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Abstract

The James Webb Space Telescope (JWST) is a large, cryogenic and infrared-optimized
astronomic space observatory which will lead to ground-breaking achievements in future
astronomy. Due to its observing wavelength range (0.6 − 28 µm), its high sensitivity and
spatial resolution, JWST is the ideal observatory to study the end of the “Dark Ages” of
the universe by detecting first light objects, to detect and observe the very first galaxies and
their evolution until present, to study complex processes in star and planet formation and
to provide indicators for the search for origins of life. The Mid Infrared Instrument (MIRI)
is one of the four scientific instruments and unique due to its observable wavelength range
of 5-28 µm. In this thesis, we focus on two aspects related to MIRI: Preparatory scientific
work in the field of protoplanetary disks, and a series of instrumental investigations in the
context of the Swiss hardware contribution to this instrument.

We describe two studies demonstrating the present-day observing access to protoplan-
etary disks; both studies underline the need for JWST and MIRI for future investigations
and scientific achievements in this field. We concentrate on two different observational
techniques in the infrared wavelength regime to investigate mainly the dust disks around
young stellar objects.

Scattered light images in the near-infrared and advanced modeling techniques allow a
detailed understanding of the structure and composition of circumstellar disks. We demon-
strate this on the basis of a case study of the low-mass T Tauri star IRAS 04158+2805.
Further observations such as polarimetry, mid-infrared spectroscopy, and photometry over
a wide spectral wavelength range are used to confirm and to narrow the model parameters.
We find a total dust disk mass of 1.0− 1.75 · 10−4 M�, an outer disk radius of 1120 AU, a
maximum grain size of 1.6− 2.8 µm and a disk inclination of 62◦− 63◦. We are able to de-
scribe the observations with a disk-only model without protostellar envelope. This shows
that earlier classifications as a class I object, based on its spectral energy distribution,
misinterpret its effective evolutionary state (class II) due to the near-edge-on geometry.
We also add X-ray spectroscopy data to measure the gas column density along the line
of sight and thus achieve for the first time a direct determination of the gas-to-dust mass
ratio (G/D) of a protoplanetary disk, although large uncertainties dominate the result of
G/D ≈ 220.

Mid-infrared spectroscopy is a prolific observational tool to study the dust of protoplan-
etary disks and its chemical composition. The shape of the 10 µm silicate emission feature
depends on the mineralogy of the dust and therefore, the abundances of different dust
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components can be determined, in particular those of amorphous and crystalline silicates.
We show in this thesis that the crystalline mass fraction of the warm dust is negatively
correlated with the X-ray emission of the central object. This leads to the conclusion that
X-rays have a destructive impact on the crystalline structure of the dust grains. Conse-
quently, the complex scenario of dust processing in circumstellar disks gains a new aspect
which has to be taken into account when studying star and planet formation.

JWST will allow us to continue and deepen studies of such protoplanetary disks in great
detail. The same techniques developed in this work will be applied and enhanced, leading
to a much better understanding of the processes of star and planet formation. We show how
JWST meets the required performance for these studies by focusing on the architecture of
the satellite, and we give a short description of the four scientific instruments. We highlight
MIRI and our hardware contribution, consisting of the design, the procurement and the
qualification of the complex Cryoharness and the critical Contamination Control Cover;
the latter is a single-point failure device. To achieve our tasks, we developed a thermal
analysis software as well as a test facility for the qualification of the instrument components
at cryogenic conditions. We describe in detail specific design approaches, the development
and the qualification tests of the Verification, Qualification and Flight Models.

The nominal operational temperature of MIRI is 7 K. The cryogenic condition has
impact on several aspects of the instrument such as the dedicated thermal budget and the
risk of freeze-out of molecules on the optical surfaces of MIRI. The Cryoharness provides 196
electrical lines connecting the mechanisms, calibration sources and the thermal hardware of
the cold instrument with the warmer electronics. The thermal gradient within the electrical
wires leads to a thermal heat load on the cold optical module of MIRI. This heat load has
to be minimized. Therefore, we developed the Cryoharness using advanced thermal design
techniques; we show how the theoretical assessment of the heat load is done and how
we implement it by selecting small-diameter wires of low-conducting materials such as
phosphor bronze and stainless steel. To confirm the assumed thermal conductivity for the
calculations, we measured the conductive thermal heat load of two cable types used for the
Cryoharness. We found the effective thermal heat load to be higher by a factor of ∼1.5
than the analytical, to be considered in the final thermal modeling of MIRI. We confirm
the significance of the result with a calibration measurement.

The impact of contaminants on optical surfaces is demonstrated for a gold mirror,
homogeneously coated with a 1.5 µm H2O ice layer, leading to a reduction of reflectivity
up to one order of magnitude. The risk of the freeze-out of molecules is reduced by
introducing a closing mechanism, the so-called Contamination Control Cover. We present
the design of, and test approach to this cryo-mechanism and further describe a dedicated
measurement to characterize the molecular conductance of its contact-free labyrinth seal.
We complete the discussion about contamination control by describing several procedures
to prevent contamination during the integration and test phase of this space hardware.
We built a test chamber to perform outgassing measurements and to permit the cleaning
of the instrument components on molecular basis.



Zusammenfassung

Das “James Webb Space Telescope” (JWST) ist ein grosses, kryogenisches und infrarot-
optimiertes Weltraumteleskop, das grosse Fortschritte in einem weiten Bereich der zukünf-
tigen Astronomie bringen wird. JWST ist, dank dem beobachtbaren Wellenlängenbereich
von 0.6 − 28 µm, der hohen Empfindlichkeit und der grossen Winkelauflösung, das ideale
Observatorium für die Untersuchung der Endphase des “dunklen Zeitalters”, als die ersten
leuchtenden Objekte das neutrale Universum reionisierten, für die Untersuchung der ersten
Galaxien sowie deren Evolution bis heute, für die Erforschung der Stern- und Planeten-
entstehung sowie für das Auffinden der ersten Spuren von extraterrestrischem Leben. Das
“Mid Infrared Instrument” (MIRI) ist eines von vier wissenschaftlichen Instrumenten von
JWST und ist durch seinen beobachtbaren Spektralbereich von 5 − 28 µm einmalig. In
dieser Dissertation konzentrieren wir uns auf zwei Aspekte, die mit MIRI verbunden sind:
Vorbereitende wissenschaftliche Studien im Bereich der protoplanetaren Scheiben und eine
Reihe von instrumentellen Arbeiten im Zusammenhang mit den Komponenten, die im
Rahmen des Schweizer Beitrags an MIRI beigesteuert wurden.

Den aktuellen beobachtbaren Zugang zu protoplanetaren Scheiben zeigen wir anhand
von zwei Studien, die beide die Notwendigkeit für JWST und MIRI verdeutlichen, um
in diesen Bereichen weitere Erkenntnisse zu erhalten. Wir beschränken uns dabei auf
zwei unterschiedliche Beobachtungstechniken im infraroten Wellenlängenbereich, die die
Untersuchung von Staubscheiben um junge stellare Objekte ermöglichen.

Die Struktur und Zusammensetzung von zirkumstellaren Scheiben lassen sich anhand
von Streulichtaufnahmen im nahen Infrarot und mittels Modellierung studieren. Wir
verdeutlichen dies anhand einer Fallstudie des massearmen T Tauri-Sterns IRAS 04158.
Wir zeigen mit weiteren Beobachtungen, so etwa Polarimetrie, Spektroskopie im mittleren
Infrarot und Photometrie vom nahen Infrarot bis in den mm-Bereich, dass das Model
konsistent ist und die Modellierungsparameter stark eingeschränkt werden können. Wir
bestimmen damit eine totale Staubscheibenmasse von 1.0− 1.75 · 10−4 M�, einen äusseren
Scheibenradius von 1120 AU, eine maximale Staubkorngrösse von 1.6 − 2.8 µm und eine
Scheibeninklination von 62◦− 63◦. Die erfolgreiche Modellierung erlaubt es uns, das Objekt
mit nur einer Scheibe und ohne verbleibende Hülle zu beschreiben. Daher ist die frühere
Klassifizierung dieses Objektes (Klasse I), die nur auf der spektralen Energieverteilung
basiert, unzutreffend und deutet das Klasse-II-Objekt durch die Seitenansicht der Scheibe
falsch. Weiter benutzen wir Röntgenspektroskopie, um die Gaskolonnendichte entlang der
Sichtlinie zum Stern zu messen und können damit erstmals das Verhältnis zwischen Gas-
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und der Staubmasse einer protoplanetaren Scheibe zu ≈ 220 bestimmen.
Spektroskopie im mittleren Infrarotbereich ist ein ergiebiges Mittel, um den Staub in

seiner chemischen Zusammensetzung zu studieren. Die Form der 10 µm-Silikatemission
hängt von der genauen Mineralogie des Staubs ab, und entsprechend kann man damit die
relative Häufigkeit der einzelnen Mineralien sowie deren amorphe und kristalline Anteile
bestimmen. Wir zeigen in dieser Arbeit, dass der Anteil an kristallinem Staub negativ mit
der Röntgenemission des zentralen Objektes korreliert. Wir interpretieren diesen Zusam-
menhang mit dem destruktiven Einfluss von Röntgenstrahlen auf die Kristallstruktur der
Staubkörner. Entsprechend wird das komplexe Szenario der Staubentwicklung innerhalb
einer protoplanetaren Scheibe um einen neuen Aspekt erweitert, was wiederum für das
globale Verständnis der Planeten- und Sternentstehung von Relevanz sein dürfte.

JWST wird uns ermöglichen, solche Studien im Zusammenhang mit protoplanetaren
Scheiben weiterzuführen und zu vertiefen. Die oben beschriebenen Techniken werden auch
auf zukünftige Beobachtungen mit JWST angewandt und weiterentwickelt werden und er-
lauben so einen viel tieferen Einblick in die Prozesse der Stern- und Planetenentstehung.
Wir zeigen, wie die verlangten Leistungscharakteristika von JWST erfüllt werden, indem
wir die Teleskoparchitektur beschreiben und die vier wissenschaftlichen Instrumente kurz
vorstellen. Dabei werden wir MIRI und unseren Instrumentenbeitrag hervorheben; letz-
terer besteht aus dem “Cryoharness” und dem “Contamination Control Cover”. Wir
werden deren Entwicklung und Qualifizierung detailliert beschreiben. Um diesen Beitrag
überhaupt zu ermöglichen entwickelten wir eine thermische Analysesoftware und eine Tes-
tanlage für die Qualifizierung der Komponenten unter kryogenischen Bedingungen.

Die nominelle Betriebstemperatur von MIRI beträgt ca. 7 K, was zu verschiedenen
Komplikationen führt, so etwa das komplexe thermische Budget wie auch das Risiko,
dass flüchtige Moleküle an den kalten Spiegelflächen angefroren werden. Das “Cryohar-
ness” verbindet mittels 196 elektrischen Leitungen die Komponenten auf der kalten In-
strumentenseite mit der warmen Elektronik, was jedoch auch zu einem Wärmefluss inner-
halb dieser Leitungen führt. Um diesen Wärmefluss zu minimieren, zeigen wir zunächst
theoretische Überlegungen, die dann zum endgültigen Konzept des “Cryoharness” geführt
haben. Wir berechnen den resultierenden Wärmefluss und bestätigen die Berechnungen
mittels einer Messung der thermischen Leitfähigkeit des “Cryoharnesses”. Wir finden im
Vergleich zu den theoretischen Werten einen ∼1.5 mal höheren Wärmefluss, entsprechend
muss dies bei einem endgültigen thermischen Model von MIRI mitberücksichtigt werden.

Wir berechnen, dass die Reflektivität einer durch eine 1.5 µm dicke H2O-Eisschicht kon-
taminierte Spiegelfläche bis um eine Grössenordnung kleiner wird. Entsprechend muss das
Risiko, dass die optischen Oberflächen durch das Ausfrieren von Molekülen kontaminiert
werden, reduziert werden. Dies wird mit der Einführung des “Contamination Control Co-
vers” gewährleistet. Wir beschreiben dessen Aufbau, Funktionalität und Testverfahren und
zeigen weiter, wie wir die molekulare Leitfähigkeit der kontaktfreien Labyrinthdichtung bei
kryogenischen Temperaturen gemessen haben. Wir vervollständigen die Diskussion über
Kontamination, indem wir verschiedene Prozeduren zu deren Minimierung während der
Integrations- und Testphase beschreiben. Wir konstruierten eine Testkammer um Ausgas-
raten zu messen und um die Komponenten auf molekularer Basis zu reinigen.
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Chapter 1

Introduction

Summary: The James Webb Space Telescope (JWST) is a cornerstone observatory for
astrophysics of the upcoming decade. This observatory is introduced here by describing its
key features and its scientific justification. We summarize the four major science topics for
JWST: “The end of the dark ages: First light and reionization”; “the assembly of galaxies”;
“the birth of stars and protoplanetary systems”; and “planetary systems and the origin of
life”. The research field of star formation is then discussed specifically in the context of
protoplanetary disks. We focus on the present possibilities of observing the dust content
of these objects and deriving physical parameters from the actual observations. Finally,
we bring this field into context with the capabilities of JWST and show how and what we
will gain from this space observatory.



2 INTRODUCTION

1.1 The James Webb Space Telescope

1.1.1 Overview

The James Webb Space Telescope (JWST) will be a large, cryogenic and infrared (IR)-
optimized space telescope built for achieving a breakthrough in our understanding of the
formation and evolution of galaxies, stars, and planets. Triggered by the numerous achieve-

Figure 1.1: The James Webb Space Telescope

ments of its predecessors, the Hubble Space Telescope (HST), the Infrared Space Observa-
tory (ISO) and the Spitzer Space Telescope, the scientific targets are widely spread across
the entire field of astronomy; it is appropriate to say that JWST will be the cornerstone
optical/IR facility of the next decade.

JWST consists of a primary mirror with a diameter of 6.6 m which is segmented into 18
hexagons to allow such a large mirror to be deployed. Due to the working wavelength range
in the IR, the nominal working temperature of the mirror and the instruments of JWST
is ∼50 K. This temperature is reached by cooling the telescope passively (by radiation)
which requires an efficient shielding against the solar irradiation. Therefore, a large and
deployable sunshield of the size of a tennis court (approx. 22 × 10 m2) separates the
cryogenic telescope from the warm spacecraft. Further, the telescope will be placed in the
Lagrangian point L2, 1.5 million kilometers away from Earth, to avoid thermal influence
from the Earth. The transfer to this orbit takes approximately 100 days during which the
telescope is deployed and cooled to working temperature.

Four instruments are placed in the focal plane of JWST: A near-IR camera (NIRCam),
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a near-IR multiobject spectrograph (NIRSpec) and a tunable filter imager (TFI) combined
with a Fine Guidance Sensor (FGS) will cover the wavelength range of 0.6−5.0 µm while a
mid-IR instrument (MIRI), consisting of an imager and an integral field unit spectrograph,
covers the wavelength range of 5.0 − 28 µm.

JWST is built by a large international collaboration: The lead and the major parts such
as the telescope, the sunshield and the spacecraft are contributed by the United States
National Aeronautics and Space Administration (NASA). Two of the four instruments
(NIRSpec and MIRI) as well as the Ariane V launcher are contributed by the European
Space Agency (ESA), while the Canadian Space Agency (CSA) provides the TFI-FGS.

Table 1.1 summarizes the major characteristics of JWST. The advantages of an IR

Table 1.1: JWST Fact Sheet

Primary mirror 6.6 m diameter, 18 hexagonal beryllium segments
Instruments NIRCam, NIRSpec, MIRI, TFI
Wavelength ranges 0.6 - 5.0 µm (NIRCam, NIRSpec, TFI)

5.0 - 28 µm (MIRI)
Operational temperature 50 K (Telescope)

40 K (NIRSpec, NIRCam, TFI)
7 K (MIRI actively cooled with cryocooler)

Lifetime 5 - 10 years
Orbit L2
Launcher Ariane V

observatory with a large cryogenic primary mirror placed in space are manifold: The
sensitivity of any Earth-based IR observatories is limited due to the high background
emitted by the warm telescope and the atmosphere. On the other hand, present space
IR telescopes such as Spitzer or former missions such as ISO have reduced background
but a very limited light collecting area due to the relatively small size of the primary
mirrors (Spitzer: 85 cm, ISO: 60 cm); this also leads to a reduced spatial resolving power,
compared to large Earth-based observatories. JWST will combine both strengths, the low
background and the large collecting area with the corresponding high resolving power.
Figure 1.2 demonstrates the gain of MIRI/JWST in terms of mapping time compared
to Spitzer and an 8 m and 30 m ground based telescope. The background of JWST is
dominated by the zodiacal light for the shorter wavelengths, by backscattered emission from
the sunshield in the central wavelength range and by the thermal emission of the primary
and secondary mirror including their supporting structure for the longest wavelengths.

1.1.2 Scientific Objectives

The scientific objectives of JWST fall into four broad themes: First light and reionization;
the assembly of galaxies; the birth of stars and protoplanetary systems; planetary systems
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Figure 1.2: Gain in survey speed (astronomical capability) of MIRI on JWST over Gemini,
SIRTF (the pre-commissioning name of Spitzer), and a 30-m diffraction limited ground-
based telescope. For the latter telescope, the performance at the shorter wavelengths
depends critically on Multi-Conjugate Adaptive Optics and hence has not been included
in the figure (from Rieke et al., 2003, Figure 1).

and the origin of life. A detailed description of all four topics can be found in Gardner
et al. (2006). In the following paragraphs these subjects are briefly summarized.

1.1.2.1 The End of the Dark Ages: First Light and Reionization

After the “recombination” of protons with electrons, the early universe (∼400,000 years
after the Big Bang or redshift z = 1088) was dominated by neutral hydrogen atoms. Since
no stars were formed at that time, the universe missed any light source and this epoch is
called “Dark Ages”, consequently. At some instance in this period, density inhomogeneities
led to the formation of the first stars and galaxies. The first-light objects (high-mass
Population III stars and quasars) emitted photons with enough energy to reionizise the
hydrogen in their environment. The increasing number of formed and shiny objects led to
the end of the Dark Age, approximately 1.5 · 108 − 1 · 109 years (z ≈ 20 − 6) after the Big
Bang.

The reionization epoch and its chronological characterization are still poorly con-
strained. The detection of the first-light objects and their study is the key to a better
understanding of this early phase of the universe. While JWST will not be able to de-
tect the very first Population III stars directly, their observation might become feasible
as super-luminous supernovae or even gamma-ray bursts, highly redshifted (z ≥ 20) and
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therefore detectable for JWST. However, JWST will be able to directly detect the light
of typical (except the very early ones at z = 50) primordial and low-metallicity first-light
proto-galaxies at z = 30.

For the identification of the first galaxies, JWST requires three instruments: NIRCam
will provide the candidates, NIRSpec helps to confirm the redshift and to determine their
metallicity by measuring, e.g., the redshifted oxygen line at 1665 Å, and MIRI will confirm
that no older stellar population is present, which would appear much brighter in the MIRI
wavelength bands (Stiavelli et al., 2007).

To identify a sample of highly redshifted galaxies, JWST will make ultra-deep broad-
band filtered imaging surveys as follow-up observations of the Hubble ultra-deep field
(UDF). Figure 1.3 shows a simulated JWST galaxy field. The redshift is determined using
the Lyman break technique which allows an identification up to z = 20 or higher.

Figure 1.3: Simulated ultra-deep survey of a 2’ × 2’ field of view with JWST. The false
colors refer to 0.7 (blue), 0.9 (green) and 2.0 µm (red). The Hubble UDF has been convolved
with the JWST PSF and scaled to a 20 h exposure with JWST. Credit: www.stsci.edu.
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1.1.2.2 Assembly of Galaxies

The evolution of galaxies from their earliest appearance during the epoch of reionization
until present is the key question of the second theme, “the assembly of galaxies”. Galaxies
host most of the astrophysical complexity in the universe, and their formation process is
directly connected to the relatively simple early universe. The distribution of the dark
matter affects the most basic properties of galaxies while the subsequent complexity of the
baryonic matter produces morphological symmetries and diverse properties of the present-
day galaxies. A deeper understanding of these processes is fundamental for cosmology and
astrophysics in general.

JWST is an ideal instrument to investigate the context of Hubble Sequence galaxies
and their evolutionary link with star formation, appearance and environmental conditions.
NIRCam will be used for the Deep-Wide Survey (DWS) to identify galaxies and their
redshift within 1 < z < 6 where all galaxies will be detected which are brighter than the
Small Magellanic Cloud, hypothetically placed at z ∼ 5.

Further, JWST will help to study the poorly constrained metallicity of the material of
galaxies at high redshift, which helps to develop models of the chemical evolution up to
their present-day descendants. NIRSpec provides follow-up multi-object spectroscopy of
thousands of galaxies previously identified by the DWS with NIRCam.

MIRI will be helpful for spectral observations at R ∼ 1000 of high-luminosity galaxies
obscured by dust to reveal the kinematics of merging systems and to determine the energy
source of these objects.

1.1.2.3 The Birth of Stars and Protoplanetary Systems

The third topic, “The Birth of Stars and Protoplanetary Systems”, covers the key questions
in the field of star and planet formation science, starting at the early evolutionary state
of collapsing molecular clouds up to the process of disk formation and their evolutionary
processes.

The study of the density distribution for dense molecular cores in the context of their
wider environment is essential for the understanding of the initial conditions of star for-
mation. Since collapsing cores appear as cold objects with a high extinction of the light
from their hotter center, the only present-day access to these objects lies in the mm range
where spatial resolution is of order of a few arcsec. With the future sub-mm array ALMA,
this resolution will be brought down to 10 milli-arcsec. However, JWST will bring novel
access to the warmer inner region of a collapsing core due to the high sensitivity and spatial
resolution, which allows the detection of highly extinguished IR emission. Further, apart
from the ∼20 K blackbody spectral energy distribution (SED), additional mid-IR excess,
detectable with JWST, is predicted due to radiation scattering. This process depends
strongly on the density and temperature structure of the collapsing core, and its properties
can be derived by the study of the mid-IR spectrum.

Another aspect is the influence of the environment on the star formation process and
vice versa. In star formation regions the massive O and B stars form faster than their lower-
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mass twins (although their formation is poorly understood) and their high UV luminosity
leads to the evaporation of the environmental dust which might halt the star formation
process by terminating the material supply used for the accretion process. On the other
hand, the high radiation pressure and the strong outflow winds from O and B stars lead
to the compression of the surrounding molecular material, which may trigger new episodes
of star formation. The study of the gas and dust properties of highly embedded sources in
the vicinity of high mass stars will provide more evidence of the latter’s influence on the
overall star formation process.

In the later evolutionary state, protoplanetary disks are major targets of investigation
due to their direct link with the formation of planets. One key element of this question is
the evolution of dust grains and their growth and mineralogical history to understand how,
when, and where planetesimal formation is taking place. Another tracer which becomes
important is the spectral characterization of the disk to investigate the composition of the
dust grains as a function of their location since their major components such as silicates,
CO2, H2O as well as organic molecules are the essential building blocks of planets and pos-
sibly life. Ground-breaking high-spatial resolution imaging and spectroscopy with JWST
will help to study the different regions of disks and their evolutionary state.

In Section 1.2 we review the science of circumstellar disks around young stellar objects
(YSO) more specifically and focus there on dust properties and evolutionary effects in the
context of future JWST observations.

1.1.2.4 Planetary Systems and the Origins of Life

The transition from protoplanetary disks to giant planets is still poorly constrained (in
particular the potentially different origin of planets and brown dwarfs), and so is their
influence on the formation of terrestrial planets. JWST will provide broad and narrow-
band photometry of giant planets and brown dwarfs to derive their metallicity as a function
of their environment and host star. With the coronagraphic capability, JWST will be
able to investigate the components of the atmospheres of Jovian planets, their effective
temperatures, and radii.

The comparison of global properties of our Solar System with properties of circumstellar
disks and debris disks will allow a global view on the distribution of the major condensables
and the effect of planets on the distribution of dusty material. JWST will provide detailed
observations of the structure and mineralogical composition of nearby debris disks which
will uncover dynamical effects and the molecular and mineralogical distribution of planets.

The source of water and organic material in the habitable zones around stars is still
a controversial topic. The question if the terrestrial water was transported to our Earth
by comets can be addressed with JWST by measuring isotopic ratios in comets and larger
Kuiper Belt bodies.
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1.2 Observing and Understanding Protoplanetary

Disks, Now and in the Near Future

1.2.1 Disks in the Context of Star and Planet Formation

Stars form where the interstellar medium (ISM), consisting of gas and dust, is highly con-
centrated in dense, cool molecular clouds. Once the gravitational force exceeds the internal
thermal pressure, the material starts to collapse, which initializes the star formation pro-
cess. Due to the initial angular momentum of the cloud, most of the infalling matter will
not fall directly onto the protostar but forms a disk around it where it is slowly transported
towards the central object and finally accreted onto the star. Gravitational torques within
the disk and viscous stresses transport angular momentum to the outer region and conse-
quently, most of the matter moves inward. Only a small fraction of the matter carries all
the angular momentum to the outer region.

The disks grow to sizes of several 100 AU, and their outer limits are determined only
by photoevaporation or gravitational truncation due to nearby objects. The collapsing
phase lasts a few 105 years in which the accretion rate within the disks is very high (Ṁ ∼
10−5 − 10−6 M�/yr), rapidly dropping to Ṁ ∼ 10−7 − 10−9 M�/yr once the infall phase is
over (Nakamoto & Nakagawa 1994 and Hueso & Guillot 2005). Once the collapsing phase
is over, the disk and the central object are no longer hidden by the previously existing
envelope, and direct observations of the disk become feasible. Therefore, we know very
little about the disk forming process in the earliest phase but have accumulated more
knowledge about the mature state of the disk up to its transition into an optically thin
debris disk at the end of the star forming process.

During its lifetime, a disk around a protostar evolves and plays an important role for
the evolution of the gas and dust compositions, their abundance, chemical composition
and physical properties. Although the major contributor to the disk mass is the gas, the
dust and its radiative shielding properties are of great importance for the global evolution
of the disk.

Beside its role for the mass accretion of the protostar, the disk is the birthplace of
planets and is therefore often called a protoplanetary disk. Since the formation of planets
is still poorly understood, the study of disks is of great interest to address key questions
such as the buildup of terrestrial and water rich planets located in the habitable zone of
a stellar system. Although the overall goal remains to understand the origin of our solar
system and our own planet, more basic questions need to be addressed first such as those on
the chemical and physical processing of dust grains in the disks up to sizes of planetesimals,
the location of the gas within the disk, and the overall properties of the disk.

1.2.2 Observational Access

Presently, protoplanetary disks are mainly observable due to their dust content since their
thermal emission and optical thickness dominate the weak emission lines of molecules
immersed in the disk. Exceptions are generally valid for mm-observations where the dust
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gets optically thin and the detection of, e.g., the rotational transition of CO molecules is
easily possible. In some exceptional cases and with the help of high-resolution and sensitive
spectrometers, molecular lines in the mid- and far-infrared regime can be observed (see van
Dishoeck 2004 for a review of observations performed with the Infrared Space Observatory,
ISO). We focus in this section on more standard detection techniques as we make use of
them in the later chapters.

1.2.2.1 The Spectral Energy Distribution

One of the most prominent diagnostic tools for protoplanetary disks is their Spectral Energy
Distribution (SED). Figure 1.4 shows a sketch from Dullemond et al. (2007), describing
the composite emission from the different regions around the star. The stellar photosphere

Figure 1.4: Structure of the SED of a flaring protoplanetary disk and the origin of various
components (from Dullemond et al. 2007).

dominates the wavelength region in the visual and near infrared, assuming no additional
extinction is present due to the dusty material of the environment (mainly the remaining
envelope, or the disk itself in case of an edge-on aspect geometry). As the disk is hotter
in the center and cooler in the outer regions, the mid- and far-infrared emission is a su-
perposition of blackbody spectra of gradually decreasing temperatures. The disk is mostly
optically thick but on its surface, emission features of the dust grains can be observed,
most prominently the 10 and 18 µm Si-O stretching and O-Si-O bending modes. These
features can be used to investigate chemical evolutionary processes of the grains such as
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crystallization or grain growth. In Chapter 3 we explicitly use the 10 µm compositional
feature to determine the mineralogy of some disks around T Tauri stars (young stars with
a stellar mass of 2 M� or less). However, this feature is emitted only by dust located
at the disk surface close to the star, with temperatures around 300 K; it is therefore not
representative of the dust in the disk midplane.

The sketch described above applies once the protostellar envelope has disappeared. If
the envelope is still present, the light from the stellar photosphere is extinguished and the
flux from the cold dust at longer wavelengths increases. On the other hand, in a late evolu-
tionary state when the disk itself has disappeared, the SED comprises the stellar emission
only. Therefore, it is a valid first-order approach to classify the stellar age according the
shape of the SED, considering the infrared spectral index αIR (Lada, 1987)

αIR ≡
d log(λFλ)

d log λ
(1.1)

differencing the flux between 2.2 µm and 10 µm to quantify an increase or decrease of flux
towards the mid-infrared. Objects with an increasing slope, i.e. αIR > 0, are categorized
as class I objects, while a class II object has −1.5 < αIR < 0, and a class III object has
−1.5 > αIR. Additionally to this classification standard, class 0 objects were later added
to describe deeply embedded young objects with an excess seen only in the far-infrared
and millimeter regime (André et al., 1993). While the evolutionary state of the star-disk-
envelope system is well characterized by this classification, care must be taken since, as we
will show in Chapter 2, complex or edge-on geometries can lead to erroneous interpretation.
Further, as we discuss in the next paragraph and in Chapter 2, scattering of stellar light at
the disk surface can amplify the flux of the photosphere-dominated SED regions while the
interstellar material can extinguish it. Therefore, the SED is a very useful tool to study
the overall state of the star-disk-envelope system but other quantities should be taken into
account to ensure an unambiguous classification of the object.

1.2.2.2 Scattered Light Images

Near-IR stellar light is efficiently scattered on small grains located at the disk surface.
Since large ground-based observatories and the HST have the power to resolve distances of
a few 10 AU at these wavelengths (depending on the distance to the object but assuming
distances to nearby star-forming regions here), scattered light images are currently the
most powerful tool to investigate the structure and shape of the disks. Unfortunately, only
a few objects have been observed this way so far, but an increasing number is leading
to a more and more complete sequence of observed evolutionary states. As an example,
six objects observed with HST in scattered light are shown in Figure 1.5 (Padgett et al.,
1999). The objects are ordered in decreasing circumstellar mass which corresponds, to
some extent, to the evolutionary state of the disk. Note that all these objects are edge-
on, which means that the central object is highly extinguished. To observe disks with a
non-edge-on geometry, the central object has to be attenuated with a coronagraph.



1.2 Observing and Understanding Protoplanetary Disks 11

Figure 1.5: HST/NICMOS images of six young stellar objects in Taurus, arranged in order
of decreasing circumstellar mass. These are pseudo-true color composites of NICMOS
F110W (1.1 µm), F160W (1.6 µm), and F205W (2.05 µm) broadband observations. Note
that objects (e) and (f) are subarcsecond binaries. North is up in all images (from Padgett
et al. 1999).

As we show in Chapter 2 (and in Glauser et al. 2008c), scattered light images can
be compared directly with models of circumstellar disks to obtain their global mass dis-
tribution and structure. Further parameters such as disk flaring, grain size distribution
and grain growth can also be derived from the comparison of scattered light images with
models.

1.2.3 Disk Structure and Temperature Distribution

Circumstellar disks can be described, in a first-order approximation, by an axially symmet-
ric geometry with only radial and vertical dependencies. It has been noticed by Kenyon &
Hartmann (1987) that the strong far-infrared flux of most sources is best explained by a
flaring geometry of the disk, allowing an illumination of regions far away from the central
object. Otherwise, the optically thick dust would not allow the stellar radiation to reach



12 INTRODUCTION

the outer parts, and the disk temperature Teff(r) as a function of radial distance would only
be set by radiative transfer and depend only on the stellar luminosity and the blackbody
cooling of the disk. This would yield to a power law of the form Teff ∝ r−3/4 and hence
an infrared spectral index of αIR = −4/3 (according Dullemond et al. 2007, by translating
their result for the SED slope s into the infrared spectral index αIR). Taking disk flaring
into account, typical temperature distributions follow a flatter power law, typically of the
form Teff ∝ r−0.5.

As already mentioned in the previous section, the disk surface shows lower density
and is therefore optically transparent an hence the dust grains are directly exposed to the
stellar irradiation. This results in a temperature difference between the disk surface and
the lower, more opaque layers by a factor of about 2-4, assuming no internal disk heating
due to accretion (Dullemond et al., 2007).

Dedicated 1+1D disk modeling by D’Alessio et al. (1998), which takes diffuse radiative
transfer, stellar irradiation and viscous dissipation into account, shows that disks can be
divided into 3 different zones: An outer zone, dominated by irradiation, an inner zone dom-
inated by viscous dissipation and an intermediate region which is, close to the midplane,
dominated by viscous dissipation, and on the surface, dominated by irradiation. This kind
of model describes the observed SED reasonably well but overpredicts some far-infrared
flux. An explanation for this discrepancy could be dust settling towards the midplane.
Observable evidence for dust settling and grain growth supports this argumentation, such
as the study of the 10 µm feature (see, e.g., Sicilia-Aguilar et al. 2007 and Chapter 3) or
sub-mm and mm-observations (see, e.g., Qi et al. 2003).

The dust disk is truncated relatively sharply at its inner edge due to the dust subli-
mation at temperatures of around 1500 K; this region is located at about 0.5 AU for a
50 L� star. Within this radius, the disk is optically thin and the gas fully exposed to the
stellar irradiation, leading to a high ionization rate and hence to a strong coupling to the
magnetic field of the star which allows for the accretion of the gas onto the star. The sur-
face of the inner rim is exposed to stellar irradiation perpendicularly and hence, the dust,
located at this region of the disk, must be much hotter than the rest of the disk behind.
The shielding effect due to the presence of dust leads to an abrupt temperature drop in the
disk equatorial plane for both contents, the dust and the gas. As we move further out, the
gas temperature in the midplane drops below the sublimation temperature of some of the
gases which then freeze out onto dust grains. Observable evidence for such freeze-out is
frequently seen in absorption features by cold dust from the outer disk or the protostellar
envelope for, e.g., H2O at 3 µm or CO2 at 15 µm (a inventory of ice absorption features
can be found in van Dishoeck 2004). In the warmer region above the gas sublimation
temperature (i.e. closer to the star or at larger heights above the disk midplane) chemical
reactions are very likely to build up complex molecules due to the high density of the gas
and the moderately high temperature still sufficiently low to prevent destruction. As we
move further up towards the disk surface, the shielding effect of the dust gets less and less
efficient and highly energetic photons can penetrate into the disk. Therefore, we expect
to find, as a function of irradiation, layers of simpler molecules such as H2 and CO and
above them, atoms and finally ions. The surface of the upper layers is well exposed to the
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irradiation from the protostar, and efficient heating by UV photons and X-ray occurs. The
gravitational binding of the outer region of the disk surface to the central object and the
disk is less dominant, and due to the high surface temperature, molecules and atoms reach
thermal energies high enough to escape. This process is called photoevaporation and plays
a very important role in disk evolution. The molecular outflows, induced by the photoe-
vaporation, are often observed in objects with a circumstellar disk; their existence might
be another important carrier of angular momentum, transported away from the system.
Figure 1.6 summarizes the dust and gas structures of a protoplanetary disk as discussed
above (from Dullemond et al. 2007).

Figure 1.6: Sketches of the dust (left) and gas (right) disk structure (from Dullemond et al.
2007).

1.2.4 JWST for the Study of Protoplanetary Disks

The strength of high-spatial resolution imaging of protoplanetary disks has been demon-
strated already with large ground-based telescopes and HST for the near-IR; ISO and
Spitzer provided high sensitivity in the mid-IR. JWST will combine both higher angular
resolution and high sensitivity for the near- and mid-IR wavelength range. Three aspects
are described briefly below for illustrating the benefit of using JWST for the study of
protoplanetary disks.

Due to the availability of much deeper observations, the study of highly embedded
objects such as disks in their natal phase becomes feasible. It is very likely that the major
part of the dust settling towards the disk midplane happens during the formation of the
disk itself. At the current time, no observational access is avaiable as the environmental
matter is still located in the envelope of the YSO. With JWST it will be possible to better
study not only the structure of the disk but to address its origin in the first place.
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For the class II objects discussed above, JWST will provide detailed insight into the
structure of their disks. While the near-IR will often be dominated by scattered light, the
mid-IR probes the inner warm disk directly, and with the resolution power of JWST it
will be possible to map these regions directly. With the help of the coronagraphs in the
near-IR and mid-IR instruments, pole-on objects are also easily observable.

Thanks to the improved sensitivity compared to Spitzer, JWST will be able to mea-
sure the SED of an immensely large sample of objects hardly detected by the previous obser-
vatories. This allows access to more complete statistical samples. Given the higher spectral
resolution compared with Spitzer and the higher sensitivity compared with Spitzer and
ISO, molecular transition lines are more likely detectable and hence allow the study of the
gaseous disk and its major component, the H2 molecule, much more accurately and in a
larger stellar sample.

The science of protoplanetary disks will radically change with the availability of JWST;
we will gain a much closer and deeper understanding of the full sequence from the birth of
the disks, their physics and evolution to their transition into planets and debris disks.



Chapter 2

3-D Modeling of Circumstellar Dust
Disks

Summary: We present a study of the circumstellar environment of IRAS 04158+2805
based on multi-wavelength observations and models. Images in the optical and near-
infrared, a polarization map in the optical, and mid-infrared spectra were obtained with
VLT-FORS1, CFHT-IR, and Spitzer IRS. Additionally, we used an X-ray spectrum ob-
served with Chandra. We interpret the observations in terms of a central star surrounded
by an axisymmetric circumstellar disk, but without an envelope, to test the validity of this
simple geometry. We estimate the structural properties of the disk and its gas and dust
content. We modeled the dust disk with a 3D continuum radiative transfer code, MC-
FOST, based on a Monte-Carlo method that provides synthetic scattered light images and
polarization maps, as well as spectral energy distributions. We find that the disk images
and spectral energy distribution narrowly constrain many of the disk model parameters,
such as a total dust mass of 1.0 − 1.75 · 10−4 M� and an inclination of 62◦ − 63◦. The
maximum grain size required to fit all available data is of the order of 1.6−2.8 µm although
the upper end of this range is loosely constrained. The observed optical polarization map is
reproduced well by the same disk model, suggesting that the geometry we find is adequate
and the optical properties are representative of the visible dust content. We compare the
inferred dust column density to the gas column density derived from the X-ray spectrum
and find a gas-to-dust ratio along the line of sight that is consistent with the ISM value.
To our knowledge, this measurement is the first to directly compare dust and gas column
densities in a protoplanetary disk.
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2.1 Introduction

Accretion disks are key elements in star and planet formation scenarios. They provide the
material for accretion leading to star and planet building, they provide the energy and
material for launching jets, and they are the medium through which angular momentum
is transported away. Knowing their geometrical and physical properties is important for
understanding these processes and their evolution.

Large-scale surveys have been performed to search for disks around young low-mass
pre-main sequence stars (e.g., Stapelfeldt et al., 2003; Schneider et al., 2005), the so-called
T Tauri stars. A few tens of disks have been imaged and, for many of them, images are
available over a progressively broader wavelength range, enabling deeper studies of the disk
properties.

However, the properties of disks around more massive stars and, of concern here, around
the lower mass late M dwarfs and brown dwarfs remain poorly known, because images for
these disks are still extremely rare. As a consequence, our knowledge of the circumstellar
environment of these objects is based solely on spectral energy distribution (SED) fitting.

In this chapter we present a study of IRAS 04158+2805, a low-mass star located near
the substellar boundary. The classification of IRAS 04158+2805 varies in the literature,
with most authors agreeing on a late spectral type, implying a very low stellar mass. The
recent paper by Luhman (2006) concludes that its spectral type is consistent with a low
mass star close to the brown dwarf limit. IRAS 04158+2805 is located at a distance of
140 pc, in the L1495 east dark cloud, which is part of the Taurus molecular cloud complex.
It is surrounded by an extended reflection nebulosity seen in scattered light. It propels a
well-collimated, ionized atomic jet seen in Hα that extends at least out to 60 arcsec to the
north. The object is probably located in the foreground of the large reflection nebulosity
illuminated by V892 Tau, one of the rare Herbig Ae stars of the Taurus cloud, because the
disk of IRAS 04158+2805 appears in silhouette over the reflection nebulosity. This is the
only such case in Taurus to our knowledge.

In this chapter, we apply an axisymmetric, inclined-disk model to our data, fitting near-
infrared images, near- and mid-infrared photometry, mid-infrared spectroscopy, millimeter
photometry, and near-infrared polarimetry to derive disk geometry, disk mass, and dust
composition. The large size of the disk derived from the near-infrared images (radius
of approximately 8 arcseconds in the I-band, corresponding to 1120 AU at a distance of
140 pc) is intriguing, especially around a star of such a low mass. We will show that the data
are compatible with an inclined disk without any need to invoke a larger envelope. The
chapter is organized as follows. Section 2.2 presents the observations which are further
discussed in Section 2.3. In Section 2.4, we discuss the modeling of the dust disk. We
estimate the structural model parameters of the circumstellar disk and we discuss the
quality and the uniqueness of the solution found in Section 2.5. We present our conclusions
in Section 2.6.
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2.2 Observations and Data Reduction

2.2.1 Optical Imaging and Polarimetry

2.2.1.1 Observations

IRAS 04158+2805 was observed on December 12, 2001 in the I-band with the FORS1/
IPOL instrument. The weather conditions were good and the seeing was measured between
0.′′9 and 1′′ over the observation period. The total field of view (FOV) of FORS1/IPOL is
6.′8×6.′8 in the Standard Resolution mode with a focal scale of 0.′′2/pixel. Polarimetry was
performed by inserting a Wollaston prism in the beam. The prism splits the incident light
beam into two separate beams of orthogonal polarization states, the so-called ordinary
(o) and extraordinary (e) beams. A stepped half-wave plate retarder was placed at the
entrance of the incident beam and was rotated by steps of 22.5 degrees. The separation of
the two o− and e− beams on the CCD is performed by the Wollaston prism and overlap of
the two beams is avoided by inserting a 9-slit focal mask. Each slit in the mask provided a
∼ 20′′ × 6.′8 FOV. Images of IRAS 04158+2805 were recorded at 8 retarder positions with
an integration time of 3 minutes per frame. The images were then combined to yield the
Stokes parameters I, Q and U .

2.2.1.2 Data Reduction Pipeline

A dedicated data reduction pipeline was written using NOAO/IRAF (see, e.g., Monin
et al., 2006). The images are first corrected for bias and bad pixels, and then flat-fielded.
In the next step, the images went through a polarization extraction routine in which the
normalized flux difference between the ordinary and extraordinary images is calculated for
every pixel of the image, and a Fourier series was computed to derive the Stokes parameter
I, Q and U1: We first computed the normalized flux difference F from the target flux f :

F (θi) =
f o(θi) − f e(θi)

f o(θi) + f e(θi)
(2.1)

Thereafter we computed Q and U :

Q =
N−1∑

i=0

2

N
F (θi) cos(4θi) (2.2)

U =

N−1∑

i=0

2

N
F (θi) sin(4θi) (2.3)

The absolute errors were estimated by using two independent methods: first, from the
photon noise on the e− and o−beams separately, and then propagating the errors in the

1See the FORS user manual at http://www.eso.org. The polarization level, P , is obtained by calculating

P =
√

Q2 + U2/I and the position angle, Θ, by calculating Θ = 1/2 arctan(U/Q).
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calculations of Q, U , P and Θ; second, by measuring the standard deviation on the 8
images from the half-wave plate rotation. Both methods gave consistent results, of order
0.3%. The final intensity map is presented in Figure 2.1.

Figure 2.1: I−,H− and K−band contour plots of IRAS 04158+2805. The contour lines
are on the levels Imax · 2

−n with n = 1, . . . , 9 or 10 for the K−band image respectively.

2.2.1.3 Instrumental Polarization

We estimated carefully the instrumental polarization at the center of the FORS1 field by
measuring nearby (i.e., high proper motion) unpolarized targets. We observed GJ 781.1
and GJ 2147, two high proper motion stars. Because the immediate solar neighborhood is
remarkably devoid of dust (e.g., Leroy, 1993, 1999) the interstellar polarization of nearby
stars can be considered null. The average of 4 measurements on both GJ objects gives
Pinst = 0.02%± 0.03%. We therefore believe that FORS1/IPOL instrumental polarization
is very low on-axis, well below 0.1% at the center of the field, and we did not attempt to
remove it from the measurements.

On the other hand, Patat & Romaniello (2006) showed that FORS1 presents a spatially
variable instrumental polarization component. This component follows a radial pattern
with an intensity scaling as 0.06 r2 (in % if r is in arcmin), ranging from 0.1% in the
central region, one arcmin in radius, to 1% at the edge of the FOV. First, the absolute
value of the instrumental polarization is low (0.23% at the position of the source) compared
to the observed polarization of IRAS 04158+2805 which is always higher than 3%. Second,
since the source is small compared to the FOV, we decided to neglect the spatial variation of
the instrumental polarization on the FORS1 detector because it does not vary significantly
across the object.

2.2.2 Near-Infrared Imaging

On October 29 and 30, 2001, we used the near-infrared CFHT-IR camera (Starr et al.,
2000) at the Canada-France-Hawaii Telescope to obtain H− and K−band images of
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IRAS 04158+2805 with a pixel scale of 0.′′211/pixel and a total FOV of 3.′6. Conditions
were non-photometric and the seeing during the observations was 0.′′65 at K−band and
0.′′9 at H−band, as measured from the average FHWM of several unresolved point sources
located in the FOV. With each filter, two series of 10 jittered images were obtained in sep-
arate sets. Each set of images was first reduced as an independent dataset in the following
manner. All images were median-combined to create a sky frame, which was subtracted
from each image. The images were then flat-fielded, registered based on the location of a
bright point source in the field and median-combined. The two independent images per
filter resulting from this procedure were then averaged together to produce the final images
presented in Figure 2.1.

2.2.3 Mid-Infrared Spectroscopy

We use archival data of the Spitzer Infrared Spectrograph (IRS, see, e.g., Houck et al.,
2004) observation from March 4, 2004 (program request 3534848) which was done in the
spectral mapping mode with the two low resolution channels: Short-Low (SL; 5.2-14 µm,
λ/∆λ ∼ 90) and Long-Low (LL; 14-38 µm, λ/∆λ ∼ 90). The mapping mode (3 exposures
across the target for each slit and 2 nodding positions each) was chosen due to the small
mispointing of Spitzer in the early mission. Therefore, the flux of the object is separated
in two or three observations. To recover the photometric information, all three parallel
exposures were summed for the SL while the overlap of the FOV of the LL-slit is such that
the full flux is extractable by summing the first and last exposures.

We used the final products from the Spitzer Science Center’s IRS data-reduction
pipeline (post-BCD). To allow a background subtraction the two nodding observations
were used to subtract them from each other. The data extraction was done with the
Spitzer IRS Customer Extractor software (SPICE) provided by the Spitzer Science
Center.

2.2.4 X-Ray Spectroscopy

IRAS 04158+2805 was serendipitously observed by the Chandra X-ray Observatory in a
field pointing at the L1495 East dark cloud around V410 Tauri. The observation was
performed with ACIS-S on March 7, 2002 between 6:16 UT and 11:45 UT, with a useful
total exposure time of approximately 17700 s. IRAS 04158+2805 was located 11.′6 off-axis
on the ACIS-S chip S1. This resulted in a rather distorted, extended point spread function
(PSF) with considerable background contributions. The data were, however, sufficiently
clean to extract a useful spectrum (see Figure 2.2).

We reduced all ACIS-S data using standard analysis techniques following the Chandra
CIAO Science Threads2. Specifically, we flagged bad pixels, applied CCD charge transfer
inefficiency corrections to create a so-called level2 events file. We extracted source counts
from a circular area with a radius of 27.′′6 around the source. To define a background

2http://cxc.harvard.edu/ciao/threads/



20 3-D MODELING OF CIRCUMSTELLAR DUST DISKS

Figure 2.2: X-Ray spectrum of IRAS04158+2805 observed with Chandra.

spectrum, a source-free circular area with a radius of 98.′′4 was extracted from the same
chip. The counts were binned into a source and a background spectrum. Appropriate
responses were created using the mkrmf task, and the ancillary file was obtained from
mkarf.

2.3 Results

2.3.1 Imaging

Contour plots of IRAS 04158+2805 at I-, H- and K-bands are presented in Figure 2.1.
In the I-band, the object shows a bipolar reflection nebula geometry. The dark lane,
tracing the equatorial plane, is seen in absorption over the background light. It separates
a prominent triangular nebulosity located to the North from a low surface brightness
elongated counter nebula to the south. The counter nebula is undetected at H- and K-
bands. At these wavelengths, the triangular shape of the main nebula is still visible, but
its extension decreases with increasing wavelength.

The maximum width of the northern nebula is measured to be 15.′′8, 14.′′1 and 10.′′8
at I-, H- and K-band, respectively. The northern nebula has a triangular shape whose
opening angle is ∼130◦ at all wavelengths. Finally, the distance between the peak of the two
nebulae at I-band is 4.8±0.2 arcsec. In Section 2.4.2, we define additional morphological
and photometric observables to compare models and observations.
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2.3.2 Aperture Photometry

To construct the spectral energy distribution of IRAS 04158+2805 shown in Figure 2.3,
we use mid-infrared IRAS flux measurements from Kenyon et al. (1990), optical and near-
infrared photometry from Kenyon et al. (1990), Strom & Strom (1994) and from the
2MASS point source catalog. The 1.3 mm continuum flux is from Motte & André (2001).
Because IRAS 04158+2805 is extended, we suspect that the 2MASS photometry may be

Figure 2.3: Modeled SED (dashed line) compared to observed fluxes: IRS spectrum (Solid
line); Strom & Strom (1994, squares); Kenyon et al. (1990) and Kenyon & Hartmann
(1995, circles); Luhman & Rieke (1998) and Luhman (2000, crosses); Motte & André (2001,
diamonds); this thesis, see Section 2.3.2 (triangle). The error bars of the photometric fluxes
are smaller than their symbols and therefore not drawn.

underestimated since these fluxes are listed in the 2MASS All-Sky Point Source Catalogue
(PSC) and were obtained by PSF fitting. To check this point, we extracted the photometry
from our own near-infrared images by using three point-like sources that have 2MASS
photometry and use them as relative photometric standards. We obtained K = 11.04
and H = 12.10 for IRAS 04158+2805, with estimated uncertainties of 0.05 mag. For the
H-band this is 0.28 mag brighter than the 2MASS photometry and 0.13 mag for the K-
band. While the brightness profile of IRAS 04158+2805 is peaked in the near infrared and
may account for this discrepancy, we note that from our images we find a difference of
only 0.03 mag in the photometry when two apertures of 4.′′2 and 10.′′6 are used. Therefore,
we attribute the difference in photometry of IRAS 04158+2804 between 2MASS and our
images to intrinsic variability of the source rather than an aperture size too small in 2MASS.
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2.3.3 Mid-Infrared Spectroscopy

The Spitzer IRS spectrum shows absorption features at ∼10 µm and ∼15.2 µm. Both
can be identified as silicates and carbon dioxyde ice, respectively (see Figure 2.3). Similar
features are seen for example in low-mass protostars, where the cold envelope and/or outer
disk cause the absorption (e.g., Watson et al., 2004). In IRAS 04158+2805, it is interesting
to note that the silicate absorption is maximum slightly short of 10 microns, around 9.5
microns. This is an indication for small dust grains made of either amorphous or crystalline
material such as enstatite (Schegerer et al., 2006). We did not attempt to fit the exact
shape of the feature and cannot conclude about the exact mineralogy of the grains. It is also
interesting to find CO2 ice signatures in absorption in a source where the disk appears to
dominate the SED (see Section 2.4.2.3), but the high inclination, nearly edge-on, probably
provides the needed column density along the line of sight. However, it is beyond the scope
of this work to discuss quantitatively the IRS spectrum. We will do so in a forthcoming
work.

We extract the fluxes at 12 µm and 25 µm and compare with IRAS fluxes published in
Kenyon et al. (1990). The difference is of the order of 0.5% at 12 µm and 1.3% at 25 µm
and is negligible therefore.

2.3.4 I-Band Polarimetric Imaging

The light from the northern photometric nebulosity center has a linear polarization of
3.3± 1.2%, averaged within a region of 2 arcsec (10 pixels) in diameter. Since neighboring
objects do not show a significant polarization rate, this is an indication that the peak in
the nebula is not arising from stellar photons seen directly but, instead, from scattered
light. The polarization is maximum at the corners of the triangular northern nebula and
has values between 35% and 41% (see Figure 2.4). For this determination we use the
highest “reliable” value. We decided to use only those pixels for which the polarization
rate topology shows a certain smooth behavior. This was quantified by determining the
standard deviation of the polarization rate of each pixel and its 4 neighbors. If the standard
deviation is higher than 20% (typical noise level), the pixel is not used.

2.3.5 X-Rays

The Chandra ACIS X-ray spectrum of IRAS 04158+2805 is shown in Figure 2.2. The
spectrum was binned such that the minimum number of counts per bin was 10 before
background subtraction. The total number of counts in the 0.5 − 6 keV range was 100,
which allowed for only a rather simplistic spectral model that is, however, sufficient to
derive useful estimates of the absorption column density to the X-ray source. The source
spectrum is obviously very strongly absorbed, with essentially no counts detected below
1.5 keV. The X-ray source is hard enough to produce counts up to 6 keV in the observation.

We fitted the spectral data in XSPEC (Arnaud, 1996), using the vapec collisional-
ionization equilibrium model and a photoelectric absorption component, the latter essen-



2.3 Results 23

Figure 2.4: Polarization maps of the observed (left panel) and modeled (middle panel)
nebula. The vector length for 100% polarization is indicated by the bar in the lower right
corner. Right panel: Comparison of the polarization level as a function of position in the
observed (solid) and modeled (dashed) nebula. These curves are estimated along the ridges
(black curves) and symmetry axis (gray) of the nebula.

tially being defined by the hydrogen column density NH between observer and source.
We first fitted the spectrum with a single thermal component, assuming that all element
abundances are at 0.3 times the solar values, referring to the solar abundances of Anders
& Grevesse (1989). This corresponds to the elemental composition typically measured in
coronae of magnetically active stars (Güdel, 2004).

We found a best-fit temperature of 5.8 keV or 6.7 · 107 K, and a best-fit value for NH

of 3.3+2.2
−1.4 × 1022 cm−2, where the error range refers to the 68% confidence limit. Given

that the spectrum reveals only the hard end of the entire soft X-ray spectrum, the fit
may be biased by fitting a hot component only. This bias may be relieved somewhat by
fitting a continuous distribution of emission measures (EMD3). We adopted an EMD with a
prescribed shape such as found for less-absorbed T Tauri stars, described in more detail by
Telleschi et al. (2007). The EMD model essentially consists of two power laws on each side
of a peak. Neither the location of the EMD peak nor the power-law slope toward higher
temperatures were well constrained, but the results for NH were robust and converged to
NH = 3.6+2.5

−1.0 × 1022 cm−2.

To summarize these two approaches, irrespective of the uncertainties in the intrinsic
X-ray spectrum of IRAS 04158+2805, we find that the X-rays, which are presumably
emitted in the corona surrounding the central star, are attenuated by a gas column density
of NH ≈ 3.5 × 1022 cm−2, with a one sigma range of (1.9 − 6.1) × 1022 cm−2.

3EMD defines the the emission measure EM=nenHV as a function of the temperature, where ne, NH

are electron and hydrogen densities, respectively, and V is the volume.
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2.4 Modeling of the Dust Disk

In this section we explore the parameter space of a simple model comprising the stel-
lar photosphere and a power-law disk (see 2.4.1.1 below) to explain the observations of
IRAS 04158+2805 and its associated reflection nebulosity.

2.4.1 Modeling technique

Synthetic images, polarization maps and spectral energy distributions are computed using
MCFOST, a 3D radiative transfer code based on the Monte-Carlo method. MCFOST is
described in details in Pinte et al. (2006). MCFOST solves the full polarized radiative
transfer in dusty environment. It includes multiple scattering, passive heating of the dust
disk and thermal re-emission by the dust to produce synthetic images in all four Stokes
parameters at any wavelength, as well as SEDs. The dust temperature, the same for all
grain sizes, is calculated assuming local thermal equilibrium.

2.4.1.1 System Geometry

We consider a flared density structure with a Gaussian vertical profile

ρ(r, z) = ρ0(r) exp(−z2/2 h(r)2) , (2.4)

valid for a well-mixed vertically isothermal, hydrostatic, non-self-gravitating disk. We use
power-law distributions for the surface density Σ(r) = Σ0 (r/r0)

α and for the scale height
h(r) = h0 (r/r0)

β where r is the radial coordinate in the equatorial plane and h0 is the
scale height at the radius r0 = 50 AU. The disk extends from an inner cylindrical radius
Rin to an outer limit Rout. The central star is represented by a point-like, isotropic source
of photons.

2.4.1.2 Dust Properties

We consider homogeneous spherical grains and we use the dielectric constants described by
Mathis & Whiffen (1989) in their model A, which accounts for the interstellar extinction
law. Grain sizes are distributed according to a power-law n(a) ∝ a−3.7 with amin and
amax being the minimum and maximum grain radii. The interstellar values from Mathis
& Whiffen (1989) are amin = 0.005 µm and amax = 0.9 µm. The mean grain density is
0.5 g·cm−3 as a consequence of the high porosity (80%) of the grains. In this work, amax

is considered as a free model parameter to fit for. Extinction and scattering opacities,
scattering phase functions and Mueller matrices are calculated using Mie theory. The
dust and gas are assumed to be perfectly mixed and the grain properties are taken to be
independent of position within the disk.
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2.4.2 Data Fitting

In the process of extracting the disk geometric parameters from the observations, we first
attempt to fit the I-, H- and K-band images simultaneously with a single disk model.
This is presented in 2.4.2.1. We use amax, mdust disk, β, α and the inclination as free
model parameters. The I-band image suggests a maximum disk radius of 8 arcsec, which
corresponds to 1120 AU at a distance of 140 pc. There must also be an inner disk radius,
which is typically at a few tenths of an AU. These radii are poorly constrained by our I-,
H-, and K-band images; we therefore fix them at the given values (inner radius is set to
0.5 AU), which will have little effect on our results. Since we do not implement background
illumination into our model, the appearance of the dark lane and the counter nebula is
expected to be slightly different in the model.

We computed about 12000 models covering a wide range of the free parameters. A
handful of viable solutions remain after the image-fitting process (in Section 2.4.2.2). We
explore the relative merits of these few solutions by calculating their respective SEDs (in
Section 2.4.2.3), and I-band polarization map (in Section 2.4.2.5) for comparison with the
data.

2.4.2.1 Image Processing and Extraction of Observables

To permit a direct comparison of the observed and modeled images, observational effects
must be added to the model images. First of all, the pixel size of the model output is
chosen to match the scale of the observation (0.′′200/pixel in the optical, 0.′′211/pixel in
NIR). The model images must be convolved with the observed PSF and scaled to the same
peak value as the observed images which allows an addition of Poisson and background
noise to yield the same signal-to-noise ratio.

Having two comparable images, it is now possible to quantitatively compare the model
and observed images. To avoid potential biases induced by asymmetries in the disk struc-
ture and the ignorance of the background illumination of the object and to circumvent
the intrinsically noisy nature of Monte Carlo images, we decided to use a “quality metric”
based on geometrical observables of the nebula rather than an image-wide pixel-to-pixel
goodness-of-fit estimate. These observables, which are detailed below and illustrated in
Figure 2.5 are chosen to describe the width of the nebula, its triangular shape and the
counter nebula behavior relative to the northern nebula. They are extracted with the
same routines in the observed and modeled images, after further smoothing the images
with a gaussian (width σ = 1 pixel). We first define the outer “ridges” of the triangular
nebula. To allow this, we calculate contour lines at the flux levels In = Imax · 2−n with
n = 1, 2, . . . , N , while N defines the last contour line at flux level higher than the noise.
The ridges (labeled with a1 and a2 in Figure 2.5) are then defined by two lines that cross
those points on each contour that are most distant from the central peak. We derive these
lines as follows: We represent the contours in polar coordinates as rn(φ) where r is the
distance from the central peak and φ is the angle from North. These polar functions are
then normalized and averaged (r(φ) = n−1

∑

n rn(φ)/
∫ 2π

0
rn(φ

′)dφ′). The direction of the
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Figure 2.5: Definition of geometrical observables w,a,b,c and δ. The contour lines are
shown for the levels Imax · 2

−n, where n = 1 . . . 10. The two ridges and the symmetry axis
are drawn as dashed lines. Their intersection points with the contour lines of the flux level
I = Imax · 2−8 are shown as boxes and I=1 · σnoise as circles, respectively. The counter
nebula peak is shown as a star.

two lines are described by the two values of φ where r(φ) has a maximum. Thereafter, the
opening angle δ between the two ridges was measured. The symmetry axis of the nebula
corresponds to their bisecting line.

The width of the nebula is defined as the distance w between the two intersection points
of the ridges with the contour at the level of a signal-to-noise ratio equal to 1 (shown in
Figure 2.5 as circles).

The next observable describes quantitatively whether the nebula looks triangular or
round. This observable, which we call the triangularity, t, is determined for each contour
level. In Figure 2.5 an example is shown for the contour level n = 8. The two ridges and
the symmetry axis are intersected with the contour line (shown as squares in the figure).
The distance between the intersection point of the symmetry axis with the contour line
and the triangle spanned by the peak and the two intersection points of the contour line
with the ridges is called b. The triangularity is then defined as

t =
b

a(1 − cos(δ/2))
(2.5)

where a is the average of a1 and a2. This parametrization was chosen to describe a perfectly
triangular nebula for t = 0 and a perfect circle for t = 1. For the model-to-data comparison,
we fitted the most triangular contour line, which describes best the shape of the outer
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nebula.
Finally, the counter nebula is described by the peak-to-peak distance c, and the contrast

is defined as the ratio between the maximum brightness of the nebula and the counter
nebula.

2.4.2.2 Image Fitting

For a given set of free model parameters (α, β, ...), we use the following quality metric
to estimate whether the model actually reproduces the three images of the object. This
metric is a pseudo-χ2, defined as follows:

f 2 =
∑

λ,i

(omodel
i,λ − oobs

i,λ )2

wi,λ
· gi,λ (2.6)

where omodel
i,λ and oobs

i,λ are the observables with index i (i.e. w, t, c, δ, contrast) for a given
photometric band λ (I, H , K) of the model image and observation image, respectively. The
normalization with wi,λ, which is determined by the standard deviation std((omodel

i,λ −oobs
i,λ )2)

over the whole explored model parameter space, allows an equitable comparison of different
quantities. Additionally, each observable is weighted with gi,λ. These weights were fine-
tuned by hand to equalize the influence of each individual parameter. This weighting is
important to allow for a wavelength-dependent contrast parameter (e.g. the counter nebula
is not visible in the H- and K-band, therefore the parameters c and the contrast are useless
for these bands). Additionally the use of some parameters provides stronger constraints
towards a good fitting solution than others (e.g. the nebula width and triangularity in
comparison to the opening angle). The weights are listed in Table 2.1.

Table 2.1: Weights gi,λ of the pseudo-χ2 function (2.6)

Band δ w t c Contrast
I 1/9 3/9 3/9 1/9 1/9
H 1/7 3/7 3/7 0 0
K 1/7 3/7 3/7 0 0

The exploration of the parameter space was performed iteratively. We first ran a series
of models with only 2 variable model parameters. Once the best model in the series was
identified, we fixed these model parameters and created a new series by varying two other
parameters, and so on. The range of the explored parameter space is listed in the second
column of Table 2.2. The first selection of the parameter range was chosen arbitrarily but
reasonably. If the model behavior suggested possible solutions outside the scanned range,
the exploration was extended until the model diverged significantly from the observation.
Among all these models, only a few provided good fits simultaneously to the images of
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Figure 2.6: Examples of projections of f 2 (Equation (2.6)) to different model parameter
planes. The contour is plotted in a logarithmic scale. White areas correspond to minimal
values of f 2. The color range is identical in all four plots. The black cross shows the
location of the best model, after the SED fitting.

IRAS 04158+2805. In addition, we note that fitting the images at each wavelength in-
dependently leads to models of similar parameters and quality. The combination of all
images in a single fit allows, however, to narrow down the list of possible good models.

Figure 2.6 shows the map of f 2 as a function of pairs of free model parameters: Dust
disk mass vs. inclination (2.6a), flaring coefficient β vs. inclination (2.6b), dust disk mass
vs. maximum grain size (2.6c), β vs. scale height h0 (2.6d). These plots demonstrate
the complexity of the search for the minimum since some model parameters are strongly
correlated (shown, e.g., in Figure 2.6a and b) or show numerous local minima (e.g., Fig-
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ure 2.6d). While Figure 2.6c implies a smooth topology for the Mdust vs. amax plane, the
minimum found at Mdust = 1.5 · 10−4 M� and amax = 2 µm is only valid for the inclination
of i = 63◦. At an inclination of i = 61◦ we find a minimum with a similar goodness-of-fit
with Mdust = 2.5 · 10−4 M� and amax = 2.5 µm. This implies that we cannot find a unique
best model by fitting images only. The synthetic images for our best-fitting model, found
after the SED fitting process, is presented in Figure 2.7 alongside the observed images.

Figure 2.7: Comparison between observations (left) and best fitting model (mid, see Ta-
ble 2.2) in I-band (top), H-band (middle) and K-band (bottom). For demonstration
purposes, the right column shows the images of the best fitting model but with doubled
dust disk mass (3 · 10−4 M�).
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We estimated the valid model parameter range by using one good-fitting parameter set
and changed only one parameter until the f 2 function showed a significant increase or until
an eyeball comparison could clearly detect an unsatisfying model. This method does not
include an estimation of the general solution range but gives an impression of the validity
of the free model parameters at a certain minimum of f 2.

Additionally we had to set an artificial upper limit for the valid range of amax: Fig-
ure 2.6c shows a valley for Mdust = 1.5 · 10−4 M� and amax ≥ 2 µm. This is a consequence
of comparing the modeled with the observed images only up to the K-band. Therefore,
the fit is only mildly sensitive to larger grains, and we set amax = 2 µm with no further
consequences for the solution.

Fitting the images for each wavelength individually delivers only very small variations
in amax and disk mass and is consistent with the multi-wavelength solution within the valid
model parameter range.

2.4.2.3 SED Fitting

To refine the model selection we fit the SED. The modeled SED includes photospheric
emission, scattered light and thermal emission by assuming passive heating of the dust
in the disk (Pinte et al., 2006). We use a 3000 K spectrum from Baraffe et al. (1998)
in agreement with a spectral type of a low mass star. For each of the best image-fitting
models there are only 2 extra free parameters to the SED fitting: the value of foreground
extinction AV and the bolometric luminosity of the central source. The latter is a free
parameter since we do not see the source directly. The foreground extinction AV describes
the material between the observer and the outer limit of the star-disk system and is added
to the model after the radiation transfer calculation.

It turns out that only one model is a simultaneous good fit to the images and to the
SED. We consider it our best model in the following (see third column of Table 2.2). The
SED for this model is presented in Figure 2.3. It includes AV = 0.5 mag and a stellar
luminosity of ∼ 0.4 L�.

Photometric variations are observed for IRAS 04158+2805. It results in a large spread
in the SED data at a given wavelength in the optical and NIR (e.g., ∼ 1.5 mag in the I-band
between Strom & Strom, 1994 and Luhman, 2000). The calculated SED agrees well with
the data points and falls within the range of observed variations. The estimated extinction
is lower than the value estimated by Strom & Strom (1994, AJ = 0.7), Luhman & Rieke
(1998, AJ = 1.5), and Luhman (2000, AH = 1.5) in the NIR. However these estimations
did not take into account the fact that the object’s colors are strongly modified by the
scattering in the circumstellar material. We therefore believe that our estimate of the
foreground extinction is more robust than previous estimates.

2.4.2.4 Acceptable Parameter Range

The parameters of the best-fitting model are described in Table 2.2 under “best model”.
To define the “acceptable range” (see fourth column of Table 2.2) we calculated series of
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images from the best model in which only one parameter at a time was varied from its best
fit value. This allowed us to define a possible range of solutions, i.e., solutions with values
of f 2 only moderately higher than the best model (f 2/f 2

min . 125%) or images that showed
no obvious mismatches with the observations by an eyeball comparison. These ranges give
a feeling of how tightly each parameter is constrained.

Table 2.2: Disk model parameters for the best-fitting model and their acceptable range.

Parameter Explored Best Acceptable
range model range

amax [µm] 0.5 - 4.0 2.0 1.6 - 2.8
Mdust disk [10−4 M�] 0.25 - 3.0 1.5 1.0 - 1.75
Rout [AU] not varied 1120 -
Rin [AU] not varied 0.5 -
β 1.0 - 1.3 1.20 1.15 - 1.21
α -2.0 - -0.1 -1.0 -1.5 - -0.5
h0(r = 50 AU) [AU] 5.0 - 12.0 8.0 7.8 - 8.2
incl. [◦] 0.0 - 90.0 62.7 62.1 - 63.25

2.4.2.5 Using Polarization to confirm the Model

For the best-fitting model we compared the polarization map with the data. Observational
effects are applied to the model polarization output in a similar manner as for the direct
images.

To compare the model with the data, the polarization values are extracted along the
ridges and the symmetry axis of the Northern nebula (see Figure 2.4 left and middle
panel) and compared as a function of distance from the central source (right panel). The
difference of the observed and the modeled polarization rate and orientation can be found
in Figure 2.8. The observed polarization rates are reproduced reasonably well along the
ridges by the model (∆P/P ≈ 0.3) except on the central peak where the model predicts
only a 1.2% polarization instead of the observed 3.3%. The large difference in polarization
orientation close to the central peak is an artifact from the exact peak placement and has
no physical meaning. The upper limit of the observed polarization is also well reproduced
(∼30%). Along the symmetry axis of the nebula the general trend is also correct, rising
from central source to edge, but the model polarization appears to be systematically lower
by a few percent compared to the data. Nonetheless, the trends are well reproduced as
well as the observed maximum polarization rates.
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Figure 2.8: Difference of observed and modeled polarization percentage (top) and polar-
ization direction (bottom) along the ridges (black) and the symmetry line (grey).

2.5 Discussion

2.5.1 Reliability of the Models

We were able to fit a dust disk model to the observations of IRAS 04158+2805 that matches
the I-, H- and K-band images as well as the SED from visual to far-infrared and the I-band
polarization rate at different object positions. Since our model uses simple assumptions,
such as homogeneous spherical grains, power-law distributions (grain size, surface density,
flaring) and no dust settling, these results provide a useful insight on the geometry of the
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Table 2.3: Extracted observables of the observation and the best-fit model

Observable Band Observation Model
I 15.8 14.9

w [arcsec] H 14.1 14.0
K 10.8 12.1
I 129 136

δ [◦] H 129 133
K 136 139
I 0.31 0.33

t H 0.44 0.33
K 0.53 0.23
I 340 300

Contrast H >1100 -
K >8700 -

c [arcsec] I 4.76 4.22
0.7 µm 0.181 0.25
0.9 µm 0.901 1.11
1.25 µm 1.962-2.093 2.26
1.6 µm 2.244,2.96,3.423 2.85

Flux 2.22 µm 3.064,3.466,4.313 3.61
[10−14 Wm−2Hz−1] 3.8 µm 1.192 4.75

12 µm 6.503 7.19
25 µm 8.633 6.93
60 µm 7.393 6.63

1300 µm 0.0255 0.008
min. Pol. I 3.3% 1.2%
max. Pol. I 30.9% 30.3%

References: 1 – Strom & Strom (1994); 2 – Luhman & Rieke (1998); 3 – Kenyon et al.
(1990); 4 – Luhman (2000); 5 – Motte & André (2001); 6 – This thesis, see Section 2.3.2

circumstellar environment.

We fitted the observation well in terms of the width of the nebula, opening angle and
peak-to-peak distance and brightness contrast (see Table 2.3 for all observables). The
triangularity t is well fitted for the I- and H-band but for the K-band the model is too tri-
angular. At the center of the object, the model predicts a polarization rate which is slightly
below the observed value. While this probably indicates that our grain model needs refine-
ment (either in its size distribution, composition or grain shape), the former may indicate
that we need a more complex geometry either for the disk or for the emitting source. For
instance, K-band emission from the inner parts of the disk might be an important source
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of photons, which is neglected in our calculations. To check this possibility we calculated a
K-band model image that includes the disk emission as a source for scattered photons for
our best-fitting model. It turns out that the star is so cool that, at the 0.5 AU assumed
inner radius, the dust reaches a temperature of only 400 K. As a consequence, roughly
99% of all K-band photons emitted by the system come from the star and, therefore, the
resulting images are unchanged if we include or neglect the disk emission. Vertical settling
could also play a role, as well as the presence of a remnant halo that could be responsible
for the roundish 4-5” structure best highlighted at K-band, where the extinction of the
material located in front becomes much lower.

By comparing the I-band observed and modeled images, the shape of the counter nebula
and the dark lane between the two bright areas do not coincide exactly. The model did
not take into account the absorption of background light in the dust lane. The artificial
noise of the model images was produced by adding Poisson noise to the scattered light
images and by superposing position-independent Gaussian-noise. This does not reflect the
real nature of the background since IRAS 04158+2805 is illuminated by the large reflection
nebulosity in the back. Therefore, we may expect a difference of the observation and the
models at those wavelengths where the background light dominates the noise. In the H-
and K-bands this dominance is not visible in the observed images.

The model underpredicts the millimeter flux by a factor of 3 but uncertainties are large
regarding dust opacities in this regime, typically by a factor of 5. Also, the mm-data were
obtained with an 11 arcsec beam and may suffer from background contamination, hence
overestimate the true flux. Higher resolution millimeter data is needed to investigate this
discrepancy further.

Nevertheless, one single model can describe accurately the scattered light images in
three wavelength bands, the SED and the polarization map of IRAS 04158+2805. The
method applied here is therefore generally valid and promising to find parameters for
relatively simply structured dust disks.

2.5.2 Gas to Dust Ratio

From our model, we can easily derive the column density σdust by integrating the dust
density structure along our line of sight to the central source. We find σdust = 3.3+1.8

−1.2 ×
10−4 g·cm−2. From NH we obtain a gas column density σgas = 7.2+4.8

−3.0 × 10−2 g·cm−2

by assuming interstellar abundances (Morrison & McCammon, 1983). This provides an
estimate of the total gas-to-dust ratio in a protoplanetary disk, along the line of sight that
grazes the disk top layers in this case. To our knowledge this is the first time it is obtained
directly using NH rather than NCO:

σgas

σdust
= 220+170

−150 (2.7)

While uncertainties on this ratio are still substantial, this illustrates a robust method to
derive dust-to-gas ratios in protoplanetary disks. Although the value we find is compatible
with the standard value of 100 usually assumed in this context, our result might suggest
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a slightly higher value in the top layers of the disk. This is a potentially important result
that calls for further investigations in more sources.

In any case, we do find an upper limit to the gas-to-dust ratio (albeit not a lower limit)
of ≈ 560(2σ), which provides clear evidence that the disk cannot be strongly (e.g. by an
order of magnitude) depleted of dust along the line of sight to the star. Such dust depletion
would be expected if strong settling of dust toward the disk midplane had occurred.

2.5.3 IRAS 04158+2805: A Classical T Tauri Star with a Large

Disk?

We have shown that we can well reproduce all observational properties of IRAS04158 with
a simple model of a nearly edge-on disk, i.e., that of a Class II source without substantial
circumstellar envelope. This result confirms prior classifications by e.g. Park & Kenyon
(2002) or Kenyon & Hartmann (1995). The flat SED of IRAS 04158+2805 can be in-
terpreted in terms of a high inclination to the line of sight instead of invoking a highly
embedded source, as a protostar would be. This work demonstrates the importance of
understanding the circumstellar geometry to assess the nature of the central source. Here,
an edge-on disk blocks our direct view towards the central object, flattening the shape of
the SED. It is known that a classical T Tauri star can have a rising near- to mid-infrared
SED. But only a few mimic an embedded source, as is the case for IRAS 04158+2805.
Most sources such as HH30 (see, e.g., Wood et al., 2002), HK Tau B, or HV Tau C, do
have a declining near- to mid-IR SED, and the second peak from thermal emission is found
only at longer wavelengths.

Interestingly, IRAS 04158+2804 is just above the substellar limit, based on its spectral
type. If our model is correct, it hosts a large massive disk implying that some of the
lowest-mass T Tauri stars, at least in Taurus, can be surrounded by ∼ 1000 AU-radius
disks. This object likely formed from the collapse of a small pre-stellar core and is very
unlikely to have undergone any violent dynamical interaction, such as an ejection from an
unstable multiple system (e.g. Reipurth & Clarke, 2001). This result adds support to the
idea that the ejection scenario is not the only mode to form VLM T Tauri stars and brown
dwarfs.

Also, considering the probable mass of the central star ∼ 0.1− 0.2 M�, the total dust-
disk mass we derive (1−2·10−4 M�) and the gas-to-dust ratio we derived (∼ 220, assuming
it is true throughout the disk and not only along our line of sight), this implies a total
disk/star mass ratio of ∼ 0.1 − 0.2. In other words, the disk is close to the limit against
gravitational instability. Because collapse in these gravitationally unstable disks is one
suggested mode for planet formation, it is of great importance to study IRAS 04158+2805
further: The estimation of both the gas and the dust masses need to be refined. The gas
mass estimation can be improved by much deeper X-ray observations while the dust mass
can be obtained better with models witch use more free parameters and which are directly
fitted on the images, not just a handful of observables.
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2.6 Conclusion

In this chapter we presented a multiwavelength study of IRAS 04158+2805 and its cir-
cumstellar environment. We modeled the shape and brightness profiles of the reflection
nebulosity in three optical and NIR bands (I-, H- and K-band) with MCFOST, a Monte
Carlo polarized radiative transfer code, and found a good agreement between the model
and the data. Many parameters of the final model are well constrained (e.g., inclination,
amax, Mdust disk) while a few remain poorly determined. The scale height h and β are
degenerate but the pair h − β is relatively constrained.

The disk model parameters used to match the data are listed in Table 2.2. They are
2 µm for the maximum dust grain size, 1.5·10−4 M� for the dust disk mass, 1120 AU for
the outer disk radius, 1.2 for the exponent β of the flaring law, -1.0 for the exponent α of
the radial dust density law, a scale height of 8 AU at a radius of 50 AU and an inclination
of 62.7◦.

The best model fits the observed SED well. However, it falls slightly short of producing
the right amount of 1.3 mm continuum flux by about a factor of 3. The model also
reproduces reasonably the observed I-band polarization behavior along the symmetry axis
and ridges of the Northern nebula.

Combining dust disk models with X-ray spectroscopy allowed probing the gas-to-dust
ratio in the disk. We found a value of 220+170

−150 which is compatible with the ISM value and
the value generally assumed in protoplanetary disks.

According to its spectral type, IRAS 04158+2805 has a mass slightly above the sub-
stellar limit. Clearly, stars with such a low mass keep being formed by accretion from a
circumstellar disk whose properties do not seem to differ significantly from those of their
more massive young counterparts. It would be interesting to push the search further for
disk images around less massive objects, located well into the substellar regime.



Chapter 3

Formation of Crystalline Dust Grains
in Protoplanetary Disks:
Observational Evidence for the
Destructive Effect of X-Rays

Summary: High-energy irradiation of the circumstellar material might impact the struc-
ture and the composition of the protoplanetary disk and hence the process of star and
planet formation. In this chapter, we present a study on the possible influence of the stel-
lar X-ray emission on the crystalline structure of the circumstellar dust. We measure the
dust crystallinity for 42 class II T Tauri stars in the Taurus star-forming region with a de-
compositional fit of the 10 µm Si feature, measured with the Spitzer IRS instrument. We
then correlate X-ray parameters, i.e. the X-ray luminosity and the X-ray hardness, against
the crystalline mass fraction of the dust and find a significant anti-correlation for objects
within an age range of 1.2 to 3 Myr. We conclude that X-rays destroy the crystalline
structure of dust grains, located in the protoplanetary disk.
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3.1 Introduction

The evolution of the dust in a protoplanetary disk is one of the key subjects in the overall
research on mechanisms of planet formation. As we now know, dust in young circumstellar
disks differs significantly from the dust in the interstellar medium (ISM). There is evidence
for grain growth from the typical ISM and sedimentation in the vertical direction of a
disk (see various references such as Sicilia-Aguilar et al. 2007, Furlan et al. 2006), and the
increased content of crystalline silicates shows that the dust evolves during the star-forming
process.

However, as many authors have pointed out (e.g. Watson et al. 2007, Sicilia-Aguilar
et al. 2007), no connection has been found so far between the properties of the disk or
of the central object and the crystalline mass fraction of the dust disk. From the point
of view of standard dust processing scenarios for protoplanetary disks, this conclusion is
surprising. We expect the crystallization of the dust grains to happen due to evaporation
and recondensation processes either close to the star or within accretion shocks. Radial
mixing may transport the crystalline grains to more distant regions. Therefore, we expect
an evolutionary trend for the crystalline mass fraction and/or correlations with stellar pa-
rameters such as the bolometric luminosity, the photospheric temperature, the accretion
rate or the disk/star mass ratio. The fact that no such relation is found raises the ques-
tion on alternative mechanisms, controlling the process of crystallization. Watson et al.
(2007) suggested that the crystallizing process might be dominated by the impact of X-ray
irradiation.

Young stars are very strong sources of X-rays. A typical T Tauri star emits of order
1029−1031 erg s−1 in the soft (0.1−10 keV) X-ray band, i.e., 2−4 orders of magnitude more
than the Sun does (see Güdel 2004 for a review of stellar X-ray radiation). The radiation is
thought to be mostly coronal, originating from hot (1−20 million K), magnetically trapped
plasma above the stellar photosphere, in analogy to the solar coronal X-ray radiation.

There is little doubt that X-rays have some impact on the gas and dust in circumstellar
disks, at least relatively close to the star and at the disk surface. For example, Glassgold
et al. (2004) computed detailed models that indicate efficient ionization of circumstellar
disks by X-rays and also heating of the gaseous surface layers to several thousand K.
Complicated chemical networks are a consequence. Direct evidence for these processes
is suggested from the presence of strong line radiation of [Ne ii] at 12.8 µm detected by
Spitzer in many T Tauri stars. This transition requires ionziation and heating of the
ambient gas to several 1000 K (Glassgold et al., 2007).

Magnetic energy release events, so-called flares, occurring in the same stellar coronae
increase the X-ray output temporarily by factors of tens to hundreds, but as we know from
solar observations, such events are also accompanied by high-energy electrons, protons and
ions ejected from the Sun. Feigelson et al. (2002) speculated that the expected elevated
proton flux around T Tauri stars leads to isotopic anomalies in solids in the accretion disk,
as suggested from measurements of meteoritic composition.

The destructive impact of high-energy irradiation of crystalline structures has been
demonstrated in laboratory measurements by Jäger et al. (2003). Although they used ions,
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the energy deposition effect in grains may be similar to X-rays; therefore, we hypothesize
that X-rays influence the crystalline structure of dust as well.

In this study we looked in particular for correlations between the crystalline mass
fraction and stellar properties related to X-ray emission by deriving these parameters for
T Tauri stars in the Taurus-Auriga star formation region. We present in Section 3.2
the target sample and some aspects of the data reduction, describe in Section 3.3 the
methodology of measuring the crystalline mass fraction based on decompositional fits to
the 10 µm Si feature, present the derived values in Section 3.4 and bring them into context
with X-ray parameters in Section 3.5. Our conclusions are presented in Section 3.6.

3.2 Data Sample

We use the sample of objects in common to two recent surveys of the Taurus-Auriga star-
forming region. We focus only on the Class II T Tauri stars which appear in both surveys
and show a significant emission in the 10 µm Si feature. The first survey was obtained
by the Spitzer IRS instrument and was published previously by Furlan et al. (2006)
and further analyzed by Watson et al. (2007). The second survey was performed in the
X-ray range with XMM-Newton and was published by Güdel et al. (2007). While the
former survey provides information on the dust properties of the circumstellar disks, the
latter allows the investigation of stellar coronal properties. Table 3.1 provides an overview
of the objects used for this study and their properties derived in the framework of the
XMM-Newton survey.

The Spitzer IRS data were obtained during the observing campaigns 3, 4 and 12
using mainly the low resolution channel. As is standard practice for IRS observations, two
exposures per object were obtained in different nod positions allowing the subtraction of
the background by subtracting the two spectra, Fν,1(λ) and Fν,2(λ), from each other. The
fluxes are then averaged over the two observations and the difference of the two spectra
d(λ) = Fν,1(λ)−Fν,2(λ) is used to estimate the uncertainties of the observation. However,
d(λ) is not the correct error estimator; although it does contain the errors due to statistical
fluctuations, it is also sensitive to systematic effects such as the truncation of the flux by
misalignment of one of the two observations. Therefore, we make a first order correction
of the uncertainty by subtracting the averaged difference

d̃(λ) = d(λ) − 〈d(λ)〉λ∈[7,14µm] (3.1)

where the average is taken over the wavelength range which is relevant for the fit procedure
used later for the 10 µm-silicate feature. This brings d̃(λ) closer to the truly random
noise contributions. However, the purely statistical fluctuations (noise) can locally be
underestimated in d̃(λ) by chance. But assuming that the noise is similar within a narrow
wavelength range, we can obtain its statistical value from the fluctuations of d̃(λ) itself.
We use N = 11 data points around each wavelength bin λi to derive the measurement
uncertainties σ by computing a geometrical sum of their average and standard deviation
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Table 3.1: Object sample and X-ray properties published in Güdel et al. (2007)

Name L
1)
x T

1)
av H2) Spect3) L

3)
bol

T
3)
? Age4) Mass4)

[1030 erg/s] [MK] [L�] [K] [My] [M�]
04187+1927 0.91 9.15 0.57 M0 − 3850 − −
04303+2240 4.99 12.90 0.76 M0.5 2.20 3700 0.5 0.51
04385+2550 0.40 33.60 2.26 M0 0.18 3850 12.2 0.46
AA Tau 1.24 21.60 1.98 K7 0.80 4060 2.4 0.76
BP Tau 1.36 12.30 0.68 K7 0.95 4060 1.91 0.75
CI Tau 0.19 21.80 1.62 K7 0.87 4060 2.15 0.76
CoKu Tau/3 5.83 13.80 0.68 M1 0.98 3705 0.92 0.46
CW Tau 2.84 4.07 − K3 1.10 4730 6.97 1.4
CY Tau 0.13 9.42 0.46 M1.5 0.50 3632 1.53 0.42
CZ Tau 0.42 4.41 0.43 M3 0.27 3415 2.1 0.32
DD Tau 0.09 37.80 2.55 M3 0.34 3412 4.47 0.3
DK Tau 0.91 13.90 0.75 K7 1.30 4060 1.32 0.74
DN Tau 1.15 12.90 1.01 M0 1.00 3850 1.05 0.53
FM Tau 0.53 18.50 1.34 M0 0.46 3850 2.76 0.57
FO Tau 0.06 12.30 1.13 M2 0.77 3556 1.45 0.38
FQ Tau 0.12 4.46 0.36 M3 0.21 3416 2.82 0.31
FS Tau 3.21 32.80 0.73 M0 0.32 3876 3.06 0.61
FV Tau 0.53 18.80 0.50 K5 1.20 4395 4.75 1.19
FX Tau 0.50 6.86 0.52 M1 1.02 3720 0.9 0.47
FZ Tau 0.64 5.65 0.87 M0 0.98 3850 1.08 0.56
GH Tau 0.11 16.60 0.98 M1.5 0.81 3631 2.04 0.42
GI Tau 0.83 12.50 0.90 K7 1.00 4060 1.79 0.75
GK Tau 1.47 10.90 0.96 K7 1.40 4060 1.22 0.74
GN Tau 0.78 6.52 1.18 M2.5 0.72 3488 1.03 0.36
GO Tau 0.25 15.50 1.09 M0 0.37 3850 3.78 0.58
Haro 6-13 0.80 4.29 1.99 M0 2.11 3800 0.57 0.52
Haro 6-28 0.25 9.80 0.75 M2 0.12 3556 10 0.35
HK Tau 0.08 51.80 4.19 M0.5 0.56 3778 1.76 0.43
HO Tau 0.05 8.01 0.08 M0.5 0.17 3778 9.13 0.52
HP Tau 2.54 11.80 1.02 K3 1.40 4730 6.9 1.39
IQ Tau 0.41 14.10 1.17 M0.5 0.88 3778 1.06 0.51
IS Tau 0.66 12.80 0.48 K7 0.66 3999 4.15 0.72
IT Tau 6.47 27.20 2.05 K2 2.40 4900 4.75 1.6
MHO-3 0.46 11.80 1.26 K7 0.91 4060 2 0.75
RY Tau 5.50 15.70 1.41 K1 7.60 5080 2.11 2.37
UZ Tau/e 0.89 5.44 0.49 M1 0.89 3705 2.26 0.47
V410 Anon 13 0.01 6.21 0.68 M5.8 0.04 3024 − 0.1
V710 Tau 1.37 9.33 0.76 M0.5 1.10 3778 1.69 0.48
V773 Tau 9.46 13.00 1.08 K2 5.60 4898 6.35 1.53
V807 Tau 1.05 7.35 0.52 K7 2.10 3999 1.51 0.69
V955 Tau 1.62 14.20 0.46 K5 1.00 4395 6.7 0.9
XZ Tau 0.96 12.50 1.05 M2 0.33 3561 4.58 0.37
Notes:
1) From Table 6 in Güdel et al. (2007) 3) From Table 9 in Güdel et al. (2007)
2) Hardness, see definition in Equation (3.3) 4) From Table 10 in Güdel et al. (2007)

of the systematic differences d̃(λ):

σ(λi) =

√
√
√
√
∑

j∈A

(d̃(λj) − 〈d̃(λk)〉k∈A)2

N − 1
+
(

〈d̃(λk)〉k∈A

)2

, with A = [i − 5, i + 5] (3.2)

The X-ray data were obtained from the XMM-Newton Extended Survey of the Taurus
Molecular Cloud (XEST) which consisted of 28 exposures in total, spread over the whole
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Taurus region. Parameters used for this work are the stellar X-ray luminosity Lx and
the average electron temperature Tav derived by the differential emission measure (DEM)
method (Table 5 of the online material of Güdel et al. 2007). Further, we defined the
hardness H of the stellar X-ray emission as the ratio between the hard and soft luminosity
components; the hard and soft bands comprise the 1− 10 keV and the 0.3− 1 keV ranges,
respectively:

H =
Lx(1 keV < E < 10 keV)

Lx(0.3 keV < E < 1 keV)
. (3.3)

As a few objects such as DH Tau showed excessive flares during the observation, their
value for Lx does not correspond to the averaged luminosity of interest to the present
study. Therefore, these objects have been discarded from our sample.

3.3 The Decomposition of the 10 µm Silicate Feature

3.3.1 Modeling of the Emission Profile

Our model describes the total observable flux with three components based on the two-
layer temperature distribution (TLTD) method introduced by Juhász et al. (2008): The
blackbody emission from the stellar photosphere, a continuum emission from the opaque
disk midplane and emission from the optically thin disk atmosphere consisting of thermal
emission from dust grains of different mineralogy and temperature. Figure 3.1 shows a
sketch of the disk model.

Figure 3.1: Circumstellar disk model describing the observable total flux.
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The total observable flux then is

Fν,tot = Fν,? + Fν,mid + Fν,atm . (3.4)

Since the flux of the photosphere results approximately from a blackbody with a temper-
ature T?, we can write

Fν,? = C0
2hν3

c2

1

e
hν

kT? − 1
≡ C0 · Bν(T?) (3.5)

where C0 is the normalization factor used for the later fit and Bν(T ) defines the Planck
function at temperature T . To model the flux from the midplane and the atmosphere of the
disk, we set up two simple continuum emission profiles, one of which we use directly for the
midplane while the other is multiplied by dust grain absorption coefficients κν,i for modeling
the flux from the atmosphere. These two continuum emission profiles are constructed as
a superposition of blackbody spectra taking a radial temperature distribution T (r) and
geometrical aspects of the disk into account, assuming axis-symmetry. Hence, the fluxes
can be written as

Fν,mid = C̃1 ·

∫ Rmid,out

Rmid,in

Bν(Tmid(r)) · r · dr (3.6)

Fν,atm =
N∑

i=2

C̃i · κν,i ·

∫ Ratm,out

Ratm,in

Bν(Tatm(r)) · r · dr (3.7)

where r is the radial distance to the central object (see Figure 3.1) and the C̃i are the
normalization factors of the dust species i. We assume the temperature distributions to
follow a simple power law with

Tmid(r)

Tmid,max
=

(
r

Rmid,in

)qmid

(3.8)

Tatm(r)

Tatm,max
=

(
r

Ratm,in

)qatm

. (3.9)

This allows a substitution of r with T and equations (3.6) and (3.7) can be rewritten as

Fν,mid =
C1

qmid

·

∫ Tmid,min

Tmid,max

Bν(T ) · T
2−qmid

qmid dT (3.10)

Fν,atm =

N∑

i=2

Ci · κν,i

qatm
·

∫ Tatm,min

Tatm,max

Bν(T ) · T
2−qatm

qatm dT (3.11)

where Ci are the new normalization factors used for the later fit. In this fitting approach,
C0, . . . , CN , qmid, qatm, T?, Tmid,max, Tmid,min, Tatm,max and Tatm,min are fitting parameters.
As we are only interested in a wavelength range between ∼7 µm and 14 µm, we are able
to eliminate several of these parameters:
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• T? can be derived from the literature. We used the values summarized in Table 3.1.

• Tmid,min and Tatm,min can be set to, e.g., Tmin = 10 K as the flux contribution from
the cooler region of the disk is irrelevant for the mid-infrared regime.

• Figure 3.2 indicates the impact of Tmid,max on the shape of the flux function given
by Equation (3.10) by keeping qmid constant. It is obvious that Tmid,max has no

Figure 3.2: Normalized flux as expressed by Equation (3.10) for q = −0.5 and Tmid,max =
250 K, 500 K, . . . , 2500 K.

significant influence on the shape of the flux function for values Tmid,max > 1000 K.
Further, D’Alessio et al. (1998) showed that the inner disks of classical T Tauri
stars (CTTSs) reach temperatures around Tsub = 1800 − 2000 K due to the dust
sublimation. Therefore, we set, without loss of generality, Tmid,max = 1800 K. With
the same argumentation we set Tatm,max = 1800 K.

• First trials of fitting simulated spectra showed that the fit is not sensitive to qatm as
the influence on the shape of the flux function in Equation (3.11) is fully dominated
by the dust emission profile. We therefore set qatm = qmid ≡ q.

Consequently, the remaining fit parameters are C0, . . . , CN and q. For a given q and
more than N + 1 data points, C0, . . . , CN can be derived analytically according to a non-
negative least-square fit (see e.g. Lawson & Hanson 1974) and further, a unique solution
exists. Therefore, we can search efficiently for a global minimum of χ2(q).
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3.3.2 Emission Profiles

We use emission profiles analogous to Schegerer et al. (2006) and Bouwman et al. (2008):
For the amorphous silicates we use profiles calculated for homogeneous, compact, and
spherical grains applying Mie theory. For the crystalline silicates we use emission profiles
calculated for inhomogeneous spheres according the distribution of hollow spheres (DHS,
Min et al. 2005). We start from the complex refractive indices ni for silicate material
i. The result is the dimensionless absorption efficiency Qi, which is used for calculating
the mass absorption coefficient κm,i = Qiπr2/(4/3πr3ρ) where r is the particle radius and
ρ the material density. We fit the 10 µm silicate feature with amorphous silicates with
the stoichiometries of olivine (MgFeSiO4) and pyroxene (MgFe[SiO3]2) and the crystalline
silicates forsterite (Mg2SiO4), enstatite (MgSiO3) and quarz (SiO2). Table 3.2 summa-
rizes the dust species considered here. Figure 3.3 shows a reproduction of Figure 3 from

Table 3.2: Dust species used for the decomposing fit of the 10 µm feature fit

Name Stoichiometry Shape Ref.
Olivine MgFeSiO4 amorph Dorschner et al. 1995
Pyroxene MgFe[SiO3]2 amorph Dorschner et al. 1995
Forsterite Mg2SiO4 crystalline Servoin & Piriou 1973
Enstatite MgSiO3 crystalline Jäger et al. 1998
Quartz SiO2 crystalline Spitzer & Kleinman 1960

Schegerer et al. (2006) where the mass absorption coefficients for different grain sizes and
grain compositions are shown.

In this work, we use only grains of sizes 0.1 µm and 1.26 µm as this is sufficient to fit
the data reasonably well and as the fit with only two grain sizes has been confirmed to be
valid by Bouwman et al. (2001) and Schegerer et al. (2006).

We do not fit PAH-molecules, which are known for their emission lines at 7.7 µm,
8.6 µm, 11.2 µm and 12.8 µm (within the spectral range of our interest, see, e.g., Geers
et al. 2006) but concentrate only on the silicates, described above. We therefore exclude
wavelength regions in the spectra that are clearly dominated by PAH features.

3.4 Results

To derive the components Ci and q of the fit function and their errors for a given observa-
tion, we compute 100 spectra using a Monte-Carlo simulations in which we randomly add
normally distributed noise according to the spectral errors of the original data. Each of
these spectra is then fitted with a least-square method approach, and we take the median
values of the resulting parameters to obtain the final parameters and their errors (1σ range
of the frequency distribution). The results are listed in the Tables 3.4 and 3.5.
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Figure 3.3: Mass absorption coefficients of grains with radii 0.1 µm (solid line), 1.26 µm
(dashed line) and 2.5 µm (dotted lines). Plot reproduced from Schegerer et al. (2006).

Wherever the fit parameters reached the boundary condition at zero, the parameter
value is fixed and indicated with a dash. Table 3.5 lists values of the crystallinity Γ which
is the sum of all crystalline components regardless of their size. Further, we list the relative
contribution of the large grains. All these values are computed for each spectrum of the
Monte-Carlo simulation independently and the values listed in the table correspond to
their median value. The χ2 are listed in the last column, calculated from the averaged fit
parameters. The data and the resulting fit functions are shown in Figure 3.4.

Most of the spectra are fitted reasonably well with a reduced χ2 in the range of 1-3. The
fit of a few spectra such as IRAS 04303+2240, FV Tau, Haro 6-13, MHO-3, and RY Tau
show systematic discrepancies between the data and the fit, resulting in a large reduced
χ2. We do not use these objects for the further studies.
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Figure 3.4: IRS Spectra and the corresponding uncertainties of the complete data sample
(black and gray lines) and the resulting fit function (red line) of the 10 µm silicate feature.
The continuum background used for the fit function is shown in blue. In the lower part
of the figures the resulting χ2, multiplied with the sign of the deviation, is shown.
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Figure 3.4: (continued)
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Figure 3.4: (continued)
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Table 3.4: Resulting fit parameters for the decompositional analysis of the 10 µm Si feature. The values in brackets correspond to
the border values of the 1σ range. Dashes are set wherever the lower boundary has been reached and the component proportion
has been set to 0.

Name qdisk MgFeSiO4 MgFe[SiO3]2 Mg2SiO4 MgSiO3 SiO2

Small [%] Large [%] Small [%] Large [%] Small [%] Large [%] Small [%] Large [%] Small [%] Large [%]

04187+1927 −0.63 (−0.63, −0.63) − − 12.8 (10.8, 12.9) 53.7 (53.6, 56.8) − 10.4 (9.8, 10.5) 1.9 (1.6, 1.9) 15.7 (15.6, 15.8) 4.8 (4.8, 4.9) 0.7 (0.6, 0.7)
04303+2240 −0.58 (−0.59, −0.58) − 66.4 (65.6, 67.2) − − 7.1 (7.1, 7.3) 18.2 (17.5, 18.8) − − − 8.4 (8.3, 8.4)
04385+2550 −0.43 (−0.44, −0.43) 32.4 (32.2, 32.6) 47.6 (44.0, 52.2) − 18.3 (14.4, 22.0) 0.0 (0.0, 0.0) 1.7 (1.5, 1.8) − − − −

AA Tau −0.61 (−0.63, −0.59) 29.0 (27.6, 30.5) − − 55.4 (52.1, 58.0) 0.0 (0.0, 0.1) 5.9 (5.2, 6.6) − 7.3 (6.6, 8.1) − 2.4 (2.3, 2.5)
BP Tau −0.55 (−0.59, −0.53) 44.5 (42.4, 45.7) 0.0 (0.0, 5.3) 9.9 (9.0, 11.5) 37.0 (30.4, 38.1) 1.2 (1.2, 1.2) 4.4 (4.1, 4.6) 2.6 (2.2, 3.2) − − 0.6 (0.1, 0.7)
CI Tau −0.53 (−0.54, −0.52) 21.0 (20.4, 21.7) − − 63.7 (62.0, 65.4) 2.1 (2.1, 2.2) 6.1 (5.6, 6.6) − 3.4 (3.0, 3.8) − 3.8 (3.7, 3.8)
CoKu Tau/3 −0.55 (−0.57, −0.54) − − − 77.3 (75.9, 78.6) 3.4 (3.4, 3.5) 9.6 (8.9, 10.4) − 6.7 (6.0, 7.5) − 3.0 (2.8, 3.3)
CW Tau −0.75 (−0.76, −0.75) 0.0 (0.0, 21.7) − − 79.3 (51.9, 79.9) 3.8 (3.8, 4.0) 4.8 (4.4, 7.4) − 7.3 (7.0, 11.0) − 4.8 (4.0, 4.8)
CY Tau −0.54 (−0.60, −0.49) − − 40.9 (40.6, 42.7) 22.3 (14.1, 26.9) 3.4 (3.4, 3.5) 14.0 (12.6, 16.3) 0.0 (0.0, 0.5) 11.0 (8.2, 14.4) 0.4 (0.1, 0.5) 8.2 (8.0, 8.4)
CZ Tau −0.51 (−0.51, −0.51) 15.3 (14.7, 16.2) − 41.7 (40.7, 42.3) 40.8 (40.7, 40.8) 0.8 (0.8, 0.8) − 1.4 (1.3, 1.5) − − 0.0 (0.0, 0.0)
DD Tau −0.56 (−0.59, −0.54) 0.0 (0.0, 7.6) 0.0 (0.0, 24.4) 4.9 (2.7, 13.5) 71.2 (45.8, 78.4) 1.5 (1.5, 1.6) 5.5 (5.3, 6.3) 1.7 (0.5, 1.8) 7.2 (7.0, 8.3) − 1.9 (0.6, 2.0)
DK Tau −0.48 (−0.49, −0.47) − 0.0 (0.0, 1.4) 1.7 (1.0, 3.1) 80.6 (79.5, 81.1) 3.5 (3.5, 3.6) 3.4 (3.2, 3.5) 7.1 (6.8, 7.3) − 0.3 (0.3, 0.3) 3.0 (2.9, 3.0)
DN Tau −0.57 (−0.59, −0.55) − − 12.1 (11.5, 12.7) 43.8 (40.7, 48.1) 3.0 (3.0, 3.0) 14.7 (13.8, 15.4) − 17.7 (15.4, 19.9) 1.1 (1.0, 1.1) 7.8 (7.8, 7.8)
FM Tau −0.48 (−0.50, −0.46) 57.1 (56.7, 57.6) 13.1 (9.5, 16.7) − 28.8 (25.0, 32.5) 0.8 (0.8, 0.8) − 0.0 (0.0, 0.3) − − 0.2 (0.0, 0.5)
FO Tau −0.57 (−0.64, −0.51) − − 25.2 (24.7, 29.7) 50.3 (36.8, 56.2) 2.9 (2.9, 3.0) 2.8 (2.0, 4.7) 0.0 (0.0, 0.4) 17.2 (11.3, 25.5) 1.2 (0.8, 1.3) 0.7 (0.0, 1.6)
FQ Tau −0.81 (−0.82, −0.81) − − − 49.3 (47.7, 49.9) − 17.7 (17.3, 18.8) 2.5 (2.4, 2.6) 24.8 (24.7, 25.1) 0.1 (0.0, 0.1) 5.6 (5.5, 5.9)
FS Tau −0.52 (−0.53, −0.51) 20.2 (19.7, 20.6) 56.4 (54.5, 57.8) − 22.3 (20.4, 24.8) 1.1 (1.1, 1.2) − 0.0 (0.0, 0.1) − − 0.0 (0.0, 0.0)
FV Tau −0.43 (−0.44, −0.43) − 98.5 (98.0, 98.9) − − 0.3 (0.3, 0.3) 0.5 (0.1, 1.1) − − − 0.7 (0.6, 0.7)
FX Tau −0.47 (−0.48, −0.46) 40.5 (40.1, 41.2) − − 54.9 (53.4, 56.1) 2.4 (2.4, 2.5) 0.6 (0.1, 1.1) 1.5 (1.2, 1.8) − − 0.2 (0.0, 0.3)
FZ Tau −0.49 (−0.51, −0.48) − 48.9 (41.3, 54.9) − 8.0 (0.1, 16.6) 4.2 (4.2, 4.2) 11.9 (11.9, 12.0) 13.2 (12.9, 13.4) 6.8 (5.7, 7.8) 5.0 (4.8, 5.2) 2.1 (1.6, 2.6)
GH Tau −0.66 (−0.70, −0.63) − − 0.0 (0.0, 1.1) 65.1 (61.3, 67.3) 0.1 (0.1, 0.2) 12.3 (11.2, 13.7) − 20.6 (18.1, 23.7) 1.2 (1.2, 1.2) 0.8 (0.5, 1.0)
GI Tau −0.57 (−0.59, −0.56) 45.1 (44.1, 46.4) − 0.0 (0.0, 1.1) 44.5 (42.2, 44.8) 1.4 (1.4, 1.4) 2.9 (2.7, 3.5) 0.1 (0.0, 0.1) 3.9 (3.7, 4.4) − 2.1 (1.9, 2.2)
GK Tau −0.46 (−0.47, −0.45) 43.2 (42.5, 43.9) − 15.2 (13.5, 16.6) 34.0 (33.3, 34.8) 3.2 (3.2, 3.2) 0.4 (0.4, 0.4) 2.6 (2.5, 2.8) − − 1.4 (1.4, 1.5)
GN Tau −0.51 (−0.53, −0.50) − − − 82.8 (81.2, 83.8) 3.5 (3.5, 3.7) 3.0 (2.6, 3.8) − 5.5 (5.1, 6.3) 2.7 (2.7, 2.8) 2.5 (2.4, 2.5)
GO Tau −0.54 (−0.57, −0.50) − − 0.3 (0.0, 4.6) 82.1 (79.9, 83.5) 0.8 (0.8, 0.9) 1.7 (1.1, 3.1) − 13.7 (11.5, 15.6) − −

Haro 6-13 −0.38 (−0.38, −0.38) 11.8 (11.8, 11.8) 61.7 (60.1, 63.6) − 25.0 (23.1, 26.7) 1.4 (1.4, 1.5) − − − − −

Haro 6-28 −0.70 (−0.70, −0.69) − − − 69.7 (68.8, 69.9) 5.6 (5.6, 5.9) − 15.4 (15.3, 15.9) 8.0 (7.9, 8.0) 0.5 (0.2, 0.5) 0.7 (0.7, 1.3)
HK Tau −0.47 (−0.47, −0.42) 8.3 (8.3, 11.2) 34.1 (0.0, 34.1) − 16.8 (16.8, 56.1) 1.2 (1.2, 2.2) 17.2 (17.2, 19.6) 13.7 (13.6, 13.8) 8.8 (0.0, 8.8) − 0.0 (0.0, 1.8)
HO Tau −0.44 (−0.48, −0.42) 34.9 (34.2, 35.1) 0.0 (0.0, 11.1) − 59.7 (50.4, 60.4) 2.1 (2.1, 2.3) 0.9 (0.5, 1.4) − − 0.2 (0.1, 0.2) 2.0 (1.2, 2.1)
HP Tau −0.48 (−0.49, −0.47) 47.1 (46.8, 47.5) 3.5 (0.0, 5.6) − 45.6 (43.2, 48.9) 2.5 (2.5, 2.6) − − − − 1.7 (1.5, 1.9)
IQ Tau −0.54 (−0.57, −0.51) 12.0 (11.3, 13.0) 60.4 (52.9, 66.2) − 20.8 (15.6, 27.8) 2.6 (2.6, 2.6) − − 1.3 (0.6, 2.0) − 2.9 (2.7, 3.2)
IS Tau −0.46 (−0.48, −0.45) − − − 71.0 (68.4, 73.6) 4.8 (4.8, 5.2) 8.3 (7.2, 9.6) 3.9 (3.5, 4.2) 4.4 (3.9, 5.0) 2.8 (2.7, 2.9) 4.9 (4.6, 5.1)
IT Tau −0.56 (−0.59, −0.53) − − − 67.7 (60.4, 72.4) − 3.1 (2.7, 4.9) 1.0 (0.0, 1.3) 28.0 (25.2, 34.1) 0.0 (0.0, 0.4) −

MHO-3 −0.34 (−0.35, −0.34) 39.9 (39.9, 39.9) 37.4 (36.3, 38.4) − 21.2 (20.1, 22.4) 1.1 (1.1, 1.1) 0.4 (0.4, 0.5) − − − −

RY Tau −0.54 (−0.55, −0.53) 47.5 (47.1, 48.0) − − 45.5 (43.9, 46.2) 2.2 (2.2, 2.3) 2.7 (2.5, 3.0) 0.9 (0.9, 1.1) − − 1.2 (1.2, 1.2)
UZ Tau/e −0.63 (−0.76, −0.61) 11.3 (0.0, 11.6) 44.4 (42.3, 81.9) 0.0 (0.0, 8.1) 32.8 (0.0, 35.2) 0.9 (0.9, 0.9) 2.8 (0.8, 2.9) − 4.7 (4.4, 5.6) − 3.1 (2.0, 3.2)
V410 Anon −0.69 (−0.70, −0.66) − − 11.8 (9.2, 12.7) 30.0 (26.1, 35.6) 14.6 (14.6, 15.1) 16.4 (15.1, 17.2) 23.3 (21.1, 24.7) 3.2 (3.1, 3.9) 1.2 (1.0, 1.4) −

V710 Tau −0.40 (−0.50, −0.38) − 0.0 (0.0, 40.5) 23.3 (20.6, 26.4) 61.1 (14.1, 62.8) 0.4 (0.4, 0.5) 4.3 (4.1, 4.6) 0.0 (0.0, 0.8) 6.6 (5.7, 10.9) − 4.9 (2.8, 5.0)
V773 Tau −0.46 (−0.48, −0.46) − 69.8 (69.8, 72.2) − 7.9 (0.0, 7.9) 5.3 (5.3, 6.0) 6.3 (6.3, 7.2) − 10.8 (10.8, 12.8) − −

V807 Tau −0.73 (−0.77, −0.68) − − − 67.9 (63.3, 71.5) 5.3 (5.3, 5.7) 10.4 (9.1, 12.3) − 16.3 (13.2, 19.1) − 0.0 (0.0, 1.3)
V955 Tau −0.55 (−0.57, −0.53) − − − 63.5 (61.3, 66.2) 7.7 (7.7, 8.0) 8.5 (7.7, 9.2) 2.5 (2.5, 2.5) 8.2 (6.7, 9.5) 3.1 (3.1, 3.1) 6.4 (6.4, 6.5)
XZ Tau −0.53 (−0.53, −0.52) − 76.5 (74.7, 78.1) − − 4.9 (4.9, 5.3) 13.4 (12.4, 14.5) 5.2 (4.6, 5.7) − 0.0 (0.0, 0.2) 0.0 (0.0, 0.2)
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Table 3.5: Derived quantities for the decompositional analysis of the 10 µm Si feature.
The values in brackets correspond to the border values of the 1σ range.

Name Γ [%] Large Grains [%] χ2

04187+1927 33.40 (32.65, 33.58) 80.50 (80.47, 82.98) 2.7
04303+2240 33.62 (32.80, 34.41) 92.94 (92.73, 93.16) 14.3
04385+2550 1.70 (1.55, 1.89) 67.60 (67.40, 67.79) 1.8
AA Tau 15.59 (14.36, 16.91) 70.95 (69.57, 72.49) 1.3
BP Tau 8.75 (8.14, 9.08) 41.99 (40.28, 42.96) 0.7
CI Tau 15.31 (14.40, 16.31) 76.89 (76.12, 77.69) 1.7
CoKu Tau/3 22.72 (21.44, 24.16) 96.63 (96.54, 96.72) 1.8
CW Tau 20.65 (20.07, 26.40) 96.20 (74.26, 96.20) 2.3
CY Tau 36.98 (32.70, 43.14) 55.29 (53.02, 55.66) 1.0
CZ Tau 2.20 (2.19, 2.26) 40.80 (40.78, 40.85) 0.8
DD Tau 17.64 (16.63, 18.65) 86.49 (83.73, 92.82) 2.2
DK Tau 17.28 (16.66, 17.63) 87.45 (86.44, 87.87) 2.2
DN Tau 44.29 (41.16, 47.16) 83.88 (83.31, 84.40) 1.1
FM Tau 1.16 (0.95, 1.33) 42.07 (41.35, 42.56) 1.2
FO Tau 24.69 (19.12, 34.49) 70.60 (66.69, 71.20) 0.4
FQ Tau 50.70 (50.06, 52.35) 97.40 (97.38, 97.42) 1.1
FS Tau 1.09 (0.99, 1.24) 78.67 (78.13, 79.33) 1.3
FV Tau 1.49 (1.12, 2.04) 99.71 (99.67, 99.74) 4.9
FX Tau 4.58 (3.92, 5.43) 55.62 (54.61, 56.47) 1.9
FZ Tau 43.11 (42.13, 44.09) 77.63 (77.19, 78.11) 2.7
GH Tau 34.91 (31.76, 38.99) 98.73 (97.58, 98.85) 1.4
GI Tau 10.34 (9.97, 11.35) 53.26 (52.05, 53.42) 0.5
GK Tau 7.68 (7.59, 7.78) 35.85 (35.23, 36.57) 1.9
GN Tau 17.16 (16.38, 18.90) 93.74 (93.63, 93.79) 2.2
GO Tau 16.10 (13.48, 19.57) 98.86 (94.64, 99.21) 1.1
Haro 6-13 1.44 (1.38, 1.52) 86.75 (86.67, 86.82) 3.8
Haro 6-28 30.26 (30.07, 31.26) 78.48 (77.98, 78.63) 1.0
HK Tau 40.83 (37.27, 44.46) 76.88 (74.52, 76.88) 1.6
HO Tau 4.99 (4.36, 5.53) 62.95 (62.65, 63.38) 1.2
HP Tau 4.14 (4.03, 4.41) 50.46 (49.97, 50.77) 1.6
IQ Tau 6.90 (6.44, 7.28) 85.40 (84.42, 86.15) 1.5
IS Tau 29.00 (26.57, 31.67) 88.56 (87.98, 89.16) 1.7
IT Tau 32.28 (28.28, 40.09) 98.98 (98.67, 99.72) 1.7
MHO-3 1.50 (1.40, 1.60) 58.99 (58.93, 59.06) 13.6
RY Tau 7.04 (6.69, 7.51) 49.39 (48.72, 49.86) 6.6
UZ Tau/e 11.59 (9.36, 11.62) 87.85 (87.56, 90.36) 1.1
V410 Anon 59.14 (54.62, 61.23) 49.74 (46.50, 53.60) 1.6
V710 Tau 16.22 (15.25, 19.04) 76.20 (72.80, 79.09) 1.4
V773 Tau 22.36 (22.36, 26.01) 94.70 (94.01, 94.70) 2.7
V807 Tau 32.07 (28.62, 37.12) 94.70 (94.31, 94.97) 1.7
V955 Tau 36.52 (33.85, 38.69) 86.69 (86.44, 87.00) 1.9
XZ Tau 23.50 (22.05, 25.45) 89.91 (89.07, 90.54) 1.8
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3.5 Discussion

3.5.1 Determination of Crystallinity

The fit method presented here for decomposing the 10 µm Si feature takes advantage of a
continuous temperature distribution. Therefore, this model is more realistically than pre-
vious methods which take usage of polynomials (Bouwman et al., 2001), single temperature
blackbody functions (Meeus et al., 2003) or two temperature fits (e.g. van Boekel et al.
2005) to describe the continuum. In this work we do not provide a systematic comparison
between the methods as this will be presented by Juhász et al. (2008).

We conclude from the spectral fits that the continuous temperature distribution of
the disk is a robust model for approximating the continuum emission. We are able to
adjust the background by just one geometrical parameter which shows the strength and
the simplicity of this method. Although previous studies pointed out that the exact shape of
the background function has little effect on the relative composition of the dust mineralogy,
the usage of a more physical model is appropriate and prevents wrong conclusions about
dust temperatures when using a single blackbody approach.

3.5.2 Correlations between Crystallinity and X-Ray Emission

We compare stellar high-energy properties with the total crystalline mass fraction Γ of the
dust disk. In particular we plot the X-ray luminosity Lx against Γ (see Figure 3.5).

Figure 3.5: X-ray luminosity Lx vs. total crystalline mass fraction Γ.

As Figure 3.5 does not show a significant correlation, we tried to select the object
samples according to their age, bolometric luminosity, spectral type, effective temperature,
disk mass, and various products of these. The only parameter which was interesting for
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further investigation was the stellar age; different selections were tried. We found a very
significant correlation if we selected the objects within an age range of 1.2 Myr and 3 Myr.
Adding older or younger objects reduced the significance of the correlation. Figure 3.6
shows the correlation plots for Lx vs. Γ for the specific age cuts.

We calculate the regression lines according the ordinary least square (OLS) bisector
method described by Isobe et al. (1990) to treat the two variables symmetrically while we
use the logarithmic value of Lx. The dashed lines in Figure 3.5 correspond to lines with
slopes adding and subtracting the regression slope uncertainty as calculated according to
Table 1 of Isobe et al. (1990).

Finally, we plot in Figure 3.7 the product of Lx and the hardness H of the X-rays

Figure 3.6: X-ray luminosity Lx vs. total crystalline mass fraction Γ for objects of an
age within 1.2− 3 Myr (top panel), for objects younger than 1.2 Myr (bottom left panel),
and older than 3 Myr (bottom right panel). The lines in the top panel represent the OLS
bisector regression (solid) with the uncertainties for the slope (dashed).
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Figure 3.7: Product of the X-ray luminosity Lx and the X-ray hardness H vs. total
crystalline mass fraction Γ for objects of an age within 1.2−3 Myr (top panel), for objects
younger than 1.2 Myr (bottom left panel), and older than 3 Myr (bottom right panel).

against Γ, using the same object selection as before. The product of Lx and hardness
again correlates significantly with the crystalline mass fraction. This product represents
the deposited energy of the X-rays in the disk.

We searched for other correlations between X-rays and dust crystallinity, and also used
used many products of stellar or X-ray quantities, but the figure presented here are the
only ones showing significant correlations.

It is a remarkable result that a correlation between the X-ray emission and the crys-
talline mass fraction is found; so far, no correlation between the central object and the
crystalline structure of the dust disk has been reported (e.g., Sicilia-Aguilar et al. 2007).
We interpret the correlation such that X-rays, emitted by the central object, are absorbed
by dust grains located in the disk atmosphere relatively close to the central object. This
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may lead to the destruction of their inner crystalline structure.
Jäger et al. (2003) have shown that a total dose of 1017 He+ ions of 50 keV kinetic

energy each per cm2 is sufficient for the amorphization of silicates. We hypothesize that
the energy deposition of energetic X-rays affects the crystalline structure of the silicates in
a similar manner. We therefore performed an order-of-magnitude estimate of the expected
energy flux in X-rays at a distance of 1 AU from the central star.

The dose quoted by Jäger et al. corresponds to a total power of 7 × 1023 erg s−1 of
kinetic energy emitted by the star (assuming that the high-energy ions are originating in
the stellar corona).

Adopting a typical stellar coronal bremsstrahlung + emission line spectrum with a
total 0.1− 10 keV X-ray luminosity of 1030 erg s−1 and an average coronal temperature of
1.5 keV (= 17.4 MK, as is characteristic for T Tauri stars, see, e.g., Güdel 2004), we find
a luminosity of 1.4 · 1023 erg s−1 in the hard X-ray band of 20− 50 keV, comparable to the
value attributed to the He ions. This calculation was performed in the XSPEC software
(Arnaud, 1996) using the APEC model with a global element abundance of 0.3 times solar.

However, it is very likely that not only X-ray but higher-energy photons, protons, and
ions are emitted by the star and provide their destructive energy to the dust grain in the
disk atmosphere.

Such models may explain why the correlation becomes less significant if we include
objects younger than ∼1 Myr. The destruction of the crystalline structure requires a
sufficiently high radiation dose. Very young objects are likely not to have acquired such a
dose given the short time of irradiation.

It is less clear why the correlation worsens if we include objects older than 3 Myr. It
could be related to a statistical problem as our sample does not include many objects at
such ages. Further physical effects may also play a role on longer time scales. Possibilities
include radial dust mixing or the reproduction of crystalline dust material in the inner disk
region.

It would be interesting to see if this correlation can be found in other star forming
regions and for a larger sample of objects. Further, the extension of this study to Herbig
Ae/Be systems could provide different aspects of this process due to the shorter evolution-
ary time scales of the central object and the higher optical/UV-irradiation intensity.

3.6 Conclusions

In this chapter we have used the combined data sample of two different surveys, one ob-
tained with the Spitzer IRS instrument and the other with XMM-Newton, to seek correla-
tions between X-rays emitted by the central object and dust properties of the circumstellar
disk. We have used a continuous two-layer temperature distribution to model the 10 µm
Si feature and measure the mass fraction of amorphous silicates with stoichiometries of
olivine and pyroxene as well as the crystalline silicates forsterite, enstatite, and quartz.
We defined the crystalline mass fraction and correlated it with the X-ray luminosity and
the product of the X-ray luminosity and the hardness of the X-ray emission. We found
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significant correlations for both quantities if we selected objects in an age range between
1.2 and 3 Myr. We interpret the result as indicating that X-rays destroy the crystalline
structure of the dust grains, located in the atmosphere of the inner disk. The destructive
effect of X-rays could be amplified by other high-energy emissions from the central objects;
we have hypothesized that the correlation could be explained with the observed X-ray
emission alone.





Chapter 4

Instrumental Architecture of the
James Webb Space Telescope and the
Mid Infrared Instrument

Summary: In this chapter, we focus on the instrumental aspects of the James Webb
Space Telescope (JWST). We describe the satellite’s architecture and introduce the four
scientific instruments. We describe the Mid Infrared Instrument (MIRI) in more detail and
highlight the Swiss contribution to this project defining the instrumental part of this work
presented in detail in the following chapters.
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4.1 The Observatory Architecture of JWST

To reach the scientific goals described in Chapter 1, JWST must comprise a large mir-
ror, cooled to cryogenic temperatures to achieve the required sensitivity for the infrared
wavelength range.

An overview of the telescope’s substructure is illustrated in Figure 4.1. A description
can be found in, e.g., Sabelhaus et al. (2005) or Nella et al. (2004). Generally, the satellite
consists of three major parts: The telescope, the sunshield and the spacecraft bus. The
telescope is divided into the Optical Telescope Element (OTE) and the Integrated Science
Instrument Module (ISIM) where the four instruments are located.

Figure 4.1: Description of substructures of the JWST. Credit: www.jwst.nasa.gov

4.1.1 The Optical Telescope Element

The OTE consists of a three mirror anastigmatic design with a collecting area of 25 m2,
an effective f/number of 20 and an effective focal length of 131.4 m. Figure 4.2 shows the
OTE in exploded view. The primary mirror consists of 18 monolithic beryllium mirrors
of 1.318 m diameter (point to point) each, all mounted on the Primary Mirror Backplane
Assembly. The advantage of using beryllium is the relatively high stiffness for the relatively
low mass (Stahl et al., 2004). Therefore, the areal density of the primary mirror is of order
19.3 kg/m2 (compare to the primary mirror of the Hubble Space Telescope, HST with
180 kg/m2). Further, beryllium is desirable since it keeps its shape highly accurately at
cryogenic temperatures.

The special shape of the primary mirror leads to a complex shape of the PSF as il-
lustrated in Figure 4.3, assuming all segments are in perfect position and have perfect
curvature. Despite the complex shape of the PSF, if the mirrors are correctly adjusted,
high-resolution imaging is possible and comparable with the performance of the HST.

To reach the required performance of the mirror after the deployment and the cool-
down, each of the mirror segments as well as the secondary mirror are actively controlled
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Figure 4.2: The telescope in exploded view. Credit: www.jwst.nasa.gov

by several independent actuators, which allow the segments to be tilted and curved until
the wavefront error is minimized. Once in orbit, NIRCam will take several images of stars
as part of the wavefront error sensing that begins the process of aligning the mirrors (Lou
et al., 2005).

Passing the actuated second and static third mirror, the light is finally reflected by the
Fine Steering Mirror (FSM, see e.g. Ostaszewski & Vermeer 2007) before its entrance into
one of the four instruments. The FSM is part of the Attitude Control System (ACS) and is
used for the accurate pointing and line-of-sight stabilization at < 7.3 marcsec (Nella et al.,
2004) being controlled with guidance data delivered from the FGS (see below).

4.1.2 The Integrated Science Instrument Module

The Integrated Science Instrument Module (ISIM) is located behind the backplane and
consists mainly of a large structure which hosts the four scientific instruments (see Fig-
ure 4.4): NIRCam, NIRSpec and the FGS-TFI have operational temperatures at 40 K and
are described in the following, while MIRI operates at 7 K and is described in more detail
in Section 4.2.
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Figure 4.3: Impact of the pupil shape on the PSF shown for a circular (left), hexagonal
(middle) and the JWST mirror (right). Credit: www.stsci.edu

Figure 4.4: View on the uncovered Integrated Science Instrument Module. Credit:
www.jwst.nasa.gov
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The Near Infrared Camera will be the primary JWST imager in the wavelength range
of 0.6− 5 µm (for a detailed description see, e.g., Rieke et al., 2005). NIRCam is a single-
point failure instrument for JWST since it is used to align the primary mirror segments.
Therefore, its design has been chosen to be as simple as possible with two fully redundant
optical benches (so called modules), both identical but pointing at separate fields of view
(FOV). Each module consists of two spectral wavelength channels (0.6− 2.3 µm and 2.4−
5.0 µm) which are both detected simultaneously by two separate HgCdTe detector arrays
of 2k × 2k each. Each channel of each module covers a FOV of 2.′2 × 2.′2 with a pixel scale
of 0.′′032/pixel for the short and 0.′′064/pixel for the long-wave band.

The Near Infrared Spectrograph (Posselt et al., 2004) will be the spectrograph in the
wavelength range of 0.6 − 5.0 µm. NIRSpec runs in 3 different observing modes: A low
resolution R ∼ 100 resolving power prism mode, an R ∼ 1000 multi-object mode and
an R ∼ 3000 integral field unit or long-slit spectroscopy mode. The FOV is ∼3.′4 × 3.′4
for all modes. In the R ∼ 100 and R ∼ 1000 modes, NIRSpec provides users of JWST
with the ability to obtain simultaneous spectra of more than 100 objects in a > 9 arcmin2

FOV. At R ∼ 100 one prism spectrum covers the full 0.6 − 5.0 µm wavelength range. At
R ∼ 1000 three gratings are used to cover the wavelength range from 1.0 − 5.0 µm. The
capability to detect spectra of multiple objects simultaneously is based on the advantage of
a micro-electromechanical system (Moseley et al., 2004) which provides dynamic aperture
shutter masks. NIRSpec will be equipped with two Rockwell Scientific HgCdTe 2k × 2k
detectors. To improve the sensitivity, the spatial pixel size is ∼0.′′1 which is larger than
that of NIRCam.

The Fine Guidance Sensor and the Tunable Filter Imager are built in a combined
instrument, but their functionality and purpose are independent (Rowlands et al., 2004).
The FGS is a camera equipped with two fully redundant channels providing the ACS with
position data of a guiding star to compensate telescope drifts with the FSM. The channels
observe two adjacent FOV of 2.′3 × 2.′3 each with a gap of ≈ 54”. They can be configured
to run in subarray mode by 8 × 8 pixels to provide fast guidance data with an update rate
of ∼ 16 Hz.

The TFI is a camera system with a short (1.2 − 2.4 µm) and a long (2.4 − 4.8 µm)
wavelength channel, both pointing at the same FOV of 2.′2 × 2.′2. Each of these channels
incorporates a single 2k × 2k HgCdTe 5.0 µm cutoff detector array. Over a wide range
of wavelengths, tunable narrow-band (R ∼ 100) filters can be selected. The capability of
“tuning” is provided by a Fabry-Perot etalon and a suite of order-blocking filters. The
motions of the etalon are controlled by piezoelectric actuators that provide a high degree
of stability and repeatability. The TFI operates in either direct imaging or coronagraphic
imaging mode and with full-frame or sub-array readout. The ability of the TFI to scan
in wavelength while keeping all other components of the instrument and observatory fixed
provides ideal performance for coronagraphic observations due to the accurate suppression
of the “speckles” caused by mid-frequency distortions in the primary mirrors.
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4.2 The Mid Infrared Instrument

4.2.1 Overview

MIRI is a combined imager and spectrograph for wavelengths in the range of 5.0 − 28 µm
(see e.g. Wright et al. 2004 and for a more detailed description see DD001AEU1). Due
to its longer-wavelength range, MIRI has to be cooled actively to 7 K with a Pulse Tube
pre-cooler combined with a Joule Thomson stage to reduce its thermal background and
to provide the required working temperature for the 1k×1k Si:As detectors (Love et al.,
2004). This has impact on several aspects of MIRI such as the dedicated thermal design
and an advanced contamination control assessment. Both of these aspects are highlighted
in more detail in the two following chapters.

JWST defines several regions of different temperatures and consequently, MIRI is a
collection of co-operating units spread over all regions within JWST (see Figure 4.5): The
cold Optical Module (OM) is placed in region 1, the warm electronic units with their
cabling in region 2, and the cooler with its control electronics in region 3. While region 1
and 2 are placed within the ISIM, region 3 is located at the spacecraft bus.

MIRI’s functionality is best described by following the optical path (see Figure 4.6).
The light beam provided by the OTE is reflected by the Pick-Off-Mirror (POM) which is
the first of several mirrors of a periscope, the so called Input Optics and Calibration unit
(IOC). Two separate flat mirrors placed close to the focal plane are guiding the light into
the MIRI Imager (MIRIM) and into the spectrometer (SPE).

MIRIM (Dubreuil et al., 2003) consists of an imager with a FOV of 75 × 113 arcsec2 and
a pixel scale of 0.′′11/pixel. A filter wheel (Lemke et al., 2006) within MIRIM is equipped
with 9 different filters for photometry, one prism for running MIRIM in a low resolution
spectrometer (LRS) mode (with 5 < λ < 10 µm and a resolving power of R = 100) and
4 coronagraphic masks to run MIRIM as a coronagraph at 4 different wavelengths. All
these observation modes use the same detector array but different subsets of the array and
consequently they do not share the same FOV. Only one mode can be operated at a time.

MIRI’s second sub-instrument is a mid-resolution (1000 ≤ R ≤ 3000) integral field
spectrometer (Wells et al., 2006) with 4 channels in different wavelength bands which are
detected simultaneously by two detector arrays. Each of these 4 bands is divided into 3
sections using 3 sets of dichroics (band-pass filters) and gratings, driven by two mechanisms
in total (grating wheels). Consequently, for a full coverage of the spectral range, 3 exposures
are required. A summary of the wavelength bands as well as the slice widths and lengths is
shown in Table 4.1. The advantage of an integral field spectrometer is that the spectrum
of an extended source such as a galaxy, a molecular nebulae or a large circumstellar disk
can be measured as a function of location. Equivalently, extended objects can be imaged
within a FOV of 3.′′7 × 3.′′7 up to 7.′′9 × 7.′′7, depending on the wavelength channel, with

1In this work, two different reference styles are used: The Harvard style for published literature and
a reference in the format XX000YYY to cite a MIRI project document. Since the latter are unpublished
documents, they can be downloaded from http://www.phys.ethz.ch/∼glauser/. The two different
reference types are listed separately in the reference section.
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Figure 4.5: MIRI system accommodation diagram (DD001AEU, p. 31)

Figure 4.6: Overall optics architecture (DD001AEU, p. 38)

narrow photometric bands.

To perform flat field calibration in orbit, MIRI is equipped with two calibration sources
(Glasse et al., 2006), one for the MIRIM detector array and one for the two SPE detectors.
Previously, a flip mirror was planned to be used for dark sky calibration but this mechanism
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Table 4.1: Summary of the SPE parameters (DD001AEU)

Channel 1 2 3 4
Wavelength range [µm] 5.0-7.71 7.71-11.89 11.89-18.35 18.35-28.3
Slice width (arcsec) 0.176 0.277 0.387 0.645
Slice length (arcsec) 3.70 4.51 6.13 7.74
Number of slices 21 17 16 12

turned out to be obsolete since MIRI has an entrance door mechanism called Contami-
nation Control Cover (CCC, originally introduced only to protect the instrument against
contaminants, see dedicated Section 7.2) which can be used for the dark sky calibration
instead.

All mechanisms as well as the thermal control system including heaters and sensors
are driven by the Instrument Control Electronics (ICE), located in region 2 at 300 K. The
electrical connection for these lines is described in detail in Section 6.2. The three Focal
Plane Modules (FPM), which consists of the detector array and an internal thermal control
system, are controlled by their own cables and electronic units, the Focal Plane Electronics
(FPE).

4.2.2 Model Philosophy and Project Status

MIRI will be built in a series of three models: The Structural and Thermal Model (STM),
the Verification Model (VM) and the Flight Model (FM). At component and assembly
levels, further models are build such as Qualification Models (QM) or Flight Spare models
(FS).

The STM is a model with envelope boxes of the subassemblies without optical func-
tionality and only thermal electronics such as thermistors and heaters. The major purpose
of building the STM was to test the global structural performance, the vibration load
propagation and the thermal performance since all non-isothermal parts were almost flight
representative (including cables etc.). The STM program passed the test review success-
fully in 2006.

The VM is a full flight representative optical model with some restrictions such as
reduced number of SPE channels, poorer optical performance due to the missing coating
on some mirrors, non-flight design of some of the mechanisms. The integration of the VM
was completed by the end of 2007 (see Figure 4.7) and since then, the VM withstood the
first test campaign at cryogenic conditions successfully. A second test campaign is planned
for the summer 2008 when preliminary calibration activities will start. Overall, the VM is
a successful program of the MIRI development path.

The FM exists already as individual parts but several components are currently (sum-
mer 2008) under qualification. The actual schedule foresees integration of the FM in winter
2008/2009 and testing and calibration of the instrument in summer 2009.
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Figure 4.7: MIRI VM during the gravity release test: The instrument is turned around 360◦

to verify the stability of the alignment. The instrument is covered by multi-layer-insulation
blankets.

Apart from the model status, MIRI passed the final design review successfully, the so
called Critical Design Review (CDR), in 2007. This was a milestone achievement of the
overall project and special in the sense that MIRI has become the first critically reviewed
instrument on JWST.

4.2.3 Project Structure and the Swiss Hardware Contribution

MIRI is built by a large community spread over 11 countries, two space agencies and 18
institutes. Except the Focal Plane System, the cooler and the software, MIRI is built in
Europe by the European Consortium led by Gillian Wright (UK ATC) and representing
17 institutes spread over 10 countries. The Swiss contribution has been led by the Paul

Scherrer Institut (PSI) and consists of two hardware deliverables both built under subcon-
tracts with industrial partners. The first component is the Contamination Control Cover
(see Chapter 7.2 or Glauser et al. 2006b and Glauser et al. 2008a, respectively), built under
a subcontract with RUAG Aerospace in Wallisellen, Switzerland. The second component
is the ICE-Cryoharness (see Chapter 6.2 or Langer et al. 2006) built under a subcontract
with Syderal SA in Gals, Switzerland. The FMs of both components have been built,
successfully tested and delivered to the consortium for integrating at higher level.

The small PSI project team, within which the present instrumental work has been
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conducted, was responsible for the project management, the system engineering, the prod-
uct assurance, the interface control management and the exchange of information between
the different parties, i.e., the consortium, the space agencies and the industrial partners.
Further, due to the complexity of a cryogenic space mission, the cryogenic verification
and qualification tests were performed at PSI in the Cryogenic Space Simulation Chamber
(CSSC) (see Chapter 5 or Glauser et al. 2006a), which has been developed specifically
for the Swiss MIRI project at PSI. Therefore, the project team was deeply involved in all
phases of the hardware development, the designing, the controlling of the manufacturing
and integration as well as the testing and qualification.

The following chapters summarize the ideas, the design, the realization and the tests
of the components of the Swiss hardware contribution of MIRI.



Chapter 5

The Development of a Cryogenic
Test Chamber

Summary: To enable qualification tests at cryogenic conditions of the Swiss MIRI hard-
ware contribution, a test facility was built. In this chapter we describe the design and the
development of the Cryogenic Space Simulation Chamber which has been built at the Paul

Scherrer Institut in Switzerland. To support the thermal design of the facility, a thermal
simulation software has been developed and is presented here at first.
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5.1 The Thermal Analysis Software FDT

Before we were able to elaborate the thermal design of the Cryogenic Space Simulation
Chamber (CSSC), we had to develop a software package to model the thermal perfor-
mance of the CSSC. This software package is called “Finite one-Dimensional Thermal
simulation software” (FDT) and shall be described in this section shortly. The purpose of
this software is to provide a calculation tool for various thermal applications and is there-
fore implemented more generically. In general, the software shall provide the following
capabilities:

• Dynamical simulation of any thermal setup with conductive and radiative thermal
links at given initial conditions.

• Usage of different, temperature-dependent material properties such as thermal con-
ductivities and capacitances.

• Implementation of temperature and/or time-dependent coolers or heaters.

• Output: Time-dependent temperatures and heat flows.

• User friendly interface

5.1.1 The Model

The basic idea behind the one-dimensional finite thermal simulation is the allocation of
a thermal system into a finite number of nodes. These nodes are thermally connected
with bonds (see Figure 5.1). Each node p consists of a certain material and has a specific
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Figure 5.1: Schematic of the FDT structure: Nodes are connected with bonds.

thermal capacity cp(T ) and mass mp. Further, each node has a variable temperature Tp.
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The bonds are either radiative or conductive connections to other nodes and the thermal
load through these bonds is a function of their properties and the temperatures of the
two nodes. The algorithm of the software iterates with a certain time step interval and
calculates for each step the changes in temperature of each node according its positive or
negative heat load.

In detail, the heat exchange of a conductive bond between the nodes p and q is:

.

Qc
p,q=

A

`

∫ Tq

Tp

λ(T )dT (5.1)

where A is the cross section and ` is the length of the conductor. The temperatures on the
ends of the conductor are Tp and Tq. λ(T ) is the material specific temperature depending
thermal conductivity in [W/Km]. The heat exchange for a radiative connection is given
by

.

Qr
p,q= σ · ε · A(T 4

p − T 4
q ) (5.2)

where σ = 5.67 · 10−8 W/m2 K4 is the Stefan-Boltzmann constant, ε the emissivity, and
A the area between the two bodies which depends both on the detailed geometry and the
surface properties.

If a node p is thermally linked with several bonds and consequently is impacted by their
head loads Qp,q, the temperature change can be written as:

.
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∑
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Qr
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mp · cp(Tp)
. (5.3)

Additionally to the heat loads through the bonds, the temperature is influenced by an
attached heater or cooler with the heating power Pp (negative for cooling) which may be
a function of temperature and time (heaters can be switched on or off).

For a system with N nodes and M bonds, FDT solves a system of N + M coupled
differential equations. As usual for thermal systems, heat flows are small relative to the
capacitances and therefore, the system requires a long time to reach the equilibrium state.
The setup of the correct model is crucial and has to balance reliability against numerical
limitations.

5.1.2 Thermal Properties of Materials and Heaters

The specific heat capacity and the thermal conductivity of materials show strong temper-
ature dependencies, and the implementation of these dependencies is important for any
thermal simulation. FDT takes advantage of an interpolation formula which allows the
usage of material data published by http://cryogenics.nist.gov/. Most of these data
are valid within the temperature range of 4−300 K and unfortunately, only a few (although
the most important) materials are described there. For the thermal conductance and the
heat capacity the same interpolation formula is used:

X1(T ) = 10a0+a1·log10 T+a2·(log10 T )2+a3·(log10 T )3+... (5.4)
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where ai are the interpolation data, given for each material. Due to its special behavior
at low temperatures, the thermal conductivity of copper requires a different interpolation
method to describe the real behavior accurately:

X2(T ) = 10
a0+a2·T

0.5+a4·T+a6·T
1.5+a8·T

2

1+a1·T
0.5+a3·T+a5·T

1.5+a7·T
2 . (5.5)

An example of these parameters is listed in Table 5.1 for Aluminium and Teflon while
Figure 5.2 displays the data for the most frequently used materials. Sometimes, it is
necessary to implement an external heater or cooler. Such devices often show a dependence
on temperature and therefore it is necessary to implement a “heat load map”. These are
look-up tables, and their entries are linearly interpolated. An example for the cooler RDK-
400B from Sumitomo, as used in the CSSC, is shown in Figure 5.3.

5.1.3 Software Interface and Output

The software provides the user with a Graphical User Interface (GUI) where the model
can be programmed (see Figure 5.4 upper left panel). Each node requires the information
about its material, mass, and initial temperature. The bonds are defined by the two node
numbers, the connection type and the type-specific information such as the ratio A/l and
the material type for the conductive bonds or the emissivity ε and the area A for the
radiative connections. Another field allows the programming of the heat load map of the
heaters or coolers, while the material properties according to the interpolation formula
described in (5.4) and (5.5) can be programmed in the last field.

The bonds and the heaters can be set with a time table to allow them to work within
a finite time.

Table 5.1: Example of interpolation parameters for Teflon and aluminium 3003 from
http://cryogenics.nist.gov/

Capacity Conductance
Teflon Al 3003 Teflon Al 3003

a0 31.883 46.647 2.738 0.637
a1 -166.519 -314.292 -30.677 -1.144
a2 352.019 866.662 89.430 7.462
a3 -393.442 -1298.300 -136.990 -12.691
a4 259.981 1162.270 124.690 11.916
a5 -104.614 -637.795 -69.556 -6.187
a6 24.993 210.351 23.320 1.639
a7 -3.210 -38.309 -4.314 0.173
a8 0.165 2.963 0.338 0.000
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Figure 5.2: Heat capacitance (left) and thermal conductivity (right) of some selected ma-
terials (data from http://cryogenics.nist.gov/)
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Figure 5.3: Heat load map of the cooler RDK-400B from Sumitomo

Once the iteration starts, the node temperatures are calculated as a function of time.
Their behavior is displayed in an output window (see Figure 5.4 lower panel) as well as
written into an output file for further calculations.
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Figure 5.4: The FDT GUI main (upper left) and graphical output (lower right) screen

5.2 The Cryogenic Space Simulation Chamber

5.2.1 Requirements

To allow testing of the Swiss MIRI hardware contribution, a test facility was built to
perform qualification tests at cryogenic conditions. In particular, the requirements are

• The Cryogenic Space Simulation Chamber (CSSC) provides the thermal environment
at the nominal temperatures of MIRI at 7 K and of the ISIM at 37 K.

• The full temperature range of the cold bench is 4.5 − 353 K. The cooling and heat-
ing system is dimensioned such that the chamber can be cooled and heated with a
temperature gradient of ∼300 K/24 h over the full temperature range.

• The cold bench and the usable volume for the test equipment of the CSSC is large
enough to allow testing of MIRI and NIRSpec filter wheels (assumed to be the largest
test equipment).
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• The CSSC is capable to allow electrical measurements of the complete set of the
ICE-Cryoharness at nominal temperatures (i.e., 37 K at one end and 7 K at the
other end of the cables).

• To perform optical measurements, an optical window and a vibration damping system
is provided.

• The vacuum pressure is < 10−5 mbar. The selection of materials fulfills vacuum
performance criteria (e.g. low outgassing rate).

• The cleanliness standard class of the CSSC is 100 or better (see Section 7.4.1 for the
definition of cleanliness standards).

5.2.2 Thermal Design of the CSSC

The basic design approach was to build a vacuum vessel of ∼1 m in diameter and ∼1.5 m
in length. In this vessel, one or two thermal shields reduce the radiative heating from the
chamber wall at 300 K to the cold bench at 7 K, while the inner shield reaches temperatures
<37 K. The vessel, the shields and the bench are mounted with insulating displacement
bolts. Further, the shield(s) and the bench are cooled by one or two cryo-coolers.

During the design phase of the CSSC, the setup was thermally modeled with the FDT
software (see Section 5.1) with the goal

• to show the necessity of one or two thermal shields

• to select the cryo-cooler(s)

• to demonstrate enough margin for the correct working of the facility

The applied model for a configuration with two thermal shields is illustrated in Figure 5.5.
Each shield and the bench are attached individually to a cryo-cooler (or one stage of a
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Figure 5.5: The thermal model of the CSSC with two shields.
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multi-stage cooler) and to a heater. Further, the vessel, the shields and the bench are
mechanically connected but thermally insulated by introducing low conductive materials.
The vessel is modeled with an infinite mass to simulate its stable temperature at ambient
condition due to convecting heating by the air from the outside.

Different coolers, geometries and configurations were tried. The models indicated
clearly that the implementation of two thermal shields is necessary to run the inner shield
at 37 K. Further, two very powerful cryo-coolers were chosen, a Sumitomo RDK-400 single
stage for the outer shield and a Sumitomo RDK-415D double stage for the inner shield
and the bench.

Table 5.2 and Table 5.3 summarize the model configuration as implemented in the
final design. The cooling behavior is shown in Figure 5.6 which compares the model with
the real performance. The system is able to cool within 24 h to nominal conditions.

Table 5.2: Description of the nodes used for the FDT-simulation of the CSSC

Node Name Dimensions Material Mass
vessel 1.2 m × �1.00 m SST Inf
1st shield 0.84 m × �0.90 m Al 20.8 kg
2nd shield 0.79 m × �0.82 m Al 18.0 kg
bench 0.5 m × 0.55 m Cu 36.8 kg

Node Name Material Mass Heater Type
cooler 1 Cu 30 kg RDK-400
cooler 2 Cu 30 kg RDK-415 1st stage
cooler 3 Cu 30 kg RDK-415 2nd stage

Further, the inner shield reaches a minimum temperature of ≈25 K and the bench a
minimal temperature of ≈4 K. The qualitative comparison between the model and the
measurement data in Figure 5.6 shows a very good agreement of the chamber performance
and its prediction. However, it has to be mentioned that the modeling of such a system
depends strongly on the coupling efficiency of the thermal connection since in reality, no
perfect connections can be made. Several upgrades of the connections of the cryo-coolers
to the shields and the bench were required until the thermal properties were acceptable.
However, the system was modeled with reduced (50%) conductivity efficiencies, and enough
margin could be demonstrated.

5.2.3 Design Overview

Figure 5.7 shows the CSSC in cross section. The vacuum vessel is mounted on a structure
which is attached to 4 vibration dampers. The two shields and the bench are mechanically
fixed to each other with epoxy displacers which have very low thermal conductivity. The
cryo-coolers are mounted from bottom and are fixed by a separate structure which is bolted
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Table 5.3: Description of the bonds used for the FDT-simulation of the CSSC

Conductive bonds

Node1 Node2 Dimensions Material
vessel 1st shield 3 × A=1000 mm2,l=35 mm Epoxy
1st shield 2nd shield 3 × A=1000 mm2,l=35 mm Epoxy
2nd shield bench 3 × A=1000 mm2,l=35 mm Epoxy
cooler 1,2,3 shields&bench each 8 × A=50 mm2,l=10 mm,E∗=12% Cu
*: Thermal connection efficiency

Radiative bonds

Node1 Node2 Area ε
vessel 1st shield 3.7 m2 0.3
1st shield 2nd shield 3.6 m2 0.3
2nd shield bench 0.6 m2 0.3
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Figure 5.6: Temperature history of the CSSC for the modeled (left) and the real (right)
system.

down to the floor ground. Between the cryo-cooler and the vacuum vessel, shields and the
bench, only flexible parts are used, i.e., bellows for the vessel and copper bands for the
thermal connections. This mounting concept shall reduce the vibration loads from the
cryo-cooler to the bench. Additionally, the vibration damped structure can be attached to
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a separate optical table, and the optical window allows a setup of warm optical equipment
on the one side and cold test equipment on the other side. To reduce radiative heating
through this window, an IR-filter is placed in the entrance opening of the outer shield.

19 electrical feedthroughs with 41 pins each guarantee a sufficient number of electrical
connections for the tests of the Cryoharness and the chamber temperature sensors and
heaters. The chamber internal electrical lines for the Cryoharness are heat-sunk on the
outer and inner shield and the overall length of these cables is ∼5 m.

The door of the chamber is inside a cleanroom with cleanliness class 100 (see Sec-
tion 7.4.1 for details about cleanliness classification) while the rest of the chamber including
the optical table, the vacuum pumps and the cryo-coolers is not in a clean environment.
The initial setup and the multiple upgrades of the chamber were done under clean condi-
tions.

Optical Window Cold BenchVacuum Vessel

Outer Shield

Inner Shield

Electrical

Feedthroughts

Interface for 

Optical Table

Cryo-coolers

Vibration damper

Electrical

Interface Board

Chamber Door

Figure 5.7: Cross section of the CSSC.
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Figure 5.8 shows a collection of pictures of the chamber. The thermal connection
between the cryo-pump and the outer shield is shown in the top left panel. This picture
further shows how the thermal heat sink of the cables along the outer shield is made,
and also the insulating mounts for the inner shield and the electrical heaters are visible.
The top right panel shows the CSSC in its final configuration including the Cryoharness
during a test campaign. The outer side of the chamber including the optical table and the
operation control board are shown in the lower panels.

5.2.4 Control Software

The CSSC is equipped with several temperature sensors, heaters and a gas system. Since
the chamber is used during long-duration test campaigns, the whole system is built for auto-
matic and remotely controllable operation. For this purpose, an Internet-based controlling
software, based on LabView from National Instruments, was developed. The software
provides the following functionalities:

• Display and logging of housekeeping data such as temperatures, heater powers, pres-
sure, and the chamber status.

• Remote access of the temperature controllers, gas system (including vacuum pumps),
and cryo-coolers.

• Server functionality for the provision of housekeeping data for remote measurement
software.

• Control for automatic sequences.

Figure 5.9 shows the front panel of the control software. Housekeeping information and
controlling capabilities are displayed on the same screen.
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Figure 5.8: Picture collection of the CSSC: The upper left figure shows the chamber during
integration. The outer shield is visible and the thermal connection between the cryo-cooler
and the shield. The cabling for the Cryoharness test is attached to the shield for heat-
sinking. Finally, the green Epoxy mounts for the inner shield as well as heaters and sensors
are visible. The upper right figure shows the fully integrated chamber and the Cryoharness
in its test configuration between the 37 K interface connectors and the cold bench. The
bottom left figure shows the control board and the bottom right figure the outer side of
the CSSC with attached optical table.
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Figure 5.9: Panel of the control software for the CSSC.





Chapter 6

The Cryoharness: Design and
Verification for Cryogenic Conditions

Summary: Because MIRI is a cryogenic instrument operating at lower temperature than
the ISIM, its thermal design is complex and has impacts on all components. In this
chapter we discuss the overall thermal approach of MIRI and in particular the design of
the ICE-Cryoharness which is one part of the Swiss contribution to MIRI. We show the
optimization process of the cabling and its verification; the latter is done both analytically
and by measuring the thermal conductivity of the cables to confirm theoretical assumptions
of the thermal performance of the selected materials.
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6.1 The Thermal Design of MIRI

6.1.1 High Level Requirements

The following describes some of the present highest-level thermal requirements for MIRI
(DD001AEU, p. 296):

• The Sensor Chip Array (SCA) within the Focal Plane Modules shall be held at a
temperature below 6.7 K in order to achieve the required signal-to-noise ratio and a
temperature stability of ±10 mK over a 1000 second exposure.

• The OM shall be held at a temperature below 15.5 K with a stability of ±500 mK in
order for the background radiation on the detectors to remain at an acceptable level
(Note that the effective operational temperature of the OM of MIRI will be between
6-8 K).

• The thermal hardware shall be designed for a lifetime of five years, once MIRI is
on-orbit, at operational temperature and commissioned. The goal is to extend to 10
years.

• The MIRI OM is launched warm and after deployment is passively cooled to approx-
imately 100 K via the ISIM. Further cooling to operating temperature is achieved
via the cooler which will be activated at a pre-defined temperature.

• The total heat load from the OM to the cooler 6 K heat exchanger stage during
nominal operation shall not exceed 68 mW.

6.1.2 Design Overview

The overall thermal design of the OM is illustrated in Figure 6.1. Ideally, the 7 K deck
shall be fully insulated from the 37 K ISIM but several thermal links lead to a heat load
down to MIRI. Once cooled to its nominal temperature, the thermal loads through these
connections must be low enough to be compensated by the remaining cooling power of the
cooler. In particular, heat will flow through the electrical connections, the support struts
which are made of Carbon Fibre Reinforced Plastic (CFRP), a N2 purge pipe (to provide
a dry environment for the mechanisms during ambient ground tests) and via radiative
heating. Additionally, all electronic devices placed in the OM, such as the mechanisms
and the heaters used for decontamination and annealing of the detectors, will produce
internal heat which must be transported away from the system.

Since the overall heat load shall not exceed 68 mW, the thermal design of the connect-
ing interfaces is a dedicated task and highly accurate thermal engineering is required to
guarantee the proper functionality of the instrument.

An analysis of the heat loads, as presented during the MIRI CDR, is summarized in
Table 6.1. The total nominal heat load is 44.3 mW. Compared to the required 68 mW this
shows enough margins of safety. Note that the ICE-Cryoharness is listed as a conductive
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Figure 6.1: MIRI Thermal Control System (DD001AEU, p. 298)

link as well as an internal heat source since its electrical resistance leads to ohmic heating
of the cables. Section 6.2.3 discusses this issue in more detail.

In the earlier phase of the project, MIRI should have been cooled with a dewar which
contained solid hydrogen, slowly boiling and providing the required temperature for an
operational period of 5 years. Due to weight restrictions, the dewar has been replaced
with the presently designed cooler. From a thermal point of view, this replacement led to
more cooling power and to a longer operation time and generally to a relaxation of several
thermal requirements. The major disadvantage of this replacement is the higher risk of
failure since a cooler is a very complex system compared to a simple dewar.



84 THE DESIGN AND VERIFICATION OF THE CRYOHARNESS

Table 6.1: Summary of heat loads for the MIRI OM (RP041RAL, Table 4-1)

Thermal link Calculated Uncertainty
Heat Load [mW] [mW]

Conductive links
hexapod struts 9.059 ±1.36
ICE-Cryoharness 4.061 ±0.81
GSE heater harness 0.573 ±0.11
FPM harness 1.766 +0.18/-0.35
Purge pipe 0.683 ±0.14

Radiative links
ISIM on support struts MLI 2.432 ±0.73
ISIM through aperture 1.188 ±0.06
ISIM on purge pipe 0.002 ±0.00
ISIM on harnesses 0.002 ±0.00
ISIM on main OA MLI 22.075 ±6.62

Internal Heat Sources∗

Mechanisms 0.120 +0.06/-0.02
Calibration Sources 0.140 +0.07/-0.03
ICE-Cryoharness 0.190 ±0.04
Heaters 0.010 ±0.01
FPMs 2.040 +0/-0.77

Total Nominal Heat Load 44.341 +6.85/-6.90
*: averaged over time

6.2 The ICE-Cryoharness

6.2.1 Overview

The electrical link between the cold instrument and the warm electronic units is made
via a set of cable bundles, the so called Cryoharness, which is grouped into several parts
with respect to functionality, temperature regime, and supplier. The harness which has
been designed and manufactured in Switzerland is providing the connections between an
interface point at 37 K mounted on the ISIM and the instrument at 7 K for all ICE driven
devices and is called Cryoharness Section A&B (see also Langer et al. 2006 and for a
full technical description DS001PSI). The connection between the connector interface at
37 K and the ICE box place in region 2 of the telescope (called Section C&D) is provided
by the ISIM team. In total, there are 30 MIRI flight components and 26 MIRI ground
support components, which have to be electrically connected by 2, 4, 6, or 8 wires. In
order to increase the reliability, non-redundant MIRI flight components are provided with
redundant electrical connections. This led in total to 168 wire lines for flight hardware and
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18 wire lines for ground support equipment (GSE) (see Figure 6.2).
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a@<AHb;?WH<XF_?WIH?A

cX<dCAGI=HCAefCC=

gA<HIWdefCC=h
gA<HIWdefCC=i

jk\>CWD?AD

e<AX\lÈC<HCAD
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Figure 6.2: Functional diagram of the MIRI Cryoharness. Each colored line represents a
cable bundle of 2, 4, 6, or 8 wires. The cables, which are manufactured in Switzerland, are
indicated with Section A and Section B.
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6.2.2 Requirements

The boundary conditions for the design of the non-isothermal cables (Section B) are very
stringent and even conflicting: The thermal budget of MIRI allows a maximum of 4.5 mW
for the thermal heat load from the 40 K “warm” instrument module on the 7 K cold
instrument through the 168 flight wires, including both heat conduction and ohmic heating.
This requirement is very challenging as the low heat conduction requires high-ohmic wires,
and the low-ohmic heating - even for wires carrying a mechanism driving current of up
to 150 mA - requires low-ohmic wires. However, the chosen design should also be feasible
with respect to complexity and costs. In summary, the main design driving requirements
are:

• The total heat load of all Section B ICE cables shall be lower than 4.5 mW including
conductive and ohmic dissipative heat loads.

• Cables shall be optimized for the different types of usage: Motor and heater drive
lines shall be capable to support currents up to 300 mA while lines used for sensors
shall be optimized for low currents in the order of 1 mA.

• Cables must be electrically shielded.

6.2.3 Design Trade-off

To identify the optimal conductor for a non-isothermal electrical connection, a trade-off
has to be made taking the applied currents, their duration and the temperature gradient
into account. Figure 6.3 illustrates the contrariwise behavior between the conductive and
electrical (or ohmic) heat load when varying the wire diameter. Assuming a constant
current and thermal gradient, the total heat load is optimal for a certain wire diameter.
If the diameter is larger, the ohmic and thermal resistances drop, which leads to a lower
electrical but higher thermal heat flow. If the diameter is smaller, the resistances increase,
which leads to a lower thermal but higher electrical heat load. If the wire size is below
a certain limit, the electrical heat dissipation is too high and the wire starts melting and
acts as a fuse. Therefore, the smallest allowable wire size is given by the fuse limitation.

We will now derive the optimal wire diameter. The conductive heat load follows the
equation

.

Qcond=

(
d
2

)2
π

`

∫ T2

T1

λ(T )dT ≡

(
d
2

)2
π

`
λ(T1, T2) (6.1)

where d is the wire diameter, ` the wire length, T1 and T2 the wire end temperatures and
λ the thermal conductivity. The ohmic heat load is expressed by the equation
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`
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d
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π
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Figure 6.3: Schematic relationship of the heat loads of a wire conductor as a function of
wire diameter. This plot assumes a constantly applied current and thermal gradient.

where ρ is the temperature-dependent specific electrical resistance and I is the applied
current. Since the current is not applied continuously but for a total time ton during the
whole mission life time ttot = ton + toff, the total heat load can then be expressed with

.

Qtot=
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The derivation of the optimum diameter is derived from the condition ∂
.

Q
∂d

= 0:
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) 1
4

. (6.4)

Figure 6.4 shows the optimum wire diameter as a function of the current I and the re-
sulting thermal heat load for a wire of 500 mm in length. Three different materials are
compared. The right panel demonstrates clearly that P-CuSn provides the best ratio of
thermal conductivity vs. electrical resistivity. Therefore, this material has been selected
for the drive lines, where currents around 70 mA with a duration frequency of 1% are
expected. The optimum wire diameter is 0.27 mm and therefore, a wire with similar di-
ameter (AWG130=0.254 mm) has been purchased. For the low current (1 mA) lines, the

1AWG = American Wire Gauge, standard for wire dimensions (e.g. AWG44 = �0.0502 mm,
AWG38 = �0.101 mm, AWG30 = �0.254 mm, for a more complete conversion table see, e.g., http:

//www.hardwarebook.info/AWG)
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Figure 6.4: Optimum wire diameter (left) and the corresponding total heat load (right) as a
function of current. In this calculation, the wire has a length ` of 500 mm and withstands a
thermal gradient between 7 K and 37 K, and the duration frequency ton/ttot is 1%. Three
different materials are plotted: Cu, P-CuSn and SST. The black lines in the left panel
indicate optimum diameter and the current for the drive lines (70 mA) and sensor lines
(1 mA).

optimal diameter for a P-CuSn wire is 32 µm which is too small to allow a feasible handling.
Therefore, we use SST wires which have their optimum around 75 µm. We decided to go
no smaller than AWG38 (=0.1 mm) to still allow a practicable manufacturing process.

Since not all mechanisms and heaters, powered by the drive lines of the Cryoharness,
require the same amount and frequency of currents, this design trade-off should be repeated
for each individual unit. However, since cables for space applications (see next paragraph)
are very expensive (1 m of cable costs approximately e50 and the minimal order is 150 m
per cable type) the number of cable types has to be reduced as much as possible. Several
compromises led to the final design that all drive lines are established with P-CuSn AWG30
wires.

As long-lasting projects develop, the original requirements changed for several param-
eters such as required currents, planned operation frequency and totally allowed heat load
(due to the replacement of the solid H2-dewar with the cryocooler). However, the harness
Section B still corresponds to a very optimized and low conductive thermal design.
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6.2.4 The Design

The cables were manufactured by the company W. L. Gore & Associates, Inc. Figure 6.5
shows the cross section of two examples of the Gore cables. The cables consist of twisted
pair wires (1a and 1b in Figure 6.5) which are insulated with High Strength Toughened
Fluorpolymer (HSTF) or a combination of HSTF with Teflon (PTFE). The wires are then
surrounded by a binder (2) made of expanded Teflon (GoreTex). The cables are shielded
(3) with SST wires of AWG44 with an optical coverage of at least 70%. Another binder
(4) with GoreTex and finally a polyimide (Kapton) tape (5) are finishing the cable bundle.
For different MIRI functions different bundling concepts are used (i.e. 2, 4, 6, and 8
wires/bundle).

� �

Figure 6.5: Cross section of two sample types of Gore cables. Left: 8 wire AWG30 P-CuSn
cable; Right: 4 wire AWG38 SST cable. 1=twisted pair wires; 2=GoreTex binder; 3=SST
Shield; 4=GoreTex binder; 5=Kapton jacket.

The chosen flight connectors for the MIRI Cryoharness are Micro-D Metal connectors
according to MIL-PRF-83513 from Glenair Inc. in Glendale, US. These connectors are
supplied with 12.7 mm un-insulated solder pigtail wires. As these pigtail wires have a
spacing of only 1.25 mm and because of the used small wire gauges and the spring behavior
of the stainless steel wires, a special solder technique has been developed. In a first step,
the cable wires are bound to the connector pigtails with the help of a copper taping wire
of AWG40. In a second step the interconnection is soldered together and insulated with a
Polyolefin shrink tube. All connectors are used with custom made Al-6061 back-shells. The
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cable shields are terminated with the Shield-Kon system of Thomas&Betts. All shields are
continued via dedicated connector pins as well as individually terminated at the connector
back-shells. In order to protect the delicate solder connections the connector back-shells
are finally potted with the epoxy Stycast 2850FT with Catalyst 23LV. Figure 6.6 shows
the wire soldering to the connector and the final configuration with the potted backshell.

Figure 6.6: Extraction of the manufacturing process of the Cryoharness, performed by
Syderal SA: The wires are soldered to pigtails of the connector pins (left), and finally the
backshell is potted with Stycast (right). For demonstration purposes, the cover plate of
the backshell has been removed in the right picture.

6.2.5 Thermal Heat Load Calculations

Once the wire and cable types are selected, the thermal heat load is calculated to verify
compliance with the requirement of the budgeted overall 4.5 mW. To derive a reliable
assessment, not only the metallic but also the insulating materials have to be taken into
account. Further, since ohmic dissipation leads to a temperature increase in the wire, Equa-
tion (6.3) cannot be derived straightforward due to the indirect dependence of λ(T1, T2)
on the current I and the internal wire resistance. Therefore, to derive the total heat load
of a current-driven wire which is thermally bounded to its ends, an iterative calculation of
the temperature distribution within the wire is required. Figure 6.7 shows the schematics
for the applied model. We used the FDT software (see Section 5.1) in a first trial and
a stand-alone simulation in a later stage to improve the calculation efficiency. The later
simulation is presented here.

While the drive lines with P-CuSn wires are affected by internal heating and therefore
change their thermal conductivity as a function of current, the sensor lines with SST wires
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Figure 6.7: Sketch of the modeled Cryoharness Section B. The cables consist of different
materials (P-CuSn, SST and Insulation for the drive lines, and SST and Insulation for the
Sensor lines) and are divided into N segments between the wire end temperatures at 7 K
and 37 K.

can be calculated classically with Equation (6.3). In the model, the wire is divided into N
segments or nodes. Each segment is heated separately with a power PΩ/N . This approx-
imation is valid since the variability of the specific resistance ρ compared to the thermal
conductivity λ is very small for this temperature range. Figure 6.8 shows the schematics
for the temperature distribution within the wire. At the segment i with temperature Ti

(i ∈ 1 . . . N), the following equation can be set up, based on the steady-state condition
which asks for balancing the heat flows:

.

Qi,i+1 =
.

Qi−1,i +
PΩ

N
(6.5)

∑

k
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∆`
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Ti−1

λk(T )dT =
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Ti

λk(T )dT +
PΩ

N
(6.6)

where PΩ is determined according to Equation (6.2), ∆` = `0
N+1

is the length of the cable
segment (`0 is the total cable length) and the summation over k means the summation over
the different materials. The temperatures T0 and TN+1 are the given wire end temperatures
at 37 K and 7 K, respectively.

We define
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∑

k
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λk(T )dT

Ti − Ti−1
(6.7)

and consequently, Equation (6.6) can be expressed as

κi · (Ti − Ti−1) = κi+1 · (Ti+1 − Ti) +
PΩ

N
(6.8)

⇔ Ti · (κi + κi+1) − Ti−1 · κi − Ti+1 · κi+1 =
PΩ

N
. (6.9)
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Figure 6.8: Temperature distribution within a wire with thermally fixed ends. The distri-
bution is segmented into N sections at temperature Ti. The heat flow diagram indicates
the continuity considerations which lead to Equation (6.5).

This expression can be rewritten in matrix form

K ·
−→
T =

−→
P (6.10)

where K and
−→
P are defined as follows:

Ki,j =







κi + κi+1 if i = j
−κi if j = i − 1
−κi+1 if j = i + 1
0 else

, Pi = PΩ/N +







T0 · κ1 if i = 1
TN+1 · κN+1 if i = N
0 else

. (6.11)

The temperature distribution is now calculated by the following iteration, while the initial

distribution
−→
T (0) is set to be a linear interpolation between the two border temperatures

T0 and TN+1:

1. Calculate K and P according to the present temperature distribution
−→
T (s).

2. Calculate the new temperature distribution
−→
T (s + 1) according to

−→
T = K−1 ·

−→
P .

After a few steps, the iteration reaches a steady-state situation. The total heat load
.

Qtot

can be expressed with
.

QN,N+1 for a monotonically decreasing temperature distribution or

with
.

Q0,1 +
.

QN,N+1 in case the inner part of the wire gets hotter than its ends. The
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Figure 6.9: Temperature distribution within a conductor with P-CuSn and AWG30 as a
function of location for different currents. The resulting conductive and ohmic heat loads
are shown in the legend.

conductive heat load is consequently
.

Qcond =
.

Qtot −PΩ. Figure 6.9 shows the internal
temperature distribution within a P-CuSn conductor with wire size AWG30 for different
currents. While the ohmic heating leads to an increase of ohmic thermal dissipation, the
conductive heat load decreases.

This calculation is finally done for the full set of cables of the Cryoharness. The type
and the number of conductors for the different cables and their resulting heat loads are
shown in Table 6.2. This result is comparable to the data presented in Table 6.1: The
total heat loads are well comparable (4.23 mW in this calculation vs. 4.25 mW which
is the sum of the conductive and ohmic heat loads derived by the MIRI system thermal
calculation). The differences of the ohmic and the conductive heat loads are based on
different assumptions related to the operational approaches. The data presented here are
more appropriate and correspond to newer operational concepts while the calculations done
at system level are more generic and less accurate.

6.2.6 Qualification and Tests

The MIRI cryogenic cables underwent a thorough set of environmental qualification tests
for space hardware, e.g. vibration tests (20 g sine, 13.5 gRMS random), shock tests (up
to 450 g) and cryo thermal vacuum tests (10 cycles between 300 K and 7 K). As part
of the cryo thermal vacuum tests we also demonstrated the full electrical functionality
of the cables under the operational thermal conditions (see test reports for flight model
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Table 6.2: Calculation results for the conductive and ohmic heat loads of the Cryoharness
Section B between 37 K and 7 K.

Cable No of conductors Drive Current Heat Loads

Name Type P-CuSn SST Shield SST Ia) ton/t
b)
tot Qcond QΩ Qtot

AWG30 AWG38 AWG44 [mA] [10−3] [µW] [µW] [µW]
CC drive 16 210 40 0.046 583 0.1 583

sens 10 105 <1 - 60 0.0 60
FW drive 16 210 70 1.698 579 7.7 587

sens 10 105 <1 - 60 0.0 60
GA drive 16 210 70 0.278 582 1.3 584

sens 10 105 <1 - 60 0.0 60
GB drive 16 210 70 0.278 582 1.3 584

sens 10 105 <1 - 60 0.0 60
CI drive 8 236 10 1.312 347 0.2 348

sens 4 49 <1 - 27 0.0 27
CF drive 8 236 10 1.312 347 0.2 348

sens 4 49 <1 - 27 0.0 27
T1 sens 28 343 <1 - 188 0.0 188
PH drive 4 118 35 0.011 173 2.5 175

sens 8 98 <1 - 54 0.0 54
EH drive 8 236 GSEc) - 348 0.0 348
QC drive 2 59 GSEc) - 87 0.0 87

sens 8 98 GSEc) - 54 0.0 54
Total 94 92 2782 4218 13.2 4231

a) data from DS001PSI
b) data from RP004RAL
c) GSE: These lines are not used during flight and have therefore only conductive heat
loads.

cables: TR017PSI; TR021PSI; TR024PSI; TR025PSI). Therefore, we used a cryogenic
test chamber which is described more detail in Chapter 5. This chamber provides a test
bench at 7 K and a representative connector bracket at 40 K. Moreover, the test chamber is
equipped with a set of 250 test wires, which are routed via an equal number of feed-troughs
to the test equipment. Figure 6.10 shows the Cryoharness mounted in the test chamber.

The chamber allows electrical resistance and insulation measurements of each MIRI
Cryoharness wire at the nominal operational temperatures, i.e., 7 K at one end and 40 K
at the other end. The measurements confirmed the correct manufacturing of the cables
(e.g., no “cold solder joints” were detected) and no significant anomaly occurred for any
of the cables.
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Figure 6.10: The full set of Section A&B cables mounted in the test chamber ready for
thermal-electrical tests.

As described in Section 7.4, all hardware including the Cryoharness has to undergo
a bake-out at 80◦C for several days and an outgassing verification test at 60◦C. A total
outgassing rate of all Section A and B cables was measured to be around 8.22·10−9 g/s
(see TR027PSI).

Finally, a dedicated measurement campaign was established to derive the thermal con-
ductivity of these cables confirming the assumptions made for the thermal calculations.
This measurement is described in Section 6.3 separately.

6.2.7 Higher Level Integration

Most of the Section A cables are soldered directly to the mechanisms, calibration sources
or temperature control devices. Therefore, these cables are delivered to the corresponding
institute for the higher-level integration. All Section B cables, which are providing the
electrical link of these devices with the connector bracket located at the feet of MIRI, are
integrated during the final assembly of the instrument. The routing of these cables is a
challenging task since the structural envelope of the instrument is complex and the cables
require a certain minimum bending radius. Since the final route has impact on the required
lengths and cable fixations, a mockup of MIRI (see Figure 6.11) has been built to learn
about the routing and to measure the correct length before the manufacturing of the FM
cables started. These measurements and their results are reported in MN016ULR.
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Figure 6.11: MIRI mockup for the length measurement of the ICE-Cryoharness.

Another advantage of these activities was the detection of the risk that the cable fixation
along the structure of MIRI may damage the cables. The fixation is realized by plates which
press the cables down to the structure (see Figure 6.12 left) to permit a heat-sinking of the
cable. The wire insulation material PTFE is well known to become yielding at cryogenic
conditions, therefore the risk was investigated if the cables get damaged by applying a
significant radial force. For this purpose, cable samples were mounted on a copper plate
similarly to the fixation on MIRI with 6 different torques and underwent 3 thermal cycles
between 300 K and 7 K (Figure 6.12 top right). The cables were inspected afterwards with
a microscope and damages were clearly observable (Figure 6.12 bottom middle and right).
The result of this study was that the need for this heat sink was reinvestigated; it was
finally removed since the thermal connection through the insulation material is inefficient
in any case.
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Figure 6.12: Proposed heat sink of the Cryoharness as realized for the MIRI mockup (left).
The impact of the clamping was studied for different torques at 7 K (right top) and the
damages on the cable bundles (bottom middle) and wires (bottom right) were investigated
with a microscope.

6.3 Thermal Conductivity Measurement of the Cryo-

harness

Due to the criticality of the heat load by the Cryoharness and due to the large uncer-
tainties of the material properties of P-CuSn, it is crucial to have the analytically used
thermal conductivities verified by measurement. Therefore, a measurement campaign was
initialized with the goal to measure the thermal conductivity of the cables used for the
Cryoharness.

6.3.1 Method

Figure 6.13 shows the basic schematics of the measurement method: The wire probe is
thermally attached to two nodes, one at temperature T1 and the other at the temperature
T2 while T2 > T1. Both nodes are equipped with electrical heaters and temperature
sensors. Further, the nodes are thermally connected to a base plate at T0. The heat flow
.

Q1−0 between T1 and T0 corresponds to the sum of the heat flow
.

Q2−1 through the wire
probe and the electrical power dissipation P1 which is used to stabilize the node at T1,
hence

.

Q1−0 =
.

Q2−1 + P1 . (6.12)

The measurement of P1 is repeated (P ′
1) while the wire is removed and all temperatures

are set again to T0, T1 and T2. Consequently,
.

Q1−0 is identical for both measurements and
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Figure 6.13: Schematics of the measurement of the thermal conductivity

without the heat load from the wire, (6.12) is reduced to

.

Q1−0= P ′
1 . (6.13)

The subtraction of both electrical power dissipations leads directly to the thermal heat
flow of the wire: .

Q2−1 = P ′
1 − P1 . (6.14)

This method has the big advantage that the measurements for P1 and P ′
1 are made under

the same thermal conditions. Therefore, systematic effects such as parasitic head loads
through heater wires or radiative impacts from T2 on T1 are negligible since these effects
are equalized by the subtraction in (6.14).

To finally determine the thermal conductivity λ(T ) of the cable as function of tempera-

ture,
.

Q2−1 is measured for different temperatures T1 and T2. Since the thermal conductive
heat flow is calculated by

.

Q (T1, T2) =

∫ T2

T1

λ(T )dλ , (6.15)

λ can be determined by, e.g., keeping T1 constant and varying T2:

λ(T ) ≡ λ(T2) =
d

.

Q2−1

dT2
(T1, T2) ≈

.

Q2−1 (T1, T2 + ∆T2)−
.

Q2−1 (T1, T2)

∆T2
(6.16)

where the latter approximation is required to determine λ with a finite number of mea-
surement points.

6.3.2 Setup

The implementation of the measurement of the thermal conductivity is complex and tricky
although the methodology is relatively simple: The heat flows through the wire probe
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are expected to be very low (of the order 1 mW). Consequently, all thermal resistances,
especially the resistor between T1 and T0, must be comparable with or lower than the probe
conductivity to allow a sufficient high signal to noise ratio. On the other hand, the nodes
T1 and T2 require an efficient thermal connection to T0 to reduce the time constants for
controlling their temperatures. This can be achieved as well by minimizing the capacitance
of the nodes, but several restrictions such as isothermal conditions, mechanical stabilization
and the provision of an efficient thermal link to the wire probe will limit the mass reduction
of the nodes. The presented design is not fully optimized (which is hardly achievable over
a temperature range from 7 K to 300 K) since the temperature stabilization remained the
most critical and time consuming task of this measurement.

Figure 6.14 shows an overview of the setup which has been built for the implementation
in the CSSC. The wires are cut into sample pieces of ∼20 cm. The distance between the

Wire probe

T1

T2

T0

Shield backside

Cold bench

Heaters

T-Sensors

Heat sinks

Figure 6.14: Overview of the setup for the thermal conductivity measurement: The picture
shows the setup with 6 samples of the 8 × AWG30 P-CuSn cable. The setup is surrounded
by a thermal shield at 7 K. Only the backside of this shield is shown here.

two nodes is 11 cm, consequently 4.5 cm of each end of the wire is used for the thermal
heat-sinking which is provided by two different clamp plates, one for defining the node
distances accurately and the other for supporting the mounting of the wire. For each run,
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several wire samples were placed in parallel to increase the total heat load, thus improving
the signal to noise ratio of the measurement.

The nodes are bars of copper with a cross section area of ∼1 × 1 cm2 and a length of
∼15 cm. The connection to the base plate T0 is made with a support structure of brass
which withstands the tension from putting up the wire samples. The base plate is screwed
to the cold bench of the CSSC by implementing another thermal resistor in between.

Two heater resistors are attached to both nodes and the base plate. The two resistors
are put in series and four wires are connecting them, two for the drive current and two to
measure the voltage drop and consequently the power dissipation. Each node and the base
plate are equipped with a temperature sensor. All wires are heat-sunk several times.

Finally, the setup is thermally shielded against radiation from the inner shield from the
CSSC.

6.3.3 Measurement Sequence

The presented setup allows the measurement of the thermal conductivity for any given
set of temperatures (T0, T1, T2) with the condition T0 < T1 < T2. However, due to
several boundary conditions such as maximum heat dissipation of the heater (1 W for
T1 and T2), given thermal conductances of the node connections and the thermal heat
load of the wire sample, the achieved temperature range of the measurement is limited.
Therefore, the dynamic range of the temperature scan has been extended by performing
the measurement at different temperatures T0 of the base plate and the CSSC cold bench.
For each setting of the base-plate temperature T0, the temperatures T1 and T2 are chosen
such that the overlap of the dynamical ranges of the two measurements, the one with and
the one without the sample wire, is maximized. The power P1 was measured continuously
while T1 remained constant and T2 is varied stepwise in increasing order. Figure 6.15 shows
an example of temperature history during one measurement run at several settings of T0.
After each change of temperature settings, the system had to be thermally stabilized. Not
only the temperatures had to be constant but also the power P1. The power is extracted
by averaging the last stable readings before applying the new temperature settings (see
Figure 6.16).

P1(T0, T1, T2) is derived for the measurement with and without cable sample and
.

Q2−1

is calculated according to Equation (6.14). Since the values of P1 of the measurement
without cable sample vary only little at a given T0 (since no large heat flux is transmitted
from the T2-node to the T1-node), these values are replaced by a linear regression to reduce

the noise in the calculation of
.

Q2−1 and λ(T ), respectively. Figure 6.17 shows the resulting
heat flux as a function of temperature T2. The discontinuous jumps in the measurement
represent different settings of T0 and T1. In detail, the measurement was made for 4 different
settings, listed in Table 6.3. The measurement above 120 K has not been performed due to
several reasons: The higher thermal capacities of the copper bars lead to longer stabilization
times up to hours per step which exceeds the feasible total measurement time. Further,
the temperature range of interest is in the MIRI operational thermal environment between
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Figure 6.15: History of temperatures (top) and power (bottom) during a measurement run
with the P-CuSn cable sample.
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Figure 6.17: Heat flux
.

Q2−1 as a function of temperature T ≡ T2 for different settings of
T0 and T1.

Table 6.3: Temperature settings and measurement ranges of the thermal conductance
measurement.

Set. No. Tcold bench[K] T0 [K] T1 [K] T2 [K]
1 5 5.3 6.0 6.0-10.0
2 7.6 9.5 10.0 10.0-30.0
3 23.5 25.0 30.0 30.0-80.0
4 72.0 75.5 80.0 80.0-120.0

7 K and 37 K and therefore, the measurement at high temperature is not of relevance for
this study.

6.3.4 Verification of the Methodology

First, we performed a measurement with a simple metallic plate made out of stainless steel
to verify that the measurement method and setup allow the reproduction of known thermal
conductivities and that no systematic error will lead to wrong conclusions. The plate has
a cross sectional area of 16.8 × 0.5 mm2 and is similarly mounted as the wires. Figure 6.18
shows the measured thermal conductivity compared with the theoretical prediction.

The blue circles in the figure correspond to the measured difference quotient as ex-
pressed in Equation (6.16). These points are fitted with a logarithmic polynomial of the
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Figure 6.18: Measured thermal conductivity of the SST verification sample as a function
of temperature (blue circles). The red solid range corresponds to the fitted logarithmic
polynomial and the red shaded area is its confidence range for 1σ. The green solid line is
the expected thermal conductivity using material data from http://cryogenics.nist.gov/.

second order (red solid line)

λ(T ) = 10a0+a1·log10 T+a2·(log10 T )2 (6.17)

to compare it with the expected conductances using material data from http://cryogenics.

nist.gov/ (green line, see Section 5.1 for more details). A very good agreement can be
seen.

6.3.5 Results

Two different cable types, both used for the Cryoharness Section B, are measured:

1. 8 wires P-CuSn AWG30, shielded with 102 wires SST AWG44 (6 samples)

2. 4 wires SST AWG38, shielded with 55 wires SST AWG44 (30 samples)

The number of samples is used to multiply the heat flow in the measurable order. The
resulting thermal conductivity is shown in Figure 6.19 for the P-CuSn cable and in Fig-
ure 6.20 for the SST cables, respectively. The thermal conductivity is expressed per cable.

Similar to the verification measurement, we fit a logarithmic polynomial to compare it
with the expected conductances. This fit function is used further to derive the integrated
thermal conductivity of the cable over the temperature gradient as applied during nominal
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Figure 6.19: Measured thermal conductivity of the P-CuSn cable as a function of temper-
ature (blue circles). The red solid range corresponds to the fitted logarithmic polynomial
and the red shaded area is its confidence range for 1σ. The green solid line is the expected
thermal conductivity using material data from http://cryogenics.nist.gov/.
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Figure 6.20: Measured thermal conductivity of the SST cable as a function of temperature
(blue circles). The red solid range corresponds to the fitted logarithmic polynomial and
the red shaded area is its confidence range for 1σ. The green solid line is the expected
thermal conductivity using material data from http://cryogenics.nist.gov/.



6.3 Thermal Conductivity Measurement of the Cryoharness 105

operational conditions (7− 37 K). Table 6.4 shows the integrated thermal conductivity for
both the measured and the theoretical conductivities.

Table 6.4: Integrated measured and theoretical thermal conductivity between 7 K and
37 K for the two samples.

Cable type Heat load for 7 − 37 K
[µW·m / cable]

Measurement Theory
8xP-CuSn AWG30 159(41) 145
4xSST AWG38 22(12) 14

6.3.6 Discussion

Both measurements show a significant difference to the expected theoretical values. Since
we can exclude systematic effects caused by the method or the setup, the only systematic
uncertainty remains to be the conductive connection between the cable sample and the
copper bar. However, a bad connection would lead to a systematically too low conductivity.
But, as the theoretical values underpredict the measurement, an inefficient heat sink can
not be the cause of the systematic deviation.

Therefore, we conclude that the systematic underprediction of the thermal conductivity
is real and not an artifact of the measurement or its method. There are two possibilities
to explain this deviation: The material alloy used for the cables is not fully identical with
the published materials by NIST, or, the thermal conductivity is different due to the fact
that we measured wires and not metallic sheets or parts. The crystalline structure of the
metal alloys depends on the casting processes and the subsequent curing, cooling, and
rolling. Copper, and its alloys such as P-CuSn are well known for the high variability of
their thermal conductivity due to different alloy contents or the different manufacturing
processes which lead to different crystal orientations (Kosaka et al., 2000). Since thin
wires are manufactured by drafting stepwise down to very little diameters, the crystalline
structure might be very different than if the same alloy is formed to a bar. Therefore, a
deviation in thermal behavior between wires and bars is not unexpected.

6.3.7 Conclusions

We have measured the thermal conductivities for two representative samples of the non-
isothermal Section B of the ICE-Cryoharness. We have compared the derived results with
the theoretical assumptions and observe a significant deviation which cannot be explained
by systematics of the measurement itself, since the validity of the applied method and
the used setup is verified by the measurement performed with a stainless steel sheet. The
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theoretical estimations underpredict the effective thermal conductivity by a factor of ∼2
for the P-CuSn and a factor ∼4 for the SST cables.

This measurement demonstrates the importance of proving analytical assumptions with
measurements to achieve highly reliable predictions of thermal conductivities. Luckily, the
deviations derived here have only little impact on the thermal performance of MIRI due to
the relatively small contribution of the Cryoharness to the overall thermal heat load. Due
to the very high margin of safety allocated for the total heat load which can be compensated
with the Cryocooler, this small deviation does not lead to any change in thermal behavior
of the MIRI optical system.



Chapter 7

Contamination Risks for MIRI and
Preventive Actions

Summary: Due to the operational wavelength range of MIRI, the optical performance
relies very strongly on the cleanliness of the mirrors and filters. In this chapter we show why
the sensitivity of MIRI is in danger to degrade due to the deposition of ice. As a consequence
of the potential contamination, MIRI will be protected with the “Contamination Control
Cover” which is an actuated closing door. We focus on its design and verification and
show how its molecular conductance is measured. Further, all MIRI components have to
follow a dedicated contamination control concept which consists of a bake-out procedure
and outgassing measurements. Finally, contamination might also be caused by metallic
vapors; a risk assessment for cadmium plated screws is presented in the last section.
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7.1 The Contamination Risks and their Consequences

MIRI is the coldest part within the ISIM and consequently acts as a cryopump for volatile
molecules such as H2O, NH3, CO, CxHy etc. that are present in the expected residual
gas. Unfortunately, ices of these molecules show many solid-state transitions in the mid-
infrared wavelength region; therefore, only a few atomic layers of these molecules frozen
on the mirror surfaces will lead to a significant degradation of the performance of the
instrument. Early estimations showed that the first mirror of MIRI, the so-called pick-off-
mirror (POM), is likely to be exposed to these molecules significantly strongly during the
cooldown phase to allow the built-up of an ice layer of a thickness of 1.5 µm (TN029RAL).
In this section, the impact of contaminants on the optical performance of the instrument
will be described while in the later sections of this chapter, the preventive actions are
presented.

7.1.1 The Reduced Reflectance of an Ice-Coated Mirror

We illustrate the effect of the modified reflectivity of an ice-coated mirror with a homo-
geneous ice layer of thickness b, consisting of only one molecule such as H2O. Figure 7.1
shows a sketch for an incident ray Ein with angle of incidence α, its reflected (Er,1) and
refracted continuation. As the sketch indicates, the refracted ray is reflected on the gold
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Figure 7.1: Illustration of the reflecting and refracting light path of an incident ray in an
iced coated mirror.

mirror, and a part of it will refract on the ice-vacuum interface and leaves the ice as Er,2

while another part is reflected again and so on. The ice-layer consequently acts as a kind
of Fabry-Pérot interferometer, and interference effects have to be taken into account.

The incident ray at the point of transition is described by a planar wave Ein = E0 ·e
−iωt

while its reflected continuation can be written as Er,1 = r ·E0 · e
−iωt. The reflection index

r and its counterpart, the transmission index t, are both derived according to the Fresnel
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equations which provide separate indices for the perpendicular and parallel polarization
components of the light beam. The Fresnel equations make use of the complex refrac-
tive indices n̂ = n + ik which we copy from Hudgins et al. (1993) for MIRI operational
temperatures (see Figure 7.2).
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Figure 7.2: Real (n) and imaginary (k) component of the refractive index of H2O-ice at
T=10 K (data from Hudgins et al. 1993).

We can then derive the reflected rays:

Er,1 = r · E0 · e
−iωt

Er,2 = t · R · t′ · E0 · e
−`·a · ei(−ωt+δ)

Er,3 = t · R2 · r′ · t′ · E0 · e
−2`·a · ei(−ωt+2δ)

Er,4 = t · R3 · r′
2
· t′ · E0 · e

−3`·a · ei(−ωt+3δ) (7.1)
...

where r and t are the reflectivity and transmission coefficients from vacuum to ice, r′ and t′

the coefficients from ice to vacuum, R the reflectance of the gold mirror, ` the penetration
depth per reflection (from ice surface to mirror and back), a the absorption coefficient
which can be derived according the absorption law

a =
2π · k

λ
(7.2)

and δ the phase shift. ` and δ can be derived from geometrical considerations and the
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Snell’s law:

` =
2b

cos β
(7.3)

δ =
2π

λ
(` − 2b · tanβ · sin α)

=
4π

λ
· b · n̂ · cos β . (7.4)

We can then derive the total reflected wave by superposing the individual parts Er,i:

Er =
∑

i

Er,i

= E0 · e
−iωt

{

r + (1 − r2)
γ

r

(
1 − γ + γ2 − + . . .

)}

= E0 · e
−iωt

{

r + (1 − r2)
γ

r
·

1

1 + γ

}

(7.5)

where we have used the Stokes relations1 and have introduced γ = R · r · e−`·a+iδ. For
the resulting total reflectance R̃ we divide the total reflecting intensity by the incident
intensity:

R̃ =
Er · E

?
r

E2
0

. (7.6)

Note that this derivation distinguishes the parallel and perpendicular polarization (with
respect of the paper plane), hence we receive R̃p and R̃s which both are plotted in Figure 7.3.

The degradation of the optical performance is remarkable. We have used a homoge-
neous ice layer of water-ice although other species are well known to be present as well.
Consequently, the mirror reflectance will be degraded at the full wavelength range of MIRI
due to the different location of absorption lines. A dedicated contamination control concept
must therefore be be worked out.

7.2 The Contamination Control Cover

7.2.1 Introduction: A Multi-Functional Instrument Cover

The risk for MIRI to be contaminated is most severe during the cooling phase of the
telescope and during the decontamination cycles of either the ISIM or the POM. This
decontamination is performed by heating up the structure or the POM allowing an evap-
oration of frozen molecules and particles.

Therefore, MIRI must be protected against external contaminants during the cooling
and decontamination phases. A Contamination Control Cover (CCC) has been introduced
(see DD001HTS for a detailed design description or Glauser et al. 2008a for an overview)

1Stokes relation: r = −r′ and t · t′ = 1 − r2
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Figure 7.3: Reflectance of a gold coated mirror at an angle of incidence of 45◦ and a 1.5 µm
thick ice layer.

in the optical entrance between the POM and the proximate mirrors to seal the internal
optics of MIRI. This protection is also required during the warm (300 K) and cold (7 K)
ground tests. The CCC has been developed under a subcontract with RUAG Aerospace in
Wallisellen, Switzerland.

The CCC is a multi-operational closing door of the instrument and hence can also be
used as an optical shutter. This is of great advantage for “dark sky” measurements, an
important step of the extended calibration sequence. Further, the optical shutter is useful
during the coronagraphic observation modes of MIRI: The attenuation of the flux of the
bright central object (e.g., a star) depends strongly on the accuracy with which it can
be centered on the “null” position. Therefore, the position of the star on the detector
is first measured by attenuating the flux with a neutral density filter. After alignment,
this filter is replaced by the coronagraphic mask. During the filter change, the optical
shutter has to be closed to avoid the exposure of the bright image of the star while the
filter is not in its final position. Infrared arrays are well known for having latent images
at the level of just under 1% of the signal in the first read-out after the source has been
removed from a pixel. However, such a “ghost” signal reduces the observable contrast of
the coronagraph by several orders of magnitude. The frequency of usage of the CCC is
dominated by the coronagraphic observation mode. Table 7.1 shows an overview of the
different functionalities of the CCC and their number of open/close cycles expected during
the whole mission life.
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Table 7.1: Functionalities of the CCC and planned number of open/close cycles

Function No. of Cycles Condition

Contamination protection during cool
down 1 ∼200 K, in orbit
POM/ISIM decontamination 10 7 K, in orbit
“Dark Sky” calibration measurements 60 7 K, in orbit
Coronagraphic operation 2500 7 K, in orbit
Ambient ground tests 34 300 K, N2-purged or vacuum
Cryo ground tests 30 <15.5 K, vacuum

7.2.2 The Design of the Contamination Control Cover

The cover is located in the Input Optics and Calibration unit (IOC) between the POM and
the proximate fold mirrors. Thus, the dimensions of the cover are limited by the available
space within the IOC tube and the optical beam which has to pass when the cover is open.
The CCC consists of a sealing frame mounted on the IOC structure, a sealing cover which
is the movable part, and a mounting structure for the motors and the axis (see Figure 7.4).
The sealing cover encloses an area of 109 × 126 mm2 and the overall mass of the CCC
is 640 g. The structural parts of the CCC are machined out of light-weighted aluminium
alloy 6061.

The CCC is a single-point failure device: If it fails to open, the instrument is lost.
Therefore, the CCC is designed with maximum margins of safety, high reliability compo-
nents and full actuator redundancy to guarantee its main functionalities.

The seal of the CCC, located at the edge of the cover plate (approximate dimensions
are 109 mm × 126 mm) is a labyrinth system which consists of notches on the cover and
the base frame. The teeth of the notches are 0.9 mm wide and approximately 3 mm
high. When the CCC is closed, these teeth fit together, and a contact-free labyrinth seal
is established (see Figure 7.5). The minimal gap is located at the top of the inner tooth
of the cover plate and is variable between ∼50 µm and 230 µm (averaged over the whole
cover) depending on the temperature (see below for an explanation).

The introduction of a leaking but contact-free labyrinth seal is a result of the risk
assessment of potential icing: During the decontamination cycles of the POM or the ISIM,
the cover will be exposed to a relatively high flow of molecules of which most stick on
the cooler surfaces immediately. To prevent the cover from freezing to its frame, the seal
of the CCC has been designed to be contact free. The resulting leakage of the seal is
acceptable since the cover does not require to withstand a high differential pressure. The
tightness requirement for the seal of the CCC is different for operating in space and during
warm ground tests and long lasting storage (MIRI will be stored for several years after
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Figure 7.4: The Contamination Control Cover of JWST/MIRI in its opened (left) and
closed (right) position. Electrical wires and cables are not shown here.

final integration due to the complex integration and test schedule of JWST). While the
seal will reduce the molecular and viscous flow at ambient condition as much as possible,
the minimal gap size in orbit (or at cryogenic condition, respectively) shall be controlled
to avoid any freezing of the cover plate and shall reduce the molecular flow by three orders
of magnitude. To meet these different requirements, the minimal gap size of the labyrinth
is varied by two SMA-actuators (SMA=shape memory alloy) which consist each of a pin
pushing upwards to lift the cover slightly when the temperature drops below 250 K and
releases the pin for temperatures above (see Figure 7.5). The working principle of the
SMAs is based on the counteractive force of two springs of different materials, one made
of stainless steel and the other of nickel-titanium. The change of the Young modulus with
temperature for nickel-titanium follows a hysteresis curve; the resulting minimal gap size
of the labyrinth seal as a function of temperature is illustrated in Figure 7.6.

The CCC is built with a redundancy concept that guarantees the opening of the cover in
case of a failed actuator. Two independent 2-phase stepper motors (from CDA InterCorp,
Deerfield, Florida) with a planetary gear (transmission ratio 100:1) push the cover via a
two-lever system towards its open position while two torsion springs are forcing the cover
to close. The dry lubrication of the gear and the ball bearings of the actuator is performed
with sputtered MoS2. During nominal operations, only the main actuator is used while
the backup is in its closed position. If the main actuator fails in any intermediate position,
the redundant motor is still able to open the cover fully. Both actuators have redundant
coils and wiring.
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Figure 7.5: Cross section of the labyrinth seal in its cold (left) and warm (right) condition.
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Figure 7.6: The minimal labyrinth gap size x as a function of temperature. The hysteresis
is caused by the usage of a shape memory alloy (nickel-titanium) for one of the springs of
the SMA.

The rotating axis is pivoted redundantly as well. The pivot pin (see Figure 7.7) is
supported by a bearing, which is mounted in the cover, and the spring support, which is
mounted in the frame structure. If the cover opens or closes, the pivot pin rotates against
the cover bearing or the spring support. If one of these sliding surfaces is blocked, the
rotation can still be guaranteed by the other one. The coating of the cover bearing and the
spring support is Hard Ematal while the pivot pin is coated with Hard Ematal with PTFE.
Additionally, two washers, one between the pivot pin and the cover made of Teflon, the
other between the spring support and the cover bearing made out of Vespel SP3 c©, prevent
any blockage of the CCC due to axial movements of these parts during the vibration loads
of the launch.

The CCC is equipped with a position sensor including two field plates of the type
Infineon Double Differential Magneto Resistor Sensor FP 420L90B, which have positive
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Figure 7.7: Cross sectional view of the axis mounting. The pivot pin (green) rotates
against the spring support (pink) and the cover bearing (dusty pink) which are separated
by a Teflon washer (yellow).

characteristics by increasing magnetic fields. The plates are each fixed on a sensor bracket
and located on both sides of the motor mounting structure. The two field plates are
connected in series in half bridge configuration. The position sensor signal is induced by
two SmCo magnets (Vacomax 225HR) which are fixed on the cover and shifted above the
field plate when the cover is opened or closed, respectively. There are three states, “open”,
“closed” and “launch lock”; the last position is an “open” position, but the main actuator
lever is rotated by 15 degrees further to distort the cover against the end stop, resulting in
an increase of the stiffness of the overall cover, a necessity to survive the high acceleration
of the launch. Figure 7.8 shows the sensor setup and the response signal as a function of
the cover position.

Finally, the CCC is equipped with a temperature sensor (Cernox from Lake Shore

Cryotronics, Inc., Westerville, Ohio) which is mounted on the motor support structure.

7.2.3 Model Philosophy and Verification Approach

Four models of the CCC were built: Two Verification Models (VM), one Qualification
Model (QM) which is now refurbished to the Flight Spare Model (FS), and finally the
Flight Model (FM). Figure 7.9 shows the QM/FS and FM, and Table 7.2 summarizes the
purposes of the different models and their flight design representation.

The two Verification Models were built almost fully representative of the final flight
design. This approach allowed early assessments of potential design problems and indeed,
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Figure 7.8: Setup of one side of the position sensor (left) and the resulting response signal
as a function of cover position (right).

Figure 7.9: CCC Qualification and Flight Spare Model on its mechanical support (left)
and the Flight Model without support (right).

the first vibration tests demonstrated the need to change the axis design. Since VM1 is
used for the Verification Model of MIRI where no future vibration loads are expected, the
adaptation of the updated design has been implemented from VM2 onwards. The main
purpose of VM2 was originally to have a spare model which could be used independently
of the ongoing schedule for dedicated studies and short-term requirements for additional
tests. It turned out that this “luxury” approach was a wise decision: The VM2 has been
used for the design verification when the number of open/close cycles increased from 71
to 2571 cycles in orbit due to the lately established requirement for the usage of the CCC
during coronagraphic observations. A full life test with ∼7500 cycles and, together with
the QM, a second life test again with 7500 cycles have been successfully passed. The
VM2 was used during the conductance measurement (see below) and will be used for EMC
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Table 7.2: Overview of the CCC models and their usage for the design verification and
qualification program.

Model FM representative Verification and Usage

Verification Model 1
(VM1)

Fully, except main
hinge design and
harness routing

Flight acceptance tests (no vibra-
tion), used for MIRI VM

Verification Model 2
(VM2)

Fully, except harness
routing

Selected qualification tests (incl. vi-
bration), double life time and molec-
ular conductance measurement

Qualification and
Flight Spare Model
(QM/FS)

Fully Qualification tests and after refur-
bishment reduced flight acceptance
tests

Flight Model (FM) Fully Flight acceptance tests, used for
MIRI FM

tests on the MIRI system level. Therefore, VM2 survived a test campaign which exceeds
the qualification campaign performed with the QM; we can say that the CCC has been
qualified almost twice.

The qualification campaign performed with the QM consisted of shock and vibra-
tion tests (up to 40 g sine and 15.6 g rms random loads, see TR019HTS), EMC tests
(TR021HTS), thermal vacuum tests with 18 cycles between 300 K and 7 K (TR020HTS),
a life test with 7500 open/close cycles (TR018HTS), functional, thermal and electrical tests.
Further, qualification tests of component levels were performed for the SMA actuators, the
cables, temperature and position sensors.

To perform the tests at cryogenic conditions, the Cryogenic Space Simulation Chamber
was used (see Section 5). Figure 7.10 shows the CCC while being integrated into this
facility for the thermal vacuum acceptance tests.

Further, due to the high cleanliness requirements for MIRI, the CCC FM had to un-
dergo a bake-out at 80◦C for ∼3 days and afterwards, the outgassing rate was determined
at 60◦C using a Quartz Crystal Microbalance monitor running at -20◦C (Section 7.4 de-
scribes this measurement in more detail). The total outgassing rate was measured to be
2.7±0.2·10−10 g/s (TR023PSI), a very low value due to the selection of low outgassing
materials (note that for this space mission, the selection of materials is regulated by the
total-mass-loss quantity, which describes the outgassing behavior of materials in vacuum).

Apart from the standard qualification and verification program, a dedicated measure-
ment campaign has been performed to derive the molecular conductance of the labyrinth
seal as a function of temperature and molecular mass (see Section 7.3).
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Figure 7.10: The CCC FM during the installation into the Cryogenic Test Chamber (left)
and after the preparation for the vibration test (right).

7.3 Measurement of the Molecular Conductance at

Cryogenic Condition

A complicated geometry like that of the presented labyrinth seal of the CCC does not
permit trivial modeling approaches for the assessment of the molecular conductance, espe-
cially not when the geometry changes with temperature. To study this labyrinth seal more
accurately and to characterize the CCC as a function of temperature and gas species, a
measurement campaign has been established which we present below (and in Glauser et al.
2008b). We describe in Section 7.3.1 the methodology of the measurement of molecular
conductances at variable temperature, illustrate the setup in Section 7.3.2, present the
results in Section 7.3.3 and discuss them in Section 7.3.4. In the Section 7.3.5 we describe
our conclusions.

7.3.1 Method

The schematic of performing measurements of molecular conductivities is well described
in the literature (such as Jousten 2006). However, the specific question of how to measure
the molecular conductance of a choke at different temperatures than ambient is normally
not answered. Because accurate pressure measurements are always a demanding task and
even worse at low temperatures, we first review briefly the theory.

Generally, the methodology has been derived for the molecular vacuum regime where
gas molecules are independent of each other. Therefore, the basic laws of molecular gas
dynamics can be used and gas species can be regarded as independent of each other. In
the following sections, pressures are always partial pressures and flows are partial flows
linked to only one single gas (e.g., N2, H2O ...). Furthermore, we postulate that partial
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pressures are correctly determined (we use total pressure gauges and therefore, a gas specific
calibration is required and pressures must be measured differentially; see Section 7.3.1.4
for the measurement method and Section 7.3.2.3 for the calibration of the gauges). The
method is based on a system with continuous flows and hence, it is presumed that all system
temperatures are significantly higher than the condensation or sublimation temperature
of the considered gas. Finally, the system shall be vacuum tight with a leakage rate
significantly lower than the flows required for this measurement.

7.3.1.1 Total Conductance of a Series of Non-Isothermal Chokes

Figure 7.11 illustrates the näıve picture of the definition of the conductance C. A molecular

&'&()
*

Figure 7.11: Basic diagram for the definition of the molecular conductance.

flow q is bypassing a choke (e.g., an orifice). Since some of the molecules in the direction
of the net flow will be reflected at the constriction of the choke, a pressure drop (p1 > p2)
is established. The definition of the conductance is consequently:

C =
q

p1 − p2

(7.7)

The throughput q is the net flow from volume 1 to volume 2 and can be written using ideal
gas dynamics as (see, e.g., Jousten 2006)

q =
1

4
c1A1P12p1 −

1

4
c2A2P21p2 (7.8)

where ci is the mean speed of the molecules in the volume i with temperature Ti, Ai is
the entrance area of the choke exposed to the volume i and finally, P12 and P21 are the
transmission probabilities from volume 1 to 2 and backwards, respectively. For a static
isothermal situation we expect q = 0 and p1 = p2. Therefore, the product A · P is equal
for both directions (A1P12 = A2P21) and Equation (7.8) can be written as

q =
1

4
A1P12 (c1p1 − c2p2)

=

√

k

2πm
A1P12

(√

T1p1 −
√

T2p2

)

(7.9)

where m is the mass of the molecule and k is the Bolzmann constant. This equation
can now be applied to a series of non-isothermal chokes, as illustrated in Figure 7.12. In a
quasi-static situation, the throughput q is constant for all chokes. Therefore, Equation (7.9)
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Figure 7.12: Schematic of a series of non-isothermal chokes with conductances Ci.

can be expanded for all chokes with conductance Ci, entrance area Ai and transmission
probability Pi i+1:

q =

√

k

2πm
A1P12

(√

T1p1 −
√

T2p2

)

=

√

k

2πm
A2P23

(√

T2p2 −
√

T3p3

)

...

=

√

k

2πm
AnPn(n+1)

(√

Tnpn −
√

Tn+1pn+1

)

.

This system of equations can be reduced to

q =

√

k

2πm

(
n∑

i=1

1

AiPi(i+1)

)−1
(√

T1p1 −
√

Tn+1pn+1

)

. (7.10)

This shows that the throughput q is independent of all intermediate temperatures T2 −Tn.
This is of practical advantage since one has to measure the temperature and pressure of
the first and last volume only to derive the total conductance Ctot. If the temperatures
T1 and Tn+1 are equal to, e.g., ambient temperature T , the total conductance of the series
can be written as

Ctot =
q

p1 − pn+1
=

c(T )

4

(
n∑

i=1

1

AiPi(i+1)

)−1

. (7.11)

7.3.1.2 Measurement of the Conductance at Cryogenic Temperatures

The practical aspect of Equation (7.11) is that the derivation of the conductance Ci at
any given temperature Ti does not require a measurement of pressures at that specific
temperature. This is of great benefit since the measurement of pressures at temperatures
different from ambient is a very demanding task, in particular if the temperature is low
enough to start condensation. The only important consideration is the equality of the
warm gas temperatures for the measurements, the gauge and flow calibration.

The setup used for this measurement is illustrated in Figure 7.13. A test gas is fed
into the first volume V0 up to a pressure p0 at ambient temperature Tw. The gas is then
penetrating trough a non-isothermal connection into a box at a variable temperature Tc.
This box is separated by a choke, e.g., the test sample with the conductance Csample,
which induces a pressure drop p1 − p2 according to its defining Equation (7.7). Since the
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Figure 7.13: Sketch of the setup used for the measurement of the conductance of a probing
choke as a function of temperature Tc.

volumes V1 and V2 are isothermal, the sample conductance can be expressed directly with
the temperature and transmission probability:

Csample =
c(Tc)

4
AsamplePsample(Tc) . (7.12)

Note that the transmission probability might change for different temperatures. Then, the
gas is penetrating further into the last volume V3 (at ambient temperature Tw) before it is
pumped away with the attached vacuum pump. The pressures p0 and p3 are measured as
well as the throughput q (see Section 7.3.1.3). With Equation (7.11) the total conductance
can then be derived accordingly:

Ctot =
q

p0 − p3

=
c(Tw)

4

(

1

AsamplePsample(Tc)
+
∑

i,setup

1

AiPi(Ti)

)−1

(7.13)

while the sum over the setup means the sum over all possible chokes of the setup (except
the test sample) with area Ai and the transmission probabilities Pi. By repeating the
measurement at the same temperature Tc but without the test sample, the total setup con-
ductance Csetup can be derived. The sample conductance or its more general characteristics
A · P can finally be derived:

Asample · Psample(Tc) =
c(Tw)

4

(
1

Ctot
−

1

Csetup

)

(7.14)

Csample =

√

Tc

Tw

(
1

Ctot

−
1

Csetup

)−1

. (7.15)
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7.3.1.3 Flow Measurement

Since the measurement takes place in the molecular pressure regime (pi . 10−3 mbar)
and since the total conductance of the setup might be of the order of 1 − 100 `/s, the
throughput q must be very small. At these low levels, direct flow measurements do not
work accurately. Therefore, the throughput is derived indirectly: Figure 7.13 indicates an
orifice between the volume V3 and the molecular turbo pump which shall symbolize the
aspiration hole with its conductance Casp. Since the pumping speed S of the turbo pump is
constant for these low pressures, ideally the pressure p3 is directly linked to the throughput
q by

q = p3 ·

(
Casp S

Casp + S

)

︸ ︷︷ ︸

effective pumping speed

≡ p3 · s . (7.16)

The constant s has to be derived by a calibration measurement for all gas species. In
this work, we take advantage of having already built a setup to measure conductances.
If one implements a calibration conductance Ccal at the place of Csample and implements
isothermal conditions (Tc = Tw), s can be derived without the knowledge of q: The ratio
s/C is derived for both configurations, with s/Ctot and without calibration conductance
s/Csetup by measuring the ratio (p0 − p3)/p3. Consequently, s can be derived from

s = Ccal ·

((
p0 − p3

p3

)

tot

−

(
p0 − p3

p3

)

setup

)

. (7.17)

The calibration conductance can be implemented by using a thin orifice of known area A.
Thin orifices have the advantage that the measurable conductances correspond to the
theoretical value very accurately since the transmission probability is equal to 1. The
theoretical conductance of an ideal orifice is:

Ccal ≡ Cori =
c

4
· A . (7.18)

7.3.1.4 Pressure Measurement

So far, the difficulties of measuring partial pressures have been ignored. For this purpose,
Equation (7.13) can be rewritten with the support from Equation (7.16):

1

C
=

1

s
·
p0 − p3

p3

=
1

s

(
p0

p3
− 1

)

⇔
p0

p3
=

s

C
+ 1 = const . (7.19)

In a quasi-static situation, the ratio of the pressures is constant and given by the conduc-
tance and gas. This helps simplifying the measurement significantly: If we increase the
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pressure p0 by ∆p0 (by increasing the flow), (7.19) becomes:

p0 + ∆p0

p3 + ∆p3

=
p0

p3

=
∆p0

∆p3

=
s

C
+ 1 . (7.20)

Consequently, we can derive the conductance by measuring the change of pressures only.
This allows the usage of a total pressure gauge with known sensitivity for specific gases:
The indicated value of the pressure gauge is the sum of all partial pressures divided by
their gas specific sensitivity:

pind =
∑

i

pi

ki
=

pg

kg
+ poff (7.21)

where ki is the gas specific sensitivity of the gauge (see Section 7.3.2.3 describing the gauge
calibration), pg is the effective partial pressure of the gas of interest g and poff is the offset
pressure resulting from residual outgassing of the apparatus. Therefore, if the poff has been
measured for both volumes V0 and V3, (7.20) can be converted to

kg
0

(
pind

0 − poff
0

)

kg
3

(
pind

3 − poff
3

) =
s

C
+ 1

⇔
pind

0 − poff
0

pind
3 − poff

3

=
kg

3

kg
0

( s

C
+ 1
)

≡ a . (7.22)

Since the correct determination of the offset is a very demanding and error sensitive task,
the derivation of a can be made by fitting a linear regression

pind
0 = a · pind

3 + b (7.23)

through several measurement points (pind
0 , pind

3 )i. The only value of interest is the slope a
of the regression while the offset b is correcting both offsets poff

0 and poff
3 . Additionally, the

repetition of the measurement over several pressure decades allows determining the valid
range of the conductance measurement due to its limitation by the Knudsen regime in the
upper and the domination of the background in the lower pressure regime. We show later
(see Section 7.3.3.1) that the valid pressure range for this setup is ≈ 5 ·10−7 − 10−3 mbar.

7.3.2 Setup

7.3.2.1 Overview

To implement the schematic of Figure 7.13 together with the specific geometry of the
CCC, we take advantage of the cryogenic space simulation chamber which has been built
explicitly for the test and qualification of the deliverables of the MIRI hardware from our
institute. This chamber is described in Chapter 5. The apparatus consists of a vacuum
vessel of 1 m in diameter and 1.5 m in length, two thermal shields at 80 K and 40 K,
respectively, and a cold bench (550×500 mm2) which can be cooled down to 4.5 K. This



124 CONTAMINATION RISKS FOR MIRI AND PREVENTIVE ACTIONS

vacuum-cryo system is not built for dedicated vacuum measurements, but it has been
adapted for the implementation of a separate vacuum setup, just thermally linked to the
cold bench.

The CCC or any other test sample is mounted in a aluminium box with two separate
volumes (indicated as p1 and p2 in Figure 7.15). This box is mounted on the cold bench,
and two vacuum tubes (stainless steel) connect each volume to the warm outer side of the
cryochamber where the pressure gauges, turbo molecular pump and the gas inlet system
are located.

Figure 7.14: View into the cryo test chamber (left) onto the box used for the molecular
conductance measurement setup. The box is mounted on the cold bench of the test chamber
and two vacuum tubes are connecting the two volumes of the box with the pumping and
gas system outside the chamber. The right picture shows the opened volume V1 and the
mounted CCC in its closed position.

7.3.2.2 Gas and Vacuum System

Figure 7.15 shows the vacuum and gas system schematic. There are three main subsections
of the measurement setup: The test vacuum system, the gas system and the cryochamber
and its own vacuum system for thermal insulation purposes.

The gas system allows the selection of several gases which then can be fed into the test
vacuum system. To regulate the flow, a needle valve is implemented between the gas and
the vacuum system. The selection of test gases was made according to the expected residual
gas components of the spacecraft. In addition, the molecular mass varies over a range of
2−60 AMU by measuring the conductance for the following gases: H2, He, CH4, NH3, H2O,
N2, NO, CO2 and C3H8O (Isopropanol). The handling of most gases is easy except for H2O
and C3H8O which are liquids and need to be evaporated beforehand. For this purpose,
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Figure 7.15: Gas and vacuum system schematic for the molecular conductance measure-
ment.

the gas system line is constantly pumped while the liquids boil. Otherwise, this pump
attached to the gas system is only used to clean the gas line between the measurements of
two different gases. The pressure of the gas line is monitored with a Pirani gauge.

The test vacuum system consists of two tubes which are fed through the cryochamber
vacuum vessel into the cold cavity. Inside the chamber, the two tubes withstand the
thermal gradient between ambient and the low temperature of the box. To reduce the
thermal heat flow through these vacuum connections, corrugated stainless steel tubes are
used. Finally, the cold box is designed such that, despite the relatively high heat flow
entering through the two tubes, the walls are always isothermal (within 1 degree).

The pressures p0 and p3 are measured with two hot cathode Bayard-Alpert gauges
(BAG) (Leybold IKR 90) at the places which are indicated in Figure 7.15 as BAG0 and
BAG3. The two tubes are both pumped separately with individual turbo molecular pumps.
However, during the measurements, the gate valve in front of volume 0 is closed to have
more reproducible and stable conditions.



126 CONTAMINATION RISKS FOR MIRI AND PREVENTIVE ACTIONS

7.3.2.3 Pressure Gauge Calibration

The hot cathode Bayard-Alpert pressure gauges were both calibrated with a Baratron
capacitance manometer from MKS. Since the dynamic range of ionizing gauges and capac-
itance manometer overlap only little, an expansion setup has been built (see Figure 7.16).
First a smaller volume V1 is filled with a test gas and the total pressure is measured with
the Baratron. Then the valve between V1 and V2 is opened and the indicated pressures of
the hot cathode gauges mounted at V2 is compared to the initial measurement with the
Baratron, taking the volume ratio V1/(V1 + V2) into account. Temperature drops during
the expansion have been considered and the pressure measurements are made after a tem-
perature equalization dwell time. Pressure offsets due to outgassing or leakages are very
small since the setup has been optimized for long duration stable conditions. At very low
pressures, the outgassing contribution could be estimated dynamically.
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Figure 7.16: Sketch of the setup used for the calibration of the hot cathode Bayard-Alpert
pressure gauge.

The volume ratio V1/(V1 +V2) has been determined with measuring the pressure before
and after expansion with the Baratron. The volume ratio has been chosen such that both
pressures can be measured with the Baratron within its linear range. Further, the volume
ratio is defined such that the overlapping ranges of the Baratron and the hot cathodes
allow a calibration of the hot cathode over a wide dynamical range down to 10−7 mbar.
Systematic errors caused by the determination of the gas specific sensitivity are in the
region of 4 − 6%. Table 7.3 summarizes the gas specific sensitivities k for the conversion
of indicated and effective pressure by

k =
peff

pind
. (7.24)
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Table 7.3: Calibration values for the two hot cathode ionization gauges BAG0 and BAG3.

Gas k0 k3

N2 1.211±0.050 1.210±0.045
He 6.697±0.408 6.803±0.343
CO2 0.862±0.034 0.868±0.035
NO 1.226±0.063 1.242±0.060
NH3 1.065±0.054 1.078±0.055
CH4 0.798±0.035 0.813±0.033
H2 2.872±0.136 2.936±0.140
H2O 0.937±0.058 0.966±0.062
C3H8O 0.322±0.016 0.325±0.019

7.3.3 Results

7.3.3.1 Pressure-Pressure Diagram

As described in Section 7.3.1.4, the molecular conductance is derived by measuring the
pressures (pind

0 , pind
3 ) while varying the gas flow with a needle valve. An example of a

pind
0 vs. pind

3 plot is shown in Figure 7.17.

A linear regression according to Equation (7.23) is fitted through selected measurement
points. The regression offset covers the background pressure of gases from the residual out-
gassing or leaking of the system. The slope is the relevant parameter for the determination
of the conductance according to Equation (7.22). The measurement point selection takes
into account that pressures higher than a certain gas specific level lead to non-linear effects
due to the transition into the Knudson regime (see Figure 7.17). For very low pressures,
the ratio pind

0 /pind
3 is fully dominated by the background and therefore these points are also

excluded to improve the quality of the fit.

7.3.3.2 Calibration Run

To calibrate the system (i.e. the constant s), an orifice with a diameter of 8 mm and
a thickness of 0.5 mm is used. The effective area is Aeff = A · P ≈ 50.3 mm2. Two
measurement runs were performed under isothermal conditions at 294 K, one with and one
without orifice, to derive the constant s according to Equation (7.17). The values for atot

(with orifice), asetup (without orifice) and the resulting constants s are shown in Table 7.4.

Since the temperature of the warm setup and the pressure gauge is always at 294 K,
the values for s can be used for all remaining measurements.
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Figure 7.17: Example of a pind
0 vs. pind

3 plot for CH4 at 300 K with the calibration orifice.
Circles indicate measurement values which are used for the linear regression fit (solid line)
while the triangles are unused measurements.

Table 7.4: Measured slopes and resulting conversion factors s for different gases at 294 K
using a 8 mm diameter orifice as the test sample.

Gas Ccal [ `
s
] atot asetup

k0
k3

∗
· atot

k0
k3

∗
· asetup s [ `

s
]

H2 22.06 6.3(3) 3.03(03) 6.2(5) 3.0(2) 71(12)
He 15.67 8.6(1) 4.35(08) 8.5(7) 4.3(3) 66(12)
CH4 7.83 18.4(3) 8.07(06) 18.1(11) 7.9(5) 79(09)
NH3 7.60 19.7(3) 9.16(18) 19.5(14) 9.0(7) 79(12)
H2O 7.39 20.0(5) 9.41(18) 19.4(18) 9.1(8) 76(15)
N2 5.92 24.3(4) 10.45(07) 24.3(14) 10.4(6) 82(09)
NO 5.72 25.6(5) 11.53(16) 25.3(18) 11.4(8) 79(11)
CO2 4.73 29.1(5) 13.81(09) 28.9(17) 13.7(8) 72(09)
C3H8O 4.04 32.8(8) 13.94(36) 32.5(27) 13.8(11) 76(12)
* Values for k0 and k3 can be found in Table 7.3

7.3.3.3 Molecular Conductance of the CCC

As a first result, we present in Figure 7.18 the molecular conductance of the CCC at 300 K
as a function of molecular mass. The measured values of the different gases are fitted with
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a theoretical curve for an ideal orifice as described by Equation (7.18). Its area is the free
parameter, and the best fitting value corresponds to the effective area Aeff = Ain · PCCC

of the CCC at 300 K. To derive the transmission probability, we divide the effective area
with the entrance area of the CCC and get:

PCCC(T = 300 K) =
Aeff

Ain
=

3.5(2) mm2

485.30 mm2
= 0.72(4)% . (7.25)

The error takes systematic uncertainties from all calibration measurements (gauge sen-
sitivity, flow calibration) into account as well as statistical errors from the measurement
itself.
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Figure 7.18: Molecular conductance of the Contamination Control Cover as a function of
molecular mass at T = 300 K. The red solid line indicates the theoretical value of an ideal
orifice with an effective area Aeff = 3.5 mm2.

With the same principle, the effective area is determined for several temperatures be-
tween 300 K and 10 K (see red points in Figure 7.19). The probabilities are determined
with only those gases which are still well above their sublimation temperatures (see the
discussion in Section 7.3.4.1). This explains the larger errors for lower temperatures since
only a few gases can be used below 100 K. Below 50 K only helium delivers reliable results.

Between 240 K and 300 K a big change in transmission probability can be observed.
This effect is due to the design principle of the CCC as described in Section 7.2.2 since
the SMA actuators are responsible for the variation of the gap size of the labyrinth seal.
As shown in Figure 7.6, the SMA actuators follow a hysteresis curve and therefore, the
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transmission probability depends on the history of the temperature. Due to temperature
stability reasons, all measurements discussed so far are performed at a fixed temperature
by starting at the lowest temperature and ending at ambient. To illustrate the hysteresis
behavior of the CCC, a less accurate measurement is performed by using only one set of
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Figure 7.19: Transmission probability of the Contamination Control Cover as a function of
temperature. The circles correspond to the fixed temperature measurement values while
the solid lines represent the continuous temperature scans with He for cool down and warm
up.

the needle valve with only one gas (preferable He) and monitoring the ratio p0/p3 as a
function of temperature, which varies over time. If the flow is set significantly above the
background flow, the systematic error, which is due to the neglect of the background, is
rather small. This measurement is called “continuous temperature scan” in the following
and its result is shown by solid lines in Figure 7.19. The hysteresis behavior of the SMA
is clearly reproduced and the low-to-high temperature curve shows good agreement with
the fixed temperature measurement points. This confirms the validity of the neglect of
systematic errors made by the continuous temperature scan method.
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7.3.3.4 Verification Measurement with an Orifice

To verify the overall measurement approach, the same derivation of the transmission prob-
ability is repeated with a thin orifice instead of the labyrinth seal, where the geometry is
simple and allows a qualitative assessment of the applied method. The area of the orifice
is 50.3 mm2 and the result is shown in Figure 7.20.
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Figure 7.20: Transmission probability of the test orifice (with entrance area of 50.3 mm2 as
a function of temperature. The circles correspond to the fixed temperature measurement
values while the solid line represents the continuous temperature scans with He during
cool-down.

7.3.4 Discussion

7.3.4.1 Reliability of the Measurement

The results presented above demonstrate a well working and accurate measurement method.
Vacuum experiments and in particular pressure measurements are generally very inaccu-
rate especially because total pressure gauges are very uncertain within error ranges of up
to 50% or higher. The method applied here - first a gas specific sensitivity calibration and
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second the measurement of pressure differences only - prevents absolute pressure measure-
ment errors. Further, the gas specific sensitivity calibration of the pressure gauges is only
relevant for obtaining the relative rather than the absolute sensitivities since only their
ratio k0/k3 is used.

Further, the verification measurement demonstrates that the estimated errors of the
transmission probability might be too pessimistic since all error bars of the measurement
points overlap with the theoretical probability of 100%. However, systematic effects at
low temperatures are observable for both the measurement with the CCC and the orifice.
Especially the continuous temperature scan (the solid lines in Figure 7.20) shows a general
trend towards higher transmission at very low temperatures. Both the continuous tem-
perature scan and the fixed temperature measurements below 50 K are performed with
helium only. Therefore, systematic effects related to the selected gas may be responsible
for the deviations: In a quasi-static situation with a constant flow q, the pressures p1 and p2

of the cold volumes both increase with decreasing temperature due to the proportionality
p1,2 ∼

√

1/TC (see Equation (7.9)). Since helium is well known to penetrate easily through
the smallest leaks, this leakage flow will increase with higher pressure and lower temper-
ature, respectively. This behavior has been confirmed by measuring the helium content
in the insulation vacuum of the cryochamber with a mass spectrograph. The increase of
the partial pressure of helium in the insulation vacuum during the cooling demonstrated
clearly the small system leakage and confirms the explanation of the systematic effect at
low temperatures.

This leakage has been qualitatively investigated for all gases at all temperatures, and
only helium has been found to be significantly detectable in the insulation vacuum at
very low temperatures. We found that this leakage is rather low and uncritical for all
temperatures above 50 K. The systematic effects below this temperature demonstrated the
limitation of the design of the setup which had to provide the correct interface for the CCC
and had to satisfy the thermal requirements allowing isothermal measurements. One of
the major problems was the interconnection between the corrugated stainless steel tubes
and the aluminium walls of the cold box. Since welding was no option, this transition has
been performed by a pressing seal and a cryogenic glue. Regardless of several trials, we
never managed to reduce the small residual leakage at very low temperatures.

The usage of other gases than helium below 50 K is impossible due to their freeze-
out. Figure 7.21 shows the continuous temperature scan measurement with CO2 during
cooling. While the shape of the transmission probability for temperatures above 100 K is
comparable with the result presented in Figure 7.19, the transmission for CO2 below 100 K
drops down to zero due to the freeze-out of the gas.

7.3.4.2 Realization of the Measurement

The accurate measurement of the transmission probability is a very time consuming task
since several parameters demand stabilization:

• The temperature has to be reached and stabilized primarily. Due to the dimensions
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Figure 7.21: Continuous temperature scan measurement of the CCC with CO2 scanning
from 300 K down to 80 K.

of the apparatus the thermal capacitances and consequently the regulation time con-
stants are large.

• The gas line system has to be prepared for one test gas. This includes the cleaning
of the gas line by purging and pumping the system with the selected gas.

• The needle valve needs to be set step by step to derive the slope as shown in Fig-
ure 7.17 while for each point, the system has first to be stabilized to establish a
quasi-static flow. Each slope measurement requires a new selection of the gas and
we have to start again with the cleaning of the gas system.

To measure the transmission probabilities of the CCC and the orifice, several months of
real measurement time (not counting the interruptions) were required not including the
time-consuming installation of the apparatus. Therefore, the full setup including all valves,
pumps, and the cryochamber were automatized to allow an efficient running of such an
extensive measurement. This shall demonstrate the restricted feasibility of such a dedicated
cryo-vacuum measurement.

7.3.4.3 Simulation of the Labyrinth Seal

The measurement results are compared with calculated transmission probabilities: We
simulated the exact geometry of the labyrinth seal in a 2D model. The simulation is
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based on the assumption of diffuse reflection and no absorption (which is valid for the
molecular vacuum regime, see, e.g., Jousten 2006, p 67) and calculates the statistical path
of a molecule entering the labyrinth seal from the outside of MIRI (see Figure 7.5 for the
description of the inner and outer side of MIRI). The molecules are then reflected several
times before they leave the labyrinth even by being backscattered or transmitted. We
define then the differential probability as the probability of a molecule to leave the labyrinth
after N reflections. Figure 7.22 shows the differential probabilities for backscattered and
transmitted molecules as a function of N .
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Figure 7.22: Simulated differential probabilities of molecules entering the labyrinth seal
from outside of MIRI being backscattered or transmitted as a function of number of re-
flections. The CCC geometry for T < 250 K (left) and T > 280 K (right) is considered.
The minimum gap size x is indicated in the plots. The mean number of scattering required
before a molecule leaves the labyrinth is indicated with 〈n〉.

Both curves in Figure 7.22 demonstrate clearly that most backscattered molecules leave
the seal after the very first reflections while the transmitted molecules require several re-
flections (229 on average for cold and 373 for ambient conditions) before they end up inside
MIRI. After approximately 200 reflections, the system evaporates exponentially. This indi-
cates a uniform distribution of the molecules despite their original path. The difference in
differential probability for the backflow and the passage flow for Nreflections > 300 depends
on the geometry and varies between ambient and cryogenic conditions according the be-
havior of the SMA-actuators. For T > 280 K, the difference of the two flows is significant
and can be explained by the location of the smallest gap of the labyrinth which is closer
to the inner side of the seal and therefore, statistically more molecules are backscattered.

The absolute values for the number of scatters required before a molecule leaves the
labyrinth is different for a 3D model since scattering across the labyrinth is suppressed in
the 2D case. However, the 2D model simulates correctly the ratio of back and forward
scattering and therefore the integrated transmission probability has been correctly derived
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for T < 250 K and for T > 280 K:

PCCC(T < 250 K)simulated = 2.76% (7.26)

PCCC(T > 280 K)simulated = 0.74% . (7.27)

In Figure 7.23 these values are compared with the measurement; a very good agreement is
found.
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Figure 7.23: Measured (red circles) and simulated (blue line) transmission probability of
the CCC as a function of temperature.

This simulation takes no absorption into account. As soon as the temperature is low
enough to freeze molecules onto the structural surfaces with a certain absorption probability
Pabs, the passage flow drops by a factor of (1 − Pabs)

〈n〉. This demonstrates the efficient
sealing of the labyrinth since even for small absorption probabilities, the flow is reduced
strongly due to the large number of reflections required before molecules can penetrate
through the labyrinth.
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7.3.5 Conclusions

We have demonstrated that the molecular conductance of a cryogenic labyrinth seal can be
measured accurately within the molecular flow regime. Extensive measurement campaigns
were required to obtain a reliable measurement for several gases at various temperatures.

The cryogenic vacuum setup provided best performance except for the measurement
with helium at temperatures below 50 K where systematic effects are observable caused
by small leakages in the connection between the corrugated stainless steel tubes and the
aluminium box.

The methodology has been verified by measuring the conductance of a thin orifice
between cryogenic and ambient temperatures.

The measurement results have been compared with a 2D simulation, and a very good
agreement has been found. This demonstrates the applicability of theoretical assessments
even for cryogenic temperatures when designing a contact-free labyrinth seal.

7.4 Procedures for the Prevention of Contamination

During the assembly, integration and verification (AIV) phase of space hardware, it is cru-
cial to avoid any degradation of the equipment due to the risk of contamination, happening
before and after launch. Working on any level of a complex instrument, such as MIRI,
requires precautions to keep the components and their environmental system clean. In
general, we distinguish two types of contamination and handle them independently: The
particulate and the molecular contamination. While the first type happens on a “macro-
scopic” scale, mainly caused by dust particles (in the micron range), the latter is of great
relevance during vacuum tests when surfaces get sputtered mostly by organic molecules or,
as we will see in the third paragraph of this section, in rare cases by metallic molecules.
In the following paragraphs we will highlight the preventive actions to control the amount
of contaminants.

7.4.1 Particulate Contamination

The prevention of particulate contamination is controlled by keeping the environment of
the hardware clean. Cleanliness is a relative term and only the measurement with dust-
particle counters lead to a quantitative characterization of a clean room. For that, not
only the number of particles but also their frequency as a function of size is of relevance
for the standardization of clean working conditions. Figure 7.24 shows the upper limits of
the particle density for the different clean room classes (shown for the Federal Standard
209D). The class is named according the maximum particle numbers for particles at a size of
0.5 µm. For the MIRI project, all equipment is built and tested under clean room class 100
conditions or better. This level of cleanliness requires dedicated procedures and equipment
as well as a specially trained staff. The cleanliness of the equipment is constantly monitored
by inspection with white light for metallic and UV light for organic dust particles and with
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Figure 7.24: Maximum allowed particle density of different clean room classes as a function
of particle size (according Federal Standard 209D).

fall-out plates to measure the absolute amount of contaminants. The environment and the
equipment are repeatedly cleaned with vacuum cleaners and wipe towels.

7.4.2 Molecular Contamination

The handling and controlling of molecular contaminants (mainly organics) is much more
challenging than dealing with the particulate contamination. One of the difficulties is that
the main risk for contaminating equipment on molecular bases is happening in vacuum, and
therefore, during thermal vacuum tests and during the commissioning in orbit. Therefore, it
is crucial that only low-outgassing materials are used for space missions. However, organic
materials, which are the worst outgassing sources, cannot be omitted as they are used
for, e.g., the electrical insulation. Examples for organic materials which work for both low
outgassing rate and cryogenic conditions are Teflon and Kapton, as used in the Cryoharness.
Even if their outgassing rate is low, their sponge-like structure attracts many other organic
and anorganic molecules such as water or hydrocarbons. Once such a material is placed
in vacuum, these molecules evaporate and the material outgasses with an exponentially
decreasing rate. When the material is exposed to a clean ambient environment afterwards,
the material is again absorbing water but other molecules like hydrocarbons are not present
equally frequently and therefore, the material shows a cleaner performance.

For this reason, all components have to undergo a procedure to evaporate the organics
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as much as possible as part of the cleaning process before the delivery to a higher level.
Then, at a next higher level, the same procedure is repeated; it should thus be guaranteed
that the equipment is clean and does not contaminate its environment. In the following
we present this procedure and further show, how the outgassing rate has been measured
to provide an overall picture of the molecular cleanliness of the instrument.

7.4.2.1 Bake-out Cleaning Procedure of Space Hardware

The detailed procedure can be found in PR014PSI. The outgassing of materials can be
accelerated by heating. As a rule of thumb, the acceleration of the evaporation increases
by one order of magnitude for every increase of temperature by 10◦C. Therefore, performing
the evaporation at 80◦C rather than at ambient temperature accelerates the process by a
factor of 106. The upper limit of the bake-out temperature is given by the selection of
materials and electronics, and 80◦C is a generally agreed maximum temperature where no
degradation of equipment is expected.

For the purpose of the bake-out, a facility had to be built up for the hardware deliver-
ables from PSI. Figure 7.25 shows the vacuum vessel of this facility in a half transparent
to illustrate how the test equipment - in this case the CCC - is installed and heated:
The chamber walls are heatable, and due to radiative heat transfer the test equipment is
heated uniformly. The temperature of the equipment is controlled to stabilize the thermal-
vacuum conditions, allowing the monitoring of the exponential behavior of the outgassing
process. The residual gas is analyzed with a total pressure gauge, a rest gas analyzer
(RGA, or Mass Spectrometer) and a Quartz Crystal Microbalance2 (QCM) Monitor which
is thermally stabilized at -20◦C (and therefore named TQCM).

To protect the test equipment against dust fall out when purging the system (the facility
has not been built according to clean room standards), a Cleanliness Maintenance Cover
(CMC) can be lifted and dropped as indicated in Figure 7.25.

One of the controversies along the European Consortium was the definition of a pro-
cedure standard to harmonize the bake-out and the condition for terminating the test.
Since the outgassing behaves exponentially, it is impossible to clean the surfaces perfectly.
The question is to find a compromise between performance and feasibility. Since there
are different bake-out facilities along the Consortium, several requirements were defined of
which only one shall be applicable depending on the available monitoring hardware (QCM
or RGA). The test-termination requirement is then:

The bake-out at 80◦C shall last at least 48 h and can be terminated if one of the
following conditions is fulfilled:

1. With RGA: The partial pressure of molecules with masses above 32 AMU shall be
lower than 5·10−9 mbar.

2A QCM is a quartz crystal with a oscillation frequency depending very accurately on the mass of the
crystal and its deposition. If the quartz is getting sputtered by molecules which condensate at the working
temperature of the QCM (in this case at -20◦C, a temperature which allows most organic molecule to
condensate) the frequency increases with increasing deposition layers. The frequency rate corresponds to
a condensation rate of the QCM.
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Figure 7.25: The PSI bake-out facility built for the MIRI project

2. With RGA: Record main peaks of mass spectra as function of time (PM(t)). The
Central Moving Average (in a 30 min window) of the rate dPM(t)/dt shall not deviate
from the average of the past 3 h more than 5% for 75% of the data points.

3. With QCM: The frequency shall be recorded as a function of time (f(t)). The
frequency rate at half hour intervals is defined by

df0.5h(t)

dt
=

f(t − 0.5h) − f(t)

0.5h
(7.28)

and its relative change over a 5 hour interval by

∆5h
df0.5h(t)

dt
=

df0.5h(t−5h)
dt

− df0.5h(t)
dt

df0.5h(t−5h)
dt

. (7.29)

The relative change of the frequency rate shall be smaller than 5% over 3 h.
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The three different approaches are not equivalent since they probe different aspects. This
is well known in the project consortium but they represent a “political” compromise be-
tween several institutes and their available equipment. However, a short description of the
differences between verification requirements and their physical meaning is given here:

1. The first termination requirement measures the partial pressures absolutely and sets
an upper limit to them regardless the surface area of the test item (compare the
huge Kapton surface of the Cryoharness with a metallic mirror). Further, absolute
pressures depend on the facility geometry, the pumping efficiency, and on the location
of the RGA with respect to the test sample and the pump. As we know well from
Section 7.3, measuring absolute pressures (partial and total) is a very demanding
task and requires an accurate calibration.

Finally, and strictly spoken, using the expression of “partial pressures” for mass
channels is not correct: The RGA-spectrum of a molecule of more than one atom
shows several peaks which correspond to the masses of the fragments of the molecules
(e.g. H2O has peaks at masses of 1, 2, 16, 17 and 18 AMU which correspond to the
possible fragments H, H2, O, HO and H2O). Their peak heights (in ion-current)
depend on the fragmentation probability and the detection sensitivity and are gas
and RGA specific quantities. Each molecule has a unique “fingerprint” in an RGA
spectrum and can be identified accordingly. The quantitative measurement of the
partial pressure of a gas is achieved by the deconvolution of the measured spectrum
with these fingerprints. Consequently, the signal strength of a single RGA channel
is a superposition of the signals of molecule fragments with the same atomic mass.
While these fragments are products of the RGA and are not represented in the
vacuum outside the RGA (except the parent molecule), the terminology of partial
pressure cannot applied here. The calibration of channel ion-currents into channel
partial pressure is therefore a unsolvable task.

2. Out of the difficulties with the first termination requirement, the second requirement
uses a relative ansatz to avoid the misleading terminology of partial pressures. The
termination criterion probes the relative outgassing behavior and takes advantage
from the exponential decay of the outgassing rate. The bake-out can be stopped
when the cleaning of the sample does not progress significantly anymore. This is a
valid but only qualitative criterion which can be easily implemented.

3. The third termination criterion is very similar to the second one but uses a different
measurement technique. While the measurement with an RGA probes the general
content of the vacuum, the QCM is sensitive to deposition and contamination directly
while being insensitive to standard residual gas components such as N2. Measuring
the deposition rate allows a better assessment of the remaining risk for contaminants.
The significant disadvantage of this method is the need of a QCM which is a very
expensive device. Fortunately, a lending by ESA helped PSI to take advantage of
this measurement method.
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Figure 7.26 shows the history of a bake-out run performed with the CCC FM. The last plot
of this figure shows the relative change of the frequency rate according to Equation (7.29),
the two red lines indicating the success criterion for the termination of the bake-out. Right
before event 2, the frequency rate change lies in between these two lines and therefore
induces the end of the test.

7.4.2.2 Outgassing Rate Measurement

Once the bake-out setup is available with the QCM, the measurement of the outgassing
rate is relatively simple since it has been agreed that the outgassing rate shall be measured
with the QCM (neglecting the outgassing of molecules that do not condensate at -20◦C.)
The measurement is performed right after the bake-out as stable conditions are required,
which is guaranteed by the termination requirements of the bake-out. The outgassing is
determined for the test sample being heated to 60◦C; this is again a compromise since for
a real estimation of the resulting overall contamination this knowledge would be required
for several temperatures. However, measuring the rate at 60◦C helps providing a rough
estimate.

The rate is determined by measuring the QCM frequency rate with and without the
test sample placed in the vacuum vessel. For this reason, an empty bake-out has to be
performed first. As described in PR014PSI, the frequency rate can be translated into
a mass deposition rate by knowing the mass sensitivity CTQCM of the QCM (which is
CTQCM = 1.96 · 10−9 g Hz−1 cm−2) and by taking into account that not only the QCM but
also other surfaces absorb molecules, such as the turbo pump or other cold surfaces. The
resulting outgassing rate is then

OGR =
A · CTQCM

3600

{(
df0.5h(t)

dt

)

item

−

(
df0.5h(t)

dt

)

empty

}

(7.30)

where A is the total surface of all absorbing areas and the two frequency rates in braces
correspond to the measurement with and without test sample. The factor 3600 is imple-
mented since the unit of the frequency rates is Hz/h due to its definition in Equation (7.28)
and the unit of the outgassing rate is g/s. As described in Section 7.2.3 and in Section 6.2.6,
the outgassing rates for the Swiss deliverables are

OGRCCC = 2.67 · 10−10g/s

OGRSec.A&B Harness = 8.22 · 10−9g/s
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Figure 7.26: History of the bake-out of the CCC FM: The first plot shows the temper-
atures of the chamber wall (red), the CMC base plate (blue) and the CCC (green) as a
function of time. The second plot shows the history of the total pressure, the third plot
the frequency and working temperature of the QCM, the forth plot shows the derivation
according Equation (7.28) and the last plot the change of rate according Equation (7.29).
The two red lines in the last plot indicate the success criteria for the end of bake-out (±5%).
The Event ID numbers indicate the start of the bake-out (1), the end of the bake-out (2),
the start of the outgassing measurement (3, see next paragraph), the end of the outgassing
measurement (4) and the end of test (5) (from TR023PSI).
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7.4.3 Metallic Contamination

Space projects have rarely to deal with metallic contamination as it is well known which
metals should not be used in vacuum due to their high vapor pressure. Examples of such
metals are mercury, zinc or cadmium. Unfortunately, in the very early phase of the CCC
development a mistake happened in the declaration of materials used for the screws that
are in place to fix the actuators to the actuator bracket. Therefore, it was overlooked that
these 11 screws (per model) were plated with cadmium; this issue was uncovered only at
a very late stage, after the delivery of VM1 and VM2.

While having these screws replaced for the CCC QM and FM, one of the major concerns
was that these screws mounted on VM1 have been placed in several vacuum test facilities
already and could have contaminated them which would lead to a potential contamination
of the flight hardware afterwards. Therefore, it was of great importance to convince all
parties that these screws have only little outgassing rates. Values for Cd-sublimation rates
as function of temperature found in the literature did not seem to be reliable and applicable
for the plating of screws. Therefore, a measurement of the sublimation rate of these screws
has been performed (see TN019PSI) and shall be described here shortly.

7.4.3.1 Measurement of the Sublimation Rate of Cd-Plated Screws

The cadmium sublimation of the hot screws and condensation on cold surfaces is deter-
mined in a worst-case assumption: The screws shall have fully exposed surfaces (i.e., screws
are not mounted) and the cold absorbing surface shall be as close as possible to the screws
and cooled down to LN2 which guarantees an efficient condensation. Figure 7.27 shows
a schematic of the setup used: The screws are placed in a heatable cavity which is fully
enclosed except for a small hole. Right above this opening, an absorber plate is located,
cooled to 77 K with liquid N2. Cd molecules evaporating from the screws will leave the
cavity hole and have to reflect on the absorber plate. Beside of the cold temperature,
this plate has a roughened surface to guarantee an efficient absorption. The plate can be
removed after the exposure in vacuum for further analysis. The absorbed cadmium will be
dissolved with nitric acid (HNO3, 32%) which is analyzed by ICP-OES3 afterwards. The
detection limit with this method is below 1 ng/ml. For the absorber plate in use, a total
amount of 10 ml has been used in order to be able to dissolve all of the cadmium. Including
uncertainties and efficiency assumptions, the detection limit for this measurement is 4 ng.

This measurement has been repeated for 3 different temperatures of the cavity: 44◦C,
78◦C and 120◦C. This allowed an estimation of the reliability of the measurement and a
comparison with values used for analytical estimations. Figure 7.28 shows some pictures of
the test facility and sequence, and Table 7.5 summarizes the temperatures, test duration
and the measured sublimation rates of the three measurement runs.

Figure 7.29 shows the derived values for the sublimation rate in comparison to the upper
acceptable limit. The data for the limit have been used to assess the impact of the metallic

3ICP-OES stands for Inductively Coupled Plasma Optical Emission Spectrometry. See Greenfield et al.
(1964) and Wendt & Fassel (1965) for more details.
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Figure 7.27: Illustration of the setup for the cadmium sublimation measurement (from
TN019PSI).

Table 7.5: Summary of the Cd sublimation measurement

Temperature Measured Cd Test duration Sublimation rate
[◦C] [ng] [days] [ng/day]
44.2 25±4 2.8 9±1.4
77.7 257±4 2.8 91±1.4

119.9 9431±4 0.9 9972±4.4

contamination on the facility used for testing MIRI, and with these rates the potential
contamination has been identified as being uncritical (since the CCC VM1 will be heated
up only to 47◦C in that facility). Since the measured values are approximately 3 orders
of magnitude lower, the risk of contamination is marginally low: Over a 3 day bake-out
at 47◦C, a maximum total amount of 30 ng is expected; assuming the contaminants to be
absorbed on a concentrated area of 1 cm2, a total layer thickness of 0.3 atomic layers is
expected, a thickness which can be neglected.
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Figure 7.28: Pictures of the cadmium sublimation measurement: The screws are placed in
the hot cavity (left) which is located below the cold absorber plate (middle). The plate
can be removed and is washed with nitric acid (right) for the analysis with ICP-OES (from
TN019PSI).
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Figure 7.29: Graphical comparison between the measured sublimation rates with the ac-
ceptable limit used for the risk assessment of potential contamination of the test facility
for MIRI (from TN019PSI).





Chapter 8

Summary and Conclusions

The James Webb Space Telescope is a unique facility for astronomical observations of
the upcoming decade. This is particularly true for the Mid Infrared Instrument as an
outstanding instrument for observations of star and planet formation. At the time of
writing, the project is in an advanced phase of the hardware development and integration.
Due to the complexity and the high costs of this challenging space mission, the instrument
is built by a large consortium of European and American institutes. The Paul Scherrer

Institut is one of these institutes which delivered two major components for MIRI: The
ICE-Cryoharness and the Contamination Control Cover (CCC).

Before performing tests of these components, we designed and built up a test facility
providing environmental conditions similar to what MIRI will encounter in orbit. The
Cryogenic Space Simulation Chamber is a multi-functional test chamber for cryogenic
temperatures down to 5 K; we described its architecture and performance as well as the
thermal design in detail.

MIRI is a cryogenic instrument which will be actively cooled by a cryocooler to 7 K,
allowing a maximum thermal heat load of 68 mW including all parasitic thermal connec-
tions. The ICE-Cryoharness provides 196 electrical lines between the Instrument Control
Electronics (ICE) and the 4 mechanisms (the imager filter wheel, the two grating wheels
and the Contamination Control Cover), the calibration sources and the thermal hardware.
We designed, manufactured, and tested the so-called Section A&B of the Cryoharness
which connects the cold instrument at 7 K with the Integrated Science Instrument Module
(ISIM) defining the environmental structure of MIRI, cooled to a temperature of ∼40 K.
Therefore, the cryogenic cabling, connecting two different temperatures, induces a thermal
heat load to MIRI. To account for the overall thermal budget, the Cryoharness is opti-
mally designed for minimum heat loads. We use wires of low-conducting materials such as
phosphor bronze and stainless steel and diameters of only 0.254 mm and 0.1 mm, respec-
tively. The conductors are combined and shielded in cable bundles of 2,4,6 or 8 conductors.
We derived analytically the total heat load to be 4.23 mW for the complete Cryoharness
Section B, including conductive and electrical heat loads. Therefore, the heat load of the
Cryoharness is low and affords enough margin for the overall thermal budget of MIRI. To
confirm the assumptions made for the material constants, i.e. the thermal conductivity, we



148 SUMMARY AND CONCLUSIONS

measured the conductive thermal heat load of two cable types, used for the Cryoharness.
We find a maximum discrepancy by a factor of ∼1.5 between the effective and the analyt-
ical thermal heat load. A verification measurement demonstrates that the applied method
and the used setup do not provide significant systematic errors. Therefore, we conclude
that the analytically used thermal conductivity underestimates the effective thermal heat
load of these materials. This can be explained by the fact that the thermal conductivity
varies strongly with the alloy composition and with the casting and rolling processes which
lead to different crystalline structures in the conductor. However, the found discrepancy
does not lead to any concern since the overall thermal budget includes enough margin to
compensate the slightly higher heat load induced by the Cryoharness.

The second hardware contribution is the CCC which has been introduced to prevent
MIRI from molecular contamination due to the freeze-out of volatile molecules on the cold
optical surfaces of the instrument. We have demonstrated that an 1.5 µm thick ice layer
of H2O reduces the reflectivity of a gold coated mirror down to 10% at a wavelength of
12.5 µm. This demonstrates the need for a dedicated contamination concept of which the
CCC is a part of. This cryo-mechanism is located at the optical entrance of MIRI, just
behind the Pick-Off Mirror; it also acts as an optical shutter which can be used for dark
sky calibration measurements and for the protection of the detector array against bright
objects during the change of the coronagraphic filters. The CCC is a very critical item
since its failure would cause the loss of the complete instrument. Therefore, the design and
test approach for the CCC is very conservative and includes, e.g., full redundancy of the
actuators. To prevent the CCC from freezing up due to ices, a contact-free labyrinth seal
is introduced, reducing the gas flow by several orders of magnitude. Such a complex seal
is hardly studied at cryogenic conditions, and no knowledge was available concerning the
applicability of standard simulation approaches (i.e., diffuse gas transport), to characterize
the molecular conductance. Therefore, we performed an extensive measurement campaign
to derive the conductivity of the labyrinth seal of the CCC as a function of temperature
and molecular mass. We measured a transmission probability of the closed CCC to be
0.72(4)% at ambient and increasing up to 2.7(3)% at cryogenic conditions. This shows
that a contact-free sealing can be very efficient by introducing a complex geometry. We
confirm that these results are well reproducible by diffuse gas transport simulations and
that they can be applied for complex geometries even at cryogenic conditions, assuming
no condensation of the molecules.

To complete the discussion about contamination, we further show how to control the
cleanliness of the hardware components during the testing and verification phase. We
built a chamber and performed dedicated bake-out procedures to clean the equipment
from molecular contaminants and to measure the total outgassing rate of the Cryoharness
and the CCC. We derived outgassing rates of 2.67·10−10 g/s for the CCC and 8.22·10−9 g/s
for the Cryoharness Section A&B. Since the CCC and the Cryoharness consists of large
surface areas with organic materials, this outgassing rates are relatively low and fit within
the overall cleanliness requirements for MIRI.

The CCC and the ICE-Cryoharness have both fully been built, tested and delivered
for the integration into the optical module of MIRI. Once the full instrument is assembled
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and tested, it will be integrated in the ISIM, and finally in the observatory. At the present
time, the launch of JWST is foreseen for summer 2013, and after its commissioning phase,
first science observations are expected for early 2014. From this time on, we expect many
ground-breaking achievements in all fields of astronomy and, in particular, in the field of
protoplanetary disks. The high spatial resolution and the great sensitivity of JWST will
permit the study of detailed structures, of spatially resolved mineralogy or of molecules
within the disks. Intermediate-resolution spectroscopy in the mid-infrared will allow us to
study in detail the dust composition, abundances and location of ices of different molecules
and also the challenging rotational lines of H2. However, present facilities such as the
Spitzer satellite or large ground-based telescopes provide already observational access
to the dust in protoplanetary disks and therefore allow us to prepare and to improve the
scientific tools for future investigations with JWST. In this work, we discussed two different
observational methods to explore the composition of dusty protoplanetary disks.

The first method uses scattered light images in the near-infrared which probes the
dust disk surface and hence the disk structure. We used observations of the T Tauri star
IRAS 04158+2805 which we fitted with the simulations based on a 3-D radiative transfer
model, adjusting the overall disk parameters such as the disk geometry, the disk mass,
and the dust grain distribution. While this still leads to multiple solutions, additional
observations such as the spectral energy distribution over the wavelength range from near-
infrared to millimeter and a polarization map constricted the parameter range to unique
solution, describing all observations reasonable well. This is an astonishing success of this
kind of observing technique as not many objects are found to be reproducible by a single
model for more than one observation or wavelength and none has been found before which
can be fitted for all observations. We obtained total dust disk mass of 1.5·10−4 M�, an
outer disk radius of 1120 AU, and an inclination of 62.7◦. We then used the best-fit model
to derive the dust column density along the line of sight to the star. We further obtained
the gas column density along the same line of sight from measurements of photoelectric
absorption of stellar X-rays. This led to the gas to dust mass ratio (G/D) of 220+170

−150.
Despite the large error bars, this result does not differ significantly from the interstellar
G/D ratio of 100:1. Consequently, we do not expect large amount of the dust to have
settled in the disk midplane, which would lead to a significantly higher G/D for a non-
edge-on geometry as in the case of IRAS 04158+2805. With this G/D ratio, the total dust
disk and the stellar mass we derive a disk-to-star mass ratio of ∼0.1 − 0.2 which is close
to the gravitational stability limit. Since planet formation might result from gravitational
collapses within the circumstellar disks, such a disk is an interesting target for future
observations.

The second study uses mid-infrared spectroscopy obtained with the Spitzer IRS in-
strument to measure the crystalline mass content of the warm dust grains, located at the
disk surface. We applied a continuous temperature model to simulate the background
and the emission of the silicates at 10 µm. With a decompositional fit, we derived the
individual mass fractions of amorphous silicates with olivine and pyroxene stoichiometry
and crystalline silicates such as forsterite, enstatite and quartz, using two different grain
sizes of 0.1 µm and 1.26 µm. We correlated the crystalline mass fraction with various
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X-ray properties and found a significant correlation with the X-ray luminosity and the
product of luminosity and X-ray hardness for objects older than 1.2 Myr and younger than
3 Myr. We conclude that for these objects, the X-rays, emitted by the central object, have
a destructive impact on the crystalline structure of the dust grains in the disk.

JWST will boost both observational techniques and the related scientific topics. While
scattered light images such as those used for the IRAS 04158+2805 study are currently
rare and only available for large disks, JWST will provide a much larger sample to allow
statistical approaches to be made for disk properties such as the geometry, the dust grain
distribution, or the disk masses. For the study of the destructive impact of high-energy
irradiation on crystalline dust grains, JWST will enable access to much fainter objects,
enriching the statistical sample and to further study relations reported here. Further, with
JWST it will be possible to probe the gas disk and hence, many relations between the
central object, the gas and the dust. We will gain a much deeper understanding of the
complex processes of star and planet formation and the epoch of this space observatory
will be an exciting and challenging time for the astrophysics of the near future.
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Pinte, C., Ménard, F., Duchêne, G., & Bastien, P. 2006, A&A, 459, 797

Posselt, W., Holota, W., Kulinyak, E., et al. 2004, in Optical, Infrared, and Millimeter
Space Telescopes. Proceedings of SPIE, 5487, 688–697

Qi, C., Kessler, J. E., Koerner, D. W., Sargent, A. I., & Blake, G. A. 2003, ApJ, 597, 986

Reipurth, B. & Clarke, C. 2001, AJ, 122, 432

Rieke, G. H., Wright, G. S., Bortoletto, F., et al. 2003, Science with the Mid-Infrared
Instrument on JWST, http://ircamera.as.arizona.edu/MIRI/miriscience.pdf

Rieke, M. J., Kelly, D., & Horner, S. 2005, in Cryogenic Optical Systems and Instruments
XI. Proceedings of SPIE, 5904, 1–8

Rowlands, N., Aldridge, D., Allen, R., et al. 2004, in Optical, Infrared, and Millimeter
Space Telescopes. Proceedings of SPIE, 5487, 664–675

Sabelhaus, P. A., Campbell, D., Clampin, M., et al. 2005, in UV/Optical/IR Space Tele-
scopes: Innovative Technologies and Concepts II. Proceedings of SPIE, 5899, 241–254

Schegerer, A., Wolf, S., Voshchinnikov, N. V., Przygodda, F., & Kessler-Silacci, J. E. 2006,
A&A, 456, 535

Schneider, G., Silverstone, M. D., Hines, M. D., et al. 2005, in Protostars and Planets V,
8540–+

Servoin, J. L. & Piriou, B. 1973, Phys. Stat. Sol. (b), 55, 677

Sicilia-Aguilar, A., Hartmann, L. W., Watson, D., et al. 2007, ApJ, 659, 1637

Spitzer, W. G. & Kleinman, D. A. 1960, Physical Review, 121, 1324

Stahl, H. P., Feinberg, L. D., & Texter, S. C. 2004, in Optical, Infrared, and Millimeter
Space Telescopes. Proceedings of SPIE, 5487, 818–824

Stapelfeldt, K. R., Werner, M. W., Fazio, G., et al. 2003, in IAU Symposium, 221, 277P–+

Starr, B. M., Doyon, R., Beuzit, J.-L., et al. 2000, in Optical and IR Telescope Instrumen-
tation and Detectors. Proceedings of SPIE, 4008, 999–1009

Stiavelli, M., Lilly, S., Gardner, J., et al. 2007, A strategy to study First Light with JWST,
http://www.stsci.edu/jwst/science/whitepapers/first_light_study_V.pdf

Strom, K. M. & Strom, S. E. 1994, ApJ, 424, 237



BIBLIOGRAPHY 165
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