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Preface

Work on this thesis was originally initiated in the autumn of 1994, while T was
visiting the Astronomical Observatory of Copenhagen University (CUO) at Bror-
felde. My stay at Brorfelde, located in the countryside about 80 kilometers west
of Copenhagen, was financed by a mobility grant from the Nordic Academy of Sci-
ence (NorFA). At this idyllic place I was working with Ralph Florentin-Nielsen on a
follow-up study after my Master project on gravitational lenses, extending our pho-
tometric light curves of the QSO 22374305 with the most recent data and preparing
the results into a final paper [OEs96]. At first, I wanted to continue the work on
gravitational lenses into a Ph.D. project, keeping up the collaboration with Rolf Sta-
bell and Sjur Refsdal at the Institute of Theoretical Astrophysics of the University
of Oslo, who had been external supervisors for my Master project, as well as with
Ralph Florentin-Nielsen and Jan Teuber, who had been close collaborators on the
project. Unfortunately, the Department of Physics in Tromsg refused to approve
such a project since it was too loosely attached to the established scientific activities
of the department. Thus, Jan-Erik Solheim drafted a new plan for a Ph.D. project
that conformed with the requirements of the Department.

This project involved the development, construction and building of a CCD pho-
tometer for continuous photometry, as well as testing of this instrument on the
pulsating central stars in planetary nebulae. The new project was inspired by the
CUO’s recent achievements in designing and building CCD cameras, primarily for
the Nordic Optical Telescope, under the leadership of Ralph Florentin-Nielsen. A
requirement for the project was a CCD-controller built at CUO and based on the
existing design, and mechanical camera parts built at the Department of Physics in
Tromsg.

In a strike of misfortune, Florentin-Nielsen became seriously ill during the spring of
1995, and passed away in October the same year. Naturally, this created significant
problems for the small development team in Copenhagen, and I found my self for
a while considering options for a new Ph.D. project. For the following years I
worked at the Nordic Optical Telescope (NOT) and at the Institut d’Astrophysique
in Liege, Belgium, working from time to time on software solutions applicable for
the CCD photometry project, in between all the other work. In the autumn of
1998 we received signals from the CUO that they were getting ready to complete
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and deliver our controller electronics in the nearest future, and my optimism for
the project returned. I then started writing a thorough description of the hardware
system, which is what became Chapter 2 of this work. The control code for the
CCD camera controller electronics is described in Chapter 3, and the user interface
programs in Chapter 4.

The CCD controller was delivered in March 1999, and I proceeded to get the win-
dowed readout algorithms up and running in only two months time, using an engi-
neering grade CCD chip kindly lent to us by the CUO. The chip was installed in
the camera head, built at our mechanical workshop in Tromsg. After initial testing
of the windowed readout code in Tromsg, the system was brought to La Palma in
early April 1999 and successfully tested during technical time at the NOT, on May
1-2. The tests proved to be good enough, not only to give us confidence that the
system was reliable, but to be of scientific value. A description of these results are
given in Chapter 5.

The camera’s filter and shutter unit was built at the workshop in Tromsgduring the
summer of 1999, and I wrote and tested the control system and interface to this
unit during the early autumn. The complete system was tested in Skibotn during
the autumn and winter, 1999-2000, a work conducted primarily by Master students
Robert Kamben and Frank Johannessen. The light curves Kamben collected for his
Master thesis has proven not only that the system worked as intended, but that
we can perform reliable time resolved photometry during Auroral conditions; a feat
classical photometric detectors never managed to do. The results of the test of the
complete system are therefore not to be found in this work, but will be presented in
the forthcoming Master thesis of Robert Kamben.

After our CCD system had been completed and tested, I decided to convert the
windowed readout programs to work on the High Resolution Adaptive Camera at
the NOT, for an observation run in October 1999. Our objective was now to identify
new pulsating stars of the subdwarf B type, a completely new type of variable star
discovered in 1997. The excellent results and discoveries made during these five
nights are presented in Chapter 6.

I wish to acknowledge my gratitude to all the people who has contributed to this
work. First of all, special thanks to my supervisor Jan-Erik Solheim, who has done
his very best to support my work and has dug deeply to provide me with financial
aid during the hardest times, in spite of the repeated rejections from the Norwegian
Research Council.

Due thanks are given to Preben Ngrregaard, Jens Klougart and the rest of the
staff at the CUQ, for all their great work and helping me putting things together.
Credits are also given to the staff at the Nordic Optical Telescope, for letting me
try out my ideas. Special thanks are given to Torfinn Roaldsen and Yngve Eilertsen
at the University of Tromsg’s Department of Physics, whose enthusiastic work on
the electronic and mechanical parts of has been essential for this project. Thanks
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also to our departments associated professor Edmund MeiStas has also contributed
significantly to this project by his original mechanical designs. Many thanks also
to Robert Kamben and Frank Johannessen who have given a great contribution to
showing that this thing actually works. I also wish to thank the people at Moletai
Observatory whose interest in this project has been a good support and motivation.

The most special thanks must without question go to my own very special Agnieszka
Bronowska, who has been the major motivating factor for me to actually getting my
act together and completing this project.

A special i memoriam dedication goes to Ralph Florentin-Nielsen, who not only
inspired and initiated this project, but whose spirit and memory made it come
through.

Inspiration for this project has also come from other sources. 1 wish to give some
additional n memoriam dedications to Joachim Nilsen and Mark Sandman, two
giant stars who has now joined St. Hendrix and St. Morrison for the eternal show.
I’d also like to express my gratitude to Lou Reed, Patti Smith, Nick Cave and all
the other eternal stars for impregnating my head with those good vibrations, and
hanging on for another year.

O we will know, won’t we?

The stars will explode in the sky

O but they don’t, do they?

Stars have their moment and then they die

— Nick Cave

Roy Ostensen
Tromsg, November 2000
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Chapter 1

Seeing the Light

Time series photometry is the fine art of measuring the changes in brightness of
astronomical objects, and producing a reliable light curve for each target. In these
light curves all systematic errors due to instrumentation, variable sky background
and atmospheric transparency should have been removed. Such light curves can be
further analysed for periodic patterns which can reveal important physical parame-
ters for the objects in question. For stellar targets such observations have revealed a
wide range of oscillation phenomena with frequencies ranging from seconds to years.

In this introductory chapter I will discuss the detectors that have been traditionally
used for time series photometry, up to the state-of-the-art charge coupled device
(CCD) systems that have been slowly taking over the optical astronomy arena since
the 1980’s.

1.1 Classical Photometry

The brightness of an astronomical target is traditionally measured in the magnitude
system, a system originating with the ancient Greeks in a time when the only avail-
able detector was the human eye. Mathematically, magnitudes are related to flux
values by a logarithmic relationship,

m =mgy — 2.51og(I), (1.1)

where mg is the zero-point of the magnitude scale; by definition the brightness of
the star Vega.

While the first astronomic revolution introduced by Galileo’s invention of the tele-
scope opened up the sky for much deeper scrutiny, the study of variable stars came
much later. Since most variable stars show quite modest brightness variations, up
to the middle of the 19** century, only a handful of periodically variable stars were
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known. This situation changed rapidly with the photographic revolution. As pho-
tographic plates allowed permanent recordings of stellar brightnesses, much more
detailed and accurate comparisions of stars over long periods of time became possi-
ble. The 20" century saw several more revolutions in optical astronomical detectors,
most significantly the extremely sensitive and precise photomultiplier tubes that
could provide excellent brightness measurements with accurate time resolution, and
later the CCD chip with its extremely good quantum efficiency coupled with good
imaging capabilities.

A most considerable source of uncertainty, when measuring stellar brightnesses with
any modern detector, arises when the zero point of the observation in question must
be established. For that reason it is common to only consider differential photometry
when extremely high precision is desired; in which

Am=m—m'. (1.2)

Here, both magnitudes are instrumental and, thus, errors from zero pointing are
eliminated. When both are measured with the same telescope and detector under
fully identical conditions, extremely high precision can be achieved.

Theoretically, such measurements are limited by two intrinsic noise sources; scintil-
lation noise and photon shot noise. Scintillation is caused by atmospheric turbulence
along the line of sight, and can be expressed as [You67]:

% = SoD23X3/2e=h/8km A4=1/2 (1.3)
where D and h is the diameter (in cm) and altitude of the telescope, X is the airmass
and At is the integration time. The Sy term is 0.09 for good seeing conditions, but
much higher values have been experienced, especially during dusty conditions. If
we evaluate the scintillation noise for the Nordic Optical Telescope (NOT) (D =
2.56, h = 2382m) and typical values At = 20s, X = 1.3 we find the error in the
differential magnitude

Al
< Am >~ 1'086T = 0.6 mmag. (1.4)

Thus scintillation noise gives a significant limitation on the precision that can be
obtained in photometric measurements from the ground.

While scintillation affects all stars independently of their brightness, photon shot
noise (counting statistics) varies with the inverse square root of number of photons
detected. The r.m.s. intensity variation in photon noise can be expressed simply as

[War88, p. 15]

Al
7=

Since the number of photons n that can be detected by an astronomical telescope is
proportional to the exposure time At, to the equivalent width A\ of the combined

(1.5)
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transmission of filter, detector and telescope, to the square of the aperture D, and
to the apparent visual magnitude V' through 10%2V, the photon shot noise can be

expressed as [Kje92]

% = D TAN2AL 2100 (1.6)

Thus, for faint stars the photon shot noise can become a significant term, and may
dominate over scintillation noise.

A thorough discussion on scintillation noise, and other noise sources that affect all
classical time resolved photometry, can be found in Warner’s Chapter 1 [War88|.

1.2 Photoelectric photometry

The photomultiplier tube (PMT) is a vacuum tube containing a series of electrodes
with high voltages between. The first, positive electrode (dynode) is photosensitive,
and releases photoelectrons when illuminated. These are accelerated between the
layers, liberating more electrons in a cascade effect for each electrode they pass,
creating a measurable current at the final negative electrode (anode). There is
no threshold to detection, so single quanta are detected, although the statistical
probability that a cascade series is initiated (the quantum efficiency, QE) depends
on the material of the photoelectrode and lies between 0.1 and 0.4.

1.2.1 Single-channel Photoelectric Photometry

The classical detector for time resolved photometry is the single-channel photometer.
These instruments is applied by cycling through a number of targets; e.g. one
program star, one or two reference stars and a sky background field for each cycle
throughout the observation run. The resulting observations can be interpolated and
the differential magnitudes computed to produce a light curve of the program star.
This procedure has many advantages. It is easy to find good reference stars on
the wide area of sky accessible from the observatory during the observation run,
and extinction corrections can be computed relatively easily. All measurements are
made with the same detector, so no error from differing sensitivity or individual
noise characteristics of different sensors and amplifier chains are introduced. On the
other hand, many problems are present in such systems. A significant amount of
observation time is spent observing sky and reference targets instead of the target
of interest, resulting in what is known as a low duty cycle. Further time is wasted
moving the telescope between the targets. High demands are set on the telescope’s
mechanical ability to move accurately and quickly between targets.

Provided that the comparison star is good (not variable and comparable in bright-
ness and color to the program star) the main noise in single-channel photometric
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observations will be instrumental or come from the reductions. Instrumental noise
is introduced to the time series when the telescope fails to reproduce celestial posi-
tions during the night (tracking errors), when the telescope focus drifts off during
the night due to changes in mirror temperature or changes in elevation angle, or
when the photometer itself suffers from instabilities (gain drift). Reduction noise
arises mainly from the extinction corrections, the interpolation of data points (re-
quired since observations of the target object, comparison star and background field
are not simultaneous), sky background removal, irregularly varying extinction (often
caused by atmospheric dust) and second order extinction effects.

It is possible in single-channel photometry to produce quite good extinction cor-
rection and sky level removal, but the more accurately one wants to measure these
variables, the less time one can spend integrating the program star. This means
that the duty cycle will be progressively lower, and that the interpolation errors
will increase. Single channel photometry will not produce useful data if the weather
conditions are less than excellent, since even the faintest cirrus clouds will introduce
extinction variations that cannot be corrected for. In general, there is no way to
put together a single-channel instrument that can operate near the theoretical limit
given by scintillation and shot noise.

1.2.2 Multi-channel Photoelectric Photometry

To avoid the low duty cycle of the one-channel photometer, and thereby reach-
ing fainter astronomical targets, most observers prefer multi-channel instruments.
Such instruments are basically several (usually two or three) separate photometers
mounted together in a mechanical construction that allows the the secondary chan-
nels to move independently of the fixed primary channel within the telescopes field
of view. This system allows for continuous photometry of each channel, giving a
duty cycle of 100%, provided that a reference star can be found in the instruments
field of view.

Multi-channel photometry has several other advantages over the single-channel de-
sign, beside the perfect duty cycle. With three channels it is possible to have simul-
taneous measurements of the target object, comparison star and background field,
thus avoiding interpolation errors. With better measurements of the stable refer-
ence star throughout the night, extinction corrections also improve. Unfortunately,
the complicated design of such three-channel photometers introduces new problems.
With three channels to keep track of, the alignment of the apertures becomes quite
an art. And on telescopes with Alt-Az mounting, not only must the tracking be
accurate, but the rotation of the instrument must be equally precise during the
observation run.

Furthermore, each channel has its own complete set of photomultiplier tube, aper-
tures, filter wheel, amplifier and converter chains. This means that even if the
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channels are of identical design, they will have different sensitivity, noise and in-
strumental drift, and this will introduce errors that are not seen in the one-channel
design. This sets a lower limit to the accuracy of multi-channel photometry based
on the precision that individual photomultiplier tubes, electronics and optics for the
different channels can be built of around one mmag per minute [Kje92].

1.2.3 Instrument development in Tromsg

Several photometers have been built at the department of physics in Tromsg. A
one-channel chopping photometer was built and used for testing of photometry in
the Auroral zone at Skibotn Observatory [Myr79, Myr80]. Later, a two-channel
photometer based on the Texas design was built for the Skibotn Telescope, and was
later upgraded to three channels to keep up with the Whole Earth Telescope (WET)
standard specifications [Kle95]. The instrument was later used at the Nordic Optical
Telescope as one of its first instruments.

Later, a completely new, compact and lightweight three-channel design known as
the Pancake photometer was constructed in collaboration with scientists at Vilnius
University in Lithuania [Mei93b, Mei93c|. It was designed as an easily transportable
one-suitcase instrument for campaign observations at remote observatories, and has
sucessfully been used for most campaigns of the Whole Earth Telescope since its
commisioning.

1.2.4 The Whole Earth Telescope

The Whole Earth Telescope (WET) is an observing network of small to medium
sized optical telescopes, distributed in in longitude around the Earth to be able
to continuously monitor variable stars without interruption by daylight. The mo-
tivation for such coordinated observations is the great improvement in the quality
of the temporal spectra produced by a light curve without periodic gaps [Nat90].
Observations from a single site inevitably gets periodic gaps in the light curves due
to daylight. These interruptions produce spectral leakage in the Fourier transforms
of the light curves, which results in a single periodic pulsation not appearing as
a single peak in the spectrum, but as a set of multiple peaks known as an alias
pattern or alias forest. The shape of such alias patterns can easily be produced by
taking the Fourier transform of a single sine wave with sampling and interruptions
as given for a series of observations, and is commonly known as the spectral window
of the observations. Such alias patterns can make it completely impossible to resolve
closely spaced peaks of multi-periodic variable stars, regardless of how many nights
of observations are spent to improve the signal to noise of the data.

WET observation campaigns are organised once or twice a year, and typically lasts
for two to three weeks. The first were held in March 1988, and this autumn will
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see the 20" campaign. One target is selected for each campaign (with a couple of
secondary targets), and the control center (HQ), usually at Ames in Iowa, US, coor-
dinates the observations, making sure that one observatory is always on the primary
target, whenever the weather conditions allow, and distributing secondary targets
when there is a redundancy. Since such campaigns naturally require considerable
resources and personnel to operate between ten and twenty observatories around the
world, and only two such campaigns are held per year, the HQ has an important
task in making the best possible use of the available observation time. For the HQ to
be able to make target allocation decisions for the available observatories, they need
to make frequent examinations of the quality of the temporal spectrum obtained
at any time during the campaign. This is accomplished by the observers at all the
different observatories submitting their photometric data by e-mail as soon as one
observation run is completed. As Nather et al. states [Nat90]:

To allocate our observing resources in a reasonable way, we must make
decisions on practically an hour-by-hour basis around the clock, based
on possible overlapping coverage, on weather reports from individual
sites, and, to a great extent on the perceived importance of the scientific
results pouring in through international electronic mail networks. This
means that the data reduction and preliminary Fourier spectral analysis
must keep pace.

1.2.5 The WET Software Suite

The real-time data assessment requirement has guided the development of R.E.
Nather’s software suite for the WET. The data acquisition program is called Quilt
9 and the data reduction program QED, and both runs on IBM PC compatible
computers under MS-DOS [Cle93]. The Quilt 9 program is used to set up the
observations and receive data from the photometers amplifier /discriminators. The
light curves are shown propagating in real-time on a scalable display, and every
measurement are saved to disk in a simple formatted text file. After the observations
are completed, the QED program can be used to read the files produced by Quilt
9 and mark data points which represent calibration data in the light curves, points
spoiled by clouds, artificial light and so on. Then data reduction proceeds by making
a correction for dead-time loss, computing and subtracting a sky level based on the
available sky data, and performing the extinction correction. After interpolating
over the points flagged as bad or calibration points, the processed data is written
to a new file. The data should also be normalised by the mean, and then the mean
should be subtracted to produce the normalised light curve.

When a clean, normalised light curve has been obtained, it is time to start the
Fourier analysis process that will reveal any periodicity in the signal [Kep93]. A
special program has been developed by Carl Hansen that uses an optimised version
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of the DFT algorithm on each uninterrupted observation run and then adds the
Fourier components together in complex space to produce a good spectrum of several
interrupted observation runs [Nat90]. This program is known as NEWSFT, or its
slightly updated translation from Fortran to C, gsft.

Even in the best WET runs, the final light curve contains gaps which produce some
aliasing of the spectral peaks. To reveal the weaker pulsations in the temporal
spectrum it is customary to apply a cleaning algorithm to remove the dominant
peaks and alias features introduced by the main periods. This is accomplished by
computing synthetic, noiseless light curves based on the main periods and phases
found in the spectrum and subtract this from the data set, a process known as
prewhitening of the data. When a new FT is computed from the prewhitened data
the main peaks as well as their alias patterns are removed, and new periods can be
revealed. This process is repeated until no more significant peaks can be found. A
program called prewhite has been written by S.O. Kepler for this purpose, taking
a light curve of the same form as for qsft as input, requesting a number of periods
with corresponding amplitudes and phases, computing an artificial sine curve with
the same times as the input data, and subtracting this [Kep93|.

Other algorithms have been attempted to handle the problem of removing alias
patterns from the main frequencies in order to separate the real frequencies from
artifacts of the spectral window. One example is the Clean algorithm [Rob87], and
other more advanced deconvolution algorithms have also been attempted (see for
instance [Roq00]).

1.3 The CCD Revolution

Since the first astronomical CCD instruments became operational in the 1970’s, they
have completely revolutionised astronomical observations at the large observatories
around the world. The traditional way of measuring magnitudes from photographic
emulsions was mainstream in astronomy since the introduction of photography in
the ninetieth century, but has during the last decade become completely obsolete.
Only a few telescopes, mostly Schmidt-class, are still depending on photographic
emulsion, to utilize the large field size of these special telescopes, but even here
large mosaic CCD detectors are taking over.

CCD cameras have long since outperformed all competitors in the home video mar-
ket, with compact designs that fits in the palm of your hand. Now, CCD cameras
are starting to take their share of the still photo market also, thanks to larger CCDs
with better resolution and color. However, the CCD chips used in these devices are
poorly suited for astronomy. The problems include low field coverage, low sensitiv-
ity at short wavelengths, high dark current or expensive cooling requirements, and
some have special pixel designs for color imaging that make them unsuitable for
astrophotometry.
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The high precision demands from astrophysicists have encouraged the development
of special designs to boost the quantum efficiency, especially in the blue part of
the spectrum (thinning), cryostatic cooling systems that practically eliminate dark
current, and amplifier designs and readout algorithms that reduce readout noise to
the minimum set by the CCD chip’s output gate.

Common imaging systems use a technique called frame transfer to eliminate the
dead time between subsequent integration by utilising half of the CCD image array
as a frame store. This part is covered by a non-transparent mask, and after an
integration is complete the image is very quickly shifted from the imaging half to
the frame store, and normal readout is performed from the covered half while a
new image is integrating on the other half. With such a system one may easily
achieve a duty cycle close to 100% with 10 second integrations, but half of the area
of the CCD has to be covered by a light blocking mask. Although this can be an
acceptable sacrifice for most observers interested only in high speed photometry of
variable stars, for imaging astronomers this is not a popular idea, since field coverage
is in many cases the most important factor. Also, with a frame transfer system, one
cannot reach cycle times shorter than the readout time for half the chip without
applying further tricks to reduce the number of pixels sampled.

One such trick that can also be applied to standard imaging systems is to align the
target star and a reference star along the same line on the CCD, by rotation of the
field, and only read out a narrow strip with one star in each end, using the area
between the stars for sky background determination. This can also be an efficient
method, but in most cases it will limit the number of reference stars to one.

In the system that will be described in this work we have chosen a more sophisticated
approach. By redesigning the algorithms that the CCD controller electronics use
when reading out the image on the CCD chip, we can limit the time spent on charge
conversion to those areas on the chip that we are interested in. In this way we
significantly reduce the read-out time, so that the duty cycle fraction increases to
an acceptable level. This method is called windowing, since the observer can define
some square or rectangular areas in the field of view — windows — that will be sampled
while the rest of the field remains unsampled and blocked from view.

Our primary reason for the choice of the windowing method is its flexibility; the
whole imaging area can be used without any special alignment or other tricks, there
is no limit to the number of channels that can be defined, and no inherent constraints
that reduce the imaging capabilities of the system. The last point has been especially
vital because it allows us to run this system on existing instruments at the Nordic
Optical Telescope (NOT) without making physical changes to the instruments — an
obstruction of the kind required for frame transfer would certainly would not have
been accepted for such general purpose instruments.
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1.3.1 Dark current and cooling

The dark current in a CCD detector, Np, can be expressed as a function of temper-
ature T' [McL89, p. 119]

Iod® —cr-
= 0 e% e_/s (17)
Ge-

where I is the dark current at room temperature Tg, d is the pixel size and ¢,
is the charge of the electron. CCD temperature is a tradeoff between dark current

and quantum efficiency (QE), and modern CCD systems are kept at a regulated
temperature fixed at some value, typically -100°C.

Np(T)

For this reason, any CCD camera intended for deep imaging of faint astronomical
objects, requires a cryostatic cooling device, where the CCD chip itself resides in a
vacuum chamber inside a liquid nitrogen dewar. Such designs are expensive, bulky
and requires frequent refilling of LNy. Peltier-type thermoelectric cooling devices
are capable of reaching temperatures down to about —50°, and are much simpler to
design and operate. The higher operating temperature means that the dark current
can become the dominating noise source after only about a minute of observation,
and are thus only useful for systems where deep imaging is not an issue.

A significant part of the dark current is generated at the junction between the silicon
and the silicon dioxide insulation layer [McL89, p.121]. Dark current can be signif-
icantly reduced by operating the CCD in wnversion mode, in which the operating
voltages of the collecting phase are adjusted in such a way as not to populate the
interface layer with holes that minimise dark current generation. Most new CCD
chips are manufactured with a technology called multi-pinned phase (MPP) which
allows the CCD to operate in inversion mode at all times.

1.3.2 Pixel sampling

In astronomical CCD systems the measurement of each pixel value is performed in
particular way known as correlated double sampling, or CDS for short, that elimi-
nates noise introduced when reseting the CCD output amplifier. The reset noise is
considerable even at cryogenic temperatures, typically between 80 and 200 electrons
for common CCDs, and would completely dominate all other noise sources in an
astronomical CCD system, if it was not eliminated by the CDS method. The reset
noise is introduced when the output capacitor (output gate) is recharged to a fixed
reference voltage by switching a reset transistor, between the sampling of subsequent
CCD pixel values. During CDS the voltage level of the output gate is measured by
the A/D converter both before and after the charge collected by a CCD pixel is
shifted onto the output gate. The difference between these two measurements is
independent of the reset noise, since the noise is correlated in both measurements.
This is the basis of the CDS technique that makes it possible to reach readout noise
levels below 10 electrons in astronomical CCD devices.
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1.3.3 CCD data reduction

Before the data values that are output from the CCD sampling process can be
used to measure temporal and spatial light variations, some corrections known as
preprocessing is necessary. This preprocessing can be divided into two terms for each
pixel; a constant zero point offset and an intensity dependent correction term. The
constant offset term can again be separated into three parts; bias level, zero image
and dark current image.

The bias level is a positive value that is added to the signal from the output amplifier
before sampling, to avoid negative values when the signal fluctuates around zero,
since the analog-digital converter cannot handle negative counts. This number is
constant over the image, and is usually determined by sampling more pixels from
the CCD chip than there are physical pixels (i.e. overscan), and taking the average
of these.

The zero image is an image of the CCD chip with zero exposure time, after the
overscan level is removed, and determines variations in the zero points of individual
pixels. It is determined by taking a number of frames with zero exposure time and
averaging them. Most modern CCDs have no significant zero level structure. If
structure can be seen in the zero image it is most often due to ground currents that
will vary from frame to frame, and cannot be corrected for by simple subtraction.
If no structure is seen in the zero frames it is safe to leave out this correction term.

Dark current, as described above, must be corrected for if an absolute zero point is
required. For cryostatic systems dark current is insignificant in modern CCDs even
with exposure times on the order of hours. For Peltier-based systems the dark cur-
rent must be monitored and corrected for, but the importance is dependent on the
chip type and operating temperature. Some chips have large pixel-to-pixel variations
in the dark current that vary considerably with temperature. The most important
thing is to keep the temperature stable during observations, or else corrections will
be impossible. If there is no structure in the dark current at a certain operating tem-
perature, this correction is not very important for time-resolved photometry, since
any dark current will be removed together with the sky level. However, if structure
is seen in the dark current, the level for each pixel must be determined at the same
operating temperature as for the observations, and appropriately subtracted.

The intensity dependent correction term is known as the flat-field, since it is deter-
mined by observing an empty patch on the twilight sky or a flat part of the telescope
dome. The image obtained in such a way should in principle be flat or uniform, but
in practice is not. Such flat-field images will reveal all surface defects on the CCD
chip itself, as well as dust or specs on the CCD camera window or on the filters.!
Dividing a science frame with an appropriately averaged and scaled flat-field image
will in most cases correct for such sensitivity variations.

! As Craig Mackay put it: “The only uniform CCD is a dead CCD.” (In: Ann. Rew. Astron.-
Astrophys. vol. 24, p. 255 (1986).
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1.3.4 CCD observations and noise

Noise in CCD observations is a lot more complicated than for photoelectric detec-
tors. Of course, all the problems associated with atmospheric transparency will
be the same, although in a CCD frame sky background information is abundant,
allowing more sophisticated schemes for sky level correction. The design of the
CCD instrument is such that all the individual pixels can be sampled by the same
electronics, although several amplifier chains may be available. This means that
any gain drift in the amplifier electronics during the night will affect all data in the
same way, eliminating much of the 1/f noise problems often seen with multi-channel
photometers.

The limiting noise factor in CCD systems is the readout noise, which depends on
the quality of the output amplifier on the CCD chip, when the sampling electronics
have been well designed. Typical CCD systems today achieve readout noise levels
between 5 and 10 electrons per pixel sampled. Whenever observations are readout
noise limited the noise in the observations would be

o? =p’+ R?, (1.8)

where p is the photon noise in the signal and R is the readout noise, and all numbers
are in photon terms. Note that the data units that the cameras sampler circuits
produces are in analog/digital units (ADU) and must be multiplied by the conversion
factor of the sampler electronics; the gain factor, g, to get proper photon statistics.
For the CCD cameras considered here the gain factor is close to unity, and can thus
be ignored.

For CCD observations to be readout noise limited it is necessary to take great care in
the preprocessing of the data. Every processing step on the raw data will introduce
a reduction noise term into the data, so it is important to take a significant number
of calibration frames and average them together so that the noise introduced by
each correction step becomes as small as possible. We will not go into the details
of the readout noise terms in this work, since they have been elaborated on many
times before. A good review is given by Howell [How92].

For aperture photometry a useful version of the CCD noise equation (e.g. [OD095])

can be written as
1+ ,/N—l—npiXRQ
o =25 log (1.9)

N

where N is the number of photons detected, R is the readout noise and ny; is the
number of pixels containing the star image. Here the sky level is assumed to be zero
and the system is assumed to be limited by readout-noise.



12 CHAPTER 1. SEEING THE LIGHT

1.4 CCDs for Time Resolved Photometry

So far, real time-resolved photometry has mostly been the realm of photomultipliers
alone. When this project was started, a number of experiments with CCDs had
been made, but no efficient system were available at any major observatory that
we were aware of. An early CCD imaging photometer with special capability for
occultation observations were described by Dunham et al. [Dun85]. They used two
small CCDs to observe the field in two bands simultaneously, and implemented
windowing to reduce the amount of data. Although this is the first system that
actually implemented a windowing solution, the idea had already been suggested
earlier by several authors [Dun85].

The first system that were designed with high-speed photometry particularly in mind
was presented by Stover & Allen of Lick Observatory as early as 1987 [Sto87]. Their
system was based on a frame-transfer solution, so it did not require windowing. To
avoid their computer systems choking on the data, they implemented simple aperture
photometry in the CCD controller, so that no images were ever saved when the
system operated in continuous mode. Despite the fact that their CCD was a thick
EEV chip with no sensitivity below 4500 A, they achieved very impressive results.
Comparing results from their CCD photometer running at the 1m Lick Observatory
with Ed Nather observing with his classical PMT photometer at the 2.1 m McDonald
Observatory on three stars with different spectral types, they found that they could
match the photon counts for some stars even with a collecting surface area only a
quarter of that of the PMT device, although for the very blue objects their results
were comparable but not better than for the PMT instrument when correcting for
the difference in aperture. Despite these impressive results, CCD systems were not
used in photometric campaigns until a decade later.

Many authors have used existing systems for CCD imaging at observatories around
the world to produce differential photometry well below one millimagnitude per
second (see e.g. Kjeldsen & Frandsen [Kje92], Gilliand et al. [Gil93]). However,
these experiments reveal significant problems. Most notably the observations are
hampered by the long readout time between exposures, resulting in quite low duty
cycles, especially for the brighter targets. The sampling rate can also be irregular,
since most astronomical CCD detector systems systems are designed to take one
frame at a time, save the often huge data file to disk storage, display the image and
then proceed with the next frame. Since the time the computer spends storing the
image is not strictly constant on most multitasking computer systems, the delay
between frames can vary.

To achieve accurate photometry with CCDs it is vital to perform precise calibra-
tion and reductions of all the individual frames of an observation run. In spite of
these problems, very impressive results have been made on time-resolved photome-
try of open clusters, where CCDs have the great advantage of being able to produce
accurate magnitudes of all resolved objects in the field. In particular, a detailed
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multi-site study with large (2.3 — 5 m) telescopes were performed by Gilliand et al
in 1992 [Gil93], in which 12 stars in the open cluster M67 were monitored for a one
week period. Although no pulsations were detected in any of the sample stars, the
campaign could quote detection thresholds down to about 20 umag. However, the
effort invested when processing and comparing such huge amount of data with tra-
ditional CCD reduction and analysis software, is discouraging, and may be a reason
why such extensive CCD campaigns have not been repeated.

For a single target star with variability timescales of minutes, multi-channel photo-
electric photometry is still the instrument most widely used when observing pulsat-
ing stars. In photometric campaigns like the WET, some observatories have used
CCDs since 1998 [ODo00], but not achieving the same temporal resolution as the
classical instruments.

Our confidence, since starting this project, has been that using the windowing tech-
nique with a well designed CCD camera, we will be able to achieve results that are
at least as good as with classical photoelectric photometry, and with with significant
advantages during variable sky conditions. This way, we can increase the ammount
of useful data in a given campaign. A particular ambition here in Tromsg has been
to be able to utilise the long winter nights here in the Auroral zone for long photom-
etry runs at a single site. With our CCD photometry method this can now become
possible.

1.4.1 CCDs and the WET

The first experiment with CCD photometry during a WET run were made during the
XCOV16 campaign during April/May 1998, at the SAAO 0.75m telescope (South
Africa) and the LNA 0.6 m telescope (Brazil). Further tests have been made at other
observatories during XCOV17, XCOV18 and XCOV 19, but classical PMT devices
still dominate the picture.? A one night test run on PG 1336—018 performed shortly
after XCOV17 at the NOT with the system described in this work is presented in
chapter 5.

During the XCOV16 campaign the SAAO 1.9m telescope was observing the same
DAV star, BPM 37093, with a PMT instrument, simultaneously with the CCD obser-
vation on the 0.75m telescope. A comparison of the results are give by O’Donoghue
et al. in the Proceedings of the 5* WET Workshop [ODo00]. From this study
they conclude that “CCDs are potentially much superior to PMTs: a CCD on a
0.75m telescope produced data almost as good as that provided by a PMT on a
1.9m telescope”. Their CCD images were produced by a frame-transfer camera
with 10 second exposure time/sampling interval, and the data were processed using
four different procedures. When two point spread function (PSF) fitting programs
(adapted versions of Daophot and Dophot) were compared with simple aperture

2See http://wet.iitap.iastate.edu for details.
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photometry programs (IRAF /apphot and the authors own photkron), it was made
strikingly clear that the aperture photometry procedures performed much better
than the more sophisticated PSF photometry programs. They write: “It is surpris-
ing that aperture photometry appears to be so much better than the two PSF fitting
programs tried out here. It might be expected that a method in which a model is
fitted to the data with pixels weighted according to the flux from the star should be
superior to a simple addition of pixels in an object aperture. The reasons for the
poor performance of the PSF method are not known.”

The conclusion by O’Donoghue et al. [ODo00], that aperture photometry can be
superior to PSF photometry, is in accordance with my own experience from many
years of photometric monitoring of gravitational lens systems [OEs96]. PSF fitting
procedures can perform well in complex systems where several stars and even galax-
ies overlap, when aperture photometry fails completely. But for an isolated star
image the fitting errors introduced, first when determining profile parameters from
a number of reference stars, second when centering and scaling this semi-analytical
profile to the target star, can be quite significant. Since this problem was anticipated
at the start of this work, no attempt has been made to include PSF photometry
into the system presented here, at the current stage. We have seen cases where stars
are so close together that PSF photometry could have improved the results, but for
most variable stars this is not an issue.

One problem anticipated when applying CCDs to WET type targets are amplitude
differences. White dwarf and subdwarf stars are hot objects and pulsations are ex-
pected to exist predominantly in the blue end of the spectrum. A study of such
amplitude differences based on both synthetic and experimental data were given by
Kanaan et al, also for the 5" WET Workshop [Kan00]. Since PMT detectors are
only sensitive to light at frequencies higher than 7000 A, while CCDs have impressive
quantum efficiencies long into the near infrared region of the spectrum, pulsations
in these stars are expected to appear weaker in CCD data when the modulations
are normalised to the brightness of the target star. In this study three CCDs were
compared to a standard PMT detector, and the models predicted amplitude differ-
ences of 12 — 21 % for DAV stars, 10 — 15 % for DBV stars and very small (~0.5 %)
differences for DOV stars (since their spectra are almost flat in the spectral region
that the detectors are sensitive to). When comparing the experimental data from
the XCOV16 run on BPM 37093 from the two SAAQO observatories, as described
above, they found that amplitudes in the PMT data were between 10 and 20 %
stronger than in the CCD data, as expected. Their study also showed how this
effect could be reduced to around 5 % by using short pass filters like a CuSQOy, filter
or a wide blue-green BG39 filter.
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1.4.2 Other advantages

Some other advantages with CCD detectors should also be mentioned. Many inter-
esting astronomical targets have companion stars, or close foreground or background
stars that can appear within the instrument aperture. This can seriously muddle up
the observations, if the aperture cannot be made large enough to include all sources.
Any star left on the edge of the aperture will wander in and out during observations,
and introduce spurious variability in the light curves. The same can be the case for
the nuclei stars in bright planetary nebulae (PNNs) or any other star superimposed
on a bright non-uniform background. With a set of CCD images, the background
object can be easily modeled and subtracted from the image after convolution with
the PSF whenever it can be assumed to be constant on the time-scale of the ob-
servations. Thus, many new targets become accessible to high-speed photometrical
studies.

Another advantage is that since most observatories are equipped with (or are in
the process of acquiring) a CCD imaging camera or CCD spectrograph with imag-
ing capabilities, time resolved photometry can be done with existing instruments.
Since CCD detectors are quite expensive compared to PMT devices, for most small
or medium sized observatories one CCD instrument that performs many tasks is
a cost efficient solution. This is an important reason why we have rejected the
frame-transfer solution as an acceptable alternative for our CCD photometer. Too
many astronomers are concerned about field coverage to accept the introduction of
a light-blocking mask covering half of the effective CCD array. By implementing
the windowing solution we avoid this conflict of interest, and are able to implement,
efficient time resolved photometry on a number of existing instruments.

A final point to mention is that the abundance of data existing in a series of CCD
images give excellent opportunity to apply more advanced and better reduction
techniques to the data, than what can be possible with the simple output of PMT
instruments. In particular, the sky background estimates can be significantly im-
proved by increasing the number of pixels to average over, or even introduce surface
fitting techniques to model the non-uniform gradients in the bacground often seen
when moonlight is scattered inside the telescope structure.

1.5 The Purpose

After this introduction it should be clear that there is no need to prove that CCD
instruments can give improved photometry also for time-resolved photometric ob-
servations, since this has been done many times over. The urgent need is to make
such observations workable at our observatories and within the WET framework.
For this we need several things. First of all, we need to establish a CCD observation
strategy that can provide the temporal resolution required in observations of short
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time periodic variable stars. We have chosen to implement the windowing technique
on the CCD controller level instead of employing frame transfer CCD devices, so
that we can apply our solution to many existing CCD cameras. At the same time
we need to establish the optimal requirement for a CCD traveling photometer to
replace the Pancake traveling photometer for WET campaign participation of obser-
vatories that does not own their own instrument. For this purpose we have here in
Tromsg taken upon us the development of our own portable CCD camera based on
the Copenhagen CCD controller. The technical part of this design will be presented
in the next chapter, and the modifications of the CCD controller code necessary to
implement the windowing mode will be presented in the third.

Once we have established the hardware platform that we will use for our CCD pho-
tometer, we will start tackling the considerable problem of CCD data acquisition and
processing. The windowing method will produce CCD data that are not reducible
with any existing software, so we need to develop everything from scratch. The
WET requirement, that light curves must be available in real time for transfer to
the coordinating center, demands a system unlike something ever before attempted
in CCD photometry. The development of the CCD data acquisition and reduction
software will be the subject of chapter 4, while the remaining chapters will discuss
the testing of these programs on variable stars of the sdB class.



Chapter 2

The Hardware Guide

Although the Astrophysics Group at the University of Tromsg has no previous ex-
perience in CCD camera design, we have good experience in designing and building
classical photometers. Our experience should be adequate for building the mechani-
cal parts of the camera as well as the complete filter and shutter unit. Although our
previous instruments were not operating in vacuum, we have an excellent plasma
laboratory at the department that can provide the equipment and experience we
need for this part of the job. When it comes to the CCD sequencing and sampling
electronics, we have decided to draw on the experience built up over several years
at the Copenhagen University Observatory (CUO) when building high performance
CCD camera for, among others, the Nordic Optical Telescope (NOT), and purchase
a complete CCD controller electronics system from them, instead of attempting to
develop our own system.

2.1 Design limitations

Before we enter the description of the CCD photometer system and the individual
hardware components, we will give an outline of the particular considerations that
we have put into our design. We can summarise the primary design goals as follows:

1) Optimal photometric accuracy for short (< 1 min) exposures

2) High sensitivity (limiting magnitude >15 with 1-meter telescopes) for all op-
tical bands.

3) Frame rates of 10 seconds or better

4) Lightweight and portable design

17
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Figure 2.1: Principal design and interactions of the Tromsg CCD photometer. Two
controller boxes interface the CCD detector and the filter and shutter unit (FASU).
The Linux PC system provides a graphical user interface, data storage and backup
systems, as well as network access where available.

The first point reflects our intention to focus on high speed photometry of individual
stars, instead of deep imaging of faint objects. Not emphasizing a requirement
for long exposures allows us to use thermoelectric instead of cryostatic cooling.
The second point introduces the requirement for sensitivity in the blue part of the
spectrum, where most pulsating stars have their highest brightness. This limits
our choice of CCD chip to the more expensive thinned devices. The third point
states our requirement for a new readout strategy to reduce the readout period, i.e.
windowing. The fourth and last point states our portability requirement, since we
wish to use the instrument as a traveling photometer during WET campaigns, in
much the same way as the Pancake photometer has been used before [Mei93b].

With such a compact design strategy, we have made the complete CCD photometer
fit into three hand luggage pieces, the first containing the CCD camera and its
controller, the second holding the FASU and its electronics, and the last piece being
a portable PC-unit. The whole system with PC and cables, weighs less than 30 kg.
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2.1.1 Operating temperature considerations

Since the exposure times used in high-speed photometry are much shorter than what
are used for deep CCD imaging, the cooling required for the CCD photometer need
not be as deep as for the CCD cameras built by the Copenhagen group. For exposure
times of only 10 seconds the dark-current in the CCD will not be a problem unless
the temperature gets much too high.

For the TK1024 CCD chip we have dark a dark current estimate of about 1 e~ /hour
at —95°C, from measurements with StanCam on the NOT. Extrapolating according
to the theoretical formula in Eq. 1.7, and using the information given by the man-
ufacturer [Tek91|, we get approximately 1 ke~ /hour at —60°C, and 100 ke~ /hour
at —25°C. Thus, even at —25°C we have less than 300 e~ of dark current in a 10
second exposure. This means that between —30 and —25°C, dark current becomes
a noise source of the same order as the readout noise and sky background under
normal conditions. This is acceptable but not optimal, so we will strive to get the
cooling efficient enough to keep the operating temperature at about —40°C, where
we expect a dark current of about 500 e~ /minute. Note that if we use a device with
MPP technology, the expected dark current is five times lower than for non-MPP
devices such as the one we have based our calculations on here [Tek91].

We conclude that a triple Peltier-junction cooler will be sufficient to reach useful
noise values. A Peltier based cooling system will dramatically reduce the weight
and size of the instrument. Furthermore, no liquid nitrogen would be needed to be
brought to the observatory, as would be a considerable weight problem when using
a cryostatic dewar. However, a Peltier system would require water cooling for trans-
porting heat away from the camera, at least under summer temperature operation.
This is not an uncommon problem at observatories, especially at Southern latitudes,
and most observatories carry adequate solutions. In any case, ordinary tap water
would be sufficient to transport away the heat. We can also use a close circuit sys-
tem with a bucket of ice and water placed outside the dome together with a small
electrical pump and some water hose. It is important in this context to realize that
it is not sufficient to run the cooling system at maximum to keep the dark current
as low as possible in the individual frames. Thermal stability is the most important
issue for time resolved photometry, since variations in the dark current would turn
up in the observations during the night. Some part of the chip may show more dark
current at certain temperatures than others, thus a normal background level correc-
tion may not be trusted upon to accurately remove the dark current with the sky
level. It is therefore necessary to regulate temperature by monitoring and correcting
the temperature as close to the chip as possible. This has been done by attaching
a temperature sensor and a heating device to the thermal connector between the
Peltier-junctions cold face and the opposite of the illumination surface of the chip
(actually the front-side). By measuring the temperature with this sensor, and regu-
lating a the current through the heater at a high frequency, to correct for deviations
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Figure 2.2: A drawing of the first prototype version of the Tromsg CCD photometer,
showing a vertical section through the camera head mounted on the filter and shutter
unit. Horizontal sections through points A-A and B-B are shown in Fig. 2.4.

from a reference temperature, the temperature of the CCD silicon substrate can be
kept very stable, only limited by the precision of the sensor (normally +10C).

2.1.2 Chip choice

The acceptable size of the CCD chip is constrained by by the field required to locate
usable reference stars for calibration. This is a problem that get worse as our target
objects gets brighter due to stellar number statistics, but eventually the field size
of the instrument will always limit the possible targets the instrument can do. If
the field size gets too large in relation to the number of pixels on the chip, the pixel
size will be large compared to the point spread function of the telescope, resulting
in poorly sampled stars. A single object should occupy a reasonable number of
pixels on the chip, so that it is possible to average out pixel-to-pixel variations in
our magnitude measurements. For this reason we must reject chips with very large
pixel size as well as very small. Thus, we end up with a choice of chip that is
quite similar to what is used in standard issue astronomical CCD Imaging cameras.
Thinned Loral 2K chips would be good as gold, but are in short supply and have
shown considerable surface defects in many production runs [And98].

Kodak 2K chips have also been considered. They have surface areas that is a bit
smaller than the TK1024, but still adequate, and provide excellent sampling of
the stellar images. However, these chips are not available in a thinned version,
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Table 2.1: Typical specifications for thinned TK1024 CCD chips.

Property value | unit

Format 1024x1024 | pixels

Pixel size 24%24 | pm

Imaging area 24.6x24.6 | mm

Dark current (MPP) 0.1 | nA/cm? (20°C)
Dark current (non-MPP) 0.5 | nA/cm? (20°C)
Readout noise 7| e”

Full well (MPP) 100.000 | e~

Full well (non-MPP) 300.000 | e

and since most variable astronomical targets that we want to study with high-
speed CCD photometry are very blue objects, the lack of sensitivity below 4000
for the Kodak chips makes them a poor choice. A new version with enhanced
blue sensitivity recently introduced on the market improves the usefulness of the
Kodak chips considerably, but they still have quantum efficiencies less than half
that of thinned chips over most of the visible spectrum. EEV chips have recently
become the preferred choice by most professional CCD camera manufacturers, due
to their excellent specifications and wide range of sizes and dimensions. They are,
however, forbiddingly expensive, and for our prototype we have decided to settle on
a more reasonably priced device. Therefore, we have ended up with the choice of
the thinned SiTe TK1024 CCD chip for our prototype based on considerations of
the chips physical properties; dimensions and sensitivity, chip supply and the cost
advantages of using available camera electronics designs. The detailed specifications
typical for these chips are given in Table 2.1. The actual properties may differ
somwhat from chip to chip.

2.1.3 Camera parts

Our CCD camera can be divided into four separate parts. The camera head holds
the CCD chip in a vacuum chamber that is in close contact with a cooling system.
On one side of the camera head a transparent window lets light into the vacuum
chamber and onto the CCD chip. Around this window is a flange that attaches to a
unit that holds the filter wheel and shutter — the filter and shutter unit or FASU for
short. The other side of the FASU attaches (through an adaptor ring) the camera
to the telescope. Both the camera head and the FASU each have electronics boxes
that contains the electronics and power supplies for their individual units, and are
separately interfaced with the user computer.

The weights and dimensions of these parts are given in Table 2.2, well within the
design goals. As we can see, the dominating part both in weight and size is actually
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Table 2.2: CCD photometer dimensions

Part Weight | Size

Camera head 1.5 kg | 15 x 15 x 10 cm
CCD controller 3.5kg | 24 x24 x13 cm
FASU 25kg | 27T x 18 x 3 cm
FASU controller | 3.0 kg | 23 x 22 x 11 c¢cm
User computer 10 kg | 40 x 29 x 21 cm

the user computer. In the following we will describe each of the camera units in
more detail.

2.2 Camera Head

The camera head has been designed as a small compact unit with as few components
inside the vacuum chamber as possible. It holds the CCD chip, which is thermally
connected to the Peltier element by a copper block called the cold finger, a molecular
trap, and some minor electronic parts. All electrical connections are brought into
the vacuum chamber by two vacuum plugs. On the back side of the camera head,
the side facing away from the telescope and optics, a cooling system transports away
the heat generated by the hot side of the Peltier element.

The window that admits light to the CCD chip is made of 3 mm thick fused silica,
and is 40 mm in diameter. It is held in place on top of a groove in the aluminum lid
in which a viton o-ring rests. When the vacuum chamber is pumped out the glass is
firmly pressed towards the o-ring, and is locked in place by a copper ring from above.
Two electrical vacuum connectors and one opening for pumping the camera are also
firmly sealed with viton o-rings. The vacuum pump connection is of type KF-16 (16
mm diameter), and the vacuum valve is shown on the left side in Fig. 2.3. Fig. 2.2
incorrectly shows the vacuum chamber in direct contact with the FASU back side.
In the actual prototype version there is a lid that closes the vacuum chamber with
a 10 cm (external diameter) o-ring between, as seen in Fig. 2.3.

2.2.1 Vacuum chamber

Inside the vacuum chamber, in full contact with the water cooled bottom plate, the
Peltier element provides a thermal gradient of up to about 70 K. On top of this the
cold finger provides thermal conduction between the cold side of the Peltier element
and the CCD chip. The hot and cold surfaces of the Peltier element have both
been covered with a special type of thermally conductive high-vacuum grease to



2.2. CAMERA HEAD 23

Figure 2.3: The finished camera head prototype with the TK1024A CCD chip in-
stalled. The pre-amplifier box is at the bottom and the vacuum valve to the left.

provide optimal thermal conduction. Attached to the cold finger is a temperature
sensor (close to chip) and a heater resistor. The most efficient way to keep the
temperature as stable as possible has proven to be by running the cooling system on
maximum and regulating a small current through the heater to keep the temperature
constant at the cold finger, instead of trying to regulate the temperature through the
Peltier element. This system is described in detail in the section on the temperature
regulation electronics board, below. The cold finger has been drilled through to
provide a cylindrical cavity that has been filled with activated coal to work as a
molecular trap when the chamber has been evacuated.

The Peltier element is a Melcor three stage device, that can draw up to 3.5 Amperes
of current at 15.4 Volts. At maximum power it can provide a thermal gradient of
96 K, but in practice it then generates far more heat on the hot side than can be
transfered away, so under normal conditions 7 to 8 Volts is the maximum useful
power applicable, which will give a thermal gradient of about 50 K. With efficient
water cooling some more power can be used to provide a thermal gradient of 70 K.
It is crucial that the whole back side of the Peltier element is in full contact with the
bottom wall in the vacuum chamber, or else the heat will dissipate back through the
device and reduce the thermal gradient. In the current assembling of the camera a
piece of soft indium were inserted between the thermal surfaces to further enhance
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Figure 2.4: Horizontal section through the camera head. Left part shows the water
cooling, and the right part shows a view of the inside with the cold finger copper
block installed (see text).

thermal conductivity.

2.2.2 Water cooling

To provide a stable heat sink for the cooling system, water flows through channels
in the bottom of the camera head, as indicated in the left hand part of Fig. 2.4.
The temperature of the water should of course be as low as possible, but it is even
more vital that the water temperature is kept within well defined ranges. If the
water gets to hot, the Peltier cooler will not be able to keep the temperature below
the reference temperature, and the regulation system cannot keep up. Too cold is
not good either, since it means that a lot of power must be applied to the heater
to keep the chip temperature stable. It is vital to know before an observation run
starts what the maximum temperature of the water during the observation run can
become, and use this value to set the reference temperature on the temperature
regulator board.

After testing at Skibotn Observatory (Winter, 2000), and at Moletai Observatory
in Lithuania (Spring, 2000), it was clear that the water cooling was not required
during the cold winter nights, but was vital for spring and summer operations. In
an ongoing modification of the camera head, the internal water cooling part of the
camera head will be removed and replaced with an interface upon which at least two
different cooling systems can be placed. For wintertime operations a simple heat
sink with a fan will be used, while a more elaborate water cooling device will be
constructed for summer time operations. Having the water cooling separate from
the camera head makes it possible to run and test the water cooling system for any
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leaks before attaching it to the camera head.

2.2.3 Connectors

There are a number of connectors to the camera head. Two vacuum connectors
provides connection with the electronics inside, a hole for the vacuum pump, and
two plugs to attach the water flow. The 16 mm, 26 pin vacuum connector provides
power to the Peltier element, and also connects the temperature sensor and heater
to the temperature regulation board. The smaller 14 mm, 36 pin vacuum connector
interfaces the required pins of the CCD chip directly to the electronics box just
outside the camera. This box holds the pre-amplifiers and connects with one RS-
232 25 pin cable and two special (BNC + 10 pin) cables to the controller box.

2.2.4 Pre-amplifier box

In the first step in the output signal chain, the output from the CCD amplifiers
passes through a pre-amplifier located close to the chip itself. For our system, the
pre-amplifiers have been put in a small electronics box attached on one side of
the camera head (seen in the bottom part of Fig. 2.3). This is an improvement
from earlier Copenhagen designs, in which the pre-amplifiers were located inside the
vacuum chamber. This solution will reduce heat dissipation and out-gassing from
electronics components inside the vacuum, although the slightly longer wires may
increase the noise from the signal amplification. The amplifier design is, however,
good enough to ensure the readout noise should be dominated by the noise from the
output amplifier itself.

All the voltages from the clock drivers and bias generators are also connected through
the new pre-amplifier box, which also holds an improved safe-guard mechanism that
protects the chip from any damaging voltages that may occur from static charges
or short circuits in the DC connectors.

Although the TK1024 CCD chip has four output transistors (MOSFETSs), only two
of these are wired to the pre-amplifiers. Since the chips pinning is symmetrical,
it can be rotated in the socket to select the two MOSFETSs that gives the lowest
readout noise. In full frame mode it is possible to reduce readout time by dividing
the chip into two or four areas of equal size, and reading these areas through separate
output channels simultaneously. In windowed readout mode this would require the
windows to be distributed in a symmetrical fashion, which is rather inconvenient.
For windowing, we would also prefer that all data have the same noise characteristics,
i.e. that all pixels are read through the same amplifier channel. Although the system
is built with two parallel amplifier channels, we will not give much attention to this,
except note that the one with the best noise behavior should always be selected.
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Figure 2.5: Inside look of the prototype filter and shutter unit with four filters
installed. Some surface areas have been covered with special light absorbing paper
to reduce reflections.

2.3 Filter and Shutter Unit

The Filter and Shutter Unit (FASU) contains the rotating filter wheel with up to
six 40 mm diameter round filters, and the shutter wheel. It is necessary for the filter
wheel to reproduce its position exactly (to within the size of one resolution element)
each time it is turned, or else the flat-fielding of the images will be poor if dust and
specs on the filters change position relative to the pixels they obscure. The rotation
of the shutter must also be accurate to avoid shutter effects. We have avoided
using standard iris shutters, because the operation of these shutters will always give
slightly different exposure times across the field, even if they open and close very
rapidly. The rotating sector shutter will open for illumination on one side of the CCD
chip before the other, but due to its symmetrical design the closing of the shutter,
after integration is complete, can completely cancel this difference. To achieve this
the acceleration and deceleration of the shutter motor must be symmetrical.
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Figure 2.6: The Copenhagen CCD controller.

2.4 The Copenhagen Controller

The CCD controller electronics have been designed and built by the Astronomical
Instrument Centre (IJAF) at Copenhagen University Observatory (CUO), and is of
the same standard design that are in use on the three CCD cameras operated at the
Nordic Optical Telescope (StanCam, HIRAC, ALFOSC), the DFOSC at the Danish
1.5m telescope at La Silla in Chile, the BFOSC at the 1.52m Cassini telescope at
Loiano in Italy, and several other observatories around the world [And98].

The Copenhagen CCD controller system has been under constant development for
the past ten years by a very small staff of scientific and engineering personnel.
While the quality and reliability of their instruments have proved excellent, the
documentation provided with their hardware is incomplete. In particular, for a
proper understanding of the specifics of CCD readout, that is required to change
the operations of the controller to provide multi window readout, it leaves a lot to be
desired. The only source of information available on the most detailed levels of the
CCD sequencing procedure lies in the original assembly code source programs for
the controller that have been provided by Preben Ngrregaard of the CUO. Careful
examination of these while translating segment by segment into more readable C
code, as well as personal discussions with Ngrregaard, has uncovered the detailed
workings and made possible the coding for windowed mode that is presented in the
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next chapter. In the remaining parts of this chapter we will wade a bit more deeply
into technical details, of such issues as the specific hardware addressing that modifies
the behavior of the individual parts of the controller electronics, than may appear
necessary. The reason is simply that this information is not provided in clear text
anywhere else, and if somebody at a later time need to modify the code that will
be presented in the next chapter, the information given here can work as a useful
manual.

The CCD controller electronics is held in a compact aluminum box that must be at-
tached to the telescope in close proximity to the camera head. The limitation is the
length of the two cables that connect the output from the pre-amplifiers to the CDS
circuits that are 55 cm long. The box contains a power supply and a series of equally
sized boards that interfaces through a Motorola backplane bus. There are eight slots
for controller boards in the box, but only six are used in our current version of the
controller. Fig. 2.6 shows the box, and we see the six cards labeled from right to left
CONTROL, CLOCK, VIDEO, OPTIO, TEMP and POWER. The CCD sequencer board
(CONTROL) contains the programmable MC 68020 controller computer, the clock
driver board (CLOCK) provides the timed signals that holds and shifts the charges
on the CCD chip, the video board VIDEO has the CCD sampling circuits and refer-
ence voltage supplies, the opto-isolated I/O board (OPTIO) provides optical bridges
between noisy external electronics and the sensitive parts associated with the CCD
driver and sampler circuits, the temperature regulation board (TEMP) provides the
stable temperature for the CCD chip, and the power regulation board (POWER)
converts the input power from the 24V power supply to a variety of regulated volt-
ages on the backplane bus. The order of the cards is not vital, but it is customary
to put the non noise-critical boards close to the input power supply, and the noise
sensitive boards on the opposite side. Between the temperature regulation and the
opto-isolated I/O board are the two available board spaces, but as can be seen in
Fig. 2.6 the space has been filled with a panel providing the external connectors to
the temperature and pressure sensors and the heater, as well as a connection to the
OptlO board. All these cards will be described in detail in the following sections.
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Figure 2.7: The CCD sequencer board with the MC68020 CPU in the middle. Below
is the front panel with the fiber optical connectors.

2.4.1 CCD sequencer board

The heart of the CCD controller is the sequencer board. This is in fact a stand-
alone computer with a Motorola MC68020 processor running at 20MHz. It is the
same CPU that powered most of those millions of classical Macintosh, Commodore
Amiga and Hewlett-Packard systems that were popular a decade ago. It is a well
documented and programmer friendly microprocessor chip, and with 128 kilobytes of
RAM and a 10 megabit optical fibre link, the system is more than powerful enough
to handle the data sequencing and transmit the resulting data to the user computer.

On power-up the system starts running from the on-board EP-ROM memory. Nor-
mal operation would include copying the main program stored in this permanent
memory and over to the system RAM address space, to speed up execution. It is
also possible to use an EP-ROM device with a download code that allows the user
to transmit a program from the user computer directly to the RAM, and then start
execution of this new program. This option is very useful for development and de-
bugging, but in the final stage a new EP-ROM with the upgraded version should be
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Table 2.3: Sequencer board internal I/O registers

Name Address | Size Description

RXTXS 0x40000 | byte | Optical I/O register

SETREG | 0x40002 | word | Status register

DELREG | 0x40004 | word | Delay trap register

TIMREG | 0x40006 | 12 bit | Timer register

RXDATA | 0x40008 | word | Receiver data register

TXDATAO | 0x40008 | word | Primary transmitter data register
TXDATA1 | 0x4000A | word | Second transmitter data register
TXDATA2 | 0x4000C | word | Third transmitter data register
TXDATA3 | 0x4000E | word | Fourth transmitter data register

made and installed.

The system RAM starts at hardware address 0x20000, and two sets of programmable
hardware registers are defined to control the hardware circuits on the sequencer
board and on the other boards present on the common backplane bus. The internal
hardware addresses, INTIO for short, are defined as starting at absolute address
0x40000, and the addresses external to the sequencer, SEXTIO, starts at 0x60000.

A list of the specific internal registers are given in Table 2.3, and those registers
are used for the following: The RXTXS register is used to signal activity on the
fiber optical transmitter/receiver. The SETREG status register contains a number of
important bits that controls what register (or registers) the transmitter should send
from, and whether the timer is running or not. The DELREG delay trap register is
provided for accurate timing control. Whenever this register is set to a non-zero
value, attempting to read it halts the controller until the value is zero. The timer
circuit will automatically decrement the value on the register every 20 MHz clock
cycle. Thus, setting DELREG to a value of 20000 and then performing a number
of instructions before accessing the register, ensures that the time taken from the
register was set until the program continues is exactly 1 ms. TIMREG is a timer
register that is automatically incremented every millisecond whenever the timer is
running, and can be used to measure time between control loops and the length of
the CCD readout process. Unfortunately, in the present version of the controller,
this register is only 12 bit, which means that it overflows at 4096 ms. Since readout
times in general are higher than this, it is necessary to read TIMREG several times
during readout (e.g. every line), and add up to get the total readout time. This
introduces truncation errors that are cumulative. RXDATA is the register where the
receiver places the data transmitted to the system on the fiber link, and TXDATA
are the four registers where the transmitter fetches data to be sent on the fiber
link. The first four bits of the SETREG register specified which (one or many) of the
TXDATA registers should be transmitted, allowing up to four words to be transmitted
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Figure 2.8: The clock driver board has space for 5 identical DACs providing four
analog voltages each, but only four are installed on this card.

without the controller having to interfere. This is required when more than one
sampler circuit is active.

2.4.2 Cloc dri er board

The clock driver board provides 20 individual drivers that can generate signals for
controlling the charge shifting on the CCD chip. Not all of these 20 drivers are
required for a given CCD system. To read out the TK1024 using one amplifier
we would require nine drivers: One for the reset gate (RG), one for the summing
well (SW), three for the serial shift phases (S1, S2 and S3), three for the parallel
shift phases (P1, P2 and P3) and one for the transfer gate (TG). In our system we
designate two more parallel shift phase drivers to support dual mode readout, so
that we have five parallel drivers (P1U, P1L, P2, P3U and P3L). There is no point
in designating an extra driver for the P2 phase since only the P1 and P3 phases have
separate electrical connections (pins) for the upper/lower parts of the CCD array
on the TK1024 chip.
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Table 2.4: Clock driver board registers

Name Address | Size Description
MS L | 0x60000 | word Serial clock pattern
M L | 0x60002 | word Parallel clock pattern
L T 0x60080 | longword | Clock connection register
L DA 0x60084 | one bit Clock driver voltages data

Table 2.5: Bit assignments for COMSCLK and COMPCLK

it |0 1 2 3 4
MSL |R SW | S1 | 82 | S3
M L |P1 |P2 |P3|T

The actual signal that is produced by these drivers is decided by an on-board logic
(PLD). It is programmed by feeding pairs of signal and driver identifiers to the
hardware address given by the hardware register L T (see Table 2.4). The signal
identifiers and their corresponding bits are given in Table 2.6, and the designated
drivers as configured for the TCS as discussed above is listed in Table 2.7. Normally
the reset gate signal, RG_SIG, would be sent on the reset gate driver, RG_.DR and
so on for all the other drivers. The exception is for the five parallel drivers, where
mixing of these allows the readout direction to be controlled. Setting the two P1
drivers to produce the P1 signal and the P3 drivers to produce the P3 signal gives
output through the A amplifier chain. Switching these two so that the P1 drivers
produce the P3 signal and the P3 drivers produce the P1 signal reverses the direction
of charge transfer, and thus the pixels can be read out through the B amplifier. To
get dual mode readout, that is half the image through A and the other half through
B, the upper phases must work as in A mode and the lower phases in B mode; i.e.
P1 signal on DR and L.DR and P3 signal on DR and LDR .

For the Loral 2k chip the situation is different, since it has its two output amplifier
on the same serial register. Thus, there is need for only one set of parallel drivers,
while the serial register is divided in two halves and the pixels can be clocked left
or right, or one half each way.

The clock driver board has a number of on-board registers which can be accessed
from the sequencer computer at the addresses given in Table 2.4. The 0OMS L and

OM L gives a bit pattern that tells the clock driver board which drivers should
be in its high and which drivers in the low state. The L T and L DA registers
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Table 2.6: Bit assignments for individual clock drivers

it | Signal | Description

0 | RG_SIG | Reset ate signal

1| S _SIG | Summing Well signal
2 | S1.8IG | Serial phase 1 signal
3 | S2_SIG | Serial phase 2 signal
4

7

8

S3_SIG | Serial phase 3 signal
SER_ST | Serial stuck signal
1 SIG | Parallel phase 1 signal
9 | 2.SIG | Parallel phase 2 signal
10 | 3_SIG | Parallel phase 3 signal
11 | TG_SIG | Trans er ate signal
14 | AR_ST | Parallel stuck signal

are used to program the chip specific voltages into the clock driver chip. The clock
driver board has several identical DAC chips which each provides four drivers. The

L T register is used to select which chip should receive the data, and the voltages
is transmitted on the most significant bit of the L DA register. Voltages must be
given in millivolt on version 4 of the clock driver board, not in 1/100 volts as on
earlier versions.

In Table 2.8 the voltages that the different clock drivers should produce to run the
TK1024 are given, together with their allowed ranges [Tek91]. All values are given
with a ow ail for using when the specific clock is low and a igh aul for the
clock s high state.

During integration all drivers are in the low phase except the P2 driver which is set
high to produce a barrier that confines the electric charges to each pixel element.
During readout the drivers are cyclically activated to shift the potential wells that
holds the electric charges stored during integration towards the output amplifiers,
with sufficient delays between each shift to allow the electrons to migrate with the
moving wells.

The pulse diagram for the parallel shift sequence shown in the left part of Fig. 2.9
shows that how one CCD line can be shifted to the serial register by switching the
appropriate clock drivers through seven steps. P2 is the collecting phase, i.e. the
voltage is held high to collect the photo-electrons at that gate during exposure and
while the serial register is read. The first step of the shift cycle is setting the adjacent
P1 gate high, to allow the electrons to drift toward that gate. Next the P2 voltage
is set to low to get all electrons to collect at the P1 gate. This continues for the P3
and transfer gate (TG). During these seven steps the collecting phase of the serial
register (S3) is held high, so that when the TG voltage is lowered in the last step of
the parallel sequence, all charge in the line adjacent to the transfer gate has been
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Table 2.7: Clock driver assignments for a CCD system with TK1024 chip

Drv Name Description
0 | RGDR Reset ate driver
4 | S1 DR Serial phase 1 driver
5 | S2.DR Serial phase 2 driver
6 | S3.DR Serial phase 3 driver

-3

S DR Summing Well driver

12 | TGLDR | Trans er ate driver (lower hal )
13 | 3LDR | Parallel phase 3 driver (lower hal )
14 | 1L DR | Parallel phase 1 driver (lower hal )
15| 2DR Parallel phase 2 driver

16 | 1 DR | Parallel phase 1 driver (upper hal )
17 | 3 DR | Parallel phase 3 driver (upper hal )
18 | TG DR | Trans er ate driver (upper hal )

Table 2.8: Clock voltages for TK1024 chip

Name ow Rail igh Rail
Range | Set | Range | Set | Description
55| 00 5 20 | 11.0 | Reset ate abcd
10 0] 20| 5 20| 89 | Summing Well abcd
10 0| 3.0 5 20 | 8.9 | Serial ate 123 abcd
10 0| 8.0 0 15| 3.0 | Parallel ate 123 U UR R
10 0| 6.0 0 15| 4.0 | Transer ate U UR R

HT®YD
=

shifted onto the serial register.

When one parallel shift sequence is complete, the serial register is loaded and a
sequence of serial shift sequences can begin — one for each pixel on the serial register.
The serial shift sequence is very similar to the parallel shift sequence, except for the
brief reset gate pulse at the beginning that clears the charge on the output gate.
After the end of the seventh step in the serial shift sequence, the pixel charge is on
the output gate ready for conversion.

The value set in the two registers OMS L and OM L define the state of the serial
and parallel drivers respectively. A value of zero sets all drivers to the low state and
setting the bits of these registers raises the state of each driver as given by Table
2.5. Thus, setting the OM L register to 1 is all that is required to initialise the
controller to collecting parallel phase (P2 high, all other low), for a non-MPP device.
In MPP mode, the collecting phase is inverted, so that all voltages are low during
charge collection.
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Figure 2.9: Clock pulse diagrams for parallel and serial shift sequences for the
TK1024 chip in single amplifier non-MPP output mode.

To check that the clock driver operates as it should it is simple to measure the
voltages on the output RS-232 port, using the information in Table 2.9. The table
lists the correct voltages that should be found on the 25 pins of the Clock driver
board output socket, and the pulse width during CCD clocking operations. Pins
numbered 1, 13, 14, and 25 are labeled on the boards socket. During standby or
integration mode, all voltages should be low (except P2 in non-MPP mode). All
values are for the TK1024 setup. By initialising readout without the camera head
attached, it is also possible to use an oscilloscope to monitor that the pulses have the
correct widths. Fig. 2.9 shows the pulse diagrams used when moving and sampling
charges on the CCD.
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Table 2.9: Pinning configuration and voltages for TK1024 clock driver configuration

Pin | Drv | Signal ow igh | Width | Description
1 - ND | 0.00 | 0.00 - round alsoon 5 9 13 14
2 19| T U |-6.00 | 4.00 80 | Trans er gate upper hal
3 17 P3U | -8.00 | 3.00 80 | Parallel phase 3 upper hal
4 15 P2 | -8.00 | 3.00 80 | Parallel phase 2
6 12| T -6.00 | 4.00 80 | Trans er gate lower hal
7 10 - - - - | Unused driver
8 8 - - - - | Unused driver
10 5 S2 | -3.00 | 8.90 0.4 | Serial phase 2
11 3 - - - - | Unused driver
12 1 - - - - | Unused driver
15 18 - - - - | Unused driver
16 16 P1U | -8.00 | 3.00 80 | Parallel phase 1 upper hal
17 14 P1 |-8.00 | 3.00 80 | Parallel phase 1 lower hal
18 13 P3 | -8.00| 3.00 80 | Parallel phase 3 lower hal
19 11 - - - - | Unused driver
20 9 - - - - | Unused driver
21 7 SW | -2.00 | 8.90 0.4 | Summing well
22 6 S3|-3.00 | 8.90 0.4 | Serial phase 3
23 4 S1|-3.00 | 8.90 0.4 | Serial phase 1
24 2| SW | -2.00 | 8.90 0.4 | Summing well bias
25 0 R 0.00 | 11.00 0.2 | Reset gate

2.4.3 Video board

The new video board has integrated the old CDS board and bias generator board
into one, and is seen in Fig. 2.10. It consists of two parallel CDS sampling circuits
and 3 DAC devices capable of generating 10 stable voltages, known as the ias gen
erator. For the TK1024 chip only three DA generators are used for each amplifier
chain, providing the reset drain (RD), output drain (OD) and output gate (OG) volt-
ages. The bias generator device is controlled by the same PLD logic and hardware
addresses as the video board, and is the voltages are set in software in much the
same way as for the clock driver board.

The new bias generator has 12 bit DA converters instead of 8 bit, as in the old
version, which gives better temperature stability. The bias level values can also
be adjusted in software, whereas the old version required manual trimming with a
screwdriver of the potentiometers on the board.

To program the bias level voltages the hardware address of the CDS board in ques-
tion is used, 0x60020 in our single board system. The DA converter channel is
selected by giving a number on bit 1,2 and 3 of this address. Since there are three
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Figure 2.10: The video board has two identical CDS sampling circuits (upper and
lower part) and a DAC circuit for the stable bias voltages. The front panel has two
identical connectors, one for each amplifier channel.

DA chips (DAC s) on each CDS board providing four voltages each, the mapping
from logical to physical channels is non-trivial for some of the output voltages. For
the primary amplifier chain, setting the three bit channel selector to 0 selects the
OD voltage, 1 selects RD and 4 selects OG. Auxiliary voltages (unused in our sys-
tem) OGx and ODx are selected by setting the bit field to 5 and 2 respectively.
Here, the output voltages 0,1 and 2 is on DAC 1 and 4 and 5 on DAC 2 For the
secondary amplifier chain, the OD, RG and ODx voltages are again set by selecting
0, 1 and 2, which are generated by the third DA chip on the board. But since there
is no fourth DA chip available, the OG and OGx voltages are generated by DAC 2.
Therefore, when these voltages are to be selected we must request channel 6 and 7
on the primary amplifier chain.

After the proper channel has been selected, the voltage data can be transmitted one
bit at a time on the IAS_DATA bit. The bit is loaded by flipping the IAS_ L bit
briefly on and off. After all 16 bits have been transmitted, the chip can be activated
by flipping the IAS_LD bit.
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Table 2.10: CDS board registers

Name Address Size Description

DS 0x60004 word CDS operation control

DSM DE | 0x60006 word CDS mode setup

DS ASE | 0x60020 8 words | CDS I/O base address
IDDS DS ASE 2 x | 8 words | 8 individual CDS I/0O ports

Table 2.11: Bit assignments for DAC registers

—-
+

Signal Description

S A TI E | Signal chain active 1
IAS DA 0 | DAC select bit 0
IASDA 1 | DAC select bit 1
IAS DA 2 | DAC select bit 2
IAS_ L DAC clock state
IASDATA | DAC data state
IAS_LD DAC load state
IAS_ LR | DAC clear state

N OOk W NR O

For the TK1024 CCD chip the bias level voltages have been configured as shown in
Table 2.12. The table also shows the allowed voltages ranges for the chip [Tek91],
as well as the pins on the video connector socket to which the DACs are connected.
All the pins are numbered on the socket.

The actual sampling of the charges that are shifted onto the output gates of the CCD
chip are performed by the CDS circuitry on the video board. The board measures
and digitizes the signals from the output amplifiers using the CDS process described
in Chapter 1. As mentioned, this technique is crucial to eliminate the reset noise in
the output signal, that would otherwise completely dominate the total noise in the
signal.

The readout noise in the output MOSFETs of the TK1024 chip should be less than
10 electrons, according to the specifications [Tek91]. The new pre-amplifier design,
introduced in the latest version of the Copenhagen CCD electronics that we have

installed in our system, has third order filters installed to reduce high-frequency
noise from the CCD.

The CDS sampling circuits can operate with two different gain modes, known as
high gain and low gain. In high gain mode the conversion factor should be close to

1 electron per AD unit, and in low gain mode the factor can be between 2 and 3
e /ADU.
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Table 2.12: DC voltages for TK1024 chip

Name | Range | Set | Pin | Description

DD 1525 | 23.0 1 | Output Drain
OD 1016 | 13.0 2 | Reset Drain
55| 0.5 9 | Output ate ( ast ate)
SU 1010 | 0.0 7 | Substrate and Package round

Table 2.13: CDSOP register bit assignments

it | Flags Description

0| LAM Control o clamp switch 1 clamp 0 sample
1 | SAM LE | Control o sample switch 1 track 0 hold
2|8 Converter control 1 start 0 stop

Table 2.14: CDSMODE register bit assignments

it | Function Description

Sampler control | clear Microprocessor set  igh speed logic
1 ain mode clear igh gain set ow gain

It is vital that the pixel readout rate is highly uniform, because of the settling time
of electronic components in the amplifier chain. Temporal variations can transform
into variations in the voltages of the amplifiers, which cannot be canceled by the
CDS procedure, and therefore will show up as increased noise in the sampled data
[McL89, p. 169].

The CDS board has two registers that controls the operations of the system. The

DSO register is used to select the operation mode of the converter, by selecting
bit-flags from Table 2.13. For instance, during pixel readout the DSQO register is
set to LAM to signal beginning of the clamp/sample CDS readout cycle. After
the clamp timing period is completed DSO is set to zero to end the clamp signal
conversion. Then the charge on the summing well is dumped to the output gate, and
the DSO register is set to SAM LE to signal the sample part of the CDS cycle. When
the sample period is complete the charge difference can be converted by setting the
SC bit of the DSO register to signal start of conversion. After completion of the
conversion phase the sampled voltage difference is prepared for retrieval in one of
the converter output registers IND DS0O-7 at the addresses given in Table 2.10.

An advanced CCD controller unit can have up to four video boards sampling up
to 8 CCD amplifier chains, as required e.g. for the CCD mosaic camera soon to be



40 CHAPTER 2. THE HARDWARE GUIDE

Figure 2.11: The Optio board contains only two single bit opto-isolated bridges.
Redundant circuits from earlier controller versions, where temperature regulation
were done by the sequencer, have been removed. The front panel provides the
connection to the shutter and input from the temperature regulation board.

commissioned at the NOT. Our system has only one video board, and thus only
IND DS and IND DS are available.

The CDS board used in earlier versions of CCD systems built at CUO were also
designed to measure temperature by sampling the voltage drop over a temperature
sensing resistor in the system. This option is only used in systems that do not have
a dedicated temperature regulation board, such as StanCam (see below).

2.4.4 Opto-isolated O board

The ptio board provides opto-isolated communications to devices that may have
noisy electronics and ensures that the vital sampling circuits remain protected from
power surges created when starting and stopping power hungry devices like the
shutter and heater unit.
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Table 2.15: Opto-isolated I/O board registers

Name Address | Size | Description
T IT 0x60040 | 4 bits | Motor and shutter control bits
TI 0x60050 | 1 bit | Opto input bit
T T 0x60050 | 4 bits | Opto output bits
T DE 0 | 0x60050 | word DAC (CCD eater)
TDE 1 | 0x60052 | word | shutter
T DE 2 | 0x60054 | word | step motor 1
T DE 3 | 0x60056 | word | step motor 2

In early versions of the CUO controller design, the sequencer computer also con-
trolled step motors for the filter wheel and shutter as well as temperature regulation
of the CCD. This is problematic since the sequencer board is 100 occupied during
CCD readout, which means that during readout the CCD temperature will drift
and it will be impossible to move the filter wheel. To keep the duty cycle as high
as possible it is vital for time series photometry to utilise the readout period for
changing filters. In our system, the filter wheel is controlled by a completely sep-
arate step motor controller, and temperature regulation is provided by a separate
temperature regulation board (see below). The Optio board is now used only for
two purposes; to send a signal to the shutter controller when it should open or close
the shutter, and to read back sensor data from the temperature regulation board
for book-keeping.

The Optio board has been allocated hardware addresses in the range 0x60040 to
0x6007F, and the address names that occur in the code are listed in Table 2.15. The
macro 0 TODE writes to the hardware addresses 0x60050-56 0 TOO T .
There is one word for each driver, but only the least significant bit is used for
the opto-I/O conversion. In versions of the controller where the sequencer board
regulates temperature and controls the step motors for the filter wheel and shutter,
four drivers are used. In our system, only the shutter and heater are controlled
through the Optio board. On startup 0 TODE is set to activate the shutter, and
the macro SET_.S TTER LOSED sets the appropriate bit in 0 TO IT to indicate a
closed shutter. The 0 TOIN bit is used in to transfer the state of the
temperature registers on the Tempreg board.

Note that even if 0 TOIN and 0 TOO T has the same value, this does not mean that
input and output happens on the same address. 0 TODE , which is the heater is
used only for reading, and 0 TODE which is the shutter is used only for writing.
These definitions are more or less obsolete after removal of step motor control from
this board, and are kept only for code compatibility.



42 CHAPTER 2. THE HARDWARE GUIDE

Figure 2.12: The temperature regulation board with sensor connections. The front
panel has a LED display as well as three buttons to control and to set reference
temperature.

2.4. emperature regulation board

The temperature regulation board is an independent control system based on a
programmable logic device (PLD), and provides continuous temperature regulation
for the CCD cooling system. In the original version of the CCD control system
used for the standby CCD camera at NOT, temperature regulation was made by
the sequencer board. This works reasonably well, but no regulation can be done
during readout so the temperature may drift significantly during this period. If a
new exposure starts immediately after a readout, the CCD temperature can vary
during integration. In all new versions of the Copenhagen CCD controller system
the separate Tempreg board is present.

The Tempreg board transmits the temperature values through the one bit opto-
IO interface provided on the Optio board. The four 16-bit words are continuously
transmitted by the Tempreg board, but since the transmission process through the
Optio board is very slow and can be interrupted by a CCD readout that takes
priority, lost bits can sometimes give bad values.
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Table 2.16: Temperature regulation board transmitted data

Name Size | Description
- word | CCD temperature sensor value (regulated)
2_ word | Extra temperature sensor value

_ word | Re erence temperature
word | Pressure sensor value

The values collected by the sequencer board are transmitted to the user computer
with the rest of the camera status information, as listed in Table 2.16, below. The
first value is the measured CCD temperature, which the Tempreg board tries to
keep as close to the reference temperature as possible. It can also read a second
temperature sensor, which is used for monitoring purposes only. This temperature
is the second value transmitted by the Tempreg board. In the liquid nitrogen dewars
this sensor is placed in the LN, container, and when this temperature starts to
rise it can serve as a warning for the user that the dewar is running low on liquid
nitrogen and needs to be refilled. For our system we use this extra sensor to monitor
the temperature of the water- or fan-cooled backside of the camera. The third
value transmitted is the constant reference temperature, which can only be changed
through the front panel controls on the Tempreg board. The fourth and final value
transmitted is the value of the pressure sensor.

The lower part of Fig. 2.12 shows the front panel of the Tempreg board. The three
buttons on the left side of the display are used to control the display and set the
reference temperature. The two buttons close to the display cycles up and down
through the list of measured temperatures and the pressure. There is some redun-
dancy here, as is also reflected in the space available for connectors seen in the
image of the board itself, Fig. 2.12. Space is kept for seven temperatures plus pres-
sure, a total of eight values, but only the two first temperatures and the pressure
is relevant for our system. Clicking the leftmost button will reveal a list of refer-
ence temperatures, of which only the first RE is used. Clicking the same button
again will reveal its value, which is —100.00 by default. The two other buttons will
change this number up or down, and the regulation will immediately follow this new
value. Searching past the list of reference temperatures will reveal optional display
functions, such as displaying the values in ADU or Ohm instead of degrees Celsius.
Clicking the leftmost button again when the display reads INTENS will turn off the
display.

2.4. Po er wuppl

The CCD controller electronics contains a 24V power supply providing 2.5 A for the
system. Most of the power goes into the power regulator board (labeled POWER
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Figure 2.13: The front of the CCD controller box with power cables attached.

in Fig. 2.13) that powers the sequencer computer, clock driver, video and Optio
boards. Additional unregulated 24V power goes to the temperature regulation board
(through the white telephone cable visible in Fig. 2.13) and to the two chassis fans
on top of the controller box (visible in Fig. 2.6). A third 9-pin D-Sub connector
with 24V power is available, and can be used to power an additional fan for cooling
of the camera head when water cooling is not required (the connector is seen in the
upper left corner of Fig. 2.13). The current system draws about 1.5 A of power in
normal operation.

2. The F SU ontroller

The FASU controller box contains the two identical API DM-224¢ controllers used
to run the filter wheel and shutter step motors respectively. It also holds two power
supplies, one that gives 12V power to the two API boxes and one that provides
power to the Peltier cooler. These units are marked with arrows in Fig. 2.15. The
step motor controllers from American Precision Industries (API) are commercial
electronics with well documented interface specifications, so there is no need to go
into much technical detail about these. The controllers are fully programmable
and contains flash memory that can keep a stored program even when the power is
turned off. The command set interpreted by the microprocessors in these units are
particularly designed for step motor control, and is known as the IDRIVE protocol.
The full specification of this protocol is available from API [API97].
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Figure 2.14: FASU controller front side view.

The step motor controllers are programmed and operated from the same user com-
puter system that controls the CCD camera, through an RS-232 three-wire cable.
The API boxes can be connected in series (up to 32 units), by giving each unit a
unique a is number selected on five switches located on the inside of the boxes.
The shutter controller has been set to axis ID of 1, and the filter wheel controller
has been given an 1D of 2.

In addition to the step motor interface, each unit takes up to seven input bits and
four output bits that can be used to interface the environment. For the shutter
controller system, two position sensors, one control button, and one external input
connector has been wired to the unit s control interface. The position sensors are
magnetic switches that give a signal when the shutter is exactly in open (bit 1)
and closed (bit 2) positions respectively. The third bit connects to the shutter test
button on the front panel of the FASU controller box. This can be seen on the right
side of the front panel shown in Fig. 2.14. The lamps above the test button are
hardwired to the position sensors indicating open and closed states, and does not
use the API controller s output bits. The fourth input control bit is wired through
the 25-pin RS-232 interface to the FASU unit and to the 9 pin input connector on the
side of the FASU. This again connects to the Copenhagen CCD controllers opto-I/O
interface, to provide accurate shutter timing at start and end of integration.

For the filter wheel controller, only one position sensor is installed and wired to
input bit 1 on the respective API controller box, as well as to the lamp on the front
panel of the FASU controller box (see Fig. 2.14). The filter wheel test button is
wired to input bit 3. No other external inputs are necessary, since the filter wheel
is controlled manually by receiving positioning commands directly from the user
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Figure 2.15: FASU controller inside view.

computer.

Besides the control lamps and test buttons, the front panel of the FASU controller
unit contains the power control to the Peltier cooling system. The power switch
below the voltmeter turns the power on and off, and can also be used to reverse the
voltage by holding it in the up position. This is useful to temporarily heat the CCD
during pumping to hasten the out-gassing process, but great care should be taken
to avoid overheating that can damage the CCD. As a safety precaution the switch
will not stay in the up position by itself. Power is controlled with the adjustment
knob and the actual voltage applied can be monitored on the voltmeter. The scale
(at least in version shown in Fig. 2.14) erroneously reads D.C. A, but the actual
values are volts where a dial reading of 300 corresponds to 6.0 Volt.

On the left side of the front panel are power lamps for the two power supplies,
and a button that can be used to turn off all lamps to reduce illumination during
observation conditions.

The back side of the box holds the obvious input power connector, the main power
switch, a fuse, the output power for the Peltier cooler, and connectors to the FASU
and user computer (as shown in Fig. 2.16).

2. User Computer S stem

An ordinary PC with space for an optical fibre I/O board for communication with
the CCD controller, and a spare serial port for communications with the FASU
controller is required. A compact or portable PC can be used, provided that it has
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Figure 2.16: FASU controller back side view.

sufficient space for the special ISA bus optical interface card, and a well sized hard
drive for storing CCD data.

Linux has been chosen as operating system, by the Copenhagen group, for the
user computer system, and we have no reasons to prefer any other system. Real-
time operation is only required by the sequencer computer, so Linux is well suited
considering its reliable user environment and network accessibility.

For our system we have purchased a compact portable system of the Lunch-box
type. It is bigger than a standard notebook PC, to provide space for standard
type interface cards, as well as standard disks and a CD-ROM reader or writer.
However, like good notebooks, it contains a built in high-resolution liquid crystal
display screen, as well as a compact keyboard with track-pad, which reduces the
size and weight compared to a normal PC system drastically. The system is easy to
transport, and has a processing power that is more than well suited for our purposes.

2. .1 Optical inter ace board

A significant effort has been put into the optical interface board by the Copen-
hagen group, to assure that no data is lost as the camera sequencer transmits pixel
readout values. Since the camera should sample the pixels at an even rate, nor-
mal ON/ OFF handshaking during communications has been abandoned. The
interface board receive all data sent from the camera and stores them in a special on-
board buffer memory. This memory consists of up to 128Mb of memory in classical
SIMM modules, and must come in a group of four identical modules. In the board s
logic the receiver has the highest priority, so that no data can be lost. Requests to
transmit to the camera and read the buffer memory are handled between receive
operations.
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Table 2.17: PC-board registers

Name | O set | Size Description
0x00 |2 port or read/write to PC oard RAM
0x02 |4 read/write address
0x06 | 2 receiver preset register
0x08 | 2 send data
0x0A | 2 send command
0x0C | 2 autoincrement on R/W on/o
0x0E | 2 transmitter/receiver on/o

The optical interface board, or PC-board, works on the privileged system registers
from hardware address 0x500 and upwards. There can be up to three different PC-
boards in one computer, if they are configured with different hardware addresses.
Currently, address bases of 0x500, 0x520 and 0x540 are allowed. Table 2.17 lists
the hardware registers used for the PC-board, where the offsets listed are relative
to the base address configured for the board. In the next chapter we will describe
an interface library that uses these registers to retrieve the CCD image data from
the camera.

2. ead to o

After assembling the hardware components described in this chapter into a working
CCD instrument, we would very much like to go observing. However, this type of
hardware does not operate just by virtue of their internal electronics. A considerable
effort must be put into the software that controls the different parts of the hardware
and transmits useful data back to the user computer. This will be the subject of
the next chapter.



Linux was chosen as the preferred operating system for our camera development,
project at a very early stage. This was done in spite of the fact that the existing
development system for the CCD controller was entirely on the MS-DOS platform,
when 1 first started working with the controller code at CUO in Brorfelde in 1994.
The motivation was first of all to avoid investing in expensive software, when the
GNU compilers and development tools provided a free solution of excellent quality.
Another important motivation was that the system requires a reliable platform to
run on, and this can only be provided by a system where all source code is available
so that any instabilities can be investigated and eliminated. Only the Linux system
provides such a solution, and the explosive rise in popularity of this system the
last five years, especially in the scientific community, has proven the validity of this
choice.

Two independent control systems exists in our CCD camera: The CCD controller
and the FASU controller. This chapter describes the software solutions that have
been implemented to run on these controllers.

3.1 F SU ogi

The filter and shutter unit is controlled by two API step motor controllers that
contain their own programmable logic circuits based on the IDrive protocol specifi-
cation [API97]. As described in the previous section, these controllers communicate
with the user system computer through a serial interface cable, and operate inde-
pendently of the CCD controller. A library has been implemented in C++4 to set
up and run the FASU controllers under Linux, since the software provided with the
system only runs under Windows.

49
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3.1.1 he ibrar

The most important commands of the IDrive protocol has been implemented in the

C—++ library contained in the files ID and ID . This defines a simple

interface to send and receive commands on the communication port defined by
OM ORT in ID

The FASU class library, in A , uses two instances of the ID class to imple-
ment useful commands like and to position the filter
wheel or shutter, as well as and to retrieve the current
positions.

Vitally, the FASU library defines the control sequences that are uploaded to the
flash memory of the API step motor controllers. These two programs are named
and , and executes the appropri-
ate followed by a sequence of control commands and an
. The shutter code contains five modules numbered from 0

to 4, and the filter code three modules numbered from 0 to 2.

For the shutter code, sequence 0 defines the standard initialisation of the shutter
controller, it then executes sequence 1 which runs the shutter at slow speed until
it locates the calibration position, and jumps to sequence 4, the normal operation
mode. Sequence 2 is unused (it seeks the open position at slow speed), but sequence
3 contains a program that is similar to the normal shutter operation program, with
the exception that it listens for the shutter open/close signal on the front panel
shutter test button instead of the camera shutter signal bit.

The normal shutter control sequence works as follows:

: If shutter is closed, go to Ready position.
: If shutter is open, go to Close shutter.

: Set target velocity to slow, and rotate continuously until the closed
sensor position is found. Set target velocity to high speed.

: Wait for shutter open signal
: Rotate shutter 180° and wait for shutter close signal.

: Rotate shutter 180° and go to Test 1.

In sequence 4, this algorithm is preceded by the setup (basically giving the accel-
eration and peak current, as well as configuring the inputs available and disabling
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the de-bounce feature), and a check on the shutter test button. If the shutter test
button is pressed at this point (on power up, that is) the program will jump to the
test button code in sequence 3. It is also possible to switch between these sequences
from the command interface (see last section of this chapter).

The filter wheel motor control code consists of three sequences, located in the FASU
library function . Sequence 0 contains initialisation of the
motor parameters, sequence 1 contains the calibration code and sequence 2 a code for
the test button. There is no normal operation code as for the shutter, since normal
operation consists of sending filter positioning commands from the user computer.
The calibration code is a simple program that sets the target speed of the filter wheel
to 50 of normal speed and moves the wheel continuously until the built in position
sensor is triggered, indicating that filter position 0 (usually the -band filter) has
been reached. The test button code is just an endless loop, moving the filter wheel
one position forward every time the filter test button is pressed.

3.1.2 nitialisation

The controller code given in the FASU library functions

and , is called only from the program A I . Once
A I has been executed, the code sequences is stored in flash memory in the

respective controller units. Normally there should be no reason to re-run this pro-

gram unless the hardware has been changed. It is, however, a good idea to keep

these programs at hand, just in case the flash memory should become corrupted for

some reason.

3.1.3 hutter connection

The shutter is normally controlled by feeding a single bit from the CCD controller to
the shutter controller through a separate cable signalling an open or closed shutter
state. Note that a high state signals a closed shutter, and a low state gives open.
It is possible to control the shutter from the observer PC system, also, but this
cannot give the accuracy required for accurate exposure timing, and is therefore only

relevant for testing purposes. The commands and in
the FASU library are used for reading and positioning the shutter, respectively.
Note that will disable any running program if it is called with a open

shutter signal, and restart the normal operation sequence (4) if called with a close
shutter signal.
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3.1.4 ilter control

Filter positioning is controlled from the observer PC by calling the FASU library

functions and . Since the filter wheel only contains one
position sensor signalling that filter 0 is in the current position, the FASU library
contains a variable that keeps track of what the filter position is believed to
be. The function returns the value of , and makes sure that as

long as it is zero the filter wheel is in the calibrate position. If the sensor does not
indicate the expected position, the calibration sequence is automatically executed.

can be called with any valid filter position, and it will compare the
requested position with the current value of to compute the shortest direction
and number of steps to move. Unless the filter wheel is already moving, the requested
move will be performed. Attempting to move the filter wheel when it is already
moving returns an error.

3.2 CCD Se uen ing

The CCD controller program that runs on the MC68020 sequencer computer is
based on the DFO10 assembly code for the CCD cameras on the DFOSC, ALFOSC
and HiRAC built at CUO, and written by Preben Ngrregaard. It has been ported
from its original MS-DOS environment to Linux, and now compiles with the GNU
C compiler, , in cross-compiler mode.

3.2.1 Control logic

Once the bootstrap procedure (in ) has initialized the computer registers,
interrupt vectors and memory, the main program (in ) starts up by initializing
the CCD system parameters by calling the function (in ). The

function sets all the system variables to correct values for the current
system. In particular, it ensures that all voltages to the CCD clock driver board are
set up correctly for the specific chip. The program continues the initialisation
by sending a LO ED signal to the shutter and enabling the one millisecond timer
interrupt. Then the program then goes into an eternal loop that checks
for exposure timeout, control timeout and receiver interrupts (see flow diagram in
Fig. 3.1).

The order of the three tasks in the main loop indicates its priority. Reading out
a completed exposure has the highest priority and commences immediately. The
control loop is called at a regular interval (set to 35 ms) — except during readout
— to send an information header to the user computer, providing a full report of
the status of the system. Finally, if there is data on the receiver, the
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Figure 3.1: Main control loop flow diagram.
procedure in is called to read this character and appends it to the input
buffer. If the character read is a CR (end of command input signal), the
procedure will call the procedure to interpret and execute the command in

the buffer.

The main loop is interrupted by the timer every millisecond as set by the timer regis-
ter TIMREG when the timer bit in the setup register ETREG is set. The timer interrupt
procedure - takes care of the clocking of the control system by increment-
ing or decrementing the various timing variables. The control time is decremented
until it reaches zero, but the actual call to the control procedure is done
in the main loop. The exposure timing variable is also decremented until zero, and
again the actual call to the readout procedure is left to the main loop. However, once
the expousure time reaches zero, _ makes sure that further interrupts are
disabled until readout is complete by disabling the timer interrupts. For accuracy,
the signal to close the shutter is sent immediately (if the shutter is set to active, i.e.

_ is 1). A flow diagram of the timer interrupt procedure is shown in
Fig. 3.2.

3.2.2 eader initialisation

Almost all variables used in the camera control program are kept in a rigidly defined
data structure as given in - . This status information header is 1024 bytes
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Table 3.1: Camera status information header (first 76 bytes)
Name O set Size De ault | Description
- 0x00 4 ROR | Camera header identi er
0x04 1 0 | Data rame type identi er
- 0x05 1 Camera mode ag
_ 0x06 16 CCD chip and code identi er
0x16 2 Total o pixels per line
0x18 2 Total number o CCD lines
0x1A 2 Start readout at pixel no.
0x1C 2 Start readout at line no.
0x1E 2 Number o pixels/line to read
0x20 2 Number o lines to read
0x22 2 Serial binning actor
0x24 2 Parallel binning actor
- 0x26 2 - | CCD temperature (measured)
2_ 0x28 2 - | Cold point temperature (measured)
- 0x2A 2 - | Re erence temperature
- 0x2C 2 0 | Unused in TCP version
_ 0x2E 2 0 | Actual readout time
0x30 2 0 | Remaining rames (counter)
0x32 2 0 | Total number o rames in se uence
- 0x34 2 () | CDS setup (copy o CDSMODE)
_ 0x36 2 Multi pinned phase on/o
- 0x38 2 Erase CCD be ore exposure
_ 0x3A 2 Start readout a ter exposure
_ 0x3C 2 Active shutter control
0x3E 2 - | Unused in TCP version
- 0x40 2 Shutter delay in milliseconds
- 0x42 2 Number o overscan pixels/line
0x44 4 1000 | Exposure time in milliseconds
0x48 4 - | Remaining exposure time (counter)
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