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ABSTRACT

CFH12K is a 12,288 by 8,192 pixel wide-field imaging camera in operation at the 3.6m Canada-France-Hawaii
Telescope (CFHT) since January 1999. It still remains the largest close-packed array in use in astronomy today. The
mosaic consists of twelve MIT Lincoln laboratories 2K by 4K thinned backside illuminated CCID-20 devices. The
camera is used in broad-band and narrow-band filter direct imaging mode which constrains the devices’ operating
parameters to ensure the best data quality. Adaptation to the 20-year old CFHT prime focus environment included
modifications to reduce the scattered light seen by the camera. Computer facilities have been upgraded and new
software has been developed to handle the large amount of data generated. The two terabytes of scientific data taken
by the camera in 1999 has proven the success of CFHT’s new capability for 42 by 28 square arcminute imaging with
high resolution subarcsecond seeing.
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1. INTRODUCTION

Over the years, CCD cameras used at the CFHT prime focus have evolved from Loral 2K x 2K introduced in 1991, to
the 4K x4K mosaic MOCAM in 1994,! to the 8K x8K mosaic UHSK in 1995.2 CFH12K, the new CFHT wide-field
CCD camera, a 12,288 by 8,192 pixel mosaic covering 42 by 28 square arcminutes (1/3 of a square degree) with 0.2
arcsecond per pixel, saw first light on the sky at prime focus early January 1999 (see accompanying paper by Starr
et ol in this proceeding for a design description of the instrument).

This instrument, a collaboration between CFHT and University of Hawaii, benefits from a number of major tech-
nological improvements. These improvements include twelve 2K x4K pixel back-side illuminated CCDs providing
significant increase in quantum efficiency, in particular in the B band. In addition to improved CCDs, a new gen-
eration of data acquisition system has been developed. It is optimized for mosaics and reduces the readout time
and data delivery to less than a minute. To facilitate observations, a new modular software user interface has been
implemented. This system allows the observer to interact with the camera and the telescope through either a graph-
ical interface or a command line based interface. Significant features include the support of scripting and a set of
tools to prepare and assist observations in order to optimize the use of telescope time. In support of overall system
performance, the 20-year old prime focus was revisited to improve sensitivity and baffling.

This article includes the following sections: mosaic organization and CCD optimization, prime focus upgrade and
optics, and observing environment.

2. MOSAIC ORGANIZATION AND CCD OPTIMIZATION

The CFH12K mosaic is composed of twelve MIT Lincoln Laboratories (MIT/LL) CCID-20 devices. These 2K by
4K thinned backside illuminated CCDs,® are the result of funding from a consortium of several ground based
astronomical facilities (ESO, UH, Keck, CFHT, Subaru, AAO) led by G. Luppino from University of Hawaii (UH).
Lick Observatory and UH were responsible for characterizing all the consortium CCDs individually to assert their
quality and rate them.* All members were interested in building mosaics for imaging or spectroscopy and selected
in a defined order the CCDs that best suited their application.

This characterization was meant only to qualify the CCDs, not optimize them for a given application. However, the
initial performance derived from these simple tests were highly representative of what could ultimately be achieved.
The characteristics produced were:
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functional outputs (CCID-20 has two outputs)

cosmetic quality at -120deg. C

charge transfer efficiency (CTE, serial and parallel)

quantum efficiency and variations in amplitude across the chip
fringing (using a monochromatic source)

gain and readout noise (using a SDSU Generation I controller)
full well capacity

The following sections describe how the CFH12K CCDs were optimized for our direct imaging application.

21. M

Achieving the highest data quality at the center of the field to benefit from the best optical quality (no optical
aberration versus the edges of the 1 square degree field, CFH12K covering 42 by 28 square arcminutes) naturally
places the CCDs with the best combination of E, CTE and cosmetic in the central 8K by 8K mosaic. CFH12K has
a central 4K by 8K mosaic nearly perfect in those terms.

There are two types of CCID-20 devices: those made out of standard epitaxial silicon (E I) and those made out
of high resistivity bulk silicon (Hi ho). The latter have a higher E in the red part of the spectrum (Figure 4) and
produce less fringing than E T parts due to their larger thickness. The CFH12K contains both types of devices.
They are grouped within the mosaic (all the Hi ho parts packed together in the lower right corner) in order to cover
large areas on the sky with a similar response (Figure 2).

Each of the two banks of 6 CCDs (12K by 4K) is handled by an SDSU Generation II CCD controller.  This
controller, optimized to handle mosaics of identical detectors, constrains the organization of the CCD readout am-
plifiers (each bank must have the same output per CCD). A few of the CCDs available for CFH12K only have one
of the two outputs functional, hence one bank had to be read only from the left outputs and the second one from
the right outputs (Figure 2).

22. M

ith a short beam of £/4.2, depth of field is critical on such a large surface (21 cm by 14cm). Emphasis was given
on designing a focal plane structure that would achieve a atness of 60 microns, the depth of field at the CFHT
prime focus for a 0.4 arcsecond seeing (pixel size is 15 microns, providing a sampling of 0.2 arcsecond per pixel). The
CCDs individually are at within 20 microns. They are mounted on a package standing on three shims which can
be machined to within 2 microns after proper measurement of the CCD’s height at its four corners. ith the twelve
CCDs mounted on the molly plate, a atness of better than 100 microns is measured. This is not enough to degrade
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images taken under even the best seeing conditions available at CFHT: during first light on the sky in January 1999,
image quality was checked on 0.5 arcsecond seeing data and no image degradation larger than 0.04 arcsecond could
be measured across the field.

The wide-field corrector induces a radial image distortion, forcing resampling of the data to achieve proper
astrometric properties on the observed field when needed. As a consequence and due to an increasing complexity,
the relative alignment of the CCDs along the and axis was a low priority. onetheless, proper manual mounting
of the CCDs led to an amazingly good relative alignment of the devices: the gaps between the CCDs (both in  and

) range from 30 to 38 pixels (about 500 microns) and the relative angles between devices range from -0.3 degree to
0.3 degree.

2..D

The CFH12K mosaic was optimized and characterized with all the CCDs integrated in the cryostat.  hile this
speeds up the optimization process by having all the data from the twelve CCDs at once, it implied a software
e ort to develop all the automatic procedures to reduce the large amount of data produced. Those tools allowed
completion of the optimization and calibration phase in the CFHT headquarters CCD laboratory in less than two
weeks. Subsequent knowledge of the detectors and the mosaic was gained through tests and general use by observers
on the sky.

e do s eed

Achieving the highest observing efficiency was a major highlight in the definition of the CFH12K. The SDSU Gen-
eration IT CCD controller was chosen since it was a logical continuation of CFHT’s involvement with this type of
controller over the past years and most importantly would result in the camera performance to being limited by the
detector, not the controller.

unning the two controllers unsynchronized in parallel during the readout results in high pickup noise. During
development of the camera, DS code was not available from SDSU to facilitate synchronizing the two controllers.
Since having this capability would reduce the total readout time by a factor of two, CFHT implemented this code
in-house. A DS routine allowing a synchronization within 6 ns was developed.  ith the serial CTE being the
limiting factor on three CCDs, a readout time of 58 seconds for the whole mosaic is achieved (6. microsecond per
pixel, or 150 kilopixels per second per CCD or 1.8 Mbytes per second per controller). The limit of the data acquisition
system itself (custom interface cards, see Starr et al in this proceeding) is reached at a 40 seconds readout.
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The CTE must be high enough to avoid degradation of the image quality (point spread function, SF) in 0.6
arcsecond seeing conditions along a 2,048 pixels transfer.  ith a 0.2 arcsecond per pixel sampling, a serial CTE of
at least 0.99994 has to be achieved such that the SF degradation is not larger than 10 after a whole serial register
transfer. To get the highest CTE, CCDs are run at -89deg. C and the serial register timing is slowed down. Three
CCDs in CFH12K caused this limitation in readout speed to the whole mosaic (serial CTE is higher than 0.99999
for all the other CCDs). arallel CTE is at least 0.99999 for all devices.

e e yres o se

The rather high running temperature of -89 deg. C is not only motivated by the need for the best CTE. It also causes
the E to increase in the red part of the spectrum by up to 10 compared to -110deg. C. The high temperature is
also motivated by the fact that it minimizes the peak-to-peak amplitude of the brick wall pattern (B *), a feature
of the early CCID-20 devices resulting from the laser annealing process (Figure 3). Typical amplitude of the B

on the worst CCDs is 10 . See also the brick wall pattern paragraph in this article. E stability across the chips
and in time is crucial to achieve perfect photometric stability. The brick wall pattern being highly dependent on
temperature, a fine thermal regulation of 1 deg. C is required.

r Irre

In our direct imaging application, the sky background noise quickly dominates the signal noise even with the use
of narrow band filters. Hence, the dark current was not considered as an important constraint but even the high
running temperature of -89deg. C actually produces only around 1 electron per minute per pixel. This is a very low
value that can be neglected in broad band imaging mode and corrected by a simple constant in narrow band imaging
mode.

ery

To achieve the photometric accuracy essential to any astrophysical program, a linearity of within 1 over the whole
range of the 16 bits analog to digital converter is required. An automatic acquisition and analysis program was
developed to map the output drain and reset drain voltages over a 3 volts range with steps of 0.2 volts. The optimal
working point was simultaneously computed for all the CCDs by looking for the point where both readout noise and
linearity residual tend to be minimal while the gain reaches a plateau. o in uence on the linearity was found when
changing the reset gate and the output gate voltages in a reasonably low range around the typical values advocated
by MIT/LL.

The natural gain of the CCID-20 devices is very high and to obtain a readout noise sampled on at least two to three
analog to digital units (ADU) to allow proper signal analysis, the lowest available gain on the CCD controller had
to be selected. The average gain is 1.6 electron per ADU (1.4 to 2.1 over the whole mosaic).

e e orre do o se

A minor constraint due to the rapidly dominating sky photon noise, the readout noise was derived from the best
optimal working point defined during the linearity optimization. eadout noise is very low for such a high readout
speed: typically 4 electrons with a correlated double sampling time up and down of 1 microsecond each.

er o ses

As emphasized by Starr et al in this proceeding, high attention was given to the general organization of the whole
system. As a result of proper grounding within the highly noisy telescope environment, no pickup noise is a ecting
the camera performance.
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Full well must be optimized (parallel voltages) to match at least the 16 bits ADC dynamic based on the gain setting,.
Typical full well of the CCID-20 is 150,000 electrons while the gain setting for CFH12K leads to a digital saturation
at 100,000 electrons using the manufacturer’s standards voltages.

Saturated bright stars in such wide-field are actually the main cause of pixels lost for science, well before bad
cosmetic. Achieving higher full well capacity by increasing the swing between the low and high levels of the parallel
clocks is the only solution but comes with a drawback: spurious noise injection that forces a bias frame correction
for each image. However, CFH12K runs with the MIT/LL standard parallel voltages since most of the area a ected
by blooming lies within the obliterated region of the re ection halo caused by the bright object (low level re ection
bouncing back from the CCD to the front window then back to the CCD, a one to two percent e ect).

er oo

As experimented during the early phase of CCD wide-field imaging at CFHT,! the dithering anti-blooming mode
developed by J. Janesick reduces the blooming contamination caused by saturated bright objects. It eliminates
exceeding charges using the non-perfect nature of silicon (presence of traps at the Si/SiO2 interface) but with the
progress made in the past decade, silicon has improved in quality and today it becomes difficult to use this feature
without being heavily a ected by the drawback of this technique: spurious noise. Also, some CCDs exhibit a large
number of pocket pumping sites that can’t be corrected by standard techniques during the data reduction (they
are basically dead pixels). Dithering anti-blooming was then abandoned on CFH12K since the high full well keeps
blooming to a reasonable level.

esd e

The CCID-20 devices are known to su er from residual image.* Inter-image contamination has to be as low as
possible since it a ects the photometry of any object on top of a previously over exposed area of the detector. The
residual image appears only on some CCDs to a various degree and is always associated with a pixel that reached
over the full well storage capacity (it is not only located to the bright object site but also the blooming aisles). The
residual image is about 20 electrons per pixel on a 5 minutes integration after a saturation state.

The SDSU Generation IT controller allows multiple clocking states, hence setting the CCDs in full inversion mode
has been implemented (parallel clocks set at -9.0 for a few milliseconds) to promptly re-populates all the sites at
the interface and eliminate all the trapped electrons.

ross

A source of intra-image contamination, crosstalk is a natural concern for multi-readout systems. Crosstalk could not
be measured between two independent video boards and a negligible value of 8.10  between the two channels of a
video board was measured.
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2. M
os e

hile the best CCDs in terms of E, CTE and cosmetic are at the center of the mosaic, the entire CFH12K exhibits
an excellent cosmetic quality. There are approximately 200 bad columns (bad column is defined here as an entire or
a fraction of a column), which are actually concentrated in the lower right corner CCD (Figure 1). The number of
bad pixel clusters is very low and overall the ratio of bad pixels over the whole mosaic is only 0.4

T w er

hile reorganizing the CCDs in August 1999, the early phases CCDs with bad brick wall pattern have been pushed
out in the corners (Figure 3). These devices exhibit a peak to valley amplitude up to 5 to 10 (worse at shorter
wavelengths, i.e. the B band). The most recent CCID-20 devices show negligible signature of this e ect (1 , seen
at the center of the mosaic).

The E brick wall pattern is a multiplicative e ect corrected during the at-fielding operation. Building a
super at from night sky data is the best solution but is not always possible due to a low number of frames on
empty fields. Twilight at-fields atten very well beyond 600 nm but are a bit marginal below (B and  bands)
because the twilight sky spectrum di ers quite significantly at those wavelengths from the dark sky spectrum. This is
however the only way to collect high signal to noise calibrations, hence special automatic tools have been developed
to optimize the number of frames acquired in the short amount of time the sky brightness is within the right range.
This is not totally satisfactory though and CFHT is investigating a dome at-field screen with a set of lamps that
would reproduce as closely as possible the shape of the night sky spectrum.

ith the dependence of brick wall pattern amplitude versus wavelength, there was a concern on the color e ect
on astronomical sources. Tests on the sky show that no e ect is introduced, proving that the at-fielding operation
corrects for the variations. The only impact is the detection limit that slightly di ers from peak to valley but this
can be averaged using a dithering pointing mode during a set of exposures that will move the field around on the
focal plane at the B geometric scale (60 pixels).
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The Hi ho parts exhibit a very low fringing of 0.5 in the I band due to the higher thickness of the CCD: 30 microns
vs. 15 microns for the E I parts which su er from a fringing of 5 at worst. The latest development in coatings
(J. Tonry, private communication) actually bring fringing to a negligible level on the E I parts. Figure 3 shows a
CFH12K fringe frame: the three bottom right CCDs are Hi ho parts, the top right CCD is a standard E T part
while the CCD to its left has the new coating. The fringing correction relies on obtaining twilight at-fields to access
the fringe frame from the at-fielded dark sky images. Then, the fringe frame has to be scaled on a per exposure
basis and subtracted. The fringing in the ’ band is worse by a factor of two relative to the I band.

. CO CTING MOR P OTONS
Ad. P

The 20-year old prime focus cage needed some modifications to accommodate this extremely sensitive camera.
Experience with previous CFHT wide-field imagers (MOCAM and UHSK,!) showed that scattered light from various
sources is a critical limitation for deep imaging because of poor at-fielding. Indeed, the prime focus and the wide-
field corrector ( FC, see Figure 4) were designed for use with photographic plates and none of the surfaces had
been blackened properly, neither were baffling rings installed inside the corrector. The whole unit has been revisited
(adding highly low re ectance black velvet everywhere possible and baffling rings) and large scale at-fielding of
CFH12K data is now very efficient (within a percent).

To improve the total efficiency of the instrument, new anti-re ection coatings were installed on the FC lenses,
eventually bringing the total efficiency of the primary mirror plus the three lenses from the FC to 3

Bright stars are an inevitable source of contamination for such wide-field instruments. roper baffling significantly
reduces the contamination from most of them but very bright stars on the field (less than the 6th magnitude) will
obliterate a large fraction of the data. A special warning tools (Telescope Field Monitoring) has been developed to
prepare the observations and also to be used during the instrument operation.

2.

The CFH12K interference filters were produced by Barr Associates and all have a transmission higher than 85
The nine filters currently available are shown on Figure 4 and described on Figure 5. ote that the ’ filter is open,
the high frequency cut down being defined by the drop of the CCD E. The Hi ho parts definitely are a benefit in
this band.

. P

ith a transmission of 99 for the cryostat front window, the overall efficiency of CFH12K at prime focus at
650nm is 5  when one includes all the telescope optics plus CCD. This is the highest efficiency ever achieved by
an instrument at CFHT. The parameters for the photometric equation are:

25x ) X X (1)

with the airmass term, the airmass, the color term and the photometric zero point at zero
airmass in electrons per second. The following table gives the average parameters over the twelve CCDs for the four
main photometric bands (parameters vary by a few percent from chip to chip). The sky brightness (in magnitude
per square arcsecond) was measured at zenith in photometric dark time.

Filter | a b / color Co | Sky brightness
B |01 | 005 /(B )]260 22.5
0.10 0.005 / ( -I) | 26.60 21.6
006 | 004/( - ) |265 21.2
I |005| -001/( I |2615 19.8




CW = Central wavelength (nm)

CN = Cut on wavelength at 50% (nm)

CF = Cut off wavelength at 50% (hm)

T = Transmission (%)

BW = Bandwidth (nm)

N = Filter name

Broad band filters Narrow band filters

N CwW CN CF T BW N Cw T BW
B 431 380 47585 95 Halpha-OFF 645 92 9
V 537 501 595 90 94 Halpha-ON 658 95 7
R 658 590 72085 130 |[|TiO 777 90 18
I 822 725 93080 205 ||CN 812 90 16
Z XX 850 XX 95 Open

re he C raphical interface window left and the command line interface window EC ri ht . he
top ri ht ta le i es the C Iters characteristics.

As mentioned in the CFH12K design description article in this proceeding, due to shutter ballistic, exposure
times less than 5 seconds are not recommended if a contribution from the shutter ballistic in the photometric error
budget of no more than one part over a thousand is required.

.OBS R ING IT C 12

iloting the CFH12K is straightforward since the instrument complexity is totally hidden to the user. But observing,
even for such direct imaging camera, can be delicate at 14,000 feet elevation with the goal of being the most efficient.
For that purpose, a versatile user’s interface was developed as well as tools to prepare and assist the observations.

d. U

The CFH12K can be controlled either from a Graphical User Interface (GUI) (Figure 5), a Command Line Interface
(CLI) (Figure 5) or from scripts (any shell). The central element of the CFH12K session is the DI ECTO window
which acts both as a CLI and a status window. The main GUI window serves as both the camera status display and
the control interface. This GUI reproduces only a reduced set of information, elements such as progress bars and
detector temperature are indeed only appearing in the DI ECTO window.

Table 1 gives the set of commands any observer gets to use when observing with the CFH12K, all of them are
accessible from a GUI, at the CLI or can be combined in a script (on top of these, commands such as abort , stop ,
break can be entered when an exposure or a sequence of exposures are running).



take exposures ( for a single exposure)

take a quicklook exposure with current parameters

set exposure type (o object, f at,d dark,b bias)

set exposure time to seconds

set raster readout mode (full, full bin2, full bin4)

0 select filter 0 (here with B filter at that position)

set the FITS OBSE E header for the next exposures
3486 set the FITS OBJECT header for the next exposures
set the FITS COMME T header for the next exposures
o set the telescope by  East and orth

set the focus of the prime focus bonnette ( 10 60)
start a focus sequence

12 take a set of dithered exposures

12 take a set of optimally exposed twilight at-fields

select the FITS file format

e CFH12K observing commands set.

2. O
o s

This automatic tool takes a sequence of several exposures at di erent focus values on the same frame while o setting
the telescope between each position (only one readout at the end of the sequence). The image can then be quickly
analyzed with standard tools to find out the best focus position.

er er s

A set of dithering patterns are proposed for 2 to 8 positions. The patterns are set so that no exposure has a similar
and coordinates value to allow removing detectors artifacts and cosmic rays hits during data reduction (there are
about five cosmic rays hits per minute per square centimeter or 100 events per minute per CCD). The gaps between
the CCDs’ sensitive areas are 6 arcseconds wide (both in  and ) and a pattern within a 15 arcseconds disk allows
removal of all the CCD blemishes and gaps.  ith such patterns, CFH12K can run for hours without any human
intervention. The observer can also build his own set of scripts if he isn’t satisfied with the ones made available.

w eds o y

Twilight at-fields appear to be extremely efficient to atten CFH12K scientific data both at large scales and small
scales, hence it is important to acquire the maximum number of such frames.  ith the limited time to take at-fields
at twilights, an automatic tool has been developed to set up properly the exposure time from one exposure to another
to keep the ux constant on the images while the sky brightness is changing rapidly. An automatic script measures
the sky brightness using a small window and when the sky level reaches a proper range, a set of full mosaic exposures
is taken while pulling the telescope back to zenith during each readout to optimize the sky coverage on the CCDs.
The input from the user is simply the fraction of exposures wanted from the set of mounted filters (e.g. 50 in B,
30 in and 20 inT).

Two file formats are proposed to the users at the moment: the Multi-Extension FITS format (MEF) where all 12
CCD images get stacked into a single FITS file, and the S LIT format where the 12 CCD images are saved in
individual standard FITS files in a dedicated subdirectory. For both modes, an independent binned by 8, overscan
and relative gain corrected image is generated to allow quick and efficient display of the whole field of view. This
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quicklook (automatic display) allows the observer to check in a blink of an eye if something is wrong in the image
(guide probe vignetting, scattered lights,...).

.. O

ot only is the camera efficient in terms of sensitivity, sky coverage and readout time, but also the set of efficient
tools developed optimize the use of the observing time. CFH12K can run with scripts that minimize the human input
for standard operations (dithering modes, focus sequences, twilight at-fields sequences,...). Also, some telescope
operations are possible while the camera is reading out in order to improve the observing efficiency: pointing to a
new field, setting a new focus and rotating the dome but the guide probe is a source of noise and must be kept in
place. ith either a graphical interface, a command line interface and a scripting language, any new observer is at
ease within the first minutes of operation.  ith typical exposure times of 5 to 10 mn, a global observing efficiency
of 90 or more is commonly achieved. This data rate leads to a typical 20 Gbytes of data per night (200 Mbytes
per file).

.. S

ith a subscription rate of 50 of the whole CFHT observing time, CFH12K is the most popular instrument within
the French, Canadian and Hawaiian astrophysical communities. This comes as no surprise when one looks at the
global performance of the instrument: covering 42 by 28 arcminutes at 0.2 arcsecond per pixel with a median seeing
of 0. arcsecond. Image quality as good as 0.45 arcsecond has been often achieved on 10 minute exposures.
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The pressure on the instrument is high and emanates from all the observational astronomical communities. Here
are a few examples:

Solar system: Kuiper belt objects
The Galaxy: gravitational tidal e ects on stellar clusters
earby galaxies: dust and stellar populations
Cluster of galaxies: luminosity functions of dwarf galaxies in irgo and Coma clusters.

Cosmology: deep wide-field imaging survey  wide-field weak lensing survey

The following images on Figures 5 and 6 illustrate the power of wide-field imaging associated with high resolution
capabilities, the major strengths of CFH12K.

. CONC USION

The CFHT and its location already promote excellent image quality. CFH12K allows the CFHT to realize the
high resolution wide-field imaging potential of its prime focus. The performance of the CCD, the camera, and
data acquisition environment makes CFH12K the most sensitive and efficient instrument in CFHT’s history. In sky
coverage and efficiency, it surpasses the previous CFHT CCD mosaics and the competing large mosaic arrays around
the world. Despite some troublesome CCDs within the mosaic, they all have been successfully optimized for use
in this direct imaging mode application. ith proper observing techniques and data reduction tools, the detector
signature can be removed and large monolithic 12K by 8K scientific frames can be obtained. As a result, CFH12K
is heavily subscribed by the CFH astronomical community, occupying about half of the programmed telescope time.
CFHT is now working on Elixir , a pipeline for data reduction (production of optimally pre-reduced data) and data
evaluation (astrometry and photometry, long term knowledge of the instrument). It will produce optimal detrending
frames and information to ensure the highest scientific return from the data.
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