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Chapter 1. The HIFI Instrument
Observer's Manual

1.1. Purpose of this Document

The HIFI (Heterodyne Instrument for the Far Infrared) observer's manual isintended to assist in using
the HIFI instrument on board ESA's Herschel Space Observatory. Documents on the detailed docu-
ments on design and operations are available from the Herschel Science Centre (HSC) and the HIFI
Instrument Control Centre at SRON, Groningen, The Netherlands (HIFI ICC -- who are responsible
for the safety and calibration of HIFI during operations).

Help and information on HIFI can be obtained by contacting the Herschel Science Centre at the fol-
lowing web address:

http://herschel .esac.esa.int
Follow the link on the page to the "Helpdesk” for problem enquiries.

This document contains overview information on instrument concept and design, its scientific perfor-
mance and calibration. It also contains all user-relevant information on observing modes and Astro-
nomical Observing Templates (AOTS) Examples of AOTsfor HIFI are presented with their usage.

HIFI datafrom the Herschel Space Observatory are automatically processed at the HSC after the data
is received from the spacecraft. The standard processing - pipeline - is described here together with
a description of the data products. Both the raw and pipeline processed data are made available to
the user.

Finally, a brief mention is made of software tools that have been more specifically provided for the
kinds of sophisticated analysis that is likely to be needed for HIFI data reduction. These will avail-
able to the user through the Herschel Common Science System, which will be made available by the
Herschel Science Centre. It should be noted that all pipeline software modules are available to users
viaingtallation of the Herschel Common Science System. Reprocessing of data can therefore be per-
formed with pipeline, or adapted pipeline, scripts by users on their own workstations.

1.2. Preparing HIFI for Operations

In August 2009, a sequence of events triggered by a corruption of on-board memory lead to the loss
of the prime side electronics chain of HIFI. Since then, a significant effort has been made that has
enabled afull recovery of the instrument using its redundant side electronics.

The special circumstances of HIFI's switch to redundant side operations, and resuming with a com-
pressed Performance Verification phase and accelerated Observing Mode release, has involved the
support of many others, together with the HIFI Calibration Scientists and Instrument Engineers. This
includes KP team apprentices who have been varioudly present at the HIFI ICC in the Fall of 2009
and during the performance verification phase starting end-January 2010, and aso the HIFI software
development team who have been available at al times. AOT test planning has been done in consul-
tation with the KP Pls coordinated by X. Tielens, Instrument P.I. F. Helmich, Project Manager P.
Roelfsema, and with the Mission Scientist J. Cernicharo. These persons should be acknowledged, as
having directly supported the flight qualification of HIFI as a science instrument.

AOT/Uplink Engineering Team: P. Morris (Caltech), M. Olberg (SRON/Chamers), V. Ossenkopf
(U. Kdln), C. Risacher (SRON), D. Teyssier (HSC/ESA).

I nstrument Engineer sand System Ar chitects: P. Dieleman (SRON), K. Edwards (SRON), W. Jelle-
ma (SRON), A. de Jonge (SRON), W. Laauwen (SRON), J. Pearson (JPL).
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HIFI Calibration Scientists: |. Avruch (Kapteyn/SRON), A. Boogert (Caltech), C. Borys (Caltech),
J. Braine (U. Bordeaux), F. Herpin (U. Bordeaux), R. Higgins (U. Maynooth), S. Lord (Caltech), A.
Marston (HSC/ESA) C. McCoey (U. Waterloo), R. Moreno (Obs. Paris), M. Rengel (MPS)

HIFI Software Development Team: R. Assendorp (SRON), B. Delforge (SRON), A. Hoac (Cal-
tech), D. Kester (SRON), A. Lorenzani (Obs. Acetri), M. Melchior (U. Appl. Sci. NW Switzerland),
W. Salomons (SRON), B. Thomas (SRON), E. Sanchez (CSIC), R. Shipman (SRON), Y. Poelman
(SRON), J. Xie (Cdltech), P. Zaa (SRON)

HIFI KP student/postdoc visitors: E. DeBeck (U. Leuven), T. Bell (Caltech), N. Crockett (U. Michi-
gan), P. Bjerkeli (Chalmers), P. Hily-Blant (Obs. Grenoble), M. Kama (U. Amsterdam), T. Kaminski
(CAMK), B. Larsson (Obs. Stockholm), B. Lefloch (Obs. Grenoble), R. Lombaert (U. Leuven), M.
de Luca (Obs. Paris), Z. Makai (U. Kéln), M. Marseille (SRON), Z. Nagy (Kapteyn), Y. Okada (U.
KélIn), S. Pacheco (Obs. Grenoble), D. Rabois (U. Toulouse), Frank Schléder (U. Kéin), S. Wang (U.
Michigan), M. van der Wiel (Kapteyn/SRON), M. Yabaki (U. Kdln), U. Yildiz (U. Leiden)

HIFI KP Pl Representativesto the ICC/AOT Team: E. Caux (U. Toulouse), E. van Dishoek (U.
Leiden), M. Gerin (Obs. Grenoble)

1.3. Acknowledgements

The HIFI instrument is the result of many years of work by a large group of dedicated people. It is
their efforts that have made it possible to create such a powerful heterodyne instrument for use in the
Herschel Space Observatory. We would first like to acknowledge their work.

The manual itself included help and inputs from anumber of people. Particular help and contributions
to this manual have come from the calibration group and recent in-orbit calibration updates they have
provided. In particular, the following people have made significant contributions

» Anthony Marston (ESAC, editor), 1 June 2011.
 David Teyssier (ESAC)

* Christophe Risacher (SRON)

* Patrick Morris (NHSC)

» Michael Olberg (Onsala)

» Volker Ossenkopf (U. Kéln)




Chapter 2. HIFI Instrument
Description

2.1. Instrument and Concept
2.1.1. What is HIFI?

HIFI isthe Heterodyne Instrument for the Far Infrared. It isdesigned to provide spectroscopy at highto
very high resolution over afreguency range of approximately 480-1250 and 1410-1910 GHz (625-240
and 213-157 microns). This frequency range is covered by 7 "mixer" bands, with dual horizontal and
vertical polarizations, which can be used one pair at atime (see Table 3.1 for detailed specification).

The mixers act as detectors that feed either, or both, the two spectrometers on HIFI. An instantaneous
frequency coverage of 2.4GHz is provided with the high frequency band 6 and 7 mixers, while for
bands 1 to 5 afrequency range of 4GHz is covered. The datais obtained as dual sideband data which
means that each channel of the spectrometers reacts to two frequencies (separated by 4.8 to 16 GHz)
of radiation at the same time (see Section 2.1.2 and Section 3.1). For many situations, this overlap-
ping of frequenciesis not a major problem and science signals are clearly distinguishable. However,
particularly for complex sources containing a high density of emission/absorption lines, this can lead
to problems with data interpretation. Deconvolution is therefore necessary for the data to create sin-
gle sideband data. Thisis especially important for spectral scans covering large frequency ranges on
sources with many lines (see Chapter 6).

There are four spectrometers on board HIFI, two Wide-Band Acousto-Optical Spectrometers (WBS)
and two High Resolution Autocorrelation Spectrometers (HRS). One of each spectrometer type is
available for each polarization. They can be used either individualy or in parallel. The Wide-Band
Spectrometers cover the full intermediate frequency bandwidth of 2.4GHz in the highest frequency
bands (bands 6 and 7) and 4GHz in al other bands. The High Resolution Spectrometers have variable
resolution with subbands sampling up to half the 4AGHz intermediate frequency range. Subbands have
the flexibility of being placed anywhere within the 4GHz range.

2.1.2. How Does HIFI Work?

Sub-mm continuum radiation is best detected with bolometers, which act like thermometers, measur-
ing the heat coming in and tranglating it to integrated intensities. Line radiation is much more difficult
to detect. There are no amplifiers available to amplify the weak sky signals at sub-millimeter wave-
lengths. For lower frequencies there are, however, good amplifiers available, which can be small, low
in energy consumption and weight. These are thus very suitable for a space observatory.

2.1.2.1. The Mixers

The solution isthusto bring the signal down in frequency, without losing itsinformation content. This
is accomplished, through heterodyne techniques in which the sky signal is mixed with another signal
(Local Oscillator) very close to the frequency of interest. In performing such mixing of signals, the
resulting signal is of much lower frequency, while still having all the spectral detail of the original
sky-signal. Modern mixing devices such as SIS (semiconductor-insul ator-semiconductor) mixers or
hot electron bolometer (HEB) mixers, not only perform the mixing but can also amplify the signal,
making them eminently suitable for instruments like HIFI.

Mixing: The mixers used by HIFI are at superconducting temperatures (the HEBs are on the border
of normal and superconducting). They are non-linear devices in that the current out is not directly
proportional to the voltage across them -- in fact their current-voltage curves have similarities to those
of diodes. This alows amplification of the mixed signals of the incoming radiation and an on-board
local oscillator. In particular, the "beat" frequency ( | fs- fLo |) between each of the incoming source
frequencies, f, and the single Local Oscillator frequency, fi o.
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Intermediate Frequency: The "beat" frequencies produce the so-called Intermediate Frequency (IF) of
theinstrument. Further amplification is made of these intermediate frequencies and, for HIFI, filtering
allows the detection of |Fs of 4 to 8GHz which is done in the HIFI spectrometers.

2.1.2.2. Double Sideband Data

In creating the intermediate frequency it should be noted that a given IF value (e.g., 5GHz) can be
obtained from a source frequency that is either 5GHz higher or 5GHz lower than the local oscillator
frequency. If we consider this for arange of incoming frequencies we can see that our spectrometer
measures two superimposed portions of an object's spectrum.

 The portion of the source spectrum 4 to 8GHz above the LO frequency. Thiswill be in ascending
frequency order from f_o+4GHz to f o+8GHz. Thisis the upper sideband (USB).

» The portion of the source spectrum 4 to 8GHz below the LO frequency. Thiswill be in descending
frequency order from f_ o-4GHz to f| o-8GHz. Thisisthe lower sideband (L SB).

This superposition isillustrated in Figure 2.1.

Lower siudeband sky Upper sideband sky

1
TA

.T‘A.
R,

O i Mw-‘«w,mm‘ ’\‘ﬁ“‘-wl"~"¢'a*"ff"r*"‘ﬂ?\r?"‘.¢\"|w
Sy Froquincy (HD) T Frequency (b
Mix with LO at 807000 MHz

| ‘ Double sideband
! view

TA

e Ly LS Al

IF Frequency (MHz)

Figure2.1. Superposition of upper (red in double sideband view) and lower (bluein double sideband view)
sideband spectra in a portion of a single DSB spectrum crudely based on Orion cloud spectra taken at
807.0GHz.

20.0 24.0
| |

|

.0 16.0

12
|

T_A

| | | | | | | | | |
5400 5450 5500 5550 5600 5650 5700 5750 5800 5850

IF Frequency (MHz)

Figure 2.2. Superposition of two separate DSB spectra in blue and red taken at 807.0 and 807.13 GHz
respectively. Note how the largest line from the lower sideband goes up in the IF band frequency when
the LO frequency isincreased (compare with previous figure), while the other two lines from the upper
sideband go in the opposite direction. In all cases the frequency shift is 0.13GHZ, the same as the LO
frequency change between the two observations.
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2.1.2.3. Consequences of Double Sideband (DSB) Data

For anumber of regionswhere asingle strong line of known frequency isthe subject of study, knowing
whether it isin the upper or lower sideband frequency range is easy to determine - and so it is easy
to assign the correct frequency to the spectrum scale.

Small LO shifts: However, for cases where it is not known a priori which spectral lines are in which
sideband the simplest way to determine thisis by shifting the LO frequency. Anincreasein LO fre-
quency will lead to USB featuresmovingto lower | F frequenciesand L SB featuresmoving to higher IF
frequencies (see Figure 2.2). It then becomes clear which sideband (and frequency) the featuresarein.

Deconvolution: Even the above technique becomes impossible for regions where there is a high den-
sity of spectral features. In such cases, the chances become quite high that USB features and LSB
featureswill overlap. And the shifting of the LO may only lead to other feature overlaps. For this case
deconvol ution techniques have been devised (see Chapter 7). These allow large regions of frequency
space to be sampled by many positionings of the LO frequency. A reconstruction of the spectrum
(single sideband, SSB) can then be made.

2.1.2.4. The HIFI Flux Units: Antenna Temperature

Sub-mm astronomy derives many of its units from radio astronomy. The standard unit for measuring
the power received is antennatemperature, T, which is defined by:

KTa = power received per unit frequency

If the intensity is constant across the whole beam then the antenna temperature is equivalent to the
brightness temperature (the temperature a blackbody needs to bein order to see the observed intensity
at agiven frequency).

Thisisaparticularly convenient scaleto use since flux calibration is made by comparison of the source
measurement with measurements of hot and cold blackbody loads internal to HIFI.

However, sources do not usually fill any of the HIFI beams and a correction, usually in the form of an
aperture efficiency, is needed. For more details on the calibration procedure see Chapter 5.

The main noise contribution for measurements is from to the instrument itself. This noise level is
referred to as the system temperature, Tgys

2.2. Instrument Configuration

Referring to Figure 2.3, HIFI has five (hardware) sub-systems: the Local Oscillator and Focal Plane
Sub- Systems; the Wide-Band and High-Resolution Spectrometers; and the Instrument Control Unit.
Within the Local Oscillator Sub-System, a tuneable, spectrally pure 24-36 GHz signal is generated
in the Loca Oscillator Source Unit. Thissignal is then frequency-multiplied (upconverted) to 71-106
GHz, amplified, and further frequency-multiplied, by different factors for each of the LO chains, to
the desired RF frequency in the Local Oscillator Unit. The result is a spectrally pure LO signal with
atuneable frequency and power level.

Fourteen multiplier chains cover 480-1910 GHz (625 - 157 microns), with two chains for each of
the seven Focal Plane Unit mixer channels. The chain feeding the lower frequencies of the band is
labelled "a" and for the higher frequenciesis labelled "b" (leading to the naming of mixer bands as
13, 1b, 2aetc.).
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Figure 2.3. General HIFI component diagram.

Thelocal oscillator beamsarefedinto the Focal Plane Unit through 7 windowsin the Herschel cryostat.
Within the Focal Plane Unit, the astronomical signal from the telescopeis split into 7 beams. Each of
thesesignal beamsis combined withits corresponding L O beam, and then splitinto 2 linearly polarized
beams that are focused into 2 mixer units. Each mixer unit generates an intermediate frequency (IF)
signal that is amplified prior to leaving the Focal Plane Unit.

The IF output signals from the Focal Plane Unit can be coupled into two | F spectrometers: the Wide-
Band Spectrometer, a four-channel (subband) acousto-optical spectrometer (AOS) that samples the
4-8 GHz band at 1 MHz resolution; and the High-Resol ution Spectrometer, a high-speed digital auto-
correlator (ACS) that samples narrower portions of the IF band at resolutions up to 140 kHz.

Each of the spectrometers includes a warm control electronics unit. These four control units are, in
turn, commanded by a single Instrument Control Unit (ICU), which aso interfaces with the satellite's
command and control system.

2.3. HIFI Focal Plane Unit

The HIFI Focal Plane Sub-System consists of three hardware units: the Focal Plane Unit (FPU, see
[1]), which is located on the optical bench in the Herschel cryostat and depicted in Figure 2.4 and
Figure2.5; the Up-converter and 3-dB Coupler (described in Section 2.4) are contained in the satellite's
service module -- see the Observatory handbook for details on the service module; and the Focal Plane
Control Unit (FCU), also contained in the satellite's service module). Additionally, the critical signal
chain elements that together define the instrument's sensitivity (the mixers, isolatorsin bands 1 to 5,
and amplifiers, plus the |F up-converter used in Bands 6 and 7) together form the HIFI Signal Chain.
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Figure 2.4. HIFI Focal Plane Unit (FPU).

In practice, the HIFI signal chainisavirtual unit, sinceitselementsare physically distributed through-
out the FPU. The complexity of the FPU has necessitated a modular design in which the Focal Plane
Unit is divided into six major assemblies: the Common Optics Assembly; the Diplexer (beam com-
biner) Assembly; the Mixer Sub-Assemblies (of which there are 14); the second-stage |F amplifier
box; the Focal Plane Chopper; and the Calibration Source Assembly (see Figure 2.4).

Figure 2.5. Back side of the HIFI FPU.

2.3.1. The Common Optics Assembly

The Common Optics Assembly, forms the basis of the FPU structure, and mounts directly on the
Herschel optical bench.
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Figure 2.6. HIFI telescoperelay optics.

Figure 2.7. The channel splitting optics -- as seen from the side with respect to Figure 2.6.

The optics assembly relay the instrument's 7 signal beams from the telescope's focal plane into a
diplexer box. This is done with 6 common mirrors (the telescope relay optics, see Figure 2.6) and
7 sets of 3 mirrors (the channel-splitting optics, see Figure 2.7). Together, these optics have three
primary functions:

» They produce an image of the tel escope secondary on the fourth mirror in the chain after the sec-
ondary (M6), enabling the implementation of a Focal Plane Chopper.

» They produce an image of the telescope focal plane on the first mirrors in the Channel-Splitting
Optics, allowing the beams to be split by seven mirrors with different orientations.

* Ineach channel, they create animage of thetel escope secondary within the beam combiner assembly
(see Section 2.3.2). Thisimage has alarge Gaussian beam waist, to minimize diffraction losses, and
afrequency independent size, to simplify visible-light alignment.

The seven local oscillator beams from the Local Oscillator Unit enter the FPU through windowsin the
cryostat. Using 7 sets of fivemirrors, the Cold Local Oscillator Opticsre-image the L O beam waists at
the FPU input to waists in the diplexer box that match those produced by the channel-splitting optics.

2.3.2. The Beam Combiner Assembly (Diplexer Unit)

Within the beam combining assembly, each of the 7 signal beams is combined with its corresponding
local oscillator beam, creating two linearly polarized beams per channel (referred to as Horizontal, H,
and Vertical, V, beams). Each of these 14 beamsis then directed into a Mixer Sub-Assembly.
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At low frequencies, where significant LO powers are available, the combining is done with polarizing
beamsplitters. As seen in Figure 2.8, one beamsplitter is placed at the intersection of the LO and
signal beams, creating two mixed beams (one contains the horizontally polarized signal beam and the
vertically polarized LO beam, while the second contains the inverse). Each of the mixed beams then
hits a second beamsplitter, which is oriented to reflect 90% of the signal power and 10% of the LO
power (the remaining power is absorbed in a beam-dump).
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Beamsplitter LO Injection Diplexer LO Injection

Figure 2.8. Beamsplitter and diplexer mixing with sample diplexer unit.

At high frequencies, where LO power is scarcer, a Martin-Puplett diplexer is used for LO injection
(see Figure 2.8). Asin the beamsplitter channels, the first beamsplitter creates two beams containing
LO and signal power in orthogonal polarizations. However, in this case, the second beamsplitter is
replaced with a polarizing Michel son interferometer that rotates the LO beam polarization relative to
that of the signal beam, creating a linearly polarized output. In this manner, the coupling of both the
LO and signal powers to the mixersis high (95%, or better), although diplexer scanning mechanisms
are needed for frequency tuning.

2.3.3. HIFI Mixers

2.3.3.1. Device Technologies

The mixers at the heart of the Focal Plane Unit largely determine the instrument's sensitivity. For this
reason, the mixer technologies used in each band have been selected to yield the best possible sensi-
tivity. In particular, arange of Superconductor-Insulator-Superconductor (SIS) mixer technologiesare
being used in the lowest 5 frequency bands (covering 480-1250 GHz; see Refs[2], [3], [4] and [5]),
while the top two bands (covering 1410-1910 GHz; see Refs [6], and [7]) incorporate Hot Electron
Bolometer mixers (HEB mixers).

2.3.3.2. The Mixer Sub-Assembly

Each of the 14 linearly polarized outputs from the diplexer/beam combiner box enters a Mixer Sub-
Assembly (MSA -- see Figure 2.9) that includes:
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2.3.4.

Mixer console:
Thermally isolating

structure

i : Mixer Bias
4-8GHz 1solator Lixer Bias
Filter:
3-mirror
system
Mixer Unit

Optical
beam

Figure2.9. A HIFI mixer sub-assembly.

aset of three mirrors that focus the optical beam into the mixer;
amixer unit where the incoming signal and LO signal are combined;

alow-noise IF amplifier (plus two IF isolators - for bands 1 to 5 - that suppress reflections in the
cable between the mixer and the amplifier);

low-frequency filtering for the mixers DC bias lines; and

a mechanical structure that thermally isolates the mixer unit (at 2 K) from the FPU structure (at
10K).

The Focal Plane Chopper

The Focal Plane Chopper (FPC) isthe sixth mirror of the telescope relay optics (M6, see Figure 2.10).
The chopper mirror is able to rotate (in one direction) around the centre of its optical surface. Tilting
the chopper is equivalent to tilting the telescope secondary, which moves the beam on the sky. The
primary uses of the chopper are to steer the beam on the sky, and to redirect the instrument's optical
beam into the on-board calibration sources.

The beam switch on the sky iscurrently a fixed parameter for the user. The beam switch being 3' onthe
sky. There are two chopper speed regimes available to the user, a "fast" chop (up to 4Hz depending
on the goal resolution, being faster for larger resolutions) and a "slow" chop (typically 0.125Hz if
all 4 spectrometers are used simultaneously, but twice as fast if two backends are switched off -- e.g.,
WBS only). The FPC is designed to have a settling time under 20msecs.

Figure 2.10. The HIFI Focal Plane Chopper (FPC).
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2.3.5. The Calibration Source Assembly

Mounted on the side of the Common Optics Assembly, the Calibration Source Assembly includestwo
blackbody signal loads that are used to calibrate the instrument's sensitivity (the first is an absorber
at the FPU temperature around 10K, while the second is a lightweight blackbody cavity that can be
heated to 100K), plus mirrors that focus the FPU's optical beam into the loads. Temperature sensors
are available to read out the actual temperature of both calibration loads. The HIFI optical beam is
steered towards the calibration sources by the use of extreme positions of the Focal Plane Chopper.

2.4. The HIFI Signal Chain

AsseeninFigure2.11, the HIFI Signal Chainincludesthe 14 Mixer Units, the First- and Second- Stage
Amplifiers (in the FPU), the Upconverter and 3-dB Coupler (which arelocated in the satellite's service
modul€), and the I solators that are used to suppress reflections between the Mixer Units and the First-

Stage Amplifiers.
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Figure 2.11. The HIFI signal chain.

In Bands 1to 5, each Signal Chain consists of amixer, followed by two isolators, and two amplifiers.
For each polarization, the outputs of these 5 independent chains are combined, so that only two cables
are needed to carry the I F outputs from these 10 channels of the FPU to the service module.

The situation in Bands 6 and 7 is similar, except that isolators are not used (because they are not
available for the 2.4-4.8 GHz IF band that is needed for the HEB mixers). Thus, the second pair of IF
output cables from the FPU includes the combined outputs of the two polarizations of Band 6 and 7.
The other difference in the Band 6/7 Signal Chain is that an IF Up-converter is needed to transform
the 2.4-4.8 GHz output of the FPU to 8-5.6 GHz, for compatibility with the spectrometers.
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Within the "IF Up-converter" (in the service module), a 3-dB Coupler is also used to combine the
Bands 1-5 and 6-7 outputs, so that each "polarization” of the Wide-Band and High-Resolution Spec-
trometers is connected to al 7 bands by a single input cable (although a signal is only received from
the active band).

2.5. HIFI Spectrometers

2.5.1.

The HIFI instrument provides an IF bandwidth of 4GHz in all bands except for band 6 and band 7
(1408-1908GHz) where only 2.4GHz bandwidth is available. To sample this bandwidth, HIFI has
4 spectrometers. A Wide Band Spectrometer (WBS) and High Resolution Spectrometer (HRS) are
available for each of the polarizations. All spectrometers can be used in paralel, although at fast data
rates it is necessary to reduce how much is readout and stored since, at the highest data rates, the
spectrometers provide data at a rate that is higher than the bandwidth available to HIFI on board the
spacecraft.

The WBSisan Acousto-Optical Spectrometer (AOS) ableto cover thefull IF range available (4GHZ)
at asingle resolution (1.1MHz). The HRS is an Auto-Correlator System (ACS) with several possible
resolutions from 0.125 to 1.00MHz but with a variable bandwidth that can cover only portions of
the available IF range. The HRS can be split up to allow the sampling of more than one part of the
available IF range.

In the following two subsections, we describe the main workings of the two spectrometer types avail-
ableto HIFI.

The Wide Band Spectrometer (WBS)

The WBS is based on two (vertical and horizontal polarization) four channel Acousto-Optical Spec-
trometers (AOS; see[8]) and includes | F processing and data acquisition. To cover the2 x 4-8 GHz (2
X 2.4-4.8GHz for bands 6 and 7) input signals from the FPU, two complete spectrometers (horizontal
+ vertical polarization) are used. For redundancy reasons both spectrometers are fully independent.

Each spectrometer receives a pre-amplified and filtered |F-signal (4-8 GHz). After further amplifica-
tion in the WBS electronics, the signa is split into four channels which provide the input frequency
bandsfor theWBSoptics (4 x 1.55-2.65 GHz; IF1to | F4). Thesignal isfurther amplified and equalised
(using variable attenuators), to compensate for non-uniform gain of the system, before being sent to
two Bragg cells in the optics module of the WBS.

The other necessary input is to provide a frequency reference signal for the frequency calibration
of WBS spectra. This is done using a 10 MHz reference signal from the Local Oscillator Source
Unit (LSU), is fed into the WBS to provide a "comb" signal. The comb signal in the WBS, with
regular stable 100 MHz line spacing, can be connected for frequency calibration purposes or it can
be disabled to provide a zero level measurement of the AOSs. The zero alows allows more precise
system temperature measurements to be made.

In the optics section of the WBS, the pre-processed |F-signal from the mixers is analysed using the
acousto-optic technique. The IF-signal is fed into a Bragg cell via a transducer. The IF-signal then
generates an acoustic wave pattern in the Bragg cell crystal. A laser beam which enters the Bragg cell
is diffracted according to the acoustic wave pattern in the Bragg cell crystal. The diffracted laser light
is afterwards detected by four linear CCDs with 2048 pixels each and each covering approximately
1GHz bandwidth. Four vertically aligned Bragg cells and CCD chains are necessary to cover the full
4 GHz IF bandwidth of HIFI.

The WBE electronic section has 4 analogue line receivers for the 4 CCD video signals. These signals
are fed to 14 Bit analogue to digital converter with a conversion speed corresponding to less than 3
ms. Therelatively high number of ADC-Bit is meant to keep differential non-linearity effectsto avery
low level. Overall non-linearity in the WBSis very low, less than 1%..

Continuous data taking is possible without dead time during data transfer, as long as the integration
timeis above 1 sec -- which istrue for all standard operating modes of HIFI.
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Every 10 ms the collected photoelectrons in the CCD photodiodes are shifted into a register and
clocked out serially. After integration completion, the data can be transferred while a new integration
is started. Data istransmitted to the Instrument Control Unit (ICU) with 16 or 24 Bitsthrough a serial
interface with 250 kHz clock rate which is synchronous with the CCD read-out clock. Housekeeping
datais provided through the same interface. A second serial interface is used for the command inter-
face.

2.5.2. The High Resolution Spectrometer (HRS)

With the HRS, high resolution spectra are available from any part of the input | F bandwidth (4GHz, or
2.4GHzinband 6 or 7). The HRSisan Auto-Correlator Spectrometer (ACS) that can process simulta-
neously the 2 signals coming from each polarization of the FPU. It is composed of two identical units:
HRS-H and HRS-V. Each of which includes an |F processor, a Digital Autocorrelator Spectrometer
(ACS) and associated digital electronics, plusa DC/DC converter (not discussed here). The HRS pro-
vides capability to analyse 4 subbands per polarization, placed anywhere in the 2.4 or 4 GHz input
bands coming from the Focal Plane Unit (FPU). The two units of the HRS can be used to process
the same 4 sub-band frequency ranges in each of the two polarizations provided by the FPU, thereby
reducing the integration time and providing redundancy. Both units of the HRS operate at the same
timeand it is possibleto look at either IF with each of the HRS spectrometers.

2.5.2.1. Overview of the HRS Subsystem

In each HRS unit the ACS processes the signals coming from its associated IF (see [9]). Each 230
MHz band width input is digitized by a 2 bit / 3 level analogue to digital converter clocked at 490
MHz. The digital signals are analysed with atotal of 4080 autocorrelation channels. It is possible to
configure the HRS to provide 4 standard modes of operation as given in Table 3.2. For example, in
its nominal resolution the HRS proves two sub-band spectra each of which have a bandwidth of 230
MHz, each of which is covered by 2040 channels and has a spectral resolution of 250kHz.

It is possible to set each sub-band frequency independently anywhere in the 4 GHz IF band range.

Two buffers are used, with selection synchronised with the chopper position by the ICU. The HRS
has a maximum chopping frequency of 5 Hz. The data can be accumulated in each buffer up to a
maximum of 1.95 seconds. The data readout duration is about 42 ms. Data can be read out from one
buffer while data accumulation occurs on the other.

2.5.2.2. Modes of HRS Operation -- Wide Band Mode

In thewide band mode all 4080 correlation channels of the ACS are used to analysethe 8 input signals.
As the input signals are adjacent two by two, 4 sub-bands of each of 460 MHz bandwidth can be
analysed in this mode. The four sub-bands can be independently placed anywherein the | F bandwidth
range. It is possible to analyse almost the whole 4 GHz input IF bandwidth by selecting the same
polarization in the two HRS units and by setting the lose to have adjacent sub-bands.

In this mode, with a Hanning windowing of the correlation function, the spectral resolution is 1000
kHz. The total band-width per HRS unitis 2 GHz.

In each correlator ASIC one channel is dedicated to compute the analogue signal offset.

2.5.2.3. Modes of HRS Operation -- Low Resolution Mode

In the low resolution mode the 4080 correlation channels are used to analyse 4 of the 8 input signals
of 230 MHz band width each. The four sub-bands can be independently placed anywhere in the IF
bandwidth.

In this mode, with a Hanning windowing of the correlation function, the spectral resolution is 500
kHz. The total band-width per HRS unitis 1 GHz.

In each correlator ASIC one channel is dedicated to compute the analogue signal offset.

13



HIFI Instrument Description

2.5.2.4. Modes of HRS Operation -- Nominal Resolution Mode

In the nominal resolution mode the 4080 correlation channels are used to analyse 2 of the 8 input
signals of 230 MHz band width each. The two sub-bands can be independently placed anywhere in
the IF bandwidth range.

In this mode, with a Hanning windowing of the correlation function, the spectral resolution is 250
kHz. The total band-width per HRS unit is 460 MHz.

In each correlator ASIC one channel is dedicated to compute the analogue signal offset.

2.5.2.5. Modes of HRS Operation -- High Resolution Mode

In the high resolution mode the 4080 correlation channels are used to analyse 1 of the 8 input signals
of 230 MHz band width each. The sub-band can be placed anywhere in the IF bandwidth range.

In this mode, with a Hanning windowing of the correlation function, the spectral resolution is 125
kHz. The total band-width per HRS unit is 230 MHz.

In each correlator ASIC one channel is dedicated to compute the analogue signal offset.
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Chapter 3. HIFI Scientific Capabilities
and Performance

The HIFI instrument has been designed to provide very high spectral resolution across a large range
of far-infrared and sub-millimetre wavelengths. A large fraction of the frequency range covered by
the instrument can not be observed from the ground.

In this chapter we discuss the range of science capabilities of the instrument.

3.1. What Science Is Possible With HIFI?

HIFI'svery high spectral resolution coupled with its ability to observe thousands of molecular, atomic
and ionic lines at sub-millimeter wavelengths make it the instrument of choice to address many of
the key questions in modern astrophysics related to the cyclic interaction of stars and the interstellar
medium. A wide range of chemical and dynamica studies are possible using HIFI. However, the
original set of science objectives for the instrument are given in the following section.

3.1.1. HIFI's Scientific Objectives

At the outset of the mission, the major scientific objectives of the HIFI instrument are;

* to probe the physics, kinematics, and energetics of star forming regions through their cooling lines,
including H»O (see Figure 3.1);

* to survey the molecular inventory of the wide variety of regions that participate in the life-cycle
of stars and planets;

* to search for low-lying transitions of complex species (i.e. PAHSs) and thus study the origin and
evolution of the molecular universe;

* to determine the out-gassing rate of comets through measurements of H,O and to study the distri-
bution of H,0 in the giant planets;

* to measure the mass-1oss history of stars which regulates stellar evolution after the main sequence,
and dominates the gas and dust mass balance of the Interstellar Medium (ISM) -- see Figure 3.2;

* to measure the pressure of the interstellar gas throughout the Milky Way and resolve the problem
of the origin of the intense Galactic [Cl1] 158 micron emission measured by COBE;

+ todeterminethedistribution of the C/**C and “*N/*N ratiosin the Milky Way and other galaxies (to
constrain the parameters of the Big Bang and explorethe nuclear processesthat enrich the|SM); and

 to measurethefar-infrared line spectra of nearby galaxies astemplates for distant, possibly primor-
dial galaxies.
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Figure 3.1. Oneof HIFI'sfirst spectra. The 557 GHz water line as seen in Comet Garradd
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Figure 3.2. Early Science Demonstration Phase HIFI spectral scan towardsthe Orion nebula region. Mul-
tipleL O settingswer e used to obtain acomplete spectr um acr ossthe availablefrequency range of thewhole
of aHIFI subband. The combined dual sideband spectra wer e deconvolved to provide the single sideband
spectrum shown.

HIFI achieves very high resolution spectroscopy that enables vel ocity structures also to be measured.
In this sense it is also an excellent instrument for determining accurate gas dynamics of a particular
region with resolutions of afraction of akm/s easily possible.

3.2. Primary Instrument Characteristics

Tofulfil the scientific objectives noted in Section 3.1, the HIFI instrument has been designed with the
following important characteristics:
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» complete coverage of 480-1250 and 1410-1910 GHz (625-240 and 213-157 microns), to allow
multiples lines of important molecules, such as H»0, to be sampled, and to allow broad, unbiased
spectral surveys;

« aresolving power of up to 10’, corresponding to a velocity resolution up to 0.03 kmy/s (requiring
anarrow local oscillator line-width and an Intermediate Frequency (IF) spectrometer -- measuring
the frequency difference between signal and local oscillator signals -- with a resolution of up to
125 kHz);

* areceiver sensitivity of 3-4 times the quantum limit, to make maximum use of the limited satellite
lifetime (requiring low-noise mixers and |F amplifiers);

 alarge instantaneous band-width (4 GHz in each sideband) to increase spectral survey speeds, to
minimize the risk of spectral coverage gaps, and to observe broad features (requiring mixers, am-
plifiers, and a spectrometer with 4 GHz of |F bandwidth);

» dual-polarization operation to make maximum use of the energy collected by the HIFI optical beam;
and

at least 10% calibration accuracy (with agoal of 3%)
NOTES:

1. The time needed to observe a weak spectral line scales inversely with the square of the receiver
noi se temperature.

2. The bandwidth isonly 2.4 GHz in Bands 6 and 7 (due to a bandwidth limitation in the state-of-the-
art HEB mixers that are used at these high frequencies).

3. For bands 5, 6 and 7, the receiver temperatures are rather 10-20 times the quantum limit.

3.3. General Instrument Description

The HIFI instrument provides continuous frequency coverage over the range 480-1250 GHz (625-240
microns) in five bands with approximately egual tuning range. An additional pair of bands provide
coverage of the frequency range 1410-1910 GHz (213-157 microns). The instrument operates at only
one local oscillator frequency at atime.

In al mixer bands two independent mixers receive both horizontal and vertical polarizations of the
astronomical signal, although in some cases reduced bandwidth or use of a single polarization is re-
quired to stay within the data rate available to the instrument.

The user has the choice of using only a single polarization if he/she chooses.

Thefirst 5 mixer bands use SIS (superconductor-insul ator-superconductor) mixers; bands 6 and 7, use
Hot-Electron Bolometers (HEBS).

The instantaneous bandwidth of the instrument will be 4 GHz. The frequency coverage of the instru-
ment is summarised in Table 3.1.
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Table3.1. HIFI frequency coverageand band allocation. Notethat thevaluespresented areL ocal Oscillator
frequencies. Each band isfurther split in two (*a" and " b") dueto the use of two L ocal Oscillator chains
for thelower and upper portionsof thefrequency rangefor each band. A further 8GHzisavailableat each
end of the frequency range due to the frequency placement of the upper and lower sidebandsin HIFI in

bands1to5. Thisisonly afurther 48GHzin bands6 and 7.

Band Mixer type ]Ifr(gq L ower ]Ifr(gq Upper (Bjirgw) Size |F Bandwidth
1 SIS 488.1 GHz 628.4 GHz 39" 4.0 GHz
2 SIS 642.1 GHz 793.9 GHz 30" 4.0 GHz
3 SIS 807.1 GHz 952.9 GHz 25" 4.0 GHz
4 SIS 957.2 GHz 1113.8GHz  |21" 4.0 GHz
5 SIS 1116.2 GHz 1271.8 GHz 19" 4.0 GHz
6+7 HEB 1430.2 GHz 1901.8 GHz 13" 24 GHz

3.4. Available Spectrometer Setups

3.4.1.

3.4.2.

HIFI has four spectrometers, one Wide Band Spectrometer (WBS) and one High Resolution Spec-
trometer (HRS) per polarization. These may al be used simultaneously. When all spectrometers are
in use frame times are 4 seconds each. Shorter frame times are possible when only one type of spec-
trometer isused (1 or 2 seconds).

The high resolution spectroscopy modes available with HIFI are most useful for observing faint de-
tails and to separate adjacent spectral lines from each other. The contrast between higher and lower
resolution dataisillustrated in Figure 3.3 which shows spectra for the Orion-Irc2 region.
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Figure 3.3. Example of the use of high resolution spectroscopy in the Orion-Irc2 region.

Wide Band Spectrometers (WBSSs)

The Wide Band Spectrometers have a single resolution (1.1MHz) with pixels of width around
0.54MHz (varies dightly across the | F bandwidth). A total contiguous | F bandwidth of 4GHz is cov-
ered by 4 linear CCDsthat cover 1GHz bandwidth each. Precise frequency calibration isavailablevia
an internal comb generation, supplying asignal providing aregular line spectrum with lines 100MHz
apart. Two buffers are available for source and reference spectra.

High Resolution Spectrometers (HRSs)

The High Resolution Spectrometers have configurations with a variable resolution that is user se-
lectable (see Table 3.2). Between one and four subbands of 230MHz of 460MHz bandwidth can be
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centred anywhere within the 4GHz intermedi ate frequency range made available to the spectrometers.
Frequency calibration comesfrom theinternal local oscillator frequency settings for the spectrometer.

Two buffers are available for source and reference spectra.

Table 3.2. List of HRS configurations availablein each polarization

Number of Spectral reso-

Mode bands per po-|Number of |Number of off- |lution (kHz) -|Channel spac-
larization  x|lags set channels |Hanning type|ing (kH2)
bandwidth apodisation-.

Highresolution|1 x 230MHz |1 x 4080 16 125 64

Nominal reso-1; , saomHz |2 x 2040 16 250 125

lution

Low resolution |4 x 230MHz |4 x 1020 16 500 250

Wide resolu-|4 x 460MHz

tion (band) (x2) 4x 510 (x2) 16 1000 500

3.5. Mixer Performance

3.5.1.

Further information beyond what is provided here can be found on the Herschel Science Center'sweb-
site for the AO release http://herschel .esac.esa.int/AOTsRel easeSatus.shtml. Please see this area for
more detailed information and any updates on HIFI instrument performance and AOTs. The calibra-
tion pages will contain up to date calibration information including system temperature vs IF for al
tuned L O frequencies (also see Section 3.5.2).

System Temperatures

Figure 3.4 summarises the current status of measured mixer performance in each of the HIFI mixer
bands. The values shown are the ones currently used in HSpot used in planning HIFI observations.
These values are good for the currently measured "best" polarization for each band. Some variation
in sensitivity does occur across the IF frequency band (see Section 3.5.3) and some deterioration of
sensitivity occurs towards band edges, notably for the situation where diplexers are used for beam
combining (bands 3, 4, 6 and 7).

At present, line selection in HSpot automatically places spectral lines at a good position for sensitiv-
ity, avoiding internal spectrometer boundaries (e.g., between 2 CCDs of the WBS spectrometer) and
bandwidth either side of the chosen line.

Observationsfrom both horizontal and vertical polarizations may be combined, but system noiselevels
typically vary for each of the bands and a reduction in observation noise by combining polarizations
isdightly less than square root of 2.

Detailed plots of the system sensitivity changes across al the bands are available from the Her-
schel Science Centre website in the HIFI instrument calibration area of http://herschel.esac.esa.int/
AOTsReleaseSatus.shtml.
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Figure3.4. Doublesideband system system temper aturesof HIFI mixers(bands1to5are Sl Smixers, bands
6 and 7 are HEB mixers), as used in HSpot. System temperatures are based on in-flight measurements
using the internal calibrators of HIFI together with the H and V polarizations of the WBS spectrometer.
Theinstitutionsthat created the different mixer subbandsareindicated.

Tuning Ranges

In addition to certain known impure frequencies (see Section 5.4.6), the various HIFI LO chains have
frequency rangesin which they cannot provide enough output power in order to sufficiently pump the
mixers. Thereceiver noise temperatureisvery highin theseranges. Unlike the purity issues, however,
there is little improvement to be expected on the short term so these areas must be considered as
regions of low performance, over the spectral coverage currently achievable by HIFI.

While the border between sensitive and non-sensitive ranges is not abrupt and the noise degradation
is often gradual, the band edges are defined and set in HSpot to avoid frequencies where the mixers
are not even marginally pumped. Between the formal (HSpot) band limits, Users are able to recognize
L O frequencies which offer lower performances from the output of time estimation in HSpot: at the
requested L O frequency (Point and Map AQTSs), the noise temperature is quoted in the Message win-
dow. The effect of higher noise temperature is to increase the observing time at a fixed noise goal
(entered by the User), or conversely to reduce the S/N ratio at afixed observing time goal. It isalways
worthwhile for the User to attempt to find a setting which minimizes the noise, where some flexibility
isalowed in the IF placement of the spectral ling(s) of interest.

Note that system temperatures have been measured to a granularity of ~2 GHz, and therefore only
significant differences may be noticed when changing the LO frequency that switchesthetarget line(s)
from one image band to the other.

Figure 3.4 illustrates the overall distribution of the receiver noise temperatures as measured in flight.
All temperatures are the median DSB receiver temperatures over the full WBS bandwidth, in K. Fre-
guencies arein GHz. There are two types of poor sensitivity ranges:

More detailed information for each of the bands is provided in Figure 3.5, Figure 3.6, Figure 3.7,
Figure 3.8, Figure 3.9, Figure 3.10, and Figure 3.11.
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Figure 3.5. Double sideband system system temperatures of HIFI mixersin bands 1a and b. In plots up
to Figure 3.11 the x-axis provides the local oscillator frequency used (in GHz) and the y-axis providesthe
double sideband system temperature (in K).
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Figure 3.6. Double sideband system system temperatures of HIFI mixersin bands2a and b.
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Figure 3.7. Double sideband system system temper atures of HIFI mixersin bands 3a and b.
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Figure 3.8. Double sideband system system temperatures of HIFI mixersin bands 4a and b.
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Figure 3.9. Double sideband system system temper atures of HIFI mixersin bands 5a and b.
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Figure 3.10. Double sideband system system temperatures of HIFI mixersin bands 6a and b.
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Figure 3.11. Double sideband system system temperatures of HIFI mixersin bands 7a and b.

» Thosewithamarginally, but still pumped mixer. They show up asreceiver temperatures of the order
of 2-3 timesthe average temperatures. These frequency areas are considered in the range offered in
HSpot, and will be scanned through during spectral scan measurements, usually with an integration
time doubled compared with other frequencies.

» Those where the mixer cannot be pump at all. Such ranges at band edges have been cut off from
the HSpot front-end frequency ranges so that no timeis spent observing at those frequencies. When
those holes occur in the middle of a band, they are still offered to the User, and will be scanned
through during spectral scan, usually with an integration time doubled compared with other fre-
guencies. However, at those frequencies, the data may have to be discarded for an optimum SSB
deconvolution. Only bands 4a, 4b and 6a are concerned by this situation. It should also be noted
that there can be sensitivity issues at the upper end of 7b (above 1898 GHZz); despite having enough
L O power the tuning algorithm is not yet fully stable there.
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3.5.3. Sensitivity Variations Across the IF Band

The 2.4GHz (in bands 6 and 7) or 4GHz (all other bands) bandwidth of the spectra obtained out of the
instrument are known to have some variationsin sensitivity.

Bands using beamsplitters. Here, the sensitivity variations are not particularly large across the band.
Thisisthe casefor bands 1, 2 and 5. But I F mismatch can occur at some specific frequencies, resulting
in narrow features of noise excessin the IF (see Figure 3.12).
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Figure 3.12. Band 1b showing an | F mismatch at 7000 MHz. It isparticularly noticablein theV polarization
at thisL O frequency.

Bandsusing diplexers. Inthediplexer bands 3, 4, 6 and 7, asubstantial increasein system temperatures
and thus decrease in sensitivity occurs towards the edges of the |F bandpass. For Bands 3 and 4, the
IF bandpass span is 4 GHz (4 - 8 GHz), and the last 500 MHz at either side, between 4.0-4.5 GHz
and between 7.5-8.0 GHz, has a significant increase of baseline noise since the diplexer mechanism
introduces extra losses in these locations. Tgys can increase by up to 50-100% as compared to the
central part of the IF.

The high frequency bands 6 and 7. These bands also have diplexers with the characteristic U-shaped
sensitivity across the IF range. However, the nixer gain dependence over the |F leads to a systematic
rise in system temperatures (reduction in sensitivity) from the lower frequencies of the IF band to the
higher frequencies.

Anillustration of the sensitivity change for band 4ais shown in Figure 3.13
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3.5.4.
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Figure 3.13. Variation of | F sensitivity at 997.0 GHz in band 4a and 1478.0 GHz in band 6a that showsthe
typical variation of system temperature across the |F band for a diplexer subband, including -- in band
6a -- for an HEB mixer.

An additional drawback is degraded stahility performance (stronger standing waves and poorer base-
line performance). Note that such stability issues can be mitigated by using Fast-DBS, but not the
sensitivity degradation. The option "1 GHz ref" can be used (i.e. un-ticked) to help with the stability
of the degraded part of the |F at band edges.

Itisthusarecommendation to avoid placing linesin thelast ~500 MHz on either end of the IF in Bands
3and 4, and in the last ~250 MHz in Bands 6 and 7, when using modes of the Point or Map AOTS. In
caseswheretwo lines are being targeted in the edges of the upper and lower sideband in asingle AOR,
it is better to devise separate AORs for each line despite the additional 180 sec slew tax, sincetimeis
not being saved in a single AOR when the noise and standing waves are impeding spectrum quality.

Note that spectral lines selected in HSpot are automatically placed in the best part of the IF
frequency band for sensitivity. Theuser can overridethisif he/she chooses (e.g. to allow further
spectral lines to become available in the same spectrum) by use of the dider or by inputting a
specific frequency in the frequency editor table for a given spectrometer (see the user manual
for details).

Overall Noise Performance

HSpot provides noise estimates on a single sideband (SSB) main-beam brightness scale for combined
H and V polarization spectra. Observations carried out during performance verification were analysed
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in order to verify these predictions, which drive observing time at goal and maximum spectral reso-
lutions entered in HSpot by the User. The 1 GHz reference option has almost always been used in
the noise predictions, which means that the baseline in only one WBS sub-band is considered for sta-
bility instead of the full IF, to take standing waves within that 1 GHz window into account. Thisis
recommended for most observing situations except, when lines are very broad (such as from external
galaxies or fast outflows).

Noise estimates from HSpot 5.0 have been found to be consistent with those actually observed using
the various HIFI observing modes.

3.5.4.1. Noise Performance in Spectral Scans

3.5.5.

The noisein the Spectral Scanswhen measured before sideband deconvolution scaleswith [2 x redun-
dancy]™?, to the single sideband (SSB) noise when the gains are equal (0.5). When the gains deviate
from this value, the deconvolution algorithm should model these as well and the same scaling should
apply. So far there are no indications of a departure away from 0.5.

Analysis of the Spectral Scans taken during performance verification indicate that the deconvolved
SSB root mean square (RMS) noise values are found to be in good agreement, but also sometimes
1.5to 2 times higher than the HSpot predictionsin Bands 1-5. Very preliminary deconvolution results
indicate that the HEB Bands 6 & 7 suggest an even higher SSB RM S noise - between 2-3 times more
than currently predicted by HSpot. Further work is ongoing and updates will be provided to users as
results are obtained.

Observers should keep in mind that the production of good SSB spectra is highly dependent on the
removal al artefacts: standing waves, spurs, and theremoval of al continuum baselines (linear or non-
linear) prior to performing the deconvolution reduction step.

Note: When using the DBSreference mode of the spectral scan in bands 6 and 7 users should use the
fast DBS mode rather than normal (slow) chop speed mode.

Mixer Stabilities

Stability measurements have been made at several frequencies for each of the subbands in flight.
Results are now incorporated into the observing sequences produced by HSpot (see Table 3.3).
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Table 3.3. Allan stability times of the HIFI instrument measured for different noise resolutions and refer-
ence bandwidths

Band gﬁ?;'{;;uer?;; Spectroscopic stability time (secs)

Full backend Full backend 1GHz bandwidth
la 6.5 35 0.8 64.0 42.0 16.0 1700 |120.0 |55.0
1b 6.5 3.6 0.8 46.0 30.0 10.0 150.0 |99.0 37.0
2a 14.0 8.7 2.2 71.0 48.0 16.0 300.0 [220.0 |93.0
2b 71 3.6 1.0 35.0 19.0 6.2 160.0 |88.0 29.0
3a 34 21 0.7 25.0 14.0 48 65.0 40.0 15.0
3b 6.5 5.0 15 65.0 50.0 15.0 2500 (2000 |720
da 18 14 05 9.1 7.3 2.6 120.0 |98.0 38.0
4b 7.8 31 0.6 59.0 26.0 6.5 240.0 1200 |36.0
5a 13.0 44 0.9 1100 |45.0 13.0 3100 |160.0 |60.0
5b 12.0 43 0.9 82.0 39.0 13.0 2100 (1200 |55.0
6a 13 0.6 0.2 11.0 49 1.7 320 15.0 54
6b 2.8 0.8 0.2 420 15.0 44 91.0 43.0 17.0
7a 15 04 0.1 27.0 8.9 25 69.0 25.0 8.1
7b 0.3 0.1 0.0 12.0 38 11 33.0 10.0 3.0

The Allan stability measurement compares the instrumental drift with the radiometric noise. After one
Allantime, wefind equal contributionsfrom radiometric noise and drift noiseto thetotal uncertainty to
thedata. An optimum measurement cycle should last about 1/3 of the Allan time (for detail s, see[18]).
Table 3.3 lists some relevant stability times as a function of the HIFI band and the reference. Asthe
radiometric noise decreases, as occurs when binning multiple spectrometer channelsfor acoarser goal
resolution, we always find a decrease of the Allan time and the corresponding observation cycle when
increasing the goal resol ution. When computing thetotal datauncertainty, different valuesare obtained
when one comparesthetotal power level with the radiometric noiseor only theline structure, removing
a zero-order baseline. Moreover, different values are obtained when we consider only structures on a
bandwidth of 1~GHz or over the full backend bandwidth. The first is applicable when an observation
isonly directed towards a single narrow line while the latter one will be needed when observing very
broad lines that cover more than one WBS subband or when lines are needed to be located at edges
of thelF

The timing and sequencing of observations is based in large part on the listed stability times. Instru-
mental drifts over time lead to extra noise which can be mitigated by frequent measurements of aref-
erence (see Chapter 4 where the different reference schemes available to HIFI are discussed). Obser-
vations requiring accurate measurement across the whole or large fractions of the | F bandwidth (e.g.,
broad lines due to rotation in observations of galaxies) are subject to faster drifts. This is taken into
account by HSpot when determining the optimum observing sequence for an observation and when
the timing scheme for 1GHz bandwidth is un-checked.
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Chapter 4. Observing with HIFI

4.1. Introduction

For HIFI, three Astronomical Observing Templates (AOTS) are available:
» AOT I: Single Point, for observing science targets at one position on the sky;
* AOT II: Mapping, for covering extended regions;

* AOT Ill: Spectral Scanning, for surveying a single position on the sky over a continuous range
of frequencies selected within the same LO band by the user.

Each AOT can be used in a variety of different modes of operation, providing the widest range of
options for performing spectroscopic science observations in different astronomica that HIFI and
the Observatory will alow, in terms of reference measurements and calibration. In other words, the
three AOTs come with Observing M odes where the user may select from different calibration modes,
choosing the mode best suited to the observing situation and science goals.

The Observing Modes are availabl e to the user through the HSpot observation planning tool available
in the Herschel Proposal Handling System.

The Observing Modes are described in the following sections, with typical usage examples and limi-
tations, and steps for creating Astronomical Observing Reguests (AORs) in HSpot, which represent
real observations.

Regardless of mode, however, users of HIFI should be aware of the following general condition:

* Only one LO band is planned to be operated at any one time, meaning that observations
reguiring frequenciesin different L O bandswill alwaysrequireseparate AORs. AORsmaking
use of the same LO band can be scheduled together (e.g., via chaining), but the same scheduling
restrictionsthat apply to different instrumentswill also apply to AORsrequiring differing LO bands.
For instance, it iscurrently not be possibleto group or concatenate different instrumentsor, inHIFI's
case, different LO bands together, under most circumstances.

» Sourceintegration timeswill be optimised according to the user's observing time goal or noiselevel
goal. Providing user input is discussed in Chapter 6, where specific examples for setting up HIFI
observations are given using the HSpot tool.

4.2. The HIFI Observing Modes

Observations created in one of the three AOTs will be performed in a number of different Observing
Modes, which differ mainly in the selection of the reference measurements during the course of ob-
serving. All observations consist of source measurements, reference measurements and a set of cali-
bration measurements that will be used to fully calibrate the spectra in both frequency and intensity.
Observing mode design is intended to supply an optimum bal ance between observing efficiency and
self-contained calibrationstimed by instrumental performance and stability metrics. The currently de-
signed Observing Modes and their relation to the AOTs is given in the following chart (Figure 4.1):
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4.2.1.

Reference AOTI AOTII AOT III
Mode Single point ohservations Mapping observations Spectral scan obhservations
Position Ohserving mode 1.1 Ohserving mode I1-1
itch
il Fixed point position switch On-The-Fly scan map
Dual beam | Ohserving mode 1.2 Observing mede 112 (X) Obsexving mode I11-2
itch
st Puoitit w/Beam Switch DBS raster (cross) DBZ spectral scan
;:’if'c‘:f"w Ohbserving mode 1.3 Ohserving mode 113 Ohserving mode I1L3
Point w/Frequency Switch OTF wiFrequency Switch Frequency switch scan
Load Ohserving mode I-4 Ohserving mode IT4 Ohserving mode ITT-4
cho
P Puoint wiLoad Chop OTF wiLload Chop Hean with load chop

Figure 4.1. Overview of available AOT observing modes.

The numbering scheme of the observing modes represents an association between the AOT class (in
Roman numerals) and four possible modes of reference treatment (Arabic numerals) that are foreseen.
The dual beam switch modes further split into two separate modes using a slow chopper speed (Maode
[-2) and afast chopper speed (Mode I-23).

Each Observing Mode uses a somewhat different scheme for the data processing including the inten-
sity and frequency calibration depending on how the reference measurements are obtained while ob-
serving. Thus the noise level and the drift contribution to the total data uncertainty of the calibrated
data obtained from one of the AOTs depend critically on the Observing Mode (i.e., on the reference
measurement scheme).

To enable an educated selection of the AOT Observing Modes, the following subsections provide
descriptions of the scientific motives, typical usage, user options, data output, advantages and disad-
vantages.

Modes of the Single Point AOT |

There are four modes provided for observing point sources with HIFI. The best mode to choose de-
pends on the kind of science being done and the situation of the target object. For example, a point
source well away from any diffuse cloud emission is likely to be best suited by a Dual Beam Switch
observation, where reference OFF source positions are taken close to the target object. However,
sources embedded within molecular clouds the use of a sky source for reference may not be possible
and an internal reference is better to use, e.g., aload chop observation.

In this section we describe the point source modes available for HIFI observations and indicate typical
situations in which a given point source mode may be chosen.

4.2.1.1. Mode I-1: Position Switch

Purpose:

Used to observe apoint source (fixed or moving) in one or more spectral lineswithin asingle IF band.
Allows the choice of areference sky position within 2 degrees of the target.

Description:

This is the simplest Observing Mode for HIFI, in which the single pixel beam of the telescope is
pointed alternately at a target (ON) position then a reference sky (OFF) position. Observing is done
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at asingle LO frequency, at the spectral resolution of the chosen back-end spectrometer. Data taken
at the OFF position provide the underlying system background that is removed in pipeline processing
by a simple subtraction. The OFF position is chosen by the user to be an area of the sky that is known
(or else assumed) to be free of emission at the requested frequency. The reference position must be
sampled sufficiently frequently so that detector drifts are adequately compensated. The switching rate
is calculated automatically in the AOT logic based on knowledge of the instrument stability time, and
internal calibrations (e.g., frequency calibration) may be performed during initial slews to the target
or during telescope movement during the observation.

Schematically, atimeline for this mode may be represented as follows (Figure 4.2):

Telescope:
OFF position ) [T P
' \.‘I\ ff \“-.‘ '
£ i ; Y ."I
/ | i
source position ‘,‘-*j e ' IO
/
|
/ 0 Tuning of the instrument
j."’ I Zero and comb integration
/ I Intagration on hot Ioad
I Integration on cold load
nitial position I Integration on sky

Figure4.2. Timeline of HIFI position switch AOT.
General Usage:

Ideal for sourcesin crowded fields or regions of extended emission for which accurate flux measure-
ments are required. An OFF position which isfree of emission at the selected L O frequency must
be within 2 degrees of the ON target position.

Advantages:

Accurate intensity calibration of the observed spectral line can be achieved if an area of the beam
within 2 degrees of the science target is emission-free, and timing constraints on the integrations at
the ON an OFF positions based on knowledge of the system stability are met in a way that the drift
term in the total noise is always less than the radiometric term.

Disadvantages and alternatives:

An emission-free area within 2 degrees of crowded fields or regions of extended emission may be
difficult tolocatefor the OFF (reference) positionto be used. Thisisespecially truefor regionstowards
the Galactic Centre and around popular star forming regions. If the closest emission-free region is
beyond 2 degrees, and mapping modes (AOT I1) are undesirable, then a mode with load-chop (Mode
I-4) or frequency-switch (Mode I-3) may be more desirable.

The frequency switch mode may be more efficient if baseline effects such as standing wave ripples
can be ignored, in the case of very narrow lines where even a distorted baseline can be approximated
by asimple linear profile acrosstheline.

If the astronomical source to be observed is smaller than 3 arc minutes, DBS (Mode |-2) observations
are preferred because they require only rare slews and contain an inherent baseline correction.

If the timing constraints from the system stability are not met, it is easily possible to arrive at an un-
certainty of the calibrated data that is dominated by drift noise instead of the radiometric noise. In
general the resulting timing constraints do not guarantee accurate continuum level derivation. Obser-
vations requiring accurate continuum levels should be acquired with modes making optimum use of
the internal chopper (e.g., Mode I-2 or 23).
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User Inputs:

Target (ON) and reference (OFF) positions, LO band and frequency, minimum and maximum goal
frequency resolution of the calibrated data, spectrometer usage, and total observing time or noise goal
at the lowest goal at the goal resolution.

Data Calibration:

The final spectra are based on the differences between neighbouring ON target and OFF reference
position measurements. Co-addition of (ON - OFF) provide the final 1D spectrum.

A zeroth order baseline may occassionally need to be subtracted when using this mode.
No explicit standing wave correction is needed.

Instrument tuning, frequency calibration, and measurements of theinternal hot and cold loads will be
done during initial slew, and may be done during slews between ON and OFF positions depending
on dew length and rate.

The transformation into a brightness temperature scale is performed by dividing the difference mea-
surement by the results from the load calibration measurements and multiplying by the corresponding
difference in the Rayleigh-Jeans temperatures of the hot and cold loads for the given LO band (loads
are measured during each observation).

Thefinal trandlation into abeam temperature relies on the beam efficiency, as measured at the primary
calibration sources.

4.2.1.2. Mode I-2: Dual Beam Switch (DBS)

Purpose:

Used to observe a point source (fixed or moving) in one or more spectral lines or continuum within
asingle IF band. Uses chopper to view fixed sky positions for reference, 3' either side of the target
position.

Description:

Inthismodeaninternal mirror isused to providethe motion to areference OFF position onthesky. The
reference OFF position is currently set to be 3 arc minutes from the ON target position, and is
not adjustableby theuser. Movingtheinternal mirror changesthelight path for theincoming waves,
subjecting the measurements to the possibility of residua standing waves, so moving the telescope
in such away that the source appears in both chop positions is expected to completely eliminate the
impact of standing wave differencesin the two light paths.

The low dead time in moving a small distance with the telescope and in the internal chopper motion
makes this mode more efficient than position switching (Mode |- 1). A diagram showing the telescope
and chopper positionsis shown in Figure 4.3:
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Figure 4.3. HIFI Dual Beam Switch positions on the sky.
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Two chopper speeds are availableto the user, aslow chop mode with typically 0.125Hz chopper speed
(Mode I-2) and afast chop DBS (Mode I-2a) with a frequencyup to 4Hz. The faster chop is intended
to compensate for instrumental drifts at low frequency resolutions that would otherwise (at the slow
chop rate) lead to baseline distortion and increased intensity uncertainties.

If accurate continuum level measurements are needed, e.g., for some absorption-line studies, then a
separate calibration schemeis sel ectable by the user to provide astable continuum. Notethat selection
of continuum stability timing in this mode can significantly reduce the efficiency of the obser-
vation, particularly at the highest frequenciesin bands6 and 7. A schematic timeline for Mode
[-2 appearsin Figure 4.4:

Telescope:

source position ‘ : g i LW
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= Tuning of the instrument
Zeroand comb integration

Integration on het load

[
|
U 1 Integration on cold load
[ Inlegration on sky — chop angle 1
I
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Figure4.4. Timeline of the HIFI Dual Beam Switch observing mode.
General Usage:

Point sources or dlight extended (< 3'in diameter) objectsthat are not sitting within or near to extended
emission at the requested frequency.

Particularly useful for moderately distant to very distant extragal actic objects.

The fast chop mode (Mode I-24) is expected to be used where accurate continuum or broad line (low
spectral resolution) measurements are required.

The initial results from comparing performances of the normal (or slow) chop DBS with FastDBS
modes indicate that the latter generally perform better with respect to correction for electrical standing
wavesin bands 6 and 7. Therecommendation at thistimeisto only usethe FastDBS modein the
HEB bands (bands 6 and 7).
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Advantages:

Accurate baseline removal with no trade-off with lineintensity calibration accuracy by optical effects
(standing wave differences will cancel via dual chop motion). The internal chop measurements and
small telescope motions mean that the science target is viewed nearly 50 per cent of the time. This
istypically more efficient than the position switch method (Mode I-1). Fast chopping (Mode I-24) is
best at lower spectral resolutions.

Disadvantages and alternatives:

Relative timing between the internal chopper and telescope nodding at al of HIFI's integration times
iscrucial to avoid residual ripples, and the constraints cannot be tested and adjusted until the commis-
sioning phase. Also, the direction of the chopper motion on the sky depends on the roll angle of the
spacecraft, which slowly changes on orbit. Thus the chopper motion is only predictable when fixing
the dataand time of an observation, which is not advised in order to allow normal scheduling flexibil-
ity, meaning that the mode should be generally restricted to objectswith asize below 3 arc minutesin
all directions. Otherwise the observations should use position switch, frequency switch or load chop
modes (Modes I-1, 1-3, or |-4).

User Inputs:

Target (ON) position, chop rate (fast or normal), LO band and frequency, minimum and maximum
goal frequency resolution of the calibrated data, spectrometer usage, and total observing time or noise
limit at the lowest goal resolution.

It is possible to adjust the chopper speed via user inputs. When setting time estimates, the chopper
and dual-beam cycling speed is affected by the associated Allan time. For higher cycling use larger
goal resolutions, for which the Allan times arelarger. Thisforcesfaster repetitions of the cycle. HSpot
messages available following time estimation indicate the achieved speed.

Data Calibration:

For the standard data reduction of dua beam switch observations the double difference has to be
computed between the countsin the two chop phases at one tel escope position and the corresponding
difference for the second position. As two of the phases contain signa from the source, the total
radiometric signal to noiseratio of the calibrated data corresponds exactly to the value from one phase.
The mode thus has a maximum efficiency of 0.25 in the case of no dead times.

The double difference completely cancels out all standing wave contributions from the receiver noise
and from warm telescope components promising a perfect calibration of the underlying continuum or
a perfect zero-level baseline in case of sources with no continuum contribution. It also guarantees a
cancellation of al intensity drift effects that are purely linear within the corresponding cycle time.

An estimate of the total drift noise contribution can be obtained from the stability parameters of the
instrument measured in terms of an Allan variance spectrum. When all ON-OFF cycles are performed
with asufficiently small period, it isguaranteed that thedrift noiseissmall compared to theradiometric
noise of calibrated data.

The conversion into brightness temperaturesis performed on the basis of the counts from the thermal
load measurements.

4.2.1.3. Mode I-3: Frequency Switch with optional OFF calibration

Purpose:

Used to observe a point source (fixed or moving) in one or more spectral lines within a single IF
band. Uses a switching between two LO frequencies for reference. Useful when no sky references
immediately near by. Can not be used for continuum measurements. It is highly recommended that
user s always use an OFF reference position whenever possible with this mode.
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Description:

In this mode, following an observation at the requested frequency, the LO is adjusted by a generaly
small amount (a frequency 'throw' as specified by the user) causing the spectral region sampled by
the spectrometers to likewise be adjusted by the same frequency throw. The frequency shift should be
chosen so that it is small enough that the lines of interest remain observable at the two L O frequencies
and that lines do not overlap from the two phases. Differencing of the two spectra can be used to
effectively remove the baseline. Since the second frequency position also contains lines of interest,
these appear asinverted linesin the difference measurement.

The modeisvery efficient, sincetarget emission lines are observed in both frequency positions. How-
ever, the system response is likely to differ between the two frequency settings and simple spectrum
arithmetic may not result in clean baseline removal, and may potentially leave significant ripplesin
the difference spectrum. This should be mitigated by observing both frequencies also at an OFF sky
position at the same two frequencies.

The mode allowsthe user to specify asuitable OFF position, which should be free of emission/absorp-
tion linefeatures. It ishighly encouraged that an OFF position be employed by user s of thismode
and good reason should be supplied in the proposal justification if no OFF position isto be used.
Thisisespecially truefor the diplexer Bands 3 and 4, in which the standing waves are not well-
fitted by one or two sinewaves of constant amplitude. Only if the User expectsvery strong lines
and isnot concer ned by the standing wave pattern in the surrounding baseline, or expectsto be
abletofit the standing wavesin | A when thelinesare narrow, should the " no reference” option
be consider ed. Thismodeis more appealing for observations of complex astronomical environments,
where baseline removal cannot be accomplished with animmediately spatially available emission-free
reference OFF measurement, as compared to the position switching or DBS modes (Modes I-1 and
I-2). A schematic timeline of frequency switch measurementsis shown in Figure 4.5:
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Figure4.5. Timelinefor HIFI Frequency Switch observations.
General Usage:

Sources with relatively simple spectra, either extended or located in complex environments such that
region free of emission at the selected LO frequency cannot be defined with either 2 degrees (for
position switching) or 3 arc minutes (for DBS). Observationsof giant HII regionsand molecular clouds
in Galactic star-forming regions may rely extensively on this mode.

Thismodeisnot recommended in HEB Bands 6 and 7, dueto poor stability in terms of baseline
shapes, ripples, and artefactsthat may not betreatablein I A such that S/N goals set by the User
in HSpot can ever be achieved, and may thus compromise the intended science goals. At this
time, therecommendation isto usethe alter native L oad Chop modein the HEB bands.

Advantages:

A potentially very efficient mode, with the science target lines aimost always being integrated on
during the observation and low dead time expected for retuning the L O repeatedly between requested
and offset frequencies. Expected to be good for baseline characterisation and removal in regions of
extended sub-mm emission.
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Disadvantages and alternatives:

System response differs between requested and offset frequencies. The differences in flight verify
that the scheme for observing a sky OFF position at the same frequencies to compensate for residual
standing waves in the ON target difference measurementsis a very strong recommendation.

It should not be used for sources with rich spectraor very broad lines, which would makeit impossible
to deconvolve the contribution of both phases from the difference spectrum, preventing any reliable
data reduction.

If these conditions cannot be met, and no emission-free region is nearby, or timing constraintsin the
logic for this Observing Mode are too difficult, then the load chop mode with OFF calibration (Mode
I-4) is expected to be a better option.

User inputs:

Target (ON) position, optional reference (OFF) position, LO band and frequency, frequency throw
(seeTable4.1), minimum and maximum goal frequency resolution of the calibrated data, spectrometer
usage, and total observing time or noise limit at the lowest goal resolution.

Table 4.1. Frequency throw values available by HIFI subband. Frequency throws have been optimised
during early in-flight testing in each subband.

Band L_arge nega- S_maII nega- S_maJI posi- L_arge posi-

tive(MH2z) tive(MH2z) tive(MH2z) tive(MH2z)
la -288 -94 +94 +288
1b -288 -94 +94 +288
2a -288 -94 +04 +288
2b -288 -94 +94 +288
3a -288 -94 +94 +288
3b -288 -94 +94 +288
da -288 -94 +04 +288
4b -288 -94 +94 +288
5a -300 -98 +98 +300
5b -300 -98 +98 +300
6a -192 -96 +96 +192
6b -192 -96 +96 +192
7a -192 -96 +96 +192
7b -192 -96 +96 +192

Data Calibration:
Frequency-switched observations will be calibrated in two main steps:
 standard calibration resulting in a difference spectrum, and
« the coaddition of the contributions from both phases.

For the second step, several common software tools will be available to the user, but the result has to
be interpreted with care by the user based on available knowledge of the expected source spectrum.
It isin general not possible to generate a 'normal’ spectrum representing only one frequency phase
from the difference spectrum. In the simplest approach, shift-and-subtract, the difference spectrum is
shifted relative to itself by the frequency switch step and subtracted, resulting in calibrated lines with
the best possible signal to noise ratio, but where each line is accompanied by 'ghost' lines with the
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opposite sign which cannot be easily removed. None of the more sophisticated methods are expected
to completely eliminate this problem. This can also be achieved via the "doFold" task in HIPE.

For the basic calibration of the difference spectrum (step 1), the difference of the measurement between
the two phases on the OFF position is subtracted from the ON source difference, but in contrast to the
load-chop mode, this double-difference is not taken from the pure spectrometer counts. Rather each
measurement is translated individually into a temperature scale by applying the load-calibration for
the corresponding frequency setting. Their mutual difference is computed only in the second step.

The double difference potentialy cancels out all standing wave differences between the two phases,
but a perfect zero-level baseline is only obtained if the system response, as measured with the load
calibration measurements, agrees relatively well between the two frequency switch phases, which is
not guaranteed (or at least not quantified until flight).

The double difference also guarantees a cancellation of all intensity drift effects that are purely lin-
ear within the corresponding cycle time. However, additional spectral noise will result from the dou-
ble-difference, and extra analysis time is likely to be required for the baseline calibration measure-
ment, which will add to the noise in the calibrated data. This may represent a considerable overhead
if the goal frequency resolution of the observation is not much smaller than the resolution needed to
determine possible standing wave ripples in the system.

4.2.1.4. Mode I-4: Load Chop with optional OFF calibration

Purpose:

Used to observe a point source (fixed or moving) in one or more spectral lines within a single IF
band. Usestheinternal loadsfor reference. It ishighly recommended that user salwaysusean OFF
refer ence position whenever possible with this mode.

Description:

In thisreference scheme, aninternal cold calibration sourceis used as areferenceto correct short term
changes in instrument behaviour. The HIFI chopping mirror aternately looks at the target on the sky
and an interna source of radiation with atypical period of afew seconds. Thisis particularly useful
when there are no emission-free regions near the target that can be used asreferencein either
position switch or dual beam switch modes (Modes I-1 and |-2) or where frequency switching
(Mode I-3) cannot be used dueto the spectral complexity of the source.

Sincethe optical path differs between source and internal reference, aresidual standing wave structure
may remain. Additional measurements of an OFF measurement of an emission-free region (chosen
by the user) can be used to reduce baseline ripple. Such a scheme is robust but has relatively high
dead times.

The total time spent on the OFF position depends on the frequency resolution needed to describe the
baseline ripple which may be considerably smaller than the integration time spent on the source.

The general timeline isillustrated by the following schematic picture (Figure 4.6):
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Figure4.6. Timelinefor the HIFI load chop observing mode.
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General Usage:

Sourceswith ahigh density of emission/absorption linesthat liewithin extended emitting regions. Like
the Frequency Switch mode, L oad Chop isrecommended to be used only with the sky reference
option to obtain a spectrum at a User-selected line-free region (within 2 degrees of the science target)
for standing wave correction in the pipeline. This applies most strongly to Bands 3, 4, 6, and 7, and/
or in cases where lines may be too broad for interactive ripple fitting.

Advantages:

Thisis an efficient mode for measurements of sourcesin extended emission regions. With OFF refer-
ence, the mode can be used as afall-back for observations that would normally use a position switch
but where the distance to the OFF position would require aslew time comparable to the total on source
integration time. With use of an OFF position, in principle, all pointed observations could be done
with this robust mode, at the expense of higher dead times.

Disadvantages and alternatives:

Generally inefficient with typically 1/3 to 1/4 of the total time spent on the actual science target (time
on the OFF position islessthan that on the target). However, thisis a mode which attemptsto provide
robust calibration of datafor themost spatially and spectrally complex targetsin single pointing modes,
and therefore no further alternatives are offered.

User inputs:

Target (ON) position, optional reference (OFF) position, LO band and frequency, minimum and max-
imum goal frequency resolution of the calibrated data, spectrometer usage, and total observing time
or noise limit at the lowest goal resolution.

Data calibration:

4.2.2.

The observing mode of 1oad-chop observations with an OFF calibration is extremely robust with re-
spect to calibration uncertainties, because it uses a double difference to determine the flux from the
astronomical source relative to the flux from the sky on the OFF position. The double difference com-
pletely cancels out all uncertainties in standing wave contributions from the receiver noise and from
warm tel escope components, promising a perfect calibration of the underlying continuum or a perfect
zero-level baseline in case of sources with no continuum contribution.

The mode also guarantees a cancellation of al intensity drift effects that are purely linear within the
corresponding cycletime.

This robustnessis, however, obtained at the cost of an increased spectral noise produced by the dou-
ble-difference. If the period of standing waves in the system is equal to or less than the desired fre-
guency resolution of the observations, the observing time has to be doubled to obtain the same sig-
nal-to-noise ratio as compared to observations without baseline calibration. Many observations will,
however, require afrequency resolution that isfiner than the standing wave ripple so that the overhead
from the baseline calibration is smaller.

If the user choosesto opt out of the OFF reference measurement, then a residual baseline (including
ripple) islikely to remain and may require removal interactively by the user.

Modes of the Mapping AOT Il

There are four mapping modes available to HIFI. The "On-the-Fly" observing mode takes data con-
tinuously as a source is scanned and can use a frequency switch reference, aload chop reference or a
sky reference, while a dual beam switch (DBS) raster map takes data at set points on a user-defined
grid. A variant of the DBS raster map, a small 5-point raster cross map was originaly made available
but has now been discontinued.
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4.2.2.1. Mode II-1: On-the-fly (OTF) Maps with Position-Switch Ref-
erence

Purpose:

Used to observe an extended source (fixed or moving) in one or more spectral lineswithin asingle IF
band. Allows the choice of areference sky position within 2 degrees of the target.

Description:

The observing mode of OTF-maps with position-switch reference isin many cases the most efficient
observing mode for mapping observationswith HIFI. Because one reference measurement can be used
for several source measurements and little timeis lost to telescope motions without dataintegrations,
it can in principle approach an observing time efficiency of 100 per cent.

The system instability istaken into account here by the repeated observation of an OFF position which
is either free of emission or has awell known emission profile. The mode is relatively insensitive to
standing wave problems because only one optical path is used.

While the telescope scans any particular row of the map, permanent data readouts are made at regular
timeintervals. Thetimeintervals are set such that the tel escope scan covers the width of asingle point
in the output map (default is Nyquist sampling distance). The source integration is performed during
the whole scan except for very small breaks for the data readout.

After each row, the telescope motion changesits orientation so that the next row will be scanned in the
opposite direction. The integration of instrument datais stopped during these turns (taking serendipity
data might be possible, but this should not interfere with the optimum start and stop times for the
integration within each row).

After aperiod determined by the system stability time, the scanning of the map isinterrupted for the
reference measurement on the OFF position. Reference measurements are only taken after an integral
number of scan legs.

Changes in the instrumental sensitivity are measured in the frame of a fourth loop using the known
difference in the radiation field between hot and the cold internal loads. This load calibration is per-
formed during slews to the OFF position.

The efficiency of the mode profits from high scan velocities, the map will be typically observed in a
series of multiple coverages adding up to the required total integration time per source position.

The time line of the observation consists of motions of the telescope across the map and between
the map and the OFF position, integrations of the instrumental output during the different phases and
interleaving load calibration measurements. Figure 4.7 showsthetimeline for the OTF mapping mode.

g,
[

Source map Q\\

e Data readout

= Direction of telescope motion OFF position

Figure4.7. Timeline of the path on the sky for aHIFI OTF mapping mode. Thegreen dotsindicateregular
data readouts of the spectrometers. The OFF position is returned to at the end of an integer number of
scan legs. Thisistypically 1 or 2 except in the case of small OTF maps.

37



Observing with HIFI

In the example shown in Figure 4.7, the OFF position is visited three times within one coverage of
the whole map, after every two scanned lines. It is planned to aways complete full scan lines before
an OFF observation. A series of subsequent coverages will be performed with one extra OFF mea-
surement at the end of the observation guaranteeing a complete enclosing of the source observations
by OFF observations. The green dots symbolise the points where the spectrometers are read out. The
integration starts as soon as the telescope enters the blue area of the map. Note the change of the
scanning direction after each row.

For situations where an emission-free OFF position is not immediately available, the OTF scan with
load chop (scanning and comparing to frequent load measurements) or frequency switch (similarly,
scanning and switching frequency) may preferably be used. This is particularly useful for mapping
using bands 6 and 7, where the short stability times mean that significant drifts can occur during a
map scan leg. Continuous reference to the internal load during a scan leg (for example) can help
mitigate against such drifts and the increased associated with the drifts

Advantages:

On-the-Fly scanning should be considered the standard mode for astronomical mapping with HIFI. It
provides the most efficient mapping scheme for HIFI. Load chop and frequency switch versions can
be useful in complex regions and when stability times are short (e.g., in the HEB bands, 6 and 7).

Disadvantages and Alternatives:

Itsuseisproblematicif no nearby position can be defined for an OFF position which isfree of emission.
Inthiscaseit is often till possible and efficient to use an auxiliary nearby OFF position, the emission
of which is determined by a separate position-switch observation.

However, if the closest emission-free region is too distant from the area to be mapped, OTF modes
with freguency switch can be more efficient. The same holds in al cases where the scientific aim
of the observation does not require an accurate treatment of baseline effects, ignoring standing wave
ripples or other baseline distortions. Thiswill be the case for observations of very narrow lines where
even adistorted baseline can be approximated by asimple linear profile across the line. In such cases
OTF maps with frequency switch can be more efficient, but not good for broader lines, where the load
chop version of OTF is better.

It will not be possible to determine the continuum level from OTF maps. If continuum mapping (for
asmall region) isrequired then the DBS raster map should be used.

User inputs:

The user has the possihilities of rectangular map sizes, scan length (X) and cross-scan map size (Y).
Thecross-step can be set at Nyquist sampling or one of anumber of set cross-step sizes (in arc seconds).
The user is aso asked for the position of an OFF reference source, which is mandatory.

Data calibration:

Thereference for each scan map point is based on a combination of prior and following OFF position
measurements. Because of instrumental limitations with respect to data rates, the speed of the tele-
scope motion, and the gain instabilities, it will not be possible to abtain an accurate determination of
the continuum level from observations in OTF-maps with position switch reference. The subtraction
of a zeroth order baseline should always be expected athough the baseline itself does not need to be
calibrated as the same optical path isused for source and reference. Observations aiming at a determi-
nation of the continuum level haveto rely on modes using theinternal chopper such asthe raster scan.

4.2.2.2. Mode II-2: Raster Maps with Dual Beam Switch

Purpose:

Used to observe a small an extended source (fixed or moving) in one or more spectral lines or con-
tinuum within a single IF band. Uses the fixed 3' sky reference positions either side of each raster
position which limits the effectively useful size of araster.
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Description:

Inthismode, agrid of positions are each measured using adual beam switch method. The mode works
for each grid position in the same way as for the point source dua beam switch mode (see Mode I-2).

The beam switch samples sky at 3 arc minutes either side of each grid position, with a telescope
movement occurring between changes to the beam switch either side of the grid position. With this
setup, large maps would find the beam chopping into the field of view, so thisis not agood mode for
doing large extended emission region mapping.

Advantages:

It is a good mode for situations where fast (chopping) references are needed, as may be the case
for band 6 and 7 measurements, or where continuum measurements are required for small extended
sources or point sources. In these cases, scanning measurements may take too long allowing drifts
to occur.

Disadvantages and Alternatives:

Not as efficient as OTF mapping and, with a beam switch of only 3 arc minutes, thisis not a good
mode to use for large-scale maps.

Limited to 32x32 raster pointsin a single observation.

User inputs:

The user has the possibilities of rectangular map sizes, scan length (X) and cross-scan map size (Y).
Thecross-step can be set at Nyquist sampling or one of anumber of set cross-step sizes (in arc seconds).
Continuum timing (for accurate baseline measurements) and fast chopping are selectable.

Data calibration:

Each raster map position can be calibrated in the same way as single point dual beamswitch data (see
Section 4.2.1.2).

4.2.2.3. Mode II-2X: Cross Map with Dual Beam Switch (currently
unavailable)

Purpose:

Used to observe spectral linesor continuum in apoint source for which the most accurate flux isneeded
but for which the position or pointing inaccuracy could cause significant error in the measurement.
Usessky references 3' either side of thetarget. Notethat thismodeiscurrently unavailable pending
afix toitscommanding -- it has had few science observation requestsin the Key Project calls.

Description:

In this mode, a cross grid of set positions forming a 5-point cross are each measured using the dual
beam switch method. The separation of the crosspositionsis sel ectable as"pointing jitter” (to represent
the possible worst-case pointing error of the observatory, currently set at 3"), "Nyquist" (for Nyquist
sampling of the beam size for the chosen frequency), and "10", "20" or "40" arcseconds. The mode
works for each grid position in the same way as for the point source dual beam switch mode (see
Mode I-2).

The beam switch samples sky at 3 arc minutes either side of each grid position, with a telescope
movement occurring between changes to the beam switch either side of the grid position.

Advantages:

Can improve the accuracy of flux measurements for point sources for any cases where the pointing
error or known position is large compared to the beam size.
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Provides basic flux and spatial information on small extended sources.

Disadvantages and Alternatives:

Can not be used for large maps and not a good means for obtaining accurate total flux information for
extended sources. For accurate pointing and for objects with well known positions, some timeis lost
since the telescope beam is slightly offset from the target position for each of the cross positions.

User inputs:

Continuum timing (for accurate baseline measurements) and fast chopping are also selectable.

Data calibration:

Each cross map position can be calibrated in the same way as single point dual beamswitch data (see
Section 4.2.1.2).

4.2.2.4. Mode II-3: OTF Maps with Frequency Switch

Description:

In this mode, a scan map is made across a source, during which frequency switching is introduced..
The mode works for each scan map position in the same way as for the point source frequency switch
mode (see Mode [-3).

Advantages:

It isagood mode for situations where fast (chopping) references are needed, as may be the case for
band 6 and 7 measurements. An efficient mode for mapping of extended line emission regions since
telescope slews to an OFF position are not necessary and the target grid positions are always being
measured (at slightly offset frequencies). Particularly useful for mapping largeregions of lineemission
where a DBS measurement (see Mode 11-2) would have "contaminating” emission in the reference
beams.

Disadvantages and Alternatives:
The scheme has similar disadvantages to the single point frequency switch mode (see Section 4.2.1.3).

System response will almost certainly be different at the requested and offset frequencies in a way
which cannot be cal culated from laboratory measurements. This may lead to residual standing waves.

User inputs:

The user has the possihilities of rectangular map sizes, scan length (X) and cross-scan map size (Y).
Thecross-step can be set at Nyquist sampling or one of anumber of set cross-step sizes (in arc seconds).
The frequency throw is selectable by the user.

Data calibration:

Each OTF map position can be calibrated in the same way as single point frequency switch data (see
Section 4.2.1.3).

4.2.2.5. Mode II-4: OTF Maps with Load Chop

Description:

In this mode, a scan map is made across a source, during which chopping against internal loads also
takes place. The mode works for each scan map position in the same way as for the point source load
chop mode (see Maode 1-4).
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Advantages:

It is a good mode for situations where fast (chopping) references are needed, as may be the case for
band 6 and 7 measurements and for when frequency switching is made difficult by the density of
spectral lines or the expected existence of broad lines. It is an efficient mode for mapping of extended
line emission regions since telescope dews to an OFF position are not necessary and the target grid
positions are always being measured (at slightly offset frequencies). Particularly useful for mapping
largeregions of line emission whereaDBS measurement (see Mode 11-2) would have " contaminating”
emission in the reference beams.

Disadvantages and Alternatives:

The scheme has similar disadvantages to the single point load chop mode (see Section 4.2.1.3). The
changing light path between observing | oads as opposed to the sky can lead to residua standing waves.

User inputs:

The user has the possibilities of rectangular map sizes, scan length (X) and cross-scan map size (Y).
Thecross-step can be set at Nyquist sampling or one of anumber of set cross-step sizes(in arc seconds).

Data calibration:

Each OTF map position can be calibrated in the same way as single point load chop data (see Sec-
tion 4.2.1.4).

4.2.3. Modes of the Spectral Scan AOT Il

Spectral scans consist of a series of observations of afixed single target at several frequencies using
the WBS as main backend. After data processing, the result of such an observation will be acontinuous
single-sideband (SSB) spectrum for the selected position covering the selected frequency range. The
L O tuning will be advanced in small steps across a single LO band. From a data analysis standpoint,
the reduction to a SSB spectrum is most reliable when the number of frequency settings within the
instantaneous bandwidth of theinstrument ishigh, i.e. the frequency coverageis redundant. This must
be balanced with theloss of observing efficiency imposed by the dead times associated with retuning to
each new LO freguency. For most sources, areliable reduction of the line spectrum requires at least 5
frequency settings within the IF bandwidth, i.e. aredundancy of 4. The spacings between the different
L O frequencies have to contain a small random component to prevent harmonics which could occur
in the reduction of the multiple double-sideband measurements to a single sideband (SSB) spectrum
in a deconvol ution process.

This mode can use either a frequency switch (FS) or dual beam switch (DBS) reference frame to
compensate for instrumental drifts.

4.2.3.1. Mode llI-2: Dual Beam Switch Spectral Scan

Purpose:

Used to observe a point source (fixed or moving) over alarge frequency range (> 20GHz) by the use
of multiple LO frequency settings during the observation. Uses the dual beam switch sky referencing
scheme, sky positions 3' either side of the target.

Description:

The use of DBS reference inherits all the advantages and restrictions from the single point dual beam
switch observing mode (Mode 1-2). The combination of telescope and chopper motions follows the
same scheme and timing constraints as Mode 1-2. This implies also that this spectral scan mode can
only be applied to astronomical sourcesthat are smaller than the chop angle of 3 arc minutes. Each LO
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frequency isseparately calibrated against theinternal hot/cold loads of the instrument. Extra observing
time is spent at LO frequencies where the system temperature is significantly degraded with respect
to the rest of the LO subband being used.

The user may choose to do all or part of a spectral range within a given band.

NOTE: it isadvised that the fast DBS chopping mode be used in association with bands 6 or 7 spectral
scans.

Advantages:

Fast chop and continuum timing options allow for continuum measurements which are not possible
with the frequency switch version of the spectral scan. Thus also the most useful for measuring ab-
sorption line strengths.

Disadvantages and Alternatives:

The scheme has similar restrictions to other dual beam switch (DBS) measurements. For extended
sources the chopped beam islikely to land in an emission region. Fast chop is required when the sta-
bility (Allan) times at the goal resolution of the system arelessthan 2 seconds. Thisreduces observing
efficiency.

User inputs:

The user has choice of frequency range within the mixer band frequency range chosen (partia or full
band). The user can choose a redundancy of between 2 and 12. Higher values increase the fidelity of
the final single sideband spectrum expected from the data reduction of the mode but also make the
mode less efficient. Fast chop and continuum timing for the DBS mode used are al so available options.

Data calibration:

Data reduction consists of two parts: the calibration of the double sideband spectrum (see Sec-
tion 4.2.1.2) and the deconvolution of the set of double sideband spectrainto a single sideband spec-
trum. The calibration of the double sideband spectrum isidentical to the calibration in the single point
with dual beam switch (see Section 4.2.1.2) applied for spectrataken at each LO setting

Sideband deconvolution is provided via a data software task provided within the HIPE software envi-
ronment and takes place after each double sideband spectrum has been processed. More information
on the sideband deconvolution software are noted in Chapter 6.

No "ghost lines*, symptoms of instabilities or insufficient sampling, have been found in any spectral
survey so far. When spectral artefacts and bad baselines are removed completely from the input prior
to using the deconvolution algorithm in post-processing, the deconvolution yields flat baselines with
neither ringing, nor any added repetitive noise structures.

4.2.3.2. Mode IlI-3: Frequency Switch Spectral Scan

Purpose:

Used to observe a point source (fixed or moving) over alarge frequency range (typically > 20GHz) by
the use of multiple LO frequency settings during the observation. But can also be used to get smaller
ranges where the different LO settings allow the distinguishing of spectral features into upper and
lower sidebands. Uses frequency switching for reference.

Description:

This mode behavesin a similar fashion to the DBS version of mode I11-2. The reference used is from
a nearby frequency, using a small step frequency away from each of the main steps that are taken
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every 0.5 to 1GHz. The mode inherits similar advantages and disadvantages to mode |-3. The pattern
of spatial and main frequency groupingsis similar to mode I11-2 (also see 7?7?).

Advantages:

Most useful for line observations of objectsthat are in regions of extended emission. Since the object
is always being measured, it is amore efficient mode than mode 111-2.

Disadvantages and Alternatives:

The scheme has similar disadvantages to the single point frequency switch mode (see Section 4.2.1.3).
System response will almost certainly be different at the requested and offset frequencies in a way
which cannot be calculated from laboratory measurements. This may lead to residual standing waves.
Continuum measurements can not be made with this mode without an OFF position measurement to
calibrate the basdline. Mode 111-2 is preferable for measurements where the baseline continuum is
needed to be accurately measured.

User inputs:

The user has choice of frequency range within the mixer band frequency range chosen (partia or full
band). The user can choose a redundancy of between 2 and 12. Higher values increase the fidelity of
the final single sideband spectrum expected from the data reduction of the mode but also make the
mode less efficient. The frequency throw is also an input choice for the user.

Data calibration:

Data reduction consists of two parts: the calibration of the double sideband spectrum (see Sec-
tion 4.2.1.3) and the deconvolution of the set of double sideband spectrainto a single sideband spec-
trum. The calibration of the frequency switch spectraisidentical to the calibration in the single point
with frequency switch (see Section 4.2.1.3). The load measurements for the bandpass calibration are
taken at exactly the same L O frequencies as the data.

Sideband deconvolution is provided via a data software task within the HIPE software environment
and must be run interactively by the user after each double sideband spectrum has been processed.
More information on the sideband deconvolution software is noted in Chapter 6.

4.2.3.3. Mode lll-4: Spectral Scan with Load Chop

Purpose:

Used to observe a point source (fixed or moving) over alarge frequency range (typically > 20GHz) by
the use of multiple LO frequency settings during the observation. But can also be used to get smaller
ranges where the different LO settings allow the distinguishing of spectral features into upper and
lower sidebands. Uses the internal HIFI loads for reference during the measurements.

Description:

This mode behaves in asimilar fashion to the load chop single point mode I-4. The reference used is
from the internal cold load and measurements are for every L O frequency of the scan (typically every
0.5to 1 GHz or s0).e effects An OFF position should be used that can be up to 2 degrees away from
the target, where similar measurements can be made to allow a double-differencing that removes the
effects of light path differences of sky to mixer and sky to internal load. The mode inherits similar
advantages and disadvantages to mode I-4. The pattern of spatial and main frequency groupings is
similar to mode 111-2 (also see 7?7?).

Advantages:

Most useful for line observations of objects that are in regions of extended emission and where a
fast referencing scheme is preferred (e.g., using bands 6 and 7). Particularly useful for sources where
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there is expected to be high line complexity. The use of the OFF position is highly recommended for
removing standing waves.

Disadvantages and Alternatives:

The scheme has similar disadvantages to the single point load chop mode (see Section 4.2.1.4). The
light path difference of load-to-mixer and sky-to-mixer meansthat residual standing wave differences
typically remai. This can be mitigated with the use of a reference OFF position measurement which
is of an areafree of emission. Continuum measurements can not be made with this mode without an
OFF position measurement to calibrate the baseline. Mode 111-2 is preferable for measurements where
the baseline continuum is needed to be accurately measured.

User inputs:

The user has choice of frequency range within the mixer band frequency range chosen (partia or full
band). Theuser can choose aredundancy of between 2 and 12. Higher valuesincreasethefidelity of the
final single sideband spectrum expected from the data reduction of the mode but also make the mode
less efficient. The position of the reference OFF isa choice of the user (within 2 degrees of the target).

Data calibration:

Data reduction follows that of the point load chop mode (see Section 4.2.1.4) for each LO freguency
used in the scan. This is followed by the deconvolution of the set of the calibrated double sideband
spectrainto a single sideband spectrum.

Sideband deconvolution is provided via a data software task within the HIPE software environment
and must be run interactively by the user after each double sideband spectrum has been processed.
More information on the sideband deconvolution software is noted in Chapter 6.

4.3. Standing Wave Residuals after Calibra-
tion (Pipeline Level 2)

4.3.1.

TheHIFI pipelinesare designed to correct for standing wavesin the astronomical datausing off-source
sky spectra taken in AORs using any of the observing modes that include OFF-source sky measure-
ments, i.e., telescope nodding plus chopping with the internal M3 mirror using fixed throws on the sky
(the DBS modes), or else telescope nodding to a User-selected reference sky position (modes using
a position switch). Here we present a summary of residual standing waves in that remain following
standard pipeline processing (up to Level 2 products provided in the Herschel Science Archive, HSA).
The information is based on data taken with the Point AOTs that have all been reference-corrected in
the standard fashion. Frequency Switch and Load Chop observations have al included the sky refer-
ence option in HSpot (recommended). [Approximations can be made in 1A for skipping this option
to a corresponding "No Ref" version as alowed in HSpot, by simply skipping the sky correction step
in the pipeline.]

Attempts to remove these waves in HIPE are also discussed. Because the wave characteristics differ
between bands with beam splitters and diplexers as well as between SIS and HEB mixers, they are
discussed separately. The conclusions are based on the limited dataset available from the HIFI perfor-
mance verification phase.

Bands 1-5 (SIS mixers)

Bands 1-5 data taken in DBS mode generally do not show standing waves at Level 2. Exceptions are
sometimes observed, however, and in these cases the User can remove the waves with the sine wave
fitting task 'FitHifiFringe' in HIPE.

Two cases are shown below.
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» InBand 4b the diplexer causes a 650 MHz ripple. Figure 4.8 shows a sine wave fit (red) relative to
abaseline (green), automatically determined with the 'FitHifiFringe' routine.

 Strong continuum sources show the effect of ripples in the passband calibration. The periods are
typically in the 90-100 MHz range, and the amplitudes are at most 2% relative to the continuum.
See Figure 4.9 below for a case where 92 and 98 MHz since waves are present.

Band 4B in DBS mode

Boxcar smoothed data, 650 MHz standing wave (red), baseline {greenj
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Figure 4.8. Standing waveresidual at Level 2in a DBS observation, with thefitted sinewave (red) relative
to a smoothed baseline (green)
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Figure4.9. Strong continuum sour ce with two standing wave componentsat 92 and 98 MHz (red), relative
to the baseline (green).
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4.3.2. Position Switch, Frequency Switch and Load
Chop modes

Calibrated observations taken with the simple Position Switch, Frequency Switch (with OFF refer-
ence), or Load Chop (with OFF reference) modes in beamsplitter Bands 1, 2, and 5 also show clean
spectra. If any residual waves are present in the Level 2 products, they have the shape of pure sine
waves and can be subtracted using the 'FitHifiFringe' task in HIPE.

Observationsin diplexer Bands 3 and 4 often show residual waveswith larger amplitudes compared to
the DBS modes. Waves generated in the diplexer rooftop are not pure sinewaves. Amplitudesincrease
strongly toward the | F band edges. It isthus always advised to place the line of interest near the middle
of the IF band when possible, in WBS sub-bands 2 or 3. Although 'FitHifiFringe' only fits sine waves,
fitsto the diplexer waves can be approximated using multiple sine waves, typically around 600 MHz.
The approximation is not as good at the IF band edges. Figure 4.10 and Figure 4.11 show examples
for Band 3b and 4b. Note that the baseline is strongly curved in both observations, and the user will
need to remove these separately in HIPE, using polynomial fitting.

flux (K)
flux (K

| | | | | | I | |
870 880 BE1 BE2 88 879 280 281 882 B3

Isbfrequency (GHz) Isbirequency (GHz)

Figure 4.10. Band 3b observation using Point Frequency Switch at Level 2 after sky subtraction (left) and
after interactivefringefitting and removal (right). Note the poor edgesin the | F spectrum on theright.

Sine Wave Removed in HCSS
Before (black), Sine Fit (green), Baseline (blue), Mask (orange), After (red)
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Figure4.11. Band 4b observation using Point Frequency Switch, showing a strong residual standing wave
(black). Its period (~600 MHz) and increasing amplitude toward the band edges are those expected for
diplexer bands. It was fitted with a combination of sine waves using FitHifiFringe (green). The corrected
spectrum (red) still showsa strongly curved baselinethat can be subtracted with a polynomial fit in HI PE.
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4.4. Bands 6-7 (HEB mixers)

4.4.1.

The HEB mixers generate waves with characteristics that depend on the mixer current level, but since
there is a dependence on L O power which may not be stabilized (between ON and OFF spectra), both
electronic and optical standing wave residuals can be mixed together. Data taken with all observing
modes analyzed so far show residuals at Level 2, where the non-DBS modes tend to show larger and
more complex residuals.

DBS Modes

Bands 6-7 areless stable than bands 1-5, and L evel 2 dataoccasionally show residual waves. Examples
are shown in Figure 4.12 for portions of Bands 6a and 7b. The latter was box-car smoothed by 5
channels.
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Figure 4.12. Standing waveresidualsin Bands 6a (left) and 7b (right).

These 'electronic’ standing waves have periods of ~300 MHz, but they are not sine waves and 'FitHi-
fiFringe' can only approximately remove them. A promising method (‘current matching technique') is
being developed to remove these waves in the pipeline.

Asfor the presence of these waves the following general guidelines can be given:
» Band 6b ismost stable and is least affected.
» FastDBS mode spectratend to show weaker standing waves than 'slow chop' DBS mode spectra.

* InBand 7, spectra taken with the vertical polarization spectrometers tend to show stronger waves
than from the horizontal polarization. Sometimes this effect is very strong. See e.g., Figure 4.13.
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Figure4.13. Standing wave pattern in the Level 2in Band 7a for WBS-V (red) and WBS-H (blue).
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4.4.2. Position Switch, Frequency Switch and Load
Chop Modes

Non-DBS observations show rather strong residualsin Level 2 spectra. An effort isunder way to pro-
vide alternative processing of HEB band observations such that appropriate OFF spectra are selected
from a database of observations based on mixer current level (the 'current-matching' technique). This
approach should reduce the amplitudes of the residual standing waves considerably, but is currently
in development. Presently, the user may apply FitHifiFringe to remove the wavesin Level 2 spectra.
This method has limitations, because the HEB waves are not pure sine waves: they disperse over the
IF band (i.e. their 'phase’ changes). Figure 4.14 provides an example for HEB measurements using
the Point Load Chop mode. As can be seen, the line shape in the WBS-V and WBS-H spectra differ
somewhat after subtracting the sine-wave fit. This highlights another limitation of 'FitHifiFringe'": for
broad lines covering much of the IF, insufficient surrounding baseline may be left to obtain accurate
sine wave fits. In addition, as for the diplexer bands, solutions are less accurate for lines close to the
IF band edge.

PN

14890 14900 14905 14910 14918 14895 14500 14905 14910 14815

Ishfrequency (GHz) Ishfrequency (GHz)

2

Figure4.14. A Band 6a Point L oad Chop observation showingresidual wavesafter standard level 2 pipeline
processing (left), and after standing wave removal using FitHifiFringe (right). The fringe-corrected spec-
trum has been shifted and a small scaling applied along the intensity axis so that theH and V peaksagree.

4.5."Grouping" or "Clustering" of Observa-
tions

At the present time, spatial clustering of targets into a single observation is NOT available for HIFI
observations.

A limited grouping of observations in a single band with a given setup but a limited number of fre-
guenciesis currently planned to be available at alater date.

4.6. Solar System Target Modes

All modes available for fixed targets (noted above) are available for moving targets also. One restric-
tion on solar system targets is that fixed positions used as references can NOT be used. All OFF ref-
erence positions must be expressed as being relative to the target.
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Chapter 5. HIFI Calibration

5.1. Introduction:

This chapter gives a genera view of the calibration concepts chosen for the HIFI instrument. This
chapter is intended to provide an overview of how HIFI is calibrated the full details of which are
contained el sewhere and summarised in the in-flight calibration paper by Roelfsemaet a (see [21]).

Further calibration information of use to users will also continue to be placed in a calibration page
available viathe Herschel Science Center website at http://herschel .esac.esa.int.

The HIFI calibration approach can be broken down into three main areas:
* intensity calibration

« frequency calibration

* gpatial response calibration

It is the combination of each of these three steps that provides the most accurately calibrated HIFI
spectrum (see summary in section Section 5.5). For each of these areas, a framework document has
been produced, describing in extensive details the calibration strategy and equations applying to HIFI.
In the following, we summarise the content of this framework.

5.2. The Intensity Calibration of HIFI

5.2.1.

The framework for the intensity calibration description of Herschel/HIFI is given in [10]. This docu-
ment defines the parameters at play in the intensity calibration approach and the various assumptions
allowing the simplification of the formalism. Here we provide an outline of the main components of
the HIFI calibration framework.

Context

In essence, the HIFI intensity calibration approach inherits from the chopper wheel method introduced
by Penzias and Burrus ([14]), which consists of relating backend counts of a differential (on-off)
source observation to the output of a hot (also called the chopper) stable temperature load compared
to that of a colder one (originaly, the blank sky). Compared to this standard scheme, HIFI faces
the simplification that all contributions and instabilities from the atmosphere can be neglected. Also,
many of the approximations used by the standard approach are not valid for systems with large IF
frequencies, such as HIFI, and do not allow the high calibration accuracy required by HIFI to be
met. Moreover, they do not exploit the full capabilities of an instrument with two thermal loads for
calibrating the spectral bandpass. Finally, the standard calibration scheme contains no particular means
to treat standing waves (seen as "ripples’ on the basedline of a spectrum) that are created by reflections
between the telescope structure and the receiver.

The HIFI intensity calibration uses a new calibration scheme for the planning and reduction of HIFI
observations that takes advantage of the lack of an atmosphere and corrects for the effects of standing
waves in the combined observations of lines and continuum with HIFI.

5.3. The HIFI Calibration Scheme

5.3.1.

Internal Load Calibrations

Like most other heterodyne instruments, HIFI makes use of the two internal oadsto provide the band-
pass calibration (sensitivity) for each backend (spectrometer) channel and polarization. The effective
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radiation offered by these loads is corrected from the imperfect coupling of the mixer beam to the
load apertures. These couplings were measured on the ground during instrument level testing. The

instrument bandpass Ve and the receiver temperature Jc 0btained via the load measurements are
provided by Eg. (9) and (10) from [10].
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The"I" superscript indicates that the bandpass and receiver temperatures are measured on the internal
loads.

In the above equations ¢ indicates count rates measured on hot or cold loads, za" zero frame" removal.
J'sindicatethe hot and cold load effective temperature measures -- as measured by temperature sensors

on the internal hot and cold loads, and ny, and n¢ indicate the coupling of the beam to the hot and
cold loads.

At this stage of our calibration, we have made the following assumptions:

« the load coupling coefficients are similar in both side-bands. Load coupling for the hot and cold
|oads was measured during on-ground testing. The coupling coefficients are very closeto 1. Values
currently used in the pipeline are shown in Table 5.1.

* the standing wave pattern does not change between the two thermal loads. Thisis only partly true
since the optical path between the mixers and the respective loads will differ by about 10mm. Gen-
erally, the standing waves arising from the load surfaces are expected to be negligible enough to
show only as second order contributions. Actually the dominating error factor in bands 1 and 2
are such standing waves. For strong continuum sources, there is a strong beat between 92 and 98
MHz ripples from the loads appearing in the spectra. In the future there may be a user-selectable
aternative calibration scheme that would avoid introducing those standing waves from the loads
into the science data for, e.g., strong continuum sources.

* the side-band ratio are normalised, i.e. it does not define the ratio between the two side-bands, but
the ratio between the response in one side-band and the combined responsein both side-band. Side-
band ratios are measured on the ground and would provide a further correction to the spectrum
depending on whether the signal (emission-ling(s) of interest) are in the upper or lower sideband
of the instrument (see Chapter 2).
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Table5.1. Internal load couplings presently used

Band Frequency (GH2) Nn (H;V) Ne (H;V)
1 480.0 0.991;0.992 0.959;0.97
1 640.0 0.991;0.992 0.98;0.983
2 640.0 0.993;0.988 0.993;0.996
2 800.0 0.993;0.988 0.993;0.996
3 800.0 0.996;0.992 0.988;0.987
3 960.0 0.996;0.982 0.988;0.987
4 960.0 0.997,0.994 0.995;0.996
4 1120.0 0.997;0.994 0.995;0.996
5 1120.0 0.987;0.985 0.993;0.996
5 1280.0 0.987;0.985 0.993;0.996
6 1420.0 0.994;0.992 0.982;0.984
6 1710.0 0.994;0.992 0.982;0.984
7 1420.0 0.998;0.985 0.97;0.973
7 1710.0 0.998;0.985 0.97;0.973

5.3.2. OFF calibration

In addition to the two internal load calibrations, HIFI will use the observation of blank sky to reveal
additional calibration information on the system. In contrast to ground-based observations where the
observation of areference position free of emission would provide mainly information about the at-
mosphere, we can use such a measurement for a better characterisation of the instrument response
itself. In particular, measurements on blank sky help in deriving information about the difference in
standing wave patternsthat are occur between theload measurement and the astronomical observation.

Theideabehind this OFF measurement isthat the full frequency resolution of HIFI is not necessary to
sufficiently sample the standing waves to be corrected in the system. Considering the typical optical
paths involved in the instrument, it is sufficient to measure the standing wave effect with a frequency
resolution of 10 MHz. Since we are smoothing our OFF measurements to a lower resolution some
reduction in the observing time is required for characterisation of the standing waves with sufficient
signal-to-noise.

For an accurate treatment of the standing wave effect, additional assumptions must be made on how
they contributeto theinstrument response (standing wave model). Two other parameters add to the un-
knowns when considering OFF measurements: the telescope forward efficiency n;, and the telescope
radiation Jr &1 All these effects are superposed in the OFF measurements. It is however reasonable to
assume that standing waves will appear asthe variation across a band while the telescope contribution
will beidentified as an average contribution over the band (see [10]).

So far we have considered three standing wave cases:

 standing wave contributing as additive terms to the receiver noise across the bandpass (e.g. sine
waves).

» standing wave changing the coupling to the telescope (viathe forward efficiency).

* standing waves changing the overall gain. Such waves show up as enhanced spectral baselineripples
against strong continuum sources such as planets.

The preference to one or other of these modelsis currently being investigated for different LO settings
and cases from the performance verification phase.
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5.3.3.

5.3.4.

5.3.5.

5.3.6.

Differencing observations:

To correct for instrument drift effects, the astronomical observations will use a differencing scheme
where the astronomical source and a reference are observed in an aternating sequence. HIFI uses
four basic approaches: total power (also called Position Switch), sky chop (also called Double Beam
Switch), load chop and frequency switch (see chapter on observing modes). Reference[10] givessome
examples of the equations obtained in various differencing schemes, and depending on the standing
wave model approach. In particular, it shows how both line and continuum contributions to the signal
can be separately treated. The continuum term only contains the radiation from the source and the
blank sky in its surrounding. The continuum radiation seen from the warm telescope structure cancels
out in al equations by means of the OFF calibration.

In essence, the OFF calibration combined to the differencing approach always provides a double dif-
ference. The double difference corrects for the standing waves in the baselines but from the point
of view of observational noise, ON and OFF measurements are equivalent. Thus the use of an OFF
calibration may be less efficient that total power measurements. Thisis depending on the system sta-
bility, which could offer the possibility to use one OFF calibration measurement for a series of source
measurement.

Non-linearity:

In all equations and references mentioned above, it has been assumed that the instrument response to
any radiation field is linear. Deviations from alinear behaviour are expected mainly in the IF branch
including the spectrometers. However from ground-based measurements, it was concluded that these
deviations are not significant (1% or less), and can in any case be measured and corrected in the data
processing.

Blank-sky contribution:

The main contribution from the blank sky comes from the dust emission in the Milky Way, which is
the brightest extended source of radiation in the considered wavelength region. For atypical Galactic
OFF position 4-5 degrees from the Galactic plane at 500 GHz, the continuum intensity corresponds
to 10° K, and thus is far from having any noticeable influence. In sky regions closer to the Galactic
plane, the continuum intensity increases but remainsinsignificant. Only in the direction of the Galactic
centre the continuum emission becomes no longer negligible. These numbers are based on the work
of Schlegel et al. ([15]) who obtained the spatial distribution of the dusty density and temperature
combining IRAS and DIRBE data.

Conversion between Antenna Temperature and

Janskys:

The HIFI calibrated product, as obtained from the pipeline, is provided in antenna temperature (Ta).
To convert this to a source flux in Janskys requires some knowledge of the beam at the frequency
used. HIFI beam information is discussed in Section 5.5.2. The formulafor conversion is:

S/TA = 326.9/r]A Jy/K

The value of na for each subband islisted in Table 5.5.

5.4. The Frequency Calibration of HIFI:

The framework for the frequency calibration description of Herschel/HIFI isgivenin [11]. This doc-
ument presents the terminology related to this topic, and recalls the principles and parameters to con-
sider for the HIFI frequency calibration. Some of these parameters have already been introduced in
the spectrometer description sections (see Chapter 2).
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5.4.1.

5.4.2.

5.4.3.

Context:

In the frequency domain, the observations are smoothed by the effective instrument spectral response.
Thisresponse isthe combination of several spectral element responses along the detection chain, prin-
cipally the Local Oscillator (LO) and the respective spectrometers, having their own channel resolu-
tion profile.

Frequency accuracy:.

There are different frequency conversions in the instrument. They are based on down and up-conver-
sion performed by local oscillators (some being internal to the spectrometers) so their accuracy is di-
rectly related to these LO frequency accuracy. For HIFI, the Master LO has a frequency requirement
of 1 part in 10”. In bands 6 and 7, the use of an up-converter adds another 50 kHz uncertainty in
the frequency scale. The HRS is directly locked to the Master LO ; the HRS itself has an additional
frequency accuracy of 5 kHz for the autocorrelator. For the WBS, the frequency scale is determined
with an internal signal locked to the master LO. For this spectrometer there is an extra frequency un-
certainty of 100 kHz.

The overall HIFI frequency accuracy budget is summarised in Table 5.2.
Table5.2. Frequency accuracy budget

Band 1 2 3 4 5 6 7
LO Freqg. Acc. (kHz) 24 32 40 48 60 70.5 95.5
WBS Sys. Freq. Acc. (kHz) | 120 130 140 150 160 220 250
HRS Sys. Freg. Acc. (kHz) 29 37 45 53 65 126 151

Determination of Frequency Calibration:

The objective of the RF frequency calibration is to assign a frequency to a given channel number of
the considered spectrometer. The techniques will differ for the WBS and the HRS:

5.4.3.1. WBS frequency calibration:

The WBS frequency calibration relies on the use of a COMB measurement providing narrow "emis-
sion"” linesat known I F frequencies (between 3.9 and 8.1 GHz in steps of 100 MHz). Thelinesarefitted
and their positions in the channel scale are trandlated into a polynomial function giving frequency as
afunction of pixel number. Note that the frequency scale obtained in such away may not necessarily
be linear with channel number.

Averaging several WBS spectra requires regridding to a common frequency (or velocity) scale.

5.4.3.2. HRS frequency calibration:

5.4.4.

Duetoitsdigital nature, the HRS frequency calibrationisin principle entirely reliant on the master LO.
The frequency conversion table is thus completely defined by the parameters and equation compiled
in[12].

Frequency resolution:

WBSfrequency resolution: Inthe WBS, the channel sizeisin principle defined by the pixel sizeon
the CCD matrix sampling the data. However the frequency width sampled by this pixel is not neces-
sarily regularly spaced as the diffraction angle created by the acoustic wave is not alinear function of
the Bragg cell length. For HIFI, the total bandwidth is4 GHz, made of 7650 valid pixels. The spectral
resolution of each pixel is obtained viaa COMB measurement which also used to derive the frequency
calibration. The number of channels between two peaks of the COMB (of known frequency separa-
tion) translates into the width of the resolution element.
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HRSfrequency resolution: The HRSfrequency resolution can be seen asadigital entity. In principle,
it is solely dependent on the sampling clock speed, on the lag window used (i.e. the apodisation,
generally Hanning windowing), and on the quantisation level.

The overall HIFI frequency resolution budget is summarised in Table 5.3.

Table5.3. HIFI resolutionsusing the WBS and HRS in two of its modes.

Band 1 2 3 4 5 6 7
LOFreq. Resn. (MHz) | 0122 | 0163 | 0204 | 0244 | 0285 | 0330 | 0486
WBS Sys. Freg.
Remn, (ML) 109 | 1209 | 110 | 111 | 112 | 114 | 119
WBS Sys. Freq, 068 | 051 | 041 | 035 | 030 | 027 | 022
Resn. (km/s)

HRS (nominal res)
Sys. Freg. Resn. (MHZ2)

HRS (nominal res)
Sys. Freq. Resn. (km/s)

HRS (high res) Sys.
Freq. Resn. (MHz)

HRS (high res) Sys.
Freq. Resn. (km/s)

0.28 0.30 0.32 0.35 0.38 0.42 0.55

0.17 0.14 0.12 0.11 0.10 0.10 0.09

0.18 021 0.24 0.27 0.31 0.37 0.50

011 0.10 0.10 0.09 0.08 0.08 0.08

5.4.5. Frequency and Velocity Verifications

Summarizing, no serious problems have been found with the frequency and velocity calibration in the
HIFI pipeline processing of in-flight data. There are some issues which the User should be aware of
when interpreting the frequency scales on pipeline processed Level 2 spectra. Until these issues are
understood and fixed they will cause an error in the frequency scale of up to 2 km/s.

Some residual outstanding issues are:

» TheSunisused instead of the Solar System barycenter (SSBC) leading to < 0.020 km/s error in the
value of the Local Standard of Rest (LSR) used.

* In order to compute the spacecraft velocity, HCSS uses an imprecise velocity of the earth with
respect to the sun (and not the SSBC). This gives an error of ~< 1.5 km/s

» At present, the HIFI pipeline produces Level 2 spectra with frequency axisin the LSR frame, in-
cluding Solar System Objects (SSOs). SSO spectra should be presented in their rest frame.

5.4.5.1. Frequency Consistency With Ground-based Measure-
ments

Literature velocities have been compared with aset of HIFI line measurements, and in all cases found
good agreement given the uncertainties (e.g. different species, data S/N ratios).

When possible, a cross-comparison between modes and a check of the spectral line repeatability has
been made, e.g. using the CO 5-4 linetowards o Ceti, al so observed from ground by APEX. Agreement
between H and V and both spectrometers HRS and WBS has been verified, in terms of line centre
frequency and FWHM. Agreement in nominal, except for the centring of the line within the HRS
frequency bandwidth because of a difference in computing and adjusting the sub-band placement for
the spacecraft vel ocity, in different reference frames (L SR vs SSB). A solution to this problemisunder
investigation; meanwhile the effects are significant only for the HRS when used in high resolution
mode in the high frequency bands.
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5.4.5.2. Multi-epoch Frequency Consistency

Observations of the same line and source at multiple epochs have al so been compared, and the detected
line frequencies match. The longest check was for source LDN1157- B1, taken 186 days apart, and
the motion of the spacecraft is correctly removed to an accuracy of better than 0.5 MHz (0.3km/s).
Thisisillustrated in Figure 5.1.
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Figure 5.1. Multi-epoch observations of the water line in the source LDN1157-B1 taken over a period of
mor e than 6 months.

5.4.5.3. Solar System Object Frequency Measurements

5.4.6.

Observations of Comet Wild-2 were checked against the predictions of the Horizons ephemeris. The
Herschel-centric, Wild-2 apparent radial velocities were queried and interpolated to the time of ob-
servation. The pipelined datea at Level 2 has s frequency axis that is affected by the issues listed
above; but within HIPE one can easily use Horizons to predict the IF frequency of detection, using
an appropriate spacecraft ephemeris. The water lines are found to be within, at worst, 0.5 MHz of the
predicted frequency.

Spurious Responses in HIFI

HIFI, likeall heterodynereceivers, suffersfrom spurious responses. Thesetypically havetheir originin
the local oscillator source unit wherethe local oscillator signal is generated, but thisis not universally
the case. These 'spurs' can significantly degrade the quality of spectra, and thereforeit has been prudent
to track and catalog these features in al HIFI data taken since pre-launch. This catalog has been
implemented in HSpot so Users can be warned if they tune the LO near the position of known spurs.
Thisisillustrated in Figure 5.2 where the spectrum obtained is compared to the warning now provided
in HSpot.

On top of these spurious signals, oscillations in the Local Oscillator multiplier chain can render the
mixer sensitive to more than only one frequency, resulting (in practice) in spectral ghosts from other
mixing products, and an improper intensity calibration of the targeted lines.
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Figure 5.2. On theleft is the spectrum from the spectral survey at a frequency shown in the HSpot AOT
on theright. A strong spur isseen in the fourth WBS subband. In the HSpot window, the fourth subband
of the WBSin the upper sideband is shaded in purple and a warning is shown at the bottom of the HSpot
screen. The user may want to consider whether thisis a good frequency setting for the observation and
should avoid placing lines of interest in the region of the fourth subband of the WBS.

5.4.6.1. Analysis of spurious responses in WBS

In general spur positions and strengths have remained similar between the prime and redundant sides,
and across over ayear of data acquisition stretching back to pre-launch test activities.

The spurs that cause the most concern are the ones near important water lines.

5.4.6.2. Spurs in Band 1a

In 1a, astrong spur originally existed blueward of 548.7 GHz. This spur wasvery strong, saturating the
detector and rendering the entire 4GHz passband unusable. Thisisunfortunate, asit directly impacted
observations of the 557 GHz water line. There are very narrow (~500MHz) regions in LO tunings
where the spur seems well behaved and one could in principal take arelatively clean spectrum. How-
ever it isnot clear how stable this 'safe zone' was over time. We previously recommended that users
try to use band 1b and place the water line in alower sideband.

Recent improvements in the operation of HIFI have allowed this spur to now be removed and users
may now use this spectral region almost free of spurs (as of Herschel operational day OD474; see
HIFI band 1a spurs).

Figure 5.3 illustrates the spurs around the water line in Band 1a prior to the improved operations in
late 2010. There however remains one narrow frequency range around LOF=540.9 and 542.3 GHz
(+/- 0.5 GHz) where aresidual spur can still affect the datain the WBS sub-bands 1 and occasionally
2. Please take this into account when designing AORs in this range (see also Section 5.4.6.4).
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Figure5.3. Spectrataken from 2 different LO tuningsin 1a. Thegrey plot isfrom atuning of 549.3 GHz and
the spur wipesout not only thesubband in which it resides(2), but theentire spectraduetothecrosstalk. At
550.4 GHz however (yellow trace), the spectrum iswell behaved aside from the spur in the second subband.

5.4.6.3. Spurs in Band 4b

Water at 1113 GHz isoccassionally corrupted by a spur that appears between L O tunings of 1090 GHz
and 1108 GHz. However unlike the band 1a spur, this one is very weak and sometimes disappears
altogether, likely due to changes in instrument temperature. It isillustrated in Figure 5.4.

Itisstill recommended to placethis spur in asubband different from that of thewater line. The position
of the spur in the IF as afunction of LO isfit well by the following formula:

IF = 5064.9 - 44.3x - 0.6x%, where x = LO - 1090.498 GHz

4.0

flux (K)
«LIIlHIIlIII\ IIII|I\\Illlll\_lnl\lllllll‘lllllll \‘IIII]L

[8 sl gifebafle |, B i i e e S e S S S S il IR i i S ]
4000 4500 5000 5500 6000 6500 7000 7500 000

frequency (MHz)

Figure5.4. Though band 4b spursarestrong compared toreal lines, they arevery narrow and do not seem
to affect the integrity of the spectra around them. This spectra was taken during PV at an L O setting of
1105.6 GHz.

5.4.6.4. Spurs Across Other Bands

Further analysis of spurs is ongoing based on observations taken during performance verification. A
summary of the table that HSpot uses to identify problem settings and warn users is provided here.
Users who need LO tunings in any of the affected ranges are encouraged to contact the helpdesk(s)
for advice.

Note that the ranges could be as much as 2GHz wider on each side of a spur due to the resolution of
the surveys from which these were determined.
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Band 1la: Weak spur at 542.3 GHz.

Band la: Spursat 540.9 GHz and 542.3 GHz.

Band 1b: Spurs between 584 and 586 GHz.

Band 2a: Spurs at 692GHz, 700.0 GHz, and 708.0-718.0 GHz.

Band 2b: Spurs at 762.0-770 GHz, and 776.0-788.0 GHz.

Band 3a: Spur at 841.0 GHz.

Band 3b: Spurs between 951.0-953.0 GHz.

Band 4a: Spur at 967.0 GHz, and 1001.0-1003.0 GHz (saturation), and 1017.0 GHz.
Band 4b: Spur between 1096-1105 GHz.

Band 5a: Spurs between 1134-1136 GHz (from OD641, 13 February 2011).
Band 6a: Spur at 1544.0 GHz.

Band 7a: Spur at 1718.0 GHz.

Band 7b: Spurs between 1829-1838 GHz.

5.4.6.5. Spectral Purity

There are several frequencies in HIFI where the Local Oscillator has been shown to produce more
than one frequency. In these cases, an observed spectrum will have some or al of the features from a
different unknown (and possibly unstable) other frequency. When thisis the case the mixer gain at the
desired frequency will be unknown and it will not usually be possible to calibrate the flux accurately.
Most of the impure regions were fixed in the ILT, TV/TB and CoP test campaigns; however, several
frequencies remain to be addressed or cannot be addressed due to hardware safety considerations. The
known impure frequencies include:

Band la: For data taken before OD474, LO frequencies above 550 GHz (extreme upper end of
tuning range).

Band 2a: LO frequencies above 714 GHz (extreme upper end of tuning range).

Band 3b: LO frequencies near (+/-1 GHz) 941 and above 951 GHz. Inthis|atter rangein particular,
thereisasevere drop observed in lineintensities as the L O frequency increases and we recommend
to discard those data or observe linesin the lower side-band from band 4a.

Band 4b: LO frequencies above 1114 GHz (extreme upper end of tuning range).

Band 5a: LO frequencies above 1232 GHz. In this range in particular, there is a noticeable drop
observed in lineintensities as the LO frequency increases and we recommend to discard those data
or observe lines in the lower side-band from band 5b. For data taken before OD642, there is also
aknown issue around (+/-2 GHz) 1206 GHz.

Band 5b: LO frequencies below 1236 GHz and around (+/- 1GHz) 1255 GHz.

Band 7a: LO frequencies between 1755 and 1759 GHz.

Band7b: For data taken before OD305, there is a known issue in the range 1866-1888 GHz. After

this date, there are no known remaining purity issues, but Users should be aware that tunings at
L O freguencies above 1899.8 GHz suffer from a sensitivity degradation by about afactor 2 (dueto

58



HIFI Cdibration

unavoi dable mixer over-pumping). For most sources, this should befar enough for tunings targeting
the [CII] line, where robust tuning is now achieved in most cases. Users should however be aware
that the tuning success in the upper end of band 7b can be influenced by the chain thermalization
history, and the exact targeted L O frequency. So there could still be observationsthat will not benefit
from the best sensitivity, usually rendering the scientific data very difficult to exploit.

The scheduling implications are summarized as follows:

 Spectral Scansin Bands 3b, 4b and 5amay becarried out asis, and users should inspect and possibly
discard the spectrataken at the unruly LO frequencies. Thiswill imply some noise degradation after
the spectrum deconvolution.

* For Spectral Scansin Band 7a, the User is advised to split the frequency coverageinto at least two
AORswhich avoid theimpure areas. As aconsequence there will be aslight penalty dueto the slew
time tax charged at each AOR, and the (temporary) degradation of the achieved noise at the edges
of the deconvolved spectra due to a coarser redundancy. Once the LO purity has been satisfactorily
established, the excluded regions can be scanned if needed. Presently this means that LO tunings
only over the following ranges are advised: Band 7a: [1701.2 - 1755] and [1759 - 1793.8] GHz .
[Note: Several SDP and PSP1 AORs in Band 7a were carried out over these impure ranges, prior
to thisinformation being available].

» For observations in Band 7b requesting LO frequencies > 1899.8 GHz, there are currently no
scheduling restrictions, but Users must be aware of the lower performances that can result from the
tuning issues described above.

* For singlefrequencies (in AORs using the Point and Map AOTS) whenever possible, themain lines
of interest should be moved into the image bands if the new LO frequency falls in an area not
affected by purity issues. Otherwise, it is probably wise to put the observations on hold until the
chain is fixed in the targeted frequency area. [Note: this will not have been possible for the very
early SDP and PSP1 AORs which were scheduled before this information was available].

5.4.6.6. Spurious response in the HRS

Spursin WBS do not correspond to spursin HRS. While the investigation of HRS spurs has not yet
been asdetailed asin WBS, it isalready clear that the spur in band 1afor instance does not impact the
HRS at all. Because spurs are found generally in spectral surveys, and since spectral surveysgenerally
do not have HRS data, a full catalog of HRS spurs has been slower to generate.

5.4.6.7. Treating Spurs in Software

Spurs are automatically flagged during pipeline processing, and ignored in subsequent processing. For
moderate spurs, this is generally sufficient. Strong spurs however, which corrupt entire subbands or
spectra, require an extra step of cleaning.

Thisis easy to do in software, and we have had excellent success in cleaning up spectral scans for
use by the deconvolution routine.

5.5. The Spatial Response Calibration of HIFI:

5.5.1.

The framework for the spatial response description of Herschel/HIFI is given in [11]. This document
presents the terminol ogy related to the topic, and estimates the tel escope efficiencies and observations
needed to assess some of the spatial response parameters.

Context:

The intensity calibration approach described in the previous section, involving the measurement of
the instrument bandpass on hot and cold internal oads, this trangl ates the backend counts to so-called
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antenna temperatures (Ta). This temperature scale (see e.g. [11], [16]) is antenna and instrument de-
pendent.

There are two principal methods to derive antenna independent temperatures: either a very accurate
system model is needed, or observations of celestial calibrators whose brightness temperature distri-
bution iswell known. Celestial calibrators are generally used and for HIFI beam measurements have
been made using Mars:

* to derive telescope efficiencies

* to measure the half power beamwidth (HPBW) of the main beam, and to measure the beam profile,
i.e. to map the point spread function.

5.5.2. Beam Characteristics

5.5.2.1. Initial On-Ground Measurements

The in-flight assessment of the HIFI aperture was highly reliant on the very accurate measurements
performed on the ground during the Instrument-Level Test (ILT) campaign During these measure-
ments, the aperture positions were measured with respect to a reference (alignment cube) belonging
to a common reference frame, but most importantly, the various bands were paired in clusters for
which the relative positioning was measured with an accuracy better than 0.7 arcsec on the sky (see
Figure 5.5).
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Figure 5.5. Projection of the beam intensity distribution onto the HIFI pick-up mirror (M3) as measured
during the Instrument-Level Tests. Band 1isto theleft on thisdiagram and band 7 to theright.

This legacy results alowed to starting the in-flight FPG measurements with only one aperture per
cluster. The measurements were done in two steps:

» A coarse mapping was performed over an area around the expected aperture location on the sky,
allowing for mis-pointing margins. For this, asampling slightly worse than a Nyquist sampling was
used. Only one aperture per cluster was considered at atime.

 After correcting the offset measured from the coarse mapping, a finer mapping was repeated with
asmaller sampling and extent. Thistime, al 7 bands were measured (see e.g. Figure 5.6).
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Figure 5.6. Example of Saturn measurementsin band 6 (1625 GHz), used to deter mine the offsets of the
corresponding HIFI apertureson the observatory YZ plane (focal plane).

5.5.2.2. Beam Coalighment and Beam Width

offers for each receiver two polarisation channels that can be measured simultaneously. While they
provide a hardware redundancy to cover contingency failures, they can a so be combined to decrease
the noise level achieved in spectral measurements by afactor of 22 This assumes that both polarisa-
tions are looking at the same point on the sky. Because they correspond to two physically different
mixers and their associated optics, the co-alignment of the respective apertures on the sky adds a po-
tentia error.

Beam co-alignment was measured simultaneously with beam width using Mars map information col-
lected in the respective polarisation channels. The results are summarized in Table 5.4. The co-align-
ment is found to be very good, and in perfect agreement with what was measured pre-launch. How-
ever, in order to mitigate the global pointing error when combining the two polarisations, it was de-
cided to not favour any of the channels and rather use an synthetic aperture located in the centre of the
two polarisation beams. The resulting coupling losses in such an approach are limited, and listed in
Table5.4. Users are also referred to the technical note on HIFI beams on the Herschel Science Centre
website at HIFI beam efficiencies.

Table 5.4. Beam coalignment results

Band |Freauency (GHZ)|  FWHM () | &HVeiguvz ()| |omarogy.
1 480 44.3 -6.2;+2.2 0.8
2 640 33.2 -4.4;-1.3 0.7
3 800 26.6 -5.2;-35 1.9
4 960 22.2 -1.2;-3.3 0.9
5 1120 19.0 0.0;+2.8 0.8
6 1410 15.2 +0.7;+0.3 0.1
7 1910 11.2 +0.7;-1.5 0.2
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5.5.2.3. Hand V Profiles

Contributing Sources To H and V Profile Disagreements

The agreement between H and V profiles of lines observed during PV has been investigated, with
particular attention paid to an outflow source, L1157-B1, which was originally observed in August
2009 and exhibited a deviation betweenthe H and V line intensities of up to 20%. This source was re-
observed twice during the second performance verification phase following the switch to redundant
side electronics. The levels of agreement (or disagreement) are important to characterize, since con-
tributing factors may include any of telescope pointing, angular separation of the H and V beams on
the sky, possibleintrinsic polarization of the source at the line frequencies of interest, and instrument
calibrations (different beam efficiencies or sideband gains) or power level output from the spectrom-
eter back-ends.

Theinternal calibrations can account for up to 6-8% disagreement between H and V profiles, measured
asintegrated fluxes. |F spectral repeatability of point sources show that H and V profiles are in good
agreement across bands 1, 2, 4 and 5 to within 3%.

Theeffect of pointing offsets between the two polarisationson line profilesin the case that the emission
isextended or hasastrongly varying velocity structureis harder to quantify. Thedifferencein pointing
for H and V polarizations are noted in Section 5.5.2.2.

Compact Sources

Line centresand line shapes arein excellent agreement between H and V profile among the AGB stars
observed during PV-2. In many cases, the V polarisation showsthe stronger line but typically the peak
values of the H profiles fall within 7% of the peak in V.

One exception to thisis NML Tau, which showed differences in the peaks of profiles of over 30%,
in some cases. Some of the profile discrepancies (e.g., obsid 1342190160 where the peak of the V
profile was 1.275 times that of the H) can be attributed to data quality that suffers from when the line
islocated at the band edgein aregion of high system temperature (low sensitivity). In two other cases
it was found that there was a greater scatter of individual datasets at Level 1 in the pipeline processed
results about the mean in one polarisation (V) over the other, possibly reflecting varying power output
levels between H and V.

In certain cases this effect at Level 1 leads to an apparent shift in line centre in the V polarisation at
Level 2, but this could be remedied by removing outlier scansfrom the Level 1 data before averaging.

Beyond these cases, there remains a larger difference in H and V profiles than is expected from un-
certainties in sideband gain or beam efficiency correction. In the spectrum Figure 5.7 of NML Tau the
peak in H is 74% of that in the VV polarisation.
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Figure5.7. Lineprofileof NML Tau at 1108.5 GHz. H and V profilesin this observation differ by 26% at
the peak, rescaling so the peaks match show no differencein line shape

After smply scaling the H polarisation up it is seen that there is no mismatch in profile shape.
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Extended Sources: LDN1157-B1 in detail

L1157 isawell-known Class 0 proto-star associated with an energetic outflow that displays shocked
structures along its length including a bow shock in the blue lobe. The velocity structure around the
source is also complicated by in falling and accreting material.

Observations in the blue lobe of L1157 were made in Band 1b in Spectral Scan DBS mode with
(1342181161) and without (13421811160) continuum optimization in August 2009. The two obser-
vations were well matched with each other but displayed a pronounced discrepancy in CO 5-4 H and
V profiles reaching up to 20% in the line wings. The profile discrepancy was still seen even after the
peak in the H polarisation was scaled up to align with that in V profile, with the V remaining stronger
in the wing.

L1157-B1 was observed again in Band 1b 186 days later in performance verification, using the
PointFastDBS mode with continuum optimization (1342190183) and in PointDBS without continu-
um optimisation (1342190184), and the latter observation repeated again in the same 40 days later
(1342192229). Theroll angle of the telescope is ~180° with respect to the PV-1 observations. In all
casesthe V polarisation displays a higher intensity line than the H. Figure 5.8 showsthe H and V line
profilesfor observations 1342181160 (160), 1342190184 (184), and 1342192229 (229), scaled so that
all the peaks (per observation and polarisation) align.
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Figure5.8. H and V profiles for obsids 1342181160, 1342190184, and 1342192229, towards L DN1157-B1,
scaled so line peaks match.

There are several thingsto note from Figure 5.8:
» The polarisation discrepancy in the wing isin the opposite sense for 160 and 184.

» Astheobservationswere performed 6 months apart, thiscould imply that thereissome bright region
of the outflow contributing to the profile mismatch rather than an intrinsic polarisation effect. It can
be seen that the profile discrepancy has reduced with successive observations from approaching
30% in 160, to 10% in 184, until in 229 there is adifference in profile in the wing of only 4% (see
Figure 5.9).

184 has alower noise goal resolution than 160, while 229 is free from emission in chop positions.
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Figure5.9. Fractional differencesin H and V profiles approach 30% (160), 10% (184) and 4% (229). The
H and V profiles of 160 are plotted toillustrate the variation acrosstheline.
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The discrepancy at the peak of the lineis very similar for 160 and 229, and is approximately 8% but
isonly ~4% for 184. This could be an effect of the emission in the chop position (see next bullet).

Thereisaclear dip beforetheline peak in 184 (also seenin 1342190183) and a hint of the samein 160.

* Investigation of thereference positionsat Level 1 of pipeline processing show that thereisemission
in the reference position when chopping off the source for 184 (see Figure 5.10).

» Thereisno emission isthe reference positions for 229.

» TheH and V profilesin 184 and 160 show some discrepancy at frequencies below the line shift,
while 229 does nat, this effect is due to the emission in the chop position.

» The contaminating emission does not affect the line profiles in the wing. There is no evidence of
differing levels of emission in the two reference positions, but this does not preclude the possibility
that both reference positions contain an equal level of emission.

However, this shows that the differences in profile in the wing are not a product of chopping into
source.

n

T T T T T T T T T T T T T T '&I T T T T T T T T T T T T T T e |

B ey E
E ; =
i %, =
3E LN =
) g BN E
“L i \ i
(= e e - =
e e e ot N S e B e e e s e e i it e

5300 5310 5320 5330 5340 5350 5360 5370

frequency (MHz)

[[—— Hemision in chop V emission in chop ——— H v |

Figure 5.10. Obsid 1342190184. Emission in chop position affecting On sour ce profile. The contaminating
emission affects the line profile until just beyond the peak, and so has no influence on the discrepant H
and V profiles seen in the extended wing.

From the above, an investigation of the separate emission in the reference positions and ON sourceis
warranted. To do so, the observationswere reprocessed, skipping the doRef Subtract and doOff Subtract
steps of the Level 1 pipeline. The reference and source measurements could then be investigated in
the ON and OFF positions. Figure 5.11 and Figure 5.12 show the H and V profiles derived from the
ON and OFF positions separately for the obsids 184 and 229, respectively. A profile difference can
be seen even in one polarisation between the two positions.
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Figure5.11. H and V profilesderived from ON and OFF positions separately for 1342190184. It isinter-
esting to note that the V profile from the OFF position corresponds exactly with the H profile from the
ON position.
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Figure5.12. Asfor Figure5.11 but for obsid 1342192229. The samebehaviour isseen but theoverall spread
in profilesis smaller than for 184.

One possiblereason for thisbehaviour could be that there is some scatter in where HIFI pointsfor each
integration due to shifts after telescope slews between the ON and OFF positions and as HIFI chops
between source and reference. Investigations indicate the pointings for each integration on source
for 184 have a spread of approx 2" (and is very similar for 229). Thisis of the level of the pointing
accuracy of the telescope.

This scatter in pointing (and perhaps in combination with velocity structures arising in shocked re-
gionsin outflows) could giveriseto the differencein profiles seen between the ON and OFF positions.
In support of this theory, the fractional difference in intensity relative to the mean intensity of each
integration for each polarisation are plotted in Figure 5.13 and Figure 5.14 for the OFF and ON po-
sitions respectively. A line profile is plotted in each case to show variation with position in the line.
If variations between individual integrations are affecting the profile in the wing then the fractional
difference should increase there.
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Figure5.13. (H-Hayerage)/Haverage fOr the Off position for 1342190184.

L 1 O OO O Y 0 SO N P e O O O PO (00 WL | O N
5330 5332 5334 3336 5338 5340 5342 5344 5346 5348

frequency (MHz)

0.3 I | A O | | |

Figure5.14. (H-Hav)/Hav for the On position for 1342190184. The spread is greater at the low frequency
end of thelinethan for the Off position, this may be dueto the emission in the chop position.

The fractional difference reaches (and even exceeds) 0.1 in the wing of the profile, compared with
<0.05 near the line peak. In band 1 the offset between the H and V beamsis (-6.2", 2.2"). It seems
reasonable that if a scatter in pointings can give rise to a difference in one polarisation between ON
and OFF positions then thisfurther differencein pointingin H and V could cause differencesin H and
V profiles. Furthermore, if the chop direction was along the outflow, as was the case for 160 and 184
this could generate a significant differencein H and V in the wing of the profile.
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Summary and Conclusions on Profile Differences With Polarization

Comparison of H and V profiles in compact sources show that the line profiles agree to within 7%,
which is within current calibration uncertainties. An exception to this is NML Tau, which shows
deviations of up to 30%.

Some of these discrepancies were found to be due to issues with the data such as poor line placement
or scatter in data at Level 1.

It is harder to disentangle the effects of extended emission and pointing offsets between the H and
V beams.

« Artificial polarisation effects can be created due to the H and V beam offset and can be particularly
affected in if there is a strong velocity structure associated with the observation.

* Inthe case that polarisation differences are of importance, care should be taken to avoid chopping
into emission.

When investigating differencesin H and V profiles, it is helpful to go back to Level 1 data.
Polarisation Science

To date, only two linear polarization scientific studies have been carried out on Herschel. The first
of these dealt with a star, representing a spatially unresolved source. The other involved an extended
source. Both were carried out in band 1b, although similar results are expected in other bands. The
main factor to keep in mind is that the H and V receivers on Herschel are not precisely aligned. The
extent of this misalignment differs from band to band, but tends to be of the order of afew seconds of
arc. The misalignment values are known for each band and are listed in Table 5.4.

The following procedure has been followed:

 Procedure: When the polarization isto be measured at aspecific point, the observationiscarried out
with the point placed halfway between the two directions of receiver alignment. For point sources,
this casts the same amount of radiation on each channel and, to date, does not appear to lead to any
false polarization signals, at least at alevel of accuracy of about 2%.

* For an extended source, however, beam misalignment and pointing leads to a different portion of
the source being imaged onto the H and V receivers. This expresses itself in the following way:
If the source is viewed at two epochs spaced precisely half a year apart, the portion of the scene
viewed by the H and V channels is reversed as the telescope views the source at a sky rotation
differing by 180 degrees on these two occasions. If the brighter part of the source isimaged onto the
V channel at the first epoch, it will be imaged onto the H channel at the second epoch. The source
will appear to be linearly polarized, but with the direction of polarization rotated by arelative angle
of 90 degrees on the two occasions. This "false" polarization distinguishesitself by thisreversal of
polarization at half-year intervals. A genuinely polarized source produces arotation in the direction
of polarization over a period of one quarter of ayear, i.e. arotation rate twice as fast as the change
in telescope rotation relative to the sky.

» Another project ensured that the same position on the sky was seen by the respective H and V
mixers by observing this position in two individual AORs (one for H and one for V). The source
position was manually modified in order to take into account the offset of the respective beamswith
respect to the synthetic, central, beam position which is used when pointing with Herschel/HIFI.
The scientific outcome of this approach is not yet known.

» The way to determine the direction of genuine polarization is to view a source at two of more
different epochs, along the telescope direction to rotate on the sky. Thiswill yield the desired result,
and can also verify whether the observed polarization isreal or "false". Therea polarization yields
a full change in polarization direction over 1/4 year, the false polarization produces a change in
rotation direction over 1/2 a year. These two rates can be distinguished by viewing the source on
several successive occasions.
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» The stability of the Herschel receivers appears to make this possible. Both the real and the "false”
polarization components have been detected with subband 1b and the system response did not appear
to change noticeably over the half year period over which the "false”" polarization became evident
nor over the three week period over which the real polarization was being followed, over a sky
rotation angle of 30 degrees.

5.5.2.4. Beam Efficiencies

In order to complete the flux calibration of the HIFI receiver temperature, account must be taken of
the beam structure available in each band. Reference [11] gives the definition of the various efficien-

cies required to calibrate the spatia response of HIFI: the aperture efficiency (na), the main beam
efficiency (Nmp) and the forward efficiency (n)).

Efficiencies measure all losses relative to maximum gain in the system.
* The aperture efficiency, na, measures the efficiency of the telescope to measure point sources or
its effective area compared to its geometric area.

The main beam efficiency, nmy, indicates the fraction of power coming in the main Gaussian beam
of the telescope (rather than sidelobes), as compared to the total power.

Theforward efficiency , n;, measuresthe fraction of radiation received from the forward hemisphere
of the beam to the total radiation received by the antenna.

Note that we have no obvious way to measure the forward efficiency since we cannot conduct
skydips in the same fashion as ground-based tel escopes do. OFF calibrations, assuming a radiation
temperature for the telescope, can be used in flight (see Section 5.2).

For HIFI the forward efficiency has the value 0.96.

In general, the antenna temperature measured at a given frequency for a source needs to be corrected
by either the aperture efficiency (point sources) or main beam efficiency (extended sources), divided
by the forward beam efficiency in order to provide final calibrated source flux values.

Beam profile and efficiency measurements have been made using Mars raster map measurements.
These show values that are similar to the theoretical values for the beam efficiency. The analysis of
this data has been done and isincluded in Table 5.5.

Beam efficiency values are used in the noise estimates from HSpot but are currently applied in the
standard pipeline processing of HIFI data (as of version 5.1 of HIPE/HCSS). Current values are in-
cluded in Table 5.5 and the beam efficiency at frequenciesin between those listed may beinterpolated
from the values given.

NOTE: Prior to HIPE 5.1, the HIFI final processed spectrain level2 of the data were in T, not Ty
This means that to go to the main beam temperature, Ty, users needed to divide by nNmp ONLY. In
HIPE 5.1, users have to multiply by n/nmp in order to get to the main beam temperatures.
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Table5.5. Recommended values for beam efficiency, aperture efficiency, half power beam width (HPBW)
and point sour ce sensitivity

Band Freq. (GH2) A At HPBW (*) :r'gt (Si‘j/r}f)e
1 480 0.68 0.76 442 464
2 640 0.67 0.75 432 466
3 800 0.67 0.75 265 469
4 960 0.66 0.74 221 472
5 1120 0.56 0.64 189 558
6 1410 0.65 0.72 15.0 485
7 1910 0.62 0.69 111 506

5.5.3. Chopper Calibration

In one of HIFI's most used observing modes (DBS), the internal chopper mirror is used to move the
beam to a reference Off position on the sky within 3 arc minutes away from the On-target position.
Since moving the internal mirror changes the light path for the incoming waves the possibility of
residual standing wavesexists. By slewing thetel escope so that the source appearsaternatively in both
On and Off chopped positions, the impact of standing wave differencesis eliminated to afirst order.

The whole scheme assumes that there is a perfect match between the distance on the sky involved
between the two chopper positions, and the distance involved in the telescope slew. Since the FPG
measurements have been taken in the DBS mode, it is possible to create two separate maps corre-
sponding to each telescope position, and therefore derive any offset between the source positionsin
each coverage. This offset is used to recalibrate the exact telescope slew distance needed to match
the intrinsic chopper angle on the sky. This is particularly important since there is some curvature
involved when chopping away from the on-axisline-of-sight and this effect varieswith the HIFI band.
Figure 5.15 illustrates this result, showing an excellent agreement between measured and theoretical
throws on the sky.
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Figure 5.15. Chopper throw distances on the sky. Upper curves. theoretical (diamonds) and measured
(squares) distancesfor a so-called half-throw, i.e. a chopper throw between the secondary (M 2) centre and
one of the bordersof M2. Lower curves. theoretical (triangles) and measured (crosses) distances for a so-
called full-throw, i.e. a chopper throw between the two opposite borders of M2.

68



HIFI Cdibration

5.6. Mixer Side-band Ratio

5.6.1.
tios)

HIFI usesdual side-band (DSB) mixerswith alarge IF (6 GHz) and alarge simultaneous spectrometer
bandwidth (4 GHz). Spectral features are then likely to have a different gain response depending on
whether they are from the upper or lower side-band. The ratio of these gains is referred to as the
sideband gain ratio. For equal responsesto upper and lower side-band frequencies, the side-band ratio
is1 (or anormalized sideband gain ratio of 0.5). However, gain slopes lead to sideband gain ratios
deviating from unity - thisis particularly true at some mixer band edges, or | F spectrum edges (where
the dua frequenciesin the spectrum come from sky frequencies separated by up to 16 GHz)

The side-band ratio can not easily be measured in flight (although checks have been made acrossthe IF
band) and was measured in the laboratory prior to flight using gas cell measurements (see [19]). This
alsorequiresafull understanding of the molecular gasthat was surveyed. A full exploitation of the gas
cell measurements of a frequency survey of methanol lines has recently been completed (see [20]).

IF Spectrum Repeatability (Sideband Line Ra-

Specific tests have been carried out in the laboratory and on-orbit since the start of the Herschel mis-
sion, to assess the repeatability of spectral lines occurring at different IF frequencies in both upper
and lower sidebands. On orhit these tests have been done so far in beam splitter Bands 1b, 2a, and 5a,
and diplexer Band 4a, towards NGC7538 IRS 1 using strong CO lines. The frequency was gradually
changed so the line was stepped across the band to look for changes in intensity. Figure 5.16 shows
how thislooksinthe Band 1b engineering test, with all 15 spectraof the same CO 5-4 line over-plotted
in IFfrequency in the upper sideband of the WBS-V. Figure 5.17 shows asimilar example, taken from
adifferent source using a standard Spectral Scan in 1b on the H20 110 - 101 557 GHz line.

All of the tests were donein DBS mode. The line signal istypically 10-20K and noise less than 0.2K,
resulting in a S/N ratio of over 100.

1342190189, WBS-V, 1b, second_spectra_after_1.0_change
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Figure 5.16. CO 5-4 for NGC 7538 IRS 1 with WBS-V, spaced across the upper sideband from an engi-
neering Spectral Scan.
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1342190187, WBS-V, Isb, line range = 557.000 +/- 0.025 GHz
bluelineis the average of 8 scans
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1342190187, WBS-H, Isb, line range = 557.000 +/- 0.025 GHz
blue line is the average of 8 scans
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Figure 5.17. Measurements of the 557 GHz water line at 8 positions in the LSB in WBS-V (upper) and
WBS-H (lower).

While the comparison between flight data and ground-based gas cell measurementsis continuing, the
following conclusions are reached for the bands without diplexers:

» Band 2a: the integrated line intensities vary by less than 1% around the average value. However
there is a strong side-band ratio drop at the lower end of the band (534-564 GHZz) due to the less
efficient response of the mixer in this range. This drop will be corrected in the calibration tables
of HIPE 7.1 onwards.

» Band5a thereisasdlight USB/LSB line strength difference (3%). Thisistruefor both polarizations.
The (H-V)/H intensity difference is also 3% on average; true for both sidebands. This could be due
to pointing offsets between the polarizations.

» Similar to band 2a away from the band edges, with noticeable side-band ratio deviation from one
in anarrow region around 571 GHz, and at the upper end of the band (> 620 GHz).

For Band 4a, the only diplexer band tested so far, the sideband ratio test was carried out without
retuning the diplexer, and then the same test was redone but with retuning. The following conclusions
are reached:

» Theobservationswithout diplexer retuning show that in the unlikely event of adiplexer mistune, the
diplexer window significantly affects calibration. At least some of this variation can be eliminated
by recalibrating with theratio of the noiselevelsat the frequency for which the diplexer is correctly
tuned. This should not happen for normal observing.

e The Standing Wave test showed no convincing effect -- the variation is less than +/- 2% and this
slight variation does not show a 650MHz period like the diplexer standing wave.

* With the diplexer retune, and only taking into account the scans preceding the sharp increase in
noise level, the CO 9-8 line seen in the LSB is afew SBR effect or rather due to the diplexer. All
of the variations seen are greater than identical spectra affected only by random noise at the RMS
noise level.
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5.6.2.

* TheV polarizationissystematically stronger than the H but theline profilesare different, suggesting
that at least part of the difference is due to a pointing offset.

e The RMS noise was much greater when the CO line wasin the LSB (high LO frequency) and this
was true for both polarizations.

A summary of these resultsis represented in Figure 5.18.

Summary plot of line intensity peak variation for spectral scans

each point represents the standard_deviation /average of a minimum 8 lines seen at different IF positions
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Figure 5.18. Peak intensity variation of spectral lines as measured at 8 or more positionsin the IF, from
performance verification Spectral Scans..

Summary Sideband Ratio Information

Combining theinformation from on-ground IL T testing and in-flight testing afirst accurate calculation
of sideband ratio across each of the HIFI bands has been made (see Figure 5.19). These results are
expected to appear in the calibrations used in the standard HIFI data processing pipelines used in
HCSS version 8.0 onwards (see 77?).
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Figure5.19. Normalized sideband ratio asa function of L O frequency and mixerbands (different colours) -
Gsp =0.5correspondstoequal gainin USB and L SB. Thedifferent gasesused areindicated by thedifferent
symbols: *CO circles, ®*CO squares, CH3CN diamonds; water upwar d pointing triangles; OCSdownward
pointingtriangles. M easurementsin horizontal polarization haveablack outline. Thefilled boxesdelineate
all data falling within thefirst and third quartile.
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Table5.6. Statistics of the sideband ratios per HIFI mixer band. Thefirst column givesthe band number.
Columns 2 and 3 arethe mean and the standard deviation of horizontal and vertical gain ratios combined.
Columns 4 and 5 give the 95% confidence interval for the mean values, ideally this should enclose the
design value of 0.5. Column 6 givestherelative error as (upper value minuslower value)/(mean value)

Band Mean Stddev Lower value | Upper value |Rdl. error (%)

1 0.517 0.035 0.511 0.523 3

2 0.508 0.047 0.499 0.518 4

3 0.507 0.049 0.491 0.523 6

4 0.496 0.028 0.486 0.507 4

5 0.462 0.090 0.435 0.490 4-6

6 0.485 0.051 0.472 0.498 5

7 0.495 0.054 0.474 0.516

5.6.3. Intrinsic sideband ratio IF dependence

When the gain response of an Double Side Band heterodyne mixer isnot equal in its respective Upper
and Lower Sidebands, the so-called sideband ratio (SBR = G,4/GGg,) deviatesfrom unity. Sincegain
responses are usually smooth functions of the LO frequency, one can assumeto first order that thisgain
function is approximated to a nearly constant slope over a frequency range extending typically from

Vi o-Virtov o+ V|, Wherev, g and v g arethe LO and | F frequenciesrespectively. Inthisassumption,
one can demonstrate that when the IF frequency points further away from the LO frequency there
is a more imbalanced side-band gain than those IF frequencies closer to the LO frequency. Thisis
illustrated in Figure 5.20. In this toy model, an example SBR of e.g. 1.16 is assumed at v o = 570
GHz and v, = 6 GHz. One can see that the SBR would vary between 1.1 and 1.22 from one end of the

IF to the other. Particular care therefore needs to be taken with observations where spectral features
are being measured at the opposite edges of the IF band.
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Figure 5.20. Errorsresulting from deviationsin sideband ratio with large sideband separation.
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5.7. Summary: overall calibration of HIFI and
error budget:

5.7.1. Strategy summary:

5.7.2.

Theabsoluteintensity calibration isbeing derived from planetary observations (most especially Mars),
viathe measurement of the telescope efficiencies. Oncethe efficiencies are known, and assuming they
do not change significantly with time, internal loads can be used as the day-to-day stable reference for
intensity calibration (transfer function). Differencing measurements for calibration sources are done
both ON source (source-reference) and on an OFF position (off-reference). It is the double difference
of these two modulated spectrathat finally offersacorrection of the baseline ripples (standing waves).

Error budget

The error budget indicates the total error for the HIFI calibration. It is dependent on the band (maybe
thefrequency), on the observing mode and on the source observed. The budget includesboth frequency
and intensity calibration. It also takes into account the uncertainty on the telescope pointing and the
effects of optical standing waves (Opt. standing waves) in each of the HIFI bands.

There are two types of error considered:

» Systematic Errors: are described within the calibration framework (e.g. temperature sensor on hot
and cold loads). We presume multiple measurements will not improve these errors. There are two
waysto combine these error: linearly (pessimistic) or quadratically (uncorrelated errors). The error
budget for systematic errors are contained in Table 5.7. Note that line non-linearity has been found
to be anegligible error.

» random errors: the normal radiometric errorswhich are statistical in nature. Multiple observations
will reduce these errors. The cost istime.

Table 5.7. Overall error budget. The following table provides the percentage flux error associated with
each component of theerror budget.

Error source Band 1/2 Band 3/4 Band 5 Band 6/7
Sideband ratio 34 4-6 4-6 5-8
Hot load coupling <1 <1 <1 <1
Cold load coupling <1 <1 <1 <1
Hot load temperature <1 <1 <1 <1
Cold load temperature <1 <1 <1 <1
Planetary mode! error* <3 <3 <3 <3
Beam Efficiency <5 <5 <10 <5
Pointing <1 <2 <2 <4

Opt. standing waves 4 4 3 3
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Chapter 6. Using HSpot to Create
HIFI Observations

6.1. Overview

Within HSpot we have four modes of taking point sources (Dual Beam Switch (DBS) -- with fast or
dow chop, load chop -- with or without areference OFF position, frequency switch -- with or without
a reference OFF position, and position switch), three modes of mapping ("On-the-fly" -- or scan --
mapping with an OFF or frequency switch reference, and raster mapping using DBS).

Under mapping modes there is also the possibility of afixed position 5-point cross designed to handle
small pointing or position inaccuracies to provide accurate flux measuremetns.

Thereisalso aspecial modefor alowing large spectral coveragein asingle observation -- the spectral
scan mode, which can use either adual beam switch or frequency switch reference scheme.

It isalso possible to set up the HIFI spectrometers so that multiple resolutions are available covering
several spectral linesin asingle observation.

In this chapter we provide examples of how to set up some simple, and not so simple, observationsthat
cover point sources, mapping and spectral scans. The intent of this chapter isto illustrate the general
way inwhich to formulate HIFI AORsthat are suitable for submission to the Herschel Science Centre
(HSC) aspart of aproposal. Along the way anumber of the features of the HSpot observation planning
software will beillustrated.

6.2. HSpot Components for Setting Up a HIFI
Observation

6.2.1. Working with A HIFI Pointed or Mapping Obser-
vation Template

In order to set up an observing request in HSpot, we start by working with an AOT (Astronomical
Observing Template). Such atemplate leads you through the possible choices for setting up HIFI so
that the final request (an Astronomical Observing Request -- AOR) contains all the necessary infor-
mation for the correct frequencies to be measured on the sky by each of the spectrometers (and their
subbands) that are being used.

There are three types of AOTSs.

 HIFI Pointed Observation

» HIFI Mapping Observation

» HIFI Spectral Scan

The HIFI Pointed and Mapping Observation setups have several similarities (except for the observing
mode choices) while the spectral scan mode is a special mode that allows for large frequency range

coverage within a single observation.

To choose one of thethree AOTS, go to the "Observation™ pulldown menu at the top of the main screen
that appears when HSpot is started up (see Figure 6.1).
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Figure6.1. HSpot " Observation" menu on the" Observations" screen.

Pulling down to "HIFI Single Point..." or "HIFI Mapping..." starts up an AOT setup window. For
pointed and mapping observations thisinitial window looks similar (see Figure 6.2).
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Figure 6.2. HIFI pointed observation AOT window.

6.2.1.1. Setting Up the Spectrometers to Use in Pointed and Map-
ping Observation Requests

The initia choice that the user needs to make is the mixer band that contains the frequency around
which observations are to be made. The pulldown menu under "Band" on thetop left of the" Instrument
Settings' section of either the HIFI Pointed or Mapping AOT pages allows this choice. The frequency
range for the chosen band is displayed automatically below (see Figure 6.3).
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Figure6.3. HIFI mixer band selection.

Since HIFI hasvery high spectral resolution (typically lessthan 1 km/s by default), the relative motion
between the spacecraft and the object being observed needs to be taken into account. A redshift or
optical/radio radia velocity can be input as part of the "Instrument Settings" section of the Pointed
or Mapping AOT page (see Figure 6.4). Use the pulldown menus to indicate the type of redshift and
the frame of reference being used. Thiswill later alter the frequencies of the setup so that the wanted
spectral lines appear where they should within the spectrometer.

Redshift seleckion

F.adial Welocity | redshift W
Redshift 0,000000
Frame LSIFi *u*

Figure 6.4. HIFI redshift selection.

There are atotal of up to four spectrometers that can be used by HIFI in a single observation. Two
Wide Band Spectrometers (WBS) and two High Resolution Spectrometers (HRS), with one of each
available for each polarization. The user has several choices of spectrometer backends. The rule of
thumb is that the more spectrometers being used the slower the rate at which readouts can occur.

The HIFI software allows data to be taken at or near the limit of the data rates allowed by the system.
For all four spectrometers running at the same time this means a readout every 4 seconds or so. The
fastest readout rate in normal operating mode is once every second, which occurs for the choice of a
Half HRS spectrometer or in bands 6 and 7 for two WBS polarizations where the bandwidth is 2.4
rather than 4.0GHz.

The choices of spectrometer combinations available to the astronomer are:

* WBSand HRS -- all 4 spectrometers are used

* WBSonly -- just the 2 WBS spectrometers are used, for when lower resolution datais sufficient.
e HRSonly -- just the 2 HRS spectrometers are used, for when only high resolution datais wanted.

» Haf HRSonly -- only the HRS is used and half the subbands made available in each polarization
(see below for notes on the HRS subbands). This setup can be used when data needs to be taken
at a higher rate.
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The HRS s able to be used in modes with several different resolutions (see Chapter 2). These resolu-
tions are available for any of the setups where the HRS is chosen in pointed or mapping observations.
The user has the choices given in Chapter 3, see Table 3.2.

Each of the two HRS spectrometers can be set, at the choice of the user (see Figure 6.5), to different
resolutions. NOT E that the highest possibler esolution setting of theHRSishigher thanispossible
from the system as a whole for band 3a and higher frequency bands.

Separate setup for each polarisation of HRS sub-bands? ;Hn el
The HR.S Made for H or both polarisations :H-:imin-al Resolution |
HES Resolution [MHz) For H or both polarisations E-IZI.EEIZI

The HRS Mode For Y polarisations

HRS Resolution [MHz) for Y polarisation IIIEEIII

Figure6.5. HIFI HRSresolution choice.

Saving and loading of instrument and frequency settings (see following section for frequency
settings) can be achieved using the " Save instrument settings' and "L oad instrument settings" buttons.
These allow the settings to be stored to afile on alocal disk. The settings can then be used for other
targets, other HIFI AOTs or with AORs in another program.

6.2.1.2. Selecting the Frequency Settings for Pointed and Map-
ping Observations

Within the chosen mixer band frequency range we need to provide the local oscillator (LO) setup that
allows the observation of user-selected frequency regions. To choose these regions the user clicks on
the "Fregquency Settings" button. This loads the "Frequencies” window (Figure 6.6) where we can add
the frequencies we want to work with.

To add afrequency setting click the "Add" button. This brings up the "Frequency Editor" window. A
setting that already exists can be modified. Select the frequency setting to modify by clicking on its
line description appearing in the "Frequencies' window and then clicking the "Modify" button -- the
"Frequency Window" pops up with the old setting in it which can now be modified.

2 Frequencies

Actions
2dd...

LOF Number  Local Oscillator Frequency @ Line Transition Frequency
Crone Help

Figure 6.6. HIFI Frequencies window
Frequency Editor

The Frequency Editor window contains much information (see Figure 6.7). From top to bottom we
have the following.
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Figure6.7. HIFI Frequency editor with labeled components. Freguency setting can be donewith sliders(at
top) or viathetable (at bottom). A full description of the functionality available is available in the HSpot
User's Manual. The number of spectrometer settings depends on the selection -- in this caseit isfor WBS
& HRSbeing used simultaneously with HRS being used in its" nominal” resolution modein band 1a.

Rectangular (dark) blockstotop left and right representing the upper and lower sideband frequencies
seen by the WBS and each subband of the HRS

The dark blocks associated with the HRS subbands are sliders which allows the setting of HRS
subband offsets within the IF frequency range available. Due to the dual sideband nature of the
instrument sliding one of these dliders causes the dider in the other sideband to move to illustrate
the two frequency ranges that this HRS subband now samples.

Below these "blocks" is a scale which shows the frequency range in GHz. The frequencies being
sampled by each HRS subband and the WBS can be referenced against this scale. We can move
this along with the LO dlider (see Figure 6.7) by click-and-drag with the mouse.

Above the frequency scale appear lines of different colours that represent the positions (but not
strengths) of spectral lines at the frequencies currently showing. To see which lines these are click
on the line with the mouse (see Figure 6.8)

The redshift being used is reported back to the user.
A reset button to return to default frequency settingsis available.

At the bottom is atable that indicates the upper and lower sideband central frequencies being sam-
pled by the current settings.

In the table are pulldown menus that allow specific spectral lines in the chosen mixer band to be
placed at the best position within the spectrometer IF frequency range. Choose the line and its
transition (e.g. CS and 39-38). After the second pulldown selection the user will be asked if they
wish to move the LO setting. Saying "Yes" will place the requested line at the best position for
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the mixer band chosen, either in the upper or lower sideband depending on whether the "Upper
sideband” checkbox isticked or not (Figure 6.9).

* NOTE: Care should be taken to make sure the HRS subbands stay within the available IF range
(edges of the subband dlider range at top left and right).

Cl 1-0, w,=992.160651

HES 2

BS OM

Hz

T3, 03FL

Tea.aGH:

rjss

s07

Figure 6.8. Spectral lineidentification via mouse click. In this case the red line was clicked on showing it
tobea Cl spectral lineat the frequency 492.1607GHz.

EFrequency Editor B

Lowwer Sideband

Frequency Editor
L Frequencyllﬁss.l?s

Upper Sideband

HRS 1 IF [z
HRS 2 IF [z50
BS ON
Hao 331-490% vp=18931686518
Vi - - P S T T T S S S R T A B B I IR I, SRR S B A R R R T A I
1885.0GHz  1896.0GHz 1897.0GHz  1898.0GHz  1899.0GHz 1800.0GHz  1801.0GHz  1802.0GHz
1743 1303 1213 1323 1333 1543 1353 1863 1873 1233 12483
_Local Oscillator Frequency (GH)
[Redshift ——  Resst
| Redshift |-0.000015 Reset all frequencies I
Freguency Selection
Type = Line | Transitien U Observed [(GHz2) Rest (GHz)
| BS p 5 - | 38-32 - |7 14801174 1501.151
:HRS 1 r\}' Hao w | 331-404 - r-' 1333714 1393687
IRz = [V | -Ho Lines- + [ -Mo Lines- | ¥
Warning messages

Cancel I

Figure6.9. In thisexamplewe seethat on the CS 39-38 line hasbeen chosen for the WBS, which isavailable
using mixer band 7b. A mouse click on another linein the resulting lower sideband window revealsthere
is also an interesting water line nearby. Pulldown menus in the table on the HRS1 line have been used
to place thiswater linein the HRS1 subband. Note that the sideband checkbox next to the line/transition
menusisunchecked. NOTE: For band 6 or 7 measurements, the | F frequency bandwidth of the sidebands
is2.4GHzrather than 4GHz.
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When the appropriate settings have been made the user clicks OK and this completes the frequency
settings. More information on the frequency editor and editing and inclusion of the lines that appear

in the planning tool can be found in the HSpot User's Manual.

6.2.1.3. Choosing the Observing Mode

Having setup the spectrometers and frequencies we wish to use, the observing modes can be chosen.
The observing modes are described in Chapter 4. Here we show how to select and setup the modes

in HSpot.

Point Source Modes

TheHIFI Pointed observations AOT hasat bottom centre abutton for sel ection of the available pointed
observing modes. Clicking this button presents the user with the window shown in Figure 6.10.

In order to select the mode you wish to use you need only click on the appropriate tab.

The modes available are...

* Dual Beam Switch (DBS) -- options are the use of a fast chop (e.g.,

with bright sources) and

continuum timing when the level of the continuum needs to be accurately made.

» Position Switch -- this requires an OFF reference position which can be identified as an offset
position or an absolute position (see Figure 6.11). ONLY THE FORMER IS AVAILABLE FOR

MOVING TARGETS.

* Frequency Switch -- this requires a frequency throw input from the user. An OFF reference is
highly recommended for use with this mode. ONLY OFFSET POSITIONS ARE AVAILABLE

FOR MOVING TARGET REFERENCE POSITIONS.

» Load Chop -- an optional OFF reference position can be input.

Observing Mode Settings
Choose one of the modes below

Dual Beam Switch I Load Ciwp 1

Fraquency Switch
Mo mode selectad

Fozition Swiitch

ou must select an Observing Mode

Cancel |

Figure 6.10. HIFI pointed mode selection. The tab for the the dual beam switch mode has been clicked

to display what isin thefigure.

80



Using HSpot to Create HIFI Observations

'3 Observing Mode v x|

Observing Mode Settings
Choose one of the modes below

Dual Beam Switch |  Load Choo 1 Freauency Switch
No mode zelacted Fosition Switch

~Reference Position

|--Spec:ificati0n3
CRef | Type {* By offset " By position
& v || RA offset (areming [0.00
oo i Dec offzet (arcmins ID.OO
L | | RA (degrees |u.nooo
i Dec (degrees |00000

Choose Fosition

Cancel |

Figure 6.11. The position switch options available when clicking on the point switch tab. If the OFF posi-
tion isto be given absolutely then the " by position” radio button should be selected. Clicking on " Choose
Position" then allows selection of a position in a similar way to tar get selection in HSpot.

Mapping Modes
To select a mapping observing mode click on the Mapping Mode Setting button at the bottom centre

of the mapping mode AOT window. Selecting the appropriate tab allows either raster or On-the-Fly
(scan) - using a OFF position reference mapping to be selected (see Figure 6.12).

I3 Dbserving Mode Settings s x|

Observing Mode Settings
Select 3 mapping mode

OTF mapping w/load chop
OTF mapping wi Freauency Swite 1 DBES Cross hiap

it b
No mode selected [ OR*THE=FIMEPEING™] DBS Raster Mapping

~2n-The-Fly mapping

| Xofare minutes ID.D_
Y (arc minutes) ID.D_
Fosition Angle IOD_
Myquist sampling lﬂ

Distance between scans (arcseconds) IlD.DD vI

—Referenceulli‘osition

-Specifications
et | Type (= By offset i By position
o res | R offset (arcmins |0.00
e I Dec offset (areming f0.00
L RA (degraes |-:|,0000
i Dac (degrees |0.0000

Chonse Positior I

cancel |

Figure 6.12. HIFI mapping mode selection. Here, the " On-the-Fly" scan mapping tab has been selected
to show the optionsfor the mode setup.

For either mapping setup the user requests an area of sky to be covered, the sampling (e.g., Nyquist
sampling) and an OFF reference position. The window for the raster map setting is shown in Fig-
ure 6.13.
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6.2.2.

x
Observing Mode Settings

Select 3 mapping mode

OTF mapping wfload chop
OTF mapping wf Fraequency Switch DBES Cross hao
No mode selected | On-The-Fly mapping {7 DB RastEriappitig s

~CBS Raster Mapping -

| X ofare minutes) rﬁﬂ_
| [are minutes ID.D_
Fosition Angle IE.D_
Myquist sampling ,ﬂ
Distance between zcans (arczaconds) m
Fast Chop Selected [ﬁ__v_]
."Stability Optimisation for Continuum Iﬂi

Cancel |

Figure 6.13. HIFI raster map setup.

HIFI Spectral Scan AOT

6.2.2.1. Setting up the Spectrometers and LO Frequencies For the

Scan

The HIFI spectral scan AOT istreated somewhat differently to the pointed and mapping AOTSs. Since
we want a specific instrument setup (to take information efficiently across as wide a frequency range
aspossible) theWBSisused. The WBSisto be stepped across afrequency rangethat the user requests.
The only limit to this frequency range is what is available to the chosen mixer band.

If data rates permit, the HRS may be run in a parallel mode, typically in high resolution mode, for
additional information. Users should NOT rely on HRS measurements being available for spectral
scan science measurements.

The main choices for the observer are the frequencies over which dataisto be taken and whether the
dataisto be taken using a frequency switch or dual beam switch mode. See Figure 6.14.
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Lnique &OF Label: iul-iécan-l.'-l-ﬂﬂﬂ |

Target: None Specified
" Targetlst.. )

Mumber of visible stars For the targetiMone Specified

Mode Settings
Settings
Mixer band | 1a v_i
Range IFuII Eand vi

Range From [GHz) | 48,1 |
Ramge To [GHz) |5§1§ |

Redundancy | 4 w

WES Selection | Bnth

Oy the WES is used in this mode

Observing Mode Settings Time Estimator Settings

Dbserving mode settings Time estimator settings
[ Set the observing modes ]

[observation Est...] [Add Comments...| [Wisibility...|

Figure 6.14. The spectral scan AOT setup window.

One parameter choice that is peculiar to the spectral scan mode is the redundancy parameter. This
indicates the number of different frequency settings made for each 4GHz (or 2.4GHz in bands 6 and
7) available to the WBS spectrometer. With a higher redundancy a greater fidelity is possible in the
data processing stage, where a deconvolution algorithm is used to create a single sideband spectrum
from the many dua sideband measurements (see Chapter 7). However, with higher fidelity comes
less efficient observations and there is some cost in time. As a rule of thumb, higher redundancy (6
or more) is needed for sources that are expected to show a high density of spectral linesin the range
of frequencies being surveyed.

The available optionsfor the dual beam switch and frequency switch modes are as for the point source
case.

6.2.2.2. Setting Up Time Estimator Goals

The time estimator setup button is at the bottom right of all HIFI observation AOT windows (The
user can get a time and noise estimate for selected data resolutions and a seed noise or goal time.
The resolutions can be put in velocity (km/s) or frequency (MHz) units. The choice is by apulldown
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menu at the top of the time estimator screen. The time estimator can also have agoal to take a certain
time (the user putsin a seed value) or reach a certain noise level. The goal of "Time" (in seconds) or
"Noise" (in Kelvin) isalso available as a pulldown menu at the top of the time estimator setup window
(see Figure 6.15).

Time Estimator Settings ] 5'
Time Estimator Settings

Estimate Twpe ITime vl
Reszolution unitIMHz vI

[v 0One GHz Reference

LOF Res Min Width Res Mlax ‘Width Time (s Moise Goal (.
LOF 1 1100 10.000 1200 L1000
Cancel |

Figure 6.15. The time estimator settings window with appropriate user values placed in the table cells.
An initial time (seed) estimate of 1200 seconds, a maximum resolution width of 10MHz and the highest
resolution (minimum resolution width) that the dataisto be used at isgiven as1.1MHz.

The resolution at which the data is expected to be used and the highest resolution needed for the data
can be input by clicking on the appropriate table cell and inputting avalue. If thereisatime goal, the
time the user expects to take for the observation is placed in the time cell of the time estimator table.
A similar situation exists for setting anoise goa (in Kelvin).

For users with narrower linesin particular, the 1 GHz reference should be checked. Thisis good for
most observations, in fact, but for broader lines this should be made to be unchecked. Referencing
is then done in such away as to improve the overall stability across the band but additional time is
taken to reach a given noise goal .

Once the appropriate values have been input clicking OK stores the user values and will use thesein
time/noise estimates.

6.2.2.3. Getting a Time and Noise Estimate

In order to get an accurate time estimate and associated noise is obtained by clicking the "Observation
Est..." button to bottom left of the pointed or mapping AOT window. The software cal cul ates the most
efficient sequence of telescope/instrument operations that most closely fits the goal set. If the values
are okay to you then click OK and DONE on the main AOT window to complete the request.

Figure 6.16 shows the expected return information for an observation. A noise estimate for each sub-
band is given and a precise time estimate. The time estimate is based on a sequence of ON (target)
- OFF (reference) measurements. Note that the observatory overhead (180 seconds in most cases) is
added to the total time estimate.

Further messages about the observation created (including the observation efficiency and time on
observatory/instrument calibration overheads) can be obtained from the " Show messages" button (see
Figure 6.17). These messages are automatically stored in the AOR file with the request information
when the AORs are stored to afile on disk.
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I3 Hifi Dbservation Breakdown =l
Observing Mode Breakdown
LOF Time (5 | Noise (k) USB Min Wi | Noise (k) USB Max Wi | Noise (k) LSB Min Wid. | Hoizse (ki LSB Max Wi.
LOF 1 115% 0.0051 0.0033 0.0051 0.0033

Obsenratony Owerhead (s llso
Total Time (= |1353

Show messages I

Cancel I

Figure 6.16. Thetime estimator returnsinformation about the total time and noise (at both the frequency
resolutions chosen) for the given observation.

KaMessages x|
Observing mode: HIFI Single Point - DBS slowChop executed A

Sequence parameters

Backend readout period on source: 45
Mumber of switch cycles on source: 17
Mumber of pointing cycles: 4

Interval hetween load measurements: 18005

This corresponds to a chop phase length of 4.00s, or a chopper frequency of 0.12Hz, respectively.

Gyro-calibration

A-posterion relative pointing improvernent can be obtained from a gyro-calibration taking 1375 every 582s.

Observing mode performance

Muoise predictions

Fluctuation bandwidth | LSE USB

1.62 MHz 0.008 K f0.008 K

10.52 MHz 0.003 K {0,003 K

Observing time without initial slew 1182z
Orn-source integration tirne 533 15

OFF integration time 53315

Owerhead 11583

Total tirne efficiency 90.2%
Total noise efficiency 20.7%
Drift noise contribution 8.00%

The systemn noise tetnperature at 498 GHz is 166 K in the lower and 166 K in the upper sideband.
Noise values are given on a polarization-averaged, single-sideband, main beam temperature scale of a 43.5" | |
heam with a main beam efficiency of 75.5%. =]

Save messages | LK, I Cancel I

Figure 6.17. Sequence parameter s (including on-off cyclesand number of switch cycles) areavailable from
the " Messages' button. For chopper modes, the frequency of the chopper isalso reported. Statistical in-
formation indicates the efficiency of the observation and time spent on overheads.

6.3. Example HIFI Single Point Observation
Setups

HIFI has several observing modes for observing point sources. The user's choice of observing modeis
typically based on some knowledge of the target. | solated objects for which no extended emission can
be observed with Dual Beam Switch (DBS) or Frequency Switch modes, while point sourcesin areas
of extended emission that could cause contamination could be observed using load chop or position
switch modes (frequency switch could also be used here). Sources which are likely to have a high
density of spectral linesin their spectra should likely not use the Frequency Switch mode.
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More information on the HIFI single point observing modes and their relative merits are given in
Chapter 4 of this manual.

Two pointed observation examples are presented here. Thefirst provides an example for the setup for
observing the [CII] line in a photodissociation region (PDR). The second example shows how may
water lines can be measured simultaneously in only two frequency settings of HIFI.

6.3.1. Example 1: Observing the [CII] line using Fre-
guency Switch in a photodissociation region

In this example, we intend to observe a position Observation of C+ in a photo-dissociation region
(PDR) in the Orion Bar using HIFI's Frequency Switch pointed observation mode in a PDR. Both of
HIFI's spectrometers are to be used and both polarizations, making a total of 4 frames per readout.
Several resolutions are made possible with the HRS, we will use an intermediate frequency resolution.

NOTE: at the frequency of the C+ line, the highest resolution available with the HRS (high resolution
spectrometer) is not possible.

Frequenci es to be observed:
A dI1] @1900.5372 GHz

In order to make observations at this frequency using the frequency switch mode the following steps

should be taken to set up the AOR.
|
Target Mame (required). [simBar -] [oRessve T NawrE ]
|Drion Bar Target Visibility | Background |

Fixed | bawinig |

Coord Sys Equatorial Jaooo r-Praoper Mation

R [shismazoas [¥ Use Proper Motion
Dee: |—5da-1m3s.us Fid R (arcseciyean: ID.DDD
Epoch: |anun.nn PM Dec (arcsec/yvean |0.0l:u:|
Ok I Cancel I Help I

Figure 6.18. Target name resolution for example 1.

1. Run HSpot
2. Choose target: Targets Menu -> New Target
2.1 Enter target name: Orion Bar (or user input coordinates)
2.2 Resolve the nane (using SIMBAD option and fixed target tab).
2.3 Once resol ved, acknow edge source coordinate by clicking OK The target
name and coordi nates are displayed at the top of the AOT screen.
(see Figure 6.18)

3. Selecting spectral lines for display during setup

Frequency setting - prelimnary

-> Prior to the setting up the observation it could be useful to
import spectral lines of interest for display in the frequency
editor. The C+ line is already available to you within a stored
set of default lines but some water |ines, for exanple, may al so be of
interest.
- On the "Lines" scroll menu choose either of the follow ng:

* JPL or CDMS lines to query and inport lines fromthose

cat al ogues

* "Manage Lines" in order to inport personal lines into the

line list. Two options here:
I nport a user-defined fornatted line file clicking on
the I nport button.
Add specific lines clicking on the Add button.
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4. Setup observations: Observation Menu -> H FlI single point

4.1 Setup A

I nstrunent setting
- mxer band scroll down nenu: choose 7b (this covers the right
frequency range -- the frequency range for each HHFI m xer band is
di spl ayed bel ow the pul |l down nenu).
- Radial velocity scroll down nenu: choose (e.g.) optical km's
- Redshift: enter velocity of the Orion Bar => 10 km's
- Frame: choose (in the present case) LSR (Local Standard of Rest)
- Spectroneter:

* Use pul | down nenu to choose WBS and HRS

* E.g.: Separate setup for each polarization of HRS sub-band: NO

* HRS node: e.g.: nomnal resolution in both polarizations

(see Figure 6.19)

Frequency Setting Wthin the M xer Band Chosen:
- dick on the "Set the observing Frequencies" button
-> the "Frequenci es" wi ndow pops up

- dick on the "Add..." button
-> the "Frequency Editor" w ndow pops up. This is where we indicate
the frequencies/spectral |ines we want to observe.
- On the Frequency Selection table:
->we wll put the [CII] lines in the Upper Sideband (USB). This wll

require a local oscillator (LO frequency of around 1898GHz.

To obtain the correct settings....

* Co to the table at the bottom of the "Frequency Editor" w ndow.

* Tick the Upper Sideband box in the same row

* On the first row, next to "WBS', use the the two scrol | down nmenus

to choose the line ([ClI]) and its transition C+ line in the

line scroll down nenu

-> you wWill be pronpted as to whether you wi sh to change the

frequency to the new position. Answer "Yes".

The slider automatically noves to |ocate the chosen

line in the WBS band. The Local GCscillator frequency

becones 1897. 67 GHz.

See Figure 6. 20.

* The [CII] line is NOT put in the centre of the upper sideband but
is placed towards a better position (in terns of sensitivity)
for the band chosen (band 7b).

* |f you click on the brown and red |ines shown on the frequency
scal e you can see where the [ClI] and CS(39-38) lines will appear in
t he upper si deband.

* Check all the desired lines (targeted plus bonus |ines)

are within both side-bands. If not, nmove the frequency

slider for the LO setting in order to do so. Avoid |ocating |ines

in the mddle of either WBS sub-band (area shown by dark rectangl es

to top left and top right).

->in the present case, CS(39-38) (in USB) and H,(Q(331-404) (in LSB)
are obtained for free (see Figure 6.21).

* Locate HRS sub-bands: e.g.:
HRS1 on H,G un-tick "Upper Sideband"
since the line is only available in the | ower sideband (top left).
Sel ect H,O, then 331-404 fromthe two pul | down
nenus.
HRS2 on CS 39-38 line: tick "Upper Sideband", select CS,
then 39-38 in the two pul | down nenus.
* The final setup should appear as in
Fi gure 6.22.
* Cick OK This closes the "Frequency Editor" w ndow.
- On the "Frequenci es" window, click "Done". This closes the
wi ndow and returns you to the pointed AOR setup w ndow.

Observi ng node setting

- Cick the "set the point node" button fromw thin the AOR setup w ndow.

- W want to use the frequency sw tch node. Therefore, select the
"Frequency Sw tch" tab.
- Select throw Small and |arge positive or negative frequency throws
are avail abl e. These vary across the bands and are chosen for best
performance with standing waves in a given band. Snall throws are
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around 80-100 MHz and large throws twice this.

- For these observations we nmay want to select an OFF-observation in
order to calibrate standi ng waves on the baseline: tick "Yes"
in the reference box.

-> enter position for OFF observation, e.g. an offset of +3 arcnin
in RA, or an OFF target position (RA/Dec). See
Fi gure 6. 23.
- dick OK This closes the window and the user is returned to the AOT
screen.

- a

Tine Estimator settings

- Here, we indicate how nmuch tinme we want to spend on the observation
and/ or what noi se |level we want to reach.

ick the "set the tinmes" button

-> The "Tine Estimator Settings" button pops up

this
type

e.g.

AOR
-> t
i ncl
for

al so

|
t he
be
ver
Onc

- Sel ect your goal setting as a tine or a noise level in the top pul | down
nenu.

.g. here "Tine" (see Figure 6.24)

Sel ect whet her your resolution settings will be given in MHz or knis

via the second pul | down nenu.

Sel ect the resolution of the observations (goal resolution) and

the highest resolution for which the data is likely to be used. To do

, click on the appropriate cell in the tine estinator table and
in the val ue(s) wanted.
- Since we have selected a tine goal, also fill in the tinme cell with

the requested tinme (at present, the default is 180 seconds),
360 sec.
- This conpletes the tine estimator setup. Cick K

Cbservation Estimates

- W have now conpl eted our AOR. To get an accurate tinme estimte for
our request, click on the "Ooservation Estimates" button in the pointed

wi ndow.

he "HI FI Qbservation Breakdown" pops up with the results which

udes the expected noise | evel and total observatory tine cost

the request.

- Use the "Show sequence paraneters" -- which indicates how the
observation will be sequenced -- and/or "Show nessage" button -- which

provi des a breakdown of tinme taken for each slew and cali bration.
- If the results look fine, click on OKin the H Fl pointed AOR w ndow.

the results are not to your liking (noise not of sufficient |evel)

n open up the tinme estimator wi ndow agai n and adjust the time to

spent on the observation. Repeat as often as you |like, each

sion overwites the previous one.

e the results | ook reasonable, click OK on the bottom of the

H FI poi nted AOR wi ndow.

and

Add Comment s

- if you want you can add comments to the AOR, such as notes on possible
observing date constraints, click on the "Add Comments button"

fill in additional comments.

Visibility
- if you are interested in knowi ng when during the m ssion
that the AORis visible then click on the "Visibility" button

->visibility periods are shown in another w ndow

> Once all this is done, click OK on the "H Fl single point

Cbservation wi ndow. your AOR is ready and | abelled and should appear in

t
(

he list of observations currently being displayed on the main w ndow
see Figure 6.25).
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Instrument Settings

—Mixer settings— ~Redshit selection———
Mixer band I';lh vI Radial Welocity |optical (kmfs = Save instrument settings
Louw limit (&Hz |1,'.'93.:; Optical radshift ilo.on | Load instrument settings

High limit (GHz |1301.3 Frame ILSR ;| |

-Spectrometer choice

Select the spectrometer to use |'I.III'EIS & HRS ;I
WBS Resolution (MH=z |1.1l:|
Separate zetup for each polarisation of HRS sub-bands? INo ;I
The HRS Mode for H or both palarizations INominaI Rezolution ;I
HRS Reszcolution (fHzZ for H or both polarisations |D.250
The HRE Mode for W polarizations |Nom|na| Resolution ;I
HRES Reszolution (MHz) for W polarisation |D.250

Figure 6.19. Instrument setup screen for Example 1.

X
Frequency Editor
Lower Sideband LO Frequency [1537.359 Upper Sideband
HRS 1 IF {380
HRS & IF {360
BS ON
I
L T T T A O S B I B B B B S I A B
1894.0GHz  1895.0GHz 1806.06Hz  1897.06Hz  1898.0GHz  18900GHz  19000GHz  1901.0GHz  1902.0
1793 1203 1213 1za3 1233 1233 1853 1263 1873 1283 1293
Local Oseillator Frequency (SHz
~Redshift ~Reset
|
| Regshitt [207003% | ! Reset all frequencies |‘
Freguency Selection
Type Line Transition u_ Observed [GHz) Rest [GHz) |
B v |cn - | C+ v | ¥ |Leonass 1200.537
HRS 1 [¥ | -No Lines- = || -No Lines- ~|
HRS 2 [ | -Me Lines- w || -Ne Lines- ~| ¥
Warning messages
53 | Cancel |

Figure 6.20. Spectral line selection for Example 1. Clicking on the dark red line above the zoomed fre-
quency scale shows that thisisthe position of the CS(39-38) line. The bright red line is at the position of
the[ClII] line.
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X
Frequency Editor
Lawer Sideband LO Frequency [1537.353 Upper Sideband
HRS 1 IF {380
HRS & IF {360
BS ON
R Hao 331-80% wp=18936865L2 |\ v 0 |00 000 i
1894.0GHz  1895.0GHz 1806.06Hz  1897.06Hz  1898.0GHz  18900GHz  19000GHz  1901.0GHz  1902.0
1793 1203 1213 1za3 1233 1233 1853 1263 1873 1283 1293
Local Oseillator Frequency (SHz
~Redshift ~Reset
|
| Regshitt [207003% ! Reset all frequencies |‘
Frequency Selaction
Type Line Transition u_ Observed [GHz) Rest [GHz)
B v |cn - | C+ v | ¥ |Leonass 1200.537
HRS 1 [¥ | -No Lines- = || -No Lines- ~|
HRS 3 [¥ | -Me Lines- w || -Ne Lines- ~| ¥
Warning messages
53 | Cancel |

Figure 6.21. The H,0(331-404) lineis shown available under the dark areato top left.

x
Frequency Editor
Lowier Sideband LO Frequency [Leanise Upper Sideband
IF {385 .
IF [300 !
T T T T T T A B I S T SR A A R (A A Cll T+ w,=1900.5363 I,.
1894.0GHz  1895.0GHz 1896.0GHz  1897.0GHz  18098.0GHz  1899.0GHz  1900.0GH; z fi}
1783 1503 1813 1823 1833 1533 1853 1863 1873 1883 1893
Lagal Ossillator Frequenoy (GHz
-Redshift -Reset
i Redshift [noon0as Reset all frequencies |‘
Frequency Selection
Type Line Transition LU Observed [(GHz) Rest [GHz}
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Figure 6.22. Final frequency selection for Example 1 with [CI1] position marked. Note that the [CI1] line
isNOT at the centre of the sideband, thisis due to the fact that there is slope to the sensitivity within the
IF for bands 6 and 7. The position shown is believed to be the best for sensitivity and coverage (see the
Chapter 3for details).
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Figure 6.23. Selection of frequency switch with offset.
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Figure 6.24. Setup of time estimate for the example observation.
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Figure 6.25. Appearance of thefinal AOR on the " Observations" screen.

After having completed an AOR we may wish to see how the observation is projected on the sky
and whether any "contamination" may be associated any of the measurements. In order to do this,
the projected positions of the instrument bands can be displayed as overlays on images taken at other
wavelengths.
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An example for our current observation is to overlay the projected beam positions on MSX (Mid-
course Space Experiment -- a mid-infrared imaging mission).

4. Visualise planned observations

4.1 Select the AOR of interest in the main "Observations" w ndow

by clicking on the line in which it is contained -- this makes it the

"current" AOR

4.2 Fromthe Image scroll menu, select the image of interest, e.g. MsX
-> a plate of Orion Bar appears -- default is band A of MSX which is
data taken at 8 microns wavel engt h.

4.3 On the Overlays scroll nenu, select "AORs on current image".

4.4 Cick on "Current AOR'
->the target visibility table pops up.

4.5 Choose a date when the target is visible, then click OK

In the present case e.g. 2011 Sep 10, 00:00: 00. Dependi ng on date, such

thi ngs as chopper beam sw tch positions will change.
-> the point and the OFF position appear overlaid on the
MsX pl ate as blue circles.

(see Figure 6.26).
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Figure 6.26. Observation overlaid on Band A M SX image (8 microns).

6.3.2. Example 2: A Dual Beam Switch (DBS) mode
AGB Observation

In this example we will set up two AORSto observe several water lines in the two sidebands of HIFI
at two separate frequencies (around 650 and 1717 GHz)for an AGB star (IRC+10216). There are
some other useful "bonus" lines that we could also cover in these frequency ranges. Since we are
covering alarge frequency range and do not require very high resolution, we will use the Wide-Band
Spectrometer (WBS) only. This will provide observations with a default resolution of 1.1MHz. The
spectral lines we might expect to obtain are provided in the list below.

Frequency setups consi der ed:

A H0 1(1,0)-1(0,1) ortho @658.009 GHz
H,O 9(7, 3)-8(8,0) para @645.834 Gz
H,O 9(7,2)-8(8,1) ortho @645.906 GHz
[Bonus lines: H-'®0 1(1,0)-1(0,1), 6(3,4)-5(4,1)]
[ H-"05(3,2)-4(4,1) ]
[ *ca6-5), C®Q(6-5), SO(22-22),..]

B: H,O0 5(3,3)-6(0,6) para @1717.037 GHz
H,O 3(0, 3)-2(1,2) ortho @1716.765 GHz
[Bonus lines: Hp-'"0 3(0,3)-2(1,2) ]

Since our AGB star is known to be in relatively isolated, with no potential contaminating sources
likely to appear in our OFF beam positions, we choose to use to Dual Beam Switch (DBS) mode.
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The following sequence indicates how we can set up such an observation.

1. Run HSpot
2. Choose target: Targets Menu -> New Target
2.1 Enter target nane: |RC+10216
2.2 Resolve the nane (using SIMBAD option and fixed target tab).
2.3 Once resol ved, acknow edge source coordinate by clicking OK
3. Setup observations: Observation Menu -> H FlI single point
3.1 Setup A
Instrunent setting (see Figure 6.27)
- mxer band scroll down nmenu: choose 2a
- Radial velocity scroll down nenu: choose (e.g.) optical km's
- Redshift: enter velocity of | RC+10216 => -26 km's
- Frame: choose (in the present case) LSR
- Spectroneter: WBS only

Frequency setting - prelimnary
-> Prior to the frequency setting, it could be useful to
inmport the lines of interest for display in the frequency
edi tor
- On the "Lines" scroll menu choose either of the follow ng:
* JPL or CDMS lines to query and inport lines fromthose
cat al ogues. For this exanple, we can add the ortho and para water
I'ines which have catal ogue | abel s 18005 H,O and 18003 H,O
respectively in the JPL catalog. W will also use the “CO
[ cat al ogue number 29001 C-13-0] and H'®O
lines in this exanpl e [catal ogue nunmber 20003 H20-18]. Make
sure to get the lines for ALL the frequencies you want.
* The user can al so use "Manage Lines" in order to inport personal
lines into the line list. The two options here are:
Inmport a user-defined formatted spectral line file clicking on
the | nport button.
Add specific lines clicking on the Add button.

Frequency Setting
-> Once all desired |lines have been inported in the |ine

list:

- dick on the "Set the observing Frequencies" button
-> the "Frequenci es" wi ndow pops up

- Cick on the "Add..." button
-> the "Frequency Editor" w ndow pops up

- On the Frequency Sel ection table:
->we wll put the HbO lines on either sides of
an LO frequency of order 652 GHz, then adjust.
* select HhOline in the line scroll down nenu
* Tick the Upper Sideband box
* select the corresponding transition of interest in USB,
in the present case the ortho H,O 1(1,0)-1(0,1) Iline
-> the slider automatically noves to |ocate the chosen
line slightly offset fromthe centre of the WBS band.
LOF becones 652.26 GHz
(see Figure 6.28).

* Check all the desired lines (targeted plus bonus |ines)

are within both side-bands. If not, nove the frequency

sliders in order to do so. Avoid locating lines in the

m ddl e of the WBS sub-band.

->in the present case, the *CQ(6-5) -- shown in green here --

and Hp- ®Q( 634- 541)

lines lie towards the upper edge of the USB so we have to slide to a higher
653. 45 GHz

(see Figure 6.29).

* dick &
- On the "Frequenci es" wi ndow, click "Done".

Observi ng node setting
- dick the "set the point node" button
- Sel ect "Dual Beam Switch" tab. For these observations we
do not want to select fast chop or conti nuum measurenments which are
nmost useful for very bright objects and very accurate conti nuum
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(rather than spectral |ine) measurenents. Leave as default.
- dick &

Tine Estimator settings
- Cick the "set the tinmes" button
-> The "Tine Estimator Settings" button pops up
- Select your estimate time in the corresponding scroll menu
-> e.g. here "Noise"
- Select the goal noise for the observation: e.g. 50 nK, and place in
the "noise" colum for the tine estinator.
- Since we are using the WBS only, the goal resolution m ni mum nust
be 1.1 Miz or nore. Change the minimumresolution to 1.1MHz.
dick X

Observati on Estinates
- dick on the "Observation Estimates" button
-> the "H FI Qbservation Breakdown" pops up with the results
- Use the "Show sequence paraneters" or "Show nessage" button
to display nore information.
- If you are happy with the results, click on OK

Add Comment s

- if you want you nmay add comments to the AOR click on the
"Add Comments button” and fill in additional coments.
Visibility

- you can also obtain the dates when the AOR is visible and can
be schedul ed by the observatory. Cick on the "Visibility" button
->visibility windows are shown in another w ndow

-> Once all this is done, click OK on the "H Fl single point
Cbservation" wi ndow. your AOR is ready and | abel ed.

Instrument Settings

~Mixer settings . —Redshiftt selection- 1
Mlixer band FE} - Radial Yelocity |optical (kmjs - Save instrument settings
| Low limit (3Hz [5321 Optical redshift {-25.00 Load instrument settings

| High limit (5H= [7173 Frame ILSR =1

~Spectrometer choice-

Ll |

Select the spectrometer to use IWEIS anly

WBS Resolution (MH= |1.1l:| |
Separate setup for each polarisation of HRS sub-bands? IND ;I [
The HRES Mode for H ar both polarisations I?Jornir.al Resolution :_I
HRSZ Resolution (MHzy for H or both polarisations |l:|.l:|l:|l:| |
The HRS Mode for W polarisations |Nornin_-1l Resolution ;l [
HRS Resolution (MH= for W polarisation Il:l.l:ll:ll:l

Figure 6.27. Instrument setup for Example 2.
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Figure 6.28. Frequency editor initial setup on water line.
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Figure 6.29. Final setup of the frequency editor.

For the next frequency setting we will create a second AOR.

Sel ect again "H FI Single point" in the Observation scroll down nenu.

3.2 Setup B
I nstrunent setting
- mxer band scroll down nenu: choose 7a
- Radial velocity scroll down nmenu: choose (e.g.) optical km's
- Redshift: enter velocity of | RC+10216 => -26 km's
- Frame: choose (in the present case) LSR
- Spectroneter: WBS only

Frequency setting - prelimnary
- Same as for setup A -- if you have not restarted HSpot in the
mean tinme, the line list you previously selected is still available
for this second frequency setting.
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Frequency Setting
-> Once all desired lines have been inported into the |ine

list:

- dick on the "Set the observing Frequencies" button
-> the "Frequenci es" wi ndow pops up

- CGick on the "Add..." button
-> the "Frequency Editor" w ndow pops up

- On the Frequency Selection table:
>we will put the HhO lines in the USB (LOF around 1714CGHz)
select O line in the line scroll down nenu
Tick the Upper Sideband box
sel ect the corresponding transition of interest in the USB,
in the present case the 5(3,3)-6(0, 6)
-> the slider automatically noves to |locate the chosen
line slightly offset fromthe centre of the WBS band.
LOF becones 1714.30 GHz.
* Check all the desired lines (targeted plus bonus |ines)
are within both side-bands. |f not, nmove the frequency
sliders in order to do so. Avoid locating lines in the
m ddl e of the WBS sub-band (see Figure 6.30).

E

->in the present case, all lines of interest are in the USB.
* dick XK
- On the "Frequenci es" w ndow, click "Done".

Ooservi ng node setting

- dick the "set the point npde" button

- Select "Dual Beam Switch" tab. For observations in band6,
we may want to sel ect fast chop.

- dick &K

Tinme Estimator settings
- Sanme as for setup A except the noise goal setting is 200nK i nstead of
50nK.

(bservation Estinates
- Sanme as for setup A

Add Comment s
- Sanme as for setup A

Visibility
- Sanme as for setup A

B rrequency Editor ] |
Frequency Editor |
Lawer Sideband L0 Frequency [L7la06e Upper Sideband I

.|_\I\IEIS oN

T T 0 T O S S T S S S T B S S B T O T R S I I A |
1710.0GHz  1711.0GHZ  17120GHz  1713.0GHz  1714.0GHz  17160GHz  1716.0GHz  1717.0GHZ  1718.0GHz
!
1]
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Figure 6.30. Frequency editor setup for the second set of water lines.
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Once both AORs have been created we can look at each of them in terms of where the beams used
appear on the sky.

4. Visualise planned observations

4.1 Select the AORs of interest in the main "Qbservations" w ndow -- use
"On" checkbox

4.2 On the Image scroll menu, select the inage of interest, e.g. DSS, PGCSSL red
-> a plate of I RC10216 appears

4.3 On the Overlays scroll nenu, select "AORs on current inmage".

4.4 Click on "Checked AORs"
-> the target visibility table pops up.

4.5 Choose a date, then click OK In the present case e.g. 2011 Apr 21,
00: 00: 00
-> the DBS point positions appear overlaid on the DSS plate
as circles with diameters of the sane width as the beam Bl ue
i ndi cates target beam positions with green circles indicating the
chopped beam positions (see Figure 6.31).

e

L] ." . -

L] |

Figure 6.31. Image overlay of the two dual beam switch AOR exampleson a DSSimage of theregion. The
two chopped positions are shown in blue and green for thetwo phases of DBS mode. Thetarget ismarked
by ared square.

6.4. Example Setup of a HIFI Mapping AOR

HIFI has four modes for mapping, three that are variants of On-The-Fly mapping and a DBS raster
mode (which uses dual beam switch measurements at each of the points on araster). Scan maps can
use a position reference OFF position or reference frequency (frequency switch) or the internal loads
as reference (load chop) in its calibration. The reference for the raster case is provided by the beam
switching.

6.4.1. Example 3: Scan Mapping of the Spectral Lines
CO(7-6) and CI(2-1) in the Centre of M51 .

In this example we will set up an AOR that will allow simultaneous mapping of the two spectral lines
of CO and atomic carbon (CO(7-6) and CI(2-1)). We will use HIFI's scan mapping mode referred to
as "On-the-Fly" (OTF) mapping. We will use a position reference. The frequencies of the lines for
our setup are given below.

Frequency setups consi der ed:
A. CO @806.652 GHz
Cl @809. 343
[Note: "bonus" lines could be sought here]

The following procedure creates our M51 mapping AOR.

1. Run HSpot
2. Choose target: Targets Menu -> New Target
2.1 Enter target name: M1
2.2 Resolve the nane (using SIMBAD option and fixed target tab).
Al ternately, input coordinates of the target by hand.
2.3 Once resol ved, acknow edge source coordinate by clicking OK
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3. Setup observations: Observation Menu -> H Fl single point
3.1 Setup A

Instrunent setting (see Figure 6.32)
- mxer band scroll down nenu: choose 3a
- Radial velocity scroll down nmenu: choose (e.g.) optical km's
- Redshift: enter systemic velocity of M6l => 463 km's
- Frame: choose (in the present case) LSR
- Spectroneters: WBS only

Frequency setting - prelimnary
-> Prior to the frequency setting, it could be useful to
inmport the lines of interest for display in the frequency
edi tor
- On the "Lines" scroll menu choose either of the follow ng:
* JPL or CDMS lines to query and inport lines fromthose
cat al ogues
* "Manage Lines" in order to inport personal lines into the
line list. There are two options here:
* |mport a user-defined formatted line file clicking on
the I nport button.
* Add specific lines clicking on the Add button.

Frequency Setting
-> Once all desired |lines have been inported in the line

list:

- dick on the "Set the observing Frequencies" button
-> the "Frequenci es" wi ndow pops up

- CGick on the "Add..." button
-> the "Frequency Editor" w ndow pops up

- On the Frequency Selection table:
->we wll put the COand Cl lines in the LSB (thus LOF
of order 813 GHz)
* select COline in the line scroll down menu
* Tick the Upper Sideband box
* select the corresponding transition of interest in LSB,
in the present case the CO J=7-6 line.
-> the slider automatically noves to |locate the chosen
line in the first half of the WBS band (Il owest noise).
LOF becones 811.21 GHz.
* Check all the desired lines (targeted plus bonus |ines)
are within both side-bands. If not, nmove the frequency
sliders in order to do so. Avoid locating lines in the
m ddl e of the WBS sub- band.
->in the present case, we need to slide the LOF in order to |ocate
the Cl line in the LSB as well. W end up with e.g. LOF 812.70 GHz
Not e however that this could be just too short considering the total
line width of order 0.8 GHz (300 kmi's) and thus the need for sufficient
flat baseline on either sides of the observed |ines
(see Figure 6.33).
* dick O

- On the "Frequenci es" w ndow, click "Done".

Observi ng node setting
- dick the "set the nmappi ng nbde" button
- Sel ect "On-The-Fly mappi ng" tab.

- Fill in nmap paraneters:
* X =3 arcmn
* Y =3 arcmin [NOTE: Map sizes nmuch |larger than this take too | ong

for a single observation when Nyqui st sanpling i s used
at the highest frequencies, which have the snall est
beam si zes on the sky]
* P.A. =170 deg -- this is nmeasured toward the east fromnorth.
* Nyqui st sanpling: On.
- For these observations we HAVE
to sel ect an OFF-observation position: The "Yes" checkbox is
automatical |y checked.
-> enter offset position for OFF observation: e.g. (10 arcmn,
0 arcm n) which provides a 10 arc minute RA offset fromthe
map/target centre that will be used as the reference OFF position.
- See Figure 6.34 for the final setup.
- Qdick &
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Tinme Estimator settings

- Cick the "set the tinmes" button
-> The "Tine Estimator Settings" button pops up

- Select your estimate time in the corresponding scroll menu
-> e.g. here "Tinme"

- Select the required tinme: e.g. 1800 sec.

- Choose the resol ution of observations (highest needed and goal

resolution). In the present case we take both as bei ng 10Miz

(note that the goal resolution mnimmcan not be |ess than 1.1MHz
for the WBS).

- dick &

Cbservation Esti mates
- CGick on the "Ooservation Estimates" button
-> the "H FI Qbservation Breakdown" pops up with the results
- Use the "Show sequence paraneters" or "Show nessage" button
to display nore information.
-> here in particular, we see the follow ng nessage:
"The map contains 13 lines. This cannot be split efficiently into
equal scans of nmultiple lines." The total time yields 2268 sec
(i ncludi ng over heads) .
This means that we may be able to ask for a slightly |arger nap,
and end up with a smaller tine.
- If you agree with the results, click on OK

Add Comment s

- if you want to add comrents to your AOR, click on the
"Add Comments button" and fill in additional coments.

Visibility

- you can check when the AORis visible to the observatory by clicking
on the "Visibility" button
-> visibility windows are shown in separate w ndow

-> Once all this is done, click OK on the "H FI
Mappi ng" w ndow. your AOR is ready and | abel ed.

Instrument Settings

Mixer seftings ~Redshit selection -~
| Mixar band 33~ Radial ‘elocity [optical temis = S isstiument sebirgs I
| Low limit coHz [sort | | Optical redshift [&300 Load instument saftings |

High limit (GHz [5513 Frame ILSR =1

Spectrometer choice

Salact the spactromater to uza [WrEs"eniy =1
WEBS Resolution cMHzs o |

Separats setup for aach polarisation of HRS sub-bands? [I5 |
The HRS Mode for H of both polarsations [FeminaT Fesahition =]
HRS Resolution (MHzh for H or both polarisations [ro0n |

The HRES Mode for W polarizations Iilornir.al Resolution .I
HRS Resolution (MHz for W polarisation IU.ODD |

Figure 6.32. Instrument settings prepared for example 3.
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Figure 6.33. Frequency editor setup for the M51 example. Theslider hasbeen used to adjust the L O setting
and allow the CI (2-1) to be within the lower sideband of the observations along with the CO (7-6) line
[light and dark green lines on the frequency scale at upper left].
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Figure 6.34. Final mapping mode setup for example 3.

The following procedure allows you to visualise how and where this map will be oriented on the sky
for agiven observing date.

4. Visualise planned observations

4.1 Select the Mb1 AOR in the nain "Cbservations" w ndow

4.2 On the Image scroll nenu, select the image of interest, e.g.
the optical Digital Sky Survey (DSS).
-> a plate of Mbl appears

4.3 On the Overlays scroll menu, select "AORs on current image".

4.4 dick on "Current ACR'
-> the target visibility table pops up.

4.5 Choose a date, then click OK In the present case

e.g. 2011 way 7, 00:00: 00

-> the map coverage and the OFF position appear overlaid on the DSS pl ate.

(see Figure 6.35)
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T m51 POSS1 Red

Figure 6.35. Overlay of example 3 on DSS image. The scan mapping is shown as a set of scan lines that
are overlapping (as should be the case for Nyquist map sampling). The OFF position is shown asa single
circleto theleft.

6.5. Example Setup of a HIFI Spectral Scan
Observation

6.5.1.

One of the most impressive capabilities of HIFI isits ability to cover a large range of frequency. A
spectral scan mode of observing has been devel oped to take advantage of this. In this mode, the local
oscillator frequency is stepped through arange of frequencies. A single request, providing a range of
frequencies, is made by the user and the detailed settings are calculated by the software.

In this setup only the Wide Band Spectrometer data is guaranteed to be obtained. The HRS may run
in aparallel serendipitous mode if the datarate limit is not exceeded.

This mode has been developed in association with a deconvolution algorithm (see Chapter 7) which
isableto take the double sideband datathat HIFI obtains and produce a single sideband spectrum (see
Chapter 2 regarding single and double sideband data and HIFI).

There are three modes for doing spectral scans. A Dual Beam Switch (DBS), Frequency Switch or
L oad Chop referencing mode may be used. For small sources less than 3 arc minutes across the DBS
mode can be used. Frequency switch and load chop modes can be used for sources inside extended
emission. Load chop is preferred for complex line sources.

In the following example, ahot core isto be surveyed using the spectral scan mode. The step-by-step
setup isillustrated.

Example 4: Spectral Survey of a Hot Core.

In this example we use the spectral scan AOT that allows wide frequency coverage on asingle target.
In this case, our target is a hot core, IRAS16293-2422. Our spectral scan is to cover the frequency
range 488 to 620 GHz. These frequencies are covered by mixer bands 1a and 1b of HIFI. In order to
do this observation we will need to make two observing requests, one for band 1aand onefor band 1b.

Frequency setups consi der ed:
A Conpl ete band la coverage
B: Conpl ete band 1b coverage

To setup up our observation do the following steps for the first AOR, the band 1afull coverage.

1. Run HSpot
2. Choose target: Targets Menu -> New Target
2.1 Enter target name: | RAS16293-2422
2.2 Resolve the nane (using SIMBAD option and fixed target tab).
Alternately, you can input the coordinates directly.
2.3 Once resol ved, acknow edge source coordinate by clicking OK
3. Setup observations: Observation Menu -> H Fl spectral scan
3.1 Setup A
I nstrunent setting
- mxer band scroll down nenu: choose band la
- Range: full band -- we need to cover all of band la
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- Redundancy: 6 -- this indicates how many LO frequency settings
there will be within the 4GH |IF frequency range. So a setting of 6
i ndi cates data taken every 750MHz. Hi gher redundancy produces higher
quality results but at the cost of nobre observing tine.
- Both WBS pol ari zations are on -- the default
(see Figure 6.36)

Mbde setting
- W will use the Dual Beam Switch reference node.
- No fast chop, no continuumto be used.

Tine Estimator settings
- Select estimate to be done with a time goal in the
correspondi ng scroll nenu -> e.g. here "Tine"
- Input the required tinme in the table below e.g. 3000 sec. For a
spectral scan, a single scan can take a | ot of observing tine. If the
input user time is less than than the mnimumtine
possi bl e for the request, then the returned val ue
observation tinme estimate is the mninmumfor the input
spectral scan settings.

Cbservation Esti mates
- CGick on the "Ooservation Estimates" button
-> the "H FI Qbservation Breakdown" pops up with the results
-> we end up here with approxi mately 7607 seconds for a tine
estimate, and a noise of 10 nK
- Use the "Show sequence paraneters" or "Show nessage" button
to display nore information.
- If these results are alright then click on OK. If not, then change
the instrunent settings and/or the tine estinator settings appropriately.

Add Comment s

- the user may add comments to the AOR (e.g., "This AOR fornms part of
a survey of a hot core from488 to 620 GHz"). To do this, click on
the "Add Comments button” and fill in additional coments text.

Visibility
- if you are interested in knowi ng when the AOR created
is visible to the observatory, click on the "Visibility" button
->visibility windows are shown in another w ndow

-> Once all this is done, click OK on the "H Fl single point
Observati on" wi ndow. your AOR is ready and | abel ed and shoul d appear
in the "Qobservations" w ndow of HSpot.
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v HIFI Spectral Scan

Urique ACR. Label: | HScan-0000°

Target: IRAS16293-2422 Type: Fixed Single
Fosition: 16h32m22.80s,-24d28m 33.0s

lﬂ' Shows Target currently enabled for operation M

Murnber of visible stars For the target: 19
Star tracker target: Ra: £8.095 degrees Dec:24.476 degrees

Mode Settings

Settings
Mixer band |12 |
Range |FullBand  »

Range Fram [GHz) 488,1
Range To [GHz) 519
Redundancy s v |

WES Selection | Bath |

Only the WES is used in this mode

Observing Mode Settings Time Estimator Settings

Chserving mode settings Time estimator settings

[bservation Est...] [Add Comments...] [Wisibility...]

Lok ] [ Cancel | Help

Figure 6.36. Filled in AOT for the example spectral scan observation.

In order to complete our survey we will aso need to do afull spectral scan of the whole of band 1b.
The following shows how this can be done.

3.2 Setup B
Mbde setting
- mxer band scroll down menu: choose band 1b
- Full Band
- Redundancy: 6 (as above -- for consistency)
- Both WBS (ditto)
- No fast chop, no continuum

Time Estimator settings

- Select your estimate tinme in the corresponding scroll nenu
-> e.g. here "Tine"

- Select the required tinme in the table below e.g. 3000 sec.

Cbservati on Estimates
- sane as setup A

Add Comment s
- sane as setup A

Visibility
- sane as setup A

-> Once all this is done, click OK on the "H Fl Spectral
Scan" wi ndow. your AOR is ready and | abel ed.
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Chapter 7. Pipeline and Data
Products Description

7.1. Data to be Passed on to the User

All Herschel instrument data processing pipelines are designed to provide processing up to the point of
instrument artifact removal (level-1). Immediately available as products from the Herschel pipelines
for users are level-0 (raw) and level-1 data (processed). All data production and handling is done
within the Herschel Common Science System (HCSS) environment before placing the full pipeline
results into the Herschel Science Archive (HSA). Further processing of data is possible via the Data
Processing component of the HCSS or via export to other software systems by the user.

We provide here aminimal description of pipelines and data products. Significant documentation on
the pipelines, running pipelines interactively and analysing HIFI data using the HCSS are provided
when users download the HIPE software system. Substantial documentation is provided within the
download.

Users are recommended to use the web interface to obtain public data from the HSA to learn about
the structure and format of the data provided.

Level-0 data: Raw telemetry data as measured by the instrument, minimally manipulated and put into
the mission data base/archive, often sorted and corrected for small errors. Typically, readings arein
binary units versus detector pixel number.

Level-1 data: Detector readouts calibrated and converted to physical units, as much as possible in-
strument and observatory independent. In principle level-1 data processing can be done without hu-
man intervention. For HIFI these are individual spectral scans with detector readings as fluxes versus
wavelength. Telescope pointings are given in RA and DEC; the conversion from satellite pointing
datato RA and DEC is provided by ESA.

It should be noted that the user can run all the HIFI data pipelinesinteractively or in batch mode from
his/her own local computer system using the HCSS. This means that data reprocessing can be done
by the astronomer rather than needing to be requested from the Herschel Science Centre.

7.2. Additional Observatory Meta Data

Aside from the raw telemetry any HIFI data product will contain appropriate meta data describing
the raw data and adding information not contained in the data themselves. The data descriptive meta
datawill describe e.g. the number of pixelsin aspectrum, unitsalong axes etc. Additional information
will be items like instrument set up used, integration time, observed source, processing steps applied
to the data.

Any set of HIFI datain the databaseislinked to other information on the observed object, the observer,
the program etc. Thisinformation is not stored in the HIFI data proper, but can be found by navigating
the Observation Context which the standard repository for a complete set of data associaated with an
observation. When exporting HIFI datato e.g. FITS, some relevant information from these associa-
tionsis also copied into the FITSfile.

7.3. Example HIFI data products
7.3.1. Level O products

The HIFI level 0 data frame products contain simple readout counts versus channel (pixel) number.
Examples of such products are shown in Figure 7.1 for typical HIFI calibration scans for the zero
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level, the WBS comb spectrum used for the frequency calibration and the internal hot and cold load
calibrators used to determine the intensity scale. In Figure 7.2 typical on-source and off-source signal
scans are shown.

CaME:
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200 400 e Lz 10

HOT LOAD:

W

B0 18

200 1onn 200

200

a0 &0 400 200
Channel Humber Chanrgl Mumbar

Figure7.1. Typical level 0 raw data for single dish sub-millimetre calibration scans.
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Figure7.2. Typical level 0 raw datafor single dish sub-millimetre signal and refer ence sour ce scans.

Level 1 products

InFigure 7.3 the calibrated scans corresponding to the datashown in Figure 7.2 are shown. These were
obtained by subtracting the reference from the source signal shown in Figure 7.2 and subsequently
applying an intensity and frequency calibration derived from calibration scans as shownin Figure 7.1.
Two panels are shown, corresponding to a signal and an image band calibration. Either of these two
calibrationsisappropriate for adouble sideband receiver. The astronomer will have to decide which of
thetwo (or both) should be used for scientific analysis. Figure 7.3 Typical narrow band single dish sub-
millimetrelevel 1 calibrated scans. Figure 7.4 shows aset of calibrated scans for asingle observation.
Clearly each scan has a different baseline and thus averaging cannot be done without correcting the
baseline shape or even discarding some scans. A typical HIFI level 1 product will contain such a set
of scans.

Antenna Temperaturs 1K)

. | I . |
3459 10° 3.456 10° 3457 10° 3998 10° 3459 10°
Fesi Fraquancy (M=)

Sean s Seon =430
o T T

datenne Temperature ¢H

\ . . - L | . . FEP
5455 10° 3456 10° 3457 107 5.458 10° 5459 10° 3455 107 3458 107 3457 10° 3458 107 3458 10°
Resi Frequency [HHz) Peat Frequency (Miz)

Figure7.3. Typical level 1 calibrated scansfrom a single observation showing thedifferent typesof baseline
problemsthat can occur in individual scans.

In Figure 7.4 two of the scans of Figure 7.3 are shown with avelocity scale. The HIFI level 1 product
should contain all information needed to convert frequencies to velocities and vice versa
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Figure 7.4. Same as Figure 7.3 now with velocity in stead of frequency scale.

In Figure 7.5 an example of level 1 frequency switch datais shown. In this observing mode the data
taken at adifferent frequency rather than at a different position is taken as reference to be subtracted.
As a result the spectral lines are seen in emission (here around -10 km/s) and 'absorption’ (around
+15 km/s).
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Figure7.5. Typical single calibrated level 1 scan as obtained using frequency switch observations.

7.4. Pipeline Processing

7.4.1.

All HIFI datathat arrives at the Herschel Science Centre will be processed through standard pipelines
that are designed to take into account all known instrument properties in order to produce a fully
calibrated set of data. The following two sections indicate the basic processing steps that are expected
to be done for the Wide Band Spectrometer (WBS) and High Resolution Spectrometer (HRS).

WBS Pipeline Processing Steps

Thefollowing processing stepsare performed, in modul es, starting from raw HIFI dataframesobtained
from either polarization using aWBS.

1. Bad pixelsare corrected for.

» 2. Dark levels are subtracted from the 4 CCDs used in taking a single data frame, Thisis based on
the values of the first four un-illuminated channels of CCD.

» 3. Non-linearity of intensity scalingin WBS isremoved

4. Zero frame subtraction. A zero second "bias’ frame is removed.

5. Fitting of internal frequency comb with polynomial

6. Apply frequency fit to framesto provide channel frequency scaling

7. Apply attenuator setting correction

8. Apply hot/cold flux calibration

9. Subtract reference spectra (as needed)

10. Apply sideband gain correction (based on ground-based test information)
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* 11. Apply antennatemperature efficiency

The end product is a set of double sideband spectrafor an observation with flux, measured as antenna
temperature, versus frequency.

An additional possible component to the pipeline isamodule to remove known ripple structures from
the data.

HRS Pipeline Processing Steps

Thefollowing processing stepsare performed, in modules, starting from raw HIFI dataframes obtained
from either polarization using aHRS. Notethat the dataframesfrom the HRS are correl ation functions.

» 1. Re-organize data into subbands, depending on the configuration. Output is the autocorrelation
functions re-organized in subbands.

» 2. Compute power and offset of the subband values

3. Remove bad channels

» 4. Normalize the raw correlation function. Normalizes by channel 0 so that the power is set to 1.
Output is a normalized autocorrel ation function.

» 5. Apply aquantization distortion correction. Uses a calibration table to correct for the analogue to
digital quantization effects. Output is a corrected autocorrelation function.

» 6. Apply power correction. The signal power is corrected for non-linearity effects.
e 7. Apply window (default = Hanning smooth used)

» 8. Apply symmetrization to the autocorrelation functions

» 9. Apply FFT to place spectrum in frequency domain

» 10. Apply frequency scaling based onthe HRS L O frequenciesval uesto place appropriate frequency
information in the frame (placement within 4GHz IF frequency range.

» 11. Multiply the normalized spectrum (power=1) by the corrected power computed in 6.
» 12. Apply hot/cold flux calibration

» 13. Subtract reference spectra

» 14. Apply sideband gain correction (based on ground-based test information)

* 15. Apply antennatemperature efficiency

7.5. Deconvolution Processing of Spectral
Scan Data

To summarize the problem, since we have no sideband filter, whenever we take a spectrum with HIFI
we get the sum of two spectra: one with the frequency axis ascending, one with the frequency axis
descending. These spectra originate from the same general frequency regime, with their bandpass
centres separated by about 12 GHz for Bands (1-5), and about 72 GHz for Bands 6 and 7 around the
LO. For reference, at the top frequency of band VI (High), at 1900 GHz, 72 GHz is 1137 km/s.

Difficulties with overlapping sidebands will occur during line surveys. For example, the crowded
line regions of Sgr B2 and Orion are very rich in line information, but the molecular emission and
absorption lines will overlap and become blended. This is known from CSO observations ([17]) and
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others. Like HIFI, the CSO has no sideband filter. The capability to perform broad line surveysisone
forte of HIFI, and therewill most likely be Legacy Programs using HIFI concentrating on line surveys
of rich molecular line regions. Asto how many fainter regionswill have rich or crowded line regions,
it isknown that certain type galactic objects have such spectra, but this issue needs more study.

Solving the Deconvolution Problem

The problem can and has been solved ([17]). Since one of the two |F passbands is reversed, there are
multiple realizations of added spectra possible by shifting the LO in frequency a small amount within
the intermediate frequency bandwidth (4GHz). In other words, different sky frequencies are added
to different sky frequencies when the LO is shifted a bit, thus adding constraints to the problem by
adding redundancy (see Figure 7.6).

Power, |, Vioz, £L03

Vsky vio1 Y1 Yz Vs

x—d

Figure 7.6. Redundant L O settings.

Figure 7.6 above illustrates this. Here the two sidebands are overlaid on the sky frequencies. The LO
has been placed at n(LO1), n(LO2), and n(LO3). By placing the LO in these positions, the point "x"
in the lower sideband is added variously to y1, y2, and y2. Likewise with each shift of the LO, y1is
added to adifferent value in the lower side band, and likewise y2, and y3, making new paired sums. In
thisway, constraints asto the details of the underlying sky spectrum are added with each LO setting.

With added constraints, the problem becomes an inversion or minimization problem. Generally speak-
ing, a sky spectrum is sought in both the upper and lower sidebands that can reproduce as closely as
possible the double sideband observed spectra. Typically, thisis done in a wide-band survey where
the LO is stepped over arange such that a frequency will appear multiple times in the two sidebands.
The optimal solution of the problem is the sky model that minimizes the error (the Chi-square) of the
difference between the observed double sideband spectra and predicted double sideband observations
based on the sky model. The more LO positions that are covered (with good S/N) the more strongly
the problem is constrained.

It is important to point out that with each new LO setting there is a new bit of sky frequency that is
covered and joins in the system of coupled linear equations (that is the sum of the upper and lower
side bands added pair-wise). It is always the case that the highest frequencies covered by the upper
sideband of the highest LO setting and the lowest frequencies covered by the lower sideband of the
lowest LO setting will only be observed once and only once combined in a sum. Since there are
unknowns at the extreme frequencies of the system, a unique solution cannot absolutely be reached
and asmall (insignificant) periodic ripple may be seen in solutions that otherwise satisfy the system
of equations well.

Comito and Schilke ([17]) have implemented minimization methods, including the Maximum Entropy
Method (MEM) and the Levenberg-Marquardt Method to solve the problem, including the case of
crowded double sideband surveys of Orion observed with the CSO. These authors found that in the
case of well-constrained DSB data (i.e., data with high S/N and many LO settings such that each

frequency was combined with many others) an iterative X* minimization was sufficient to solve the
problem and yield reliable single sideband results.

The MEM approach has been found to be useful with less redundantly sampled data sets. In this
approach, amaximum entropy term is maximized (such that the resulting solution hasthe least amount
of structure possible) while, at the same time, the x* residual is minimized. A pre-selected balance

between these two requirements is utilized. By only inserting as much structure into the solution as
the data warrant, MEM produces good results on weakly constrained data sets.
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Figure7.7. MEM deconvolution with asmall (n=1) and large (n=7) degr eeof redundancy usingasimulation
with a known sky distribution.

In Figure 7.7, the redundancy is defined as the number of independent LO settings minus one. The
grey (MEM result) approaches the black line (correct sky spectrum) when the redundancy is high.

A user tool for general observers has been (and continues to be) developed for use within HIPE to
extract scientifically optimal data from HIFI spectral scan observations (see observing Modes I11-2
and 111-3). Deconvolution is available as atask within HIPE and is found to work well with HIFI data
although some data cleanup is generally needed, particularly when spurs occur in the data of spectral
scans at particular LO settings.
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Appendix A. Change Log

Version 2.4 -- 1 June, 2011 (OT2 -- call opening)

» Chapter 5 -- Updated calibration information following lessons learned in flight. Mostly changes
associated with newly obtained sideband ratios and updated error budget.

Version 2.3 -- 31 March, 2011 (GT2 -- call opening update)

» Chapter 5 -- Updated information on spurs and representation in HSpot v5.3.

» Chapter 6 -- Complete update of screenshots and examples using HSpot v5.3.

Version 2.2 -- 20 January, 2011 (GT2 -- call opening)
 Chapter 3 -- Tsys plot updates for bands 4 (correction) and 5.
 Chapter 5 -- spur list updated in section 5.4.6.4.

e Chapter 5 -- additional spectral purity information in section 5.4.6 from original release note.

Version 2.1 -- 15 December, 2010 (AOL -- start of observations)
» Beam profile updatesin Table 5.4

» Beam efficiency measurements based on in-flight experiencein Table 5.5

Chapter 5 -- description of application of efficienciesin HIFI standard pipelines
» Chapter 5 -- updated section on spursin band 1a, now removed in current HIFI operations

» Chapter 5 -- error budget table(s) updated.

Version 2.0 -- 20 May, 2010 (AO1)
 Substantial changes, mostly based on in-flight experience.
e Chapter 1 -- included some latest results

» Chapters 3to 5 -- completely updated based on changes to observing modes and calibration infor-
mation obtained in-flight.

» Chapter 6 -- changed figuresto match changesin HSpot front end. Examples remained substantially
unaltered.

Version 1.1 -- 14 May, 2007

» Updated sensitivity figure 3.3 in section 3.4.1

Updated section 4.2.2.3 (on cross map) to include the mode changes recently incorporated -- avail-
ability of selectable cross step size.

Changed figure 6.2 to new HSpot front end

Updated section 6.2.1.1 to indicate new save and load facilities from instrument and frequency
settings for HIFI
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Change Log

Updated section 6.2.2.3 to include information on storage of time estimatesin AOR files

Changed figures 6.19, 6.27 and 6.32 to show updated front end for HIFI HSpot instrument settings.
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