe
tral line is tra
ked through the IFband that the modulation of the line intensity be
omes apparent. This e�e
t was des
ribed indetail in the paper of Siebertz et al. [113℄. In this paper, OCS lines were tra
ked in very �neLO steps a
ross the IF band and the line intensity was seen to modulate with the standingwave period.Similar tests were undertaken during the �ight test of HIFI. A bright spe
tral line wastra
ked a
ross the IF band in small LO frequen
y steps of 35MHz. In the diplexer bands thespe
tral line intensity was seen to modulate with 
hanging LO frequen
y 
onsistent with thediplexer roof top mirror standing wave, see �gure 2.34. As the sour
e had a weak 
ontinuumno standing waves were seen outside of the line emission. From the max intensity plots shownin �gures 2.34(b) and 2.34(
) it is apparent that the line intensity in both the H and V mixersvary by up ± 3% about the mean peak intensity. The 
alibration and removal of this e�e
t maybe possible although it would require extensive observation to extra
t the phase and amplitude59



2.4. STANDING WAVESof the standing wave and using a model standing wave 
orre
t the data. Without this a prioriknowledge of standing wave behaviour a 3% error due to standing wave modulation must beadded to 
alibration un
ertainty in band 4a. Other test were undertaken for the other bandsbut are not dis
ussed here.2.4.5.4 LO power disparityThe modulation of the LO power is another subtle e�e
t 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 frequen
y of1145.3 GHz there is mat
hing power between both mixers and hen
e they would have similarsensitivity and performan
e. However if the LO frequen
y was 1145.27, just 30 MHz away adisparity in pump level is seen.The di�eren
es in band 5a pump level are quite minus
ule and would have little e�e
t 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�e
t on the data quality ofthe slave polarization. This e�e
t is dis
ussed in se
tion 4.20. Careful sele
tion of the LOfrequen
y 
an mitigate the e�e
t 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 approa
h 
an be applied.Standing waves in the LO signal path have a detrimental e�e
t on frequen
y swit
h observa-tions also. A frequen
y swit
h observation observes the OFF phase at a di�erent LO frequen
yas opposed to a position swit
h observation whi
h observes the OFF position at a di�erentsky position at the same LO frequen
y 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 frequen
ies of the frequen
y swit
h 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�eren
es in pump level between the slavemixer frequen
y swit
h ON and OFF spe
tra whi
h leads to poor data quality. Figure 2.35shows an example of a the mixer 
urrent for a 6b frequen
y swit
h 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 frequen
y settings whi
hhas a detrimental e�e
t on the resulting data quality. The resulting e�e
ts on the data qualityare dis
ussed in 
hapter 3.
60
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(a) H and V spe
tral lines at di�erent IF positions

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

(
) Left: V line pro�les overlaid, Blue line is the average pro�le, red line is the individualspe
tral lines Right: Peak line intensity versus LO frequen
yFigure 2.34: Example of spe
tral line modulation due to the diplexer roof top mirror standingwave in band 4a at an LO frequen
y of 1037.08 GHz.61
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Figure 2.35: Instrument house keeping timeline showing H and V mixer 
urrent for a freque
nyswit
h observation in band 6b at an LO frequen
y 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 frequen
ies.2.5 Con
lusionsIn this se
tion the intensity 
alibration of HIFI and the asso
iated un
ertainties were dis
ussed.The antenna 
alibration and the pro
edure for determining the main beam e�
ien
y and aper-ture e�
ien
ies were des
ribed.The intensity 
alibration of HIFI was des
ribed and the sour
es of un
ertainty in the in-tensity measured were detailed. Side band ratio was dis
ussed as one of the major sour
e ofintensity errors in the system. The 2 major sour
es of side band ratio irregularities, the mixerRF gain and diplexer mistuning, were dis
ussed. The need for a priori knowledge of the sideband ratio was mentioned at the end of this 
hapter. This is dis
ussed in detail in the following
hapter on the gas 
ell test 
ampaign.Standing waves in HIFI were dis
ussed. The sour
e of standing waves namely the hot and
old loads, diplexer root top and the LO horns, were detailed. It was shown that the standingwave amplitude on the spe
trum baseline is dependent on the intensity of the sour
e. Sour
eswith bright 
ontinuums su
h as planets produ
e strong standing waves on the baseline. Moresubtle e�e
ts were also dis
ussed su
h as the modulation of spe
tral line intensity with LOfrequen
y whi
h was shown to a

ount for a 3% un
ertianity in the intensity measured in band4. The e�e
t of standing waves in the LO signal path were also dis
ussed and an example ofthe e�e
t on the mixer pump levels in band 6 freque
ny swit
h observation was shown.
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Chapter 3HEB Ele
tri
al Standing Wave
3.1 Introdu
tionAt an early stage in the instrument level testing (ILT) of HIFI the HEB bands were seen to havepoor baseline performan
e with high noise towards higher IF frequen
ies and large standingwave e�e
ts present. This degradation was eventually attributed to LO instability and animpedan
e mismat
h between the mixer and the �rst low noise ampli�er (LNA). This 
hapterdis
usses the sour
e of this baseline degradation, the e�orts made to model it and the �nalsolution to be in
orporated into the HIFI data pro
essing pipeline.As dis
ussed in se
tion 2.4, standing waves are a 
ommon e�e
t in sub-mm instruments giventhat the radiation wavelength is 
omparable to the re
eiver opti
al 
omponent dimensions. Thedominant standing wave seen in the HEB band however is not due to re�e
tions within theinstrument opti
s but due to re�e
tions in the instrument ele
tri
al ampli�
ation 
hain (IF
hain). Careful design of Hers
hel and HIFI opti
s in 
ombination with optimized observationroutines have redu
ed the impa
t of standing waves in the HIFI opti
s on the �nal 
alibrateddata. Sour
es with high intensity are sensitive to standing wave e�e
ts but for the most partthe e�e
t of standing waves from the opti
s 
an be removed during the 
ross 
alibration andthere o

urren
e and behaviour is mostly predi
table.The standing wave originating in the IF 
hain has a very di�erent behaviour and its o

ur-ren
e is less predi
table. The appearan
e of the standing wave in the HEB is a fun
tion of themixer state, LO thermal 
ondition, whi
h 
an't be predi
ted in advan
e. The HEB standingwave is the most destru
tive systemati
 e�e
ts seen in HIFI data with amplitudes of up to20 Kelvin. The higher frequen
y HEB bands a

ount for 33% of the observing time of theguaranteed time key programs[82℄ and operate at a frequen
y range that is almost 
ompletelyopaque for ground based teles
opes. Understanding and 
orre
tion of this baseline e�e
t is a
ru
ial step in returning the maximum possible s
ien
e from this unique observing opportunity.There are �ve se
tions in this 
hapter. The �rst se
tion is the introdu
tion. The se
ondse
tion des
ribes the development time line of the HEB mixer te
hnologies for HIFI, some63



3.2. HEB MIXER DEVELOPMENTof the problems en
ountered and their subsequent e�e
t on the intermediate frequen
y (IF)ampli�
ation 
hain design. The third se
tion details the behaviour of the standing waves seenin the spe
tra due to the impedan
e mismat
h between the mixer and �rst LNA. The fourthse
tion se
tion des
ribes the e�orts to remove the standing wave from the data. 2 di�erentapproa
hes are des
ribed. The �rst approa
h starts from the devi
e physi
s and develops ananalyti
al model of the distorted baseline pro�le based on the HEB mixer and LNA impedan
e.This method is based on the HEB mixer impedan
e work of Ja
ob Kooi. A se
ond approa
h isalso presented. This approa
h, developed by author, uses a 
atalog of standing wave waves to
orre
t the observed spe
tra. This approa
h is applied to gas 
ell data and 2 �ight observations.The �nal se
tion presents the 
hapter 
on
lusions.3.1.1 Author's 
ontributionThe author was extensively involved sin
e 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 su
h as LO frequen
y independen
e and �xed phase. Theauthor worked 
losely with Ja
ob Kooi (Calte
h) in adapting his ele
tri
al model data to mat
hgas 
ell observations. The baseline 
atalog solution was developed by the author and furtherimproved by Kirill T
hernyshyov (Oberlin 
ollege).3.2 HEB mixer development3.2.1 Introdu
tionFrom the outset of HIFI development the instrument performan
e goals were unpre
edentedfor a heterodyne instrument. Table 3.1 details the sensitivity goals and mixer te
hnologies
onsidered 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℄ a
hieved a DSB noise temperature of 900K) the HEBte
hnology goals set in 1998 are beyond the 
urrent state of the art.In the original HIFI design a third LO band was planned whi
h would have 
overed afrequen
y range from 2.4 to 2.7THz. This band was eventually s
rapped due to developmentissues with the gas laser LO sour
e. HIFI opti
s were designed with 7 LO paths with ea
h pathbeing 
oupled to 2 LO units, whi
h split the LO 
overage. For example band 1a and band 1bdes
ribe 2 di�erent LO 
hains. To redu
e the impa
t on the opti
s design the 6L band frequen
y
overage was split into 2 bands with the 6L band providing LO frequen
y 
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
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Table 3.1: Comparison of HIFI frequen
y ranges and mixer te
hnologies as proposed in1998[21℄ and the �nal �ight 
on�guration[23℄, SOAP stands for the State�Of�the�Art Per-forman
e as of 1998Band Range, DSB Noise temperature, K Mixer element te
hnology 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 frequen
y band 6H with an LO frequen
y 
overage from 2.4 - 2.7 THz was des
oped inthe �nal HIFI design.
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3.2. HEB MIXER DEVELOPMENTkey te
hnology of sub-millimeter spe
tros
opy and had been used extensively in ground basedteles
opes[132℄. Table 3.1 is a re�e
tion of this maturity as the super
ondu
tor material andnoise goals proposed in 1998 were largely met in the �nal HIFI 
on�guration.SIS mixer frequen
y 
overage is limited by the energy gap of the super
ondu
ting material.Above this frequen
y the absorption loss in the super
ondu
ting material in
reases dramati
ally;for an all-Nb mixer the limit is 1.4THz, for NbTiN-Nb or NbN-Nb jun
tions operation above1.6THz should be possible [132℄. HEB mixers were seen as the only option for mixing above1.25THz. S
hottky 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 te
hnologies were still at a development stage when �rst proposed for HIFI. The
on
ept of HEB mixing was �rst proposed in the 1970's [93℄ however it was superseded by theSIS mixer for ground based spe
tros
opy. The development of the HEB mixer gathered pa
ein the early 90's on
e the frequen
y limits of SIS mixer te
hnology be
ame apparent. One ofthe drawba
ks of HEB mixers when �rst used in the 1970's was the small bandwidth of 100'sof MHz. Hen
e early e�orts in HEB development fo
used on in
reasing the IF bandwidth.A mixer's IF bandwidth is de�ned as the IF frequen
y where the mixer gain drops 3dB fromthe gain at 0 IF frequen
y:
G(fif ) =

G(0)

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

f3dB = 1/(2πτth) (3.2)Hen
e de
reasing the time it takes for the mixer to 
ool will in
rease the IF bandwidth. Amodel of 
ooling me
hanisms in super
ondu
ting �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 super
ondu
ting HEB mixer o

urs via 2 me
hanisms, theele
tron phonon intera
tion and the phonon latti
e intera
tion. The ele
tron phonon intera
tiondes
ribes the transfer of energy from the Cooper pair �uid generated during the super
ondu
tingstate and the super
ondu
ting material phonons. The phonon latti
e intera
tion des
ribes thephonon intera
tion with the material latti
e on whi
h the super
ondu
tor is mounted.The ele
tron phonon intera
tion time, τe−ph, is a fun
tion of the super
ondu
ting materialand is dependent on the super
ondu
ting 
riti
al temperature, Tc, see �gure 3.1. The phononlatti
e intera
tion time, τesc, is a fun
tion of the HEB geometry and the dire
tion of heat transferdepends on the length and thi
kness of the super
ondu
ting surfa
e. Short HEB mixers withlengths typi
ally less than 100nm and thi
knesses ∼10nm transfer heat through the metal66
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al values of the ele
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ondu
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Figure 3.2: HEB mixer s
hemati
 showing the important dimensions determining the dominantHEB 
ooling me
hanisms[62℄
onta
ts on either side of the mixing surfa
e, these are typi
al known as di�usion 
ooled HEBs.Thin HEB mixers with a thi
kness of less than 6nm transfer heat through the super
ondu
torsurfa
e into the substrate the super
ondu
tor is adhered to, this type of HEB is 
alled a phonon
ooled 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 whi
h me
hanism is dominant. Karasik et al. [54℄ investigated the transition fromphonon 
ooling to di�usion 
ooling for 20nm thi
k NbC �lms of variable lengths between 1.0and 100.0 µm. Early attempts at HEB development 
on
entrated on the thin �lm phonon
ooled variation [84℄, however, the IF bandwidth limitations soon be
ame apparent and thedi�usion 
ooled version originally proposed by Prober [101℄ soon be
ame the dominant HEBtype.At the time of HIFI development di�usion 
ooled HEBs were the only te
hnology 
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 a
hieve 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 whi
h the devi
eis mounted, Tc is the super
ondu
tor 
riti
al temperature and R is the devi
e resistan
e. 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 a
hieve largeIF bandwidths. They showed that for the di�usion 
ooled mixer thermal relaxation time, τth,is a fun
tion of the mixer length, L, and super
ondu
tor material di�usion 
onstant, D:
τth = τdiff = L2/(π2D). (3.4)They demonstrated that with a 10nm thi
k 80nm long Nb �lm IF bandwidths of >6GHzwere possible. Furthermore Karasik et al. [53℄ 
ompared various super
ondu
ting materialsand showed that aluminum as a super
ondu
tor had the optimum di�usion properties for apra
ti
al mixer size and that single side band noise temperatures of 500K were a
hievable.3.2.3 HIFI HEB mixerReturning to table 3.1, based on the state of resear
h at the time the HEB mixer te
hnologygoal 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 whi
h
ould be in
orporated into the HIFI instrument. They developed a Al and Nb di�usion mixerin parallel. Unfortunately, a number of limitations to Al HEB mixer were dis
overed.Siddiqi et al. [112℄ tested a bat
h of 14 di�erent Al mixers with lengths varying from 0.2 to1µ m. They found a lower limit to the super
ondu
ting �lm length due to the proximity of thenormal resistive metal 
onta
t pads and the super
ondu
ting HEB �lm. This proximity eitherredu
ed the size of the super
ondu
ting region on the �lm or in the 
ase of the 0.2µm �lmsample no super
ondu
tion o

urred at all. This proximity e�e
t provides a lower limit to theminimum super 
ondu
ting �lm length and hen
e the maximum IF bandwidth possible. Themaximum bandwidth for an Al mixer is still su�
ient for most pra
ti
al appli
ations, 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 ele
troni
 
ontribution to the thermal 
on-du
tivity (k) and the ele
tri
al 
ondu
tivity (σ) of a metal is proportional to the temperature (T ) su
h that

k
σ

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



3.2. HEB MIXER DEVELOPMENTBurke [11℄ and des
ribed in equation 3.4.The most detrimental e�e
t to Al HEB performan
e is from noise power saturation. Siddiqiet al. [112℄ showed that at mi
rowave frequen
ies good noise and e�
ien
y performan
e waspossible through 
areful experimental setup to suppress ba
kground noise. However at THzfrequen
ies the same performan
e wasn't possible given the larger antenna bandwidths andthermal noise present. Siddiqi et al 
on
luded that noise saturation at THz frequen
ies wasa major sour
e of performan
e degradation. They des
ribed 2 types of saturation, input andoutput saturation.Input saturation o

urs when the ba
kground noise power is 
omparable with the LO signalpower. The LO signal power is used in 
onjun
tion with the mixer bias to bring the mixer to itsoptimum performan
e. Siddiqi & Prober [111℄ showed that for moderate ba
kground tempera-tures the ba
kground noise power 
an be 
omparable with the LO power and pump the mixerto a state of non-optimum performan
e (low 
onversion e�
ien
y, high noise temperatures).As an example, a ba
kground 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 ba
kground noise power of 0.2nW. Siddiqi found the optimum LO power for Al HEB mixingto be ∼ 0.5nW. Output saturation o

urs when the ba
kground noise is down 
onverted intothe IF band. Siddiqi et al. [112℄ showed that for a typi
al mixer set up the ba
kground noise
an shift the mixer bias voltage up to 20 µV. This was shown to have a negative e�e
t on themixer performan
e as its range of optimum performan
e is over a small bias voltage region of
∆Vopt <10µV.In
reasing the mixer volume would have redu
ed the Al HEB's sensitivity to ba
kgroundnoise however this would have redu
ed the mixer IF bandwidth. As HIFI was under a stri
ttime s
hedule for 
omponent delivery, e�orts to develop the di�usion 
ooled Al HEB mixerwere abandoned and JPL 
on
entrated 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 a
hieved the noise requirements outlined in table 3.1. Furthermore the Nbmixer su�ered from a degradation of performan
e that was attributed to both environmental
onditions and ele
trostati
 dis
harge[57℄. Fortunately in parallel to the di�usion 
ooled HEBresear
h 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 be
ame a viablealternative to the di�usion 
ooled variety. The development of 100's µW solid state 
ompa
t LOsour
es above 1THz opened the door for spa
e appli
able phonon 
ooled mixers [75, 76℄. Theproblem of IF band width was also over
ome. Using rea
tive magnetron sputtering manufa
-turing te
hniques it was possible to 
onsistently produ
e super
ondu
ting �lms with thi
knessesbetween 3-6nm thereby de
reasing the phonon to substrate time and therefore in
reasing 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 super
ondu
ting material due to to low ele
tron phonon intera
tion 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 mixerbat
h was unable to meet the 4GHz HIFI design requirement. Due to the s
hedule restri
tionsof a spa
e mission and the late 
hange from a di�usion to a phonon 
ooled mixer, the proje
thad no 
hoi
e but to pro
eed with the manufa
tured �lm and settle for an IF bandwidth of2.4�4.8 GHz. This had a number of kno
k-on e�e
ts 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 se
ond LNA had to be developed to suit the redu
edIF bandwidth[49, 74℄. Furthermore, a 10.4GHz lo
al os
illator was in
orporated into the IF
hain to up-
onvert the 2.4�4.8GHz IF signal to a spe
trometer 
ompatible IF bandwidth of5.6�8GHz. The most signi�
ant e�e
t of the the IF 
hain redesign was the ex
lusion of anele
tri
al isolator between the HEB mixer and �rst ampli�er. At the time of the redesign nospa
e quali�ed 2.4 � 4.8GHz isolators were available. Additionally sin
e the HIFI me
hani
aldesign was already at an advan
ed stage there was no spa
e in the IF 
hain en
losure for a2.4�4.8GHz isolator. Ele
tri
al isolators are designed for a spe
i�
 IF frequen
y range[74℄ andtheir size s
ales inversely with frequen
y range, a lower IF frequen
y would have required alarger volume ele
tri
al isolator. The �nal IF 
hain design is shown in �gure 3.3.With the ex
lusion of the ele
tri
al isolator after the mixer unit the HEB band be
amesus
eptible to in
reased noise and broadband gain ripples. The 
omponent level testing of themixer unit at Chalmers university was undertaken with an LNA with a re�e
tion loss of morethan 15dB [16℄, whi
h demonstrated that the mixer performan
e was within the noise andstanding wave amplitude limits. The �ight LNA has a measured re�e
tion loss of -10dB [74℄.When the mixer unit was in
orporated into the �ight IF 
hain large peaks in the noise wereseen as well as a signi�
ant ripple a
ross the IF band 
onsistent with power re�e
tion betweenthe mixer and �rst ampli�er. On further investigation a large impedan
e di�eren
e was evidentbetween the mixer and the LNA. A redesign of the mixer blo
k resulted in a better IF mat
hto the LNA and while the performan
e of the mixer was seen to improve, the IF ripple problempersisted[5℄.The next se
tion in this 
hapter will des
ribe how the 
ombination of instrument stabilityand the IF ripple a�e
t the �nal 
alibrated data quality.3.3 HEB standing wave behaviourStanding waves are seen in all HIFI bands. The type dis
ussed in this 
hapter o

ur due tore�e
tions in the IF 
hain. The more 
ommon variety are those due to re�e
tions between
omponents in the instrument's opti
al path. Both types have a similar e�e
t on the data70
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y of 1730.00475GHz.For an ideal observation the line minimum should have a value of 0.5 and the spe
tra baselineshould have a mean value of 1.0. An approximate sine wave �t with a polynomial baseline�t is overlaid. This �t was generated using the fringe removal tool available in the HCSSenvironmental [59℄. The residual minus the Sine model and polynomial baseline + 1.0 is alsoplotted.quality however their behaviour is quiet di�erent and in order to e�
iently remove them fromthe 
alibrated data these di�eren
es should be appre
iated.The author was tasked with examining the HEB standing wave in the gas 
ell data in 2007.In this se
tion the results of this exploratory work are outlined.3.3.1 Standing wave pro�leOn �rst impressions the IF ripple is very mu
h like a normal standing wave. However, whenstandard standing wave removal tools are used it be
omes di�
ult to remove the standingwave and multiple iterations of sine �tting are needed before the ripple is su�
iently, if at all,removed. An example of a standing wave wave �t using the �t fringe tool developed by Kesteret al. [59℄ is shown in �gure 3.4.Using the �t fringe routine it is possible to �t the IF ripple over a 0.5GHz band howeveroutside of this region the �tted period and amplitude are no longer su�
ient. From �gure 3.4it is apparent that the sine �t is adequate for the IF region from 5.6 to 6.1GHz but is slightlyout for phase and has a lower amplitude than that of the data.The IF ripple pro�le has a saw tooth shape whi
h is di�
ult to �t with a simple sine wavepro�le. The model approa
h des
ribed by Kester et al. [59℄ however provides a good �rstorder 
orre
tion of data a�e
ted by standing waves originating in the instrument opti
s. Thedi�eren
e between the opti
al standing waves and the IF 
hain standing waves is the sour
e ofre�e
tion. Opti
al 
omponents have smooth transmission properties over the mixer bandwidth.72



3.3. HEB STANDING WAVE BEHAVIOURAn ele
tri
al 
omponent's transmission (ele
tri
al impedan
e) 
an vary signi�
antly in a non-linear fashion a
ross the IF bandwidth leading to the 
ompli
ated pro�les shown in �gures 3.4and 3.7(
).3.3.2 E�e
t of 
hanging LO frequen
yOpti
al standing waves o

ur before the signal mixing in the opti
al path. The standing waveis a modulation of the sky signal due to some fra
tion of the signal being re�e
ted between 2
omponents in the signal path. The re�e
ted and in
oming sky signal interfere at the mixerresulting in a broadband modulation of the signal dete
ted. During the mixing pro
ess 2 bandsof the sky signal are then down 
onverted to IF frequen
ies. The signals from the upper andlower side-bands are summed together in the pro
ess. The 2 standing waves from the upperand lower side-band interfere and depending on the phase di�eren
e this interferen
e 
an be
onstru
tive or destru
tive. The resulting double side-band standing wave amplitude and phaseis then dependent on the relative phase between the upper and lower side band standing wavewhi
h is a fun
tion of the LO frequen
y. Figure 3.5(a) shows an example of the 
onstru
tiveand destru
tive interferen
e of the upper and lower side band 
hanging LO frequen
y.Standing waves in the IF 
hain o

ur after mixing. The resulting double side band standingwave pro�le is then a fun
tion of the 
avity length (
oaxial 
able length) and the re�e
tionproperties of the 2 re�e
ting 
omponents (mixer and LNA) and independent of LO frequen
y.From �gure 3.5(b) one 
an see that the phase of the standing wave is �xed with 
hanging LOfrequen
y unlike the opti
al 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 anastronomi
al observation sequen
e. HIFI has a number of di�erent observation modes of varying
omplexity however at the 
ore of all modes are 4 phases whi
h when 
ombined together forman intensity 
alibrated spe
trum:
ON − OFF

HOT − COLD
(3.5)In an ideal setup all systemati
 e�e
ts are removed from the spe
tra and only the intensity
alibrated astronomi
al information is left. However, if di�eren
es exist between the 4 phasesof the observation the �nal spe
tra quality will be degraded. Di�eren
es between spe
tra 
anbe due to a number of fa
tors.The IF ripple seen in 
alibrated HEB spe
tra is due to di�eren
es in mixer impedan
ebetween the observation phases. As des
ribed in se
tion 3.2, the IF ripple seen in the HEBbands is due to an impedan
e mismat
h between the mixer and �rst LNA. The amplitude ofthe IF ripple is related to the degree of impedan
e mismat
h between the mixer and LNAwhi
h is a fun
tion of the in
ident LO power. The LNA is the most stable 
omponent of the73
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al path standing wave.Figure 3.5: An example of the di�erent behaviour of a standing wave in the instrument opti
sand a standing wave in the IF 
hain. The data shown here is taken a standing wave test and isnot representative of the amplitude seen in 
alibrated data. The serves to illustrate the �xedphase of the IF 
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ompared to the 
hanging phase of the opti
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Figure 3.6: Calibrated 12CO gas 
ell data at an LO frequen
y of 1730.01GHz showing bothpolarizations. Lower panel shows the asso
iated mixer 
urrent for H and V mixer units. The Vand H polarizations both show eviden
e of the IF standing wave with the V polarization beingmost e�e
ted. From the mixer 
urrent data it is apparent that there is a larger s
atter for theV mixer (3.5% of mean mixer 
urrent) 
ompared to the H mixer (1.5%).pair as this is kept at a �xed voltage. However given the super
ondu
ting nature of the HEBmixer its impedan
e 
an be highly variable and dependent on a number of external in�uen
es.An integral part of HEB mixer operation is the pumping of the mixer by the LO 
hain. TheHEB mixer impedan
e is driven by 2 
omponents the mixer bias voltage and the LO power[64℄.Variations in the LO power 
hange the mixer pump level whi
h in turn 
hanges the mixerimpedan
e and therefore the IF ripple amplitude. The HEB mixer impedan
e 
an also besensitive to the temperature of the sky sour
e be it the HOT or COLD. This e�e
t is knownas dire
t dete
tion[3℄.Figure 3.6 shows a 
omparison of baseline quality for the H & V polarizations taken at thesame time. The V polarization was already presented in �gure 3.4. From this �gure one 
ansee that the H polarization baseline quality is 
onsiderable better than the V polarization. The
orresponding mixer 
urrent for ea
h mixer is also plotted in the lower panel of �gure 3.6. It isapparent that there is a larger degree of s
atter/instability in the V mixer 
urrent than in theH mixer 
urrent. 75



3.3. HEB STANDING WAVE BEHAVIOURKooi et al. [63℄ investigated the various sour
es of instability in NbN phonon 
ooled HEBre
eivers. They looked at re
eiver stability from 2 perspe
tives, the inherent HEB mixer stabil-ity and the stability of the re
eiver set up as whole. They measured the stability using doubledi�eren
e Allan varian
e method 
ommonly used to measure radio re
eiver stability[108℄. Theinstrument setup used in their investigation was very similar to that used in the (instrumentlevel testing) ILT setup and so their 
on
lusions are dire
tly appli
able 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 s
atterbetween 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 super
ondu
ting state away from the transition state where the 
onversion e�
ien
y isoptimum. Below 0.045mA the mixer tends towards a normal resistive state and is less sensitiveto LO power �u
tuations and hen
e more stable however it also be
omes less e�e
tive as amixer.Ideally both mixer 
urrents should be around 0.045mA. Ea
h mixer is 
oupled to the sameLO sour
e and the signal is polarized and dire
ted to ea
h mixer via a polarizing grid. Ideallythe same LO power should 
ouple at the H and V mixer fo
us but due to standing waves andother 
oupling e�e
ts one mixer re
eives more LO power than the other. Furthermore, the Hand V mixer units are not identi
al and have di�erent performan
e over the LO band due todi�eren
es in the manufa
turing of the antenna and mixer. As a result of these di�eren
es, 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. Sin
e the LO signal traversed air at sea level atmospheri

onditions the power transmitted was modulated with the air turbulen
e in the room withnoti
eable degradation seen 
lose to the water line frequen
ies.In a stable me
hani
al environment standing waves in the LO path aren't parti
ularlyproblemati
 but if the system isn't su�
iently me
hani
ally stable and the opti
al 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 frequen
y is tuned to the peak of thestanding wave this 
an redu
e the re
eiver sensitivity to opti
al path 
hanges. UnfortunatelyHIFI had multiple LO standing waves in the ILT setup making it di�
ult to �nd an optimumLO frequen
y. LO path me
hani
al stability was a signi�
ant problem during HIFI groundtesting. Fortunately, one of the advantages of spa
e is the thermal stability. Furthermore theHers
hel teles
ope has few moving parts whi
h 
an indu
e vibration in the system resulting ina stable operating environment. 76



3.3. HEB STANDING WAVE BEHAVIOURThe major sour
e of instability is the LO unit itself. The LO 
hain is a 
omplex unit whi
hgenerates the lo
al THz signal using various stages of frequen
y multipli
ation. As a byprodu
tof the signal multipli
ation heat is generated whi
h in turn e�e
ts the LO 
hain performan
eand output power. When a 
hain is swit
hed 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�e
t.3.3.4 Mixer 
urrent and standing wave amplitudeFrom the previous se
tion it is apparent that 
hanges in the mixer impedan
e as measuredthrough the mixer 
urrent during the 
ourse of an observation result in a non optimum sub-tra
tion of the IF ripple between the mixer and LNA. The sour
es of these impedan
e 
hangeswere summarized in the previous se
tion. In this se
tion the relationship between the relativemixer 
urrent di�eren
e between observation phases and the resulting standing wave is detailed.Figure 3.7 details the relationship between the per
entage mixer 
urrent di�eren
e between2 observation phases and the subsequent standing wave amplitude. The data is taken from astability test taken during an LO 
hain warm up and sin
e 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 impa
t of mixer 
urrent di�eren
es between observationphases on the resulting baseline standing amplitude. By dividing spe
tra at di�erent mixer
urrents by ea
h other, re
ording their mixer 
urrent di�eren
e 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�eren
e between 2 phases. Figure 3.7(b) shows theper
entage mixer 
urrent di�eren
e between 2 observation phases and the resulting standingwave amplitude. From this one 
an see there is a linear relationship between the mixer 
urrentdi�eren
e and the resulting standing wave amplitude, su
h that a 10% 
hange in mixer 
urrentresults in a 1% amplitude standing wave.Figure 3.7(
) shows some examples of the e�e
t of mixer 
urrent di�eren
e between obser-vation phases on the resulting baseline. From this �gure one 
an see that not only is there issigni�
ant standing wave with in
reasing mixer 
urrent di�eren
e but also a signi�
ant baselineslope a
ross the IF, with the e�e
t most pronoun
ed 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 fa
t the lower side of the 2.4 to 4.8GHz IF band. This is 
onsistentwith other tests whi
h 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 theimpedan
e at these lower IF frequen
ies.
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3.4. HEB STANDING WAVE REMOVAL3.4 HEB standing wave removalWhile the physi
s of the HEB standing wave is a useful probe of the HEB mixer operation themain motivation for HIFI is to 
olle
t high quality data from whi
h an astronomer 
an extra
tuseful information about the 
old universe. It is the role of the 
alibration s
ientist usingtheir detailed insights of the instrument operation to provide this data. The HIFI 
alibration
ommunity 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 pro
essing pipelinepost observation. Various methods were proposed from using variations of sine waves (as shownin �gure 3.4) to wavelet analysis. In this se
tion the 2 most e�
ient methods are presented.3.4.1 Ele
tri
al model approa
hOne of the methods investigated as a method for standing wave removal was based on anele
tri
al 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 whi
h 
ould reprodu
e the standing wave pro�le seen in the dataand this approa
h 
ould then be used to 
orre
t the data.The LNA transmission and re�e
tion properties (impedan
e) were measured as part of ana

eptan
e test and 
oaxial 
able properties were also known. The mixer unit impedan
e wassplit into 2 
omponents, those of the mixer unit support stru
ture su
h as wiring and ports andthe mixer devi
e itself. After the redesign of the mixer unit to improve the impedan
e mat
h adetailed ele
tri
al model of the support stru
ture was available. Unfortunately, the impedan
eof the HEB mixer itself is still the topi
 of resear
h whi
h was dis
ussed 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 balan
e approa
h to model the temperature dependent impedan
eof a HEB mixer. Kooi et al. [64℄ showed that the impedan
e model proposed by Nebosis et al.[83℄ was 
onsistent with the measured impedan
e. This model was dependent on the relaxationtimes, τe−ph and τesc (see �gure 3.2), the heat 
apa
ities of the ele
tron, ce, and phonons, cp,and the quasi parti
le temperature, Te.As dis
ussed earlier τe−ph is a fun
tion of the super
ondu
ting transition temperature (see�gure 3.1) and 
an be approximated by using the empiri
al relationship for for thin NbN �lm
τe−ph ≈ 500 T−1.6[40℄. τesc is a fun
tion of the super 
ondu
ting �lm thi
kness, t, and 
an beapproximated as τesc ≈ 10.5t[110℄. The ratio of ele
tron and phonon heat 
apa
ities for an NbN�lm 
an be approximated as ce/cph ≈ 16.77 T−2[110℄. Using these empiri
al relationships it ispossible to develop a model of the mixer impedan
e. Di�erent pumping states of the mixer 
anthen be generated by varying the devi
e temperature.Figure 3.8(a) shows the real and imaginary 
omponents of the HEB impedan
e generatedusing the approa
h of Kooi et al. [64℄. From this �gure one 
an see that there is a signi�
ant79



3.4. HEB STANDING WAVE REMOVAL
omplex impedan
e 
omponent whi
h explains the saw tooth stru
ture seen in the standingwave pro�le. Additionally, there is a signi�
ant variation in the impedan
e a
ross the IF whi
his 
onsistent with the variable standing wave amplitude and slope seen a
ross the IF, see �gure3.7(
).Figure 3.8 shows an ele
tri
al model of the ele
tri
al 
ir
uit between the mixer and the �rstampli�er. Using this ele
tri
al model in 
ombination with a linear 
ir
uit simulator the overallgain of the system was 
al
ulated. This output 
ould then be used to 
ompare with a
tual data.As a test of the model, a gas 
ell spe
trum was used with an impedan
e di�eren
e 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 spe
tra is generated by dividing the ON bythe OFF phase. Ideally the resulting spe
tra should have a �at baseline and a spe
tral line,however due to the impedan
e mismat
h between the phase there is a standing wave present.In order to redu
e the amounts of variables in the ele
tri
al model in the test only 2 phasesof the gas 
ell spe
tra were used as opposed to normal 4 phases needed for 
alibration, seeequation 3.5.The modeled ele
tri
al spe
tra was generated by 
reating 2 separate ele
tri
al IF 
hainmodels and dividing their gain output by ea
h other mu
h in the same manner as the data
alibration. The impedan
e of ea
h phase was 
ontrolled by the relaxation times, tesc and τe−phand the spe
i�
 heat 
apa
ity ratio, ce/cph. The resulting best �t is shown in �gure 3.9.The ele
tri
al model approa
h improves signi�
antly on the 
onventional sine wave �ttingapproa
h shown in �gure 3.4. The approa
h re
reates the saw tooth pro�le seen in the dataand the amplitude variation a
ross 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 ea
h observation phase. A standard intensity 
alibratedobservation would 
ontain 4 phases in
reasing the 
omputation time signi�
antly. However thequality of the �t generated using the ele
tri
al model of the IF gain provides a ni
e 
on�rmationof the HEB impedan
e proposed by Nebosis et al. [83℄. Unfortunately the �t is not su�
ientfor the level of baseline removal needed to meet the HIFI s
ien
e requirements. Furthermorethere are a signi�
ant number of higher frequen
y 
omponents present in the data whi
h themodel 
an't a

ount for, see the 7-8GHz region of �gure 3.7(
).The ele
tri
al model presented here is primarily the work of Ja
ob Kooi as published inKooi et al. [64℄. The author worked 
losely with Ja
ob Kooi providing appropriate gas 
ell datato 
ompare to the ele
tri
al 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 
onferen
e in 2008, see referen
e[44℄ for further information.
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aFigure 3.8: Ele
tri
al model of HEB band IF 
hain between the �rst low noise ampli�er and theHEB mixer showing the ele
tri
al impedan
e at various jun
tions. (a) HEB mixer impedan
eas derived from Kooi et al. [64℄. (b) s
hemati
 of mixer unit ele
tri
al model. (
) ele
tri
alimpedan
e of mixer unit 
ombining HEB mixer impedan
e with the mixer unit support stru
-ture. (d) Ele
tri
al impedan
e of mixer unit when 
oupled to 182mm of 
oaxial 
able. (e)Ele
tri
al impedan
e of the LNA measured as part of an a

eptan
e test. Figure taken fromHiggins & Kooi [44℄
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tri
ally modeled IF standing wave. Measured datawas taken from gas 
ell 
ampaign and shows the 12CO(15-14) line at 1726.602 GHz observedwith LO band 7a. The ele
tri
al model was generated by varying the impedan
e between 2modeled mixer gains. The residual of the 2 model phases is overlaid in a dashed line.3.4.2 Baseline 
atalog approa
hAnother baseline removal method investigated was to use a smoothed version of observed dataitself to remove the standing wave. In se
tion 3.3.4 it was shown that the standing wave ampli-tude is a fun
tion of the mixer 
urrent di�eren
e between the observation phases. Furthermore,it is apparent from �gure 3.5 that the standing wave pro�le is independent of LO frequen
y.Given these attributes and the amount of HEB data taken during the 
ourse of HIFI opera-tion, it is possible that for ea
h observation with an impedan
e mismat
h between observationsphases that an equivalent mismat
h was already observed. The 
atalog approa
h generatesdi�erent standing wave pro�les from the data by 
ombining the OFF positions in di�erent se-quen
es. It is hoped that given the large amount of data available that for a given impedan
emismat
h seen in s
ien
e data that an equivalent 
ombination has already been observed or
an be generated.In this se
tion, 3 examples of in
reasing 
omplexity are presented and the methods used togenerate a baseline 
atalog from the data are dis
ussed.3.4.2.1 Gas 
ell dataThe experimental set up of HIFI during the gas 
ell 
ampaign was far from ideal and theHEB bands were parti
ularly sensitive to any temperature drifts or me
hani
al vibrations inthe instrument set up and as su
h led to poor quality baselines in the �nal 
alibrated spe
tra.The gas 
ell data was the �rst real simulation of a s
ien
e observation and hen
e was the �rst
onta
t with HEB baseline problem in a real observation s
enario.82
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Cold Source

Hot Source Instrument tuning
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HE0 HE1
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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 des
ribed 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 ba
kground sour
e while the ON and OFF phasesare taken through a full gas 
ell with the COLD and HOT loads as a ba
kground (CF, HE),see �gure 3.10. Using the following equation a 
alibrated spe
trum 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 resultingspe
trum is a measure of the signal transmission for a given gas 
olumn length, pressure andtemperature, see �gure 3.6(a).Baseline 
atalog generationEa
h observation phase (HOT,COLD,ON,OFF) has a four se
ond integration time. To in
reasethe signal to noise ratio multiple integrations of the same observation phase are taken. Hen
eea
h gas 
ell observation has at least 2 unique 
alibrated spe
tra using equation 3.6, whi
hare then averaged together to redu
e the noise, see �gure 3.10. Corre
tion of the baseline isundertaken before any averaging is done. Ea
h 
alibrated spe
trum is generated from 4 di�erentobservation phases whi
h are assumed to have 4 di�erent impedan
e states.As stated previously, the standing wave seen in 
alibrated data is a result of a di�eren
ein mixer impedan
e between the observation phases. From se
tion 3.3 it was shown that theresulting IF ripple is repeatable for a given mixer impedan
e di�eren
e between 2 phases andthe IF ripple pro�le is independent of LO frequen
y. Using these properties it is possible tobuild a 
atalog of standing waves from whi
h a suitable pro�le 
an be subtra
ted from the
alibrated data.For the gas 
ell data the baseline 
atalog is generated from gas 
ell data itself. As des
ribedin equation 3.6, a gas 
ell transmission spe
trum 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 sequen
es. The data shown here is an observation of
13CO at an LO frequen
y of 1764.0855 GHz with the V polarization mixer (Obsid 268477638).
ontained in the observation phase looking at the 
old sour
e through the �lled gas 
ell (CF).Line data is also 
ontained in the observation phase looking at the hot sour
e through the gas(HF) but sin
e the hot sour
e is at the same temperature as the gas itself no absorption isdete
ted and its response is very mu
h like the hot sour
e 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 ea
h gas 
ell observation 
ontains multiple observations of the same phase it's possibleto generate multiple 
ombinations of the impedan
e di�eren
es and hen
e 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 by
ombining the gas 
ell observation phases 
ontaining no line data in di�erent sequen
es. Theexample shown is for an observation where ea
h gas 
ell phase is observed twi
e.It is possible to generate 16 unique standing wave pro�les for a single gas 
ell observationwhere ea
h phase is observed twi
e. The amount of instability during the observation will e�e
tthe amount of variability in the baseline pro�les 
reated. A 
atalog is generated by applyingthe same matrix 
alibration to the ea
h gas 
ell observation and then appending the baselinesgenerated to a global 
atalog. A 
atalog is generated for ea
h mixer unit as the standing waveswill be slightly di�erent sin
e the asso
iated IF 
hains are di�erent. Table 3.2 gives an overviewof the total number of gas 
ell observations per band whi
h results in ea
h mixer unit havinga 
atalog with a minimum ∼ 5000 baselines.Gas 
ell data baseline 
orre
tion exampleAs des
ribed earlier, due to the higher noise in the HEB bands multiple integrations of ea
hgas 
ell phase are taken to in
rease the signal to noise ratio. This results in a minimum of2 unique 
alibrated spe
tra whi
h are then averaged together. The 
atalog approa
h looks to
orre
t the data before averaging as the spe
tra have a similar 
ombination of 4 impedan
esto the spe
tra in the baseline 
atalog. After the averaging, the pro
ess of mat
hing a suitablebaseline from the 
atalog with the line spe
tra gets more 
ompli
ated.The basi
 premise of a 
atalog approa
h is that for ea
h 
ombination of impedan
e mis-mat
h observed during a line observation an equivalent impedan
e mismat
h has already beingobserved. It is hoped that the 
atalog 
ontains all 
ombinations of impedan
e observed. The�nal step in the 
atalog approa
h is to e�
iently mat
h the gas 
ell s
ien
e spe
tra to an equiv-alent 
atalog spe
tra. This 
atalog spe
tra 
an then be subtra
ted from the s
ien
e spe
traremoving the IF ripple and leaving just the line data.E�
iently extra
ting a mat
hing 
atalog spe
trum from the large 
atalog database isn'ttrivial. The simplest approa
h would be to subtra
t the s
ien
e spe
tra from all spe
tra in the
atalog, analyze the residual spe
trum and the residual with the least standing wave stru
turewould be the best mat
h. However, this method 
an be very taxing on 
omputer resour
esgiven that a 5000 spe
tra 
atalog is over 2 Gigabytes of data and furthermore the amountof time required to subtra
t the s
ien
e spe
trum from all 5000 spe
tra make this approa
hprohibitively time 
onsuming. The subtra
tion of the 
atalog spe
tra from the s
ien
e spe
trumis seen as �nal quality 
ontrol for sele
tion of the optimum 
atalog spe
tra however a subset of
atalog spe
tra must �rst be sele
ted to redu
e the 
omputation time.85
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tra.Figure 3.12: HEB standing wave removal for 12CO gas 
ell data at an LO frequen
y of 1730.01GHz data (Obsid 268477562) using a baseline 
atalog. The best mat
h baseline from theOFF 
atalog is from a gas 
ell observation taken at an LO frequen
y of 1764.086 GHz (Obsid268477638).
86



3.4. HEB STANDING WAVE REMOVAL

Science data

HE,HF,CE,CF
Gascell observation

HF - CF

HE-CE

5,000 unique catalog
spectra generated

Baseline line selection process for each science spectra

catalog spectra rebinned
for quick comparison with

science data

spectra and subset catalog
full resolution science

spectra subtracted

Full resolution spectra
for catalog subset generated

Full resolution
science spectra

best fit catalog
spectra selected
based on flatness

criteria

HF - CE

HE-CE

Baseline catalog
generated from all
gascell observations

catalog spectra within threshold
of science spectra extracted

for further processing

all
rebinned
catalog

rebinned
science
spectra

-

single catalog spectra

with matching baseline
profile extracted

science spectrasubtract spectra

science spectra
corrected baseline

(see figure 3.11)

(see figure 3.12(b))

rebinned
science spectra

(see figure 3.12(a))

(see figure 3.12(c))

Figure 3.13: Flow 
hart showing the 2 step pro
ess of extra
ting the best mat
hing baseline
atalog pro�le for a gas 
ell observation.
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3.4. HEB STANDING WAVE REMOVALTo extra
t a suitable subset of spe
tra from the 
atalog an e�
ient means of 
ategorizingthe standing wave pro�le must be developed whi
h 
an be used to extra
t suitable 
atalogspe
tra for further pro
essing against the s
ien
e spe
tra. An early approa
h was to 
al
ulatethe FFT of ea
h spe
tra and use the power at the 320MHz frequen
y 
hannel (
hannel wherestanding wave power is 
on
entrated) as a measure of the standing wave. This was then used to
ompare the 
atalog spe
tra with the s
ien
e spe
tra. However this method proved ine�
ientand large thresholds had to be used to �nd a suitable mat
h. Additionally if a strong line waspresent in the s
ien
e data this added power around the 320MHz 
hannel making it di�
ult toe�
iently �nd a suitable 
atalog spe
tra.The �nal solution is more elegant and involves less 
omputer resour
es. The approa
h rebinsea
h spe
trum into 100MHz blo
ks[115℄, see �gure 3.12(a). The �ux over ea
h blo
k is thenaveraged and this rebinned spe
tra is taken as a measure of the standing wave pro�le. Ea
hspe
tra is then de�ned by a 25 element array. Instead of subtra
ting ea
h 4500 
hannel s
ien
espe
tra from every 
atalog spe
tra only the 25 element array of the 
atalog spe
tra and s
ien
espe
tra are subtra
ted. 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 linespe
tra and 3 rebinned baseline 
atalog spe
tra.When a 
atalog spe
tra has a given amount of elements within the threshold this spe
tra is
hosen as a 
andidate spe
tra. These 
andidate spe
tra are then further pro
essed to determinewhi
h one ultimately provides the best baseline 
orre
tion. The �nal step is to subtra
t the
andidate spe
tra from the s
ien
e spe
tra. A distan
e measure is used to determine whi
h
ombination of 
andidate spe
tra with the line data spe
tra provides the �attest baseline. Thedistan
e measure is 
al
ulated on a smooth version of the line data spe
tra minus the 
andidatespe
tra. The distan
e is 
al
ulated as the sum of absolute di�eren
e between ea
h 
onse
utive�ux 
hannel. The spe
tra with the shortest distan
e is assumed to be the �attest spe
tra andthis is 
andidate spe
tra is 
hosen as the best mat
h from the baseline 
atalog. This 2 steppro
ess is then repeated for ea
h s
ien
e spe
tra. Figure 3.12(
) shows an example of the bestmat
h baseline 
atalog together with the line spe
tra, the distan
e measure is 
al
ulated on theresidual spe
tra shown with a dashed line. A �ow 
hart des
ribing the entire pro
ess is shownin �gure 3.13.The example shown in �gure 3.12 demonstrates one of the useful properties of the HEBstanding wave. The �nal spe
tra 
hosen from the baseline 
atalog as a best mat
h is takenat an LO frequen
y 14 GHz from the LO frequen
y of the line spe
tra being 
orre
ted. Thisdemonstrates the LO independen
e of the standing wave pro�le whi
h makes the 
atalog ap-proa
h for the gas 
ell dataset feasible.
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ON position
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Instrument tuning
Zero and comb integration
Integration on hot load

Integration on sky
Integration on cold load

ON1 - OFF1
ON2 - OFF2

ONi - OFFi
Figure 3.14: Position swit
h observation time line3.4.2.2 Position swit
h �ight dataWhile the me
hani
al stability is mu
h improved in the va
uum of spa
e the inherent LO mixer
avity 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 approa
h sin
e the testroutine is identi
al for ea
h observation allowing for a generi
 s
ript to be applied to all ob-servations taken. In-�ight observations 
ome in a variety of forms and separate s
ripts mustbe written to generate the baseline 
atalog for ea
h observation. Furthermore, due to datadownload 
onstraints the house keeping sampling rate is every 4 se
onds for �ight data whi
his 
onsiderably less than the ground test rate of every se
ond. However a useful feature of�ight data is the multiple integrations taken during a standard observation. To dete
t weakmilli-Kelvin lines multiple integrations must be taken to improve the signal to noise ratio. Mul-tiple integrations at the same LO frequen
y are useful for generating multiple 
ombinations ofimpedan
e di�eren
es and hen
e in
reasing the baseline 
atalog size and the 
han
es of �ndinga baseline pro�le to 
orre
t the line spe
tra.In this se
tion the 
orre
tion of �ight data with a weak broad line is presented. TheAOT (Astronomi
al Observation Template) 
hosen is the position swit
h observation. Thisobservation type is easiest to manipulate.Position swit
h data 
alibrationA position swit
h observation 
onsists of 4 observation phases of ON,OFF,HOT and COLDintegrations. These phases are 
ombined together using equation 3.5 returning an intensity
alibrated spe
trum. The OFF position is 
hosen by the astronomer and is normally the 
losestpie
e of blank sky to the ON sour
e position, see �gure 3.16(b). Position swit
h observationsare normally used for sour
es with an extended region of emission (greater than 3 ar
se
onds).89
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IF Frequency (MHz)Figure 3.15: First 16 of 229 spe
tra from the position swit
h observation 1342192299 taken atan LO frequen
y 1494.276 GHz using the WBS H polarization ba
kend.For point sour
es the 
hopper mirror 
an be used to measure the OFF without having to slewthe teles
ope, this mode, known as the dual beam swit
h mode, is dis
ussed in the next se
tion.Figure 3.14 gives an overview of a generi
 position swit
h observation time line. The fre-quen
y of HOT COLD observation and ON and OFF slews are determined by the instrumentstability (as measured by the Allan varian
e[87℄) while the length of the integration time isdetermined by the signal to noise goals of the observation. Ea
h ON observation is 
oupled tothe nearest OFF observation as shown in �gure 3.14 and intensity 
alibrated by the nearestHOT/COLD pair.Baseline 
atalog generationThe baseline 
atalog generation follows mu
h the same approa
h used for the gas 
ell observa-tion, des
ribed in se
tion 3.4.2.1. OFF positions are 
oupled together in di�erent 
ombinationsand are 
alibrated using the di�erent HOT/COLD pairs taken during the observation. Depend-ing on the amount of OFF spe
tra taken during the observation a large 
atalog of baselines 
anbe generated from within the observation.Figure 3.16 provides an overview of the time-line for the position swit
h observation (obsid1342192299) taken on the sour
e Sagittarius A. This observation was taken during the perfor-man
e veri�
ation phase. In total 228 ON/OFF pairs and 9 HOT/COLDS pairs were takenduring the 3500 se
ond observation. This observation, as expe
ted, is beset with baseline prob-lems whi
h mask the broad 12CO (13-12) line around 1496.923 GHz. Figure 3.15 shows the�rst 16 of 229 
alibrated spe
tra. This observation was taken at an LO frequen
y of 1494.276GHz whi
h after the 10.4GHz up-
onversion pla
es the line in the upper side band at an IFfrequen
y of 7.2GHz.The baseline 
atalog is generated mu
h like the gas 
ell baseline 
atalog des
ribed in theprevious se
tion. Observation phases with no line information in this 
ase the OFF, HOT and
90
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Time, s(a) Observation time-line (b) ON/OFF Sky positionsFigure 3.16: Summary of the observation time line and sky position for the position swit
hobservation 1342192299. The blue 
ir
les in the sky image represent the ON and OFF beampositions and size. There is a 9 ar
-minute distan
e between the ON and OFF positions. Theimage shown is a 21.3µm image from the Mid-
ourse Spa
e Experiment (MSX) satellite ar
hive[79℄ with the grid (Equatorial J2000) and beam positions added using the Hers
hel observationtool, HSpot[33℄.COLD phases are 
oupled together using the following 
alibration equation:
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 baseline
atalog generation, the HOT and COLD observations are kept in the same sequen
e as theyare observed. For the gas 
ell observation there was up to 16 se
onds 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 tore
ord the data. This results in a time gap of 1 se
ond between the a
quisition of the HOT andCOLD observation phases. The short time di�eren
e between the 2 observations minimizesthe amount of drift possible during the observation and proves e�e
tive at minimizing theimpedan
e 
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 
hoi
e of HOT COLD pairing hasonly a se
ond order e�e
t on the overall shape of the baseline pro�le. It is apparent there islittle or no impedan
e di�eren
e between the HOT COLD pairing and the baseline ripple isdue to the impedan
e di�eren
e between the ON OFF pairing.Figure 3.17(b) shows an example of the e�e
t of 
hanging the OFF spe
tra while keepingthe ON and HOT COLD pair �xed. From this �gure it is apparent that there is a large degreeof variability in the OFF spe
tra impedan
e 
ompared to the ON spe
tra impedan
e. There91
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e between overlappingregion between the 2nd and 3rd sub-bandsFigure 3.18: E�e
t of platforming between sub-bands. The example data shown here has beensmoothed using a 10MHz wide Gaussian �lter to highlighted the �ux di�eren
e otherwise thee�e
t would be hidden by the noise. The summary data shown on the right is 
alibrated usinga �xed OFF position (21st OFF) with all other 228 OFF spe
tra.is a large impedan
e di�eren
e between the nearest OFF spe
tra at 35 se
onds resulting in alarge standing wave on the baseline. Figure 3.17(
) show the amplitude of the standing wavewhen the ON spe
tra is 
oupled to all OFF spe
tra available. The nearest nine spe
tra arehighlighted with red 
ir
les. From this one 
an see that OFF spe
tra o

urring mu
h later inthe observation time line 
an provide a better impedan
e mat
h than the nearest OFF spe
traand hen
e provide a lower amplitude standing wave.While the basi
 
on
ept behind the baseline 
atalog generation is similar for the gas 
elldata and the �ight data other drift e�e
ts must be 
onsidered. For the gas 
ell data thebaseline 
atalog is generated from short gas 
ell observations no greater than 2 minutes. Allspe
tra are within at least 120 se
onds of ea
h other. For this example when all OFF spe
traare 
onsidered there 
an be up to 3000 se
onds between 2 OFF spe
tra whi
h leads to otherinstrument problems.This large time di�eren
e leads to other drift e�e
ts be
oming signi�
ant. In parti
ular thee�e
t of platforming between the WBS spe
trometer sub-bands. As des
ribed already the WBSsplits the IF band into 4 equal 1GHz sub-bands, as the HEB band has a redu
ed IF bandwidthonly 2 and half of these sub-bands are used. Platforming is the e�e
t of a step in the baselinedue to a sub-band gain di�eren
e between 2 di�erent observation phases in this 
ase the 2OFF spe
tra. Figure 3.18 demonstrates the e�e
t of platforming on the OFF 
atalog. Figure3.18(a) shows an extreme example where a large di�eren
e is seen between the �rst subbandand se
ond subbands.The e�e
t of platforming must be removed from the OFF 
atalog as they 
an 
orrupt anybaseline 
orre
ted when subtra
ted from a 
alibrated spe
tra with line data. The degree ofplatforming is measured by averaging the �ux in the overlapping IF regions between the 293



3.4. HEB STANDING WAVE REMOVALsub-bands. A threshold of ± 1K is set and any spe
tra outside this threshold are ex
ludedfrom the baseline 
atalog. Without the e�e
t of platforming, over 400000 baseline 
ombinationwould be possible given 228 OFF spe
tra and 9 HOT COLD pairs. However, when the e�e
tof platforming is taken in a

ount this redu
es the amount of viable baselines to 200000. Thee�e
t of platforming 
an vary from observation to observation and depends on the stabilitystate of the WBS ba
kend. The �nal total of spe
tra in the baseline 
atalog is still more thanenough to 
orre
t the baselines su�
iently as will be shown in the next se
tion.Position swit
h data baseline 
orre
tionOn
e the baseline 
atalog is generated the next step is to e�
iently determine whi
h baselinein the large 
atalog 
an be used to 
orre
t the baseline of 
alibrated spe
tra 
ontaining the linedata. The approa
h follows the 2 step approa
h developed for the gas 
ell baseline 
orre
tiondetailed in se
tion 3.4.2.1. Again ea
h spe
tra in the baseline 
atalog and ea
h of the 228 linedata spe
tra is broken into 100MHz bins, see �gure 3.12(a). Ea
h spe
trum is then 
ategorizedby an array of 25 numbers whi
h 
an be qui
kly 
ompared with ea
h other, see �gure 3.12(b).A subset of spe
tra are then sele
ted whi
h are more rigorously 
ompared to the line spe
tra.A distan
e measure is 
al
ulated whi
h determines the �atness of the residual between the
andidate 
atalog spe
tra and the line spe
tra. The 
atalog spe
tra whi
h produ
es the �attestresidual spe
tra is 
hosen as the best mat
h spe
tra and used to 
orre
t the line spe
tra. The�ow 
hart in �gure 3.19 provides an overview of the baseline 
orre
tion routine.Figure 3.20 shows the baseline 
orre
tion of the �rst 16 spe
tra shown originally in �gure3.15. The average of the 16 
orre
ted and un
orre
ted spe
tra is shown in �gure 3.21 for
omparison. It is apparent that there is a marked improvement in the base quality beforeand after baseline 
orre
tion. The broad 12CO line pro�le is 
learly evident in both spe
tra,however the line pro�le shape is more apparent in the 
orre
ted spe
tra. Figure 3.22 providesa statisti
al overview of the �rst 100 spe
tra before and after baseline 
orre
tion, the meanintensity of ea
h spe
trum is plotted and the error bars represent the absolute di�eren
e betweenthe maximum and minimum intensity values and are a 
rude measure of the standing waveamplitude. From the plot one 
an see that the s
atter in baseline quality is greatly redu
ed afterbaseline 
orre
tion. Before baseline 
orre
tion the data showed an average baseline intensityof 0.4K with s
atter of ± 5.5K. For the 
orre
ted data the mean baseline o�set is 0.4K with agreatly redu
ed s
atter of ± 0.4K.This is a signi�
ant redu
tion in the degree of baseline s
atter seen in the data. While theexample shown here was primarily 
on
erned with spe
tral line observations other observationsmay require an a

urate measure of the 
ontinuum for their s
ien
e investigation. Large baselines
atter would be detrimental to the a

urate measurement of the 
ontinuum intensity. Usingthe methods des
ribed the s
atter 
an be greatly redu
ed.
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orre
tion of the �rst 16 spe
tra. The original data is shown in bla
k, thebaseline spe
tra used to 
orre
t the standing wave is shown in red and the 
orre
ted data isshown in blue. The sequen
e of OFF spe
tra and HOT/COLD pair use to generate the baselinepro�le is labeled on ea
h �gure.
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orre
tion. With an LO frequen
y of 1494.276 GHz, the broad 12CO (13-12) line at a skyfrequen
y of 1496.923 GHz is seen in the upper side band. After the 10.4 GHz up 
onversion(see �gure 3.3)) the line is observed over an IF region from 6800 MHz to 7600 MHz.
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Figure 3.22: Comparison of baseline s
atter for the �rst 100 spe
tra before and after baseline
orre
tion. The data plotted is the mean baseline intensity for ea
h spe
tra, the Y error barsrepresent the absolute di�eren
e between the maximum and minimum intensity values.
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Figure 3.23: Dual beam swit
h observation time line3.4.2.3 Dual beam swit
h dataDual Beam Swit
h (DBS) mode is the most 
ommon mode used by the guaranteed time keyprograms. Over 75% of spe
tral s
an and point observations are taken using this mode[82℄.Dual beam swit
h mode uses the internal beam 
hopper to sele
t the observed position on thesky. Instead of slewing the teles
ope to observe an OFF position like the position swit
h modethe 
hopper normally is used to swit
h between the ON and OFF positions, see �gure 3.23.This de
reases the time between ON and OFF observations whi
h helps remove any drift e�e
tsbetween the 2 phases. The maximum 
hopper angle is 3′ so this observation mode is limited topoint sour
es with no emission outside of 3′.Sin
e the opti
al path between the ON and OFF spe
tra is di�erent opti
al standing wavee�e
ts 
an be signi�
ant. To redu
e standing wave e�e
ts a se
ond group of ON OFF pairs aretaken with the reverse 
ombination of 
hopper pairings. The Teles
ope is slewed 3′ so the sour
eis at 
hopper position 1 and the OFF position is at 
hopper position 2, opposite to the �st slewposition. Using this observation routine it is hoped that the standing waves between the 2 ONOFF pairs are opposite in phase and hen
e 
an
el during the double di�eren
e 
alibration.The advantages of the DBS mode are quite apparent in the SIS bands where standingwaves in the sky opti
al path 
an be quite signi�
ant. However for the HEB bands due tothe beam sizes and quasi opti
al antenna 
oating the e�e
t of opti
al standing waves is greatlyredu
ed. For some LO bands there are strong standing waves from the 
alibration loads howeveralternating the sky beam has no e�e
t on these standing waves. Further investigation is neededto determine the advantages of DBS mode in the HEB bands, a single beam swit
h model 
ouldbe a more e�e
tive use of observing time. This topi
 is not dis
ussed in this thesis.The fast 
hopping between the ON and OFF sour
e does help redu
e the impa
t of the HEBstanding wave on the data by redu
ing the amount of system drift between the 2 observationphases. While the baseline degradation is still apparent in the data it is mu
h improved fromthe position swit
h data presented previously. Figure 3.24 shows the �rst 16 spe
tra taken forthe DBS observation obsid 1342190743. The degree of baseline s
atter is mu
h improved when98
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IF Frequency (MHz)Figure 3.24: First 16 of 296 spe
tra from the dual beam swit
h observation observation1342190743 taken at an LO frequen
y 1500.444 GHz using the WBS H polarization ba
kend.
ompared with the equivalent plot for the position swit
h observation, see �gure 3.15.Dual beam swit
h 
alibrationThe �nal 
alibrated spe
trum is known as a double di�eren
ed spe
tra. Unlike the positionswit
h observation where only a single di�eren
ing (subtra
tion of OFF spe
tra, see equation3.5) is undertaken here 2 subtra
tions are undertaken to remove systemati
 e�e
ts from the�nal 
alibrated spe
tra. The ON and OFF sour
e is observed through 2 di�erent opti
al pathsand through the double di�eren
e subtra
tion it is assumed the standing waves will 
an
el.Ea
h ON OFF pair is divided by the nearest HOT COLD pair following the typi
al 
ali-bration equation 3.5. Ea
h ON OFF pair is then subtra
ted from the nearest ON OFF pairwith the opposite 
hopper sequen
e, see �gure 3.23. The following equation gives an overviewof the double di�eren
ing approa
h:
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 ne
essary to have tools available to removebaseline e�e
ts should they arise.The DBS 
atalog approa
h follows the same approa
h as that detailed in the previousse
tions for gas 
ell and position swit
h AOTs. The OFF spe
tra are 
ombined together indi�erent sequen
es with di�erent HOT COLD pairs. For the DBS spe
tra there are 2 OFFtypes taken at di�erent 
hopper positions. It is assumed that there are di�erent opti
al e�e
tsbetween the 2 
hopper positions so for the 
reation of the baseline 
atalog the 2 OFF positionsare kept separate. Any opti
al e�e
ts for a given 
hopper angle should be 
an
eled whensubtra
ted from another OFF spe
tra at the same 
hopper position. Two baseline 
atalogs are99



3.4. HEB STANDING WAVE REMOVAL
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Time, s(a) Observation time-line (b) ON/OFF Sky positionsFigure 3.25: Summary of the observation time line and sky position for the dual beam swit
hobservation 1342190743. The blue 
ir
les in the sky image represent the ONchop1 and OFFchop2beam positions and size while the green 
ir
le represent the ONchop2 and OFFchop1 positions. Theimage shown is a J band (1.25µm) image from the 2Mass survey[114℄ with the grid (EquatorialJ2000) and beam positions added using the Hers
hel observation tool, HSpot[33℄.then 
reated whi
h are appended together to 
reate a larger baseline 
atalog. The baseline
atalog equation for the 2 
hopper positions looks like:
OFFchop1,i − OFFchop1,j

HOTk − COLDk

,
OFFchop2,i − OFFchop2,j

HOTk − COLDk

(3.10)Dual beam swit
h baseline 
orre
tionThe pro
ess of extra
ting a baseline pro�le from the baseline 
atalog, follows the same pro
essas that detailed in the position swit
h �ow 
hart shown in �gure 3.19 ex
ept that for the baseline
atalog generation the two OFF 
hop positions are kept separate. As before, ea
h 
atalog ands
ien
e spe
tra is rebinned for qui
ker 
omparison and a subset of 
atalog spe
tra are sele
tedfor further pro
essing. A �atness measure is 
al
ulated of the residual between the s
ien
espe
tra and the subset of baseline spe
tra. The 
atalog spe
tra whi
h produ
es the �attestresidual is 
hosen as the best mat
h spe
tra.Figure 3.26 provides an overview of the baseline 
orre
tion for �rst 16 spe
tra. The intensityrange is 
omparable to the position swit
h data shown earlier in �gure 3.20. It is obvious thatthe degree of baseline s
atter is mu
h less for the DBS mode 
ompared with the position swit
hmode dis
ussed earlier. Figure 3.27 shows the average of the �rst 40 spe
tra with the standard
alibration routine and with the baselines 
orre
ted. From the average spe
tra one 
an seea weak 12CO line. This example demonstrates the need for multiple integrations in order toredu
e the system noise and dete
t weak lines previously masked by the system noise.Figure 3.28 details the degree of baseline s
atter seen for normally 
alibrated data andbaseline 
orre
ted data. The points on the plot 
orrespond to the mean intensity for ea
hspe
tra a
ross the IF band while the error bars represent the absolute di�eren
e between the100



3.4. HEB STANDING WAVE REMOVALmaximum and minimum intensity value. From this plot it is apparent that with the appli
ationof the baseline 
orre
tion pro
ess the degree of baseline s
atter and standing wave amplitudeis greatly redu
ed.
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Figure 3.26: Baseline 
orre
tion of the �rst 16 spe
tra for the dual beam swit
h observationwith obsid 1342190743. The original data is shown in bla
k, the baseline spe
tra used to 
orre
tthe standing wave is shown in red and the 
orre
ted data is shown in blue. The sequen
e ofOFF spe
tra and HOT/COLD pair used to generate the baseline pro�le is labeled on ea
h�gure. For this example all OFF spe
tra are taken from the same 
hop angle.
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Figure 3.27: Average of �rst 40 spe
tra of the dual beam swit
h observation 1342190743 beforeand after baseline 
orre
tion. The observation is taken at an LO frequen
y of 1500.444 GHzwhi
h pla
es the 12CO (13-12) with a frequen
y of 1496.923 GHz in the lower side band at anIF frequen
y of ∼ 6800 MHz (after the IF 10.4 GHz up 
onversion, see �gure 3.3).
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Figure 3.28: Comparison of baseline s
atter for the �rst 100 spe
tra before and after baseline
orre
tion. The data plotted is the mean baseline intensity for ea
h spe
tra, the Y error barsrepresent the absolute di�eren
e between the maximum and minimum intensity values.
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3.4. HEB STANDING WAVE REMOVAL3.4.3 Future workThe baseline 
atalog approa
h has been demonstrated for 3 di�erent observation modes. Thepoint observation and dual beam observations detailed in the previous se
tions had long in-tegration times, whi
h provided a useful sandbox to test the 
atalog approa
h. The baseline
atalog was generated from the OFF observations within the observation and this was then usedto 
orre
t the s
ien
e data. The gas 
ell observation demonstrates a more generi
 approa
hto the baseline 
orre
tion pro
ess. Sin
e the gas 
ell data has a very limited amount of OFFspe
tra for ea
h observation, the baseline 
atalog was generated from other observations takenat di�erent times and at di�erent LO frequen
ies.A number of observation modes still remain untested, this se
tion des
ribes the observationmodes still untested and summarizes the work needed to bring the baseline 
atalog approa
hfrom a prototype to a fully developed pipeline module 
apable of handling all observationmodes.3.4.3.1 Spe
tral s
ansSpe
tral s
ans 
onsist of multiple observations at di�erent LO frequen
ies. They normally haveshort integration times at ea
h LO frequen
y and rely on the de
onvolution algorithm andthe overlapping IF regions to redu
e the noise. Baseline 
orre
tion of spe
tral s
an data willrequire an external baseline 
atalog as there will not be enough OFF spe
tra at the same LOfrequen
y to generate a su�
ient baseline 
atalog. Further work is needed to demonstrate theappli
ation of a baseline 
atalog generated at one LO frequen
y being applied to s
ien
e dataat another LO frequen
y. The gas 
ell baseline 
orre
tion method has demonstrated that thisis feasible. Figure 3.12 on page 86 shows an example where the baseline 
atalog spe
tra hadan LO frequen
y of 1764.086 GHz and was used to 
orre
t data taken at an LO frequen
y of1730.01 GHz.3.4.3.2 Map observationHIFI map observations 
an be taken using two di�erent teles
ope slew modes. For the rastermap mode the teles
ope is dis
reetly pointed at predetermined map points mu
h like a pointobservation ex
ept multiple points are observed. For an on-the-�y (OTF) mode the teles
opeis slewed and the data is taken while the teles
ope is moving. Using the speed of the slew andthe starting point the map 
an be re
onstru
ted from the data. From a baseline 
orre
tionpoint of view the approa
h is the same as that des
ribed already. Map observations normallytake a suitable amount of OFF spe
tra whi
h 
an be used to generate a baseline 
atalog fromthe data or alternatively the data 
an be 
orre
ted using an external 
atalog.
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3.4. HEB STANDING WAVE REMOVAL3.4.3.3 Frequen
y swit
h observationThe frequen
y swit
h observation mode is similar to the load 
hop observation in that it requiresno slewing of the teles
ope when taking an OFF spe
tra. However, instead of observing theinternal 
alibration load by moving the 
hopper the LO frequen
y is 
hanged, this is known asa frequen
y swit
h. Depending on the width of the line being observed this frequen
y swit
hvaries from 40 to 600 MHz. This mode is 
ommonly used in ground based heterodyne re
eivers.It is a very e�
ient use of teles
ope time sin
e the OFF spe
tra will also 
ontain line data ata slightly di�erent IF frequen
y.The performan
e 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 rea
hing themixer is frequen
y modulated. When the LO frequen
y is 
hanged the LO power also 
hanges,if the LO power pumping the mixer is not equal for both LO frequen
ies of the frequen
y swit
han impedan
e mismat
h appears resulting in a large standing wave. Careful sele
tion of theLO frequen
ies 
an 
ountera
t this e�e
t but this requires a priori knowledge of the standingwave behaviour.Frequen
y swit
h mode is 
urrently not re
ommended for use by the astronomer given thepoor baseline quality returned by the instrument. The development of the baseline 
atalogapproa
h would make this observation mode a viable alternative to load 
hop mode and alsoin
rease the observation e�
ien
y of the instrument. Frequen
y swit
h is 
onsidered the moste�
ient observation mode as no slewing is needed and both the ON and OFF phase 
ontainsline information. The baseline 
atalog 
orre
tion approa
h would follow the same pro
ess asthat presented in �gure 3.19. For Frequen
y swit
h data, ON,OFF,HOT and COLD spe
traare taken at both LO frequen
ies. To generate a baseline 
atalog only data from the same LOfrequen
ies should be 
oupled together. Spe
tra at di�erent LO frequen
ies will have di�erentopti
al standing wave behaviour. By 
oupling spe
tra with the same LO frequen
ies togetherthis should remove the standing wave e�e
t leaving only the impedan
e di�eren
es between thephases.Corre
ting the baselines however is only part of the problem with the frequen
y swit
h mode,
areful sele
tion of the LO frequen
ies and LO pump power is essential to return viable data forbaseline 
orre
tion. LO settling times were qui
kly seen as a limiting fa
tor in the performan
eof the frequen
y swit
h mode. During a frequen
y swit
h observation the LO frequen
y isqui
kly 
hanged to redu
e the drift time between ON and OFF observation phases. However,with ea
h LO frequen
y 
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 hen
e return 
orrupted data[43℄.To summarize, the Frequen
y swit
h observation mode requires modi�
ation to both uplink(
areful 
hoi
e of LO frequen
ies, understanding of LO path standing wave) and downlink(baseline 
orre
tion routine) before this mode 
an be re
ommended to the astronomer.
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3.5. CONCLUSIONS3.5 Con
lusionsIn this 
hapter the development of the HIFI HEB mixer unit was dis
ussed. The various de
i-sions made during the mixer development were detailed. The �nal mixer IF 
hain 
on�gurationwas shown to be sensitive to impedan
e mismat
hes between the mixer unit and the �rst am-pli�er. This resulted in a signi�
ant standing wave seen in the data whi
h was 
onsistent with a
avity between the mixer and the �rst ampli�er. The pro�le of this standing wave was shown tobe LO frequen
y independent unlike the more 
ommon standing wave seen in the opti
s. 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 
an
ellation during the 
ross 
alibration.Standard sine �tting standing wave removal te
hniques were ine�e
tive at removing thestanding wave pro�le and more elaborate removal methods were dis
ussed. Using an ele
tri
almodel developed by Ja
ob 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 rea
hed. This showed a marked improvement over standardsine �tting standing wave removal. However the approa
h still had signi�
ant residuals.The �nal approa
h was to use a 
atalog of baselines to 
orre
t the data. Due to the natureof the standing wave 
reation. The pro�le was shown to be quite repeatable and was purelya fun
tion of the impedan
e mismat
h between the observation phases. The pro�le is howevermixer unit dependent with ea
h IF 
hain having a slightly di�erent standing wave pro�le. Thisapproa
h was developed using the gas 
ell test data as a test set. By 
ombining spe
tra withno spe
tral line information it was possible to generate a 
atalog of baselines with no spe
tralline information. Spe
tra with signi�
ant standing waves 
ould then be 
orre
ted by �nding asimilar standing wave pro�le in the baseline 
atalog.The pro
ess of 
omparing the 
atalog to the s
ien
e spe
tra went through a number ofiterations before an optimum approa
h was found. The �nal pro
ess rebins ea
h spe
tra fromthe 
atalog and s
ien
e data in 100 MHz bins. This results in a 25 element array whi
h des
ribesea
h spe
tra. The arrays are then qui
kly 
ompared to ea
h other. A subset of 
atalog spe
trathat are within a 
ertain threshold of the extra
ted and the full resolution 
atalog spe
tra are
ompared. The �nal step is to �nalize the subset of 
atalog spe
tra whi
h when subtra
tedfrom the s
ien
e data provide the �attest spe
tra.The pro
ess was developed for gas 
ell data 
orre
tion and was also applied to 2 �ightobservations showing signi�
ant standing waves. Using a similar approa
h to the gas 
ell dataa signi�
ant improvement in �ight data was shown. For a position swit
h observation, the meanbaseline s
atter was redu
ed from ±5K to ±0.4K. A dual beam swit
h point observation wasalso analyzed. While the standing wave were less signi�
ant in the position swit
h observationthere was a marked improvement over the original data quality.106



3.5. CONCLUSIONSThe HEB bands make up 30% of the frequen
y 
overage of HIFI and a

ount for 33% ofthe observing time of the key program proje
ts. The HEB bands also operate at frequen
iesnot visible from ground based teles
opes. Furthermore one of the key s
ien
e goals of HIFI, theobservation of the C+ line at 1.9THz, is only observable in the HEB bands. The poor baselinequality is a major performan
e issue in these bands limiting the level of s
ien
e possible. Usingthe te
hniques developed by the author in this thesis it is possible to re
over a large amount ofthe data 
orrupted by poor baseline performan
e and maximize the s
ien
e return from theseimportant bands.A prototype version of the baseline 
orre
tion has been implemented by the GotC+ keyprogram[69℄ and showed vastly improved baselines quality over the standard data pro
essingpipeline[99℄.
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Chapter 4Gas 
ell test 
ampaign: experimentalsetup and saturated line analysis
4.1 Introdu
tionThe absen
e of atmosphere in orbit removes one of the main sour
es of 
alibration error for aground based instrument. In order to take full advantage of this a 
omprehensive pre-laun
hinstrument level and satellite level test 
ampaign was undertaken to understand more subtlese
ond order 
alibration un
ertainties su
h as 
alibration load 
oupling, standing wave and sideband ratio prior to laun
h. Furthermore given the limited lifetime of the Hers
hel mission itwas ne
essary that a detailed understanding of the instrument operation and behaviour wouldbe at hand prior to laun
h to maximize the teles
ope observing time and minimize the timeneeded for instrument 
ommissioning and performan
e 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 spa
e 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 performan
e using a gas 
ell[118℄. Unlike the HIFIinstrument testing, where the instrument is tested separately from the teles
ope, 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 sour
e[34℄. The TELIS Balloonmission also used a gas 
ell to determine the performan
e of its heterodyne spe
trometer[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% un
ertainty in the side band ratio leadsto a 10% un
ertainty in the single side band intensity. At the band edges large variations inside band ratio are expe
ted. Knowledge of this variation is ne
essary to a

urately 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 frequen
y it is possible to measure theside band ratio. In addition to determining the side band ratio there are a number of additionalinstrument e�e
ts whi
h 
an be investigated using the gas 
ell set up su
h as:
• Standing wave
• Dire
tion dete
tion
• LO spurs
• Frequen
y 
alibration
• Instrument broadening fun
tion
• Diplexer 
alibrationFurthermore the a
quisition of a large data base of spe
tra for a variety of mole
ular spe
ieshas a number of an
illary bene�ts for the operation of the HIFI instrument. Using the gas 
elldata it is possible to test the instrument pipeline, test data base pro
edures, developed usersupport tools (standing wave removal tools) and also test the Hers
hel Common S
ien
e 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 ri
h gases also provides a useful test data set for the side band de
onvolutionalgorithm[20℄. Using this algorithm it is possible to separate the upper and lower side band fromthe double side band spe
tra. By taking spe
tra at multiple LO frequen
ies and tra
king themovement of the lines to higher or lower IF frequen
ies it is possible to de
onvolve the spe
trallines into their original side bands and produ
e a single side band spe
trum. The de
onvolutionalgorithm takes the side band ratio as an input to generate a more a

urate separation of theside bands. However this method requires 
areful design of the observing routine to fun
tionproperly.In this 
hapter the development of the gas 
ell test apparatus and 
hoi
e of test gases isdis
ussed. The test time line for a typi
al gas 
ell observation is des
ribed. The data pro
essingand 
alibration of the observed spe
tra is des
ribed. The instrumental e�e
ts dis
ussed in theprevious list are illustrated using examples from gas 
ell data.The side band ratio results extra
ted from the analysis of mole
ules with saturated lineemission is dis
ussed in this 
hapter. The data is presented in a gas by gas manner and theinstrument e�e
ts seen in the data are dis
ussed through examples taken from observed spe
tra.It should be noted that the gas 
ell was designed and built at the Institut d'AstrophysiqueSpatiale (IAS, Orsay) under a CNES 
ontra
t, with 
ontributions from E. Dartois, F. Boulanger,J-P Crussaire, D. Debo�e, Y. Longval. David Teyssier (ESAC) and Mi
hel Perault fromthe É
ole 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 Spa
e Resear
h Organisation of the Netherlands (SRON, Groningen).Under his supervision the author was involved in the �nal stages of data a
quisition in the Springof 2007.4.1.1 Author's 
ontributionThe author was involved in the latter stages of the data a
quisition at SRON Groningen inparti
ular the water observations. The basi
 s
ripts for extra
ting the data and 
alibration weredeveloped by Bertrand Delforge. The author developed an advan
ed suite of tools for spe
tralline analysis and bulk pro
essing of the gas
ell 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 spe
tral lines for observa-tion. A saturated spe
tral line o

urs when the density of mole
ules is su
h that the radiationemitted for a given transition is absorbed before the radiation 
an es
ape the gas. Saturatedlines are useful for probing the gain in a given side band. With the 
orre
t 
alibration routinethe peak of a saturated line 
an be dire
tly related to the side band ratio. Saturated lines 
anbe a
hieved by in
reasing the pressure of the gas in the gas 
ell, in
reasing the temperature orin
reasing the 
olumn depth (opti
al path through the gas).For the HIFI gas 
ell, based on the development of the SWAS gas 
ell setup[107℄, it wasde
ided to have a low pressure gas 
ell and a relatively long opti
al path length 
ell of 102.54
m[117℄. Typi
al gas 
ell path lengths in sub-mm region are 50
m[47, 104℄. In order to avoid lineblending in 
omplex mole
ules the gas 
ell was designed to have a minimum pressure of 0.1mBar. Figure 4.1 shows the variation in signal transmission for the spe
tral 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 afrequen
y of 691473.0763MHz as it approa
hes saturation, note the �at top line peak indi
ativeof a saturated line.An additional requirement of the gas 
ell set up was to have a portable test apparatuswhi
h 
ould be easily atta
hed and deta
hed from the HIFI main test 
ryostat. The gas 
ellwas designed to be 
ompa
t man portable apparatus. Standard gas 
ells are simply a 
ylinderwith windows and valves atta
hed on either side through whi
h the gas is observed. For theHIFI gas 
ell internal opti
s were designed to maximize the opti
al path length while keepingthe overall size to a minimum. Using an O�ner system this maximizes the opti
al path length110



4.2. GAS CELL TEST APPARATUSthrough the gas while having little e�e
t on the beam shape 
oming from the loads, see �gure4.2 for s
hemati
 of the gas 
ell opti
al 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 se
ondport hole is used to insert temperature and pressure gauges. Based on the re
ommendationof the SWAS gas 
ell report[107℄, the gas 
ell is made from glass (Borosili
ate glass DURAN)instead of metal to avoid 
ontamination of the gas 
ell with �sti
ky� gases su
h as water orformaldehyde whi
h would adhere to metal walls. The internal aluminum mirrors are gold
oated to avoid 
orrosion of their surfa
es. Furthermore the plumbing system for moving thegases into the 
ell is made from with glass joints and Te�on 
overed piping to avoid 
ross
ontamination between di�erent gases.The ends of the gas 
ell 
ylinder are sealed with 2 metal plates, see �gure 4.3. The lower base
ontains the Mylar windows through whi
h the signal transits. The windows and mirrors aredesigned to redu
e the e�e
t of standing waves in the system. This was a
hieved by avoidingdire
tly perpendi
ular surfa
es in the opti
al path with ea
h window having a tilt to avoidre�e
ted signal along the opti
al path. The top 
over for the gas 
ell 
ylinder 
ontains theinternal gas 
ell opti
s with a 
urved primary mirror on the inside of the 
over. The se
ondarymirror shown in �gure 4.2 is atta
hed to the top plate through two metal arms. All mirrors aremade out of metal, with a gold+epoxy 
oating of surfa
e a

ura
y of order 0.1µm allowing foroperation at higher frequen
ies.The gas 
ell is mounted after the Hot/Cold load sour
e, see �gure 4.3. The Hot/Coldload sour
e 
ontains a rotating mirror that is used to sele
t the sour
e 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 dire
ted into the HIFI re-imager. The re-imager mimi
sthe Hers
hel teles
ope opti
s and presents a similar beam size and shape to the HIFI internalopti
s.To a
hieve a va
uum pump level of 10−5 bar a two stage pump system is used. To go to0.1mbar one primary pump is used (Adixen-Al
atel ACP 28) and a se
ond stage turbo pumpis to used to redu
e the pressure to 10−5 bar (Adixen-Al
atel 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 
hoi
e of 
alibration gases was a trade o� between 5 
hara
teristi
s, were lines availablein the HIFI frequen
y range, was the gas dangerous, was it lightly to 
orrode the gas 
ell andequipment, was it readily available (not di�
ult to sour
e) and how well understood was the111



4.2. GAS CELL TEST APPARATUS
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(a) S
hemati
 of gas 
ell pump system (b) Pi
ture of gas 
ell sample holderFigure 4.4: Gas 
ell pump systemmole
ule (
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 mole
ules 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 astronomi
al signi�
an
e as this is a 
ommon mole
ule observed in spa
e and it was deemedne
essary to investigate this portion of the HIFI range. The AOR investigation of Morris &Borys [82℄ showed that indeed CO and H2O a

ount for a large portion of the target mole
ulesfor map and point observations.The se
ond test phase would have a �ner LO frequen
y resolution and attempt to 
overthe entire HIFI frequen
y 
onverage with a gas 
ell observation. For this phase of the test
ampaign more 
omplex line ri
h mole
ules 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 mole
ules provide low line intensities resulting in littleor no line saturation for the gas 
ell system designed. To extra
t the side band ratio fromthis data would require a more sophisti
ated modeling approa
h. Additionally for CH3OH,whi
h is the most used gas of the test 
ampaign, the line frequen
ies, intensities and pressurebroadening are a subje
t of resear
h among the spe
tros
opy 
ommunity and it would requirea re
ursive approa
h to �rst extra
t the line information from the observed data and use this115
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y 
overage for all gases used during the gas 
ell testing.The 
ommon name of ea
h mole
ule is given on the right hand side of the plot.Mole
ule Name Safety Gas 
ell e�e
t Observations
12CO 
arbon-12 monoxide F+, T+ none 295
13CO 
arbon-13 monoxide F+, T+ none 76C6H5CH3 toluene F, Xn none 69CH3CN a
etonitrile F, Xn none 192CH3OH methanol F, T none 5370H2O water safe �sti
ky� 116H2S hydrogen sul�de F+, T+, N �sti
ky� 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 Substan
es Dire
tive (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 pro
eeding the letter means highly for example T+ meanshighly toxi
.data to improve the line model and extra
t the side band ratio. In addition H2O was in
ludedas a gas 
ell 
alibration gas, but was observed towards the end of the test 
ampaign due to its�sti
ky� nature. Figure 4.5 gives an overview of the LO frequen
y 
overage of ea
h gas. Fromthe �gure the signi�
an
e of methanol is apparent and a

ounts for 80% of all observationstaken during the test 
ampaign.Table 4.1 provides an overview the number of observations taken with ea
h gas as well as thesafety and gas 
ell safety properties of ea
h gas. The lab in Groningen was adapted to mat
hsafety standard parti
ularly the highly toxi
 CO mole
ules 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 
onta
t.

116



4.2. GAS CELL TEST APPARATUS
Cold Source

Hot Source Instrument tuning
Hot source, empty gas cell (HE)
Cold source, empty gas cell (CE)

Hot Source, filled gas cell (HF)
Cold source, filled gas cell (CF)

Empty Gascell Filled Gascell

HE0 HE1
CE0 CE1 CF0 CF1

HF0 HF1
Figure 4.6: Gas 
ell observation time line4.2.3 Gas 
ell operationThe gas 
ell operation was implemented mu
h like a typi
al astronomi
al 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. Ea
h gas 
ell phase is observed for a minimum 4 se
onds with higher observationtimes towards higher frequen
ies to redu
e noise. Figure 4.6 gives an overview of a typi
al gas
ell observation time line. Later observations in
orporated the internal 
old load to redu
e theamount of drift in the system. Drift was espe
ially problemati
 in the HEB bands resulting inpoor baselines behaviour. This problem is dis
ussed in detail in 
hapter 3.4.2.4 Data 
alibrationThe data 
alibration is also similar to a standard astronomi
al observation. The four phasesobserved during an observation are 
ombined together to form a 
alibrated spe
trum of sorts.The four phase 
alibration is ne
essary to remove the instrument band pass whi
h dominatesthe re
orded signal before the 
ross 
alibration, see �gure 4.7(a). The di�eren
e between thegas 
ell and astronomi
al 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 opti
al path. The gas 
ell spe
trum is generated using the following formula:

OFF (HF)− ON (CF)
HOT (HE)− COLD(CE) (4.1)The resulting spe
trum appears as an absorption spe
trum, see �gure 4.7. This 
an be
onfusing on �rst inspe
tion. The spe
trum is not a 
lassi
 absorption spe
trum where theradiation of a sour
e is absorbed by a 
older gas between the observer and the radiation sour
e.The gas 
ell spe
tra appear in absorption due to the manner the observation phases are 
om-bined together in equation 4.1. For the gas 
ell spe
trum the gas temperature is higher than the117
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ell data showing a saturated 12CO lineFigure 4.7: Summary of gas 
ell data 
alibration showing an example of a saturated 12CO (6-5)transition at a frequen
y of 691.473 GHz observed at an LO frequen
y of 685.572GHz. Thisexample shows a side band gain balan
ed observation where the saturated line peak is at 0.5.
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old 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 dire
tly 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 dis
ussed later in this 
hapter.The LO frequen
yis tuned to 685.572, the 12CO line at frequen
y of 691.473 GHz is then down 
onverted to anIF frequen
y of 5.9 GHz. The CO line observed here is saturated. Sin
e the gas is at similartemperature to the hot load, a saturated line at that frequen
y 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 exa
tly half of the hot loadresponse. Figure 4.7(
) shows that for this LO frequen
y the mixer gain at this IF frequen
yis balan
ed between both side bands.By 
alibrating the spe
trum as an absorption spe
trum the side band ratio 
an be readdire
tly from the line peak intensity. It must be known beforehand whi
h side band the lineis observed in. In the 
ase of �gure 4.7 the 12CO line is in the upper side band with an IFfrequen
y 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 dire
tly 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 a

ounts for 60% of the total double side band intensity at this IF frequen
y.This approa
h of observing saturated lines in the gas 
ell forms the basis of the gas 
ell test
ampaign. As stated previously the design of the gas 
ell and 
hoi
e of 
alibration gases weredriven by the requirement to provide saturated lines for observation. The following se
tiondes
ribes the analysis of the data by extra
ting the peak line intensity of saturated lines andfrom that extra
ting 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 pro
edures as real HIFI astronomi
alobservations. This provided a useful test environment for database tools and se
urity proto
ols.Initially assessing the database was di�
ult due to �rewall and blo
ked ports either at SRONGroningen or at the home institutes of the gas 
ell test users. To over
ome this obsta
le a lo
aldatabase was generated by Bertrand DelForge whi
h 
ould be downloaded to a lo
al 
omputer119



4.3. GAS CELL DATA PRE-PROCESSINGand then qui
kly a

essed via a look up table whi
h pointed to the lo
ation of ea
h observation.One of the drawba
ks of the online database was the querying fa
ility whi
h was extremely slowduring the initial test 
ampaigns. The development of the lo
al database greatly in
reased thee�
ien
y of the analysis pro
ess.4.3 Gas 
ell data pre-pro
essing4.3.1 Introdu
tionThe 
alibration pro
ess des
ribed in equation 4.1 and illustrated in �gure 4.6 is designed tominimize the e�e
t of drift on the �nal 
alibrated spe
tra and remove systemati
 e�e
ts fromthe system. However this approa
h is not always su

essful and depending on the stability ofthe system at that parti
ular frequen
y the resulting spe
trum 
an have a poor quality andmaybe useless for 
alibration proposes. The 
orre
tion of the data is a 
ommon task of theastronomer during a astronomi
al observation and the gas 
ell data analysis is no di�erent. Dueto the limited amount of frequen
y 
overage great e�orts were made during the data pro
essingto re
over as mu
h bad data as possible. In this se
tion we des
ribe some of the e�e
ts seen inthe data and the e�orts made to re
over the data. Some examples are also given of data thatwas irre
overable.4.3.2 Standing wavesStanding waves in the opti
s are dis
ussed in detail in se
tion 2.4 while standing waves in theHEB ele
tri
al ampli�
ation 
hain are dis
ussed in 
hapter 3, in parti
ular se
tion 3.4.2.1 onpage 82 dis
usses the pro
ess of 
orre
ting 
orrupted baselines in the gas 
ell data. In thisse
tion the topi
 of standing waves unique to the gas 
ell setup are dis
ussed along with someexamples.The gas 
ell test setup was 
arefully designed to avoid having standing waves in the �nalspe
trum. The opti
al design avoided having perpendi
ular surfa
es in the opti
al path and alsoavoiding sour
es of vibration in the system. Unfortunately residual standing waves persisted inthe system. Standing waves are normally asso
iated with ripples on the 
ontinuum. Howeverthere are more subtle modulation e�e
ts on the spe
tral lines also. This e�e
t is dis
ussed inse
tion 2.4.On �rst inspe
tion it was originally thought that the standing waves seen on the 
ontinuumwere due to stability or vibration problems in the system. However on 
loser inspe
tion thestanding wave pro�le was 
onsistent between observations taken at the same LO frequen
iesand gas 
ell pressure at di�erent times. The standing wave pro�le was seen to 
hange asthe gas 
ell pressure was in
reased. This suggests that the introdu
tion of the gas into thesystem 
hanges the opti
al path resulting in the residual standing wave seen on the baseline.120
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Figure 4.8: Spe
tra of 12CO observed at an LO frequen
y 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 se
ondlarger amplitude standing wave with a period of 170MHz.Unfortunately this e�e
t was only realized after the gas 
ell test 
ampaign had 
on
luded and soa rigorous investigation of this e�e
t was not possible. It may have been possible to determinethe refra
tive 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 frequen
y of 568.5GHz with 2 standing waves, one with a 34 MHz period and a se
ond 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�e
t is systemati
 and not due toinstability in the system. From the period of the standing waves it is possible to determine the
orresponding 
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 440
m,assuming one half of the re�e
ting 
avity is the mixer plane this pla
es the 
ulprit re�e
tingsurfa
e 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 88
m again assumingone half of the re�e
ting 
avity is at the mixer plane the only viable 
avity was determined tobe the window between HIFI and the lo
al os
illator 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 opti
al standing wave are most apparent at longer wavelength bands.Bands 1 & 2 are most e�e
ted as their larger beam sizes are more sus
eptible to the generationof standing waves. Standing waves are o

asionally seen in band 3 and 4 also but these 
an beidenti�ed as stability related and are not reprodu
ible between observations unlike the standingwaves seen in bands 1 & 2, see �gure 4.8. Due to the di�erent quasi opti
al mixer antennasetup for Bands 5-7 standing waves in the opti
s are not as prominent. However, as des
ribedin 
hapter 3 bands 6 & 7 have other baseline problems.The standing waves seen in �gure 4.8 shows a worst 
ase s
enario of standing waves overthe 
ourse of the gas 
ell 
ampaign while the standing wave in the HEB bands are mu
h worse,�gure 4.8 is the worst example of the e�e
t of standing waves in gas 
ell opti
s. Furthermorethe standing waves seen in band 1 and 2 data have a stable amplitude and phase a
ross theIF band whi
h are easily removed using the standing wave removal tools developed by Kesteret al. [59℄.4.3.3 IF spursSpurs are dis
ussed over 2 se
tions. In this se
tion spurious response in the ba
kend aredis
ussed, LO spurs are dis
ussed in the pro
eeding se
tion. IF spurs are spiky features thatappear in the 
alibrated data. Spurs 
an range from single pixels to whole sub-bands anddepending on their lo
ation 
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 ba
kend saturation and those due to a transient spur whi
h moves over the 
ourse of anobservation. By looking at the raw un
alibrated data the nature of the spur 
an be determined.Saturation of the ba
kend 
an o

ur when the attenuation setting of the ba
kend is too lowand this results in a saturation of the ba
kend parti
ularly in the a
ousto opti
al wide bandspe
trometer (WBS). O

asionally the lo
al os
illator produ
es more than one signal. If thisadditional signal is within the IF bandwidth and has a large enough power it 
an saturate theba
kend output. These additional signals are known as LO spurs and are dis
ussed in the nextse
tion. Figure 4.9 shows an example of ba
kend saturation in the gas 
ell phases. In thisexample the ba
kend 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 andhen
e the large spiky signal at these IF 
hannels.Another sour
e of spurious response in the IF is due to transient pixels in the ba
kendparti
ularly 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 frequen
y in timealso, this results in large residuals in the 
alibrated data whi
h 
an 
orrupt lines that fall atthese IF 
hannels. Figure 4.10 shows an example of a 12CO spe
tral s
an. For this observationa spe
trum was observed every 100MHz from 572.1 to 568.4 GHz. As the LO in
reases the122
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12CO line at 576.267 GHz is seen to shift to lower IF frequen
ies, 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 frequen
y.The example presented in �gures 4.9 and 4.10 are from simple mole
ule with a well knownline positions making it easy to determine whi
h IF feature is an a
tual spe
tral line and whi
his a spur. For more 
omplex line ri
h mole
ules su
h as CH3CN and CH3OH di�erentiatingbetween spe
tral 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�e
ted regions. By analyzing the emptyphases of the gas 
ell data where no line emission is expe
ted 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 se
tion some of the spurs seen in the IF band are due to additionalsignal produ
ed by the lo
al os
illator unit other than the desired single LO frequen
y. In theprevious se
tion the e�e
t on the �nal 
alibrated spe
tra was dis
ussed. The spurs shown inthe previous se
tion 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 spe
tra. This e�e
t 
an make a line appear weaker thatexpe
ted.The sour
e of these additional LO signals is a by-produ
t of the LO signal generation, for ades
ription of the pro
ess see Pearson et al. [91℄. The LO signal starts from a lower frequen
ysour
e unit of ∼30GHz and through various stages of ampli�
ation and frequen
y multipli
ationthe required THz signal is produ
ed. In an ideal s
enario a single frequen
y tone of kHz widthis produ
ed. This signal is then mixed with the sky signal down-
onverting 2 side bands ofsignal to IF frequen
ies. At 
ertain lo
al os
illator settings additional frequen
y 
omponentsare also produ
ed, 
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 parti
ularly in band 5b. Methods to dete
t these spurious signals through the LO housekeeping data have sin
e being developed to fore
ast multiple LO signal produ
tion[90℄. Theseproblemati
 LO regions have sin
e been 
orre
ted through a rigorous in �ight test 
ampaign.Figure 4.11 shows an example of a 12CO spe
trum in band 5b. As explained earlier asaturated line in a gain balan
ed mixer would have a line minimum at 0.5. However when anadditional LO signal is produ
ed the line intensity de
reases. In �gure 4.11 the line minimumis now at 0.75 whi
h would represent an extreme departure from a gain balan
ed mixer. Forthis spe
trum instead of 2 side bands there are in fa
t 4 sub-bands. A se
ond LO signal hasdown 
onverted at additional set of side bands. The side band with the line spe
tral emission124
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alibrated data in the lower part of the IF band.125
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tra of 12CO observed at an LO frequen
y of 1261.116 GHz. The line intensityis redu
ed due to an additional LO signal down 
onverting 2 extra side bands into the IF band.The line peak minimum is seen at 0.75 instead of 0.5 for a gain balan
ed double side bandmixer.a

ounts for only a quarter of the total side band signal as opposed to half when the lo
alos
illator is fun
tioning nominally, hen
e the line minimum of 0.75. Another indi
ation thatsomething is wrong is the additional noise in the spe
trum, the 
ontinuum noise is 6 timeshigher 
ompared to other spe
tra with a nominally fun
tioning LO unit.The example shown in �gure 4.11 illustrates the e�e
t of spurious LO signals on the lineintensity. Spurious LO signal 
an also have a dramati
 e�e
t on the number of lines present inthe IF band. For line ri
h sour
es the addition of extra sub-bands from other LO frequen
ies
an very qui
kly lead to a large amount of unknown lines appearing in the �nal spe
trum. This
ould potentially de
eive an observer into thinking they have dete
ted a new mole
ule whenin fa
t they are seeing lines from di�erent frequen
ies down 
onverted into the double sidespe
trum. This e�e
t is best illustrated with an example.CH3OH was observed at the same LO frequen
y with 2 di�erent LO 
hains, LO 
hain 5bhad a signi�
ant LO spur problem while LO 
hain 5a operated nominally. Figure 4.12 showsa 
omparison between the 
orre
t spe
trum and the LO spur spe
trum. Using the CH3OHline list one 
an overlay the expe
ted spe
tral line positions. For the 5a spe
trum the linepositions are as expe
ted for the 
ommanded LO frequen
y. For the 5b spe
trum, the spe
trallines for the 
ommanded LO frequen
y of 1241.001 GHz are observed, however numerous otherunidenti�ed lines are also seen. Furthermore the line intensities for the 
orrupted 5b spe
trum
ommon to both 5a and 5b have a 60% lower intensity. This suggests that there are potentially2 di�erent spurious LO signals in addition to the 
ommanded LO frequen
y down 
onvertingthe sky signal. Using the line list and a trial and error approa
h it was possible to determinethe frequen
y of one additional LO frequen
y. In �gure 4.12(a) the line positions for the
ommanded LO frequen
y are over plotted with bla
k arrows, the lines positions for a se
ondaryLO signal of 1243.4 GHz are plotted with red arrows. A number of additional spe
tral linesremain unidenti�ed in the lower part of the IF band whi
h suggest the presen
e of a third LOfrequen
y as predi
ted from the redu
ed line intensities.126
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hain 5aand 5b. The 5a spe
tra shows the 
orre
t double side band spe
tra for methanol at this LOfrequen
y. The 5b spe
tra shows additional spe
tral lines from other LO frequen
ies in additionto the desired LO frequen
y. Noti
e the line intensity is greatly redu
ed for the spur LO signalobservation. Bla
k arrows show spe
tral lines expe
ted at an LO frequen
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tra taken with LO band 2a at an LO frequen
y of 684.072GHz during a stable and an unstable period.The main goal of the gas 
ell test 
ampaign is the determination of the side band ratiofor as large a frequen
y range as possible. Data with spurious LO signals aren't in
luded inthis analysis. As ea
h LO frequen
y has a unique side band ratio for ea
h LO frequen
y thetask of extra
ting the side band ratio when multiple LO signal are present be
omes impossible.Fortunately this e�e
t of multiple LO frequen
ies observed in the same spe
trum is 
on�nedto a small region of the band 5b. Unfortunately however the 12CO spe
tra fall in this regionhowever H2O spe
tra were taken at multiple LO frequen
y throughout the band and providean alternative sour
e of saturated lines.4.3.5 Mixer 
urrent stabilityHaving a stable instrument is 
ru
ial to returning good quality data. In some 
ases the instru-ment is not stable over the 
ourse of the observation and a mismat
h between observation phasesreturns a poor quality �nal 
alibrated produ
t. Instrument stability is frequen
y dependentwith some bands being more stable than others. There is a general trend that the instrumentis less stable at higher frequen
ies. This 
an be attributed to the in
reased 
omplexity of HIFI128



4.4. SATURATED LINE ANALYSIStowards higher frequen
ies, the smaller beam sizes sus
eptible to me
hani
al os
illations andthe de
reasing size of the mixer towards higher frequen
ies. Instrument stability during theHIFI ground testing is dis
ussed 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 spe
tra 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 the
hanging mixer 
urrent for the unstable spe
trum. The resulting baseline distortion appears on�rst inspe
tion as a standing wave problem, however the o�set baseline points to a pass bandmismat
h between gas 
ell phases. In this 
ase the LO power has in
reased 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 impedan
e mismat
h betweenele
tri
al 
omponents, this is dis
ussed in detail in 
hapter 3. However these ele
tri
al e�e
tsare also seen in the SIS bands but at a mu
h lower level. The same baseline 
atalog approa
hused to 
orre
t the HEB 
ould be applied to the SIS bands however the amount of distortedspe
tra available is not su�
ient. Perhaps over the 
ourse of the Hers
hel mission enoughdistorted spe
tra will be available to 
orre
t these e�e
ts. Corrupted spe
tra due to instabilityin the SIS bands are rare and a

ount for about 5% of the total observations.Figure 4.13(a) helps illustrate the usefulness of the mixer 
urrent housekeeping parameterto �ag potentially problemati
 spe
tra. By setting a threshold on the standard deviation of themixer 
urrent over the 
ourse of an observation it is possible to �ag suspe
t spe
tra. Using thisapproa
h it is possible to automati
ally �ag 
orrupted spe
tra and ignore them during the sideband ratio analysis.4.4 Saturated line analysis4.4.1 Introdu
tionThe previous se
tions have presented the gas 
ell design and operation, data a
quisition andprepro
essing of 
alibrated data. This se
tion presents the determination of the side band ratiothrough an analysis of mole
ules with saturated lines.Observing saturated spe
tral lines with HIFI was a 
riti
al goal of the gas 
ell 
ampaign. Thesele
tion of gases and design of the gas 
ell vessel were driven by this requirement. Saturatedlines provide a dire
t probe of the side band ratio. In a gain balan
ed mixer a saturated line peakin a double side band transmission spe
tra should have a line peak of 0.5. Any deviation fromthis points to a gain imbalan
e. By positioning various saturated lines at various frequen
iesthroughout the HIFI frequen
y 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 se
tion the pro
ess of determiningthe side band ratio of ea
h of these mole
ules is dis
ussed. The resulting side band ratiosdetermined for ea
h mole
ule are then presented for ea
h mixer band.4.4.2 Side band ratio extra
tion pro
essFigure 4.14 provides an overview of the analysis pro
ess developed by the author to extra
t theside band ratio. The �rst step in the determination of the side band ratio is the extra
tion ofthe desired data from the database. For this analysis ea
h LO band was analyzed and pro
essedseparately.Using the lo
al data base generated by Bertrand DelForge it is possible to qui
klyload the raw gas 
ell data for analysis.The se
ond step in the analysis is to determine the integrity of the raw data. During thegas 
ell operation o

asionally 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 
orre
t gas 
ellobservation. There is a distin
t di�eren
e between the hot and 
old phase CCD 
ount. Whenthere is no di�eren
e between the hot and 
old load spe
tra this data is then dis
arded as nouseful information 
an be taken from the 
alibrated spe
tra. 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 
orre
tly 
alibrated spe
trum is not possible. In this 
ase the data isalso dis
arded. From the raw CCD data the presen
e of IF spurs in the data 
an be established.Using the methods developed by Colin Borys[8℄ IF 
hannels a�e
ted by spurious signals 
an be�agged and these �ags are pi
ked up later in the analysis and are ignored.On
e 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 spe
trum similar to thatshown in �gure 4.7(
). A se
ond stage of data inspe
tion is then 
ondu
ted looking at the e�e
tof 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 spe
tral line in band 1a showing the data before andafter standing wave removal. From the �gure one 
an see that the standing wave removal isn't
ompletely e�e
tive. The limits of the standing wave removal tool are dis
ussed in se
tion 2.4.The data is �nally Gaussian smoothed over 4 
hannels to remove ex
ess noise in the data.For bands 6&7 the methods des
ribed in 
hapter 3 are used. This method uses a 
atalog ofbaselines generated over the 
ourse of the gas 
ell 
ampaign to 
orre
t the data. Figure 4.16shows an example of the baseline 
orre
tion of a HEB spe
trum.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 ratioextra
tion pro
ess is to determine whi
h spe
tral lines are observed at a given LO frequen
y.130
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phase calibration equation

Inspect calibrated data
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hart des
ribing extra
tion of side band ratio for saturated lines using a simply
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ulation of the line minimum of an IF region around the line 
enter
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4.4. SATURATED LINE ANALYSISThis pro
ess is simple and involves subtra
ting the LO frequen
y from the line frequen
ies, anyline where the absolute di�eren
e 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 spe
tral line at 550.926 GHz is then observed at an IF frequen
y of 5.677 GHz.On
e the spe
tral line IF position is determined the line peak and hen
e side band ratio 
anbe extra
ted. 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 dire
tly from the data. Figure 4.15 shows an example of the pro
edure 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 
orre
tion and data smoothing theline peak would have a value of ∼ 0.503. In this example the spe
tral line has a lower thanexpe
ted intensity for a saturated line, ideally it should be 0.5 for a gain balan
ed mixer. Tosummarize, for this LO frequen
y and at an IF frequen
y of 5.677 GHz the fra
tion of the totalsignal that 
omes from the upper side band is 0.487. With this measurement 
omes a 
ertaindegree of un
ertainty. For the analysis an error bar is 
al
ulated based on the surroundingbaseline variability, taking the standard deviation of the baseline around the line position theun
ertainty is 
al
ulated to be 0.5% of the 
al
ulated value. Using this approa
h poor qualitydata will have a large error bar allowing for qui
k identi�
ation of problemati
 observations.Figure 4.16 shows an example of the pro
edure 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 spe
tral line has a sky frequen
y of 1760.486 GHz, the LO frequen
y was 1764.086GHz whi
h pla
es the line in the lower side band. Hen
e the normalized side band ratio, Gssb,for this IF frequen
y at this LO frequen
y is 0.462. The normalized side band ratio is de�nedas the fra
tion of the total double side band intensity that is from the upper side band for ea
h
hannel. For this example the fra
tion of the total intensity that is lower side band intensitywas measured. Hen
e the upper side band fra
tion 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 dire
tly 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 se
tions des
ribe the analysis of the following mole
ules, 12CO, 13CO, OCS,CH3CN and H2O using the methods des
ribed in this se
tion. By 
ombining the side bandratios extra
ted from these mole
ules a 
oarse sampling of the side band ratio a
ross the HIFIfrequen
y range is generated.
132
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Figure 4.15: Spe
trum of 13CO at an LO frequen
y of 545.249 GHz, the 13CO spe
tral linehas a sky frequen
y of 550.926 GHz pla
ing the spe
tral line in the upper side band at an IFfrequen
y of 5.677 GHz. The shaded region highlights the portion of the IF band from whi
hthe side band ratio is determined. The peak line intensity is taken as 0.513, whi
h 
orrespondsto a normalized side band ratio, Gssb, of 0.487.

133



4.4. SATURATED LINE ANALYSIS
T

ra
ns

m
is

si
on

IF Frequency (MHz)

Original data
Standing wave catalog profile
Standing wave corrected data

Gaussian fit
 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 2000  2500  3000  3500  4000  4500  5000

T
ra

ns
m

is
si

on

 0.9

 0.95

 1

 1.05

 1.1

 0.4

 0.45

 0.5

 0.55

 0.6

3500 3550 3600 3650 3700

Figure 4.16: Spe
trum of 13CO line at 1760.486 GHz at an LO frequen
y of 1764.086. Thespe
trum is 
orrupted due to drift e�e
ts during the observation. The baseline is 
orre
tedusing a mat
hing baseline taken from a 
atalog of baselines. Due to the high noise in the HEBband the line is �tted with a Gaussian and the line peak of the �t is taken as the normalizedside band ratio, Gssb. In this 
ase the side band ratio extra
ted is 0.462.
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4.4. SATURATED LINE ANALYSISLine fre-quen
y(GHz) LO band observation
ount 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 frequen
y, LO band
overage and number of spe
tra taken.4.4.3 12CO analysis
12CO is one of the key mole
ules observed in sub mm astronomy hen
e 12CO was a key gasduring the gas 
ell 
ampaign. Unfortunately 12CO is simple mole
ule and produ
es few spe
trallines over the HIFI frequen
y range. In total 11 di�erent 12CO lines were observed at di�erentLO frequen
ies and in di�erent side bands, see table 4.2 for a summary. In parti
ular, the (5-4)
12CO transition at a frequen
y of 576.268 GHz was observed multiple times over the 
ourse ofthe gas 
ell test 
ampaign at di�erent gas 
ell pressures and LO frequen
ies. Figure 4.17(a)shows an example of this spe
tral line observed at same LO frequen
y but at di�erent gas 
ellpressures. From this �gure one 
an see the e�e
t of pressure broadening on the line pro�le.This e�e
t will be des
ribed in more detail in 
hapter 5. This example demonstrates one of thefundamental prin
iples of the gas 
ell, that as the pressure is in
reased the line pro�le is seento broaden.Figure 4.17(b) shows a spe
tral s
an of 12CO taken in LO steps of 100 MHz from 568.4 to572.1 GHz. In total 38 spe
tra are shown. For this example the spe
tral line is saturated. Theline intensity is seen to in
rease toward lower IF frequen
ies indi
ating a 
hanging side bandratio. This example is unique as the 
hange in gain a
ross the IF band is large and the numberof spe
tra taken is the largest for any line transition observed during the gas 
ell 
ampaign.Following the methods des
ribed in �gure 4.14 the side band ratio is extra
ted and tabulated.The extra
ted side band ratio for ea
h LO frequen
y is plotted in �gure 4.17(
). From this�gure it is apparent that over this LO frequen
y range that the side band gain, or the fra
tionof the upper side band making up the total side band, in
reases towards higher LO frequen
ies.This pro
ess of side band ratio extra
tion is 
ontinued for all 12CO lines observed in the135
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ell pressure observed. Note the e�e
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ell observations of the 12CO spe
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hes that region of the IFband, see �gure 4.11 for a map view of the spur position. Note the in
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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 a
ross the HIFI frequen
y 
overageand help identify problemati
 areas. As summarized in table 4.2 ea
h spe
tral line is observedmultiple times at di�erent LO frequen
ies. Based on analysis of the FTS measured mixer gain,see se
tion 2.3.2.2 on page 32, it is not expe
ted that the side band ratio ratio varies more than10% over 4 GHz of LO frequen
y range. Any spe
tral lines showing extreme variation in sideband ratio are �agged for further investigation. From �gure 4.18 a number of suspe
t areasare identi�able. These areas are possibly e�e
ted by other systemati
 e�e
ts su
h 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 balan
ed. The dataquality here was ex
ellent providing a solid �rst measurement in these bands. Band 1b hasa steep variation in side band ratio with LO frequen
y however on 
lose examination thesevariations appear to be intrinsi
 side band ratio e�e
ts. Similar slopes in gain for this LOfrequen
y 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 expe
ted based on the FTS RF gain analysis. The
ulprit in this 
ase is an impure LO signal leading to the multiple LO signal issue dis
ussed inse
tion 4.3.4 on page 124. An example of the resulting spe
trum is shown in �gure 4.11 on page126. Extra
ting the side band ratio in these 
ases is almost impossible as one must 
onsidernot just the side band ratio at the primary LO frequen
y but also those at the se
ondary LOfrequen
y. For these observations the data is dis
arded and it is hoped that the band is wellsampled by other mole
ules at other frequen
ies.Bands 3a, 3b and 4a have a large s
atter 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 dis
ussed in more detail in se
tion 2.4. This standing wavedi�ers from those dis
ussed in se
tion 4.3.2 in that it is internal to HIFI and not dependent onthe gas presen
e and hen
e 
an
els on the 
ontinuum during the 
ross 
alibration. However thestanding wave is still present in the spe
tral line pro�le and its e�e
t is seen when the line istra
ked a
ross the IF band. Unfortunately the step size taken during the gas 
ell 
ampaign isnot su�
ient to investigate this e�e
t further with 12CO however there are 13CO and CH3CNobservations whi
h show large variability in line intensity for spe
tra separated by 100 MHz inLO frequen
y this will be dis
ussed 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 
orre
tion to the data. Unfortunately a step size of 1GHz was taken.In addition to the standing wave problem, bands 3 and 4 are also sus
eptible to diplexermistuning and misalignment dis
ussed in se
tion 2.3.2.3 on page 38. Closer examination of thevariation of peak intensity with IF Frequen
y indi
ates a diplexer mistuning. Coin
identally auseful pair of observations were taken in band 3b. 2 observations were taken at the same LO137
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4.4. SATURATED LINE ANALYSISfrequen
y of 926.050 GHz pla
ing the spe
tral line at 921.8 GHz at an IF frequen
y of 4250.8MHz. One observation was taken at the 
orre
t diplexer setting while one was taken a mistuneddiplexer setting. Figure 4.19(a) shows a 
omparison between the 2 spe
tra. The spe
tral linesare both saturated, whi
h is apparent from their �at top spe
tral line pro�le, however due tothe diplexer mistuning there is a 15% di�eren
e in peak line intensity. For side band ratiodetermination ea
h observation must be taken in the 
ontext of the other measurements taken
lose by. For this example the weaker spe
tral line is dis
arded from the analysis.Unfortunately there are further diplexer tuning problems in band 3b. Figure 4.19(b) shows
12CO lines taken during a spe
tral s
an. From this plot of the H mixer data it is apparent thatthe line intensity in
reases towards higher IF frequen
ies. A 20% in
rease in line intensity is seena
ross the IF band, this appears extreme. The variation in line intensity with IF frequen
ypoints towards a diplexer mistuning. Using the equations in se
tion 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 s
enarios. Using the diplexer model equations one
an determine the extent of diplexer mistuning and then use this model to 
orre
t 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 mi
ron tuning error is present for the H mixer while a -8 mi
ron erroris seen for the V mixer. Applying the 
orre
tion to the data redu
es the s
atter 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 s
atter is assumed to be due to standing wave e�e
ts. Taking the mean of thegain 
orre
ted 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�e
tson the �nal 
alibration a

ura
y of the data. Depending on the IF position of a spe
tral line theintensity 
an vary up to 20%. For this example we have established the tuning error for band3b and this 
an be used to 
orre
t this data and other data in this band. Unfortunately this
orre
tion 
an only be applied to the data taken during this test 
ampaign. The gas 
ell data isspread over 3 test 
ampaigns between whi
h the test set up and instrument 
on�guration was
hanged slightly and in most 
ases this in
luded the diplexer look up table used to 
alibratethe diplexer. So the mistuning 
orre
tion extra
ted from this 3b data 
an only be used on datawith the same diplexer look up table. Fortunately there is no eviden
e of diplexer mistuning inbands 3a and 4a, with the large s
atter seen in the side band ratio mostly due to standing wavee�e
ts. Follow up in �ight observations of astronomi
al sour
es 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 s
atter seen in the side band ratio summarized in �gure 4.18 is for the HEBbands. The band 6a measurement in parti
ular has a large degree of s
atter and requires anadditional level of pro
essing in addition to that des
ribed in �gure 4.14. The HEB bands are140
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y of 1500.774 GHzFigure 4.20: Example of over pumped V mixer 
ompared to optimally pumped H mixer. Anoptimally pumped mixer has a mixer 
urrent between 0.035 to 0.045mA. A mixer 
urrent lowerthan this is 
onsidered over pumped as a result of ex
essive LO power. Alternatively a mixer
urrent higher than this threshold is 
onsidered under pumped resulting in a mixer state proneto instability.beset with baseline issues and while its possible to remove the standing wave from the baselinefor some extreme 
ases the data is 
orrupted beyond repair. This data must be �ltered from thedataset. The data presented in �gure 4.18 takes all points with a reasonable quality baselineinto a

ount. A se
ond phase of pro
essing must �lter this data and remove spe
tra that arebeyond repair.One method to �lter poor HEB data is the mixer pump level. The HEB mixer has a smalloptimum operating range. The mixer is kept in an optimum state through a 
ombination of theLO signal strength, mixer bath temperature and mixer bias voltage. The mixer state is mostsensitive to LO power 
hanges and hen
e the need for a stable LO 
hain for HEB operation.Both H and V mixers are pumped by the same LO 
hain, unfortunately the LO power 
an onlybe optimized for one mixer polarization. The other mixer unit is left to follow the required LOpower for the other mixer. Due to di�eren
es in opti
s, mixer behaviour and standing waves,the �slave� mixer 
an be over pumped leading to higher noise in the data. In some 
ases thenoise is prohibitively noisy and the data must be dis
arded. For band 6a, the H mixer is the�master� mixer and the LO power is set to pla
e this mixer at the optimum operating point.The V mixer is the �slave� mixer and as a result the data quality is degraded.Figure 4.21 shows an example of mixer data at di�erent pump levels. Mixer 
urrent withina range of 0.035 to 0.045mA is 
onsidered optimally pumped with 0.4mA being the goal pumplevel when tuning the LO power. When the mixer 
urrent is below this level the mixer is
onsidered over pumped due to ex
essive LO power. Alternatively if the mixer 
urrent is above0.45 the mixer is under pumped whi
h leads to an unstable mixer state resulting in saturatedregions and 
orrupted data. Mixer 
urrent up to 0.055mA still return good quality data but141
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urrent.the mixer is more unstable in this region. Mixer 
urrents down to 0.02mA return higher noisedata but are still useful for side band ratio determination, �gure 4.20(b) shows an example ofthe higher noise between a 
orre
tly pumped H mixer at 0.039mA and an over pumped V mixerat 0.026mA. Below the 0.02mA threshold data quality degrades signi�
antly as illustrated in�gure 4.20(a) and must be dis
arded. Figure 4.21 gives an overview of the pump levels seen forthe H and V mixer for the band 6a 12CO data. The variability between the �slave� V mixer and�master� H mixer is apparent. The region around 1500.5 GHz shows the best mat
hed pumpedlevel between the H and V mixers.The variability in mixer 
urrent from frequen
y to frequen
y provides eviden
e of standingwaves in the LO path. This topi
 is dis
ussed in se
tion 2.4. It should be noted that there arefrequen
ies where both mixers are optimally pumped su
h as 1500.5 GHz however one musthave a priori knowledge of the standing wave phases in both the H and V opti
al path. This
an be established using spe
i�
 standing wave tests prior to an observation. This approa
h isdis
ussed in se
tion 2.4.In addition to the mixer pumping problem the HEB data has large standing wave issues.The baseline 
atalog approa
h used to 
orre
t the data is detailed in 
hapter 3. However evenwith the baseline 
atalog approa
h some data is still irre
overable. Figures 4.22, 4.23 and 4.24show examples of multiple gas 
ell spe
tra taken at the same LO frequen
y before and afterbaseline 
orre
tion. From the data it is apparent that some baselines are not re
overable andhave no equivalent baseline in the baseline 
atalog. Furthermore there is large s
atter in theline peak intensity for some observations.Figure 4.22 shows an example of data where the line peak intensity for 4 subsequent ob-servations are within the baseline noise. The line peak intensity is 
lose 0.5 
onsistent with abalan
ed mixer. On the other hand �gures 4.23 and 4.24 shows a large degree of s
atter in theline peak intensity even after baseline 
orre
tion. Some line peaks fall around 0.5 indi
ating a142
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(b) V mixer Gssb before and after �lteringFigure 4.25: 
omparison Gssb before and aftergain balan
ed mixer for that observation. However some line peaks have lower values around0.4. The obvious sour
e to the problem is the method of baseline removal and using di�erentbaselines to 
orre
t the data 
an redu
e the s
atter however in some 
ases the line peak s
atterpersists. Given that multiple observations are taken at the same LO frequen
y the measuredside band ratio 
an be averaged and level of s
atter taken into a

ount.Returning to �gure 4.18, the pre
eding dis
ussion of HEB mixer problem explains the s
atterseen in the measured side band ratio. The level of s
atter in peak intensity 
an be redu
edby ignoring extreme points with large standing waves and extreme mixer 
urrents. Figure 4.25shows an example of the measured side band ratio data before and after the data is �ltered. Forthis example a mixer threshold is applied where any data with a mixer 
urrent below 0.02mAand above 0.055mA is ignored. An additional �lter 
riteria is in
luded su
h that any datawith standing wave amplitude greater than 0.1 is ignored. Furthermore any data with RMSnoise greater than 0.1 is ignored. Finally any spe
tra with a Gaussian residual less than 0.05is deemed to be a poor �t and not in
luded in the side band ratio data.Figure 4.25 shows the resulting side band ratio data before and after appli
ation of the limitsmentioned. From the plots one 
an see that the H mixer side band ratio s
atter is redu
ed.From the data there is also possible eviden
e of a diplexer misalignment in the H band. Figure4.25 
ontains data from 3 di�erent test epo
hs with 3 di�erent diplexer look up tables beingused. Figure 4.26(a) 
ontains the most 
omplete dataset of the 3 test period, note the s
atterin line peak intensity. From this �gure one 
an see eviden
e of a possible diplexer misalignmentsimilar to that seen in band 3a, see �gure 4.19(
) on page 139. However given the large degreeof line peak s
atter seen in the data is di�
ult to 
on
lusively prove the diplexer was mistuned.The V mixer side band ratio data is plotted in �gure 4.25(b). Even with the �ltering ofdata based on the mixer 
urrent, standing wave amplitude, �t residual and RMS noise, thereis still a large s
atter at 
ertain frequen
ies. This property of larger s
atter for the V mixer is146
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4.4. SATURATED LINE ANALYSISLine fre-quen
y(GHz) LO band observation
ount 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 frequen
y, LO band 
overage and observation 
ounta kno
k on e�e
t of the master and slave approa
h to LO power determination. As a result ofthis there may be a disparity between the a
hievable 
alibration a

ura
y of the V mixer andH mixer. Analysis of other gases in this band may help improve the 
alibration a

ura
y forthe V mixer. It is not possible to determine the tuning state of the diplexer given the largeamount of s
atter in the data.
12CO was also observed in LO bands 6b, 7a and 7b and shows similar H and V performan
edisparity. The level of peak line intensity s
atter shows similar s
atter to that shown for band6a. The results however are en
ouraging with most spe
tral lines having peak value around 0.5
onsistent with a gain balan
ed mixer. Band 7a also shows some eviden
e 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 s
atter 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 frequen
y 
overage aroundthe spe
tral line was less broad with multiple observations taken at the same LO frequen
y asopposed to the line tra
king approa
h used in the 12CO observation. Multiple observations atthe same LO frequen
y are useful in determining the a

ura
y of a measured side band ratio.However tra
king a spe
tral line a
ross the IF band is also a useful test to investigate standingwave or diplexer mistuning e�e
ts where appli
able. The majority of 13CO data were takenwith the spe
tral line at the 
enter of the IF band.148
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6200 6300Figure 4.28: 13CO line at 881.272 GHz observed at an LO frequen
y of 874.75 and 875 GHzpla
ing the line in the upper side band at IF frequen
ies of 6.552 and 6.272 GHz respe
tively.Note the 
hange in H mixer line intensity between the 2 LO frequen
ies.The overall data quality in the SIS bands is 
omparable between the 2 
alibration gases.The HEB data shows less s
atter but this is probably more due to the sparse sampling thanany di�eren
e in data a
quisition.Figure 4.27 provides an overview of the side band ratio determined through extra
tion ofthe line peak of saturated lines. The points shown in �gure 4.27 are the averaged line peakintensities for all spe
tra observed at the same LO frequen
y. The error bars are generatedthrough the addition of the line peak s
atter and the RMS of the 
ontinuum around the lineposition. Bands 1 and 2 have ex
ellent quality data, ea
h spe
trum was observed at least 4times. Band 1a shows a gain balan
ed mixer with the spe
tral line having a peak intensityaround 0.5. Bands 2a and 2b appear to have upper side band imbalan
e for the LO frequen
iesmeasured, with both spe
tral line measured having a normalized side band ratio, Gssb, greaterthan 0.5.Band 3b appears to have a larger s
atter similar to that seen for 12CO. Unfortunately theline is only observed at 2 LO frequen
ies separated by 250MHz so it is di�
ult to determineif a diplexer mistuning is seen in the data. The whole IF band needs to be sampled similar tothe 12CO observation seen in �gure 4.19. In this example the s
atter in line intensity is onlyseen for the H mixer. The V mixer line intensities are 
onsistent between the 2 LO frequen
ies.For the H mixer, the line intensity observed at an LO frequen
y of 874.75 GHz is 15% largerthan the line observed at an LO frequen
y of 875 GHz. Figure 4.28 shows the H and V mixerspe
tra at both LO frequen
ies. This s
atter 
ould possibly be due to diplexer misalignmentin 
ombination with a large standing wave. From dedi
ated standing wave tests it is knownthat a 680MHz period standing wave is present in this band. 250MHz 
orresponds roughly tohalf a period so this s
atter in the H may indi
ate the extreme of the standing wave amplitude.A useful test here would be tra
k the spe
tral line through the IF at very �ne LO steppingof 50MHz, one would expe
t that the line intensity would be modulated by the underlyingstanding wave. For further dis
ussion on the e�e
t of standing waves on spe
tral lines see150



4.4. SATURATED LINE ANALYSISse
tion 2.4.Band 4a and 4b had ex
ellent baseline quality however for 
ertain LO frequen
ies the Hmixer was 
onsistently noisier than the V mixer. This is a similar e�e
t 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 power
hanges. 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 whi
h 
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 inspe
tion, this may appear to be a standing wave problem however the line pro�les forthe H and V are almost exa
tly the same whi
h is not 
onsistent with a standing wave e�e
t.Ea
h polarization 
hannel has a unique set of standing waves, in this 
ase the 2 standing waveswould have to have the same phase and amplitude whi
h is not lightly. Perhaps this is a real RFgain e�e
t as it is situated towards the band edge where extremes are expe
ted. Observationof other gases at this frequen
y may help 
larify the origin of this extreme gain variation.From �gure 4.27, band 5a exhibits an large imbalan
e in the side band gain ratio. Anormalized side band ratio, Gssb, of 0.38 ± 0.09 is seen for both polarizations. A s
atter 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 s
atter. One spe
tral line pro�le has an emission line at the line peak. Thisis the e�e
t of not e�e
tively 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 dis
arded from futureanalysis.The se
ond 5a outlier is a single spe
trum taken an at earlier test phase. This spe
trumshows a 
lose to gain balan
ed line pro�le. The remaining spe
tra are all taken over the samegas 
ell test period and are 
onsistent with ea
h other. During the intervening period of testingnew attenuators were introdu
ed for all bands ex
ept 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 gymnasti
s to make this a viable s
enario. This spe
trum 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 frequen
iesthere is still a large s
atter in the peak line intensity similar to that shown in �gure 4.23. Evenafter applying the baseline 
orre
tion the line peak has a large variability. In band 6a, 3151
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t is possibly due to standing wave or real antenna band edge e�e
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tra taken at LO frequen
ies 1094.998, 1095.350 and 1107.351GHz.
152



4.4. SATURATED LINE ANALYSIS
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1
 1.2

 3500  4000  4500  5000  5500  6000  6500  7000  7500  8000  8500

T
ra

ns
m

is
si

on

IF Frequency (MHz)

H mixer  (5 spectra)
V mixer  (5 spectra)

 0.5
 0.6
 0.7
 0.8
 0.9

 1

5950 6000 6050Figure 4.30: Observation of 13CO spe
tral line at 1211.329 GHz at an LO frequen
y of 1205.3295GHz pla
ing the line in the upper side band at an IF frequen
y of 6.0 GHz. In this �gure, anexample of the spe
tral line pro�le seen when the gas 
ell is not fully emptied for the emptygas 
ell.di�erent LO frequen
ies were observed. Figure 4.31 shows the spe
trum taken at ea
h of theLO frequen
ies. There appears to be no 
orrelation between the test period and the quality ofdata and is more dependent on LO frequen
y and possibly LO 
hain 
on�guration.
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1.910 mbarFigure 4.32: Observation of H2O at an LO frequen
y of 1664.908 GHz at 3 di�erent gas 
ellpressures. The 
entral line is at a frequen
y of 1661.008 GHz, the wing of another line at afrequen
y 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 
orre
tion. All spe
tra have anemission line at the 
enter of the absorption line indi
ating 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 parti
ular the 3water lines ending in the ground states are essential for absorption studies of 
old water. Theselines are at frequen
ies of 556.936 GHz (band 1a), 1113.343 GHz (band 4b) and 1669.905 GHz(band 6b). The gas 
ell observations 
on
entrated 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 sin
e water has a negativee�e
t on the gas 
ell and tends to sti
k to the gas 
ell walls. As the data was taken in the�nal stages of HIFI testing the data is of high quality re�e
ting the experien
e gained over thetest period. The data in the SIS band required little post pro
essing. The HEB bands su�erfrom standing wave issues still but this was expe
ted beforehand. Removing the HEB standingwave from the water data however was problemati
 given the width of the water lines at highpressure.As des
ribed in se
tion 3.4.2, the method of HEB baseline 
orre
tion requires that some
ontinuum is available so the spe
trum 
an be 
ompared to the 
atalog for a mat
hing spe
trum.For water observations the line 
an dominate the entire IF band making it impossible to �ndan appropriate mat
hing 
atalog baseline for a high pressure spe
trum. 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 frequen
y 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 extra
t the sideband ratio. For the gas 
ell water observation data was taken at various gas 
ell pressures. Thisredundan
y with LO frequen
ies means high pressure spe
tra su
h as the 1.191 mbar spe
tra155
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y of 1106.842 GHz showing a large slope in theline peakFigure 4.33: Examples of standing wave e�e
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onsistent with the slopesseen in the band 4 data. The feature at the line 
enter is due to residual water vapor left inthe gas 
ell during the empty gas 
ell phase.
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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: Per
entage of HEB spe
tra dis
arded 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 
orre
tion 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 opti
s 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�e
t of a long period standing wave onthe link peak. The standing wave seen here is due to re�e
ted signal between the mixer unitand the diplexer roof top mirror. This 
avity produ
es 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 s
atter seen in the SIS bands. Ea
h side bandratio point in the SIS band was measured at least twi
e. In the HEB bands, a large number ofspe
tra were dis
arded due to the extreme standing waves seen. Table 4.4 shows an overviewof the amount of spe
tra dis
arded for both H and V mixer. There is a large disparity betweenH and V, most lightly due to the master and slave LO power a
quisition approa
h where the Hmixer is always pumped optimally and the V mixer is left to �oat. There is also a gap betweenthe CO mole
ules and water observation. The CO mole
ule have less extreme standing waves.This in
reased amount of poor quality data may be a re�e
tion of the LO stability at thesefrequen
ies. 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. Turbulen
e in the air 
ould have 
aused �u
tuations in the LO power pumpingthe mixer. As dis
ussed in 
hapter 3, slight 
hanges in mixer pump level 
an have a large e�e
ton the standing wave 
an
ellation in the resulting spe
tra.4.4.6 OCS analysisOCS is a useful gas for 
alibration purposes. OCS has a strong spe
tral line every 12 GHz.Through 
areful sele
tion of the LO signal, a spe
tral line 
an be pla
ed 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 typi
al OCS double side band spe
tra. Unfortunately above 800 GHzOCS spe
tral lines are not saturated in the gas 
ell test set up. Hen
e the analysis of OCS is158
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Figure 4.35: OCS spe
tra observed at an LO frequen
y of 684.912 GHz with a gas 
ell pressureof 4.4mbar. This example shows a balan
ed side band gain at this LO frequen
y at the IFfrequen
ies of 4700 and 7414 MHz. The additional weaker lines are most probably isotopes ofOCS.only useful at frequen
ies below 800 GHz, see �gure 4.1(
) for a summary of OCS line peaktransmission for various gas 
ell path lengths.For OCS the analysis approa
h des
ribed is 
hanged slightly to that of the single linespe
trum dis
ussed in the pre
eding se
tions. Sin
e there are now 2 lines in ea
h spe
trum, onein the upper side band and one in the lower ea
h line is treated separately. Lines observed atthe same IF and LO frequen
ies are then averaged together.Figure 4.35 shows an example of a typi
al OCS spe
trum taken during the gas 
ell test
ampaign. 2 OCS lines are seen in the spe
trum. The lower IF band line is observed in thelower side band and has a frequen
y of 680.213 GHz. Whi
h 
ombined with the LO frequen
yof 684.912 GHz pla
es the line at an IF frequen
y of 4700 MHz. Similarly the upper IF bandline is at a frequen
y of 692.326 GHz and is pla
ed at an IF frequen
y of 7414 MHz when
ombined 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 frequen
y.There are some LO frequen
ies whi
h vary signi�
antly from a gain balan
ed mixer parti
-ularly towards the band edges. This was predi
ted 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 frequen
iesin and around 4.7 and and 7.4 GHz. The LO frequen
y is sele
ted so the LSB line is seenat the lower IF frequen
y and the USB line is seen at the upper IF frequen
y. Figure 4.36shows the side band ratio determined for both the upper and lower side band lines. From theseobservations one 
an get a pi
ture of the slope in side band gain ratio a
ross the IF band.Up to now, with the analysis of 12CO, 13CO and H2O only a single frequen
y point on the IFband was measured. The advantage of OCS as a 
alibration gas is that 2 points at di�erentIF frequen
ies are sampled simultaneously. LO frequen
ies with extreme side band ratio slopesa
ross the IF band are easily identi�ed as those with large di�eren
es between the side band159
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Figure 4.37: 2 OCS spe
tra taken at LO frequen
ies of 587.74725 and 587.9475 GHz. The LSBline at a frequen
y of 583.247 GHz shows an extreme variation in gain over a small 
hange inLO frequen
y of 0.2GHz. The top inset �gure shows a typi
al line peak at an LO frequen
y of587.74725 GHz with a peak 
lose to 0.5. The bottom inset plot shows the small line peak atan LO frequen
y of 587.9475 GHz with an extreme line pro�le and a line peak 
lose to 0.35.ratio determined for the USB line (
ross symbols) and those determined for the LSB line (
ir
lesymbols). Examples of these extremes 
an be seen in band 1b at an LO frequen
y of 575.82GHz and in band 2a at the LO frequen
ies 636.444, 648.561, 660.681 and 672.798.There is another outlier point in band 1b at a frequen
y of 588 GHz. This outlier line ismeasured at twi
e at 2 LO frequen
ies separated by 200MHz, see �gure 4.37. The line measuredin the lower side band shows a large 
hange in intensity over the short frequen
y step. The linemeasured in the upper side band shows no su
h 
hange in intensity. Furthermore the line shapefor the higher intensity line has a strange shape exhibiting behaviour similar to the 4a line peakpeak shown in �gure 4.29(
). For the band 4a example there are some feasible explanationssu
h as diplexer mistuning or standing waves. However band 1b has no diplexer problem andstanding waves are greatly redu
ed 
ompared to bands 3 and 4. This type of behaviour maybeexplainable through some pe
uliar LO behaviour however one would expe
t both OCS linesmeasured to be a�e
ted whi
h is not the 
ase. No explanation is forth
oming to explain thisstrange line behaviour. Further in �ight tests are needed to determine if this behaviour is realor an artifa
t of the gas 
ell test setup.On 
loser inspe
tion of the side band ratio overview in �gure 4.36 there are some pointswhi
h are extreme. 660.681 and 672.798 GHz for example show extreme di�eren
es over ashort IF frequen
y. At these frequen
ies, at an IF frequen
y of 4.7GHz the lower side bandsignal dominates the double side band signal (Gssb < 0.5) while 3 GHz away the upper sideband dominates the double side band signal (Gssb > 0.5). This behaviour is extreme and isn't
onsistent with the side band ratio IF frequen
y variation determined from the FTS dire
tdete
tion data in band 2, see the example �gures on page 36. Figure 4.38 shows a 
omparison161
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Figure 4.38: Extreme side band ratio pro�le determined from dire
t dete
tion FTS measurementof mixer band 2 
ompared to measured OCS data at an LO frequen
y of 660.681 GHz.between the most extreme side band ratio variations determined from the FTS data 
omparedto the measured side band ratio data taken from the line peaks of OCS at an LO frequen
y of660.681 GHz. The slope of the OCS measured side band ratio a
ross the IF band is 
onsistentwith the 644 GHz FTS however the measured data shows a stark 
ross over between a lowerside band dominated signal to an upper side band dominated signal. This stark variation wasnot seen in the FTS data.Further investigation of the extreme points at 660.681 and 672.798 GHz reveal similar albeitless extreme line pro�le distortion to that shown in �gure 4.37. Figure 4.39 shows a 
lose upview of the line peak of the outlier spe
trum taken at LO frequen
ies 660.681 and 672.798GHz. A 
lose up view of the 636 GHz spe
trum taken at the band edge shows an extremeside band ratio but 
orre
t line peak behaviour is shown for 
omparison. Figure 4.39(a) showsthe 660.681 GHz example. The inset plot fo
uses on the line peaks from whi
h one 
an seethe sharp peak on the lower side band line whi
h distorts the side band ratio measured. Thisbehaviour isn't only seen in the lower IF frequen
ies. The spe
trum taken at 672.798 GHzshows similar behaviour for the upper side band line at an IF frequen
y of 7.4 GHz. Again aslope on the line results in an over estimation of the peak line value. Figure 4.39(
) shows aspe
trum taken at the band edge where extreme side band ratio behaviour is expe
ted. Thisexample has a typi
al �at top line pro�le whi
h is expe
ted for a saturated line and su
h 
anbe taken as an a

urate side band ratio measure.For this OCS analysis, lines with a pointed line peak su
h as that seen at LO frequen
ies660.681 and 672.798 GHz in band 2a and 587.9475 GHz in band 1b (�gure 4.37) are ignoredfor this analysis. The sour
e of this distortion is not entirely 
lear. As stated earlier similarbehaviour was also seen in band 4b at a frequen
y of 1107.351 (see �gure 4.29(
)). This was a
13CO observation and just one spe
tral line was observed hen
e this behaviour was attributedto standing wave or possibly diplexer behaviour. However for the OCS observation here we seesimilar behaviour in the beamsplitter SIS bands. Furthermore standing waves are not expe
tedto be signi�
ant in these bands (see analysis in se
tion 2.4). Finally if this was a standing waveissue one would expe
t both OCS lines to be a�e
ted but in the examples shown here only one162
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trum seen at an LO frequen
y of 660.681 GHz. The upper side band line, at a frequen
yof 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 frequen
y of 655.981 GHz, has a sharp line peak di�erent to the upper sideband line.
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(b) OCS spe
trum seen at an LO frequen
y of 672.798 GHz. The upper side band line seen at the higherIF frequen
y shows a similar sharp peak as that seen for the 660.681 GHz example above.
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(
) OCS spe
trum seen at an LO frequen
y of 636.444 GHz showing extreme side band gain imbalan
etowards the band edge. The average normalized side band gain, Gssb, at this LO frequen
y is 0.65 (upperside band signal is on average 65% of the total double side band signal).Figure 4.39: OCS spe
tra taken in band 2a showing examples of irregular line peak shape whi
hdistort the 
al
ulated 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 4.40: Model of CH3CN spe
tra seen between 634 to 792.9 GHz (band 2). The insetplot is a magni�
ation of the region between 694 and 702 GHz showing the �ne spe
tral linestru
ture.spe
tral line has a distorted line shape.4.4.7 CH3CN analysisCH3CN is a more 
ompli
ated mole
ule that those dis
ussed so far. With more 
ompli
atedmole
ules the number of spe
tral lines in
reases. However with more 
omplex mole
ules the linetransition intensities are redu
ed. For some 
omplex mole
ules, su
h as CH3OH, no saturatedlines are seen in the gas 
ell spe
tra due to the lower spe
tral line intensity. However forCH3CN this is not the 
ase. Due to Nitrogen splitting 3 almost identi
al families of linesare superimposed on top of ea
h other, see Cazzoli & Puzzarini [14℄ for further dis
ussion.The 
ombination of the superimposed lines provide saturated region at various IF frequen
ies.Another useful trait of the CH3CN mole
ule is ea
h bran
h of lines is separated by 18 GHz.Between these line bran
hes no line emission is seen, see �gure 4.40. This is useful for thedetermination of the side band ratio as there is no 
onfusion between lines in the upper andlower side band.The method of side band ratio extra
tion is similar to the previous mole
ules in that thepeak of lines that are known to saturate are extra
ted. For CH3CN a number of spe
trallines are known to saturate in the 
enter of the band. For simpli
ity the minimum line peakintensities are averaged together and this is taken as a single point side band ratio measurementfor that LO frequen
y. Figure 4.41 shows an example of a CH3CN spe
trum taken at the sameLO frequen
y of 490.406 GHz and varying gas 
ell pressures from 0.02 to 0.12mbar. From the�gure one 
an see that the various lines are saturated for pressures greater than 0.07mbar. Forthis example the lines are observed in the upper side band. The 3 saturated lines 
hosen foranalysis are shown in the inset plot in �gure 4.41. The 3 line peak intensities are averagedtogether returning a value of 0.45 whi
h 
orresponds to a side band ratio, Gssb, of 0.55.164
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tra taken at an LO frequen
y of 490.406 GHz with gas 
ell pressuresvarying from 0.02 to 0.12 mbar.Figure 4.42 provides an overview of the side band ratio determined from the analysis ofsaturated CH3CN lines. Ea
h point is the average of 3 line peaks separated by 300 MHz. Fromthe data one 
an see that the degree of s
atter for ea
h point is low. The edge of band 3b at 875GHz shows some extreme behaviour and on 
loser inspe
tion the data is of ex
ellent qualitysuggesting that side band ratio determined is a

urate. Figure 4.43 shows the spe
tra used to
al
ulate the 875 GHz side band ratio point. The inset plot shows a magni�
ation of the lineregion used to determine the side band ratio. From this data one 
an see that there is a largevariation in the H mixer line peaks with IF frequen
y. This is not evident in the V mixer lineintensities. The variation in the H mixer line intensity is 
onsistent with the 680 MHz standingwave seen in diplexer bands. This standing wave however is not seen in the line intensities ofother CH3CN spe
tra and appears to be more evident at 875GHz. This is possibly linked tothe diplexer setting whi
h may have a stronger 
oupling to the standing wave re�e
ting surfa
eat this setting. Similar standing wave behaviour was also seen at the same LO frequen
y for2 13CO observations where the line intensity in the H mixer was seen to 
hange up to 15%between 2 di�erent LO frequen
ies for the H mixer but remained un
hanged for the V mixer,see �gure 4.28.
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4.4. SATURATED LINE ANALYSIS4.4.8 SummaryA summary of the side band ratio for the H and V mixer over the entire HIFI frequen
y rangeis given in �gures 4.44 and 4.45 respe
tively. It is en
ouraging that di�erent gases observed atthe same LO frequen
y 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 whi
h follows the trend of the OCS data. This agreement between the side bandratio extra
ted for di�erent mole
ules 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 frequen
ies.The side band ratio summary �gures 4.44 and 4.45 provide an overview of problemati
 areasin the HIFI frequen
y range. Bands 1 and 2 provide ex
ellent data quality ex
ept for a fewspurious regions. The other bands however have there own unique problems whi
h 
an be seenin the in
reased s
atter 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 s
atter seen in the line intensity is indi
ative of more subtle e�e
ts. 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 re
overable using the diplexer gain model to 
orre
t the data thisintrodu
es and additional degree of un
ertainty (see �gure 4.19(b)). Diplexer mistuning wasshown to have a large e�e
t on the 
alibration a

ura
y 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 spe
tral line was tra
ked a
ross the IF band ex
ept for the 12CO dataso it is di�
ult to determine a diplexer mistuning in the other diplexer bands.The SIS diplexer bands showed eviden
e of standing wave modulation of the spe
tral line.This is a subtle e�e
t. Standing waves are normally asso
iated with poor 
ontinuum modulationbut in a stable system the 
ontinuum is devoid of standing waves. To measure the e�e
t ofstanding waves on the spe
tral line, the line should be tra
ked a
ross 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 approa
h was not undertaken in the diplexerbands.The one in
ident where a spe
tral line was tra
ked �nely a
ross the IF band was for the
13CO data at an LO frequen
y of 875 GHz. In this 
ase only 2 observations were taken withthe a 200 MHz di�eren
e between LO settings, see �gure 4.28 on page 150. From this data itwas apparent that there was a large in
rease 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 LOfrequen
y however sin
e it has multiple saturated spe
tral lines over a range of 200 MHz themodulation of the spe
tral 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 frequen
ythe standing wave is more apparent in the H than the V mixer data.No eviden
e of standing wave modulation of the spe
tral lines with IF frequen
y was seenin band 4, however the LO sampling was sparse and the quality of data was poor. Furtherinvestigation of these standing wave e�e
ts on the spe
tral line is needed. Following the 2examples shown for 13CO and CH3CN, the 
alibration un
ertainty for band 3 is 
lose to 15%.This is not in
luding the e�e
t of side band variation a
ross the band whi
h will add furtherun
ertainty to measured intensity. Further in-�ight testing is needed to extra
t the standingwave properties modulating the spe
tral line intensity. It may be possibly with enough data todevelop a routine to 
orre
t the spe
tral line data for the standing wave e�e
t mu
h like thediplexer model 
orre
tion. To get to this model, one must understand the amplitude and phasevariation of the standing wave a
ross the band. The diplexer adds another level of 
ompli
ationto developing a model as the standing wave behaviour will most lightly be linked to the diplexerposition whi
h will vary from LO frequen
y to LO frequen
y.The e�e
t of diplexer misalignment and standing wave modulation of the side band ratiowas expe
ted. There are other e�e
ts seen in the analysis whi
h are unexplained. For the OCSobservation in band 1 & 2 a number of observation were dis
arded due to pe
uliar line pro�les.A saturated line is expe
ted 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�e
ts.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�e
t one would expe
t both OCS lines to be e�e
ted 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 forth
oming for this behaviour and lines exhibiting this behaviourwere dis
arded from the analysis. Analysis of more data is needed to determine the origin ofthis e�e
t.The s
atter 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 
orre
tion routine is e�e
tive inremoving the standing wave however there appears to be an inherent s
atter in the HEBbands. Figure 4.26(a) on page 147 shows an example of 12CO data taken in band 6a. Evenafter baseline 
orre
tion there appears to be a large s
atter in the line intensity.
168
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4.5. CONCLUSIONS4.5 Con
lusionsIn this 
hapter the gas 
ell test 
ampaign and the 
ontributions of the author were dis
ussed.The rationale behind the gas 
ell opti
al set up, the 
hoi
e of 
alibration gases, the test pro-
edure, 
alibration, pro
essing and analysis was detailed. In this 
hapter the analysis of thesaturated lines observed in the gas 
ell and the extra
tion of the side band ratio was des
ribed.From the data a number of problems were un
overed. The analysis of HEB bands un
overedsigni�
ant data quality issues due to an IF 
hain impedan
e mismat
h. Chapter 3 des
ribesthe sour
e of this problem and also the methods to 
orre
t the gas 
ell test data and also in�ight data. Without the gas 
ell data the development of this HEB baseline 
orre
tion routinewould have being impossible.The main goal behind the gas 
ell test 
ampaign was the extra
tion of the side band ratioa
ross the HIFI frequen
y range. For bands 1 and 2, this goal has been a
hieved over a sparselysampled frequen
y range using four di�erent mole
ules. However, bands 3-7 are only sparselysampled by saturated line mole
ules. Towards the higher frequen
y bands the sampling isparti
ularly 
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�e
ts. Band 5 has LO purityissues. While bands 6 & 7 show a large degree of s
atter in the determined side band ratios.The higher frequen
y bands are less sampled be
ause of the la
k of saturated lines towardshigher frequen
ies. As shown in �gure 4.5 and table 4.1 a number of additional mole
uleswere observed whi
h don't saturate in the gas 
ell test setup. It is possible using a model thespe
tral line for a given temperature, pressure and opti
al path length. By 
omparing thismodel with the measured data it is possible to extra
t the side band ratio from a non saturatedline. Furthermore using the more line ri
h mole
ules 
an help �ll in the gaps in the side bandratio 
overage in band 1 and 2. The next 
hapter will des
ribe this se
ond stage of side bandratio extra
tion using a line model instead of simply measuring the line peak as dis
ussed inthis 
hapter.

171



Chapter 5Gas 
ell test 
ampaign: spe
tral linemodel generation and CH3OH analysis
5.1 Introdu
tionThe extra
tion of the side band ratio so far has being limited to the analysis of saturated lines.Extra
ting the peak intensity of saturated lines provides a dire
t probe of the gain ratio betweenthe upper and lower side band. Unfortunately mole
ules with saturated lines in the gas 
ellset up only sparsely sample the HIFI frequen
y range. For bands 1 & 2 the side band ratio issampled multiple times by the simple mole
ules. However towards higher frequen
ies the lineintensity of 
ertain mole
ules drops o� and are no longer saturated, OCS for example.It is possible however to extra
t the side band ratio from spe
tral lines whi
h are notsaturated using a spe
tral line model to estimate the line opa
ity. One of the 
riteria in
hoosing a 
alibration gas was the availability of a

urate line lists 
ontaining line frequen
ies,intensities and pressure broadening parameters. Using this information in 
ombination withthe gas 
ell properties su
h as gas pressure, gas temperature and opti
al path length of the gas
ell it is possible to generate a model double side band spe
trum whi
h 
an then be 
omparedwith the observed spe
tra. The side band ratio is left as free variable in the model and �ttedto the data.The use of a spe
tral 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 de
onvolutionalgorithm however using a spe
tral line model it is also possible to extra
t the side band ratio.As summarized in table 4.1 on page 116 methanol a

ounts for 80% of the observations takenover the 
ourse of the gas 
ell test 
ampaign. In total methanol has over 7000 spe
tral linesin the HIFI frequen
y range. At a gas 
ell pressure of 0.2mbar 1500 of these spe
tral lines are20% opaque.As stated previously one of the 
riteria for 
alibration gas sele
tion was that a 
ompleteline list was available. However for methanol this wasn't entirely true, the line frequen
ies and172



5.1. INTRODUCTIONintensities were still the subje
t of resear
h and during the gas 
ell test 
ampaign it was hopedthat through the analysis of methanol over the HIFI frequen
y range that the mole
ular model
ould be 
onstrained and from this a more a

urate 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. On
e the pressure broadeningparameters for ea
h transition were established then the side band ratio 
ould be extra
ted.In this 
hapter the theory behind a spe
tral line pro�le shape is des
ribed. The pro
ess of
onverting a line list into a double side band spe
trum using the gas temperature, pressure,opti
al path length is des
ribed. These methods are then applied to a 12CO spe
trum todemonstrate the feasibility of su
h an approa
h. By 
omparing the line model to the real datait is possible to extra
t the side band ratio. Using this model approa
h the side band ratiois extra
ted for the saturated mole
ules analyzed in previous 
hapter, namely 13CO, OCS andH2O.The analysis of methanol is presented towards the end this 
hapter. The pro
essing ofmethanol follows a iterative pro
ess whereby the pressure broadening parameters are �rst ex-tra
ted from the data and then on
e this data is at hand a se
ond modeling e�ort is undertakento extra
t the side band ratio. Sin
e the pressure broadening parameters are already knownfor 12CO, 13CO and OCS the method of pressure broadening extra
tion is �rst tested on thisdataset. By 
omparing the extra
ted pressure broadening parameters with published data it ispossible to 
alibrate the approa
h for methanol.The last se
tion of this 
hapter des
ribes the use of methanol gas 
ell observations in thedevelopment of a new heterodyne re
eiver. In this se
tion the appli
ation of the methodsdes
ribed in this 
hapter to the gas 
ell testing of a new Quantum Cas
ade Laser (QCL)heterodyne system are des
ribed.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 de
onvolution 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 a
quisition. The author use theHCSS gas 
ell 
ode to model the measured data.
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5.2. SPECTRAL LINE SHAPES5.2 Spe
tral line shapes5.2.1 Introdu
tionThe following se
tion des
ribes the theory behind the generation of a model gas 
ell spe
trum.5.2.2 Natural line broadeningSpe
tral lines have an inherent line width independent of external in�uen
es su
h as relativemotion and 
ollision with other mole
ules. This line width is inversely proportional to thelifetime of a spe
tral line transition. In the THz regime transition lifetimes are usually veryshort and by Heisenberg's un
ertainty prin
iple, ∆E∆t ∼ h/(2π), there is a 
orrespondingun
ertainty in energy or spread in energy seen for that transition giving rise to a 
orrespondingbroadening of the spe
tral line. This spe
tral line shape is best approximated by a Lorentzianpro�le. At these sub-mm frequen
ies the natural line width is of the order of kHz and isinsigni�
ant when 
ompared to the more dominant pressure and Doppler broadening e�e
tswhi
h are in the MHz range. For this analysis this broadening e�e
t is ignored. For furtherreading see Gordy & Cook [39℄.5.2.3 Doppler line broadeningDoppler broadening o

urs due to the motion of a mole
ule as it emits radiation. Due to themotion of the mole
ule the frequen
y of the transition is shifted depending on the dire
tion ofthe mole
ule relative to the observer. A mole
ule moving away from the observer will have ared shifted line (lower frequen
y) while a mole
ule moving towards an observer will have a blueshifted line. The frequen
y ν of line emitted from a mole
ule moving with velo
ity vr in theline of sight is given by
∆ν = ν − ν0 = −(vr/c)ν0, (5.1)where ν0 is the rest frequen
y of the gas and c is the speed of light. Substituting in the Maxwell-Boltzmann distribution of parti
le speed in gases, this returns a unit Gaussian line shape su
hthat:

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 mole
ular mass of the mole
ule, c is the speed of light and ν0 is the line rest frequen
y.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�e
t of in
reasing line width with in
reasing pressure. Collisionalbroadening is another name for this e�e
t and is a more des
riptive term for the broadeningme
hanism. The line broadening me
hanism is similar to the natural line broadening in thatthe width of the line is determined by the time a mole
ule is in a given emission state. Thestate of the mole
ule is 
hanged due to 
ollisions or proximity to another mole
ule. The timebetween 
ollisions determines the extent of the line broadening. The sensitivity of a mole
ulartransition to 
ollision or proximity with other mole
ules depend on the property of the mole
ulesu
h as dipole moment and also the type of transition. The result of this is that ea
h mole
ulartransition has a unique pressure broadening variation. For further dis
ussion of this topi
 seeEmerson [30℄.Similar to the natural line width, the line pro�le resulting from pressure broadening is bestdes
ribed by a Lorentzian line pro�le su
h 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 publi
ation to publi
ation. The unit used in the HITRAN database[106℄ is
m−1/atm. For the model 
ode the unit of self broadening in 
hanged as MHz/mbar sin
e thefrequen
y unit is the unit of 
hoi
e 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 Opa
ity line broadeningUp to now the line broadening e�e
ts des
ribed were lo
al e�e
ts due to motion or intera
tionsof individual mole
ules. Opa
ity broadening is a non lo
al e�e
t and is due to the transmissionof the signal through the gas sample. This e�e
t of line broadening is also known as the Beer-Lambert law. The transmission of signal through a gas is a fun
tion of the 
olumn length and
an be des
ribed by the following fun
tion:

φν = e−αL (5.6)where L is the gas 
ell 
olumn length and α is the opa
ity of the gas sample is 
al
ulated fromthe Doppler, pressure broadening des
ribed in the previously se
tions in 
ombination with theline strength.
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5.3. SPECTRAL LINE MODEL GENERATION5.3 Spe
tral line model generationFrom the previous se
tion it is apparent that 3 broadening me
hanisms 
ause the line broadeningwe see in a gas 
ell spe
trum. Doppler broadening has a Gaussian pro�le the width of whi
h isa fun
tion of mole
ular mass, gas temperature and line frequen
y. The pressure broadening is aLorentzian pro�le whi
h is fun
tion of the gas pressure and the pressure broadening parameterfor the transition of interest. The opa
ity broadening is a fun
tion of the 
olumn length ofgas under observation. All these me
hanisms 
ombine together to produ
e a net line pro�le.In order to generate a model spe
tra we need to have a measure of the line intensity, linefrequen
y and the pressure broadening parameter whi
h we get from a 
ombination of the JPLline 
atalog[94℄ and HITRAN database[106℄. The JPL 
atalog is used for the line frequen
iesand intensities while the pressure broadening is taken from the HITRAN database.The steps undertaken to generate a model spe
trum are best illustrated through an example.For this example a 12CO spe
trum from band 2a is used. The band 2a dataset was sele
ted asan example as it has a balan
ed 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 numeri
al approximation developed byOlivero & Longbothum [85℄ and expanded upon by Liu et al. [73℄. A numeri
al approximationis used instead of a dire
t 
onvolution as this redu
es the 
omputation 
omplexity. For theCH3OH data it is envisaged using a �tting routine that will extra
t the pressure broadeningparamete, using a numeri
al approximation to generate the line pro�le redu
es the 
omputationtime 
onsiderably.The �rst step in generating a model double side band spe
trum is to determine whi
h linesare present in upper and lower sidebands. Ea
h gas 
ell spe
trum is taken at a given LOfrequen
y. Using the LO frequen
y in 
ombination with the line list a subset of lines whi
hfall inside the IF band of the mixer is generated. Ea
h line in this line list 
ontains the linefrequen
y, the IF frequen
y, the line intensity and the self broadening, γself , if its available. Forea
h spe
tral 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 frequen
y. For this example the observed data was takenat an LO frequen
y of 685.572 GHz, this pla
es the 691.473 GHz spe
tra line in the upper sideband at an IF frequen
y of 5.9 GHz.On
e the line list is generated and the IF frequen
y of ea
h line in the spe
trum is establisheda spe
tral pro�le is generated for ea
h line. The �rst step in this pro
ess is to 
al
ulate theDoppler and pressure broadening widths for the transitions using equations 5.3 and 5.5. Forthe Doppler broadening the mole
ule weight of the mole
ular must be 
al
ulated, for 12CO themole
ular mass is 27.994914u1 (12C is 12.0u, O is 15.994914u). For equation 5.3 the atomi
1u is the unit of atomi
 mass where 1u is is de�ned as one twelfth of the rest mass of an unbound atom of
arbon-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-se
ond 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 
al
ulation of the pressure broadening half width is less 
ompli
ated but requires some
are 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 
hoi
e. As des
ribed in equation 5.5 the pressure broadening pro�le is a fun
tionof 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 unit
hoi
e 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 fa
tor 1.0135 is the 
onversion from atm to bar (1atm = 1.0135bar), the fa
t 103 is to
onvert to mbar. The 106 fa
tor 
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 
al
ulated for Doppler broadening. A Voigt pro�le generatedfrom these 2 pro�les will be 
loser to a Lorentzian than a Gaussian pro�le.The numeri
al 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 dis
ussion of the Voigt pro�le and the following approximation. The �rst step ingenerating the equivalent Voigt pro�le is 
al
ulate the dimensionless weighing fun
tion, 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 fa
tors are used to generate the numeri
al approximation of theVoigt pro�le from a weighed sum of a Gaussian and Lorentzian fun
tions with an equivalenthalf width half maximum, δνV , whi
h is 
al
ulated 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 numeri
al 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 
al
ulated 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 
al
ulatedequivalent Voigt width, δνV , is 11.54 MHz whi
h is very 
lose to the pressure broadening widthof 11.44MHz. For this example the in
lusion of the Doppler width is not ne
essary, however forother gases the pressure is less dominant and also towards higher frequen
y the Doppler e�e
t
an be more pronoun
ed.From equation 5.12 we now have a unit area Voigt pro�le that des
ribes the line shape forthis transition. The next step is to s
ale 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 iss
aled so the area is equivalent to the integrated intensity from the JPL 
atalog [122℄.The Voigt pro�le is s
aled by the line 
enter absorption 
oe�
ient, αmax, whi
h is 
al
ulatedfrom the JPL line intensity. From Vastel [122℄, αmax, 
an be 
al
ulated from the line strength,
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5.3. SPECTRAL LINE MODEL GENERATION
H , and the density of the gas, n (P/(kT)), su
h that

αmax(
m−1) = H(
m2)× n(
m−3). (5.13)The line strength H 
an be written as a fun
tion of the line integrated intensity, Iba and the
ross se
tion of the Voigt pro�le des
ribed in equation 5.12 su
h 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 spe
tra isdes
ribed 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. Thefa
tor 10−14 is introdu
ed to 
onvert the JPL integrated intensity units from nm2 to 
m2 units.The fa
tor of 106 is in
luded to 
onvert the pressure to ergs whi
h is 
ompatible with unitsused in the Boltzmann 
onstant. The units of intensity for the above pro�le is 
m−1. For ea
hspe
tral line the pro
ess is repeated and added to a global model of upper and lower side band.On
e a line pro�le has been generated for ea
h spe
tral line and a model of the upper andlower side band is �nished, the next step in the 
reation of a gas 
ell spe
tral line pro�le is theappli
ation of the opa
ity e�e
t of the gas 
olumn length. This e�e
t was des
ribed in equation5.6. As des
ribed in the previous 
hapter the opti
al path through the gas 
ell is 102.54
m.The opa
ity is 
al
ulated using the following equation:

I(ν − ν0) = exp(−αline(ν − ν0) × L). (5.18)The resulting model spe
tra is shown in �gure 5.1. The 12CO line is saturated at this pressure179



5.3. SPECTRAL LINE MODEL GENERATION
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tra for 12CO line observed in band 6a atan LO frequen
y of 685.572 GHz. The side bands are highlighted in grey. No line is seen inthe lower side band.and one 
an see at the line peak that the single side band opa
ity is at 1. The �nal step is to
onvert the single side band transmission spe
tra shown into a double side band spe
tra. Thisis where the normalized side band ratio quantity, Gssb, is introdu
ed. The �nal transmissionspe
tra is as follows:
Idsb = Ilsb(ν − ν0) × (1 − Gssb) + Iusb(ν − ν0) × (Gssb). (5.19)For the appli
ation of the side band ratio the side band intensity is inverted so that the 
ontin-uum is at 0 and the line peak at 1. The side band gain ratio, Gssb, 
an then be applied dire
tly.Care must be taken when adding the lower side band and upper side band intensities together.It should be remembered that LSB is folded onto the USB spe
trum. So a frequen
y 
hannelat 4000 MHz in the USB is added to a frequen
y 
hannel at -4000 MHz in the LSB. In thisexample it's not important sin
e there is no line emission in the lower side band, none the less
are must be taken when 
ombining the 2 side bands and applying the side band gain ratios.At this stage in the analysis a double side band spe
trum is generated whi
h 
an be 
omparedwith the observed data. Figure 5.2 shows a 
omparison between a model spe
trum generatedusing the methods des
ribed here. For this example an LO frequen
y was 
hosen where mixergain was equal for both side bands, Gssb = 0.5. Hen
e the line peak intensity is 0.5. Theresidual between the model and the data is plotted in bla
k. From this one 
an see that the �tis ex
ellent ex
ept for the line peak where a slight double dip is seen. This 
ould be indi
ativeof some un
ertainty in the measured gas 
ell pressure. The residual however does show theability of the methods des
ribed here to model a gas 
ell spe
trum.Figure 5.3 provides an overview of the pro
ess of generating a double side band spe
tralline model starting from a mole
ule line list, the LO frequen
y and the gas 
ell properties and
onditions during the observation. Using this pro
ess it is possible to extra
t the side bandratio. By leaving Gssb as free variable in equation 5.18 the model data 
an be �tted to themeasured data. In the example shown the data is not �tted and a balan
ed side band gain is180



5.3. SPECTRAL LINE MODEL GENERATION
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Figure 5.2: Double side band model spe
trum for a 12CO gas 
ell observation at a gas 
ellpressure of 5.54mbar. Spe
trum was taken at an LO frequen
y 865.572 GHz. The residualbetween the model and observed data is shown in bla
k with an o�set of 1.05.assumed. The next se
tion presents the extra
tion of the side band ratio using the spe
tral linemodeling approa
h on various gases measured during the test 
ampaign.
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5.3. SPECTRAL LINE MODEL GENERATION
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√
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√
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√
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Figure 5.3: Pro
ess of generating double side band spe
tral line model.
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5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULES5.4 Side band ratio extra
tion: simple mole
ules5.4.1 Introdu
tionIn this se
tion the extra
tion of the side band ratio is des
ribed. By 
omparing a modelspe
trum to the measured spe
trum it is possible to determine the side band ratio. The useof a model allows additional non saturated lines to be in
luded in the analysis. This se
tiondes
ribes the analysis of 4 simple mole
ules 12CO,13CO, OCS and H2O. Ea
h of these mole
uleshave 
omplete line lists available through the JPL and HITRAN spe
tros
opy 
atalogs.The 
ode used to generate the spe
tral line model is given in Appendix A. The 
ode pre-sented is the 
ore of the gas 
ell model s
ript a number of an
illary s
ripts for importing thegas 
ell data and importing the JPL and HITRAN databases are not in
luded in the appendixbut are referred to the the gas 
ell 
ode. The 
ode is written as a python 
lass whi
h in-tera
ts with the �tting routines available in the HCSS software. Within the 
ode there are3 variants of the model generation. One version is the generateLineModelSBR whi
h 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 un
ertainty in the measured gas 
ell pressure the most 
ommonly used rou-tine is the generateLineModelSBRPressure fun
tion. 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 mole
ules dis
ussed in this se
tion have pressure broadeningparameters, γself , available for ea
h transition. However for more 
omplex mole
ules su
h asCH3OH, γself data is not available and hen
e for this data the γself variable is �tted using thegenerateLineModelPSelfSBR. In this fun
tion both the pressure broadening and normalizedside band ratio are �tted while the gas 
ell pressure is taken as the measured pressure. Anadditional fun
tion is available, generateLineModelPSelf, whi
h �ts the pressure broadeningonly. This is useful for 
he
king the published γself against the measured γself .5.4.2 12CO, 13COSe
tion 5.3 demonstrated the generation of a double side spe
tral line model using the gas
ell properties and line parameters taken from the JPL and HITRAN spe
tros
opy database.Figure 5.2 showed a 
omparison between a model and the measured 12CO spe
trum in band2a showing good agreement. This example data was 
hosen as the mixer side band gain wasbalan
ed for this LO frequen
y. This provided a good test 
ase for an ideal mixer gain s
enario.
12CO was also 
hosen as a test 
ase as the line frequen
y intensities and pressure broadeningparameters were well known for the lines observed in the gas 
ell 
ampaign. For the CO analysisthe line frequen
ies were taken from the JPL 
atalog whi
h based its line list on the work ofGoorvit
h & Cha
kerian [38℄ (line intensities) and Winnewisser et al. [127℄ (line frequen
ies).The JPL 
atalog does not supply the pressure broadening parameters and they were taken from183



5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULES

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 3500  4000  4500  5000  5500  6000  6500  7000  7500  8000  8500

T
ra

ns
m

is
si

on

IF Frequency (MHz)

measured data
model, Gssb = 0.546
model, Gssb = 0.500

residual + 1.05
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1

5600 5700

Figure 5.4: Double side band model spe
tra for a 12CO gas 
ell observation at a gas 
ell pressureof 5.54mbar. Spe
trum was taken at an LO frequen
y 570.6 GHz. The model spe
tra for sideband gain balan
ed state is shown in green (Gssb =0.5). The �tted pro�le with a side bandratio of 0.546 is plotted in red. The residual to the �tted data is shown in bla
k with an o�set.the HITRAN database whi
h took the data from the work of Brault et al. [9℄.Figure 5.4 shows an example of a model spe
trum when the side band ratio, Gssb, is allowedto vary. The �tted value is 
al
ulated as 0.546. Hen
e for this IF frequen
y at this LO frequen
ythe upper side band intensity is 54.6% of the total double side band intensity. The model spe
trafor a gain balan
ed mixer (Gssb = 0.5) is also plotted for 
omparison. For this example onlythe region around the line is in
luded in the �tting routine whi
h improves the 
omputationspeed and quality of the �nal �t as opposed to in
luding the whole 4GHz IF band whi
h 
antake longer to rea
h a solution.The residual between the model and �t provide a useful �lter property for qui
kly deter-mining the quality of the �t. For ea
h �t the mean and standard deviation of the residual arere
orded. Figure 5.5 shows an overview of the mean residual for all 12CO spe
tra �tted in band1b where the error bars are the standard deviation of the residual. From this plot one 
an seeoutlier points for the H mixer. The 
orresponding model �t for spe
trum number 50 is shownin �gure 5.6. From the plot one 
an see that the spe
tral line frequen
y doesn't 
orrespondto the model frequen
y. The V mixer spe
trum taken at the same time is shown in �gure 5.4whi
h shows no frequen
y disparity.On �rst inspe
tion it seems that the 
ommanded and a
tual LO frequen
y are not the same.However the V mixer spe
trum has the spe
tral line at the 
orre
t IF position while the H mixerdoes not. The sour
e of this problem was eventually tra
ked to the frequen
y 
alibration of thespe
trometer. The WBS spe
trometer uses a lo
al signal sour
e 
alled the 
omb whi
h is usedto 
alibrated the CCD 
hannel 
orresponding frequen
y. For this example the 
omb was notgenerated for the H mixer but was generated for the V mixer. The pipeline still generated databut with a default frequen
y 
alibration. At the time of the gas 
ell observation the level 0184
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Figure 5.5: Mean of model residual for all 12CO spe
tra taken in band 1b. The error bar is thestandard deviation of the model residual. Note the outlier for the H mixer at 4th, 49th and50th spe
tra.
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5600 5700Figure 5.6: Model �t with high residual due to a frequen
y 
alibration error due to missingWBS-H ba
kend 
omb.pipeline was still at an early stage of development and not programmed to �ag poor frequen
y
alibration. The pipeline has sin
e been updated to �ag su
h behaviour.The same pro
edure of model generation is repeated for all 12CO and 13CO spe
tra takenduring the gas 
ell 
ampaign and the results re
orded. Using the �t residual in 
ombinationwith the baseline quality and noise provide useful properties to �lter the data. The results aresummarized at the end of this se
tion following a des
ription of the OCS and H2O analysis.5.4.3 OCSThe OCS analysis follows a similar pro
ess to the CO analysis dis
ussed previously. The linefrequen
ies and intensities are taken from the JPL 
atalog. The line frequen
ies are sour
ed fromthe work of Dubrulle et al. [28℄ while the dipole moment was taken from Reinartz & Dymanus185
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Figure 5.7: OCS spe
trum observed at 636.444 GHz showing a large side band ratio imbalan
e.Ea
h line is �tted individually and the parameters of ea
h �t are given beside the model.[103℄. The self broadening parameter was taken from the work of Koshelev & Tretyakov [67℄.The HITRAN database provides another similar set of pressure broadening parameters but theKoshelev & Tretyakov [67℄ work was more up to date.The �tting pro
edure is similar to the CO pro
edure dis
ussed in the previous se
tion.However OCS has 2 spe
tral lines in the IF band. Initial �tting e�orts tried to �t the sideband ratio for both lines simultaneously. Whereby a spe
tral line model of the entire IF bandwas generated and the a model of the side band ratio a
ross the IF band was �tted. Withthis approa
h the side band ratio was assumed to vary linearly a
ross the IF band. Thisapproa
h was very rigid and a good �t, parti
ularly towards the band edges, was di�
ult.The �nal approa
h was to model ea
h spe
tral line separately and �t the side band ratio forea
h line individually. Additionally, the gas 
ell pressure was left as a free variable and thegenerateLineModelSBRPressure �tting pro
edure in the gas 
ell 
ode was used. For theCO analysis the pressure was left as that measured in the gas 
ell. However for OCS theresulting �t was poor and failed to properly �t the line peak therefore produ
ing a poor sideband ratio measurement. Leaving the gas 
ell pressure free to vary ± 20% of the measuredpressure produ
ed a better �t. The resulting �tted pressure doesn't vary more than 5% fromthe measured gas 
ell pressure. The deviation for OCS may be indi
ative of un
ertainty in thepublished pressure broadening as opposed to a measurement error in the gas 
ell pressure.Figure 5.7 shows an example of an OCS line �t. A region ± 300 MHz around ea
h lineis extra
ted and a line model is generated. The �t parameters are given beside ea
h spe
tralline along with the sky frequen
y of the observed line. From this one 
an see that the spe
tralline at the lower IF frequen
ies is observed in the lower side band while the line in the higher186
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Figure 5.8: OCS spe
trum observed at 660.681 GHz showing pe
uliar line pro�le and extremeside band ratio behaviour.IF frequen
ies is observed in the upper side band. The �tted side band ratios shows that theupper side band gain is larger than the lower side band gain (Gssb > 0.5). The advantage ofOCS is that 2 simultaneous measurements of the side band ratio are taken at 2 di�erent partsof the IF band. From this one 
an extra
t the slope of the side band ratio a
ross the IF band.In this example a signi�
ant slope 
an be seen in the side band ratio variation a
ross the IFband, the side band gain at an IF frequen
y of 4.6 GHz is 0.615 while at higher IF frequen
ies(7.45GHz) it is 0.681. This is 10% variation a
ross the IF band. The is an extreme example andis 
onsistent with the FTS model side band gain ratio generated at similar frequen
ies towardsthe band edge in �gure 2.16(a) on page 36.Figure 5.8 shows a line �t to a pe
uliar OCS line pro�le. This example was shown previouslyin �gure 4.39 on page 163. In this example the side band ratio goes from an upper side banddominated region (Gssb > 0.5) to a lower side band dominated region (Gssb < 0.5) over 3 GHz ofthe IF band. This variation is not feasible and was not predi
ted by the side band ratio modelin se
tion 2.3.2.2. It was hoped that the spe
tral line model approa
h 
ould re
over the sideband ratio as it �ts the line wings as well as the line peak giving a better measure of the sideband ratio. However the extreme variations are still evident with a Gssb value of 0.484 seen inthe lower IF band and 0.528 seen at the higher IF band frequen
ies. The sour
e of this skewedside band ratio variation is the pointed line pro�le seen in the lower side band line pro�le. Thisis evident in the residual between the model and measured line pro�le. The upper IF frequen
yline appears the more 
redible side band ratio measure. As with the previous analysis in se
tion4.4 spe
tral lines exhibiting this behaviour are not in
luded in the side band ratio measurement.One of the useful traits of the spe
tral line model approa
h is that the residual between the187



5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESmeasured and model spe
trum provides a useful �ag for the extreme spe
tral lines dis
ussedhere.The analysis up to now has 
on
entrated on the saturated lines of CO and OCS. The originalmotivation to develop a spe
tral line model of the gas in the gas 
ell was to extra
t 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 hen
e were notin
luded in the saturated line analysis des
ribed in 
hapter 4.The extra
tion of the side band ratio for a non saturated line follows the same pro
edureas that des
ribed in the previous se
tions. 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 a

eptable limits. The Pgas quotedin the following �gures are the best guest pressure. More detrimental to the extra
tion 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 be
omes more apparent whenobserving 2 spe
tral 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 notexpe
ted from the FTS measurements. This behaviour is indi
ative of a diplexer mistuning. Adiplexer mistuning o

urs when the di�eren
e in length between the 2 arms of the diplexer isnot 
orre
t for the LO frequen
y being observed, this results in a mismat
h between the upperand lower side band gain leading to a large slope in the side band gain ratio, see se
tion 2.3.2.3on page 38 for further dis
ussion.Figure 5.10 shows the side band ratios determined for bands 2-4 using the line model ap-proa
h. From this one 
an see that in band 2 the side band ratios measured for the upperand lower side at the same LO frequen
ies are roughly 
onsistent. The di�eren
e between the2 measurements indi
ating a slope in the side band ratio a
ross 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 predi
ted 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 dis
arded.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 inspe
tion is was thought that the line intensity or pressure broadening parameterswere in
orre
t, 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 o

ur in 12CO data taken inband 3b. As shown in �gure 4.19(
) on page 139, it is possible to 
orre
t the spe
tral line data188
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Figure 5.9: OCS spe
trum observed at 817.854 GHz showing a large di�eren
e in side bandratio between measurement from the upper side band and lower side band. This extreme isdue to a diplexer mistuning during this phase of the gas 
ell tests. The line pro�le for a sideband gain balan
ed mixer is shown in green.by estimating the degree of diplexer mistuning.For the 12CO data multiple observations were taken at di�erent LO frequen
ies tra
king theline a
ross the IF band. By plotting the �tted side band gain ratio against the IF frequen
y ofthe line it was possible to �t a diplexer gain model and from that extra
t the diplexer tuningerror. A similar pro
edure is followed for the OCS data. For OCS there are 2 measurements of
Gssb at opposite ends of the IF band so the diplexer mistuning 
an be determined for ea
h LOfrequen
y and doesn't require multiple LO frequen
y observations like the 12CO data. Figure5.11 shows some examples of the OCS diplexer �tting pro
edure for band 3. The 12CO datadata from band 3b is also shown along with 12CO data from band 3a. The band 3a data showedno eviden
e of diplexer mistuning and is repeated here for 
omparison. The side band ratiosextra
ted from the data in �gure 5.9 are shown in the top left �gure.The �tting pro
edure has 2 free variables, the diplexer mistuning, ∆dip, and the mean sideband ratio, Gssb,fit. From the dis
ussion in se
tion 2.3.2.3 on page 38 it was shown that whilea diplexer mistuning has a detrimental e�e
t on the gain towards the band edges the 
entralIF frequen
y is not e�e
ted. So a line pla
ed at the IF band 
enter would be representativeof the RF side band gain and not be a�e
ted by a mistuned diplexer. As we saw in the 12COthe diplexer gain 
urve was superimposed on the mixer RF side band ratio, the o�set for thediplexer model was then taken as the side band ratio. The same pro
edure is followed here.The dashed line in �gure 5.11 represents this mean o�set and is taken as a 
orre
ted measureof the mean side band ratio at that LO frequen
y.The data presented in �gure 5.11 is taken from the V mixer. As shown with 13CO (see189
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Figure 5.11: Extra
ting diplexer misalignment from OCS data in band 3a
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(b) H mixer mistuningFigure 5.12: Diplexer mistuning extra
ted from OCS and 12CO data.�gure 4.28 on page 150) and CH3CN observations (see �gure 4.43 on page 166) the H mixer ismore e�e
ted by standing waves whi
h introdu
es added un
ertainty in determining the degreeof diplexer mistuning. The one outstanding point garnered from �gure 5.11 is that the diplexermistuning is not the same for all LO frequen
y settings and shows there is some trend betweendiplexer mistuning and LO frequen
y.Figure 5.12 provides an overview of the degree of diplexer mistuning vs LO frequen
y. OnlyOCS and 12CO data are plotted as these were the only data sets from whi
h the diplexermistuning 
ould be 
al
ulated. On �rst inspe
tion it appears that there is a large dis
repan
yin diplexer mistuning seen between the 2 gases. Only the 3b 12CO data shows eviden
e of adiplexer mistuning. The other 12CO observations in bands 3a and 4a show s
atter 
onsistentwith the standing wave modulation but no eviden
e of a gain slope a
ross the IF band. TheOCS data on the other hand shows some degree of diplexer mistuning for all observations.Both sets of data were taken within 7 hours of ea
h other on the 3rd of May 2007 so the samediplexer look up table was used for both sets of observations. The question remains why is theOCS diplexer settings so extreme? Perhaps the method of generating the line pro�le for OCSwas wrong?Fortunately there was one 12CO observation whi
h appears to be taken with the samediplexer settings as the OCS data. This 12CO observation was mentioned previously in thesaturated line analysis of 
hapter 4. Figure 4.19(a) on page 139 shows the observation inquestion. 2 observations were taken of 12CO at an LO frequen
y of 926.05 GHz with di�erentdiplexer settings. In the saturated line analysis the observation with the extreme side bandratio was dis
arded however this observation now appears 
onsistent with the diplexer settingobserved in the OCS data. From this single 12CO observation it is possible to estimate the levelof diplexer mistuning albeit with some error as more than 2 points are needed to a

uratelyestablish the gain slope a
ross the IF. For this example the mixer is assumed to be side band gainbalan
ed and hen
e has a gain of 0.5 at the band 
enter. Based on this assumption a diplexer192
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OCS (corrected)(d) band 4, V mixerFigure 5.13: Side band gain ratio data from OCS and 12CO before and after 
orre
tion fordiplexer gain slope in bands 3 and 4mistuning 
an be determined for the outlier 12CO observation. The diplexer mistuning is plottedin �gure 5.12 as a blue 
ir
le whi
h is 
onsistent for both the H and V diplexer mistuningmeasured from OCS. This supports the thesis that in fa
t 2 di�erent diplexer models were usedto set the diplexer for the majority of 12CO observations and the OCS data. For only oneobservation was the same diplexer setting used for both gases. What 
aused this 
hange indiplexer settings requires further investigation.Now the integrity of the OCS measurements and diplexer mistuning has been established,the results in �gure 5.12 are quite alarming. The �rst eviden
e of diplexer misalignment wasseen in the saturated 12CO 3b data. From this a diplexer IF gain slope was generated withwhi
h it was assumed all data taken in the band 
ould be 
orre
ted, see Jellema [50℄ forfurther dis
ussion. However from the OCS data it is apparent that the diplexer mistuning isLO frequen
y dependent. Unless the mistuning is known for a given LO frequen
y applyinga �xed diplexer mistuning tuning would further 
orrupt the data. The sour
e of this LO193
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-40.0µmFigure 5.14: Model OCS spe
tra at a gas 
ell pressure of 40mbar at an LO frequen
y of 817.854GHz showing the e�e
t of diplexer mistuning on the line strength of an upper and lower sideband spe
tral line. The gas 
ell pressure is in
reased for the model to highlight the e�e
t ofdiplexer misalignment on the line intensity.frequen
y dependen
e is a 
on
ern and may indi
ate that the basis of the diplexer model isin
orre
t. Flight tests have shown that there is no eviden
e of diplexer mistuning and perhapsthis frequen
y dependen
e is an artifa
t of the ILT set up.While it may not be possible to 
orre
t all diplexer band data with a 
ommon diplexermistuning it is possible to 
orre
t data where the diplexer mistuning is known. Figure 5.13shows a 
omparison of before and after 
orre
tion of the data for side band ratio for OCS and

12CO data where the diplexer mistuning is known. For the OCS data the plotted side bandratio is the average of the 2 
orre
ted points. The data is reasonably 
onsistent however thereis still a large degree of un
ertainty in the diplexer bands due to the standing wave e�e
ts.As stated previously OCS is a useful gas for 
alibration. The regular o

urren
e of spe
trallines every 12GHz provides a useful probe of the instrument behaviour. However OCS in
ombination with a diplexer mistuning presents an interesting problem. In the previous OCSanalysis for bands 1 and 2, when the 2 OCS spe
tral lines had a similar line peak intensity thiswas indi
ative of balan
ed side band gain ratio. Figure 4.35 on page 159 shows an example ofa balan
ed side band gain in band 2 showing similar peak intensity for the upper and lowerline. For the diplexer band this approa
h wasn't su�
ient. The diplexer mistuning had thee�e
t of de
reasing or in
reasing the line intensity of both spe
tral lines equally. The IF gainpro�le introdu
ed by the diplexer mistuning is symmetri
 about the 
enter of the IF band soa spe
tral line in the upper side band would have an in
reased gain in the lower part of theIF band and de
reased towards the lower part of the IF band. When 2 lines are observed inboth the upper and lower side band su
h as OCS, the diplexer mistuning has an equal e�e
t onboth spe
tral lines. This results in the 2 lines having the same relative intensity but in
orre
tabsolute intensity. 194



5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESFigure 5.14 shows an example of a OCS model DSB spe
trum at an LO frequen
y 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 typi
al OCS gas 
ell spe
tra was observed at apressure of 2mbar. From the model one 
an see that the line intensity is in
reased or de
reasedequally for both spe
tral lines depending on the extent of mistuning. This e�e
t is de
eivingand on �rst impression appears like the side band gain ratio is balan
ed while in fa
t thereis a large slope a
ross the IF band. This LO frequen
y 
orresponds to the observation shownin �gure 5.9 on page 189, whi
h spurred the diplexer mistuning investigation. The spe
trumshown in �gure 5.14 is at the same LO frequen
y and from this one we see that the only viableexplanation for the de
reased 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 spe
tral line model approa
h a newset of measurements were in
luded in the side band ratio analysis whi
h was not possible usingonly saturated spe
tral lines. The side band ratios returned from the non saturated lines are
lose to 0.5 whi
h shows that method of using a spe
tral 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 s
ien
e goal of the HIFI instrument. An a

uratepi
ture of the side band gain ratio around the important water lines is key to returning a

uratemeasurement of water emission in the interstellar medium. Water was observed in the latterstages of the gas 
ell 
ampaign and this is re�e
ted 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 ne
essary. However the 
omparison between data and model helps shednew light on some 
alibration problems.As with the previous mole
ules a

urate knowledge of the line intensities, frequen
y andpressure broadening parameters is 
ru
ial to developing an a

urate model spe
trum and ex-tra
ting the instrument response. The line data is again taken from a 
ombination of the JPL
atalog and the HITRAN 
atalog. The line frequen
ies taken from the JPL 
atalog are basedon the work of Pi
kett et al. [96℄ while the line intensities are based on the 
al
ulations 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 frequen
y of 563.436 GHzat a gas 
ell pressure of 2.23. From this one 
an see that the spe
tral line is saturated. Themodel shows ex
ellent agreement with the observed data. The side band ratio is 
al
ulatedto 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 spe
tral line o

urs when the gas 
ell is not195
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y of 627.201 GHz and a gas 
ell pressure of 2.21mbar with the model spe
trum over plotted. This spe
tral line is not saturated.
ompletely emptied during the empty phase of the gas 
ell observation. As water is a strongemitter at these frequen
ies even at low pressure water vapor 
an have signi�
ant emission.Figure 5.16 shows an example of a spe
tral line that is not saturated. Hen
e, this spe
tralline was not in
luded in the analysis of 
hapter 4. The residual between the model and thedata is interesting. This type of residual indi
ates that there is a frequen
y disparity betweenthe model and the observed spe
trum. The sour
e of this disparity 
ould be from the 
atalogdata or perhaps there was a di�eren
e between the 
ommanded and a
tual LO setting. Barthis the �t is a

urate and was not dis
arded.The H2O data in band 2b is of similar quality to the data already presented for band 1 andthere is ex
ellent agreement with the model spe
trum. The data in bands 3 and 4 however areproblemati
 and it appears that even at the latter stages of the gas 
ell 
ampaign the diplexerwas mistuned. All the H2O lines observed in bands 3 & 4 were taken at the same IF frequen
y196
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residual + 1.05Figure 5.17: H2O observed at an LO frequen
y of 1090.863 GHz and a gas 
ell pressure of 2.31mbar with the model spe
trum over plotted. There is noti
eably slope on the saturated peakof line indi
ating a slope a
ross the IF band 
onsistent with a diplexer mistuningand the line wasn't tra
ked a
ross the IF like some of the 12CO. It is then hard to establish thedegree of diplexer mistuning present. However for some saturated spe
tral lines with a largeregion of saturation su
h as in �gure 5.17 it is possible to see a large slope in the �at peakregion. This topi
 was dis
ussed previously in se
tion 4.4.5 with some examples shown in �gure4.33 on page 156. This was originally thought to be a standing wave e�e
t on the line pro�lehowever following the analysis of the OCS data it is apparent that the diplexer IF gain slopeis the lightly sour
e of the distortion. The OCS model spe
tra shown in �gure 5.14 also showseviden
e of this slanting of the saturated peak region due to the diplexer IF gain slope.It is possible however to extra
t the diplexer mistuning for lines with large saturated regions.By extra
ting the saturated region and 
omparing the slope to various diplexer mistuning gainslopes it is possible to determine the level of mistuning. This is similar to the pro
ess used todetermine the diplexer mistuning for OCS where there were 2 side band gain measurements atthe IF band edges. For this example we have multiple measurements over a short frequen
yrange. Figure 5.18 shows some examples of the diplexer mistuning extra
tion for H2O obser-vations in band 4. Care must be taken to apply the 
orre
t gain to the 
orre
t side band. Nolarge saturated lines were observed in band 3.The H2O spe
tral line at 987.9 GHz was observed in both the upper and lower side bandat the same IF frequen
ies and provides a useful example of the di�eren
e in slopes introdu
edby the diplexer IF gain depending on the side band. One would expe
t that if the diplexer IFgain shape is the same for both observations that the slope on the line peak when observed inthe upper side band would be in the opposite dire
tion in the lower side band (see �gure 5.14for example), this is indeed what we see for the H mixer observations at the LO frequen
ies of981.4 and 994.4 GHz (2 �gures in upper left 
orner of �gure 5.18). However the spe
tral lineslope of the V mixer is not 
onsistent between the 2 observations and suggests that the diplexer197
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Figure 5.18: Extra
tion of diplexer mistuning from saturated H2O data. H mixer spe
tra areshown on the left hand side while the 
orresponding V mixer spe
tra are shown on the rightright side. 198
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e in LO frequen
ybetween the 2 spe
tra.The diplexer mistuning has been determined for four LO frequen
ies using the methodsshown in �gure 5.18. Figure 5.19 shows a 
omparison between the H2O determined diplexermistuning and those determined earlier for OCS and CO observations. It should be notedthat the diplexer look up table 
hanged between the 12CO, OCS observations and the H2Oobservations. Hen
e the variation in measured mistuning. The H2O data does however providefurther eviden
e of a frequen
y dependent diplexer mistuning.Figure 5.20 shows the side band gain determined for the H2O line observed in band 4. Thelines with a saturated line peak have being 
orre
ted by �tting the saturated plateau with adiplexer IF gain slope model. Using the determined diplexer mistuning it is possible to 
orre
tthese spe
tral lines for the diplexer mistuning gain e�e
t. Unfortunately the degree of s
atterappears to in
rease for the 
orre
ted data. This is perhaps unveiling underlying stru
ture inthe side band ratio however this data should be viewed in the 
ontext of the other gases inorder to draw any 
on
lusions. 199
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ted for H2O in the HEB bandsThe spe
tral line model approa
h to side band ratio extra
tion introdu
es a number ofadditional non-saturated lines to the analysis in the HEB bands. The H2O observing strategyshows some extra sophisti
ation to the approa
h used for 12CO and 13CO. Numerous spe
trallines are observed in both the upper and lower side band at the same IF frequen
ies. This is auseful exer
ise and ideally we should see the same side band ratio in both the upper and lowerside band. From the FTS data the side band ratio gradient is expe
ted to be the less severe inbands 6 & 7. Unfortunately the extra
ted side band ratios are not 
onsistent with the expe
tedvariation and large di�eren
es are seen for the side band ratio measured with same line observedin the upper and lower side bands. This appears to be the pattern for all observations wherethe line is observed in the upper and lower side band. This 
ould be eviden
e of a diplexermistuning in bands 6 & 7 similar to band 3 and 4. Eviden
e of a possible diplexer mistuningin the HEB bands was seen in 12CO data taken at multiple IF frequen
ies, see �gure 4.26 onpage 147. 200



5.4. SIDE BAND RATIO EXTRACTION: SIMPLE MOLECULESFigure 5.21 shows the extra
ted 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. One
an see that there is a large s
atter 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 spe
tral 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 spe
tral line observed in the upper and lowerside band. The H2O spe
tral line is at 1762.043 GHz. The spe
trum with the line in the lowerside band is shown in �gure 5.22(a) where the LO frequen
y is set at 1758.146 GHz pla
ing thespe
tral line at an IF frequen
y of 3.897 GHz. Figure 5.22(b) shows the same spe
tral line inthe upper side band here the LO frequen
y is 1765.942 GHz and the spe
tral line is observedat an IF frequen
y of 3.899Ghz. If the only e�e
t on the side band ratio was the RF mixer gainone would expe
t that the side band ratio observed for the spe
tral line in the upper side bandwould be very similar to that observed when the spe
tral line is in the lower side band giventhere is a relatively small frequen
y gap of 7.8 GHz between the 2 LO frequen
ies. For exampleif we take the upper side band observation as 
orre
t with a line peak of 0.56 and assume theside band gain ratio doesn't 
hange between observation one would expe
t 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 spe
tral 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 dire
tion for the upper side band observation and in thenegative dire
tion for the lower side band. This may be feasible for one pair of LO frequen
iesbut doesn't seem likely for the multiple observations whi
h show this e�e
t. Furthermore, themodeled spe
tra show signi�
ant slopes in the saturated line peak whi
h 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 extra
ted for the H andV mixer mixers using the spe
tral line model approa
h. Using this approa
h a number ofadditional spe
tral lines are in
luded 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 dis
overed through 12CO observations in band 3b. From the OCS data itwas possible to determine the degree of diplexer mistuning. This was shown to be frequen
ydependent. Originally it was thought the diplexer mistuning would have a �xed o�set for all LOfrequen
ies in a given band however this wasn't the 
ase. The H2O data was also seen to havediplexer mistuning e�e
ts. By analyzing the slope of the saturated peak plateau it was possibleto extra
t the degree of diplexer mistuning present. Again the degree of diplexer mistuningwas shown to be frequen
y dependent. The out
ome of the diplexer investigation has profounde�e
ts for the 
alibration a

ura
y of band 3 & 4 diplexer gas 
ell data as a global o�set willnot be su�
ient to 
orre
t the data. More data is needed to investigate the diplexer mistuningproblem. The frequen
y dependen
e of the diplexer mistuning may also have profound e�e
tsas to how the diplexer model is generated. It should be noted that no eviden
e 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 s
atter even with the spe
tral model approa
h. Thedata quality is quite poor and a signi�
ant portion of data had to be dis
arded. Even when thedata is of good quality there 
an still be a large degree of s
atter in line peak intensity betweenobservations taken at the same LO frequen
y subsequent to ea
h other. Further work is neededin the HEB bands parti
ularly for the H2O analysis whi
h showed an interesting variation inside band ratio whi
h 
ould possibly be due to a diplexer mistuning.Even with the in
lusion of the non saturated spe
tral lines a large part of the HIFI frequen
yrange remains unsampled. The in
lusion of methanol in the determination of side band ratiomay help �ll in the gaps in the side band ratio 
overage. This is parti
ularly appli
able in thebeamsplitter SIS bands (1,2,5) where the simple mole
ule analysis provides a solid measure ofthe side band ratios at parti
ular frequen
ies. Using the side band ratios 
al
ulated 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 thela
k of pressure broadening available 
urrently for this mole
ule. The next se
tion will dis
ussthe extra
tion of the pressure broadening parameter from methanol and the determination ofthe side band ratio for a small portion of the HIFI frequen
y range.
203
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5.5. CH3OH ANALYSIS5.5 CH3OH analysis5.5.1 Introdu
tionMethanol spe
tra a

ount for 80% of the total spe
tra taken during the gas 
ell 
ampaign.The extensive observation of methanol in the gas 
ell was primarily intended as a test data setfor the de
onvolution algorithm. The observation of methanol has a number of an
illary usesfor HIFI 
alibration also. Methanol is the only gas observed during the test 
ampaign whi
hprovides spe
tral lines at all frequen
y settings. Ea
h spe
trum provides a snap shot of theinstrument behaviour at a given frequen
y. The rigorous analysis of ea
h frequen
y setting ishuge amount of work. The best approa
h is to use the simpler mole
ules as starting point forthe analysis and expand from there. For example, the LO spur in band 5b observed in 12COspe
trum (see �gure 4.11 on page 126) is also apparent in the methanol spe
trum observed atthis frequen
y (see �gure 4.12).The analysis of the entire methanol dataset is beyond the s
ope of this thesis, the dis
ussionwill follow a similar pattern to the 5b spur investigation and fo
us on areas of interest un
overedin the simple mole
ule analysis summarized in �gures 5.23 and 5.24. The analysis of methanolin this thesis will fo
us 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 approa
h to that of OCS. Ea
h spe
tralline will be modeled individually. Only lines that are not blended with other spe
tral linesare in
luded in the analysis. One of the disadvantages of the methanol is that the pressurebroadening terms are not available. These values will be extra
ted from the data using thegenerateLineModelPSelfSBR fun
tion of the gas 
ell line �tting 
ode des
ribed in appendixA. The analysis presented here is of spe
tros
opi
 importan
e and is the �rst time su
h anextensive analysis of methanol has been undertaken over this frequen
y range.5.5.2 Testing the de
onvolution algorithmThe de
onvolution algorithm is a key 
omponent in the pro
essing of HIFI data parti
ularly forline ri
h sour
es su
h as Orion KL[6, 19℄. As HIFI observes a double side band spe
trum, spe
-tral lines from the upper and lower side band are seen in the �nal spe
trum. The de
onvolutionalgorithm is based on the property of double side band spe
trum that as the LO frequen
y is
hanged spe
tral lines from the upper and lower side band move the same amount in oppositedire
tions on the IF band. Using this property it is possible to re
onstru
t the singe side bandspe
trum from the double side band spe
tra. However multiple LO frequen
y observations ofthe same spe
tral line are needed (spe
tral s
ans) to de
onvolve the upper and lower side bandsfrom the double side band spe
trum. The algorithm and its appli
ation to di�erent observationmodes is des
ribed in detail in Comito & S
hilke [20℄.A number of parameters exist within the de
onvolution algorithm su
h as the number of206
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onvolved Methanol spe
trum between 500.599 GHz and 452.0 GHz[18℄frequen
y steps (also known as the redundan
y) whi
h require testing. The methanol data wasenvisaged to provide a test ground to optimize the level of redundan
y and also to develop theHCSS routines required. The original de
onvolution algorithm was written in Fortran and the
ommonly used sub-mm astronomy software CLASS. All methanol spe
tra observed in the gas
ell followed a similar routine and data was taken in frequen
y steps of 1GHz. Unfortunatelythe de
onvolution algorithm needed a 
ertain amount of s
atter in the frequen
y stepping of theLO to avoid 
ontinuum platforming in the de
onvolved spe
trumComito & S
hilke [20℄. Thiswas not taken into a

ount for some gas 
ell spe
tral s
ans and this was re�e
ted as a stepped
ontinuum in the �nal de
onvolved spe
trum. This resulted in some of the data taken beingnot suitable for the de
onvolution algorithm. Further problems with the data su
h as the poorquality of HEB data resulted in a further redu
tion in the amount of data available. Like mu
hof the analysis in this thesis, bands 1 and 2 provide the best quality data and so de
onvolutiontesting was limited to these bands.Figure 5.26 shows an example of double side band CH3OH data taken in band 1a. From thisone 
an see the movement of spe
tral lines through the IF band with in
reasing LO frequen
y.The most noti
eable feature being the bran
h of lines seen at an IF frequen
y of 5.5 GHz at anLO frequen
y of 489.0 GHz. This group of lines in the lower side band so as the LO frequen
yis in
reased the lines are seen to move to higher IF frequen
ies eventually leaving the IF bandat an LO frequen
y of 492 GHz. Figure 5.26 shows the de
onvolved single side band spe
trumgenerated using the spe
tra shown in �gure 5.25 as well as additional spe
tra at other LOfrequen
ies not plotted. Note the line intensity is now in single side band transmission so itappears at twi
e the double side band transmission.While a portion of the methanol gas 
ell data was not appropriate for the de
onvolution208



5.5. CH3OH ANALYSISalgorithm the data from bands 1 and 2 provided enough test data to optimize and developthe de
onvolution algorithm. Based on the experien
e garnered from the gas 
ell survey thede
onvolution algorithm was a fun
tioning part of the instrument pro
essing pipeline priorto the Hers
hel satellite laun
h. The �rst line ri
h sour
e observed was the Orion KL datawhi
h was pro
essed by the key program astronomer with little help needed from the dedi
atedde
onvolution group. This level of maturity in data pro
essing is unpre
edented at the earlystages of a spa
e mission. The usage of the gas 
ell test data in the de
onvolution developmentplayed a 
ru
ial role in a
hieving this level of data pro
essing maturity at an early stage in theHIFI mission.5.5.3 Pressure broadening extra
tionIn order to retrieve side band ratios from the methanol data, the pressure broadening parameterfor ea
h transition must be extra
ted. Unlike the other mole
ules 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 frequen
ies and intensities are however available throughthe JPL database and while 
ertain transitions are the subje
t of resear
h the vast majorityare 
onsidered a

urate, this is des
ribed in more detail in the JPL 
atalog do
umentation[52℄.The extra
tion of methanol pressure broadening is of interest to the spe
tros
opy 
ommunityalso and this gas 
ell dataset is a unique opportunity to retrieve these parameter.HIFI's large frequen
y range is unique among 
omparable heterodyne spe
trometers. HIFIis also unique as a lab spe
trometer given its large frequen
y resolution 
ompared to the FTSsystems 
ommonly used in laboratory spe
tros
opy at these wavelengths. A standard pressurebroadening investigation normally fo
uses on a small frequen
y range limited by the spe
trom-eter. For a typi
al pressure broadening investigation the pressure is in
reased and for ea
hmeasurement the line width is extra
ted. The slope between the in
reasing 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 thede
onvolution algorithm.The approa
h used here to extra
t the pressure broadening parameter is far from ideal.Ea
h 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 fun
tion in Appendix A). Ea
h line is measured at least 8times, 4 in the upper side band and 4 in lower side band. Barring 
onfusion with other spe
trallines this gives 8 measures of the pressure broadening. The method depends on the a

ura
yof the pressure measurement whi
h 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 ANALYSISmole
ules where the pressure broadening parameter is well known su
h 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 whi
h is to be expe
ted given the variety of instrumentproblems in the higher frequen
y bands. For 13CO data there appears to be a marked o�setbetween the measured and published data. No un
ertainty 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 frequen
ies 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 hen
e itwas negle
ted in this analysis. The H2O data shows good agreement between the �tted andpublished data in the lower frequen
y bands. There are a number of outlier points towardshigher frequen
ies, in parti
ular for band 5. On 
loser inspe
tion these spe
tra appear to haveLO spur problems and hen
e are not returning an a

urate line pro�le. This e�e
t 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 a

ura
y of any pressurebroadening data extra
ted from the methanol data and also illustrates the ability of thegenerateLineModelPSelfSBR fun
tion to extra
t the pressure broadening parameters.The presentation of the entire methanol pressure broadening analysis is beyond the s
ope ofthis thesis. Here only sele
t bran
hes of methanol with strong emission lines are presented. Thevariation of the pressure broadening parameter with line frequen
y and J number is of interestto the spe
tros
opy 
ommunity. For the pressure broadening analysis presented here only linesthat are not 
onfused with other spe
tral lines are 
hosen for analysis. Therefore dense regionsof line emission su
h 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 extra
tion for a single line transi-tion. The methanol transition is des
ribed using the following notation, 121+,0 → 111+,0 whi
ho

urs at a frequen
y of 574868.45 MHz. Given the 
omplexity of the methanol emission thedes
ription of the emission pro
ess for ea
h transition is 
ompli
ated. The de�nition of thedi�erent transitions and their notation is dis
ussed in Xu et al. [128℄ and in the online JPL
atalog manual[95℄. The notation follows the template Jk,vt where J is typi
al J number asso
i-ated with mi
rowave transitions while k and vt are unique to methanol. With these 3 variablesa single transition 
an be des
ribed. k is o

asionally pre
eded or followed by a '+' or '-' signwhi
h further des
ribes the nature of the transition.In total the 574868.45 MHz line transition was observed 12 times at di�erent IF frequen
ies211
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V mixerFigure 5.29: Overview of γself for the transition bran
h J1+,0 → J1+,0and in di�erent side bands. The self broadening parameter is then 
al
ulated as the average ofthe 12 measurements and the standard deviation taken as level of un
ertainty in the measure-ment. Figure 5.29 shows an overview of the pressure broadening parameter extra
ted alongwith other transitions from the Jlower1+,0 → Jupper1+,0 bran
h of lines. The 574868.45 MHz linetransition is seen at the J number 12. From the data one 
an see that there is a frequen
y orperhaps J number dependen
e for the pressure broadening term. Note the degree of s
atterin
reases towards higher frequen
ies parti
ularly in band 5 with the signal to noise ratio is high.The is due to a 
ombination of de
reasing line strength and in
reasing noise.Figure 5.30 presents further pressure broadening data for other methanol line bran
hes.Similar to �gure 5.29 there appears to be a signi�
ant frequen
y dependen
e for the pressurebroadening parameters. The line bran
h J2−,0 → J1−,0 in parti
ular shows a signi�
ant vari-ation in pressure broadening with line frequen
y, see �gure 5.30(
). The signi�
an
e of thesevariations requires further investigation beyond the s
ope of this thesis.This se
tion presented a unique �rst look into the variation of the pressure broadeningparameter for methanol. The frequen
y range 
oupled to the frequen
y resolution of the datais unpre
edented for a lab spe
trometer and allows su
h an analysis as that presented in �gure5.29. The pro
ess of extra
ting the pressure broadening was presented in this se
tion and hasbeen 
alibrated for known gases for the simpler mole
ules as shown in �gure 5.27. Further workis needed to extra
t the maximum spe
tros
opi
 return from this unique dataset.5.5.4 Side band ratio extra
tionThe extra
tion of the side band ratio is the ultimate goal of the gas 
ell test 
ampaign. Themethanol data provide the best sour
e of side band ratio information. Due to the line ri
h natureof methanol it provided spe
tral line at multiple positions in the IF band at all LO frequen
ies.213
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m−1atm−1 and a gas 
ell pressure of 0.22mbar anda side band ratio, Gssb, of 0.46Unfortunately the extra
tion of the side band ratio data from the methanol spe
tra is not trivialand requires an a

urate knowledge of the pressure broadening parameter as well as an a

urateline list 
ontaining the 
orre
t frequen
ies and intensities. In the previous se
tion the methodof extra
ting the pressure broadening from the data was detailed. However there is a larges
atter in the determining the pressure broadening making it di�
ult to a

urately determinethe side band ratio.Figure 5.31 shows a 
omparison between the model spe
trum and the measured spe
trum.For this spe
trum a pressure broadening of 0.41 
m−1atm−1 is assumed for all transitions. Thisassumption provides a reasonable �t for most stand alone lines however the residuals are largewhere blended lines are modeled. The sour
e of these large residuals 
ould be un
ertainty inthe line intensity or perhaps the pressure broadening does vary wildly for these transitions.In this se
tion only a small region of the HIFI frequen
y 
overage is analyzed. The regiondis
ussed is the lower band edge of band 2a. This is a region of known side band ratio imbalan
eobserved through OCS, CH3CN and 13CO observations. For this analysis a sele
t group of standalone methanol lines are analyzed. The 
riteria for sele
tion is a line intensity greater than -3.15 (JPL intensity units [52℄). Similar to the analysis of the pressure broadening the line is�tted individually over a short range around the line peak. The same �tting fun
tion used forthe pressure broadening analysis is used here, generateLineModelPSelfSBR. In this routineboth the side band ratio and pressure broadening are �tted simultaneously. For the pressurebroadening analysis large limits were pla
ed on the �tting routine. For this analysis the sideband ratio is known from previous measurements. The side band ratio extra
ted from the OCSand CH3CN analysis is used as a best guess for the �tting routine and the �t is restri
ted to215
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Figure 5.34: Contour plot of the 
hi-squared residual between the model and data for 633423.063MHz methanol line using a range of Gssb and γself values. A trough is seen a
ross the residualshowing a variety of Gssb and γself values whi
h provide a reasonable �t. The �tted parametersfrom the 3 models in �gure 5.33 are plotted with red 
ir
les.within ± 10% of these values.Figure 5.32 shows an overview of the spe
tral line �tting for a single methanol line atdi�erent IF positions. There is large degree of s
atter seen in the extra
ted side band ratio andover a short range of 4 GHz the side band ratio is seen to vary between 0.49 and 0.56. The line�t residuals however are good and don't indi
ate a poor quality �t. On 
loser inspe
tion thereappears to be a large degree of s
atter even for near identi
al spe
trum su
h as that shown in�gures 5.32(a) and 5.32(b). Both spe
tra were taken at the same LO frequen
y and similar gas
ell pressure. On visual inspe
tion the spe
tra appear almost identi
al. However a side bandratio of 0.497 is extra
ted for �gure 5.32(a) while a side band ratio of 0.518 is extra
ted for�gure 5.32(b). There appears to be a repeatability problem with the �tting routine.The �tting routine used is a standard Amoeba �tting algorithm. The side band ratio andpressure broadening are left as free parameters to vary within limits set by previous obser-vations of the side band ratio at that LO frequen
y and the expe
ted pressure broadening217



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 spe
tral line with di�erent initialparameters. Ea
h �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 whi
h of the �t parameters are the 
orre
t 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 spe
tral line. The parameters from the 3 �tsshown in �gure 5.33 with red 
ir
les. 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 tightly
onstrained otherwise a large s
atter 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 s
atter seen in the extra
ted
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 spe
trum. The extra
tion of side band ratio from the gas 
elldata must follow a 
hi
ken and egg approa
h. The pressure broadening must �rst be a

uratelyestablished 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 a

urately established for strong lines observed at the sameLO frequen
y. As ea
h of these lines are observed at multiple LO frequen
ies 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 frequen
yfurther expanding the side band ratio 
overage.This approa
h 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 se
tion the analysis presented here 
on
entrated 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 perspe
tives. Figure 5.35(a) shows the side band ratio extra
tedfor ea
h line frequen
y. The side ratio is then plotted against the line frequen
y and shows thedegree of s
atter seen for the side band ratio of ea
h line measured. Figure 5.35(b) shows theside band ratios plotted against the LO frequen
y. From this again one 
an see the degree ofs
atter for ea
h LO frequen
y setting. Ideally if the side band ratio for a given LO frequen
ywas plotted against the IF frequen
y of line measured it would be expe
ted to see a slope downfrom the upper IF frequen
ies to the lower IF frequen
ies (see �gure 2.16 on page 36) howeverdue to the large degree of s
atter no su
h pattern is seen. Figure 5.35(
) shows the side band218
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5.5. CH3OH ANALYSISratio averaged for ea
h LO frequen
y setting. This appears to show a trend of de
reasing sideband ratio 
onsistent with variation observed for the other gases.Figure 5.36 shows a 
omparison between the side band ratio previously extra
ted from thesimple mole
ules. The measured methanol data shows reasonable agreement with the datameasured using other gases however further analysis is needed to redu
e the amount of s
atterseen in the data.5.5.5 SummaryIn this se
tion the pro
ess of extra
ting the side band ratio from the methanol data using aspe
tral line model has being detailed. The �rst step in extra
ting the side band ratio was theextra
tion of the pressure broadening parameter from the data. Only a small portion of theentire dataset was presented. The analysis 
on
entrated on un
onfused spe
tral lines. The datais grouped together into the di�erent methanol line bran
hes observed. The 
omplete analysisof the pressure broadening variation is beyond the s
ope of this thesis. The four line bran
hespresented showed a marked stru
ture and there seems to be a frequen
y dependen
e. Furtherwork is needed in 
ollaboration with the spe
tros
opy 
ommunity to extra
t the maximumpotential from this datasetThe �rst steps in extra
ting the side band ratio from the dataset was presented here also.On 
loser inspe
tion the data showed a large degree of s
atter in the extra
ted side bandratio for spe
tral lines that were almost identi
al. Further investigation showed that the �ttedside band ratio was sensitive to the initial parameter of the �t routine. It was shown for asingle spe
tral line that a range of 
ombinations of pressure broadening and side band ratios
ould return a good �t. It is proposed that the next phase of the methanol analysis should
on
entrate 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 forspe
tral lines around the region of known side band ratio. Sin
e ea
h methanol spe
tral 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 mole
ule 
an beexpanded.
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5.5. CH3OH ANALYSIS
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5.6. GAS CELL CALIBRATION OF A QCL HETERODYNE RECEIVER5.6 Gas 
ell 
alibration of a QCL heterodyne re
eiver5.6.1 Introdu
tionThe development of astronomi
al heterodyne re
eivers is on going. The state of art performan
eof HIFI is being 
on�ned to the past with new re
eivers providing high frequen
y 
overage andlower noise performan
e at the same frequen
ies[131℄. A new frontier in sub-mm heterodynespe
tros
opy is the development of lo
al os
illator sour
es operating around 2THz. A numberof interesting astronomi
al lines exist about this barrier. An early iteration of the HIFI designin
luded an 8th band whi
h was designed to operate from 2.4 to 2.7 THz this was eventuallydes
oped due to development issues with the gas laser LO sour
e. Re
ent developments haveattempted to develop alternate sour
es for LO frequen
ies above 2 THz to mu
h su

ess. Thisse
tion brie�y des
ribes the development of a quantum 
as
ade laser (QCL) LO sour
e andthe usage gas 
ell observations of methanol to 
alibration the instrument. The gas 
ell 
odedes
ribed in this 
hapter was used to 
alibrate the QCL frequen
y. The results of these testsand gas 
ell modeling e�orts were published in Ren et al. [104℄.5.6.2 THz QCL lasersThe 
on
ept of a quantum 
as
ade laser was �rst proposed by Kazarinov & Suris [58℄. Aquantum 
as
ade laser was �rst demonstrated in 1994 and published by Faist et al. [32℄. Theme
hani
s of a quantum 
as
ade laser are beyond the s
ope of this thesis. The basi
 premiseis that through 
areful sele
tion of a semi
ondu
ting material in 
ombination with a spe
i�
layering and geometry of the QCL material 
oupled to a voltage sour
e an infra signal at aspe
i�
 frequen
y 
an be produ
ed.QCL lasers initially operated at mid-infrared wavelengths however they have re
ently beendeveloped to operate at THz wavelengths[126℄. A number of milestones for using a QCL asa LO sour
e have being rea
hed su
h as a phase lo
king 
apability[60℄, narrow intrinsi
 linewidth[2℄, and ex
ellent power stability[35℄. A remaining key step in the development of a QCLas a viable LO sour
e is the observation of spe
tral lines. The obvious next set up is the use ofa QCL in 
ombination with a mixer observing a hot and load sour
e through a gas 
ell.5.6.3 Gas 
ell observationA gas 
ell test setup was developed at TU Delft to demonstrate the performan
e of the QCLlaser as an LO sour
e. The test set up is mu
h simpler than the HIFI gas 
ell test set up, as the
omponents involved are separated and don't require any spe
ial opti
s 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 re
orded with a Fourier TransformSpe
trometer (FTS). 222



5.6. GAS CELL CALIBRATION OF A QCL HETERODYNE RECEIVER

HEB

Chip

Cryogenic

 LNA 

( 0.5-12 GHz)

Amplifier

Attenuator

FFTS

Attenuator

Filter

0.7~2.2GHz

Eccosorb
295K/77K

Gas cell

Methanol 

(CH3OH)

QCL

Mixer bias

Bias-T Si lens 

Beam splitter

Heat filter

HDPE lens

Figure 5.37: Experimental set up of QCL gas 
ell test set up[104℄.The test pro
edure follows a similar pro
ess to the HIFI gas 
ell tests. A 
hopper is usedto 
hop between a hot and 
old load sour
e. No hot empty data was taken whi
h in
reasesthe noise 
ompared the four phase 
alibration of the HIFI gas 
ell test. The data is 
alibrateddi�erently and is plotted as an emission spe
trum whi
h 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 respe
tively, CF is the IF signalfor the test phase looking though a methanol �lled gas 
ell with the 
old load as a ba
kground,

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 spe
tra at di�erent gas 
ell pressures. These plot shows thatthe e�e
t of in
reasing gas 
ell pressure on the line pro�le. This is a simple but useful testto establish the spe
tros
opy 
redentials of the QCL laser set-up. From the data one 
an seethe in
reasing line width with in
reasing pressure. A 
riti
al demonstration of the QCL laserfrequen
y stability is that the line width is 
onsistent with the pressure broadening and nota�e
ted by any additional e�e
ts su
h as LO frequen
y jitter in the QCL signal. From the datathe pressure broadening was extra
ted 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 a
tive tuningsour
e[47℄. There was large disparity seen between the results.223
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 Figure 5.38: Calibrated spe
tra taken using the QCL 
oupled to a HEB mixer at an LOfrequen
y of 2915.6 GHz [104℄.
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Figure 5.39: Measured and modeled methanol spe
trum at 2 di�erent gas 
ell pressure takenat an LO frequen
y of 2.9156THz[104℄The author was tasked with developing a model of the line emission using the gas 
ellproperties in 
ombination with the JPL 
atalog whi
h provided methanol line frequen
ies andintensities up to 4THz. The TU Delft gas 
ell has a shorter path length of 50
m 
ompared tothe HIFI multi-path length of 102.5 
m. The most noti
eable di�eren
e between HIFI and theQCL sour
e is that that LO frequen
y is not as a

urately known. For HIFI the frequen
y isknown to within kHz however for the QCL the exa
t LO frequen
y was not known and wasa

urate only to the resolution of the FTS spe
trometer used to measure the THz signal. TheQCL LO frequen
y was measured using the FTS to be 2.9176 ± 0.6 GHz.The �rst step in developing a model spe
trum was the determination of the LO frequen
y.This followed a rather 
rude approa
h where a model spe
trum was generated with the mea-sured gas 
ell pressure and an average pressure broadening. This spe
trum was then 
omparedto the measured spe
trum. The pro
ess was repeated for multiple LO frequen
y settings withinthe predi
ted frequen
y range. The residual between the modeled and measured spe
tra werevisually inspe
ted until a mat
hing LO frequen
y was established. Additional spe
tra weremeasured at slightly di�erent LO frequen
ies, sin
e spe
tral lines move in di�erent dire
tionson the IF band it 
ould be established whi
h lines were from the upper and lower side bands.The LO frequen
y was eventually determined to be 2.9156 THz. On
e the LO frequen
y was es-tablished the pressure broadening value 
ould be extra
ted. The �tting was preferen
ed towardsthe strong spe
tral line in the band 
enter. The pressure broadening was �nally determinedto be ∼0.25 
m−1atm−1 (7.4 MHz/mbar). The modeled QCL double side band spe
trum at2.9156THz is shown in �gure 5.39.The model and measured spe
tra show good agreement returning a viable value for the225



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 approa
hes 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. Theynegle
t the e�e
t of opa
ity broadening and hen
e the extra
ted value is not the true pressurebroadening term as de�ned in se
tion 5.2.4 and not dire
tly 
omparable with other pressurebroadening extra
ted from other gas 
ell tests.The spe
tra shown in �gure 5.39 demonstrate the appli
ability of QCL as an LO sour
e inheterodyne spe
tros
opy. Tentative steps have re
ently being made to develop a tunable QCLwhi
h 
ould 
over a larger frequen
y range. Re
ent tests have pushed heterodyne spe
tros
opyto higher LO frequen
ies 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 frequen
y.
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5.7. CONCLUSIONS5.7 Con
lusionsIn this 
hapter the main line broadening me
hanisms evident in a gas 
ell spe
trum were de-s
ribed. These line broadening me
hanisms were developed into a Jython2 
ode whi
h produ
esa double side band transmission spe
trum for a given gas 
ell set up and re
eiver LO frequen
y.By 
omparing the model gas 
ell spe
tra to measured spe
tra it was shown that for simplemole
ules (12CO,13CO,OCS and H2O) where the pressure broadening parameter was knownthe side band ratio 
ould be extra
ted from the data.This approa
h was applied to both saturated and not saturated lines. The side band ratioextra
ted for saturated lines was in good agreement with the values determined using the linepeak extra
tion approa
h des
ribed 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 frequen
y dependent mistuning. From theOCS data it was possible to 
orre
t the data for the diplexer IF gain slope and the extra
tedside band ratio was seen to be 
lose unity, Gssb = 0.5. Similarly diplexer mistunings were seenin the H2O.By same line modeling approa
h was applied to the methanol dataset. The pressure broad-ening parameters were not known before the analysis and these were extra
ted 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 s
atter. However for the methanol line bran
hes �tted there was adistin
t variation with line frequen
y the signi�
an
e of whi
h remains to be explored.The side band ratios extra
ted from the methanol data showed large s
atter mu
h likethe pressure broadening data. It was shown that di�erent initial parameters in the �ttingalgorithm resulted in di�erent �t parameters. On 
loser inspe
tion 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 
on
entrate on regions where the side band ratiois a

urately known. This 
an be used as a 
onstraint to �t the pressure broadening parameterof the methanol line observed at that LO frequen
y. On
e the pressure broadening is establishedfor a given line, this line 
an be tra
ked through the IF band at di�erent LO frequen
ies 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 mole
ule analysis to 
onstrain the pressure broadening and then using thisinformation 
onstrain the side ratio at other LO frequen
ies.The �nal se
tion in this 
hapter dis
ussed the analysis of quantum 
as
ade laser heterodynegas 
ell observations. The methods developed in this thesis were applied to spe
tra taken2Jython, su

essor of JPython, is an implementation of the Python programming language written in Java.227



5.7. CONCLUSIONSan LO frequen
y of 2915.6 GHz. Using the gas 
ell spe
trum model the LO frequen
y wasa

urately established and a model double side band spe
trum was generated. This modelshowed good agreement with the measured data. The observation of mole
ular spe
tra using aQCL heterodyne system is a 
ru
ial step in the development of the QCL as a viable LO sour
eabove 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 6Con
lusionsIn this thesis the major sour
es of intensity un
ertainty in the Hers
hel/HIFI instrument weredes
ribed and investigated. The HIFI instrument has very ambitious 
alibration goals of 3%un
ertainty. In line with these goals an extensive ground test 
ampaign was undertaken toquantify the system response prior to laun
h on the Hers
hel Spa
e 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 opti
al 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 re
eiverwith intensity dete
ted from an upper and lower side band. The ratio of the upper and lowerside intensity of the total intensity was foreseen as sour
e of un
ertainty in the determinationof spe
tral line intensity parti
ular towards LO band edges. Through observation of saturatedgas lines the side band ratio was measured at parti
ular frequen
ies. In total 4 gases providedsaturated lines in the gas 
ell test 
ampaign. Using these saturated lines the side band ratiowas sparsely measured a
ross the HIFI frequen
y 
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 spe
tra over the region of 630 to 660 GHz.Saturated lines however only 
overed a small fra
tion of the total HIFI frequen
y 
overage.Other gases were also observed whi
h provided un-saturated spe
tral lines. In order to extra
tthe side band ratio information a spe
tral line model was developed to predi
t the gas opa
ityfor a given pressure, opti
al depth and temperature using the JPL and HITRAN spe
tral line
atalogs as a starting point. This method was tested on the saturated lines and showed ex
ellentagreement between the measured and modeled data. By 
omparing the expe
ted model datafor a side band gain balan
ed system with the measured data the side band gain ratio 
ould beextra
ted from the data.The spe
tral model approa
h was applied to the OCS data in bands 3 and 4. The extra
tedside band ratio shows an extreme variation not 
onsistent with the side band ratio variation dueto the mixer antenna response. On 
loser inspe
tion the sour
e of the extreme side band ratio229



was due to a diplexer mistuning. The mistuned diplexer introdu
ed 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 extra
t the degree of mistuning from the data and 
orre
t the side band ratio forthis e�e
t. This diplexer mistuning was seen in all data in bands 3 and 4 where su�
ient data
overage was available. This had a detrimental e�e
t on the overall a

ura
y of the side bandmeasurement through gas 
ell observations. Follow-up �ight observations have shown that theissue of diplexer mistuning was an artifa
t of the ground based test 
ampaign and no eviden
eof a mistuning have been seen in �ight data.The gas 
ell observations in the HEB bands were beset with standing wave issues. This wasindi
ative of the overall performan
e and has followed HIFI into orbit. Due to a non-optimal IF
hain design an impedan
e mismat
h between the mixer and the �rst ampli�er exists. The mixerunit impedan
e 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 performan
e. In thisthesis a method was developed using a 
atalog of standing waves to 
orre
t the poor baselines.This approa
h used to 
orre
t gas 
ell data and was also applied to in-�ight observations. TheHEB bands are of vital importan
e to the HIFI instrument a

ounting for 30% of the frequen
y
overage and 33% of the observing time. The development of the baseline 
orre
tion routinewill form a 
ru
ial part of the data pro
essing for these bands.The mole
ules with saturated lines make up only 20% of the total observations taken duringthe gas 
ell test 
ampaign. The most observed gas was methanol whi
h a

ounted for 80% ofthe observation taken. Methanol was observed every 1 GHz over the entire range of the HIFIfrequen
ies. The extra
tion of the side band ratio would provide a 
omplete pi
ture of theside band ratio variation a
ross the HIFI bands. The extra
tion of the side band ratio wasproblemati
 as the pressure broadening parameter of the methanol line frequen
ies were notknown prior to the analysis. The spe
tral line model developed to extra
t the side bandratio from non-saturated lines was adapted to �t both the side band ratio and the pressurebroadening. This approa
h however was problemati
 and the model �t was dependent on theinitial parameters. On 
loser inspe
tion it was shown that multiple di�erent 
ombinations ofthe side band ratio and pressure broadening would produ
e a viable �t to the data. It was
on
luded that the extra
tion 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 approa
h the 
overage of the side band ratio around these known points 
ould beexpanded to eventually re
over the entire band.A �rst pass analysis of methanol was undertaken towards the edge of band 2a. The data wasextra
ted 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 s
atter. However theextra
ted pressure broadening did show some stru
ture and the extra
ted pressure broadening,while having a large s
atter, was 
onsistent with published predi
ted values. The extra
ted sideband ratio was shown to be 
onsistent with the measured OCS data towards the band edge230



albeit with a large degree of s
atter. The in
reased level of frequen
y resolution however wasen
ouraging for the future determination of the side band ratio.
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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) :# Constru
tors 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 [ ' LoFrequen
y ' ℄ . data [ 0 ℄ ∗ 1 E3i f s e l f . da ta s e t . hasName( ' frequen
y_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 . ba
kend = s e l f . da ta s e t . getMeta ( ) [ ' ba
kend ' ℄ . 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 = getLinesFromCatalogWithIFFreqeun
y ( 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 ) :# 
he
k 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 = getMole
ularWeight ( 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 ) :# 
he
k 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 = getMole
ularWeight ( 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 ) :# 
he
k 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 = getMole
ularWeight ( 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 ) :# 
he
k 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



f r e q = xnb = len ( f r e q )# 
ons tant s
 = 29979245800.0 # 
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 / 1E9e 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 = getMole
ularWeight ( 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 
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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∗∗3) /(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∗∗3) /(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 pyResult ( s e l f , x , p) : # the fun
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 a t o r y name ( St r ing ) . Optional .r e turn " f i t t i n g P_self "
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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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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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[5] Kooi, J. W., Kovács, A., Sumner, M. C., Chattopadhyay, G., Ceria, R., Miller, D., Bumble, B., Leduc, H. G.,
Stern, J. A., and Phillips, T. G., “A 275-425 GHz Tunerless Waveguide Receiver Based on AlN-Barrier SIS
Technology,” IEEE Transactions on Microwave Theory Techniques 55, 2086–2096 (Oct. 2007).

[6] Kawamura, J., Bumble, B., Harding, D. G., McGrath, W. R., Focardi, P., and LeDuc, R., “1.8 THz super-
conductive hot-electron bolometer mixer for Herschel,” in [Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series ], Phillips, T. G. and Zmuidzinas, J., eds., Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series 4855, 355–360 (Feb. 2003).

[7] Cherednichenko, S., Drakinskiy, V., Berg, T., Khosropanah, P., and Kollberg, E., “Hot-electron bolometer
terahertz mixers for the Herschel Space Observatory,” Review of Scientific Instruments 79, 034501–+ (Mar.
2008).

[8] Whyborn, N., “Band 6 IF change impact assessment,” tech. rep., SRON (2002).

[9] Kooi, J. W., Baselmans, J. J. A., Hajenius, M., Gao, J. R., Klapwijk, T. M., Dieleman, P., Baryshev,
A., and de Lange, G., “IF impedance and mixer gain of NbN hot electron bolometers,” Journal of Applied
Physics 101(4), 044511 (2007).

[10] Trappe, N., Finn, T., Murphy, J. A., Withington, S., and Jellema, W., “Analysis of standing waves in
submillimeter-wave optics,” in [Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ],
Hwu, R. J. and Linden, K. J., eds., Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series 6120, 107–116 (Mar. 2006).

[11] Kester, D. J. M., Beintema, D. A., and Lutz, D., “SWS Fringes and Models,” in [The Calibration Legacy of the
ISO Mission ], Metcalfe, L., Salama, A., Peschke, S. B., and Kessler, M. F., eds., ESA Special Publication 481,
375–+ (2003).

[12] Siebertz, O., Honingh, C., Tils, T., Gal, C., and Olbrich, M., “The impact of standing waves in the LO path of
a heterodyne receiver,” IEEE Transactions on Microwave Theory Techniques 50(1) (2002).

[13] Klapwijk, T. M., Barends, R., Gao, J., Hajenius, M., and Baselmans, J. J. A., “Improved superconducting hot-
electron bolometer devices for the THz range,” in [Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series ], Bradford, C. M., Ade, P. A. R., Aguirre, J. E., Bock, J. J., Dragovan, M., Duband, L.,
Earle, L., Glenn, J., Matsuhara, H., Naylor, B. J., Nguyen, H. T., Yun, M., and Zmuidzinas, J., eds., Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series 5498, 129–139 (Oct. 2004).

[14] Nebosis, R. S., Semenov, A. D., Gousev, Y. P., and Renk, K. F., “Rigorous Analysis of a Superconducting
Hot-Electron Bolometer Mixer: Theory and Comparison with Experiment,” Proc. 7th Int. Symp. on Space
Terahertz Tech. , 601–613 (March 1996).

[15] Perrin, N. and Vanneste, C. , “Dynamic behaviour of a superconductor under time-dependent external excita-
tion,” Journal de Physique 48(8), 1311–1316 (1987).

[16] Kaplan, S. B., “Acoustic matching of superconducting films to substrates,” Journal of Low Temperature
Physics 37, 343–365 (Nov. 1979).

[17] Semenov, A. D., Nebosis, R. S., Gousev, Y. P., Heusinger, M. A., and Renk, K. F., “Analysis of the nonequi-
librium photoresponse of superconducting films to pulsed radiation by use of a two-temperature model,”
Phys. Rev. B 52, 581–590 (July 1995).

[18] Gousev, Y. P., Gol’Tsman, G. N., Semenov, A. D., Gershenzon, E. M., Nebosis, R. S., Heusinger, M. A., and
Renk, K. F., “Broadband ultrafast superconducting NbN detector for electromagnetic radiation,” Journal of
Applied Physics 75, 3695–3697 (Apr. 1994).

[19] “Ansoft Corporation, Pittsburgh, PA 15219, USA.,” (November 2008).

[20] “Microwave office, Applied Wave Research Inc. El Segundo, CA 90245, USA.,” (November 2008).



Appendix CPaper 2: Calibration of the Hers
hel HIFIInstrument using Gas Cell MeasurementsConferen
e pro
eedings of the 21st International Symposium on Spa
e Terahertz Te
hnology,23rd - 25th Mar
h 2010, University of Oxford and STFC Rutherford Appleton Laboratory[45℄.

260



Calibration of the Herschel HIFI Instrument

using Gas Cell Measurements

Ronan D. Higgins∗§, David Teyssier†, John C. Pearson‡, Christophe Risacher∗∗ and Neil A. Trappe∗

∗ Dept. of Experimental Physics, National University of Ireland, Maynooth,

Co. Kildare, Ireland

†Herschel Science Centre,

European Space Astronomy Centre (ESAC), 28691 Villanueva de la Cãnada, Madrid, Spain.

‡Jet Propulsion Laboratory,

California Institute of Technology, Pasadena, CA 91109, USA

∗∗ SRON (Netherlands Institute for Space Research),

Landleven 12, 9747 AD, Groningen, the Netherlands

§Email: daniel.r.higgins@nuim.ie

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
 wel
ome 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 unbe
oming men that strove with Gods.The lights begin to twinkle from the ro
ks:The long day wanes: the slow moon 
limbs: the deepMoans round with many voi
es. 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 tou
h the Happy Isles,And see the great A
hilles, whom we knew.Though mu
h is taken, mu
h abides; and thoughWe are not now that strength whi
h in the old daysMoved earth and heaven; that whi
h 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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