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Chapter 1
Introduction

This thesis describes the optical design and performance verification of the Hetero-
dyne Instrument for the Far-Infrared (HIFI) [1, 2], one of the three instruments on-

board the Herschel Space Observatory [3–5]. Herschel was launched on 14 May 2009,
and after exploring the Universe for almost 4 years, mission controllers sent the final
command to the satellite on 17 June 2013, marking the end of spacecraft operations of
ESA’s highly successful space observatory. Herschel is currently in its post-operations
phase with the goal to maximize the scientific return, and ensure the best possible
legacy archive.

This chapter serves as a general introduction, providing the wider context in which
the thesis research was carried out. The chapter starts by introducing the Herschel
Space Observatory, its scientific objectives and justification, provides an overview of
the mission overview, and highlights some of the key discoveries. Zooming in on the
HIFI instrument, the specific purpose of the very high spectral resolution spectrometer
is motivated. After providing the scientific rationale for the HIFI design, the instrument
design concept is described, leading into the optical design that will be discussed in
depth in Chapter 2. Finally some key examples of HIFI’s contribution to the success of
Herschel are given, emphasizing the diagnostic power of high-resolution spectroscopy
in the far-infrared.

The scientific performance of HIFI was intimately related to realizing the best pos-
sible optical performance for the instrument. Moreover, and also in the context of
post-operations, achieving a good description and understanding of the optical char-
acteristics was, and still is, key to calibration of the scientific observations. The in-
troduction is therefore concluded by clarifying the importance of the optics as a key
element of the primary signal chain. After summarizing the research objectives of this
thesis, the thesis organization is presented, and combined with a description of my
personal role and contribution to the verification of the HIFI optics.
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1.1 The Herschel Mission

The following description of the Herschel mission is based on a collection of papers,
conference proceedings, news and press releases mainly published in between launch
and end-of-helium of the Herschel mission.

1.1.1 Historical Perspective

Herschel was the fourth "cornerstone" mission in the ESA "Horizon 2000" long-term
science plan [6, 7]. It was initially known as the Far InfraRed and Submillimeter space
Telescope (FIRST) [8], which was conceived and first proposed more than 30 years
ago in 1982. In 1993 the ESA Science Programme Committee (SPC) decided that FIRST
would be implemented as an observatory facility available to the worldwide astronom-
ical community. After technical assessments and feasibility studies the final mission
concept was premised on a spacecraft reusing proven technology developed for the
Infrared Space Observatory (ISO) [9]. The mission concept employed a superfluid he-
lium cryostat operating in an orbit around the second Lagrangian point (L2) of the
Sun-Earth/Moon system. Early 1998, three payload instruments were pre-selected,
among which HIFI. The other two instruments were the Photodetector Array Cam-
era and Spectrometer (PACS) [10] and the Spectral and Photometric Imaging REceiver
(SPIRE) [11]. After confirmation and approval of the science payload by the SPC in
1999, the mission was finally renamed Herschel in 2000, the year in which the 200th

anniversary of the discovery of infrared light by Friedrich Wilhelm Herschel was cele-
brated.

After many years of development and testing Herschel was finally successfully
launched on 14 May 2009 from Kourou at 10:12 (local time) by an Ariane 5. The En-
hanced CApacity (ECA) launcher was shared with the Planck mission. One month
later the cryo-cover was opened, and first-light was seen by PACS, confirming that the
telescope had good optical performance. After the Commissioning Phase (CoP) the
HIFI prime instrument was lost, early in the Performance Verification Phase (PVP),
due to a hardware failure most likely triggered by a cosmic ray [12]. Fortunately the
recovery action was successful, and HIFI was switched on again in January 2010 using
a redundant hardware configuration. Meanwhile PACS and SPIRE had already carried
out vast amounts of their observing programmes. All three instrument successfully ex-
ecuted and completed their key science programmes, followed by two announcements
of opportunity for guaranteed and open time proposals. Herschel finally ran out of
helium on 29 April 2013, almost 4 years after launch, bringing an end to scientific ob-
servations of the most powerful infrared telescope ever flown in space. The science
mission will still continue for several years, with many discoveries still to be made
using the enormous archive of spectra and images collected by the observatory.

1.1.2 Scientific Objectives

The Herschel mission was designed to observe the cold and dusty Universe [13]. As
shown in Fig. 1.1, about half of the starlight produced in the history of the Universe
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has been absorbed by dust in the interstellar medium (ISM), and re-emitted at much
longer wavelengths in the far-infrared and submillimeter region of the electromagnetic
spectrum [14]. The light emitted by the cold clouds of gas and dust provides key diag-
nostic information about the formation of new stars and planets. The primary scientific
objectives of Herschel were related to studying the formation and evolution of planets,
stars, stellar systems and galaxies throughout cosmic history, and the interaction with
the ISM.

0.1 1.0 10.0 100.0 1000.0
Wavelength ! ["m]

10-9

10-8

10-7

W
 m

 -2
 s

r-1

106 105 104 103

Frequency # [GHz]

VHE Blz

HST

HESS

IRTS

DIRBE

Lick/2MASS

CAT

$ rays

IRAC

Spitzer

15"m

ISO

DIRBE/CAT/IRAS

850"m

SCUBA

200 - 1200"m

FIRAS

24"m

MIPS

Spitzer

70"m

MIPS

Spitzer

160"m

MIPS

Spitzer

Figure 1.1: About half of the starlight in the Universe comes from dust-processed starlight (CIB)
re-emitted at far-infrared and submillimeter wavelengths (red region to the right), whereas an
equal amount originates from direct starlight (COB). Reprinted from [14].

The continuum emission from dust at temperatures between 4 and 50 K peaks in
the far-infrared and submillimeter, and the dominant molecular and atomic line emis-
sion of gases with temperatures between 10 and a few hundred Kelvin also occurs
in this wavelength range. Broadband thermal radiation from small dust grains is the
most common emission process in this wavelength band. It is for example present
in molecular clouds as well as in active and starforming galaxies. Since this wave-
length region was relatively poorly studied, and partly not studied at all, Herschel
was designed to cover the peak of the Spectral Energy Distribution (SED), probing the
physical and chemical processes occurring in interstellar clouds, star-forming regions,
protoplanetary disks, the envelopes of evolved stars, planetary atmospheres, active
galactic nuclei, and starburst galaxies. By observing the continuum emission of the
dust, Herschel could probe the mass and temperature of the clouds, whereas spectro-
scopic studies of line emission provided a powerful tool to measure the kinematics,
densities, temperatures and masses of interstellar clouds [15, 16].

Optimized to observe the cold and dusty objects in space, Herschel studied solar,
galactic and extragalactic objects. The science case of Herschel was divided into four
main categories:

• The formation and evolution of galaxies in the early Universe.

• Star formation and interaction with the interstellar medium.
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• The chemical composition of atmospheres and surfaces of Solar System objects.

• Chemistry of the Universe.

The main objectives of Herschel were realized by wide-area photometric surveys of
the extragalactic and galactic sky, measuring dust-enshrouded starformation activity
throughout cosmic time, and in our own and nearby galaxies. In addition the physics
and chemistry of the ISM, the processes involved in the early and late stages of star
formation and stellar evolution, as well as the study of solar system objects and their
atmospheres were addressed by photometric and mainly spectroscopic studies [3–5, 8,
13, 17].

Herschel offered unique scientific capabilities. First of all Herschel could deeply
look into the dusty and cold starforming regions, which are obscured by dust and
hidden for optical telescopes. Secondly, Herschel provided an unique window to the
sky in the far-infrared and submillimeter band that was not accessible before. Pre-
vious missions such as IRAS [18], ISO [9], Spitzer [19] and AKARI [20] operated at
much shorter wavelengths, whereas submillimeter-wave satellites like SWAS [21] and
Odin [22] were limited in wavelength coverage and operated at much longer wave-
lengths. Thirdly, Herschel opened up the possibility to perform science that could not
be done from the ground because the Earth’s atmosphere is opaque for a large frac-
tion of the submillimeter band, and the entire far-infrared wavelength range. Going
into space removed the unwanted effect of continuum background emission by the
atmosphere and pressure-broadened absorption by atmospheric gasses, which would
otherwise block direct observation of molecular and atomic lines such as H2O, O2 and
C+ (see Fig. 1.2). The absence of any atmospheric effect enabled very low background
photometry of faint galaxies and dust clouds, continuous wavelength coverage and ob-
servation of molecules that are abundant in our own atmosphere and could therefore
only be observed from space. Finally, Herschel featured the largest space telescope
ever flown in space [23], yielding unprecedented sensitivity and spatial resolution at
these wavelengths in space.

1.1.3 Spacecraft and Payload Overview

The Herschel spacecraft had a modular design consisting of the PayLoad Module
(PLM) supporting the telescope, the solar panels and sunshields, and the SerVice Mod-
ule (SVM). The PLM included a large Cryostat Vacuum Vessel (CVV), based on ISO
technology, containing a tank with almost 2400 liters of superfluid Helium required
to cool the three focal plane instruments. The spacecraft is shown in Fig. 1.3, and its
general characteristics are summarized in Table 1.1. The SVM was the platform for
the warm units, such as the control electronics of the instruments and satellite infras-
tructure (power, attitude control, on-board data handling and command execution, up-
and downlink systems, etc).

The Herschel telescope was based on a monolithic SiC structure that was passively
cooled to below 90 K. The primary mirror was made out of 12 segments, that were
brazed together and subsequently machined and polished to form a monolithic mirror.
The secondary mirror contained a scattering cone to reduce standing waves and the
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Figure 1.2: Atmospheric transmission for three sites within Earth’s atmosphere. Even one of
the best possible sites on Earth, such as the ALMA [24] site situated at the Atacama desert
in Chile, provides only a few atmospheric windows where submillimeter observations can be
made. Only by going to higher altitudes, for example by means of an aircraft (SOFIA [25]) or
by a stratospheric balloon (GUSSTO [26]), the disturbing influence of Earth’s atmosphere can
be partially overcome. From the plot it becomes clear that space offers an unique observing
environment at these wavelengths, enabling for example the detection of water lines. The data
used in this plot were obtained using the radiative transfer model BTRAM [27] and provided by
B. Sibthorpe.

Figure 1.3: Artist’s impression of the Herschel spacecraft. Copyright: ESA/ AOES Medialab; back-
ground: Hubble Space Telescope image (NASA/ESA/STScI).
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Table 1.1: The main characteristics of the Herschel observatory.

Property Value

Telescope (effective) diameter (3.3) 3.5 m
Telescope WFE <6 µm
Telescope temperature <90 K
Telescope emissivity <4 %
Absolute/relative pointing (1s) <3.7"/0.3"
Science instruments 3
Science data rate 130 kbps
Cryostat lifetime >3.5 years
Height/width ⇠ 7.5/4 m
Launch mass ⇠ 3300 kg
Power ⇠ 1500 W
Orbit L2 (Lissajous)
Solar Aspect Angle ±30�

Launcher Arianne 5 (ECA)

Narcissus effect [28], and was manufactured in a single piece. Low emissivity was real-
ized by a high-reflectivity aluminum coating passivated by a Silicon Oxide coating [29].
The optical characteristics will be further discussed in Chapter 2.

The scientific payload consisted of a highly optimized and complementary suite of
focal plane instruments. In order to achieve the scientific objectives, Herschel required
photometric and spectroscopic instrumentation covering the 55–671 µm wavelength
range. Three instruments were selected: PACS, SPIRE and HIFI. PACS and SPIRE
offered large-scale imaging capability in 6 photometric bands centered on 70, 100, 160,
250, 350 and 500 µm. For this purpose PACS and SPIRE could be operated in parallel
mode. Both instruments also provided medium resolution spectroscopy (R ⇠ 103)
with limited imaging capability. HIFI finally complemented the other two instruments
by offering single-pixel, very high resolution spectroscopy, with a velocity resolution in
the 0.3–300 km/s range (up to R ⇠ 107). The key characteristics of all three instruments
are summarized in Table 1.2. The instruments were located on the optical bench (see
also Fig. 1.7). The main structure was cooled to about 10 K by evaporated Helium gas.
The HIFI mixers and PACS spectrometer arrays were cooled to 1.7 K by a direct strap
to the Helium tank. The PACS and SPIRE bolometers, used for photometric imaging,
were cooled down to a working temperature of ⇠ 300 mK by means of an internal 3He
sorption cooler. Detailed instrument design and performance descriptions are given
in [10, 11, 15].

1.1.4 First Results and Discoveries

At the time of writing (18 September 2014) the Herschel publication list contained
1100 refereed journal papers based on in-flight measurements and/or observations.
Two special issues of Astronomy & Astrophysics were dedicated to Herschel. Volume
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Table 1.2: Key characteristics of the instruments on Herschel. Reproduced from [5].

HIFI heterodyne spectrometer

Wavelength coverage 157–212 & 240–625 µm
Field-of-view (FoV) single pixel
Detectors 5⇥2 SIS & 2⇥2 HEB mixers
Spectrometers auto-correlator & acousto-optical
Spectral resolving power typically 106

PACS 2-band imaging photometer

Wavelength coverage 60–85 or 85–130, 130–210 µm
Field-of-view (FoV) 0.5Fl sampled 1.75’⇥3.5’
Detectors 64⇥32 & 32⇥16 pixel bol. arrays

PACS integral field spectrometer

Wavelength coverage 55–210 µm
Field-of-view (FoV) (5⇥5 pixel) 47"⇥47"
Detectors two 25⇥16 pixel Ge:Ga arrays
Spectral resolving power 1000–4000

SPIRE 3-band imaging photometer

Wavelength bands (l/Dl ⇠ 3) 250, 350, 500 µm
Field-of-View (FoV) 2Fl sampled 4’⇥8’
Detectors 139, 88 & 43 pixel NTD bol. arrays

SPIRE imaging FTS

Wavelength coverage 194–324 & 316–671 µm
Field-of-view (FoV) 2Fl sampled circular 2.6’
Detectors 37 & 19 pixel NTD bol. arrays
Spectral resolving power 370–1300 (high) & 20–60 (low)

518 contained 152 papers, mainly containing PACS and SPIRE results, whereas in a
second special feature an additional 50 papers on HIFI data were published in A&A
Volume 521. All these papers are freely available and can be accessed via [30, 31].
After a first results symposium in 2010, the 2014 symposium "The Universe Explored
by Herschel" received great attention and provided overviews of the most exciting and
important contributions made possible by Herschel. All presentations are publicly
available [32, 33]. The general conclusion was that the promise of Herschel is being
delivered, and the legacy is in the making. Without pretending to be complete, or
balanced in terms of an overall scientific synthesis of the results, a few key examples
of major discoveries made possible by Herschel are given below. The examples were
taken from the ESA news releases published on [34].

Herschel was used to make a large survey of about thousand galaxies across a wide
span of the Universe’s history [35, 36]. Looking at the distant Universe in Herschel’s
wavelength range revealed a high population of intensively starforming galaxies that
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made up about half of the entire star formation budget. Since stars form in clouds
of dust and gas, most of the energy released by forming stars is absorbed by dust
grains. Herschel could detect the emission of this warm dust by photometric mapping.
Follow-up observations with the W. M. Keck Observatory were made to determine the
redshifts of the galaxies. An illustration is given in Fig. 1.4. On the left an image of the
COSMOS field (one of the fields used in the survey) is shown as observed by Herschel.
The inserts, showing five individual galaxies, are from the Hubble Space Telescope.

Figure 1.4: Distribution of nearly 300 galaxies from the COSMOS field across the history
of the Universe. Copyright: ESA - C. Carreau/C. Casey (University of Hawaii); COSMOS field:
ESA/Herschel/SPIRE/HerMES Key Programme; Hubble images: NASA, ESA.

A fraction of about 5% of the galaxies in this survey originated from the first 1 to 3
billion years of cosmic history. It was found that this epoch contributed substantially
more stars than had been previously estimated using observations at shorter wave-
lengths. Herschel provided a new perspective on the history of intense star formation,
suggesting that mergers of galaxies may not be required, provided that sufficient gas
is available to source star formation, for example by intergalactic streams of cold gas.
This example clearly illustrates how Herschel contributed to solving the puzzle of star
formation activity over cosmic time. Spectroscopic follow-up studies of galaxy evolu-
tion over cosmic time are expected to form the core science case for the future SPICA
mission [37, 38].

Another remarkable discovery, enabled by Herschel’s photometric imaging capa-
bility, was the revelation of filamentary networks present nearly everywhere in the
ISM of our galactic plane [39–41]. One example of the many beautiful pictures taken
by Herschel is shown in Fig. 1.5. The photometric images showed how some clouds
developed filaments so dense, that they gravitationally collapsed, and started to form
stars. It was found that these filaments are the main birth sites of prestellar cores.
Under what conditions the filaments exactly form is still a matter of debate, the most
accepted theory is that they are formed by large-scale turbulent compression in the
ISM.

Finally an example is given concerning the search for water in the Universe. Facili-
tated by high-resolution spectroscopy offered by HIFI, studies based on Herschel data



1.1 The Herschel Mission 9

Figure 1.5: Composite image of combined PACS and SPIRE observations in the constellation of
the Southern Cross showing the star-forming filaments in cold en dense environments. Copy-
right: ESA and the SPIRE & PACS consortia.

Figure 1.6: Velocity resolved H2O line in the pre-stellar core L1544 marking the first detec-
tion of water vapour in a molecular cloud collapsing into a new Sun-like star. Copyright:
ESA/Herschel/SPIRE/HIFI/Caselli et al.

enabled the detection of water vapour in the pre-stellar core L1544 [42]. Figure 1.6
shows the Taurus molecular cloud imaged by SPIRE in photometry, and an insert of
the spectrum of the water line at 557 GHz taken by HIFI. More than 2000 Earth’s oceans
of water vapour were detected in a cold gas and dust cloud at the onset of collapsing
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into a new Sun-like star. Previously it was believed that all water was frozen onto
the dust grains because it was too cold to be in the gas phase. The amount of water
vapour released from the grains by cosmic rays implies there must be a lot of water ice
in the cloud, more than three million frozen Earth oceans. The kinematics of the gas,
as probed by high resolution spectroscopy, finally provide evidence of motion inside
the cloud consistent with collapse towards the center.

More examples and press releases of important results and discoveries made by
Herschel are given in [34].

1.2 The Heterodyne Instrument for the Far-Infrared

1.2.1 Scientific Goals

The last example of Section 1.1.4 already illustrated the relevance of high-resolution
spectroscopy. High-resolution spectroscopy is mandatory to interpret the complex line
profiles in emission and absorption. Due to the kinematics of the gas in dynamically
evolving regions, Doppler shifts and the contribution from multiple components often
result in very complex line profiles, which can only be disentangled by having detailed
velocity information. Moreover, the very high resolution permitted by heterodyne
instruments is essential to overcome spectral confusion and line blending. Being a het-
erodyne spectrometer, Herschel-HIFI was particularly well suited for studies ranging
from collapsing molecular clouds forming new stars and planetary systems, to stellar
winds associated with dying stars, to the origin and evolution of the general ISM, to
galactic nuclei, to nearby and distant galaxies, all interconnected in the life cycle of gas
and dust in galaxies [15, 16].

The science case of HIFI was divided in three major themes:

• The water trail in star-formation.

• The molecular Universe.

• Probing the warm neutral and ionized medium.

Studies concerning the first item followed the trail of H2O from molecular clouds
in the interstellar medium, through the star-formation process, to a planet like Earth
where water is a crucial ingredient for life. HIFI studied a variety of objects addressing
the question how and where water is formed in space and by what processes. The H2O
molecule was also used as an useful tracer of the physical conditions in star-forming
regions. Line ratios were used as tracers of the kinetic temperature and volume density,
and line intensities to estimate water abundances. Moreover, H2O line profiles were
found to be sensitive tracers of gas dynamics. Finally, water was studied in the context
of solar system objects, addressing the question about the origin of water on Earth and
the external supply of water to the giants Jupiter and Saturn.

HIFI also carried out large spectral surveys addressing the molecular complexity of
the Universe. Star-forming molecular clouds exhibit a high degree of chemical com-
plexity dominated by organics, water, carbon monoxide, and carbon dioxide providing
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a wealth of lines. HIFI studied how this complexity developed by identifying the con-
ditions for the processes driving the chemistry in these clouds. HIFI provided unique
observing capability by combining very high spectral resolution and full coverage of
the submillimeter wavelength range. HIFI was not hindered by the atmospheric win-
dows on Earth, and provided the first full view of the molecular line spectra in the
500–2000 GHz range, yielding the most complete spectrum of molecular gas in Orion
KL and Sgr B2 at high spectral resolution ever obtained.

The last theme mainly concerned the observation of ionized carbon. The emission
line of C+ at 158 µm is the brightest emission feature from the ISM at far-infrared
wavelengths. The fine structure transition of C+ traces many components of the ISM
and marks the transition between atomic and molecular clouds. It is also the primary
coolant of diffuse interstellar gas clouds, and the principal spectroscopic probe for
star-forming galaxies in the deep Universe.

1.2.2 Instrument overview

By virtue of its high spectral resolution HIFI was particularly well suited probing the
physical conditions and chemistry involved in the processes referred to in Sections 1.1.2
and 1.2.1. HIFI [1, 43] was a single-pixel spectrometer with a spectral resolving power
of ⇠ 107, based on the extension of the radio heterodyne detection technique into the
far-infrared. The instrument combined an incoming astronomical signal with a locally
generated stable monochromatic signal, the Local Oscillator (LO), and the difference
frequency, the intermediate frequency (IF) carrying the same spectral information as
the sky signal, was extracted from the mixers and further processed in the back-end
subsystems. HIFI combined ultra-high spectral resolution (140 kHz to 1 MHz) with
near quantum-limited sensitivity offered by broadband superconducting mixers op-
erating in conjunction with solid-state LO sources [44–47]. HIFI offered continuous
spectral coverage across the 480–1250 and 1410–1910 GHz ranges of the submillimeter-
wave spectrum. The 480–1250 GHz frequency range was divided into 5 mixer bands
employing Superconductor-Isolator-Superconductor (SIS) mixers [48–51], whereas the
1410–1910 GHz band was covered by 2 bands based on Hot Electron Bolometer (HEB)
mixers [52]. Due the to finite bandwidth of the LO sources, each mixer band was
covered by two LO sub-bands. The instrument operated in both signal sidebands,
with 4 GHz wide instantaneous IF bandwidth for the SIS mixers, and 2.4 GHz for
the HEB mixers. In all 7 mixer bands, two independent mixers received orthogonal
polarizations of the astronomical signal for maximum instrumental sensitivity and re-
dundancy1. Finally, HIFI aimed at an absolute calibration accuracy of 10%, with a goal
of 3% [53, 54].

The scientific observing capabilities of the instrument were provided by the follow-
ing five subsystems of the HIFI system concept (see also Section 2.3 and Fig. 2.2):

• Focal Plane Sub-System [55].

• Local Oscillator Sub-System [44].
1 HIFI was not designed to measure polarization, as no core science case was identified to justify this

effort.
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• Wide-Band Spectrometer [56].

• High-Resolution Spectrometer [57].

• Instrument Control Unit.

The mixer and LO technology was integrated into the Focal Plane (FPU) and Local
Oscillator Unit (LOU) respectively. As shown in Figs. 1.7 and 1.8, the FPU of HIFI was
located on the optical bench, inside the cryostat, at an ambient temperature of 10 K.
Parts of the instrument were cooled to 4.5 K and 1.7 K to operate the superconducting
mixers and low-noise amplifiers. The FPU received the astronomical signal from the
telescope focal plane by pick-off mirror M3, located in between PACS and SPIRE. The
FPU accepted seven LO beams, with combined orthogonal polarizations, which were
optically injected through vacuum windows into the cryostat. For thermal reasons2,
the LOU was mounted outside of the cryostat and passively cooled to a temperature of
approximately 120 K by means of an external radiator. The scientific performance and
capability of HIFI was to a large extent determined by the focal plane and LO injection
optics, which formed an integral part of the LOU and FPU design.

HIFI

SPIRE
PACS

Y

Z

Figure 1.7: The three focal plane instruments of the Herschel Space Observatory: PACS, SPIRE
and HIFI. Copyright: ESA.

1.2.3 First results and discoveries

Observations of HIFI already provided several new insights into the scientific themes
mentioned in Section 1.2.1. The velocity information provided by the high-resolution
spectra of HIFI has shown to be of key importance to constrain the complex physical
and chemical problems. HIFI continues to make new discoveries as spectral scans and
2 The power amplifiers of the LO chains dissipated too much power, in the order of a few watts at 120 K.
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Figure 1.8: Illustration of the optical injection of the HIFI Local Oscillator beams into the Focal
Plane Unit residing inside the Herschel cryostat.

maps from the archive are further processed and systematically analyzed. For each of
the scientific themes an illustrative example is given as taken from [34].

Regarding the water trail, one very appealing example was the discovery of a
comet containing water that is very similar in isotopic composition to that in Earth’s
ocean [58]. A generally accepted theory is that the water currently present on Earth
has been delivered by comets and asteroids. Based on the deuterium-to-hydrogen ra-
tio (D/H) of the two isotopologues of water, previous observations of six comets3 for
which this ratio had been measured, showed a value twice as high as found on Earth
suggesting that not comets, but rather asteroids had delivered water to Earth. How-
ever, HIFI’s observation of comet 103P/Hartley 2 yielded the first measurement of the
D/H ratio of a Jupiter-Family comet. In contrast to the previous six determinations of
this ratio, for comets originating exclusively from the Oort Cloud, the observed value
matched the composition of water found in Earth’s ocean. The results of this study re-
vived the rejected theory that comets might have played an important role in bringing
water to our planet, shedding new light on the possible origins of water on Earth.

As part of the re-commissioning and performance verification activities of HIFI
after switching to the redundant instrument configuration, HIFI produced an unprece-

3 Including the well-known Halley and Hale-Bopp comets.



14 Chapter 1: Introduction

dented spectral scan of the Orion nebula [59]. Figure 1.9 shows a wealth of spec-
tral lines revealing the chemical fingerprints of many organic molecules. Among the
molecules that could be identified in this spectrum were water, carbon monoxide,
formaldehyde, methanol, dimethyl ether, hydrogen cyanide, sulphur oxide, sulphur
dioxide and their isotope analogues. The zoomed views clearly illustrate the high-
fidelity of the spectral detail that only HIFI could deliver, confirming HIFI’s spectral
performance and stability. Rich spectral surveys of molecular clouds like the Orion
nebula allow astronomers to construct very detailed models of the density and tem-
perature structure of star-forming clouds, constraining studies of the chemistry related
to the birth of stars, planets, and possibly life.

Figure 1.9: The HIFI spectrum of the Orion Nebula, superimposed on a Spitzer image of Orion,
revealing an overwhelming richness of spectral lines of organic molecules. Copyright: ESA,
HEXOS and the HIFI Consortium.

As a final example the result of an important C+ survey in our Milky Way is pre-
sented [60]. Herschel-HIFI traced and mapped so-called "CO-dark" molecular gas in
our Milky Way by performing velocity-resolved observations of the C+ line at 157 µm
along 500 lines of sights through our galaxy. Traditional methods use CO to trace H2,
but can be biased, as not all regions containing H2 also contain CO. Using ionized car-
bon as a different tracer of H2, the first C+ survey across the Galactic Plane performed
by HIFI, established the three-dimensional distribution of the molecular gas across the
Milky Way. By means of the very high spectral and good spatial resolution at 1.9 THz,
HIFI allowed astronomers to estimate the distance of the emitting C+ and reconstruct
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its radial distribution. It was found that the Galaxy contains much more H2 gas than
thought, extending farther than was known. The result is a major revision of the global
distribution of molecular gas, where CO dark gas accounts for 30% of the molecular
mass of the Milky Way, being dominant outside the Sun’s distance from the galactic
center.

1.3 Motivation, Objectives and Thesis Overview

1.3.1 Motivation

The first results and discoveries presented in Section 1.2.3 clearly confirm that HIFI
worked very well with excellent performance. The scientific performance was however
not only realized by very sensitive mixers, low-noise backends and carefully tuned
local oscillators. As stated before, the scientific performance was also intimately con-
nected to the optical performance of the focal plane unit of HIFI. Whereas ultimate
sensitivity of the mixers over a wide frequency range was an essential ingredient for
maximum scientific return, the optical performance was also of key relevance to the
sensitivity and calibration accuracy limits of HIFI as follows:

• The HIFI mixer bands operated on two orthogonal polarizations. Being able to
co-add the spectra taken by individual polarization channels would increase the
signal-to-noise ratio by a factor

p
2, and reduce the required observing time by

a factor of 2. This required very accurate co-alignment between the two mixers
in each band, symmetric optical properties and balanced optical coupling in the
signal as well as LO path of the instrument.

• The overall optical coupling to the telescope directly affected the signal-to-noise
ratio. A 10% reduction of the overall coupling factor h of a mixer to the sky would
result in a 20% loss of effective observing time. It was therefore required to care-
fully match the mixer beams to the telescope across a wide frequency range and
achieve the best possible aperture efficiency. For a long-wave optical system like
HIFI, wavefront errors, truncation and spillover losses as well as beam distortion
could easily deteriorate the overall optical coupling, and therefore required our
full attention.

• Imperfectly matched beams could also lead to strong unwanted standing wave
ripples deteriorating spectral baselines or even mask spectral features. These fea-
tures could be troublesome to remove by data-processing, and could eventually
limit the scientific performance or calibration accuracy.

• Understanding how the mixers would couple to arbitrary source brightness dis-
tribution required detailed knowledge of the beam patterns and good pointing.
It was therefore key to accurately characterize and calibrate the focal plane ge-
ometry and spatial response of HIFI.

Recognizing the need for accurate alignment, optimal end-to-end mixer beam match-
ing to the telescope, and detailed characterization of the instrument beam profiles, I
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was tasked with the optical design and performance verification of Herschel-HIFI. This
topic formed the general theme of my thesis.

1.3.2 Research Objectives

In order to address the optical design and performance verification of Herschel-HIFI a
number of research objectives were defined.

In the first place I participated in the optical design team tasked to establish an opti-
cal design consistent with the required performance and functionality of HIFI. My goal
was to realize a highly modular and compact optical design offering clear alignment,
integration and experimental verification advantages, and to develop a quasi-optical
alignment strategy ensuring that the performance and alignment driving steps could
take place at the lowest level of integration reducing the overall programmatic risk
while satisfying the performance requirements.

My second goal was to design and develop a phase-sensitive near-field measure-
ment system at 480 GHz, representing the long-wavelength limit of HIFI, and to char-
acterize the measurement errors in detail, in order to be able to verify the quasi-optical
design of the instrument in an early phase of the HIFI development programme, and
to validate the alignment approach prior to flight design and production.

Making use of the validated experimental facility, the next goal was to fully char-
acterize and validate the development model of the HIFI focal plane optics at 480 GHz
at room temperature, and to assess the compliance with the scientific requirements as
well as the extent to which experiment and electromagnetic simulations would agree.
A secondary goal was to verify the quasi-optical alignment strategy experimentally.

Incorporating the experiences and conclusions of the previous two goals, I was
tasked with the design and development of near-field experimental facilities to charac-
terize the flight model optics of all mixer bands of HIFI at Mixer Sub-Assembly (MSA)
as well as instrument level. The goal was to characterize, and if necessary correct, the
optical performance and alignment of the flight mixers at the lowest level of integration
(MSA), prior to integration into the focal plane optics. The main goal was to experi-
mentally verify the optical interface of the flight instrument to the Herschel telescope
under representative cryogenic conditions for all integrated mixers spanning the full
HIFI frequency range.

My final goal was to calibrate the in-orbit focal plane geometry immediately after
launch, to enable scientific operations, and to assess the impact of pointing calibra-
tion errors. A complementary goal was to characterize the detailed beam patterns of
all HIFI apertures by observations of Mars, in order to calibrate the spatial response
of HIFI to arbitrary source structure. This goal included the final calibration of the
aperture and main-beam efficiencies for astronomical flux conversions.

1.3.3 Thesis Organization

This thesis describes all steps from the optical design to in-orbit characterization of
the HIFI beam profiles. The chapters are organized to cover the individual research
objectives separately, but also do justice to their mutual connection.
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Chapter 2 describes the optical design of HIFI from instrument to mixer unit level.
The chapter motivates the design choices and rationale, and shows how the conceptual
design already incorporated a view on the modular division of the optics and the
alignment approach to facilitate later experimental verification. The remainder of the
chapter details the optical design for reference.

A crucial element of my thesis research concerned the development of novel exper-
imental techniques to verify the optics of HIFI. This presented significant challenges as
will be described in Chapter 3. In Chapter 3 the design, construction and detailed er-
ror analysis of a 480 GHz phase-sensitive near-field measurement system is presented.
This system was developed to verify the optical design of HIFI experimentally, prior
to flight production. The system was demonstrated and validated at 480 GHz using a
representative mixer horn and MSA optics.

Chapter 4 describes the application of the 480 GHz near-field system to the optical
design verification of the HIFI Focal Plane Unit (FPU). This chapter compares in detail
the measured optical characteristics with electromagnetic simulations of the optics. In
addition the feasibility of the alignment approach was assessed experimentally, and
the compliance to the scientific performance requirements will be discussed.

The next chapter describes the design, construction and use of a number of ex-
perimental systems that were designed to verify the compliance of the flight optics.
Chapter 5 includes a detailed description of the design of the experimental facilities,
and then describes the optical characterization results at MSA level. The chapter is
concluded by presenting the optical characteristics of the HIFI flight instrument in the
focal plane, and a discussion of the compliance to the Herschel telescope interface.

Chapter 6 finally concludes my thesis, and describes the theory, techniques and re-
sults of the in-orbit focal plane geometry and spatial response calibration. The chapter
describes the extraction of the detailed beam profiles of all apertures of HIFI by obser-
vations towards Mars, reports the final aperture and main-beam efficiencies currently
being implemented in the calibration tree of HIFI, and includes an impact assessment
of pointing errors on astronomical flux calibration.

At the end of my thesis a summary of key conclusions is given, followed by sug-
gestions for future work.

1.3.4 Personal Role and Contribution

The work presented in this thesis is the result of more than 10 years of work related to
the construction of Herschel-HIFI. HIFI was developed and built by a large consortium
as an international collaboration project between 25 institutes distributed across 12
countries, including the Netherlands, Canada, France, Germany, Ireland, Italy, Poland,
Spain, Sweden, Swiss, the USA, and Taiwan. Many of the results described in this
thesis could therefore only be realized by the hardware contributions of other partners,
and the individual efforts of other team members.

In the context of my PhD thesis research I will clarify my personal role and con-
tribution. The central theme of my thesis was the optical design and performance
verification of Herschel-HIFI, for which I carried out a wide range of activities over
the last decade. During my entire thesis research I developed a substantial range of
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software and analysis scripts. I carried out extensive simulations involving waveguide
mode-matching techniques, Fresnel and Fraunhofer diffraction theory implemented in
terms of plane-wave expansions and Fourier theory. I worked in the lab carrying out
numerous measurements and calibration campaigns. I worked out how to perform
complex measurements of absolute geometry. I developed and invented new measure-
ment techniques and systems with unprecedented sensitivity and accuracy extending
up to frequencies as high as 1.6 THz. I also worked out how to do a thorough er-
ror analysis of near-field phase-coherent optical measurements, which are generally
very complicated. Finally, I worked on post-launch data preparing the instrument for
scientific operations, and made actual observations for the calibration of the scientific
performance of HIFI.

The Focal Plane Unit (FPU) optical design was invented by TNO in the Nether-
lands, primarily based on geometrical optical principles. I was engaged at the heart
of the system team that designed the optics, and actively participated in the creative
process that led to the system optical design described in Chapter 2. Although I was
not included in the design process of the Local Oscillator Unit (LOU) optics (designed
by the Max-Planck-Institut für Radioastronomie in Germany), the scheme of the LO
injection optics is also presented in this thesis for completeness. My primary role was
to incorporate and verify the performance-critical long-wave and diffractive aspects
inherently related to the design and verification of compact quasi-optical systems. At
an early phase I developed an alignment and verification strategy as part of the sys-
tem optical design. I was centrally involved in the general quasi-optical design and
verification process of HIFI, including Gaussian beam mode analysis performed at the
National University of Ireland Maynooth (NUIM).

My primary personal contribution to the project, as presented in this thesis, con-
cerned the design, development, construction and application of the experimental op-
tical test facilities for HIFI. As part of ESA’s Technology Research Programme contract
"Far-Infrared Optics Design & Verification" [61, 62], I invented the 480 GHz phase-
sensitive near-field test facility for HIFI described in Chapter 3. I developed techniques
to overcome the intrinsic difficulties related to making direct measurements of phase
patterns at THz frequencies, offering the potential of extending these into the highest
frequency bands of HIFI. In particular I developed a very useful method for mitigating
the effects of standing waves on the measurement data. The experimental test facili-
ties and techniques described in Chapter 5 were all based on my personal work. This
work resulted in the first reported phase-sensitive beam measurements of cryogeni-
cally cooled mixers and receivers ever taken at 1.6 THz with unprecedented accuracy
and sensitivity.

The GRASP [63] electromagnetic simulation results referred to in Chapters 4 and
5 were produced by PhD students from NUIM [64–69], and as part of the ESA-TRP
contract. These results proved very useful for comparison and interpretation of my
experimental data. The long-term scientific collaboration with NUIM greatly facilitated
the design and performance verification of HIFI.

My starting point for the work presented in Chapter 6 was the spatial calibration
framework developed by the HIFI calibration working group [70]. As a member of
the HIFI in-orbit commissioning, performance verification and calibration team, and
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instrument representative in the Herschel pointing calibration working group, I per-
sonally developed the pointing calibration strategy for HIFI, and produced the point-
ing calibration tables for scientific operations. Inspired by the experimental results and
knowledge about the HIFI optics collected during ground tests, I finally proposed and
developed a new technique to extract detailed beam profiles from multiple observa-
tions taken towards Mars, revising the spatial response calibration of HIFI with the
support of the HIFI Instrument Control Center (ICC) team.
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Chapter 2
The Optical Design of
Herschel-HIFI

2.1 Introduction

As mentioned in Chapter 1 the Herschel satellite carried the largest space telescope
ever launched into space [1]. The diameter of the main dish was 3.5 m. It was

made of sintered Silicon Carbide (SiC), and passively cooled to about 80 K. The optical
design of the telescope was a classical Cassegrain design with an undersized secondary
pupil stop. The main telescope parameters [2, 3] are summarized in Table 2.1. The
Herschel spacecraft, the telescope assembly and the location of the HIFI instrument
are shown in Fig. 2.1.

In order to meet the goal sensitivity of HIFI, and to obtain an instrument that could
be calibrated to the goal accuracy, very good signal coupling over a large fractional
bandwidth had to be realized. In particular the HIFI focal plane optics had to be
simultaneously matched to the Herschel telescope and the Local Oscillator system out-
side the Herschel cryostat (see Fig. 1.8). The long-wavelength character and diffractive
nature of the optics, as well as the overall complexity and modularity of the system
thereby translated into challenging optical design objectives and constraints.

In this chapter, the optical design of HIFI is described. In Section 2.2 the scien-
tific performance and functional requirements are summarized. The optical design
concept, following from the required functionality and other system considerations, is
introduced in Section 2.3. A comprehensive description of the optical design, to the
level of the optical details and geometries of the units that made HIFI work so well, is
provided in Sections 2.4 and 2.5. Particular details of the optical geometries described
in this chapter will be frequently referred to in this thesis, and therefore included in one
single, coherent and consistent description. Section 2.6 summarizes the overall design,
and highlights those items which are important for further reading of this thesis.
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Table 2.1: The main optical parameters of the Herschel telescope

Telescope Specified value)

Type Cassegrain
Focal length 28.5 ± 0.15 m
Telescope f /# 8.68 ± 0.2
Entrance Pupil Diameter (EPD) 3283 mm
Field of View (FoV) ±0.25�

Distance M1–M2 1588 mm
Distance M1–focus 1050 mm
Aperture stop on M2
Area obscuration ratio �7.7%

Image surface Specified value

Radius of curvature -165 mm
Conic constant -1
Diameter 246 mm

Primary mirror M1 Specified value

Primary f /# 0.5
Radius of curvature 3500 mm
Conic constant -1
Optical clear diameter 3500 (+2, 0) mm
Primary usable diameter 3470 mm
Diameter hole M1 560 mm

Secondary mirror M2 Specified value

Radius of curvature 345.2 mm
Conic constant -1.279
Diameter 308.12 mm
Secondary magnification 16.29

2.2 Scientific Performance and Functional Requirements

In this section the scientific performance and functional requirements related to the
optical design are summarized [4–6].
The following optical performance requirements were applicable1:

• The instrument optics of Herschel-HIFI were designed to yield maximum aper-
ture efficiency.

• The required aperture efficiency had to be greater than 60%, including central
blockage and obscuration by the Herschel telescope.

1 As flown down from the instrument sensitivity budget [5].
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Figure 2.1: The Herschel Space Observatory and Telescope. In the left panel a) the telescope and
main subsystems of HIFI can be identified. The zoomed view in panel b) shows the location of
HIFI on the optical bench. Credit: ESA.

• The illumination efficiency of the instrument had to be greater than 90%, i.e.
spillover past the secondary had to be smaller than 10%.

Achieving very high coupling efficiency was of key importance in view of the low as-
tronomical signals involved. The instrument furthermore had the following calibration
requirements, relevant to the optical design:

• The astronomical signal had to be referenced against a dedicated black-body
calibration source inside the instrument.

• The optics had to be able to switch the input beam between the sky and the
calibration source.

• The goal was to achieve an instrumental calibration accuracy of 3%, with a re-
quirement of 10%.

HIFI ideally required a hot and a cold source in the same optical path, such that stand-
ing waves would cancel out in determining the gain. For the astronomical source these
standing wave effects could be mitigated by passing the source, and a nearby reference
position at the sky, through the same optical path. Most scientific observations with
HIFI were made involving a beam switching procedure [7]. To support this required
observing mode of HIFI, the following requirements applied to the optical design:
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• A focal-plane chopper mechanism was required that could switch the telescope
beam rapidly between the astronomical source and a nearby reference position at
the sky.

• The optics had to be able to switch the input beam between the sky and the
internal calibration source.

• The focal plane chopper throw had to be 3’ on the sky.

Finally the HIFI optics had to fulfill the following functional requirements:

• The focal plane optics had to relay seven spatially separated parts of the telescope
field of view to the seven mixer bands.

• Focal plane chopping functionality, and the possibility to switch the optical input
to an internal calibration source, had to be offered in all seven bands.

• The optics had to combine the incoming signal, and corresponding LO beams,
into a single optical path and couple them efficiently to the mixers over a wide
wavelength range.

• The LO and sky signal diplexing in the mixer path had to be achieved simulta-
neously for two orthogonal polarizations with minimal losses.

• The LO optics had to produce seven linearly polarized beams to be injected
through the Herschel vacuum windows.

• Inside the cryostat the seven beams had to be directed to and divided equally
between both polarization channels in each mixer band.

• For alignment verification purposes, the optical system had to implement align-
ment devices that could be used to align the focal plane unit to the telescope and
to align the LO optics external to the cryostat to the FPU optics inside on the
optical bench.

The choice for seven bands was driven by the available relative bandwidth per mixer
band and the requirement for full wavelength coverage. The mixer and LO technology
furthermore employed inherently polarized waveguide and planar antenna technology,
which resulted in specific system requirements related to polarization interfaces.

2.3 Conceptual design description

2.3.1 Block Diagram and System Concept

The required functions of the HIFI optical system listed in Section 2.2 were organized
as shown by the functional block diagram of Fig. 2.2. The system was based on com-
mon input relay optics picking off light from the telescope focal plane and providing
an optical path to the internal calibration source. This functional block was referred to
as the Common Optics Assembly (COA), and included a Focal Plane Chopper (FPC),
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that could chop the seven bands simultaneously on the sky. By means of an additional
extreme position of the chopper, the calibration source could be accessed. After the
telescope relay, the optical output of the common optics was spatially separated and
split into seven individual channels. Central to the system was the Beam-Splitter (BS)
or Diplexer Assembly (DA), which combined the sky signal from the channel split-
ting optics, and the LO signal from the cold LO path. The LO optics located outside
of the cryostat were divided into seven channels. Each channel contained LO beam
combining optics and the two LO sub-band sources A and B. The central beam-splitter
and diplexer assembly finally coupled the combined LO and sky signal into the hori-
zontal and vertical Mixer Sub-Assemblies (MSA’s) containing the mixers operating in
orthogonal polarizations.
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Relay Optics 

(includes FPC) 

Calibration 

Source 

Band Splitting 

Optics (7x) 

COA 
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Herschel 

Telescope 
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Figure 2.2: Functional block diagram of the HIFI optical system.

The concept adopted was highly modular, and to a large extent divided in seven
parallel and independent slices of optics. This had clear integration advantages as indi-
vidual mixer bands could be exchanged without affecting the overall system integrity.
The LO optics were designed to be identical for all bands, reducing the overall cost,
and limiting the amount of manufacturing, assembly and integration activities. For the
FPU the separate modules were essentially the 14 Mixer Sub-Assemblies, two polariza-
tions per mixer band, whereas the LOU system contained 14 separate Local Oscillator
Assemblies (LOA’s), two sub-bands per corresponding mixer band. These modules
or sub-assemblies could be manufactured, aligned and tested separately, providing
flexibility in the development and verification program of HIFI.

The HIFI system concept was based on an all-reflective optics design utilizing off-
axis curved mirrors made of aluminum. Mirrors could be machined to high accuracy
and offered very low overall reflection losses in this wavelength region as compared to
transmission losses that would result from a design based on dielectric lenses. More-



30 Chapter 2: The Optical Design of Herschel-HIFI

over, no suitable dielectric materials were found that worked well over the full spectral
range of HIFI with acceptable loss tangents and well understood cryogenic behavior.
Dielectric lenses would furthermore complicate the optical design in terms of their
cryo-mechanical compatibility with the aluminum mechanical structures of the instru-
ment, and would require dedicated anti-reflection coatings. Although off-axis mirrors
would introduce beam distortion and aberrations, these effects could be mitigated by
proper design. Making mirrors out of the same material as the structure, offered the
advantage of an inherently temperature independent and mechanically stable optical
system, due to zero differential thermal expansion between the optical elements and
the mechanical structure.

2.3.2 Quasi-Optical Design Considerations and Criteria

The application required a compact optical layout in order to reduce mass and volume
to an absolute minimum, and to obtain maximum strength and stiffness. Consequently,
mirrors were moved closer together and bending angles on off-axis mirrors started to
increase to allow for sufficient clearance of the optical path. In the HIFI frequency
range, the dimensions of the optics became comparable to the wavelength at particular
points in the system. For a long-wavelength system like HIFI a design approach solely
based on classical geometrical optics was therefore considered inadequate as diffrac-
tion inevitably became important. The design of the HIFI optics was therefore based
on a combination of geometrical optics and Gaussian beam mode analysis [8]. As part
of the early design approach we decided to carry out a single mode analysis, whereas
the final design was carefully verified using rigorous electromagnetic simulations and
experimental techniques.

A quasi-optical design based on Gaussian beam mode analysis was justified by the
fact that both the mixers and LO chains produced highly Gaussian beams. Especially,
the mixer beams in the signal path had a Gaussicity [9] in excess of 95%. The defini-
tion of Gaussicity will further be explained and applied in Section 2.4.5. The spatial
throughput of the HIFI optical system, consisting of many mirrors in series, was limited
by available volume and consequently higher order modes would eventually diffract
out of the system. The first-order design was therefore only based on propagation of
the fundamental Gaussian beam mode component of the fields at the input and output
ports of the system [10].

The design implied a few quasi-optical criteria [11]. The first design criterion con-
cerned the definition of the beam radius w. When expanding an arbitrary electric field
distribution into Gaussian beam modes, w was determined by maximizing the power
coupling to a fundamental Gaussian beam mode. In Section 2.3.4 an analogy between
geometrical and Gaussian optics is described, which was useful for designing wave-
length independent optics of HIFI and interpreting the propagation of Gaussian beam
parameters.

In the second place all optical elements within the instrument needed to have a clear
diameter of 4w, where w represents the local Gaussian beam radius2. This criterion
ensured that the spill-over efficiency at each component was better than 99.97%, and
2 The edge radius, at which the beam was truncated, was therefore re = 2w.
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the overall losses due to diffractive spill-over was limited to a few percent. By virtue of
its high spectral resolving power, HIFI was intrinsically sensitive to coherent reflections
modulating the signal and noise of the detectors, which could finally show up as
baseline ripple in astronomical spectra. The 4w criterion therefore also limited the
level of internal coherent reflections due to beam truncation.

2.3.3 Optical Interfaces

The top-level external interfaces comprised the interface to the telescope, and the in-
terface between the FPU and LOU. The internal optical interfaces are described in
Sections 2.4 and 2.5, along with detailed descriptions of the optics. The main coordi-
nate system used is the spacecraft coordinate system as shown in Fig. 2.1. The origin is
located at the intersection between telescope axis and optical bench. The X-axis of the
coordinate system coincides with the telescope axis, and points from the focal plane in
the direction of the telescope mirrors. The Z-axis represents the direction towards the
sun, and points from the origin in the direction of the solar panels and shields. Finally,
the Y-axis is parallel to the LO beams (normal to the cryostat windows) and points
away from the LOU.

As summarized in Table 2.1, the Herschel telescope was a 3.5 m class telescope with
an EPD of 3283 mm, and an effective focal length of 28.5 m. The focal ratio, applicable
to the telescope interface, is therefore 8.68. The on-axis telescope focus was located at
X = +202 mm, and the focal plane field curvature was 165 mm. The telescope aperture
stop was at the secondary mirror M2, which was located at a distance of 2638 mm
from the focal plane, defining the input pupil for the FPU. The Herschel telescope
design and performance is described detail in [1]. The Gaussian beam interface to a
telescope is discussed in detail in [10] and [12]. Since HIFI required maximum aperture
efficiency, it can be shown [10] that the waist radius of the Gaussian beam in the focal
plane of the telescope had to satisfy:

w0 = 2/p
p

alF, (2.1)

where F represents the telescope focal ratio, and a is a beam truncation parameter,
defining the edge radius re, at which the Gaussian beam is truncated, for a given edge
taper Te in dB:

a = (re/w)2 = ln(10)Te/20. (2.2)

Equation (2.2) was applied in the telescope pupil plane at M2, and is independent of
wavelength. For a linear blockage fraction fb of 9.4%, due to central obscuration of
the telescope, it can be shown that Te has to be 10.9 dB in order to obtain maximum
aperture efficiency. The quasi-optical interface to the telescope was therefore defined by
(2.1), and taking a = 1.255. External to HIFI there was a scattering cone on M2, reducing
coherent reflections from the telescope. A detailed description of the geometry and
design of the scattering cone is provided in [2] and [13] respectively.

The interface between the FPU and LOU was defined by seven cryostat windows.
The LOU box was located at the -Y side of the spacecraft, and the windows were at Y =
-950 mm, X = +63 mm, equally and symmetrically spaced in steps of 50 mm along the Z
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axis. The row of 7 quartz sub-millimeter windows was complemented by two optical
alignment windows at either end. The alignment windows had a clear diameter of
20 mm, and were located at the same pitch as the LO windows. The LO windows had
a clear diameter of 30 mm, and were wedged and tilted relative to the LO axis to avoid
multiple reflections. Each window was provided with a specific anti-reflection coating,
tuned to the center frequency of the corresponding mixer band. The distance between
the cryostat windows and the FPU optics was 330 mm, and 253 mm for the LOU optics,
as indicated in Fig. 1.8. Because of the large distance between the FPU and LOU, we
needed as large a beam waist as possible at the cryostat windows, in order to limit the
self-diffraction of the beam. A large beam waist was also required to reduce the effects
of misalignment and lateral movement due to thermal contraction. Given the limited
spacing between the LO beams, the optical interface was defined as a collimated beam
with a clear diameter of 30 mm at the window location. We designed the interface
in this way to reduce errors of alignment and movement. A wavelength independent
Gaussian beam waist w0 of 7.5 mm was required at the location of the window. At
625 µm, the long-wave limit of HIFI, this interface definition corresponded to a 4w
criterion of 46 mm at the LO entrance mirror for the FPU, which could just be met
for 50 mm spacing between the LO ports. The state of polarization of the LO beam
was linear. The LO was injected at an angle of ±45� relative to the mixer polarization
defined inside the beam-splitter and diplexer assembly of the FPU, which depended
on the applicable LO injection scheme, as will be described in Section 2.4.3.

2.3.4 Wavelength Dependence

A fully wavelength independent optical design, providing equal coupling across the
entire frequency band, required specific degrees of freedom in the optics as will be
shown later, and was therefore only considered for the signal path. Due to the smaller
fractional bandwidth of each LO sub-band, as compared to a full mixer band, the LO
coupling losses due to a wavelength dependent design were generally small and could
be compensated by generating additional LO power. In this way the LO optics could
be kept simple and identical for all sub-bands.

In order to design for wavelength independent optics in the signal path, we used
the concept of a wavelength independent Gaussian beam transformation between ge-
ometrical conjugate pupil planes. Assuming a wavelength independent beam radius
win, and radius of curvature Rin at an input pupil plane Pin, it can be shown that
in the geometrical conjugate pupil plane Pout the Gaussian beam parameters wout, as
well as Rout, remain independent of wavelength. This property can be derived us-
ing the ABCD matrix formalism for transformation of the complex beam parameter
q = [1/R � il/(pw2)], using the principles outlined in [10]. The detailed derivation,
and a discussion of special cases of this principle is given in [14, 15]. An illustration of
this concept is shown in Fig. 2.3. In this figure an input pupil plane Pin is shown, at a
distance din = gin, with a radius of curvature Rin = •, and beam radius win, whereas
the object plane is at infinity. In this terminology g refers to geometrical optical image
distances, whereas d refers to distances of Gaussian beam waists at actual l. At the
output of the system, the conjugate pupil image is located at a distance gout, with wave-
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length independent radius of curvature Rout, and beam radius wout = dout/din ⇥ win,
according to standard geometrical magnification. In the limit l ! 0 the center of cur-
vature of the wavefront in the conjugate pupil plane converges to the output focal plane
of the system. It therefore follows that Rout = gout f , where f is the focal length. The
application of this design principle was used at several places, and will be described
in detail in the following sections.

Figure 2.3: Illustration of the concept of wavelength independent Gaussian beam transformation
between geometrical conjugated pupil planes.

2.3.5 Alignment Approach and Considerations

Given the overall complexity, and goal calibration accuracy of HIFI, a conservative
quasi-optical alignment budget was defined [16]. In order to able to achieve the goal
calibration accuracy of HIFI, accurate knowledge of the optical characteristics and spa-
tial coupling deemed necessary, which required very precise control and knowledge of
the optical alignment. For each applicable Degree of Freedom (DoF) at the telescope
and LO interface, an initial allocation of 1% coupling loss was given. Since HIFI was
not explicitly designed to measure polarization, this DoF was not considered. For the
LO interface the lateral alignment requirement was more stringent than a requirement
on the polarization orientation. For a fundamental Gaussian beam mode, the coupling
loss for small misalignments was derived from [10, 12, 17] and was written as:

Lsky =
Dx2 + Dz2

w2
0

+ kx
Dz2

4z2
c
+

Dqy
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2

q2
0
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Dw0

2

w2
0

, (2.3)
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2
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0

+
Dw0

2

w2
0

. (2.4)

In (2.3), zc = pw2
0/l denotes the confocal distance in the focal plane, q0 = l/(pw0) the

far-field divergence angle, and kx = 0.5, and kw = 0.375 are constants, which account
for the edge truncation at the secondary mirror [12]. Note that kx and kw are absent in
(2.4).



34 Chapter 2: The Optical Design of Herschel-HIFI

For the telescope interface the alignment budget was divided between the telescope,
the spacecraft and the FPU. The assignment of 1% loss per DoF for each component
of this interface, led to a worst-case coupling loss due to misalignment of 9% in band
1, up to 16% in band 7. The corresponding rms coupling loss ranged from 4% in
band 1 up to 10% in band 7. In this case actual spacecraft and telescope alignment
accuracies were taken into account, and we assumed that lateral alignment errors in the
focal plane would be compensated for by re-pointing of the space-craft. The dominant
components of the error budget were tilt errors in the focal plane (pupil alignment at
the secondary), and de-focus, which in particular showed up for the higher frequency
bands due to shorter confocal distances.

For the LO interface the alignment budget was divided between the FPU, the space-
craft and the LOU. Allocating 1% loss for each term in (2.4), and filling in expected
mechanical tolerances for the spacecraft, led to a worst-case LO coupling loss ranging
from 38% in band 1, up to 44% in band 7. The corresponding rms coupling loss ranged
from 16% to 19%. Mixer co-alignment requirements were covered by the LO alignment
budget. The calculated losses showed that allocating as little as 1% loss per degree of
freedom already translated into relatively large overall coupling loss. Although these
coupling losses could in principle be compensated by more LO power, we took a con-
servative approach and decided to stick to small error limits, as otherwise non-coupled
LO power would scatter and reflect back, producing unwanted standing waves. The
1% loss per DoF criterion would also take care of proper mixer co-alignment. The
dominant error terms in the LO budget were tilt, with a tolerance as small as 0.038�

in band 7, and a lateral displacement tolerance of 0.75 mm for all bands. Note that at
room-temperature, the LOU had to be offset relative to the FPU inside the cryostat, to
compensate for the mechanical contraction of the spacecraft at in-orbit temperatures.
This thermal contraction effect was predicted to be several millimeters, and had to be
determined accurately to satisfy the alignment requirements of HIFI.

In order to meet the quasi-optical alignment tolerances, the FPU optics were de-
signed such that the entire optical train could be accurately pre-aligned using visible
laser light. This translated the entire system alignment budget to a single critical inter-
face at mixer level. The alignment could therefore be fixed and secured at the lowest
level of integration, and compliance was only verified at higher levels of integrations to
rule out unexpected errors. The optical tolerances for the LO optics were addressed by
design, tolerancing and mechanical measurements, and were verified experimentally
at LO assembly level.

For the integration, alignment and verification at spacecraft level, HIFI was equip-
ped with alignment devices representing the internal optical interfaces. The beam
measurements that will later be presented in this thesis, are all referenced against
these devices. For the telescope interface an alignment cube attached to the FPU was
used, whose faces represent the internal alignment axes of the instrument. A reticle
represented the lateral position. For the LO interface a pair of plano-convex alignment
devices complementing the 7 LO ports were used. These devices represented both
direction and position of the FPU. The alignment devices were used together with a
pair of pentaprism devices mounted on the LOU. The alignment devices on the FPU
and LOU were used to verify the quasi-optical interfaces, and to monitor and confirm
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the thermal contraction of the spacecraft during the thermal vacuum test of the entire
spacecraft.

Figure 2.4 shows the optical configuration of one of the alignment viewports of
HIFI. The pentaprism alignment device mounted on the LOU split red and green light
by means of a dichroic coating on surface M6. In the optical path for green light a lens
on the second pentaprism recollimated light emerging from the center of curvature of
the plano-convex alignment device located near the Herschel cryostat windows. When
the AD’s were illuminated from behind the LOU, two pairs of reflected images could be
seen by using a theodolite or dedicated camera system. One pair of images (in green)
represented the relative position of the FPU and LOU, whereas the other pair (in red)
represented the relative orientation between the units. An identical configuration was
present in the second alignment viewport to constrain the rotation around the optical
axis. A detailed description of this system, and the alignment procedure used, can be
found in [18].
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Figure 2.4: Optical configuration of one of the viewports of the FPU-LOU alignment system.

2.4 Detailed Design of the FPU Optics

In this section the detailed design of the focal plane unit optics is described. The flight
model of the FPU is shown in Fig. 2.5. This figure provides a general overview of the
physical arrangement of the components defined in the block-diagram of Fig. 2.2. In
Fig. 2.6 the FPU is shown with an inside view of the optics. At the left hand side, the
telescope pick-off mirror M3 is shown, followed by the optics common to all bands. On
top of the instrument, near M3, the telescope alignment cube can be recognized, behind
which the calibration source can be identified. Inside the COA the chopper mechanism
is visible. At the bottom right the cold LO optics arranged in seven parallel slices can be
seen. A plano-convex alignment device for the FPU-LOU alignment can be recognized
next to the band 1 LO entrance. The LO and signal path optics came together in
the beam-splitter and diplexer assembly (DA). This structure provided the mechanical
interface to the MSA’s, which were arranged in seven rows. On top of the DA box
there were seven horizontal MSA’s, whereas the vertical MSA’s were mounted at the
back-side of the instrument. The mixer units containing the superconducting mixers
were finally contained inside the MSA’s, together with the first-stage IF amplification
chain.
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stage IF amplifier box and calibration source can be seen. In b) the input ports of the CLO optics
with the alignment devices can be seen as well as the parallel arrangement of the MSA-H and
-V boxes.
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2.4.1 Common optics assembly

The Common Optics Assembly (COA) provided a one-to-one image of the curved focal
plane, which was subsequently divided into the 7 optical channels interfacing via the
diplexer and beam-splitter assembly (DA). This part of the optics was common to all
bands, except for the final relay dividing the re-imaged focal plane in 7 bands. The
COA contained a focal plane chopper mechanism operating on all channels simultane-
ously, and accommodated a common Calibration Source Assembly (CSA) in addition.
A three-dimensional open model of the COA and CSA is shown in Fig. 2.7.

Offner focal-plane relay

The optical system comprised an Offner focal-plane relay. Ideally, an Offner system
consists of a large concave spherical mirror, with radius of curvature R1 = R, and
a small convex spherical mirror, with radius of curvature R2 = R/2, both having a
common center of curvature [19, 20]. This system provided high image quality over a
wide field of view, and was very suitable to re-image the telescope focal plane to a row
of seven field mirrors M9, as illustrated in Fig. 2.7 for band 3. The telescope focal plane
was picked up by pick-off mirror M3, and folded by mirror M4. The larger spherical



38 Chapter 2: The Optical Design of Herschel-HIFI

M3

Focus

band 3

SMIR

CMIR

M4

M5

M7

FPC/M6

M8

M9 (7x)
1

2

3

4

5

6

7

M11 (7x)

CBB
HBB CSA

Figure 2.7: Inside view of the COA and CSA. The mirrors of the COA have been cut in the plane
X = +202 mm. Rays for band 3 are shown for a chopped position, and for the extreme chopper
position selecting the Hot Black Body (HBB) source of the CSA.

mirror of the Offner relay was divided into two physically separated mirror sections
M5 and M7. In our case the radius of curvature R1 was 338.84 mm, corresponding
to a paraxial focal length f5 = f7 = R1/2 of 169.42 mm. Mirror M5 imaged the
telescope pupil stop (the telescope secondary mirror M2) at chopper mirror M6. The
radius of curvature R2 of M6 was close to R1/2 and was set to 165.96 mm. This
small deviation from the ideal Offner configuration was necessary considering the focal
plane curvature of the Herschel telescope, and resulted from a design optimization
procedure. The final folding mirror M8 in the Offner system, directed the beams to
seven small channel-splitting mirrors M9, which were part of a second relay formed
by mirrors M9, M10 and M11 as will be described next.

The Offner system effectively formed a Gaussian beam telescope, relaying the input
waist with unity magnification at a fixed output distance. The size of the input waist
in the focal plane equals (2/p)

p
alF, located at an input distance R1 = 2 f5 = 2 f7. The

input pupil at the telescope secondary mirror was approximately located at infinity.
The beam radius and radius of curvature at M6, positioned in the focal plane of M5 and
M7, were therefore independent of wavelength, according to the principle outlined in
Section 2.3.4. The beam radius at the chopper mirror was therefore equal to f5/(2

p
aF),

where F is the telescope focal ratio, which was about 8.7 for all bands.
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Focal plane chopper

Chopper mirror M6 was mounted on a focal plane chopper mechanism, near a pupil
image of the secondary mirror of the Herschel telescope. The flexural pivot axis of the
mechanism was offset by 10 mm in the -Z direction, measured relative to the vertex of
M6. A chopper throw of ±12.5 mm in the focal plane, or ±1.5’ at the sky, was obtained
for a chopper axis rotation of ±2.4�. At larger chopper angles, the beam was thrown
beyond mirror M4, where a cold or hot calibration load could be selected. A detailed
description of the focal plane chopper design can be found in [21].

Channel splitting optics

Each band had its own channel splitting relay, formed by a toroidal field mirror M9, an
off-axis elliptical mirror M10, and an off-axis parabolic mirror M11. The optical con-
figuration is shown in Fig. 2.8. The physical positions of the field mirrors M9 followed
the field curvature of the telescope, which is clearly visible in Fig. 2.6. Together with
elliptical mirror M10, an intermediate pupil and field image were formed in between
M10 and M11, where oversized straylight apertures were placed3. The combination of
mirrors M9 and M10 was simultaneously used to fan-out the rays emerging from the
re-imaged focal plane, dividing the remainder of the optics into 7 parallel segments as
shown in Fig. 2.6. M11 finally collimated the intermediate field image into a parallel
beam of 8 mm diameter, imaging the pupil at an output distance of 117.25 mm, inside
the diplexer and beam-splitter assembly, where it interfaced to the MSA optics.

Calibration source assembly

Viewed from mirror M11 to the focal plane, the chief ray would no longer hit M4 at
chopper angles beyond 6�. Between 6� and 11�, the field section was directed through
an aperture in the wall of the COA housing, on which the Calibration Source Assembly
(CSA) was mounted, as shown in Fig. 2.7. The CSA contained two powered mirrors
and two blackbody sources. At a nominal angle between 8.0� and 8.5�, the field images
at the channel splitting mirrors M9 were re-imaged by the Offner relay at a rectangular
patch of SiC foam, which was tilted relative to the incoming rays, and thermally an-
chored to the 10 K body of the instrument. This rectangular piece of SiC foam [22, 23]
was referred to as the cold blackbody (CBB), and was located immediately next to an
off-axis Spherical field MIRror (SMIR) with a radius of 207 mm. At larger chopper
angles, the row of field images at the CBB was thrown at the surface of SMIR, and
crossed at the aperture of the hot blackbody (HBB), where the optical footprints of
all the bands overlapped in the vertical direction. In the horizontal direction, a pupil
image was formed by a Cylindrical MIRror (CMIR), with a radius of 48 mm, in be-
tween SMIR and the HBB. CMIR acted as a folding mirror in the vertical direction, but
provided a pupil image in the horizontal direction. The HBB was a thermally isolated
and suspended unit, which could be heated from 10 K to 100 K. The blackbody was a

3 Although HIFI itself was not sensitive to straylight, these apertures were put in place to reduce potential
straylight for PACS and SPIRE originating from the warm LOU background and transferred by the HIFI
optics.
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Figure 2.8: Optical configuration and interfaces of the channel splitting optics and CLO optics
of the FPU.

wedge-shaped cavity with a rectangular entrance aperture, whose faces were covered
with SiC foam [22, 23] with an emissivity of 95%. It must be pointed out that the optical
paths to the CBB and HBB were different due to the practical problem of keeping one
cold and the other warm, potentially introducing small differences in their standing
wave patterns. A picture of the HBB flight model is shown in Fig. 2.9.

2.4.2 Cold LO optics

The Cold Local Oscillator (CLO) optics consisted of a five mirror system, formed by
two parabolic mirrors, an elliptical field mirror, and two folding mirrors. This part of
the LO optical path was contained in the focal plane unit inside the Herschel cryostat.
The system was identical for all bands, and relayed the pupil image, inside the diplexer
and beam-splitter assembly, to a magnified pupil image at the cryostat window. These
conjugate pupil planes formed a wavelength independent transformation between the
waist in the diplexer and beam-splitter assembly, and the waist at the LO window. The
diameter of the cryostat windows was 34 mm, and the 7 LO ports were equally spaced
by 50 mm. The distance between the cryostat window and the focal plane unit was
about 300 mm.

By applying the 4w criterion at l = 625 µm to the cryostat window, and the first
mirror of the CLO optics, we found that the LO waist had to be smaller than 7.7 mm.
The optical interface for all bands was therefore fixed at a waist size wLO

0 of 7.5 mm,
leaving some margin. The input pupil plane was located at 67.25 mm from the beam-
splitter grid, and at 142.25 mm from mirror CLO1, whereas the output pupil plane was
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Figure 2.9: The HBB source of the HIFI Calibration Source Assembly (CSA).

located at 330 mm from CLO5. The optical layout is shown in Fig. 2.8.
Mirror CLO1 in Fig. 2.8 was an off-axis parabola, used at an angle of incidence of

30�, which focussed the collimated beam in the diplexer and beam-splitter assembly via
folding mirror CLO2 on a field mirror CLO3. The focal length of CLO1 was 185.56 mm.
Mirror CLO3 was an convex elliptical field mirror, imaging the diplexer and beam-
splitter assembly pupil on the cryostat window. The paraxial focal length of CLO3
was -87.64 mm, and the angle of incidence was 35.324�. Immediately in front of, and
perpendicular to the surface normal of mirror CLO3, a 4w field aperture was placed.
This component was based on an elliptical aperture following the 4w beam contours
in an aluminum plate, and was coated by HIFI absorber material [22, 23]. The field
aperture limited the throughput for straylight, originating from the warm LO optics,
entering the Herschel cryostat through the LO windows, and which could potentially
couple to the PACS and SPIRE detectors via scattering through the HIFI optics and
telescope. By means of this aperture would could also truncate unwanted higher-
order modes affecting standing waves in the LO path. The last mirror of the cold LO
optics was CLO5, a parabolic mirror with a focal length of 87.94 mm, used at an angle
of incidence of 30�. This mirror re-collimated the field image at CLO3 via a folding
mirror CLO5, providing a parallel beam in the optical path between the FPU and LOU.

2.4.3 Diplexer and beam-splitter assembly

Central to the optics of the FPU, the diplexer and beam-splitter assembly combined the
sky and LO signal, and provided the mechanical interface to the MSA’s. The assembly
did not contain any powered optical elements. In bands 3, 4, 6 and 7, Martin-Puplett
(MP) interferometers [24–26] were used as signal-LO diplexers. The overall layout, for
the specific example of a diplexer configuration in band 3, is depicted in Fig. 2.10. The
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sky signal is coming in from the left, whereas the LO beam is injected at the bottom.
In bands 1, 2 and 5 beam-splitter grids were used to divide the LO power between the
two MSA’s. The corresponding optical layout, including pathlength and polarization
definitions, is shown in Fig. 2.11.
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Figure 2.10: Overall layout of the HIFI Beam-Splitter and Diplexer Assembly. The typical scale
size is indicated in the upper left corner. In this figure the configuration for band 3 is shown,
where the simultaneous LO and signal injection into the MSA was achieved through the appli-
cation of Martin-Puplett interferometers.

In the beam-splitter configuration, the unpolarized sky signal was divided by po-
larization, and split between two orthogonal components. The coupling between LO
and mixer was defined by the in-plane rotation of the grid lines relative to the polar-
ization direction of the MSA’s. The MSA shown at the top of Fig. 2.10 was referred to
as MSA-H, whereas the assembly on the right is MSA-V. The polarization of MSA-H
was perpendicular to the plane of the drawing at an angle of 90�. The polarization of
MSA-V was 0�. In this section, polarization and grid angles correspond to rotations
about the Y-axis, with respect to the X-axis, and projected in the XZ-plane. The polar-
ization and grid angles for all relevant components in the beamsplitter and diplexer
bands are summarized in Table 2.2. The beamsplitter grid orientation was rotated by
an angle j in such a way that the LO coupling becomes sin(j)2, and the coupling to the
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sky equals cos(j)2. The LO polarization was finally injected at an angle of j ± 45�,
and hence equally split between, and coupled into the optical paths of the individual
MSA’s. The LO polarization interface is further discussed in Section 2.5.1. The unused
part of the LO signal, as well as cross-polar components originating from the MSA’s,
were terminated in a beam dump. This dump was made of a reflecting grid in front of
two plates coated with SiC absorber material [22, 23]. The absorber panels had angles
of incidence of 20� with respect to the incoming and outgoing optical axis. The grid
orientation of the beam dump was aligned with the MSA polarization. An example of
a beamsplitter configuration including a beam dump is shown in Fig. 2.12.

Table 2.2: Polarization and grid angles in the beamsplitter and diplexer assembly.

Band Type MSA-H MSA-V BS angle j LO coupling

1 beam-splitter 90� 0� 5.7� 1%
2 beam-splitter 90� 0� 10� 3%
3 diplexer 90� 90� 0� 100%
4 diplexer 90� 90� 0� 100%
5 beam-splitter 90� 0� 18� 10%
6 diplexer 90� 90� 0� 100%
7 diplexer 90� 90� 0� 100%
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Figure 2.12: Beam dumps as present in the beamsplitter configuration for bands 1, 2 and 5.

The other bands employed Martin-Puplett (MP) interferometers [24–26] combining
the LO and sky signal. The beam-splitter grids for these bands were used at an angle
of 90�. The optical layout for band 3 is shown in Fig. 2.13. The grids being part of
the interferometers, were used at an angle of ±45�, and the LO was also injected at an
angle of ±45�, as indicated in the figure. The polarization orientation of the MSA’s in
the diplexer bands was always 90�. The polarization angles are also summarized in
Table 2.2.

The interferometer was based on a fixed rooftop mirror, in one arm of the interfer-
ometer, and another rooftop mirror that could be scanned across a few wavelengths.
The moving rooftop mirror was mounted on a lever, which rotated around a flexural
pivot, and was driven by a voice-coil actuator referred to as the Diplexer Roof-mirror
Translator (DRT). The mechanical pathlength difference D between the two rooftop
mirrors was equal to c/(4lIF), where lIF = c/ f IF refers to the center frequency of
the IF band of the mixer. In bands 3 and 4 lIF was 50 mm, whereas lIF was equal to
83.33 mm in bands 6 and 7, due to a lower and narrower IF band4. At longer wave-
lengths the differential self-diffraction of the beams in the two arms of the diplexer had
to be kept small in order to reduce diffractive losses [10]. The waist size wdip

0 in the
diplexer for a given diffractive loss # is given by:

wdip
0 =

s
lD

4p
p

#/3
. (2.5)

4 The IF bands of bands 6 and 7 ranged from 2.4–4.8 GHz, whereas all other bands had an IF band from
4–8 GHz.
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Figure 2.13: Optical layout of the diplexer configuration in band 3.

In (2.5) the pathlength difference between the two rooftop mirrors is denoted by D.
For a loss # smaller than 1%, the waist in the diplexer had to be larger than 3.6 mm at
the longest wavelength l = 375 µm of diplexer band 3. In practise a value of 3.55 mm
was chosen, corresponding to a geometrical pupil diameter Dp of 8 mm. Sticking to
a common value of 3.55 mm allowed us to duplicate the 7 channels of LO optics as
described in Section 2.4.2.

Special attention was paid to manufacture sharp corners (rooflines) in order to
minimize unwanted reflections. The sharpness of the rooflines was eventually limited
by the radius of the tool, as we decided to machine the mirrors out of a single piece.
The rooflines were carefully aligned and matched to the polarization direction defined
by the grids. All grids used in the diplexer and beamsplitter assembly were based on a
planar grid technology5. The grids were made of 1 µm wide Cu strips deposited on a
thin Mylar substrate of 1.5 µm thick. The grid line spacing was 1 µm, and the flatness
of the grid surface was sufficient to be used as semi-transparent mirrors for optical
alignment purposes. Characterization results of the grids can be found in [27, 28].

5 The grids were manufactured by QMC Instruments Ltd.,

http://www.terahertz.co.uk


46 Chapter 2: The Optical Design of Herschel-HIFI

2.4.4 Mixer Sub-Assembly

The Mixer Sub-Assembly (MSA) optics were designed to accept the combined sky and
LO beams from the diplexer or beam-splitter assembly and direct them into the mixer
units. In each instrument band, two MSA’s operated on orthogonal polarizations at
the sky, giving a total number of 14 MSA’s in HIFI. The MSA design was optimized
for volume and, as can be seen in Fig. 2.10, a very compact arrangement of Mixer Unit
(MU), a first-stage amplifier, and the optics was achieved.

The optical interface of the MSA was defined by an input pupil image of 8 mm and
a collimated wavefront. As explained in Section 2.4.3 this number was determined by
the maximum allowed diffractive loss in the MP interferometers. The object plane was
located at infinity, driven by optical alignment considerations. For all bands, a Gaus-
sian beam waist of win

0 = 3.55 mm was located in the input pupil plane, independent
of wavelength. The input pupil diameter and Gaussian beam waist size were related
through a by Dp = 2

p
awin

0 as defined in (2.2).
The optical function of the MSA was to provide a f /4.25 beam at the mixer unit

interface. For bands 1 to 4, the optics furthermore formed a conjugate pupil plane
in the aperture of the horn, providing wavelength independent coupling, while for
bands 5 to 7 the optics were tuned to match the waist in the input pupil plane to a
lens-antenna system.

Within one band the two MSA’s were designed to be identical. There were however
3 different MSA configurations. In bands 1, 2 and 5, the input pupil plane Pin was
located at a distance din of 66.25 mm. For bands 3 and 4, din was 128.75 mm, and a
slightly more compact layout in terms of the arrangement of mirrors was applicable
due to relatively small horns. In bands 6 and 7 finally, the input pupil plane was at
132.08 mm, whereas the rest of the optics was kept similar to band 1.

Accommodation of all these functions and different input configurations could be
designed into a single generic compact optical layout, which is depicted in Fig. 2.14.
The basic arrangement consisted of a three-mirror system, formed by an off-axis pa-
rabolic mirror Mixer Assembly Mirror 1 (MAM1), and two off-axis elliptical mirrors
MAM2 and MAM3. Off-axis parabolic mirror MAM1, used at an angle of incidence
a1 of 45�, had a paraxial focal length f1 of 34 mm, and focussed the incoming parallel
beam on field mirror MAM2. The focal length of MAM1 was determined by the re-
quired focal ratio of f /4.25, and the input pupil diameter of 8 mm. Field mirror MAM2
was a convex elliptical mirror, used at an angle of incidence of a2, whose focal length
f2 was introduced as a free parameter. The third mirror MAM3 was a concave elliptical
mirror, making forming an one-to-one image of the mixer object plane at MAM2. The
object and image planes were located at a distance L1 and L2 respectively from MAM3,
and were equal to 2 f3, where f3 denotes the focal length of MAM3. Since we wanted
to be able to pre-align the MSA optics using visible laser light, special attention was
paid to the compensation of geometrical optical aberrations. In order to compensate
for image distortion (mainly coma) introduced by MAM1, the following condition had
to be satisfied at MAM3 [29]:

tan(a1) =

✓
1 +

L1
L2

◆
tan(a2). (2.6)
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Figure 2.14: Generic optical layout of the MSA optics.

Given a1 = 45� and L1 = L2, we picked an angle of incidence a2 = 26.565� according
to (2.6). In this way an unaberrated diffraction-limited image behind MAM3 was ob-
tained in the visual wavelength range. As will be explained in Section 2.4.5, this image
coincided with the center of curvature of the corrugated horns in bands 1 to 4.

In pupil imaging mode, the optical power of MAM2 was used to image the diplexer
pupil on the mixer pupil plane, at a distance Rh from the mixer object plane. The
virtual pupil image locations of mirror MAM1, and MAM3, were equal to the radii
of curvature of the parent ellipsoid, defining mirror MAM2, which in turn defined
the focal length f2. Independent of the object imaging mode, f2 could be used to
accommodate different combinations of input and output pupil distances, providing
substantial design flexibility. In Section 2.4.5 the application of f2 as a free design
parameter will be shown when matching the beam waist and location of the lens-
antenna systems in bands 5 to 7 to the MSA input pupil.

The optical design parameters for all bands are summarized in Table 2.3. Note that
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Table 2.3: Optical parameters defining the MSA geometry

Band 1 2 3 4 5 6 7

L0 (mm) 30 30 25 25 30 30 30
L1 (mm) 37.5 37.5 31.25 31.25 37.5 35.7 37.5
Rh (mm) 15.4 12.0 9.8 8.3 15.4b 15.4b 15.4b

f2 (mm) -25.32 -17.23 -8.64 -7.45 53 106 106
f3 (mm) 18.75 18.75 15.63 15.63 18.75 18.75 18.75

din (mm) 66.25 66.25 128.75 128.75 66.25 132.08 132.08
a For all bands w0 = 3.55 mm, f1 = 34 mm, a1 = 44�, L2 = L1, and a2 = 26.565�.
b For bands 5 to 7 parameter Rh represents the distance between mixer object

plane and its envelope.

Rh has no physical meaning for bands 5 to 7, and is only used to indicate the location
of the front face of the Mixer Unit (MU) envelope relative to the object plane.

2.4.5 Mixer Unit

Each MSA contained a Mixer Unit (MU) with the superconducting mixer. The sky
and LO signals were optically coupled to the mixer by corrugated horns in bands 1
to 4 [30]. In bands 5 to 7 a quasi-optical injection scheme, based on a lens-antenna
system, was used [31, 32]. The horn or lens-antenna and the mixer body of the unit
were enveloped by a box of 32⇥32⇥45 mm. The MU was thermally isolated from
the 10 K MSA housing, and mechanically supported by a mixer console as shown in
Fig. 2.10. The optical interface assumed linear input polarization, which was parallel
(horizontal) or perpendicular (vertical) to the plane of the input optics as described in
Section 2.4.3.

Corrugated horn

The detailed physical design of the corrugated horn, including the input waveguide
section and corrugation details, was based on rigorous electromagnetic calculations
involving a mode-matching procedure [30, 33]. The design for band 1 was based on
modification of an existing design for a D-band mixer at JCMT by Ghassan Yassin. The
horn designs for bands 2 to 4 were properly scaled versions of the band 1 design. Here
we only present a first-order design description, and the quasi-optical parameters rel-
evant for the design of the instrument optics, which was largely based on geometrical
optical design principles.

The basic geometry of the corrugated horn is shown in Fig. 2.15 by means of a
zoomed view of the band 3 MU design. The horn can be characterized by an aperture
radius a and slant length Rh, which produces a highly Gaussian, linearly polarized
beam with a wavelength independent aperture field distribution. The electric field in
the aperture plane of the horn can accurately be described by [10]:

E(r) = J0(z0r) exp(�ibr2)P(r)ŷ, (2.7)
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Figure 2.15: Geometry definition of the corrugated horn. The example given here is for HIFI
band 3.

where r = r/a denotes the normalized aperture radius, z0 the first root of Bessel func-
tion J0, b = pa2/(lRh) the edge phase error and P(r) the boxcar function truncating
the field amplitude at r = 1. Expanding this field into Gaussian beam modes, and maxi-
mizing the fractional power coupled to the fundamental mode, yields wa = ha = 0.644a
and R = Rh, where wa represents the Gaussian beam radius, and Rh the radius of cur-
vature in the aperture plane [10, 34]. For this choice of h 98% of the total power is
represented by a fundamental Gaussian beam mode, consistent with the design cri-
teria outlined in Section 2.3.2. A virtual beam waist with radius w0 is located at a
distance z0 behind the aperture plane. The design of the horn was constrained by min-
imizing the length of the horn, and correspondingly the volume of the mixer unit. A
horn of minimum length is achieved when Rh = 2zc, where zc = pw2

0/l is the confocal
length.

Wavelength independent coupling between horn and telescope was achieved by
imaging the pupil stop of the telescope on the aperture of the horn. Simultaneously,
an object image of the focal plane was formed at the center of curvature of the horn.
Under these conditions the Gaussian beam of the horn produces an equiphase field
in the telescope aperture, with an edge taper independent of wavelength. In order to
obtain maximum aperture efficiency, the Gaussian beam illuminating the secondary
mirror of the telescope had to be truncated at a relative intensity level of -10.9 dB, a
condition which was satisfied at edge radius re/w2 = a = ln(10)Te/20, according to
(2.2) and [10, 12]. The edge rays from telescope mirror M2 also defined the geometrical
focal ratio of the beam incident on the horn. In the limit of l ! 0 the relation between
geometrical focal ratio, horn slant length and beam radius in the aperture plane is
given by:

f /D = Rh/(2
p

awa). (2.8)

In all mixer bands the focal ratio was f /4.25, based on consideration of the optical
clearance and required space for the mixer unit. In Table 2.4 we summarize the corru-
gated horn parameters of MU bands 1 to 4. The beam properties were calculated at the
center frequency fc of each band. In each case the horn slant length Rh was truncated
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to include an integral number of corrugation periods. This explains a slight deviation
from the minimum horn length condition Rh = 2zc in Table 2.4. Given Rh, the beam
radius wa was calculated using (2.8), which yielded the aperture radius a given h =
0.644. The beam waist w0, and its relative location z0 to the aperture, are finally given
by [10]:

w0 =
hap

1 + h4b2
, (2.9)

z0 =
Rh

1 + h�4b�2 . (2.10)

Table 2.4: Corrugated horn parameters of Mixer Unit bands 1 to 4.

Band fc (GHz) Rh (mm) wa (mm) a (mm) b w0 (mm) z0 (mm)

1 560 15.4 1.61 2.50 2.38 1.15 7.6
2 720 12.0 1.26 1.95 2.39 0.89 5.9
3 880 9.8 1.03 1.60 2.41 0.73 4.9
4 1040 8.3 0.88 1.36 2.43 0.62 4.2

Lens-antenna

For bands 5 to 7 we made use of a quasi-optical coupling scheme. The incoming
radiation was coupled into the mixer chip incorporating a planar double-slot antenna,
which was glued on the back of an extended silicon lens. On the lens surface a Parylene
anti-reflection coating was applied, which had a dielectric constant of 2.67.

The double-slot parameters of the planar antenna are summarized in Table 2.5. In
this table the slot spacing is denoted by s, whereas l and w represent the slot length and
width respectively. Electromagnetic computations, based on the Method of Moments
(MoM) [32], revealed good polarization efficiency exceeding 99.5%.

Table 2.5: Double-slot antenna parameters of MU bands 5 to 7.

Band fc (GHz) lc (µm) s (µm) l (µm) w (µm)

5 1185 253 44.0 77.4 4.0
6 1560 192 32.0 56.0 4.0
7 1810 166 28.0 50.0 3.6

The basic geometry of the lens-antenna system is shown in Fig. 2.16. The diameter
D of the lens was 5.00 mm in all bands. As can be seen the semi-major axis a of
the elliptical lens surface coincided with the optical axis. The semi-minor axis was
denoted by b, and was equal to D/2. The eccentricity e of the lens surface was defined
as e = [1 � (b/a)2]1/2. The double-slot antenna was located at a position p behind the
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front surface of the mixer unit envelope. The elliptical lens surface was extended by a
distance L, which is referred to as the lens extension length.
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Figure 2.16: Geometry of the lens-antenna system in HIFI bands 5, 6 and 7.

The aperture field of the lens-antenna system could not easily be described in terms
of an analytical expression. Furthermore there was no obvious pupil plane in which we
could assume wavelength independent beam properties6. In contrary to the corrugated
horn an iterative design approach was therefore used, in which the lens-antenna beam
waist and location were matched to the MSA optics [35]. The input optics were kept
identical to the band 1 design, as described in Section 2.4.4, except for the focal length
f2 of field mirror MAM2, which was used as a free parameter to tune waist size and
location. The quasi-optical beam properties of the lens-antenna were calculated using
a software design package called PILRAP (Program for Integrated Lens and Reflector
Antenna Parameters), developed by Maarten van der Vorst. PILRAP computes the
beam patterns of the lens-antenna system on the basis of a hybrid model, combining
physical optics and ray-tracing techniques [32].

For a range of different lens extension lengths, the optimal surface shape was cal-
culated, as well as the resulting Gaussian beam properties. The waist size and location
for the individual lens design geometries were essentially independent of wavelength.
In each band an unique solution for L, and focal length f2, could be found matching
the MSA optics to the lens-antenna system. The Gaussicity of the beam pattern was

6 The aperture field can to zeroth-order be approximated by a wavelength dependent far-field diffraction
pattern of the double-slot antenna, phase-transformed and truncated by the curved lens surface.
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Table 2.6: Lens-antenna parameters of MU bands 5 to 7.

Band fc (GHz) L (mm)a eb p (mm) tAR (µm) w0 (mm) z0 (mm)

5 1185 0.7555 0.1927 4.156 36 0.74 14.2
6 1560 0.7560 0.1937 4.000 28 0.57 19.0
7 1810 0.7560 0.1937 4.000 24 0.50 19.2

a Represents the effective physical thickness in Si and includes the substrate thickness of
the chip.

b The eccentricity is defined as e = [1 � (b/a)2]1/2, where b = D/2, and D = 5.00 mm for
all lenses.

approximately 95%, and the peak cross-polar intensity was below -24 ± 1 dB. The de-
sign parameters of the lens-antenna system are given in Table 2.6. The paraxial focal
length f2 of field mirror MAM2 is included in Table 2.3, summarizing the design of the
input optics.

2.5 Detailed Design of the LOU Optics

Although the optical design of the Local Oscillator Unit (LOU) was performed by a dif-
ferent design team, an elementary description of the optical design concept, rationale
and resulting layout is given here for completeness.

2.5.1 Local Oscillator Assembly

The LOU provided 7 quasi-optical beams, which were injected through the Herschel
cryostat windows. The LOU could be operated at temperatures in between 80 K and
130 K, and was mounted external to the cryostat for thermal reasons. The LOU con-
sisted of 7 LO Assemblies (LOA’s), mounted parallel to each other. Each frequency
band was covered by one LOA, which was divided in two LO sub-bands a and b. Only
one sub-band was operated at a given time, covering at least 50% of a HIFI mixer band.

At the cryostat window a Gaussian beam waist of 7.5 mm was required, at a lateral
spacing of 50 mm as described in Section 2.3.3. The polarization of each band was
linear, and determined by the required coupling between LO and mixer. The coupling
was defined by the orientation of the beam-splitter grid in the diplexer or beamsplitter
assembly of the FPU, and the LO polarization was injected ±45� relative to that. The
overall polarization interface at the cryostat window is summarized in Table 2.7.

The optical axes of the LO sub-band chains were parallel to each other at a mutual
distance of 100 mm. Each LOA was 50 mm high providing a free height of 37 mm
inside the LOA box. The area inside the LOA allocated for the optics was 160⇥195 mm.

The primary design goal for the LO optics was to realize a layout with identical
mirrors in each band. Moreover, a minimal number of powered optical elements was
used, reducing the overall system complexity and associated mass, volume, alignment
work and cost. These advantages were traded in favour of flexibility of design, and
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Table 2.7: Polarization angles at the cryostat window. All angles are specified in the XZ-plane.
Positive angles correspond to a positive rotation about the Y-axis.

Band MSA-H MSA-V LOA-a LOA-b

1 5.7� 5.7�+ 90� 5.7�- 45� 5.7�+ 45�

2 10� 10�+ 90� 10�- 45� 10�+ 45�

3 0� 90� -45� 45�

4 0� 90� -45� 45�

5 18� 18�+ 90� 18�- 45� 18�+ 45�

6 0� 90� -45� 45�

7 0� 90� -45� 45�

wavelength independent LO coupling. An optical scheme employing reflective mirrors
was selected in favour of dielectric lenses, which did not have acceptable loss tangents
across the frequency range of interest, and would give rise to cryogenic issues.

In Fig. 2.17 the optical layout of the resulting LOA concept is shown. The LO horns
are shown at the bottom of the drawing. As explained in Section 2.5.2 the nominal
waist size of the horns was 2.5l. This beam waist was matched to the waist of 7.5 mm
located at the cryostat windows by an off-axis pair of mirrors M1 and M2 respectively.
The distance d between the horn interface plane and the first mirror was accurately
controlled by mechanical design and measurement, and varied between sub-bands
following the wavelength dependence of the position of the waist in the horn. The
focal length of mirror M1 was equal to 32 mm, and was located near a pupil image
of the cryostat window, in the vicinity of the horn, which had a rather wide opening
angle. The angle of incidence at M1 was kept at a value of 22.5�, while the focal
length was chosen sufficiently large to minimize off-axis distortion effects [36, 37]. Via
a folding mirror F1, an intermediate waist was formed at a polarizing grid PG, used at
an angle of incidence of 55�. F1 was also used to control the co-alignment of the beams
before they were combined at PG. The grids were based on similar planar technology
as used for the grids inside the diplexer and beamsplitter assembly of the FPU [27, 28].
The orientation of the grid was adjusted to comply with the polarization interface
presented in Table 2.7. One sub-band acted in reflection, whereas the other operated
in transmission. The cross-polar field component present at this stage was terminated
into an absorbing load. The combined optical path, guiding the beams with orthogonal
polarization, was folded at mirror F2 towards off-axis mirror M2. M2 was used at an
angle of incidence of 45� in order to allow for a compact arrangement between M2 and
a final folding mirror F3. Given the distance of 253 mm between F3 and the LO waist
at the cryostat window, the optical path inside the LOA box, up to mirror M2, had
to be kept as small as possible to satisfy the 4w criterion at the longest wavelength in
band 1.
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Figure 2.17: Optical layout of the Local Oscillator Assembly (LOA).

2.5.2 LO feedhorns

The output power of the LO chains was coupled to the optics by means of horn an-
tennas. Two different types of feedhorn were used. In bands 1–4 diffraction limited
corrugated feedhorns provided a nearly wavelength independent Gaussian beam waist
w0 of about 2.5l, which were designed and matched to the output optics at the cen-
ter frequency of each sub-band. Design studies showed that a horn waist of 2.5l was
the smallest feasible value for the horn design, in order to keep the required optical
magnification of the output optics limited, and the horn alignment manageable.

In bands 5–7 a diagonal horn [38] was used, which could be machined directly
using a split-block technology. Although the polarization efficiency and Gaussicity of
such a horn was considerably smaller than for a corrugated horn, the corresponding
losses were compensated by the provision of additional output power.

The corrugated horns were designed by Radiometer Physics7, using the mode-
matching technique [30, 33]. The aperture radius, horn slant length and Gaussian
beam parameters are summarized in Table 2.8 at the center frequency of each LO sub-
band. The Gaussian beam parameters of the corrugated horns in bands 1–4 were in
reasonable agreement with values obtained by using (2.7). The actual beam parameters

7 Radiometer Physics GmbH, Meckenheim, Germany,

http://www.radiometer-physics.de
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derived by rigorous electromagnetic simulations did not deviate more than 5% from
the theoretical truncated Bessel description. For the optical design the predicted values
as listed in Table 2.8 were assumed.

Table 2.8: Corrugated horn (bands 1–4) and diagonal horn (bands 5–7)
parameters for the LO optics.

Banda fc (GHz) a (mm)b Rh (mm) w0 (mm)c d (mm)

1a 520 2.275 34.774 1.402 41.06
1b 600 1.975 30.065 1.215 42.10
2a 679 1.780 27.059 1.076 42.64
2b 759 1.579 24.052 0.955 43.47
3a 828 1.451 23.046 0.874 43.85
3b 908 1.334 20.543 0.800 44.11
4a 1005 1.179 18.039 0.693 45.03
4b 1085 1.087 16.536 0.639 45.41
5d 1185 0.791 7.609 0.508 44.25
6a 1475 0.637 6.128 0.411 44.94
6b 1625 0.585 5.622 0.376 45.14
7a 1755 0.545 5.245 0.351 45.21
7b 1860 0.514 4.940 0.329 45.39

a Band refers in this context to LO sub-band.
b Represents the aperture radius of the corrugated horn in bands 1–

4, and the half-width of the horn edge [38] for the diagonal horn
in bands 5–7.

c The best matching waist size based on rigorous electromagnetic
simulations.

d Bands 5a and 5b were identical copies, and covered full bands.

In Table 2.8 we list in addition the diagonal horn properties for the horns integrated
in the multiplier blocks. The diagonal horns were designed to cover full frequency
bands, and identical copies were used in both sub-bands. The polarization efficiency
of the diagonal horns was about 91%, and the Gaussicity 93%, yielding an overall
fractional coupling of 84% to a linearly polarized fundamental Gaussian beam mode.

The multiplier chains and horns were mounted at an angle of 45� relative to the
mounting plane surface. The polarization of one LO sub-band was at +45�, whereas
the other was at -45� with respect to the mounting plane. The mounting plate contained
accurate reference points, and edges for mechanical adjustment and alignment relative
to the first mirror. The distance d between the horn aperture plane and the first mirror
is finally summarized in the last column of Table 2.8.

2.6 Summary and Conclusions

In this chapter the optical design of HIFI has been described. We successfully achieved
the following goals:
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• We integrated all required functionality into a system concept consisting of a Fo-
cal Plane Unit (FPU) inside the Herschel cryostat, and an external Local Oscillator
Unit (LOU).

• We realized a compact and highly modular system design offering clear align-
ment, integration and verification advantages.

• The design of the FPU optics was independent of wavelength, and allowed for
pre-alignment with visible light.

In this chapter a comprehensive description of all optical modules of the HIFI in-
strument has been given following a top-down approach. For each subsystem, unit
and module, the detailed design considerations and rationales have been provided.
Although the optics were primarily designed using geometrical optical design prin-
ciples, diffraction was dealt with to first-order using Gaussian beam mode analysis.
We introduced a very useful analogy between geometrical optics and Gaussian beam
quasi-optical propagation, which allowed us to design wavelength independent op-
tics, as far as a fundamental Gaussian beam mode is concerned. This concept was
applied throughout the system design, and illustrated in detail for individual cases.
By ray-tracing and fundamental Gaussian beam mode analysis, it was concluded that
the design was compliant to first-order with the requirements outlined in Section 2.2.

The heart of optical system was formed by common optics, employing a diffraction-
limited wide-field Offner system, picking off light from the telescope, or calibration
sources, and distributing it across seven independent mixer bands. A high level
of modularity was achieved by dividing each mixer band into identical Mixer Sub-
Assemblies, operating in orthogonal polarizations. The MSA was the smallest self-
contained receiver module that could still be tested as a representative receiver. A
very compact optical layout was achieved, with a high level of commonality between
bands, diffraction-limited performance at visible wavelengths, and fully corrected for
unwanted distortions due to off-axis operation.

The remaining chapters of this thesis will be concerned with the verification, char-
acterization and calibration of the actual optical performance of this design. The details
provided in this chapter will therefore prove to be very useful for further reading, and
will be frequently referred to in the remainder of this thesis.
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Chapter 3
A 480 GHz Phase-Sensitive
Near-Field Test Facility for HIFI

3.1 Introduction

The optical design of Herschel-HIFI, as described in Chapter 2 of this thesis, was
complex and has a high degree of modularity. The space application of the instru-

ment required a compact layout in order to reduce volume and mass. Consequently
the optical components, mainly off-axis mirrors, were put closer together and bending
angles on the mirrors generally increased in order to keep sufficient optical clearance.
Several mirrors were illuminated in the propagating near-field rather than in the far-
field. The dimensions of the optical system and components also became comparable
to the wavelength. Given these considerations it was clear that the long-wavelength
character of the optical system could no longer be ignored and that diffraction effects
inevitably became important [1–4].

As stated in Section 2.3.2 a classical geometrical design approach was inadequate.
The optical design of HIFI was therefore addressed by means of a combination of
geometrical optics and paraxial fundamental mode Gaussian beam propagation, taking
into account intrinsic self-diffraction effects. In order to verify the optical design and
performance accurate verification techniques were required for the following reasons:

• Long-wave character of the system: diffraction and distortion effects.

• The overall complexity of the system: verification of the internal and external
interfaces.

• Verification of the alignment approach: was pre-alignment of the optics at visual
wavelengths sufficient?

The verification of the optical design of HIFI was addressed by analysis as well
as experiment. The accurate modeling of optical systems in the far-infrared and
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submillimeter-wave bands is generally complicated because of the unique long-wave
nature of these systems, and due to the lack of dedicated simulation software available
at the time of the design of HIFI. This led to the use of non-ideal software packages
intended for other wavelengths, and based on a variety of underlying physical prin-
ciples. The adopted use of these software tools for the far-infrared was not reported
comprehensively in literature and much uncertainty surrounded the accuracy of opti-
cal simulations. In order to verify the ability of existing software packages to predict
the performance of submillimeter-wave optical systems, the European Space Agency
(ESA) commissioned a study "Far-Infrared Optics Design & Verification". In Phase I
of this study a selected number of representative test cases was carefully investigated
to reveal strengths and weaknesses of the packages, based on their application and
underlying physical principles [5, 6]. In Phase II a comparison of simulated and mea-
sured performance of a typical system was addressed. For this purpose a Mixer Sub-
Assembly (MSA) for HIFI was selected and a near-field facility capable of measuring
both amplitude and phase at 480 GHz1 was constructed [7–9].

In this chapter the design and construction of a 480 GHz near-field measurement
facility for room-temperature experimental verification of the HIFI optics will be de-
scribed. It was necessary to extend the measurement capability well beyond what other
people had previously achieved, both in frequency as well as in accuracy. The actual
performance of the HIFI optics, as determined by this system, will later be described
in Chapter 4. The main purpose of the work presented here is to describe the adopted
experimental technique, the design of the facility and its performance, by detailed de-
termination of the measurement accuracy. The most significant sources of error are
discussed and first-order correction techniques are presented. The contribution of the
individual error sources to the overall measurement uncertainty is quantified. Finally
some examples of measurements taken at 480 GHz are compared with the results of
electromagnetic simulations validating the measurement system and the estimated er-
ror budgets.

3.2 The Planar Near-Field Measurement Technique

Traditionally submillimeter-wave beam measurement systems only consider the far-
field intensity pattern. Relatively little work had been done on direct measurement
of the phase distribution of fields at Terahertz (THz) frequencies. An early choice
we made for HIFI was to develop a measurement system capable of measuring both
the phase and amplitude of the beams. A scalar method only mapping the intensity
distribution of the HIFI beams would require independent measurements in a pupil,
as well as an object plane, to constrain all degrees of freedom related to the verification
of the optical interfaces. Measurement of the phase and amplitude distribution of two
orthogonal field components allowed for a complete characterization of the optical
performance of a coherent single-mode system. Since the main emphasis of the optical
characterization of HIFI was on the test of the individual MSA’s, a transverse beam
scanning technique in the near-field was adopted rather than measuring the angular

1 Representing the long-wavelength limit of HIFI at l = 625 µm.



3.2 The Planar Near-Field Measurement Technique 63

distribution in the far-field. This allowed for a compact setup, near the Device Under
Test (DUT), with good possibilities to calibrate the absolute geometries.

We used the planar near-field technique [10], which is based on scanning a probe
across a plane transverse to the supposed propagation axis of the beam. The probe was
placed on an accurate positioning system. The probe is connected to either a coherent
detector or source, and a detection system records a signal from which the complex
field coupling coefficient between the probe pattern and the optical beam can be in-
ferred. By correcting the measured response for two independent probes, operating
on orthogonal transverse polarization, a complete measurement of the electromagnetic
field of the beam can be obtained. This technique is widely used in the microwave
antenna measurement community. Extension into the submillimeter-wave domain was
in principle possible, provided technical difficulties related to the relatively high fre-
quency of operation could be overcome. In particular controlling the phase stability
of the system was very difficult due to the short wavelength involved. Furthermore
very accurate control over mechanical dimensions was required to keep phase errors
sufficiently small. Whereas microwave near-field systems were highly developed and
already used for a long time, equivalent systems, technology and components for the
submillimeter-wave domain only existed for a few decades, which made the exten-
sion of this technique highly experimental and technologically challenging. We took
a rather revolutionary step to perform all the signal processing at frequencies signif-
icantly below 20 GHz, where the measurement methodology and equipment works
well. In this chapter we show that such an approach works very well if the neces-
sary steps to cancel phase noise are implemented. This was a major breakthrough and
ultimately led to the great success of the optical verification of HIFI.

A rigorous electromagnetic treatment of the plane-wave scattering matrix theory
behind this measurement technique is given in [11]. A simplified and equivalent de-
scription is given here, which is considered useful for a basic understanding of the
technique and will be used throughout this thesis. As will be shown later, this descrip-
tion is sufficient to obtain highly accurate results. An arbitrary electromagnetic field E
propagating in free-space can be described as a superposition of plane-waves [12]:

E(r) =
1

(2p)2

Z
A(k)e�ik·rdK, (3.1)

where K = kxx̂ + kyŷ represents the transverse component of k = kxx̂ + kyŷ + kzẑ
and A(K) is the angular spectrum of plane waves composing the field distribution
E(r). Now suppose we only consider a single component of the electromagnetic field.
Equation (3.1) can then be written as:

E(x, y, z) =
1

(2p)2

+•Z

�•

+•Z

�•

A(kx, ky)e�ikzze�i(kx x+kyy)dkxdky. (3.2)

The angular spectrum of plane waves in (3.2) only depends on two transverse compo-
nents of k, since kz can be expressed in terms of kx and ky by kz = (k2 � k2

x � k2
y)

1/2.
A(kx, ky) can therefore be obtained by a two-dimensional Fourier Transform of a mea-
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surement of E(x, y) at z = 0. Equation (3.2) reveals that knowing A(kx, ky) is sufficient
to obtain a full description of E anywhere2.

In practise the complex field coupling coefficient c12 between a source (transmitter)
and detector (receiver) is measured as a function of the transverse coordinates x and y
in a plane located at z:

c12(x, y, z) =
+•Z

�•

+•Z

�•

E1(x0, y0, z0)E⇤
2 (x0 � x, y0 � y, z0 � z)dx0dy0 = E1 ⌦ E⇤

2 . (3.3)

The complex field coupling coefficient c12 is obtained by evaluating the complex over-
lap integral of the diffracted source and detector fields. Using (3.2) and the Fourier
convolution theorem we finally obtain:

c12(x, y, z) =
+•Z

�•

+•Z

�•

A1(kx, ky)A⇤
2(kx, ky)e�ikzzdkxdky. (3.4)

If E1 represents the field to be measured, then the field of the probe E2 should ideally be
a d-function. In reality a probe with non-zero aperture size is used and consequently A2
has limited angular extent and shows some directivity. Only in the limit of small spatial
extent of E2, or large angular extent of A2, the measured response c12 approximates E1
and A1 respectively. Therefore the measured response should be either corrected for
the probe pattern, or the probe should be designed such that it does not significantly
filter out the spatial frequencies of interest. In (3.4) the far-field probe pattern A⇤

2
can also be interpreted as a low-pass spatial frequency filter removing the small-scale
features in the spatial distribution of E1.

3.3 Estimates of Required Measurement Accuracy

One of the goals of the measurement system was the accurate experimental verification
of the quasi-optical interfaces. In Section 2.3.5 the quasi-optical alignment budget for
HIFI has been discussed. In the limit of small errors the total coupling loss L between
two identical Gaussian beams is given by [13]:

L ⇡ Dw0
2

w2
0

+
Dx2 + Dy2

w2
0

+
Dz2

4z2
c
+

q2
x + q2

y

q2
0

, (3.5)

where w0 is the Gaussian beam waist radius, Dx and Dy represent the lateral alignment
errors, zc = pw2

0/l denotes the confocal distance, Dz is the axial offset, q0 = p/(lw0)
is the far-field divergence angle, and where qx and qy finally represent the tilt errors.
The six terms of (3.5) correspond to the applicable degrees of freedom. The losses
scale quadratically with the errors: a relative error of 10% gives a coupling loss of 1%.

2 Equation (3.2) properly includes the treatment of evanescent waves when k2
x + k2

y > k2. However, when
propagating a field over sufficiently large distance z � l, the exponential term exp(�ikzz) changes the
practical limits of integration of (3.2) into ±k.
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The quasi-optical tolerances were derived by allocating 1% loss per degree of freedom.
It was decided to keep the error in coupling loss due to the measurement about an
order of magnitude smaller at a level of 0.1%. Therefore the measurement accuracy
of the system had to be about 3 times better than the quasi-optical tolerances. The
implications of this requirement are summarized in Table 3.1 for a number of different
optical test configurations. The calculated measurement tolerances correspond to 0.1%
coupling loss per degree of freedom. As can be seen the measurement tolerances vary
significantly between the configurations. The tolerances for waist size, lateral and axial
offsets are most stringent for a measurement of the corrugated horn, whereas the tilt
tolerance angle is driven by the Local Oscillator (LO) beam. The worst-case numbers3

in Table 3.1 were taken as the goal values for the setup.

Table 3.1: Calculated measurement tolerances corresponding to 0.1% coupling loss at 480 GHz
for the main quasi-optical interfaces of HIFI.

Configuration w0 Dw0 Dx, Dy Dz Dqx, Dqy
(mm) (mm) (mm) (mm) (�)

Corrugated horn 1.23 0.04 0.04 0.5 0.31
Mixer Sub-Assembly 3.55 0.12 0.12 4.2 0.11
Focal Plane 3.87 0.21 0.13 7.1 0.10
Local Oscillator 7.50 0.25 0.25 19 0.05

It was not possible to translate the goal measurement tolerances into a single and
generic requirement for amplitude and phase errors. Depending on the location of the
measurement plane, relative to the beam waist, the individual error components gave
rise to systematic errors in amplitude, in phase, or in both, and could add construc-
tively as well as destructively. The total amplitude and phase error of the measurement
therefore needed to be considered on a case by case basis. As an example this will be
worked out in detail for the measurement of a corrugated horn at a distance of 15 mm
from the aperture in Section 3.6.1. Monte-Carlo simulations of the cases listed in Ta-
ble 3.1, and assuming simple Gaussian beams, showed however that the typical root-
mean-square (rms) amplitude and phase errors at -20 dB should not exceed 0.5–1.5 dB
and 10–20� respectively, to limit the overall coupling loss to fractions of a percent. The
systematic error in amplitude and phase therefore had to stay within roughly 1 dB and
15� respectively, the latter corresponding to a l/20 wavefront error requirement. The
most demanding requirement applied to the measurement of phase, which required
very precise control of the geometry to within fractions of wavelength.

Special attention was paid to the measurement error due to convolution. As ex-
plained in Section 3.2, the field was measured with a probe, which had finite aperture
size. In the ideal Gaussian case the observed beam radius was therefore different from
the actual value. For the paraxial case of two coupled Gaussian beams (3.3) can be

3 The driving design tolerances were 0.04 mm for Dw0, Dx and Dy, 0.5 mm for Dz and 0.05� for Dqx and
Dqy respectively.



66 Chapter 3: A 480 GHz Phase-Sensitive Near-Field Test Facility for HIFI

solved analytically, and the following relation holds for the measured intensity [13]:

|c12(r, z)|2 µ exp
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01 + w2
02
�

�
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01 + w2
02
�2

+ (lz/p)2

#
⌘ exp


�2
✓

r
w0(z)

◆�
. (3.6)

The apparent beam radius w0(z) is different from the actual value due to convolution
by the probe with waist radius w2

0. The apparent beam radius w0(z) can be rewritten
as:

w0(z) = w01

s
(1 + h2)2 + (z/zc)2

1 + h2 , (3.7)

where h = w02/w01 is the ratio of probe and real waist, and zc = pw2
01/l is the

confocal distance of the real beam. Equation (3.7) reveals that, in the limiting case
of a measurement near z = 0, the waist radius is overestimated by a factor

p
1 + h2,

whereas for z � zc the beam radius is underestimated by the same amount. In order
to meet the 0.1% criterion set before, this finally leads to the following condition:

q
1 + h2  1 +

Dw01
w01

, (3.8)

where Dw0/w0 is the relative measurement tolerance for the beam waist, which equals
1/30 for a coupling loss of 0.1%. Based on the beam waist sizes listed in Table 3.1
a measurement of the corrugated horn would therefore require a probe waist w02
smaller than 0.3 mm, whereas an MSA measurement required a probe waist smaller
than 0.9 mm at a wavelength l = 625 µm. Since the near-field system was specifically
designed for the experimental verification of the HIFI optics, the probe requirement
was applied to the MSA case. Note that the probe requirement defined in this way
is only based on consideration of coupling losses and first-order beam properties. A
spatial resolution requirement based on the detailed features to be resolved might lead
to a more stringent condition. This general requirement therefore defined an upper
limit for acceptable dimensions of the probe.

The requirements discussed so far concerned systematic measurement errors. Es-
timates of the acceptable random measurement errors were also made. The following
condition was used to constrain random measurement errors:

1 �
*����
Z

E0E⇤dS
����
2
+

 #, (3.9)

where E0 = E + DE represents the observed field including random errors, E de-
notes the actual field, and # defines the maximum acceptable error in the calculated
coupling loss due to random errors. Equation (3.9) assumes that the fields E and
E0 are normalized to unity power. For random relative phase and amplitude errors
Dj = arg(E0) � arg(E) and r = DE/E, both having standard normal distributions,
analytical expressions can be derived similar to the Ruze equation [14]:

exp
⇣
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D
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E⌘

� 1 � #, (3.10)
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3.4 Measurement System Design Description 67

For # = 0.1% the random phase error [hDj2i]1/2 should stay below approximately 2�,
and the relative amplitude error [hr2i]1/2 below 0.3 dB. For a coupling loss of 1% these
values increase to 6� and 0.8 dB respectively. Since the phase errors appeared extremely
challenging, a goal value of less than 5� was defined for the phase, and 0.5 dB for the
amplitude. Finally statistical simulations, involving Gaussian beams and simulated
random noise, were used to estimate the required signal-to-noise ratio. This showed
that a coupling loss # below 0.1% required a signal-to-noise ratio larger than 40 dB.
Since the worst-case truncation level of the quasi-optical beams in HIFI could occur
at the -34 dB level (by design), following the 4w criterion described in Section 2.3.2,
a margin of 10 dB was added to the required signal-to-noise ratio to capture possible
diffraction effects due to edge truncation.

The required measurement accuracies as determined by this procedure are finally
summarized in Table 3.1.

Table 3.2: Summary of the required measurement accuracy at 480 GHz.

Parameter Value

Lateral alignment errors 40 µm
Axial alignment error 0.5 mm
Angular alignment errors 3’
Systematic phase errors @ -20 dB 15�

Systematic amplitude errors @ -20 dB 1 dB
Waist of measurement probe 0.5 mm
Random phase errors 5�

Random amplitude errors 0.5 dB
Signal-to-noise ratio �50 dB

3.4 Measurement System Design Description

Starting with an existing Gunn oscillator, operating at 460–490 GHz, and a precision
mechanical scanner system, previously used in an infrared test facility, a state-of-the-art
near-field system was developed, significantly advancing submillimeter-wave optical
characterization in our lab. For the first time, we achieved very accurate amplitude
and phase measurement capability, by introducing an innovative measurement concept
based on differential phase detection.

We realized that in order to accurately measure phase at THz frequencies, a very
precise positioning system was required, as well as accurate control of the mechanical
geometries. Therefore a lot of effort was put in the precision mechanical engineering of
components, and the overall alignment of the system. We also invented an alignment
method allowing us to connect the measured coordinates of our field samples to the
opto-mechanical geometry of the system under test.

The heart of the system was the actual RF system capable of detecting phase at
unprecedented signal-to-noise ratio. The trick we used was to construct a phase ref-
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erence signal, against which the measured signal could be referenced. This differen-
tial detection allowed for unlimited narrow-band detection, and resulted in excellent
phase stability. Much effort was put into the selection of THz, millimeter-wave and
microwave components and cable assemblies, as well as keeping a highly symmetric
and balanced measurement circuit layout.

In this section we describe and summarize the key components and considerations
that went into this facility. Most of the work described here was carried out as part of
Phase II of the ESA-TRP study [6, 9, 15], already referred to in Section 3.1.
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Figure 3.1: System block diagram of the near-field facility. The RF system is marked by filled
blue boxes.

The near-field measurement facility developed for room-temperature experimental
verification of the HIFI optics at 480 GHz consisted of the following components:

• A coherent test source with flared waveguide probe and a detector with a HIFI
representative horn.

• A three-axis high-precision scanner system and control electronics.

• Mechanical components to support and mount the test source on the scanner and
the detector in the test optics.

• Alignment tools to establish absolute alignment between scanner and device un-
der test.

• A Radio Frequency (RF) detection system capable of measuring the amplitude
and phase patterns.

• A Vector Voltmeter or Network Analyzer for data-acquisition.

• A PC with semi-automated control and data-acquisition software.

A schematic diagram is shown in Fig. 3.1. The optical system under test, contain-
ing the detector, and the test source, mounted on the precision scanner, were put into
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a compact arrangement to allow for near-field measurements. The facility furthermore
consisted of a Phase-Lock Loop (PLL) module for the source, and a RF detection sys-
tem accepting a reference signal from the source and the measured signal from the
detector and providing an interface to a Vector Network Analyzer (VNA). The facil-
ity was computer-controlled by a data-acquisition system interfacing to the VNA for
the measurement of amplitude and phase, and the control electronics of the scanner
system for positioning.

A number of key components is described in more detail below. A detailed de-
scription of the data-acquisition system and software is given in [16]. A more detailed
description of the mechanical components can be found in [9].

3.4.1 Corrugated horn design

A representative corrugated horn was required for the detector such that it could be
placed in the optical systems of HIFI as a room-temperature simulator of the flight
mixer. The corrugated horn design was fully representative of the band 1 design,
described in Section 2.4.5, and the detailed design parameters are summarized in Ta-
ble 3.3. The horn aperture radius a and slant length Rh were identical to the actual HIFI
band 1 horn, but the period and depth of the corrugations were adapted to match the
460–490 GHz bandwidth of the test source and detector. The design was optimized for
minimum return loss, symmetry of the co-polar radiation pattern, and for low cross-
polarization using mode-matching software. The horn had 64 corrugation periods in
total, and 3 corrugation periods per free-space wavelength. The depth of the first cor-
rugation near the input waveguide was 316 µm, which linearly dropped to a value of
158 µm (l0/4) over the first 12 corrugation periods. The semi-flare angle was 9.34� and
the diameter of the cylindrical input waveguide was 578 µm. A detailed illustration
of the mandril near the throat of the horn is shown in Fig. 3.2. The simulated beam
pattern is shown in Fig. 3.3, which show the co-polar far-field E- and H-plane cuts in
comparison to a hybrid HE11 mode, the truncated Bessel distribution given by (2.7)
expected for an ideal corrugated horn. The simulated beam pattern is in very good
agreement with the truncated Bessel description. The cross-polar intensity along a di-
agonal far-field cut is also shown. The peak cross-polar intensity is well below -40 dB,
which means that the polarization purity was indeed extremely good.

In addition to carefully designed beam properties, a special flange was designed to
allow for accurate alignment. Since the horn mandrel defined the optical properties, a
direct mechanical support interface to the horn was implemented. In Fig. 3.4 we show
the resulting mechanical design of the corrugated horn. At the right hand side the
flange defined a main reference plane perpendicular to the horn axis. A cylindrical
extension defined the lateral position of the horn by means of a tight 22H5 fitting. The
aperture and axis of the horn were concentric with the cylindrical extension. This me-
chanical interface defined position and direction of the horn independently. The input
waveguide was located at the back plane, in the center of the cylindrical extension,
which could be interfaced to the source or detector via a dowel-pin waveguide inter-
face. At the left hand side of Fig. 3.4 the front face of the corrugated horn is shown.
The cylinder containing the horn was chamfered at the aperture plane of the horn to
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Table 3.3: Summary of the corrugated horn design parameters.

Parameter Value

Design frequency 475 GHza

Aperture radius a 2.5 mm
Horn slant length Rh 15.4 mm
Semi-flare angle 9.34�

Horn axial length L 13.5 mm
Corrugation period (l0/3) 211 µm
Number of corrugation periods 64
Depth of first corrugation 230 µm
Depth of nominal corrugation (l0/4) 170 µm
Corrugation periods in throat 12
Cylindrical input waveguide diameter 578 µm
a The design frequency of the horn was centered on the

460–490 GHz bandwidth of the source and harmonic
mixer detector.
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Figure 3.2: Definition of the throat of the 480 GHz corrugated horn.

reduce specular reflections from the area around the horn aperture. The cylindrical
region below the chamfer was used to place absorber material [17, 18]. There were
mounting holes in the flange (the inner holes on a rectangular grid) for the waveg-
uide interface to the source or detector as well as for the opto-mechanical interface
(the outer holes on a square grid). To fix the rotation around the horn axis there were
finally four gaps at multiples of 90�, to be used in combination with dowel pins in the
mechanical support frame. The flange design was common to the corrugated horn and
the flared waveguide probe described in Section 3.4.2. A cross-section of the common
flange design is shown in Fig. 3.5, where the inner details correspond to the probe.
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Figure 3.3: Simulated far-field patterns of the corrugated horn at 480 GHz.
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Figure 3.4: Mechanical design of the corrugated horn including a special flange for alignment
purposes.

3.4.2 Flared waveguide probe design

The probe would ideally need to approximate a point source for reasons explained
in Section 3.2. However, a very small probe implied large insertion or coupling loss.
In Section 3.3 an upper limit for the first-order Gaussian properties of the probe was
already derived. For fixing the detailed design of the probe, the coupling loss and
spatial resolution were further traded off by taking another view on the same matter.
Since one of the driving applications of the system was the experimental verification
of the MSA optics, the finest spatial structure to be resolved was determined by means
of electromagnetic simulations of the MSA pupil field4. It was concluded that the
probe needed to be able to resolve structure in the intensity with a characteristic scale
of 1 mm at 480 GHz. Since the measurement system was sensitive to phase, due to

4 As shown in Chapter 2 the waist size in the focal plane was marginally larger than the MSA waist.
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its coherent detection system, spatial frequencies of 0.5 mm�1 had to be resolved. A
sinusoidal function with a wavelength of 2 mm, representing spatial frequencies of
0.5 mm1, convolved with a Gaussian (representing the probe waist) is washed out
significantly when a Gaussian beam waist exceeds 0.5 mm (the -3 dB point is at w0 =
0.3 mm). The equivalent beam waist of the probe therefore had to be less than 0.5 mm.

A rectangular horn was selected to obtain high polarization efficiency. The rectan-
gular geometry of the input waveguide was properly flared and scaled to a suitable
aspect ratio and aperture size producing a near-symmetric main beam in the far-field.
In the case of a rectangular horn, supporting the fundamental TE10 waveguide mode,
an H-plane width a of 1.4 mm and an E-plane width b of 1.0 mm was required. In
this case most of the power was contained in the fundamental Gaussian beam mode.
In order to avoid loss of efficiency, the minimum axial length L of the horn was de-
termined by limiting the phase errors in the aperture to l/20. The edge phase error
b = pa2/(4lL) therefore had to be smaller than p/10, which led to the condition L &
8 mm. Taking L = 8 mm the rectangular input waveguide of 250⇥500 µm was linearly
scaled to an aperture of 1.0⇥1.4 mm forming a flared waveguide probe. The parame-
ters defining the geometry of the flared waveguide probe are summarized in Table 3.4.
The final geometry is also shown in Fig. 3.5, where the cross-section of the common
flange definition for the horn and probe is also shown.

Table 3.4: Summary of the flared waveguide probe design parameters.

Parameter Value (mm)

Spatial resolution 1.0
Equivalent Gaussian radius w0 0.5
H-plane width a 1.4
E-plane width b 1.0
Axial length L 8.0
Radius of curvature Ra in H-plane 12.4
Radius of curvature Rb in E-plane 10.7

In this analysis it was assumed that the amplitude of the aperture field distribution
could accurately be represented by a TE10 waveguide mode with spherical phase cap
due to the flared section. In this case the aperture field distribution of the flared
waveguide probe can be described by the following equation:

Ep(x, y) =

8
><

>:

cos
⇣px
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⌘
exp


� ip

l

✓
x2
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◆�
|x|  a

2
^ |y|  b

2
0 otherwise

, (3.12)

where it is assumed that the field is linearly polarized in the y-direction. In Fig. 3.6 the
theoretical far-field pattern of the probe is shown in the E- and H-plane. Also plotted
are the results of electromagnetic simulations in CST Microwave Studior of the entire
probe structure. The overall match between theory and simulation was very good. The
main beam was highly symmetric, and nicely matched the desired Gaussian, and the
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Figure 3.5: Detailed design of the flared waveguide probe.

cross-polarization was below -30 dB. The simulated phase error in the aperture plane
was indeed smaller than l/20. There was a slight discrepancy between theory and
simulation in the far-field E-plane. Closer inspection of the simulated data showed
that the field in the E-plane was not completely uniform, but slightly tapered when
approaching |y| = b/2. This resulted in a marginally wider far-field pattern in the
E-plane. This effect could empirically well be described by changing b into 0.95 mm in
(3.12), making the effective electrical aperture a bit smaller.
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Figure 3.6: Simulated far-field patterns of the flared waveguide probe at 480 GHz.
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3.4.3 Test source and detector

A solid-state frequency multiplied source was used as a test source5. A phase-locked
InP Gunn oscillator operating at 77–82 GHz was frequency multiplied by DC-biased
doubler and tripler diodes. All stages could be mechanically tuned by E- and H-plane
tuners. The corrugated horn or flared waveguide probe was finally connected to the
output waveguide of the source. The source delivered typically 100 µW in the 460–
490 GHz range.

Table 3.5: Key characteristics of the source and detector.

Source parameter Value

Frequency range 460–490 GHz
Typical output power ⇠ 100 µW
Peak output power 0.5 mW

Detector (mixer) parameter Value

RF frequency range 460–490 GHz
LO frequency range 12–18 GHz
IF frequency range 0–500 MHz
Downconversion efficiency ⇠ -60 dB
LO/IF diplexer/cable loss -3 dB
Noise Figure (NF) first-stage IF amplifier 3.0 dB

The detector was a subharmonic Schottky mixer. The Local Oscillator (LO) for the
mixer was provided by a Ku-band synthesizer typically used at 16 GHz. The strong
non-linearity of the Schottky diode generated a comb of harmonics of the LO signal,
and the 30th harmonic was mixed with the test signal from the source and down-
converted to an IF frequency below 500 MHz. The subharmonic mixer was not partic-
ularly sensitive but could still provide a very high signal-to-noise ratio when used with
a narrow-band detection system. The key characteristics of the coherent test source and
subharmonic mixer are summarized in Table 3.5. Using the parameters listed in Ta-
ble 3.5 a sensitivity estimate was made. For 4 different optical test configurations the
maximum coupling between the probe and corrugated horn was calculated using the
following equation [13]:

c12 =
2 exp (�ikDz)

w01/w02 + w02/w01 � ilDz/(pw01w02)
. (3.13)

Equation (3.13) gives the complex field coupling coefficient between two axially aligned
Gaussian beams offset by Dz. In all cases the flared waveguide probe corresponded to
w01 = 0.5 mm. The 4 cases considered corresponded to a near-field measurement of the
corrugated horn at a distance of 30 mm from the aperture, a measurement in the MSA
pupil plan, a measurement in the focal-plane of the FPU and finally a measurement
5 The test source was manufactured by Radiometer Physics GmbH,

http://www.radiometer-physics.de
http://www.radiometer-physics.de
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in the LO pupil plane (see Chapter 2). The signal-to-noise ratio s derived from the
radiometer equation [19] equals:

s =
hPs

kBTIF

r
t

Dn
, (3.14)

where h represents the total system efficiency composed of coupling loss |c12|2 and
the down-conversion efficiency of the subharmonic mixer. The IF noise temperature
TIF was calculated at the IF port of the subharmonic mixer taking into account the
noise figure of the first-stage IF amplifier and losses in the LO/IF diplexer and cable.
TIF was typically 103 K. For the source power Ps the typical value listed in Table 3.5
was taken. For the detection bandwidth Dn a narrow-band detection of 100 Hz was
assumed. The corresponding integration time t for a typical Vector Network Analyzer
(VNA) is 10 ms. The estimated signal-to-noise ratio s expressed in dB is shown in
Table 3.6. It was concluded that a dynamic range in between 60 dB and 70 dB could be
obtained.

Table 3.6: Estimated signal-to-noise ratio s for 4 test configurations.

Configuration w02 Dz 10 log(|c12|2) 10 log(s)
(mm) (mm) (dB) (dB)

Corrugated horn 1.23 30 -14.1 ⇠ 64
MSA optics (pupil) 3.55 0 -11.2 ⇠ 67
FPU optics (focal-plane) 3.87 0 -11.7 ⇠ 66
CLO optics (pupil) 7.50 0 -17.5 ⇠ 60

The test source with the flared waveguide probe was mounted on a three-axis scan-
ner system. An U-shaped aluminum block attached to the scanner provided a general
mechanical interface to the source. The source components were flexibly supported
from a baseplate whereas the optical interface was defined by the flange of the horn.
After mounting and alignment of the probe a panel coated with SiC absorber was
placed around the probe to avoid scattering and multiple reflections [17, 18]. An
overview of the source mount and opto-mechanical interface of the probe is shown
in Fig. 3.7.

The detector horn could be mounted in a support frame as shown in Fig. 3.8. In
this figure the horn is mounted inside a MSA housing with mirrors. The frame shown
could be mounted in 4 axial positions providing an accurate mechanism to defocus the
mixer horn with respect to the optics as will be described in Chapter 4. Again, only
the horn geometry defined the opto-mechanical interface, and the subharmonic mixer
did not determine position and direction of the beam.

3.4.4 Alignment system

Alignment between the probe and the Device Under Test (DUT) was established by
alignment devices representing the position and direction of the optical axis. In Fig. 3.9
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Figure 3.7: Test source connected to the scanner interface.

an example is given for the measurement of a MSA. The mechanical support frame of
the horn probe contained two alignment windows. The windows were carefully glued
on a reference plane parallel to the main reference plane of the probe. The normal of
the windows was parallel to the horn axis. A cross-hair pattern was deposited at the
AR-coated side of the alignment window. The center of the cross-hair pattern was cali-
brated relative to the center of the horn aperture by means of a traveling microscope. A
similar situation applied to the DUT, where instead of windows reflective mirrors were
used. The mirrors were carefully aligned and calibrated relative to the optical axis of
the DUT, and cross-hair patterns were machined into the mirrors with a thin diamond
saw. The probe and DUT were finally aligned by looking through the window to the
alignment mirror with an optical theodolite. Optical reflections of the alignment win-
dow and mirror were brought into auto-collimation by tilt adjustment of the scanner.
Using the focussing mode of the theodolite the cross-hair patterns of one pair of align-
ment devices were laterally aligned in an iterative procedure involving the translation
of the scanner. The end result was simultaneous co-alignment of the cross-hair pat-
terns and auto-collimation on both surfaces. The second pair of alignment devices was
finally used to determine the rotation around the optical axis. The axial distance was
measured mechanically. After alignment absorber panels were mounted on the sup-
port frame, covering the reflecting surfaces and alignment devices. An unique feature
of this setup was the accurate definition of the geometry and alignment. The position
of each electric field sample was known absolutely within fractions of a wavelength.
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Figure 3.8: Example of the corrugated horn and detector mounted in the MSA optics.

3.4.5 RF detection system

The concept of the amplitude and phase detection system was inspired by a number
of submillimeter-wave near-field systems reported in literature [20–23]. Based on what
was reported in these papers, we decided to make no assumptions about the phase
stability of the test source, and to develop a truly differential phase detection system
removing correlated phase variations. An electrical block diagram of the system we de-
signed is shown in Fig. 3.10, which will be explained by focussing on two key elements
of the architecture.

Independent phase reference

Although we did phase-lock the Gunn oscillator (1) at 80 GHz, as shown in the upper-
left corner of Fig. 3.10, an independent phase reference was created in addition. Rather
than directly referencing phase to the common 10 MHz clock (20) used by the PLL and
synthesizers, we introduced a second directional coupler in the test source chain (3),
and down-converted a fraction of the Gunn oscillator signal, prior to further frequency
multiplication by the doubler (5) and tripler (6) diodes. The down-converted refer-
ence signal was obtained by driving a waveguide harmonic mixer (12) by a common
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Figure 3.9: Illustration of the alignment concept for the measurement of the MSA optics.

Figure 3.10: Electrical block diagram of the RF detection system featuring a phase-noise can-
celling mechanism to allow extension of the near-field measurement technique into the THz
frequency range.

microwave synthesizer (26), operating around 16 GHz. The IF signal was the mixing
product of the Gunn oscillator and the 5th harmonic of the synthesizer. The common
synthesizer was also used as LO for a subharmonic mixer, which was used as the de-
tector (9). The IF signal from the detector was the mixing product of the multiplied
Gunn oscillator and the 30th harmonic of the synthesizer. As the reference signal from
the test source (1–7) was taken before frequency multiplication, the reference signal
was multiplied by the same amount (a factor of 6), using an active IF multiplier (14)
immediately after initial amplification (13).
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The source reference and detector signal obtained in this way, contained fully cor-
related mixing products, which only differed in relative phase and amplitude, pro-
portional to the coupling between the source (7) and detector (8) horns. Denoting
the phase noise of the Gunn oscillator by fG(t), and the phase noise of the common
synthesizer by fS(t), the total phase noise fre f (t) in the reference signal due to the
oscillators equals:

fre f (t) = 6(fG(t)� 5fS(t)) = 6fG(t)� 30fS(t) = fdet(t). (3.15)

Equation (3.15) shows that the oscillator phase noise fre f (t) in the reference signal is
equal to the oscillator phase noise fdet(t) in the detector signal. A critical item for stable
phase measurement was the high multiplication factor of the common synthesizer. Any
phase error introduced between this synthesizer and the final frequency multiplying
(14) or mixing (9) element, would be amplified by a factor of 30. For this reason an
identical pair of flexible and phase-stable cables was procured. By doing this we could
significantly reduce the sensitivity to temperature drift. Any common phase error,
originating from these cables due to temperature drift, eventually cancelled out as will
be described below.

Removal of correlated phase variations

A dedicated circuit was designed to remove the correlated phase variations, common to
the phase reference and detector signal. To achieve this, we used a compensating pair
of balanced mixers (21 and 24), driven by a VNA operating in CW mode, measuring
the complex S21 network parameter. The reference signal was down-converted in the
first balanced mixer (21) by the measurement signal of the VNA. After filtering out the
desired component, the intermediate signal was amplified to drive the second balanced
mixer (24). In the second mixer, the intermediate signal was up-converted by the
detector signal. At this point the correlated phase variations cancelled out, and the
total phase signature f(t) of the signal received by the VNA can be written as:

f(t) = fdet(t) + Df(t)�
h
fre f (t)� fV(t)

i
= Df(t) + fV(t). (3.16)

Equation (3.16) reveals that the oscillator phase noise component fre f (t) is always out
of phase with the correlated component fdet(t) in the detector signal, and therefore
cancels out. What remains is a signal that only contains the phase noise fV(t) of
the VNA test signal, and the desired phase difference Df(t), representing the change
in phase of the field coupling between the horns. Since a VNA always detects in
phase with its transmitted measurement signal, the phase noise fV of the VNA does
not contribute to the measured phase of S21, and the architecture therefore enabled
arbitrary narrow detection bandwidth Dn. This was demonstrated by breaking the
phase-lock loop of the Gunn. It was found that the system worked fine, even for a
free-running Gunn oscillator, without loss of performance. Phase-locking of the Gunn
was in principle only necessary for improved long term stability.

In addition to phase compensation, the compensating mixer pair was also opti-
mized for amplitude linearity. The operating point of the final balanced mixer (24) was
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carefully tuned near the onset of gain compression, in order to maximize the full po-
tential linear dynamic range of the system. Finally, amplitude sensitivity to reference
signal drift was minimized. This was achieved by running the IF multiplier (14) and
final amplifier stages (18 and 23) into saturation. Any amplitude modulation in the
reference signal chain was therefore effectively rejected, and did not show up in the
S21 amplitude detected by the VNA.

Great care was taken to define and tune the optimal signal levels and operating
points of individual microwave components. Frequency selective filters were intro-
duced at places where unwanted intermodulation products could occur. General sym-
metry was achieved by clustering components into symmetric arrangements connected
by identical pairs of cables. The phase-stable flexible cables between the 3 dB splitter
(26) and the mixers (9 and 12) were identical, as well as the cables connecting to the
input terminals of the compensating mixer pair (21 and 24). Finally, the measurement
cables connected to the VNA were identical. A comprehensive description of this mea-
surement system at component level is provided in [15].

3.5 Error Analysis

3.5.1 Introduction

In order to assess the performance of the measurement system a detailed error analysis
was carried out [24]. Before presenting the error budgets a number of remarks should
be made:

• The errors were only evaluated in the near-field, and not explicitly propagated
into the far-field [16], as the objective was direct verification of the quasi-optical
interfaces and comparison to electromagnetic simulations.

• Absolute calibration of the field amplitude was not required6, therefore probe
gain and impedance errors were ignored, and a constant phase shift was simply
subtracted.

• Cross-polarization of the probe and DUT was ignored. Given the low cross-
polarization of the probe (smaller than -30 dB), and DUT (typically less than
-20 dB), it was found that the first-order co-polar response of the measurement
system could accurately be described by (3.3).

With these assumptions the following sources of error are applicable to the experi-
mental situation:

• Alignment errors between the probe and device under test.

• Probe positioning errors.

• Errors due to convolution with the probe pattern.

6 The gain and noise calibration of HIFI was obtained through standard radiometric calibration tech-
niques employing blackbodies at different temperatures [19].
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• Scattering errors.

• Errors due to standing waves between probe and device under test.

• Residual non-linearity.

• Errors due to limited stability.

• Leakage and crosstalk errors.

• Errors due to cable flexing.

• Radiometric noise.

The individual sources of error are evaluated below. As a specific example the
error budget for a near-field measurement of the corrugated horn at 15 mm from the
aperture is presented using the flared waveguide probe. The experimental results of
this measurement are presented in Section 3.6.1.

3.5.2 Alignment errors

The alignment errors between the probe and the device under tests consisted of:

• Misalignment of the probe/horn aperture and axis with respect to the mechanical
interface.

• Calibration errors of the probe/horn aperture and axis with respect to the align-
ment devices.

• Alignment errors between the alignment devices on the scanner and device under
test.

The first item concerned repeatable mounting of the horn in the support frame. The
error was determined by the mechanical tolerance of the 22H5 shaft (0, -9 µm), formed
by the cylindrical horn flange extension, and the 22h5 hole (0, +9 µm) in the mounting
frame. The maximum total error is therefore ±9 µm.

The second item was calibrated using a traveling microscope. The reference surface
of the alignment windows and the aperture of the horn were located in a single plane.
The relative position of the cross-hairs with respect to the horn aperture center could
be determined with an accuracy of ±5 µm. The combination of the first two alignment
errors was verified experimentally by a series of measurements where the probe and
corrugated horn were subsequently rotated by 180�.

The final term was the dominant error term as far as alignment is concerned. The
errors were estimated on the basis of the statistics of several alignment procedures
executed by different persons.

The overall root-sum-square alignment errors achieved are summarized in Table 3.7.
Note that the overall alignment errors are systematic errors, which only changed be-
tween new measurement configurations. The error in the measured field amplitude
and phase was finally calculated on a case by case basis by evaluation of the partial
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derivatives of the complex electric field. Given the statistical nature of the overall
alignment errors, lateral errors only caused an overall shift in the peak position of the
field. Axial alignment errors translated into peak amplitude, beam width and phase
curvature errors. Tilt errors resulted in phase slope to first order. Finally the rotational
error about the optical axis gave rise to co- to cross-polar field coupling proportional
to sin(qz), which was generally very small and below the noise floor for our highly
polarized systems. The calculated amplitude and phase errors, for the example of the
corrugated horn measurement, are presented in Tables 3.9 and 3.10 respectively, for a
number of relative intensity levels of the beam.

Table 3.7: Alignment errors (1s) between the probe and device under test.

Parameter Value

Lateral error (x, y) ±50 µm
Axial error (z) ±0.1 mm
Tilt error (qx, qy) ±3’
Roll error (qz) ±0.5�

3.5.3 Probe positioning errors

Once the probe was aligned to the DUT, the scanner system introduced positioning
errors of the probe, when sampling the field. These errors could be broken down into
the following categories:

• Deviations from orthogonality of the scanner axes.

• Scanner stage inaccuracies.

• Misalignment between the horn axis and z-axis of the scanner.

The scanner had a range of 75⇥75⇥100 mm in x, y and z respectively. The actual
coordinates of the probe were measured using a 3D coordinate measuring machine, as
function of commanded stage positions, and across the full available range. Analysis
of this data cube showed that the scanner axes were orthogonal to within µrads. This
error was further ignored.

The scanner stage accuracy was determined by a 3D coordinate and laser interfe-
rometer measurement. The standard deviation of commanded versus measured posi-
tion was 11, 6 and 9 µm in x, y and z respectively. The amplitude of vibrations, induced
by stepping the scanner, typically decayed within 20 ms to an insignificant level and
could be ignored provided sufficient dwell time was taken into account.

The horn axis was known relative to the alignment window. The alignment win-
dows were aligned to the device under test. The z-axis of the scanner might however
not be fully aligned to the normal of the alignment window. The tilt between the horn
and z-axis of the scanner was calibrated and adjusted by observing the lateral excur-
sion of the cross-hair pattern across the full z-axis range in auto-collimation to the
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window. The tilt angle between horn and scanner axis was finally controlled to within
40", corresponding to a lateral excursion of 15 µm.

The associated errors in the field amplitude and phase were evaluated analogously
to those described in Section 3.5.2 and are shown in Tables 3.9 and 3.10 respectively.

3.5.4 Probe pattern convolution

A worst-case assumption was made for the error due to convolution with the probe
pattern. The error was defined as the difference between the actual and observed field.
The measured field could in principle be deconvolved for by using the probe pattern.
The view taken here was that the probe itself should be small enough to resolve the
spatial structures required. The relative error was therefore estimated by comparing
measured and deconvolved data, or by dividing simulated and convolved fields in a
forward model approach. The errors due to convolution are listed in the third row of
Tables 3.9 and 3.10.

3.5.5 Scattering errors

It was experimentally verified that the errors due to scattered power at surfaces sur-
rounding the probe and within the test environment were below the noise floor. This
was achieved by iterative scans and incrementally putting absorber material and panels
at designated places [17, 18].

3.5.6 Standing waves

Standing waves between the probe and detector horn occurred because of impedance
mismatches at both ends. The reflected fields make multiple round-trips through the
optical system, and by adding coherently to the primary field coupling, resulting in
measurement errors. Assuming that the dominant reflections occur at the waveguide
terminals of the source and detector devices, the following expression can be derived
for the measured signal s12 in the presence of standing waves:

s12 = c12

"
1 +

•

Â
n=1

(G1G2)
n|c12|2ne�i2nkz

#
. (3.17)

In (3.17) c12 denotes the complex field coupling coefficient, as defined in (3.3), G is the
field reflection coefficient, and z represents the optical pathlength between source and
detector. Equation (3.17) shows that each subsequent roundtrip contribution drops in
relative amplitude by an amount of G1G2|c12|2 with an incremental plane-wave phase
shift corresponding to the roundtrip pathlength 2z between source and detector. Note
that (3.17) assumes that non-coupled power is scattered out and does not contribute to
s12.

To first-order the standing wave ripple varies sinusoidally with distance z with a
period of l/2. An unique feature of this phase-sensitive measurement system was
the fact that the standing wave error could in principle be compensated for in a very
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elegant manner. The proposed correction was based on taking two samples s1 and
s2 offset by a distance l/4 in z. Provided that the beam of the device under test
is reasonably well collimated, the first-order change of c12 is only a phase shift of
p/2. The phase of the first roundtrip term in (3.17) changes however by p. Ignoring
higher-order terms in (3.17), the following relation for the compensated signal sc can
be derived, which provides a first-order correction for standing waves:

sc =
s1 + s2eip/2

2
⇡ c12. (3.18)

The compensation of standing waves is demonstrated in Figs. 3.11 and 3.12. In Fig. 3.11
the measured on-axis standing wave pattern is compared to a fit to (3.17). When the
correction is applied the ripple is significantly reduced, and the corrected signal is very
close to the nominal coupling described by (3.3). The model fit required however that
G = G1G2 ⇡ 1, which appeared unrealistically large. Moreover, whereas a good quanti-
tative fit could be found near z0 = -30 mm, the standing wave ripple was much larger
than predicted around z0 = -15 mm, and a small phase shift between measurement
and model fit was observed. The compensated signal clearly showed a small residual
standing wave error. The quantitative prediction of the standing wave ripple therefore
failed at smaller distances between horn and probe, where the roundtrip coupling fac-
tor was larger than predicted. This behaviour was separately studied in great detail.
It was found that the non-coupled power is scattered into higher-order modes, which
effectively get trapped in between the horn and probe at smaller distances. Since the
higher-order modes only weakly coupled to the system, they could give rise to high-Q
resonant features [25, 26]. At smaller distances the assumption behind (3.18) started to
break down and proper track must be kept of the non-coupled power.

Qualitatively the correction scheme worked however very well, and it significantly
reduced the effect of standing waves. In Fig. 3.12 the technique was also applied to a
lateral scan of the beam pattern of the horn. The individual measurements s1 and s2
taken at z and z + l/4 respectively are shown, and the modulation due to standing
waves is clearly visible. The inserts show in detail the smooth interpolation obtained
in the main beam as well as the recovery of sidelobe structure. After standing wave
correction the remaining ripple had typically decreased by an order of magnitude.

Although all data was by default corrected for standing waves using (3.18), the
errors presented in Table 3.9 are worst-case estimates based on the measured ripple
amplitudes, and do hence not reflect the residual after correction.

3.5.7 Non-linearity

At maximum power and peak coupling, the RF detection system could be driven into
saturation. The dependence between input and output power, and the system con-
version gain, was measured at t = 10 ms and Dn = 100 Hz. The linear regime of the
detection system ranged from the noise floor at about -65 dB up to roughly -10 dB.
Gain compression of 1 dB occurred at input power levels above -35 dBm and was
caused by the subharmonic operation of the Schottky mixer. The measurement data
was therefore either corrected for non-linearity, using the measured gain calibration
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Figure 3.11: Measured and calculated on-axis coupling including standing wave modulation.
The z0 coordinate denotes the measured position of the z-stage of the scanner.
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Figure 3.12: Compensation of standing waves in a lateral beam pattern scan.

curve, or the peak input power was limited to a value below -35 dBm. In the latter
case a linearity check was performed by scanning the same region of the main beam at
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different relative test source power levels. The residual non-linearity could generally
be kept below 5% as shown in Table 3.9.

3.5.8 Stability

Drift effects were corrected for by taking a reference sample at a fixed point in space
at regular time intervals. Since all the measurement data was time-stamped the data
in between the reference samples could be corrected for drift by linear interpolation.
The applicable amplitude and drift rates are summarized in Table 3.8. The amplitude
drift was generally insignificant. The dominant drift effect was observed in phase and
highly correlated with temperature. This was caused by the flexible cables connecting
the common reference synthesizer to the source and detector. The differential thermal
expansion coefficient of special phase-stable cables used in the setup was close to zero
at room temperature. Even though a symmetric pair of equally long cables was used,
differential phase drift at 480 GHz could in principle lead to significant phase errors
for long duration scans. The drift errors presented in Tables 3.9 and 3.10 are based on
worst-case drift rates and a measurement duration of 2.5 minutes. The errors included
concern the total excursion due to drift, rather than the residual drift after correction,
and should be considered as a worst-case estimate.

Table 3.8: Amplitude and phase drift at 480 GHz.

Parameter Value

Field amplitude drift (typical) ±2⇥10�3/hr
Field amplitude drift (worst-case) ±2%/hr
Phase drift (typical) ±2�/hr
Phase drift (worst-case) ±5�/hr

3.5.9 Crosstalk

Cross-talk between the reference cable and the detector cable presented a potential
source of error. In both cables the signals appeared at exactly the same frequency.
The signal level in the reference chain was quite strong, and the signal in the detector
chain very low. High isolation was required in excess of 90 dB. Leakage and cross-
talk between the reference and detected signal was eliminated by careful electrical
filtering, shielding, and a proper grounding plan. The crosstalk between reference and
signal was eventually well below the noise floor of the system, even for Dn as small as
10 Hz, and t up to 10 seconds. The available dynamic range is therefore not limited
by crosstalk.

3.5.10 Cable flexing

In addition to drift effects, the flexible phase-stable cable connected to the source was
sensitive to flexing due to scanner motion. The flexible cable was arranged in a shape
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with large bending radius. The amplitude and phase errors due to flexing were quan-
tified by a S11 measurement of the cable taken at a frequency of about 16 GHz, while
moving the scanner around on a square grid. The observed phase error scaled to
480 GHz showed a mixture of thermal drift and flexing errors. After correction for
thermal drift, the phase error due to flexing was estimated at typically 0.1�/mm at
480 GHz. The field amplitude error was smaller than 5⇥103/mm, but could fully be
ignored as the reference signal chain was operated in saturation. The phase errors
due to flexing were sufficiently small at 480 GHz. Dedicated in-situ phase correction
techniques as described in [27] appeared not necessary.

3.5.11 Radiometric noise

The random noise errors due to limited dynamic range were taken into account by
using the radiometer equation [19], or by direct noise floor measurements at the ap-
plicable resolution bandwidth Dn and integration time t. It was assumed that the
phase-noise of the test source could be sufficiently compensated, and that the signal-
to-noise ratio was limited by detector noise. A worst-case noise floor at -50 dB was
assumed in the budget presented in Section 3.5.12.

3.5.12 System error budget

The individual errors in amplitude and phase are listed in Tables 3.9 and 3.10 respec-
tively. The error terms were added in quadrature and the total root-sum-square error
is shown at five relative power levels. The total error at -20 dB was compliant with the
required accuracy summarized in Table 3.2. It is clear from Table 3.9 that the amplitude
error is dominated by standing waves, and non-linearity at 0 dB, whereas alignment
errors and errors due to convolution start to contribute at a relative power level be-
low -20 dB. The actual error was probably significantly smaller, as the errors due to
standing waves and convolution were worst-case estimates, and did not represent the
residual error after correction. The phase error budget presented in Table 3.10 was also
dominated by standing waves, convolution and alignment errors. The additional term
concerning the random positioning errors was nearly compliant with the required ran-
dom phase error in Table 3.2, and could not further be reduced. This confirmed the
sensitivity of direct phase measurements to the metrology of the measurement system
at very high frequencies. The overall phase error was in quite good agreement with a
l/20 wavefront error. The system error budget presented here clearly shows that an
accurate near-field system with known, and well understood, errors was realized.

3.6 Experimental Results

The experimental results obtained for two specific test cases are described and com-
pared to electromagnetic simulations. Many experiments were performed of which
only two are described here for the purpose of error analysis. The first example is
the near-field measurement of the corrugated horn using a flared waveguide probe,
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Table 3.9: Amplitude error budget (dB) for the corrugated horn measurement.

Relative Power (dB) 0 -10 -20 -30 -40

Alignment 0.03 0.23 0.29 0.37 0.86
Probe positioning 0.00 0.05 0.06 0.07 0.06
Probe convolution 0.01 0.32 0.94 2.3 4.4
Scattering - - - - -
Standing waves 0.39 0.31 0.39 1.2 3.4
Non-linearity 0.17 0.17 0.17 0.17 0.17
Stability 0.03 0.03 0.03 0.03 0.03
Crosstalk - - - - -
Cable flexing - - - - -
Radiometric noise 0.02 0.05 0.14 0.46 1.3

Total error (RSS) in (dB) 0.4 0.5 1.1 2.7 5.8

Table 3.10: Phase error budget (�) for the corrugated horn measurement.

Relative Power (dB) 0 -10 -20 -30 -40

Alignment 0.1 3.9 6.5 9.9 16
Probe positioning 5.2 5.2 5.3 5.3 5.4
Probe convolution 0.1 1.8 3.7 7.6 6.6
Scattering - - - - -
Standing waves 9.5 3.7 5.3 7.8 9.5
Non-linearity - - - - -
Stability 0.0 0.1 0.2 0.2 0.3
Crosstalk - - - - -
Cable flexing 0.0 0.3 0.5 0.7 0.9
Radiometric noise 0.1 0.3 0.9 3.1 9.4

Total error (RSS) in (�) 11 8 11 16 23

for which the error budgets presented in Section 3.5 are applicable. The second case
considers the near-field coupling between two identical corrugated horns, which was
selected as an independent consistency check of the corrugated horn design and ex-
perimental validation of the near-field measurement setup.

3.6.1 Corrugated horn and flared waveguide probe

In Fig. 3.13 the measured amplitude and phase of the corrugated horn is shown in the
E-plane at a distance of 15 mm from the horn aperture. The data was taken after careful
alignment of probe and horn. The presented data was also corrected for standing
waves, non-linearity and drift. Indicated in the figure are the error bounds based on
the budgets summarized in Section 3.5.12.
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Figure 3.13: Measured amplitude (a) and phase (b) of the corrugated horn at z = 15 mm. Indi-
cated are the errorbounds based on the error budgets presented in Section 3.5.12.

The expected response of the near-field system was modeled by propagating the
aperture field distribution of the corrugated horn to the plane of measurement, and
convolving it with the aperture field distribution of the probe using (3.4). The result is
also shown in Fig. 3.13 and compared to the measurement.

The agreement between experiment and simulation is remarkable, and confirms
that a first-order description on the basis of ideal horn and probe fields is sufficiently
accurate. Down to a relative intensity level of -50 dB the experiment and model agreed
within the estimated error margins. The experiment furthermore confirmed that the
error margins presented were indeed worst-case and pretty conservative. The residu-
als between experiment and model were significantly smaller than the error margins,
especially at lower intensity levels where the errors due to convolution and standing
waves dominated the budget. This suggests that the effect of convolution can be ac-
curately predicted and that the residual errors due to convolution and standing waves
error are in practise smaller than assumed.
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Figure 3.14: Comparison between measured and modeled amplitude (a) and phase (b) of the
horn as function of distance. Shown are the data for z = 15, 20, 25 and 30 mm.

The validity of the experimental setup, the modeled response based on the ideal
horn and probe fields was furthermore verified by repeating the experiment at different
distances between horn and probe. In Fig. 3.14 E-plane measurements taken at z = 15,
20, 25 and 30 mm are shown in comparison to the model. The noise floor formed at
approximately -65 dB, measured at the point where the phase started to wrap around.
The observed signal-to-noise ratio at z = 30 mm was about 60 dB, which is in good
agreement with the sensitivity estimate provided in Table 3.6, and compliant with the
requirement in Table 3.2. The complex field amplitudes of the measurements taken at
20, 25 and 30 mm were only normalized to a single and common peak amplitude at z =
15 mm. Comparison of model and experiment confirms that (3.4) accurately described
the evolution of coupling with distance. Figure 3.14 also shows the ability to remove
standing waves. The match between theory and measurement is so good that the slight
E-H asymmetry predicted for the probe pattern could be resolved experimentally.
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3.6.2 Two identical corrugated horns

The corrugated horn design, the experimental and analytical techniques were further-
more verified by measuring the two-dimensional field coupling between two identical
horns. In this experiment the probe of the test source was replaced by an identical copy
of the horn. The spatial distribution of the complex field coupling was measured as
function of distance z between the horns for z = 15, 20, 25 and 30 mm. The measured
response can be interpreted as the two-dimensional spatial autocorrelation function of
the diffracted horn aperture field.

-20 -10 0 10 20
-100

-80

-60

-40

-20

0

X (mm)

Re
la

tiv
e 

Po
w

er
 (d

B)

 

 

Measured
Modeled

-20 -10 0 10 20
-8

-7

-6

-5

-4

-3

-2

-1

0

X (mm)

U
nw

ra
pp

ed
 p

ha
se

 (x
36

0º
)

 

 

Measured
Modeled

(a)

(b)

z=15

z=30

z=15

z=30

Figure 3.15: Measured and modeled amplitude (a) and phase (b) of the coupling between two
identical corrugated horns at z = 15, 20, 25 and 30 mm.

The measured and simulated patterns are shown in Fig. 3.15. As can be seen in
Fig. 3.15 the noise-floor was at about -75 dB, and the signal-to-noise ratio at z = 30 mm
was of order 70 dB . The difference with the flared waveguide probe case can be ex-
plained by increased coupling. Using (3.6) and w02 = 1.23 mm, the calculated peak
coupling at Dz = 30 mm is -6.9 dB. This is 7.2 dB higher than the horn-probe coupling
listed in Table 3.6, which offers an explanation for the increased signal-to-noise ratio.

Also caused by increased coupling is the increased residual standing wave error,
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Figure 3.16: Measured amplitude of the field coupling between two identical corrugated horns
at z = 15, 20, 25 and 30 mm. The standing wave residuals are clearly visible at z = 15 and 20 mm.

which is clearly present in the field amplitude plots of Fig. 3.16 at z = 15 and 20 mm. In
Fig. 3.17 the measured axial standing wave pattern and the expected nominal coupling
is plotted. Clearly visible is the residual standing wave error after first-order correction
using (3.18). It can be observed that the standing wave pattern becomes irregular at z0
= -20 and is no longer purely sinusoidal. Figure 3.17 clearly reveals high-Q resonant
features caused by weakly coupled higher-order modes [25, 26] scattered from within
the volume of the horns. Consequently the standing wave compensation technique
only provides a partial correction, which is also clearly visible in the peak amplitudes
of the traces shown in Fig. 3.16.
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Figure 3.17: On-axis standing wave patterns around z0 = -20 and -30 mm. Whereas the stand-
ing wave correction works reasonably well at a distance of 30 mm, the standing wave pattern
becomes irregular and non-sinusoidal around 20 mm and a higher-order residual remains.
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The measured beam patterns were symmetric down to a level of -60 dB. The quan-
titative agreement between model and experiment was valid down to the noise floor.
The dependence between peak amplitude and distance is accurately predicted and
confirmed the similarity of both horns as well as the theoretical description of their
interaction.

3.7 Summary and Conclusions

In this chapter the design and performance of a near-field facility developed for ex-
perimental verification of the HIFI optics at 480 GHz has been presented. In addition
to achieving a very successful extension to high frequencies of operation, a dedicated
measurement system capable of measuring both amplitude and phase of the electro-
magnetic field coupling was designed, based on the compensation of correlated phase
variations. The technique presented here worked so well, that even phase-sensitive
measurements using a free-running and unlocked test source was possible. This ex-
treme test case confirmed that excellent phase stability and extremely high sensitivity
was obtained. Special attention was furthermore paid to the design of a corrugated
horn, representative for the HIFI optical system, and a flared waveguide probe sam-
pling the electromagnetic field. An unique feature of the facility was the accurate
alignment and mechanical definition of the system. The geometry of the experimental
arrangement was therefore controlled to within fractions of a wavelength, supporting
unambiguous comparison of experiment and electromagnetic theory as well as accu-
rate alignment verification.

As a specific example of the system performance a detailed error analysis was made
for the measurement of a representative corrugated horn using a flared waveguide
probe. The estimated worst-case error budget was confirmed by experiment. Domi-
nant sources of error were the presence of standing waves, convolution with the probe
pattern, misalignment and non-linearity. A first-order error correction technique was
proposed to compensate for the effects of standing waves, which worked very well and
recovered for example details of sidelobe structures at low intensity levels.

Finally near-field measurements and electromagnetic models of the field coupling
between horn and flared waveguide probe, as well as between two identical horns
are presented. The quantitative agreement between model and experiment is excel-
lent, confirming the experimental and analytical techniques used, and validating the
experimental facility for detailed characterization of the HIFI optics. Both the level
of agreement and the indicated error bars clearly illustrate that an accurate near-field
system with known, and well understood errors, was realized. The realization of this
facility, capable of direct measurements of the wavefronts of the HIFI beams, offered
unprecedented measurement accuracy for the experimental verification of the quasi-
optical design, and enabled an early assessment of the optical performance of the HIFI
instrument as will be described in Chapter 4.
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Chapter 4
Quasi-Optical Design Verification
of the Focal-Plane Unit

4.1 Introduction

In this chapter a comprehensive analysis and characterization of the performance of
the Focal Plane Unit optics as described in Chapter 2 is presented. The optical

performance was characterized by rigorous electromagnetic simulations as well as ex-
perimental verification on an early model of the optics using the experimental system
described in Chapter 3.

An early design verification as part of the development programm of HIFI was
considered necessary to address the following questions:

• How far does the actual optical performance including its long-wave diffractive
effects deviate from a first-order Gaussian description assumed during design?

• To what extent can the optical characteristics be predicted by simulation and be
confirmed by experiment?

• Is it given the overall complexity of HIFI and the long-wave nature of the system
sufficient to simply align the optics at visual wavelength and subsequently obtain
compliant telescope and LO interfaces at actual wavelength?

• Is it ultimately possible to do the HIFI science given a scientific performance
assessment based on optical performance measurements and analysis?

As explained in Chapter 2, and as reflected in the above questions, a key item to
consider was the long-wave nature of the optical system [1, 2]. The optical design
of HIFI was based on a combination of ray-tracing and fundamental Gaussian beam
mode analysis. Diffractive long-wave effects beyond this first-order description would
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be worst at the longest wavelengths of HIFI. The design verification was therefore car-
ried out for band 1 at 480 GHz representing the long-wave limit of HIFI. The experi-
mental part of the work was done on the Development Model (DM) of HIFI containing
representative end-to-end optics for band 1. The measurements were taken at room
temperature using the test components described in Chapter 3, immediately after in-
ternal alignment of the mirrors during the integration phase of the DM, and prior to
cryogenic performance tests. The calibration optics were excluded from this work and
addressed by radiometry [3].

In this chapter the optical performance and characteristics of the Mixer Sub-Assem-
bly optics, the Local Oscillator path and the Telescope path are systematically con-
sidered. In each case electromagnetic simulation results are presented, subsequently
analyzed in terms of its equivalent Gaussian behavior, and finally compared to repre-
sentative experimental data in amplitude as well as phase. The chapter is concluded by
propagating the instrument level results via the Herschel telescope to the sky in order
to assess the impact on the scientific performance of HIFI.

4.2 Mixer Sub-Assembly

4.2.1 Simulation results

The electric field distribution in the pupil plane1 of the Mixer Sub-Assembly (MSA) was
simulated at 480 GHz using the software package GRASP8W by TICRA [4]. GRASP8W
is based on well-established analysis techniques, such as Physical Optics (PO), sup-
plemented with the Physical Theory of Diffraction (PTD), Geometrical Optics (GO),
and the uniform Geometrical Theory of Diffraction (GTD) [5, 6], and was used as the
benchmark software package in the ESA-TRP research contract "Far-IR Optics Design
& Verification Tools" [7–9]. The aperture field of the corrugated horn defined in Sec-
tion 2.4.5 was propagated through the MSA optics as described in Section 2.4.4 and
shown in Fig. 4.1.

The exact rims of the mirrors were modeled on the basis of actual mirror production
drawings. Edge diffraction and truncation effects were therefore properly included.
The real horn field was obtained by the waveguide mode-matching technique. In [1, 10]
and Section 2.4.5 it was shown however that the aperture field can be approximated
to a high degree of accuracy by a truncated Bessel function with spherical phase cap
as defined in (2.7). Assuming polarization perpendicular to the plane of drawing of
Fig. 4.1 the co-polar2 intensity distribution as shown in Fig. 4.2 was obtained.

In Fig. 4.2a contour plot of the co-polar intensity distribution in the MSA pupil
plane is shown. Clearly visible in Fig. 4.2 is the off-axis geometry of the system. The
beam pattern is symmetric in the horizontal plane, whereas in the off-axis direction
amplitude distortions can be recognized. The distortion is clearly visible when looking
at the -3 dB contour, which is not circular. In particular the peak position (represented
by the small circle) is not exactly on-axis anymore, a diffractive distortion effect known
1 The pupil plane coincides with the output plane shown in Fig. 4.1.
2 Throughout this chapter the co-polar field component corresponds to the main polarization of the

system and is measured in the E-plane.
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output plane

horn aperture

MAM 1

MAM 2

MAM 3

 

Figure 4.1: Optical configuration of the MSA in band 1. The horn could be shifted through focus
in steps of 5 mm. The output plane coincided with the nominal pupil plane of the system.
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Figure 4.2: Co-polar intensity distribution (dB) of the MSA pupil field at 480 GHz. The contours
are plotted in steps of 5 dB. The -3 dB contour is indicated separately as well as the location of
peak intensity.

as beam-squint [11, 12]. The magnitude of this shift is 0.12 mm equivalent to about
l/5.
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In Fig. 4.3 linear cuts of the relative co- and cross-polar intensity levels are pre-
sented. Long-wave diffractive effects are clearly visible in the asymmetric cut where
main beam distortion and sidelobe structure can be recognized. In the symmetric E-
plane cut the pattern is highly Gaussian. As discussed in Section 2.4.5 the cross-polar
intensity level was indeed very low. The cross-polarization was induced by the off-axis
geometry of the three mirrors, scattering a fraction of the linearly polarized input field
into a cross-polar component [12]. The peak cross-polar level was about -37 dB rela-
tive to the co-polar maximum. Integrated over the entire pupil plane, the total relative
power represented by the cross-polar field was only as small as 2.4⇥10�4.
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Figure 4.3: E- and H-plane lateral cuts of co- and cross-polar intensity in the MSA pupil plane:
co-polar intensity in the H-plane (solid), co-polar intensity in the E-plane (dotted) and cross-
polar intensity in the H-plane (dashdot).

In Fig. 4.4 the unwrapped phase distribution of the co-polar field component is
shown in the E- and H-plane. The phase distribution in the E-plane is flat and symmet-
ric, as expected for a Gaussian waist located in the pupil plane. Wavefront aberrations
can be recognized in the off-axis cut. The dominant feature appeared to be a linear
phase slope around the central on-axis position. The overall aberration characteristic
was however of higher-order nature, with comatic and astigmatic terms [5, 6]. The
aberrations originated in particular from field mirror MAM2, and were related to the
long-wave nature of the system. In the limit of l # 0 mirror MAM2 becomes a true
field mirror, located in a conjugate image plane of the telescope, with a perfect geo-
metrical spot at the mirror surface. At actual wavelength, the field extends however
across the full mirror surface. Since the radius of curvature of the mirror did not match
the local wavefront, a higher order phase error resulted [11, 12]. This also happens at
MAM1 and MAM3, where the local wavefront no longer fully matched the radius of
curvature of the off-axis mirror, and a phase error inevitably occurred. The off-axis ge-
ometry furthermore explains the presence of a linear phase error, which corresponds
to tilt [13]. In a near-field optical arrangement phase errors can furthermore be trans-
formed into amplitude errors and vice versa. These effects are intrinsic to long-wave
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optical systems and illustrate why the design and verification of submillimeter-wave
optical systems can be complicated [8].
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Figure 4.4: Unwrapped phase distribution of the co-polar field component in the E- and H-plane
of the MSA pupil.

4.2.2 Gaussian beam analysis

To determine to what extent the actual optical performance of the system deviated
from its designed and ideal Gaussian behavior, the simulation results were compared
to a first order paraxial Gaussian description of the system. Such a description forms
a convenient parameterized representation of the real system behavior, which is much
more complicated. In order to quantify the magnitude of the unwanted diffraction
effects a free-space mode matching algorithm was used. Each field component can be
expressed as a series of Gauss-Hermite free-space modes3 as follows [1]:

Ep = Â
m

Â
n

amnymn,

amn =

+•Z

�•

+•Z

�•

y⇤
mnEpdxdy.

(4.1)

In (4.1) Ep denotes the field component in the MSA pupil plane, and ymn is the Gauss-
Hermite free-space mode of order mn. The set of complex mode coefficients amn con-
stitutes the modal spectrum of the decomposed field. Normalizing the pupil field to
unity power and changing the notation of the mode coefficients into cmn leads to the
following property:

Â
m

Â
n
|cmn|2 = 1. (4.2)

3 Initially Gauss-Hermite modes are chosen here as the off-axis optical system is not rotationally sym-
metric.
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Since the primary objective was to quantify how well the actual field could be repre-
sented by a single Gaussian beam (see Chapter 2), a free-space mode matching algo-
rithm was designed to find the Gaussian beam parameters of y00, by maximizing the
coupled power. Denoting the coupling efficiency of the Gaussian beam to the actual
field by h, this was equivalent to minimizing the coupling loss #:

# = 1 � h = 1 � |c00|2. (4.3)

The coupling efficiency h is also referred to as the Gaussicity of the actual field, and
is a measure of how well the field can be described by a single Gaussian beam. The
beam parameters of the fundamental Gauss-Hermite mode can be found in (4.4), which
describes the normalized form of y00:

y00(x0, y0, z0) =

s
2

pwxwy
exp

2
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⌘�
exp

�
�ikz0

�
.

(4.4)

The coordinate system (x, y, z) represents the local coordinate system attached to y00,
which is in general offset and tilted relative to the plane in which the actual field will
be decomposed. The coordinate transformation therefore offers 6 degrees of freedom.
The other free parameters are the beam radii wx0 and wy0 , the radii of curvature Rx0 and
Ry0 . The constant phase terms in (4.4), which only vary with z0, do not contribute to
the coupling loss # defined in (4.3), and are therefore ignored as a free parameter. The
center of curvature in either x0 or y0 is chosen to coincide with z = 0. The offset between
the two phase centers is denoted by Dzxy. In total there are therefore 9 independent
parameters describing the propagating Gaussian beam. The dependence of the beam
radius, radius of curvature and on-axis phase shift in (4.4) with z can be found in [1].
Using (4.4) the general case of an astigmatic fundamental Gauss-Hermite mode can be
described.

Table 4.1: Parameters for a fundamental Gauss-Hermite mode matching the pupil field of MSA
band 1.

Parameter Matched value Designed value

w0x (mm) 3.48 3.55
w0y (mm) 3.59 3.55
x0 (mm) 0.06 0
y0 (mm) 0.00 0
z0x (mm) 0.5 0
Dzxy (mm) 4.5 0
qx (�) 0.00 0
qy (�) 0.36 0
Gaussicity (%) 96.4 98.0
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Using a multi-dimensional unconstrained non-linear Nelder-Mead minimization
procedure [14], the beam parameters as listed in Table 4.1 were found for the co-polar
component of the MSA field shown in Fig. 4.2. In this procedure the local coordi-
nate system (x0, y0, z0) was first offset in (x, y, z) and subsequently rotated about x, y
and z using Euler rotation matrices. Note that the X-axis is located in the H-plane
and corresponds to asymmetric cuts, whereas cuts along the Y-axis in the E-plane are
symmetric.

Comparison of the beam radii in x and y confirmed that the beam was slightly
astigmatic, which was also revealed by a small offset Dzxy between the phase centers
in x and y. The deviations are however very small as compared to the expected values,
and the Gaussian beam found was nearly symmetric having a beam waist in perfect
agreement with the design goal.

More interesting was an apparent misalignment about the y-axis of 0.36�, and a
lateral shift of about 0.1 mm in x. This observation implied that, although the optics
were perfectly aligned at visual wavelengths, the equivalent Gaussian appeared to be
offset and propagating off-axis in the H-plane at actual wavelengths. As discussed in
Section 4.2.1 this was caused by long-wave distortion and aberration effects [11].

The tilt misalignment found agreed very well with the linear phase slope shown in
Fig. 4.4. This tilt error should not be interpreted as a real misalignment, as it directly
results from limiting the description of the system to first-order by a fundamental
mode Gaussian.

The Gaussian beam coupling or Gaussicity h was 96.4%, which was slightly lower
than the initial Gaussicity of the corrugated horn, which was 98%. This is again caused
by the off-axis arrangement of mirrors scattering power from a fundamental mode into
higher order modes [12]. Although the Gaussicity is a convenient parameter to work
with, it is not expected to be conserved and a drop in Gaussicity does not necessarily
imply a loss. As long as higher order modes do not diffract out the system the total
power in the beam is not affected. However, since the optical interfaces of HIFI were
defined in terms of equivalent Gaussian beams, track was only kept of the drop in
Gaussicity at the major interfaces as a measure of the optical performance of the quasi-
optical subsystems. As compared to the ideal paraxial case the real system therefore
scattered 1.6% of the power initially present in the fundamental mode into higher order
modes. This amount was of similar order as the acceptable loss per degree of freedom
in the quasi-optical alignment budget defined in Section 2.3.5, and was certainly not a
dominant problem for the optical performance.

Since the beam itself was highly symmetric, showing very little astigmatism, the
same procedure was repeated for a fundamental Gauss-Laguerre mode [1]. This rep-
resents the less general case of a symmetric Gaussian beam. In Table 4.2 the results are
listed and deviations are compared to the quasi-optical tolerances giving 1% loss per
degree of freedom.

The waist size was nearly identical to the designed value of 3.55 mm, and equaled
the geometric mean of the Gauss-Hermite beam waist radii listed in Table 4.1. In
general all deviations were significantly smaller than the acceptable tolerances. The
most striking deviation was the apparent tilt misalignment discussed above. This long-
wave effect was larger than the tolerance and gives an additional loss of about 1%.
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Table 4.2: Parameters for a fundamental Gauss-Laguerre mode matching the pupil field of MSA
band 1.

Parameter Matched value Deviation Tolerance

w0 (mm) 3.53 0.02 0.35
x0 (mm) 0.07 0.07 0.35
y0 (mm) 0 0 0.35
z0 (mm) 2.9 2.9 8.5
qx (�) 0 0 0.24
qy (�) 0.35 0.35 0.24

Overall the equivalent Gaussian behavior of the real system was very close to what
could be expected on the basis of geometrical optics and first-order paraxial Gaussian
beam mode analysis. This conclusion confirmed the validity of the Gaussian design
approach for the MSA optics by analysis.

4.2.3 Detailed experimental verification

In order to verify the optical behavior of HIFI in the long wavelength limit, an ex-
perimental system capable of measuring both amplitude and phase of a single field
component of the electromagnetic field was developed as discussed in Chapter 3. A
room-temperature Schottky mixer, installed in the MSA optics of band 1, was used
as a detector. The Schottky mixer was connected to a representative corrugated horn
as shown in Fig. 4.5. The electromagnetic field was sampled using a flared waveguide
probe connected to a multiplied Gunn oscillator providing the test signal. The complex
field coupling coefficient between the output field of the optical system and the probe
was measured by scanning the probe across a plane transverse to the optical axis. The
probe antenna, a flared waveguide, was only sensitive to a single field component.
Note that in this measurement configuration the electromagnetic reciprocity principle
was applied, and the conventional locations of source and detector were interchanged.
The test source was connected to the probe antenna and mounted on a scanner system
as shown in Fig. 4.6.

In Table 4.3 the main characteristics of the experimental system are summarized.
The typical amplitude and phase errors in the main beam, defined as the upper 20 dB of
the measured pattern, was obtained by means of a detailed error analysis and include
uncertainties in alignment between the measurement system and device under test.
The applicable metrology and alignment accuracy is summarized in Table 4.4. The
dominant sources of error were alignment errors and errors due to multiple reflections
between horn and probe.

A detailed description, performance characterization and error analysis of this sys-
tem can be found in Chapter 3. Note that the error budget presented in Table 4.3
was evaluated for the worst-case measurement configuration applicable to this chap-
ter, which was the telescope path as discussed in Section 2.4.1. Mainly due to the
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Figure 4.5: Corrugated horn and Schottky mixer as mounted in the MSA optics of band 1.
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Figure 4.6: Scanner mapping the CLO pupil field for the MSA-V configuration in band 1.
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large optical pathlength4 of approximately one meter, the phase stability quoted has
become worse as compared to the performance of the compact arrangement presented
in Chapter 3.

Table 4.3: Characteristics of the experimental system.

Parameter Value

Frequency of operation 480 GHz
Signal-to-Noise Ratio (SNR) 60 dB
IF Bandwidth B 10 Hz
Integration time t 100 ms
Amplitude stability ±2%/hr
Phase stability ±20�/hr
Residual gain compression <0.3 dB
Typical main beam amplitude error <0.5 dB
Typical main beam phase error <10�

In order to relate the coordinate system of the scanner to the device under test a
dedicated alignment system was developed as described in Section 3.4.4. The align-
ment method was based on mutual alignment of pairs of alignment devices relating
the internal optical axes to the external mechanical interfaces. Five degrees of freedom
except the axial distance were covered in this approach. The distance between probe
and device under test was measured using a ruler or vernier caliper. In this way both
measured and simulated data could be referenced to one single and absolute position.
The overall alignment accuracy achieved is summarized in Table 4.4.

Table 4.4: Metrology and alignment of the experimental system.

Parameter Value

Scan range Xs 100 mm
Scan range Ys 75 mm
Scan range Zs 75 mm
On-axis position resolution ±5 µm
Lateral alignment accuracy <0.1 mm
Axial alignment accuracy <0.2 mm
Angular alignment accuracy <5’
Alignment of polarization <0.5�

Planarity at l = 625 µm <l/20

Co-polar measurements of the MSA taken at 480 GHz are shown in Figs. 4.7 to 4.9.
In Fig. 4.7 the relative intensity contours are plotted on a logarithmic scale. Comparison

4 The linear Coefficient of Thermal Expansion (CTE) of aluminum at room temperature equals about
25 µm/m/K. A thermal drift of the system as small as 1�/hr does already lead to a phase stability
error of 14�/hr at l = 625 µm.
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with Fig. 4.2 shows that the measured beam profile is in excellent agreement with
theory. Even the small local dips in intensity just left of the Y-axis at Y = ±6 mm could
be found back in the measurement, as well as the weak diffraction rings at the left
hand side of Fig. 4.7. In Figs. 4.8 and 4.9 the simulated and measured intensity and
phase distributions in the E- and H-plane respectively are plotted. The coordinates
of the sampled points are independently referenced to one single absolute coordinate
system. The individual traces were not translated in order to obtain a good match. The
quantitative agreement is therefore quite remarkable [15, 16]. Experiment and theory
agree both in amplitude and phase to within the measurement errors listed in Table 4.3.
The relatively small deviations that are still present are real and could be attributed to
internal alignment errors of the MSA.
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Figure 4.7: Contour plot of the measured intensity distribution in the MSA pupil plane. Except
for the -3 dB contour, the contour intervals equal 5 dB.

The Gaussian analysis discussed in Section 4.2.2 was also applied to the experi-
mental data. In Table 4.5 the measured and expected beam parameters are compared.
Measurement and simulation agree well, within the quasi-optical tolerances discussed
in Section 2.3.5 and shown in the last column of Table 4.5. The Gaussicity found in
the experiment agreed within 0.1% from the prediction. Finally the on-axis coupling to
the designed Gaussian beam was calculated, and equaled about 95%. Simulation and
experiment agreed within fractions of a percent, and the deviation from the intrinsic
Gaussicity could be explained by the phase slope or apparent tilt error.

As an ultimate test of the quantitative agreement between simulations and exper-
iment, the optical system was finally significantly perturbed by defocussing the cor-
rugated horn by a distance D. For this a provision was made to translate the horn
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Figure 4.8: Comparison of measured and simulated co-polar intensity cuts in the E- and H-plane.
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Figure 4.9: Unwrapped relative phase distribution in the E- and H-plane of the measured and
predicted co-polar field.

aperture along the optical axis in steps of 5 mm as indicated in Fig. 4.1. This strat-
egy was also used to discriminate between the predictions of various software pack-
ages evaluated in the ESA-TRP study "Far-IR Optics Design & Verification", validating
GRASP8W [4] as a reliable benchmark software package [8, 9, 15]. In Figs. 4.10 and
4.11 the results of this through-focus test are shown in comparison to the simulated
behavior. It can be seen that significant amplitude and phase errors occurred when
the horn was defocussed by ±5 mm, which corresponded to approximately 70% of
the confocal distance. The phase distribution clearly reveals that the effect was not
merely a spherical phase error due to defocus. Comparison of the experimental and
simulation results led however to the conclusion that even for extreme perturbations
accurate and detailed predictions of the optical performance could be made. The fact
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Table 4.5: Comparison of matched Gaussian beam parameters for the measured and simulated
pupil field of MSA band 1.

Parameter Experiment Simulation Deviation Tolerance

w0 (mm) 3.58 3.53 0.05 ±0.35
x0 (mm) 0.30 0.07 0.23 ±0.35
y0 (mm) 0.14 0 0.14 ±0.35
z0 (mm) 0.9 2.9 -2.0 ±8.5
qx (�) 0.01 0 0.01 ±0.24
qy (�) 0.30 0.35 -0.05 ±0.24
Gaussicity h (%) 96.5 96.4 0.1 2–3%
On-axis coupling (%) 94.7 95.2 -0.5 <6%

that both measured and simulated data agreed so well, confirmed that powerful veri-
fication tools were available to evaluate and predict the optical performance of HIFI. It
also showed that the ESA-TRP study was central to the verification of HIFI in provid-
ing a means to make accurate performance predictions of complicated systems against
which experimental observations could be cross-referenced.
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Figure 4.10: Measured and simulated through-focus patterns. The intensity distribution in the
H-plane is shown as function of the defocus parameter D in mm. Traces with symbols indicate
the experimental cuts.

4.3 Local Oscillator Path

4.3.1 Simulation results

In addition to three off-axis mirrors inside the MSA optics, there were also three off-axis
mirrors in the Cold Local Oscillator path of the FPU. As described in Section 2.4.2, it
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Figure 4.11: Unwrapped relative phase distribution in the asymmetric plane as function of mixer
defocus D.

comprised two off-axis parabolic mirrors, and one elliptical field mirror. These mirrors
were all positioned in the propagating near-field. Consequently diffractive conversion
between amplitude and phase errors originating from the MSA, and those imposed by
the CLO optics, could occur.

In Fig. 4.12 contour plots of the simulated co-polar intensity are shown for MSA-
H and -V respectively. The simulations were carried out at 480 GHz, in an output
plane located at 136 mm from the LO vacuum windows, in the direction of CLO1 (see
Section 2.4.2). Although this was not exactly at the LO interface, this plane coincided
with the measurement plane as will be described in Section 4.3.3.
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Figure 4.12: Co-polar intensity distribution (dB) of the LO pupil field for MSA-H(a) and -V(b) at
480 GHz. The contours are plotted in steps of 5 dB. The -3 dB contours are indicated separately
as well as the locations of peak intensity.
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The simulated LO beam for MSA-H was reasonably symmetric to a level of -20 dB,
and the peak intensity appeared almost on-axis showing very little beam squint. Fig-
ure 4.12(a) shows some low-intensity circular structure originating from edge diffrac-
tion on mirrors MAM-1 and MAM-2 of the MSA. The beam had high polarization
purity: the relative peak cross-polar intensity level equaled -42 dB.

In Fig. 4.12(b) the simulated relative intensity for MSA-V is shown revealing some
interesting differences. First of all the beam was much more asymmetric than observed
for MSA-H. There was significant beam squint given the relatively large off-axis posi-
tion of peak intensity. The lateral offset associated with beam squint was as large as
2.6 mm. In contrary to the relatively symmetric pattern for MSA-H, the shape of the
asymmetric pattern of MSA-V was very typical of coma. The coma observed for MSA-
V was caused by the off-axis parabolic mirrors CLO1 and CLO5 in the LO path (see
Section 2.4.2). Finally the low-level circular structure for MSA-V due to edge diffraction
was here found at the right hand side of Fig. 4.12(b).

Comparison of Figs. 4.12(a) and 4.12(b) clearly shows that, despite passing a com-
mon optical path, the amplitude and phase errors present in the MSA input fields
propagated differently. The reason for this is relatively straightforward. As shown in
Fig. 2.10 in Section 2.4.3, the MSA-H and -V optics were not symmetric with respect
to the diagonal plane of the beamsplitter. The MSA field distributions at the entrance
of the CLO optics were therefore flipped relative to each other in the off-axis direction.
In the case of MSA-H the aberrations more or less compensated, resulting in a much
more symmetric beam than observed for MSA-V, for which the amplitude and phase
errors were enhanced.

4.3.2 Gaussian beam analysis

Although a plausible explanation was offered for the difference in beam quality ob-
served for MSA-H and -V respectively, this conclusion had also to be supported by
Gaussian beam analysis. First it should be noted that an asymmetric beam does not
necessarily lead to lower Gaussicity. Both amplitude as well as phase errors contribute
to the Gaussian beam coupling, which can be recognized by rewriting the normalized
form of (4.1) as follows:

c00 =

+•R
�•

+•R
�•

|y00| (|y00|+ DE) exp(iDf)dxdy
s

+•R
�•

+•R
�•

|y00|2 dxdy

s
+•R
�•

+•R
�•

��Ep
��2 dxdy

. (4.5)

In (4.5) the amplitude error DE is defined as |Ep| � |y00|, whereas the phase error
Df equals arg(Ep) � arg(y00). The amplitude and phase errors of the actual pupil
field, relative to the equivalent Gaussian, reduce the overlap integral in the numerator,
and therefore the Gaussian beam coupling. Only in the limit of zero amplitude and
phase errors, the normalized field coupling coefficient becomes unity. In the absence
of amplitude errors, it is still possible that phase errors lead to lower Gaussicity. This
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is another important reason why it is important to measure both amplitude and phase
during experimental verification.

Table 4.6: Comparison of the Gaussian beam parameters of the simulated LO pupil field for
MSA-H and -V at 480 GHz.

Parameter MSA-H MSA-V Designed Value Tolerance

w0 (mm) 7.47 7.39 7.5 ±0.75
x0 (mm) 0.54 0.13 0 ±0.75
y0 (mm) 0 0 0 ±0.75
z0 (mm) 25.4 -1.6 0 ±57
qx (�) 0.00 0.00 0 ±0.15
qy (�) 0.13 -0.19 0 ±0.15
Gaussicity h (%) 98.7 95.1 98.0 2-3%
On-axis coupling (%) 97.6 93.8 98.0 <6%

Running the Gaussian beam mode matching algorithm described in Section 4.2.2 on
the field distributions obtained for MSA-H and -V respectively, yielded the parameter
values listed in Table 4.6. To ease the comparison with the design, a symmetric Gauss-
Laguerre mode was assumed. The nominal design value of the beam waist w0 in the
LO pupil plane was 7.5 mm. The deviations for both MSA’s were less than the quasi-
optical tolerance of 0.75 mm discussed in Section 2.3.5.

This also applied to the lateral offsets. The lateral offsets y0 in the symmetric direc-
tion were zero. An interesting observation was the lateral offset x0 of 0.54 mm observed
for MSA-H in the asymmetric direction, which was larger than the corresponding offset
for MSA-V of 0.13 mm. This seemed to be in contradiction with the large beam squint
of 2.6 mm observed for MSA-V, whereas the peak intensity for MSA-H was nearly
on-axis. It was however another illustration that the intensity weighted amplitude and
phase errors determined the outcome of the overlap integral as defined in (4.5).

The axial offset z0 was determined relative to the interface plane (and not to the
plane of measurement). The offset found for MSA-H was significantly larger than for
MSA-V which only deviated 1.6 mm from the expected position. Both values were still
well within the tolerance of 57 mm as defined in Section 2.3.5 for the long wavelength
limit l = 625 µm in band 1.

In the asymmetric direction apparent tilt errors were found again. The apparent
tilt was caused by phase slope in the H-plane. The sign of the effect was opposite for
MSA-H as compared to -V, as expected for the anti-symmetric layout of MSA’s in the
beamsplitter assembly. A similar magnitude but opposite sign of the effect furthermore
indicated that the main contribution to this error originated from the MSA pupil plane.
An unwanted side-effect of the anti-symmetric layout was that any systematic error
present in both MSA’s leads to a co-alignment error which was twice as large.

This conclusion was relevant for the realization of sufficient co-alignment between
both polarization channels in the telescope path as will be further discussed in Sec-
tion 4.4.2 and 4.5.2. The magnitude of the apparent tilt caused a coupling loss of ⇠ 1%
for each MSA as the tilt tolerance angle for band 1 at 480 GHz was 0.15�.
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Finally the Gaussicity and on-axis coupling to the as-designed Gaussian were eval-
uated. Overall the Gaussicity for the MSA-H configuration is 3.6% better than for
MSA-V. This confirmed that the aberrations present at MSA level were indeed par-
tially compensated in the CLO optics for MSA-H resulting in a more symmetric and
Gaussian beam than for MSA-V. This conclusion was also supported by the increase of
Gaussicity from 96.4% at MSA level to 98.7% at the LO pupil which had even become
higher than the intrinsic Gaussicity of 98% of the corrugated horn. For MSA-V on the
other hand, the on-axis coupling was as small as 93.8%, corresponding to a relative loss
of 4.2% with respect to the horn, due to distortions and aberrations by the optics. The
on-axis coupling for MSA-H was close to the ideal value of 98%, but the imbalance in
coupling of the LO beam to the individual mixer bands was 4%, even for a perfectly
aligned system.

4.3.3 Detailed experimental verification

The beam in the LO path was only measured for the MSA-V configuration, for which
the diffraction effects were most pronounced, and the performance assessment was
most critical. A picture of the experimental setup is shown in Fig. 4.6, where the
coherent test source and alignment viewport described in Section 3.4.4 can clearly be
recognized. In this measurement the plano-convex alignment device left of the CLO
entrance for band 1 was used, as shown in Fig. 4.6.

The measured co-polar intensity distribution is shown in Fig. 4.13. The peak po-
sition was found at X = +1.8 mm which was fairly close to the expected beam squint
of 2.6 mm presented in Section 4.3.1. Comparing Figs. 4.13 to Fig. 4.12(b) showed
that the qualitative agreement of the beam contours was very good. All simulated
features were reproduced in the measurement, albeit that the circular structure due to
edge diffraction was almost buried in the noise due to limited dynamic range of the
measurement system.

In Fig. 4.14 the co-polar intensity is shown by cuts in the E- and H-plane. The
measured and simulated intensity is plotted with respect to one single independent
and absolute position without further adjustment of the data. The distortion in the H-
plane is clearly visible and the beam squint is even visible at a logarithmic scale. In the
E-plane cut smooth Gaussian and symmetric behavior was observed. Comparison of
the measured and simulated patterns led to the conclusion that the quantitative agree-
ment was also excellent: all distortion and diffraction features were experimentally
reproduced. The same conclusion could be drawn for the measured phase. In Fig. 4.15
the unwrapped phase distributions are plotted. For clarity the phases in the E- and
H-plane are plotted with opposite sign. The spherical phase curvature was caused by
the offset between the measurement and pupil plane.

The equivalent Gaussian beam parameters with respect to the pupil plane are fi-
nally listed in Table 4.7 and compared to the expected values. The agreement was
spot on and well within the errors of measurement. The measured phase slope in the
H-plane, represented by qy, had similar magnitude and the same sign as predicted.
The Gaussicity was indeed of order 95%, and the on-axis coupling to the as-designed
Gaussian was about 94%, exactly as expected from simulations. The difference with the



114 Chapter 4: Quasi-Optical Design Verification of the Focal-Plane Unit

!60

!60

!
6
0

!60

!60

!60

!60

!60

!6
0

!60

!6
0

!60

!6
0

!60

!60

!60

!
60

!60

!
6
0

!6
0 !

60

!6
0 !6

0

!60

!60

!55

!55

!55

!
5
5

!5
5

!55

!55
!
55

!55

!
5
5

!
55

!5
5

!55

!55

!
55

!55

!
5
5

!55

!
5
5

!55

!
55

!55

!55

!55

!55

!50

!50

!50

!50

!50

!
5
0

!5
0

!50

!5
0

!50

!50

!5
0

!50

!50!50

!50
!50

!50

!50

!45

!45

!45

!45

!
4
5

!45

!45

!45

!45

!45!45

!45
!45

!
4
0

!40

!40

!40

!
40

!40
!40

!
4
0

!40

!40

!40

!40

!35 !35

!
3
5

!35

!35

!
3
5

!35

!3
5

!30

!
30

!
3
0

!3
0

!3
0

!30

!
3
0

!2
5

!25

!
2
5

!25

!
2
5

!20

!
20

!20

!
2
0

!1
5

!15

!15

!
1
5

!10

!
1
0

!
10

!5

!5

!3

!3

X (mm)

Y
 (

m
m

)

 

 

!30 !20 !10 0 10 20 30
!30

!20

!10

0

10

20

30

!60

!50

!40

!30

!20

!10

0

H!plane

E!plane

Figure 4.13: Co-polar intensity distribution (dB) for MSA-V in the LO pupil of band 1 at 480 GHz.
Except for the -3 dB contour, the contour intervals equal 5 dB.
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Figure 4.14: Comparison of measured and simulated co-polar intensity for MSA-V in the LO
path of band 1.

ideal Gaussicity assumed during the optical design was only a few percent, and could
be absorbed in the quasi-optical alignment budget. The diffraction effects discussed in
Section 4.3.1 were therefore fully reproduced experimentally.
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Figure 4.15: Measured and simulated unwrapped phase distribution of the co-polar field com-
ponent in the LO path of MSA-V. For clarity the phase in the H-plane is plotted with negative
sign.

Table 4.7: Gaussian beam parameters for the measured and simulated co-polar field for MSA-V
in the LO path of band 1.

Parameter Experiment Simulation Deviation Tolerance

w0 (mm) 7.62 7.39 0.13 ±0.75
x0 (mm) 0.05 0.13 -0.08 ±0.75
y0 (mm) 0.00 0 0.00 ±0.75
z0 (mm) -7.0 -1.6 -5.4 ±57
qx (�) -0.09 0.00 -0.09 ±0.15
qy (�) -0.12 -0.19 0.07 ±0.15
Gaussicity h (%) 95.3 95.1 0.2 2–3%
On-axis coupling (%) 93.7 93.8 -0.1 <6%

4.4 Telescope Path

4.4.1 Simulation results

The telescope path was simulated for MSA-H and -V at 480 GHz for the central posi-
tion of chopper mirror M6. In addition to the MSA optics, the beam was propagated
through the band splitting relay and the common optics assembly as described in
Section 2.4.1. For this optical path a total number of 9 curved off-axis mirrors were in-
cluded in the model. The telescope mirror M3, which was a plane folding mirror, was
omitted to enable direct comparison with experimental results as will be explained in
Section 4.4.3.
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In Fig. 4.16 the co-polar intensity distribution near the focal plane at Y = +30.5 mm
is shown for MSA-H and -V respectively. The asymmetric pattern of MSA-H appeared
to be rotated about the axis of propagation, which was due to distortion by mirrors
M9 to M11 in the band splitting relay. The simulated focal-plane pattern of MSA-
V was clearly different than for MSA-H. The main beam was less elliptical and the
peak intensity appeared at a different location. The beams for MSA-H and -V looked
otherwise relatively smooth and regular, whereas the higher order circular structure,
originally present at MSA level, seemed to have diffracted out of the system.
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Figure 4.16: Co-polar intensity distribution near the focal plane for MSA-H(a) and -V(b) at
480 GHz. Except for the -3 dB contour, the contour intervals equal 5 dB.

4.4.2 Gaussian beam analysis

Analogous to the treatment described in Section 4.2.2 and 4.3.2, a Gaussian beam anal-
ysis of the simulation results described in the previous section was performed. The
results are listed in Table 4.8, together with the expected values. The expected value of
the waist size is based on an edge taper of 10.9 dB and equals 0.713lF, where F = 8.68
denotes the focal ratio of the Herschel telescope as defined in Section 2.1.

The equivalent Gaussian beam waist was in very good agreement with the de-
sign goal. The residual lateral offsets x0 and y0 could in principle be corrected for
by re-pointing of the telescope as long as the pupil alignment on the telescope sec-
ondary mirror was conserved. As discussed in Section 4.2.1, an intrinsic co-alignment
error, due to a long-wave diffractive effect, could occur, which was caused by an anti-
symmetric configuration of MSA’s. For the telescope path this was of vital importance
as the co-alignment error determined the efficiency at which the sky signals received
in the two polarization channels could be co-added.

Although not explicitly defined, the co-alignment error had to comply with relative
coupling losses smaller than 1% and were hence treated analogously to the other align-
ment errors. In this case the total lateral co-alignment error was about 0.9 mm, which
was larger than 10% of the waist size. However, as will be explained in Section 4.5.2,
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Table 4.8: Gaussian beam parameters matching the focal plane field distribution for MSA-H and
-V at 480 GHz.

Parameter MSA-H MSA-V Designed Value Tolerance

w0 (mm) 3.84 3.83 3.87 ±0.63
x0 (mm) 0.48 0.34 0 <10
y0 (mm) -1.52 -0.63 0 <10
z0 (mm) -75.4 -57.1 -66.4 ±21
qx (�) -0.78 -0.55 -1.05 ±0.3
qy (�) 0.21 0.25 0 ±0.3
Gaussicity h (%) 94.5 98.2 98.0 2–3%

the telescope boresight could be pointed in between the H and V positions at the sky.
The residual pointing error then complied with the 1% criterion again. The intrinsic
co-alignment error due to long-wave diffraction effects, even in presence of a perfectly
aligned optical system, is another example of the unique nature of submillimeter-wave
optics.

In addition to this particular feature the deviation of the observed tilt angle qx was
also interesting. Due to similar long- wave effects, as discussed in Section 4.2.2 and
4.3.2, the tilt angle qx of the equivalent Gaussian deviated as much as 0.27� and 0.5�

for MSA-H and -V respectively from the expected direction. Consequently the beam
was not exactly pointing at the center of the secondary mirror of the telescope. The
associated lateral shift in the pupil plane at the secondary became as large as 25 mm
which was a significant fraction of the diameter of 308.1 mm.

There was also a slight defocus with opposite sign between the two polarizations.
The deviation of ±9 mm was however well within the tolerance of one-fifth of the
confocal distance, which equaled 15 mm at 480 GHz.

The Gaussicity was finally 98% for MSA-V and about 95% for MSA-H. It is interest-
ing to observe that the compensation of aberrations now occurred for MSA-V, whereas
the opposite held for the LO path. The loss of Gaussicity was however not larger than
3% for MSA-H, as compared to the intrinsic Gaussicity of the corrugated horn, even
after passing 9 curved off-axis mirrors.

4.4.3 Detailed experimental verification

Finally the measurement results for the MSA-H configuration near the telescope focal
plane are presented. MSA-H was selected on the basis of largest deviations from the
ideal Gaussian case. The measurement data was taken at 480 GHz. Mirror M3 was
removed from the FPU structure to allow the flared waveguide probe to be positioned
close to the curved focal plane. The orientation of the alignment cube on top of the FPU
was transferred to a large optical flat using a theodolite. The alignment devices on the
scanner were subsequently aligned to the optical flat. The lateral position was referred
to the sharp edges of the rectangular aperture in the structure of the FPU, making use
of the crosshair patterns on the scanner alignment devices. The distance between FPU
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and scanner was finally determined by a vernier caliper. The angular as well as lateral
alignment accuracy was slightly reduced in this way, as compared to numbers listed in
Table 4.4 for the MSA and CLO measurements, but still within 5’ respectively 0.1 mm.

In Fig. 4.17 the measured co-polar intensity distribution for MSA-H is shown in the
plane at Y = +30.5 mm. The measured beam shape was very similar to the simulated
field shown in Fig. 4.16(a). The peak position was located slightly closer to the Y-
axis and further away from the X-axis than simulated. The overall qualitative match
between the simulation and experiment was however remarkable as can be seen by
visual comparison of Figs. 4.17 and 4.16(a).

!6

!60

!
60

!60

!6
0

60

!60

!60

!
6
0

!60!60

!60

!60

!5
5

!55

!55

5

5

!5
!5

!55

!55

!5

!55

!55

!55

!5

!55

!55

!55
!55

!5
5

!55

!55

!55

!50

!50

!
5
0

!50

50

!50

50

!50

!5
0

50 !50

!50

!50

!50!50

!50
!50

!50 !45

!
4
5

!
4

5

!45

45

!45

!4
5

!45

!45 !
4
5

!45

!
4

5

!40

!40
!40

!40

!
4
0

!40

!
40

!
3
5

!35

!
3
5

!35

!
3
5

!35

!30

!30

!30

!
30

!
2
5

!25

!25 !
2
5

!20

!
2
0

!20

!15

!
1
5 !

1
5

!10

!1
0

!5

!
5

!3

X (mm)

Y
 (

m
m

)

 

 

!20 !15 !10 !5 0 5 10 15 20

!15

!10

!5

0

5

10

15

20

!60

!50

!40

!30

!20

!10

0

E!plane

H!plane

Figure 4.17: Measured co-polar intensity distribution near the focal plane of the FPU for MSA-H
at 480 GHz. Except for the -3 dB contour, the contour intervals equal 5 dB.

The quantitative agreement was explicitly verified by plotting and comparing the
measured and simulated co-polar intensity distributions in the E- and H-plane of the
focal plane. The results are shown in Fig. 4.18, where the coordinates of the lateral
cuts are referenced to one single and absolute position. As can be seen from the plots
the quantitative agreement was excellent down to relative intensity levels of -20 dB.
At lower intensity levels the deviations became larger, especially in the H-plane. The
differences are most likely caused by accumulated internal alignment errors in the focal
plane optics.

In addition the unwrapped phase distributions were also compared. The measured
and simulated phase is shown in Fig. 4.19, where the phases in the E- and H-plane are
plotted with opposite sign. Measured and simulated phase were in excellent agree-
ment.

Finally the equivalent Gaussian beam parameters were determined. The parameters
are listed in Table 4.9. The waist size was in perfect agreement with the expected value.
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Figure 4.18: Cuts of co-polar intensity for MSA-H in the E- and H-plane of the focal plane.
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Figure 4.19: Measured and simulated unwrapped phase distributions of the co-polar field com-
ponent for MSA-H in the focal plane at 480 GHz. The phase in the E- and H-plane is plotted
with opposite sign.

The lateral position of the Gaussian beam deviated both in X as well as Y by about 0.5–
0.7 mm. These affected the pointing direction at the sky by about 4". The axial offset
and the tilt about Y were both in very good agreement with the simulated values.
There was finally a significant difference in the tilt about X. The simulated tilt angle qx
was more than 0.3� smaller than designed for. The measured value was however closer
to the design value. Consequently the beam would hit the telescope secondary mirror
more towards the center, by a distance of about 20 mm. The measured Gaussicity was
almost 1% better than predicted. The differences in Table 4.9 were attributed to the
accumulated internal alignment errors inside the focal plane optics and the alignment
accuracy between scanner and the optics.
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Table 4.9: Comparison of measured and simulated Gaussian beam parameters for MSA-H in the
focal plane at 480 GHz.

Parameter Simulation Experiment Designed Value Tolerance

w0 (mm) 3.84 3.80 3.87 ±0.63
x0 (mm) 0.48 -0.03 0 <10
y0 (mm) -1.52 -0.87 0 <10
z0 (mm) -75.4 -74.6 -66.4 ±21
qx (�) -0.78 -1.10 -1.05 ±0.3
qy (�) 0.21 0.18 0 ±0.3
Gaussicity h (%) 94.5 95.3 98.0 2-3%

4.5 Sky Model

The optical interface with the Herschel telescope was a very critical item, as it would
never be verified experimentally until it had been launched into space. Therefore accu-
rate experimental verification of the focal plane optics as well as the telescope optical
performance was required, and the precise alignment between instrument and tele-
scope was of key importance. Since the complex field amplitude in the focal plane had
been accurately characterized, it was however possible to verify the interface with the
telescope and to show by analysis that it would ultimately be possible to do the science
promised by HIFI. In this section it is described how the scientific performance was as-
sessed and how the validity of the interface could be inferred from detailed analysis,
simulation and experiment.

4.5.1 Illumination of M2

As a first step in the analysis procedure, all simulated and measured field distributions
were mirrored in M3. Using a paraxial version of the Fresnel diffraction integral the
instrument pupil field in a plane parallel to the input plane could be reconstructed
using the following equation [17]:

Ep =
1

ilzp
exp

"
i

 
pr2

p

lzp
+ kzp

!#
⇥

+•Z

�•

+•Z

�•

Ei exp


i
p

lzp

⇣
r2

i � 2
�
xixp + yiyp

�⌘�
dxidyi.

(4.6)

Ep in (4.6) represents the field distribution in the telescope pupil plane, zp is the dis-
tance between the input plane and the telescope pupil plane, rp the radial coordinate
within the pupil plane, Ei the input field distribution, ri the radial coordinate within
the input plane and x and y the lateral coordinates in the input and pupil planes.
The integral in (4.6) could efficiently be evaluated by a properly scaled version of a
two-dimensional FFT [17].
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In Fig. 4.20 the simulated relative field amplitude distributions of MSA-H and -V
are projected on the secondary mirror M2 of the telescope. Indicated in both figures is
the rim of M2 as well as the projected central obscuration of M2 in the primary mirror
aperture. In both cases the illumination of M2 was not fully centered and the peak
position was not found on-axis. The offset was largest along the Y-axis and consistent
with the equivalent tilt angle of the Gaussian beam fit determined in Section 4.4.2. The
illumination pattern for MSA-H was clearly distorted, whereas for MSA-V a reasonably
symmetric but offset pattern is found. As can be seen in Fig. 4.20 the edge taper was
not uniform. Depending on the position along the rim it varied by about 3–4 dB around
the target value of 10.9 dB. This led to asymmetry of the lower order sidelobes as will
be shown in Section 4.5.2.
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Figure 4.20: Illumination of the secondary mirror of the Herschel telescope. Shown is the relative
field amplitude distribution at M2 for MSA-H(a) and -V(b) at 480 GHz as calculated from the
simulated focal-plane field by using (4.6). Indicated are the relative intensity contours from 0 to
-11 dB in steps of 1 dB, the location of peak intensity, the projected central obscuration of the
telescope and the rim of the secondary mirror.

In Fig. 4.21 the simulated residual Wave Front Error (WFE) maps on M2 are shown
after substraction of a spherical wavefront associated with an incoming plane wave
from the sky. The peak-to-peak WFE was roughly l/10. The root-mean-square WFE
equaled about 17 µm in both cases, which was close to l/40 at 625 µm and corre-
sponded to a phase error smaller than 10�. The far-field beam patterns at the sky were
therefore mainly determined by the field amplitude across M2, and the long-wave ef-
fects inside the HIFI optics were predominantly transferred into amplitude distortions
at M2.

The same procedure was carried out for the measured field of MSA-H. In Fig. 4.22
the corresponding relative field amplitude distribution at M2 is shown. Comparison
with Fig. 4.20(a) confirmed improved pupil alignment, as expected on the basis of the
Gaussian beam parameters listed in Table 4.9. The qualitative agreement of the beam
profile was not as good as observed for the measured LO and MSA patterns. The rel-
ative intensity contours indicated some additional main beam distortions, which were
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Figure 4.21: Wavefront error (WFE) maps for MSA-H(a) and -V(b) at M2 for l = 0.625 mm. The
plots also indicate the l/100 WFE contours. The WFE is expressed in µm.

not predicted theoretically. It was assumed that internal optical alignment errors of the
focal plane optics were responsible for this discrepancy. In particular the exact position
and orientation of the field mirrors M9 did affect the pupil alignment and aberrations,
whereas the visual alignment procedure was designed to achieve high quality focal
plane spots at their nominal field positions [18]. In the alignment procedure no explicit
end-to-end optical test of the pupil image quality and alignment was performed, only
a limited test verifying the chief ray intersects on M2.

Finally the residual WFE at M2 for the measured field was calculated. The result
is shown as a contour plot in Fig. 4.23. The root-mean-square WFE was about 10 µm
which was even better than predicted. The rms WFE stayed well within the diffraction
limited criterion of l/20 producing negligible losses [19]. The spatial distribution of the
residual WFE map compared furthermore very well to the simulated shape presented
in Fig. 4.21(a) leading to the conclusion that the nominal system was in focus with a
wavefront well matched to the telescope. The residual phase errors between measure-
ment and simulation were generally smaller than 1� confirming excellent agreement
between measurement and simulation.

4.5.2 Beam patterns at the sky

When the complex field amplitude at M2 was reconstructed from simulation as well
as measurement, the far-field radiation pattern towards the sky could be predicted
and compared to a truncated and centrally obscured Gaussian beam. First of all the
spherical wavefront corresponding to an incoming plane wave along the chief-ray di-
rection was subtracted from the reconstructed phase at M2. Next the truncation and
obscuration by the telescope was taken into account by multiplying the complex field
distribution with a pupil obscuration map. After zero-padding and scaling the field
distribution to the size of the primary aperture, the far-field pattern was obtained by
a two-dimensional Fourier Transform. In all calculations presented here, a nominal
diameter of 308.1 mm for the secondary was assumed, whereas D equaled 3.5 m for
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Figure 4.22: Field distribution at M2 for the measured focal-plane field distribution of MSA-H
at 480 GHz. The field contour levels correspond to relative intensity levels ranging from 0 to
-11 dB separated by 1 dB.

the primary mirror.
Expressing the far-field angles in units of l/D, the simulated far-field patterns for

MSA-H and -V are shown in Fig. 4.24. Both patterns showed some shoulder structure
protruding from the main beam into the lower order diffraction rings. This was caused
by the non-uniform edge taper along the rim of M2, and the asymmetric illumination
of M2.

Also clearly visible in both cases was a small offset in the peak position relative
to the geometrical boresight (origin of the coordinate system). For MSA-H the offset
in the Y-direction was about +5.5", whereas the offset was -1.5" for MSA-V. There was
furthermore an offset of -4.2" and -2.5" in the Z-direction for MSA-H and -V respec-
tively. These offsets were due to the long-wave nature of the system and resulted from
amplitude and phase errors, and could be interpreted as the equivalent of the apparent
phase-slope observed in the MSA and CLO pupil fields as described in Section 4.2.2
and 4.3.2.

In this case however a common pointing offset could easily be corrected for by
repointing of the telescope or by adjustment of the focal plane chopper angle. What
really mattered was the co-alignment error, which was important when co-adding the
sky signals received in orthogonal polarizations. The co-alignment error between the
MSA-H and -V beams was almost 20% of the FWHM of the main beam. Note that this
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Figure 4.23: WFE distribution across M2 for the propagated MSA-H field measured in the focal
plane at l = 625 µm. The WFE is expressed in µm and the l/100 contours are included for
reference.

error was only due to the long-wave character of the system, as an otherwise perfectly
aligned system had been assumed in the simulation. The co-alignment error could be
mitigated by repointing of the telescope at the average position of both polarization
channels. The residual pointing error was then reduced to 10% of the FWHM, which
was compliant with the quasi-optical alignment tolerances defined in Section 2.3.5, and
the balance of the fractional power coupled into both beams would be restored.

In Fig. 4.25 the far-field pattern for the measured distribution is shown. The pattern
shown was very similar to Fig. 4.24(a). The blending between the main beam and first
diffraction ring was not as strong as predicted, which could be explained by better
pupil alignment on M2 leading to a more homogeneously distributed edge taper. The
pointing offsets were +7.7" and -0.3" respectively in the qy- and qz-direction. As com-
pared to the predicted offsets for MSA-H, the experimental values were in excellent
agreement with the simulation. The differences between experiment and simulation
were attributed to alignment errors of the focal plane optics and the metrology of the
measurement system. The experiment revealed that the actual pointing errors, due to
physical misalignments, were of similar order or even smaller than the intrinsic point-
ing offsets, due to diffraction effects in the optics. The comparison therefore confirmed
that absolute pointing and co-alignment were indeed affected by the long-wave nature
of the focal plane optics. At actual wavelength the system therefore behaved differently
than expected on the basis of classical geometrical optics.

Finally far-field cuts along the principal coordinate axes are presented. In Figs. 4.26
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Figure 4.24: Simulated beam patterns at the sky for MSA-H(a) and -V(b). The far- field angles
are expressed in units of l/D, where l = 625 µm and D = 3.5 m. In both plots the 5 dB contours
of relative intensity are shown in addition to the -3 dB contour indicating the Full Width at Half
Maximum (FWHM).
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Figure 4.25: Calculated beam pattern at the sky for the measured field distribution of MSA-H.
Except for the -3 dB contour, the contour intervals equal 5 dB.

and 4.27 the far-field cuts for MSA-H and -V respectively are shown, and compared to
the ideal Gaussian case. All pointing offsets were removed from the plots.

Whereas a Gaussian illumination centered on M2 leads to a symmetric pattern with
well-defined diffraction rings, the actual patterns were much less symmetric. In par-
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Figure 4.26: Far-field intensity cuts of the simulated beam pattern of MSA-H. The far- field cuts
are plotted against off-axis angles normalized to l/D, where l = 625 µm and D = 3.5 m. The
ideal Gaussian case is also included for reference.
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Figure 4.27: Far-field intensity cuts of the simulated beam pattern of MSA-V. The far- field cuts
are plotted against off-axis angles normalized to l/D, where l = 625 µm and D = 3.5 m. The
ideal Gaussian case is also included for reference.

ticular the cut along the qy-direction for MSA-V illustrates the shoulder and blending
of the first sidelobe and main beam. In the qy cuts of Figs. 4.26 and 4.27 the beam
squint was still visible as main beam asymmetry. In all cases the main beam shape
was however in very good agreement with the expected Gaussian behavior. The main
beam width 2qm, defined as the angular distance between the first nulls of the pat-
tern, equaled about 1.8’, which was in very good agreement with analytical equations
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from literature [1, 20]. The FWHM of the main beam is about 0.7’. The relative in-
tensity level of the first sidelobes was very similar to the Gaussian case except for the
shoulder structure. Generally the match between the actual pattern and a truncated
and centrally obscured Gaussian was reasonably good. Only in the area around the
first sidelobes some deviations could be observed. The far-field beam parameters and
characteristics are summarized in Table 4.10.

Table 4.10: Summary of the properties of the simulated and measured far-field beam patterns
of HIFI band 1 at l = 625 µm. Included in the list are the Gaussian far-field divergence angle
q0, the main beam angle qm, the FWHM, the pointing offsets Dqy and Dqz and the peak sidelobe
level.

Parameter MSA-H (sim) MSA-V (sim) MSA-H (exp)

q0 (") 31.3 32.4 31.4
qm (") 52.7 53.9 53.4
FWHM (") 37.3 38.1 37.4
Dqy (") +5.5 -1.8 +7.4
Dqz (") -4.2 -2.4 -1.3
Sidelobe level (dB) -18.5 -17.5 -20.0

Finally far-field cuts obtained for the experimental case are presented. In Fig. 4.28
the equivalent plot is shown for the measurement of MSA-H and compared to the sim-
ulated pattern. It was observed that the shoulder structure as present in the simulations
was indeed much weaker in the experimental far-field cuts along qy and qz. In partic-
ular the cut in the qz direction was in very close agreement with the ideal Gaussian
case. The overall observation was that the measured and simulated patterns matched
quite well, which confirmed the optical design based on Gaussian illumination of the
secondary mirror.

4.5.3 Sky coupling efficiencies

Using the results described in Sections 4.5.1 and 4.5.2 a quantitative analysis of the
applicable efficiencies is presented. The following efficiencies were considered [1, 21]:

• Spillover efficiency hs.

• Blockage efficiency hb.

• Taper efficiency ht.

• Aperture efficiency ha.

• Main beam pattern efficiency hp.

• Main beam efficiency hm.

The spillover efficiency hs represents the fraction of the power in the beam which
is intercepted by the unblocked telescope aperture. HIFI required a spillover efficiency
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Figure 4.28: Comparison of measured and simulated far-field patterns for MSA-H at l = 625 µm
in units of l/D, where D = 3.5 m.

larger than 90% as defined in Section 2.2. The spillover efficiency was calculated using
the following equation:

hs =

R

A

��Ep
��2 dA

R ��Ep
��2 dA

, (4.7a)

hG
s = 1 � exp(�2a), (4.7b)

where the integral in the numerator of (4.7a) extends over the full aperture area A of
the telescope. The integral in the denominator represents the total power in the field
illuminating the telescope. Equation (4.7b) gives the analytical result for a Gaussian
beam with edge truncation parameter a as defined in Section 2.3.3. For an edge taper
of -10.9 dB the value of a equals 1.254.

The blockage efficiency hb is the fraction of power intercepted by the clear part
of the telescope aperture. This fraction also represents the reduction in the aperture
efficiency due to (central) obscuration. The blockage efficiency is given by:
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hG
b =

[exp (� fba)� exp (�a)]2

[1 � exp (�a)]2
, (4.8b)

where the first integral in the numerator of (4.8a) extends over the clear aperture area
Ac. The integral in the denominator extends over the full surface of the telescope
aperture A. The integral across the clear aperture Ac can also be expressed in terms
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of an integral across the entire aperture A by introducing a complex field transmission
coefficient t and corresponding transmittance T = |t|2. Equation (4.8b) represents again
the analytical result for a Gaussian illumination of the telescope. The linear blockage
fraction fb was 8.8% for a M2 diameter of 308 mm and M1 diameter of 3.5 m.

The taper efficiency ht is the fractional power coupling between an incoming plane
wave from the sky and the field illuminating the telescope pupil ignoring spillover.
The taper efficiency is given by:

ht =
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As formulated in (4.9a) the complex field transmission coefficient t can also be used
to describe phase errors introduced by the telescope. The analytical expression for the
ideal Gaussian case in (4.9b) assumes zero phase errors.

The aperture efficiency ha of the telescope is the fractional power coupling to a
point source and represents the ratio between the effective and physical area of the
telescope. The aperture efficiency is calculated using:

ha =
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The only difference between (4.10a) and (4.9a) is the first integral in the denominator
which now extends over an infinite plane. The two terms in the denominator of (4.10a)
represent the total power in the field illuminating the telescope pupil and the fractional
power of the incoming plane wave intercepted by the telescope respectively. The in-
tegral in the numerator is an overlap integral between the incoming plane wave and
the illuminating pupil field across the clear area of the telescope. In (4.9a) as well as
in (4.10a) it was assumed that the incoming plane wave arrives at the optimal angle of
incidence corresponding to the location of the focal spot in the telescope focal plane.
The aperture efficiency simply equals the product of taper and spillover efficiency. As
described in Chapter 2 the HIFI optics were optimized to obtain maximum aperture
efficiency, by balancing taper and spillover efficiency, which occurred at an edge taper
of 10.9 dB. The aperture efficiency could also be calculated by the taking the product
of the unblocked taper efficiency ht,0, blockage efficiency hb, and spillover efficiency hs.
The analytical result for a Gaussian beam is given by (4.10b).

For extended sources the angular distribution of the beam pattern at the sky needed
to be considered. An important measure is the main beam efficiency, which is the cou-
pling efficiency to an uniform extended source filling the main lobe of the far-field
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pattern. Another very useful figure of merit is the encircled energy which represents
the fractional power coupling to an uniform extended source of a certain angular ex-
tent. Starting from the calculated or measured far-field pattern a main beam pattern
efficiency hp could be calculated as follows:

hp =

2pR

0

qmR

0
Pn (q, f) dW

2pR

0

p/2R

0
Pn (q, f) dW

=
Wm
Wa

, (4.11)

where Pn(q, f) represents the normalized power pattern (to unity peak power), and
Wm and Wa represent the main beam and antenna solid angle respectively.

The main beam efficiency hm can finally be obtained by including the blockage
and spillover efficiencies. Since the spillover pattern diffracts out much more rapidly
than the primary pattern, the effect of spillover is only a multiplicative correction to the
power pattern for the angles of practical interest. The blockage efficiency hb is included
for proper normalization, whereas the diffractive effect of blockage is already included
in the angular distribution of the power pattern. Therefore the main beam efficiency is
defined as:

hm = hbhshp = ha
AgWm

l2 , (4.12)

which is simply the main beam pattern efficiency multiplied by the blockage and
spillover efficiency. The main beam efficiency is also related to the aperture efficiency
through the unobscured geometrical telescope area Ag, the main beam solid angle
Wm, and wavelength l as indicated in the equation. The main beam efficiency can be
interpreted as the fraction of the main beam throughput which can be coupled to a
detector.

Finally the fractional coupling efficiency # to an uniform disk of radius q is defined.
This quantity represents the Encircled Energy Fraction (EEF). When plotted against q
on a log-log scale, the EEF provides an useful figure of merit to determine the actual
coupling to an arbitrary extended source. The fractional coupling efficiency is defined
as follows:

# (q) = hbhs

2pR

0

qR

0
Pn (q, f) dW

2pR

0

p/2R

0
Pn (q, f) dW

. (4.13)

Integrated over the full forward hemisphere, the limiting value of # equals hbhs. This
effectively means that the spillover pattern is fully ignored in the limit of sufficiently
large off-axis angles and is treated as if it was terminated in a cold load and therefore
only gives rise to a loss factor. For off-axis angles of practical interest this assumption
holds very well and (4.13) correctly describes the actual behaviour for sufficiently small
q.

In Table 4.11 the calculated efficiencies as discussed above are listed for the simu-
lated case of MSA-H and -V, the measured case of MSA-H and finally the theoretical
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Gaussian case. All calculations were carried out for the optimal angle of incidence
of the incoming plane wave from the sky. The assumed central blockage fraction
fb = DM2/DM1 was 8.8%.

The blockage efficiency was nearly 98% in all four cases, which is relatively close
to the geometrical obscuration factor 1 � f 2

b . The first significant differences were ob-
served for the spillover efficiency. Although all actual cases came very close to the
required value of 90%, only MSA-V approached the theoretical value of the ideal Gaus-
sian case. At first sight this seemed to be caused by pupil misalignment. However, for
MSA-V the highest spillover efficiency was observed, whereas the pupil misalignment
was worst. The explanation was found in the significantly larger Gaussicity for MSA-
V, which concentrated more power within the aperture of the telescope. This also
explained why the taper efficiency was larger for MSA-H as compared to MSA-V. The
net effect was a bit surprising as the aperture efficiency for MSA-H exceeded that of -V,
which was not expected on the basis of Gaussicity only. This observation illustrates the
relevance of a full-mode analysis as higher order modes also couple to the telescope
field, which is represented as a truncated plane wave. The calculated aperture efficien-
cies were very close to the theoretical maximum of 79% and only deviated at the few
percent level. The measured and simulated cases of MSA-H were in excellent quan-
titative agreement. As far as aperture efficiency was concerned it could be concluded
that the optics were well designed and long-wave diffractive effects did only matter at
a few percent level.

Table 4.11: Summary of coupling efficiencies for the simulated beam patterns of MSA-H and
-V, those applicable to the measurement of MSA-H and finally the ideal Gaussian case all eval-
uated at l = 625 µm. The assumed diameters of telescope mirrors M1 and M2 were 3.5 m and
308.12 mm respectively. For the ideal Gaussian case a = 1.254 and fb = 8.8% were assumed. The
numerical accuracy of the numbers quoted is ⇠ 0.5%.

Parameter MSA-H (sim) MSA-V (sim) MSA-H (exp) Gaussian case

hb 0.983 0.982 0.981 0.979
hs 0.894 0.904 0.893 0.919
ht 0.861 0.836 0.858 0.863
ha 0.769 0.755 0.766 0.793
hp 0.928 0.926 0.935 0.953
hm 0.815 0.821 0.819 0.857

The coupling to extended sources is also reflected in Table 4.11. First the main
beam solid angle was determined by finding the value of qm which minimized the
first derivative of #(q) with respect to q as defined in (4.13). This value of qm gave
the effective opening angle of the first dark ring in the sky pattern also in the case of
poorly defined sidelobes or shoulder structure. The corresponding pattern and main
beam efficiency was then calculated using (4.11) and (4.12), and are listed in Table 4.11.
The pattern efficiency was roughly 93% in the simulated and measured cases, whereas
95% is expected for the ideal Gaussian case. The main beam efficiency hm equaled
82% for the simulated and measured cases, which deviated about 4% from the ideal
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Gaussian case. This deviation was larger than observed for the aperture efficiency. This
can be understood by looking at (4.12). Since the main beam efficiency includes the
product of hs and hp, and since hs and hp were both about 2% smaller than the ideal
case, the effect on main beam efficiency was 4%. The main beam efficiency is therefore
slightly more sensitive to deviations from the ideal Gaussian case.

This can also be seen in Fig. 4.29, where the encircled energy or fractional coupling
to extended sources is plotted as function of the ratio q/qm. The main beam efficiency
hm equals #(qm) for q/qm = 1, and the limit for sufficiently large q is hbhs. As can be
seen in the plot the simulated and measured cases were in very close agreement. The
expected coupling on the basis of an ideal Gaussian was however significantly larger.
This could be explained by the intrinsic distortion and aberrations present already at
MSA level and which were mainly due to long-wave effects. Accurate calibration of the
coupling to extended sources therefore requires precise knowledge of the actual beam
patterns at the sky and it is not sufficient to simply assume a truncated Gaussian.
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Figure 4.29: Encircled energy fraction as function of off-axis angle q normalized to the main
beam half-angle qb. The fractional power coupling is plotted for the simulated and experimental
data as well as the Gaussian case in HIFI band 1 at l = 625 µm.

Comparing the values in Table 4.11 and the traces in Fig. 4.29, the general con-
clusion was that the end-to-end optical performance of HIFI could to first-order be
described by a truncated and centrally obscured Gaussian. Although higher order
deviations from the ideal Gaussian case were significant, experimental evidence was
provided showing that a highly accurate description could be obtained by simulation
and measurement at fractions of a percent even for optical configurations as complex
as HIFI [22]. This conclusion was of key importance for the optical calibration of HIFI
and in order to meet the goal calibration accuracy of 3% as discussed in Chapter 2.
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4.6 Conclusions

From the systematic comparison of electromagnetic simulations of the HIFI optics and
experimental data taken at 480 GHz a number of general conclusions could be drawn.
The design of the optics of HIFI was validated by analysis and experiment. The design
yielded good optical quality, both for visual alignment purposes and scientific use at
actual wavelength. The optical design, as verified in this chapter, was fully compliant
with the scientific requirements of HIFI and could do the science planned. The system
aperture efficiency in particular was significantly better than the scientific requirement,
whereas the spillover efficiency was close to what was required and expected on the
basis of a Gaussian beam. This validated the design of HIFI at the top level and
showed that the optics could provide coupling to astronomical objects with the desired
throughput.

Overall excellent quantitative agreement between simulation and experiment was
achieved, both in amplitude as well as in phase, reproducing detailed features even
at very low relatively intensity levels. This conclusion was valid even after passing
as many as 9 off-axis powered mirrors in the telescope path and also in the case of
significant mixer defocus, which was quite a remarkable result showing that the op-
tical alignment of the system was accurately under control and proved that how the
instrument was assembled also worked. The comparison between simulation and ex-
periment was unambiguous, since both sets of data were referenced against one single
and absolute position established by means of a dedicated alignment system.

In contrary to geometrical and first-order Gaussian optics the simulated and mea-
sured beams were generally not symmetric and their positions of peak intensity did
not appear on-axis. Due to the compact near-field arrangement of off-axis mirrors, sig-
nificant amplitude and phase errors occurred as the mirror surfaces were generally not
matched to the local wavefronts. Since the optics were primarily designed to compen-
sate for geometrical aberrations, which allowed for visual alignment, this observation
illustrated that optimal performance could not be simultaneously achieved at actual
wavelength.

The beam parameters of the equivalent Gaussian beam best matching the actual
field were nearly identical to the designed values. In all studied cases the deviations
were within the quasi-optical tolerances, with the exception of an apparent tilt error
which could be traced back to linear phase slope in the MSA pupil plane. The Gaus-
sicity at any point in the system did not drop below 95%. The initial assumption that
the behavior of the optical system was highly Gaussian could be confirmed.

Making advantage of knowing both amplitude and phase of the electric field com-
ponent, the simulated and measured fields in the focal plane could be propagated to
the sky through a telescope model. The spatial distribution of the field amplitude and
the wavefront error across M2 could accurately be predicted and agreed very well with
the experimental observation. The illumination of M2 was not symmetric and centered,
the edge taper across the rim was hence not homogeneous, and the beam pattern at
the sky showed asymmetric diffraction rings and main beam distortions or shoulders
extending into the central dark ring.

Overall the general shape and envelope of the far-field beam pattern at the sky
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agreed reasonably well with the pattern of a truncated and centrally obscured Gaus-
sian.

As far as aperture efficiency is concerned the difference between a first-order Gaus-
sian description and the actual field did only matter at the level of a few percent.
Accurate calibration of the coupling to extended sources required more precise knowl-
edge of the detailed beam patterns at the sky in order to meet the goal calibration
accuracy of HIFI.

A number of interesting features were found uniquely related to the long-wave diffrac-
tive nature of the HIFI optics. Despite the fact that the MSA optics were perfectly
aligned, the equivalent Gaussian beam matching the pupil field appeared to be later-
ally offset and tilted with respect to the optical axis at actual wavelength. Similar effects
were seen in the LO path and in the telescope pupil plane. This could be understood
by the presence of linear phase slope in the pupil plane originating from diffractive
effects, at for example the MSA field mirror, which would not occur in the limit of zero
wavelength. The magnitude of this effect exceeded the quasi-optical tolerances, and
should not be mixed up with physical alignment errors of the optical elements.

Beyond the beamsplitter in front of the MSA optics, the actual beams of the hor-
izontal and vertical polarization channel propagated differently. This was caused by
the anti-symmetric layout of MSA’s in the beamsplitter assembly. In one case the aber-
rations and distortions present at MSA level compensated when passing the remaining
optics, in the other case they got enhanced. This effect could have been used in further
optimization of the optics, at least a symmetric layout of both MSA’s should have been
preferred.

In the LO path the asymmetry between the optical paths of MSA-H and -V led to
an intrinsic imbalance in the LO coupling of 4% even for a perfectly aligned system.

In the telescope path the asymmetry and presence of linear phase slope in the MSA
pupil plane led to an intrinsic co-alignment error between spots in the focal plane as
well as on the sky. This co-alignment error was as large as 20% of the FWHM and
was present only due to the long-wave character of the system even in case of perfectly
aligned optics.

With respect to the questions raised in the introduction the following conclusions were
drawn. The simulations and measurements presented in this chapter clearly proved
that the long-wavelength character of compact near-field optical arrangements could
not be ignored. Although distortion and aberration effects due to non-ideal use of
off-axis mirrors could be clearly recognized, the deviation of the equivalent Gaussian
beam parameters from the ideal as-designed values was relatively small and of simi-
lar order as the quasi-optical alignment tolerances. Therefore a first-order description
based on a fundamental mode Gaussian beam provided a reasonable description of
the optical performance, such as aperture efficiency and LO beam coupling, at the
level of several percent. Accurate calibration of the coupling to extended sources at
the sky or performance characterization at the level of fractions of a percent required
however more precise knowledge of the actual beam patterns, and a simple Gaussian
description was no longer adequate.
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The quantitative agreement between simulation and experiment was very good.
Experimental evidence was found showing that a highly accurate description of the
optical characteristics and performance could be obtained by simulation as well as
measurement at a level of fractions of a percent even for optical configurations as com-
plex as HIFI. This confirmed that powerful verification tools were available to evaluate
and predict the optical performance of HIFI.

It could finally be confirmed that once the optics of HIFI were carefully aligned at
visual wavelength, and once the optical properties of the beam at the input were suf-
ficiently well characterized, the end-to-end performance of the focal plane unit could
be accurately predicted and controlled. This was of considerable programmatic inter-
est in the verification program of HIFI as it mitigated the risk to the lowest level of
integration and test. Once the mixer unit was compliant and properly mounted with
respect to the optics, the interfaces at higher level were also compliant, as could be ver-
ified by analysis, and there was little risk for unexpected deviations. What therefore
remained was to verify that the construction of the rest of HIFI agreed with the design.
It was finally demonstrated that the telescope interface and beam properties at the sky
could be verified by analysis by forward propagation of simulated or experimental
data obtained in the focal plane.
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Chapter 5
Experimental Characterization of
the Flight Model Optics

5.1 Introduction

This chapter describes the experimental characterization of the HIFI Flight Model
Optics. We present the design of a number of experimental systems that were

designed to verify the compliance of the FM optics. A particularly important interface
was the interface with the Herschel telescope. Since the Herschel telescope did not
have a mechanism for secondary mirror adjustment in space, it was of key importance
to make sure that the optics were perfectly aligned, in focus, and the beam properties
satisfied the requirements described in Chapter 2.

The verification approach was built on experience developed during the room-
temperature design verification experiments described in Chapter 4. The primary ver-
ification took place at MSA level (see Chapter 2), where fixes, if needed, could still be
implemented. Chapter 4 also showed that once the optical performance requirements
at MSA level were met, the performance at instrument level would also be compliant,
and only required final verification.

The chapter is organized as follows. We first present the design and development of
the instrument test facility. When designing and extending the experimental systems
for the full frequency range of HIFI, we took advantage of the concepts developed in
Chapter 3. We also show how the system components of the instrument test facility
could be used at MSA level.

We next describe our characterization results at MSA level. We ignored measure-
ments of the LO ports of the FPU. Here we fully relied on the conclusions of Chapter 4.
We only verified once during the DM that the LO coupling was indeed optimal when
the MSA’s were properly aligned. The focus of this chapter will therefore be on the
optical performance characterization at MSA level, and in the focal plane of the flight
instrument. At MSA level we describe in detail how the experimental system was used
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to identify and fix some major issues related to the lens-antenna systems in bands 5–7.
We finally conclude by presenting the end-to-end verification results of the HIFI

flight optics. We first discuss the measurement configuration, and some interesting
issues observed at instrument level, after which the compliance to the overall alignment
budget is reviewed.

5.2 Design and Development of Experimental Systems

The verification of the Flight Model (FM) optics required a range of experimental sys-
tems, capable of measuring the complex field distributions of the HIFI beams under
representative conditions. This implied that the hardware under test was cryogeni-
cally cooled to nominal operating conditions, and real flight mixers had to be used in
their final FM configuration. The main test facility we designed was the instrument
vacuum scanner that could be placed on top of the HIFI cryostat containing the flight
instrument. Prior to instrument level testing, we however first verified all individual
mixers at MSA level, in a smaller cryostat with a quick turn-around time. Only when
the optical performance at MSA level was compliant, the hardware was integrated into
the FPU for final system level verification.

Addressing all these configuration and system aspects was a very challenging task.
In this section we describe the design of the experimental systems that we developed
to address the verification of the flight optics. Most effort, creativity and thought
went into the instrument level vacuum scanner, making maximum advantage of the
experience developed during the 480 GHz room-temperature design verification tests
described in Chapters 3 and 4. Using this system we successfully verified the telescope
interface of the FPU at cryogenic conditions. Parts of this system could also be also
used during MSA levels tests, where we selected the flight mixers and aligned them in
their corresponding MSA’s.

The system architecture was similar to the 480 GHz setup. The block diagram as
shown in Fig. 3.1 of Chapter 3 was applicable, where "MSA Optics" should be read as
"Flight Instrument" or "Flight MSA". The main differences occurred at subsystem level,
in the area of the (vacuum) scanner, the test sources, the RF reference system, etc, as
will be described below.

5.2.1 Instrument Test Facility Overview

Figure 5.1 shows the final design of the instrument vacuum scanner facility. We con-
sidered the telescope-instrument interface as the most critical interface, and wanted
to remove any possible uncertainty by measuring the beams emerging from the focal
plane as directly as possible. We therefore designed a vacuum scanner box that could
be placed on top of the HIFI cryostat. The system was fully modular, the vacuum box
could be removed from the cryostat by closing an intermediate gate valve, and pres-
surizing the system. This concept allowed us to exchange a test source, or rotate the
system to select another polarization orientation, without warming up the FPU cryo-
stat. However, the main advantage and purpose of using the gate valve was to achieve
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a clear optical path without any windows.

FPU cryostat

Vacuum scanner box

LN2 vessel

Viewport

Gate valve

Mirror M3

HIFI !ight model

LO windows

Di"erential adjuster Connector !ange

XY scanner

Cable guider

Pentaprism AD

Copper straps

Test source

LN2 shields

4w beam contour

AD bracket

10K
80K

120K

Figure 5.1: Scanner system overview showing the vacuum box placed on top of the FPU cryo-
stat. A high-precision vacuum scanner system could directly access and scan the HIFI beams
emerging from the focal plane of the flight model.

5.2.2 Thermal Design

Since the flight instrument was cooled to 4K, and we were concerned about radiative
heat coupling into the superconducting mixers, great care was taken to control the
thermal environment of the scanner. In the first place the 10K and 80K thermal shields
of the FPU cryostat were extended to form a thermal baffle reducing the view factor
towards the warm scanner system. After optimizing the baffle geometry, with an open-
ing six times the optical beam waist (6w), the heat load was still too high. We therefore
designed a rigid thermal bus, suspended from the baseplate of the scanner, providing
a thermal and mechanical interface to a copper shield immediately in front of the test
source. This shield could move together with the test source inside a shielded box as
indicated in Fig. 5.2. In the middle of the shield we placed a conical section with a
small opening for the horn. Figure 5.2 also shows a liquid nitrogen vessel cooling the
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shield by means of flexible straps connected to the thermal bus. At the instrument side
the shield was fully coated with SiC absorber [1, 2]. The temperature of the shield,
as seen by the instrument, was between 120 K and 140 K, leading to acceptable heat
load for the instrument. To avoid SiC particles falling into the cryostat, or directly on
pickoff mirror M3, a 1 µm thick Mylar membrane was placed in front of the test source
and thermal shield.

Thermal bus / interface

LN2 vessel

Flexible straps

a)

Fixed shielded box Moving shield

Springleaf

Tilt-unit

Adjuster 1Adjuster 2

Nut 1
Nut 2

b)

Figure 5.2: Illustration showing the design of the thermal system. In order to reduce the heat
load on the HIFI instrument, a thermal shield was connected to the scanner baseplate, which
could move together with the test source within a shielded box.
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5.2.3 Alignment System

We designed a very precise alignment system using of a pair of alignment devices
mounted on the FPU structure, an alignment device on the scanner platform, a pen-
taprism to fold the optical path, and an optical window in the vacuum box to provide
a viewport. We used a theodolite to look into the scanner box via the vacuum window.
Via a pentaprism we could then auto-collimate on the optical flat on the scanner plat-
form, and on the pair of alignment mirrors mounted on the FPU. These devices are
illustrated in Fig. 5.3. We chose for a pentaprism to keep the position and alignment of
the theodolite, and external optics, independent of the scanner orientation, which was
changing frequently during tilt adjustment of the system. Using a differential adjuster,
based on a spindle with two screw threads of differing leads, we could very precisely
adjust the tilt of the scanner system in two orthogonal directions with respect to the
vacuum box. How this exactly worked can be seen in Fig. 5.2(b). The tilt-unit consisted
of two orthogonally mounted hinges employing large springleafs and was pre-loaded
by stiff springs. The spindle of the adjuster contained two sections with different thread
as indicated by the white dotted circles. Rotation of the spindle therefore resulted in
differential motion between two nuts that were part of the hinge. In this way the tilt
could be very smoothly adjusted in two directions with a very high resolution of about
1". After tilt alignment, the adjusters could be locked and kept at a fixed setting. Since
the position of the vacuum window was fixed with respect to the FPU cryostat, and
the scanner system had to be rotated to match the instrument polarization direction,
the pentaprism could be rotated inside a special holder with markers for the rotation
angle. The optical flat was illuminated by white LEDs to be able to see its cross-hair
pattern. We used a very similar alignment procedure as described in Chapter 3. The
system was designed to achieve an alignment accuracy of 1–2’ in tilt, and 0.1–0.2 mm
laterally.

5.2.4 Scanner Stages and Platform

For the scanner system we procured two vacuum ultra-precision linear stages1. The
stages had a linear range of 205 mm (8"), with uni-directional repeatability of about
40 nm. The stages employed a special 2-phase vacuum stepper motor. Each stage
had an integrated linear scale, based on a Heidenhain periodic grating for accurate in-
cremental measurements, and a separate track containing an absolute reference mark.
The stages achieved excellent positioning accuracy and flatness of a few µm in position
and of order 20 µrad in tilt. The maximum speed was 15 mm/s.

The stages were mounted orthogonally, and on the top stage we mounted an opti-
cal bench referred to as the scanner platform. The scanner platform was permanently
mounted, and provided a mount for the test source, the alignment devices, a suspen-
sion system for the thermal bus and straps, an electronic filter box, and brackets for the
electrical wiring and coaxial cables. The electrical wiring was guided via robotic cable
guiders as illustrated in Fig. 5.1 and 5.2(a) for example. These were selected to keep
the bending radius of the flexible and phase-stable SMA cables fixed, while moving the

1 The vacuum scanner stages were procured from MICOS,

http://www.pimicos.com/


144 Chapter 5: Experimental Characterization of the Flight Model Optics
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Figure 5.3: On the left the pair of alignment mirrors, marked with crosshairs, and mounted to
the FPU, is shown. They were referenced against the primary AD on top of the instrument,
which was not visible to the scanner. The right hand figure show the pentaprism and optical flat
mounted on the scanner platform.

scanner. In this way we achieved much better phase stability, as we only experienced
differential errors due to flexing.

Although the stages had excellent position accuracy and repeatability, we invented
a mechanical alignment procedure that allowed us to map the individual coordinates of
the linear scales to global three-dimensional coordinates with a precision of a few µm.
This procedure is described in Appendix A. Using these calibration results we could
keep track of the absolute position of the center of the aperture of the test sources.

An overview of the scanner platform, nicely illustrating the entire scanner system,
is shown in Fig. 5.4. The system is shown without the cryogenic shield, and only shows
part of the 480 GHz test source, which will be discussed in Section 5.2.5.

5.2.5 Test Sources

The primary purpose of the system described so far was to facilitate a lateral scan of a
coherent test source, directly above the focal plane of the HIFI flight instrument, and
to record the relative amplitude and phase of the beam pattern in each mixer band.
In order to be able to measure all mixer bands we needed a wide range of coherent
test sources. Driven by programmatic and budgetary reasons we decided to procure a
number of sources based on phase-locked Gunn oscillators2. Table 5.1 lists the charac-
teristics of these sources. At the time of ordering fixed-tuned and electronically tunable
test sources were not yet widely available and very expensive. We therefore decided
to design a modular range of test sources making use of a common input driver chain.
The input section consisted of a 80 GHz phase-locked Gunn oscillator followed by a

2 The test sources were manufactured by Radiometer Physics GmbH,

http://www.radiometer-physics.de
http://www.radiometer-physics.de
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Figure 5.4: Picture of the as-built scanner system illustrating the concepts and elements described
in Section 5.2.

160 GHz doubler. The frequency of the Gunn oscillator was chosen such that the HIFI
mixer bands 1 to 4 could be covered at their edge frequencies by harmonic multiples
of this input frequency. We therefore developed 4 multiplier stages producing a test
signal at 480, 640, 800 and 960 GHz. All these sources only worked at spot frequencies
and had to be tuned mechanically before using them on the scanner. The 960 GHz
source also required a multiplier bias voltage for the output tripler stage. An example
of the 480 GHz test source is shown in Fig. 5.5. The figure also shows the mechanical
support, the copper straps used to cool the Gunn oscillator in vacuum, and a horn
interface plate that will be discussed below.

Initially we did not have a clear strategy how to cover the high frequency bands,
say above 1 THz. Our baseline plan was to use the higher order harmonics of the
low frequency sources by adding dedicated high-pass waveguide filters. However, at
a certain moment a first prototype of a W-band power amplifier chain [3], and fixed-
tuned high power doubler was made available by JPL as part of the LO development
programme for HIFI [4, 5]. This 200 GHz driver chain was used to design a harmonic
generator for band 5 generating harmonic number 6 as indicated in Table 5.1. This
source had also to be tuned mechanically to a specific frequency, but had large coverage
because of the available input frequency range. In order to cover bands 6 and 7 we were
planning to use harmonic numbers 8 and 9 respectively in combination with waveguide
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Table 5.1: Summary of test sources used for the HIFI beam pattern measurements of the flight
optics. The sources for bands 1 to 4 were based on a phase-locked Gunn oscillator. In the higher
frequency bands we used direct multiplied sources driven by a W-band Power Amplifier (PA)
chain and high-power doubler.

Band Driver Multiplication Frequency Power

1 80 GHz Gunn oscillator ⇥2⇥3 480 ± 10 GHz >50 µW
1/2 80 GHz Gunn oscillator ⇥2⇥4 640 ± 10 GHz ⇠10 µW
2/3 80 GHz Gunn oscillator ⇥2⇥5 800 ± 10 GHz 1–2 µW
3/4 80 GHz Gunn oscillator ⇥2⇥2⇥3 960 ± 10 GHz ⇠100 nW
4/5 200 GHz (PA + doubler) ⇥2⇥3 1.12–1.25 THz 1–2 µW
6/7 180 GHz (PA + doubler) ⇥3⇥3 1.62 ± 0.01 THz 1–2 µW

Horn interface plate
Corrugated horn

Leaf spring

E-plane tuner

Frequency tripler

Frequency doubler

Level set attenuator

Directional couplers

Waveguide harmonic mixers

80 GHz Gunn oscillator

90º waveguide bend

Copper strap

Leafspring support

Figure 5.5: Test source design for band 1. The chain consisted of a 80 GHz Gunn oscillator at
the input, which was multiplied ⇥2⇥3 to 480 GHz.

filters and dedicated horns. The test source designed for band 5 is shown in Fig. 5.6.
This test source was a direct multiplied test source, which had great advantages in
terms of the overall RF detection system that will be described below. At the input
of the 200 GHz driver chain we used a sextupler3, which was a commercial active
frequency multiplier accepting an X-band synthesizer input and generating 1–2 mW
output power across W-band.

During the development of the band 5 harmonic generator we concluded that the
prospect of using harmonic number 8 and 9 was not good. We only found harmonic
number 7 at -10 dB and a very weak signature of harmonic number 8 at -20 dB. Het-
erodyne tests confirmed that we would get too low dynamic range (of order 10 dB) to
make meaningful beam pattern measurements at instrument level, taking into account
estimated coupling loss, and losses that would occur in the high-pass waveguide filter
and horns at very high frequencies. We concluded that this approach was not feasible.
Fortunately, another two LO sources were made available by JPL, just before the FM
phase of the project. These were dedicated prototypes of full band 6 LO chains. We re-
3 The sextupler was procured from Spacek Labs,

http://www.spaceklabs.com
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3-stage Power Ampli!er (PA)

Copper straps

Bias connectors

W-band sextupler

Harmonic generator

E-plane tuner

Corrugated horn

Figure 5.6: Test source design for band 5. The source consisted of a 200 GHz input chain, formed
by an active sextupler, a 3-stage Power Amplifier (PA) module, and a high-power doubler, which
was driving a ⇥6 harmonic generator operating in the 1120–1250 GHz band.

ceived two of them, one to be used as a LO for the HEB mixer bands [6, 7], whereas the
other could be used as a coherent test source. The frequency plan and characteristics
of these sources are also given in Table 5.1. Figure 5.7 shows the final composition of
the test source. At the input we used a sextupler, followed by an isolator and a 4-stage
power amplifier module. The power amplifier chain drove a high-power doubler, fol-
lowed by two cascaded frequency triplers. A diagonal horn [8] was integrated into the
output tripler block to keep high-frequency waveguide losses as small as possible. The
frequency triplers were operated using self-bias circuits, to avoid the need of external
bias voltage, which was considered as a risk given the complex test configuration. Con-
sequently the LO and source could only be used around 1.62 THz, nicely in the middle
of band 6, but 75 GHz out of band for band 7. Since we had no other alternative we
decided to use the same source also for band 7 completing our range of test sources.

5.2.6 Horn Design

Quite some consideration went into the choice and definition of the test source horns.
We wanted to be able to operate the test sources at FPU, LO as well as MSA level,
but also as LO sources for mixer tests. Using (3.6) we identified that the source cou-
pling efficiency would become smallest for measurements of the focal plane, where
we scanned the test source at a distance of about 540 mm from the focus. In order to
reduce the mismatch we maximized the waist size of the test source horn. We required
that the observed beam radius would not change by more than 5% (see Section 3.3).
Using (2.1) for the nominal waist size of the HIFI beams in the focal plane, and apply-
ing (3.8), this gave the maximum waist size values given in Table 5.2. For bands 6 and
7 we had no choice, the source came with integrated diagonal horns, and we had to
work with the given aperture dimensions.

Using (3.13) and (3.14) we also calculated the expected SNR assuming the listed
system noise temperatures, and power levels of the source as defined in Table 5.3. We
assumed an integration time t = 0.1 ms, and IF detection bandwidth Dn of 10 kHz to
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4-stage Power Ampli!er (PA)

Isolators

Frequency doubler

Frequency triplers

Polarizing grid

45º Waveguide twist

Figure 5.7: Test source design for bands 6 and 7. The source consisted of a 180 GHz input
chain, formed by an active sextupler, a 4-stage Power Amplifier (PA) module, and a high power
doubler, driving two cascaded frequency triplers generating 1–2 µW at 1.62 THz.

Table 5.2: Summary of the design parameters for the test source horns.
The selected horn waist size w02 satisfied a relative measurement toler-
ance criterion of |Dw01/w01 | < 0.05, where w01 represents the design
value of the instrument.

Banda n (GHz) w01 (mm) w02 (mm) a (mm)b Rh (mm)

1 480 3.87 1.27 2.38 17.4
2/3 800 2.32 0.86 1.45 17.3
4/5 1120 1.66 0.45 0.71 10.5
6/7 1620 1.15 0.40 0.585 5.592

a We decided to measure at 4 spot frequencies in 4 beam clusters as
explained in Section 5.2.7.

b Represents the aperture radius of the corrugated horn in bands 1–
5, and the half-width of the horn edge [8] for the diagonal horn in
bands 6/7.

allow for rapid near-field scanning of the beam at velocity of 10 mm/s. We accounted
for a worst-case polarization coupling efficiency of 0.5 for the case of a simultane-
ous measurement of two orthogonal mixer polarizations. We also assumed that the
optimal noise temperature could not be realized within a factor of 2, as we decided
to tune the mixers at more stable operating points. Moreover we had to account for
single-sideband operation of the mixer, whereas the quoted system noise temperatures
applied to double-sideband operation. Finally we took a factor of two margin for the
available test source power. The total system efficiency h used in (3.14) was therefore
a factor 16 lower than the calculated coupling loss |c12|2 shown in the table. Our goal
was to achieve a SNR of at least 40 dB, ideally with some margin.

The sensitivity calculations showed that the dynamic range would be more than
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Table 5.3: Summary of sensitivity estimates for the HIFI beam measurements at instrument level.
The numbers assume t = 100 µs, Dn = 10 kHz. The total system efficiency h was a factor of 24

smaller than |c12|2. We assumed measurements at a nominal distance z = 540 mm from the focal
plane, and the data from Table 5.2 and 5.1. The quoted Tsys values are double-sideband system
noise temperatures.

Band n (GHz) 10 log(|c12|2) (dB) Tsys (K) 10 log(s) (dB)

1 480 -21 120 92
2/3 800 -24 300 68

4 1120 -30 400 51
5 1120 -30 700 48

6/7 1620 -31 1500 54

about 50 dB in all bands (see Table 5.3), which was sufficient to measure the 4w con-
tours of the beam with a 10 dB margin. For bands 1–3 an increased waist size was
not strictly necessary, and we could have operated the sources with smaller apertures.
However, for operation as a LO, combined with a lens or collimating optics, the listed
values were very convenient, and considered as a good comprise.

The waist sizes were translated into suitable values for the aperture radius a and
horn slant length Rh as listed in Table 5.2. Using these values, constrained by mechan-
ical considerations, we then used mode-matching software to design and optimize
corrugated horns with high polarization purity and gaussicity, closely approximating
a truncated Bessel field description [9]. The horn designs for bands 1, 5 and 6 are
shown in Fig. 5.8 illustrating that, at the very high frequency end, the horn was ef-
fectively embedded in the multiplier block. The band 5 corrugated horn was near the
limit of what could be manufactured. The horns with sufficient external length were
chamfered to reduce reflections from the aperture plane.

a) b) c)

~17 mm

480 GHz corrugated horn

~10 mm

~5 mm

1.12 THz corrugated horn 1.62 THz diagonal horn

Figure 5.8: Horn designs for a) band 1, b) bands 4/5, and c) bands 6/7. For bands 1 to 5 we
designed corrugated horns. In bands 6/7 a diagonal horn was integrated in the output multiplier
block.

We finally designed special horn interface plates allowing for very reproducible ex-
change and rotation of the test sources. This was necessary for fully reproducing a pre-
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vious measurement result, for example when comparing measurements taken before
and after the flight acceptance vibration test. Figure 5.9 shows how this was realized
by using a self-centering mounting system based on a stainless-steel leafspring with
slits, and three balls located in the main reference plane. The horn was permanently
mounted in the interface plate. This element was a crucial part of the overall alignment
strategy and calibration procedure as detailed in Appendix A. For the diagonal horn
in bands 6 and 7 we also integrated a tilted polarizing wire grid as shown in Fig. 5.7,
and coated the inner surfaces with SiC absorber to terminate the reflected cross-polar
beam.

Leafspring with slits

Main reference plane

Test source horn

Horn interface plate

Centering balls

Test source support

Scanner platform interface

Figure 5.9: Horn interface plate concept yielding very accurate and reproducible alignment of
the horn with respect to the opto-mechanical interfaces.

5.2.7 RF Reference System

The previous section showed that the test sources were designed in such a way that
measurements with a dynamic range of more than 50 dB could be achieved. The direct
measurement of phase was however complicated for a number of reasons:

• The highest frequency of operation was 1.62 THz. Nobody had ever measured
phase patterns at such high frequencies, more than 3 times higher than we had
previously achieved.

• We were constrained by the available set of test sources, their corresponding
multiplier configurations and frequency plans.

• We had to assume that at instrument level the mixers could only be operated by
the flight LO system.

• We were facing a large number of complex instrument configurations.

The first challenge was to obtain a suitable reference signal. Since the phase refer-
encing system had to be compatible with the flight LO system, we assumed that we
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could only use a coupled fraction of the input signal generated by the Local Oscillator
Source Unit (LSU). The LO system of HIFI was entirely based on direct multiplied
sources driven by the Ka-band synthesizer of the LSU [10, 11]. This signal was coupled
via waveguides into the LO cryostat. Inside the cryostat each LO chain had a common
input stage formed by a W-band tripler, W-band PA chain and a high power doubler.
Beyond that stage each LO subband had a very specific multiplier configuration and
frequency plan as summarized in Table 5.4. The spectral purity and phase noise of the
LSU was not known, and it was not clear whether we could get access to the internal
reference oscillators. We therefore decided to design an RF system capable of removing
all correlated phase noise originating from the LO as well as from the RF test source.

Table 5.4: Frequency plan of the LO system of HIFI. Each LO subband was driven by
a Ka-band synthesizer of the LSU. This signal was multiplied by a W-band tripler and
then amplified by a W-band power amplifier. The output multiplier chain was specific
for each subband, and was driven at W-band. The table shows the total multiplication
factor N from Ka-band, as well as the final output frequency band.

Subband fLSU (GHz)a fPA (GHz)b Multiplication N FLO (GHz)

1a 27.11–30.67 81.3–92.0 ⇥2⇥3 18 488–552
1b 31.30–34.90 93.9–104.7 ⇥2⇥3 18 563–628
2a 26.20–29.70 79.0–89.1 ⇥2⇥2⇥2 24 632–713
2b 29.70–33.20 89.1–99.6 ⇥2⇥2⇥2 24 713–797
3a 32.05–35.55 96.2–106.0 ⇥2⇥2⇥2 24 769–848
3b 23.70–27.20 71.1–81.5 ⇥2⇥2⇥3 36 853–978
4a 26.20–29.70 79.0–89.1 ⇥2⇥2⇥3 36 948–1069
4b 29.33–32.83 88.0–98.5 ⇥2⇥2⇥3 36 1056–1182
5a 31.00–34.50 93.0–103.5 ⇥2⇥2⇥3 36 1116–1242
5b 31.84–35.34 95.5–106.0 ⇥2⇥2⇥3 36 1146–1272
6a 29.33–32.83 88.0–98.5 ⇥2⇥2⇥2⇥2 48 1408–1576
6b 29.33–32.83 88.0–98.5 ⇥2⇥3⇥3 54 1584–1773
7a 30.67–34.17 92.0–102.5 ⇥2⇥3⇥3 54 1656–1845
7b 31.84–35.34 95.5–106.0 ⇥2⇥3⇥3 54 1719–1908

a Available at the output of the LSU.
b Available at the output of the PA chain.

The basic principle of this technique was already presented in Chapter 3. For the
instrument configuration the situation was however far more complex, since the fre-
quency plans of the test source and LO system were not always harmonically related.
Moreover, a number of test sources was based on phase-locked Gunn oscillators, rather
than direct multiplied sources. We found however a creative and very general solu-
tion applicable to all measurement configurations. The general scheme is shown in
Fig. 5.10.

Figure 5.10 shows a test source with base frequency fM, which is multiplied M
times to its final output frequency FM. Similarly, the LO system has base frequency
fN , and is multiplied N times to output frequency FN . The test source signal is down-
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Figure 5.10: Generic RF system design providing a general measurement solution for all test
source and LO multiplier configurations.

converted by the mixer, and produces an IF frequency f IF = FM � FN = M fM � N fN
at the output of the instrument.

In order to obtain a combined and correlated phase reference from the test source
and LO, we introduced an offset oscillator f0. The offset oscillator was split in two
equal parts, driving two waveguide harmonic mixers. The waveguide harmonic mixers
were connected to directional couplers providing small fractions of the test source and
LO input signal (see for example Fig. 5.5). Denoting the harmonic number of these
mixers by M0 and N0 for the test source and LO respectively, we down-converted the
coupled fractions to very low intermediate frequencies f 01 and f 02 respectively. Next
we multiplied f 01 by m0, and f 02 by n0, and subtracted both signals by using a balanced
mixer. The output frequency of this mixer was f3 = f1 � f2 = m0 f 01 � n0 f 02. Finally we
multiplied f3 by a factor L to achieve the correlated phase reference of the system.

In order to understand how this scheme works, we now discuss the prerequisites
that had to be met. First of all we determined the largest common divider L of M and
N. This defined the multiplication factor of the output multiplier. Next we required
that the intermediate balanced mixer would cancel the phase noise contribution by the
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offset oscillator f0. Since the output frequency f3 was equal to

f3 = f1 � f2 = m0( fM � M0 f0)� n0( fN � N0 f0), (5.1)

we therefore had to satisfy the following condition,

m0M0 = n0N0, (5.2)

in order to cancel the phase noise contribution by the offset oscillator. Apart from
satisfying this condition, we also implemented a fully symmetric cable configuration
with respect to the offset oscillator, to avoid errors due to differential drift. Assuming
condition (5.2) could be met, (5.1) multiplied by L had to match the IF frequency of the
instrument:

L f3 = f IF = FM � FN = M fM � N fN . (5.3)

This requirement led to the following condition for the intermediate IF multiplier fac-
tors m0 and n0:

L =
M
m0 =

N
n0 . (5.4)

Equation (5.4) shows that the multiplier factors are equal to the remainders after di-
vision by the largest common divider L. Finally we had to choose a convenient value
for f0, such that we could work with relatively cheap low-frequency components. We
therefore had to satisfy that the IF frequencies in the waveguide harmonic mixers were
close to DC. We decided to distribute them symmetrically around zero, requiring that
f1 + f2 ⇡ 0, which finally led to the condition:

f0 ⇡ fN + fM
N0 + M0 . (5.5)

The final choice for f0 was based on the available synthesizer, passband characteris-
tics of the microwave components, and was fine-tuned to minimize intermodulation
products and spurious responses.

The generic scheme was used for all hybrid cases involving a phase-locked Gunn
oscillator and direct multiplied LO. For this purpose the test source had two directional
couplers and waveguide harmonic mixers, one to phase-lock the Gunn, the other to ob-
tain the phase reference, as shown in Fig. 5.5. The generic scheme was also used for
measurement configurations where the direct multiplied test source was not harmon-
ically related to the frequency plan of the LO. For each measurement configuration
a detailed microwave circuit diagram was worked out, including signal levels, fre-
quencies, and intermodulation products defining bandpass filters, amplifiers, active
multipliers and balanced mixer components. These detailed circuits were compiled in
a detailed technical note containing over 50 pages of diagrams [12].

To give an example for one specific configuration we show what design procedure
was followed to define the RF detection for band 3. In band 3 we used a test source
with total multiplication factor M = 10 as defined in Table 5.1. The LO source had
multiplication factor N = 24 with respect to the Ka-band LSU input signal. We as-
sumed that the test source would operate at 801 GHz, and the LO at 807 GHz, yielding
an IF signal at 6 GHz. The design procedure went as follows:
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• The largest common divider of M = 10 and N = 24 was L = 2, defining the IF
output multiplier of the reference signal chain.

• Using (5.4) we calculated the intermediate IF multiplication factors yielding m0 =
5 and n0 = 12 respectively.

• Using (5.2) we selected harmonic numbers M0 = 12 and N0 = 5.

• Using (5.3) we found f0 ⇡ 80.10+33.625
12+5 ⇡ 6.7 GHz.

A detailed diagram of the resulting circuit, including the fine-tuned frequencies, is
shown in Appendix B.

Although generic solutions were found to measure any applicable instrument con-
figuration for HIFI, we nevertheless decided to simplify the situation by defining 4
clusters of beams:

• Cluster 1 covering band 1H and 1V at 480 GHz.

• Cluster 2 covering band 2H, 2V, 3H and 3V at 800 GHz.

• Cluster 3 covering band 4H, 4V, 5H and 5V at 1120 GHz.

• Cluster 4 covering band 6H, 6V, 7H and 7V at 1620 GHz.

This limited the total number of measurement configurations to 4.

5.2.8 IF Detection System

We used a similar IF detection system as described in Chapter 3. We used a Agilent
8720ES Vector Network Analyzer (VNA) to measure the relative amplitude and phase
of the flight mixer with respect to the reference signal. A VNA converter circuit was
used to remove the correlated phase noise of the test source and LO, as well as any
common mode component present in the detected signal and reference. The VNA
converter circuit is shown in Fig. 5.11.

The principle of operation was based on initial up-conversion of the reference sig-
nal, followed by a down-conversion step involving the mixer signal. In the down-
conversion step the correlated phase noise was cancelled, and the VNA measurement
signal carried the relative amplitude and phase information. The proof of concept of
this system was already realized during the 480 GHz tests described in Chapter 3,
and the performance of this circuit was therefore well understood. We built two VNA
converters, one centered at 6 GHz for the mixers in bands 1 to 5, and one centered at
3 GHz for the HEB mixers in bands 6 and 7 [12].

We experimentally found that for test configurations based on a direct multiplied
test source and LO satisfying N = M, the VNA circuit was not necessary. Due to
very low close-in phase noise of the synthesizers we purchased for this project, we
could directly connect the reference and mixer signal to the network analyzer samplers
and use the VNA in tuned receiver mode without loss of performance. Since our
VNA provided internal access to the A and B samplers, as well as the R sampler, we
could measure the H and V mixers simultaneously, referenced against a common phase
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Figure 5.11: Detailed design of the VNA converter circuit. The VNA converter circuit accepted
a combined phase reference from the LO and RF test source, and the detected signal from the
HIFI mixer, removing all correlated phase noise.

reference. This latter modification significantly reduced the required measurement
time.

To make maximum use of this advantage, we received some additional hardware
from JPL consisting of:

• An additional W-band driver chain for the 480 GHz source or LO.

• A 800 GHz direct multiplied LO source.

• A flight-spare band 5 LO (direct multiplied).

With this hardware we could also perform measurements without the flight LO system,
or at MSA level as shown in Fig. 5.13.

5.2.9 Design Supporting Tests

Many tests were carried out before the system was ready to be used for flight charac-
terization. We briefly summarize the most important findings.

Fast-Scan Mode

Contrary to the step-and-integrate mode that was used in the 480 GHz room-tempera-
ture setup, we opted for an on-the-fly mapping mode by scanning the scanner stages
at constant velocity. The scanner stage could move at a velocity of 10 mm/s. We
first verified that the velocity jitter was negligible. The linear scale was read out at a
frequency of 10 kHz. We used two dedicated PC/104 embedded computers for real-
time data-acquisition. One system sampled the scanner coordinates, and the other the
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amplitude and phase from the VNA. The two computers were mutually synchronized
via Network Time Protocol (NTP). We calibrated the internal delay of the VNA between
the trigger pulse and internal data-acquisition of the samplers by FPGA based test
circuits. We concluded that the synchronization between position readout and field
sampling could be calibrated within 100 µs. At 10 mm/s this corresponded with a
maximum lateral error of less than 1 µm.

Cable Flexing

A critical issue was flexing of the microwave cable assemblies. We procured special
phase-stable cable assemblies based on a microporous Teflon inner dielectric4. The ca-
ble assemblies were carefully guided by means of robotic cable guiders maintaining a
fixed bending radius of the cables. In this way we only experienced differential effects
due to flexing. Using a VNA we measured the round-trip phase delay across the ca-
ble assemblies by shorting the end of the cable and mapping the full scan range. We
observed a combined phase error dominated by thermal drift and including a small
hysteretic effect due to flexing. We could mitigate this error by taking radial scans
through a fixed reference point in space, which was aligned with the peak intensity of
the beam. The data collected at this central reference point formed a phase reference
trace, which was fitted to a time-stamped polynomial drift model. The phase residual
after calibration extrapolated to 1.62 THz was <5�. Expressed in terms of WFE contri-
bution, cable flexing contributed less than l/100, which is equivalent to a few microns
at the highest frequency.

Frequency Switching

Due to system complexity and budgetary constraints we could not afford implementa-
tion of a third axis of the scanner. Therefore we could not apply the standing wave cor-
rection technique described in Chapter 3. To overcome this problem we tried to achieve
the same result by frequency switching. By knowing the optical pathlength L between
the test source and the mixer, we tried to switch the frequency by Dn = c/(4L), and
correct the signal analogously to (3.18). This did not work properly, as we observed
multiple reflections, and could not properly identify the pathlength of the dominant
reflection. Moreover, we lost phase correlation between the samples taken at n and
n + Dn, as full scans took as long as 1 hour, and we had to retune source and LO
manually in between. We decided to accept the measurement error due to standing
waves.

Thermal Stability

A major problem was the thermal stability of the test environment. We had to switch
the air-conditioning off and wrap all cables in thermal isolation material. The IF circuits
had to be mounted on thick aluminum baseplates with sufficient thermal capacity. We

4 The phase-stable flex cables were procured from Gore and Reynolds, and
respectively

http://www.gore.com
http://www.teledynereynolds.co.uk/
http://www.teledynereynolds.co.uk/
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built small tents covering optical paths in air, and flushed them with nitrogen. Finally
we made the RF reference and IF detection systems as symmetric as possible regarding
cable lengths taking advantage of differential thermal stability. Allowing for sufficient
thermal stabilization time we finally achieved a thermal stability better than 2-3� after
calibration.

Elastic Deformation

Since quite some mass was attached to the scanner stages, which was translated over
considerable distances, we made a measurement of the elastic deformation of the scan
plane by using high-precisions tiltmeters. The tiltmeters were installed on the scanner
stages and the system was built up in a representative configuration. We could clearly
see the bending of the scan plane when moving off-axis. The total excursion across
the 200 mm scan range was of order 30". This corresponded to a lateral alignment
error of 75 µm, and a worst-case deviation from the ideal scan plane of about 10 µm.
The deviation from the scan plane was mainly a constant offset and tilt, the curvature
across a typical beam scan range of 70 mm was much smaller, and could be neglected.
The axial scanner coordinate was corrected for elastic deformation on the basis of a
reconstructed error surface.

Functional Tests

During the DM and QM programme of HIFI we performed several development tests
demonstrating system functionality and debugging the measurements errors. Func-
tional tests in bands 1 and 3 revealed serious issues related to the operation of the
phase-locked Gunn oscillators. We frequently lost phase-lock due to thermal drift and
subsequently failed to recover from this. We also had difficulties in tuning the output
power, which had to be preset mechanically before placing the vacuum scanner on
the gate valve. For the FM programme we replaced the Gunn oscillator by a W-band
power amplifier chain. In this way we could adjust the output power electronically.

5.2.10 MSA Test Facility

Based on the conclusions of Chapter 4 we verified all MSA optics prior to integration
into the flight FPU. At this level of integration we could still make limited modifica-
tions if necessary, and we could make a first assessment of how good the instrument
would work as a whole. For this purpose we used two cryostats. The first cryostat,
the Mixer Unit Cryostat (MUC), was a compact bath cryostat that could be used to
test one MSA including a flight mixer and a cryogenic pre-amplifier. This cryostat is
shown in Fig. 5.12. We used an alignment bracket simulating the mechanical interface
for mounting, and including optical alignment mirrors with crosshairs that were ac-
curately calibrated with respect to the optical axis. The vacuum case of the cryostat
contained two optical windows providing viewports for alignment with the scanner.
We followed the same procedures as presented in Chapter 3.

The test sources described in Section 5.2.5 could also be used on the room temper-
ature scanner that was used during the 480 GHz measurement presented in Chapter 3.
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AD1 AD2

IF ampli!er

Mixer

MSA MAM1

Alignment
bracket

Optical axisViewport 1 Viewport 2

Figure 5.12: Inside view of the Mixer Unit Cryostat (MUC). The MUC had space for one MSA
with a flight mixer. The MSA was mounted in an alignment bracket mimicking the opto-
mechanical interface of the flight instrument. Two alignment devices and viewports were used
to align the external scanner to the cryogenically cooled MSA.

This was greatly facilitated by the horn interface plates and positioning system shown
in Fig. 5.9. In this way we could smoothly exchange sources between measurement
systems without affecting the reproducibility of results. An example is given for band
5 as shown in Fig. 5.13. The actual test source is shown on the top. The sextupler, PA
chain, high power doubler and horn interface plate with the corrugated horn can be
clearly recognized from Fig. 5.6, 5.8 and 5.9. We copied the source bracket interface
from the vacuum scanner design and manufactured a dedicated platform to mechan-
ically support the source and facilitate the alignment to the MUC. The bottom panel
of Fig. 5.13 shows the full measurement configuration. We used an oversized Mylar
beamsplitter to combine the LO and test signal. The LO was a flight-spare model for
band 5. The LO beam was collimated using an HDPE lens. On the right the cryostat is
shown with a tilted HDPE vacuum window for the beam, and the two optical windows
for alignment.

Not only the sources could be exchanged between the vacuum scanner and MSA
setup. The RF reference system as well as the IF detection system were designed to be
fully compatible with the MSA configuration. The only difference was the availability
of the flight LO system. At MSA level we therefore had to use laboratory LO sources.
Strongly supported by JPL we configured 4 LO sources as summarized in Table 5.5.
All LO sources were eventually implemented as direct multiplied sources based on
W-band PA driver chains. The frequency plan of these LO sources was identical to the
flight LO system (see Table 5.4). Except for bands 2/3, all test sources had the same
multiplier configuration (see Table 5.1). This greatly simplified the RF reference system
design. This is illustrated in Fig. B.3 of Appendix B. Because N = M, we could directly
mix the input synthesizer signals driving the test and LO source. After multiplying
this intermediate reference signal N times, we directly obtained the desired correlated
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Alignment window
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b)Source bracket
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Alignment
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Figure 5.13: Example of the use of system level test sources in the MSA setup. The picture in a)
shows the band 5 harmonic generator source, mounted on the scanner that was also used during
the experiments described in Chapters 3 and 4. In b) the heterodyne measurement configuration
is shown, involving a flight spare LO, and a flight MSA inside the MUC.

phase reference signal. As mentioned already in Section 5.2.8, the spectral purity of the
synthesizers used was so good that we could directly connect the reference and mixer
signals to the VNA samplers, and measure the beam pattern in tuned receiver mode.
Only for bands 2/3 we had to fall back on the generic scheme of Fig. 5.10, because of
the presence of a quintupler in the test source.

Finally, we used a second, and much larger cryostat, referred to as the Mixer Assem-
bly Cryostat (MAC). In this cryostat we could characterize a full instrument segment,
consisting of two MSA’s, a beamsplitter or diplexer, and a single set of CLO optics
(see Chapter 2). In this configuration we verified fully integrated MSA’s, in some cases
corrected for misalignment, prior to integration into the FPU, whereas the MUC was
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Table 5.5: Overview of laboratory LO sources for the MSA beam measurement setup. Note
the one-to-one correspondence to the frequency plan of the HIFI flight LO system as shown in
Table 5.4.

Band Multiplier chain Horn type Frequency (GHz)

1 ⇥2⇥3 corrugated 460–490
2/3 ⇥2⇥2⇥2 corrugated 720–820
4/5 ⇥2⇥2⇥3 diagonal 1080–1254
6/7 ⇥2⇥3⇥3 diagonal 1604–1627

used to select and correct individual mixers for flight integration into the MSA. The
MAC could also be operated with a representative LO verifying the beamsplitter grid
orientation, diplexer tuning and co-alignment of the MSA’s. A photograph showing
a fully integrated MSA, one set of CLO optics, a beamsplitter assembly with beam
dump, and vertical MSA is shown in Fig. 5.14.

MSA-V

Mixer console

IF-1 ampli!er

IF-2 ampli!er

CLO optics

BS/diplexer assembly

Beamdump

Beamdump

Figure 5.14: Picture showing the MAC cryostat. The MAC cryostat was used to verify fully
representative mixer bands based on two MSA’s operating on orthogonal polarizations, and a
copy of the CLO optics.

5.3 Characterization of the MSA Optics

5.3.1 Results bands 1–4

We first verified the flight optics of the mixer bands with corrugated horns. We an-
ticipated that the accuracy of the mechanical definition of the horn would suffice to
achieve good performance and alignment. Measurements and simulations presented
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in Chapter 4 had shown that this was a feasible approach. We therefore accurately
machined and mechanically verified the mixer horns, prior to integration in the mixer
unit and MSA. Once the mixer was integrated in the flight MSA, we immediately per-
formed measurements in the MAC, where also other system aspects were verified,
such as diplexer tuning, LO coupling, polarization interface verification, etc.

During these test campaigns we also verified the beam patterns in phase and am-
plitude. We first aligned the scanner system, and test source, to the cryostat by using
a theodolite and the procedure described in Chapter 3. We achieved very good lat-
eral alignment accuracy, and tilt alignment. The achieved alignment accuracies are
summarized in Table 5.6.

Table 5.6: Summary of achieved alignment accuracies at MSA level.

Parameter Value

Dx, Dy (mm) ±0.1
Dz (mm) 1–2
Dqx, Dqy (’) 1–2
Dqz (�) ±0.1

After alignment we performed a linearity test, and tuned the test source power.
We registered the coordinates of the alignment devices on the scanner in front of the
viewports of the cryostat. We then determined the peak position of the beam, and used
that as a reference point for drift correction. During all MSA measurements we made
use of the scanner described in Chapter 3 in step-and-integrate mode. For standing
wave correction we applied the recipe defined in Section 3.5.6.

The RF reference and IF detection systems worked very well. We could make very
stable phase measurements, with extremely low noise. In some cases we achieved a
SNR in excess of 70 dB. It was generally more difficult to reduce test source power than
realizing SNR. Figure 5.15 shows a nice example of the amplitude and phase measure-
ment in band 1H at 480 GHz. Fig. 5.15(a) shows the measured intensity demonstrating
the very high SNR that was realized. Fig. 5.15(b) shows a contour plot of the measured
phase.

Using the procedure described in Section 4.2.2 we used the same mode-matching
software to determine the Gaussian beam parameters of the MSA. Figure 5.16 shows a
typical plot showing the simultaneous fit of amplitude and phase for MSA band 2H.
Note that Fig. 5.16 only shows two orthogonal cuts, whereas the fit was made to the
full map. As an illustration how strongly phase constrains this analysis, we show in
Table 5.7 the results obtained in 4 different measurement planes along the optical axis.
The offset with respect to the initial measurement plane is represented by D. The fitted
parameter values show that this MSA was generally compliant with the requirements
and quasi-optical alignment tolerances (see Chapter 2). Note that in this specific case
we observed a lateral bias in the asymmetric plane due to comatic aberration. The
apparent tilt misalignment was however not observed, which could be explained by
a lateral misalignment by the mixer unit. We also observed some residual spherical
aberration, as indicated by the fitted parameter Dz. The overall consistency between
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Figure 5.15: Example of a typical near-field beam measurement result. This measurement was
taken at about 120 mm from the MSA interface. The relative intensity (dB) is shown in the left
panel, whereas the measured phase (rad) is shown in the right hand panel.

the different measurement planes was however striking, and the differences could be
explained by the fact that we did not re-align scanner and cryostat for each individual
map. This experiment confirmed that a single phase-sensitive near-field was sufficient
to fully characterize the beam.
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Figure 5.16: Gaussian fit results for MSA band 2H at 802 GHz. The two-dimensional Gaussian
fit is shown in amplitude and phase in two orthogonal cuts.

Since phase could be measured very accurately, and we knew the absolute positions
of each field point, we could also make a very well-constrained reconstruction of the
mixer unit beam parameters. We did this by tracing back the fitted Gaussian beam
parameter to mixer unit level, by using the ABCD matrix method. Due to the axial
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Table 5.7: Fitted Gaussian beam parameters for measurements taken in 4 different measure-
ment planes offset by D (mm) in band 2H at 802 GHz. The consistency of the results confirms
that a single near-field measurement is sufficient to accurately determine the Gaussian beam
parameters of the optics.

Parameter D = 0 D = +20 D = +40 D = +60 Requirement

w0 (mm) 3.59 3.56 3.57 3.58 3.55 ± 0.36
Dx (mm) -0.35 -0.37 -0.42 -0.44 0 ± 0.36
Dy (mm) 0.02 -0.03 0.08 0.06 0 ± 0.36
Dz (mm) 91.44 92.01 92.14 91.18 66.25 ± 21
Dqx (�) -0.032 -0.019 -0.003 -0.008 0 ± 0.19
Dqy (�) -0.017 -0.024 -0.019 -0.019 0 ± 0.19
|c00|2 0.966 0.968 0.968 0.969 0.98 ± 0.02

magnification of the system at actual wavelength, the axial uncertainty of 1–2 mm
in the MSA pupil plane corresponded to a resolution of 0.1 mm at mixer unit level.
Measuring a mixer in a MSA was therefore a very accurate way of determining the
Gaussian beam properties of a mixer, including a precise measurement of the waist
location. In addition we were able to measure the lateral position of the waist within
50 µm, which gave useful information about the position of the horn aperture.

The co-alignment was measured by simultaneously recording both polarizations, or
sequentially by means of an IF switch, while keeping the rest of the system identical.
We found that the co-alignment was worse than expected on the basis of mechanical
tolerances. We concluded that the mandrel of the mixer horns was probably not as
accurately aligned to the interface as we had hoped for. Since we had not anticipated
on correcting for lateral misalignment, we accepted the mixers, also because the de-
viations were generally within the quasi-optical alignment tolerances. We also found
quite some pupil misalignment errors. In some cases as much as 20% of the waist
size. There was no way to fix this, although lateral corrections at mixer unit were in
principle possible, the required rotation to fix the pupil misalignment could not be
accommodated.

Other than small alignment errors we did not find major problems. The mea-
sured fields compared quite well to GRASP simulations of the MSA optics and mode-
matching simulations of the horns. All 4 mixer bands were accepted and declared
compliant, although co-alignment and pupil alignment could have been better if we
had been able to correct for it.

5.3.2 Results bands 5–7

The measurement system also worked extremely well at higher frequencies. We made
the first-ever phase-sensitive beam measurements of cryogenically cooled lens-antenna
mixers at 1.1, 1.2 and 1.6 THz. A comprehensive description of these measurements is
given in [13]. We achieved exceedingly good signal-to-noise ratios up to 70–80 dB at
1.6 THz. Using our alignment system, we were able to relate the absolute coordinates
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of the measured field distribution to the geometry of the MSA to within fraction of
a wavelength. This fact proved to be of crucial importance in resolving a number of
major lens-antenna system issues that were identified by our measurement technique:

• Some mixers had a completely wrong focal ratio, or waist size. In addition the
phase center, or waist location, deviated significantly from the designed interface
location. In particular, we found major deviations between the measured and
expected phase center, waist size and lateral alignment in the pupil and image
plane of the bands 6 and 7 lenses.

• We identified significant discrepancies between the nominal elliptical lens design,
and its equivalent extended hemispherical version [14], as well as for lenses with
different ellipticity than designed for.

• We found that the software package PILRAP, that was used to design the lens-
antenna system and to simulate its performance, did not always correctly predict
the phase-center and the effect of an AR coating.

• We observed a major problem with the flight mixers in band 5, that were ellipti-
cally polarized, instead of having linearly polarized beam patterns.

To illustrate the diagnostic power of our phase-sensitive measurement technique,
we provide some typical examples of how we identified and tackled such deviations.
After taking a two-dimensional map of the output field of a MSA containing a lens-
antenna mixer, we first determined the beam parameters by fitting a Gaussian to the
measured field following the procedure described in Chapter 4. Since the absolute co-
ordinates of the measured data were accurately known, we could then trace the Gaus-
sian beam parameters back to mixer level by the ABCD matrix method [9]. Because
we could also measure the phase, this gave a very well constrained reconstruction of
the mixer waist size and position (or mixer focus and focal ratio). In this procedure we
assumed that the optics were perfectly aligned using visible light, as was demonstrated
in Chapter 4.

Substrate thickness correction

Table 5.8 lists the initial measurement results for a QM5 lens-antenna mixer in band 5
measured at 1.13 THz. We measured this mixer inside the MSA and traced the Gaus-
sian beam parameters back to MU level. The table shows that we observed a deviation
of more than 50%, which was clearly beyond the quasi-optical tolerances defined in
Chapter 2. Independent measurements of the same mixer without MSA optics con-
firmed the large deviation of the focal ratio. We could not explain the measurement by
defocus of the mixer unit.

Using PILRAP [15] we simulated the dependence of the mixer waist size and lo-
cation on the lens extension length. The lens design prescription [16] assumed an
extension length L of 0.756 mm defined in Silicon. Figure 5.17(a) shows the predicted

5 QM stands for Qualification Model, which assumes a design representative for flight.
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Table 5.8: Initial measurement results of a
flight-representative QM lens-antenna mixer
in band 5. At 1.13 THz the measured beam
was about 50% larger than designed.

Parameter Design Measured

w0 (mm) 0.74 1.08
Dz0 (mm)a 0 -1.8
FWHM (�) 7.7 5.2
q0 (�) 6.2 4.2
a The nominal waist location z0 was

17.5 mm.
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Figure 5.17: Waist size w0 (a) and relative location Dz0 (b) of the lens-antenna system in band
5 as function of lens extension length L. The measured result at 1130 GHz is indicated by
open circles. The observed waist size is consistent with an increased extension length of 45 µm,
whereas the location of the waist did not align with the prediction by PILRAP (star symbol).

waist size w0 as function of extension length. The measured value is also shown. As-
suming that the lens shape was correct, we could only explain the increased waist size
by assuming that the extension length was 45 µm too large. This was however excluded
by accurate mechanical measurements of the substrate thickness of the chip, and the
extension length. After detailed analysis we found that the extension length was in-
deed wrong. The substrate of the mixer chip was made of sapphire with a thickness
ts of 209 µm. FTS measurements at JPL had shown that the refractive index ns of the
substrate material was 3.17. In order to correct for the substrate material, the extension
length tSi (without substrate) was modified to 0.569 mm such that nsts + nSitSi was
equal to nSiL, where ns and nSi represent the refractive indices of Sapphire and Silicon
respectively. Unfortunately this was the wrong correction. Applying Snell’s law, and
verification by ray-tracing, showed that the modified extension length tSi should have
satisfied

tSi ⇡ L �
✓

nSi
ns

◆
ts, (5.6)

which is valid in the paraxial approximation. The second term in (5.6) shows that
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the equivalent substrate thickness in silicon is actually larger than the sapphire sub-
strate thickness ts. Hence the modified extension length had to be smaller, namely
0.530 mm instead of 0.569 mm. Since (5.6) only applied in paraxial limit, and the lens
design involved large angles of incidence and refraction, we found that due to intrin-
sic spherical aberration the correct value had to be as small as 520 µm. This analysis
confirmed that the extension length of the measured lens was indeed wrong by 40–
50 µm, consistent with our phase-sensitive beam measurements. Measurements on
different devices furthermore confirmed that accurate control of the extension length
was required. Measurement and analysis revealed that a change of 10 µm in the ex-
tension length, would change the waist size by about 10%, whereas the phase center
would shift by about 1 mm. The actual lens-geometry therefore had to be known and
controlled to within 1 µm.

Lens-antenna phase center

Although we had found a good explanation for the change in focal ratio, Fig. 5.17(b)
shows that the observed location of the waist size was still off by about 2.5 mm (too
close to the vertex). We therefore started a systematic study of a number of lenses that
were fully characterized and analyzed in depth. The results of this study are published
in [13]. Here we provide a summary of the key findings.

In the first place we concluded that it was necessary to measure the detailed lens
shape and extension length mechanically with high precision. We realized this, when
we found significant differences between the required elliptical lens design, and its
equivalent extended hemisphere, that was offered as an alternative option to the mixer
manufacturer. We designed a holder for the Silicon lens, and developed a measurement
method to measure the elliptical surface in three dimensions. We mechanically sam-
pled the lens surface and flange in one single run, using a diamond probe as shown in
Fig. 5.18(a). The radius of curvature of the probe was 0.3 mm, and we applied a contact
force of 5 mN normal to the surface. The sampled points were fitted to an elliptical
surface in a three-dimensional coordinate system, as illustrated by Fig. 5.18(b). The
results for 4 different lenses are shown in Table 5.9. We found that the ellipticity varied
considerably for lenses that were manufactured on the basis of the same production
drawing. We also found a large spread in the measured extension length.

Table 5.9: Summary of measured lens-geometries for four different lens-
antenna systems.

Device AR coating a (mm) b (mm) Eccentricity e L (mm)

SRONa no 2.546 2.499 1.0191 0.758
FM01b yes 2.516 2.501 1.0060 0.771
FM04b yes 2.529 2.496 1.0134 0.726
DM3b no 2.537 2.499 1.0147 0.767
a Lens-antenna system and HEB device from SRON-DIMES.
b Lens-antenna system and HEB devices from CTH.
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Figure 5.18: Picture showing the mechanical measurement of the lens-antenna system using a
high-precision diamond probe (a). Each lens was three-dimensionally sampled after which an
elliptical lens surface was fitted to determine the ellipticity and other geometrical parameters
such as substrate thickness (b).

By knowing the detailed geometries we next simulated the lens-antenna patterns
using PILRAP. The output of PILRAP was also propagated through the MSA optics us-
ing GRASP. We finally compared measurements and simulations. The patterns agreed
very well in the far-field, as shown by Fig. 5.19(a) for an uncoated lens measured at
1.1 THz. For this particular lens-antenna mixer we measured w0 = 0.67 mm, whereas
we expected a value of 0.66 mm. The measured position of the phase center was -
15 ± 2 mm, whereas we expected a value of -15.7 mm. Note the large measurement
uncertainty in the axial position.
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Figure 5.19: Far-field pattern of a band 5 lens-antenna measured at 1.1 THz (a). Measured and
predicted phase in the pupil plane of a band 6 MSA at 1.6 THz (b).

By measuring the lens-antennas in the MSA we could achieve much higher mea-
surement resolution for the waist location. Our axial measurement accuracy of ±2 mm,
translated into ±0.1 mm uncertainty at mixer unit level, after tracing back the Gaus-
sian beam parameters through the MSA optics. We generally found that the waist size
was correctly predicted by PILRAP, but also that the phase center was off by a few
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mm. Figure 5.19(b) shows the measured and predicted phase in the pupil plane of the
MSA for lens DM3 measured at 1.6 THz. One can clearly see the difference in phase
curvature between ±7 mm from the optical axis. Figure 5.20 summarizes all measure-
ments taken during this study. We concluded that PILRAP did not correctly predict
the phase-center for our lens design, with worst-case deviations of order of 1 mm.
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Figure 5.20: Measured and predicted waist location Dz0 relative to the nominal design value for
lenses DM1, FM01 and FM04 (see Table 5.9). The measurements and simulations were performed
at 1.6 THz. The corrected values are related to the AR coating effect discussed below.

AR coating

We also used PILRAP to analyze the effect of the Anti-Reflection (AR) coating. We
used sputtered Parylene-C AR coatings with a dielectric constant of 3.4 [17, 18]. We
observed that PILRAP did not predict a measurable difference between a lens with or
without AR coating. Using a ray-trace model in ZEMAX we analyzed the effect of the
AR coating by tracing the spherical aberration as function of the angle of refraction.
Table 5.10 shows the location of the focus as function of the angle of refraction. The
spherical aberration is evident, but Table 5.10 also shows that we should expect a
defocus effect due to the AR coating. Integration over the antenna radiation pattern
gave an effective value of 0.7 mm. We also estimated that the associated change in waist
size would be 3% (reduction). Correcting the data shown in Fig. 5.20 by ray-tracing the
AR effect for the measured 3D lens shape offered a good qualitative explanation for
the phase center offset observed during our previous study. Figure 5.20 shows how the
back-traced Gaussian beam parameters for FM01 and FM04 realign with the PILRAP
prediction when the empirical AR coating correction is applied. These results strongly
suggested that PILRAP did not properly include the effect of an AR coating, which
explained at least part of the observed phase center offset. We decided to mechanically
measure bare lenses, and include the AR effect by ray-tracing. We also simulated the
effect of non-uniform coating thickness, and found that this would actually result in a
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correction in the other direction. Witness samples of the AR coating sputtering process
confirmed that the coatings were indeed uniform.

Table 5.10: Position z00 of the geometrical focusa as function of object angleb showing the
effect of a l/4 Parylene-C AR coating at 1.6 THz.

Object angle (�) z00 without AR (mm) z00 with AR (mm) Difference (mm)

1 (paraxial) -19.8 -19.2 +0.6
5 -19.8 -19.2 +0.6
15 -19.7 -19.1 +0.6
30 -19.4 -18.8 +0.6
45 -19.1 -18.3 +0.8
60 -18.6 -17.5 +1.1
73 (edge ray) -18.1 16.6 +1.5
a Based on a ray-trace analysis in ZEMAX.
b The internal angle with respect to the antenna on the chip.

Corrective actions

These observations and conclusions led to a dramatically revised approach towards
flight production and integration of the lens-antenna mixers:

• Prior to mixer integration the Silicon lenses were mechanically measured and
screened for large deviations.

• Prior to release for flight production the lens manufacturing process was verified
by lens measurements at MSA level.

• We used phase-sensitive beam measurements at MSA level to select the candi-
dates for flight.

• We used phase-sensitive beam measurements at MSA level to correct the flight
mixers for misalignment by shimming.

Regarding the last item, we frequently detected significant phase slope in the MSA
pupil plane, corresponding to tilt misalignment as large as 0.5–1�. The quasi-optical
alignment tolerance corresponding to 1% loss was about 0.1� (see Chapter 2). Because
we knew the absolute coordinates of the field data, we could correct for this tilt by
laterally shimming the mixer unit. Using the optical layout shown in Fig 2.14, the
applied lateral correction D was equal to f Dq, where f represents the focal length of
parabolic mirror MAM3, and Dq the measured angular misalignment. Typical lateral
corrections we had to apply to the mixer unit by mechanical shimming ranged from
0.1–0.5 mm. We successfully shimmed all flight mixers in bands 5–7 to within 0.1� in
the MSA pupil, or 50 µm at MU level. This was confirmed by co-alignment verification
in the MAC cryostat.
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Elliptical polarization

The most striking example of the diagnostic power of the beam pattern measurement
facility concerned the flight mixers for band 5. With the purpose of verifying a shim,
correcting for 0.8� tilt misalignment in the x direction, we instead measured an in-
creased tilt angle of 1.2�. The initial hypothesis was a sign error. However, we noticed
that we had operated the source in the wrong polarization from a previous band 4
measurement. When we rotated the source by 90�, we found that we could measure a
high quality beam pattern again, this time with a tilt misalignment of only 0.4�. Closer
inspection showed that we could measure an Ex as well as an Ey pattern with only
1.5 dB difference in peak intensity.

In order to analyze the problem, we measured the state of polarization of the MSA.
By rotating an intermediate analyzer grid over 180�, we measured the coupling of the
MSA to a horizontally and vertically polarized LO source. The cross-pole of the di-
agonal horn of the FS band 5 LO was filtered by a grid to avoid contamination of the
measurement. The first observation was that we could pump the mixer in both cases,
whereas the mixer was supposed to be sensitive to a single polarization. We observed
an imbalance of 30-40%, which was in good agreement with the 1.5 dB difference
between the beam patterns. The polarization scan shown in Fig. 5.21 furthermore re-
vealed the absence of two minima. We therefore concluded that the observed response
did not agree with a linear polarization model for the MSA. From the optical mod-
elling we excluded that the MSA optics could produce such high cross-polarization.
We therefore proposed that the mixer was elliptically polarized. We empirically mod-
elled the measured response using Jones calculus [19, 20], and found a good qualitative
fit assuming an ellipticity a/b of 0.8, and a phase difference Df of about 120� between
Ex and Ey.
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Figure 5.21: Measured and modelled coupling to a horizontally (H) and vertically (V) polarized
LO source as function of grid analyzer angle Dq in between LO and mixer. The observed charac-
teristic is consistent with an elliptical state of polarization with field amplitude ratio r = a/b = 0.8
and phase difference Df = 120�.
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Y-factor measurements on polarized blackbodies confirmed that the noise temper-
ature increased by almost a factor 2. Removing the grid and using conventional beam-
splitters, the improvement in noise temperature was evident, and we could recover the
reported value. Since these mixers were flight models it became clear that this was
a major problem for the sensitivity of HIFI in band 5. We identified the following
recovery scenarios:

• Rework the mixer.

• Replace the BS by a Martin-Puplett (MP) diplexer [21, 22].

• Convert the unwanted state of polarization back into linear.

The first scenario was immediately excluded from logistic and budgetary con-
straints. The second solution was also excluded. Although a MP interferometer could
in principle convert any state of polarization back into linear, we were seriously con-
cerned about pointing and co-alignment issues, depending on diplexer tuning, in view
of the relative tilt error of 0.8� between the Ex and Ey patterns. We therefore con-
cluded that the only possible recovery scenario was an optical device behaving like a
quarter-wavelength plate.

Literature research clarified the root cause of the problem. As single-crystal Sap-
phire was used, we suspected that the problem was related to birefringence of the
substrate, and the double-slot antenna. The reported anisotropy for the dielectric con-
stant of sapphire at 4K was ez = 11.35 along the z-axis, and et = 9.26 in the transverse
direction. Since the substrate thickness was 209 µm, the worst-case phase difference
that could occur at l = 253 µm was (

p
ez �

p
et)ts/l = 97�. This value was very close

to the condition of a perfect quarter-wavelength.
From the processing procedure we had meanwhile learned that the chip manu-

facturer had used R-cut (1012) Sapphire to allow the deposition of epitaxial niobium
films. At device level this optimization had given a final 10% sensitivity improvement.
However the chip was aligned to the flat of the wafer that was oriented relative to the
projected c-axis of the crystal by exactly 45�. Consequently the double-slot antenna,
and main polarization of the antenna, was exactly at 45� with respect to the projected
fast and slow axis of the birefringent substrate that almost perfectly satisfied a quarter-
wavelength condition.

This analysis also carried the solution. We received from the same batch sapphire
wafers, that were AR coated using Parylene-C. At the output of the MSA we rotated
the wafer by 90� with respect to the projected substrate orientation. Effectively we
tried to transform back the unwanted elliptical polarization into linear polarization.
This was a crash-effort single-shot activity, just prior to FM integration. We developed
empirical models based on Jones calculus, describing the transformation of the state of
polarization, helping us to work out the optimal angle of rotation. We also modelled
the coherent superposition of the Ex and Ey patterns as transformed by the optical
device that was named "monocle". A picture of the flight monocle, as installed on the
flight MSA is shown in Fig. 5.22.

The recovery action was partially successful. We managed to recover 30% of the
doubled noise temperature. Our empirical models furthermore predicted a residual
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Figure 5.22: Picture showing the flight monocle integrated with the MSA band 5. The monocle
employed a Sapphire wafer from the same batch as the mixer chip. The wafer was rotated to
compensate the unwanted elliptical polarization, and tilted with respect to the optical to avoid
standing waves.

tilt misalignment of 0.25� along the main polarization axis of the mixer. We advised
project management to correct for this by reshimming, which was rejected as continuity
and verification of the flight monocle in an integrated system had priority, and the FPU
was already waiting for integration of the band 5 MSA being behind planning. We
expected therefore a residual co-alignment error of

p
2⇥0.25�, that could have been

corrected for, but was finally accepted.

5.3.3 Summary MSA verification

Tables 5.11 and 5.12 show a final summary of all measured Gaussian beam parameters
of the flight mixers at MSA level. Measurements were taken in a number of planes
along the optical axis and the fitted Gaussian beam parameters were averaged. The
standard deviation was typically 0.1 mm for w0, 0.2 mm for Dx and Dy, 0.1 � for Dqx
and Dqy and 5 mm for Dz. The values shown in Tables 5.11 and 5.12 were rounded
to reflect these errors. The design value for w0 was 3.55 mm in all bands. The waist
had to be located in the MSA pupil plane as defined in Section 2.4.4. Given the value
of w0, and the wavelength l, the band-dependent quasi-optical tolerances discussed in
Section 2.3.5 were applied. The total loss budget at the MSA interface was 6%, based
on 1% loss per degree of freedom.

The values presented in the tables show that we achieved quite reasonable compli-
ance with the quasi-optical alignment tolerances. We observed a negligible overflow
for band 1V. In band 6 and 7 we observed slightly higher total coupling loss, which
was mainly caused by a larger beam waist and tilt misalignment. The observed com-
bination of larger waist size and defocus suggests that there are still issues related
to the lens-antenna phase center, although band 7 was clearly measured out-of-band.
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However, especially in bands 6 and 7 we realized almost perfect co-alignment, despite
the large problems and measurement difficulties we had experienced. So, whereas the
LO coupling was affected by residual misalignment, the coupling to the sky would be
almost perfect in view of the accurate co-alignment achieved. On the other hand, the
results for the corrugated horn bands were disappointing. We had expected that we
could fully rely on the mechanical definition and accuracy of the horns. In reality we
had to conclude that the co-alignment error and pupil misalignment was larger than
foreseen in these bands, whereas we could easily have corrected for tilt misalignment
at MSA level as demonstrated by the bands 6 and 7 results. Note that in band 5 no
final MSA beam pattern measurement could be taken anymore due to the monocle
integration. This measurement was performed at instrument level. All MSA mea-
surement results were also propagated to the focal plane as a reference for the system
level tests. The results presented in this section clearly show that phase-sensitive beam
measurements were key to the success of fixing major problems in the lens-antenna
mixer bands, preventing significant loss of performance, or perhaps even loss of one
polarization channel.

Table 5.11: Summary of the Gaussian beam parameters for the MSA flight configuration in
bands 1–4.

Parameter 1H 1V 2H 2V 3H 3V 4H 4V

f (GHz) 480 480 802 802 802 802 1128 1128
w0 (mm) 3.4 3.5 3.5 3.5 3.4 3.5 3.5 3.4
Dx (mm) 0.0 -0.5 -0.4 -0.1 -0.6 0.0 -0.7 0.0
Dy (mm) -0.6 -0.5 0.0 0.0 0.1 0.2 -0.1 -0.1
Dz (mm) 76 79 92 86 132 123 100 120
Dqx (�) -0.35 -0.43 -0.02 0.03 -0.14 0.13 -0.05 0.01
Dqy (�) 0.35 -0.13 -0.02 0.14 -0.11 0.23 0.04 0.21
Loss L (%) 5 7 2 2 3 3 5 2

Table 5.12: Summary of the Gaussian beam parameters for the MSA flight configuration in
bands 6 and 7. The flight configuration for band 5 was only measured at instrument level due
to late monocle integration.

Parameter 6H 6V 7H 7V

f (GHz) 1620 1620 1623 1623
w0 (mm) 3.9 4.0 4.3 4.2
Dx (mm) -0.5 0.0 -0.3 0.3
Dy (mm) -0.5 0.4 0.0 -0.3
Dz (mm) 89 63 66 101
Dqx (�) -0.20 -0.20 0.12 -0.08
Dqy (�) 0.01 0.04 -0.09 -0.08
Loss L (%) 9 8 9 6
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5.4 End-to-End Verification of the FPU Optics

5.4.1 Measurement configuration

As mentioned in Section 5.2.7, we restricted ourselves to a limited number of measure-
ment configurations to reduce the overall system complexity and risk. We measured in
4 beam clusters, at 4 spot frequencies. The end-to-end verification of the flight optics
of the HIFI FPU was performed twice: before and after the flight acceptance vibration
test. The tests before the vibration test were split into two phases FM1 and FM2, the
final test before launch was done after vibration in phase FM3 [23].

This section focusses on the results obtained during FM3, being representative for
flight and in-orbit calibration as will be described in Chapter 6. The measurements
were time-consuming and intensive, and for schedule reasons we had to optimize our
measurement strategy even further. It was therefore decided to measure all beams
within each beam cluster at a single average polarization orientation of the test source.
Due to intrinsic geometrical properties of the FPU optical design, linear polarization
at MSA level was effectively rotated around the optical axis, as shown in Fig. 5.23.
This rotation occurred between mirrors M10 and M9 of the Common Optics Assembly
(COA) described in Chapter 2, and was effectively a rotation of the Field of View (FoV)
of each mixer band. Figure 5.23 shows that this decision implied that for some mixer
polarizations the test source was rotated by more than 45�. Finally we decided to use
only direct multiplied test sources. Since the LO system was available only very late,
due to delayed delivery of the LSU, we had to use the laboratory LO sources that had
also been used during MSA level tests. Therefore we could also measure two mixer
polarizations at the same time, by connecting the mixer output signals directly to the
samplers of the VNA. The advantage of this was that the signals of both mixer po-
larizations were co-registered yielding a very accurate measurement of co-alignment,
independent of absolute alignment errors. The typical overall measurement time for
one band (both polarizations) was around one hour.

5.4.2 Observations and results

Overall the measurement facility worked excellently. We could successfully verify the
focal plane geometry and telescope interface by fitting Gaussian beam parameters to
the measured fields. In all bands we achieved very high signal-to-noise ratios, in many
cases limited by the maximum test power the mixer could handle, and the noise floor
of the IF detection system and VNA. In some cases we achieved a SNR as high as
90 dB. Because of the development tests carried out during the DM programme, most
functional and performance issues were already mitigated and resolved. During the
flight measurement campaign we discovered however a number of additional issues.

Multiple reflections

Figure 5.24 shows raw images of the measured intensity and phase of band 2H at
802 GHz. The radial scan pattern can clearly be recognized by small discontinuities
between individual line scans. More disturbing was the presence of very fine and
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Figure 5.23: Measurement configuration and test source polarization. Within each beam cluster
the test source polarization was aligned to the average mixer polarization by rotation of the
vacuum scanner box (as indicated by a small arrow inside a circle).

systematic structure and scatter in all observed beam patterns. We investigated many
possible ways to remove these artefacts such as:

• Scanning at different stage velocity.

• Varying the position of the reference position for drift calibration.

• Changing the scan pattern.

• Varying the chopper mirror position and settings.

• Optimizing the thermal control of the test source, and environment.

• Switching the frequency with different throws to remove standing waves.

None of the above was successful and the problem was persistent. On the basis of
all troubleshooting we identified however that the detailed structure of the interference
was very stable and reproducible for fixed measurement configurations. Between dif-
ferent experiments where the alignment or mechanical configuration had changed we
observed changes in the detailed structure, such as phase changes in the ripples. We al-
ways found that the Gaussian beam parameters fitted to the data remained consistent.
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We therefore concluded that this measurement error would not affect our conclusions
about the telescope interface based on Gaussian beam analysis. Our final hypothe-
sis was that the complicated interference pattern was due to scattering and reflections
from the thermal shields of the HIFI cryostat.
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Figure 5.24: Raw scan data of beam measurement of band 2H at 802 GHz. The relative amplitude
pattern (a) shows an interference pattern. The right hand panel (b) shows the measured phase.
The radial scan pattern is clearly visible in both amplitude and phase.

Only very recently, about 5 years after the launch of Herschel-HIFI, we found an
explanation and solution for this problem. This was only recognized when we prop-
agated the measured field distribution to the focal plane and reconstructed the field
over a very wide area. The result of this reconstruction is shown in Fig. 5.25. Fig-
ure 5.25(a) shows an image of the reconstructed intensity at very high contrast, which
was possible because of the very high SNR. Figure 5.25(b) shows the same region in
reconstructed phase. Surprisingly we recognized the edges of the pickoff mirror M3.
Moreover we detected shadows left and right of the band 2 position, whereas at the
band 2 position a smooth reconstructed beam pattern appeared. In phase we detected
the edges of M3 by discontinuities in the phase contours. The phase image also re-
vealed the positions of band 2 and adjacent mixer bands. Note the phase slope across
M3 determining the pupil alignment to the telescope. Figure 5.25(b) finally shows
some interfering spherical waves.

Both images can be explained by the wide-field imaging properties of the Offner
relay [24, 25]. What most likely happened was that the small test source illuminated
M3 entirely. Since the Offner system of HIFI was designed to be a wide-field imaging
system, this field was imaged one-to-one to the array of field mirrors M9 inside the
instrument (see Chapter 2). We forgot however to place absorber panels around those
mirrors. This baseplate supporting M9 therefore acted as a mirror retro-reflecting the
image of M3 back to the source. Part of that signal coherently reflected back into the
system interfering with the original test signal. Depending on the lateral position of the
horn during the scan this resulted in a very complicated interference pattern spatially
modulating the measured beam profile.
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Figure 5.25: Reconstructed field distribution of band 2H in the focal plane. The relative intensity
pattern (a) reveals the contours of the pickoff mirror M3. Also visible are the positions of the
field mirrors M9 for bands 1 and 3. The reconstructed phase shows a similar picture, where the
edges can be recognized by discontinuities in the phase contours.

By spatially filtering the reconstructed field in the focal plane, a transformation back
to the measurement plane fully cleaned the image. We used a 6w Gaussian smoothed
top-hat function centered on the peak intensity of band 2H. Note that this would have
been the typical scan region if band 2H was measured directly in the near-field. The
result is shown in Fig. 5.26 showing a very smooth beam pattern reproducing local
details that were also present in the raw image but removing the interference. The
shape of the filtered pattern is very similar to the typical distribution observed in the
pupil plane of an MSA (see Chapter 4).
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Figure 5.26: Raw and spatially filtered beam pattern in the scanner plane. The left hand panel
(a) shows the original image. In the right hand figure (b) the interference pattern was removed
by spatially filtering the reconstructed field in the focal-plane.
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We finally confirmed the invariance of the Gaussian beam analysis. Table 5.13 lists
the Gaussian beam parameters found for the raw and spatially filtered data. As can
be seen the results are nearly identical. The waist size and location reproduce within
microns, and the propagation direction within arcminutes. Finally we made the same
comparison for the spatially filtered and deconvolved data in the reconstructed focal
plane, the measurement plane and in the telescope pupil plane. The results are shown
in Table 5.14. As can be seen, the Gaussian beam parameters are consistent, showing
that the results are not biased by the spatial filtering, deconvolution, and propagation
or reconstruction technique. This comparison therefore confirmed that the observed
interferences did not bias the Gaussian beam analysis results.

Table 5.13: Comparison of the Gaussian beam parameters found for the raw scan data and the
spatially filtered pattern in band 2H at 802 GHz.

Parameter Raw scan data Spatially filtered

w0 (mm) 2.549 2.548
X0 (mm) -57.582 -57.583
Y0 (mm) 1.795 1.793
Z0 (mm) 11.636 11.637
qX (�) 0.024 0.048
qY (�) 1.211 1.187
|c00|2 (%) 95.46 97.76

Table 5.14: Comparison of the Gaussian beam parameters found for the spatially filtered and
deconvolved pattern in the measurement plane, reconstructed focal plane and reconstructed
pupil plane.

Parameter Scanner plane Focal plane Pupil plane

w0 (mm) 2.41 2.42 2.40
X0 (mm) -57.60 -57.59 -57.96
Y0 (mm) 1.78 1.78 1.46
Z0 (mm) 10.04 9.72 11.11
qX (�) 0.05 0.07 0.07
qY (�) 1.35 1.32 1.38
|c00|2 (%) 96.8 96.7 97.2

Absolute alignment errors

Reconstruction of all fields in the focal plane showed that there was an unexpected
absolute alignment error somewhere in our system. Figure 5.27 gives an overview of
the focal plane geometry. The figure shows that there is an average offset of 2-3 mm in
the Z direction. The figure also shows that the lateral offset in the Y direction varied
between beam clusters. The presence of an absolute error was confirmed by scanning
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the beam of band 2H across the edge of M3. The edge was not detected at the expected
position.

Figure 5.27: M3 footprint showing all measured and reconstructed beam spots in the focal plane.
The reconstruction shows systematic lateral offsets varying between beam clusters.

We checked all steps in our alignment and calibration procedures. We could not
identify the error. Most likely we auto-collimated on one of the faces of the pentaprism
instead of on the optical flat. During alignment we did see multiple cross-hairs, and we
might have been confused. This could also explain why the systematic misalignment
was different between beam clusters as the pentaprism had to be rotated in between.
We therefore concluded that within beam clusters the relative alignment was very
accurate, whereas the absolute position of the beam clusters might be off by a few
mm. This was not a problem, first of all the lateral error was small as compared to the
diameter of M2. Secondly, the error could be compensated in-orbit by repointing.

Co-alignment errors

In band 1 we observed an anomalous change in the co-alignment error between FM1
and FM3. Since FM1 was before, and FM3 after the acceptance vibration test, there
were serious worries that the mixer consoles, thermally isolating and mechanically
supporting the mixers, could have been affected by the vibration test. The observed
changes are summarized in Table 5.15. The change of the co-alignment error, as mea-
sured in the focal plane, was as large as 1.6 mm, which was about 40% of the waist
size. This was a significant change for which we did not have an immediate explana-
tion. The only difference we found was a different orientation of the test source with
respect to the mixer polarization.

GRASP simulations showed that the cross-polar pattern of the FPU could explain
what we measured. In band 1 the peak cross-polarization level was as large as -23 dB.
We simulated the co- and cross-polar coupling of the test source to the actual field
including cross-polarization as function of scanner or test source rotation. We then
fitted Gaussian beam parameters to the coherent superposition of both field compo-
nents. The results are summarized in Table 5.16. We found that for test source angles
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Table 5.15: Anomalous co-alignment error change observed in band 1 between phase FM1 and
FM3. The co-alignment error is expressed as a vector (DY0, DZ0) measured in millimeters.

Location FM1 FM3

Focal plane (mm) (-0.2, 0.1) (-1.8, 0.1)
Pupil plane (mm) (17, -1) (39, -4)

of 70–80� with respect to the main polarization, the fitted lateral position in the focal
plane could be wrong by as much as 1.5 mm for co-polar coupling losses of order
10 dB. Such coupling losses would not always have been noticed given the very high
SNR, but could easily have caused apparent lateral misalignment errors of order of
a millimeter. Note that in all cases the Gaussicity |c00|2 had a very reasonable value
ranging between 95 and 99%, and in some cases even improved for larger cross-polar
coupling. We concluded that band 1 was probably fine, but we should have matched
test source and mixer polarization better.

Table 5.16: Simulation of the effect of cross-polar field coupling on the fitted Gaussian beam
parameters. The source angle is measured with respect to the main polarization angle of band
1H. The simulation was performed at 480 GHz.

Band Source angle (�) Coupling (dB) DY0 (mm) DZ0 (mm) |c00|2 (%)

1H -45 -3.0 0.3 0.2 94.8
1H 0 0 0 0 95.0
1H 45 -3.0 -0.4 -0.4 95.3
1V -75 -0.4 0.0 -0.1 98.6
1V -60 -1.5 -0.1 -0.1 98.6
1V -45 -3.3 -0.2 -0.2 98.7
1V -30 -6.5 -0.4 -0.3 98.9
1V -20 -10.0 -0.7 -0.5 99.0
1V -12 -14.3 -1.2 -0.8 97.9
1V 15 -10.3 0.8 0.4 98.2
1V 30 -5.4 0.4 0.2 98.3
1V 45 -2.7 0.3 0.1 98.4
1V 60 -1.1 0.2 0.1 98.4
1V 75 -0.3 0.1 0 98.5
1V 90 0 0 0 98.5

5.4.3 Review of compliance

We conclude this chapter by reviewing the compliance of the measured beam proper-
ties with the specification. For each beam measurement taken in FM3 we determined
the Gaussian beam parameters. We also used GRASP to propagate the MSA measure-
ments through an optical model of HIFI and determined the corresponding Gaussian
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beam parameters for reference.

Waist size

Table 5.17 shows the comparison table for the measured waist size. The table shows
that all bands had compliant focal-plane beam sizes. There was one exception in band
7, which could be explained by the out-of-band measurement at 1.62 instead of 1.8 THz.
Table 5.17 also shows the associated coupling loss, using (2.3).

Table 5.17: Summary of all measured waist sizes for the flight instrument configuration. The
values are compared to the expected values derived from the MSA measurements, and the
requirements.

Band Measured Expected Required Deviation Tolerance Loss (%)

1H 3.86 3.71 3.87 0.00 0.39 0.0
1V 3.83 3.86 3.87 -0.03 0.39 0.0
2H 2.40 2.22 2.32 0.07 0.23 0.1
2V 2.36 2.28 2.32 0.03 0.23 0.0
3H 2.44 2.39 2.32 0.12 0.23 0.3
3V 2.27 2.25 2.32 -0.05 0.23 0.1
4H 1.68 1.62 1.65 0.04 0.16 0.0
4V 1.65 1.62 1.65 0.00 0.16 0.0
5H 1.77 - 1.65 0.13 0.16 0.6
5V 1.68 - 1.65 0.04 0.16 0.0
6H 1.05 1.03 1.15 -0.09 0.11 0.7
6V 1.09 1.01 1.15 -0.05 0.11 0.2
7H 0.99 0.83 1.15 -0.16 0.11 1.9
7V 1.04 0.91 1.15 -0.11 0.11 0.9

Tables with the same format for the other parameters are given in Appendix C. In
what follows we summarize the most important findings for each parameter.

Y coordinate

Overall we found very good qualitative agreement, and relative agreement within
beam clusters. The dominant deviation was the absolute alignment error discussed
before. Note that there was no formal requirement on the absolute lateral position in
the focal plane. As long as the co-alignment requirement was met (10% of the waist
size), and the pupil alignment on M2 was satisfied (see Section 2.3.5), these errors
could be mitigated by pointing calibration. We found that the co-alignment error in Y
was generally compliant. In particular the lens-antenna bands were very good. Larger
deviations were seen for the corrugated horn bands. The deviations in bands 1 and
3 could be explained by the polarization effect discussed in Section 5.4.2. Apart from
those two bands all other bands were compliant, with associated coupling losses less
than 1%.
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Z coordinate

The measurement of the Z coordinates showed a systematic offset of 2–3 mm in the
chopper direction. The edge detection test described in Section 5.4.2 already predicted
the presence of such an absolute alignment error. The co-alignment results were how-
ever excellent. Apart from bands 3 and 5, co-alignment was compliant. The deviation
in band 3 could again be explained by a polarization mismatch effect. Band 5 showed
the predicted co-alignment error due to the monocle without reshimming. The pre-
dicted co-alignment error was 0.35� in the MSA pupil, which is about 30% relative to
the far-field divergence angle. In the focal plane we observed a lateral co-alignment er-
ror of 0.6 mm, which is about 35% relative to the waist size. The relative co-alignment
error we observed was therefore in good agreement with the prediction of our empiri-
cal model of the monocle.

X coordinate

The measured focus position nicely followed the focal plane curvature of the Herschel
telescope. Most bands were compliant with the specification. Only band 3V, band 4
and the lens antenna bands showed some defocus. Whereas in mixer bands 3 and
4 this could have been related to long-wavelength effects, similar to those described
in Chapter 4, we belief that the systematic deviations observed in band 6 could have
been caused by the phase center discrepancy described in Section 5.3.2. The associated
coupling losses were generally smaller than 1.5%.

Tilt about Y

Tilt about Y corresponded to a tilt direction perpendicular to M3. Tilt in this direction
directly affected the pupil alignment on M2. All bands were compliant, except for
band 4V. The exceeding was however marginal.

Tilt about Z

In this direction we found more significant deviations. Especially band 1V was com-
pletely off by about 1�. The expected value based on a GRASP simulation of the
measured MSA field showed a similar deviation. Closer inspection revealed that this
result was probably biased by long-wave effects leading to an apparent tilt misalign-
ment, similar to what was reported Chapter 4. Another major deviation concerned
band 6V, which could not be explained on the basis of MSA results. In this case it
might have been related to poor data quality and standing waves. The mixer current
traces indicated signs of direct detection of the test source, which was an issue for HEB
mixer stability [26, 27].

Quasi-optical alignment budget

Table 5.18 summarizes the total coupling losses. The losses are split in two categories.
The column coupling loss corresponds to losses due to waist size mismatch, defocus,
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and pupil misalignment. The column pointing loss accounts for the loss due to co-
alignment errors. It was assumed that the telescope would be pointed at the average
position. For all bands the total losses were very close to a total budget of 6%, ignoring
the apparent loss due to long-wave and polarization effects in bands 1V and 3V, and
the band 6V deviation due to poor data quality and standing waves. We therefore con-
cluded that the quasi-optical alignment budget was satisfied by careful optical design
and accurate experimental verification. The total co-alignment error, expressed as frac-
tion of the waist size and the half-power beam width qb, is also shown in Table 5.18.
We found that the co-alignment was outstanding in bands 6 and 7. Whereas for all
other bands the co-alignment error did not satisfy the 1% coupling loss criterion, the
most challenging bands almost met this criterion, which was a great achievement.

Table 5.18: Summary of total quasi-optical loss budget for the flight model. The
coupling losses include losses due to waist size mismatch, defocus and pupil
misalignment. The pointing losses are due to co-alignment errors when pointing
at the average position.

Band Coupling loss (%) Pointing loss (%) Co-alignment error

1H 1.2 6.7a 0.52w0, 0.27qb
1V 11.2b

2H 0.2 1.9 0.27w0, 0.14qb
2V 1.9
3H 1.5 4.0c 0.40w0, 0.21qb
3V 3.2d

4H 1.0 1.1 0.21w0, 0.11qb
4V 4.6e

5H 1.3 3.1f 0.35w0, 0.19qb
5V 0.4
6H 2.3 0.3 0.10w0, 0.05qb
6V 6.4g

7H 2.5 0.7 0.16w0, 0.09qb
7V 1.9

a Apparent co-alignment error due to polarization effect.
b Dominated by pupil misalignment (DqZ).
c Apparent co-alignment error due to polarization effect.
d Dominated by defocus and pupil misalignment (DqZ).
e Dominated by pupil misalignment (DqY and DqZ).
f Due to monocle integration and wrong shim.
g Caused by poor data quality and standing waves.

5.5 Summary and Conclusions

This chapter described the design, development and application of phase-sensitive
beam measurement facilities for HIFI. We successfully constructed a very complex
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vacuum scanner to characterize and verify the focal plane interface of the flight optics
of HIFI. We also invented an RF reference and IF detection scheme removing corre-
lated phase noise from the LO and test source. By using these techniques we extended
state-of-the-art measurement capability by more than a factor of 3 into the 1.6 THz
domain. These were the first reported phase-sensitive beam measurements of cryo-
genically cooled mixers and receivers ever taken at 1.6 THz, with signal-to-noise ratios
as large as 90 dB.

The unprecedented sensitivity, combined with the unique feature of relating the
coordinates of the measured field data to the optical geometry of the instrument within
fractions of a wavelength, provided us with a very powerful diagnostic tool. The test
sources, alignment concepts and detection circuits, developed for the instrument level
test facility, could also be applied and used at MSA level in smaller cryostats to verify
the optical performance prior to integration into the flight instrument. The time and
effort invested in the development of these experimental systems really paid off. With
the help of the beam measurement facility we identified and fixed a number of serious
issues in the lens-antenna mixer bands:

• We identified and fixed a design flaw related to the extension length compensa-
tion of Sapphire chip substrates.

• We mechanically shimmed and realigned all lens-antenna mixer bands and achie-
ved excellent co-alignment at the highest frequency of HIFI.

• We detected elliptical polarization of the band 5 flight mixer which could have
led to significant noise penalties. However, we managed to partially recover from
this by implementing a monocle transforming the unwanted state of polarization
back into linear.

Addressing and fixing these issues at MSA level proved to be a winning strategy.
At instrument level we only had to verify compliance to the quasi-optical interfaces.
We successfully achieved that goal, and concluded that all mixer bands were compliant
with the telescope interface and alignment budgets, confirming that HIFI was ready to
be launched.

The results presented in this chapter highlight that measuring phase is key in ver-
ifying the optical performance and alignment of submillimeter-wave heterodyne re-
ceivers. We also would like to recommend measuring both polarization components of
the electromagnetic field simultaneously.
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Chapter 6
In-Orbit Spatial Response and
Flux Calibration
From HIFI’s Optical Characteristics to in-orbit Flux Calibration using Mars

6.1 Introduction

Herschel-HIFI was aiming at an absolute calibration accuracy of 10%, with a goal of
3%, as described in Chapter 1. The HIFI Instrument Control Center (ICC), cur-

rently in its post-operations phase, is still heavily working on improving and updating
the calibration of HIFI, to achieve this goal. Higher-order calibration accuracy can be
achieved by systematic analysis and advanced calibration of all observations collected
over 4 years of mission lifetime, complemented by the engineering data stored in the
form of housekeeping data, and measurements taken during ground and pre-launch
testing.

One of the components of the overall calibration framework [1] concerned the cal-
ibration of the spatial response of HIFI [2]. The objective was to achieve a calibrated
relation between the observed antenna temperature Ta(q, j) and the source brightness
temperature distribution Tb(q, j)1. The spatial response enters the general HIFI cali-
bration equation in the following form:

Js � Jre f =
hc + hh � 1

hs (h`Gssb + wssb)

✓ cs � cre f

ch � cc

◆
(Jh � Jc) . (6.1)

In the above equation the symbol J refers to an equivalent Rayleigh-Jeans temper-
ature. Equation (6.1) states that the calibrated flux of a source, with respect to an
1 Regarding the brightness temperature Tb we adapt here to the convention introduced in [3], where

brightness is defined in terms of an effective thermal source in the Rayleigh-Jeans limit. The brightness
temperature Tb in this chapter therefore always refers to an equivalent temperature in the Rayleigh-
Jeans limit, which linearizes the equations, and should not be confused with the Planck brightness
temperature.



188 Chapter 6: In-Orbit Spatial Response and Flux Calibration

arbitrary reference, usually the blank sky, can be referenced against a differential mea-
surement of the internal hot and cold loads of the calibration source. The first term
in front of Jh � Jc accounts for several system efficiencies and characteristics, where hc
and hh represent the coupling efficiencies to the cold and hot loads respectively, hs the
source coupling efficiency, h` the forward efficiency2, Gssb the sideband gain ratio and
where wssb finally corrects for the presence of residual standing waves [1]. The middle
term of (6.1) is the relative system response, as obtained by the raw count rates c at the
backends.

In the spatial response framework [2] we focussed on the calibration of hs, which
for a point source simply equals the aperture efficiency ha. More generally we wanted
to understand and describe the coupling efficiency to arbitrary source structure, which
required detailed knowledge of the normalized beam pattern Pn at the sky. Finally,
the total calibration accuracy of HIFI was also affected by pointing calibration, which
required detailed knowledge of the focal plane geometry, the pointing errors, as well
as the beam properties.

Whereas very detailed beam patterns were taken during Instrument Level Test-
ing (ILT), doing the same in orbit presented a major challenge. Although very sensi-
tive in terms of taking very high resolution spectra at quantum-limited performance,
HIFI suffered from limited continuum or photometric sensitivity, and together with
the single-pixel nature of the instrument it turned out to be very expensive to take
high signal-to-noise beam maps with sufficient spatial extent and sampling. Only by
combining all suitable observations, available at the end of the mission, we could build
up the desired signal-to-noise, or effective integration time, and spatial sampling of the
patterns.

In this chapter we present the techniques and results of the spatial response cali-
bration of HIFI. The chapter begins with the discussion of the implication of pointing
errors from a theoretical point of view. We then review the theory related to the de-
termination of the aperture and main beam efficiency, presented in a generic form, al-
lowing us to establish a calibrated relation between arbitrary source structure Tb(q, j)
and the observed antenna temperature Ta(q, j). We also present analytical results for
the limiting case of a simple Gaussian approximation of the beam pattern at the sky.
After the theoretical introduction the pointing calibration observing strategy, method
and results will be presented in Section 6.3, and compared to what was expected from
design and test results on the ground. In Section 6.4 beam pattern measurements taken
towards Mars are presented. We discuss the observing strategy, and issues related to
the initial, zero-order analysis assuming a simple Gaussian approximation, which is
common practise among radio astronomers. We describe a revision of the observing
plans, initiated at an intermediate point in the mission, based on careful interpretation
of the initial results, and our knowledge of the optical characteristics of HIFI, as char-
acterized on the ground (see Chapter 5). A forward model was developed, which was
used to obtain fits to the observed beam patterns. This model was used to extract the
detailed characteristics of the normalized beam pattern Pn. Using this description of
Pn, we applied the generic theoretical framework to determine several characteristics of

2 The effective forward efficiency h` is the part of the total beam that couples into the forward hemisphere
on the sky in the considered sideband.
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HIFI. We discuss these results in the context of the optical characteristics of Herschel-
HIFI, and indicate to what extent they are relevant to the calibration accuracy of HIFI.
Section 6.4.3 is concluded by the integral analysis of all available measurements on
Mars that led to the calibration of the efficiencies currently in the HIFI calibration tree.
This analysis also led to the delivery of an archive of FITS files providing the Herschel
astronomical community with detailed beam patterns of HIFI. Based on the analy-
sis presented in Section 6.4, we finally present some initial ideas and results showing
how phase sensitive beam measurements, as described in Chapter 5, might be used to
improve present calibration accuracy even further. The results strongly suggest that
second-order calibration accuracy is well within reach further refining our knowledge
of the HIFI beam patterns. It might furthermore be possible to extract some interesting
optical characteristics of the Herschel telescope in addition. The chapter is concluded
by a summary of the most important findings.

6.2 Theoretical Foundations

The primary objective of the spatial response calibration task was to obtain a relation
between the source flux density distribution, and the observed antenna temperature,
through determination of the detailed characteristics of the HIFI beam pattern. In
this section the basic theory behind the calibration procedures is explained as used
throughout this chapter. In addition the effects of pointing errors are described, and
the impact to the overall calibration accuracy.

6.2.1 Pointing errors

The pointing performance of the Herschel Attitude Control and Measurement System
(ACMS) was a major concern to HIFI. The Absolute Pointing Error (APE) was baselined
at 3.7", with a goal of 1.5", which was a significant fraction of the nominal Half-Power
Beam Width (HPBW) of about 11" in band 7. The impact of pointing errors can be
derived analytically by assuming a Gaussian probability distribution of the pointing
errors and evaluating the average loss of signal. In this section an expression is de-
rived for the average coupling loss to a point source as function of the pointing error
distribution, a systematic pointing calibration error, and as function of the HPBW.

The APE was defined as the radius qe of an error cone around the commanded
attitude. It was defined such that 68% of the pointings would be as close or closer
than qe from the target. The APE therefore represented a 1s level of confidence in
pointing on source. Assuming a Gaussian approximation of the HIFI beam pattern,
the normalized power pattern Pn can be written as:

Pn(q) = exp

"
�4 ln(2)

✓
q

qb

◆2
#
⌘ exp

 
� q2

2s2
b

!
, (6.2)

where qb represents the HPBW, and sb is introduced for convenience to allow for a
standard normal notation. The parameter sb defined in this way equals qb/(2

p
2 ln(2)).

If we now assume a standard normal probability distribution for the pointing errors in
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two dimensions, without directional preference, the probability to obtain a particular
pointing (qy, qz) equals:

f(qy, qz)dqydqz =
1

2ps2
e

exp

 
�

q2
y + q2

z

2s2
e

!
dqydqz. (6.3)

The parameter se in (6.3) represents the one-dimensional standard deviation of point-
ing errors in the qy and qz direction. In order to satisfy the definition of the APE, se
equals qe/1.51. If the pointing calibration between the spacecraft and instrument con-
tains an error the pointing errors will act around a point which is offset with respect
to the center of the beam. We can include this effect by rewriting (6.2) as:

Pn(qy, qz) = exp

"
�
(qy � qy,0)2 + (qz � qz,0)2

2s2
b

#
, (6.4)

where the offset due to a pointing calibration error is (qy,0, qz,0). Using the probability
distribution function of the pointing error, and the description of the beam shape,
including a calibration offset, we next calculate the expectation value for the point
source coupling h:

hhi =
+•Z

�•

+•Z

�•

Pn(qy, qz)f(qy, qz)dqydqz. (6.5)

This integral is multiplicatively separable, and after integration by parts, and convert-
ing between rectangular and polar coordinates, we finally achieve, after some algebra,
the following analytical result:

hhi =
s2

b
s2

b + s2
e

exp

"
�

q2
0

2s2
b

 
1 � s2

e
s2

b + s2
e

!#
. (6.6)

In (6.6) the parameter q0 = (q2
y,0 + q2

z,0)
1/2 represents the magnitude of the pointing

calibration offset. Equation (6.6) shows that in the absence of a pointing calibration
error, the average coupling, due to pointing uncertainties, equals s2

b /(s2
b + s2

e ), which
is smaller than unity when se is a significant fraction of sb. On the other hand, (6.6)
reduces to Pn(q0) as defined in (6.2), when there are no pointing uncertainties, and
se = 0.

To illustrate the sensitivity to pointing errors, we consider four representative cases
as summarized in Table 6.1. The table clearly shows that in addition to achieving the
goal pointing accuracy, it is equally important to achieve good pointing calibration. For
errors as small as a couple of seconds of arc, the average coupling loss can already be as
large as 10% for the highest frequency band of HIFI. Whereas the loss due to systematic
pointing calibration errors could in principle be corrected for, the uncertainty in the
average loss due to random pointing errors is too large to allow for a correction of the
average loss. Figure 6.1 shows the dependence of the average coupling and loss on
wavelength for the cases presented in Table 6.1 confirming that pointing errors are a
critical issue for the highest frequency bands.
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Table 6.1: Average coupling hhi, and associated loss h#i due to pointing errors. The data pre-
sented corresponds to a frequency n = 1.9 THz, and assumes a HPBW of 1.1 (l/D), which equals
10.9 " at 158 µm. The APE values are representative for the pointing performances achieved dur-
ing the Herschel mission.

Case APE se q0 hhi h#i
1 1.0" 0.7" 0" 0.98 0.02
2 1.0" 0.7" 2" 0.89 0.11
3 1.5" 1.0" 0" 0.96 0.04
4 1.5" 1.0" 2" 0.87 0.13

500 1000 1500 2000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

! (GHz)

<
">

 =
 1

 -
 <
#

>

 

 

Case 1

Case 2

Case 3

Case 4

Figure 6.1: Average coupling hhi and loss h#i due to pointing errors as function of wavelength.

6.2.2 Source flux density and antenna temperature

Source flux density

The total source flux density Stot
n incident on the primary aperture of the Herschel

telescope is given by [2, 3]:

Stot
n =

ZZ

s

Bn(Tb,P)dW0 =
2kB
l2

ZZ

s

Jn(Tb,P)dW0. (6.7)

Stot
n is the power radiated by an astronomical source at a given frequency n per unit

area, and per unit frequency. The integral in (6.7) extends over the source solid angle.
Bn represents the spectral radiance, as defined by Planck’s law, as function of the Planck
brightness temperature Tb,P. Defining the source brightness in terms of a thermal
blackbody source in the Rayleigh-Jeans limit, leads to the expression at the right-hand
side of (6.7). The effective Rayleigh-Jeans brightness temperature Jn(Tb,P) is given by:

Jn(Tb,P) ⌘ TRJ =
hn/kB

exp [hn/(kBTb,P)]� 1
. (6.8)
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As stated by a footnote in the introduction, we simply want to refer to the source
brightness temperature Tb as being an effective Rayleigh-Jeans temperature, following
conventions traditionally used in radio astronomy, and as implicitly defined in by (6.7)
and (6.8). This linearizes our equation and is consistent with (6.1). This means that
from now on Tb should be interpreted as:

Bn ⌘ 2kBTb
l2 , (6.9)

and not be confused with a Planck brightness temperature Tb,P. A circular source with
an uniform brightness temperature distribution then has a flux density of:

Stot
n =

2kB
l2 Ws,gTb =

2kB
l2 2p


1 � cos

✓
qs
2

◆�
Tb ⇡ 2kB

l2
pq2

s
4

Tb, (6.10)

where qs represents the source diameter and Ws,g ⇡ pqs/2 the geometrical source solid
angle. Since we will generally consider sources with known distribution in this chapter,
the following notation is introduced [4]:

Tb(q, f) ⌘ Tb(0, 0)y(q, f). (6.11)

The relative brightness temperature distribution, normalized to its central value, is
described by a function y(q, f). The associated source solid angle Ws can the be written
as

Ws =
ZZ

s

y(q0, f0)dW0. (6.12)

Using this distribution function, and (6.10), the average brightness temperature of a
disk shaped planet finally equals:

hTbi = Tb(0, 0)
Ws

Ws,g
. (6.13)

Antenna temperature

The power received by a single-polarization receiver from an element of solid angle
dW0, in a particular direction (q0, f0), and in a frequency interval Dn equals:

dP(q0, f0) = 1
2 Bn AePn(q

0, f0)dW0Dn, (6.14)

where the factor 1
2 accounts for single-polarization detection, Bn is defined by (6.9), and

Ae denotes the effective telescope area. The total power received can now be defined
in terms of an antenna temperature Ta:

Ptot ⌘ kBTaDn. (6.15)

After integration of (6.14) this definition yields:

Ta(q, f) =

✓
Ae
l2

◆ ZZ

s

Tb(q
0 � q, f0 � f)Pn(q

0, f0)dW0. (6.16)
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Equation (6.16) shows that the observed antenna temperature, when the telescope is
pointed in a direction (q, f), is the convolution of the brightness temperature distri-
bution of the source, and the normalized power pattern. Equation (6.16) also reveals
that Ae can be determined by recording the antenna temperature, while scanning the
telescope across the source, capturing all flux. The effective telescope area Ae in (6.16)
is defined as the ratio between the received power spectral density and the source flux
density of a distant point source producing a plane wave in the aperture:

Ae ⌘
2kBTa

Stot
n

. (6.17)

The power spectral density in (6.17) has been expressed in terms of an antenna temper-
ature Ta. Rearranging (6.17) shows that the ratio 2kB/Ae relates the source flux density
to the antenna temperature scale of the instrument, and is usually expressed in units of
Jy/K. Assuming an effective area Ae = Ag, where Ag denotes the unobscured geomet-
rical telescope area, the characteristic Jansky to Kelvin conversion factor of Herschel
becomes 326 Jy/K.

Leaving out the explicit notation of the (q, f) dependence, and making use of the
antenna theorem [5]:

AeWa = l2, (6.18)

the convolution integral (6.16) can also be written as:

Ta =
1

Wa

ZZ

s

Tb(q
0, f0)Pn(q

0, f0)dW0, (6.19)

where Wa is the antenna solid angle defined as:

Wa =
ZZ

Pn(q
0, f0)dW0. (6.20)

In the limit of an extended uniform source, with brightness temperature Tb, filling
the entire beam, the term Tb can be placed outside the integral, and (6.19) reduces
to Ta = Tb. In this case the antenna temperature becomes equal to the brightness
temperature of the source.

6.2.3 Source, antenna and beam solid angles

At this stage it is convenient to summarize and further introduce some solid angle
definitions. First of all we summarize the solid angle definitions already defined in
Section 6.2.2. The geometrical source solid angle was defined as:

Ws,g =
ZZ

s

dW0. (6.21)

The source solid angle, including actual source structure, was defined as:

Ws =
ZZ

s

y(q0, f0)dW0. (6.22)
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We furthermore define a beam weighted source solid angle WS as follows [4]:

WS =
ZZ

s

Pn(q
0, f0)y(q0, f0)dW0. (6.23)

Next the antenna solid angle is given following its textbook definition:

Wa =
ZZ

2p

Pn(q
0, f0)dW0, (6.24)

where we limit the integration to a 2p solid angle, as the part not coupling to the sky,
or into the forward hemisphere, is absorbed in the forward efficiency h`, The antenna
solid angle given by (6.24) also satisfies the antenna theorem (6.18).

Finally a main beam solid angle is defined as:

Wmb =
ZZ

mb

Pn(q
0, f0)dW0, (6.25)

where the integral only includes the main lobe, extending from the peak to the first
minimum of the pattern3

6.2.4 Aperture and main beam Efficiency

Aperture efficiency

Although it is in principle sufficient to directly calibrate Ae in (6.16), it is common
practise to adapt the concept of an aperture efficiency ha defined as:

Ae ⌘ ha Ag. (6.26)

The aperture efficiency is therefore defined as the ratio between the effective and ge-
ometrical area pD2/4 of the telescope, where D denotes the Entrance Pupil Diameter
(EPD) of the telescope.

Once the relative power pattern Pn of the beam has been determined, the aperture
efficiency can be derived from the total flux Stot

n incident on the telescope and a mea-
surement of the antenna temperature. Using (6.19), (6.17) and (6.22) we can write the
total flux as follows:

Stot
n =

2kB
l2

ZZ

s

Tb(q
0, f0)dW0 =

2kB
l2 Tb(0, 0)Ws. (6.27)

Solving for Tb(0, 0), substituting this result into (6.16), and using (6.23) yields the fol-
lowing result:

Ta(0, 0) = Tb(0, 0)
WS
Wa

=
Stot

n

(2kB/Ae)
WS
Ws

. (6.28)

3 The main beam semi-angle is defined by the first inflection point of the Encircled Energy Fraction (EEF)
diagram of the beam pattern, which corresponds to the angular radius of the first dark ring of the
diffraction pattern
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Equation (6.28) shows that the antenna temperature observed, when pointing at the
center of the source, can be interpreted as a measurement of the central brightness
temperature multiplied by a flux dilution factor K = WS/Wa. Alternatively Ta(0, 0)
can be interpreted as the conversion of the source flux density to the temperature scale
of the telescope corrected for the spatial characteristics of source and beam. Following
the latter interpretation it can be seen that in the limit of a point source WS approxi-
mates Ws, since Pn ⇡ 1 across the source. The antenna temperature observed therefore
increases linearly with Stot

n . Following the former interpretation, and assuming an uni-
form source filling the entire beam, SW ⇡ Wa, and the antenna temperature becomes
equal to the brightness temperature.

Recalling the definition of the aperture efficiency (6.26) finally yields the following
expression:

ha =

✓
2kB
Ag

◆✓
Ta

Stot
n

◆
Ws
WS

. (6.29)

The first term 2kB/Ag is the characteristic Kelvin to Jansky conversion factor of the
Herschel telescope. The second term is the measured antenna temperature per unit
incident source flux. The last term is the source flux dilution factor K discussed above,
which accounts for the relative reduction of the antenna temperature when observing
sources not entirely filling the beam.

For a Gaussian beam, and in the uniform disk approximation, it can be shown
analytically that the flux dilution factor K can be approximated by:

K =
WS
Ws

⇡ 1 � exp(�x2)
x2 , (6.30)

where x =
p

ln(2) (qs/qb), and qs and qb represent the source diameter and half-power
beamwidth respectively. This result is commonly used by radio astronomers. Analo-
gously, we derive that the ratio WS/Wa, in the first term of (6.28), can be approximated
by 1 � exp(�x2), which becomes unity in the limit of an extended uniform source.

Main beam efficiency

The main beam efficiency is defined as the ratio between the main beam solid angle
and the antenna solid angle:

hmb ⌘ Wmb
Wa

. (6.31)

Combining this definition with (6.19) yields the following expression:

Ta = hmbTb(0, 0)
WS
Wmb

. (6.32)

Solving for hmb finally gives an explicit expression for the main beam efficiency:

hmb =

✓
Ta(0, 0)
Tb(0, 0)

◆
Wmb
WS

⌘ Ta
Tmb

. (6.33)

Equation (6.33) shows that once the detailed beam pattern is known, the main beam
efficiency can be derived from the measured antenna temperature and known source
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distribution. If an uniform source exactly fills the main beam, then WS = Wmb, and
hmb is simply the ratio of the antenna temperature and the brightness temperature of
the source.
In the uniform disk approximation, and only when assuming a Gaussian beam, the
following analytical relation can be derived:

K0 =
WS
Wmb

= 1 � exp(�x2), (6.34)

where x has the same definition as given in (6.30). Note however that in deriving (6.34)
it was assumed that Wmb = Wa, which is theoretically true for a Gaussian beam, but
will in practise lead to misleading results as will be shown in 6.4.1.

Finally there exists an independent relation between the aperture and main beam
efficiency. Using the antenna theorem (6.18) and (6.33) the following relation can be
derived:

hmb = ha
AgWmb

l2 , (6.35)

showing that once the aperture efficiency has been determined, the main beam effi-
ciency follows directly from the determination of Wmb. Equation (6.35) also shows that
the ratio hmb/ha becomes a characteristic metric of a frequency independent system for
which Wmb µ (l/D)2.

6.3 Calibration of the Focal Plane Geometry

In Section 6.2.1 it was shown analytically that the HIFI calibration accuracy can be
seriously affected by pointing errors. In this section we describe the way in which
we calibrated the focal plane geometry, what pointing calibration accuracy was finally
achieved, and the impact to the HIFI calibration accuracy.

6.3.1 Calibration strategy and plan

In Section 6.1 we briefly mentioned that due to the single-pixel nature of HIFI, and
its limited continuum sensitivity, taking large raster maps of calibration sources was
very time consuming. Moreover we had to establish good initial pointing performance
already very early in the mission, basically as part of the first-light observation, and
early commissioning. Calibrating our Focal Plane Geometry (FPG) required a very
efficient iterative approach, where we made maximum use of the photometric camera
of PACS on Herschel, as well as prior knowledge about the optical characteristics of
HIFI as described in Chapter 5.

Signal-to-noise estimates

To illustrate the time penalties involved, the required observing time was calculated for
a range of typical solar system objects at a given goal Signal-to-Noise Ratio (SNR) [2].
Using the radiometer equation [6], and the HIFI receiver noise temperature of a band
7 mixer, the rms receiver noise was determined for a 1 sec integration time, and a
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100 MHz receiver bandwidth. For a Dual-Beam Switched (DBS) observing mode [7–9],
the rms receiver noise DTrms equals:

DTrms(t) =
2Tsysp

Dnt
, (6.36)

where the factor 2 accounts for the addition of noise in the DBS differencing scheme.
Using t=1 s, Dn=100 MHz and TSSB

sys = 3000 K, the rms noise level DTrms equals 0.6 K
at 1.9 THz. Using (6.7) the total source flux was calculated by approximating the
sources by uniform disks and their average Rayleigh-Jeans brightness temperatures.
Next the source flux per beam Sbeam

n was calculated by applying the flux dilution factor
K = WS/Wa discussed in 6.2.4. Using (6.28), the source flux per beam Stot

n (WS/Wa)
was divided by the point-source sensitivity c = 2kB/Ae, finally yielding an estimate of
the peak antenna temperature measured at a SSB scale. Next the SNR for t = 1 s was
calculated, and the integration time required to obtain a SNR of 25 dB. As a nominal
aperture efficiency we used ha = 0.6, corresponding to a point-source sensitivity c ⇡
544 Jy/K. We furthermore assumed a HPBW of 11". The final results are shown in
Table 6.2.

Table 6.2: Estimates of the SNR in a 1 s integration time, and integration time required for a
25 dB SNR, for a range of typical solar system objects observed in band 7 at 1.9 THz.

Source qs Tb Stot
n Sbeam

n Ta SNR t
(") (K) (Jy) (Jy) (K) (t=1s) (SNR=25dB)

Saturn 16.9 94.5 5.53⇥104 2.72⇥104 116.7 195 2.64 sec
Mars 8.5 163.8 2.42⇥104 1.98⇥104 85.1 142 4.97 sec
Uranus 3.6 25.5 678 653 2.80 4.7 76.4 min
Ceres 0.6 127.5 94.0 93.9 0.40 0.7 61.6 hrs

This table clearly shows that the smaller sources quickly lead to significant observ-
ing times. Ideally we wanted to sample the beam at a raster grid spacing finer than
HPBW/4 across roughly 5 times the HPBW. This would lead to maps of 20⇥20 points,
requiring typically half an hour effective integration time, excluding all observing over-
heads, such as LO warming-up time and spacecraft manoeuvres. We therefore had to
exclude point-like sources, and constrain the maximum observing time per map to one
hour including overheads. We also had to deal with limited visibility, Mars was only
visible twice every 2 years, and the other planets roughly two times every year.

Observing strategy and plan

Simply taking maps in each band, at a couple of frequencies per band, was consid-
ered too time-consuming and expensive. Instead we developed a very efficient joint
strategy, together with PACS and SPIRE, in the Herschel pointing calibration working
group. Making use of the imaging capabilities of the photometric camera of the PACS
instrument, we defined a staged approach, where PACS would perform an initial scan
of the sky by making a large raster of images. Locating the sources in this field, and
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relating them to the spacecraft coordinate system through the so-called Spacecraft In-
strument Alignment Matrix (SIAM), would then provide the other instruments with
an initial guess for their pointing calibration. In two more iterations HIFI would then
achieve its final pointing calibration accuracy by consecutive updates of the SIAM. The
steps are summarized in Table 6.3.

Table 6.3

Step Activity Residual

0 ACMS commissioning 0.3�/150 mm
1 Raster scan PACS 10"/1.4 mm
2 ACMS performance by PACS APE <2"/0.3 mm
3 First light (FPG-0) HIFI 10"/1.4 mm
4 FPG-1 of HIFI ⇠ 2"/0.3 mm
5 FPG-2 of HIFI ⇠ 0.4"/60 µm

After commissioning of the ACMS the pointing system was ready for scientific
observations. The initial misalignment between the focal plane instrument and the star
trackers could still be as large as 0.3�, which corresponded to 150 mm in the focal
plane, using Herschel’s plate scale of 7"/mm. Clearly such large offsets could only be
removed by a wide-field imaging camera. In step 1 we therefore took a large raster scan
of images by PACS. This resulted in a SIAM update where the PACS central pixel was
known within 10" with respect to the star tracker frame. In step 2 the general Herschel
pointing performances were assessed using PACS. This resulted in a first estimate of
the APE. At this stage HIFI was sufficiently well commissioned to perform its first-light
activity.

For this activity Saturn was observed, and an initial check (FPG-0) was made to
verify the pre-requisites for our first FPG calibration observations. The very first spec-
trum taken towards Saturn revealed a H20 absorption line at 557 GHz. Based on the
discovery of water vapour in Saturn’s atmosphere by the SWAS mission [10] we ac-
tually expected it in emission. Since it was in the early commissioning phase, the
calibration team initially thought that it was a processing error somewhere in the HIFI
pipeline. However, linking this observation to the discovery of icy jets on Enceladus
by the Cassini spacecraft observing Saturn and its moons, a 14-year mystery about the
source of water in Saturn’s upper atmosphere could be solved. It was realized that a
torus-shaped cloud of water around Saturn was sourced by the plumes of Enceladus.
Because the torus was observed edge-on at the time of the HIFI observation, it was
seen in absorption rather than in emission. The very first spectrum taken with HIFI
was therefore already a major discovery, and was eventually published 2 years later
in [11].

Coming back to the pointing calibration strategy, during step 3 in Table 6.3 the
worst-case pointing uncertainty of HIFI was still 55". The breakdown of this budget
is shown in Table 6.4. In order to achieve a 2s confidence of hitting the source, we
applied a margin of 2’ to the map size. We furthermore wanted to sample at least a
region of 2 times the HPBW. We then traded off observing time, spatial sampling and
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pointing calibration accuracy by means of numerical simulations assuming a Gaussian
beam. We finally ended up with 11⇥11 maps, and a predicted measurement accuracy
of 2".

Table 6.4

Component Uncertainty

Absolute position ILT beams 26"/3.7 mm
Alignment HIFI-PACS 1.4"/0.2 mm
Position PACS central pixel 14"/2.0 mm
Accuracy SIAM by PACS 10"/1.4 mm
APE requirement 3.7"/0.5 mm

Total budget (worst-case) 55"/7.9 mm

The initial FPG-0 measurement on Saturn was scheduled to confirm the design of
our raster maps. The design of the FPG-1 maps was further optimized by incorporat-
ing our knowledge obtained during optical characterization during ILT. As described
in Chapter 5, the beams were measured in clusters of 2 bands, or 4 adjacent mixer pix-
els. Whereas the absolute knowledge with respect to the alignment cube of HIFI was
uncertain by 3.7 mm, the relative accuracy within a cluster was excellent and estimated
to be smaller than 0.1 mm/0.7". We therefore decided to observed in only one band
per cluster exploiting our knowledge about relative positions within that cluster. In
the end observations in 4 different bands were scheduled for FPG-1, and the missing
pixels were calibrated using the measured ILT offsets. We performed both half-throw
and full-throw DBS raster maps, allowing us to calibrate the chopper throw, and the
position of the central pixels on M3 in addition. The nominal focal plane geometry,
projected raster maps and clusters are illustrated in Fig. 6.2.

At the top and bottom the chopped positions are shown. The circles indicate the
HPBW and 2⇥HPBW contours. Cluster 1 contained band 1 at 491 GHz, cluster 2 con-
tained bands 2 and 3 and was calibrated using band 2 at 770 GHz, cluster 3 contained
bands 4 and 5 calibrated in band 4 at 1112 GHz, and cluster 4 finally contained bands
6 and 7 sampled in band 6 at 1625 GHz. The observing frequencies were aligned with
ILT, but fine-tuned to avoid detection of atmospheric lines from the planets. The larger
raster maps, for clarity projected around an arbitrary pixel position within each band,
correspond to the 11x11 maps for FPG-1. After coarse pointing calibration in FPG-1,
and a first SIAM update, we finally planned for a FPG-2 activity to complete our point-
ing calibration by smaller, more detailed raster maps for each individual band. Making
use of statistical simulations assuming a Gaussian beam, it was found that when limit-
ing maps to 5⇥5 points, the optimal spatial sampling rate was in between 0.35 and 0.5
times the HBPW, for a SNR between 15 and 20 dB. The simulations furthermore indi-
cated that the method could in principle be accurate to 0.2" (2s) in band 7, assuming
a HPBW of 11" and a SNR of 20 dB. This result highlighted again the susceptibility of
HIFI to pointing errors. Integral part of FPG-2 was also the fine calibration of the DBS
chop-nod throw using a high frequency band, and a second update of the SIAM.
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Figure 6.2: Overview of the nominal FPG geometry projected on the sky. The top and bottom
row correspond to chopped positions (full-throw). Indicated are also the 7 mixer beams, assum-
ing co-aligned H and V polarization, grouped in 4 clusters. The FPG-1 (coarse) raster maps are
indicated for bands 1 and 7, as well as the fine rasters for FPG-2 relative to the 1 and 2⇥HPBW
contours.

In total we scheduled 8 hours of observations for FPG-1, and 10.5 hours for FPG-2,
whereas the initial checks during FPG-0 were overlapping with first-light observations
and Astronomical Observing Template (AOT) verification. For all FPG activities we
had to make use of Saturn, as Mars was not yet visible.

6.3.2 Pointing calibration on Saturn, Mars, and RDor

FPG calibration on Saturn

The FPG-0 measurement confirmed that the raster design was adequate and validated
the observing mode. The chopper full- and half-throws were determined and updated
in the uplink system to align the telescope nod with the focal plane chop angle. Saturn
was observed off by up to 15" from the center of the map, well within the predicted
worst-case uncertainty of 55". The observed co-alignment between the two mixer po-
larizations was of the right order and sign, the observed apparent HPBW was in good
agreement with the convolution of Saturn and the expected beams. The maps were
large enough and adequate for the purposes of FPG-1. We finally exercised the pipeline
data reduction and analysis and checked several sign conventions, and concluded that
all prerequisites for a successful FPG-1 campaign were met.

During FPG-1 we indeed successfully captured Saturn within the expected error
margins. In between FPG-0 and -1 a bulk SIAM update by PACS was made, and we
observed average offsets of 0.3" in qy and 22.1" in qz, with a standard deviation of 3.9"
and 2.3" respectively. We achieved two important results during FPG-1. In the first
place we managed to calibrate the focal plane chopper angles for each individual HIFI
aperture. Secondly, we generated and delivered the first HIFI SIAM. We had already
decided that, in case of co-alignment errors, we would calculate the average position
1
2 (H + V), referred to as the synthesized S position. By default HIFI was pointed at
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S to balance the coupling losses (see Chapter 4), and therefore allowed an astronomer
to efficiently co-add individual spectra and gain sensitivity. We populated the SIAM
with the S position, as well as the H position, for the central and chopped positions
on M3. The HIFI SIAM contained 7⇥2⇥2⇥2 = 56 entries4, where each entry was a
3-dimensional Euler rotation matrix defining the relative alignment between HIFI and
the star tracker.

With the updated SIAM in place, we finally executed the FPG-2 procedure. This
was a more intensive task, as each individual band and polarization was measured in
greater detail. We first of all refined the chopper throw angles. In order to verify the
results we developed a ray-trace model in 5 simulating the Focal Plane Chopper
(FPC) behaviour. Based on the FPC ground calibration data, we could model the
chopper rotation as function of commanded voltage, which was sensed and available
in the HIFI housekeeping data. Based on the rotation around an offset pivot axis of
FPC mirror M6, we could ray-trace the mixer focus through the Offner system, and
predict the chopper throws at the sky. In Fig. 6.3 we compare the observed FPG-2
results with the model.

The agreement between observed and predicted throws is quite remarkable. It is
clear from Fig. 6.3 that the dominant pointing excursion is in the qz direction, as ex-
pected by design and summarized in Fig. 6.2. Note also the systematic trend in qz
as function of band position. This is an optical distortion effect caused by the Offner
optics. The irregular behaviour and outlier observed for the half-throws is caused by
the commanded voltages in the uplink tables. We found one wrong value in band 3,
a remnant from ILT that was not updated, but the position was correctly predicted by
the model. The average residuals are very small, of order 0.3" for the half-throws, and
typically 1.0" for the full-throws. The scatter in the residuals is typically 0.5" show-
ing that very good reproducibility and relative pointing accuracy can be obtained for
chopped observations. Note that the estimated error bars as indicated for the observed
data are 2". We concluded from this observation that we successfully calibrated the
chopper throws with an accuracy limited by the intrinsic performance of the Herschel
pointing system.

We also determined the H and V positions for each individual mixer band and
polarization, and calculated the S positions. Comparing the update with the previous
version of the SIAM showed in general minor deviations, with one exception. The
required correction for band 7 was unrealistically large. The situation is shown in
Fig. 6.4. The observed offset was as large as 8" in qy and 17" in qz. If this correction
was implemented, and it appeared to be wrong, it could seriously have compromised
scientific observations, for example of the C+ line at 1897 GHz. In view of the excellent
agreement between the observed and modelled chopper throws, we used the
model and the ILT beam measurement results to reconstruct the real position. The
suspicious observation was later traced back to be a pointing system anomaly, which
was also experienced by PACS on Observing Day (OD)63. This fact, and the magnitude
of the pointing residuals, made us conclude that we had achieved the best possible

4 7 mixer bands, 2 entries for polarization (S and H), 2 entries for the focal plane chopper (central and
chopped), and finally 2 optional entries for wavelength dependence (never used).

5 https://www.zemax.com/
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Figure 6.3: Observed and modelled half- and full-throw chopper angles measured in the qy and
qz direction. The traces for the qz component are offset by 100" (half-throw) and 180" (full-throw)
respectively.

pointing calibration in the early phase of the mission. The final SIAM was delivered
to the Herschel Science Center on OD68, and was thereafter only updated for bulk
system level corrections initiated by PACS.

Figure 6.5 finally shows the achieved status of pointing calibration in comparison
to the expected outcome based on ILT results. As compared to the expected geometry,
the main difference observed was a bulk offset in the qz direction of order 20". This
was in agreement with the direction of the early SIAM updates by PACS and therefore
represents the misalignment between the star tracker and instrument-telescope frame.
Closer inspection of the offsets, represented by the small vectors in the figure, revealed
however systematic differences between the clusters. Within the clusters the observed
and expected relative positions were identical to within 0.1–0.5", justifying our cor-
rection for the observed outlier in band 7. However, between clusters the differences
were much larger, confirming the assumption that the absolute alignment during ILT
measurements was uncertain at the level of 1–2 mm. On the other hand, removing
the average offset showed that observed and expected relative positions were basically
aligned within about 10". More importantly, the co-alignment vector was reproduced
very well, as can also be seen by visual inspection of Fig. 6.5. This is further clarified
by Fig. 6.6.
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Figure 6.5: Overview of the observed Focal Plane Geometry in comparison to the expected
positions based on ILT beam measurements. The arrows indicate the offsets between the average
H and V positions showing a dominant misalignment between the star tracker and instrument-
telescope frame along the qz direction. The nominal HPBW contours at the short wavelength
limit of each band are also indicated for reference.

Figure 6.6 shows the observed and expected qy and qz components of the co-
alignment vectors H-V in each band. Generally the observations were in excellent
agreement with the prediction. We spotted however a somewhat larger deviation in
band 1. We concluded that long-wave effects as discussed in Chapter 4, as well as
imperfect polarization matching between test source and mixer (see Chapter 5), prob-
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Figure 6.6: Observed (obs) and expected (exp) co-alignment errors between H and V.

ably biased the fitted field position in ILT. This might also explain why the apparent
co-alignment error in ILT was much larger than actually observed. Since the telescope
truncated the field outside of M2, phase errors and distortions in this part of the beam
should not have added weight to the Gaussian fits presented in Chapter 5.

Observations towards Mars

The pointing calibration activities were interrupted when HIFI lost its prime instru-
ment from OD81, due to a cosmic ray hit, on the 3rd of August 2009 [12]. All following
effort was obviously put into the necessary recovery of the mission. Eventually HIFI
was successfully switched on again on OD242, 14 January 2010, after an inactive period
of more than 160 days, resuming science operations from OD291 utilizing its redundant
systems, after a reduced recommissioning and performance verification phase. A short
pointing recalibration procedure was executed, again on Saturn, which confirmed that
our pointing calibration was still valid and no SIAM update was required.

Not until Mars became back in visibility end of March 2010, could we look into
pointing again. Mars was observed with the primary purpose to calibrate the beam
patterns and efficiencies (see Section 6.4), but this campaign also yielded some very
limited pointing statistics, and was informally considered as an FPG-3 activity. We
concluded that the pointing excursions from the existing SIAM were not significant,
and all within the errors one could expect from the Herschel pointing system. We
essentially concluded that HIFI had collected too limited pointing statistics to justify
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any further SIAM updates that could be based on local and temporal excursions. We
therefore decided, considering continuity of the scientific programs, to keep the SIAM
stable and re-assess the pointing at a later stage again, when more statistics would
have been collected. We estimated the final pointing calibration accuracy to be 1–2"
and advised astronomers, who would really rely on absolute pointing, to schedule
small 3⇥3 raster maps as part of their observations in order to be able to reconstruct
the absolute flux.

When analyzing the spatial distribution of the residuals of the Gaussian fits to the
measured profiles on Saturn and Mars, we found in some cases very regular threefold
symmetries. In general the rms residual was much larger than the rms noise, suggest-
ing the presence of systematic errors. This observation led into the analysis that will be
presented in Section 6.4 of this chapter utilizing the FPG-3 data taken towards Mars.

Observations towards RDor

The ICC is currently looking into the pointing statistics and investigating ways to im-
prove the a-posteriori pointing reconstruction. Apart from the planet observations, the
calibration team periodically visited a range of compact sources with relatively strong
line emission, such as RDor, CRL2688, CRL618, EpAqr1, IRC+10216, NGC 6302, NGC
7027, oCeti and VY CMa. These sources were observed as part of HIFI’s routine phase
calibration by using small 3⇥3 DBS raster maps, often in up to five subbands of HIFI.
In most cases strong CO transitions were targeted, but for RDor and VY CMa strong
H2O lines were used. The primary objective of these observations was to reconstruct
and monitor the line flux. As a side-product these observations could also be used
to collect some pointing statistics of the entire mission, possibly revealing the final
truth about the achieved pointing calibration, and its impact to the overall calibration
accuracy.

Preliminary analysis [13] of the pointing statistics indicates that the average S posi-
tion is off by (Dqy, Dqz) = (-1.0 ± 0.8, -1.6 ± 1.1). More specifically the offsets as shown
in Table 6.5 are applicable for a limited number of subbands. The origin of this bias is
not clear at this stage. Possible causes are updates and evolution of the pointing sys-
tem, bulk updates of the SIAM by PACS, or errors in our FPG calibration procedures.
There are also indications that for some bands the co-alignment vector H-V might be
wrong by as much as 1". In all these cases, the standard deviations of the suggested bi-
ases are as large as the biases themselves. Finally there exists a long-standing question
about the origin and magnitude of the scatter in the H/V ratio observed throughout
the mission. The statistics collected on the basis of these small raster maps were also
used to estimate the average H/V ratio based on the observed flux of the central pixel.
The preliminary results are also listed in Table 6.5. By fitting a two-dimensional Gaus-
sian the peak flux could be extracted, removing some of the observed imbalance and
scatter.
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Table 6.5: Observed pointing offsets towards RDor, and average H/V ratios observed at the
central pixel of 3⇥3 DBS raster maps.

Band Dqy (") Dqz (") hH/Vi sH/V

2a -1.2 -1.7 0.913 0.045
3b -0.5 -1.3 0.929 0.066
5a -0.7 -0.8 1.056 0.089
6a -1.3 -1.9 1.054 0.159
7b -1.4 -2.4 0.974 0.104

Pointing calibration status and impact

The pointing calibration activities reported in this section led to the following estimates
of the HIFI pointing calibration accuracy:

• The positions of individual mixer bands are calibrated within 1–2".

• Relative positions, co-alignment between H and V, within clusters of beams, and
for focal plane chopping, are calibrated with a typical accuracy of 0.5".

• There are strong indications that the HIFI SIAM contains an average offset of
(Dqy, Dqz) = (-1.0 ± 0.8, -1.6 ± 1.1).

In order to assess the impact of the reported pointing calibration accuracy, we used
(6.6) to calculate the average coupling losses for H and V, as well as their average ratio
rHV . We assumed an APE value of 1.6", corresponding to se = 1.06". For the bias we
used the band-specific results summarized in Table 6.5, and the average bias for the
missing bands. Using these biases, and the calibration of the co-alignment, we deter-
mined the total systematic pointing offset q0, with respect to S, for both polarizations.
The results, calculated at the shortest wavelength in each band, are shown in Table 6.6.

Table 6.6: Impact of the reported pointing (calibration) errors on the scientific calibration of
HIFI.

Band qb (") DqH
0 (") DqV

0 (") hhHi hhVi hrHVi
1 33.0 4.1 3.4 0.95 0.97 0.99
2 26.6 4.1 1.4 0.93 0.98 0.94
3 22.1 4.4 2.1 0.89 0.96 0.92
4 18.9 3.6 0.4 0.89 0.98 0.91
5 17.3 0.8 3.3 0.97 0.89 1.10
6 12.4 2.0 2.6 0.90 0.85 1.05
7 11.2 3.2 2.3 0.76 0.85 0.90

Comparison of these numbers to the values observed towards RDor, in bands 2a,
3b, 5a, 6a and 7b, shows that the average H/V ratios agree within the errors. The
coupling imbalance, expressed by the H/V ratio, therefore forms a very useful metric
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to constrain systematic pointing errors. We conclude here that the as-calibrated FPG
geometry, and initial statistical estimate of the pointing bias, fully explains the mutual
distribution of coupled flux between both polarizations. Table 6.6 also reveals some
serious average coupling losses. In bands 1–4 the coupling losses vary between a few
percent and 10%. At higher frequencies, where coupling becomes more sensitive to
pointing errors, the losses quickly increase to the 10–20% level. In band 7H for example,
the average loss is as large as 24%, which is far beyond the required calibration accuracy
of 10%. These average coupling losses, and their statistical distribution, are currently
not accounted for by HIFI and will probably dominate the overall calibration budget.

We finally ran some statistical simulations, incorporating the calibrated FPG ge-
ometries and estimated biases. For these simulations we assumed the detailed beam
patterns that will be presented in Section 6.4.2, instead of a simple Gaussian distribu-
tion. One of the differences is the triangular shape of the inner core of the PSF due
to telescope trefoil. The results are shown in Fig. 6.7. The contour plots on the left
indicate the beam patterns for H (first column) and V (second column) respectively.
The relative location of the source (symbols), and the 3s pointing error cone are also
indicated. The third column shows the statistical distribution of the point source cou-
pling hH and hV respectively. The right column shows the distribution of the H/V
ratio, where the magenta dash-dotted trace is also corrected for the updated aperture
efficiencies derived in Section 6.4.3. The average coupling losses, and H/V ratio, are
in excellent agreement with the values listed in Table 6.6, confirming the validity of
(6.6), even for non-Gaussian diffraction patterns6. The average values, and standard
deviations, of the plotted distributions are summarized in Table 6.7.

Table 6.7: Summary of simulated average coupling efficiencies and H/V ratio, including their
standard deviations.

Band hh0
Hi sh0H

⌦
h0

V
↵

sh0V

⌦
r0HV

↵
sr0HV

1 0.95 0.02 0.97 0.02 0.98 0.03
2 0.93 0.03 0.98 0.01 0.94 0.03
3 0.89 0.05 0.97 0.03 0.92 0.07
4 0.89 0.05 0.98 0.02 0.91 0.05
5 0.97 0.03 0.89 0.06 1.10 0.06
6 0.90 0.07 0.85 0.09 1.06 0.03
7 0.76 0.12 0.84 0.10 0.90 0.04

Denoting the H/V ratios of this simulation by r0HV , and those observed towards
RDor by r00HV , we finally compare all results in Fig. 6.8. As can be seen, the observed
and expected values agree within their error margins, and the statistical model cor-
rectly predicts the relative magnitude of H and V in all bands. We therefore conclude
that we successfully calibrated the focal plane geometry, accurately characterized the
pointing errors, and understand their impact on the HIFI calibration. Pointing cali-
bration inaccuracies of 1–2", combined with an APE of order 1.6", can easily lead to

6 The main beam, or PSF core, can usually be accurately approximated by a Gaussian.
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Figure 6.7: Statistical simulation results of the point source coupling distribution for H (solid
blue) and V (dotted red) in the presence of pointing calibration errors. The small markers in the
contour plots indicate the relative position of the source to the beam. The small circles represent
a 3s pointing error cone. The right panel shows the distribution of the H/V ratio (solid black),
also for the case when updated aperture efficiencies would be applied (dash-dotted magenta).

average coupling losses between 10% and 20%. These results clearly invite for further
investigation, and refinements based on statistics collected during the whole mission,
and should be followed-up during the remaining post-operations phase.
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Figure 6.8: Plot summarizing the calculated, simulated and observed H/V ratios rHV , assuming
the calibrated FPG geometry, and biases determined from observations towards RDor. The APE
was set at 1.6".

6.4 Beam Pattern Measurements towards Mars

In this section we present the results of detailed beam pattern measurements taken
towards Mars. The initial calibration of the spatial response was based on a simple
Gaussian approximation. At the end of the mission we revised our observing strategy,
and calibration procedures, in order to involve more accurate descriptions of the actual
shape of the beam pattern. Moreover, we combined all measurements taken during the
mission into a single and consistent analysis, by assuming that the beam pattern had
not changed over the mission. In this way we were able to narrow down the errors and
achieve a very high effective SNR. This provided us with accurate calibration of the
aperture and main beam efficiencies. We furthermore obtained detailed beam profiles,
which are currently made available to the Herschel astronomical community.

This section provides a comprehensive description of the observing and analysis
techniques that were devised to achieve this result. In order to establish a calibrated
relation between the observed antenna temperature Ta(q, f), and an arbitrary source
brightness temperature distribution Tb(q, f), (6.16) shows that it suffices to determine
the effective area Ae, or aperture efficiency ha, as defined by (6.26), and the relative
power pattern Pn(q, f). Rather than measuring the detailed profile Pn, which is time-
consuming and expensive, it is common practise among radio astronomers to mea-
sure the spatial response by taking small raster maps or cuts of relatively strong and
semi-extended sources such as planets, or the Moon for ground-based observatories.
Assuming an uniform disk approximation of the source, and approximating the beam
pattern by a Gaussian, the aperture and main beam efficiencies can then be deter-
mined. As we will show, this description has some shortcomings, and we propose an
alternative approach employing a forward model and generalized description of the
coupling efficiency to the source. Using this method we derived revised aperture and



210 Chapter 6: In-Orbit Spatial Response and Flux Calibration

main-beam efficiencies. We will discuss the observed characteristics, also in compar-
ison to the optical properties of HIFI and the Herschel telescope. We conclude by a
summary of the final calibration results and products that were delivered to the ICC
in July 2014.

6.4.1 Observations and initial results

Gaussian beam and uniform disk approximation

Immediately after recommissioning and performance verification of HIFI, following
recovery from the OD81 anomaly, we observed Mars when it came back into visibility.
We scheduled a number of 7⇥7 DBS raster maps, near the long- and short-wavelength
limits in each band. We adjusted the frequencies to avoid unwanted absorption lines,
and we simultaneously tried to match the ILT measurement frequencies of each beam
cluster. The full list of observations is given in [14, 15]. We will make reference to four
different calibration runs or epochs, corresponding to four routine engineering obser-
vation campaigns. Our initial calibration of the aperture and main beam efficiencies,
as presently implemented in the HIFI pipeline, was based on the analysis of the first
two runs. At some frequencies Mars was however observed in all four epochs. The
apparent size of Mars varied from 5.3" up to 9.3". The nominal HPBW of the HIFI
beams varied between 43" in band 1, and 11" in band 7.

Although Mars was certainly not resolved by HIFI, we could neither ignore the
extended nature of the planet relative to the HIFI beam width, hence the profile mea-
sured towards Mars was key to our analysis. In order to keep the total observing time,
dedicated to these calibration observations, within reasonable limits, the maps towards
Mars were relatively coarse and small. We typically used square and Nyquist-sampled
maps, containing 7⇥7 spatial samples. Since the diameter qs of Mars, and the HPBW
qb were very comparable in size, we had to deconvolve our measured profiles. In the
limit qs ⌧ qb, the convolution between an uniform disk, and a Gaussian beam can be
described analytically [16]. It can be approximated by a Gaussian profile satisfying

qobs ⇡
r

q2
b +

ln(2)
2

q2
s . (6.37)

Numerical simulations, to confirm the validity of (6.37), showed that this approx-
imate equation is accurate to within 0.5% for qs/qb < 0.7, increasing to about 1% for
qs/qb ⇡ 0.9. After fitting a Gaussian to the observed profile, (6.37) was used to decon-
volve the observed Gaussian, yielding qb. Figure 6.9 shows the result as function of l
in comparison to the design.

The individual sets of data, as obtained during the first two runs, were also fitted
assuming a linear regression model. We found that the HPBW in run 2 was systemati-
cally smaller than in run 1 by about 5%.

Aperture and main-beam efficiencies

Once we determined the HPBW at each frequency, we also used the Gaussian fit to
correct for the pointing offset, and estimated the peak antenna temperature Ta(0, 0).
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Figure 6.9: Measured HPBW towards Mars during the first two runs.

Using the predicted flux by accurate physical models of Mars [17], we calculated the
expected antenna temperature using (6.28), and assuming 100% aperture efficiency.
For the flux dilution factor K = WS/Ws we used (6.30). The aperture efficiency ha was
finally calculated by taking the ratio of the observed and expected antenna tempera-
ture.

A similar procedure was followed for the main beam efficiency hmb. We used (6.32)
to calculate Ta(0, 0), assuming 100% main-beam efficiency. The average brightness
temperature hTbi was calculated by using the spatial map of Mars and (6.13), or by the
total flux Stot

n and (6.10). The flux dilution factor K0 = WS/Wmb was calculated using
(6.34). In Fig. 6.10 we show the aperture and main-beam efficiencies as function of n.
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Figure 6.10: Aperture and main-beam efficiencies observed during run 1 and 2.

Inspection of Fig. 6.10 clearly reveals that there was quite some scatter at fixed fre-
quencies, as well as within, and between bands. Band 5 was a strong outlier, breaking
the trend, which might be related to polarization issues and the presence of a mono-
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cle (see Chapter 5). Ignoring band 5, the plots indicate a general trend of decreasing
efficiencies. This general trend was fitted by applying Ruze’s equation:

h(l) = h0 exp

"
�
✓

4pd

l

◆2
#

, (6.38)

where h either represents ha or hmb. Equation (6.38) is very similar to the wavelength
dependence of the Strehl ratio in the presence of wavefront errors. Numerical simula-
tions showed that in the limit of random, high spatial frequency surface errors, as well
as in the limit of more systematic, low spatial frequency wavefront errors, (6.38) holds
very well. The observed trend was consistent with an rms WFE 2d of 7.6 ± 1.8 µm,
where band 5 was excluded from the fit.

This number was compared to the predicted value for flight by the Herschel tele-
scope manufacturer [18, 19], which was equal to 4.2 µm (rms), and 24.6 µm (P-V). It
is clear that the number we found is significantly larger, by about a factor of 1.8. The
SPIRE instrument on Herschel also had to multiply the predicted WFE by about 1.5
in order to match their measured beam profiles [20]. These independent observations
suggest that the telescope WFE could be about 1.5–2 times larger than predicted for
flight, or imply a misalignment (defocus) somewhere in the end-to-end system.

The observed ratio of ha and hmb was about 1.11. Based on the simulations pre-
sented in Chapter 4 we expected a ratio smaller than unity. For example, Table 4.11 in
Chapter 4 predicts a ratio of 0.793/0.857 = 0.93. We observed however a ratio system-
atically larger than unity, which is not consistent with the expected pattern.

Finally, we observed in most cases that the rms residual of our Gaussian fits was
larger than the rms noise calculated using the radiometer equation (6.36). Plotting the
residuals as a spatial image occasionally showed very regular structures with three-
fold symmetry. This clearly hinted into the direction of systematic errors, probably
related to the Gaussian approximation.

We nevertheless decided, in view of the urgent need to provide the astronomers
with a first recommendation, to release these initial calibration results, and include
them in the calibration three. We recommended at that stage [21] to use the values
quoted in Table 6.8 together with (6.38). Band 5 was treated separately in view of the
large deviation from the general trend.

Table 6.8: Recommended values for the HIFI efficiencies based on Mars run 1 and 2 [21]. The
errors quoted are 95% confidence intervals. The listed parameters are applicable to (6.38), as-
suming d = (3.8 ± 0.9) µm.

Band ha,0 hmb,0

1-4 0.68 ± 0.02 0.76 ± 0.02
5 0.58 ± 0.02 0.66 ± 0.02

6-7 0.68 ± 0.02 0.76 ± 0.02
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Shortcomings of the Gaussian approximation

The initial calibration of the efficiencies clearly identified some issues that needed im-
mediate follow-up. In summary we found the following discrepancies raising ques-
tions about the validity of the simple Gaussian approach:

• Systematic differences in the fitted HPBW measured in different epochs.

• Relatively large scatter in the efficiencies for measurements taken at the same
frequency.

• The general trend of the observed efficiencies did not match the flight prediction
for the WFE of the Herschel telescope.

• The ratio of the aperture and main beam efficiencies was significantly larger than
expected.

• The rms residuals of the Gaussian fit were systematically larger than the expected
rms noise.

All these issues seriously questioned the validity of the Gaussian approach, and
strongly indicated the presence of systematic errors. The results also suggested that all
apertures should be treated individually, as 14 independent receivers, rather than only
addressing the general trend. Since the HPBW systematically varied between different
epochs, it is instructive to analyze how the ratio ha/hmb depends on the accuracy of
qb. Using (6.28) and (6.32), it can be shown that ha/hmb µ K0/K, where K0 and K are
given by (6.34) and (6.30) respectively. For the source and HPBW diameters of interest,
x typically ranged from 0.1–0.8. Defining k = K0/K, a second order expansion in x
leads to the approximate result k ⇡ x2. This shows that, in the limit of small errors,
the relative accuracy of k scales with (Dqs/qs)2. In other words, a 10% error in the
determination of qs, leads to a 25% error in the measured ratio of ha/hmb.

This can also be derived by using the antenna theorem. Equation (6.35) shows that
the relative accuracy of this ratio only depends on the relative accuracy of Wmb, where
Wb scales with q2

b for a Gaussian beam.
Since it was known that the actual beam pattern could not be approximated by a

Gaussian, we should have been very careful with this approximation. The main beam
efficiency determination implicitly assumed Wmb = Wa, which did not hold for a field
truncated at the edge of the telescope producing sidelobes in the far-field. We therefore
concluded that we needed a better measurement of Wmb, being the primary suspect of
the systematic deviation of the observed ratio.

6.4.2 Spatial response calibration revisited

Representative beam models

Instead of simply fitting a Gaussian beam, we implemented a forward model providing
a more realistic estimate of the actual beam pattern at the sky. The model started with
the assumption that individual mixer pixels in the focal plane could be reasonably well
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represented by Gaussian beams. The beam width of this Gaussian was chosen as a free
parameter, controlling the relative intensity level at which the beam was truncated at
the secondary mirror. The beam truncation parameter a was related to the Gaussian
beam waist radius w0 as follows:

w0 =
2
p

p
alF, (6.39)

where F denotes the focal ratio of the Herschel telescope. The edge taper Te, expressed
in decibel, was related to a by:

Te =
20a

ln(10)
. (6.40)

For a given edge taper value Te, we propagated the Gaussian beam defined by
(6.39) yielding the complex field distribution at the pupil plane of the telescope. After
correcting the wavefront for the nominal telescope focus, we used a range of different
apodization masks, leading to the following five beam models:

1. Simple Gaussian without truncation or obscuration.

2. Truncated Gaussian without obscuration.

3. Truncated and centrally obscured Gaussian.

4. Truncated Gaussian apodized by the telescope obscuration map.

5. Truncated Gaussian apodized by the telescope obscuration map and measured
WFE.

After applying the pupil apodization mask, we calculated the far-field beam pattern
by a two-dimensional Fourier transform. Beam model 1 was introduced to reproduce
the previous results. The sequence of models was defined in such a way that the
characteristic diffraction features were progressively introduced. The flight prediction
for the WFE map in beam model 5 was scaled by a factor of 1.5 as recommended by
SPIRE, and is shown in Fig. 6.11. The dominant abberation of the Herschel telescope
was trefoil.

For a given beam model, we finally convolved the intensity of the far-field beam
pattern with the spatial distribution of the source. For this analysis we used detailed
spatial maps of Mars, as well as the uniform disk approximation. For the detailed
maps, we first had to calibrate the relative orientation of the source maps in sky coor-
dinates (DRA, DDec) against the spacecraft coordinate system (Dqy, Dqz). We verified
the transformation of coordinates by making use of our FPG calibration data, and the
spacecraft pointing data for a number of DBS raster maps. This coordinate mapping
allowed us to project the specific appearance of a source, at a given observing day, on
the spacecraft coordinate system. The convolved pattern was finally fitted to the mea-
sured profile, yielding the edge taper value Te, the peak antenna temperature Ta(0, 0)
and the pointing offset (dy, dz).

Testing this procedure, and the different beam models, on the initial data sets taken
towards Mars, we generally found that the rms residual of the fit decreased monotoni-
cally with model number. An example for band 1H measured at 491 GHz during run 1
is given in Table 6.9.
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Figure 6.11: Predicted Herschel WFE maps for flight scaled by a factor 1.5. On the left (a) the
scaled geometrical WFE is shown. The right panel (b) shows the intensity weighted WFE. As
can be seen the nominal aberrations are dominated by trefoil.

Table 6.9: Example of the rms residuals of different beam model fits to the Mars observation in
band 1H at 491 GHz taken during run 1. The rms noise in each raster pixel was 0.033 K.

Model residual (K)

1 0.042
2 0.023
3 0.020
4 0.019
5 0.018

As can be seen from Table 6.9, the rms residual approached the fundamental noise
floor of 33/

p
7 ⇥ 7 = 5 mK. Based on this statistic, and by visual inspection of the

fitted profiles, we concluded that model 5 offered the best representation of the beam.
This is nicely illustrated in Fig. 6.12. In the left-hand panel a radial scatter plot of the
measured data is compared to a simple Gaussian fit by plotting the residuals. The
structure of the residuals clearly showed some issues related to the Gaussian fit. The
Gaussian fit generally overestimated the peak flux, underestimated the midrange flux,
didn’t fit the tail of the profile properly, and missed the first diffraction ring. The right-
hand panel b) of Fig. 6.12 gives the result for model 5, yielding a much better fit to
the observed profile, and flattening the structure of the residuals. The improved match
was also confirmed by better consistency of fits between different epochs. We finally
observed that the average c2

r of all observations dropped from 1.8 for the Gaussian fit
to a value of 0.7 assuming model 5. Fitting of this forward beam model therefore gave
an excellent representation of the observed patterns, detecting the weak features at the
level of the radiometric noise limit, and an improved reconstruction of the peak flux.

The general characteristics of the beam patterns, assuming the final beam model,
are summarized in Appendix D. We show plots illustrating the dependence of qb,
and the main beam semi-angle qmb, on the edge taper Te, and as function of l/D in
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Figure 6.12: Radial scatter plot of the observed data in comparison to the model fits. All data
was scaled relative to the model fit in the right hand panel b). For cosmetic reasons the fit of
model 5 was azimuthally averaged, the residuals however not.

Figs. D.1 and D.2 respectively. Using the theory presented in Section 4.5.3 of Chapter 4,
it is also possible to calculate ha and hmb by numerical evaluation of the corresponding
overlap integrals. The dependence of ha, hmb, and their ratio, on the edge taper value
Te, is plotted in the long and short wavelength limit of HIFI, and as function of n for
Te = 10.9 dB, representing the HIFI design value. Finally we present two-dimensional
images, linear cuts along the qy and qz direction, and the EEF characteristics for bands
1 and 7. Note that the dominant trefoil component of the telescope WFE produces a
triangular shaped main beam, and a sidelobe pattern with three-fold symmetry, which
could qualitatively explain the structure of some of the residuals seen. Also note that
the definition of the main beam is less trivial for such beam shapes. We used the first
inflection point of the EEF as a robust criterion to define the main-beam semi-angle
qmb.

Table 6.10: Empirical relations and characteristics of the HIFI beam pattern predicted by model
5 for Te = 10.9 dB.

Parameter Relation or Value

Half-Power Beam Width qb 1.12(l/D)
Main-beam semi-angle qmb 1.37(l/D)
Aperture efficiency ha (6.38) with ha,0 = 0.660, da = 2.8 µm
Main-beam efficiency hmb (6.38) with hmb,0 = 0.664, dmb = 2.2 µm
Ratio ha/hmb 0.99 @ 480 GHz, 0.97 @ 1.9 THz

Table 6.10 summarizes some empirical relations applicable to the nominal design.
First of all, qmb depends linearly on l, and is mainly defined by edge truncation. The
HPBW value qb also scales linearly with l, until the telescope WFE starts to become
significant for l/D < 15". At this point qb slowly increases to 1.13l/D at 1.9 THz
(l/D = 9.9"), marking the onset of diffractive loss. With zero telescope WFE, or in the
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limit n # 0, ha and hmb equal 0.660 and 0.664 respectively, and their ratio equals 0.99.
This should be compared to ha = 0.68 and hmb = 0.76 respectively, as found by using
the Gaussian analysis presented in Section 6.4.1. Especially the main-beam efficiency,
and hence Wmb, is significantly different. The wavelength dependencies of ha and hmb
can empirically be described by using (6.38) with the parameters listed in Table 6.10.
The ratio of efficiencies drops to 0.97 at 1.9 THz. Note that this ratio is larger than
the value of 0.93 discussed in Chapter 4, but still significantly smaller than the ratio
of 1.11 that was found for the Gaussian analysis in Section 6.4.1. Closer inspection of
the pupil obscuration maps that were used in model 4 and 5, indicated that the central
obscuration was not defined by the size of the pupil stop on M2, but by the size of
the hole in M1. This came a bit as a surprise, as it was larger than what was optically
required. This can be seen back in Fig. D.4 of Appendix D.4, where the maximum
aperture efficiency is found at Te ⇡ -10 dB instead of -10.9 dB, which was assumed for
the nominal design.

Optimized raster maps

Using these detailed beam pattern simulations we reconsidered our initial spatial sam-
pling definition. We simulated detailed beam patterns, simulated representative co-
ordinate transformations between telescope and sky, convolved the pattern with Mars
models, and finally added a simulated pointing error. The detailed patterns were then
resampled at the DBS raster grids used during run 1 and 2. We found that all maps
captured a fraction of the first diffraction ring near the edges and corners of the raster.
The first sidelobes appeared at typical peak levels between -13 and -16 dB, and could
easily be detected by HIFI. In order to understand how a Gaussian fit to an actual
pattern could result in systematic errors, we added some radiometric noise to the re-
sampled maps, and performed a Gaussian fit. Fixing the raster map to 7 ⇥ 7 points,
we plotted the fitted and deconvolved HPBW of the Gaussian as function of spatial
sampling, for different SNR values and diameters of Mars. Figure 6.13 shows the re-
sult of these simulations. Apart from a random error due to radiometric noise that
scaled with SNR, the simulations predicted a very systematic error that varied with
spatial sampling. More interestingly, the average systematic error was independent of
SNR, but changed significantly for a different Mars diameter. At fixed spatial sampling
the reconstructed HPBW dropped with decreasing Mars diameter. This result was in
complete agreement with the observed behaviour described in Section 6.4, and could
explain the observed inconsistency between run 1 and 2.

This analysis showed that our spatial sampling rate and map size were insuffi-
cient to properly capture the underlying structure of the pattern. We therefore revised
our observing strategy. Using simulated beam patterns we designed optimized raster
maps. We switched to higher spatial sampling, around HPBW/4 along the scan direc-
tion, in a striped pattern of 3⇥20 samples, which were mutually crossed and interlaced
to achieve good main beam sampling. The spatial extent was sufficient to capture the
first diffraction ring. The spacing between the lines was kept at HPBW/2. As can be
seen individual maps did not fully sample the beam. However, combining and cas-
cading all observations at a given frequency would eventually yield very good spatial
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Figure 6.13: Simulations illustrating the systematic error in the reconstructed HPBW as function
of sampling, Mars diameter and SNR.

sampling and coverage, as different observations were taken at different relative orien-
tation and sampling. We scheduled two additional runs. On OD895 we started Mars
run 3, for Herschel cross-calibration purposes. Our objective was to repeat measure-
ments at the same frequencies of run 1 and 2, but now using the optimized striped
patterns. In run 3 we also requested one single high SNR 20⇥20 DBS raster map
to validate our forward beam model. The last time that we could observe Mars we
scheduled run 4 covering a very limited set of bands, including the long and short
wavelength limits in bands 1 and 7 respectively, and including outlier band 5. The
orientation of the striped rasters for run 4 were rotated, by 45� with respect to run 3,
to achieve complementary sampling. An example of a simulated 3⇥20 striped raster
map is shown in Fig. 6.14.

Generalized analysis

Using the theory presented in Section 6.2 we implemented a numerical and fully gener-
alized analysis procedure. As stated before, full spatial response calibration required in
addition to knowledge of the detailed beam pattern, the determination of the effective
area Ae, or simply the aperture efficiency. Equation (6.29) was therefore a particularly
elegant result as it suggested a general procedure to calibrate ha. We used the following
recipe to calibrate the aperture efficiency:

• Measure Ta(q, f) towards a known source, Mars in our case.

• Fit a beam model Pn(q, f) convolved with the source distribution to the observed
profile.

• Extract the peak antenna temperature Ta(0, 0).

• Evaluate the total source flux Stot
n incident on the telescope.
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Figure 6.14: Optimized striped DBS raster patterns consisting of mutually interlaced and orthog-
onally crossed legs of 3⇥20 points. The simulated pattern corresponds to band 1 at 480 GHz
assuming Te = -10.9 dB, a HPBW of 44", and a SNR of 20 dB.

• Calculate the flux dilution factor Ws/WS using Pn and the source distribution.

We considered all data on an observation and aperture specific basis. Each individ-
ual observation defined an unique context for the selected forward model case fixing:

• The apparent diameter qs of Mars, or the actual brightness distribution map.

• The specific orientation at which Mars was observed.

• The wavelength at which the measurement was taken.

Using these prerequisites we generated a set of two-dimensional beam patterns
for a suitable range of edge taper values Te, or truncation parameter values a. Each
frame of this data cube was convolved with the Mars model applicable at the time of
the observation. The three-dimensional data cubes were stored in binary format. An
interpolation function was defined yielding Pn ⌦ Tb as function of qy, qz and Te. Next
the convolved model was fitted to the measured profile towards Mars by using a non-
linear least-squares method, determining the parameters Ta(0, 0), Dqy, Dqz and Te. The
residuals were weighted by the radiometric noise in each sample. The model made
no assumptions about the raster pattern, it simply processed a sequence of data points
labeled by spatial coordinates and time. The fitted value for Te was finally mapped to
the data cube to yield the beam pattern Pn.

Finally a post-processing task was invoked completing the recipe, and producing
plots and tabulated data including:

• A summary of the observation context (run, OD, qs, obsID7, band, n, etc).

• The source flux Stot
n and average brightness temperature < Tb >.

7 Each observation in the Herschel archive has an unique observing ID denoted by obsID.
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• The antenna temperature Ta and main-beam temperature Tmb.

• The aperture and main-beam efficiency (ha, hmb) based on Ta and Pn.

• The aperture and main-beam efficiency (h0
a, h0

mb) based on the model prediction.

• A detailed breakdown of the model efficiencies (hs, hb, ht, hp).

• The HPBW qs, the main-beam semi-angle qmb, and first sidelobe angle qsl .

• A list of the solid angles Ws,g, Ws, WS, Wa, and Wmb.

• The model fit parameters Ta, Dqy, Dqz, and Te and their 95% confidence intervals.

• The c2
r , rms residual and radiometric noise metrics.

• A plot and tabulated data of the azimuthally averaged beam pattern.

• A plot and tabulated data of the EEF.

• Contour plots and linear cuts of observed data, model fit and residuals.

• A contour plot and binary image of the beam pattern.

The data processing steps produced a large amount of tabulated data and plots,
which is not further included in this thesis. We also carefully validated and con-
firmed that the general analysis framework reduced to the initial results reported in
Section 6.4.1 in the limiting case of a simple Gaussian (model 1). In addition we val-
idated the software by evaluating a known test case. For this we used a truncated
Gaussian (beam model 2) for which we verified all relevant beam characteristics re-
ported in literature [3]. The overall numerical accuracy8 of the implemented code was
better than 0.5%. The data analysis of run 3 showed that we had done our home-
work correctly, and confirmed the expected presence of the first side-lobes, and spatial
features, with unprecedented SNR and sampling. We therefore concluded that our re-
vised strategy had worked, and accurate measurements of the main-beam solid angle
could now be made, overcoming the limitations of the Gaussian analysis. The final
efficiency analysis, interpretation and conclusion will be presented in Section 6.4.3.

Fitting cumulative datasets

Since the analysis software was designed to simply fit a temporal sequence of observed
data, we decided to fit cumulative datasets. In order to narrow down the 95% confi-
dence intervals of the fitted parameters we sorted all observation on band, polarization,
and frequency, and then coupled observations taken within a small frequency intervals
around certain spot frequencies.

Equation (6.28) shows that if ha is constant, the relative amplitude of Ta between
different observations is completely determined by the Tb distribution and Pn. If there

8 The relative accuracy by which the output parameters of the post-processing package could be calcu-
lated within reasonable processing time limits (one night for all Mars observations).
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are N observations in a cumulative dataset, we would normally fit each individual ob-
servation requiring N ⇥ 4 parameters. We could however remove 2 ⇥ (N � 1) degrees
of freedom from the fitting problem by assuming a single beam model and efficiency
for all observations in the dataset. This was achieved as follows:

• We fitted a single value of Te to all observations in the dataset.

• The peak antenna temperatures Ta(0, 0) were correlated for a given model and
known appearance of Mars via (6.28) requiring only 1 free parameter common to
all observations.

• For each individual observation we had to assume however that a different point-
ing error applied (see Section 6.3).

We implemented a general procedure fitting an N ⇥ 4 parameter matrix to a series
of N observations. By introducing coupled parameters we could optionally remove
dependent parameters from a fit to a series of observations, if desired. For sufficient
observations in a cumulative dataset, this significantly narrowed down the 95% confi-
dence intervals. For quite some bands there were up to 5 observations at or near the
same frequency. In the lower frequency bands we could furthermore assume frequency
independence by design (see Chapter 2), adding even more observations to the dataset.
In this way we could obtain simultaneous fits to a preselected subset of observations
assuming a single beam model. This added a great amount of flexibility to our final
data analysis.

6.4.3 Final calibration results and products

Using the new procedure outlined in Section 6.4.2 we processed all available observa-
tions taken towards Mars during the entire Herschel mission. The input data were care-
fully prepared by the ICC, incorporating the latest improvements of the HIFI pipeline9,
producing calibrated level 2 spectra corrected for optical standing waves, mixer side-
band ratio, and electrical standing waves in the HEB mixer bands 6 and 7 [15, 22, 23].
Samples of the antenna temperature Ta were simply obtained by taking the radiometric
average over the whole IF spectrum, masking out anomalous frequency ranges contain-
ing spectral artefacts or line features. A conservative measure of the error was assigned
by determining the standard deviation of Ta across the spectrum. Finally each sample
of Ta was linked to the attitude history, and relative coordinates in a co-moving coordi-
nate system centered on Mars were calculated using the ephemeris data of Mars [24].
For each observation a detailed spatial map of the Mars brightness temperature distri-
bution was made available by Raphael Moreno10.

Three different analyses were performed. Analysis 1 was performed on each indi-
vidual observation. For the analysis 2 we sorted all observations by band, polarization
and frequency, and linked observations taken near the same frequency. This analysis
would benefit from the expected correlation between data, but also left room to assess

9 SPG version 11.1, HIPE version 12.0.
10 The model is available at http://www.lesia.obspm.fr/perso/emmanuel-lellouch/mars/
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the frequency dependence within the band of interest. Finally, analysis 3 assumed fre-
quency independence of the beam model within a band by design. We found that the
results of the second and third analysis could also be reproduced by simply averaging
the corresponding results of the first analysis.

Figure 6.15 shows the fitted edge taper values Te of the beam models, assuming
frequency independence (analysis 3), in comparison to the expected values determined
during ILT. The data are plotted in sequence of aperture number, starting with 1H, 1V,
2H, ... , 7H, and ending with 7V. The average value over all apertures is 10.3 ± 1.3 dB,
which is slightly smaller than the expected average of 10.7 ± 1.5 dB. Note that the
design value for HIFI was 10.9 dB. The HPBW is however not very sensitive to the exact
value of the edge taper (see Fig D.1 of Appendix D), and both results agree within the
error bars. Furthermore, in the comparison to ILT we completely ignored higher-order
modes that might couple to the telescope and change the picture. An error analysis,
based on the 95% confidence intervals of the fitted parameters, showed that the main-
beam semi-angle could be measured with an accuracy of 0.2% in band 1, and 0.5%
in band 7, suggesting that Wmb, and the ratio ha/hmb could now be determined with
an accuracy of 0.4% and 1% respectively. Differentiation between mixer types showed
however an interesting difference. At lower frequencies in bands 1–4, corrugated horns
were used producing highly Gaussian beams, whereas at higher frequencies in bands
5–7, integrated lens-antennas were used with lower intrinsic Gaussicity. Looking only
at the corrugated horn bands, the average observed edge taper was 9.8 ± 0.7 dB,
whereas we should have seen 11.2 ± 0.5 dB based on ILT results. The error bars of
these averages did not overlap, and suggest a systematic deviation of -1.4 dB in Te. For
the higher frequency bands the picture was mixed and perhaps even opposite. Band
5 was again an outlier again with respect to the general trend, as observed earlier,
and could not be explained by our improved model. Note that in comparison to the
previous analysis the observed HPBW was generally 5% smaller. This was showing
that we now correctly measured the main beam width, rather than the HPBW of the
slightly wider effective Gaussian that would minimize the residuals in the main-beam
and first sidelobes.

Before discussing the observed efficiencies, it should be noted that we could esti-
mate the efficiencies in two different ways. The primary one was based on a top-down
approach using (6.29), (6.33), and the science data, where the Ta scale of the observa-
tions was calibrated against the internal radiometric loads. It was however also possible
to calculate the efficiencies without using the absolute values of the observed antenna
temperature, by following a bottom-up approach entirely based on the fitted model. In
this case the aperture efficiency was simply calculated by a field overlap integral in the
telescope aperture [3], and the main beam efficiency by using (6.35), or by using the
detailed beam pattern, and keeping proper track of the spillover and blockage losses.
Ideally the solution was self-consistent, meaning that if the instrument beam is suffi-
ciently well represented by the model, and if the telescope model is valid, top-down
(science data) and bottom-up (model fit) estimates should have been identical.

Figure 6.16 shows both efficiency estimates for all mixer bands, as well as the ratio
of aperture and main-beam efficiency. All data presented in the plot assume frequency
independence by design (analysis 3) and are given at the center frequencies of each
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Figure 6.15: Comparison of expected and observed edge taper values Te. The predictions are
based on ILT results and assuming the nominal telescope design. The observed values were
fitted to observations of Mars.

band. Comparing the top-down (science data) and bottom-up (model fit) efficiency es-
timates, we found self-consistent solutions within 1–2% for the majority of the bands,
whereas for particular bands larger discrepancies (up to 4–6%) were observed, specifi-
cally in band 5. Mixer bands 1V, 2H, 3H, 4H, 6H, and 7V gave self-consistent efficiency
estimates within the error margins. The outliers suggest that our improved and up-
dated beam models might however not be completely valid everywhere. For the top-
down estimates we also show the fitted trends using Ruze’s equation, and the ha/hmb
ratio. The general trend observed is consistent with an rms WFE (=2d) of 8.2 ± 0.4 µm.
Earlier in the mission, using a smaller data set and a Gaussian analysis, we found a
value of 7.6 ± 1.8 µm. The improved model could therefore not fully remove the incon-
sistency between observed and predicted WFE. Finally the ratio ha/hmb was generally
slightly larger than expected on the basis of ILT (except for band 5), but still well below
the value of 1.11 resulting from the Gaussian analysis. The direction of all observed
deviations was however fully consistent with the deviation of Te from the design value,
as illustrated by Fig. D.5 in Appendix D.5. The discrepancy between ILT and in-orbit
observations, as well as the excess WFE will be further discussed in Section 6.5.

Apart from some second-order effects, we concluded that the revised analysis gave
a much better representation of the beams than the Gaussian approximation, and ex-
plained most of the key issues identified in Section 6.4.1. We therefore decided to use
the results of analysis 2 for release to the astronomers. For each mixer band we per-
formed a piecewise local fit11 to the observed efficiencies using Ruze’s equation. This
yielded 14 mixer specific expressions for the aperture as well as the main-beam effi-
ciency, instead of common expressions describing all mixer bands. The parameters, to
be used in (6.38), are summarized in Table 6.11. Figure 6.17 provides an overview of the
final efficiencies, referenced to the forward beam, so corrected for a nominal forward
11 Piecewise and local in the sense of being specific to individual mixer bands.
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Figure 6.16: Plots summarizing the observed efficiencies assuming a frequency independent
value of the edge taper Te. For the aperture and main-beam efficiency ha and hmb the top-down
(science data) and bottom-up (model fit) estimates are both shown. The bottom plot shows the
efficiency ratio in comparison to the nominal design.

efficiency h` of 0.96. The dashed traces represent the previous recommendation to the
astronomers. The aperture efficiencies are typically corrected down by 3–7%, whereas
the main-beam efficiencies dropped by 12–14%. The piecewise fits assume a scaled
WFE, as recommended by SPIRE, and is therefore based on current best knowledge of
the telescope performance. We could not justify including the excess WFE in the Ruze
coefficient, as suggested by the observed trend, and we decided to absorb the excess
loss in the efficiency coefficients of the piecewise fits. Once the root cause of the excess
WFE is identified, we will reconsider this decision. Finally we show the residuals of the
piecewise fits in comparison to the 1s confidence intervals. For bands 1–5 the residuals
are within 1%, whereas the residuals in bands 6 and 7 locally increase to about 2 or
3%. It is conceivable that we start to see the intrinsic wavelength dependence of the
lens-antenna mixer bands, which will be addressed in future work.

The revision of the spatial response calibration procedure described in this section
led to a significant update of the calibration tree. Tables with updated efficiencies
were delivered to the ICC in July 2014, and are currently being implemented in a new
software release for the astronomers. We belief we have also obtained accurate knowl-
edge about the detailed beam profiles, which will prove to be very useful for detailed
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Table 6.11: Final piecewise fitted efficiency and Ruze coefficients for the 14 mixers of HIFI. The
listed coefficients apply to (6.38).

Band ha,0 da (µm) hmb,0 dmb (µm)

1H 0.649 ± 0.007 2.857 ± 0.004 0.624 ± 0.007 2.278 ± 0.004
1V 0.632 ± 0.007 2.834 ± 0.003 0.618 ± 0.007 2.248 ± 0.004
2H 0.645 ± 0.009 2.807 ± 0.003 0.643 ± 0.009 2.219 ± 0.003
2V 0.666 ± 0.009 2.813 ± 0.003 0.662 ± 0.009 2.224 ± 0.002
3H 0.633 ± 0.008 2.817 ± 0.005 0.626 ± 0.008 2.227 ± 0.004
3V 0.668 ± 0.008 2.864 ± 0.006 0.639 ± 0.008 2.287 ± 0.010
4H 0.645 ± 0.008 2.817 ± 0.005 0.639 ± 0.008 2.228 ± 0.004
4V 0.659 ± 0.008 2.838 ± 0.005 0.643 ± 0.008 2.252 ± 0.006
5H 0.548 ± 0.006 2.696 ± 0.006 0.595 ± 0.006 2.068 ± 0.005
5V 0.564 ± 0.006 2.728 ± 0.006 0.597 ± 0.006 2.114 ± 0.005
6H 0.605 ± 0.007 2.831 ± 0.007 0.593 ± 0.007 2.243 ± 0.012
6V 0.615 ± 0.007 2.866 ± 0.007 0.587 ± 0.007 2.291 ± 0.013
7H 0.585 ± 0.007 2.806 ± 0.009 0.584 ± 0.007 2.219 ± 0.010
7V 0.622 ± 0.007 2.817 ± 0.095 0.615 ± 0.007 2.228 ± 0.007

evaluation and error analysis of scientific observations, and improved calibration ac-
curacy. We therefore also delivered FITS files describing the detailed beam profiles
of each mixer band. A description of the FITS file definition is in preparation, and
will be distributed together with the user release of the beams and updated efficiency
tables [14].

6.5 Forward Beam Model based on ILT data

This chapter will be completed by presenting some preliminary results of a forward
model involving the phase-sensitive beam measurements taken during the ILT cam-
paign. As was explained in the previous section, a relatively accurate description was
already obtained by representing the telescope by an apodizing mask, mimicking ob-
scuration and the dominant abberations, and the instrument by a Gaussian beam. For
a large number of mixer bands this provided a sufficiently accurate description of the
beam related properties. For a number of bands however, we observed second-order
discrepancies between observed efficiencies, and bottom-up estimates based on the
beam model, and the solution were not always self-consistent. We also detected some
scatter of the efficiencies within and between bands, that could in principle be sys-
tematic, specific to the mixer or reflect intrinsic wavelength dependence. In particular
mixer band 5 showed a large residual, which could not be explained by the Gaus-
sian framework presented in Section 6.4.1, nor by the revisited approach presented in
Section 6.4.3. Moreover, an excess WFE component was found, when fitting a gen-
eral Ruze trend to the observed efficiencies. The fitted surface error d was a factor 2
larger than predicted by the telescope manufacturer, and the SPIRE instrument inde-
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Figure 6.17: Plots summarizing the efficiency calibration updates. All observations around spot
frequencies were grouped and jointly analyzed. Within bands piecewise fits were made using
(6.38). The previous calibration curves are shown for reference.

pendently observed a comparable excess WFE of 50%. These observations motivated
a preliminary investigation into a model improvement based on actual ILT data and
the real telescope model. The objective was to assess the feasibility of using ILT data
to remove second-order residuals, and to offer an explanation for the root cause of the
excess WFE we observed.

Proposed method to constrain the telescope WFE

So far we only considered a Gaussian beam representing the HIFI instrument in the
focal plane. The first idea was to introduce spherical abberation, representing defo-
cus between the payload and the telescope. This was motivated by the fact that the
Herschel telescope had experienced a major anomaly during the cryogenic verification
of the optical performance. It was found that the telescope was out of focus when it
cooled down, and a tiger team installed by ESA eventually resolved the issue. The
whole telescope had to be shimmed, and lifted up by 8.6 mm to bring PACS back in
focus [19]. We therefore introduced a spherical phase error described by:

Df = br2 =

✓
pd

4lF2

◆
r2, (6.41)
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where b represents the edge phase, r denotes the normalized radius, d the defocus,
and F the focal ratio of the telescope [3]. Adding this phase error to the existing
model, by means of an additional exp(iDf) term in the pupil mask, resulted in the
plot shown in Fig. 6.18(a). Figure 6.18(a) shows the relative change of qs, and qmb, as
function of defocus parameter d. Also shown is how the ratio ha/hmb changes with
d. As can be seen the efficiency ratio depends more strongly on defocus than the
beam width. Note the asymmetry present in all three characteristics. This effect can
be explained by partial compensation of the spherical phase error by the telescope
trefoil, which depends on the sign of d. Figure 6.18(a) also shows that, in order to
measure the defocus to within 10 mm, the beam width has to be determined to within
0.5%. A measurement of qs with an accuracy of 0.5%, corresponding to HPBW/40,
was considered as a major challenge without detailed understanding of the instrument
beam, also in view of the pointing errors, and limited SNR. We could easily argue
that PACS would also have had serious difficulties to exactly determine the absolute
position of the telescope focus, even at 70 µm. In fact, during commissioning it was
only concluded that PACS was in focus for broad-band photometry, but no further
specification of the exact location of the focus within the focal region was given. This
analysis shows that defocus within the focal region would probably not have been
noticed by the Herschel instruments, certainly not by HIFI, on the basis of beam width.
On the other hand defocus as large as 5–10 mm might explain some of the second-order
deviations of our model description.

Figure 6.18(b) shows the results of a similar analysis for the trefoil component of
the telescope WFE. The plot shows qs, qmb and the efficiency ratio as function of scaled
telescope WFE (relative to the case already containing 50% higher WFE). Note that
in this case the sign of the WFE was already calibrated, since we were able to detect
and relate the asymmetry of the telescope WFE to our detailed beam patterns. Fig-
ure 6.18(b) shows that the efficiency ratio decreases with increasing trefoil. Both plots
in Fig. 6.18 strongly suggest that the efficiency ratio could potentially be used as a
sensitive metric to constrain the system WFE.
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Figure 6.18: Simulations showing how the HPBW, main-beam semi-angle and efficiency ratio
scale with defocus and telescope trefoil. The simulations were carried out at n = 1.9 THz assum-
ing Te = 10.9 dB.
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The only issue left was how the system WFE could be separated into the tele-
scope and instrument WFE components. It was recognized that a simple Gaussian
would not represent the instrument adequately. We then realized that we made phase-
sensitive measurements with very high SNR of all HIFI apertures. Since the measured
fields covered a considerable Field-of-View (FoV), with known absolute coordinates,
the following idea was born. A simultaneous fit of a forward model, involving all 14
measured beams, to all available observations of Mars, could potentially constrain or
even yield the magnitude of the overall WFE (including telescope WFE and misalign-
ment). Constrained bottom-up by very accurate phase-sensitive field measurements
at known absolute coordinates, and top-down by accurate radiometric calibration of
aperture and main beam efficiencies, we proposed to constrain and determine the am-
plitudes of the lower-order Zernike abberations of the telescope WFE, and investigate
the location of the telescope focus in orbit [19]. This work is still ongoing and has not
been concluded. In what follows we will present the status and initial assessment of
the feasibility of this idea.

Initial model comparisons

In order to assess the feasibility of using ILT wavefront data to model the HIFI beam,
we requested a special calibration observation near the end of the mission. Band 2H
was selected considering the SNR towards Mars. We observed Mars at 770 GHz across
an extended 20⇥20 raster map during run 3. Sampling and spatial extent were adjusted
to capture both the inner details of the core and detailed features of the first diffraction
ring.
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Figure 6.19: Reconstructed intensity distribution (dB) at the telescope pupil for mixer band 2H.

We then went back to the ILT data taken on the ground. From the test archive
we retrieved the phase and amplitude data of band 2H. We propagated the measured
field to the secondary mirror M2 (pupil) of the telescope. The reconstructed intensity
at M2 is shown in Fig. 6.19 revealing the characteristic shape of the distorted and
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aberrated beam in the HIFI pupil plane (see Chapter 4). A dotted circle indicates the
edge of M2. The phase was corrected for the nominal curvature of the wavefront at
M2. In this way we obtained a fully representative wavefront including the instrument
aberrations (coma and some spherical wavefront error). We then coherently added
the scaled telescope WFE. We found an rms system WFE of 6.4 µm (geometrical) and
5.4 µm (intensity weighted) respectively, which was still smaller than the observed
value determined from the in-orbit efficiencies (see Section 6.4.3).
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Figure 6.20: Far-field pattern prediction using the ILT data for band 2H. The image shows the
convolution of Mars with the forward beam model. In the right hand panel two lateral cuts
along qy and qz are shown.

In Fig. 6.20 we show the convolved beam pattern and linear crosscuts of the far-field
pattern. Note the asymmetry of the inner core, and in the first sidelobes, due to domi-
nant trefoil of the telescope. The peak sidelobe level, measured on the first diffraction
ring, equals -16.2 dB, which could easily be detected by HIFI. Figure 6.21 finally com-
pares the modelled and observed beam pattern. The agreement between model and
the calibration observation is remarkable. The main beam distortions, asymmetries
and overall structure are generally reproduced to within the noise of the measure-
ment, with the exception of some very localized and low amplitude (2–3s) systematic
residuals. The rms residual between observation and model was 57 mK, instead of
0.37 K assuming a Gaussian fit. This is to be compared with a radiometric noise level
of 33 mK. This comparison clearly confirmed the potential of using the ILT wavefronts
for beam modelling. The special request for a single very detailed map towards Mars
clearly paid off.

Finally we compared the observed and modelled efficiencies. The observed aper-
ture and main beam efficiency were equal to 66.3 ± 0.7% and 66.3 ± 0.7% respectively.
The ratio was equal to 1.00 ± 0.01. From the modelling we obtained 65.4% and 66.2%
respectively, and we found a ratio of 0.99. These numbers are in excellent agreement,
showing that model and measurement agreed within 1%. A table with the main charac-
teristics of the beam are given in Table 6.12. For the detailed breakdown of efficiencies
and their definitions we refer to Chapter 4.

The same procedure was followed to investigate the outlier in band 5 from a mod-
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Figure 6.21: Comparison between predicted and observed beam patterns of band 2H. The images
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a linear scale in e), and gives the residual pattern shown in f) when it is subtracted from c). The
rms residuals of d) and f) are 0.37 K and 57 mK respectively. The radiometric noise was 33 mK.

elling point of view. The model predicted 12% lower aperture efficiency due to a
combined effect of lower blockage efficiency (factor 0.97), a larger instrument WFE at
the system pupil (factor 0.95), and finally a lower spillover efficiency (factor 0.98). This
was in very good quantitative agreement with the observed drop in aperture efficiency
described in Section 6.4, which was 1-(0.562/0.651) = 13.7%. This observation high-
lights that actual ILT wavefronts are most likely the best inputs for further forward
beam modelling.

We conclude that future activities should concentrate on incorporating ILT mea-
surements into the forward models, potentially offering a full explanation for all second-
order residuals left in our current best model. We finally belief that this method can
also constrain the absolute magnitude of the dominant aberrations of the Herschel tele-
scope. This information will be highly valuable for the design of space telescopes. It
will be of key interest to telescope manufacturers to determine the thermo-elastic prop-
erties of SiC under cryogenic and zero-g conditions in space, facilitating the design and
use of light-weighted space telescopes.
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Table 6.12: Summary of simulated beam properties for band 2H using a model based on ILT
data.

Parameter Value Remark

Intensity weighted WFE (rms) 5.4 µm or 6.4 µm (geometrical)
Blockage efficiency hb 0.869 or 0.926 (geometrical)
Spillover efficiency hs 0.928
Aperture efficiency ha 0.654 by overlap integral
HPBW qs 25.8"
Main-beam semi-angle qmb 33.3"
Peak sidelobe level -16.2 dB
Main-beam pattern efficiency hp 0.820
Main-beam efficiency hmb 0.663 via hp ⇥ hs ⇥ hb

0.662 using (6.35)

6.6 Synthesis and Scientific Implications

In this chapter we presented our current best knowledge of the HIFI pointing calibra-
tion, and we introduced a revised spatial response calibration framework, soon leading
to updated efficiencies in the HIFI calibration tree. We furthermore prepared FITS files
for release, providing the astronomical community with detailed images of the beam
patterns of HIFI in due course. We belief that with the completion of this work a num-
ber of long-standing questions and calibration issues can be addressed, and most likely
be solved.

For a long time astronomers have raised questions about observed differences in the
H and V intensities of HIFI. Sometimes astronomers reported differences up to 30–40%,
for which the ICC could not provide a quantitative explanation. During the perfor-
mance verification phase of HIFI all astronomers were asked to report their observed
issues. Among all the issues, one reported issue concerned anomalous behaviour of the
H/V ratio. On a case by case basis it was usually possible to offer a qualitative expla-
nation, confirming that nothing was fundamentally wrong with the calibration of HIFI.
It now has become common practise to simply average H and V, and we have not yet
learned to make use of the information carried by the H/V imbalance, as quantitative
explanations were lacking so far.

Now the detailed beam patterns and optical characteristics are accurately known,
in some cases even to second-order, we belief we can start to offer quantitative explana-
tions for the anomalous behaviour, and other effects, as far as the spatial component is
concerned. Combining the pointing and spatial response calibration results presented
in this chapter, will prove to be of key importance for the interpretation of:

• The average coupling loss experienced by H and V, and the average H/V ratio,
for arbitrary source structure.

• Anomalous H/V ratios in source regions with strong spatial gradients.
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• The effect of random pointing errors and the associated uncertainty in source
flux estimates.

• The coupling efficiency to extended sources, and the relation between observed
antenna temperature and the local brightness temperature of the source.

• Contamination originating from unwanted background sources.

The results presented here have the following immediate scientific implications:

• For point sources the average coupling loss can be as large as 15–25% with un-
certainties as large as 10%.

• The aperture efficiencies will generally become 3–7% lower.

• Main-beam efficiencies will be reduced by 12–13% on average.

Compared to HIFI’s goal absolute calibration accuracy of 3% these are significant
updates. The main importance of this work is however the improved understanding
of the spatial response, which will allow us to better quantify and estimate calibration
errors depending on the observing context.

6.7 Summary and Conclusions

The work in this chapter concerned the calibration of the Focal Plane Geometry (FPG)
of HIFI in orbit, and an assessment of the impact of pointing errors on astronomical
flux calibration. The second objective of this research was to establish a calibrated and
general relation between the observed antenna temperature and an arbitrary source
brightness temperature distribution. Both objectives were fully met.

To underpin the calibration techniques, analysis and interpretation of the results,
we first laid down the theoretical foundations of our work. This led to an elegant ex-
pression for the average coupling loss in the presence of random pointing errors and
a systematic offset, providing useful insight into the calibration errors related to point-
ing. Based on basic radio astronomy and antenna theory, we also presented explicit
and general expressions for the determination of aperture and main-beam efficiency.
These expressions involved various source, antenna and beam solid angles, requiring
accurate knowledge of the normalized beam profile Pn. We showed that once Pn is
known, and the effective area, or aperture efficiency has been calibrated, the spatial
response to arbitrary sources is fully determined.

Regarding the FPG calibration we developed a very efficient and joint strategy to
determine our pointing in only a few iterations by observations of Saturn. Already
at OD68 we delivered our final Spacecraft-Instrument Alignment Matrix (SIAM), that
was used during the rest of the mission. The success of this plan was built on our prior
knowledge of the optical characteristics of HIFI, as obtained during earlier studies and
Instrument Level Testing (ILT). We presented a thorough comparison of expected and
observed system characteristics, supported by optical models and ILT measurement
results. Unfortunately we found near the end of the mission that preliminary pointing
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statistics revealed a small bias in the SIAM. Combining this result with our FPG cal-
ibration results, we demonstrated analytically, and by numerical simulation, that the
average coupling loss could become as large as 15–25% for a point source. In addi-
tion to estimates of the average coupling loss, we also provided detailed insight in the
probability density distribution of the coupling loss. These results were in excellent
agreement with observations towards a range of astronomical monitoring sources.

The second part of this chapter addressed the beam measurements taken towards
Mars. These measurements were taken to characterize the beam patterns, and to cali-
brate the aperture and main-beam efficiencies. An initial calibration, assuming a simple
Gaussian approximation, was established early in the mission, based on common prac-
tises among radio astronomers. We identified a number of shortcomings related to this
approach, and proposed an alternative procedure relying on representative beams and
a forward model. We devised a new strategy to maximize the effective sampling of the
beam patterns by combined analysis of multiple observations taken during different
epochs. In this way we could build up the required spatial sampling and effective
signal-to-noise ratio, leading to detailed characterization of all 14 beam patterns of
HIFI. Using the detailed beam profiles we successfully calibrated the aperture and
main-beam efficiencies. The updated efficiencies are currently being implemented in
the HIFI calibration tree, and the detailed beam profiles will soon be released to the
astronomers in the form of FITS files [25].

We finally presented some very promising initial results of a forward beam model
based on ILT data, that could eventually improve the match to second-order, and pro-
vide interesting feedback on the WFE of the Herschel telescope.

The main conclusion of this work was that we achieved excellent agreement be-
tween observed and modelled spatial responses towards Mars. This knowledge has
led to the final conclusion that the aperture and main-beam efficiencies have to be
revised downwards by about 3–7% and 12–14% respectively.

In general terms this work has demonstrated the considerable difficulty of estab-
lishing absolute flux calibration on a submillimeter-wave instrument. It provides valu-
able information on how the calibration accuracies of future space instruments can be
improved.
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Chapter 7
Summary and Conclusions

7.1 General Summary

This chapter provides a general summary of the findings and conclusions of the opti-
cal design and performance verification of Herschel-HIFI. In addition to the detailed
summaries and conclusions provided at the end of each individual chapter, the overall
research highlights and main conclusions are presented here.

This thesis concerned the verification, characterization and calibration of the opti-
cal performance of Herschel-HIFI. The HIFI instrument onboard the Herschel Space
Observatory has shown to work well in taking very high spectral resolution observa-
tions of a large variety of astronomical objects, and has already made many important
discoveries. The scientific performance of HIFI was intimately connected to realizing
the best possible optical performance. One part of this thesis work was to verify the
optical design and performance of Herschel-HIFI by the development and applica-
tion of novel experimental characterization and calibration techniques, on the ground
prior to launch, as well as in-orbit. The key experimental achievement was the di-
rect measurement of the phase of the wavefronts of the flight mixers up to 1.6 THz,
with unprecedented signal-to-noise and stability, enabling a very complete and accu-
rate characterization of the HIFI flight optics. This greatly facilitated the construction,
alignment and verification of the HIFI focal plane optics, and led to excellent opti-
cal performance of the instrument, in particular at the high-frequency end of HIFI’s
spectral range. Moreover, the highly accurate experimental data collected during mea-
surements on the ground was key to help interpreting and guiding our observations
in space, and proved important to the calibration of the pointing and spatial response.

In the next section the main findings and conclusions are given per chapter referring
back to the research objectives formulated in Chapter 1.
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7.2 Summary of Findings and Conclusions

7.2.1 The optical design of Herschel-HIFI

Chapter 2 described the realization of a compact and highly modular optical design for
HIFI satisfying the required performance and functionality of HIFI. Using an analogy
between geometrical optics and first-order Gaussian beam propagation, a wavelength
independent optical design was invented, which allowed for pre-alignment with vis-
ible light. At the lowest level of integration we designed a self-contained receiver
module, referred to as a Mixer Sub-Assembly (MSA). A very compact optical layout
was achieved, with a high level of commonality between bands, diffraction-limited per-
formance at visible wavelengths, and fully corrected for unwanted distortions due to
off-axis operation. In this approach the entire optical chain could simply be aligned
using visible light, only requiring experimental verification at actual wavelengths at
MSA level. This satisfied the instrument design goals defined in Section 2.2.

7.2.2 A 480 GHz phase-sensitive near-field test facility for HIFI

The successful development of a near-field facility for experimental verification of the
HIFI optics at 480 GHz was described in Chapter 3. I designed a dedicated measure-
ment system, capable of measuring both amplitude and phase of an electromagnetic
field component, based on the compensation of correlated phase variations. This sys-
tem was demonstrated even in the limit of a free-running source, and featured aston-
ishing phase stability and extremely high sensitivity. Furthermore, an unique feature
of the facility was an accurate alignment system employing a theodolite. This provided
not only accurate absolute alignment, but also control of the geometry of the exper-
iment to within fractions of a wavelength, supporting unambiguous comparisons of
experimental data and electromagnetic simulations.

For the specific case of a band 1 corrugated horn, I performed a detailed error
analysis of the limiting measurement accuracy. An useful method for mitigating the
effects of standing waves on the data was developed. Detailed comparisons between
optical models of the horn, and near-field data taken with the developed experimental
system, showed remarkable quantitative agreement. It was concluded that an highly
accurate near-field system had been realized, with known, and well understood errors
enabling an early assessment of the optical performance of the HIFI instrument.

7.2.3 Quasi-optical design verification of the Focal-Plane Unit

Using the validated 480 GHz near-field facility described in Chapter 3, I characterized
the optics of the development model of the MSA and Focal Plane Unit (FPU) in great
detail, by measuring the phase and amplitude patterns, and compared to electromag-
netic simulations as described in Chapter 4.

Excellent agreement between simulations and experiments for optical configura-
tions as complex as HIFI was found both in amplitude as well as phase. I obtained
an accurate description of the optical characteristics and performance by simulation
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as well as by measurements at a level of fractions of a percent. A number of interest-
ing long-wave diffractive effects was identified, such as apparent misalignment due to
phase slope in the MSA pupil, and an intrinsic co-alignment error between both mixer
polarizations due to differential diffractive propagation in the optical paths, despite
the fact that the optics were perfectly aligned using visible light. The quasi-optical
alignment approach was confirmed. After pre-alignment of the HIFI optical chain us-
ing visible light, compliance with the quasi-optical interfaces at MSA level sufficed to
predict and control the end-to-end performance of the entire optics.

It was concluded that the optical design was compliant with the scientific require-
ments, and satisfied the designed first-order Gaussian beam properties. It was also
concluded that a first-order description of the optical coupling and aperture efficiency
based on a Gaussian beam was only accurate at the level of a few percent. In order to
meet the goal calibration accuracy of HIFI, more precise knowledge of the actual beam
patterns was therefore required, and experimental near-field data should instead be
used.

7.2.4 Experimental characterization of the flight model optics

In Chapter 5 the design, development and application of novel phase-sensitive beam
measurement facilities for HIFI was presented. As a main facility for HIFI I developed
a complex vacuum scanner system to characterize and verify the telescope interface
of the HIFI flight optics. Using and extending the technique of removing correlated
phase noise from the Local Oscillator (LO) and test source, as developed in Chapter 3,
I was able to extend the state-of-the-art measurement capability by more than a factor
of 3 into the 1.6 THz domain. These were the first reported phase-sensitive beam
measurements of cryogenically cooled mixer and receivers ever taken at 1.6 THz with
signal-to-noise ratios as large as 90 dB. The sensitivity, phase measurement capability
and alignment accuracy of the measurement system provided a powerful diagnostic
tool, which was also applied at MSA level, in smaller cryostats, prior to integration
into the flight instrument, following up the conclusions of Chapter 4.

With the help of the beam measurement facility I identified and fixed a number
of serious issues in the lens-antenna mixer bands 5–7. This resulted in a number
of necessary corrective actions at mixer unit level to recover scientific performance.
Addressing and fixing these issues at MSA level proved to be a winning strategy. Final
verification at instrument level concluded that all mixer bands were compliant with the
telescope interface and alignment budgets, confirming that HIFI was ready for launch.
The general conclusion of this chapter was that the measurement of phase is key in
verifying the optical performance and alignment of submillimeter-wave heterodyne
receivers.

7.2.5 In-orbit spatial response and flux calibration

The work presented in Chapter 6 addressed the calibration of the focal-plane geometry
and an assessment of the impact of pointing calibration errors. The second part of this
chapter addressed in-orbit beam measurements taken towards Mars, with the purpose
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of extracting detailed beam profiles for the final calibration of aperture and main-beam
efficiencies, and more generally the calibration of HIFI’s spatial response.

Regarding the pointing calibration we successfully calibrated the focal-plane ge-
ometry of HIFI early in the mission, a result that was used throughout the mission
for scientific operations. I successfully devised a calibration strategy built on prior
knowledge of the optical characteristics of HIFI, as obtained during the ground tests
described in Chapter 5. An elegant expression for the average coupling loss in the
presence of random and systematic pointing errors was derived to assess the impact of
pointing errors on astronomical flux calibration. It was concluded that due to a residual
bias in the pointing calibration, the worst-case average coupling loss can be as large as
15–25%. This conclusion was supported by observations towards a range of monitoring
sources. The calibration framework presented in this chapter can in principle be used
for average a-posteriori corrections, and provides insight into the probability density
distribution of the coupling losses. My conclusion was that these results clearly call for
further investigation, and refinements based on statistics collected during the whole
mission, and should be followed-up during the remaining post-operations phase.

Regarding the calibration of the spatial response of HIFI, a number of shortcomings
were identified related to an initial calibration approach based on common practices
among radio astronomers. I proposed an alternative procedure relying on representa-
tive optical characteristics and a forward beam model. The proposed technique was
used to extract the detailed beam profiles from a series of observations taken towards
Mars during different epochs of the mission. I derived detailed beam profiles, soon to
be released to the HIFI astronomers, and used these to calibrate the aperture and main-
beam efficiencies. The goal to establish a calibrated and general relation between the
observed antenna temperature and arbitrary source brightness temperature distribu-
tion was achieved. The conclusion of this work was that the aperture and main-beam
efficiencies have to be revised downwards by about 3–7% and 12–14% respectively,
which is a significant number in view of the 3% goal calibration accuracy of HIFI.
These changes are currently being implemented in the HIFI calibration tree.
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Future Work

8.1 Lessons Learned

The optical design and performance verification of HIFI was very successful. Nev-
ertheless, some findings presented in this thesis showed that there is room for

improvement. In this section I will summarize the most important lessons learned as
input for the design and construction of future submillimeter-wave heterodyne instru-
mentation.

Systems employing two orthogonal polarization channels on separate optical paths
should be designed by symmetry. Because of the way the MSA’s of HIFI were placed
with respect to the central beamsplitter, the aberrations and distortions propagated
differently through the optical system (see Chapter 4). This led to the unnecessary
amplification of differences between the optical characteristics of the two polarization
channels due to differential aberrations, distortions and diffractive effects. A fully
symmetric layout would for example have resulted in commensurate aperture and
main beam efficiencies, improved co-alignment, and identical beam patterns.

At a number of locations along the FPU optical chain we did not put absorber ma-
terial. This was a result from our mixer-based perspective. We only identified locations
of potential spillover by forward propagation of the mixer beams and application of
the 4w criterion discussed in Chapter 2. The analysis presented in Chapter 5 shows
that it also important to consider the optical path from the reverse direction, especially
in the presence of extended sources and fields at the input, such as an astronomical
source, the internal calibration source, or a coherent test source. Some of the observed
standing wave effects could have been mitigated by this.

Wavelength independence was assumed by design, but not characterized and veri-
fied in detail. The work presented in Chapter 6 shows that this assumption was valid
to first-order. Achieving a goal calibration accuracy of 3% or even better, would how-
ever require inclusion of the wavelength dependence to narrow down the calibration
residuals.



242 Chapter 8: Future Work

Considerable effort went into the modelling, experimental characterization and cor-
rections of the lens-antenna mixer bands of HIFI. The quantitative agreement between
simulations and experimental data was not as good as for example for the waveguide
mixers employing corrugated horns. We found strong indications that lens-antenna
modelling can be further advanced by properly including effects related to AR coatings
and for example birefringent chip substrates, which would facilitate better controlled
design, fabrication and testing of these mixers.

Cross-polarization can not be ignored when taking phase-sensitive beam pattern
measurements. Under time pressure of the test schedule we decided to measure multi-
ple mixer bands simultaneously by aligning the test source polarization to the average
polarization orientations. Under these circumstances even a low level of instrument
cross-polarization can lead to disturbing artefacts, such as artificial phase errors and
apparent tilt misalignment, misleading the interpretation of test results.

Standing waves are the most dominant source of error when taking phase-sensitive
beam pattern measurements. We generally achieved the best measurement results
when measuring in the near-field, close to the focus or beam waist. See for example the
measurements presented in Chapter 4, where we could measure close to the location
of the beam waist. This can most likely be explained by badly controlled and poorly
behaved out-of-field scattering when measuring at considerable distances from the
beam waist. We found that under these conditions the standing wave compensation
technique presented in Chapter 3 did not work very well.

Characterizing the spatial response of a single-pixel heterodyne receiver in space
requires accurate pointing. For point-sources the flux calibration of HIFI was strongly
affected by the pointing accuracy of Herschel (see Chapter 6). At times we also suffered
from the (initial) pointing accuracy when calibrating our spatial response. In view of
limited signal-to-noise, inherently related to high-resolution spectrometers, we could
not mitigate this effect by building up sufficient statistics during the mission. Only
at the end of the mission, where some redundant and repeated observations of Mars
became available, and the pointing reconstruction had improved [1], we were able to
extract our final beam patterns. The work presented in Chapter 6 provides valuable
information on how the calibration accuracies of future space instruments can be im-
proved.

8.2 Suggestions for Improvements

Now powerful and validated far-infrared design and verification tools are available
(see Chapter 4), it is possible to correct for the inherent diffractive effects associated
with long-wave optical systems. This could eliminate effects such as apparent tilt mis-
alignment and distorted beam patterns. For example, the surface shape of field mirror
MAM2 (see Chapter 2) could be considered as a degree of freedom for further opti-
mization, for example by introducing higher-order aspherical surfaces or freeforms.

The vector-nature of the electromagnetic field could be addressed by using two
identical test sources operating at orthogonal polarization and a dual-reference system.
The system response for both sources could be cross-calibrated by rotating both sources
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by 90� and repeating the measurement. In this way a complete characterization of the
field can be obtained yielding both the co- and cross-polar patterns.

The phase-sensitive beam pattern measurement facilities presented in Chapters 3
and 5 could be further extended to higher frequencies by in-situ measurement of the
phase error in the flexible cables. Multiplication of this error due to high frequency
operation will ultimately limit the direct measurement of phase, whereas the technique
of removing correlated phase errors described in Chapters 3 and 5 can still be scaled
to significantly higher frequencies.

The calibration of the spatial response of HIFI described in Chapter 6 can be further
refined by including the following:

• Include the data and spatial models of all planets observed by HIFI in the forward
beam model approach.

• Include maps of strong line sources with known spatial distribution or in the
point-source approximation.

• Collect more pointing statistics by fitting all available maps in the HIFI archive to
the derived beam models after final spacecraft pointing reconstruction [2].

• Include the spillover pattern in the forward beam model and assess the potential
effect of self-chopping for extended sources with strong spatial gradients.

• Model the H/V ratio observed in extended sources with spatial gradients (Orion
bar) on the basis of the pointing reconstruction, co-alignment vector and beam
patterns presented in Chapter 6.

• Model and determine the forward efficiencies for each individual mixer band.

• Include the beam patterns measured on during ILT in the forward beam model
approach.

• Include wavelength dependence by GRASP simulations of the optics and mea-
surement data.

• Independently verify the Herschel telescope WFE by using ILT data and HIFI
observations as suggested in Chapter 6.

Finally, it is strongly recommended to further investigate and model the behaviour
of standing waves on THz optical paths for configurations where the source and de-
tector are strongly coupled or severely mismatched. In these limiting conditions the
first-order description and standing wave correction technique presented in Chapter 3
no longer holds, and the residuals due to higher-order effects, such as high-Q reso-
nant behaviour [3], will dominate the measurement accuracy budget of near-field test
facilities.
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8.3 Spin-off activities

The measurement techniques and experimental systems developed for and applied to
Herschel-HIFI (this thesis) were also used to demonstrate some very promising THz
inspection and imaging capabilities for potential commercial and industrial activities.
Figures 8.1 and 8.2 show an example of an imaging experiment based on reconfiguring
the measurement system as described in Appendix B.3 into a Michelson configuration
mounted on a mechanical scanner. By keeping a fixed IF frequency and sweeping the
frequency of two high-purity synthesizers synchronously, it was possible to perform
time-domain reflectometry in amplitude and phase. Processing of this data finally
yielded a three-dimensional image, and the sticky tape and aluminum markers hidden
inside the test object shown in Fig. 8.1 could be made visible in the THz domain as
depicted in Fig. 8.2. This clearly illustrates the potential for THz imaging, inspection
and other diagnostic facilities.

HDPE slabs 18 mm 

11 mm 

4 mm 

Al cross 
in Q1 

sticky tape 

sticky tape 

Q3 

s
ti
c
k
y
 t

a
p
e
 

Al cross 
in Q2 

a) b)

c) d)

Figure 8.1: Optical image of a test device composed of a number of dielectric slabs of different
thicknesses. The dielectric material was High Density Poly-Ethylene (HDPE), which is opaque
in the optical. Markers were defined by small crosses of aluminum tape and strips of transparent
tape. The upper left panel show the stacked device, whereas b) to d) show the markers on each
slab.

The experimental techniques were furthermore applied towards further develop-
ment of commercial THz vector network analyzers extending standard measurement
capability available in the microwave range into the THz domain. An example of this
application, co-developed with the US company Virginia Diodes Inc., is given in [4].
Today VDI is offering a full range of THz frequency extenders and VNA’s on a com-
mercial basis [5].

The early proof-of-principle experiments have also inspired a number of valorisa-
tion activities within SRON over the last couple of years. As a concrete result an EU
patent application dedicated to using THz for Non-Destructive Testing (NDT) of com-
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a) b)

c) d)

Figure 8.2: Terahertz images taken at ⇠ 780 GHz using the time-domain reflectometry technique,
combined with a two-dimensional spatial scan, producing three-dimensional images after data
processing. The test sources were swept across a 720–830 GHz frequency band. The upper left
panel a) shows the image of the front face of the device holder. By edge contrast the label of the
manufacturer can be recognized. Images b) to d) correspond to the slabs with markers shown in
Fig. 8.1. In all cases the markers could be clearly identified, the transparent tape showed clear
edge contrast. With this technique it is possible to “look inside“ the dielectric test device and
disentangle the different layers.

posites was published in the European Patent Office (EPO) database on 11 Feb 2015 [6].
A similar patent application for the United States was registered on 12 February 2015
at the US Patent and Trademark Office [7].

Furthermore a SRON spin-off company named “Dutch Terahertz Inspection Ser-
vices B.V.” was recently opened following up on this application area [8].

Finally, the experimental system described in Chapter 5 of my thesis, received great
interest from ESA-ESTEC. Recently SRON was asked to develop and offer a similar
experimental system to become part of the ESTEC test center suite of facilities. The
objective is to construct a THz testing facility that can be used to test and characterize
THz antennas and telescopes on future Science and Earth Observation satellites, such
as the JUpiter ICy moons Explorer (JUICE) [9] and the Ice Cloud Imager (ICI) for
the Meteorological Operational satellite programme (MetOp) [10]. According to ESA,
no facilities exist to date capable of fully measuring the proposed instruments. We are
currently investigating if SRON could offer such a system co-developed with (northern)
Dutch enterprises.
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Appendix A
Scanner System Metrology

This Appendix describes the calibration of the scanner coordinates of the experimen-
tal system described in Chapter 5. The scanner platform contained a number of

optical alignment devices and tools to establish an accurate relation between the three-
dimensional coordinates of the horn and the instrument under test. Prior to integration
of the experimental system, a number of optical and mechanical calibration procedures
were executed, as described in the remainder of this Appendix.

A.1 Scan Plane Calibration

As shown in Fig. 5.4 three calibration spheres were mounted on the base of the scanner
platform around the source bracket. At an early stage of the scanner system integra-
tion these spheres were used to calibrate the average orientation of the scan plane. Fig-
ure A.1 shows the applicable configuration during that calibration step. As function of
the measured x and y coordinates of the scanner system1, the three-dimensional posi-
tion of each calibration sphere was measured using a coordinate-measuring machine.
We also measured the coordinates of the edge of the scanner platform in between the
alignment viewports. After fitting the measured coordinates to a sphere, the center
positions of the three spheres were used to determine the normal vector of the corre-
sponding plane. In this way the orientation of the scanner platform could be mapped
as function of x and y.

A.2 Alignment Window Calibration

Using the data collected in the calibration step described in Appendix A.1, the aver-
age orientation of the scan plane was determined with respect to a coordinate system

1 A nominal measurement grid spanning the full scan range of the scanner was commanded, and for
each grid position the coordinates of the high-precision linear optical encoders were recorded with
40 nm resolution.
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Figure A.1: Calibration configuration for the determination of the average scan plane orientation.
The scanner orientation was calibrated as function of x and y by measuring the coordinates of
three calibration spheres with a three-dimensional coordinate-measuring machine.

aligned with the edge of the scanner platform. Next the optical alignment windows
were mounted, one including a pentaprism assembly. A large optical flat was put on
the three calibration spheres. This configuration is depicted in Fig. A.2. By means of
a large folding mirror one of the axes of a theodolite was aligned on the edge of the
scanner platform. Then the theodolite was centered on the pentaprism, and autocolli-
mated on the optical flat. The optical alignment windows was tilted, by means of its
adjustable support frame, by an amount equal to the average scan plane orientation. In
this way the average scan plane orientation was represented by the alignment window.
The orientation of the second alignment window (reserved for lateral position and in-
plane rotation) was measured with respect to the optical flat for completeness. Finally,
the bolts of the adjustable support frame, were fixed and secured by a drop of glue.

Figure A.2: The average scan plane orientation was transferred to the optical alignment window
by using an optical flat placed on the three calibration spheres.
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In the same calibration step the positions of the two alignment windows were deter-
mined, relative to the three calibration spheres, and the edge of the scanner platform.
The positions were determined by first measuring several coordinates along the cir-
cumference of the cylindrical support structure of the windows using the coordinate-
measuring machine. By using a straight ruler we then measured the positions of the
crosshairs on the windows using a travelling microscope. The coordinate system of the
travelling microscope was aligned on the straight ruler as shown in Fig. A.3. In this
way the positions of the crosshairs on the alignment windows could be determined
within 5-10 µm with respect to the positions of the calibration spheres.

Figure A.3: The positions of the crosshairs on the alignment windows was determined relative
to the edge of a straight ruler by means of a travelling microscope.

A.3 Horn Position Calibration

Finally we had to calibrate the position of the horn of the test source as function of
the scanner coordinates x and y. For this we designed and manufactured a special
calibration tool. This calibration tool was based on the horn interface plate described
in Section 5.2.6. The horn aperture of the 480 GHz horn (long-wavelength limit) was
represented by a calibration sphere glued in a cylindrical holder mimicking the horn
and its mechanical interface. We measured the position of the horn simulator as func-
tion of x and y using a three-dimensional coordinate-measuring machine as shown in
Fig. A.4. We repeated this measurement with the horn simulator rotated by ±90�.

The actual position of the individual horns for the various test sources could be
calibrated again by using a travelling microscope. For this we prepared a special cal-
ibration tool as shown in Fig. A.5(a). The calibration tool provided a representative
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Figure A.4: Calibration tool simulating the horn aperture position. The three-dimensional posi-
tion of a horn simulator (calibration sphere) was measured as function of the stage coordinates
x and y.

mechanical interface for the horn interface plate, and two set with cylindrical align-
ment references. The edges of the cylindrical references were positioned at the same
height as the horn aperture planes. Each segment of a cylindrical reference corre-
sponded to an individual horn. The edges and centers of the segments were measured
with respect to the mechanical interface of the horn interface plate, as well as to the
calibration sphere of the horn simulator, by means of a coordinate-measuring machine.

a) b)

Figure A.5: Calibration tool used to determine the position of the individual horn apertures
with respect to the horn simulator calibration sphere. In the left hand panel a) the calibration
sphere was calibrated relative to a set of cylindrical references. In b) the actual horn apertures
were cross-referenced to the cylinders establishing a relation to the calibration sphere.

Finally the actual horn apertures were measured with respect to the cylindrical
alignment references as shown in Fig. A.5(b) using a travelling microscope. Since
the edges of the cylindrical segments were defined at the same height as the horn
apertures, they could be measured without defocussing the microscope.
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A.4 End-to-End Calibration

By combining the results summarized in Appendix A.1 to A.3 we established the fol-
lowing relations as illustrated by Fig. A.6:

• The average scan plane orientation represented by the tilt of the primary align-
ment window.

• The position of each individual horn aperture with respect to the crosshairs on
the alignment devices.

• The three-dimensional position of each individual horn aperture as function of
stage coordinates x and y.

Figure A.6: Final system configuration with integrated source, horn and alignment devices.

The metrology data collected during these calibration procedures were incorpo-
rated into the analysis software mapping the measured stage coordinates to the global
coordinates of the horn aperture. An assessment of the calibration errors showed that
this mapping was accurate to 5-10 µm laterally, and a few µm axially, across the entire
scanner range.

In order to correct for the elastic deformation of the scanner system due to mechan-
ical imbalance at the edges of the scanner range, we also measured the scanner tilt
angle as function of x and y in the fully integrated system configuration using an in-
clinometer. With respect to the central and balanced scanner position, the scan surface
error due to elastic deformation was corrected for by numerical integration of these
data.





Appendix B
Detailed Reference System Design

This Appendix describes a specific example of the detailed RF reference system de-
sign for phase-sensitive beam pattern measurements in band 3 of HIFI. For each

measurement configuration a dedicated frequency plan was made, based on the avail-
able LO and test sources, as described in Chapter 5. In this Appendix the frequency
plan for band 3, and the corresponding microwave circuit diagram, is given to illus-
trate the concrete implementation of the generic RF reference scheme presented in
Section 5.2.7.

B.1 Frequency Plan

The RF test signal was injected in the lower sideband of the band 3 mixer at a frequency
FM of 801 GHz. The test source was a multiplied Gunn oscillator with a base frequency
fM of 80.1 GHz, and a RF multiplication factor M of 10, implemented as a cascaded
doubler and quintupler.

The LO system was a HIFI band 3 chain with multiplication factor N of 24 with
respect to the LSU input synthesizer frequency fN . The LO signal was generated at a
frequency FN of 807 GHz, by mean of a W-band tripler, and three frequency doublers
in series.

The measurement configuration and corresponding frequency plan is shown in
Fig. B.1. The offset oscillator f0 was tuned to 6.68167 GHz. Operating the harmonic
mixers connected to the RF test source and the LO system at harmonic numbers M0 and
N0 respectively, we selected harmonic numbers 12 and 5 to achieve two intermediate
reference signals f 01 and f 02 at frequencies of 80 and 217 MHz respectively. After IF
multiplication with a factor 5 and 12 respectively, the frequencies f1 and f2 were equal
to 400 MHz and 2.6 GHz respectively. At the output of the balanced mixer these
signals were added to achieve a single 3 GHz reference signal. After multiplication by
the greatest common divider of the source multiplication factors, a 6 GHz reference
signal was obtained fully correlated with the IF signal from the mixer and with fully
cancelled phase noise of the offset oscillator.
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Finally the IF signal from the mixer and the reference signal were connected to the
VNA converter described in Section 5.2.8 to measure the relative field amplitude and
phase of the two input signals.
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Figure B.1: Detailed design and frequency plan of the RF reference system used for band 3 at
801 GHz.

B.2 Microwave Circuit Diagram

The detailed microwave circuit diagram is shown in Fig. B.2. We used bandpass filters
from TTE1. Low noise and medium power amplifiers were procured from MITEQ2. The
balanced mixers were also procured from MITEQ. The intermediate reference signals
were amplified to a level of +10 dBm. At this signal level IF frequency multipliers could
be driven. The IF frequency multiplier modules were purchased from Wilmanco3. The
signal levels were adjusted and fine-tuned using level set attenuator.

1 TTE Filters, LLC, Los Angeles, CA, USA,
2 L-3 Narda-MITEQ, Hauppage, NY, USA,
3 Wilmanco Inc., Moorpark, CA,

http://tte.com/
http://www.miteq.com/
http://www.wilmanco.com


B.2 Microwave Circuit Diagram 255

in
o

u
t

d
c

M
P

2

M
u

lt
ip

ly

N
=

2
4

=
 2

x
2

x
2

x
3

L
S

U

o
s
c
il
la

to
r

fn
=

3
3

.6
2

5
G

H
z

S
p

1

S
p

li
tt
e

r

H
o

rn

F
N
=

 8
0

7
 G

H
z

C
b

l1

C
a

b
le

in
o

u
t

d
c

M
P

1

M
u

lt
ip

ly

M
=

1
0

=
 2

x
5

R
F

 o
s
c
il
la

to
r

f M
=

8
0

.1
0

G
H

z

S
p

2

S
p

li
tt
e

r

H
o

rn

F
M
=

 8
0

1
 G

H
z

C
b

l2

C
a

b
le

W
a

v
e

G
u

id
e

R
F

L
O

IF

H
IF

I 
b

a
n

d
 3

M
ix

e
r

O
ff
s
e
t

o
s
c
ill

a
to

r

f 0
 =

 6
.6

8
1

6
7

 G
H

z

S
p

3

S
p

li
tt
e

r

H
M

1
H

a
rm

o
n

ic
 m

ix
e

r

H
M

2
H

a
rm

o
n

ic
 m

ix
e

r

B
P

F
-M

’

B
P

F
-N

’

M
U

L
T
IP

L
IE

R

  
  
1
0
d
B

m

in
o

u
t

d
c

M
p

l-
m

’

W
F

M
S

-8
0

-4
0

0

X
m

=
5

S
/N

 1
8

6
6

8

P
W

R
d

c

P
w

r1

P
W

R
s

u
p

p
ly

A
g

il
e

n
t

1
5

V
 1

0
0

0
m

A

B
P

F
3

F
c
=

3
 G

H
z

T
T

E
-S

/N
 F

9
4

7
6

B
P

F
1

F
c
=

8
0

M
H

z

T
T

E
-S

/N
 F

9
4

6
7

B
P

F
2

F
c
=

2
1

7
M

H
z

T
T

E
-S

/N
 9

4
7

0

d
c

L
N

A
1

M
/N

 A
U

-4
A

-0
1

5
0

G
=

6
0

d
B

F
=

1
-5

0
0

M
H

z

S
/N

 8
6

6
0

9
0

d
c

M
P

A
1

A
U

P
-1

3
7

4

G
=

3
0

d
B

F
=

1
-5

0
0

M
H

z

S
/N

 8
4

8
8

9
1

d
c

L
N

A
2

M
/N

 A
U

-3
A

-0
1

5
0

G
=

4
5

d
B

F
=

1
-5

0
0

M
H

z

S
/N

 8
3

6
1

0
9

d
c

M
P

A
2

A
U

P
-1

3
7

4

G
=

3
0

d
B

F
=

1
-5

0
0

M
H

z

S
/N

 8
4

8
8

9
2

M
U

L
T
IP

L
IE

R

  
  
1
0
d
B

m

in
o

u
t

d
c

M
p

l-
n

’ 1

W
F

M
S

-2
1

7
-6

5
0

X
n

1
=

3

S
/N

 1
8

6
7

6

M
U

L
T
IP

L
IE

R

  
  
1
0
d
B

m

in
o

u
t

d
c

M
p

l-
n

’ 2

W
F

M
S

-6
5

0
-1

3
0

0

X
n

2
=

2

S
/N

 1
8

6
7

2

M
U

L
T
IP

L
IE

R

  
  
1
0
d
B

m

in
o

u
t

d
c

M
p

l-
n

’ 3

W
F

M
S

-1
3

0
0

-2
6

0
0

X
n

3
=

2

S
/N

 1
8

6
7

7

M
U

L
T
IP

L
IE

R

  
  
1
0
d
B

m

in
o

u
t

d
c

M
p

l-
L

W
F

M
S

-3
0

0
0

-6
0

0
0

X
L

=
2

S
/N

 1
8

6
8

0

d
c

M
P

A
3

A
M

F
-3

D
-0

0
1

0
4

0

G
=

4
5

d
B

F
=

0
.1

-4
G

H
z

S
/N

 9
1

3
9

0
9

M
X

1
M

ix
e

r

D
B

0
2

1
8

L
A

1

2
1

V

2
1

V

P
W

R

X
1

P
W

R
s

u
p

p
ly

A
g

il
e

n
t

2
1

V
 1

1
0

0
m

A

A
T

T
N

1

1
0

d
B

A
T

T
N

2

1
0

d
B

A
T

T
N

3

1
0

d
B

A
T

T
N

3

2
0

d
B

A
T

T
N

4

6
d

B

A
T

T
N

5

6
d

B

A
T

T
N

6

6
d

B

f’
1
=

8
0

 M
H

z

f’
2
=

2
1

7
 M

H
z

f’
1
=

8
0

M
H

z

f’
2
=

2
1

7
M

H
z

1
5

V
1

5
V

1
5

V
1

5
V

1
5

V
1

5
V

1
5

V
1

5
V

T
x

R
x

R
E

F
-i

n
D

E
T

-i
n

d
c

V
N

A
 C

o
n
v
e
rt

e
r

V
N

A
P

1
P

2

R

8
7

2
0

E
S

1
5

V

1
0

d
B

m

1
0

d
B

m

0
d

B
m

L
O

R
F

IF

f 3
 -

1
0

d
B

m

f 0 f Nf M

f 3
 =

 f
1

 -
 f

2
 =

 3
 G

H
z

f 2
 =

 2
.6

 G
H

z

f 1
=

4
0

0
 M

H
z

-5
0

d
B

m

M
’ 
=

 1
2

R
F

L
O

IF
-o

u
t

f IF
 =

 6
 G

H
z

-1
1

0
 t

o
 0

 d
B

m

R
E

F
-o

u
t

f IF
 =

 6
 G

H
z

1
0

 d
B

m

N
’ 
=

 5

-5
0

d
B

m

-5
0

d
B

m

-5
0

d
B

m

Figure B.2: Microwave circuit diagram of the RF reference system in band 3.
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B.3 Simplified Reference System

For test and LO sources with the same overall multiplication factor, we used the simpli-
fied reference system shown in Fig. B.3. Both the RF test source and the LO source were
driven by a high purity synthesizer with very low close-in phase hoise. In this way no
offset oscillator was necessary, and the IF reference was simply obtained by direct IF
multiplication. Moreover, the VNA converter was not necessary. The VNA could be
operated in tuned receiver mode. The reference signal could be directly connected to
the reference sampler of the VNA, and both signal samplers A and B of the VNA were
available for data acquisition. By connecting the H and V mixer signals to the A and B
samplers respectively, we could measure both mixer polarizations simultaneously.
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Figure B.3: Simplified reference system for identical RF and LO multiplier configurations.



Appendix C
Flight Model Beam Parameters

This Appendix summarizes the measured Gaussian beam properties measured on
the flight model of the HIFI Focal Plane Unit prior to launch. For each beam mea-

surement taken in FM3 (final flight test campaign) we determined the Gaussian beam
parameters. We also used GRASP to propagate the MSA measurements through an
optical model of HIFI and determined the corresponding Gaussian beam parameters
for reference. The beam waist parameters are already included in Section 5.4.3.

C.1 Y Coordinate

Table C.1: Summary of all measured Y coordinates for the flight instrument configuration. The
values are compared to the expected values derived from the MSA measurements, and the
requirements. The tolerance is not indicated, as the deviation could be mitigated by repointing.
The applicable co-alignment error and associated coupling loss is listed for each mixer pair.

Band Measured Expected Required Deviation Co-alignment Loss (%)

1H -83.1 -84.0 -82.9 -0.2
1V -81.1 -82.8 -82.9 1.8 -2.0 6.6
2H -57.6 -57.6 -57.2 -0.4
2V -57.0 -57.1 -57.2 0.1 -0.6 1.7
3H -39.3 -39.6 -39.2 -0.1
3V -38.6 -39.1 -39.2 0.6 -0.7 2.5
4H -21.8 -24.7 -24.7 2.9
4V -21.6 -24.7 -24.7 3.1 -0.2 0.3
5H -8.6 - -12.3 3.7
5V -8.8 - -12.3 3.5 0.1 0.2
6H 2.1 0.2 -0.3 2.4
6V 2.0 -0.3 -0.3 2.3 0.1 0.2

Continued on next page
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Table C.1 – Continued from previous page
Band Measured Expected Required Deviation Co-alignment Loss (%)

7H 15.1 12.5 12.7 2.4
7V 15.0 12.8 12.7 2.3 0.1 0.3

C.2 Z Coordinate

Table C.2: Summary of all measured Z coordinates for the flight instrument configuration. The
values are compared to the expected values derived from the MSA measurements, and the
requirements. The tolerance is not indicated, as the deviation could be mitigated by repointing.
The applicable co-alignment error and associated coupling loss is listed for each mixer pair.

Band Measured Expected Required Deviation Co-alignment Loss (%)

1H 1.8 -0.1 0.1 1.7
1V 1.6 0.0 0.0 1.6 0.2 0.1
2H 1.8 0.0 0.0 1.8
2V 2.0 -0.1 0.0 2.0 -0.2 0.2
3H 1.6 0.3 0.0 1.6
3V 2.2 0.4 0.0 2.2 -0.6 1.4
4H 3.3 0.0 0.0 3.3
4V 3.6 -0.3 0.0 3.6 -0.3 0.8
5H 2.7 - 0.0 2.7
5V 2.2 - 0.0 2.2 0.6 2.9
6H 3.1 -0.2 0.0 3.1
6V 3.1 0.2 0.0 3.1 0.0 0.0
7H 3.4 0.4 0.0 3.4
7V 3.6 0.1 0.0 3.6 -0.1 0.4

C.3 X Coordinate

Table C.3: Summary of all measured X coordinates for the flight instrument configuration. The
values are compared to the expected values derived from the MSA measurements, and the
requirements.

Band Measured Expected Required Deviation Tolerance Loss (%)

1H 5 2 21 -16 15 1.0
Continued on next page
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Table C.3 – Continued from previous page
Band Measured Expected Required Deviation Tolerance Loss (%)

1V 31 17 21 10 15 0.4
2H 12 3 10 2 9 0.1
2V 12 5 10 2 9 0.1
3H 7 3 5 2 9 0.0
3V 17 9 5 12 9 1.7
4H 7 11 2 6 6 0.7
4V 9 4 2 7 6 1.1
5H 0 - 1 -1 6 0.0
5V -1 - 1 -2 6 0.1
6H 6 -2 0 5 4 1.3
6V 5 0 0 5 4 1.2
7H 4 -3 1 3 4 0.3
7V 0 -2 1 -1 4 0.0

C.4 Tilt about Y

Table C.4: Summary of all measured tilt values about Y for the flight instrument configuration.
The values are compared to the expected values derived from the MSA measurements, and the
requirements.

Band Measured Expected Required Deviation Tolerance Loss (%)

1H -0.1 -0.5 0.0 -0.1 0.3 0.2
1V -0.1 -0.4 0.0 -0.1 0.3 0.2
2H 0.0 0.0 0.0 0.0 0.3 0.0
2V 0.1 0.1 0.0 0.1 0.3 0.1
3H -0.2 0.7 0.0 -0.2 0.3 0.7
3V 0.0 0.3 0.0 0.0 0.3 0.0
4H 0.0 -0.4 0.0 0.0 0.3 0.0
4V 0.4 0.2 0.0 0.4 0.3 2.0
5H -0.2 - 0.0 -0.2 0.3 0.5
5V 0.1 - 0.0 0.1 0.3 0.2
6H -0.2 -0.3 0.0 -0.2 0.3 0.3
6V 0.2 0.1 0.0 0.2 0.3 0.6
7H -0.1 0.0 0.0 -0.1 0.3 0.0
7V 0.0 0.3 0.0 0.0 0.3 0.0
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C.5 Tilt about Z

Table C.5: Summary of all measured tilt values about Z for the flight instrument configuration.
The values are compared to the expected values derived from the MSA measurements, and the
requirements.

Band Measured Expected Required Deviation Tolerance Loss (%)

1H 1.8 1.6 1.8 0.0 0.3 0.0
1V 0.9 1.3 1.8 -1.0 0.3 10.5
2H 1.2 1.5 1.3 0.0 0.3 0.0
2V 0.9 1.5 1.3 -0.4 0.3 1.7
3H 1.1 0.8 0.9 0.2 0.3 0.5
3V 0.5 0.4 0.9 -0.4 0.3 1.4
4H 0.4 0.7 0.5 -0.1 0.3 0.2
4V 0.2 0.2 0.5 -0.4 0.3 1.6
5H 0.4 - 0.3 0.1 0.3 0.2
5V 0.4 - 0.3 0.1 0.3 0.1
6H 0.1 -0.4 0.0 0.1 0.3 0.1
6V 0.6 -0.1 0.0 0.6 0.3 4.4
7H -0.4 -0.7 -0.3 -0.1 0.3 0.2
7V 0.0 -0.1 -0.3 0.3 0.3 1.0



Appendix D
Forward Beam Model
Characteristics

This Appendix describes the characteristics of the forward beam model based on a
Gaussian illumination of the secondary mirror of the Herschel telescope (model

5). The beam model includes the actual obscuration by the Herschel telescope due to
central blockage and obscuration by the tripods supporting the secondary mirror. The
beam model also includes the flight prediction for the telescope wavefront error. More
details behind this forward beam model are given in Section 6.4.2.

D.1 Dependence of qb and qmb on Te

In Fig. D.1 the dependence of the full width at half maximum qb, and the main beam
semi-angle qmb, on the edge taper Te is shown. The dependence is shown at the low
frequency (long-wave) and high frequency (short-wave) limit of Herschel-HIFI, which
corresponds to 480 and 1910 GHz respectively. Both far-field angles are normalized
to l/D, where D equals 3.28 m. Figure D.1 shows that qb and qmb decrease by about
0.01(l/D)/dB and 0.02(l/D)/dB respectively. For the nominal edge taper value Te
= -10.9 dB, the full width at half maximum qb is about 1.12(l/D), whereas the main
beam semi-angle is approximately 1.37(l/D), as can also be seen in Fig. D.1.

D.2 Dependence of qb and qmb on l/D

Figure D.2 shows the wavelength dependence of the full width at half maximum qb,
and the main beam semi-angle qmb. The plot is given for the nominal edge taper value
Te = -10.9 dB, and a telescope diameter D of 3.28 m. The main beam semi-angle qmb
is nearly constant at a value of 1.37(l/D), and defined by edge truncation on the
telescope. The full width at half maximum increases slightly, from 1.12(l/D) to about
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Figure D.1: Dependence of the full width at half maximum qb, and the main beam semi-angle
qmb on the edge taper value Te in dB at 480 GHz (low) and 1910 GHz (high) respectively.

1.13(l/D) below l/D = 15", at shorter wavelengths due to the trefoil wavefront error
of the Herschel telescope (see also Section 6.4.2).
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Figure D.2: Wavelength dependence of the full width at half maximum qb and main beam semi-
angle qmb for a telescope diameter D of 3.28 m and Te = -10.9 dB.

D.3 Dependence of ha and hmb on fLO

The dependence of the aperture efficiency ha and the main beam efficiency hmb on the
local oscillator frequency fLO is plotted in Fig. D.3. The efficiencies are averages across
both sidebands of the heterodyne receiver. The plots correspond to the nominal edge
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taper Te = -10.9 dB. The behaviour of the efficiencies can be fitted to Ruze’s equation
(6.38). For the aperture efficiency this yields coefficients ha,0 = 0.660, and da = 2.8 µm.
For the main beam efficiency the coefficients are hmb,0 = 0.664, and dmb = 2.2 µm.
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Figure D.3: Wavelength dependence of the aperture efficiency ha and main beam efficiency hmb
for a telescope diameter D of 3.28 m and Te = -10.9 dB. The solid lines represent fits to Ruze’s
equation.

D.4 Dependence of ha and hmb on Te

The dependence of the aperture efficiency ha and the main beam efficiency hmb on the
edge taper Te is plotted in Fig. D.4. The dependence is given in the low frequency
(long-wave) and high frequency (short-wave) limit of HIFI, being 480 and 1910 GHz
respectively. The plot clearly shows that maximum aperture efficiency is achieved for
Te is approximately -10 dB. This value differs about 1 dB from the design value of
-10.9 dB. The optical design of HIFI assumed central obscuration by the secondary
mirror of the telescope (see Chapter 2). In reality central obscuration was dominated
by the hole in the primary mirror, which was 560 mm as listed in Table 2.1, and affected
by obscuration by the tripods. This was not incorporated into the final design of HIFI.

D.5 Ratio of ha and hmb as function of Te

Finally we show the ratio of ha and hmb as function of Te at the two limiting frequencies
of HIFI. Figure D.5 shows that for the nominal value Te = -10.9 dB, and assuming the
properties of the actual Herschel telescope, this ratio is close to unity (0.99 at 480 GHz,
and 0.97 at 1910 GHz).
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Figure D.4: Aperture efficiency ha and main beam efficiency hmb as function of the edge taper
Te in the low (480 GHz) and high (1910 GHz) frequency limit of HIFI.
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edge taper Te in the low (480 GHz) and high (1910 GHz) frequency limit of HIFI.
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Ver-infrarood licht

Dit proefschrift gaat over de verificatie, karakterisatie en kalibratie van de optische
prestaties van het HIFI instrument aan boord van de Herschel ruimtetelescoop. Het
Heterodyne Instrument voor het Verre Infrarood (HIFI) was een van de drie instru-
menten aan boord van Herschel. De Herschel ruimtetelescoop was een ESA missie
die in Mei 2009 werd gelanceerd aan boord van een Ariane V raket vanuit Kourou in
Frans-Guyana. Figuur 1 geeft een impressie van de Herschel satelliet in de ruimte.
Vier jaar later, in April 2013, was de voorraad vloeibaar Helium om de instrumenten
en detectoren te koelen op, en werd de ruimtetelescoop uitgezet. HIFI heeft uitste-
kend gewerkt bij het waarnemen van een grote verscheidenheid aan astronomische
objecten met hoge spectrale resolutie1. Dit heeft inmiddels geleid tot een groot aantal
belangrijke astronomische ontdekkingen en publicaties.

De Herschel ruimtetelescoop, die aanvankelijk FIRST (Far InfraRed and Sub-milli-
meter Telescope) heette, is op de 200e verjaardag van de ontdekking van het infrarood
in 2000, vernoemd naar de Britse componist, organist, muziekleraar en astronoom Frie-
drich Wilhelm Herschel. De naamgeving van de ruimtetelescoop Herschel refereert
aan het infrarode licht dat Herschel in 1800 ontdekte. In Fig. 2 is te zien hoe Herschel
het zonlicht dat hij bestudeerde met behulp van een prisma, splitste in de verschil-
lende kleuren van de regenboog, het spectrum van het zichtbare licht. Herschel was
benieuwd in welke mate de verschillende kleuren, of anders gezegd golflengten, van
het licht verschillende hoeveelheden warmte transporteerden. Bij toeval ontdekte hij
dat ”onder” het rood (Latijnse vertaling van ”infra”) opvallend veel warmte werd op-
genomen door zijn thermometer zoals afgebeeld in Fig. 2. Daarmee ontdekte hij het
infrarood, voor het menselijk oog onzichtbaar licht, dat in zijn experiment warmte van
de zon transporteerde.

Later in de geschiedenis leidde Max Planck een belangrijke stralingswet af die be-
schrijft hoe de intensiteit van een ideale stralingsbron varieert met de golflengte en

1 Spectrale resolutie is het vermogen waarmee het licht in zijn verschillende kleuren ontrafeld kan wor-
den. Een hoge spectrale resolutie betekent dat de verschillende kleuren heel nauwkeurig van elkaar
gescheiden kunnen worden.
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Figuur 1: De Herschel ruimtetelescoop met aan boord het HIFI instrument. Zie ook Fig. 1.3.
Copyright: ESA.

temperatuur. Deze wet beschrijft ondermeer dat hoe warmer het object is, hoe verder
de piek van het stralingsmaximum toeneemt, en naar kortere golflengtes verschuift.
Deze specifieke eigenschap was al eerder aangetoond door Wilhelm Wien en staat
bekend als de verschuivingswet van Wien. Het maximum van de stralingscurve ligt
bij kamertemperatuur in het langgolvige infrarood op een golflengte van 10 µm. Een
gloeilamp straalt het meeste in het nabije infrarood op een golflengte van 1 µm. Pas bij
nog veel hogere temperaturen, zoals die van onze zon (5500�C), piekt de uitgezonden
straling voornamelijk in het zichtbare licht op een golflengte van ongeveer 0.5 µm
(geel-oranje).

Omgekeerd werkt het ook zo. Heel koude objecten zullen voornamelijk stralen op
heel lange golflengtes. De energie van de fotonen neemt verder af naarmate de straling
langgolviger wordt. Voorbij het infrarood bevindt zich uiteindelijk het ver-infrarood
en submillimeter gebied, d.w.z. straling met een golflengte tussen enkele tientallen tot
honderden µm. Deze straling wordt voornamelijk geproduceerd door zwarte stralers
met temperaturen van 3 tot 100 K (-270 tot ongeveer -170�C). De Herschel telescoop
deed zijn werk in het ver-infrarood en submillimeter gebied en opende daarmee een
compleet nieuw venster op het heelal. De Herschel telescoop en zijn wetenschap-
pelijke instrumenten gaven een unieke blik op het heelal, ditmaal gezien door een
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Figuur 2: Herschel’s ontdekking van het infrarood.

ver-infrarode bril, op golflengtes die nog nooit eerder zo goed waargenomen konden
worden.

Het ver-infrarode heelal

Zoals gezegd nam Herschel het ver-infrarode heelal waar. Astronomen vroegen zich
al langere tijd af wanneer sterrenstelsels zich vormden, hoe ze gevormd werden, of
ze rond hetzelfde tijdstip in de kosmische geschiedenis ontstonden en of de eerste
sterrenstelsels er net zo uit zagen zoals we ze nu zien.

Sterrenstelsels bestaan uit sterren en interstellaire materie. Eén van de bestand-
delen van het interstellaire medium is stof, misschien wel het beste te beschrijven als
kosmische rook of roet. Ongeveer de helft van al het sterlicht dat geproduceerd is in
de historie van het heelal is geabsorbeerd door het interstellaire stof, dat daardoor op-
warmde, en opnieuw uitgezonden in het infrarood. Een aantal sterrenstelsels stralen
bijna al hun energie uit in het infrarood. Herschel was uitstekend in staat om ook het
koude deel van die stofwolken waar te nemen. In Fig. 3 staat het Andromeda stelsel
(M31) afgebeeld zoals waargenomen door Herschel. Linksboven staat het stelsel af-
gebeeld in het zichtbare licht. Rechtsboven is het stelsel te zien zoals waargenomen
door de ogen van de Herschel telescoop. Duidelijk zichtbaar zijn de banen van koud
interstellair stof die ”opgloeien” in het ver-infrarood in de buitenste regionen van het
stelsel. Duidelijk zichtbaar in Fig. 3 is de verstrooiing van zichtbaar licht in het centrale
gedeelte van het stelsel, terwijl de stofwolken in het ver-infrarood nagenoeg transpa-
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rant zijn. Herschel was dus in staat door de stofwolken heen te kijken, vergelijkbaar
met de brandweer die infraroodcamera’s gebruikt om door rook heen te kijken.

Figuur 3: Verschillende opnames van het Andromeda stelsel (M31). Copyright: infrared:
ESA/Herschel/PACS/SPIRE/J. Fritz, U. Gent; X-ray: ESA/XMM-Newton/EPIC/W. Pietsch, MPE; opti-
cal: R. Gendler.

Daarnaast bestaat het interstellaire medium uit massale wolken van koud gas.
Daarin worden, onzichtbaar voor het menselijke oog, nieuwe sterren geboren en pla-
neetsystemen zoals ons zonnestelsel gevormd. Herschel was bij uitstek geschikt om de
koude en zwakke objecten te bestuderen die diep verborgen lagen in het interstellaire
medium. Juist op die plekken klonteren de deeltjes en moleculen samen en worden de
kernen gevormd van nieuwe sterren. Hoe en onder welke omstandigheden dat precies
gebeurt was een van de belangrijkste wetenschappelijke vragen van Herschel. Waar-
schijnlijk worden de koude moleculaire wolken lokaal samengeperst door schokgolven
en hun onderlinge zwaartekracht. In Fig. 4 wordt een prachtige opname door Herschel
weergegeven van een sterrenvormende wolk in de Orionnevel. De heldere puntjes zijn
nieuwe sterren in wording die zich vooral lijken te vormen in een netwerk van uitge-
breide filamenten (een soort spinrag). Herschel nam dus een kijkje in de kraamkamer
van nieuwgeboren sterren.

In de ineenstortende gaswolken ontstaat lokaal een hogere dichtheid. Deze druk-
verhoging leidt normaal gesproken tot opwarming en uitdijing. Door het uitstralen
van fotonen in het ver-infrarood raken de moleculaire wolken hun energie echter weer
kwijt en kunnen daardoor verder condenseren tot een dichtheid waarbij stervorming
kan optreden. Een van de moleculen die een belangrijke rol speelt bij dit afkoelings-
mechanisme is water. Fotonen die door het watermolecuul uitgestraald worden in



Nederlandse Samenvatting 269

Figuur 4: Sterrenvormende wolk in de Orionnevel. ESA/Herschel/Ph. André, D. Polychroni, A.
Roy, V. Könyves, N. Schneider for the Gould Belt survey Key Programme.

het verre infrarood zijn niet of nauwelijks waarneembaar vanaf de aarde vanwege de
massale aanwezigheid van water in onze eigen atmosfeer. De rol van water in het
stervormingsproces was daarmee een van de belangrijkste wetenschapplijke thema’s
voor HIFI. Daarnaast is water natuurlijk ook een essentieel ingrediënt van het leven op
een planeet zoals aarde. HIFI bestudeerde tevens hoe en onder welke omstandigheden
water kon ontstaan in het heelal, en hielp mee bij de zoektocht naar de bron van water
op planeten in ons zonnestelsel. Een Google zoekopdracht op ”HIFI water kometen”
of ”HIFI water Saturnus” geeft een goed overzicht van bijbehorende persberichten.

De Herschel ruimtetelescoop

Hierboven zijn al een aantal ontdekkingen en wetenschappelijke thema’s genoemd met
betrekking tot het ver-infrarode heelal zoals waargenomen door Herschel. Het was
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nodig om vanuit de ruimte waar te nemen omdat grote delen van het ver-infrarode
heelal niet zichtbaar zijn vanaf aarde door de aardatmosfeer die als een deken van
mist om de aarde hangt. Fig. 1.2 laat zien dat de aardatmosfeer slechts op een paar
plekken transparant genoeg is om waarnemingen in het ver-infrarood te kunnen doen.
Op aarde is dat gedeeltelijk mogelijk in het submillimeter gebied op heel droge plekken
en op grote hoogte. Bijvoorbeeld op het Chajnantor plateau in de Atacama woestijn
van Chili of met behulp van vliegtuigen en stratosferische ballonnen.

De Herschel ruimtetelescoop had de grootste spiegel die ooit in de ruimte gelan-
ceerd is. De doorsnede van de spiegel was 3.5 m. Daarmee kon 20 maal zoveel licht
opgevangen worden als eerdere infrarood ruimtetelescopen, waarmee de zwakke en
koude objecten optimaal waargenomen konden worden. De spiegel van Herschel staat
afgebeeld in Fig. 5.

Figuur 5: De gigantische telescoop van ESA’s ruimteobservatorium Herschel zoals die destijds
klaargemaakt werd voor integratie in de satelliet. Herschel maakt gebruik van de grootste spiegel
die ooit in de ruimte gelanceerd is. Copyright: ESA.

Herschel had drie instrumenten aan boord. Daar waar het PACS en SPIRE instru-
ment in staat waren om prachtige foto’s te maken van het ver-infrarode heelal, was
HIFI ontworpen om zeer gedetailleerde spectra op te nemen. De Herschel telescoop
werd daarbij gericht op heel specifieke punten of kleine relatief beperkte gebieden. De
spectra die HIFI opleverde zijn misschien wel het beste te vergelijken met streepjesco-
des waarmee astronomen kunnen ontrafelen welke moleculen en atomen zich in het
gebied bevinden. De specifieke vorm van de spectrale lijnen bevat informatie over de
lokale druk, temperatuur en snelheid van het gas. Met deze informatie kunnen as-
tronomen hun begrip en beschrijving van de chemische processen in het interstellaire
medium verder ontwikkelen en toetsen. Door de ongekend hoge spectrale resolu-
tie, gevoeligheid en nauwkeurigheid was HIFI in staat om de meest complexe spectra
volledig te ontrafelen zoals geïllustreerd wordt in Fig. 1.9. HIFI werd met recht de
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moleculenjager van Herschel genoemd.

Het Heterodyne Instrument voor het Verre-Infrarood

Door de lage energie van de fotonen in het ver-infrarood moesten hele gevoelige su-
pergeleidende detectoren ontwikkeld en gebouwd worden die geschikt waren om er
gedetailleerde spectra mee op te kunnen nemen. HIFI gebruikte daarbij het principe
van de heterodyne detectietechniek. Deze techniek is het beste te vergelijken met de
FM radio. Met behulp van een zuivere afstembron kun je luisteren naar muziek op
je favoriete draaggolf. HIFI had ook zo’n zuivere afstembron, de zogenaamde Local
Oscillator (LO), het equivalent van de FM synthesizer in een radio. Door met de LO
af te stemmen op een bepaalde frequentie, kon het astronomische spectrum op die
draaggolf opgenomen worden. HIFI werkte in 7 golflengtebanden van 157 tot en met
625 µm.

Figuur 6: Het HIFI instrument voor de oplevering aan ESA.

Het HIFI instrument was technologisch zeer geavanceerd (zie Fig. 6). Het vroeg om
een substantiële technologische ontwikkeling, waarbij technologie uit het microgolfge-
bied (GHz) uitgebreid moest worden naar het ver-infrarood naar heel hoge frequenties
(THz). Daarnaast moest de apparatuur om het instrument te testen veelal zelf bedacht
en ontwikkeld worden. HIFI werd ontworpen, gebouwd en getest tussen 1998 en
2007 onder leiding van SRON Netherlands Institute for Space Research als samenwer-
kingsproject van 25 instituten verspreid over 12 landen, te weten Nederland, Canada,
Frankrijk, Duitsland, Ierland, Italie, Polen, Spanje, Zweden, Zwitserland, de Verenigde
Staten en Taiwan. In 2007 werd HIFI opgeleverd aan ESA, waarna SRON betrokken
bleef bij de integratie, test en kalibratie van het instrument in de satelliet tot en met
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de lancering in 2009. Vanaf de lancering tot en met het uitzetten van de satelliet in
2013 ondersteunde SRON de wetenschappelijke operaties en kalibratie van het instru-
ment. Gedurende deze gehele periode, tot op de dag van vandaag, was ik werkzaam
bij SRON en actief op het vlak van ontwerp, verificatie en kalibratie van de optische
systemen van HIFI. HIFI werd uiteindelijk een daverend succes en heeft rond de lan-
cering, tijdens de operaties, maar zeker ook later bij baanbrekende wetenschappelijke
ontdekkingen, ruime aandacht in de nationale en internationale pers ontvangen.

Mijn promotieonderzoek

Vanwege de intrinsiek zwakke objecten die HIFI wilde waarnemen, was het zaak om
alle fotonen op te vangen en zo efficiënt mogelijk naar de detector te leiden. De presta-
tie van het gehele instrument hing niet alleen af van de gevoeligheid van de detectoren,
maar ook van zo goed mogelijk uitgelijnde optiek. Verder hingen de wetenschappe-
lijke prestaties van HIFI nauw samen met de realisatie van de best mogelijke optische
prestaties. Een belangrijk onderdeel van het onderzoek in dit proefschrift besloeg de
verificatie van het ontwerp en de optische prestaties van Herschel-HIFI, door middel
van de ontwikkeling en toepassing van nieuwe karakterisatie- en kalibratietechnieken,
zowel voorafgaand aan de lancering op de grond, als in de ruimte.

Naast het realiseren van de best mogelijk optische prestaties was het ook belangrijk
om zo goed mogelijk te begrijpen wat er gebouwd was. De karakterisatie van het
instrument was nodig om de kalibratie-eisen van HIFI te kunnen realiseren. Op het
moment dat HIFI bedacht werd, was het nog niet precies duidelijk hoe het optisch
ontwerp gemaakt en geverifieerd moest worden. Er bestond nog geen geschikte en
beproefde analyse-software om het optisch ontwerp van instrumenten zoals HIFI door
te rekenen en te controleren.

Een belangrijke doelstelling van mijn promotieonderzoek was om samen met het
ontwerpteam een optisch ontwerp te realiseren dat geschikt was voor het beoogde on-
derzoek van HIFI. Daarbij moest er in het bijzonder aandacht besteed worden aan het
unieke langgolvige karakter van het ver-infrarode licht. Het was niet mogelijk om het
instrument te ontwerpen enkel op basis van klassieke geometrische optica (lichtstralen)
en het was daarom nodig om het golfkarakter van het licht volledig mee te nemen.

In Hoofdstuk 2 wordt het optisch ontwerp van HIFI beschreven. Als lid van het
ontwerpteam droeg ik bij aan een zeer compact en modulair ontwerp met de vereiste
functionaliteit. Daarbij stelde ik al in de ontwerpfase manieren voor om het systeem
uit te kunnen lijnen en experimenteel te kunnen verifiëren op het laagste niveau van
integratie.

Hoofdstuk 3 beschrijft het ontwerp, constructie en een foutenanalyse van een ex-
perimentele faciliteit waarmee ik de optische eigenschappen van HIFI kon verifiëren.
Een unieke eigenschap van deze faciliteit was de mogelijkheid om naast de amplitude
van de lichtgolven ook de kromming van het golffront te kunnen meten. Het systeem
werd ontwikkeld voor 480 GHz en bleek uitstekend te werken door de introductie
van een nieuwe meettechniek die in een extreem hoge fasestabiliteit en gevoeligheid
resulteerde.
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Met behulp van dit systeem werd het optisch ontwerp van HIFI in een vroeg sta-
dium volledig geverifieerd op kamertemperatuur. De resultaten van deze metingen
staan beschreven in Hoofdstuk 4 en werden uitgebreid vergeleken met simulaties. Het
bleek dat de simulaties heel goed overeenkwamen met de metingen. Door de nauw-
keurige uitlijning konden de simulaties en metingen één op één met elkaar vergeleken
worden. Door mijn experimentele opstellingen konden we in een vroeg stadium con-
cluderen dat het optisch ontwerp aan de eisen voldeed en dat de manier waarop we
het instrument wilden gaan bouwen haalbaar en voorspelbaar was.

Figuur 7: Het vacuüm scanner systeem waarmee de optische eigenschappen van het HIFI vlucht-
model geverifieerd werden voorafgaand aan lancering.

Hoofdstuk 5 beschrijft het ontwerp, ontwikkeling en toepassing van een vacuüm
scanner systeem waarmee het vluchtmodel van HIFI gekarakteriseerd kon worden. Dit
experimentele systeem staat afgebeeld in Fig. 7. Het was heel belangrijk om de opti-
sche interface met de Herschel telescoop te kunnen verifiëren. HIFI zou namelijk na
aflevering aan ESA niet verder getest worden in combinatie met de telescoop vooraf-
gaand aan lancering. We moesten dus zeker weten dat het instrument onder cryogene
omstandigheden goed in focus zou staan met de juiste optische eigenschappen. Deze
verificatie werd op twee niveaus gerealiseerd. Voordat het hele instrument samenge-
bouwd werd, bepaalde ik de optische eigenschappen op het laagste niveau van inte-
gratie (op het zogenaamde MSA-niveau). Op grond van de resultaten uit Hoofdstuk 4
kon vervolgens voorspeld worden wat het gedrag op instrumentniveau zou zijn. Met
behulp van de door mij ontwikkelde meettechniek bleken we in staat om voor het eerst
fasegevoelige metingen van cryogene optische systemen met supergeleidende detecto-
ren te kunnen doen met ongeëvenaarde gevoeligheid tot op 1.6 THz. Daarmee werden
een aantal serieuze problemen voor de hoogfrequent banden 5-7 van HIFI gevonden
en in een vroeg stadium gerepareerd. Na uiteindelijke integratie van de MSA’s in
het vluchtmodel van HIFI bleek op instrumentniveau dat de optische prestaties aan
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alle eisen bleken te voldoen. Dat bevestigde dat HIFI klaar was voor lancering en de
wetenschappelijke prestaties zou kunnen waarmaken.

Na lancering was de eerste prioriteit om te kalibreren hoe de telescoop gericht
moest worden om astronomische objecten zo goed mogelijk waar te kunnen nemen.
Daarbij werd gebruik gemaakt van gegevens die in Hoofdstuk 5 werden bepaald.
Hoofdstuk 6 beschrijft de strategie en methode die in de ruimte werd gebruikt om
deze doelstelling te realiseren. Daarbij werd gebruik gemaakt van de planeet Mars.
In Hoofdstuk 6 wordt verder een analyse gepresenteerd van de impact van richtfou-
ten op de wetenschappelijke kalibratienauwkeurigheid van HIFI. Voor puntbronnen
bleek dat de gemiddelde fout wel 15-25% kon bedragen. Dit was van belang voor de
kalibratienauwkeurigheid van HIFI.

Figuur 8: Voorbeeld van een gedetailleerd bundelprofiel op 1.9 THz. Het profiel werd bepaald
met waarnemingen van Mars in de ruimte.

Tot slot beschrijft Hoofdstuk 6 een nieuwe manier om tot een nauwkeuriger be-
schrijving van de optische bundels uit de telescoop te komen. Normaal gesproken
worden deze benaderd met een Gaussische vorm. Op grond van de optische eigen-
schappen van de telescoop, en de vergaarde kennis van de optische bundels van het
HIFI instrument, bleek het mogelijk zeer gedetailleerde bundelprofielen te kunnen be-
palen aan de hand van herhaalde waarnemingen van Mars gedurende de missie. Een
voorbeeld van zo’n bundelpatroon staat op de omslag van dit proefschrift en in Fig. 8.
Deze profielen en bijbehorende karakteristieken zijn inmiddels beschikbaar gesteld aan
de HIFI astronomen, en verwerkt in een bijstelling van de kalibratie van HIFI.

Het promotieonderzoek heeft uiteindelijk geleid tot uitstekende optische prestaties
van het HIFI instrument, met name op de hoogste frequenties van het spectrale bereik
van HIFI. De nauwkeurige experimentele gegevens die gemeten werden op de grond,
bleken bovendien essentieel bij de definitie en interpretatie van waarnemingen in de
ruimte, en waren van significant belang voor de kalibratie en het wetenschappelijke
succes van HIFI.
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