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FOREWORD

We present the proceedings from the workshop entitled Scientific Detectors
Jor Astronomy 2005, a weeklong meeting held in Taormina, Sicily during
19-25 June 2005. This was the sixth workshop of this series, and the fourth
with hardcover proceedings. By all measures, this workshop surpassed the
previous meetings.

The primary purpose of any technical meeting is the exchange of scientific
and engineering information. The meeting was attended by 127 astronomers,
scientists and engineers from 21 countries spread across every continent,
with representation of all major manufacturers and 36 astronomical
observatories. A total of 94 oral and poster papers were presented, of which
87 are contained in these proceedings. A new feature of this workshop was
the overview papers of several areas: Ground-based observatories, Space-
based observatories, CCDs, and CMOS. Our goal was for these overviews
to be true “world views” that combined the expertise of several, often
competing, institutions to present basic fundamentals to state-of-the-art
material in a pedagogical way. Due to the professionalism and cooperation
of the collaborating teams the overview papers were a great success. We are
indebted to these authors for giving their time and sharing their knowledge.

The papers presented at the workshop covered the gamut of science,
technology and engineering required for developing and using scientific
detectors in astronomy. These detectors are the eyes of astronomical
instruments, and the performance of an observatory is directly a function of
the quality of its detectors. Thus, the workshop began with a day of papers
on observatory status and plans, instrumentation, and observing techniques.
The next two days of the workshop focused on the primary detector
technologies used in astronomy: CCDs and CMOS-based sensors. The size
and quality of detectors continues to advance, and these proceedings include
several papers from manufacturers presenting their latest products, followed
by papers from users who explain how the detectors work in practice. Since
CMOS technology is encroaching into domains dominated by CCDs, the
workshop was peppered with entertaining sparring between the two camps.

As our sensors are not perfect, an important aspect of our community’s work
is the testing and characterization of devices, and a day of the workshop
concentrated on Sensor Testing. In this area, a breakthrough paper was
presented by Gert Finger on the measurement of conversion gain of CMOS-
based sensors. We learned that the “photon transfer curve” used to measure

XV
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electrons per data number can be in error for some hybrid CMOS arrays.
The amount of error depends on the pixel size, the readout design, the
detector material and details of hybrid fabrication. After the workshop, many
participants hurried back to their laboratories to take their own measurements
of this phenomenon.

On the last day of the workshop, we heard presentations on the new
generation of control electronics being developed at many institutions.
These controllers are required for handling the large amount of readout ports
and high data rates of ever larger mosaics of detectors. This session
included two papers on ASICs (application specific integrated circuits) that
integrate a complete controller onto a silicon chip. ASICs have significantly
progressed since the 2002 meeting, having demonstrated performance that
convinced NASA to choose ASICs for the control electronics of the James
Webb Space Telescope.

The workshop participants were treated to two special presentations. The
opening talk of the workshop was given by Roberto Gilmozzi, principal
investigator of the OWL 100-meter telescope. Roberto presented a vision
of the future of astronomy and the need for square meters of detectors (at a
good price!) in the era of extremely large telescopes. Looking into our
cultural past, Maurizio Seracini showed how x-ray, visible and infrared
sensors are used to assess the provenance and quality of ancient works of art.

As all who attend technical meetings know, the highlights of these meetings
are not the formal presentations, but the informal discussions over coffee and
dinner. This meeting series addresses that reality with a hotel facility that
keeps participants together for meals and a schedule that includes a strong
cultural program that exposes the participants to the host region. Activities
included a tour of the ancient city of Taormina, an evening trip to a small
hilltop town with a pizza dinner under a full moon, and an afternoon trip to a
local winery for a tour and classic Sicilian lunch. The conference dinner,
held outdoors in a garden by the sea, concluded with an amazing show of
fireworks. The program for spouses and guests included two daylong tours
to World Heritage sites. Over 60 family members accompanied participants
to the meeting, and with children running about during the receptions, the
meeting had a very friendly feeling.

The workshop was made possible by the volunteer effort of a large number
of people. The Observatory of Catania put in a tremendous amount of effort
as the Local Organizing Committee and host institution. We thank their
Director, Santo Catalano, for his excellent leadership and we are grateful to
all of the observatory staff that helped make this meeting run smoothly.
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The Scientific Organizing Committee made significant contributions over
the course of 18 months including: selection of the workshop location,
definition of the technical programme, chairing of sessions, selection of
award winners, and review of papers. We greatly appreciate their dedication
and expertise.

This workshop would not have been possible without the tremendous
financial and in-kind support of several Italian government organizations
and companies from Europe, North America and Hawaii. Many thanks to
these sponsors who are listed in the workshop organization pages.

The Hotel Naxos Beach provided us with an excellent facility. We enjoyed
comfortable rooms, good food, and the hotel staff were extremely helpful,
providing excellent service at every turn. We especially thank Angela Raiti,
Massimo Andrighetti, Eva Levander and Gianluca Taglialegne. We also
thank Roberta Barbagallo and Lachea Tour for ensuring that bus transport
and cultural activities ran like clockwork.

“Mille grazie” to Giovanna Cimino and Giovanni Bonnano for a wonderful
partnership over a period of 3 years. We greatly appreciate the personal time
and attention they gave to make this workshop an enriching cultural
experience for all. We are lucky to have made lifelong friends in the
process.

Lastly, we thank the Beletic family who supported this workshop with their
energy, time and patience. We also thank Jason Henning for his selfless con-

tributions at critical times.

We hope that you enjoy these proceedings and that you continue to enjoy
your adventure as one of the “Explorers of the Photon Odyssey”.

via« . Belitic, gwrwwz W. Bedific and Prola Urico
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WORKSHOP ORGANIZATION

The Scientific Detector Workshop 2005 was made possible by a partnership of
institutions, committees, sponsors and individuals who worked together to produce
an outstanding technical workshop that brought together the world’s leaders in
detector technology for astronomy. The parties listed below donated their time,
financial support or in-kind contributions, and we are very grateful for their
contributions.

Workshop Coordinators

James W. Beletic
Paola Amico

This is the 4" detector workshop organized by James Beletic and Paola Amico.
The previous three were held in Germany (1996, 1999) and Hawaii (2002).

Organizing Institutions

Scientific Workshop Factory
Thousand Oaks, California, USA

Istituto Nazionale di Astrofisica - Osservatorio Astrofisico di Catania
Catania, Sicily, Italy

The Scientific Workshop Factory provided overall coordination, development
of the scientific programme, and publication of the proceedings. The
Observatory was responsible for local organization of facilities, cultural
activities, preparation of materials, and support staff during the meeting. This
collaboration was very successful and enjoyable. Much credit and “mille
grazie” go to the Observatory Director, Santo Catalano, for his leadership.

Lead Coordination in Sicily

Giovanna Cimino
Giovanni Bonanno

Giovanna provided the interface between the organizing institutions, and she
planned facility arrangements and cultural activities.  Giovanni was the
originator of the Sicily meeting concept and he put in a lot of time and effort to
make this dream come true.
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Scientific Organizing Committee

James W. Beletic, Chair
Paola Amico, Co-Chair
Morley Blouke
Giovanni Bonanno
Barry Burke

Randall Campbell
Mark Clampin

Mark Downing

Gert Finger

Alan Hoffman

Paul Jorden

Ralf Kohley

Gerry Luppino
Fernando Pedichini
Gustavo Rahmer
Doug Simons

The Scientific Organizing Committee was responsible for the technical content

of the workshop.

Among their responsibilities were the definition of the

scientific programme, chairing sessions, selection of award recipients, and

reviewing papers for the proceedings.

Local Organizing Committee

Santo Catalano, Chair
Giovanni Bonanno, Co-Chair
Massimiliano Belluso
Antonio Cali

Giovanna Cimino

Piero Massimino
Daniela Recupero
Luigia Santagati
Salvo Scuderi

The Local Organizing Committee coordinated all aspects of the workshop in
Sicily, including meeting facilities, Internet connection, computer support,
photography, printing, local souvenirs, registration support and hosting of

cultural activities.

Sponsors

e2v technologies

GL Scientific

Istituto Nazionale di Astrofisica
Raytheon Vision Systems
Rockwell Scientific Company
ST Microeletronics

Fairchild Imaging

Hitec2000

Medianet Comunicazioni
Regione Siciliana

SciMeasure Analytical Systems
Universita di Catania

The quality of this workshop would not have been possible without the financial
and in-kind support from the institutions listed above in alphabetical order.
These institutions and companies sponsored facilities rental, workshop
receptions, Taormina tour, Internet service, and giveaways such as mugs,
portfolios and flavors of Sicily.



WELCOME FROM CATANIA OBSERVATORY DIRECTOR
Presented by Santo Catalano on Monday, 20 June 2005

It is a great privilege and honour, on behalf of the Local Organizing Committee, and
as Director of the host institute, to welcome you to the Scientific Detector Workshop
2005 in Taormina, Sicily.

I must confess that when Giovanni Bonanno and Giovanna Cimino proposed hosting
the SDW 2005 in Sicily, I was somewhat worried due to the particular
characteristics of this workshop series. My concern grew when I discovered that
Sicily had indeed been chosen. However, my apprehension vanished when I met our
partners Jim Beletic and Paola Amico. I realised that together we were capable of
organizing a superior scientific meeting.

I am very proud and happy to see the number and diversity of attendees, who have
travelled from as far as Australia, China, Chile and Hawaii. I imagine that for some
of you Sicily is a remote island and Catania an unknown city. Therefore, let me
express my personal gratitude to the members of the Scientific Organizing
Committee for choosing Sicily as the host of the SDW 2005. This is an important
opportunity for us, not only for awareness of leading scientists and engineers of our
observatory and detector group, but also for the exposure of the vast cultural and
historical heritage of Sicily.

This workshop would not have been possible without the support of local sponsors
and institutions. We are very grateful to acknowledge the vital financial support
from our National Institute for Astrophysics (INAF), whose President Prof. Piero
Benvenuti is in attendance today. I also wish to thank several local sponsors,
institutions and companies who contributed additional funds and technology to this
meeting: the President of Regione Sicilia for his high patronage, the Rector of
Catania University, ST Microelectronics of Catania, Hitec 2000, the Soprintendente
ai Beni Culturali e Ambientali from Messina, and Medianet Comunicazioni. The
secretariat office, the internet connection, airport logistics, and having things run
smoothly at the Naxos Beach Resort during the meeting is the result of the hard
work and dedication of a number of people from our Observatory who I wish to
specially thank: M. Belluso, A. Cali, A. Costa, A. Giuffrida, P. Massimino, D.
Recupero, G. Santagati. I would also like to thank our students K. Biazzo, S.
Billotta, D. Gandolfi, and L. Spezzi for their help during the meeting, and Mrs.
Roberta Barbagallo from Lachea Tour and Giovanna Cimino for their excellent
assistance.

I wish all of you a very fruitful meeting and hope that you enjoy your stay in Sicily.
I assure you that we will do our best to make this an unforgettable meeting.

Santo Catalano, Director
INAF-Osservatorio Astrofisico di Catania
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LIFETIME ACHIEVEMENT AWARDS

A special aspect of this workshop is that we recognize leading members of
our community by naming an asteroid after them. These individuals have
made substantial contributions over the course of their career and continue to
be active leaders in our field.

These asteroids were discovered by Alain Maury and his colleagues at the
OCA-DLR Asteroid Survey at Caussols. We thank them for the gift of these
asteroids. The official citations, which are registered with the Minor Planet
Center, are found below.

Barry Burke, CCD Designer Extraordinaire #20405 (1998 QP6)

Barry Burke (b. 1941), of MIT Lincoln Laboratory, has spent his career designing
many of the world’s best CCD sensors, including the 2K *4K devices that are used
in many of the leading ground-based observatories and the arrays for the LINEAR
Project that has discovered the most asteroids to date. His designs include
orthogonal transfer, anti-blooming, electronic shutter and many of the lowest
noise amplifiers ever made.

Gert Finger, IR Detector Meister #21369 (1997 NO4)

Gert Finger (b. 1951), of the European Southern Observatory, applies his
ingenuity in detector characterization and optimization to develop the highest
quality infrared systems for astronomy. He uses his world-leading expertise to
continually set new standards for “lowest noise” performance, and freely shares
his knowledge with observatories and manufacturers worldwide.

Alan Hoffman, IR Detector Pioneer #20259 (1998 FV10)

Alan Hoffman (b. 1948) has led the development of infrared detectors at Raytheon
Vision Systems, whose InSb and HgCdTe detectors are in state-of-the-art
instrumentation at major ground and space observatories. He has shared his
expertise by training a generation of scientists and engineers via his IR detector
course, which he has taught for the past 11 years.

Michael Lesser, Dr. CCD Quantum Efficiency #20399 (1998 O0)

Michael Lesser (b. 1960), of University of Arizona Steward Observatory, is best
known for his pioneering work in high quantum efficiency CCDs. His techniques
for thinning, backside passivation and anti-reflection coating have been key to the
high performance achieved in sensors made for the Hubble Space Telescope and
many ground-based observatories.
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SDW2005 AWARD RECIPIENTS

At the end of every Scientific Detector Workshop, the Scientific Organizing
Committee selects those participants who have used their unique “faculties”
to contribute to our meeting. With these awards we recognize scientific
insight, a love of the oral spotlight, and the biggest array that views the
night. We applaud these individuals for their talents.

Best Paper

Best Poster

Dream On

Most Original Idea
Best Presentation
Lowest Noise

Biggest Array

Most Likely to Succeed
Jim Janesick Most Amazing
Longest wavelength
Broadest bandwidth
Most futuristic

Young Achiever

Roger Smith Most Loquacious
Most Dedicated SOC Member
Meister Procrastinator

Al Fowler “Sampling” Epicurean
Gerry Luppino Best Sales Pitch
Most Dedicated Attendee

Most Congenial

Something from Nothing

XX1V

Gert Finger
Maureen Ellis
Roberto Gilmozzi
Craig Mackay
Doug Simons
Simon Tulloch
Brian McLeod
Olaf Iwert

John Tonry
Maureen Ellis

M. Bonner Denton
Bernie Rauscher
Fabrice Christen

Roger Smith
Ralf Kohley
Mark Clampin
Manfred Meyer
Markus Loose
GL Scientific
Peter Moore
Tim Hardy
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This list of participants includes all persons who attended the Scientific Detector
Workshop in Taormina, Italy during 19-25 June, 2005. We list the affiliations and
E-mail addresses of the participants at the time of publication of the proceedings so
that the most recent contact information is available to readers. Note that a few of
these affiliations do not match the affiliations listed in the papers since some of our
itinerant community have changed employers between attendance at the workshop

and the publication of the proceedings.
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REFERENCE PLOTS AND COLOR FIGURES

The following plots contain data fundamental to scientific detectors used in
astronomy. The reference plots include:

o Blackbody emission curves for the ultraviolet through infrared
wavelengths for objects with temperatures from 250K to 6000K

o Transmission of light through the Earth’s atmosphere

o Detector wavelength ranges

o Absorption depth of light in silicon

o Absorption depth of light in HgCdTe

We thank the following persons for their contributions to these plots:

Barry Burke
Paul Vu

Jason Henning
Alan Hoffman
Paul Jorden
Donald Lee

MIT Lincoln Laboratory
Fairchild Imaging

University of Chicago
Raytheon Vision Systems

e2v technologies

Rockwell Scientific Company
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Blackbody Emission Curves
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Detector Wavelength Ranges
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Absorption Depth of light in Silicon
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Absorption Depth of light in HgCdTe
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Backside surface of a CCD42-80 2Kx4K CCD that demonstrates e2v’s new graded
thickness anti-reflection coating. See the paper by Kelt, et al. for more information.

One of the first images taken with the MMT Megacam, the largest operational focal
plane array in astronomy. See the paper by McLeod, et al. for more information.
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Forza d’Agro, site of the Tuesday pizza dinner.

Mark Downing enhances the spectacular sunset

with a glass of fine Murgo champagne.
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Mariana Casal, Claudio Cumani and William Kolbe énjy the great service
and delicious food at the Sunday evening reception.

A plate of cannoli that soon disappeared at the Thursday winery lunch.
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Morley and Kay Blouke enjoy Sicilian cuisine at the Murgo Winery.



Workshop attendees are entertained by traditional music and dance
at the Friday night “Festa Paesana” (Town Festival).

Fred Harris, conference scribe, shows his expertise
on a keyboard not attached to a computer.
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The French quarter at tﬁe Festa Paesana.
(Balard, Darson, Gach, Feautrier, Labiche, Buey, Rondi, Guillaume, Beigbeder)

Marc Baril smashes readout noise,
while Paul Berry anxiously awaits his turn.
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The workshop included roundtables,
such as the CMOS vs. CCD “Spaghetti Western”.
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The flags of the 21 countries represented by

workshop participants graced the assembly hall.
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The lovely town of Forza d’Agrd
hosted the Tuesday night pizza
dinner. In this town the alleys are
too narrow for vehicles so
donkeys are used to transport
household goods and laboratory
equipment.
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The most preserved Greek temple in the world, the Temple of Concordia,

was just one of several sites visited during the Saturday Agrigento trip. The
other Saturday trip was to the top of Mt. Etna (see below).
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Pizza dinner in Forza d’Agré town plaza.

The view of Taormina from Forza d’Agré.
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Exuberant guests enjoying the Friday trip to Siracusa
with special escort Doug Simons (far right).
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SECTION I:

OBSERVATORY STATUS AND PLANS



SCIENCE, TECHNOLOGY AND DETECTORS
FOR EXTREMELY LARGE TELESCOPES

Roberto Gilmozzi
European Southern Observatory

Abstract: The second decade of the third millennium will hopefully see a new generation
of extremely large telescopes. These will have diameters from 30 to 100 meters
and use advanced adaptive optics to operate at the diffraction limit in order to
detect astronomical objects that are impossible to observe today, such as
earth-like planets around nearby stars and the earliest objects in the Universe.
Even for small fields of view, the requirements for detectors are daunting, with
sizes of several gigapixels, very fast readout times and extremely low readout
noise. In this paper I briefly review the science case for ELTs and the
requirements they set on telescopes and instruments, and report on the status
of the OWL 100 m telescope project and the challenges it poses.

Key words:  Extremely Large Telescopes, OWL 100m telescope, gigapixel detectors.

1. INTRODUCTION

The decade 2010-2020 will see the maturity of the current generation of
telescopes (VLT, Keck, Gemini, Subaru, LBT, GTC, HET, SALT,
Magellan, etc.) equipped with a second generation of instruments often
performing at the diffraction limit through advanced Adaptive Optics (AO).
Interferometry will have come out of its infancy to operate in the faint object
regime (K~20) and to produce astrometric results in the micro-arcsecond
range (1 pas resolution resolves 2 mm details at the distance of the moon,
although astrometric accuracy is not the same as imaging capability, which
remains about 2 m at the moon for the VLT Interferometer, VLTI). ALMA
will provide mm and sub-mm astronomers with a facility “equivalent” to

J.E. Beletic et al.(eds.), Scientific Detectors for Astronomy 2005, 3-12.
© 2006 Springer. Printed in the Netherlands.
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optical ones (both in terms of service offered to the community and of
resolution and sensitivity). Space missions like the James Webb Space
Telescope JWST, the X-ray satellite XEUS, the Terrestrial Planet Finder
TPF/Darwin precursor missions and others will explore the heavens from
above the atmosphere, exploiting the freedom from turbulence, sky
absorption and gravity. And a new generation of ground-based optical/ near
infrared 30 to 100-m telescopes may open a completely new window on the
Universe and produce unprecedented results (with resolution of milli-
arcseconds and sensitivity hundreds or even thousands of times beyond what
is available today).

The new telescopes, collectively known as ELTs (Extremely Large
Telescopes) all try to break one or both of the traditional laws of the art of
telescope making: the cost law (< D*°) and the growth law (the next
generation telescope is twice as large as the previous one). The rationale for
breaking the growth law comes from the science cases. The motivation for
beating the cost law is key to obtaining funding.
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Figure 1. Brief history of the telescope. Stars: refractors, asterisks: speculum reflectors,
circles: glass reflectors. A few telescopes are named.

Figure 1 shows the history of the telescope diameter, with a few future
telescopes (the Thirty Meter Telescope TMT and the 100-m OWL) added for
reference. There are two aspects that are immediately evident: (1) “local”
scatter notwithstanding, the trend of diameter increase has remained
substantially constant since Galileo (doubling every 50 years or so) and (2)
the quantum jump between a 10-m and a 100-m telescope is similar to that
between the night-adapted naked eye and the first telescope, which certainly
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bodes well for the potential for new discoveries. During the 20" century
there has been some acceleration, with the doubling happening every 35
years: see e.g. the “California progression” with the Hooker [2.5 m, 1917],
Hale [5 m, 1948], and Keck [10 m, 1992] telescopes.
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Figure 2. Recent history of improvement in sensitivity of telescopes expressed in “equivalent
diameter of a perfect telescope” = \/ (nDz), with n the telescope overall efficiency
(the dashed line is an aid to the eye, not a fit).

One point that perhaps is not immediately evident, though, is that in the
last 50 years there has been a larger increase in telescope sensitivity due to
improvements in detectors than to increases in diameter (see Fig. 2). Now
that detectors efficiencies approach 100%, large improvements can be
obtained only through large increases in telescope diameter. For example, at
the times of photographic plates, with efficiency of a few percent, even the
5-meter Hale telescope was only equivalent to a 1-meter “perfect” telescope
(i.e. one with 100% efficiency).

2. THE SCIENCE CASE

Table 1 gives an overview of some of the science cases developed in the
framework of the OPTICON working group on ELT science. Projecting our
scientific expectations 10-15 years in the future is prone to error, so that at
times it looks as if extending the “discovery space” may be the dominant
driver. However, there are a few cases that in my opinion are particularly
significant in determining the requirements for the designs, and in pushing
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the instrumental parameter space (instruments are an integral part of the
telescopes, and sometimes as complex): the quest for terrestrial planets
(possibly also for exo-biospheres) in extra-solar systems (see Fig. 3); the
study of stellar populations in a large sample of the Universe (including in
elliptical galaxies, missing today — often referred to as “Virgo or bust!”); the
still mysterious relation between matter, dark matter and dark energy (with
their link to particle physics); the star formation history of the Universe and
the evolution of the cosmos from big bang to today; the first objects and the
epoch of re-ionization (primordial stars and their role); the direct
measurement of the deceleration of the Universe (with no assumptions, no
extrapolations, no models). In the following I discuss one science case, to
show the requirements it sets for the next generation of ELDs (extremely
large detectors).

Figure 3. Simulation of the solar system at 30 light years as seen by OWL. The Earth and
Jupiter are shown at different positions in their orbits. Note the phase effect (they
are not visible when their illuminated hemisphere looks away from us).

Table I. Summary of science cases (adapted from the book “The Science Case for the
European ELT”, Isobel Hook (Ed), published by OPTICON)

Are there terrestrial Direct detection of earth-like planets in nearby extra-solar
planets orbiting other  systems and a first search for bio-markers (e.g. water and
stars? oxygen) may become feasible.

How typical is our Direct detection of proto-planetary disks will become
Solar System? What possible around many nearby very young stars. In mature
are the planetary planetary systems, detailed spectroscopic analysis of
environments around  Jupiter-like planets, determining their composition and
other stars? atmospheres, will be feasible. Study of the planets and

small bodies in our Solar System will complement space
missions.
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When did galaxies
form their stars?

How many super-
massive black holes
exist?

When and where did
the stars and the
chemical elements
form?

What were the first
objects?

How many types of
matter exist? What is
dark matter? Where
is it?

What is dark energy?
Does it evolve? How
many types are
there?

Extending the age of
discovery

When and where did the stars now in galaxies form?
Precision studies of individual stars determine ages and the
distribution of the chemical elements, keys to understanding
galaxy assembly and evolution. Extension of such analyses
to a representative section of the Universe is the next
challenge in understanding the visible Universe.

Do all galaxies host central monsters? When and how did
super-massive black holes form and evolve in the nuclei of
galaxies? Extreme resolution and sensitivity is needed to
extend these studies to normal and low-mass galaxies in
order to address these key puzzles.

Can we meet the grand challenge to trace star formation
back to the very first star ever formed? By finding and
analyzing distant galaxies, gas clouds, and supernovae, the
history of star formation and of the creation of the chemical
elements can be fully quantified.

Were stars the first objects to form? Were these first stars
the source of the ultraviolet photons which re-ionized the
Universe some 200 million years after the Big Bang, and
made it transparent? These objects may be visible through
their supernovae/hypernovae or their surrounding ionization
zones.

Most matter does not emit any electromagnetic radiation
and can be identified only through its gravitational pull on
surrounding visible objects. By mapping the detailed growth
and kinematics of galaxies out to high redshifts, we can
observe dark-matter structures in the process of formation.

Direct mapping of space-time topology, using the most
distant possible tracers, is the key to defining the dominant
form of energy in the Universe. This is arguably the biggest
single question facing not only astrophysics but also
fundamental physics as a whole.

In the last decades astronomy has revolutionized our
knowledge of the Universe and established it as the ultimate
physics laboratory. The next big steps are likely to be
discoveries of unimagined new physical processes.

2.1 The cosmic supernova rate at high redshift

I have chosen to discuss this science case in some detail (rather than the
perhaps more exciting ones of the terrestrial exo-planets or the direct
detection of the cosmic deceleration that I also described in my talk) because
it gives a clear example of the kind of detectors we need to achieve the
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science objectives OWL will make possible. Some details on the other cases
may be found in the paper by Sandro D’Odorico in these proceedings.

The detection and the study of high redshift (z) supernovae (SNe) is
important not only because their use as calibrated standard candles allows
measurements of the acceleration of the Universe and to probe the different
cosmological models, but also because the evolution of the cosmic SN rate
provides a direct measurement of the cosmic star formation rate.
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Figure 4. Simulation of OWL observations of SNe. The points between z=0 and z=1 are
actual observations, the black points to z= 10 are core-collapse supernovae (Type
II and Ib/c), the dark gray points between z=1 and z =5 are Type Ia SNe (binary
systems). The SNe above z=10 are hypothetical SNe from the very first
generation of stars in the Universe. The curves represent models of the Universe.
The simulation is based to today’s “favorite” model, but the OWL observations
will determine if a different one is should be considered.

SNe are enormously energetic explosions that can be seen at large
distances in the Universe. They come from different physical mechanisms:
core-collapse explosion of massive stars at the end of their ‘life’ (due to the
star having consumed all its usable nuclear fuel), or thermonuclear explosion
of a white dwarf in a binary star system (due to its accreting matter from the
companion to above a critical threshold). These different types of SNe have
specific signatures that allow astronomers to distinguish among them.
Determining their rate at various redshifts (i.e. at various look back times)
will tell us about the distribution of their parent stars, from which we can
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deduce the history of star formation, one of the critical elements to
understand the evolution of the Universe from the initial fireball to today.

Figure 4 is a simulation that Massimo della Valle and I did a couple of
years ago, showing the expected results of OWL observations based on some
assumptions on the SN rates valid in the far Universe (extrapolated from our
knowledge up to redshift z=1) and on the current best knowledge of the
“model” describing the Universe. The anticipated quality of the data is such
that if it turns out that a different model would describe better the Universe,
it would immediately be shown by the data.

To obtain this data set one needs a substantial amount of observing time,
and a reasonable field of view. The data shown in Fig. 4 require that one find
the SNe with a suitable search strategy, characterize them (to know what
their “intrinsic” luminosity is, and at which redshift they are), and follow
them during their light curve (to be sure that they are detected at their
maximum light). All this translates into about 120 nights observing in the J,
H and K infrared bands with a field of view of 2 X 2 arcminutes sampled at
the half the diffraction limit (1.6 mas at J). In other words, one would need a
75Kx75K detector (more than 5 Gpixel, about 1 m”if the pixels are 15 pm in
size). Ways to resize the science case may possibly be found, whereby the
observations are made sampling the focal plane in a smart way, or taking a
longer time with a smaller field of view, or accepting a less optimal sample
statistics. But one thing is certain: to avoid that the detectors cost more than
the telescope (!) we need to find ways to decrease the costs from the current
10 ¢/pixel to below 1 ¢/pixel. A breakthrough may come from the fact that
by next decade the request for pixels will have increased more than 100-fold
with respect to today, and this will probably require some paradigm shifts
(e.g. the development of a new mass production, cost saving approach).

3. THE OWL TELESCOPE CONCEPT

Since 1997, ESO has been developing the concept of a ground-based
100-m class optical telescope. It has been named OWL for its keen night
vision and for being OverWhelmingly Large (showing either the hubris of
astronomers or their distorted sense of humor). The challenge and the
science potential are formidable and highly stimulating: a 100m diffraction-
limited optical telescope would offer 40 times the collecting power of the
whole VLT with the milliarcsecond imaging resolution of the VLTI.

A few principles, mostly borrowed from recent developments in the art of
telescope making, hold the key to meet the difficult OWL requirements:
optical segmentation as pioneered by the Keck, massive production of
standardized mirrors from the Hobby-Eberly, active optics control and
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system aspects from the VLT. The most critical development is diffraction-
limited imaging in “large” fields (a few arcminutes in the near-IR). This is
the goal of the so-called multi-conjugate adaptive optics concept, whose
principles and applications have been already demonstrated (ESO is building
MAD, an MCAO demonstrator, to see first light at the VLT in 2006).
Tremendous pressure is building to implement this capability into existing
large telescopes, and rapid progress in the underlying technologies is taking
place, e.g. fabrication of low-cost deformable mirrors with tens of thousands
actuators from integrated circuits techniques.

Figure 5. Layout of the OWL observatory.

The evolution of the OWL telescope design has been marked by a few
key trade-offs and subsequent decisions: (i) Segmented primary and
secondary mirrors, segment dimension < 2-m; (ii) Optical design, spherical
primary mirror solution; (iii) Non-adaptive main telescope optics (2 mirrors
in the corrector, however, have been identified as adaptive mirrors,
conjugated at 0 and 8km) (iv) Implementation of active optics and field
stabilization; (v) Alt-az mount. Several optical designs have been explored,
from Ritchey-Chrétien solutions to siderostats with relatively slow primary
mirrors. It has been found that cost, reliability, fabrication and telescopes
functionality considerations point towards a spherical primary mirror
solution. In terms of fabrication, all-identical spherical segments are ideally
suited for mass-production and suitable fabrication processes recommended
by potential suppliers are fully demonstrated. In a modified version, these
processes could also be applied to aspheric segments, however with a
substantially higher cost (more complex polishing, lower predictability,
tighter material requirements).
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The current baseline design is based on a spherical primary mirror
solution, with flat secondary mirror and aspheric, active corrector (see Fig.
6). The flat secondary mirror also has a major advantage in terms of
decenters (cm rather than um), which are evidently crucial with a structure
the size of OWL’s. Several mount options have been assessed, from a
classical alt-az solution to de-coupled primary and secondary mirror
structures. Cost and performance considerations point clearly towards the
alt-az solution (see observatory layout in Fig. 5). The current baseline design
is modular i.e. the structure is made of (nearly) all-identical, pre-assembled
modules. This crucial feature allows for major cost savings.

Flat secondary mirror M3 - Aspherical

25.8/m, segmented 8.2-m th 1 1 fy
16/gegments, 1.6-m flat-to-flat s T ROV TSNS )

M4 - Aspherical
8.0-m thin active
meniscus

M6 - Flat, adaptive
2.6-m, conjugated to
entrance pupil;
Field stabilization

M5 - Aspherical, adaptive
F/8 focus | 4.0-m, conjugated to 8km

10 arc min., 1880 mm Fine Focusing
Field stabilization

3048 segments, 1.6-rm TN

Figure 6. OWL baseline optical design.

There is no provision for a co-rotating enclosure, the advantage of which
is anyway dubious in view of the enormous opening such enclosure would
have. Protection against adverse environmental conditions and excessive
day-time heating would be ensured by a sliding hangar, whose dimensions
may be unusual in astronomy but actually comparable to or lower than those
of large movable enclosures built for a variety of applications. Mirror covers
sliding into the structure would provide segments cleaning and handling
facilities, and local air conditioning if required.

Relevant site aspects are more complex than with previous telescope
generations, mainly because of adaptive optics, telescope size, and the higher
impact of seismic activity on cost and safety. AO implies, in particular, that
the function of merit of the atmosphere cannot be described by a single
parameter (seeing). Better understanding of site quality in relation to
climatology is also essential.

Cost estimates (more than half of which supported by industrial studies)
indicate that the required capital investment could be around 1 billion Euros.
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Compared to “classical” telescope cost factors, substantial cost
reduction occurs with the main optics (fabrication processes adapted to
mass-production), the telescope structure (very low mass in proportion to
dimensions, mass-produced modules), and the enclosure (reduced
functionality, no air conditioning). Schedule estimates indicate that technical
first light could occur within 8-9 years after project funding. Allowing for
2.5 years integration and verification of the IR adaptive module(s) the
telescope could already deliver science data in the IR within 11 years after
project go-ahead, with unmatched resolution and collecting power. Full
completion would occur about 15 years after project start.

OWL is undergoing conceptual design review at the end of 2005. The
so-called OWL Blue Book is a report detailing the studies during this phase
and will be publicly available after the review.

4. CONCLUSIONS

Several projects in the optical and near infrared, both in space and on the
ground, are currently underway for deployment in the second decade of the
third millennium. Their scientific goals open new and exciting avenues of
research that are outside the reach of current instrumentation. The detection
of earth-like exo-planets and possibly of biospheres, the study of the first
building blocks of stars and galaxies and their evolution, the direct measure
of the deceleration of the Universe, all have driven the technical
requirements to unprecedented levels, and the sensitivity increase of the new
generation of telescopes with respect to the previous one will be one never
seen before in astronomy.

ELTs are what “ground-based” astronomers and engineers are working
on now with a view to build (at least one of) them by the next decade.
Although many technical challenges remain to be solved and funds need to
be found, the possibility that OWL may become a reality is far more likely
today than it was when the discussions started a few years ago. The
industries that built the VLT have not found any obvious showstoppers, and
even adaptive optics (which we consider a “go/no-go” milestone for the
entire project) is developing at a pace that allows some cautious optimism.
Ten years from now, turning OWL to some nearby earth-like planet, or to
the far reaches of the Universe may not be as wild a dream as it was
yesterday.

To achieve the science goals, OWL or any other ELT will of course need
the most advanced, large, fast readout, extremely low noise detectors, at
affordable prices (i.e. at least 10 times cheaper than today), and at the tune of
several gigapixels per instrument.

Jim et al, your task for the next 10 years is set!
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1. OVERVIEW

For the most part, a typical astronomical instrument is a one-of-a-kind,
highly specialized assemblage of optics, mechanisms, electronics, and
control systems that work together as a system to capture information in the
focal plane of a telescope and translate it into the images and spectra
astronomers use everyday to explore the universe. In many ways, the
astronomical research potential of modern observatories is defined and
constrained by the instrumentation developed within the astronomy
community and commercial manufacturers. Most instruments are built
within relatively small labs, located in universities or various research
institutions while most detectors are built by commercial entities since the
technology, infrastructure, and expertise needed to generate modern array
detectors is fairly unique to commercial enterprises. The complex
“marriage” between astronomical instruments and the detector systems they
incorporate therefore represents a crucial interface between intrinsically
disparate entities, driven by a range of interests and motivations, that overlap
in the arena we call astronomy. While it is fair to say that most established
commercial providers of detectors have a reasonable understanding of the
astronomical community as a business client, and astronomers in general
have a reasonable understanding of what current detectors can do, bridging
the gaps between these communities is important to help ensure the future
viability of this research / business relationship. This paper is intended to
help bridge that gap, to convey current trends in astronomical
instrumentation and the detectors they rely upon, and extrapolate to the
extent practical future trends in astronomy that will impact development
plans of detector manufacturers.

To characterize existing and planned instrumentation in astronomy, the
authors conducted a fairly extensive survey of the ground-based
astronomical community. Responders were located around the world,
including China, Australia, North and South America and of course Europe
at large. To help keep the quantity of information provided manageable, the
survey was limited to observatories housing telescopes with apertures of
3.5 m or greater. Each of these observatories was sent a questionnaire to fill-
out and return. The data was merged into a single database that could be
easily interrogated to identify globally significant trends. In some cases we
relied on information published in the web sites of the observatories polled
to complement the data provided through the questionnaire. Accordingly,
this paper does not attempt to describe in detail all of the instruments
represented in this poll. The detailed results of the survey are shown in
the Appendix, printed in the back of the book. These results can be used
to assess the types of instrumentation used by a wide range of major
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observatories. The reader is encouraged to contact the observatories listed in
this survey directly if comprehensive information about any particular
instrument is needed.

2. SURVEY DETAILS

Through the aforementioned survey, a variety of information was
collected about instruments and the detectors they incorporate. In summary
this information includes:

¢ Instrument name e Buttability

e Observing Modes o Pixel size

e Start of operations e Pixel scale

e Wavelength Coverage e Electronics

e Field of View e Noise

e Instrument cost e Readout Time
e Multiplex gain e Dark Current
e Spatial/Spectral resolution o Full well

e # Detectors e Cost per pixel
e Detector Format e Detector size

A total of 25 institutions (see Table 1 for a complete list) were contacted
and information was received on over 200 instruments in the optical, near,
and mid-infrared wavelength range. All institutions that feature at least one
telescope larger than 3.5 m have been included, with the exceptions of the
Starfire (3.7 m) and AEOS (3.5 m) telescopes, which belong to the US Air
Force, and the ARC Apache Point Observatory 3.5 mt telescope. All
scientific astronomical instruments, which are in use or being planned for the
near future, have been listed while technical/facility instrumentation and
detector systems (such as guider systems and Avalanche Photodiode-based
instruments) have been left out. While certainly not 100% complete, this
survey is broad enough to identify statistically meaningful trends about
instrument designs, capabilities, and of course detector systems used in
modern astronomy. As a technical resource the survey data in the Appendix
is likely unique in astronomy.

All of this information was loaded into a database that was queried to
analyze various parameters. For example, it was possible to assess how
many optical and infrared pixels are in use now and planned to be deployed
soon, what are the most common designs and operating modes used and
planned, and what is the market share for optical and infrared detector
manufacturers. These results and others are described in more detail in
Section 3.
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Table 1. List of the Institutions/Observatories which were polled for the survey. The grey
cells indicate telescopes currently being built or planned. #xSize indicates the
number of mirrors time their size in meters.
Institution Telescope # xSize
Anglo Australian Observatory (AAO) Anglo Australian Telescope (AAT) 3.9
Caltech Hale/Palomar 5
California Association for Research in
Astronomy (CARA) Keck Iand II 2x 10
Carnegie Observatories (OCIW) Magellan Telescope 2x6.5
Canada France Hawaii Telescope
(CFHT) Observatory CFHT 36
Very Large Telescope VLT1,2,3,4 4x8.2
ESO 3.6mt 3.6
European Southern Observatory (ESO) NTT 3.5

Gemini Observatory Gemini North and South 2x 8.1

HET Consortium Hobby Eberly Telescope (HET)

Istituto Nazionale di AstroFisica (INAF) | Telescopio Nazionale Galileo (TNG) | 3.6

ISAAC Newton Group William Herschel Telescope 4.2

Large Binocular Telescope (LBT) LBT 2 x84

Observatory

Max Planck Institut fuer Astronomie

(MPIA) Calar Alto 3.5

National Astronomical Observatory of

Japan (NOAJ) Subaru Telescope 8.2
Southern Astrophysical Research 41

National Optical Astronomy Observatory | SOAR CTIO )

(NOAO) Blanco CTIO 4
Mayall Kitt Peak 4

Russian Academy of Sciences (RAS) Bolschoi/SAO 6

Smithsonian/Arizona (MMT Cons.) Multi Mirror telescope (MMT) 6.5
United Kingdom InfraRed Telescope

UK PPARC (UKIRT) 38

University British Colombia Large Zenith Telescope (LZT) 6

Wisconsin Indiana Yale NOAO (WIYN) WIYN Kitt Peak 35

Consortium
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3. CURRENT INSTRUMENTS

Instrumentation in astronomy can be broadly categorized according to
functionality (spectroscopy vs. imaging), spectral and spatial resolution, etc.
The following section summarizes the results of the survey according to
these various categories, identifying major trends where evident. Possible
explanations for these trends are also offered.

3.1 Wavelength Coverage

As shown in Figure 1, despite advances that are now well established in
near and mid-infrared detectors systems, ground based astronomy remains
primarily an optical scientific endeavor. One is tempted to claim this is cost
related, since optical detectors generally remain significantly cheaper per
pixel than their infrared counterparts. However, this would be an over
simplification of a fairly complex situation involving cost, the availability of
instruments to conduct research, and even sociology. Large format near-
infrared detectors, which to first order “behave” like CCDs from the
perspective of scientists, have been available for more than a decade and
while there is undoubtedly a trend to migrate into the 1-2.5 um regime from
the optical, that migration has been fairly slow. Ultimately, this is probably
due to both historical trends and the availability of instruments on the
numerous small telescopes that are used for graduate-level research.

Fitiire OPT+NIR

NIR

Optical

Figure 1. An overview of optical, near and mid-infrared instruments, both current and
planned, is shown.

Generations of astronomers remain today that only knew optical detector
systems (including photographic plates) when they became grounded in a
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particular branch of astronomy, and they have remain focused on the same
type of research over the years, only branching out into other wavelength
regimes recently and in some cases reluctantly. More recently, many
astronomers within the past couple of decades have trained on relatively
small telescopes with equally small budgets that could not afford to invest in
the advanced infrared detector systems, custom array controllers, cryogenic
opto-mechanical systems, etc. These are required to enter the infrared
“business”. This trend is declining as more major facilities open the infrared
windows to astronomers. Furthermore, expertise on the part of the
astronomer needed to operate these often more complex instruments
(involving such techniques as chopping and special processing steps) are
increasingly provided by dedicated staff astronomers. This allows the
research astronomer to focus on the scientific interpretation of data, rather
than the subtleties of acquiring it.

Taken at face value, Figure 1 suggests that detector manufacturers should
not seriously pursue infrared (particularly mid-IR) detector development,
given the demonstrated low market share of this technology. This would be a
mistake though, since it does not factor in future research trends in
astronomy. Larger telescopes are now enabling observations to ever more
distant targets that were simply unreachable by previous generation (4 m and
smaller) telescopes. Of course these more distant targets are increasingly
redshifted due to the expansion of the universe, and many of them are
redshifted out of the optical and into the near-infrared, which in turn triggers
the need to switch to the small family of near-infrared detectors available
today. This is an indisputable trend — research in cosmology will inevitably
push back to find the first luminous objects in the universe, which can only
be seen in the infrared thanks to their enormous distances and redshifts.

3.2 Modes

The instruments sampled represent an impressive array of capabilities
distributed around the world. Many naturally contain more than one primary
functional mode and many are highly specialized instruments designed to
observe targets using novel or unconventional techniques. Figure 2 shows
the breakdown of instruments commonly in use in astronomy today, sorted
by operating mode and wavelength.

Not surprisingly a significant fraction consists of direct imagers and
single slit conventional spectrometers. The vast majority of the single slit
spectrometers surveyed also support direct imaging, no doubt because target
acquisition typically involves imaging a field before the slit is located
precisely on the sky.
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Figure 2. The distribution of observing modes across currently deployed instruments in the
survey.

A number of integral field spectrometers were reported, which provide
both imaging and spectroscopy across the instrument’s field of view. This
type of instrument invariably suffers from a lack of detector “real estate”,
given the intrinsically highly multiplexed nature of its data structure.
Another instrument that offers considerable multiplex gains is the multi-
object spectrometer (MOS). The popularity of this type of spectrometer has
increased radically over the past 10-15 years since it is particularly efficient
for complex target-rich fields like galaxy clusters or star formation regions.

Figure 3 shows the distribution of observing modes across future
instruments.

Figure 3. Future instrument types are summarized, again broken into optical, near, and mid-
infrared categories.

Imaging and long-slit spectroscopy appear to be the “mainstay”
instruments in the near future. Interestingly, instruments offering greater
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multiplex gains are gaining popularity. Figure 3 demonstrates an increase in
MOS and IFU based instruments being deployed in the future. Also, though
highly specialized, note the increased deployment of coronagraphs in the
future. This no doubt reflects an increase in interest in planet/disk
observations in modern astronomy as well as advances in adaptive optics.

33 Spatial Resolution

The distribution of spatial resolutions instruments tend to use is shown in
Figure 4. Working from left to right in this plot, the instruments using very
fine plate scales are generally fed by AO systems, which of course typically
yield near diffraction-limited point spread functions (PSFs) that are nearly an
order of magnitude smaller than seeing limited PSFs. Interestingly, if the
same poll were cast a decade ago, the plot in Figure 4 would not have
included many instruments with plate scales measured in units of milli-
arcseconds simply because adaptive optics was not widespread enough to
drive the development a significant population of AO specialized
instruments.
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Figure 4. The distribution of plate scales for all of the instrumentation sampled in the survey.

Today, however, AO systems are becoming commonplace and modern
research is conducted at spatial resolutions that were previously impossible
to achieve. The peak in the distribution at ~0.1” is a bit surprising. On the
assumption that most instruments are sampling seeing limited images (~1")
at the Nyquist limit, a peak closer to ~0.5” is expected. The dearth of
instruments using large pixels (>0.5”) is probably due to a bias built into the
survey, which was restricted to 3.5 m telescopes or larger. If it included the
large number of ~1-3 m telescopes in use today, which are often wide field
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systems, the right end of the histogram in Figure 4 would have included
many more instruments.

34 Field of View

Like so many other wavelength dependent instrument properties, field of
view varies widely between optical, near, and mid-infrared instruments. As
seen in Figure 5, there is an enormous range of fields that instruments cover
but invariably the smallest field instruments operate at either mid-infrared
wavelengths or use AO systems. in fact there is a fairly staggering factor of
~10® between the largest field optical imagers planned and the smallest
imagers currently in use. For mid-infrared systems, this is primarily driven
by the small mid-infrared detectors presently available, though there are
ancillary reasons like the maximum practical chop-throw possible with the
large secondary mirrors needed on 8-10 m class telescopes. Again, AO
imagers must use extremely fine plate scales to adequately sample an AO
corrected focal plane, and hence tend to have small fields when the
maximum size NIR detector has been (until recently) 10247,
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Figure 5. A clear peak in the field of view of most instruments at ~100 arcmin2 was found in
the survey.

In the middle of the pack, large field mosaic based near-infrared imagers
are now coming on-line. While small compared to the largest field optical
imagers, this next-generation of imagers will enable important new scientific
frontiers with wide and deep surveys (see Sec. 4 for details). The high end in
Figure 5 is defined by wide field optical imagers that are becoming
increasingly popular, including on telescopes too small to be included in this
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survey. For example, wide field imagers like ESO’s OmegaCAM and WFI
and University of Hawaii Institute for Astronomy’s Pan-STARRS, represent
state-of-the-art optical imagers.

35 Detector Systems

Given the previous top-level summary of instrumentation sampled in this
survey, we will now shift to the detector systems used in these instruments.
This includes both the detectors and advanced array controllers needed to
readout signals recorded by contemporary detectors.

3.5.1 Array Controllers

Given the common need to readout array detectors with a controller, the
range of controllers built in astronomy over the past few decades is
remarkable. Manufacturers historically do not market controllers with the
detectors they supply, leaving it to the customer to find or develop in-house
their own controllers. This has led over the past few decades to a myriad of
controllers in astronomy, based upon a wide range of evolving technologies.
The previous decade saw controllers based on transputer or DSP technology
that required fairly unique skills to program and maintain, occupying
considerable amounts of rack space to generate a 16 or 32 channel system.
More recently controllers based upon fast PCI processors and broadband
fiber links are becoming available, which are cheaper (since they are based
on PC technology), require much less space, dissipate far less heat, and are
easier to program. The future points to further miniaturization as ASIC
technology slowly but surely emerges with the promise of reducing
controllers to a minimum of small components.

As shown in Figure 6, no single vendor has attempted to meet all the
needs of astronomy. The readout requirements of such different detector
architectures as mid-infrared IBCs and CCDs are obviously different (speed,
clocking patterns, noise performance, etc.). However having a small/unified
set of array controllers that are affordable, broadly supported, and readily
available would no doubt be embraced by many observatories strapped with
the complications of maintaining nearly as many types of array controllers as
they have instruments. That said the bulk of the market share is currently
occupied by controllers made by San Diego State University (Bob Leach).
The next most common controllers in use today are those made by ESO
(FIERA for the optical and IRACE for the infrared detectors). The ~30%
share in the “Others” category testifies the large number of custom made
systems, each of them present in quantities too small to plot separately.
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Figure 6.  Among the “brand names”, the San Diego State University by Bob Leach is the
most popular controllers.

3.5.2 Number of Pixels per Focal Plane

Some of the most interesting results of the survey are encapsulated in
Figures 7 and 8. These histograms show the number of pixels per focal plane
at optical and infrared (near plus mid-infrared) wavelengths for both current
and future instruments. Adding the pixels in Figure 7 leads to a total of ~2.2
Giga-pixels in use today in astronomy. As shown in Figure 7, most optical
and infrared systems use focal planes in the 1-10 Mpixel range and the vast
majority of current NIR focal planes are well below 10 Mpixel in size. Focal
planes well beyond that size are only populated by optical sensors (CCDs),
again no doubt due to cost and complexity constraints.
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Figure 7. Contemporary distribution of optical and infrared pixels across all of the
instruments sampled.

Looking forward, Figure 8 shows the future growth of large CCD
mosaics in astronomy. The science drivers behind this are explained in Sec.
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4. Of particular note is the peak in the “more” category, which reflects the
upsurge in development of Giga-pixel class CCD focal planes intended for
ultra-wide field surveys in the near future. In the same vein, notably absent
are comparably large infrared focal planes which regrettably remain beyond
the reach of astronomers. Amazingly, the future instruments sampled here
include a staggering ~7x10° pixels in planned instrumentation, ~90% of
which is in the form of CCDs in the “more” category. This means a nearly
four-fold increase in detector “real estate” will be realized in the next decade
compared to what is now available to astronomers using ground based
instrumentation.
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Figure 8. Distributions of optical and infrared pixels for future/planned instruments.
353 Cost per Pixel

The data provided in this area is relatively scant given the number of
instruments sampled. Nonetheless, results are consistent with what has been
anecdotally recognized for a long time — the cost per infrared pixel is nearly
an order of magnitude higher than the cost per CCD pixel (typically ~I-
3¢/pixel). The situation is even worse when comparing CCDs with mid-
infrared detectors, which have far fewer pixels yet retain a comparable cost
to near-infrared arrays. While this is no doubt attributable to the much higher
complexity associated with infrared arrays, the cost “challenge” of infrared
arrays is an inhibiting factor in astronomical research. As mentioned before,
this is certainly at least partially responsible for the fewer number of infrared
instruments available to astronomers today. This in turn limits the scientific
research capacity of astronomers, particularly those without access to large
modern facilities. Breaking the cost curve for infrared arrays remains one of
the key challenges in the future development of this technology.
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Without a major cost reduction, it will probably prove impossible to
finance the Giga-pixel class focal planes that are being designed with CCDs
today. Table 2 lists average instrument costs provided through the survey.
It is notoriously difficult to make ‘“apples-to-apples” comparisons in
instrument costs, given the different methods used to account for labor and
various indirect costs. With this caveat in mind, the principal conclusion
from Table 2 is that next-generation optical instruments will be much more
expensive due to the use of much larger CCD focal planes. While infrared
instruments will become more expensive, with a cost increase of ~25%, the
~16% cost increase foreseen in optical instruments is not foreseen in the
infrared. Again this is due to the large cost per pixel for infrared detectors,
which effectively prohibits development of enormous infrared focal planes.
Another possible effect seen here could be “market saturation”, i.e., it is
simply very difficult to raise large amounts of money for a single instrument.

Table 2. The current and future median instrument costs derived from the survey are listed.

Optical Infrared
Current $400,000 $3,750,000
Future $6,600,000 $5,000,000

3.54 Typical Mosaic Building Blocks

The unit detector or building block used to assemble large scale mosaics
varies radically from optical to mid-infrared detectors. As shown in Figure 9,
the most currently popular CCD format has dimensions of 2048 x 4096, and
these are typically buttable on 2 or 3 sides.
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Figure 9. The most popular current and future CCD building blocks used in astronomy.

In some cases optical instruments have incorporated 4096 x 4096
monolithic detectors. In contrast, only one of the various near-infrared
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instruments sampled incorporated a 256 X 256 detector. The majority of
near-infrared instruments in use today rely upon 1024 x 1024 arrays, with a
significant fraction using the more recent generation 2048 x 2048 buttable
devices just now becoming available. Finally, the handful of mid-infrared
instruments in the survey principally used 240 x 320 format devices, with
only 1 using an older 128 x 128 detector. None of these devices are readily
buttable.

From the instrument builder’s perspective, while the availability of large
format single detectors has and will continue to be important, what is
arguably just as important is the possibility of making these devices buttable.
What has long been possible with CCDs has only recently become possible
in the near-infrared. This single advancement in technology makes it
possible to build truly enormous focal planes without relying upon the
development of ever larger monolithic structures. From a pure marketing
perspective, this area is one in which infrared vendors have been slow to
recognize the sales potential of providing not just bigger detectors, but
detectors that the customer can combine to make instruments previously
impossible to build. From a science perspective, this has enormous
implications, as it facilitates the development of instruments such as: wide
field imagers, cross-dispersed spectrometers covering large wavelength
ranges, adaptive optics imagers which rely on large numbers of small pixels
to sample an exquisitely fine focal plane, or ELTs that simply need
enormous focal planes that scale with the rest of the telescope.

Though the natural tendency may be to develop ever larger infrared
arrays, it has already been demonstrated that the ~2048” building blocks
offered by CCDs can be used effectively to build enormous mosaics.
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Figure 10. The most popular current and future infrared arrays used in astronomy.
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While near-infrared instrument builders will no doubt use larger
monolithic arrays (as demonstrated Figure 10), the real breakthrough in
infrared detector technology from the astronomer’s perspective has been the
advent of buttable infrared arrays, from which larger mosaics can be built.
Nonetheless, for future ELT applications, where the focal plane is
intrinsically large and the detector package must expand correspondingly,
detector costs must fall radically. If not only a small portion of an ELT’s
focal plane that cost ~$1B to produce will be adequately sampled with a
detector system. Infrared array manufacturers are quick to accentuate that
costs will fall if the number of devices built increases. While no doubt true,
this trade space remains to be explored and will be the subject of
considerable dialog as the ambitions of astronomers drive the development
of ever larger infrared sensors.

3.5.5 Manufacturers

A unique aspect of the survey is that it allows a fairly comprehensive
assessment of market shares for the various manufacturers of astronomical
detectors. The situation is fairly simple for the current crop of mid-infrared
instruments, where Raytheon dominates the market, though it remains
comparatively small and specialized. This field remains challenging to
support from an observatory perspective, though scientifically it remains one
of the most “target rich” in astronomy. In the near-infrared most instruments
operate from 1-2.5 pum and use Rockwell detectors. In fact over 1/2 of all
infrared arrays in use are made by Rockwell. This should also remain true in
the near future. The instruments in the 1-5 pm range typically use Raytheon
detectors. With only a few exceptions, these two manufacturers dominate the
infrared astronomy market today — a situation that has existed for the better
part of 2 decades (see Figure 11).
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Figure 11. The market share for various infrared array manufactures, both for current and
future instruments.
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In the optical, there are more manufacturers today providing high quality
CCDs to astronomy. That said, the bulk instruments sampled use e2v
detectors, with SITe/Tektronix coming second, closely followed by MIT/LL.
Loral, and a handful of other manufacturers follow. e2v is still dominating
the future market share according to our survey, though a large fraction of
the surveyed future market, as testified by the larger percent of N/A entries
for the future, remains uncommitted. This is principally due to the detectors,
(over 200), foreseen for the LSST. The vendor has not yet been selected. It is
also important to note that this survey only included science detectors, some
of which are used for wavefront sensing and none for technical purposes. A
large number of these small format high speed CCDs are used in astronomy
but for the purposes of this survey were not included. Figure 12 shows the
market share for various CCD manufactures, both for current and future
instruments.
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Figure 12. Market share for various CCD manufactures is plotted, both for current and future
instruments.

4. FUTURE SCIENCE - FUTURE DETECTORS

This section describes future science and the detectors we will use as our
conduit to discovery. Many of the future technology demands of astronomy
are intrinsically uncertain since they will be linked to the scientific
opportunity of our time, whatever that time may be. Forecasting discoveries
about the universe is fraught with risk and is more the subject of science
fiction than science fact. Nonetheless, it is useful to assess some of the major
research themes in astronomy today as a means to determine, in broad brush
terms, where forefront research is headed. Likewise, it is important to
examine past discoveries to gauge the pace at which astronomers have made
discoveries, so we can extrapolate ahead to where we hope (if not expect) to
be in roughly a decade.
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4.1 A “Golden Age of Astronomy”

It has no doubt been said countless times over past few centuries, during
the time since the invention of the telescope when “modern” astronomy was
arguably born, that we live in a golden age of discovery in astronomy. This
is natural in a field of science that has truly unbounded potential for
discovery. While geologists catalog a finite supply of rocks, entomologists
classify insects on the verge of extinction, and meteorologists seek to perfect
ever more complex models of the same terrestrial atmosphere, astronomers
look to the sky each night examining celestial objects that have never been
seen before, conducting experiments on grand scales that no earth-bound
laboratory could ever host, hypothesizing about nothing less than the
ultimate origin and destiny of the universe. In such a rich research
environment, all generations of astronomers count themselves among the
lucky few who have witnessed and participated in a “golden age” of
discovery.

So what makes the current golden age unique? For millennia questions
of innate interest to humans have remained, including questions such as
“does life exist elsewhere”, “what is the universe made of”, and “what did
everything originate from”? These questions have stood the test of time as
insurmountable monuments in the face of ever more sophisticated scientific
assaults. What makes our generation of astronomers unique is that, unlike all
previous generations, we are actually on the verge of answering these
questions. The 21* century will, in all likelihood, be identified as the era that
the first extra-solar ferrestrial planets were found, some perhaps harboring
the unmistakable spectral signatures of biospheres. It will also be the century
in which we come to terms with a new and deep understanding of the bulk of
the matter and energy in the universe — basic entities which we do not even
begin to grasp now. Of course the 20™ century was filled with important
discoveries in astronomy, including the expansion of the universe, the
discovery of the faint highly red-shifted microwave whispers of the Big
Bang, and the detection of such bizarre beasts as black holes, which defy the
space-time fabric of Einstein’s theoretical invention. While all important —
and more such discoveries await today’s intrepid legion of astronomers —
what is probably more significant is that through these discoveries we have
come to recognize how little we actually know about the universe. This
renewed introspection about our realm of existence almost has religious
overtones due to the profound nature of the discoveries awaiting us. It
nonetheless remains firmly grounded in the tried and true principles of
science that have carried us this far quite faithfully. Furthermore, we have no
reason to expect that the advances in technology which have taken us this far
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in astronomy won’t propel us to much greater heights in our tireless quest of
discovery.

We also live in an age when, for the first time, the fields of physics and
astronomy are becoming inextricably linked. Modern physicists are
becoming increasingly reliant on the ultimate particle accelerator, the Big
Bang, to understand the nature of matter and energy under the most extreme
conditions, which only existed in the first instant after the universe exploded
into reality. It was in this singular regime in the entire history of the universe
that matter and energy were merged into a shared state and, over time,
evolved into the stars, planets, radiation, gas, dust, thermal energy, etc., that
we now struggle to understand and link. The path physicists must take in the
quest for their “holy grail”, a unified theory of everything, is being paved by
astronomers. Interestingly, astronomers and physicists have stumbled upon
the same path in recent years albeit from separate directions. This isn’t due
to some complex set of sociological or technology driven reasons. It is much
simpler. It is because we are all compelled to answer the same questions —
“are we alone”, “what is the universe made of”, and “what did everything
originate from”?

Events like the merging of physics and astronomy, inner recognition of
how little we know about the universe through the discovery of some of its
most precious secrets, and a technology revolution that is yielding tools of
discovery unlike any conceived by our ancestors, are all signs that this age is
truly unique. This age is “golden”.

4.2 The Galactic Center — A Case Study in Technology
Driving Science

The center of our galaxy has remained an enigma for decades. It was first
discovered in the early 20™ century that we live in a galaxy, which must
have a core like those we see in galaxies around us. Detecting that core has
been a challenge. At optical wavelengths it is obscured by at least 30
magnitudes due to intervening dust along the plane of the galaxy. Even the
cumulative light from billions of stars along the line of site to the Galactic
center cannot penetrate to our position in the galaxy. As a result, the advent
of recording devices like photographic plates, photoelectric sensors, and
even CCDs, were of little use in observing the Galactic center.

The era of Galactic center research began in earnest only with the use of
infrared sensors. These first seriously emerged in the 1960’s in astronomy
and led to pioneering research which was later perfected with “advanced”
infrared optimized telescopes and observing techniques in the 1970’s. The
challenge in using these sensors was to detect targets that were millions of
times fainter than the thermal glow of the earth’s atmosphere. This required
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techniques that previous generations of optical astronomers never
encountered. It was only through rather ingenious techniques involving fast
chopping on the sky and lock-in amplifiers to sample and subtract several
times a second object from sky beams that background removal to the level
of about 1 part per million was possible.

Figure 13 shows a watershed result in the early days of infrared
astronomy, which involved the use of some of the first simple single element
PbS infrared detectors in astronomy. This is the discovery strip chart of the
Galactic center, which is seen as a blip toward the left of the chart. This first
faint infrared signal from the Galactic center sparked a revolution in this
field of astronomy and soon led to the first crude maps of the complex star
field circling the chaotic central gravitational well of the Milky Way. These
maps were made by step-scanning the telescope across the field (see Figure
14) and led to the discovery of massive young stars orbiting the Galactic
center, their formation mechanism still unknown in the highly dynamic and
energetic region which characterizes the core of our Galaxy. It wasn’t until
the 1980’s that the first infrared arrays were used to image the Galactic
center from the summit of Mauna Kea. Images were obtained utilizing a
detector multiplex gain that at the time only optical astronomers had tasted
through their much larger format CCDs, which were of course still blind to
the radiation from the ~10 kpc distant stars in the Galactic center. It was then
possible to achieve in a matter of minutes with an array detector what
previously took hours through tedious step-scanning techniques, which were
susceptible to the vagaries of seeing, humidity, and photometric conditions
while discrete observations were being compiled into maps. Suddenly it
became “easy” to achieve impressive results in infrared astronomy.
Information could be extracted much faster through direct infrared imaging
than ever before, and astronomers finally had the upper hand in studying the
Galactic center. When used in infrared spectrometers, these new arrays
allowed spectroscopic studies of the stars in the Galactic center for the first
time, revealing unusual populations of stars unlike those in our immediate
neighborhood. More importantly, these studies strongly suggested the
presence of an unseen extremely massive object or cluster of dark objects
that were clearly dominating the local dynamics of the visible stars in the
Galactic center. An unseen monster was lurking in their midst.
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Figure 13.

Figure 14.
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The discovery strip chart of the Galactic center by Becklin et al. [1] is shown.
Adapted from McLean [2].
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Soon after the discovery of the center of the Galaxy, Becklin and Neugebauer [1]
made the first maps by step scanning the telescope beam across the field.

In the beginning of the next decade the push was on at telescopes around
the world for ever higher resolution images of the Galactic center. This was
performed using larger format infrared detectors and techniques like “shift
and add”, various deconvolution algorithms (all fraught with problems to
some extent), speckle observations, and even lunar occultations with fast
arrays to meticulously drill-down to finer spatial resolutions. Sites like
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Mauna Kea had the advantage in the early 1990’s, thanks to the intrinsically
better seeing offered by the smooth high altitude slopes of this volcano
situated in the middle of the Pacific. The next breakthrough came in the mid
to late 1990’s, when the first adaptive optics systems were used to make
observations with nearly an order of magnitude higher resolution than
anything achieved before. Though these AO systems relied upon visible
sensors to lock onto natural guide stars and compensate for atmospheric
turbulence, fortuitously, a foreground star along the line-of-sight to the
Galactic center provided astronomers with the “break” they needed to use
AO systems with Galactic center observations. Finally, in the late 1990’s
and early 2000’s, the use of AO systems on the 8-10 m class telescopes of
the time put astronomers “over the top” — they were at last armed to probe
the dynamics of the core of our galaxy on spatial scales comparable to our
own solar system but a distance of nearly 30,000 light years. From this great
distance, using infrared detectors then containing over a million pixels,
astronomers could map with exquisite precision the motions of stars as they
danced around an unseen companion. Using nothing more than orbital
measurements and Kepler’s Laws, it was possible to directly measure the
mass of the unseen companion, proving that a black hole with a mass well
over a million times that of our sun resides at the center of the Milky Way
[3]. These observations led to an even more spectacular result though, as
serendipity came into play and astronomers imaged a bright flash from the
exact location of the black hole. This was soon recognized as the signature
of hot gas as it spiraled under the black hole’s inexorable pull, through its
event horizon (see Figure 15), and slipped into a space-time singularity that
still defies our understanding of physics. The stuff of science fiction just
became science fact.
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Figure 15. The flare from matter falling into the black hole at the center of the galaxy is
shown in these 2 frames recorded at the VLT. Adapted from Genzel et al. [4].
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None of this would have been possible without the advent of infrared
array technology. In the ~25 year history of infrared observations of the
Galactic center, technology laid the course of discovery from a blip on a
strip-chart to movies of matter falling into the abyss of a super-massive
black hole. The engineers, technicians, material scientists, physicists, etc.
that are collectively responsible for the advent of infrared arrays deserve as
much credit for these discoveries as the astronomers who made these
remarkable observations over the past couple of decades. Amazingly, this
same technology path is advancing our capabilities at an exponential rate.
What took 25 years to achieve before might only take a decade in the future
as our understanding of the universe accelerates forward. As a case-study,
Galactic center research beautifully illustrates where we’ve been and how
fast we’re going. We know our trajectory, but what lies ahead on the
horizon?

4.3 Future Research Tools and Trends

As mentioned before, predicting scientific breakthroughs on timescales
of decades is about as uncertain as long range weather or economic
forecasting. To do so requires that we assess some of the main trends in
astronomy now, look at near term technology developments, and make a
measured extrapolation into the future. There are several trends in astronomy
that lend themselves to this sort of analysis, including forefront research in
cosmology, new wide field observatories, and new Extremely Large
Telescopes (ELTs). It is useful to assess them one at a time, explore how
they are connected, and where those connections will take astronomy in the
next decade.

Much of modern research in cosmology involves either counting and
characterizing large numbers of galaxies or pushing with extremely deep
concentrated observations in “pencil” surveys to probe to the edge of the
visible universe. Unraveling large scale structure and finding the origins of
structures on the vast scale of the cosmos offer key insights into the early
epochs of the universe. Figure 16 illustrates the star formation history of the
universe, which was biased quite heavily toward the first few billion years
after the Big Bang. In other words, despite the on-going star formation
activity that is prevalent in large numbers of galaxies today, on average, the
stars found in our galaxy were born not long after the universe formed, at a
time when the distance between these stars was much closer than we witness
today. Soon after the Big Bang but prior to the initial period of rampant star
formation, the universe was actually a much simpler realm to understand.
Distinct structures that we recognize today, like galaxies, stars, and planets,
did not exist during the first few hundred thousand years after the Big Bang.
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Instead the universe was filled with a high temperature plasma, cooling as
the universe expanded, filled with simple particles (protons and electrons)
that were awash in a sea of radiation. This harsh environment resembled the
blinding interior of a star more than the dark cold space we gaze upon at
night. In this fully ionized state, photons traversing the universe did not get
very far without scattering off the unbound particles that sped around at high
speed. In time, with the expansion of the universe came cooling, and for the
first time protons and electrons were traveling slowly enough that they could
couple in the presence of their mutually attracting electric fields. Thus began
the so-called “Dark Age” in the primitive universe. Photons could travel for
great distances without interacting with matter and if someone were present
to witness this phase transition of recombination across the universe, they
would have watched a remarkable change as the “lights went out” in all
directions. We see this transition now in the form of Cosmic Microwave
Background (CMB) radiation, which is the highly red-shifted radiation
leaving this last scattering surface as particles in the universe coalesced and
freed photons to travel unhindered across space.

New model:
Star birth rate peaks
at ~0.5-1 billion years
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Figure 16. The star formation history of the universe is illustrated, as well as important
milestones in the evolution of the universe, from the Big Bang to the current
epoch. Credit: A. Feild (STSci).

It is important to realize that at this point, no stars have formed. There are
no self-luminous bodies, only expanding and cooling gas with intermittent
eddies and ripples of local density enhancements. The term Dark Age is apt,
because we are thoroughly “in the dark™ about what happened next in the
development of the universe. Clearly, stars must have formed at some point
but the formation mechanism in these unique conditions is poorly
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understood at best. We also know that these first stars did not survive in
great numbers, since they would have been metal free (metals were only
formed through stars, not the Big Bang), yet we see metals in all of the stars
observed to date. In addition, the universe must have been flooded with
enough UV radiation to return back to an ionized state, which in turn
suggests a radiation source consistent with massive stars at some point in the
early universe. While we can look back across time to the CMB and study
this event through ever more detailed satellite observations, somewhere in
the foreground lie the first stars and one of the great quests in astronomy is
to find them. At least a couple of things are sure about what will be required
to detect these mysterious objects. It will (1) either take a large ground based
or space based telescope and (2) observations will have to be made in the
near-infrared, since light from these stars will be so highly red-shifted that
the peak in their spectral energy distributions will fall in the 1-2 pm range.
CCDs will be of no use in this quest — like the Galactic center, this cutting-
edge research will rely exclusively on infrared array technology.

There are applications for CCDs in similarly grandiose future
explorations of the universe. These applications will be based upon
observations of galaxies that are much closer in space and time than the
so-called first light targets mentioned before. Surveys to date have employed
8-12 CCDs in a single mosaic and have been used to map large swaths of the
sky to measure the three-dimensional distribution of galaxies. The surveys of
the future will be far greater in scope and include observations of the entire
sky on short timescales to detect synoptic phenomena that current relatively
narrow field telescopes are effectively blind to. Science applications of such
observations are manifold and include mapping the structure of galaxies
across a ~1000 deg” field and using weak lensing as a probe of dark matter
across the voids between the galaxies spread across the universe. This
application is particularly important, as it stands to “shed light” on one of the
greatest mysteries of the universe. Observations of the motions of stars and
gas in galaxies have long been known not follow the speeds expected, given
the amount of luminous matter present in these galaxies and simple
gravitational laws. A nearly endless string of theories has been postulated in
recent decades about what this so-called missing mass is, ranging from failed
stars (brown dwarves) to exotic massive particles that have the bizarre
property of not interacting with radiation. Thus far, none have been proven
to account for dark matter. Since astronomers rely almost exclusively on
studying the radiation from distant objects to learn about the universe, they
are at an enormous disadvantage in studying dark matter, which appears to
be oblivious to all forms of radiation. It does interact gravitationally with
normal or baryonic matter though. Thus far one of the best probes of the
nature of dark matter has been gravitational lensing as light passes through
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dark matter clumps to map out its spatial distribution. In massive galaxy
clusters this is relatively easy to do. However, to map the distribution of dark
matter across the entire cosmos requires imaging field galaxies across great
expanses of space to detect minute deformation in the shapes of galaxies
that is characteristic of intervening dark matter. The objective of such
measurements is to measure the temperature and clumpiness of dark matter
with high fidelity over various spatial scales. These data can be used to
constrain the multitude of theories in astronomy which attempt to explain
dark matter. Ultimately, the importance of dark matter lies not just in the
enigma which it poses, but in its overwhelming quantity, because dark
matter is by far the dominant form of matter in the universe. What we know
as normal or baryonic matter, and learned about in high school chemistry
through the periodic table, has little to do with dark matter. Stars, planets,
and even humans are the exception in a universe dominated by dark matter.

The enormous surveys planned to probe weak lensing across the sky will
require Giga-pixel class focal planes that sample 2-3 degrees of the sky in a
single observation. Figure 17 shows some examples of the new observatories
planned that will rely exclusively on camera systems incorporating >10°
pixels. To reduce the overhead of such enormous data streams to acceptable
levels will require the use of advanced high speed and highly multiplexed
array controllers. These are capable of reading out enormous focal planes in
just seconds — something that many modern controllers cannot achieve with
much smaller mosaics.

Figure 17. A couple examples of next-generation observatories employing Giga-pixel class
optical focal planes: (left) the LSST and (right) Pan-STARRS.

Another great mystery of our time is dark energy — a more recent
discovery that arguably has even deeper consequences for the universe than
dark matter. Observations of supernovae during the past decade have been
used to measure the expansion rate of the universe. In essence, a certain type
of supernova is a fairly accurate “standard candle”, hence measuring the
brightness of supernovae as a function of red-shift is a gauge of their
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distances. Though simple in concept these measurements require
considerable finesse to properly deal with systematic uncertainties, not to
mention an unorthodox technique in which large telescopes (necessary to
measure the spectra of distant supernovae) are called into service on very
short notice to measure spectra during the early peak phase in their apparent
brightness evolution. As shown in Figure 18, these measurements indicate a
slow roll-off in the measured brightness of supernovae compared to what is
expected, demonstrating that they are further than expected and that the
universe is in fact expanding at an accelerating rate. This discovery has
triggered an enormous amount of research in astronomy, as the search
continues for the source of energy behind this expansion. Like dark matter,
the underlying physics behind dark energy remains essentially unknown,
though theoreticians have characteristically left us awash with possibilities.
Like the early days after the discovery of the Big Bang, a broad range of
theories were posed in astronomy to explain the earliest moments in the
universe. However it was not until follow-up observations, particularly by
COBE and WMAP, that the vast majority of these theories were ruled out,
leaving us with the demonstrably sound theoretically basis we have today for
the origin of the universe. New observations will be used to systematically
reduce the theoretical possibilities behind dark energy. In the process, they
will leave us with a much more complete picture of our universe.
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Figure 18. Adapted from Riess et al. [5], the downturn in the brightness of supernovae at
large red-shifts indicates the acceleration of the universe.

Dark energy has a number of important implications, beyond opening
new avenues of physics. For example, prior to this discovery it was
understood that the universe is slowly decelerating from its initial expansion,
with progressively finer measurements used to pin-down this expansion rate.
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With dark energy the ultimate fate of the universe now appears to involve
ultimately shearing apart the large scale structures we commonly see today,
like galaxies, stellar clusters, and even stars and planets. Beyond the obvious
question of where this energy comes from is that of why did it begin to
dominate the energy density of the universe ~5 Gyr ago. Prior to that time
the universe was a matter dominated realm but now dark energy accounts for
~70% of the energy density content of the universe. This even has certain
anthropic implications, since it appears impossible for life to exist early in
the universe (insufficient time for stars to form, which generated the heavy
elements necessary for life), and it appears impossible for life to exist late in
the universe due to its accelerated expansion. Hence we appear to live in a
unique phase over the lifetime of the universe.

Key to understanding dark energy will be a range of observations made
over the next decade by various instruments. Among these will be next-
generation wide field spectrometers offering the same sorts of enormous
multiplex gains over current spectrometers as the imagers of tomorrow.
Figure 19 shows a couple of examples of optical spectrometers that will
provide nearly an order of magnitude multiplex gain over any astronomical
spectrometers existing today.

Figure 19. Next-generation spectrometers with multiplex gains are nearly an order of
magnitude greater than anything available today. (left) The Gemini/Subaru
WEFMOS, shown deployed on Subaru. (Right) LAMOST, which is being built in
China.

One way such spectrometers may be used for dark energy measurements
is to make large scale measurements of the 3D distribution of galaxies at
different epochs to evaluate the time-evolution of the expansion of the
universe using a “standard ruler” metric. Specifically, after the Big Bang
there were low-level local density peaks that propagated across the then
highly-compact universe at the speed of sound. The physics behind the
propagation of sound waves in the fluid medium of the early universe is
quite simple, since structure was nearly absent and the universe existed in a
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very well mixed and uniform phase. As mentioned before, when the universe
went dark, due to the temperature and pressure dropping to the point that
neutral atoms could form, is the time when these physical over-densities
were frozen into the tapestry of matter, forever acting as the seeds of
collapse for the largest structures in the universe. Evaluation of the power
spectrum of spatial structure in the CMB reveals that most structure existed
on the ~1° scale at this point in the evolution of the universe (see Figure 20).

Angular Scale

90 2 0.5° 0.2
6000 — T T .
TT Cross Power
5000 F- Spectrum E
E — A-COM All Data
§ WMAP
& 4000 E i cal E
x § ACBAR
=)
5 E
< 3000 } E
Q -
+
= 2000 \ U/\ w*\ .
0 \
E \ ¢
1000 }/’\ E
E ‘»/;\4
0 E *

Figure 20. Adapted from Bennett et al. [6], these oscillations on the power spectrum of
structure in the universe, as derived from CMB observations, demonstrate a
“preferred” spatial scale or standard ruler in the universe.

Thereafter in time, or at closer distances in our line-of-sight to the edge
of the universe, emission that we detect is essentially due to stars associated
with galaxies, all of which formed in clusters with some typical spatial scale.
This is where the next generation of highly multiplexed spectrometers come
into play. These machines will be used to map out the three-dimensional
structure of the universe across vast regions of space. Evaluating the spatial
power spectrum of these enormous distributions of matter (galaxies) will
yield a set of baryonic power spectrum “wiggles” which are the tell-tale
signatures of the initial seeds of structure, dating back to the so-called dark
ages in the history of the universe. This characteristic spatial scale or
“standard ruler” is essentially an invariant metric unless the fabric of space-
time is changing over time due, for example, to dark energy. By measuring
the length of this standard ruler at different epochs or look-back times in the
universe, it will be possible to measure the time-evolution of dark energy to
much higher fidelity than any measurement achieved to date, thereby
providing important clues about its origin and nature.
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S. COMMON THREADS - BRIDGING TODAY’S
CAPABILITIES WITH TOMORROW’S NEEDS

The previous section provides the reader with a glimpse of what
discoveries await astronomers in their collective quest for answers to core
questions in astronomy. It will doubtless be a “golden age”, though we
recognize tomorrow’s astronomers will likely make the same claim, when
their “time” to conquer the unseen truths of our universe arrives. Answers to
questions like “are we alone”, “what is the universe made of”, and “what did
everything originate from” will naturally lead to more questions and it would
be naive to assume that even more profound questions will not emerge as
our understanding of the universe deepens. We will not know what questions
to even ask though in the decades ahead until we answer those before us
now. That is the nature of science though. As we use the tools at our disposal
to study our surroundings we “simply” let the data dictate our path, even
though we remain substantially clueless about our ultimate destination.

The bold new directions of astronomy will drive detector technology in
equally bold new directions. The need for ever wider and deeper optical
surveys to probe cosmology questions demands ever larger optical detectors
that are buttable (preferably on 4 sides) and can be mounted in mosaics that
are larger than even the largest photographic plates ever used in astronomy.
These Giga-pixel class focal planes will require controllers that are highly
multiplexed in order to maintain low readout overheads, incorporating
hundreds of data channels that can read-out a billion pixels in only seconds.
This new generation of detectors will also require storage systems and
pipeline processing equipment to efficiently and automatically extract
information that exceeds anything commonly used in today’s modern
observatories, yielding many TB of data each night. These focal planes will
likely consist of large numbers of either 2K x 4K or 4K x 4K detectors,
though even larger monolithic structures are under development and may
become available on useful timescales for the fabrication of these large focal
planes. CCDs will probably be the detector of choice, given their established
track record, high quantum efficiency, and relatively low cost. New
developments that will factor into these massive focal planes include the use
of orthogonal transfer CCDs, which will allow real-time image stabilization
(tip/tilt) as charge is shuffled along rows and columns in concert with
turbulence in the atmosphere. The use of CMOS-based devices, similar to
the now familiar architectures used for infrared arrays but using silicon as a
detector substrate, will also inevitably come into use. Here, one of the main
challenges will be to lower the cost of these next-generation optical sensors
to the same level (~1¢/pixel) level as CCDs — a non-trivial extrapolation
given the much more complex architectures of CMOS devices.
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In the infrared, trends needed to support the science goals outlined above
will be, quite simply, to make them perform and cost more like CCDs in
many respects. As explained previously, observations of extremely deep
objects (e.g., “first light” stars) will be in the 1-2 pm range since they are so
highly red-shifted. This means ground based observations will likely have to
be made between the numerous atmospheric OH lines, unless advanced
multi-line optical filters can be produced that efficiently reject these lines
(currently under development). In any event, these deep observations either
between or absent OH emission lines will make the sky at NIR wavelengths
nearly as dark as it is at optical wavelengths, meaning near-infrared detectors
will not be background limited unless they achieve dark currents and read-
out noises that are comparable to what CCDs produce today. Having devices
that are buttable will be crucial (again at least 3 sided, preferably 4 sided) in
the fabrication of the immense NIR focal planes envisioned to critically
sample the large focal planes of tomorrow’s ELTs. Even more importantly,
lowering the per-pixel-cost of these detectors down by a factor of 5-10 will
be needed to make such large infrared focal planes affordable.

Whether it is in the optical or infrared, astronomers have an insatiable
appetite for larger format, lower noise, and lower cost detectors. Ultimately
photon-counting arrays, which boast zero read-noise, that also have nearly
100% quantum efficiency over broad bands, remain the tacit design target
for all science arrays in astronomy. If they could also resolve the energy
levels of the photons striking each pixel, the staggering complexity of
modern imagers and spectrometers could be essentially eliminated in
tomorrow’s astronomical instruments. That is the subject of a future
conference though.
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REQUIREMENTS ON ARRAY DETECTORS
FROM OWL INSTRUMENT STUDIES

Sandro D’ Odorico

European Southern Observatory

Abstract: The scientific aims and characteristics of seven possible instruments for the
OWL 100 m telescope are summarized. The different instruments are designed
to operate in wavelength ranges from 400 nm to 850 um offering different
configurations for imaging and spectroscopy. The requirements for the active
area and properties of the detectors by the different instrument concepts are
presented. Reasonable extrapolation of today’s detector technology could
satisfy all of the main instrument needs, but cost per unit and capability to
supply devices in large quantities with homogeneous, guaranteed performance
will be critical issues.

Key words:  Detector arrays, Overwhelming Large Telescope (OWL), instruments.

1. INTRODUCTION

ESO is completing a concept study report for a 100 m telescope called
OWL, the OverWhelming Large telescope, by the end of 2005. The study
encompasses internal and industrial studies on various telescope subsystems
which have been pursued over the last 4 years and will present a
comprehensive concept of the OWL Observatory. Within this effort,
beginning in 2004, a set of instrument concept studies has been launched by
ESO in collaboration with several external institutes. Of the seven studies
now coming to conclusion, 5 have external P.I.s and 2 have been led by
ESO. In this phase of the OWL project, the studies had the following goals:
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e to support the principal OWL science cases with actual instrument
concepts

e to verify interfaces and operation scheme of the telescope design
to ensure the feasibility of instrument concepts and identify needs and
required R&D for the different subsystems

The instruments offer various modes of observing in imaging and
spectroscopy, and cover different wavelength bands from the blue to sub-
millimeters. They are well representative of the different possible modes of
operation of OWL. The sample of instruments is, however, by no means
exhaustive. It was not the goal of this phase of study to cover or even
establish priorities among the various instrumental options. In the selection
of the initial instrument concepts to be investigated, ESO has been guided by
science cases which have been made for OWL.

The short time frame available for the studies (less than 1 year) has
constrained the choice of groups to ones which had both the necessary
expertise and the manpower. In this paper, I have extracted basic
information on the instrument detectors from the draft reports of the studies
to provide a first overview of the requirements in this field.

2. OWL INSTRUMENTATION AND THEIR
DETECTOR ARRAYS

2.1 Overview of OWL Instruments

Table 1 identifies the seven OWL instruments which have been studied
and provides basic information on their capability.

2.2 CODEX

CODEX, the Cosmic Dynamics Experiment, is a high resolution
spectrograph (R ~ 150,000) operating within the wavelength range of
400-700 nm with very high, long term stability of the wavelength scale. Its
main scientific aim is to measure the expected wavelength shifts of spectral
features of light emitted at high redshift to probe the evolution of the
expansion on the universe directly. With an accuracy of ~1 cm/s in the
velocity scale and using a time interval of about 10 years, the instrument will
be able to directly measure the dynamics of the universe and probe the effect
of the elusive dark energy [1].
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The present instrument concept (matched to a 60 m telescope) foresees the
light of the target to be relayed by an optical fiber or an optical train to
6 echelle spectrographs located in a temperature-stable laboratory outside
the OWL platform. Each spectrograph has a detector area of 120 x 120 mm,
or an 8K x 8K mosaic of devices with 15 pm pixels. If the current standard
format of 4K x 2K pixel chips is used, the required detector estate
corresponds to ~50 devices, a number comparable to large imaging mosaics
now in use or in development. In the spectral range of the spectrograph, 400-
700 nm, state-of-the-art CCDs already reach the required QE > 90%. Other
crucial performance parameters for CODEX are a low number of device
defects, low readout noise (RON) and dark current. Preliminary calculations
for the main application of CODEX indicate that a RON <2 e’/pixel and a
dark current <10 ¢”/pixel/sec would be acceptable. Both values are within
the performance characteristics of state-of-the-art silicon devices.

23 QUANTEYE

The proposed instrument aims at offering the highest time resolution
achieved so far in optical astronomy, going far below today’s millisecond in
the domain of micro and nanosecond astrophysics. Approaching the
quantum optical limit, new types of photon phenomena, not previously
investigated in astronomy, may become observable [2]. Today’s high time
resolution instruments use either CCDs (limited to a fastest frame rate of 1
ms) or various photon-counting devices as detectors, which are limited by
the maximum sustained photon-count rate. QUANTEYE is designed to
observe stellar sources at the center of the field and a reference object in the
field. The detector will consist of an array of photo-counting avalanche
diodes which will fully utilize OWL’s collecting power for photon count
rates up to GHz. The current concept is based on the use of 2 sparse-
geometry arrays of 10 x 10 Silicon SPAD, Single-Photon Avalanche Diodes
[3]. SPAD arrays are not yet in operation, but there is a reasonable
extrapolation from simpler, well-tested devices. There is potentially more
than one supplier. Time tagging should be provided by an atomic clock with
at least 100 ps accuracy.

24 EPICS

One of the primary science goals of OWL is the detection and possibly
characterization by spectroscopy of an earth-like planet. This objective is a
strong driver for the maximum size of the primary mirror of OWL because it
calls for extreme angular resolution and photon collecting power. The
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instrument to achieve this goal, EPICS, is still being defined. Three main
capabilities are being explored: differential imaging in the J band,
polarimetry in the R-I bands, and integral field spectroscopy in J band [4].
The instrument will also need a dedicated AO system to complement the
standard ones associated with the telescope. Table 2 summarizes the
preliminary requirements for the detectors.

Table 2. Detector requirements for EPICS.

Field Pixel Scale

Mode Total Array Estate
(arcsec) (mas)
Differential Imaging (J) 4x4 0.5 2 (8Kx8K) HgCdTe
Polarimetry (R, I) 2x2 0.5 8Kx4K , frame transfer CCD
IFS (J band , R=10-50) 2x2 0.5 8Kx8K mosaic, HgCdTe

3Kx3K CCD mosaic,

Wav. Sensor for EXAO = = ~1 KHz (Shack-Hartmann)

25 ONIRICA

ONIRICA [5] is the large field imaging camera of OWL, designed to
operate in the NIR where AO systems can achieve or approach the
diffraction limit of the telescope and thus fully exploit its capability. The
selected detectors are large NIR arrays (HgCdTe). The number is dictated by
the field to be covered and the desired sampling. The present optical concept
of OWL offers a diffraction-limited central field of 3 arcmin diameter, but
realistic assumptions on the performance of the first generation AO systems
make it doubtful that the diffraction-limit will be achieved over the entire 3
arcmin field. However, it is reasonable to expect that high quality images
can be achieved over this entire field. A first layout of ONIRICA foresees a
central field of ~ 30” diameter sampled at 1 mas/pixel (Nyquist sampling in
the K band) and an outer field of ~3’x 3’ sampled at 10 mas. This
configuration would imply 15 x 15 2K* NIR arrays with 18 um pixels (or
possibly 8 x 8 4K? e.g., with 12 um pixel) for the central field and of the
order of 9 x 9 2K* for the outer field. This adds up to ~300 of the currently
rather expensive HgCdTe arrays. The actual need will be determined by the
final configuration of the telescope and by the result of more extended
simulations of the AO performance. The science case will have to be
correspondingly adjusted with an eye to the predicted performance of the
JWST. A reduction of the current price/unit of the NIR arrays is required to
make the instrument cost affordable.
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2.6 MOMFIS

Performance simulations show that medium resolution spectroscopy in
the NIR (J, H, K) could be advantageous with respect to an equivalent
spectrograph at the JWST. This is possible if a significant fraction of the flux
of compact sources can be kept within diameters which are intermediate
between optimal seeing and the diffraction limit. The main science case for
the MOMFIS study [6] aims at exploiting this capability for the
spectroscopy of faint, high redshift galaxies. The instrument concept
foresees Multi-IFU systems which can be positioned on the targets over at
least a 3’ diameter field and is supported by a “local” AO correction. Each
IFU unit would have ~30 x 30, 30 mas pixels (17 x 1” field). With this
configuration the required number of 2K* arrays (HgCdTe) would be ~50 to
cover the three bands in parallel at R ~4000.

2.7 T-OWL

This instrument is designed to work in the 3-27 um region. At this
wavelength thermal emission and atmospheric absorption play the most
important role. The main potential competitor is the JWST, which can be
outperformed for specific applications if the diffraction limit of the large
OWL diameter is fully exploited. The current study [7] has thus far
developed the imaging camera design. The wavelength range is split by a
dichroic in the 3-5 um and 7-25 um bands. A science field of 15” x 15”
would imply the use of 4 2K” InSb arrays (sampling 3.5mas @ 3-5 pm) and
of 4 1K x 1K SiAs arrays (sampling 7 mas @ 7-27 um).

2.8 SCOWL

This concept study has explored the advantages and the feasibility of
building a SCUBA-2 like sub-millimeter instrument for OWL. The basic
instrument requirements for this instrument call for a resolution <2” and a
field of 2° x 2’ [8]. With these characteristics, SCOWL can complement the
small field, very high resolution work of ALMA and operate mainly in
survey mode. The baseline detectors being considered for SCOWL are
Transition Edge Sensors (TES) hybridized to a Superconducting Quantum
Interference Device (SQUID) multiplexer, as under construction for
SCUBA-2. For SCOWL, 4 SCUBA-2 sub-arrays would be needed (each is a
mosaic of 4 41 x 32 pixel arrays). Each detector must be optimized for a
specific sub-millimeter band. Expanding the SCUBA-2 detector size would
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involve facing a number of challenges in current technology and new
development work.

An alternative to the TES detectors are the so-called KIDs (Kinetic
Inductor Detectors), which are being developed by a number of international
groups. In a few years this technology could be sufficiently developed and
tested to be scaled to large format arrays which would be required in
SCOWL. Their main potential advantages with respect to TES detectors are
a simpler manufacturing process, lower heat load and the possibility to
populate the field of view more densely, increasing the survey efficiency.

3. 2-D DETECTORS FOR ACTIVE AND ADAPTIVE
OPTICS WAVEFRONT SENSING AND
TELESCOPE TRACKING

An overview of the detector requirements for the OWL project would not
be complete without accounting for the detector systems used for tracking,
active and adaptive wavefront sensing. All these functions are essential to
control the telescope and to reach and maintain the image quality on which
the science case of OWL is based. In the current OWL concepts there are 6
focal stations on the telescope structure which can be addressed by proper
rotation of the M6 mirror. Every station will eventually be equipped with its
adapter/rotator hosting a number of sensing probes which can reach different
points in the FoV. The preliminary concept of the adapter/rotator includes
six probes for tracking and active optics and up to six probes for AO
wavefront sensing. In the first type, the beam will be split by dichroics as in
the VLT adapters. Tracking will be performed on relatively standard
imaging CCDs of modest format (1K x 1K) while the active optics and
segment phasing control will be achieved via Shack-Hartmann pattern
sensing on ~2K x 2K CCDs read at 1 Hz frequency. For the 6 AO wavefront
sensors in the adapter, the preferred format is 500 x 500 pixel CCDs to be
read at 500 Hz with close-to-zero noise. The total number of devices
required will initially be approximately 30. NIR arrays (1K x 1K) for
wavefront sensing in the NIR might be also required, but only for special
applications.
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Abstract: The Pan-STARRS project will undertake repeated surveys of the sky, finding
“Killer Asteroids” and everything which moves or blinks, as well as building
an unprecedentedly deep and accurate image of the sky. The key technology
for this is the next generation of large format cameras, which will offer an
order of magnitude improvement in size, speed, and cost relative to existing
instruments. This is achieved in part by the integrated design of telescope,
detectors, controllers, software, and scientific direction.

Key Words:  Pan-STARRS, OTA, gigapixels.

1. INTRODUCTION

The Pan-STARRS project [1] will revolutionize astronomy, mapping the
entire visible sky to unprecedented depth and precision (1% photometry in 5
colors, 5 mas astrometry). The most unusual target, however, is the transient
universe. We will search continuously for everything which blinks or moves
for the operational lifetime, and we expect to find killer asteroids down to
300 m diameter, KBOs, supernovae, variable stars, microlensing events,
extrasolar occultations, AGN, etc.

The Pan-STARRS project will build four identical telescopes of 1.8 m
aperture and 3 deg field of view. To sample the large image produced by the
optics, we are building four cameras, each of which comprises 1.4 billion
pixels subtending 0.26 arcsec. The short exposures required to capture
moving objects requires a total readout time of 3 seconds at 5 ¢ read noise.
The requirements of pixel count and readout time has compelled us to design
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a new detector called the Orthogonal Transfer Array (OTA), and a new
controller.

The modular nature of the Pan-STARRS project permits us to begin with
one telescope, which in presently under construction on Haleakala, Maui.
This Pan-STARRS 1 (PS1) will enable us to shake down the telescope,
detectors, and pipeline, and get a jump on the science while we are carrying
out the careful and thorough site assessment necessary to determine whether
Pan-STARRS 4 (PS4) should be sited on Mauna Kea, Hawaii. We expect
first light for PS1 in January 2006 and in 2009 for PS4.

The limitations of space in this publication preclude any discussion of the
Pan-STARRS science or software, and we will concentrate on the camera
and controllers. Another paper in this volume [2] covers the detectors in
more detail, or see Kaiser [3].

2. THE PAN-STARRS TELESCOPES

The optical design of the telescope is relatively straightforward. It is
essentially a Ritchey-Cretien telescope with a 3 element corrector. There are
the usual challenges with aspheres, baffling, etc., which we believe should
not be major problems. The image size budget is driven by the excellent
seeing on Mauna Kea (free air median seeing of 0.5-0.6 arcsec), and should
not degrade the PSF significantly. The filters are large (500 mm diameter),
and will comprise the standard SDSS g, r, and i filters, with a z filter which
differs in that it is cut off at 915 nm, and a y filter which extends from 965 to
1025 nm. The filter changer is a simple stack of three slides, each carrying a
filter at each end and an open aperture in the middle. The University of
Bonn is fabricating the large shutter.

The focal plane is 400 mm wide and will be curved with a radius of 470
m (see Fig. 1). We expect to build an atmospheric dispersion compensator
(although PS1 will initially be built without an ADC), which is a drop-in
replacement for the first lens of the system. The ADC consists of a prism
which rotates between two other wedged lenses, all of which are immersed
in Siloxane oil to suppress ghosting. We will not depend on the telescope to
maintain a good collimation for long periods of time. The primary mirror
will be actuated to compensate for offsets in the vertical direction as well as
a 12-point astigmatism correction. The secondary will be mounted on a
hexapod for all five degrees of freedom.

We are designing a calibration system, which should enable us to reach
1% photometric accuracy. This system comprises a flatfield screen which
we can be illuminated with monochromatic light and monitored with a
calibrated photodiode. Thus we should be able to characterize the throughput
of the entire optical system on a weekly basis. This will also give us flatfield
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images that we can match to any spectral energy distribution of interest. In
particular we should be able to simulate the night sky emission and build an
artificial fringe image for subtraction. We will also have a sky monitor
telescope which will give us a minute-by-minute measure of the trans-
parency. It will have a spectroscopy channel to monitor atmospheric
absorption and emission as a function of wavelength on a minute-by-minute
basis in the direction that Pan-STARRS is pointing. The low resolution
spectra from the monitor telescope will provide a high resolution theoretical
model of the atmospheric behavior.
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Figure 1. The Pan-STARRS focal plane with detector layout, 3 deg circle of good focus,
hexagonal tile, and 1.65 deg circle for wavefront sensing.
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The focal plane will be equipped with two wavefront sensors. A
deployable Shack-Hartmann sensor illustrated in Fig. 2 can be brought out
over the focal plane to perform a detailed analysis of wavefront tilts when a
bright star is steered onto its entrance aperture.

There will also be continuous wavefront sensing available from an
apparatus just outside of the 3 degree field of view. This curvature sensing
apparatus consists of a converging lens and block of calcite which makes
simultaneous above- and below-focus images of all the stars present. These
donuts are very sensitive to wavefront errors, and can be analyzed to reveal
errors in secondary displacement and tilt. We expect to read out these
curvature sensing images every 30 seconds along with the science data, and
have information immediately available about the state of focus and
collimation of the telescope. With proper choice of the optical axis of the
calcite, we can arrange for the two star images to be adjacent to one another
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at a convenient separation. The introduction of the calcite would ordinarily
put the balanced pair of donuts below the nominal focal plane, and since we
want this apparatus to be parfocal with the rest of the field of view, we
introduce a converging lens (see Fig. 3).

Figure 2. The Pan-STARRS Shack-Hartmann wavefront sensor folds the light in such a way
that it is parfocal with the science images. The sensor unit is deployed above the
huge focal plane which serves as its detector. The apparatus also provides an out-
of-focus pupil image and carries LEDs and calibrated photodiodes for purposes
such as monitoring QE or window fog.
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Figure 3. This schematic diagram shows how a calcite block and converging lens can provide
above- and below-focus images which provide focus and collimation information.
We will employ at least two of these units above the Pan-STARRS focal plane, just
outside of the 1.5 deg radius.

3. THE PAN-STARRS CAMERAS

The camera will be constructed in three steps. Our first step was to build
two test cryostats which could in principle hold a 3 x 3 array of close-packed
OTAs for 200 Mpixels, but we are using these cryostats for device testing.
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The OTAs are four-side buttable, so for testing we normally mount them in a
handling bracket. The test cryostats can carry a loose-packed 2 x 2 array of
OTAs (90 Mpixels) on handling brackets.

The next step is “Test Camera 3” (TC3), which is almost an exact quarter
of the “Giga-pixel Camera 1” (GPC1). This camera will be a 4 X 4 array of
OTAs, closely packed onto a silicon carbide (a good CTE match to silicon,
thermal conductivity, and stiffness) focal plane, which has been figured to
the curvature required by the optics. The close packed array of devices
connects via flexprint to a rigidflex board below. Four devices in a line are
bussed out together, and the rigid flex passes through a slot in the cryostat
wall with epoxy potting making a vacuum seal. One of the main advantages
of the potted rigidflex is the elimination of hand wiring.

TC3 will have two controller boxes, each holding 4 controller boards.
Each board provides 16 channels for 2 OTAs, so the system will have a total
of 128 readout channels and 360 Mpixels. A CTI cryocooler will cool the
focal plane instead of the Cryotigers used by TC1 and TC2. We will gain
experience in the thermal management of the focal plane and devices, which
is extremely important because at 1 um the QE will vary by about 1% per
degree.

TC3 will also incorporate both wavefront sensors, the deployable Shack-
Hartmann apparatus and the continuous curvature sensing optics. TC3 will
be used for first light on PS1, and will be populated with the development
Lot 1 OTAs which are already in hand. The data from TC3 will provide an
excellent data stream for shakedown of the Image Processing Pipeline (IPP).
When the PS1 telescope is operating reliably (~June 2006) we will replace
TC3 with GPC1.

The full-scale Gigapixel camera, illustrated in Fig. 4, with a focal plane of
some 1.4 billion pixels spanning 40 x 40 cm, is essentially four close-packed
copies of TC3. The final lens in the optics is the cryostat window.

4. THE PAN-STARRS CONTROLLER

The controller we are developing for Pan-STARRS must be very fast,
high density, and low power. This is an ideal application for one or more
ASICs, but in our judgment ASICs do not yet have the maturity to field a
system in the next few years. We have therefore elected to build a new
controller around the best discrete parts we can presently find. Our goal is to
meet the performance requirements while trying maintain simplicity and low
cost. Our basic controller, illustrated in Fig. 5, is a PC board which is 3 U
wide and about 16 cm long. It dissipates about 15 watts.
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Figure 4. A solid body rendering of the Pan-STARRS Giga-pixel Camera, complete with L3
cryostat window and 8 controller boxes.
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Figure 5. This figure illustrates schematically how 2 OTAs (16 channels) are connected to a
preamp board and a DAQ3U board, and how these are interfaced to a generic
pixelserver running Linux.

This “DAQ3U” board has an FPGA for communications, clock and bias
generation, signal chain operation, and arithmetic operation on digital
samples. One design requirement that makes our controller unique is the
need for independent control of the OT readout and correction for each
OTA. This requires a design that is easy to program and communicate with,
and the FPGA selected has an integral hardcore CPU.

A 16 channel preamplifier/buffer board is paired with its corresponding
DAQ3U board to run 2 OTAs. Two of these board pairs are assembled to run
a row of 4 OTAs. Two sets of these pairs are placed into individual sub-
chassis to run 8 OTAs. The sub-chassis are assembled 4 wide into a frame
that sits on either side of the cryostat. This frame is exactly the same width
as the two rows of OTAs being served, so that the detector/controller
combination can be extended indefinitely.
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The DAQ3U board also hosts 1 Gbit ethernet fast enough to read out and
deliver data in real time to a pixelserver host computer, which can use a
conventional ethernet interface card. We use standard internet protocols for
communications. We also provide 256 Mbyte of on-board ECC memory
(standard commercial laptop memory), which enables us to read two entire
OTAs (50 Mpixels) and begin another exposure before dumping the data to
the pixelserver. Although the Gbit ethernet bandwidth is adequate to read
out an OTA within 3 seconds, we would be vulnerable to latencies on the
pixelserver. We can imagine modes in which the need to dump more than 16
bits per pixel may arise. It therefore seems prudent to provide on-board
memory to maximize flexibility and robustness.

The DAQ3U is implemented as a 14 layer printed circuit board with 50
ohm controlled trace impedance and matched length on critical digital and
analog traces. Multiple ground planes are also employed for noise shielding.
Version 2 of this board will be split into a mother/daughter board
configuration that splits digital and analog functions, and increases the
channel density from 12 to 16. The PCB has multiple fine pitch (1 mm) ball
grid array components with as many as 896 balls per device. We have also
paid attention to the lengths and impedances of the lines on the rigidflex
board which connect the OTAs to the controllers.

The preamplifier design is extremely simple to save space. Each channel
amplifies, provides a DAC based offset voltage and filters the video output.
There are no dual slope integrator or clamp and sample circuits. We have
tried both DC and AC coupling the OTA outputs into the preamps, and are
presently getting better performance with AC coupling because it is easier to
take out the cell-to-cell offsets. Analog voltage levels are provided via
Analog Devices AD5532 DACs (32 outputs at 14 bit resolution) current
buffered by separate driver ICs. Note that we also have to provide relatively
unusual, large negative biases of about -40V for the detector substrate bias.

A full 64 OTA mosaic will have 512 video outputs requiring very fast,
high density ADCs. We selected the Analog Devices AD9826 which offer
three channels of 16 bit A/D and CDS, at speeds up to 12 MHz for a single
channel and 5 MHz for all three channels simultaneously. We have done
extensive testing of the AD9826 by building a daughter board, which
replaces the Datel 937 ADC used on an SDSU video board, leaving the other
channel alone for comparison. Our experiments indicated that the AD9826
is as linear and accurate as the Datel A/D. The AD9826 has no problems
with sampling a single channel at 10 MHz, but the AD9826 has 3 ADU of
noise. This noise appears to be uncorrelated so it can be reduced by multiple
samples. The AD9826 data sheet lists a cross-talk between channels of
72 dB, which is not good enough to run individual CCD amplifiers through
different channels, and we have elected to use one channel of the AD9826
per CCD amplifier.
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We do not use the conventional technique of dual slope integration to
reduce bandwidth and noise, nor do we use the CDS function in the
AD9826. Instead, we digitize many samples on every pixel (typically four
per pedestal and four per signal) and do digital arithmetic in the FPGA: sum
four signal samples, subtract four pedestal samples, divide by four. The
oscilloscope trace in Fig. 6 shows an example of a video signal and the four
samples we make of the pedestal and signal levels. This serves both to
reduce the A/D noise to 2 ADU as well as averaging down the detector
noise. We have tested the noise performance of the controller using a low-
noise CCID20 which has about 2.1 € noise when read out using an SDSU
controller at high gain and 160 kpix/sec. The timing illustrated in Fig. 6
achieves 3.8 ¢ read noise at a pixel rate of 530 kpix/sec. We expect that we
can do improve this by steering the samples between clock transitions and
careful bandwidth tuning of the stages leading up to the A/D. It is also
possible to use the FPGA to weigh different samples for additional
improvement.
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Figure 6. This oscilloscope trace illustrates how we take 4 samples on the video pedestal and
four on the signal of each pixel. The resulting samples are digitized and added,
subtracted, and scaled by 4 by the FPGA before delivery to the pixelserver.

One of the real strengths of the Pan-STARRS project is that the
development of detectors, controller, and software are all happening in
conjunction and synergistically. For example, we will be transitioning to a
2-phase serial register to reduce the clock feedthrough and produce faster
and cleaner video. We are nearing completion of the design of a revised
controller and preamp board, and expect to implement them in time for TC3
and PS1 in January 2006.
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S. CAMERA SOFTWARE

The software architecture for the Pan-STARRS camera is very modular
and powerful. Each PowerPC core on each DAQ3U board runs a server
program which accepts commands to change voltages, change readout
parameters, read out the CCD, etc. We assign a 1U rack-mounted generic
Linux box (“pixel server”) to every pair of DAQ3U boards, and each of
these runs software that communicates with its DAQ3U servers and in turn
responds to commands from an overall controlling process run on the
“Conductor” computer. The conductor process is responsible for
synchronizing all the different OTAs - designating which cells are reading
out guide stars, calculating OT shifts, triggering readouts, etc. We will also
have a camera datastore, with 30 TB of disk. This will reside on the
mountain and have a capacity to buffer a few days’ worth of observing in
case the fiber to the IPP goes down. The conductor process is also
responsible for maintaining a metadata database, communicating with the
telescope system, and receiving commands from the observing sequencer.

The Image Processing Pipeline (IPP) for Pan-STARRS must be both
extremely sophisticated and robust. The basic steps include:

e Acquire four images of the same field from the four telescopes

e Perform the wusual “instrument signature removal” of bias
subtraction, flatfielding, and removal of bad pixels and cosmic rays

o Identify stars, create a map from each image to a global coordinate
system, and warp images to the global coordinate system

e Sum the four images in an optimally weighted way

e Match the PSF of this sum to the PSF of an archival, deep sky
image and subtract this static sky image

e Search the difference image for significant changes: moving objects,
transient objects

e Add moving and transient object detections to the database; process
moving objects to match up with orbits of known objects; generate
alerts for transient objects

e Add the summed image into the growing static sky image; process
the summed image and the static sky image for various science
clients such as parallax/proper motions, variable object light curves,
etc.

e Update the database of objects: add new objects, add attributes to
known objects

The two enormous challenges of the IPP are data volume (we will ingest
about 10 TB per night and we must either keep up in real time or fall
hopelessly behind), and the need to get the reductions right the first time (we
will create petabytes of reduced data per year and we do not plan to archive
even the reduced data, let alone the raw data). Fortunately, PS1 will only
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generate data at a quarter of the rate, and at startup we will have empty disks,
so we will be able to save those data for a year or two and reprocess many
times until we have the pipeline right.

6. SUMMARY

The Pan-STARRS project will open up new vistas in science, both
synoptic and static. In truth, Pan-STARRS is an obvious project which was
waiting for Moore’s law to overtake the size of the universe. At the same
time it is presenting new challenges and opportunities for very large, very
high performance detectors, controllers, and software. We feel very
privileged to be entrusted with the resources and freedom to set a standard
which we hope will be inspiring for many years.
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THE LARGE SYNOPTIC SURVEY TELESCOPE
My Instrument is Bigger than Yours

D. Kirk Gilmore
Stanford Linear Accelerator Center (SLAC)/Kavli Institute for Particle Astrophysics and
Cosmology (KIPAC)

Abstract:

Key words:

The Large Synoptic Survey Telescope (LSST) will be a wide-field telescope
facility that will add a new capability to astronomy. The LSST will provide
unprecedented 3-dimensional maps of mass distribution in the Universe, in
addition to traditional images of luminous stars and galaxies. These mass
maps can be used to better understand the nature of the newly discovered and
mysterious “dark energy” that is driving the accelerating expansion of the
Universe. By looking at the entire accessible sky every few nights, the LSST
will provide large samples of events that we now only rarely observe and will
create substantial potential for new discoveries.

The LSST telescope, with its 8.5 m primary mirror and fast f/1.25, 3-mirror
design, offers unique design challenges driven by requirements for fast “slew
and settle” time, tracking accuracy, and tight alignment tolerances. It must be
possible to point the telescope quickly (<5 sec) and repeatedly to adjacent
field locations. The LSST camera is a wide-field optical (0.35-1 um) imager
designed to provide a 3.5 degree FOV with better than 0.2 arcsecond
sampling. The detector format will be a circular mosaic providing
approximately 3.2 Gigapixels per image. The camera includes a filter
mechanism and shuttering capability. It is positioned in the middle of the
telescope where cross-section area is constrained by optical vignetting and
heat dissipation must be controlled to limit thermal gradients in the optical
beam.

The LSST will produce the largest non-proprietary data set in the world, and
this data set will be made accessible through the Virtual Observatory (VO).
The “open data” approach, with no proprietary data or science, is a
precedent-setting aspect of the LSST project.

LSST, large focal plane, dark matter, survey.
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1. LSST CAMERA

1.1 Overall Description

The LSST camera is a wide-field optical (0.4—1 pm) imager designed to
provide a 3.5° FOV with better than 0.2 arcsecond sampling ([1], see Fig. 1).
The image surface is flat with a diameter of approximately 64 cm. The
detector format will comprise a mosaic of 16 Mpixel silicon detectors
providing a total of approximately 3.2 Gpixels. The camera includes a filter
changing mechanism and shutter. It is positioned in the middle of the
telescope where cross-section area is constrained by optical vignetting and
heat dissipation must be controlled to limit thermal gradients in the optical
beam. The camera must produce data of extremely high quality with
minimal downtime and maintenance.

M2 34m f/1.05

Flat 35 deg. FOV
0.64m dia. € /1.2

A
i

M1 8.4m /114

Figure 1. The LSST optical design.

The focal plane array operates at a temperature of approximately —100°C
to achieve the desired detector performance. The focal plane array is
contained within an evacuated cryostat, which incorporates detector front-
end electronics and thermal control. The lens L3 serves as an entrance
window and vacuum seal for the cryostat. Similarly, the lens L1 serves as an
entrance window and gas seal for the camera housing, which is filled with a
suitable gas to provide the operating environment for the shutter and filter
change mechanisms. The filter carousel can accommodate 5 filters for rapid
exchange without external intervention.

The camera mechanical mount (see Fig. 2) provides proper support and
registration to the telescope and incorporates provisions for adjusting camera
position and orientation to compensate for alignment variations with
telescope elevation. In addition, the camera axial position must be adjusted
to optimize focus at different filter wavelengths (the axial position of L2 is
similarly adjusted). Additional camera interfaces include electrical power,
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thermal cooling, and fiber optic connections for control and data interfaces.
The following sections describe these features in detail and discuss the
considerations leading to the current design conclusions.

Figure 2. LSST camera.

2. SENSOR DESIGN

2.1 Requirements and Design Approach

The LSST science goals lead to a set of challenging performance
requirements for the focal plane sensors, as shown below in Tables 1 and 2.
Of central importance are high Quantum Efficiency (QE) extending into
the near infrared and small contribution to the instrument Point Spread
Function (PSF) budget. The requirement for a large A2 leads to a large focal
plane area, which can be economically realized only by using silicon as the
sensor material. To achieve high QE in the near-IR, the sensor must be thick
because the absorption depth of silicon increases rapidly in this wavelength
range. However, increasing detector thickness degrades the spatial resolution
of the sensor due to two effects. Diffusion of the photo-generated charge
increases due to longer transit time to the collecting electrode. Thick sensors
also require sufficient substrate bias to fully deplete the device; otherwise,
lateral diffusion in the undepleted field-free region severely degrades the
PSF. A second cause of PSF broadening results from the fast focal ratio of
the LSST optics (f/1.2). For red wavelengths where the absorption length is
long, the light becomes defocused before it is fully absorbed, further
broadening the PSF. Other less pronounced drawbacks of thick sensors
include higher dark current and increased contamination from cosmic rays.



Table 1. LSST sensor requirements.
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Science Requirement

Design Implications

High QE out to 1000nm

thick silicon (> 75 pm)

PSF << 0.7”

high internal field in the sensor
high resistivity substrate (> 5 kQ-cm)
high applied voltages (> 50 V)
small pixel size (0.2" = 10 ym)

Fast /1.2 focal ratio

sensor flatness < 5um peak-to-valley
focal plane package flatness < 10 ym p-to-v
package with piston, tip, tilt adjustable to ~1 ym

Wide FOV

3200 cm? focal plane
> 200-CCD mosaic (~16 cm? each)
industrialized production process required

High throughput

> 90% fill factor
4-side buttable package, sub-mm gaps

Fast readout

highly-segmented sensors (~6400 output ports)
> 150 I/O connections per package

Table 2. LSST sensor requirements.

Allowable range Target Units
Pixel size 8-12 10 Hm
Flatness deviation 10 5 HUm
Aggregate fill factor (entire array) 90 95 %
Frame read time 3 2 S
Read noise 10 6 e
Full well 70000 90000 e
Output-output crosstalk .05 .01 %
Nonlinearity 7 5 %
Dark signal (95™ percentile) ¢ s
Charge memory .05 .02 %
QE at 400nm 55 60 %
QE at 600 nm 80 85 %
QE at 800 nm 80 85 %
QE at 900 nm 60 85 %
QE at 1000 nm 25 45 %
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2.2 Sensor Format, Readout Speed, and Readout
Segmentation

The LSST focal plane has a number of requirements and desired
characteristics that preclude the use of any existing sensor design ([2], see
Table 3). In addition to the need for extended red response and small point
spread function, the fill factor, full well capacity, and readout speed and read
noise of the sensor have the most impact on LSST science performance. Due
to the large (~3200 cm?) imaging area of the focal plane, a large number of
individual sensor units will need to be produced. Thus, reliability,
reproducibility, and compatibility with industrial fabrication methods are of
paramount importance as well.

The proposed approach to address these issues is a large format CCD with
highly segmented readout. Large formatting will minimize the number of
gaps between sensors in the assembled mosaic. To provide for a 2 sec
readout of the entire focal plane, it will be necessary to have multiple outputs
per CCD operating in parallel. As the number of outputs per CCD is
increased, the readout speed per output can be reduced, thus minimizing the
noise bandwidth. However, a correspondingly higher number of electronic
signal processing channels will be required. Output-to-output crosstalk must
be minimized, and reaching the required level is expected to be a challenge
for the electronics development.

A further advantage of segmentation is that it can be used to reduce the
impact of bloomed charge from bright stars. In a 15 sec LSST exposure the
charge from 16™ magnitude and brighter stars will exceed the pixel full well
capacity, resulting in blooming up and down the column. By choosing an
appropriate segmentation the length of the affected columns can be kept
small, so blooming from a bright star is contained to within no more than
.005% of the imaging area. Segmentation also substantially reduces the
power dissipation of the clock drivers.

It is assumed that the LSST sensors will be developed and produced by a
commercial vendor or vendors. However, using expertise that exists within
the collaboration a “strawman” design [3] of a large format, highly
segmented CCD design has been produced and will be discussed in detail in
Sec. 3. The geometry of the frontside electrodes has been chosen to be
consistent with contemporary CCD technology. It is anticipated that this
strawman design can be used as a starting point for negotiations with
potential CCD vendors leading to a contract for the production of the first
prototypes.
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Table 3. LSST sensor design parameters.

Parameter Value
Pixel size 10 pm
Format 4000x4000 pixels
Segmentation Eight 4000x500 pixel sub-arrays, 4 outputs each
Total no. of output amplifiers 32
Anticipated gain 3-5uv/e
Parallel clocking 4-phase (4 poly layers)
Serial clocking 3-phase
Contiguous column length 500 pixels (100 arcsec)
Guard ring 100 um
Pin count 208
Fill factor 96.5%

3. ELECTRONICS

The LSST focal plane represents a quantum leap in size and scope over
those in use in telescopes today. While both CMOS/PIN diode image sensors
and CCDs remain under consideration, we restrict our attention here to the
CCD option and for this design option. The readout electronics (see Fig. 3)
support 4K x 4K CCD sensors with 32 output ports per device (see Figures 4
and 5). With the exception of the front end module, comprising the front end
signal processing electronics, the remaining downstream electronics could
also accommodate a CMOS image sensor array.

The combined requirements of large size, high dynamic range, low noise,
and rapid readout time, dictates a highly segmented focal plane with
approximately 6,400 readout ports. This dictates a high degree of integration
for both the front end electronics, those which process the CCD output
signals and provide clocks, and the back end, which digitize the data, buffers
it, and transmits it off-camera via optical fiber.

A basic choice must be made to distribute functionality either within the
camera inner cryostat or outside it. A design with most of the electronics
outside cryostat would afford greater accessibility at the expense of a much
higher number of cryostat electrical penetrations. An analysis of connector
requirements indicates that for a system with two hundred 16 Mpixel CCDs,
about 20,000 cryostat penetrations would be required. To avoid this
excessive number of penetrations, a much more highly integrated strategy
with considerable electronics within the cryostat is preferred.

A second design driver is the low noise requirement, and in particular,
low feedthrough of digital activity back to the sensitive analog signals from




The Large Synoptic Survey Telescope 69

the CCDs. This dictates front end electronics located very closely to the
CCD ports with digital activity somewhat removed. It also dictates use of
low-level differential signaling both for analog and digital data transmission.

Finally, the entire LSST focal plane will be synchronous in operation,
which means that clocking for all sensors in the array will be synchronous to
the level of some tens of nanoseconds. This assures repeatability and
robustness against feedthrough and pickup. Timing generation will take
place within the timing/control crate under the command of the off-camera
control system.
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Back End Electronics
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Timing/control crate
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Figure 3. LSST electronics.
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Figure 4. LSST sensor segment layout.
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Figure 5. LSST CCD layout.

4. CCD VS PIN-CMOS TECHNOLOGY SELECTION

Both CCD and hybrid-CMOS technologies offer advantages and
disadvantages. The most significant advantages of PIN-CMOS would be
operating the camera without a mechanical shutter and windowing.
However, silicon PIN-CMOS devices with the required area and small pixel
size have not been proven in astronomy applications. In addition, technical
issues regarding the achievement of a reliable production process for large
format and fine-pitched hybrid arrays, and the cost and limited number of
potential suppliers also present special challenges for LSST. At this stage,
we are pursuing the development of CCDs as the baseline, with CMOS as
the backup. A vendor information package for the sensors has been prepared
and was distributed to both CCD and CMOS vendors in 2005. A request for
proposals (RFP) to develop LSST sensors has been issued to both CCD and
CMOS vendors. The technology down select will be made when we have
made an evaluation of responses to the RFP.
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5. TESTING PROGRAM

Testing will be concentrated on the most challenging parameters, which
are the key objectives of the R&D program:

e direct measurement of PSF due to charge diffusion (e.g., <3 pm rms)

e properties of multiport readout, such as readout noise (<5 rms ¢€’)
and crosstalk (<10-3) at the required readout speed (2 s)

e QE vs. wavelength (e.g., ~25-45% at 1000 nm)

e optical quality measurements of sensor flatness (<5 um peak-to-
valley).

Conventional phase measuring interferometry will be used to measure
sensor flatness [1]. It is assumed that the sensors will be fabricated in an
industrial process due to the large number required, e.g., ~250-300 including
spares. As a part of the manufacturing process most of the basic functional
testing is expected to be done by the manufacturer(s).

6. REFERENCES

[1]  LSST Corporation, The Large Synoptic Survey Telescope Design and Development,
proposal submitted to the National Science Foundation, December 2003, pp. J-22,
J-23.

[2] Groom, D.E., et al., 1999, Quantum efficiency of a back-illuminated CCD imager: An
optical approach, Proc. SPIE, vol. 3649, pp. 80-90.

[3] CCD Strawman Design,
http://www.inst.bnl.gov/~poc/LSST/strawman_geary.doc.

[4]  Study of Silicon Sensor Thickness for LSST,
http://www.inst.bnl.gov/~poc/LSST/Study%200f%20sensor%20thickness.doc.



72 D. Kirk Gilmore

John Tonry exudes the confidence of someone who knows that his Pan-STARRS
camera will be the first gigapixel imager on the sky.

Suffering from jet lag and lost luggage, Kirk Gilmore, who represented
the LSST, is overwhelmed by John Tonry’s talk.



OPTICAL DETECTOR SYSTEMS AT THE
EUROPEAN SOUTHERN OBSERVATORY

Dietrich Baade & Optical Detector Team

European Southern Observatory

Abstract: An introductory overview of recent, current, and future optical detector
projects at ESO is given. These projects fall into 3 categories: (i)
commissioning of detector systems with their host instruments (FLAMES,
HARPS, VIMOS, and UVES blue upgrade) and VLT 2 generation
instruments (MUSE and X-shooter), (ii) the wide-angle mosaic imager
OmegaCAM, and (iii) projects with a preparatory component for OWL
(adaptive optics and the New General detector Controller, NGC, for both
optical and infrared instruments). Their main characteristics, objectives, and
realization are briefly described.

Key words:  CCDs, detector controllers, adaptive optics, cryostat operation.

1. INTRODUCTION

In the 3 years since our previous status report [1], three themes have
dominated the work of the Optical Detector Team (ODT) at ESO. As
always, the first and main theme is the support of instrument development
for ESO’s La Silla Paranal Observatory (ESO established a formal policy
that the detector systems for all ESO instruments are developed and built by
ESO). This entailed the completion and commissioning of FLAMES,
HARPS, and VIMOS, the upgrade of the blue detector in UVES, and the
preparation for MUSE and X-shooter as 2™ generation VLT instruments.
The second theme, although logically only a subset of the first category, has
been the wide-angle CCD mosaic camera OmegaCAM, owing to the large
dimensions and complexity of the project. The third domain is VLT projects
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with preparatory elements toward Extremely Large Telescopes (ELTS).
Since ELTs are fundamentally dependent on the performance of Adaptive
Optics (AO), there is a gradual shift in emphasis from scientific imaging to
signal sensing applications. Another key stepping stone in this context will
be ESO’s New General detector Controller (NGC).

In principle, a 4™ pillar should be contributions to the operation of ESO’s
La Silla Paranal Observatory. However very low downtime of the ODT
systems deployed there and competent on-site support make this a very
minor field of activity.

2. MULTI-CONJUGATE ADAPTIVE OPTICS
DEMONSTRATOR (MAD)

As enabling technology for ELT’s, MAD [2] tests two different advanced
AO concepts (Shack-Hartmann and layer-oriented) for a field of view as
large as one arc minute. This requires the simultaneous usage of several
reference sources in the field, which are natural stars in the case of this
prototype system. One method employs 2 detector heads, whereas the other
employs 3 to be operated in tightly intertwined loops with frame rates of up
to 400 Hz. Since only one of the systems will be used at a time, one FIERA
is sufficient to support them. The total peak pixel rate is several Mpixel/s
and so exceeds the original specification for ESO’s standard CCD controller,
FIERA [3], by a few factors. Nevertheless, the read noise is less than ~7 ¢
for each of the 5 identical e2v CCD39 systems with 80 x 80 pixels and
2-stage Peltier cooling.

MAD will be commissioned jointly with the accompanying CAMCAO
camera, which deploys a Hawaii-2 detector at the beginning of 2006. The
MAD detector system is described in more detail by Reiss et al. [4].

3. A2"° GENERATION ADAPTIVE OPTICS
DETECTOR

Advanced AO systems for 8 m telescopes are based on at least 1000
degrees of freedom. As one degree of freedom requires 6 X 6, if not 8 x §,
pixels, detectors for these advanced AO systems require in the order 200
pixels on a side. Since the associated higher spatial frequencies also demand
faster temporal sampling, at least 1000 frames/s is mandatory. As a result,
the number of photons contained in each space-time pixel is so reduced that
the ability to detect single photons becomes vital even with very large
telescopes. In spite of very short exposure times, dark current is another
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concern because the use of high-efficiency cooling systems is excluded due
to the need to freely position AO units in the field of view.

Numerous European astronomical institutions, including ESO, have
joined forces in the OPTICON network to apply for funds from the
Commission of the European Union in support of the massive R&D work
needed to master the above challenges. The resulting grant was
supplemented by ESO and so permits the development of a custom-designed
detector. L3Vision™ technology from e2v was chosen as the baseline, which
was expanded to a split frame transfer chip design and 8 outputs to satisfy
the high speed requirements. The first of these systems will be used with
HAWK-I, a wide-field IR imager; MUSE (Sect. 5) requires the next four.

More in-depth information about the resulting CCD220, including a
number of special options, and cross-references to other publications under
the same OPTICON umbrella can be found in Downing et al. [5].

4. THE OMEGACAM WIDE-ANGLE CAMERA

The heart of the detector system of this 1°x 1° wide-angle imager [6] for
the VLT Survey Telescope (VST; [7]) is a 16K x 16K mosaic of 32 e2v
CCD44-82 chips. But the detector system is much more than a passive
photon sensor. It must also provide positional and wavefront information for
the telescope’s tracking and active optics systems respectively. To this
effect, two auxiliary pairs of 2K x 4K CCDs are installed on the mosaic
baseplate. Compared to conventional beam-splitter solutions, this has the
added the following advantages: (a) by using the same filter, the same
passband is used for science imaging, autoguiding, and active optics control,
while (b) the flux of the guide stars does not have to be shared between
different tasks. Moreover, the detector system controls the instrument shutter
[8].

OmegaCAM was designed with a stringent set of technical specifications.
Perhaps, the requirement of a very small back focal distance had the single
largest impact, which necessitated (i) that the instrument to be partly
surrounded by the M1 cell of the telescope and (ii) that the detector head be
deeply imbedded in the instrument. This imposed difficult geometrical
constraints on the detector head electronics. The obligatory use of FIERA
instead of a purpose-designed controller is an obvious constraint in the areas
standardization and maintenance on Paranal, but was not a booster of the
overall design. The mass and volume of the three FIERA and three power
supply boxes (two each for the mosaic and the other one for the auxiliary
CCDs) are tangible evidence of the limitations of the project.
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Substantial challenges also resulted from the survey-specific
requirements that observations over the whole accessible sky and at least 10
years will still be highly homogeneous. These include very careful shielding
against stray light, excellent planarity of the mosaic and its alignment with
other critical planes, precise centering of the dewar entrance window (which
serves as a field flattening lens), homogeneous thermal control, no cross talk
between unit detectors, etc. Moreover, OmegaCAM must be very reliable
because it will be the only instrument on the VST. A failure of this
instrument will inevitably imply an idle telescope.

Very careful planning and faithful adherence to the approved plans have
helped substantially limit the number and severity of problems at later stages
of the project. Because of the amount of liquid nitrogen and the large
number of CCDs (the replacement of which following an accident would
probably take at least 2 years), much attention has been paid to the safety of
operations staff as well as the equipment itself.

Iwert et al. [9] give a broad account of the history and status of the
OmegaCAM detector system (the commissioning is expected for the first
half of 2006). The liquid nitrogen-based, innovative cooling system, which
combines the simplicity of a bath cryostat with the effectiveness of a
continuous-flow cryostat, is detailed in Lizon and Silber [10] while
methodological spin-offs from the extensive testing of the unit CCDs are
developed by Christen et al. [11, 12].

5.  MULTI-UNIT SPECTROSCOPIC EXPLORER
(MUSE)

Twenty-four integral field units will enable this spectrograph [13] to take
a full celestial inventory over a field of view of 1 armin’, with an adaptive
optics-supported spatial sampling of 0.2 arcsec, and out to a redshift of 6.
On the VLT Nasmyth platform, there will be a battery of 24 separate
detector systems with 4K x 4K unit detectors (or 2 x 1 mosaics of 2K x 4K
detectors) with 15-micron pixels. Given the objectives for the range in
redshift, high red response is project critical. Equally important is that each
unit detector system contributes as little to the total mass and volume as
possible. Parts must be machined such that they can be assembled without
much measuring and adjusting. ESO’s new VLT 2™ generation detector
head will address these points. With most possibilities for failure replicated
24 times, reliability is another design driver. Finally, MUSE will be the first
optical instrument to be equipped with the New General detector Controller
(NGC,; Sect. 8). A prototype detector system must be ready in 2006 whereas
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the whole instrument will be installed at the VLT in 2011. Further
information about MUSE is provided by Reiss et al. [14].

6. X-SHOOTER

X-shooter [15] will be the first instrument at ESO to bridge the 1-micron
barrier. Its simultaneous wavelength coverage of nearly one dex from 0.3-
2.4 micron will be affected by two optical arms (with an e2v CCD44-82 in
the blue arm and an MIT/LL CCID-20 in the red arm) and one IR arm
(Rockwell Hawaii-2 RG). With no user definable parameters (except for
coordinates and exposure time), X-shooter will be especially suited to
respond rapidly, over an extreme wavelength range, and at medium spectral
resolution to ephemeral or highly variable point sources. For the two
optical arms, two independent virtual cameras will be defined by software on
one shared FIERA hardware. Following the final design review in the
summer of 2005, the instrument will be commissioned in 2008.

7. CRYOSTAT CLEANLINESS AND CONTROL

7.1 Plasma Cleaning

Contamination is one of the biggest threats to any optical detector
system. It is a textbook example of problems that are better prevented than
solved. This is easily possible prior to assembly. However if the dewar
must be reopened again later, this is where the dilemma begins. On the one
hand, there is a significant risk of contamination. However, cleaning by
means of the conventional washing and baking not only disrupts the project
schedule but can also open a Pandora’s box of new problems because
disassembling and re-integrating a detector system poses a large variety of
risks.

In ESO’s experience, plasma cleaning is the ideal method that not only
excels as a preventive measure but is extremely effective at cleaning fully
assembled cryostats. Only the detectors need to be removed because they
may not withstand the high field strengths. If electronics boards can be
easily removed, this is also recommended. The wall of the vessel can be
used as one of the electrodes, and the plasma can be ignited and observed
through the dewar entrance window. One full cleaning cycle of a large
cryostat such as the one of OmegaCAM [10] only takes about 10 minutes.
There are no operating costs.
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The method is explained, and tests and results are described, in Deiries,
etal. [16].

7.2 H,0 Exorcism

The ODT test bench permits two 2K x4K CCDs to be tested
simultaneously. When it was used to bake (60°C, 24 h) and oxygen-flush a
MIT/LL CCID-20 device, it was decided to install one of the OmegaCAM
CCDs for comparison. As expected, the low-frequency response non-
uniformity in the UV of the latter device was removed and the lower-
sensitivity regions were lifted to the higher sensitivity level of the other
regions, which remained essentially unchanged. To our surprise, the QE
between 300 nm and 550 nm of the OmegaCAM chip improved by a factor
of up to 1.5, which was uniform over the chip surface and only depended on
wavelength.

The limited experience obtained thus far suggests the following: The UV
quantum efficiency of the OmegaCAM detector can be toggled between a
low and a high state. The low state is assumed when the detector is kept
under normal atmospheric conditions for sometime. Baking under vacuum
conditions (10™* mbar) does not bring any improvement but combined with
oxygen at 1 bar it does. During subsequent storage for 2 months at 10™* mbar
and -120°C no significant degradation could be detected.

Further tests showed that the same effect as with pure oxygen can be
achieved with clean, dry air. This could mean that the improvement in UV
QE is not due to a chemical reaction but that the baking removes substance
from the CCD surface that is not easily re-adsorbed in the presence of gas.
A plausible candidate for this substance is water. The tests will be repeated
under more rigorously controlled conditions and will be extended to plain
nitrogen in particular.

7.3 New House-Keeping Unit PULPO2

The novel concept of the OmegaCAM dewar and its large size [10]
suggested that one should utilize a large number of temperature sensors for
diagnostic purposes (vertical temperature stratification and horizontal
homogeneity across the mosaic) although only 4 PT100’s are used for actual
thermal control. To this end, based on the well-proven PULPO house-
keeping unit, an all new PULPO2 was developed, which also features
enhanced heating capabilities for both normal operation and contamination-
preventing warm-up in case of a loss of vacuum or cooling. Other essential
features are the associated issuing of alarm signals to the Paranal Central
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Alarm System and the precise shutter timing. More information can be found
in Geimer, et al. [17].

8. NEW GENERAL DETECTOR CONTROLLER (NGC)

Between 1998 and 2008, a total of 30 FIERA and IRACE [18] systems
will have been deployed at ESO’s La Silla Paranal Observatory for optical
and infrared detector systems respectively. Good performance and high
reliability (the combined downtime of the FIERA hard- and software is of
order 0.5%) have been demonstrated in more than 10,000 nights of scientific
operation. On June 30, 2005, the ESO Science Archive Facility held a total
of 4.4 million raw files from the La Silla Paranal Observatory, of which
nearly 100,000 were acquisition images, suggesting that a similar number of
targets and fields having been observed.

Nevertheless, the above sections have already identified some limitations
of FIERA. These partly exist in a similar way for IRACE, with the additions
of the following: mass, volume, heat dissipation, insufficient range and
swing in voltage for more advanced detectors such as fully depleted CCDs,
speed, number of channels, system noise, obsolete components, etc.

In response to these and further challenges resulting largely from
adaptive optics and interferometry, ESO has decided to design and build a
new-generation detector controller that not only satisfies the above
requirements but will also be color blind and so serve both optical and IR
detector systems. This also acknowledges the fact that two parallel
successes may result in a larger total personal satisfaction but also incur two
costs.

Because of its broad range of applications, the system is called New
General detector Controller (NGC). A 4-channel prototype of the hardware
has already successfully ‘seen’ first light with a 256 x 256 PICNIC array
from Rockwell as well as with a CCD44-82 device from e2v. The detailed
quantitative characterization and improvement, the design and integration of
a 34-channel acquisition board, the extension to the needs of adaptive optics
[19], and the development of the associated control software [20], which will
include a substantial complement of test software, etc. will take most of the
coming 3 years.

NGC will be in operation until at least 2015 when the construction of the
Overwhelmingly Large Telescope (OWL) could commence. It will pave the
way of detector control into the ELT era, at which time it will become clear
what role ASICs will play and whether and where CMOS devices can
replace CCDs.
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A both wider and deeper overview of the NGC hardware is available in
Meyer, et al. [21].
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THE UKIRT WIDE FIELD CAMERA

Derek Ives
United Kingdom Astronomy Technology Centre

Abstract: The Wide Field Camera (WFCAM) has recently (in 2004) been commissioned
at the United Kingdom Infra Red Telescope (UKIRT) in Hawaii. The complete
system consists of a new IR camera with integral autoguider and a new tip/tilt
secondary mirror unit. The optical system operates over 0.7-2.4 ym and has a
large corrected field of view with a 0.9° diameter. The focal plane is sparsely
populated with 4 2K x2K Rockwell HAWAII-2 detectors, giving a pixel scale of
0.4 arcsec/pixel. A separate autoguider CCD is integrated onto the focal plane
unit. This paper summarises the performance of the camera system and more
specifically reports on some of the lesser known IR detector characteristics,
such as the reset anomaly and inter-channel cross talk.

Key words: HAWAII-2 arrays, detector characteristics, reset anomaly, inter-channel cross
talk.

1. INTRODUCTION

The Wide Field Camera (WFCAM) is mounted in a forward Cassegrain
position in front of the UKIRT primary mirror on its lifting plug. The
vacuum vessel is approximately 1 m in diameter and 3 m long. The overall
length to the field lens is ~5 m and the overall mass of the instrument is ~1.5
tonnes. A two stage closed cycle cooler is used. The first stage cools the
majority of the instrument (radiation shield, support structure, tertiary
mirror) to ~120 K. The second stage cools the focal plane unit to ~70 K.
Figure 1 shows the instrument as mounted in its final position on the
telescope. Key operating parameters and specifications of WFCAM are
listed in Table 1. The four IR detectors and autoguider CCD are positioned
at the focal plane and closely packed. This can be seen in Figure 2. This
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presented a challenge due to the lack of space around the detectors for
positioning components and connectors. The allowed footprint for each IR
detector PCB is only slightly larger than the ZIF socket holding the detectors
themselves. A flexi-rigid design was used for each detector PCB with
flexible sections linking the main board section to connectors for the
outputs/biases and clocks.

Table 1. Key instrument design parameters

Detector 4 x Rockwell HAWAII-2 PACE, 2x2 array, 94% spacing of active areas
Pixel scale 0.4 arcsec/pixel
Field of view 0.933° (single exposure, diagonal)

Image Quality =~ MTF > 0.5 at 1.2 cycles/arcsecond

Broad band - Y (1.00-1.07 um), J98 (1.17-1.33 um),
Filters H98 (1.49-1.78 pum), K98 (2.00-2.37 um)
Narrow band - H2 (2.122 um)

Figure 1. WFCAM mounted on telescope. Figure 2. The final focal plane assembly.

The four IR detectors are each controlled using their own 32 channel
ARC-III controller. The controllers are highly synchronized using a master
clock and frame start pulse scheme to ensure that they clock the arrays at
exactly the same time to avoid clock coupling between detectors. However,
the autoguider CCD is operated asynchronously to the IR detectors. We
typically run this E2V47-10 device at 100-200Hz windowed frame rates to
feed corrections to our tip-tilt secondary mirror system. We do not see any
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clock coupling between the autoguider clocks and the IR detectors even
though the devices are mounted in close proximity to each other. We did
mount the CCD completely inside a “Faraday” enclosure, even coating the
window with Indium Tin Oxide on both sides. We mounted the window
using an electrical gasket to the rest of the enclosure. We reduced all the
CCD clock swings to the minimum voltage required for correct operation.
This does reduce full well, but this is not an issue for our autoguider system.

2. STANDARD DETECTOR CHARACTERISTICS

We have characterised 7 detectors for the project. A summary of the
typical performance parameters for all the detectors is given below for
completeness.

Operating temperature - 75K

Pixel rate - 180 kHz

Frame readout time - 0.73s

Detector bias (Vreset) - 1.0V

Transimpedance - 3.6uV/e

Gain change v. Signal - ~2%(10-90% full well)
Read noise (pixel-to-pixel) - 15 ¢ (rms)

Full well - 180 ke’

Non linearity - ~2%(10-90% full well)
QE (JHK) - >80% reported

3. OTHER DETECTOR CHARACTERISTICS

The remaining sections focus primarily on lessons learnt from operating
these detectors. Some of features of these detectors have been previously
described in other publications but I felt it worth revisiting from a slightly
different perspective and describe what was seen with the particular
detectors on our project.

3.1 Reset Anomaly

The reset anomaly has been described numerous times at other
conferences [1,2]. The chief component of the reset anomaly is a large
intensity ramp at one edge of each quadrant. The edge where the reset
anomaly is largest is also where the array readout electronics are located.
A typical Correlated Double Sample (CDS) bias frame from one of our
detectors is given in Figure 3, showing the typical profile from the edge
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inwards. The ramp drops from approximately 1000 ADU from the edge to
0 ADU near the centre. This is typical for most devices; however we have
also seen devices where the maximum value of the profile is at least a factor
four to five improved. More of a concern is the instability of this profile
across the detectors for consecutive reads. In standard observing we subtract
a dark and bias frame flattening the profile. However we find that when we
subtract consecutive CDS images the profile does not flatten out, but is
unstable. Figure 4 shows the images and profiles for three consecutive CDS
frames, subtracted from each other as described.

Solutions for this have been reported elsewhere [2]. These usually consist
of running read or reset frames that have the same execution time as real
reads and are then be dumped. However, for our wide field imager we
typically only do simple correlated double samples, an extra frame time
would reduce the readout efficiency by 33%. Our solution is, therefore, to
perform extremely fast reads of all the pixels in the array using standard read
routines. However we do not settle or digitize for each pixel. This typically
takes approximately 0.1 s to complete. We do this twice only after the
resetting of the array, which adds 0.2 s to our CDS time of 1.4 s. This
process is therefore more than twice as efficient as other methods for
reducing the reset anomaly.

NORD/THSF V2.12,2-DP0NT djiRalia Mad 03:14:27 18-Hay-2005
rorORI R Vestor 10,5,1534.5 to 1014.5, 15345 nmecape; 200

Figure 3. CDS bias frame showing reset anomaly profile.
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CDS2 - CDS1

CDS3 - CDs1 CDS3 - CDS

Figure 4. CDS subtracted frames, indicating instability caused by reset anomaly.

3.2 Low Frequency Banding
Once the reset anomaly fix has been implemented, another issue with

subtracted CDS frames arises. This is low frequency banding [1]. This
banding is shown below in Figure 5.
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Figure 5. CDS subtracted frames, with fix for reset anomaly implemented.

In our system the bands are +/-20e p-v. As reported in previous papers
this banding can be corrected using the average of a few columns for one
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quadrant to flatten the image. In Figure 5 we see that the peaks and valleys
occur at exactly the same places in the four quadrants of the detector so the
correction from one quadrant can be used to correct the other three quadrants
also. In our system we synchronise the readout for four detectors and see
low frequency banding on all four detectors. However the peaks and valleys
occur at different places on the different detectors. Thus each detector must
be corrected separately.

On an imager such as WFCAM, in a crowded star field, there may be
many stars near the edge of the detector which would not then allow this
edge to be used for the correction described. It may therefore be sensible to
design an under scan region onto each detector. This could take the form of a
simple mask which sits above the detector as part of a radiation shield and
blanks off a few columns of one quadrant of each detector on a mosaic.

33 Inter Quadrant and Channel Cross Talk

We have seen inter quadrant cross talk on our detectors where a hot spot
or projected image on one quadrant has “ghost” images on the other three
quadrants. We were able to completely eliminate this type of cross talk by
separating the analog supplies for each quadrant of the detector. However we
do still see inter channel cross talk, where a hot spot on one of the eight
outputs on a quadrant will produce “ghosts” on the other seven outputs of the
same quadrant of a detector. The ghost images at either side of the projected
spot are approximately 0.1% of the projected spot level and spots further
away from the projected spot and either side of it are at the 0.02% level.
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SYSTEM DESIGN OF DETECTOR SYSTEMS
FOR A MAJOR CHINESE MULTI-OBJECT
SPECTROSCOPIC SKY SURVEYOR

Binxun Ye and Binhua Li
Research Labs for Astronomy, National Astronomical Observatories, CAS

Abstract: Based on a comprehensive description of the Major Chinese Multi-Object
Spectroscopic Sky Surveyor Project and its requirements for the detector
systems, recent system design work was introduced to emphasize some special
considerations. With a reflective Schmidt-type camera in the spectrograph,
which was configured such that CCDs must be in the middle of the optics and
confined between two cross beams, the cryostats were physically limited. In
addition, CCD chips had to be positioned 6 mm behind the field lens with
10.10 mm accuracy. To operate 32 CCD cameras in a limited space in total
darkness and an air-tight environment, a variation of a recently developed
Astronomical Array Control & Acquisition System was adopted. This model
allowed all the controls and acquisition done via LAN to meet the control and
data flow requirements defined by the Observing Control System (OCS-1) of
the project.

Key words:  MOS, detector system, CCD camera, system design.

1. INTRODUCTION

The ambitious project to build a Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) is in development in China [1]. The
project aims to unveil the large scale structure of the universe through
spectroscopic surveys of extra-galactic objects, and the structure of the
galaxy by stellar spectroscopic survey.
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The telescope was configured as a 4 meter meridian Schmidt system with
an active reflective corrector to obtain a 5 degree FOV. 4000 optical fibers
will be applied on the focal plane to feed light to the spectrographs. It will
take galactic spectra of 2 x 107 and stellar spectra of 1 x 10°* objects down to
a magnitude of 20.5 in 3 years, covering the spectral range of 390-900 nm
with a resolution of about 1 nm. Completion of the telescope is foreseen in
2007 and will be installed at the Xinglong station (117°34'.5E, 40°23'.5N) of
the National Astronomical Observatories, surveying the sky north of -10°.

2. THE SPECTROGRAPHS

The optical configuration of the low resolution spectrograph is basically a
Schmidt system. No matter plane, aspheric, or VPHG grating has been
selected [2]. For 4000 fibers, 16 such spectrographs are required. Each
spectrograph is built upon a 1.3 x 2.2 meter vibration-isolated optical table.
A dichroic beam filter reflects the blue light (370nm ~ 590nm) from the
collimator to the blue wing camera while the red light (570nm ~ 900nm)
transmits through a dichroic filter and then feeds red wing camera optics.
Such arrangement leads folding beams which prevent any extension of the
camera header along the axial direction of the camera optics. Limitations
arise from the obstruction within the Schmidt optics of the camera, causing
all dimensions of the camera header to be limited to 100x100x100 mm or
less. Fibers are aligned at the focus of the collimator mirror. Light exiting the
fiber should be at f/5 from telescope, but expands to f/4 due to focal ratio
degradation. A mechanical slit was placed at the opening of the fiber line.
When observing bright star objects, the slit could be cut in half for higher
spectral resolution. A shutter for controlling the exposure also resides there.

3. SYSTEM DESIGN OF THE CAMERA SYSTEMS

Due to delays in the development of the detector system, the design
philosophy of the camera system will adhere to simple configurations. These
are practical and dedicated designs for reliable operation based on a clear
definition of interfaces to the spectrograph and Observing Control System
(OCS-1) of the project.

3.1 Basic Design Parameters

Numerous rounds of talks were made with the project team to understand
their scientific requirements in depth, and these translated to technical
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requirements. The general technical requirements for the detector system are
shown in Table 1.
Table 1. General technical requirements of the camera systems.

A pair of cameras to cover the spectral range of 390nm ~ 900nm with
Spectral resolution of 9 A at the dispersion of 80A/mm; each spectrum is of
112 pm high and 250 spectra per a CCD frame.

The image of a $320 um fiber at the CCD surface is an elliptical shape
with 100 um at spectral dispersion and 120 um elongating in the space
direction. For observing a 20™.5 galaxy with 1.5 hour exposure, the
Photonic average photons falling onto the CCD surface is ~1571 with 16562 from
the sky and should yield SNR=12; while for a 17 ™ star at reduced fiber
aperture, 12019 star photons fall onto the CCD with 5043 from sky for a
SNR of 92. In all the cases, 1% linearity is expected.

The outline of the camera header inserted into the Schmidt optics must
be within 100x100%100 mm; section areas of connecting cold fingers
Dimensional | and harness must be minimized to reduce the obstruction loss of the
optical rays. CCD surface must be positioned exactly 6 mm behind the
field lens with a tolerance of £0.1mm.

Camera headers and controllers will be operated in a remote, hard-to-

o tional access room. All the control commands and data flow are obtained via
erationa
P LAN. Maintenance service will also be limited hence high reliability is

required.

3.2 CCD chip

A CCD203-82-1 CCD chip made by e2v technologies was selected for the
cameras. This chip’s characteristics meet the requirements of the system, and
were also adopted for the budget reasons. Table 2 offers specifications that
are closely related to our system design.

3.3 Cooling

A mixed-gas Joule-Thomson (J-T) cryo-refrigerator (MJTR) built by The
Technical Institute of Physics and Chemistry (TIPC) [3], will be integrated
into the camera head for cooling the CCD device. It can cool the chip to
-120°C with a high coefficient of power (COP > 0.15). High reliability and
easy operation was another consideration in adopting this cryo-refrigerator
for long life and low maintenance. TIPC will also engage in the detailed
dewar design and the mechanism to ensure precision positioning of the CCD
chip. A detailed document describing the requirements of the cryostats for
the detector system was filed with TIPC along with a management plan.
Table 3 shows the major requirements.
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Table 2. Specification of the System Design.

For blue cameras For red cameras
Type number CCD203-82-1-C60 CCD203-82-1-C59
Format 4096x4096
Pixel size 12umx12um
350nm 40% N/A
400nm 75% 20%
OF 600nm 80% 80%
700nm 50% 80%
800nm 15% 80%
1000nm N/A 10%
Readout Noise Se @200Khz, 8¢ @1 Mhz
CTE Both parallel and serial: 0.999999
Dark current@173K 10 ¢”/hr max.
Non-linearity 1% max.
Number of functional outputs 4
Serial register dump drain yes
Deferred charge 3¢’ max.
Surface flatness +15um

Table 3. Major requirements of the system.

Camera header dimensions 100x100x100 mm
Camera header weight <3000g
Camera header out finish black No scattering
Vibration induced from < lum Any freq.
compressor
Environments 20°C £1°C/day, 60% humudity

CCD Working Temp.

-100°C"+0.1°C
within 24 hours dT/dt<0.05°C/hr;
RS422 output of the temperature;
Cooling and heating at a rate of

working temp. can
be set between 80°C
and 120°C

<1°C /min
Extra cold surface For trapping residual contaminants No frost on the
V. 105 T surface of the field
acuum ~ orr lens
34 Controller

A modified version of the Astronomical Array Controlling and
Acquisition System (AACAS) was recently developed by Research Labs for
Astronomy. NAOC is the CCD controller of the detector system (see [4] for
details). Figure 1 concisely demonstrates the system design work.
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Figure 1. AD: A/D converter, AP: Analog processor, BS: bias voltages, CK: clocks, EB:
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embedded processor, PWR: power supply unit.
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Binxun Ye and AG Davis Philips demonstrate the international comraderie that is a
hallmark of this workshop.

The workshop participants rest their feet and learn about Taormina’s history while
sitting on ancient seats in the Teatro Greco (Greek Theatre).



NEAR DIFFRACTION LIMITED VISIBLE
IMAGING ON 10 M CLASS TELESCOPES WITH
EMCCDs

Craig D. Mackay
Institute of Astronomy, University of Cambridge

Abstract: Lucky Imaging is the only method of generating near diffraction limited
imaging from the ground in the visible over arc minute fields of view. This
paper examines the methods used and results obtained on a 2.5 m telescope. It
will also discuss a novel approach using techniques borrowed from radio
aperture synthesis techniques, which should allow near diffraction limited
images to be obtained in the visible with 10 m class telescopes. The technique
uses an array of photon-counting EMCCDs using Lucky Image Selection. The
paper begins by describing the design and construction of a camera dedicated
to the operation of EMCCDs at high pixel rates in photon counting modes.

Key words: EMCCD controller, Lucky Imaging, high resolution imaging, adaptive optics.

1. INTRODUCTION

We have developed a new technique of achieving high angular resolution
imaging from the ground, which we call “Lucky Imaging”. We accomplish
this by running a camera at speeds high enough to freeze the atmospheric
seeing. Provided the telescope being used is not too large, there is a finite
probability that the phase errors that normally degrade the image will
spontaneously become close to zero and a near-diffraction limited image will
be obtained. By looking at a reference star within the field of view images
may be graded according to a variety of quality criteria. The best images are
selected and combined to produce a much higher resolution image than
would be possible if all the images had been used. The technique has been
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made possible by the development of EMCCDs, which are essentially
conventional CCDs with additional amplification stages in the output
register. This allows considerable levels of gain to be achieved before the
on-chip output amplifier. The consequent reduction in equivalent readout
noise enables Lucky Imaging without the enormous noise penalties that are
normally associated with the addition of large numbers of conventional high-
speed CCD images. The core of our Lucky Imaging camera system is the
CCD camera and its controller. We will describe in some detail the design
criteria that were used and are, we feel, most appropriate to cameras using
EMCCDs in high-gain mode accounting for individual photons.

2. A NEW CAMERA FOR EMCCDs

We have developed a new camera specifically for driving EMCCDs at
pixel rates up to 35 MHz in photon counting mode. There is considerable
variance in the amplitude of each photon event. This relaxes the requirement
to design very high precision electronics compared to driving a conventional
slow-scan wide dynamic range camera. Our design uses a Kodak KSC-1000
sequencer that provides control flexibility at pixel rates of 4-60 MHz.
We have used the latest integrated circuits developed for commercial digital
camera use extensively. These include high-speed clock drivers and inte-
grated CCD signal processors that provide preamplifier, double correlated
sampling, and analogue to digital conversion in a single low-cost package.
Generally we have found the performance of these devices to be extremely
good.

The most novel aspect of an EMCCD controller design is the high-voltage
clock driver. The e2v technologies devices require a voltage swing in excess
of 40 V. The manufacturers suggest using a sinusoidal driver which can be
designed to minimise power consumption. However, such a circuit needs to
operate continually, which is not simple unless it was designed in association
with the sequencer architecture. The other possibility is to use a switch
circuit. Figure 1 shows the general layout we have found successful. It is
essential that the two enhancement mode FETs are closely matched. If the
two transistors are turned on simultaneously for only a nanosecond the
currents are extremely high, causing components to emit a lot of noxious
smoke. This schematic uses some of the components and structure suggested
on the datasheet for the Texas Instruments TC285 Impactron device. Note,
however, that their suggested transistors are not very well matched causing
the circuit to perform less well than expected. The devices shown in Figure 1
are manufactured by Vishay-Siliconix. Careful attention to layout and
thermal management is essential. The schematic shown provides a 40 V
square wave with a rise time of 12-15 ns.
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Figure 1. The schematic of the high-voltage clock driver used for EMCCDs in the present
controller design.

3. LUCKY IMAGING: PERFORMANCE SUMMARY

A telescope is an instrument that deflects rays of light from a distant star
or galaxy to form a sharply defined focused image. In space, a telescope will
produce an image whose resolution is only limited by the diameter of the
telescope, mirror quality, and the wavelength of light focused. In the case of
a ground-based telescope, however, refractive index fluctuations in the
atmosphere cause light to be deflected slightly so the focused images
become slightly fuzzy. Atmospheric fluctuations change fairly rapidly, on
timescales of tens of milliseconds, causing the quality of the focused image
to change rapidly. By using a high-speed camera we can choose the images
that are least affected by the atmosphere and combine them to give a much
higher resolution image then if they were simply added together irrespective
of their quality. By doing this we are selecting those fortunate moments
when fluctuations in the atmosphere are at a minimum. This is what we call
“Lucky Imaging”. Lucky Imaging techniques may be used for both
astronomical observations with telescopes and for ground-ground imaging,
such as surveillance work with long focus lenses.

Lucky Imaging is not a novel idea. It was originally suggested by Fried
and these principles have been used extensively by amateur astronomy
communities who have been able to take very high quality images of bright
objects such as Mars and the other planets. The results of Lucky Imaging can
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be quite dramatic. The effects of atmospheric density fluctuations cause
limitations in the detection of detail. Using a large diameter telescope will
allow one to gather more light, but will not increase the detail in the image
once a certain size has been reached. This depends on local atmospheric
conditions, which vary daily, and the wavelength of light used. For typical
atmospheric seeing of about one arc second this limits the maximum
(uncorrected) resolution to that obtained in the visible with a telescope of
only 10 cm diameter. With Lucky Imaging we can increase the maximum
resolution that can be achieved from the ground by factors of as much as 5-7.
With a ground based 2.5 m telescope we can match the resolution obtained
by the 2.5 m Hubble Space Telescope, at a tiny fraction of the cost.

4. HIGH RESOLUTION IMAGING ON 10 M CLASS
TELESCOPES

Using Lucky Imaging we have been able to produce images which
approach Hubble resolution from the ground. The possibility of exceeding
this resolution from the ground is scientifically interesting- something which
should be possible simply by wusing larger diameter telescopes.
Unfortunately, the probability of the phase averaging out vanishes with
bigger telescopes and different approaches must be used. Adaptive optics
have been utilized extensively on larger telescopes with rather limited and
relatively disappointing success. Our Lucky Imaging studies have shown
that the nature of atmospheric turbulence is much more complicated than
traditionally assumed by the builders of AO instruments. The phase across
the aperture often has quite significant steps in many places, which are
impossible to follow with a correction element that must be continuous at
each point. Our conclusions from Lucky Imaging are that those parts of the
aperture that have essentially unusable phase structure should be temporarily
excluded from the imaging process. In principle, this could be performed
with a Lucky Imaging system behind an adaptive optics unit. Another
approach would be to break up the aperture and monitor the quality of
imaging through each component part before allowing it to be used in the
final image synthesis. We believe this approach will be most successful in
allowing routine high resolution imaging from the ground on 10 m class
telescopes. The methodology for this is shown in Figure 2.

If we imagine a segmented telescope, such as the Keck telescope, we can
direct three telescope elements onto a single detector. Provided these
elements are correctly phased (and this is not difficult to achieve), the
detector will view the normal star field with every unresolved object such as
stars crossed with Michaelson interference fringes representing interference
between the light from each element in the triad.
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Figure 2. The light from sets of three or four apertures is combined to provide constructive
interference on each individual detector.

Atmospheric fluctuations will cause the fringe pattern visibility to change
from moment to moment. We use Lucky Imaging techniques to allow us
select the moments of highest visibility. As with conventional Lucky
Imaging we require a reference star in the field that is bright enough to allow
us measure the fringe visibility. Such a star would typically have a limiting
magnitude of approximately V=16.5. We can use the moments fringe
visibility is reduced by compensating the detected fringe visibility in
proportion to the loss in visibility on the reference star. What is detected is
three components of the Fourier transform of the two-dimensional sky
brightness distribution.

Each set of three elements of the telescope is directed to a different
EMCCD detector system, which will then detect a further three components
of the Fourier transform of the sky brightness distribution. At the end of the
Lucky Imaging exposure we will have a good measure of all necessary
components to undertake a successful Fourier inverse transform and generate
a high resolution output image. The technique is essentially identical to that
used by radio astronomers who use radio aperture synthesis to make high-
resolution maps of the radio sky. They use the technique because they
require telescopes many kilometres in diameter to achieve good resolution.
We realise that we cannot rely upon the telescope to combine different parts
of the wavefront entering the telescope because the corrugations in the
wavefront make it impossible for the telescope to produce a high-resolution
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image. We are monitoring the quality of the phase front in different parts on
a moment to moment basis and only using those moments when the
wavefront within each of our three elements can provide a good, sharp
image. Other sets of three elements will have good moments at different
times, but eventually they will be able to determine what is true wavefront.

S. CONCLUSION

EMCCDs show considerable promise for revolutionising the business of
achieving high resolution imaging from the ground. We have used Lucky
Imaging technique successfully on 2.5 m class telescopes and believe that
the methods described above will allow similar results to be obtained at high
resolution on larger telescopes.
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NOD & SHUFFLE 3D SPECTROSCOPY
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Abstract: We present first results from nod & shuffle 3D spectroscopy, obtained with
the PMAS instrument at the Calar Alto 3.5 m telescope in southern Spain.
The nod & shuffle technique for accurate sky background subtraction has
proven essential for the spectroscopy of faint surface brightness objects,
which would otherwise be unobservable with conventional techniques. We
present results from two applications: (1) measuring the line strengths of the
calcium triplet lines in the optical near infrared for stellar population studies
in elliptical galaxies, and (2) measuring faint diagnostic lines in the haloes of
planetary nebulae to study the mass loss history of stars at the AGB. We
present work in progress for these projects, which have yielded reliable Ca
triplet gradient in an elliptical galaxy (NGC221) out to one effective radius
for the first time, and unprecedented sensitivity in the case of haloes of
planetary nebulae.

Key words:  Integral field spectroscopy, calcium triplet, elliptical galaxies, haloes of
planetary nebulae, AGB mass-loss history.

1. INTRODUCTION

PMAS, the Potsdam MultiAperture Spectrophotometer, is an integral
field (“3D”) spectrograph, which has been in operation at the Calar Alto 3.5
m Telescope since 2001 [1]. The instrument is optimized for the UV-visual
wavelength range from 0.35 to 1 um, and offers two different integral field
units (IFUs): a fiber-coupled lens array (LARR) for contiguous, seeing-
limited sampling with 16x16 spatial elements (spaxels), covering a field-of-view
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(FOV) from 8x8 arcsec’ to 16x16 arcsec’, depending on the choice of
magnification, and a bare fiber bundle (PPAK) with projected fiber
diameters of 2.7 arcsec, covering a hexagonal footprint of 65x74 arcsec.
While the FOV of the LARR IFU is relatively small in comparison with
other existing instruments, it has demonstrated excellent sampling
properties, enabling PMAS to record the point-spread-function of point
sources with a centroiding accuracy on the m.a.s. level. PPAK, however, is
presently the largest FOV IFU available worldwide. Combined with the
large light-collecting area of its spaxels (2.7 arcsec fibers), it is an ideal
instrument for low surface brightness objects, surpassing even 8 m class
telescopes with conventional slit spectrographs and other integral field
spectrographs [2].

The fiber spectrograph has a field of view of 60x60 mm?® which is
ideally suited for a 4Kx4K 15 um detector, providing 4096 pixels in the
spectral direction, and the same number along the spatial direction. This is
rather generous for the relatively small number of 256 spectra of the lens
array, and sufficient for the 331 spectra of the PPAK IFU. The spacing for
the former is 14 pixels per spectrum, which allows for an extra spectrum
between each pair of nominal spectra without introducing significant
crosstalk. Given this arrangement of spectra for the lens array IFU, a special
variant of Nod & Shuffle (N&S) spectroscopy proposed by Glazebrook &
Bland-Hawthorn, which makes use of this space, was introduced at the
previous detector workshop SDW2002 [3]. The PMAS variant simply shifts
the entire CCD image by 7 rows up and down the parallel charge transfer
direction between sky and object exposures, thus resulting in an interlaced
pattern of object and sky spectra (Figure 1).

1 object
(x16)

sky
(x16)

AdhddAdAAAAAAAARAL

Figure 1. The interlaced N&S scheme used for the PMAS LARR IFU.
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This arrangement has the advantage of 100% detector efficiency for
object+sky spectra, as opposed to 66% of the conventional technique, which
uses one third of the available detector space as storage area. Also, the
charge transfer occurs over just 7 rows, reducing sensitivity to low charge
transfer efficiency. This new interlaced N&S mode of operation was
commissioned at Calar Alto in 2002 and is now available for common user
programs. Here we describe the first results from two applications: (1)
measuring the line strength of the Calcium triplet lines in the optical near
infrared for stellar population studies in elliptical galaxies, and (2) measuring
faint diagnostic lines in the haloes of planetary nebulae, to study the mass
loss history of stars at the AGB.

2. THE CALCIUM TRIPLET IN ELLIPTICAL
GALAXIES

As proposed by Dressler [4], the Ca II triplet lines at 8498A, 8542A, and
8662A can be used as excellent diagnostic tools for measuring the
kinematics and metallicity in elliptical galaxies. Such data would provide
important observational tests for theoretical scenarios of galaxy formation
and evolution. In this context, it would be particularly important to measure
the lines’ strength as a function of galactocentric radius. However, the Ca II
lines are located in a wavelength region which is heavily affected by bright
OH night sky lines, rendering the spectroscopy of faint surface brightness
regions unreliable, i.e. in particular at large radii, which would be necessary
for the determination of a line strength gradient. The situation is illustrated
with an example for the dwarf elliptical NGC221 (M32), shown in Figure 2
as a 2MASS image at 1.2 pum (obtained from NASA/IPAC), and a
corresponding surface brightness plot obtained as a horizontal cut through
the center of the galaxy. The two crosses indicate positions of the center and
of the effective radius, where the surface brightness drops by more than two
orders of magnitude.

First of all, 3D spectroscopy provides a significant advantage over
classical slit spectroscopy, since binning of spaxels can be used to improve
the Signal-to-Noise Ratio (SNR) in low brightness regions quite dramatically
([5], see Figure 3). Secondly, spectroscopy in the faint outskirts of the galaxy
will be sensitive to systematic errors occurring during the process of
sky background subtraction, in particular at the wavelengths of bright night
sky emission lines [6]. This is where the N&S beam switching technique
provides an invaluable gain over the conventional method of obtaining
object and blank sky frames at different times, as the quasi-simultaneous
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N&S exposure of object and sky can be evaluated with practically zero
residuals, even at the brightest sky lines (see Figure 4).
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Figure 2. 2MASS image and surface brightness profile of NGC221.
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Figure 3. IFUs allow the coadding of several spatial elements to improve the SNR. Sky
spectra are obtained at a blank field near the object. N&S observations involve
telescope offsets form object to sky, and vice versa, while shuffling charge on the
CCD as shown in Figure 1.

In a project by J. Cenarro (PI), N. Cardiel, and collaborators, to study
calcium triplet gradients in elliptical galaxies, PMAS data for a total of 11
objects have been obtained from 3 observing runs in August 2003, January
2004, and May 2005. Here we present first results for the galaxy NGC221.
Figure 5 shows the Ca II line strengths as a function of radius as obtained from
single spaxels (from the center to ~ 4”) , from coadding 15-17 spaxels (the 5
plots symbols with small error bars between 4” and 10”), and by coadding
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the entire IFU (256 spectra) at 36” (one effective radius). Note that binning
improves the SNR significantly at 4°< r < 107, even when the surface
brightness has decreased with regard to the inner region. This is particularly
obvious in the outer bin at 36”, where a nominal SNR gain of 16x has been
achieved. The error bar is of the same order of magnitude as for the central
unbinned spectrum. Clearly, opening the slit to a width of 16 arcsec to
achieve the same effect would be impractical for conventional spectroscopy.
Translating the SNR gain into light collecting power, the equivalent in terms
of telescope size would be a 14 m telescope (as opposed to the 3.5 m
telescope used for these observations!).

Figure 4. Sky subtraction with N&S spectroscopy, example for NGC221. The subtraction of
sky from galaxy+sky is performed arithmetically at the level of corresponding
CCD pixels, which have experienced nearly identical optical transmission and
atmospheric observing conditions between object and sky subexposures (for
technical details [3]). Data reduction and analysis performed with the reduceme
package of Cardiel [7]. Note: This plot is shown in color in the reference plot

section in the front of these proceedings.

To our knowledge, this the first time that a reliable Ca II gradient with
accurate sky subtraction has been measured for an elliptical galaxy. The
surprising result is that the abundance gradient is flat, which is in contrast
with the known Mg index gradient for this galaxy [7]. Work is in progress to
reduce and analyze the full sample of objects, to investigate whether this is a
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peculiar property of NGC221, or whether other objects show the same
phenomenon. We conclude that this is a most striking and unexpected first
result, which may have a significant impact on the understanding of stellar
populations in elliptical galaxies, and scenarios of galaxy evolution in
general.
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Figure 5. Ca Il line strength as a function of radius for NGC221.

3. FAINT HALOES OF PLANETARY NEBULAE

Planetary nebulae (PNe) indicate that the last phases of stellar evolution
of low to intermediate mass stars (up to 8 solar masses), when the star has
consumed all of its fuel for nucleosynthesis, move to a position in the HRD
diagram on the tip of the Asymptotic Giant Branch (AGB), where it is
extremely luminous, yet has a low surface temperature and looses copious
amount of matter through strong dust-driven stellar winds. This mass-loss
phase is of considerable interest for our quantitative understanding of the
cycle of matter in galaxies, and the enrichment of the interstellar medium.
However, the theory of mass-loss on the AGB is complicated, involving
chemical processes of production and destruction of dust, stellar pulsations,
and so forth. To date, different treatments of these problems have only
provided largely discrepant predictions, which is why observational tests are
badly needed. The PN phase, however, which follows the final period at the
tip of the AGB, offers a unique diagnostic opportunity. The nebula forms
when the remainder of the star shrinks and heats to temperatures of between
10* to 10° K and thus ionizes the previously ejected matter. Measuring the
temperature, density, and chemical composition as a function of radius
throughout the nebula, would, in principle, allow one to study the different
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shells as fossil records of the mass-loss history over long periods of time.
While the inner parts of PNe are usually bright in a rich spectrum of
emission lines and well accessible for plasmadiagnostic tools. The most
interesting early phases of mass-loss are recorded in the extremely faint
haloes of PN, which have typically surface bright-nesses on the order of
107 to 10™"® erg/cm?®/sec/arcsec” or fainter, even for the most prominent lines
like e.g. Hot, or [O III] 5007 A. For the same reasons as explained in Sec. 2,
we have employed the PMAS LARR IFU and the N&S mode of observation
to increase sensitivity and sky subtraction accuracy for this challenging task,
which would otherwise require substantial dark time at 8-10 m class
telescopes with conventional slit spectrographs for any hope for success.
Figure 6 illustrates, for an extreme case, the contrast between the faint halo
emission lines (bottom spectrum), which measure on the order of 1/100 of
the sky continuum, which essentially is a solar spectrum with a wealth of
absorption lines (top), e.g. the prominent Ca H+K feature, and many others.

T v T

P il

wﬂ 'l ﬁmmw )"

| P 3
2 A Y e R AT i -

3800 1800 AD0G 120

Figure 6. Sky spectrum in the blue (top), object (bottom).

These spectra are extreme in the sense that the observations were
obtained 4 days from a full moon, i.e. very strongly background-limited.
However, the example demonstrates the power of binning and N&S
spectroscopy. As shown in Figure 7, the blue spectra obtained from the halo
region outlined in the insert of Figure 8 (reconstructed map in [O II]
3727/3729 A), where the PMAS guiding camera frame (narrowband Hor)
shows no trace of emission, are just presenting noise, if only a single spaxel
is selected (top panel).
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Figure 7. Signal-to-noise gain with binning of spatial pixels. (top) Single spaxel, (middle) 9
spaxels, (bottom) 256 spaxels. The gains are 3, and 16, respectively.

NGC 6720
PMAS guider image

Figure 8. Halo of NGC6720, observed with PMAS IFU.

Coadding 3x3 spaxels in the same region immediately improves the SNR
by a factor of 3. When finally collapsing the entire IFU into a single
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spectrum, a SNR gain of 16x is achieved, now revealing the faint emission
lines of [O II], [Ne III], Hy, etc. Note that the final spectrum exhibits a r.m.s.
of 2x10™"® erg/cm?/sec/arcsec’, which is very faint considering that the
spectrum was obtained with a total on-target exposure time of 3600 s near
full moon. Note also that the data were obtained in N&S mode, which
proved crucial for obtaining the required sky subtraction accuracy to
significantly better than 1%. We have obtained comparison sky spectra
without N&S, showing that the sky varied in intensity and colour on the
order of several percent within less than 1800 s. A peculiar problem
presented the presence of terrestrial emission lines, e.g. Hg 4358 A, which
completely jeopardized any attempt to measure the important nearby, but
faint, diagnostic [O III] 4363 A line that was completely swamped by a
strong Hg line residual when subtraction the comparison sky exposure in the
conventional way. However, as can be appreciated from the bottom panel of
Figure 7, the spectrum resulting from N&S observing is completely
consistent with random background noise, without any apparent sky line
residuals. Although we were unable to recover the [O III] 4363 A line owing
to its faintness and the continuum sky noise floor near full moon, we
estimate that with 2-3 hours of observing under grey to dark conditions the
line will become measurable. In addition to our example of NGC6720, we
have obtained data from 3 observing runs in Feb. 2003 and Aug. 2004 for a
total of 6 PNe, with more observations expected in September 2005.

4. SUMMARY

We have obtained low surface brightness 3D spectroscopy using PMAS at
the Calar Alto 3.5m telescope for two scheduled programs (early type
galaxies, PN haloes), demonstrating that N&S with IFUs is indeed capable
of achieving extremely accurate sky subtraction with a sensitivity surpassing
8-10 m class telescopes, whenever spaxel binning is employed. Our results
also suggest new avenues to efficient use of large telescopes for faint surface
brightness spectroscopy even under grey and bright night sky conditions.

5. REFERENCES

[1] Roth, M., et al. 2005, PASP 117, p. 620.

[2] Verheijen, M., et al. 2004, AN 325, p. 251.

[3] Roth M., et al., 2004, Proc.Scientific Detectors for Astronomy, Amico, P., Beletic, J. W.,
Beletic, J.E., Kluwer, Dordrecht.

[4] Dressler A. 1984, ApJ 286, p. 97.

[5] Cappellari, M., Copin, Y., 2003, MNRAS 342, p. 345.



108 Martin M. Roth, et al.

[6] Glazebrook K., Bland-Hawthorne J. 2001, PASP 113, p. 197.
[7]1 Cardiel, N., 1999, PhD Thesis, Universidad Complutense de Madrid.
[8] Sanchez-Blazquez, P., 2004, PhD Thesis, Univ. Complutense de Madrid.

Martin Roth enjoys speaking German in Italy with Rainer Kramm and Sebastian
Deiries, while overlooking the sea at the plaza in Forza d’Agré.

Nicholas Haddad, Sandro D’Odorico, Gustavo Rahmer and Olaf Iwert
play “musical shoes”, and it appears that Gustavo has lost.



DETECTOR SYSTEMS FOR THE MODS
SPECTROGRAPH

Bruce Atwood, Daniel Pappalardo, Mark A. Derwent, Thomas P. O’Brien
Ohio State University

Abstract: The detector plan for the four cameras on the work-horse spectrograph of the
world’s largest optical telescope, the Large Binocular Telescope, is presented.
The two cameras of MODS 1 will be outfitted for initial deployment in
November, 2006 with 4K x4K detectors processed by the University of Arizona
Imaging Technology Laboratory. A custom run of 8192%2880 detectors is in
preparation. These larger detectors will be used for MODS 2 and retrofits to
MODS 1. The dewar and electronics design are outlined. Projections of the
limiting magnitude for the completed spectrograph at S/N=5 and 10 are given.

Key words:  Large Binocular Telescope (LBT), spectrograph, MODS.

1. INTRODUCTION

MODS, fully described by Osmer [1] and Byard [2], will be the work-
horse optical spectrograph on the 11.8 m equivalent diameter LBT [3] over
the wavelength range of 300 to 1000 nm with resolutions, as we purchase a
full compliment of gratings, of 2000 to 16000.

2. THE MODS DESIGN

It is said that in optical design anyone can add surfaces, the trick is to
take them out while still getting the job done. Minimizing the number of
surfaces reduces cost and increases throughput. We have adopted a very
simple, traditional design for astronomical grating spectrographs: a
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decentered paraboloid collimator and a Schmidt camera. A removable
dichroic beam splitter located just behind the slit directs the incoming light
to separate red ( A > 500 nm) and a blue (A <500 nm) channels. The red and
blue optimized collimators produce a 230 mm diameter beam for the red and
blue four-position grating turrets. Dispersed light travels from the gratings
to red and blue cameras that, while similar in design, use different materials,
coatings and prescriptions. MODS includes full multi-slit capability over the
arc-min field with a 25 position mask interchange mechanism. Also included
are flat field and wavelength calibration systems and a guide and wavefront-
sensing camera, which provides the signal to the LBT active optics system.

The opto-mechanical modules are supported on a welded steel space
frame. While the frame is designed to have low hysteresis, displacement of
the spectra on the detectors due to the variable gravity vector and thermal
gradients would be unacceptable. An image motion compensation system,
described by Marshall [4], is included to reduce this flexure to an acceptable
level. An IR reference beam is launched from the telescope focal plane and
passes through all the optics of the spectrograph with the exception that
strikes a small “by-pass” grating mounted in a hole in the main gratings. A
germanium quad cell in the detector plane generates an error signal which
steers the collimators to maintain the spectra in a fixed location on the
detectors.

.
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Figure 1. A computer model of the structure and the 10 sub-assemblies of MODs.
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A total of 30 stepper motors are used to position the optics. All motors
are driven by controllers from Micro-Lynx. Mechanism positions are sensed
with proximity switches. Linear motions are accomplished with ball screw
slides that include spring-applied/electrically-released breaks. A computer
model of the structure and the 10 sub-assemblies is shown in Figure 1.

All mechanisms have been fabricated and are now in testing. The
collimator, camera mirrors and small optics are complete. The camera
correctors are in fabrication. On site commissioning will begin in the 3rd Q
2006.

3. THE CAMERAS

Historically, cameras for astronomical spectrographs have needed faster
f-ratios as telescope size has increased. This simply reflects that the desired
slit width in arc-sec and physical pixel size remained relatively constant.
LBT and MODS represent a significant departure from this trend in two
ways. LBT (and many of the current generation of telescopes) will produce
seeing-limited images that are significantly smaller than previous images.
The basic seeing limited-slit width for MODS is 0.6 arc-sec. The MODS
cameras have a large focal plane, 12043 mm, and will be outfitted with
detectors with high pixel count, 4096x4096 initially and 8192x2880 when
our custom detectors are ready. This allows us to bin pixels for low
resolution work in average conditions and still operate at higher resolutions,
both spatial and spectral, when conditions warrant. In addition, since LBT is
an adaptive optics telescope, MODS has been designed to take advantage of
modes such as ground-layer correction by providing scales as fine as 0.12
arc-sec/pixel. The combination allows us to use a relatively slow /3 camera.
The decentered Schmidt design has the advantages of no vignetting and
ghosts from the detector are not returned to the grating. The computer model
of the MODS blue cameras is shown in Figure 2. Figure 3 shows a picture
of the one of the cameras, without optics, on its handling cart. The support
structure of four spectrograph cameras [5] consists of a center bulkhead,
which mounts to the spectrograph structure, and cells for the primary mirror
and corrector which are attached to the center bulkhead with a thermally
compensated truss system. The center bulkhead holds the filter wheel and
the shutter.
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Figure 3. A picture of the one of the cameras, without optics, on its handling cart.

4. MODS DEWARS

The dewar for the MODS camera, now out for bid, is shown in Figure 4.
The design philosophy is described by Atwood [6]. An 8 liter capacity LN2
tank will give a hold time >30 hours. A cold link connects the LN2 reservoir
to the detector box which will house either the 4Kx4K or 8Kx3K CCD.
Vacuum is maintained by a cold charcoal to pump N2 and O2 and room-
temperature zeolite to keep the interior of the dewar dry even when warm.
The zeolite is mounted on the inside of an access port so that it can be
changed without disassembling the dewar. The camera field flattener lens is
the vacuum window. A convectron gauge is included to measure pressures
from atmospheric to ~ImTorr while an ionization gauge is used from
10 mTorr to high vacuum.
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Figure 4. The dewar for the MODS camera, now out for bid.

5. FIRST LIGHT AND CUSTOM DETECTORS

MODS will be initially commissioned with 4Kx4K STA0500A CCDs,
thinned, coated and packaged by the University of Arizona’s Imaging
Technology Laboratory. The development of these devices is described by
Lesser [7] and Bredthauer [8]. The quantum efficiency of both the red and
blue detectors is shown in Fig. 5. A schematic of the 8Kx3K detector, now
in development at the Imaging Technology Laboratory and Scientific
Detector Associates, is shown in Fig. 6. The custom detector will include
ability for use in split frame-transfer mode, with a removable light shield for
the storage section to allow reading of a previous exposure while exposing
on the center half. This mode comes at the expense of using only % the total
slit length. The custom device will have 32 floating gate amplifiers, 8 on
each corner, which will be used in two modes. For fast readout, each pixel
will be read from a single amplifier, but 32 pixels will be read
simultaneously. We anticipate that reading the entire device, with no
binning, will take less than 20 seconds. By reading each pixel with 8
amplifiers and averaging the signals we expect a reduction of the read noise
of about a factor of ~2.8. In addition, a conventional floating diffusion
amplifier will be located in each corner as a risk mitigation measure.

6. ELECTRONICS

The control electronics is based on the Ohio State ICIMACS which is
described by Atwood [9] and Atwood [10]. The 32 channel clock bias
board, shown in Figure 7 with 8 channels installed, will essentially remain
unchanged while the post-amplifier daughter boards will include on-board
ADCs. The sequencer is being ported from the ISA bus to PCI.
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Figure 5. The quantum efficiency of the both the red and blue detectors.

Figure 6. A schematic of the 8Kx3K detector, now under development with the Imaging
Technology Laboratory and Scientific Detector Associates.

Figure 7. The 32 channel clock bias board.



Detector Systems for the MODS Spectrograph 115

7. EXPECTED PERFORMANCE

The expected limiting magnitudes for S/N=5 and 10 from 1 hour
exposures as a function of read noise in a single pixel are presented in
Figures 8 and 9. Included are the effects of sky noise, readout noise,
combining the signal from the two MODS, the size of a resolution element,
and system throughput. In addition to plots for resolution of 2000, 8000,
and 16,000, calculations were done for slit widths of 0.6 arc-sec, 0.3 arc-sec
and 0.15 arc-sec, which correspond to admitting sky light from 0.36, 0.09
and 0,0225 arc-sec’.

Limiting AB magnitude at 440 nm
1 hour, 2 MODS, S/N=10, sky=22.7

e R2000, 0.36
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Figure 8. The expected limiting magnitudes for S/N=5 and 10 from a 1 hour exposures as a
function of read noise in a single pixel.

Limiting AB magnitude at 440 nm
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Figure 9. The expected limiting magnitudes for S/N=5 and 10 from a 1 hour exposures as a
function of read noise in a single pixel.
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RECENT PHOTON COUNTING
DEVELOPMENTS AT THE OBSERVATOIRE DE
MARSEILLE
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Abstract: We present a new generation photon counting system based on a full software
centering system developed at the Observatoire de Marseille. Since the photon
counting systems were developed, several improvements have been made on
the camera head, whereas centering systems have evolved somewhat slower.
The major improvement made on the presented photon counting system is the
use of a fast softiware algorithm for running on a standard PC computer. This
system exhibits outstanding photon counting capacity compared to previous
hard-wired or DSP-based centering systems, as well as a remarkable cost /
performance ratio.

Key words:  photon counting, centroiding, fast CCDs, GbEthernet, frame acquisition.

1. INTRODUCTION

Photon counting systems have been in use at the Observatoire de
Marseille for more than 2 decades. However, a new generation of GaAs and
GaAsP photocathodes with high Quantum Efficiency (QE), and proximity-
focused image intensifiers without image distortion has been introduced.
These are associated with fast frame readout rate and large-format CCDs that
can be used as detectors behind the image intensifier, leading to large-format
IPCS [1]. This paper will present the evolution of the system over the last
few years [1]. Section 2 will describe the camera head and cooling system,
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section 3 the acquisition path, and section 4 the centroiding system. Finally,
future developments will be discussed in section 5.

2. CAMERA HEAD AND COOLING SYSTEM

The camera head is composed of a GaAs proximity-focused two-stage
microchannel plate (MCP) image-intensifier tube, optically coupled to a
IKx1K 60 frames per second (fps) CCD. The CCD can work in 1Kx1K
mode (12 pm pixels) at 60 fps or in 2x2 binning mode, 512x512pixels at
100 fps (24 pum pixels). Each photon interacting with the photocathode is
amplified up to 10°~10 times by the image intensifier, producing a signal
much larger than the internal noise of the CCD.

The head was previously cooled by a Ranque-Hilsch vortex tube. A
vortex tube uses compressed air as a power source and produces hot air from
one end and cold air from the other, with no moving parts. Differential
temperatures close to 70°C are possible between compressed air and cold air.
Hence, the flow of cold air passes through the cryostat chamber in front of
the GaAs proximity-focused image-intensifier tube. The unused calories are
directed toward a heat exchanger to cool compressed air before it travels
through the vortex tube. The system has implemented at various telescopes,
including CFHT in Hawaii and the ESO 3.6 m telescope of La Silla in Chile.

Although remarkably efficient in cooling, this system has several
drawbacks. The first is the need for compressed, dry air in large quantities
(300 1/min at 8 bar pressure), which in turn requires a suitable compressor
and air dehydrator on site, adding about 150 kg to the weight of the system.

The new system uses Peltiers to generate enough cooling to maintain a
—30°C temperature at 20°C ambient, using water to pull out the excess heat
towards an external water/air exchanger. The cold is confined within the
camera head, reducing the thermal loss to a minimum. Due to this
redesigned camera head and cold finger, the system is more compact than
the previous one with the Ranque-Hilsch tube. The external compressor,
dehydrator and expansion tank have all been replaced by a small forced air
flow heat exchanger that fits in a standard 19” rack, removing the need for
the long plumbing that was used to carry the compressed dry air. Overall,
this new head makes the system highly transportable and more reliable than
before.
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3. IPCS DATA ACQUISITION PATH

Contrary to classical imaging, photon counting needs to be fast to avoid
the stacking of events as much as possible. Two photons (or more) falling on
the same pixel during a single frame are usually counted as a single event,
which leads directly to a severe loss in QE. The mean fraction of missed
photons, M, can be evaluated assuming a Poissonian process for the photon
emission with Eq. 1:

=
A

M=1= (1

where A is the mean number of photons expected during the resolved
period of the detector. To counteract that phenomenon it is necessary to use
a fast CCD as shown in Fig.1.
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Figure 1. Photoresponse of an IPCS pixel with respect to illumination.

This need for speed leads to naturally high data rates. The previous
camera we used was a 1Kx1K, 40 images per second (fps) CCD. Sampled at
8 bits per pixel this sustains a flat 40MB per second datarate. Moving this
amount of data from the telescope to the host computer was not completely
trivial as LVDS signaling only allows for 5 m cables with our data rate. This
problem was solved by designing a point-to-point dedicated 1.5 Gbits/s
transmission over optic fibers. Signal from the camera was transferred over
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the fiber link, then back into LVDS before acquisition by the host computer
using a DSP-based frame grabber.

The new system uses a 1Kx1K camera at 60 fps (operation at 512x512,
100 fps is also possible) CameraLink standard. As the connectivity changed,
this led to a redesign of the linking between camera and host, as well as a
50% increase in data transmission rates.

In the last couple of years we have seen gigabit ethernet over twisted pair
become more and more mainstream, up to the point where it is now included
in almost every motherboard on the market. With data rates up to 100 MB/s,
Gb Ethernet is a viable solution to carry image data up to about 80 MB/s (to
take network overhead into account), provided the data moves on a
dedicated line that has no other traffic.

We replaced the dedicated point-to-point Fiberoptic link by a
Cameralink / GbEth. translator that connects to an ubiquitous Cat. 5e or 6
twisted pair cable, allowing for very easy maintenance and replacement of
failing parts from anywhere in the world.

Image acquisition in itself is also simplified. Whereas previous systems
had to use frame grabbers to obtain image data, the new one simply uses the
network adapter from the motherboard, making again for a much easier to
replace acquisition computer should the need arise. It even allows for
operation from a laptop computer.

4. SOFTWARE ACQUISITION AND CENTROIDING

Photon counting using MCPs concerns speed in the analysis of images.
The data rates are high so the computing needs to be fast. Initially automatic
systems used hardwired circuits to perform centroiding. Then DSP-based
systems became available, allowing for more counting capacity and arbitrary
impact shape.

The processing power of computers has greatly improved in the past
years, and it has become possible to replace 14 DSPs with a single CPU.
Using the prior TMS320C80 multimedia video processor with 4 previously
state-of-the-art (ca. 1999) DSP we used to manage a counting capacity of
1.6x10" impacts per second. These were scalable as we added more
processors, but with the challenge of fitting all the boards inside the
computer.

Using a single processor at 3.0 GHz with hyperthreading, (which is
hardly state of the art nowadays), the new acquisition software we can
handle a load of 1.5x10° impacts per second, 2 orders above what was the
previous limit. Moreover, the 1.5 million impacts per second figure is a
limitation of the CCD itself rather than processing power. At these light
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levels the impacts begin to stack on our camera, leading to /ess events as
light increases. This shows that, using fully software centroiding, the
limiting factor for photon counting becomes the camera, not the processing
power.

The acquisition software obtains the image from whatever source is
available (Frame Grabber, Ethernet link, test image). A 1-bit image is then
produced according to the detection level at which a pixel is considered
valid. This 1-bit image selects the pixels to be used in the centroiding, which
is based on the actual value (8 or 16 bits or more) of the pixels, leading to a
more precise positioning of the event as the previous system that simply
used binary data. The event’s position is computed using a center-of-gravity
computation, weighted by the actual pixel value.

As for the previous system, the acquisition software is fully capable of
operation in multiprocessor computers, being heavily multithreaded it is
particularly well suited for operation on dual-core processors.

Another advantage of using a fully software solution, coupled to Ethernet
acquisition, is that it is easy to make the system more powerful: just replace
the computer. It is the same in case of hardware failure: just plug in another
computer, install the software and continue operation. It is also
approximately 1 order cheaper than DSP-based systems due to the absence
of an expensive frame grabber inside the host.

S. FUTURE DEVELOPMENTS

We reduced size, optimized and simplified cooling, added 2 orders in
counting capacity, divided costs by an order and added reliability and
capability of upgrades. The next improvements we foresee are as follows.

For faint fluxes (in processing, anything below 2x10° impacts/s can be
considered faint), where the system is nearly at idle levels one could imagine
replacing the easy-to-compute center of gravity centroiding by a Gaussian
fit, this would allow for intra-pixel accuracy. Adding even more counting
capacity, by using more powerful processors (like a dual-core 64-bit
processor, or several) could lead to interesting investigations at the limit
between photon counting and classical imaging. It may be possible to do
photon counting at light levels previously judged too high, gaining the
absence of read noise of photon counting.
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Abstract: CALAS is an instrument whose purpose is to observe a large field of view with
a very high spatial resolution at the highest temporal cadence, so as to ideally
sample the Earth atmospheric distortion. The aim of this project is the study of
the dynamics of solar supergranulation. It will be installed on the “Lunette
Jean Rosch”™ (a 50 cm diameter refractor) at the Pic du Midi Observatory.

We chose a 3952 %4064 pixel monolithic CMOS detector, and in this paper
explain the reasons to use such a detector for this niche of solar observation.
We also briefly describe the controller, acquisition system and opto-
mechanical parts of the instrument. More information on the project can be
found at http://bass2000.bagn.obs-mip.fr/calas/.

Key words:  FillFactor,y CMOS, Active Pixel Sensor (APS), IBIS16000, ARC Genll
controller, CORECO X64-LVDS PCI-X frame grabber.

1. SCIENTIFIC GOALS

The origin of supergranulation (convective or not), a dynamic pattern at
the 30 Mm scale at the surface of the Sun, is still much debated. Among
various possible approaches, one way to study supergranulation is to observe
the horizontal motions of granules.

Furthermore, the turbulent properties of granulation and supergranulation
remain to be studied in detail. It is therefore crucial to study the dynamics of
the solar surface over a very wide range of scales, from a fraction of Mm to
sample granules to several hundred Mm to observe many supergranules.

A combination of a very large field-of-view (in order to see as many
supergranules as possible), a very high spatial resolution (to sample granules
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with a high accuracy) and a high cadence (to enable the removal of Earth
atmospheric distortion) is necessary to study this pattern in detail [1, 2].

The main objective of CALAS is to allow the sampling of granules with
a high spatial resolution on a 10°x10’ field-of-view (~ 300 supergranules) as
a step towards a covering of the whole solar surface (30° arcminutes).

2. DETECTOR

We need a detector that meets the following requirements: large field
(~10°%10”), high resolution (0.14”), and high cadence (readout time less than
0.5 second), but also very short exposure time (a few milliseconds). We
considered CMOS detectors for some of their intrinsic qualities: fast readout,
easy control and potentially low cost. Furthermore we plan to build a mosaic
that will cover the entire Sun (30°%30’) with the same resolution, which
requires a 165 Mpixels detector. For low exposure time an electronic shutter
is essential as it is impossible to have a large and fast mechanical
shutter with a sufficient MTBF for a continuous acquisition. Low power
consumption is also advantageous for a mosaic.

We chose the IBIS16000, a 3952x4064 CMOS Active Pixel Sensor from
Fillfactory (see Fig. 1). When processed with the tower TS50 TLMDP
method this sensor has a pixel size of 12x12 pm® and on chip double
sampling correction circuitry to remove the fixed pattern noise caused by
non-uniformities in threshold voltages of the readout electronics [3,4].

The sensor is read out through four parallel analog outputs, which can be
multiplexed to one single output. The gain of the output amplifiers is
digitally controllable by the user.

This sensor has three transistor active pixels with maximized fill factor. It
allows several options: subsampling readout modes in x and y, rolling
shutter, programmable gain and offset output voltage.

Figure 1. Fillfactory IBIS16000 CMOS detector.
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Table I shows characteristics given by the manufacturer. We intend to
confirm theses with a complete characterization of this detector in the near

future.

Table I. IBIS16000 Characteristics

Resolution

Pixel size

Spectral sensitivity
Peak QE * fill factor
Fill factor

Photodiode capacitance
Conversion gain
Output voltage swing
Full well charge

Linear full well charge
Temporal noise  at 21°C
Signal to noise ratio
Dark current at 21 °C
Pixel rate

3952 X 4064

12 X 12 pm2

400 — 1000 nm

>40% in 550 - 650 nm
>70%

25 fF

8.3 uV/e-

1.6V

240000 e-

160000 e-

60 e-

4170:1, linear: 2800:1
120 pA/cm2, 900 e-/s
10 MHz

Outputs 4 or 1 (multiplexed)
Frame rate 2.5 frames/s
Supply Voltage 5V

Reset Voltage 6V

Power dissipation 250 mW

3. CONTROLLER

To control the CMOS sensor we use a customized timing board of a
classical ARC Genll controller. We have developed a four-channel analog
converter and LVDS interface board (see Fig. 2).

This unique architecture allows us to link the ADC output to the
acquisition system (4x10 MHz) in parallel, avoiding the rate limitation of the
normal ARC controller link to the host (12.5 MHz).

The DSP code allows us to read the detector with global or rolling shutter
and generates the control signals for the frame grabber.
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Figure 2. Test controller, analog & timing board.

4. ACQUISITION SYSTEM

The acquisition system consists of a work station under Windows XP
equipped with a CORECO X64-LVDS PCI-X frame grabber, and a 64-bit
image acquisition board for parallel output, digital cameras. It allows image
transfer to host memory at a rate of 528 MB/s. Used here with four 14-bit
taps configuration it is able to unscramble the incident data online.

We plan to have a Network Attached Storage (NAS) with several Tera
Bytes of capacity to save a run of 2 or 3 days of observation.

S. OPTICAL PATHS

This instrument will present two optical paths in parallel (see Fig. 3):

e Direct imagery, in G-band (430.5 nm) allowing the tracking of
granules and network bright points (a proxy for magnetic flux
tubes). A 2.7 times enlargement of the focal image is made with two
doublets.

e Magneto-Optical Filter (MOF) imagery [5] that will permit to get
both a Dopplergram and a magnetogram of the solar surface, using
four individual images, in a Potassium line at 770 nm. The same
enlargement (2.7 times) of the image is achieved with three doublets
and a triplet, as the beam needs to go through the two 100x25mm
cells of the MOF (see Fig. 4).
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Figure 3. Opto-mechanical design.

Figure 4. Optical beam of the MOF channel.
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PLASMA CLEANING
A New Method of Ultra-Cleaning Detector Cryostats
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Abstract:

Key words:

1.

First results are reported from the application of a plasma-based method to
ultra-clean detector cryostats. The device used is a LFG40 controller from
Diener electronic in conjunction with a Kendro VT6060M vacuum oven. This
technology considerably extends and enhances the cleaning methods used by
ESO as described at SDW2002 [1]. While it cannot replace these earlier
methods, it requires their previous application. Its virtues are speed and ease
of application. Particularly attractive is the possibility of treating a previously
cleaned or lightly contaminated cryostat without prior disassembly (but with
detectors removed), e.g., after it has been re-opened for corrective action.

This paper describes the principles of plasma cleaning, its general technical
realization, practical applications, and possibilities for adaptation to specific
needs. Various qualitative and quantitative measures of the efficiency are
presented and as an example of successful plasma-cleaning: the very large
OmegaCAM cryostat [2].

Cleaning, contamination, CCD cryostat, plasma, UV sensitivity.

INTRODUCTION

Detector cryostats are often affected by contamination, which can
especially decrease the blue and ultra-violet sensitivity of CCD detectors.
Infrared detectors seem to be less sensitive to contamination, but there is no
alternative to an ultra-clean detector cryostat. Conventional cleaning
methods like mechanical and chemical cleaning followed by a baking
procedure give good results [1]. However, while investigating processes
followed in industry we found that ultra-cleaning can only be obtained by a
final cleaning step of plasma cleaning.
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Plasma cleaning is an easy, inexpensive method requiring simple
installations. It is low risk and excellent cleaning results can be obtained
within a few hours of receiving the necessary equipment.

2. CONVENTIONAL CLEANING

Conventional cleaning of detector cryostats consists of mechanical rough
cleaning by tissues or other tools followed by ultrasonic cleaning with
special detergents [1]. The parts are then rinsed in de-mineralized water or
bathed in acetone and/or alcohol, dried and baked to their individual
maximum temperature up to 160°C in a vacuum oven.

Experience shows that residuals and traces of organic contaminations on
surfaces and in cavities remain even after this rigorous process. These can
affect the detector performance after left cold for several months of
operation at the telescope site.

3. PLASMA CLEANING PROCESS

Plasma cleaning is suitable for removing very thin films, especially
hydro-carbonates and oxides, which remain after conventional cleaning. It is
important to choose the correct plasma gas, as gases react and work in
different ways at removing contaminants. Oxygen removes contaminants by
oxidation and reduction (see Fig. 1). Other neutral gases like Argon clean by
sand-blasting surfaces.

4. REALIZATION OF PLASMA CLEANING

An existing vacuum oven (Kendro VT6060M) was modified by
introducing a high voltage anode through a vacuum feed-through at the
backside (see Fig. 2). A strong dry vacuum pump (Alcatel ACP28) was used
to quickly pump the insides of the oven to approx. 0.1 mbar. Ambient air or
gas from a bottle (we tried synthetic air, oxygen or Argon) produces a
constant gas stream regulated by the oven gas valve through the oven giving
a pressure of 0.1-1 mbar. This is the optimum pressure to ignite the plasma
with the connected LFG40 plasma controller from Diener Electronic [3].
Oxygen is the best cleaning gas for aluminium and stainless steel parts.
Hydrogen is best for cleaning of noble metals. However, ambient air is
sufficient for a good cleaning of most materials. Normal cleaning time takes
no longer than 10 minutes.
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Figure 1. Oxygen ions of the plasma react with hydrocarbon contaminants to produce carbon
monoxide and carbon dioxide, which can be pumped away.
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Figure 2. Plasma cleaning using a modified vacuum oven.

5. PLASMA CLEANING IN READY ASSEMBLED

CRYOSTATS

Another very useful application is igniting the plasma in an already
assembled detector cryostat. This is possible with an additional transformer
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and high voltage anode simply glued to the entrance window of the cryostat
(see Fig. 3). This technique is extremely useful to maintain optimum
cleanliness after a short opening of the cryostat for minor modifications.
Without this special plasma cleaning technique it would not have been
possible to clean the OmegaCAM cryostat due to its large volume (approx.
1201 volume). There was no alternative to this internal plasma ignition
technique. After some minutes of ignition, the entire OmegaCAM cryostat
was filled with violet-colored magic glowing plasma (see Fig. 4).

Trans-
former
« (Diener)

Figure 4. OmegaCAM cryostat during plasma cleaning.

6. TEST OF PLASMA CLEANING RESULTS

Water drop method:
A contaminated sample shows a round water drop on its surface due to
surface tensions created in the water by the contaminants. After plasma
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cleaning there is little or no adhesion on the surface due to the lack of
contaminates so no water drop develops and the water simply flows away.
End vacuum test:

A cryostat after plasma cleaning reaches a much better end-vacuum after
1 hour of pumping. In our tests, a much lower pressure of 5.0E-5 mbar was
obtained after plasma cleaning compared to 1.0E-3 mbar before plasma
cleaning.

Mass-spectrometer test:

A mass-spectrum was taken of a sample contaminated with a typical thin
film of workshop oil before and after plasma-cleaning. The resulting two
spectrums (see Fig. 5) show that most of the lines above masses of 50 amu
are reduced significantly. Previous experience shows that unwanted
contaminants mainly consist of elements and molecules with masses above
50 amu.

Mass spectrum of plasma cleaning effect
~—— Aluminium sample with workshop oil
contamination
RIS [} Same alumini ple after pl
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Figure 5. Mass-spectrum of sample before and after plasma-cleaning.

7. COSTS AND CONSTRAINTS

The cost of plasma cleaning equipment is low, especially if one can
refurbish an existing laboratory vacuum oven and/or if one can use an
existing vacuum pump. The annual maintenance costs are negligible.
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Procurement costs:

Vacuum oven ~8000 EUR

Diener Electronic

LFG40 Plasma Controller ~5000 EUR

Diener Electronic Converter 1000 EUR

Vacuum pump Alcatel ACP28 7000 EUR
Maintenance:

Electrical costs per cleaning process 0.20 EUR

Costs of special gases ~200 EUR per annum
Maintenance ~100 EUR per annum

Stainless steel and aluminum can be plasma cleaned for up to an hour.
However, more than satisfactory cleaning results can be obtained within 10
minutes of cleaning.

Noble metals should not be cleaned longer than 10 minutes in ambient air
and oxygen or else they become black. Hydrogen gas is an alternative for
longer cleaning of these materials.

Plastic materials and PCBs should not be plasma cleaned longer than 10
minutes or surface damage (melting) may result. The plasma cleaning
process works by producing temperatures in excess of 10,000°C in the first
molecular layers of the sample to “burn” away contaminants. The sample
remains hand-warm in its interior. This “burning” could damage plastic
materials when exposed too long to the plasma. At present no damage has
been observed to electronic components on PCB boards, however, we have
yet to clean highly static sensitive active components like operational
amplifiers. Before assembled cryostats are cleaned, detectors are removed to
reduce risk of damage or irreversibly degrading of their performance. The
plasma treatment induces strong electrical field and high surface
temperatures which could damage the fine surface structures of detectors.
We would welcome any working CCD sample from a manufacturer
interested in tests with this cleaning procedure for our future testing. Maybe
with plasma cleaning the quantum efficiency of the detector could be
improved.

All plasma cleaned pieces should be handled using standard clean room
conditions, otherwise the plasma-cleaning will need to be repeated. For
safety reasons, personnel should not be exposed to the exhaust gas coming
from the vacuum pump, plasma filled oven or cryostat. The UV radiation
emitted from the plasma is harmless as it is fully absorbed by the oven
window. The high voltage cables of the plasma devices should be handled
following standard electrical safety procedures.
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8. CONCLUSIONS

Plasma cleaning is shown to be an easy and effective method in achieving
ultra high cleaning results for detector cryostat components and/or
complete assembled cryostats when used in addition to conventional
cleaning processes. It is a fast cleaning process and has even been applied
successfully to the very large OmegaCAM cryostat.

9. ACKNOWLEDGEMENTS

I want to thank Mark D. Downing for “polishing” my English in this paper.

10. REFERENCES

[1] Deiries, S., et al., 2004, Ultra-clean CCD Cryostats — CCD contamination can be kept
under control, Scientific Detectors for Astronomy, Kluwer Academic Publishers.

[2] Iwert, O., et al., The OmegaCAM 16K *16K CCD detector system for the ESO VST, these
proceedings.

[3] More information about the Plasma cleaning process and about custom made and
standard plasma cleaning devices are available from Diener Electronic at
http://www.dienerelectronic.de/en/index.html

A body at the cemetery in Forza d’ Agré was suspiciously fresh.
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Gert Finger (top) and Mike Lesser proudly display their asteroid citations (see
Lifetime Achievement Awards on p. xxiii). Mike could not attend the workshop,
but was presented his asteroid in Tucson, Arizona by his observatory director.
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1.

In the past decade, new tools have emerged in the arena of thermal modeling.
These modeling tools are rarely used for cooled instruments in ground based
astronomy. In addition to an overwhelming increase computer capabilities,
these tools are now mature enough to drive the design of complex
astronomical instruments, in particular if these instruments must be cooled.
This is the case of WIRCam, the new wide-field infrared camera recently
installed on the CFHT on the Mauna Kea summit. This camera uses four
2Kx2K Rockwell Hawaii-2RG infrared detectors and includes 2 optical
barrels and 2 filter wheels. This camera is mounted at the prime focus of the
3.6 m CFHT telescope. The mass to be cooled weighs close to 100 kg. The
camera uses a Gifford Mac-Mahon closed-cycle cryo-cooler to avoid
strenuous daily re-fillings on the telescope due to the camera location. This
paper presents the thermal model of the camera using finite-element analysis
under the I-deas software. The capabilities of the I-deas thermal module
(TMG) are demonstrated for our particular application. Predicted
performances (cool down time, warm-up time, and mechanical deformations)
are presented and compared to measurements.

Thermal modeling, finite element analysis, cryogenic, infrared, camera.

GENERALITIES ABOUT THE WIRCAM
THERMO-MECHANICAL DESIGN

WIRCam (Wide-field InfraRed Camera, see Fig. 1) is the second
instrument of the “Wide Field Imaging Plan” of the Canada France Hawaii
Telescope, providing a 20.5%20.5 arc minute field of view in the infrared
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(0.9-2.4 pm). This will complete the infrared aspect of the MegaCam
instrument which has been operational on the CFHT since January 2003.

This innovative instrument is based on four Hawaii 2RG detectors arrays
developed by Rockwell in a close buttable package. WIRCam uses the
special guiding capability of these arrays. Details of this instrument are
described in Puget, et al. [1]. This camera is placed on the prime focus of the
3.6 m CFHT telescope in order to benefit from the simple opto-mechanical
design of a wide-field camera. The camera uses a Gifford Mac-Mahon
closed-cycle cryo-cooler to avoid strenuous daily refillings on the telescope
due to poor accessibility because of the camera location. Moreover, it is
necessary to define the thermo-mechanical design to meet the stringent
stability requirements of the optical design with minimal thermal losses. This
allowed the correct choice of cryo-cooler and to predict the cryogenic
performances of the camera: permanent regime, temperature regulation
needs, cooling performance, cryostat warming design, cryogenic margin, etc.
The provision of excess cooling power was not possible due to weight
constraint on the camera of 250 kg from the focusing unit features of the
telescope.

Cryo-cooler Filter wheels box

12 epory Getter / cold finger

Optical barrel

Detect id .
e Filter wheels

Entrance window Optical barrels

Figure 1. Overall views of the WIRCam cryovessel 3D mechanical model.

The focusing unit, attached to the prime focus upper end, is used to focus
the instrument on the telescope. Thermal simulations are also used to assist
in the mechanical design and demonstrate the achievement of the required
low temperature of the detectors during the design phase.

As the cryo-cooler must be easily dismounted for maintenance
operations, cooling power is transmitted by a system of two cones fitted
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together, one male and one female, made of OFHC copper with exactly the
same shape. The thermal link between the two cones is enhanced by using
ultra-high vacuum grease manufactured by Pfeiffer vacuum. A tunable load
between the two cones is applied by a system of titanium springs. They
provide the required load while minimizing thermal leaks between ambient
and colder temperatures. The cold structure is attached to the warm part of
the cryostat by ten G12 composite twin blades. This design minimizes
thermal leaks while achieving the required stiffness.

Figure 2 shows the WIRCam cryovessel during the cryovessel integration
at the CFHT on the Mauna Kea summit in December 2004.

Figure 2. (left) View of the WIRCam cryovessel during the camera integration on the CFHT
telescope (December 2004). (right) View of the CFHT telescope in December 2004
during the WIRCam cryovessel integration on the Mauna Kea summit.

2. THERMAL MODELING

2.1 Generalities on the WIRCAM Thermal Simulations

All WIRCam thermal simulations [2] were performed using I-deas/TMG
software module provided by the UGS software editor, now distributed as a
module of “I-deas ® NX Series” called “NX MasterFEM TMG Thermal”.
We used version 9 of I-deas under a Windows 2000 operating system. TMG
is the thermal module integrated inside the I-deas software distribution.
I-deas was also used for the 3D mechanical design of WIRCam and for the
fnite element analysis of the mechanical deformations and constraints
computations.
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2.1.1 Physical parameters variation

Using the WIRCam thermal model, variations of the following
parameters with temperature are considered:

e cooling power of the cryo-cooler cold head

e specific heat of the materials (used for the transient analysis)

e thermal conduction of the material (used for the conduction

computation)

On the other hand, the emissivity of the radiative surfaces is treated as

constant.

2.1.2 Computation and simulation method

Finite Element modeling was used to calculate temperatures using Ideas-
TMG. The number of elements of the thermal model is ~60000. Witha 2
GHz Pentium IV CPU, computing time is ~90 minutes for a steady state
analysis and ~8 hours for a transient analysis of the thermal model.

Before meshing the 3D model for the thermal simulations, the model is
cleaned of all details that have no effect on the thermal performances, for
example, small holes, screws, and small details compared to the overall
geometry of the model. Mechanical links with screws or glue are not
meshed, they are modeled by so-called “thermal coupling”.

2.2 Transient analysis and Comparison with the
Measured Temperature in the WIRCam Cryovessel
on the Telescope

The WIRCam cryovessel was integrated at the CFHT in December 2004.
Cryogenic tests were performed and temperatures were monitored during the
cryostat cool-down. In the meantime, a transient analysis of the thermal
model was computed. The hypotheses of the thermal model are identical to
the experimental conditions on the Mauna Kea summit:

e Air pressure: 620 mbar.

e Outside air temperature: 19°C.

e Camera pointing in vertically (orientation of the gravity vector in the
software).

Figure 3 compares the thermal model to the measurements of the current
system for different parts of the cryostat. The getter temperature and the
optical barrel (detector side) temperature measurements are compared to
the thermal model. Figure 3 shows a reasonably good agreement between the
thermal model and the measurements. This clearly validates the interest in
thermal modeling for this kind of instrument. In particular, the barrel
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temperature as a function of time is well fitted by the thermal model. The
deviation between the thermal model and the measurements is higher for the
Getter, because there are interfaces in the cold finger that are not fully
described. Nonetheless, the global behavior of the model reflects with a
relatively good accuracy the measurements.

Getter (measured)

----- Barrel detector side (measured)
- Getter (simulated)
--a--Barrel detector side (simulated)

Temperature (K)

0 5 10 15 20 25 30 35 40

Time (hrs)

Figure 3. Comparisons between the WIRCam thermal model and the measured temperatures
profile as a function of time during the cooling down at the Mauna Kea summit.
The getter and the optical barrels temperatures are presented here.

3. CONCLUSIONS

This paper demonstrates the interest of thermal simulations in the system
design of cooled instruments in astronomy. We used computing tools based
on a single software distribution: I-deas version 9 for the 3D mechanical
design and FEA together with the integrated TMG module thermal
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modeling. This integrated software solution enhances the efficiency of the
simulations. It also avoids unproductive steps and possible translation errors
in the system modeling.

Thermal modeling allows the right system choices to be made and to
predict system behavior before building the instrument. The accuracy of
thermal models is poorer than the FEA accuracy of mechanical models but
sufficient to avoid surprises during the instrument integration. Even with
these kinds of simulations, some margins still must be considered in terms of
cooling performances in order to satisfy the system requirements.

The cryogenic tests on sky allowed us to validate the thermal model of
WIRCam, the next wide-field infrared camera for the CFHT. The WIRCam
is now at its last steps of integration. The cryovessel includes the optical
barrel and the science grade mosaic. The camera will available by the second
semester of 2005.
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CCD MOSAIC
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Abstract: To optimize dark current, sensitivity, and cosmetics, the OmegaCAM detectors
need to be operated at a temperature of 155 K.  The detector mosaic, with a
total area of 630 cm’ directly facing the dewar entrance window, is exposed to
a considerable heat load. This optimization can only be achieved with a high
performance cooling system. This paper describes the cooling system, which is
built to make the most efficient use of the cooling power of liquid nitrogen.
This is done by forcing nitrogen through a series of well designed and
strategically distributed heat exchangers. Results and performance of the
system recorded during the past months of system testing are presented.

Key words: CCD cryostat, cooling.

1. INTRODUCTION

The 2.6 m VLT Survey Telescope will be equipped with the optical wide-
angle camera OmegaCAM. This camera has a field of view and pixel scale
that perfectly match VST and Paranal seeing, respectively. OmegaCAM will
be mounted in the Cassegrain focus, and the focal plane is populated with a
mosaic of thirty-two 2Kx4K CCDs with 4 identical auxiliary CCDs for
autoguiding and image analysis. For the optimal trade-off between dark
current, sensitivity, and cosmetics, these detectors need to be operated at a
temperature of 155 K.

The detectors cover 630 cm® and must, for obvious reasons, face the
dewar entrance window, which is in direct contact with the ambient air and
temperature. Through this window, the detector is exposed to a considerable
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radiation heat load of roughly 30 Watts. This is factor dominates thermal
balance. However a detailed analysis shows that all other contributions
(thermal conductance through the mechanical support structures and cables,
dissipation in the electronics, etc.) add up to the same amount, bringing the
total heat load to 60 W.

Various cryo-cooling systems were considered, but none were obviously
suitable to this task. Eventually, a decision favoring liquid nitrogen (LN2)
was made, because ESO has a long experience with CCD cooling using bath
cryostats. However, from the Wide Field Imager (WFI), OmegaCAM’s
predecessor mounted on the 2.2 m telescope at La Silla, we knew that in the
case of large heat loads, a plain bath cryostat to directly heat-sink the mosaic
would not be efficient enough. The most important limitation is the large
change in cooling power with nitrogen level in the tank. This required
developing a new system. It still uses an internal storage tank but employs a
sophisticated flow of liquid nitrogen in order to be independent of filling
level and telescope position.

2. DESIGN

Figure 1 schematically illustrates the principle, which permits the heat to
be extracted where it is required (at the level of the detector mosaic) and
makes optimal use of the enthalpy.

Gimbals
articulation

Figure 1. Cryogenic principle with detail of the anti-overflow.

Internal pressure (P), forces the LN2 to flow from the storage tank (7)
through pipe (8) to and through a heat exchanger (2) which is in direct



Cooling System for the OmegaCAM CCD Mosaic 145

thermal contact with the mosaic base plate (1). The heat exchanger consists
of three parallel bars to ensure good temperature homogeneity across the
mosaic. After absorbing the heat load, the gasified nitrogen circulates
through a special annular heat exchanger (5), which acts as radiation shield
for the storage tank. A final heat exchanger (9) is used to (electrically) heat
the gas to room temperature. The gas is captured in a small tank (12) after
exiting the instrument. At this point the gas is now warm and perfectly dry
and can serve a second purpose and be safely blown over the dewar entrance
window to prevent the condensation of air humidity.

The thermal regulation employs a valve (11), which is supervised by a
PID controller in order to maintain constant operating temperature of the
heat exchanger (2). The refilling of the internal tank is done from a standard
120 liter storage tank via a vacuum-insulated line. When the latter is
connected to refilling tube (3), this is detected by a proximity sensor, and a
valve (10) is opened in order to depressurize the internal tank so that the
filling can begin. The valve is automatically closed when the tank is full
(which is reported by a temperature sensor). The refilling port is fitted with
a small spring loaded valve which is activated by the end of the refilling
tube. This maintains the operating pressure when removing the tube.

The tank has been dimensioned to contain 40 liters for a hold time of 30
hours, making refilling only necessary once per day. Thanks to a special
anti-overflow system, which allows the cooling tube (8) to be permanently at
the lower position (in the liquid) and the vent tube (6) to be permanently at
the highest position (in the gas), 90% of this capacity can be used without
spilling (up to the nominal pointing limit of 60 deg zenith distance).

A dedicated thermal clamp has been designed to allow easy separation of
the detector head from the cooling system. Figure 2 (left) shows the top of
the cooling system with the 12 thermal clamps and (right) the bottom of the
mosaic plate with the 12 thermal heat-sinking points.

i

Thermal le:i;’ni)
DN

Heat sinks

Figure 2. (left) Thermal clamps and (right) heat sinks.



146 Jean Louis Lizon and Armin Silber
3. STATUS AND PERFORMANCE

The integration of the cooling system was essentially complete one year
ago (see Fig. 3). Before integrating the science array, it was tested
intensively (flexure, leaks, spilling, LN2 flow, etc.). The results are very
satisfying. The performance is well within the specifications with the mosaic
reaching a temperature to within =1 K even below the nominal operating
temperature (128K for 155K specified). The hold time is ~40 hours.

Figure 3. Cooling system.
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BONN SHUTTERS FOR THE LARGEST MOSAIC
CAMERAS
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Abstract: Bonn shutters have been developed and implemented in various CCD camera
systems with apertures ranging from 110 mmx110 mm (BUSCA, Calar Alto
Observatory) to 370 mm =292 mm (OmegaCam, ESO/Paranal).

Larger shutters with apertures of up to 480 mmx=480 mm (for Pan-STARRS)
are now in development. The principles of operation are basically contiguous.
The key performance parameter is high timing precision which reduces
exposure non-homogeneities to less than 1 msec, i.e. <0.1% at 1 sec exposure
time. In this paper we report the current status of this technology, as well as
new requirements and challenges.

Key words: CCD mosaics, CCD cameras, exposure shutters.

1. INTRODUCTION

Camera exposure shutters with apertures in excess of 100 mm are hard to
find on the “market”. They are practically unavailable if very short exposure
times (< 0.1 seconds) and/or photometric performance is required. Typical
problems with common iris-type shutters are exposure time errors of several
10 msec and exposure non-uniformities of the same order of magnitude.

We have been confronted with these questions during the development
of BUSCA, a 64 Megapixel camera for simultaneous imaging at four
wavelengths [1,2]. A shutter was required with an aperture of
110 mmx=110 mm that could provide very short exposure times <10 ms and
exposure non-homogeneities of no more than 1 msec (i.e. <0.1% at 1 sec).
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Our initial designs were influenced by typical misconceptions about
exposure shutters, for example,: i) a shutter is a mechanical device, ii) short
exposures need very fast operations or movements, iii) only movements with
highly constant speed guarantee uniform exposures, iv) because of these,
lifetime and MTBF are real issues. Thus we made a few deviations before
arriving at the relatively simple design that is now characteristic of Bonn
Shutters [1,3]:

e The shutter system combines precision mechanics, micro controller

based electronics and firmware for movement and overall control.

e Short exposure times and exposure homogeneity are achieved by
precise control of the movement of two independent blades. The
acceleration phase can even take place in the shutter aperture.

e These blades run impact-free on industry quality linear ball bearings.
There is no contact between the blades and the bearings. Constant
performance over several million operations can be expected.

2. “CAN YOU MAKE IT BIGGER!?”

While we were learning our shutter lessons in Bonn, around the world the
silicon-filled portions of focal planes were growing thanks to CCD mosaics.
Among the common challenges of developers was the “big shutter problem”.
As we realized these demands, we began working on large-scale versions of
our shutter mechanics design. A shutter with a 200 mm square aperture was
designed and built for the 8Kx8K mosaic camera 90PRIME at the 90 inch
telescope of Steward Observatory at Kitt Peak [4]. Two smaller shutters
were built for instruments on the Spanish GTC 10 m telescope on La Palma.
A complete list of all Bonn Shutters that were built or are in development is
given in Table 1.

A real challenge was the request of the OmegaCam consortium to design
and build a “Bonn Shutter” with an aperture of 370 mmx292 mm for the 256
Megapixel instrument [5]. It turned out that the design can even be scaled to
this large format with the preservation of high photometric quality. Residual
non-homogeneities are below 1 msec [3]. Shutters of similar and larger size
(SkyMapper, ODI@WIYN) have been designed and are under development.
The largest shutter under development in 2005 has an aperture of
480 mmx480 mm. This huge device will cover the Gigapixel focal plane of
the Pan-STARRS prototype telescope (PS1) [6].
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Table 1. Bonn shutters that have been built or are in development.
Aperture Camera,
Format (mm) Instrument Telescope Observatory Status
110x110 BUSCA CAHA 2.2m CAHA n
operation
Steward in
200%200 90PRIME Observatory Kitt Peak .
90inch operation
150150 ELMER GTC (10m) Rogue de los in
Muchachos operation
Roque de los .
125%125 OSIRIS GTC (10m) Muchachos integr.
370%292 OmegaCam VLT Survey ESO/Paranal n
Telescope (2.6m) operation
200%200 QUOTA (ODI- WIYN (3.5m) Kitt Peak delivered
Testsystem)
PS1-prototype Pan-STARRS
480%480 p P Prototype LURE/Haleakala constr.
Camera
Telescope (1.8m)
450x450 OneDi(g)rgeI;mager WIYN (3.5m) Kitt Peak constr.
SkyMapper SkyMapper Siding Spring
280280 Camera Telescope (1.3m) Observatory constr.
Pan-STARRS 4 Pan-STARRS Univ. of Hawai'i
480x480x4 Telescopes request
Camera Mauna Kea
(1.8m)
3. NEW CHALLENGES

The ever increasing size of CCD mosaics has led to new requirements
and challenges. The new huge survey cameras with focal planes of up to one
Gigapixel will nevertheless be mounted at small or medium sized telescopes
(e.g. 1.8 m for Pan-STARRS, 1.3 m for SkyMapper). This leads to very tight
constraints with respect to weight and other parameters. One of the
consequences of these restrictions is that the classical instrument housing is
omitted or reduced. This means that the shutter envelope may become part of
the instrument envelope, and it must provide some of the corresponding
functionality (e.g. mechanical support, air-tightness).

3.1 Shutter “Thinning”

Due to limited back focal distances, the shutter height (or thickness) is a
concern. The only distinctive visible feature of the OmegaCam shutter (apart
from its size) is that the two small boxes covering the motors had to be
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omitted, transforming the new Bonn Shutters into flat slabs. In one case
(ODI, 450 mmx450 mm) the shutter was not thin enough. To meet space
constraints along the optical path the central portion received "extra
thinning" (35 mm total).

3.2 Blade transfer performance and “pull out” time

Despite increased size, the new half-meter-class shutters have the same
photometric performance (homogeneity) as smaller devices, particularly at
short exposure times. Some of the survey observations are planned as rapid
exposure sequences with short exposure times. To minimize overhead times,
shutter blade movements must be fast, yet still very precise and always
impact-free. Idle shutter times (i.e., the time between the “exposure end” and
the next “start” signal) of about 1 sec are required.

33 Spectral IN-Sensitivity Range

Shutters for CCD cameras will block electromagnetic waves from the UV
to the NIR. Thus, a somewhat surprising requirement for the PS1 shutter was
to cover the wavelength range usually of interest to radio-astronomers. The
background for this is the very high level of radio frequency interference due
to strong radio transmitters at Haleakala, Hawaii. The shutter must provide
RFI shielding for the detector system. To achieve this, an aluminum foil of
sufficient thickness (n times “skin depth”) will be embedded in the shutter
blade with good electrical contact to the shutter envelop.

4. CONCLUSIONS

Bonn Shutters have been built in various dimensions and are now in use
in many different places (see Fig. 1). Their applications range from single
detector focal planes to the largest mosaics with several 10 CCD pixels.
Independent of their size they share similar performance parameters.
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Figure 1. Location of observatories where Bonn Shutters are used or will be used. Numbers
give the shutter aperture sizes. Pictures show shutters that are already “delivered”. See Table
1 for further details.
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Barry Burke says to Klaus Reif (with back to camera), “Klaus, if these CMOS guys
get going we will lose our large mosaic jobs. No need for shutters is a powerful

1%

argument for using CMOS in wide-field imagers
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Abstract: MUSE, the Multi Unit Spectral Explorer, is a 2nd generation instrument for
the VLT. It is built by a consortium of European institutes and ESO. MUSE
consists of 24 Integral Field Units each equipped with its own cryogenically
cooled CCD head. The detector is 4096%x4096 with 15 um pixels.

In this paper we discuss CCD requirements and give an overview of the design
status of the detector system. Due to the large number of units, each must be
simplified to save cost and man power, and increase reliability. We present a
novel preamplifier for use inside the compact detector head with pulse tube
cooling. Adaptations of ESO’s New General detector Controller (NGC) are
presented.

Key words:  CCD, cascode amplifier, detector controller, instrument, pulse tube.

1. OVERVIEW

MUSE is an integral field spectrometer mounted at the Nasmyth focus of
one of the VLT telescopes. Figure 1 shows the tentative optical
configuration. The Fore Optics (FO) split a large field of view into 24 sub-
fields. 24 Integral Field Units (IFU) provide the spectral decomposition of
the sub-fields. The IFUs include an Image Slicer Subsystem (ISS),
Spectrometer Subsystem (SPS) and an Instrument Detector Subsystem
(IDS). The spectral coverage of MUSE is 465 to 930 nm, the total field of
view in wide field mode is 1x1 arcmin?, and 7.5%7.5 arcsec’ in narrow field
mode. The total weight of the instrument will be approximately 7 tons.
Commissioning of MUSE is planned for 2011.
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Figure 1. MUSE optical configuration.

2. CRYOGENICS

The 24 detectors are housed in 24 separate cryostats, which are cooled
using separate low frequency Pulse Tube Heads (PTH). The 24 PTHs are
custom made and powered by two Coolpack 6000 compressors from
Leybold. The prototype cooler has been developed in collaboration with the
Service Basse Temperature from the CEA Grenoble. The actual performance
of the prototype is 4 Watts at 120 K and a Helium flow rate of 100 1/s. The
design is driven by the tight space and weight constraints of MUSE. Figure 2
shows a prototype of the new compact CCD head, which will also be the
standard head for future optical ESO instruments.
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Figure 2. CCD head prototype.

3. CCD HEAD ELECTRONICS

The first buffer stage for the CCD outputs is a cascode stage with two
low noise JFETS Q1 and Q2 (see Fig. 3). Q1 acts as a source follower with a
gain slightly below 1. Because the resistors R1 and R2 are equal, the signal
voltages across R1 and R2 are also equivalent, but with opposite phase. R3
and R4 provide the DC bias for Q2. The advantage of this circuit is a gain
two times higher when compared with a single buffer stage. As a benefit the
circuit delivers a differential output signal. L1 is a common mode choke to
improve noise immunity. Q3 is the usual JFET current source to set a proper
load current (1 to 2.4 mA) on the CCD output.

The subsequent video processing stage consists of a differential input
amplifier with a line clamp circuit. Further video signal processing methods
are currently under investigation. Options under consideration are:
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e (Classical clamp-and-sample, similar to the circuit used in FIERA [1],
where the sampling is actually performed by the Analog-to-Digital
Converter (ADC).

e Sample-hold stage with a subsequent differential amplifier to subtract
the sampled reference level from the signal level. The resulting signal
is then sampled and converted by the ADC.

e Sampling of reference and signal level with the same sampling ADC
and subtraction by software (Digital Double Sampling).

{ VDD |

R4 s R2=RI

AAA
vV

:.r QZ — (O1TT-

< R3
= | L-‘\J\.AJ\J— L1
from CCD Output =.r Q1 R
$RI
N
Figure 3. Cascode CCD buffer stage.
4. DETECTOR CONTROLLER

Due to the large number of units, each must be simplified to save cost
and man power, and increase reliability. ESO’s New General detector
Controller (NGC) will be used for MUSE. NGC has been selected because
of its compact size and low power consumption. Each of the 24 CCDs is
driven by a single board containing 4 video channels, 20 bias and 16 clock
sources. One controller unit will contain 4 such boards (see Fig. 4). In total 6
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NGCs are required to operate the 24 CCDs. A detailed description of NGC
can be found in Meyer, et al. [2].

Figure 4. NGC configuration.

5. CCD REQUIREMENTS

Table 1 shows the preliminary requirements for the most important CCD
characteristics. Given the faintness of the science targets, the detector QE is
of prime importance. Special attention is given to the redder (A > 0.6 pm)
part of the spectral range where the QE should be optimized. The 570 to 610
nm gap in QE requirements is given by a notch filter in the optical path that
suppresses the scattered light of the Sodium Laser guide stars used for
Adaptive Optics (AO).

Constraints on the chip flatness are due to the camera aperture (f/1.9) and
expected image quality.
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Table 1. Preliminary detector requirements.

Item Value Remarks
Detector format 40964096
or 2x2048x4096
Detector dimensions 61.4 x 61.4 mm*
Pixel size 15 x 15 pm®
QE 465-570 nm 85% min; 90% goal
QE 610-800 nm 85% min; 90% goal
QE 800-930 nm 60% min; 70% goal
PRNU <10% Peak-to-peak
Fringing <10 % Peak.-Fojpeak ofave.
sensitivity
Fringe stability <1% Within 24 hours
Flat field stability <1% Per night
Readout time G9a1:1 min; max: 3 4-port readout
min
Readout noise <4 ¢ RMS @ 50 kpix/sec
. . Without increase of
Binning capability 4 x4 noise
Dark current <2 e-/pix/h
Charge transfer efficiency >0.999995
Linearity <1% Up to 50,000 e
Full well > 100,000 ¢
Blooming full well > 200,000 e
Charge diffusion < 0.1 pixel FWHM equlvalenF
gaussion convolution
Surface flatness <20 um pp
Number of defects
Cosmetics Science grade TBD, no bright or
dark columns.
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Abstract: This paper presents the guiding acquisition system for the CFHT WIRCam
based on a mosaic of four HAWAII-2RG infrared detectors. This camera was
designed and built by the Canada-France-Hawaii Telescope Corporation in
collaboration with the Laboratoire d’Astrophysique Expérimentale of the
Université de Montréal. The guiding system features four SDSU-3 boards
modified to support dual optic fiber connections (master scientific and slave
guiding) to allow simultaneous but independent guiding and scientific
acquisitions. Stable and fast guiding at 50 Hz has been effectively achieved in
infrared both in laboratory and on sky. The original SDSU software driver has
been modified to support an interrupt-driven loop that automatically extracts
one centroid from each of the four user-defined regions (one for each
detector). The derived correction drives a PID closed loop Image Stabilization
Unit (ISU) controller to effect guiding.

Key words:  Infrared, controller, software, clocking, guiding, HAWAII-2RG.

1. INTRODUCTION

CFHT WIRCam (Wide InfraRed Camera) is a shutterless camera that
contains a mosaic of four 2048x2048 Rockwell HAWAII-2RG infrared
detector arrays. The programmable window capability of the Rockwell
multiplexer has been used to implement on-chip guiding. This paper
describes the overall architecture of the system, explains the readout and
guiding sequence and relates experiences on the sky with the guider in
engineering runs.
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2. GENERAL DESIGN

The detector mosaic and its mount are shown in Fig. 1. Each pixel is
sampled with a 16 bit ADC, producing a 32 megabyte scientific image size.
For guiding, one small sub array of pixels (typically 8%8) containing a guide
star is chosen for each of the four arrays of the science image. These pixels
are blanked out in the science image and sent to the guide host.

Figure 1. WIRCam detector arrays mounted on the GL Scientific module (photo by
G. Luppino).

There are two separate host computers, one for guiding, which is
mounted in the telescope cage, and another for science data, located in the
control room. The science detector host runs Linux. It hosts 2 SDSU-3 PCI
cards, with a split fiber connection. One is a two-way connection for
scientific data transfer and the other only connects to the guide computer.
Each SDSU-3 controller handles 2 arrays. The detector host runs CFHT
Detcom to receive images and archive them with one chip per extension in
MEF (Multi-Extension FITS) format. Focus and microdither sequences are
saved as MEF cubes.

The guide host runs Linux based on kernel 2.4.20, built with RTAI real-
time support. Two SDSU-3 cards are installed in the guide host, both in
receive-only mode. The guide host also has a PowerDAQ A/D converter
which supplies analog output, analog input, and digital control output and
digital error status input from the ISU (Image Stabilization Unit). The
SDSU-3 driver and the PowerDAQ A/D converter driver are installed as
RTALI real time drivers. Figure 2 shows the connections of the two hosts to
the detector arrays.
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3. READOUT AND GUIDING SEQUENCE

To achieve simultaneous but independent scientific and guiding
acquisition, the pixels have been divided into blocks. Guiding images are
sent to the host between each block of pixels. The guiding images are read
fast enough not to interfere with acquisition. Guiding acquisition supports
Fowler sampling and is done on a strictly regular basis to minimize the reset
anomaly effect [1]. Data is sent through an optical fiber connection.

The guide driver is based on the Bob Leach [2] AstroPCI v1.7 driver and
modified to support an interrupt-driven loop as shown in Fig. 3. In this loop,
guider images are received from the fiber connection, processed into FITS
images in shared memory and then 2D convoluted to extract one star in each
of the four quadrants. The driver then uses a configurable weighting
algorithm (based on FWHM, S/N, flux, etc.) to generate XY offsets which
are processed through a Proportional Integral Differential (PID) transform to
generate XY correction voltages for the tip/tilt control. The Image
Stabilization Unit (ISU) controller has a range of +1.5 arcsec with a
resolution of 0.01 arcsec. The ISU receives guidance corrections at a rate of
1/20 ms. The driver typically takes about 0.15 ms to calculate centroids and
send voltage corrections to the A/D converter and, since the duty cycle is 20
ms, the driver does not overrun and can support Fowler sampling.

———| | Optical fiber |_ ,| Master |
— < PClcard [* Controller
Detector Ogt(i:clal Lsr < |
Host gt | Detector
| — Array
Optical fiber « |
PCI card 7
Optical fiber |_ Slave ||
Al PCl card Controller
Host Analog Tip/Tilt
Card Control

Figure 2. Host computer configuration.
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4. PERFORMANCE

The on-chip guiding system has been tested successfully on sky during
engineering runs of WIRCam in April and May 2005. Figure 4 shows the
spatial frequency spectrum of the star guiding movement at full speed (50
Hz) open loop, closed loop and closed loop with TCS guiding. Low
frequency movement is suppressed by about 30 dB. The crossover is
between 6-8 Hz, which corresponds to the closed-loop tuning model used to
set the PID parameters. Guide stars to the 14™ magnitude were tested.
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Figure 4. Spatial frequency spectrum of the guiding star movement.
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S. CONCLUSION

In this paper, we have presented the WIRCam on-chip infrared guiding
system that permits simultaneous scientific and guiding acquisitions with a
mosaic of four HAWAII-2RG arrays. On-sky engineering tests have
confirmed the effectiveness of the guiding system.

6. REFERENCES

[1] Riopel, M., Doyon, R., Nadeau, D. and Marois, C., 2004, An Optimized Data Acquisition
System Without Reset Anomaly for the HAWAIl and HAWAII 2 Arrays, Scientific
Detectors for Astronomy, Paola Amico, James W. Beletic and Jenna E. Beletic (Eds),
Dordrecht : Kluwer Academic Publishers, Astrophysics and Space Science Library, Vol.
300, p. 453-457.

[2] Leach, R. W.; Low, F. J., 2000, CCD and IR array controllers, Optical and IR Telescope
Instrumentation and Detectors, M, Iye & A. F. Moorwood (Eds), Proc. SPIE, Vol. 4008,
p- 337-343.

Martin Riopel and Louise Choquette thoroughly enjoyed the food
at the Hotel Naxos Beach.



164 Martin Riopel, Douglas Teeple and Jeff Ward

The Istituto Nazionale di Astrofisica (INAF), the Italian National Astrophysical
Institute, provided significant support to this workshop. Piero Benvenuti, the INAF
president, welcomed the workshop participants.



THE BLUE CHANNEL OF THE LARGE

BINOCULAR CAMERA
First test at LBT

Roberto Speziali', Fernando Pedichini', Andrea Di Paola', Emanuele
Giallongo', Roberto Ragazzoni >, Andrea Baruffolo’, E. Diolaiti*, C. De
Santis', J. Farinato®, Adriano Fontana', S. Gallozzi', F. Gasparo5 , F. Pasian’,

R. Smareglia’, E. Vernet
IINAF — Osservatorio di Roma, INAF — stervatorio di Arcetri, JINAF — Osservatorio di
Padova , *INAF — Osservatorio di Bologna, ’INAF — Osservatorio di Trieste.

Abstract:

The Large Binocular Camera (LBC) is the optical imager that will operate at
the prime foci of the Large Binocular Telescope (LBT). LBC is composed of two
separated large field (27 arcmin) cameras, one optimized for the UBV bands
(blue channel) and the second for the VRIZ bands (red channel). An optical
corrector balances the aberrations induced by the fast (F#=1.14) parabolic
8.4 m primary mirrors of LBT, assuring that 80% of the PSF encircled energy
falls within one pixel across more than the 90% of the field. The focal plane
equipment consists of an array of four E2V-4290 chips (4.5K*%2K) for the
acquisition of science images, and by two E2V-4210 chips (2K *x0.5K) placed at
both lateral sides of the scientific array, dedicated to the guide and active optics
systems. The blue channel was installed on LBT in late 2004, and it is in the
commissioning phase now. The hardware has been fully tested and the camera
software with the Telescope Control Software (TCS) will be integrated and
commissioned in Summer 2005. The science validation phase is expected to
begin in October 2005.

Key words:  Large Binocular Telescope (LBT), Large Binocular Camera (LBC).

1.

THE LARGE BINOCULAR CAMERA

As widely documented elsewhere [1,2,3], the Large Binocular Camera
(LBC) cryostat is composed of three independent modules: a stainless steel
rotator interface flange, a bimetallic (copper-nickel) nitrogen vessel and a
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housing made of aluminium. The liquid nitrogen vessel has been designed
with a spherical shape both to minimize the radiative thermal inlet and to
make a compact instrument. The overall volume of the vessel is 16 liters and
can be filled up to 8 liters even in the most unbefitting position (horizontal).

The rotator flange, made of a stainless steel (AISI 4130), holds the
baseplate with the detectors and interfaces the cryostat with the rotator of the
prime focus hub [4,5].

Due to the very fast focal ratio of the camera (F# =1.4), the co-planarity
of the detectors in the rotator flange was a crucial issue. For an accurate
measurement (= 1 um) of this parameter we used a laser based measuring
machine provided by Mitutoyo. With this machine it was possible to
measure the height of the chips without any contact.

2. LBC AT THE LBT LABORATORY

LBC blue was moved to the Large Binocular Telescope (LBT) in mid-
2004. A small clean room has been prepared for the final assembly and tests
(see Fig. 1). The camera window (Lens #6 of the corrector) was successfully
installed, and we have performed some minor mechanical upgrades of the
cryostat to fix some vacuum leaks (Torseal seals have finally been removed).
We prepared the transportation and handling tools to move and mount the
camera on the telescope. To allow more suitable handling, all ‘external’
electrical devices (shutter electronics, temperature telemetry, window heater)
have been installed in a new case (see the black box in Fig. 1).

Figure 1. The LBC Blue Camera fully assembled in the clean room at LBT.
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3. ON THE TELESCOPE

By 2005 all repairs had been performed, and the camera was mounted at
the prime focus station of the left primary mirror of LBT (see Figures 2-4).

Figure 2. (left) The Blue Camera of LBC being raised. (right) The crew on the scissor lift
mounting the camera at the prime focus station (the swing arm is in the ‘out’
position).

Figure 3. A recent picture of LBC Blue mounted on LBT.

All maintenance operations can be performed when the telescope is
pointing toward the horizon and, possibly, with the swing arm in the ‘out’
position. By using a scissor lift we are able to carry out the pumping/ refil-
ling/debugging operations.
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The holding time of LN,, when LBC is mounted on the telescope, ranges
between 40 and 50 hours, depending on the ambient temperature. The
cooling time is about 15-18 hours while the working temperature of the array
is 198+5K.

The vacuum level inside the cryostat is kept constant at 1.4x10” mbar by
the carbon getter inside, and was found to be independent of both the
elevation angle of the telescope and the rotator angle.

Figure 4. The blue channel of LBC.
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4. FIRST TESTS ON THE SKY

The images of 10-15 point-like unsaturated sources have been extracted
from the image of M51 (see Fig. 5). The average width at half maximum of
the Point Spread Function (PSF) measured on this sample is FWHM =
5.440.2 pixel = 1.24+0.04 arcsec and the maximum percentage deviation
with respect to the average is +6%. This slight PSF variation may be due to
the fact that, in this observing run, the active optics system was not working
in closed loop, and so the control of the mirror shape and of the relative
alignment between the primary mirror and the prime focus camera were
performed by trial and error.

Figure 5. One of the first test images of LBC Blue: M51. (Chip #2, 60 sec, B filter, open
loop).

By Summer 2005 the commissioning runs are concerned with the
integration of the camera software and the Telescope Control Software
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(TCS) to close the loop on the active optics and guiding systems with the
aim to obtain sub arcseconds images.
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RADIATION DAMAGE IN HST DETECTORS

Marco Sirianni'* and Max Mutchler?
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Abstract: We present an analysis of the radiation damage of CCDs on board the Hubble
Space Telescope (HST). We describe the radiative environment of the HST and
the impact seen in ACS, WFPC2 and STIS CCDs in terms of darkcurrent, hot
pixels and charge transfer efficiency.

Key words: HST, radiation damage, CT E, hot pixels, annealing.

1. INTRODUCTION

The Hubble Space Telescope (HST) has been orbiting in a Low Earth
Orbit (LEO) since April 1990. A large variety of scientific instruments have
been installed on HST, each with a unique set of detectors (see Table 1).

2. HST RADIATION ENVIRONMENT

HST orbits in a Low Earth Orbit, at about 580 km with an inclination of
28 degrees. Daily, HST completes approximately 15 orbits and on average
crosses a portion of the South Atlantic Anomaly (SAA) region seven
times/day.

The SAA is the region where the Earth’s inner radiation belt makes its
closest approach to the planet’s surface. The inner belt contains mostly
protons with energy between 10 and 50 Mev but also electrons, lower energy
protons, cosmic ray ions. The population of trapped particles within the belts
is not static. Increases in solar activity expand the atmospheres and increases
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the losses of protons in LEO. Therefore, trapped radiation doses in LEO
decrease during solar maximum and increase during solar minimum.

When HST tranverses the SAA, its detectors are exposed to several
minutes of strong radiation. Although the radiative environment is constant,
the unique properties of these devices pose different challenges to their
functionality in space.

In this paper we will focus on the radiation impact seen in CCDs on board
the HST. The amount of data available for this analysis varies among the
instruments, with younger instruments being better monitored than older
ones. We will, therefore, restrict our discussion to ACS, STIS and WFPC2
devices (see Table 2).

Two excellent reviews have been published in recent years. Pickel, et al.
[1] and Srour, et al. [2] provide a summary of the evolution of radiation
effect understanding in infrared detector technology, CCDs and active pixels
Sensors.

Table 1. Detector type and years on orbits for the main instruments of HST.

Detector type Instrument # of chips Year on orbit
CCD WEFPC 8 3.5(1990-1993)
WEFPC2 4 >12 (1993- present)
STIS 1 >8 (1997-2004)
ACS 3 >3 (2002- present)
WEFC3 2 0 (TBD)
Total 16 (+2)
IR NICMOS 3 >8 (1997- present)
WEC3 1 0 (TBD)
Total 3(+1)
UV-MCP SITS 2 >8 (1997-2004)
ACS 1 >3 (2002- present)
COS 1 0 (TBD)
Total 3 (+1)

Radiation damage mechanisms in CCDs are divided into two general
categories: Total lonizing Dose (TID) and displacement damage effects
[2,3]. Since all HST detectors are buried channel and are operated inverted
they are principally subject to displacement damage and almost completely
insensitive to charge generation and accumulation at the silicon-oxide
interface, which is typical of TID damage. Displacement damage refers to
the introduction of defects in the silicon lattice. Charged particles such as
protons and neutrons can collide with silicon atoms and displace them from
their lattice sites. This process results in vacancy-interstitial pairs, most of
which immediately recombines. The vacancies that survive migrate in the
lattice and form stable defects. Any defect gives rise to a new energetic level
in the bandgap and alters electrical and optical performance of the device.
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These defects degrade CCD performance by decreasing the Charge
Transfer Efficiency (CTE), increasing the mean dark current and dark
current non-uniformity by introducing individual pixels with very high dark
current (also known as hot pixels or hot spikes).

Table 2. Basic HST/CCD specifications.

ACS/WFC ACS/HRC STIS WFPC2
SITe SITe SITe Loral
Qt. —Size (pixel) 2- 4096%x2048  1-1024x1024 1- 1024x1024 4- 800800
Pixel size (Lm) 15 21 21 15
Architecture 3-phase 3-phase 3-phase 3-phase
thin- back ill. thin- back ill. thin-back ill. thick-front ill.
Temperature (°C) =77 -81 -83 -88
Readout 2 amp / MPP 1 amp /MPP 1 amp/MPP 1 amp /MPP
Parallel clock (Hz) 20 40 42 60
Minichannel 3 um 3 um 3 um -
3. ANALYSIS OF THE RADIATION DAMAGE

3.1 Dark Rate

In the depletion region of each pixel, energy levels near midgap are
responsible for the generation of electron-hole pairs. Thermal excitation of a
bound valence-band electron to the defect energy level can be followed by
another excitation to the conduction band, thus generating a free electron-
hole pair. Multi Pinned Phase (MPP) devices run into inversion and
therefore the surface dark current is suppressed and the bulk dark current is
the only contribution.

The average dark current increase correlates with the amount of
displacement damage imparted by incoming protons. This behavior is seen
on all HST CCDs as shown in Table 3. It is interesting to note that
approximately five years after installation, the dark current for WFPC2
CCDs stopped increasing linearly. The reason for this behavior is still under
investigation. It is known that the dark rate in WFPC2 is produced by two
components. The first is the classical thermal generation of electron-hole
pairs at the pixel level, the second is related to the fluorescence of the MgF,
window, which correlates with the solar cycle.

3.2 Hot Pixels and Annealing

While the increase in mean dark rate with proton irradiation is important,
the dark current non-uniformity (hot pixels) is generally a bigger concern for
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astronomical applications. Some pixels show very high dark current up to
several times the mean dark rate. Depending on the particular collision
sequence, protons of the same energy may produce varying degrees
displacement damage. Moreover, if a defect is created in a high electric field
region, the contaminated pixel can show very large dark current as a result of
field-enhanced emissions [4].

Hot pixels accumulate as a function orbit time. Figure 1 shows the
evolution of the distribution of pixels over time at different dark rates for one
ACS/WFC CCDs. As the proton-induced damage increases, the mean dark
current (the peak of the distribution) and the hot pixels population (the tail of
the histogram) increase. According to Hopkinson, et al. [5] a simple fit can
be made assuming a Gaussian main peak whose half-width increases
approximately as the square root of the fluence, and an exponential tail
whose amplitude is proportional to fluence.

Table 3. Dark rate increase as a function of time for HST CCDs.

WFC HRC STIS WFPC2
e’/pix/hr/year 1.5 WFC1 2.1 3.3 (side 1) 2.0 (1993- 1998)
2.0 WFC2 2.2 (side 2) ~0(>1998)
Temperature (°C) =77 -81 -83 (side 1) -88

<-83 (side 2)

1;.-‘\ /o2
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
T T T T T T T

Pixels

Figure 1. Distribution of dark pixels for (botrom) one WFC CCD at launch (2002), and after
1,2 and 3 years on orbit.

Sirianni, et al. [6] discussed the evolution of hot pixels in ACS CCDs and
found that the number of new hot pixels with a dark current higher than the



Radiation Damage in HST Detectors 175

mean dark current increases every day by few to several hundreds depending
on the threshold used (see Table 4). In order to partially anneal the hot
pixels, all HST instruments perform monthly anneal, by raising the CCD
temperature to approximately +20 C for few hours. Although it is still not
clear why significant annealing is observed at such low temperatures (the
most common defects in silicon anneal at much higher temperatures), we can
report a few interesting findings (see [7] for more details):

e The annealing rate strongly depends on the dark rate of the hot pixel.
Very hot pixels show a higher anneal rate than warmer pixels and
there is no impact on the average dark current level [6].

The same anneal rate can be obtained at colder temperatures. In at least
four instances, in occurrence of HST safing events, the temperature of
ACS CCDs were raised to -10°C for periods ranging between 24 and
48 hours. After these periods the population of hot pixels decreased by
the same amount as in a normal anneal cycle at +20°C.

The anneal rate does not seem to be related to time. Since launch the
anneal time for ACS CCDs have been reduced first from 24 to 12 hrs
and more recently from 12 to 6 hr without impacting the annealing
effectiveness.

e For any particular hot pixel, a complete anneal is a rare event. Most of
the annealed hot pixels significantly reduce their dark current level but
never rejoin the population of normal (Gaussian distribution) dark
pixels.

Several hot pixels show evidence of reverse annealing. While most of
the hot pixels show some degree of healing in response to an annealing
procedure, some of them may be activated to “hot” by the same
procedure. This occurred to pixels that have been damaged by
radiation and that, depending on the anneal cycle, they may lose or
regain the status of “hot pixel”. Figures 2 and 3 show examples of
normal and reverse annealing respectively.

Table 4. Anneal rate for different HST CCDs.

ACS/WFC ACS/HRC STIS WFPC2
Temp =77 °C -81 °Cc 83 °C -88 °C
Annealing Temp  -10to + 20 -10 to + 20 +5 +30

Annealing 6 to 24 hr 6 to 24 hr 24 hr 24 hr
Duration
Threshold % +/- % +/- % +/- % +/-

>0.02 055 002 064 0.02 0.80  0.05

>0.04 0.70  0.07 0.84 0.07

>0.06 078 004 0.84 0.04

>0.08 082 0.03 0.87 0.03

>0.10 084 002 085 0.02 077 0.05

>1.0 055 0.15 0.64 0.15
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Figure 2. Signal level of hot pixel # 136 as a function of time (days). Vertical dashed lines
mark the annealing dates. The horizontal line marks the threshold for hot pixel
definition. The signal level is in e”/pix/sec at -77 C. The pixel is damaged just after
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day 800 and it is fully healed after the first annealing cycle.

Figure 3. Signal level of hot pixel # 174 as a function of time (days). The pixel is damaged
after day 350. Following anneal cycles partially heal the pixel whose dark current
jumps between discrete levels in correspondence of anneal cycles.

33 Charge Transfer Efficiency

CTE degradation has the largest impact on the scientific application of
CCDs in space. The trapping of charge during the readout causes errors in
stellar photometry, stellar astrometry and the observed surface brightness of
extended objects. There are many techniques to measure the CTE of a CCD.
On HST only the flight software of ACS could enable Extended Pixel Edge
Response (EPER) and First Pixel Response (FPR) tests during orbit. ACS
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CTE is monitored monthly at the Fe> signal level and twice a year over a
wide range of signal levels (see Sirianni, et al. [6] and Mutchler, et al. [8] for
more details). At each signal level the CTE is degrades linearly with time.
For ACS and all the other HST CCD-based instruments a corrective formula
applied to photometric measurements to remove the impact of CTE
degradation has been derived by observing a star cluster (see for example
Riess, et al. [9]). By positioning the same star in different positions across
the CCD it is possible to measure the amount of charge lost due to CTE
degradation. By using several stars with different brightness and different
filters to simulate various background conditions it is possible to derive a
formula that takes into account the signal in the PSF, the position in the chip,
the background level and the time of the observation. These tests measure
the “missing charge” and therefore can provide an absolute measurement of
CTE. If Amag is the missing flux (in magnitude) after the star has been
transferred through » rows the classical CTE figure is:

CTE =10~ (Amag/2.5n).

We compared CTE degradation for all HST CCDs in Fig. 4. For
ACS/WEFC the results from the EPER test and the photometric test are in
perfect agreement. A corrective formula for ACS/HRC is still not available,
so we show only the EPER results. The STIS and WFPC2 trends are derived
from photometric tests. It is clear that the WFC CCD is degrading much less
rapidly than WFPC2 CCDs. A fair comparison should take into account the
operating temperature and the clocking rate, which are fundamental factors
for CTE performance.
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Figure 4. Evolution of parallel CTE as a function of time on orbit. Two lines are shown for
ACS/WFC: the dotted line is the trend inferred from the star photometry test, the
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dashed line is from the EPER test. The solid segment of each line shows the actual
time spent on-orbit.
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AN EUV IMAGE DETECTOR FOR THE SPACE
SOLAR TELESCOPE

Qian Song, Binxun Ye and Zhaowang Zhao
National Astronomy Observatories, CAS

Abstract: We have created an experimental model of the detectors for the EUV
telescope, which will be on board the Space Solar Telescope as an important
pavload. A EUV detector, consisting of a EUV sensitive phosphor screen, an
MCP image intensifier, a fiber optic taper and a CCD camera, was built and
evaluated. Better than 26 Lp/mm resolution was achieved.

Keywords:  EUV image detector, EUV phosphor, MCP intensifier.

1. INTRODUCTION

In an attempt to achieve a breakthrough in solar physics, the Solar Space
Telescope (SST) expects to observe the transient and steady solar
hydrodynamic and magneto-hydrodynamic processes and their continuous
time evolution with 2-dimension real-time polarizing spectra, EUV and Ha
images with high spatial and temporal resolution. The payloads will include:
a Main Optical Telescope (MOT) with a 2-D polarizing spectrograph
working in eight channels simultaneously, an EUV Telescope (EUT), an Ha
and white light telescope, a wide band spectrometer investigating high
energy flare processes at y-ray and x-ray wavelengths, and a solar and
interplanetary radio spectrometer working at 1-60GHz observing
non-thermal electron populations [1].

EUT consists of four strictly parallel-aligned telescopes working at four
EUV wavelengths simultaneously. The four normal incidence telescopes are
mounted in a vacuum vessel and aligned with MOT to view the same target
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area. To acquire EUV images of the quiet sun with a spatial resolution of
0.5, the detectors of EUT were designed as a system that includes an EUV
sensitive phosphor, fiber taper, MCP image intensifier, CCD, camera
electronics and cooling block. This not only improves sensitivity for low
intensity scenes, but as a bonus provides an electronic shutter with no
moving parts [1,2]. As the engineering study proceeded, we adjusted the 0.5”
resolution to 0.8” and also changed the focal length of the telescope. This
required adjusting the spatial resolution of the detector to 36.6 Lp/mm.
Based on this design an experimental detector was built and tested to
evaluate the feasibility of the architecture.

2. DETECTOR DEVELOPMENT

The detector is designed as a synthesis of a phosphor screen, an MCP
image intensifier and a CCD with fiber optics to match the image format (see
Fig. 1).

Figure 1. The structure of the EUV detector.

Other requirements are: 2048%x2048 image format, a 12 bit dynamic
range between the CCD readout noise and full well capacity, and spatial
resolution that matches that of the telescope (0.8, 27.3 um or 36.6 Lp/mm).
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With the phosphor screen preceding the MCP intensifier, EUV photons
become visible and are therefore able to penetrate the window of MCP
intensifier. To verify the phosphor’s response in the EUV band, the screen
was tested at the Beijing Synchrotron Radiation Facility (BSRF). The
phosphor screen was illuminated with EUV radiation and a photodiode was
placed just behind the screen. The output current of the diode was measured
as a function of incident radiation wavelength ranging from 6 nm to 27 nm
(see Fig. 2).
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Figure 2. Response test of the EUV-converting phosphor screen.

Because the spectral intensity distribution over the tested EUV wave
band was not calibrated, Fig. 2 does not exactly reflect the spectral response.
The purpose of the experiment was to simply check if the phosphor is
sensitive over the waveband concerned. Figure 3 shows the relationship of
the photodiode’s current generated by phosphor radiation and the current of
the circulating electrons in the storage ring of the synchrotron radiation
facility. Since the latter varies roughly linearly with respect to the intensity
of the EUV radiation beam, Fig. 3 roughly reflects the linearity of the
phosphor. The output of the diode did not increase after the current in the
storage ring reached 90mA; this resulted from saturation of the phosphor.

The resolution of the MCP image intensifier is 57 Lp/mm. The gain is
8900 cd/m*/Lx, which leads to an equivalent background irradiance
0.16 pLx. The resolution of the optic taper is better than 102Lp/mm. Figure
4 shows the integrated detector. The left panel shows the inside structure and
the right panel shows the exterior.
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Figure 3. The relationship of the photodiode’s current generated by phosphor radiation and
the current of the circulating electrons in the storage ring.

Figure 4. The integrated EUV detector.
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3. TESTS AT THE OPERATING WAVELENGTH

The gain of the CCD camera, measured with the photon-transfer
technique, was measured to be 3.95 ¢/ADU. Figure 5 shows a 5 sec dark
image of the integrated detector. The bright disk is the image of the MCP
intensifier’s background irradiance, which is an average of 800 ADU higher
than the CCD.

Figure 5. A5 sec dark image. Figure 6. Image of the beamed
radiation at 17.1 nm

Figure 6 is an image of the 17.1 nm radiation of the beam used for the
experiments. To evaluate the spatial resolution, a grid was used (see Fig. 7).
The grid is divided into 4 areas with the opaque and void strips with widths
of 9, 13, 19 and 23 um respectively. Since the radiation beam was well
collimated, the grid was installed directly in front of the phosphor screen of
the detector with no additional optical devices to project the image of the
grate on the detector. Figure 7 (right) shows the image of the grid acquired
with the detector. The grid plate was not thick enough for the blocking strips
to be completely EUV opaque and the darker area in the center results from
a lack of thickness uniformity of the grid plate. In the image acquired, the
19 pm grid can be resolved. Therefore the detector resolution is better than
26 Lp/mm. Figure 8 is the intensity distribution of the 19 pm grid image.

The cross section of the EUV light beam is small enough to be confined
within the sensitive area of the EUV photo-diode installed in the beam or
within the bounds of the EUV detector. Therefore, the total photon flux
F nowon 0f the radiation beam can be acquired with the diode by

365 I
thoton = T (1)
E photon qe
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where E 00, 1 the photon energy in eV, / is the current of the diode in amps
and g, is the charge of one electron in coulombs. We define the response of
the detector as the ratio of output electrons in the CCD readout node to the
number of the incident EUV photons. Figures 9 and 10 show this ratio at
17.1 nm and 19.5 nm. The response of the detector is measured to be 18
e’/photon and 21 e’/photon at wavelengths of 17.1 nm and 19.5 nm
respectively.
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Figure 7. (left) Spatial resolution test grid and (right) its corresponding EUV image acquired
with 17.1 nm wavelength illumination.
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Figure 8. Intensity distribution of 19 pm grid image.
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4. DISCUSSION

From the data obtained we can conclude that the spatial resolution and
response of the detector do not achieve the requirements of the project. The
biggest constraint is the EUV sensitive phosphor.

A better phosphor is expected, which will improve performance without
changing the architecture. However it will be difficult to find an appropriate
replacement. Therefore, an open MCP intensifier with a Crl or KBr-coated
photon cathode will replace the EUV phosphor and will drastically improve
performances and hopefully meet requirements.

L3CCD technology is developing rapidly and is beginning to “shed light”
on our endeavor of intensified EUV image detection. The combination of
L3CCD technology and a 2Kx2K EUV CCD is now feasible and may be the
simplest solution to the problem.
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Abstract: The Corot project, developed in the framework of the CNES small satellite
program with a widespread European cooperation, will be launched in 2006.
It is dedicated to Astero-Seismology (AS) and Exo-Planet Finding (PF). It will
perform relative photometry in visible light, during very long (150 days)
observing runs. Both programs will run simultaneously and ~50,000 stars will
be observed over 3 years of operation. The camera, test bench and testing are
discussed.

Key words: Camera, space mission, instrumentation and calibration.

1. INTRODUCTION

The Corot project, developed in the framework of the CNES small
satellite program with a widespread European cooperation, will be launched
in 2006. It is dedicated to Astero-Seismology (AS) and Exo-Planet Finding
(PF). It will perform relative photometry in visible light, during very long
(150 days) observing runs in the same direction [1]. Both programs will run
simultaneously and ~50,000 stars will be observed over 3 years of operation.

The instrument is based on an off-axis telescope (27 cm pupil, 3° square
field of view) using a dioptric objective that projects the stars onto the focal
plane. The focal plane consists of four e2v back-illuminated, frame transfer,
AIMO, 2Kx4K pixels, CCD42-80 CCDs operated at —40°C. The focal
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plane is arranged as two pairs of CCDs for each of the two camera systems.
The AS and PF scientific programs each have dedicated cameras. Electronics
boxes will perform the CCD readout, the thermal control and housekeeping,
onboard software pre-processing, and data reduction [2].

The camera sub-system consists of a dioptric objective, focal plane array,
front-end electronics boxes, mechanical parts (shielding) and thermal
equipment (MLI, active thermal control).

The camera sub-systems were integrated and calibrated on a customized
test bench. The qualification camera system has passed all the environmental
tests (thermal balance and mechanical vibration). The flight camera system
has been optically set-up with the telescope and calibrated, and is ready for
delivery. The deliverables include the camera sub-system (constraints and
design), test bench, and suite of test results consisting of focalplane
integration, optical setup, thermal balance and camera calibration.

Teams from different French laboratories have worked on the cameras for
over a year with support and funding from the French Space Agency.

2. CAMERA DESCRIPTION

The following is a list of the different sub-systems that constitute the

camera:

e The dioptric objective (OD), consisting of 6 lenses, projects the
FOV onto the CCD. The OD is equipped with calibration LEDs and
two active thermal controls (probes and heaters) controlled by the
spacecraft.

e The focal-box (BF) contains the four CCDs, the prism and the active
thermal control of the CCDs. The e2v CCD42-80 (2Kx4K) CCDs
(see Fig. 1) operate in AIMO and frame-transfer mode. Two CCDs
are dedicated to each of the AS and the PF camera subsystems. The
focal plane is divided into two parts with an offset of a few
millimeters between each pair of CCD (for different PSF shaping).

e The front end electronics (EP) generate the clocks and biases for the
CCDs, and performs processing on the video signal of pre-clamping
and amplification. Connections to the CCDs are through flex cables.

e The thermal drains that cool the CCD and the front-end electronics
(connected to dedicated radiators).

e The mechanical interface optimally focuses the CCDs . It consists of
the BIF (interface mechanical piece) which contains all the
mechanical parts including the shims (of different thickness) to
optically align the CCD.

e The shield protects the CCDs against protons and cosmic rays and
provides the mount for the EP boxes.
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Thermal components such as the MLI, thermal probes and heaters
provide thermal regulation.

The manufacturers involved in the various design studies and realization
of the project are:

Sodern for the focal-box and dioptric objective.
Soditech/Teuchos for the thermal and mechanical study.
Alcatel Valence for the front-end electronics.

e2v for the CCD42-80 CCDs.

The laboratories that provided management and performed some of the
design studies are:

3.

CNES (Centre National d’Etudes Spatiales) for the thermal and
mechanical studies.

IAS (Institut d’Astrophysique d’Orsay) for the prism and optical
studies.

LAM (Laboratoire d’Astrophysique de Marseille) for the optical
studies.

LESIA (Laboratoire d’Etude Spatiales et d’Instrumentation en
Astrophysique) for the management, system and electrical studies.

Figure 1. The focal plane with the four CCDs.

THE CAMERA TEST BENCH

The test bench was developed at the Institut d’Astrophysique d’Orsay
(IAS) where different facilities have been used.
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The test bench has four separate parts:

4.

The vacuum chamber and the active thermal control (IAS facilities)
cool and regulate various items including the focal plane which is
stabilized to -55°C.

The mechanical support for the camera and support electronics (IAS
facilities) have X/Y axis motors that enables optical stimuli to be
placed anywhere on the focal plane with an accuracy of 1um.

The optical bench has two test camera systems. One that measures
the gap between the CCDs by simulating a star at a given “infinity”
(the OD has a strong focal curvature). A wavefront analyzer allows
control of the optical bench. The other for calibration that simulates
a given field of view.

The electrical test equipment and software that provides full control
of the functions of the test bench and image acquisition. Some real
time image processing (for quick-look) is available. All image data
is stored on hard disk for later data analysis.

THE TESTS PERFORMED

A variety of tests were performed on the camera. Their description

follows:

Thermal tests:

The internal and external interfaces were validated to determine that
the absolute temperature of the CCD will remain under —40°C
during the life-time of the instrument.

The active thermal control of the focal-box was analyzed to fine-
tune (determine gain of the thermal control loops) the thermal
control system.

e The passive thermal control of the electronics was validated.

e |t was determined that external thermal probes can be used for the
absolute calibration of the flight probes (used for house-keeping
purposes).

Optical tests:

The positioning of the CCDs inside the focal-box was measured to
determine that the requirements of focus accuracy of < £20 um and
lateral gap between CCDs of <+£100 pum were met.

The effect of change in temperature of the DO on the shape of the
PSF was determined. The focus of the OD was determined to have a
temperature variation of 23 pm/K for a homogenous temperature
and less than 5 um/K for a spatial gradient.
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5.

(1]

(2]

The dispersion of prism was measured and agreed with the expected
value.

The absolute transmission of the camera at different wavelengths
was measured. The global “response” of the camera was in good
agreement with the modeling (taking in account the response of the
different sub-systems of the camera).

Electrical tests:

Readout noise and cross-talk between the two CCD outputs was
measured. At a pixel rate of 150 kHz, the global noise (including
EMC) was 11 ¢'. Cross-talk was less than 0.1%.

All flight electronics and flight chronograms were tested for electro-
magnetic-compatibility. This showed predictable effects of about 1-
3 ADU on the offset. In addition, the gains of different video chains
were measured.

The qualification model passed the environment tests and the flight
model has been integrated on the telescope for the final optical adjustment.
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Abstract: High-energy particles that induce a glow on the ZnCdTe substrate of the
HgCdTe detectors of WFC3 may increase the background noise and reduce
the scientific performance of the instrument. To eliminate this problem, a
second generation of infrared detectors with substrate removed is under
construction. Early tests indicate that the glow problem is eliminated and the
quantum efficiency increases dramatically at shorter wavelengths, potentially
providing a substantial improvement in the limiting sensitivity of the
instrument.

Key words:  Hubble Space Telescope (HST), Wide Field Camera 3 (WFC3), HgCdTe
detectors, ZnCdTe substrate removal.

1. INTRODUCTION

The Wide Field Camera 3 (WFC3) is the latest imager built for the
Hubble Space Telescope (HST) and is planned to replace the Wide Field
Planetary Camera 2 (WFPC2) in the next servicing mission to the HST.
WEFC3 (see Fig. 1) is configured as a two-channel instrument [1]. The UVIS
channel provides diffraction limited imaging from the 2000 A to ~1 pm and
uses two large format e2v CCD43 4Kx2K CCD devices optimized for near-
UV sensitivity. The IR channel is optimized for the 0.8-1.7 um region. It
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uses a HgCdTe focal plane from Rockwell Scientific Company (RSC) with
long wavelength cutoff at 1.7 um. The detector, operating at 150 K, is
hybridized on a HAWAII-1R multiplexer providing 1024x1024 pixels of
18 um pitch, including 5 outer rows and columns of reference pixels.

Figure 1. Fully assembled WFC3 at the Goddard Space Flight Center prior to the installation
of thermal blankets.

In September 2004 WFC3 successfully conducted a thermal vacuum
performance characterization test at the Detector Characterization
Laboratory (DCL) of the NASA Goddard Space Flight Center (GSFC). Its
installation on the HST is contingent upon authorization of shuttle-based
servicing of HST after a successful return-to-flight.

2. CURRENT IR FLIGHT DEVICES: FPA64 AND
FPAS9

The production of the original flight detectors for WFC3-IR ended in
Summer 2003 with the selection of two devices, FPA#64 as prime, and
FPAS9 as backup [2]. FPA#64 has been packaged in its flight assembly (see
Fig. 2) and underwent extensive thermal vacuum testing. In parallel with the
integration and system level tests done at Ball and at the GSFC, the WFC3
team has carried out further test activities to characterize the performance of
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similar devices in the space environment. In particular, the effects of cosmic
ray radiation have been evaluated in two runs at UC Davis, exposing the
detectors to proton beams of different energy and flux while they were
operated in standard data acquisition mode. A surprising result of these tests
[3] was the appearance of an extra diffuse background between the pixels
directly hit by the protons. Systematic investigation of the phenomenon vs.
input proton energy demonstrates that the source is the deposition of proton
energy in the thick (~ 0.8 mm) ZnCdTe substrate, while the morphological
similarity of the background to the shape of short-wavelength flat fields
suggests that the physical mechanism is likely luminescence near the short-
wavelength cutoff of the ZnCdTe (near 800 nm).

Figure 2. FPA64 packaged in its flight assembly.

Scaling of the laboratory results to the on-orbit high-energy particle fluxes
suggests that this mechanism could add ~ 0.25 e7/s/pixel to the diffuse
background rate in the space environment, though in the absence of a
detailed understanding of the physical mechanism, this estimate is highly
uncertain. This level of background could lead to a significant degradation
of the sensitivity of the instrument.

RSC suggested that removing the entire ZnCdTe substrate should
eliminate the anomaly. Substrate removal also offers the advantage of
increasing the quantum efficiency in the J-band and pushes the blue cut-off
of the detector down to 0.4 um.
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3. SECOND GENERATION DETECTORS WITH
SUBSTRATE REMOVED

The substrate removal process has been carried out by RSC on two early
WEFC3 detectors. Radiation tests made at U.C. Davis have demonstrated that
with these devices the extra background is now undetectable, with upper
limits approximately three orders of magnitude lower than the previous
substrate-induced background levels. Scaled to the orbital environment,
these limits correspond to a negligible level of background signal compared
with the intrinsic dark current of the devices. Two new lots of detectors have
since been produced, and recent measurements at the GSFC Detector
Characterization Laboratory confirm the expected increase of QE at shorter
wavelengths (Fig.3).

L e T | R e T R > R
[ [e——eFFAID2
- & FPA104 e —
r FPA105 — TR
. FPA108 p ik
- - & FPA107 ~
@ - - -@FPAB4 o P
0.8 y o
¥
- y .4/'
'
L »
J
. .
0.6— p
5
- o o
&
W b= o
] 'y
:l’ - - -
r .l . -
~ - al -
0.4 v i &
. -
- o
¥
-
. |
, o
L oo
o
02f o B
» o
”
0.0 PR [N RN SN TN [N Y NN N g 1 3 3 9 1

400 600 80D 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 3. Comparison of the GSFC/DCL measured quantum efficiency of the current flight
detector FPA#64 with a number of second generation, substrate removed, WFC3-
IR FPAs. From top to bottom: FPA#104, FPA#102, FPA#105, FPA#106 (all
substrate removed), FPA#107 (incomplete substrate removal), FPA#64. Detector
gain was measured with photon transfer mode.
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4. SCIENTIFIC PERFORMANCE

To illustrate the change in sensitivity, we compare the performance
attained by WFC3 with FPA#64 vs. the new substrate removed FPAs in
Fig. 4. We consider a few representative cases: 1) FPA#64 and WFC3 as-
built; 2) FPA#64 with 1 e/s/pixel of extra glow due to cosmic rays (worst
case scenario); 3) FPA#64 with 0.25 e7/s/pixel extra glow (best guess
scenario); 4) Second generation FPA with same RON of FPA#64 (24 e7/pixel
DCS); 5) Second generation FPA with high RON (40 e/pixel DCS);
6) Second generation FPA with low RON (15 e/pixel DCS). We consider 4
filters, F110W and F160W (approximately the standard J and H passbands);
F126N (a representative narrow-band filter) and F093M, roughly
corresponding to the z-band often used with CCD detectors (e.g. ACS/HST).
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Figure 4. Discovery efficiency of WFC3 normalized to NICMOS Camera (F110W, F160W,
F126N) and ACS/WFC (F093M).

Figure 4 shows the discovery efficiency (1/observing time needed to
reach a given SNR on a faint point source % the detector area in square
arcmin) normalized to the current NIC3 values (to ACS for FO93M). The
second generation detectors could nearly double the discovery efficiency at
short wavelengths and also be competitive with ACS in the F850LP (note
however the different pixel scale: 013” of WFC3-IR vs. 0.05 of ACS); for
broad-band surveys the gain in blue QE easily offsets a potential increase of
readout noise. On the other hand, a luminescence of 1 e/s/pix would have a
dramatic impact on the discovery efficiency with FPA#64.
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5. CONCLUSION

ZnCdTe substrate removal on the WFC3 HgCdTe detectors eliminates
proton-induced glow and significantly increases the detector QE at short
wavelengths. Substrate removal therefore has two positive impacts on the
limiting sensitivity of the instrument. Extensive tests are currently underway
at GSFC/DCL to fully characterize the new devices. Early results are
promising and suggest that WFC3 will significantly benefit from the
inclusion of a substrate removed IR FPA.
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Abstract: The Descent Imager/Spectral Radiometer (DISR) camera aboard the Huygens
Probe to Saturn’s moon Titan used a single frame transfer loral CCD to
acquire image and radiometric data from nine individual optical sub-systems.
The CCD was especially designed for DISR and was a German contribution to
the DISR instrument established at the University of Arizona. Cassini/Huygens
was launched in 1997, and the Huygens probe descended in 2005 through the
atmosphere of Titan. DISR returned exciting pictures and spectra during
descent and even after landing for more than 3 hours.

Key words:  Charge-Coupled Devices (CCDs), Huygens probe, DISR.

1. INTRODUCTION

Cassini/Huygens originated as a joint NASA/ESA space mission to
Saturn, with NASA responsible for the Cassini orbiter while ESA supplied
the Huygens payload. Huygens descended through the tight atmosphere of
Titan on January 14, 2005, and initiated 6 scientific instruments.

The building of the Descent Imager/Spectral Radiometer (DISR)
instrument was led by the Lunar and Planetary Laboratory at the University
of Arizona [1], applying detector techniques from Germany (CCD) and
France (near-IR detectors). The instrument uses 13 optical apertures to
acquire images and spectra from different directions. Nine of these optical
paths were connected via a coherent fiber bundle to a single CCD imager to
obtain a highly condensed experiment set-up with low power consumption.
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2. THE LORAL MAX-PLANCK CCD DETECTOR

The DISR CCD was designed and produced in the early nineties at Loral
[2] under contract from MPS, formerly the Max-Planck-Institut fiir
Aeronomie. The design was optimized for the DISR application in respect to
the rigid limitations in mass, power and data rate allocations provided by the
Huygens probe.

The CCD is a buried channel front side illuminated frame transfer device
with 256 active lines and 512 (+ 8 dark) columns. The detector is employed
2 phase MPP clocking and gated anti-blooming primarily used as an
electronic shutter, but also used to remove excessive charge from
overexposure. As shown in Table 1, the pixels are 17x23 pum’ on 23 pum
centers leaving 6 um for anti-blooming on the side of each pixel. The pixel
capacity of more than 150 000 ¢ is set to a full well of 125 000 ¢~ by the
anti-blooming gate potential. The quantum efficiency is up to 50% at 600
and 800 nm.

Table 1. Summary of the Loral Max Planck chip specification.

Parameter Specification

Device technology Buried channel, Frame Transfer, FI
Clocking architecture 2 phase MPP clocking

No. of active pixels 256 lines, 512 (+8 dark) columns

Pixel size 17 pmx23 pum; 23 um pixel pitch

Pixel capacity >150 000 ¢7; 125 000 e™ used

QE up to 50% (600 and 800 nm)

CTE 0.999 999 (at the beginning)

Line transfer time 2 ps/line

Output amplifier One single stage, 5-8 ¢” noise at 70 kHz
Anti-blooming Gated anti-blooming incl. el. shutter function
Temperature sensor 2 AD590 dice on ceramic substrate

Fast line transfer of 2 ps/line allows rapid image shift into the memory
zone with minor image smear during the charge transfer. Highest shuttering
effect (up to 7% at the top of the images) occurred only in the early phase of
the observations with 7 ms exposure times, but can be effectively removed.

As shown in Fig. 1, the CCD die was bonded to a ceramic substrate,
which provides excellent electrical isolation to the metal package ground.
Such isolation allows the operation of the detector from up to several meters,
even in the noisy environment of a spacecraft. The DISR CCD imaging
system could therefore be suitably used for the Imager for Mars Pathfinder
(IMP, 1997) and further Mars camera applications [3].

A number of manufacturing lots were required to perfect the design. The
flight detector, CCD #093, received gold metallization on the back side of
the die substrate to establish reliable substrate grounding [4].
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Figure 1. Front view to the DISR CCD on the top end of the Sensor Head Board (SHB).
Two ADS590 sensors visible on top of the CCD allow precise temperature
measurements.

Figure 2 shows the arrangement of the optical channels on the imager as
projected by the fiber bundle:

e HRI High resolution down looking imager, 160 x 256 pixels
e SLI Side looking imager 128 x 256 pixels
e MRI Medium resolution imager 176 x 256 pixels

e ULVS  Upward looking visible spectrometer 8 x 200 pixels
e DLVS  Down. looking visible spectrometer 20 x 200 pixels
e SA1, SA2, SA3, SA4; Solar Aureole 1-4, 4 x 6 x 50 pixels.

3. CCD READOUT ELECTRONICS

The CCD is soldered to the top section of a Sensor Head Board (SHB)
and mounted closely (20 um) via 3 hard-points to the end of the fiber bundle.
The upper end of the SHB is connected via a flexible 7.5 cm connection to
the lower end that contains an OP16 JFET pre-amplifier and protection
circuits. Both ends are widely thermally decoupled.

The readout electronics are concentrated about 60 cm away in the
Electronics Assembly (EA) on a readout board containing the signal chain,
the clock drivers and an A1020B FPGA based digital control and interface
unit. Most electronic parts were selected according to a preferred parts list
from NASA. We used OP16, an AD585 S/H and a 12 bit AD7672 ADC.
With such limited converter resolution (30 ¢/DU), the digitizing noise
became the dominant noise source.

We finally achieved the following operation specifications:

e Total mass, Sensor Head Board: 95 g
¢ Total mass, Readout Board: 215 ¢
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e Power consumption: 1.1 Watts
e Pixel readout timing: 16 ps/pixel
e Readout noise (CCD @ 193 K): 12.6 € r.m.s.
The data transmission capacity between Huygens and Cassini was limited
to 8 kbit/s. As a consequence, a 15:1 compression was applied by using a
DCT hardware compressor in addition to an adaptive pseudo-square rooting.
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Figure 2. Distribution of optical channels projected to the imager plane.

4. OPERATION RESULTS

The entire DISR instrument worked well during descent and even after
landing, returning 600 images from the 3 camera channels. A number of
dark frames were received between 260 K and 240 K. Early images from the
haze can be profitably used to upgrade the flat field matrices.

Figure 3 (left) provides a plot of the CCD temperature throughout the
operation. The CCD was passively cooled by a radiator that rapidly cools
from 260 K to 170 K providing excellent operation conditions. The bulk of
the images (and particularly the most interesting ones below 30 km where
the cloud region was mostly passed) were taken with almost no dark charge
components since the detector was cold enough and the exposure times were
comparatively short (7-50 ms).

Flat fielding requires calibration of the hexagonal “chicken wire” pattern
introduced by the fiber bundles along with singular deviations from fiber
elements with degraded transmission. The resulting effect can be widely
removed even though the pattern location varies slightly over temperature.
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Figure 3. (left) CCD temperature and (right) column average dark charge at 260 K.

4.1 In-flight irradiation effects

During the mission, the CCD was continuously penetrated by proton
irradiation from a nuclear heater located close to the camera head. The heater
established a perfect thermal balance, but caused damages to the detector.
During the flight of more than 7 years,

e the dark charge increased by a factor of 60 (see Fig. 3 (right)),

e the CTE decreased from 0.999 999 to ~ 0.999 750.
Both degradations, however, caused minor effects, because the temperature
was low and the number of charge transfers is limited.
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6. APPENDIX

The following page provides a selection of 11 DISR images from the
MRI, HRI and SLI channels. The SLI image was taken after landing
showing details of Titan’s surface.
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The Use of a CTIA Detector in lon Mobility Spectrometry

M. Bonner Denton, Andrew K. Knight and Roger P. Sperline
Department of Chemistry, University of Arizona

Abstract: The ability to detect ions is of foremost importance in a wide number of
chemical instruments. Over the last five years we have made significant
progress implementing mass spectrometer detector arrays using concepts
adapted from CTIA preamplifier array technology. These detectors
demonstrate all the desirable characteristics of Faraday type detectors, with
sensitivities approaching those of multiplier detectors, but are easily
fabricated into long linear arrays - providing an important multiplex
advantage for focal plane geometry mass spectrometers. Optimized single
channel detectors have been developed with the ultimate goal of direct
detection of single ions. Extremely high impedance CTIA amplifiers have been
integrated with low capacitance collection elements to produce a detection
system capable of direct measurement of charge with very high sensitivity.

Key words:  Capacitive Trans Impedance Amplifiers (CTIAs), ion.

1. INTRODUCTION

Adaptations of technology for astronomy are making dramatic impacts
on many other areas of science and technology. This is probably most
apparent in the field of modern chemical analysis. Low light level optical
spectroscopies in the UV-visible and near IR regions (125 to 1100 nm) have
advanced dramatically through the use of modern CCD and CID focal plane
arrays. In atomic emission spectroscopy the venerable direct reader, using
discrete photomultiplier tubes (PMTs), has been replaced by focal plane
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arrays, often providing continuous wavelength coverage at higher resolution
and improved sensitivity. Dispersive Raman spectroscopy has capitalized on
the sensitivity and multiplex advantage of arrays, thus few scanning PMT
based instruments are still employed. Although infrared focal plane arrays
are gaining niche markets, total system costs have thus far limited their
widespread adoption.

Capacitive Trans Impedance Amplifiers (CTIAs) are often employed as
readout circuits in hybrid focal plane infrared arrays. This readout scheme
has several desirable characteristics including a high degree of linearity and
system gain determined by feedback capacitances, as well as the ability to
provide high sensitivity for very small charge packets.

The ability to detect ions is of foremost importance in a wide number of
chemical instruments. Mass spectrometers generally use a form of ion
multiplier or, in cases where extreme accuracy is required (as in isotope ratio
analysis), a Faraday cup or plate. lon multipliers come in many
configurations, but all utilize the principle of ion to electron conversion,
which is accelerated onto a dynode to yield multiple secondary electrons.
These secondary electron “packets” are subsequently accelerated into the
next dynode (see Fig. 1). The process is repeated until a large, easily
measured charge packet or steady state current is produced.

Ton Beam

/ Multiplier Dynodes
Current to
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Figure 1. lon multipliers use avalanche electron multiplication to increase current measured
by 10° or more. However, this technique does not work at atmospheric pressure.

Although this approach is successful in many applications, limitations
exist which prevent the detection of extremely large ions (the ion lands on
the conversion electrode without ejecting an electron capable of causing
secondary emission). Another possible difficulty is that the process does not
provide the required precision and stability because the efficiency of the



Advanced Detector and Optical Fabrication Technologies 209

electron ejection process is influenced by ion mass and/or energy.
Additionally, these charge multiplication techniques are not -easily
configured into large linear arrays suitable for focal plane mass
spectrometers such as those using the Mattauch-Herzog geometry.

Over the last five years we have made significant progress implementing
mass spectrometer detector arrays using concepts adapted from CTIA
preamplifier array technology [1,2,3] These detectors demonstrate all the
desirable characteristics of Faraday type detectors, with sensitivities
approaching those of multiplier detectors. However they are easily fabricated
into long linear arrays - providing an important multiplex advantage for focal
plane geometry mass spectrometers.

In this manuscript, similar detector technologies are evaluated for their
compatibility with Ion Mobility Spectrometry (IMS). IMS is widely utilized
for the detection of chemical warfare agents, hazardous chemicals
explosives, and even for elucidation of large biological molecules (see
Fig. 2).

Field-Portable detection of Ton Mobility Spectrometer |

chemical warfare agents :
IMS is a techaique that is being
employed to solve problems where
portable instrumentation and

Detection of explosives, nerve = Tuggedness is necessary

agen's' tOXillS' and other e ——————
hazardous chemicals at safety 1 New Instruments Demand Lower

inspection stations and in the Detection Limits

environment

2 Must Operate through a Wide Range
of Temperatures

3 Must Operate at Atmospheric
Pressure

Structural
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conformation studies of - G

proteins, polymers, and ——————————
various other molecules

Figure 2. Ton mobility spectrometry is used today for a wide variety of ultra-trace field and
laboratory analyses. One of the most common applications is screening for illicit
explosives.

This technique, shown in Figures 3 and 4, involves ionizing the
molecules of interest or a reagent gas, which subsequently transfers charge
to analyte molecules. An ion shutter or gate pulses out a packet of ionized
molecules accelerating them down a drift region over which a potential
gradient is applied. The ions are collected as a function of arrival time at a
Faraday plate or electrode.
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Figure 3. An ion mobility spectrometer consists of an ionization region where ions of analyte
are generated, an ion shutter or gate to create a “pulse” of ions, a drift tube where
different types of molecules are separated into discrete “packets,” and a Faraday
plate which collects the charge from individual ions.
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Figure 4. “Small” molecules migrate down the drift region faster than “big” molecules

forming “packets” of ions of a single species.

Although this technique is similar to time of flight mass spectrometry,
additional separation mechanisms are at work because the drift tube is
usually operated at or near atmospheric pressure with a flow of drift gas
(often air or nitrogen) from the detector end of the drift tube toward the
ionization end. Hence the diffusion coefficient of the ion is also important.
A more appropriate analogy of the process is atmospheric pressure ion
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viscometry. The equation in Fig. 5 relates the ion mobility (K) to the other
operational parameters.

7 Relationship of lon Mobility to Molecular Terms
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Figure 5. Relationship of ion mobility to molecular terms.

The use of ion multipliers is problematic at pressures near atmospheric
due to secondary electrons colliding with drift gas. IMS researchers have
thus been forced to utilize direct electrometer measurements on the very
small signals produced by the ion packets. Electrometer measurements use
amplifiers with high input impendence to measure the voltage resulting from
the flow of current through high-precision, high-value resistors (typically

10" to 10" Q, see Fig. 6) or from the accumulation of charge on a small
input capacitor.

High z (1017 - 1012Q)
AN

[——

ELECTRODE"

Figure 6. Conventional instruments use a high input impedance operational amplifier in a

current to voltage circuit.

Limitations on the smallest detectable current arise from noise effects in
the amplifying feedback resistor, the variable capacitance of the ion
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collector, the cables (inherent in the implementation of the discrete devices
external to the operational amplifier), and from the amplifier itself. High-
value feedback resistors are typically used to produce voltages from the
small ion currents. For a 10'> Q feedback resistor, the thermal noise arising
from thermally induced charge fluctuations amounts to about = 1 femtoamp
at room temperature. Additionally, the current commercially available
operational amplifiers have a current noise of over 10 femtoamps at 10 KHZ
bandwidths.

The other method for determination of charge is to measure the change
stored on a capacitor. In conventional configurations, this approach suffers
from the same noise fluctuations and detection limits as are obtained with a
standard electrometer. Detection limits of several thousand ions have not yet
been realized for portable ion mobility spectrometers which use this
conventional technology. The CTIA approach, however, markedly reduces
the detection limit.

2. MATERIALS AND METHODS

The CTIA employed for IMS applications was designed by Eugene Atlas
and associates at Imager Laboratories (San Marcos, CA), and fabricated
using 0.35 micron technology. Feedback capacitors were measured to be
approximately 10 femtofarad (high sensitivity/small full well mode) and 990
femtofarad (for a total of 1,000 femtofarad in low sensitivity/large full well
mode, see Fig. 7).
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_;q 990fF
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ELECTRODE"

Readout

System

Figure 7. The CMOS-CTIA is fabricated using the 0.35 micron process as a high input
impedance amplifier with 10 fF and switch selectable 990 fF feedback capacitors.
Read noise using multiple nondestructive readouts is below three electrons.
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This manuscript evaluates the application of CMOS-CTIA technology in
miniature portable IMS systems designed for detection of explosives in the
field. The IMS ionizer/drift tube/high voltage power supply and gate
circuitry fit in a volume 2”x1.56x4” with a drift tube bore of 0.46” (Fig. 8).
Miniaturization of the IMS causes a loss in sensitivity over systems with
large volume ionizers and larger, longer drift tubes. This is obviously an
application requiring improvements in sensitivity, and this need has been
met by the CMOS-CTIA technology.

lon Source

CMOS CTIA amplifier

Figure 8. The miniature IMS system showing the motherboard containing the high voltage
FET gating circuitry, divider string, and drift tube assembly. The detector and
readout circuitry are mounted on a daughterboard at the detector end of the tube.

3. RESULTS AND DISCUSSION

Optimized single channel detectors have been developed with the
ultimate goal of direct detection of single ions. Extremely high impedance
CTIA amplifiers have been integrated with low capacitance collection
elements to produce a detection system capable of direct measurement of
charge with very high sensitivity. The small physical sizes of the collected
elements and of the associated measurement circuitry resulted in a dramatic
reduction in the input capacitance. Charge is accumulated on femtofarad-
sized capacitors, whereas in a typical electrometer the input capacitance is
tens of picofarads. The low relative capacitance produces a corresponding
improvement in sensitivity. Read noise, using multiple nondestructive
readouts [4,5], has been reduced to less than three electrons. Signals from a
very low flux of ions can thus be reproducibly and quantitatively measured.
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In addition to the high sensitivity, the ability to rapidly switch in additional
feedback capacitance inherently gives the device a large dynamic range.

Detection sensitivity for explosives has been increased dramatically.
Figure 9 shows a peak produced by 12.5 picogram of TNT. While the
detection limit (signal 3x the rms of the noise) in a similar miniature drift
system, using a conventional operational amplifier for current to voltage
conversion, was calculated to be 10 nanograms, the detection limit in this
case is below 0.9 picograms.

12.5pg TNT 96C. Filament. 1200 us Pulse. B.C.

Figure 9. Showing the trace made by a 12.5 picogram sample of TNT. The detection limit is
calculated to be approximately 0.9 pg. In the 3D trace, the left to right horizontal
axis is drift time in milliseconds, and the front to rear horizontal axis is the scan
number, with the sample being introduced at scan 82.

Unlike the operation of many focal plane arrays, integration times are
very short (30-50 milliseconds), so dark current effects at room temperature
are negligible. In fact, to evaluate operation in hostile desert environments,
the detector was operated over a range of temperatures up to 80°C. The
device operated properly and the read noise increased to < 6 electrons.

This initial application of a CMOS-CTIA device designed for IMS
indicates that such devices may play a major roll in improving the sensitivity
of IMS systems, which could have a dramatic impact on detecting
improvised explosive devices.
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The internet is not just for e-mail anymore. Internet phone was very popular with
workshop participants as demonstrated by Peter Moore (top) and Javier Reyes,
Gustavo Rahmer, Marco Bonati and Klaus Reif (bottom, left to right).
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Abstract: At LPA, we study, among other things, the physical properties of Semiconductor
Nanostructures. Many of these properties are in the optical domain. Until 2002
we only used monochromator systems with Avalanche Photodiodes (APD) and a
spectrometer. The performance of this kind of detector system is no longer
efficient and so we began the development of CCD camera. As soon as the first
system was installed, we were able to observe physical effects in these
Nanostructures, as predicted by theory.

Key words: Detectors, CCD, semiconductor nanostructures.

1. SPECTROSCOPY WITH THE OLD DETECTION
SYSTEM

Until three years ago we only used monochromator systems with an APD
coupled to a spectrometer for optical detection. For example, in our single
Quantum Dot (QD) spectroscopy experimental set-up signal detection was
performed, after spectral filtering by a 32 c¢cm monochromator, by a low
noise Si-based photon counting module with a sub-peV spectral resolution
[1]. But this kind of system takes too much time to record a complete
spectrum. Indeed, there must be one acquisition for each wavelength of the
spectrum. To keep a reasonable acquisition time, we must perform short
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integrations or reduce the number of wavelength readings (low spectrum
definition). On the other hand, if we want to increase signal-to-noise ratio we
will have longer integrations and a readout spectrum time that is too long
with the issue of experimental set-up stability (mechanical, thermal, etc.). It
was time to change our method of detection.

To improve our installation we replaced the detector from “1 point” to at
least 1D. In this manner we will be able to record a whole spectrum in only
one acquisition.

The first system was built around a G9204-512S from Hamamatsu. It is
an InGaAs linear sensor which consists of a photodiode array (512 elements)
in the near infrared spectral range with one TE-cooling stage. It was
mounted on experimental optical microcavities, which are structures that
enable confinement of light to microscale volumes. We were able to directly
record spectra; and thus able to increase integration times to obtain better
S/N, or to make fast acquisitions to have high refresh rate.

However, a linear sensor must be perfectly aligned to coincide with the
spectrum. That can create usage problems with frequent adjustment changes.
Thus, for the next detection systems we will choose 2D detectors, and will
thus not have delicate problems of spectrum positioning on a line.

2. TWO NEW CCD SYSTEMS (SINCE 2002)

We chose 2D detector CCDs instead of CMOS image sensors. The main
advantage of a CCD is its high quality. It is fabricated using a specialized
process with optimized photodetectors, very low noise, and very good
uniformity. The photodetectors have high QE (Quantum Efficiency) and low
dark current. No noise is introduced during charge transfer. The drawback of
CCDs include: they can not be integrated with other analog or digital circuits
such as clocks generation, control and A/D conversion; they have high
power consumption because the array is switching continuously at high
speed; they have limited frame rate, especially for large sensors due to
increased transfer speed while maintaining acceptable transfer efficiency.
Note that CCD readout is destructive; the pixel charge signal can only be
readout once. Reading discharges the capacitor and eliminates the data.

CMOS image sensors, however, generally suffer from lower dynamic
range than CCDs due to their high read noise and non-uniformity. Moreover,
as sensor design follows CMOS technology scaling, well capacity will
continue to decrease, eventually resulting in unacceptably low S/N. However
the most significant characteristics for us were low noise, high QE and low
dark current. This consequently led to the choice of the CCD.
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The first CCD system was built around an e2v CCD30-11 back
illuminated device (1024x256) which was cooled in a liquid N, cryostat (see
Fig. 1). It was a classical system with a CDS (Correlated Double Sampling)
readout of 100 kHz (16 bits) and a readout noise under 10 ¢ . We saw the
phonon effect for the decoherence in InAs/GaAs QD (Quantum Dot) for
the first time with this system (see Fig. 2) [2]. In fact, the sidebands around
the QD line are due to the recombination of one electron-hole pair with the
lattice emission (for lower energy) and absorption (for higher energy) of

acoustic phonons.
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Figure 1. The experimental set up on which the CCD30-11 is assembled [1].
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Figure 2. Photoluminescence spectra of a single QD spectra from the CCD30-11 system.

In 2005, we saw another effect owing once again to the improved S/N: a

“giant optical anisotropy in a single InAs quantum dot ” [3].
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We made a second CCD “camera” to replace the Hamamatsu system
(with linear InGaAs photodiodes array). It is used to detect the photons
emitted from semiconductor microcavities. In semiconductor microcavities,
a strong light-matter coupling regime can be reached, leading to new
Eigenstates known as polaritons. Polaritons are hybrid quasi-particles, partly
photonic and partly electronic. As such, they exhibit strong nonlinear
behavior as well as strong coherent effects. This makes microcavities ideal
candidates for the development of new integrated sources of twin or
entangled photons, for quantum optics applications such as cryptography.
Experimentally, the CCD is used for imaging the emission pattern on the
surface of the microcavity structure. Alternatively, using a modified optical
set-up, it acquires the emission diagram in the momentum space. Lastly, the
CCD is also used to measure the spectrum of the emission.

This camera was built around an ICX285AL from Sony. It is a low cost
interline CCD image sensor with excellent characteristics for its price:
1360(H)*1024(V) number of active pixels, horizontal drive frequency up to
28.64 MHz, high sensitivity, low smear, low dark current, excellent anti-
blooming characteristics and continuous variable-speed shutter.

To have lower dark current the CCD for the moment is cooled by a single
stage Peltier module at —20°C. In the future we will put a second TE cooling
stage to reach —50°C for long exposures ( >500s).

We continuously acquire the frames via an USB2 direct link connecting
the camera and the computer with an average transfer rate up to 11 MB/s. So
we can reach (in full resolution) a frame rate of about 4 fps (frames per
second) at 14 bits, 8 fps at 8 bits, and up to 20 fps at 1360x256 resolution.
The exposure time varies from 1/4000s to 1000s.

There is CDS readout and with this first version we have a readout noise
of 30e” (for readout frequency at 2 MHz). In the second version we will
improve it. Figure 3 gives a spectrum record taken during camera tests with
our acquisition software.

3. FUTURE DEVELOPMENTS

We have just begun the development of a new system: a SWIR (Short
Wave Infrared Red) system with a 256x256 InSb device from Raytheon. The
SCA (Sensor Chip Assembly) consists of a hybrid structure of a CRC 744
silicon CMOS Read-Out Integrated Circuit (ROIC) interconnected, by
indium bumps, to an InSb infrared photodetector array. This SCA is
designed to work between 15 and 35 K, thus we will build our own He
cryostat with a 15-35 K adjustable temperature.
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We can perform, with this chip, a non destructive readout [4], so we will
use non destructive oversampling (“Fowler” Sampling or MRDI: Multi Read
During Integration [5]) to reduce readout noise and increase dynamic range.

4. CONCLUSION

During the last three years, we started to replace our detection optical
systems (monochromator with APD and spectrometer) by CCD detector
systems to largely increase the S/N ratio, reduce acquisition times, and have
a better flexibility of use. With these systems of detection we began to see
physical properties which had never been seen before in research on the
optical properties of semiconductor nanostructures.
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Figure 3. 3 magnesium absorption lines from the sun during camera tests.
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Manfred Meyer (top), and Christoph Geimer and Peter Sinclaire — No caption will
suffice.
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CCD TECHNOLOGY
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Abstract: Charge-coupled devices (CCDs) continue to reign supreme in the realm of
imaging out to 1 um, with the steady improvement of performance and the
introduction of innovative features. This review is a survey of recent
developments in the technology and the current limits on performance. Device
packaging for large, tiled focal-plane arrays is also described. Comparisons
between CCDs and the emerging CMOS imagers are highlighted in terms of
process technology and performance.

Key words:  Charge-coupled device, focal-plane array, modulation transfer function, point
spread function, radiation tolerance, hybrid sensor, quantum efficiency, noise,
dark current, packages, depletion, blooming, CMOS, electronic shutter,
orthogonal-transfer array.

1. INTRODUCTION

In the 36 years since its first demonstration at Bell Laboratories, the
charge-coupled device (CCD) has undergone remarkable growth and
development. What began as a one-pixel demonstration of charge transfer
between three metal gates on an oxidized silicon surface [1] has evolved to
devices as large as 66 Mpixels filling a 150-mm silicon wafer [2]. Scientific
CCDs are now the largest silicon integrated circuits (ICs), with die areas up
to nearly 100 cm® compared to <4 cm” for the largest digital ICs.

In this review we attempt to cover the highlights of current scientific
CCD technology. Section 2 is a brief introduction to the structure and
functioning of the CCD at the device level and a discussion of wafer
processing issues. In Section 3 we survey the performance of current CCD
technology in several key areas, including quantum efficiency (QE), noise,
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charge point spread function (PSF), radiation tolerance, and blooming. In
addition, the packaging technology for focal-plane mosaics is reviewed.
Section 4 is devoted to a comparison between CCDs and the rapidly
evolving CMOS technology, highlighting the differences between them and
their comparative strengths and weaknesses. In Section 5 we examine some
new concepts under development in CCD technology that are of potentially
great interest in astronomy. These include the orthogonal-transfer CCD,
electronic shuttering, curved CCDs, and an area of great promise just
beginning to be explored, namely, the hybrid combination of CCD and
CMOS technologies.

2. CCD FUNDAMENTALS

2.1 Basic CCD Structure

Figure 1 depicts the basic elements of an n-channel, back-illuminated
CCD; for p-channel CCDs, which have such advantages as greater resistance
to space radiation, the labels “n-type” and “p-type” in Fig. 1 are
interchanged. The starting material is a p-type wafer typically 600—700 um
thick. The n-doped buried channel region at the upper surface is typically no
more than 0.1-0.2 um thick. Photoelectrons are collected and transported to
an output circuit within this layer. Its most important function is to ensure
that the electrons are kept away from the Si/SiO, interface where they could
otherwise be trapped by surface states. The wafer surface has a thin layer of
Si0,, and sometimes an additional layer of Si;N4, which serves as a gate
dielectric, and on top of this layer is a set of electrodes or gates that control
the collection and transport of the photoelectrons across the device.
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Figure 1. Depiction of the cross section of a three-phase CCD viewed (left) across the device
gates and (right) parallel to the device gates.
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After device fabrication the wafer must be thinned from the back surface
to a final thickness typically 10 wm up to 300 um to enable the CCD to be
illuminated from the back. Such so-called back-illuminated devices offer the
ultimate in high QE, as will be seen in Section 3, in contrast to conventional
CCDs illuminated from the front or circuit side, which suffer from
substantial reflection and absorption losses in the gates and dielectric layers.
The back surface, however, must be carefully treated to avoid loss of
photoelectrons to surface states or traps, and this usually means that a
heavily doped p-layer (labeled p* in Fig. 1) is introduced into the back
surface. An antireflection coating on this surface is also required for highest
QE.

The process by which an image is formed is as follows. Photons incident
on the back surface of the device create electron-hole pairs. The
photoelectrons are collected by electric fields set up by the CCD gates in
packets in the buried channel under the gates with high potentials (Viign in
Fig. 1), and the neighboring gates at lower potentials (Vi4) provide electrical
isolation of the packets. For a three-phase device, each set of three gates
defines a pixel along the direction of charge transport. Charge packets are
transported from gate-to-gate by applying a set of time-varying waveforms
to the gates.

In the cross-sectional view of a CCD taken in a direction perpendicular to
the charge-transfer direction, shown in Fig. 1 (right), the important feature is
the channel stops that define the left and right boundaries of a pixel or CCD
channel. Typically, these are heavily doped p-type regions, and often the
Si0; here is thicker than the gate dielectric. The channel stops terminate the
edges of the channel. In later sections we will see how modifications of the
channel stops are used in two advanced features of CCDs.

An important feature in understanding the image resolution of a CCD is
the depletion layer. A depletion layer is depicted in Fig. 2 in the upper
portion of the p-substrate and the n-buried channel. Here, the fields due to
the CCD gates and the buried channel combine to remove the holes to a
depth, called the depletion depth, that depends on the gate biases and the
resistivity of the p-substrate. In this region the vertical component of the
electric field is sufficiently strong to pull photoelectrons fairly quickly (a few
ns) into the CCD channel. In the undepleted or neutral portion of the
substrate near the back surface, photoelectrons may wander by thermal
diffusion over substantial distances before they reach the depletion layer
boundary and are swept into the channel. This process clearly degrades
imaging resolution, and thus back-illuminated devices must be operated
under nearly or fully depleted conditions.
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Figure 2. Cross section of a CCD depicting the depletion layer and the neutral undepleted
layer at the back surface and its effects on photoelectron charge collection.
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As we will see later in Section 3, it is extremely desirable to make CCDs
as thick as possible in order to maximize QE in the near infrared (A~700—
1000 nm), where photon absorption depth becomes progressively greater and
thicker devices are needed to absorb the photons. However, this makes fully
depleted operation more difficult.

What are the factors that enable deep depletion depths in a CCD? Raising
the gate biases increases the depletion depth, but this approach has its
limitations because the higher fields across the device oxide layers lead to
spurious charge generation and eventually to catastrophic dielectric
breakdown. Another approach is to use lightly doped or high-resistivity
substrate material, since depletion depths vary as NAW, where N, is the
doping concentration of the substrate (resistivity varies as 1/N,). Typical
scientific CCDs are made on material having resistivities of the order of 100
Q-cm or less, resulting in depletion depths of only about 15-20 um. For
better results, some CCDs are made on special material having resistivities
of several thousand Q-cm resulting in depletion depths of 60 Lm or more.

The deepest depletion is obtained by combining high-resistivity
substrates with a bias applied to the back surface. This approach has been
used, for example, by the Lawrence Berkeley National Laboratory group to
produce fully depleted p-channel CCDs that are more than 300 um thick [3].

2.2 Processes

The basic process by which scientific CCDs are manufactured is
essentially the same as it was 30 years ago. This process for a three-phase
device, depicted in Fig. 3 together with a scanning electron micrograph
(SEM) of a fabricated device, is based on the use of doped polycrystalline
silicon, or polysilicon, films for the gate material. Beginning with a substrate
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wafer, a thin gate dielectric layer(s) is grown on the surface, and a layer of
polysilicon is deposited and lithographically defined to produce the first set
of gates corresponding to one clocked phase. The wafers are then placed in a
thermal oxidation furnace where the thin SiO, layer is grown over the
polysilicon. For processes that employ a Si;N4 layer as part of the gate
dielectric this oxidation step leaves the exposed dielectric unchanged, since
Si;Ny is a barrier to O, and H,O, and prevents the SiO, beneath it from
becoming thicker. This is an advantage from the point of view of leaving the
threshold voltages, and thus the clock drive voltages, the same for all three
phases. For the second and third phases the process is repeated twice, but in
each case the gates must slightly overlap the adjacent gates to ensure good
control of the electrical potential in the CCD channel below.

Polysilicon

. — —
o fE kR A R ded
|

Figure 3. (left) Sequence of steps by which CCD gates are fabricated for a three-phase device
and (right) SEM of a fabricated device.

2.3 CCD vs CMOS: Process Comparisons

As CMOS sensors begin to attract more attention, it is worthwhile
comparing various aspects of the two technologies. Here, we examine the
device processing differences, while later in Section 4 performance is
compared.

To understand scientific CCD wafer processing, it is worth noting that for
pixel sizes of interest in astronomy (~10-20 pum) the gate features have
dimensions of several um. In comparison to state-of-the-art silicon IC
technology, where feature sizes of <0.1 um are now the norm, these are
extremely large geometries. On the other hand, CMOS sensors must have
several field-effect transistors and other components placed inside the pixel,
along with metal lines, to address, reset, and read out the pixel. This high
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component density requires the tight sub-um lithography characteristic of
current CMOS wafer fabrication.

The simplicity of the CCD pixel and its readout circuit and its relatively
generous design rules enable CCDs to be manufactured with fewer
photomasks (typically 10-15) than CMOS (15-30 photomasks) and with less
sophisticated (one might say “lagging edge”) technology. In addition, CCDs
have for the most part kept the relatively thick gate dielectrics (50—-100 nm)
and polysilicon oxide thicknesses (100-300 nm) from decades ago. By
contrast, CMOS processes use gate dielectric thicknesses of the order of
Snm or less. This, of course, has implications for device yields, since
particulates of a size that may produce a fatal short in the gate oxide of a
CMOS device may hardly affect a CCD. This fact, combined with the superb
cleanliness and extremely low levels of contaminants in the process
chemistry of modern wafer fabrication, have enabled high yields for the
huge CCD die sizes alluded to in the introduction.

An important distinction between CCD and CMOS fabrication lies in the
material requirements. CMOS requires thin epitaxial layers grown on
heavily doped (low resistivity) substrates for proper circuit performance,
whereas CCDs can be fabricated on almost any substrate, including the
highly desirable high-resistivity material needed for deep-depletion depths.
Conventional CMOS imagers, therefore, are fundamentally limited to
extremely poor near-infrared response. For this reason the only inroads that
CMOS can make into the astronomy market will be by hybrid devices,
described in Section 5.2.1, in which a separate diode array, made on high-
resistivity silicon, is bump bonded to a CMOS readout multiplexer (MUX)
[4]. Whether this can be done in a cost-effective way remains to be seen.

CMOS has always appeared attractive for integrating on chip all of the
support functions needed to drive a sensor, such as clock waveform timing
and generation, biases, video processing, and analog-to-digital conversion. It
is possible, and in fact has been demonstrated, that a CMOS process can be
integrated into a CCD process, but the complications involved are significant
and can involve performance compromises and extra costs. A more
promising route is to combine CCD and CMOS, either as a bump-bonded
hybrid or using newer approaches involving direct wafer bonding [5], to
obtain an integrated device with all the support features in one compact
sensor. Even a somewhat less integrated approach in which CCD and CMOS
reside close to each other in a shared package is attractive in reducing the
huge volume and power of the electronics needed to drive the coming
generation of Gpixel focal planes. Custom CMOS, unconstrained by CCD
process requirements, is now relatively inexpensive compared to large
scientific CCDs, so that the case for hybridization is very compelling.
Examples of this approach are described in Section 5.
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3. PERFORMANCE AREAS

3.1 Quantum Efficiency

A key performance parameter for an astronomical CCD is QE. CCDs are
capable of detecting photons over a wide range, as shown in Fig. 4. The
figure depicts direct silicon sensitivity, although wavelength-converting
materials, e.g., phosphors, are also used. Several factors control silicon
sensitivity: (1) High energies (X-rays) have a long absorption length, and
sensitivity depends on the thickness of silicon. (2) Short-wavelength
ultraviolet photons are absorbed close to the silicon surface and need back
side illumination. (3) Photons of wavelength >100 nm are efficiently
absorbed in a back side CCD with antireflection coating. (4) Photons of
wavelength >400 nm can be detected by a front side illumination; electrodes
limit response. (5) Photons of wavelength >700 nm have a long absorption
length so thicker silicon helps; sensitivity is determined mainly by the
thickness of silicon and partly by operating temperature (band gap shifts).
(6) Photons of wavelength >1100 nm are not detected because of the silicon
band gap limit, which also has a temperature dependence. Most of the
following discussion will apply to the range 300-1100 nm, as used for
“visible” astronomy.

Charge-coupled devices can be made as front side illuminated devices,
but the spectral response is cut off at short wavelengths by absorption in the
semitransparent polysilicon electrodes. Peak response is also normally
limited to less than 50%. For astronomical use a back side illuminated CCD
is the default. With careful processing and suitable antireflection coatings,
spectral response can be obtained over a wide range with a peak approaching
100%. Figure 5 illustrates front side and back side illuminated CCD
constructions.

A back side illuminated CCD offers high spectral response, but only if
processed carefully. Devices are commonly thinned to a thickness of 10-20
um, and require back surface treatment to ensure that photons absorbed near
the surface are collected. Treatments that have been used include ion
implantation followed by laser annealing [6], ion implantation followed by
furnace annealing, chemisorption charging [7], and molecular-beam-
epitaxy/delta doping.
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Spectral range for direct detection of photons by CCDs © e2v technologies
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Figure 4. CCD electromagnetic spectral range. Courtesy of e2v technologies.
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Figure 5. (top) Front side and (bottom) back side illumination.

An important requirement is the use of a suitable antireflection coating
because silicon has a high refractive index (n~4). The usual material for a
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single-layer A/4 coating is hafnium oxide (n~2), which allows near-perfect
photon collection especially at midband wavelengths. The curves in Fig. 6
illustrate typical spectral responses for different coatings.
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Figure 6. Example of CCD responses for different antireflection coating peak wavelengths.

For a device with a thickness of 40 pum, illustrated in Fig. 6, a common
starting material is 20- or 100-Q-cm resistivity silicon; after back-thinning
and processing the final thickness is typically 10-16 pum. For long-
wavelength (red) use, however, the absorption length of these photons
exceeds the device thickness [3] so not all light is collected. To improve red
response some manufacturers offer so-called deep-depletion CCDs; with
higher-resistivity silicon, e.g., 1500 Q:.cm, the device may be made with a
40-um thickness and consequent higher red response.

A possible further step is to make devices even thicker. In this case a so-
called “high-rho” device can be made of very high resistivity bulk silicon,
e.g., 10,000 Q-cm. These devices generate larger depletion depths within the
silicon and can also be operated with larger voltages to increase it further; a
substrate voltage up to 50 V may be used in some cases. Such devices have
been championed by the LBNL group [8] and also manufactured by e2v
technologies and Lincoln Laboratory (originally for x-ray detection). Such
devices can exhibit almost 100% QE at wavelengths around 900 nm, with an
eventual reduction as the silicon band gap limit is reached. Figure 7 gives
examples of spectral response for different thicknesses of silicon, and
measurements [3] of LBNL 280-pum-thick samples.
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Figure 7. (top) Spectral response for different silicon thicknesses; (bottom) Lick/LBNL
measurements. Courtesy of e2v technologies.

Another consideration is fringing. Back-thinned devices of “normal”
thickness suffer from internal multipass fringes, which modulate the
response at wavelengths longward of 700 nm, where the absorption depth is
comparable or longer than the silicon thickness. Devices made of
progressively thicker silicon suffer less from this effect [9]. The very thick
silicon depth causes these devices to collect a significantly enhanced number
of cosmic ray events. The devices can potentially have a poorer PSF, and so
higher operating voltages are normal in order to maximize field strength and
achieve good charge confinement.

3.2 Readout Noise

Noise is the second parameter that determines the signal-to-noise of
recorded data, and a low value of readout noise is often considered essential
for low-signal-level astronomical applications. A low noise floor is always
important for use at low signal levels, often at low pixel rates. Low noise at
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higher pixel rates makes the devices useful at higher frame rates, thereby
reducing readout time and increasing observing efficiency.

Most scientific sensors utilize a two-stage on-chip output circuit. This
allows a small first-stage transistor to couple to a small output node and
provides a larger second-stage follower to provide reasonable output drive
capability. Figure 8 shows an example of a two-stage (e2v technologies)
output circuit. Note that an (optional) external junction field-effect transistor
buffer is also shown, which is mainly beneficial for driving longer cables
with appreciable capacitance.
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Figure 8. Two-stage CCD output circuit schematic.

It is usual to match the designs of the two stages, and one consequence is
that very low noise levels need to be traded against the output drive
requirements. Large-signal use and high-frequency operation, especially to
capacitative loads, require large transistors with a higher noise floor.
Figure 9 gives examples for different output amplifier designs.

For scientific use, CCDs are normally expected to have readout noise
floors of 2—5 ¢ rms, although slightly higher levels are sometimes used. A
recent development of avalanche gain technology (electron multiplication)
within CCDs has made subelectron readout noise available. Figure 10
illustrates an example of such a device; applications are discussed in [10].
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Figure 9. Readout noise vs frequency for different responsivity amplifiers. Courtesy of e2v
technologies.
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Figure 10. Example of avalanche multiplication structure. Courtesy of e2v technologies.

These devices have image areas and an initial serial register that are
similar to normal CCDs. However, they utilize an extended serial register
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with multiple stages (typically ~500), each of which allows a small
probability of electron multiplication when operated with a high-voltage (up
to 50 V) clock phase. The result is that the signal at the gain register may be
amplified by a factor of 1000 or so before it feeds into the (standard) output
stage. Thus, even an output amplifier with a high noise level can yield an
input-referred readout noise in the subelectron region.

While these devices offer substantially reduced readout noise levels,
appreciation of several factors is important for their full use. These include
cooling to suppress dark current, control of operating temperature and high-
voltage clock level for gain stability, different noise statistics resulting from
the stochastic gain process, clock-induced charge at subelectron signal
levels, and noise statistics different from the familiar (Gaussian) ones of
traditional CCDs.

3.3 Dark Current

Charge-coupled devices collect dark current, which scales strongly with
temperature. It has two main components—surface dark current and bulk
dark current. The specific magnitude scales with pixel area and can depend
on manufacturing process. Bulk dark current is typically 100 times lower
than surface dark current. When multi-phase pinned (MPP) or inverted-mode
operation (IMO) is used, devices should achieve bulk dark current levels, as
seen in Fig. 11.

Dark Current of e2v CCDs
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Figure 11. Curves showing (upper) surface and (lower) bulk dark current. Courtesy of e2v
technologies.

When the device goes out of inversion, i.e., the clocks are raised above
the inversion level, there is a characteristic time before the dark current
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recovers from bulk to surface levels. This time constant can