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Characterization of the 32 e2v 44-82

CCDs of the OmegaCAM camera

science array∗

∗Partly based on F. Christen, C. Cavadore, D. Baade, O. Iwert, K. Kuijken, B. Gaillard, S.

Darbon. Scienti�c Detectors for Astronomy, The Beginning of a New Era; eds. Amico, P.;

Beletic, J. W.; Beletic, J. E., p. 485-488, 2002.

ABSTRACT � The sensitive area of the OmegaCAM camera covers the 1

degree × 1 degree �eld of view of the ESO VLT Survey Telescope with thirty two

2 kilo × 4 kilo pixels e2v 44-82-1-A57 CCDs. Since the replacement of a
unit detector or a rearrangement of the mosaic after commissioning is not an
option, every detector needs to be fully characterized in advance. These chips
need to be tested under astronomical operating conditions, which di�er from
average CCD manufacturer procedures.

In this chapter, the scienti�c requirements and their consequences on the
selection of the CCD type are reviewed. The general properties of the selected
model of CCD are then discussed. To determine the characteristics of each
CCD, the ESO test bench system has been adjusted to perform the necessary
measurements. The modi�cations are described in the section dedicated to
the test bench. Finally the parameters which characterize the 32 selected
CCDs are summarized.

2.1 Introduction

I n 1999 an agreement has been made between the European Southern Observatory
(ESO) and the e2v company to produce and test 40 science grade Charge-Coupled
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Devices (CCD), 16 engineering grade devices and 32 mechanical samples (defect CCDs
used only for their mechanical properties) for the OmegaCAM Camera project (Kuijken
et al., 2002). e2v was in charge of manufacturing the CCDs while ESO had to test them.
Because of electronic constraints, four groups of CCDs had to be built, each using the
same voltage properties. To ease the building of these four groups, a special clause in
the contract between ESO and e2v authorized the exchange of chips. This permitted
ESO to select the best �tting 32 devices. This �exibility allowed ESO to test in total 73
CCDs (57 science grade CCDs and 16 engineering grade devices).

For the OmegaCAM project, ESO had to face new challenges. One of them was
the amount of CCDs that had to be tested. The ESO detector test bench ful�lled
the necessary requirements to execute this task, but the system was not well automated.
Almost all measurements were performed interactively on a computer and the parameters
which characterize the CCDs were measured separately. Faced with the large number of
CCDs to test, the ESO Optical Detector Team (ODT) decided to develop an automatic
system as well as a pipeline to reduce the large amount of data (this new system produced
eventually about 2 Gbytes of images per CCD). The test bench system had already
the necessary tools to realize the automatization of the acquisitions but they were not
completely used.

A software, PRiSM (Cavadore and Gaillard, 1998), which is an astronomical software
able to control CCDs and telescopes and also able to perform data reduction, has been
modi�ed by its creators to include a special library of functions for controlling the test
bench. With the help of scripts written in the PRiSM language, this software is able to
execute sequences from the acquisition to the data reduction without human interactions.
After the analysis of the old CCD test protocol and after having taken into consideration
external parameters such as regular human interventions on the test bench, mechanical
constraints, re�ll time of a nitrogen bottle, life time and stability of the light �ux of
the lamp, pressure inside the dewar, etc. the decision to create a complete procedure
comprising two automated sequences has been adopted. In the �rst sequence, the acqui-
sition of the images requiring no light is carryied out and these data are reduced. This
procedure is called "Dark and Bias Acquisition" and a script has been written to realize
it (DarkAndBiasAcquisition.pgm). In the second sequence, all data requiring light (e.g.
for cosmetics analysis, quantum e�ciency, etc.) are taken and reduced. This sequence is
called "Light Acquisition" and a script named LightAcquisition.pgm has been developed
for its execution. The implementation of the pipeline permits to fully automate the test
bench and then to realize the characterization of all CCDs in a reasonable amount of
time.

This chapter begins with the description of the VST-OmegaCAM performance and
with the discussion of the consequences of this system requirements on the CCD selection
(section 2.2). We resume the main characteristics of the OmegaCAM CCD in Section
2.3. In Section 2.4, we describe the ESO test bench. We brie�y explain in Section 2.5
the complete procedure that has been followed to rule on the CCDs. In section 2.6 we
summarize the results of the 32 selected CCDs which are mounted in the OmegaCAM
camera.
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2.2 Objectives of the VST-OmegaCAM System: CCD

selection

The VST-OmegaCAM survey instrument will take advantage of very good natural obser-
vational conditions. It has been designed to bene�t optimally from the excellent seeing
conditions at Paranal and to provide targets for the VLTs. This system will produce high
resolution images (0.21"/pixel) where 80% of the encircle energy will remain within ∼0.4"
square (2x2 pixels). The instrument is designed for observations from U to Z bands (320
- 1014 nm) and the expected limiting magnitude can be reached within 30 min exposures
under optimal sky condition at Paranal at S/N = 3. This system is expected to reach,
under the conditions mentioned above, 25.0 AB magnitude in I-band, 25.5 AB magnitude
in V-band and 26.5 AB magnitude in B-band. Because of its large survey capabilities, a
full non vignetted focal plane of 372 millimeters diameter, the VST-OmegaCAM survey
instrument is well suited for homogeneous multi-color imaging surveys of a large area
of the sky. The possible applications of such a survey are galaxy-galaxy lensing, weak
gravitational lensing by a cluster and a large scale structure (see part II of this thesis),
galaxy population studies, star counts in the milky way, quasar searches, active galactic
nuclei, high red-shift supernovae.

A system with 0.21 arc-second square pixels and a wide focal plane requires large
CCDs containing �fteen microns squared pixels. These large CCDs need to ful�ll speci�c
requirements. They must have a linear response to incoming photons, they must be very
sensitive with a broad dynamic range to collect photo-electrons from very faint objects
to bright stars. These CCDs must not be limited by dark current during long exposure
time. They must have also very good cosmetic qualities. The wavelength coverage range
of these large CCDs should be as broad as possible, i.e. from 300 nm to 1100 nm. The
readout noise must be very low and especially because of their size, the charge transfer
e�ciency must be excellent. The principal mechanical constraint for such CCDs is their
�atness in the focal plane. Monolithic CCDs able to �ll the entire focal plane of the VST
telescope do not yet exist and so, the alternative approach consists of building a mosaic
of CCDs. Several manufacturers o�ered scienti�c 4k×2k pixels, thinned CCDs which
are three sides buttable devices and ESO ODT has acquired experience with a similar
project in the past by building the Wide Field Imager for the ESO/MPG 2.2 meters
telescope which is a camera composed of a mosaic of 4×2 e2v 44-82 CCDs (4k×2k pixels
chips). The adopted approach consists of �lling the VST focal plane with a mosaic of
8×4 CCDs. This choice has been imposed by the models of CCDs available and the
experience of the ODT.

2.3 OmegaCAM CCD Detectors

The CCDs chosen for the OmegaCAM camera are the CCD 44-82-1-A57 from e2v (Mar-
coni Applied Technologies, 2000). It is a back illuminated and UV optimized CCD for
high quantum e�ciency up to 90% at 500 nm with a spectral range between 200 and
1060 nm. The format of the chip is 2048 x 4096+6 pixels with 15 micron Square Pixels.
Each CCD has an image area of 30.72 x 61.44mm (see Figure 2.1).
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Figure 2.1: Two 44-82-1-A57 e2v CCDs.

• Electronic characteristics.

This model has 2 output ampli�ers with a sensitivity of 6.0 micro-volt/e−. The
charges can be completely read through only one or simultaneously through both
ampli�ers. The low noise output ampli�ers permit to read the charges with either
a noise less than 2e− at 50kpix/sec or less than 4e− at 500kpix/sec or less than 6e−

at 1000kpix/sec. The expected charge transfer e�ciency is better than 0.999995
for the horizontal and vertical transfer with a horizontal transfer frequency of up
to 2 MPixels/sec and a vertical transfer frequency up to 15-20 KLines/sec. These
transfer frequencies permit to readout the pixels of the CCDs at a speed between
20 and 1000 kHz. Each pixel has a wide dynamic range with a peak signal up
to 200 ke−/pixel and has on average a dark current lower than 2 e−/pixel/hour
at operating temperature (-120 degrees). The output register has 50 prescan and
overscan pixels. Their sensitivity to cosmic rays is less than 3 events per square
centimeter and minute.

• Mechanical characteristics.

These CCDs have a package which allows for 3-side buttable. The size of the
package is 31.7 × 66.6 mm and the focal plane is located at 14.0 mm above the
base. Each CCD weights ∼150 grammes and has an integrated Pt100 temperature
sensor for a direct control loop of the CCD temperature. Their �atness is better
than 20 microns peak to valley.

Before being installed on the mosaic plate and mounted inside the dewar, all CCDs of the
OmegaCAM camera had to be tested and fully characterized in order to check whether
they ful�ll the technical and scienti�c requirements. These tests consist of :

• Checking the sensitivity of the chips at di�erent wavelengths (Quantum E�ciency)

• Calculating the variation of intensity between pixels (Photo-Response Non-Uniformity)
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• Quantifying the noise introduced by the electronic chain while the CCD is readout
(Readout Noise)

• Evaluating the gain which permits to convert the pixel value in Analog-to-Digital
Units (ADU) to electrons (Conversion Factor)

• Checking the proportionality between the signal and the exposure time (Linearity)

• Quantifying the production of free electrons by the silicon crystal (Dark Current)

• Measuring the e�ciency of the CCD to transport charges from one pixel to the
other (Charge Transfer E�ciency)

• Localizing hot and very bright pixels, dark pixels, traps and very large traps, and
bad columns (Cosmetic Defect)

To characterize the OmegaCAM CCDs the ESO test bench has been used. This test
bench is described in the next section.

2.4 Description of the Test Bench

2.4.1 Hardware

In the end of the 90's, the increase in the number and the size of the optical detectors has
made ESO develop a new test bench (Amico and Böhm, 1998). This test bench has been
designed to test very large detectors up to 8k x 8k 15 microns pixels devices (see Figure
2.2). The parameters described in the previous section can be determined and additional
measurements can be carried out interactively. Several improvements have been realized
to optimize the turnaround time of the test bench and the precision of the measurements.
Two new detector heads, each accommodating two CCDs, have been manufactured and
put in use. The detailed description made by Amico & Böhm is updated here because
of some hardware changes (see Figure 2.3 for an overview of the hardware).

The system is mounted on a Newport 300cm x 90cm optical table and composed of
the following components:

GPIB controller. To control all hardware components, a General Purpose Interface
Bus (GPIB) controller from National Instruments is used. A Small Computer System
Interface (SCSI) connection links the GPIB controller to the SPARC board of the Fast
Imager Electronic Readout Assembly (FIERA) and it can operate up to 14 devices.

A PULPO monitoring unit. Temperature and pressure are monitored by this in-
strument and the device controls also the SESO shutter (Haddad, 1998).

Lamp housing and lamp. The 100 W Quartz Tungsten Halogen (QTH) lamp has
been replaced by a 250 W lamp. It is held in a cooled standard convection housing
reinforced by a stronger fan to cool the lamp. The lamp housing is equipped with a
f/l condenser. It produces a 3 cm diameter collimated beam. The collimated beam is
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Figure 2.2: Overview of the test bench (with the courtesy of the ODT Team).

focused on the monochromator input slit by means of a secondary f/4 planoconvex lens.
The light system maximizes the total power into the monochromator. The halogen lamp
provides a smooth continuum without strong emission or absorption features within the
desired wavelength range. The lamp has been changed in order to increase the �ux in
the UV part of the spectrum. The new lamp improves the signal to noise ratio for the
calibrated diode and for the QE measurements.

Lamp power supply and light intensity controller. The light intensity controller
(Oriel) is connected to the lamp housing. It monitors light variations by controlling
the power supply of the lamp. It maintains constant light levels during an exposure
regardless of lamp aging.

Monochromators. Two Oriel MultiSpec MS257 monochromators are mounted in a
subtractive dispersion con�guration. The output from the �rst unit is dispersed in the
reverse direction by the second unit. This ensures that the light produced by the system
in the UV-blue part of the spectrum does not su�er from the presence of a red leak. The
problem of a red leak in the Ultra Violet (UV) can cause signi�cant errors in the mea-
surements of quantum e�ciency, CCD devices are generally e�cient at red wavelengths.
The two monochromators are equipped with microstepping motor driven slits and 600
lines/mm ruled gratings, whose peak e�ciency is at 400 nm. The usable wavelength
region (the region where the grating e�ciency is > 20%), is 250 to 1300 nm. Using this
con�guration, a minimum bandpass of 0.1 nm can be reached.

Two motorized �lter wheels. Those wheels can hold up to �ve 1-inch diameter
�lters each. They are mounted at the input of the �rst monochromator. The �lter
wheels contain order sorting �lters (3 �lters, with cut-o� wavelength below 500 nm,
between 500 and 700 nm and over 700 nm, respectively) and neutral density �lters (4
�lters with optical densities 1%, 10%, 25% and 50%).
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Integrated monochromator shutter and SESO shutter. The �rst monochroma-
tor was equipped with an integrated shutter, which could be controlled both via external
TTL signals and through GPIB commands. The shutter has been replaced by a SESO
shutter which has been mounted between the output of the second monochromator and
the input of the integrating sphere. This new shutter is controlled directly by PULPO
and has a transition time below 10ms.

The Integrating Sphere is a 50 cm diameter sphere. Its 200 mm (8 inch) exit port
provides an uniform illumination over an area larger than the size of an 8k x 8k CCD or
a mosaic of CCDs (a typical 8k x 8k with 15 micron m pixels has a diagonal of about
17 cm). The primary output port is aligned with the input port. A secondary output
port (diameter 1.3 cm), which hosts a photo diode, is positioned close to the primary
output port. A ba�e situated inside the sphere prevents the output port from directly
"seeing" the light source. The internal coating of the sphere is made from Spectra�ect,
a material that ensures a re�ectance better than 98% in the range 400 - 1100 nm and
better than 96% in the UV range (320-400 nm). 100% uniformity across the illuminated
�eld is achieved when mounting the CCD in a close contact with the exit port. The
detector is positioned at a distance of 50 to 75 cm from the sphere output port, so that,
for an 8 inch light beam and an 8k x 8k 15 micron pixel CCD, the degree of uniformity
of illumination is always in the range 95% - 98%. In this con�guration it is possible
to position extra devices in front of the CCDs to realize extra tests if necessary (a lens
system to project images onto the CCDs, or point spread measurement). Any variation
in uniformity is calibrated and the measured CCD data is scaled appropriately.

Pico ammeters and diodes. Two Hamamatsu l cm2 Silicon photo diodes are mounted
on the test bench. One is permanently mounted at the secondary output port of the
integrating sphere and the other is used for absolute �ux calibration of the system. The
second photo diode has to be situated at the detector's position. A Keithley 486 ammeter
is connected to the sphere's diode through a low-noise triax cables. This ammeter is a
5 1/2-digit auto ranging pico ammeter designed for low current applications where fast-
reading rates must be carried out, the measurement range is between 2nA and 2mA,
with a resolution of 10fA (at 2nA range). The second diode is also used for precision
photometry with good quantum e�ciency in the UV. This diode has been calibrated by
reference to NPL (National Physical Laboratory, England) and to PTB (Physikalisch-
Technische Bundesanstalt) standards. It is connected to a Keithley 619 Electrometer
/ Multimeter, with the same measuring range and resolution as the 486 model. Both
ammeters are controlled via the GPIB controller.

Flanges system and light tight zone. The integrating sphere is attached to a �ange.
On a second �ange is mounted the detector head. Between the two �anges, there is a
distance of 50 cm. A wooden box closes the space between the �anges.

Two detector heads. Each detector head, D-Marc1 and D-Marc2, has been assembled
to accept two CCDs 44-82 from e2v. These two detector heads have been prepared to
avoid gaps between two serial of tests, when one detector head is in the test bench with
two CCDs being tested, the other one is prepared in the clean room with two new CCDs.
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One FIERA. FIERA is the ESO CCD controller and it is able to drive, in the case of
the test bench, a 4k x 4k mosaic of two 2k x 4k CCDs with 4 ports in total. FIERA is
composed of 5 elements. We summarize here the main characteristic of FIERA and for
more information, we refer the reader to Beletic et al. (1998) and Beletic, J. updated
by Javier Reyes (2004). FIERA is characterized by,

• a SPARC station (embedded computer) inside which auxiliary boards for sequence
timing, data capture and network connection to other computers are installed. The
software developed on this machine is written in C and C++.

• Detector head electronics with clock drivers, analog bias generation and video signal
processing.

• CCD detector head with pre-ampli�er circuitry.

• PULPO housekeeping box for a temperature control, vacuum sensing and a shutter
control.

• DC power supply module.

FIERA is able to handle up to 16 readout channels at a fundamental clock frequency of
50 MHz. The maximum speed per port to read pixels is 5.5 million pixels/sec with four
di�erent �ltering settings depending on the readout rates. FIERRA uses an analogue-
digital converter of 16 bits to digitalize the pixels. The clock drivers, analog biases and
o�set levels are fully programmable with a hardware protection to avoid damaging the
CCDs and the possibility to control the voltages remotely. It is possible to chose between
6 di�erent gain settings (3 on the pre-ampli�er and 2 on the video board) to amplify the
signal from the CCD outputs. The modularity of FIERA permits to upgrade and expand
the system separately.

2.4.2 Software

To make this system working, a set of software has been developed by the ODT Detector
team on the embedded computer (SPARC station). We brie�y summarize here their func-
tions. Detailed information can be found in the document "New Testbench" (Cavadore
et al., 2002).

fcdNoVltSrv The fcdNoVltSrv server is the TCP-IP interface manager. It authorizes
the communication between the NON-VLT software clients and the VLT software drivers.

fcdtserver The fcdtserver is the test bench server. The two mono-chromators MS257,
the two ammeters ke486 and ke6514 and the MM4000 motion controller can be controlled
through this server.

fcdpserver This software is the pulpo server. It is lunched by the fcdSlcuCon software.
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Figure 2.4: Software set up of the test bench.

fcdSlcuCon This software is also referred to as the FIERA software. fcdSlcuCon takes
the camera online, controls it during image acquisitions and shuts down the system. It is
used, to de�ne manually the exposure time, to determine the binning of the investigated
image, to set the readout mode which is used during an acquisition, to start (or aboard)
an acquisition. The pulpo server is launched by fcdSlcuCon.

rtdserver The Real Time Display Server (rtdServer) is used by RTD software to display
images. The RTD Software is lunched normally by the fcdSlcuCon software.

panel.pan This software is a window panel which controls the monochromators and
the ke486 ammeter locally and interactively.

On the PC machine, a client software has been developed under the windows XP platform;
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PRiSM This astronomical software has the ability to control telescopes, CCD Cameras
and to reduce data (Cavadore and Gaillard, 1998). All these actions can be done remotely
using the script laguage available in PRiSM. A special version of PRiSM has been written
by its creators C. Cavadore & B. Gaillard to control the test bench via ethernet connection
using the TCP-IP protocol and the servers, de�ned above. The data taken by FIERA
are transferred automatically to PRiSM after each acquisition. This software works not
only interactively, but also independently with the help of scripts.

2.4.3 Accessible Parameters for Standard Users

In a manual operation, fcdSlcu.con with panel.pan on the SPARC station or PRiSM on
Win XP on the Test bench PC provide the opportunity to control,

• the mode that has to be used to control the CCD. There are di�erent modes. Each
mode de�nes the speed in kpix/s, the ports used for each CCD (left, right or both)
the gain (∼0.5 and ∼2.5 e−/ADU for the high gain and low gain, respectively) and
the number of lines read per image. To test the OmegaCAM CCDs 9 modes are
available,

� 50kpix/s, High Gain, Right-Right port

� 50kpix/s, High Gain, Right_Left-Right_Left port, 512 lines

� 225kpix/s, High Gain, Right-Right port

� 225kpix/s, High Gain, Right-Right port, pocket pumping

� 225kpix/s, High Gain, Right-Right port, 512 lines

� 225kpix/s, High Gain, Right_Left-Right_Left port, 512 lines

� 225kpix/s, Low Gain, Right-Right port

� 225kpix/s, Low Gain, Right-Right port, 512 lines

� 625kpix/s, High Gain, Right-Right port

• the exposure time

• the shutter control

• the wavelength and the bandwidth of the monochromators (between 300 nm or
1100 nm)

• the intensity measurement of the photodiodes

• the binning

• the name and path to save the images taken

Via the script mode in the PRiSM software, all functions discussed above are available
including an additional degree of freedom for the shutter. The shutter can be opened
and closed during the integration and reading of the CCD. This feature is used during
Time Delay Integration images acquisition.
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Figure 2.5: Structure of a raw FITS image produced by the FIERA CCD controller of
the ESO test bench. The images of the two CCDs that are integrated during an exposure
in the ESO test bench, are saved in one FITS image.

2.4.4 Data Produced by the FIERA Test Bench

Each CCD produces its own image which is recorded in one �le. The �nal image produced
by the FIERA test bench system is composed of two CCD images with their X-prescan
(50 columns), X-overscan (50 columns) and a Y-overscan region (100 lines) and has in
total 4202 lines and 4296 columns. The format of the images is FITS (Wells et al.,
1981) with a standard header and the pixels are stored using unsigned 16-bit integer
values (see Figure 2.5 for a detailed schematic view of the image). When the option "512
lines" is selected, FIERA produces for each CCD an image of 512 lines and 2148 columns
composed of X-prescan (50 columns), X-overscan (50 columns) and a sensitive area (512
lines by 2048 columns) of 256 lines on both sides of the 2048th line of the CCD and there
is no Y-overscan. The �nal image is a mosaic of the two CCD images (512 lines by 4296
columns).

The raw images can be loaded by PRiSM and saved using the CPA format (internal
proprietary compressed format). The CPA format has been preferred compared to the
FITS format because of the limited space available to store images. This format allows
for not loosing data during the compression and for keeping the FITS header intact.

2.5 CCD Test Procedure

Each CCD proposed by e2v has to be tested and characterized in order to select the
best �tting 32 chips that have to be mounted in the OmegaCAM mosaic. To perform
this task the ESO test bench is used and a pipeline has been developed to acquire the
data automatically and to perform their reduction. We have to obtain the following
parameters:

• The quantum e�ciency and the photon-response non-uniformity.

To obtain these parameters we need to acquire a set of �at �eld images (images pro-
duced by illuminating the CCD with homogeneous light) at di�erent wavelengths
as well as the �ux of the light at the same wavelengths (see section 2.6.1 and 2.6.2).



2.5: CCD Test Procedure 47

• The readout noise at di�erent readout speeds.

Bias images (zero second exposure time images) per clock mode and per readout
port are necessary to yield the readout noise (see section 2.6.3).

• The conversion factor.

Bias and �at images are required per clock mode and per ccd output to compute
the conversion factor (see section 2.6.4).

• The linearity.

Time delay integration (TDI) images and �at �eld images are taken using the same
clock mode to estimate the linearity of the chips (see section 2.6.5).

• The dark current.

Consecutive one hour, 30 minutes and 15 minutes dark images are taken using two
di�erent electronic gains (see section 2.6.6).

• The charge transfer e�ciency.

Flat �eld images are necessary to estimate this parameter (see section 2.6.7).

• The cosmetic defects.

To identify hot and very bright pixels a series of dark images is required, whereas
for dark pixels, very large traps and bad columns, �at images at two di�erent light
levels are needed. To quantify the traps, pocket pumping images are necessary (see
section 2.6.8).

Several tasks have to be done manually. To take dark images a metallic cover has to
be put in front of the window of the detector head. During the acquisition of the �at
�eld images, the lamp has to be turned on and the metallic cover removed. Meanwhile
the system has to be checked regularly (pressure, temperature, level of nitrogen in the
bottle or its exchange when necessary...). These constraints imposed splitting of the
data acquisitions in two. In the �rst part all data which required dark conditions are
taken and in the second part, the data which required light are acquired. Between the
two parts of the acquisitions the test bench has to be prepared accordingly (Christen,
2003). To control the test bench during these acquisitions two scripts have been written
using the script language of the PRiSM software. This language is �exible and gives the
possibility to create separate procedures. Taking an advantage of its qualities, we could
develop rapidly the pipeline. Because of the di�erent procedures we have written in the
PRiSM language, it is possible to repeat, when necessary, a fraction of the tests in a
very easy way. The software gives also a complete control of the test bench to the user
to perform manually speci�c measurements. The data acquired by the two scripts are
described below and the computations are shown in the next section (see section 2.6).

Dark and Bias Acquisition

To determine the dark current, the glowing, charge injection, the hot pixels, very bright
pixels and the remanence, the following images have to be taken:
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• 5 darks of 1 hour using the 225 kpix/s, Low Gain, Right-Right port mode

• 5 darks of 15 minutes using the 225 kpix/s, Low Gain, Right-Right port mode

• 5 bias using the 225 kpix/s, Low Gain, Right-Right port mode

• 5 darks of 1 hour using the 225 kpix/s, High Gain, Right-Right port mode

• 5 darks of 15 minutes using the 225 kpix/s, High Gain, Right-Right port mode

• 5 bias using the 225 kpix/s, High Gain, Right-Right port mode

• 5 darks of 1 hour using the 50 kpix/s, High Gain, Right-Right port mode

• 5 darks of 15 minutes using the 50 kpix/s, High Gain, Right-Right port mode

• 5 bias using the 50 kpix/s, High Gain, Right-Right port

Light Acquisition

The light acquisition part is carried out to determine the conversion factor and noise, the
quantum e�ciency, the photon response non uniformity, the charge transfer e�ciency,
the cosmetics, the linearity, the traps, the very large trap and the bad columns. The
following images are taken to compute these parameters:

• 2 bias 50kpix/s High Gain Right-Right port 512 lines

• 2 �ats 50kpix/s High Gain Right-Right port 512 lines

• 2 bias 225kpix/s High Gain Right-Right port 512 lines

• 2 �ats 225kpix/s High Gain Right-Right port 512 lines

• 2 �ats 225kpix/s High Gain Right-Right port

• 20 �ats 50kpix/s High Gain Right-Right port

• 20 �ats 225kpix/s Low Gain Right-Right port

• 2 �ats 225kpix/s Low Gain Right-Right port 512 lines

• 2 TDI 225kpix/s Low Gain Right-Right port 512 lines

• 2 �ats Pocket pumping 225kpix/s High Gain Right-Right port

• 5 bias 225kpix/s High Gain Right-Right port 512 x 512 pixels

• 92 �ats 225kpix/s High Gain Right-Right port 512 x 512 pixels

For more information on the test bench system and on the use of the hardware and the
software of this instrument or detailed explanations on the scripts, the reader is referred
to Cavadore et al. (2002) and Christen (2003).
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2.6 Test Results

The results obtained during the tests of the OmegaCAM CCDs are discussed in the
following sections. The theory described in the "CCD Tests and Characterization at
ESO Garching" document (Deiries and Beletic, 1995) is applied to reduce the data when
no explicit references are given in the following sections. For convenience, the CCDs
are placed in four groups A, B, C, D in order to analyze the data. This choice follows
the layout of the OmegaCAM mosaic. Two FIERA CCD controllers (FIERA 1 and 2)
drive this mosaic. FIERA 1 controls groups A and B while FIERA 2 groups C and D
(see Figure 2.6). The results of all computations which are shown and discussed in this
section are tabulated in appendix A.

2.6.1 Quantum E�ciency

De�nition Quantum e�ciency (QE) or CCD sensitivity is the ratio of the number of
photo-electrons released by the photo-reactive surface of the CCD and the number of
incident photons of the light at a certain wavelength that reach the CCD surface.

QE(λ) [%] = 100%
Ne−(λ)
Np(λ)

(2.1)

where λ is the wavelength, Ne− is the number of electrons per pixel and per second
produced at a given wavelength, λ, and Np is the number of incident photons per pixel
and per second at the wavelength λ,

Ne− is given by,

Ne− =
cM[F (λ)−B]

t
(2.2)

where the function M[F (λ) − B] gives the median of all pixels values in the image
F (λ)−B, F (λ) is a �at �eld image at a wavelength λ, B is a bias image (or a bias value
from the pre and/or overscan region of the �at �eld image), c is the conversion factor in
e−/ADU and t is the exposure time.

Np is given by,

Np(λ) = Np, Calibration(λ)
IMeasured(λ)
ICalibration(λ)

APixel

APhotoDiode
(2.3)

where Np, Calibration(λ) is the amount of photons at the wavelength λ measured per
second during the calibration of the test bench (Cavadore et al., 2002; Christen, 2003)
for a 1 cm2 photodiode at the CCD position, IMeasured(λ) is the intensity of the light (in
amps) with wavelength λ, measured at the photodiode that is mounted on the integrating
sphere, ICalibration(λ) is the intensity of the light (in amps) with wavelength λ measured
at the photodiode mounted on the integrating sphere during the calibration procedure,
APixel is the pixel area and APhotoDiode is the area of the photodiode.
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The procedure The quantum e�ciency determination is carried out for a wavelength
range from 320 nm to 1100 nm in an incremental step of 10 nm between 320 and 400 nm
and 20 nm from 400 to 1100 nm. Measurements are done also with an incremental step
of 50 nm between 400 and 1100 nm. The bandwidth used for each wavelength is �xed to
5 nm. The temperature is set to -120 degrees.

The procedure begins with the acquisition of two bias and two �at �eld images at 630
nm. Using these images the conversion factor is calculated. Next the �at �eld images at
each wavelength are taken. The �ux of the light in the integrating sphere is measured
simultaneously. First, a series of images for a wavelength range from 320 to 1100 nm is
acquired followed by another set of images which are taken for a wavelength range from
1100 to 320 nm. This technique is used to check whether the procedure does not su�er
from systematic errors due to hysteresis e�ects in the monochromators setting. Once the
data are acquired, the QE can be computed. The QE computation requires data from
the reference photodiode which are taken during the calibration of the test bench. In
addition the conversion factor, the pixels size and an area of the image, where the QE
is computed, are needed. Usually this area contains 512 x 512 pixels, and it is located
where the reference photodiode was previously positioned during the calibration of the
test bench. The overall error for each QE computation is also de�ned and it includes
the photon noise, readout noise, the error from the exposure time, the error from the
estimate of the conversion factor, the photodiode reading, the errors in the calibration �le
(errors from the reference diode, calibration diode and errors from the ammeters). This
calculation results in an accuracy of the order of ± 3% for a single QE determination.

Data produced All images are taken with the 225 kpix/s, Right-Right port, High
Gain, 512 lines clock mode. The QE procedure produces two �at �eld and two bias
images (2148 x 512 pixels size pre- and overscan included) and 92 512 x 512 pixels size
�at �eld images. The acquisition yields 2 �at �eld images per selected wavelength. Each
�at �eld image has a signal level between 20000 and 25000 ADU when the �ux of photons
is strong enough. The exposure time varies between 5 and 50 seconds after adjusting the
neutral �lters for each wavelength. If the �ux is too weak, images are taken with a �xed
exposure time of 50 seconds without a neutral �lter.

Results One of the most important parameters for an astronomical CCD is its quantum
e�ciency. The e2v44-82-1-A57 CCD is capable of detecting photons over a wide range
of wavelengths (300-1100 nm). For this range the quantum e�ciency curves of the 32
OmegaCAM CCDs are plotted in Figure 2.7. The quantum e�ciency curves have a
similar shape between 400 and 1100 nm (see Figure 2.9). In this wavelength interval
the images taken by all CCDs produce a mosaic of raw data which is homogeneous.
Unfortunately this homogeneity can not be achieved between 300 and 400 nm. The
di�erence in the sensitivity of various CCDs can be large. The least sensitive CCD is
two times less sensitive than the most sensitive one. This di�erence is due to the delicate
process which is applied to improve the collection of electrons at the surface of the CCDs.
The CCDs are thinned to a thickness of 10 to 20 µm and ions are introduced on their
surface. Finally, they are annealed by a laser to create a P+ passive layer.

The maximum peak of the averaged QE curve is located at 450 nm with an average
QE of 84.2 ± 3.5% (see Figure 2.9). The error corresponds to the standard deviation
of the QE (1σ). The QE decreases slowly, almost linearly, from 450 to 650 nm with an
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average QE of 75.2 ± 2.9% at 650 nm wavelength. Between 650 and 700 nm the slope
of the curve changes and becomes steeper. The QE decreases again almost linearly from
700 nm (QE = 69.3 ± 2.8%) to 1000 nm (QE = 4.2 ± 0.7%). The sensitivity of the
CCDs drops above 1000 nm to reach a QE of almost 0% at 1100 nm. Above 1100 nm
the sensitive layer of the CCD becomes transparent to photons, i.e. very rarely photons
produce electrons above this wavelength. Between 320 and 450 nm, the QE curves are
more complex and di�er from a CCD to a CCD.

A detailed analysis of the 32 QE curves (see Figure 2.7 and 2.8 as well as the detailed
results in appendix A Table 2.7) shows that between 450 and 1100 nm all curves have
the same shape. In this wavelength range, group A shows at most homogeneity and the
quantum e�ciency of the CCDs is very close to the average QE. In group B, most of the
QE curves of the CCDs are grouped within a band with a thickness of 5%. This band is
positioned just below the average QE. CCD #68 in this group makes an exception with a
QE curve above the average QE curve. Group C shows the same characteristics as group
B with QE curves positioned below the average QE curve in a band with a thickness a
bit larger than that in group B (8%). There is also an exception in this group with the
CCD #77. This CCD is the most sensitive CCD of all 32 CCDs above 800 nm. Group
D is the most in-homogeneous group. This group can be divided into two sub-groups,
the CCDs in each sub-group show similar features. The �rst sub-group, with CCDs #85,
#86, #88, #94 and #95, possesses CCDs with a higher sensitivity with respect to the
average QE. The most sensitive CCDs of the mosaic are in this sub-group. CCD #95 is
the most sensitive CCD of all 32 CCDs between 450 and 800 nm. The second sub-group
has CCDs with the same characteristics as the majority of the CCDs in group B.

Between 320 and 450 nm the classi�cation of the CCDs based on their QE is more
problematic because no clear features can be observed. In group A, the majority of the
CCDs, except CCD #92, have QE curves above the average QE curve. Two CCDs, #89
and #90 have a very good performance in this wavelength range. Group B is the most
homogenous group with all QE curves positioned below the average QE curve. On the
contrary, group C is the most in-homogeneous one. CCD #77 is the most sensitive CCD
of all 32 CCDs in this range. In group D, one can distinguish three kinds of CCDs. The
�rst sub-group contains CCDs which are less sensitive with a QE lower than the average
QE (CCD #93 and #96). The second sub-group is composed of CCDs which are more
sensitive with a QE higher than the average QE (CCD #85, #86 and #87). Finally the
CCDs in the last group are less sensitive with a QE lower than the average QE between
320 and 360 nm and more sensitive with a QE higher than the average QE between 360
and 380 nm.
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Figure 2.7: The CCDs have been sort out in 4 groups (A, B, C and D) and for each of
these groups the QE (%) of each CCD has been plotted as a function of the wavelength
(nm). The continuous line corresponds to the average of all QE of the CCDs which
compose the mosaic (see Figure 2.9).
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Figure 2.8: The mosaic of CCDs has been sort out in 4 groups (A, B, C and D). The
residual QE (Di�erence (%)) is plotted for all CCDs as a function of the wavelength (nm).
The average QE of all CCDs has been subtracted from the QE of each CCD separately.
The plots above the zero line correspond to CCDs with a QE higher than the average
QE. The zero line corresponds to the average QE of all CCDs (See Figure 2.9).
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Figure 2.9: Average, minimum and maximum QE of the 32 CCDs which compose the
OmegaCAM mosaic.
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2.6.2 Photo-Response Non-Uniformity

De�nition In a charge-coupled device, under a uniform illumination, the photo re-
sponse non uniformity (PRNU) corresponds to the variation in the pixel sensitivity as
a response to incident photons. To quantify this e�ect at di�erent wavelengths (λ), the
parameter PRNU(λ) is introduced,

PRNU(λ) [%] = 100%
I95%(λ)− I5%(λ)
I95%(λ) + I5%(λ)

(2.4)

where I5%(λ) and I95%(λ) are the light intensities (in ADU) at 5% and 95%, respectively
of the histogram obtained from an area of a �at �eld image taken at the wavelength
(λ) (Cavadore, 2000).

The procedure and the data produced The data acquired by the QE procedure are
used to compute the PRNU (see Section 2.6.1, paragraphs "The procedure" and "Data
produced").

Results The general performance of the OmegaCAM CCDs concerning the PRNU can
be observed in Figure 2.11. The average PRNU curve shows three regimes.

The �rst regime occurs between 350 nm and 400 nm. The uniformity response of
the pixels is degraded in this range of wavelengths because of a process which increases
the sensitivity of the CCDs in the UV. Between 350 nm and 400 nm, the electrons are
produced mainly on the surface of the chip and if a positive passive layer is not introduced
on the surface of the CCD, the electrons are recovered by the crystal structure. During
a process, which consists of introducing a positive passive layer on the CCD surface by
annealing it with a laser, the quantum e�ciency of the pixels is increased in the UV range,
but the pixel-to-pixel uniformity response is deteriorated because of the CCD surface
irregularities that the process has generated. Figure 2.10.a. illustrates the distinctive
result produced by this process. This �at �eld image, taken in the UV, shows a typical
diamond like pattern.

The second regime takes place between 400 nm and 850 nm. Between 400 and 450
nm, the diamond patterns disappear progressively with the increase in the wavelength
and the image becomes uniform. The average PRNU drops around 1% with a standard
deviation, σ, of 0.2% between 450 and 650 nm. In this wavelengths range we observe the
typical "salt and pepper" like pattern (see Figure 2.10.b.). From 650 nm to 850 nm the
PRNU increases slightly till 1.4% with a σ = 0.7%.

The third regime takes place above 850 nm. The slope of the average PRNU curve
changes and becomes larger. The PRNU increases up to 4.5% with a σ = 3.6%. The
degradation of the PRNU in the red and infrared regions is due to interference fringes.
Typical fringing patterns, such as those observed in Figure (2.10.c.), are present in all
images taken above 850 nm with an increase in the intensity of the fringes when the
wavelength becomes larger.

A detailed analysis of the results shows two groups of CCDs (see Figure 2.12, the
values are listed in Table 2.8 in appendix A). Some CCDs are strongly a�ected by the
fringes (CCD #68, #73, #81, #82, #83, #85, #86, #87, #88 and #92). Their PRNU
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Figure 2.10: a., b. and c. show 600 × 400 pixels images of the same CCD's region
taken at wavelengths of 350, 600 and 900 nm, respectively, with a bandwidth of 5 nm.
a. illustrates the typical diamond patterns, b., the "salt and pepper" patterns and c.,
the fringing patterns. The gray scale range has been chosen to emphasize the di�erent
patterns.

curves in the red and infrared regions is high compared to the average PRNU curve. The
other group contains CCDs which, on the contrary, are weakly a�ected by the fringes.
Their PRNU curves are below the average PRNU curve. One device, CCD #88, has a
bad PRNU compared to the others, its PRNU curve is never below 2%. Finally three
chips, CCD #81, #83 and #84, do not follow the general behavior between 650 nm and
850 nm. They seem to be more sensitive to the fringes than the other CCDs.
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Figure 2.11: Average, minimum and maximum PRNU of the 32 CCDs which compose
the OmegaCAM mosaic.
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Figure 2.12: The mosaic of CCDs has been sortout into 4 groups (A, B, C and D) and
for each of these groups the PRNU of each CCD has been plotted. The continuous line
corresponds to the average of all PRNUs of the CCDs which compose the mosaic (See
Figure 2.11).
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2.6.3 Readout Noise

The readout noise corresponds to the noise produced by the CCD and the electronic
chain which digitalizes the signal from the output CCD. To determine this parameter,
two bias images are acquired and subtracted from each other to remove irregularities in
the images. The new image is subdivided into N windows and for each of them, the read
out noise is calculated as follows,

RONi = c

√
V(B1,i(x, y)−B2,i(x, y))

2
(2.5)

where RONi (in units of e−) is the estimate of the read out noise in the sub-window i, c
is the conversion factor from ADU to e−, B1,i and B2,i are two sub-windows taken from
the bias B1 and B2 respectively at the same coordinates, V(I(x, y)) is the variance of the
signal contained in the image I(x, y).

Next we compute the average of the RONi in order to obtain an estimate of the
readout noise,

RON =
1
N

N∑
i=1

RONi ±
σ(RONi)√

N
(2.6)

where RON is in units of e− and the standard deviation of all the RONi, σ(RONi),
divided by

√
N , represents the error in the average readout noise.

Procedure and data produced The readout noise is calculated at two di�erent read-
out speeds (50 kpix/s and 225 kpix/s) for each port of the CCD (left and right port) and
at a �xed CCD's temperature (-120 degrees). Two speci�c modes are used by the FIERA
CCD controller to acquire the data (the 50 kpix/s, Right_Left-Right_Left port, High
Gain, 215 lines and the 225 kpix/s, Right_Left-Right_Left port, High Gain, 215 lines
mode). These two modes permit to read an image through both ports simultaneously.
Two bias images (2148 x 512 pixels with prescans) are taken per mode.

Results The readout noise determined using this procedure yields the noise of the
whole electronic chain and can be considered as an upper limit to the noise produced
only by the CCD. The average readout noise value produced by the left and right output
CCD channels is listed in Table 2.1 for two readout speeds (50 and 225 kilo-pixels per
second). The accuracy of our computations is of the order of 0.2 e−.

Most of the CCDs have nominal readout noises for both 50 and 225kpix/s readout
speeds (see Figure 2.13 and appendix A, Table 2.9, for the numerical values). Two CCDs
show an abnormally high readout noise at 50kpix/s, The RON values are even higher than
those obtained at 225kpix/s (CCD #69 and #71). The reason for the spurious values
results from a faulty port of the FIERA CCD controller. These two CCDs have been
tested together and during the run, the video input port of FIERA which was connected
to the left output of the CCD #71 failed. This defect has introduced an extra noise in
the electronic chain which has a�ected the estimate of the readout noise. After repairing
the faulty port of FIERA, the system recovered nominal behavior, so the readout noise
of these two CCDs is expected to be in the usual range (∼ 3.0± 0.6 e−).
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CCD #70 has a high readout noise at 225kpix/s, because of a problem with the
grounding. After correcting this problem, the noise computed using the data of the next
setup recovered a nominal behavior.

RON (e−), Left Port - 50kpix/s
Mean Standard deviation Median Minimum Maximum
2.9 0.5 2.7 2.4 5.1

RON (e−), Right Port - 050kpix/s
Mean Standard deviation Median Minimum Maximum
3.0 0.6 2.8 2.3 5.2

RON (e−), Left Port - 225kpix/s
Mean Standard deviation Median Minimum Maximum
4.3 1.4 4.0 3.2 10.3

RON (e−), Right Port - 225kpix/s
Mean Standard deviation Median Minimum Maximum
4.6 1.5 4.3 3.2 11.2

Table 2.1: Statistical analysis of the readout noise. This analysis has been carried out
for two readout speeds and for the left and right ports of the CCDs.
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Figure 2.13: The readout noise of the CCDs is plotted for the four quadrants A, B, C
and D of the CCD mosaic as a function of the CCD numbers. The bars in gray represent
the left port and the bars in white, the right port. The continuous line surrounding the
bars represents the 50 kilo-pixels readout speed and the dash line, the 225 kpix/s readout
speed. Comment : The CCDs of group A, except CCD #82 and CCD #71, do not have
the necessary data to compute the readout noise for all cases.
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2.6.4 Conversion Factor

The conversion factor, also called gain, is the parameter which converts the digital value
generated by a CCD controller into a number of electrons. The digital value is given in
Analog Digital Units (ADU) after an analogue to digital conversion and it is typically
between 0 and 65535 ADU if the system works based on a 16 bit AD converter. Knowing
that the number of photo-electrons in a pixel is related to the signal in digital units by the
conversion factor, and that the photo-electrons variance is equal to the average number
of photo-electrons captured in the pixels (photons follow Poisson statistic), it is possible
to obtain the gain by dividing the average signal measured in ADU by its variance (for
more detail, see Chapter 3).

The conversion factor is computed using two �at �eld images with the same intensity
level and two bias images. Two parameters are needed to estimate the gain, namely, the
average signal expressed in ADU and the variance associated with the average signal.
To determine the average signal and the variance of the signal, we �rst need to divide
one de-biased �at �eld image by the other and to multiply the new image by the average
signal of the second de-biased �at �eld image. This yields a homogeneous image which is
not a�ected by PRNU. This technique compensates also extremely well the �uctuation
of signal intensity, if any exists at all, in the �at �eld images.

The resulting image is subdivided into N (= 100) windows and for each of them
the average signal, Si, and the variance of the signal, σ2

i , are calculated in ADU and
ADU2, respectively. In each sub-window, i, of the resulting image the conversion factor
is computed as follows,

CF,i =
2Si

σ2
i

(2.7)

where CF,i (in units of e−/ADU) is the estimate of the conversion factor in the sub-
window i.

The conversion factor is then calculated by averaging the CF,i,

CF =
1
N

N∑
i=1

CF,i ±
σ(CF,i)√

N
(2.8)

where CF (in units of e−/ADU) is the estimate of the conversion factor and the standard
deviation of all CF,i, divided by

√
N , represents the error in the conversion factor.

Procedure and data produced The conversion factor is computed for each port
of the CCD (left and right port), at two di�erent readout frequencies (50kpix/s and
225kpix/s) and at a �xed temperature (-120 degrees). Two speci�c modes are used by
the FIERA system to acquire the data. The 50kpix/s-rlrl-HG-512 and 225kpix/s-rlrl-
HG-512 modes permit to take images which have the dimension of 2148 x 512 pixels
including the pre-scan regions (50 columns per pre-scan). These two modes give the
possibility to read an image through both ports simultaneously. Two �at �eld and two
bias images are taken per mode and the conversion factor is computed using equations
(2.7) and (2.8).
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Results Basic statistical analysis of the conversion factors of the chips in the mosaic
shows that the di�erent values are well constrained (see Table 2.2). A detailed analysis
of results of the computations (see Figure 2.14 and Table 2.10) shows that the mosaic
is homogeneous with respect to the conversion factor. The two di�erent readout speeds,
used during the acquisitions of the images, have no impact on the gain. The estimate
of the error bars for this parameter is in the order of 0.01 e−/ADU. One device has an
exceptionally low conversion factor for one of its ports. On the right port of CCD #83,
we determine 0.43± 0.01 e−/ADU and 0.42± 0.01 e−/ADU at 50kpix/s and 225kpix/s,
respectively. The other port has standard values. Another chip has a high conversion
factor compared to the average gain. The left port of CCD #84 has a gain of 0.66
e−/ADU. Its right port has standard values.

CF (e−/ADU), Left Port - 50kpix/s
Mean Standard deviation Median Minimum Maximum
0.53 0.04 0.52 0.47 0.66

CF (e−), Right Port - 50kpix/s
Mean Standard deviation Median Minimum Maximum
0.52 0.03 0.51 0.43 0.61

CF (e−), Left Port - 225kpix/s
Mean Standard deviation Median Minimum Maximum
0.52 0.02 0.52 0.49 0.57

RON (e−), Right Port - 225kpix/s
Mean Standard deviation Median Minimum Maximum
0.53 0.03 0.53 0.42 0.57

Table 2.2: Basic statistical analysis of the conversion factor. For each CCD the gain has
been computed for both left and right ports and for each port two readout speeds have
been used.
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Figure 2.14: The conversion factors of the CCDs are plotted for the four quadrants A,
B, C and D of the CCD mosaic as a function of the CCD numbers. The histogram in
gray represents the left port and the histogram in white, the right port. The full line
surrounding the bars represents the conversion factor obtained at 50 kilo-pixels/s readout
speed, and the dash line the conversion factor determined at 225 kpix/s readout speed.
Comment : The CCDs of group A, except CCD #82 and CCD #71, do not have the
necessary data to determine the conversion factor for all cases.
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Figure 2.15: Example of a Time Delay Integration image on which the study of the
linearity is performed.

2.6.5 Linearity

The linearity procedure carries out a check whether the quantity of photo-electrons mea-
sured by a CCD is proportional to the exposure time.

The standard technique consists of �rst, acquiring images at di�erent exposure times
and then plotting the average signal, Si, measured in each image, i, as a function of
their exposure time, ti. A best �t line is determined using the set of pairs (ti, Si). If
the di�erence between the real data and the data obtained by the �t procedure remains
within ±1% then the CCD is declared linear. The standard technique requires a lot of
images to obtain a detailed linearity curve covering the full dynamic range of the CCD,
and it also appears to be time consuming. To reduce the acquisition period the standard
technique to estimate the linearity of a CCD has been adapted to time delay integration
(TDI) images (Cavadore, 2000). At present, only one TDI image is necessary to perform
the linearity test. The procedure based on one TDI image to check the CCD linearity
is not a�ected by shutter errors during the acquisition, it is faster than the standard
technique and the accuracy is much better because of the number of pairs obtained,
∼450 pairs instead of ∼20 pairs obtained from the standard method.

To extract the linearity curve from a de-biased and �at �elded TDI image, the average
signal, Si, is computed for each line, i, and Si is plotted as a function of the line number,
i (see Figure 2.16). The best �t line is extracted from these data. The residual linearity,
Ri at the position i, is computed as follows,

Ri = 100
(

1− Si

Fi

)
[%] (2.9)

where Si (in units of ADU) is the average signal in the line i, and Fi is the estimated
average signal from the best �t line at the position i.

Procedure and data produced The test bench is set speci�cally to acquire Time
Delay Integration images. The procedure begins with the reading of the CCD with the
shutter closed (like a dark exposure), then the shutter is opened to illuminate the CCD
with a uniform light as if a �at �eld image is taken. During the exposition of the CCD
to the light the CCD continues being read. This procedure yields an image called Time
Delay Integration (TDI) image. The TDI image is divided into three parts. Starting from
the bottom (where the output register is located) to the top of the image are located
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Figure 2.16: Example of plots showing the linearity (on the left) and the Residual lin-
earity, NL (on the right), using a TDI image from one of the OmegaCAM CCDs.

in a consequent order the bias area, the area where a luminous gradient is present and
the saturated area (see Figure 2.15). The area where the luminous gradient is present
is used to estimate the linearity. To make this estimation the TDI image is de-biased
and �at �elded. The average signal, Si, is then computed for each line of the TDI image
where the gradient is present. A best linear �t to the list of points (i, Si) is obtained,
and the residual linearity is computed using equation (2.9). An example of the residual
linearity plot is presented in Figure (2.16). A CCD with peak to peak residual linearity
values within ±1% is considered to be linear. Two TDI images and two �at �eld images
are taken using the clock mode �Low Gain Right-Right port 512 lines� of FIERA at the
wavelength 630 nm with a bandwidth of 5 nm.

Results The procedure, outlined above, is applied to all CCDs and the results are
plotted in Figure 2.17 (detailed values are listed in appendix A Table 2.11). A basic
statistical analysis is carried out on the data which shows that the CCDs comply with
the requirements for the linearity (see Table 2.3). One CCD, CCD #77, has a particularly
high peak-to-peak residual linearity value while the rms deviation of the residual linearity
values has a nominal value. This is due to an artifact in the procedure. If the algorithm
of the procedure selects lines in the transition area, a small section of the image of about
20 lines a�ected by the opening of the shutter at the beginning of the ramp, high peak-
to-peak non linearity values can be obtained. The best �t should be obtained with data
where the average signal, Si, is larger than 2000 ADU. The rms deviation is more robust
and shows that CCD #77 complies with the speci�cations and thus, it is declared linear.
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Residual Linearity - rms deviation
Mean Standard deviation Median Minimum Maximum
0.33 0.18 0.28 0.11 0.78

Peak-to-Peak Residual Linearity
Mean∗ Standard deviation∗ Median Minimum Maximum
1.02 0.57 0.87 0.32 7.75

∗ Except CCD #77

Table 2.3: Basic statistical analysis of the linearity.
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Figure 2.17: Rms and peak-to-peak non linearity of the OmegaCAM CCDs are plotted
for four quadrants A, B, C and D of the mosaic as a function of the CCD numbers. The
bars in gray represent the rms deviation from the best linear �t and the bars in white,
the peak-to-peak residual linearity.
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2.6.6 Dark Current

The dark current is a current generated in the detector by the heat energy of the atoms
which, through random jostling, causes the production of free electrons.

The dark current is determined using M dark images (usually M = 5) taken with
1 hour exposure time, and M bias images. The median dark image and median bias
image are computed, they arise from the median-combining dark images and the median-
combining bias images. The median dark image is de-biased and subdivided into N (=
100) windows in which the dark current is measured. This procedure yields N values
for the dark current. They are averaged to obtain an estimate of the dark current and
the standard deviation of these N values divided by

√
N gives an estimate of the error.

CCDs which have a dark current beyond 2e− should be rejected. The dark current is
computed as follows,

I = M(D1, . . . , DM )−M(B1, . . . , BM ) (2.10)

where M is the median-combining M images, Di and Bi are the dark images and the
bias images, respectively.

dj =
1
X

1
Y

x=X∑
x=1

y=Y∑
y=1

Ij(x, y) (2.11)

where dj is the average dark current (in units of ADU) in the sub-image, Ij , X and Y
represent the dimensions of the sub-image, Ij .

The estimate of the dark current is given by :

d = c

(
1
N

N∑
i=1

dj ±
σ(dj)√

N

)
(2.12)

where d is the estimate of the average dark current (in e− per pixel and hour) in the
image I, c is the conversion factor (e−/ADU) and σ(dj) is the standard deviation of all
dark current, dj (in units of ADU).

Procedure and data produced The test bench is set speci�cally to acquire dark
images. All light sources are o� and a metallic cover is mounted in front of the CCDs,
above the window of the dewar. FIERA is set to clock mode "50kpix/s High Gain Right-
Right port". The temperature of the CCDs is set to -120 degree. 5 one hour dark images
as well as 5 bias images are taken. The methodology explained above is used to determine
the dark current.

Results Basic statistical study shows that the dark current of the CCDs is very
low, (see Figure 2.18 and Table 2.12), the majority of them has a dark current be-
low 1e−/pixel/h. The dark current of all CCDs, except three, is below 2e− per pixel
and hour. Above this limit the CCD does not ful�ll the requirements and it should be
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Figure 2.18: The dark currents of the OmegaCAM CCDs are plotted for four quadrants
A, B, C and D of the CCD mosaic as a function of the CCD numbers.

rejected. CCDs #67, #70 and #94 have a dark current equals to 2.21±0.02, 2.60±0.02
and 2.2±0.02e−/pix/h, respectively. This excess of dark current is not caused by intrin-
sic properties of the CCD matrix, but it is due to tiny amounts of ice contamination on
its surface (visible during visual inspection). These CCDs are expected to show similar
dark currents, below 2e−/pix/h, once the contamination is removed.

Dark Current (e−/pixel/hour)
Mean Standard deviation Median Minimum Maximum
0.76 0.68 0.46 0. 2.6

Table 2.4: Statistical analysis of the dark current.

Charge injection problem

Two CCDs of the OmegaCAM mosaic su�er from a charge injection problem that is due
to a faulty antistatic photodiode. The photodiode is activated during the reading of the
CCD and extra charges are injected in the output register (see an example in Figure
2.19). CCDs #68 and #90 have extra charges up to 2.1e− and 2.9e− per pixel at a
readout speed of 225kpix/s and at a temperature of -120 degrees. Complementary tests
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Figure 2.19: Bias image of CCD #90. This image has been binned 15 × 15 times and
the scale range has been chosen to emphasize the extra charge injection problem. Similar
results have been obtained for CCD #68.

have shown that after de-biasing the images with the help of a master bias, the impact
of this extra charge injection on the measurement of the readout noise, dark current and
hot pixels is very small. The latter quantities are the principal parameters that can be
a�ected by the extra charge injection defect and their values are nominal. Since these
two CCDs have excellent characteristics, except the extra charge injection problem, they
have been selected to �ll the mosaic.
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2.6.7 Charge Transfer E�ciency

The charge transfer e�ciency (CTE) quanti�es the ability of the CCD to transfer charges
from one pixel to another. Scienti�c CCDs have a very high CTE, typically around
0.999990 for packets of charges below 1000e− and up to 0.999999 for larger packets.

In order to determine this parameter, we make use of the extended pixel edge response
(EPER) method. This technique is applied to �at �eld images taken with their overscan
regions (regions composed of trailing pixels, see Figure 2.5). The method consists of
measuring the number of electrons lost by the last sensitive line (column) during the
transfer of charges. The lost charges are collected by the �rst line (column) of the
horizontal (vertical) over-scan region. The CTE is then estimated using the following
equation,

CTE =
(

Sn

Sn + Sn+1

) 1
n

(2.13)

where Sn is the average number of electrons (in units of ADU) present in the last line
(column) of a �at �eld image after being readout, Sn+1 is the average number of electrons
(in units of ADU) in the �rst line (column) of the over-scan region and n is the number
of transfers which is necessary to transfer the charges from the last line (column) of the
sensitive area to the output register (output ampli�er).

We de�ne then two CTEs, the horizontal CTE which corresponds to the CTE in the
output register and the vertical CTE which is the CTE in the CCD matrix (quanti�es
the displacement of the charges perpendicular to the output register).

The EPER method used to estimate the CTE is unfortunately known to provide
results which are not accurate. This technique gives only the relative CTEs but not the
absolute ones. The impact of the traps on the transfer of charge is not taken into account
in the EPER method. To obtain the absolute CTE the method based on the 55Fe X-
ray transfer has to be employed (Janesick, 2001). This method consists of the following
steps. A radioactive source is positioned in front of the CCD. Each impact of the X-ray
photon with the CCD surface produces 1620e− in the silicon layer of the CCD. During
the charge transfer the pixels lose charges and this gradual decline in photon-electrons,
sometimes emphasized by traps, is analyzed to extract the absolute CTE. This technique
was under development at the time the OmegaCAM CCDs were tested and therefore, it
was not possible to use it systematically.

Procedure and data produced The test bench is set to acquire 2 �at �eld images.
The clock mode used is the 225 kpix/s High Gain Right-Right port mode. Each image
is taken at a wavelength of 630 nm with a bandwidth of 5 nm and the CCD temperature
is set to -120 degrees Celsius. The level of light for both images is between 20000 and
30000 ADU. The CTE is then determined using the methodology described above.

Results The minimum requirement for the vertical and horizontal CTE for the Omega-
CAM CCDs is 0.999995. To quantify the e�ciency of the charge transfer we employed
the EPER method as well as a qualitative analysis of the cosmic impacts. Since the
55Fe setup was not operational for the OmegaCAM CCDs, we used the CTE values mea-
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sured by e2v. The combination of all these tools permits for obtaining precisely this
parameter.

The majority of the CCDs complies with the requirements for the CTE values (see
Table 2.5). Two CCDs, CCD #72 and #96, have a horizontal CTE below the minimum
threshold with a CTE equals to 0.999993 (55Fe method). Speci�c requirements for the
voltages in the mosaic of CCDs forced ESO and e2v to make a concession and to lower
the requirements for the CTEs of few CCDs in order to complete the mosaic. The
CTE results presented in Figure 2.20 and in Table 2.13 show that the horizontal and
vertical CTE of each CCD is very satisfactory. One CCD, CCD #96, has a very low
horizontal CTE (EPER) value (0.999976). Additional analysis has shown that images
taken with the "225kpix/s Low Gain Right-Right port" mode, a mode which is closer
to the operating mode of the OmegaCAM camera, provide a horizontal EPER CTE
equals to 0.999996. The analysis has demonstrated that the cosmic impacts in one hour
dark images of this CCD are similar to the cosmic impacts in the image of the other
CCDs. Since no horizontal tails have been observed in the dark images in the presence
of cosmic impacts we concluded that the CTE of the CCD is satisfactory. No strongly
elongated images of the impacts have been seen at the opposite corner of the readout
port. These two defects, the horizontal tails and the elongated images of the impacts,
are characteristic features of a bad CTE in dark images. They have not been observed
for this CCD and thus, it has been concluded that this chip ful�lls the requirements.

Horizontal CTE, EPER method (ESO) at 225kpix/s
Mean Standard deviation Median Minimum Maximum

0.9999957 0.0000044 0.999997 0.999976 0.999999

Vertical CTE, EPER method (ESO) at 225kpix/s
Mean Standard deviation Median Minimum Maximum

0.9999989 0.0000003 0.999999 0.999998 0.999999

Horizontal CTE, 55Fe method (e2v) at 250kpix/s
Mean Standard deviation Median Minimum Maximum

0.9999967 0.0000018 0.999997 0.999993 1.0

Vertical CTE, 55Fe method (e2v) at 250kpix/s
Mean Standard deviation Median Minimum Maximum

0.9999985 0.0000011 0.999999 0.999995 1.0

Table 2.5: A statistical analysis has been carried out on the charge transfer e�ciency
determined for both horizontal and vertical transfers using two di�erent methods: the
EPER and 55Fe techniques by ESO and e2v, respectively.
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Figure 2.20: The charge transfer e�ciencies of the CCDs are plotted for four quadrants
A, B, C and D of the mosaic as a function of the CCD numbers. The gray histograms
correspond to the horizontal CTE, the white histograms to the vertical CTE, the solid
line around the histograms illustrates the results obtained by ESO, and �nally the dashed
lines correspond to the CTEs obtained by e2v.
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2.6.8 Cosmetic Defects

Cosmetic defects are random pixels or areas on a CCD sensor that respond di�erently
to light compared to the rest of the pixels or that are intrinsically "hot" (dark current
higher than that for the other pixels). ESO and e2v have agreed to check for six distinct
cosmetic defects,

• Hot pixel : A hot pixel provides a signal higher than 60 e− / pixel / hour.

• Very bright pixel : A very bright pixel provides a signal higher than 200000
e−/pixel/hour.

• Dark pixel : A dark pixel is a pixel with a light level of 50% or less than the average
output for uniform intensity light level. It is measured with a �at �eld level around
500 photo-electrons.

• Trap : A trap is a pixel that captures more than 10 electrons, measured with a �at
�eld level of about 500 photo-electrons.

• Very large trap : A very large trap is a pixel that captures more than 10 000
electrons, measured with a �at �eld level of about 90% of full well capability.

• Bad column : A bad column contains 10 or more contiguous hot or dark pixels in
a single column.

• Total bad columns : It corresponds to the sum of the bad columns, very bright
pixels and very large traps.

Procedure and data produced All images for the characterization of the cosmetic
defects are taken at -120 degrees.

To count the hot pixels and very bright pixels dark images are taken. During the
acquisition of the images in dark mode, the test bench takes 5 dark images of one hour
exposure with the "50 kpix/s High Gain Right-Right port" mode (high gain around 0.54
e−/ADU) and 5 dark images of one hour exposure with the "225 kpix/s Low Gain Right-
Right port" mode (low gain around 2.5 e−/ADU). Two median dark images of both sets
of images are obtained. The hot pixels are extracted from the �rst median dark image
and the very bright pixels are counted in the second median dark image.

The dark pixels, very large traps and bad columns are counted in the �at �eld images.
To extract the dark pixels, images taken with the "50 kpix/s High Gain Right-Right
port" mode are used. The �at �eld level is around 1000 ADU, the wavelength of the
light signal and the bandwidth used are 600 nm and 5 nm, respectively. The pixels with
a light intensity level below 50% of the average light intensity level are dark pixels. To
identify the very large traps, images taken with the "225 kpix/s Low Gain Right-Right
port" mode are considered. The �at �eld level is around 50000 ADU, the wavelength and
the bandwidth of the light signal are identical to those in the previous measurements.
Pixels below 46000 ADU and with a gain of ∼2.5 e−/ADU are considered to be very
large traps. To count the bad columns, median dark and �at �eld images, obtained form
the sets of dark and �at �eld images are used.

A special procedure is designed to quantify the number of traps on a CCD sensor. This
method is called "pocket pumping" and consists initially of acquiring �at �eld images with
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an intensity level around 10000 ADU. After the exposure the CCD is clocked backwards
10 lines and forwards the same number of lines to the original position of the image. The
displacement of the image is repeated 2000 times, followed by a readout of the image.
This procedure highlights the traps. Since they collect only a fraction of the electrons at
each image displacement, the image is shifted, after 2 × 2000 displacements, the traps
have absorbed most of the electrons which have passed through them. This procedure
produces an image with 10 continuous dark pixels where the traps are positioned. A
special mode has been written for FIERA to carry out such a reading, the "Pocket
Pumping 225kpix/s High Gain Right-Right port" mode. Finally the traps are counted.

Results Taking into account that the total number of bad pixels is below 800000, a
minimum of 99.7% of the CCD mosaic is operational. Statistical analysis of all defects
can be found in Table 2.6, and the number of defects per CCD in Figure 2.21 and in
the appendix A, Table 2.14. The majority of the hot pixels are located on two CCDs,
29% are on CCD #95 and 28% on CCD #89. Furthermore the number of the counted
dark pixels is 4468 and the majority of them (91% of the total number of dark pixels) is
concentrated on CCD #94. The counted number of very bright pixels is very low, less
than 100. The majority of them are located on 4 CCDs, 31% of them are on CCD #89,
30% on CCD #82, 14% on CCD #81 and 11% on CCD #84. This very low number is
due to the temperature regime at which the CCDs operate. The number of traps was
determined to be in total 213 which is unsigni�cant compared to the total number of
pixels on the CCD mosaic. 25% of the 213 traps are located on one chip, CCD #65. The
other traps are spread all over the mosaic. The total number of very large traps is 215,
but not all of them are real very large traps. In some cases impurities or defects on the
surface of the chip cause a lower sensitivity of the pixels, without a�ecting the charge
transfer. The majority of the very large traps are located on three CCDs, 44% are on
CCD #94, 33% on CCD #69 and 7% on CCD #88. The rest of the very large traps are
spread over the mosaic. The number of bad columns is also small, up to 69 bad columns
were found which represents 0.1% of all the columns in the mosaic.

Hot Pixels
Mean/CCD Standard deviation Median Minimum Maximum Sum

36 81 2 0 335 1142

Dark Pixels
Mean/CCD Standard deviation Median Minimum Maximum Sum

140 718 6 0 4072 4468

Very Bright Pixels (a)
Mean/CCD Standard deviation Median Minimum Maximum Sum

3 7 0 0 29 94

Table 2.6: Continued...
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Traps
Mean/CCD Standard deviation Median Minimum Maximum Sum

9 11 6 0 53 213

Very Large Traps (b)
Mean/CCD Standard deviation Median Minimum Maximum Sum

7 20 1 0 94 215

Bad columns (c)
Mean/CCD Standard deviation Median Minimum Maximum Sum

2 3 1 0 13 69

Total Bad columns (a+b+c)
Mean/CCD Standard deviation Median Minimum Maximum Sum

12 22 5 0 105 378

Table 2.6: Statistical analysis of each cosmetic defect.
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Figure 2.21: The quantity of defects per CCD is plotted for the four quadrants A, B, C
and D of the mosaic as a function of the CCD numbers. The gray bars with a solid line
correspond to the hot pixels counted per CCD, the white bars with a solid line to the
dark pixels, the gray bars with a dashed line to the traps. Finally the white bars with a
dashed line correspond to the total number of bad columns.
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2.7 Summary and Conclusion

The Netherlands, Germany and Italy have created a consortium to build an optical wide
�eld camera, OmegaCAM, for the 2.6m VLT Survey Telescope located in Paranal (Chile).
The focal plane of this instrument, which covers one square degree, is populated by an
array of 4 × 8 + 4 e2v 44-82 science grade CCDs. Before being mounted on the mosaic
plate, each CCD has to be tested to check whether it ful�lls astronomical requirements.
The ESO test bench has been used to carry out this task. After some improvements
of this system, it has been possible to test in an automatic manner 73 CCDs in total
(57 science grade and 16 engineering grade CCDs). From all 57 science grade CCDs, 40
have been selected and the best 32 CCDs, ful�lling the electronic requirements of the
OmegaCAM camera, have been installed inside the detector head. Each CCD has been
tested following the same procedure, within which we computed the quantum e�ciency,
the photo-response non-uniformity, the readout noise, the conversion factor, the linearity,
the dark current, the charge transfer e�ciency and the cosmetic defects. The results for
the selected 32 science grade CCDs are very satisfactory.

All quantum e�ciency (QE) curves show the same shape above the wavelength of
400 nm. Between 300 and 400 nm each CCD has a speci�c QE curve. The maximum
peak of the QE curves is located at 450 nm with an average QE of 84.2±3.5% (1σ). The
photo-response non-uniformity (PRNU) of all CCDs shows the same feature, namely,
between 300 and 450 nm the PRNU is degraded by a process which permits to improve
the collect of the electrons. The �at �eld images taken between 300 and 450 nm show
the characteristic feature of a diamond like pattern (see Figure 2.10.a.). We compute
an average PRNU of 2.7 ± 1% at 320 nm. The PRNU decreases to about 1% between
450 and 650 nm. In this wavelength region the PRNU is a�ected mainly by the photon
noise and the intrinsic sensitivity of the pixels. The �at �eld images are homogeneous
and show the characteristic "salt and pepper" like pattern (see Figure 2.10.b.). From
650 nm to 1100 nm the PRNU is degraded again, because of interference fringe patterns
(see Figure 2.10.c.). In this wavelength interval, the PRNU increases as a function of the
wavelength. We obtain an average PRNU of 4.5± 3.6% at 1000 nm. The readout noise
has been determined at 50 kpix/s and 225 kpix/s for both left and right ports. We obtain
typical values of 2.8± 0.6e− at 50 kpix/s and 4.3± 1.5e− at 225 kpix/s. The conversion
factor has also been determined at 50 kpix/s and 225 kpix/s for both left and right ports.
The conversion factors are homogeneous and well constrained with an average value of
about 0.53± 0.03e−/ADU. The linearity of all CCDs is within the speci�cation (±1%).
The average rms residual linearity of the OmegaCAM CCDs is 0.33± 0.18%. The dark
current is also satisfactory with, in average, 0.76 ± 0.68e−/pixel/hour (the maximum
accepted is 2e−/pixel/hour). All CCDs except two have the required horizontal and
vertical charge transfer e�ciency with a CTE above 0.999995 (55Fe method). Finally
the mosaic has few cosmetic defects, namely, the number of bad pixels is below 800000,
which represents a maximum of only 0.3% of the total number of pixels, and their vast
majority is located in bad columns.
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2.A Annex A: Measurements

This appendix contains the results of all measurements that have been carried out to
characterize the 32 OmegaCAM CCDs. The results from those measurements are tabu-
lated following the same principle. On the top of each table, a header table summarizes
the information to be found in the table below the header table. The �rst column gives in-
formation about the measurement as well as the basic statistics carried out on the results
from the measurements. The other columns of the header tables list the CCD numbers.
In the tables below the header table are listed the results from the measurements for
each CCD.

2.A.1 Quantum E�ciency

Wavelength (nm) #89 #90 #91 #92 #93 #94 #95 #96
Bandwidth (nm) #81 #82 #83 #84 #85 #86 #87 #88
Average QE (%) #73 #74 #75 #76 #77 #78 #79 #80

Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

320 62.6 67.6 56.6 46.3 39.5 45.3 49.4 47.6
5 46.3 52.7 57.5 51.8 63.8 64.6 65.5 48.4

53.7 44.6 50.4 45.6 46.5 81.3 71.1 50.7 45.8
9.9 58.1 44.7 54.4 41.8 69.3 45.5 53.1 50.0

340 70.7 77.9 64.9 54.7 46.9 56.1 58.8 51.6
5 54.7 62.8 66.2 60.3 71.6 71.5 68.9 57.1

59.6 51.4 53.7 49.4 50.8 84.4 74.3 54.6 49.6
9.8 60.9 48.0 57.7 50.3 70.8 49.3 54.7 53.9

350 71.4 79.0 65.9 55.5 48.1 57.3 60.6 52.0
5 55.5 63.9 67.1 61.4 73.3 72.1 68.5 58.4

60.4 49.4 53.8 49.7 51.7 84.3 74.2 55.0 50.1
10 60.6 48.3 57.9 50.6 75.1 49.4 58.1 54.1

360 72.8 81.3 67.9 57.1 50.3 58.0 63.1 52.4
5 57.1 66.3 69.1 63.6 74.0 71.5 67.1 60.5

61.3 54.7 53.6 49.9 52.6 83.3 73.6 55.4 50.6
9.8 59.5 48.5 57.7 52.1 74.8 49.4 58.1 54.3

380 78.7 86.7 76.6 68.4 63.8 71.8 75.1 65.1
5 68.4 75.9 77.2 74.2 83.2 79.9 73.5 72.7

71.5 66.7 63.9 62.5 66.2 85.3 79.4 67.3 63.7
7.2 67.4 61.1 68.5 68.5 80.6 62.2 68.1 65.7

Table 2.7: Continued...
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Wavelength (nm) #89 #90 #91 #92 #93 #94 #95 #96
Bandwidth (nm) #81 #82 #83 #84 #85 #86 #87 #88
Average (%) #73 #74 #75 #76 #77 #78 #79 #80

Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

400 84.2 89.9 83.3 78.8 75.3 83.9 86.3 76.9
5 78.8 83.6 83.6 82.8 90.5 87.2 79.6 83.8

80.6 76.6 74.0 74.3 78.1 88.2 84.9 78.3 75.8
4.9 76.3 73.0 78.7 82.5 84.4 74.1 76.2 76.7

450 84.4 87.7 84.7 82.7 80.0 89.4 90.5 82.9
5 82.7 85.2 84.4 85.2 92.2 89.2 81.4 88.2

84.2 79.9 79.4 81.3 84.5 86.0 85.7 83.8 82.8
3.5 79.9 79.9 83.7 89.7 83.7 81.4 79.4 82.1
500 81.9 84.2 82.3 81.4 79.0 88.5 90.3 81.3
5 81.4 82.5 82.0 83.1 90.2 87.5 79.6 87.2

82.5 78.5 78.2 80.4 83.1 82.1 82.7 82.3 81.8
3.5 78.4 79.1 81.9 89.0 81.1 80.1 77.9 80.4

550 79.4 81.1 79.8 79.1 77.0 86.5 89.0 79.7
5 79.1 80.3 79.8 80.4 87.6 85.5 77.5 85.2

80.5 76.6 76.7 78.9 81.4 79.5 80.5 80.5 80.3
3.4 76.8 77.6 80.2 86.8 78.5 78.6 76.0 78.9

600 77.2 78.3 77.3 76.8 75.4 84.0 86.8 77.9
5 76.8 77.7 76.9 77.6 84.7 83.2 75.4 82.8

78.4 75.3 75.5 77.3 79.5 77.9 78.8 78.8 78.8
3.2 75.6 76.2 78.5 83.8 75.6 77.5 73.7 77.3

650 74.3 74.8 74.0 73.5 73.7 80.3 83.2 74.7
5 73.5 74.6 73.8 73.9 80.5 79.6 71.9 79.6

75.2 73.5 72.9 73.8 75.5 75.8 75.5 75.3 76.1
2.9 72.8 73.1 75.1 79.5 71.1 75.0 70.1 73.9

700 68.9 68.9 68.8 67.4 69.3 73.7 76.6 68.4
5 67.4 68.1 68.2 67.0 74.3 74.0 66.4 73.6

69.3 68.8 67.7 67.4 68.8 71.7 69.6 69.2 70.2
2.8 67.2 67.5 69.3 72.9 64.5 69.6 64.1 67.6

Table 2.7: Continued...
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Wavelength (nm) #89 #90 #91 #92 #93 #94 #95 #96
Bandwidth (nm) #81 #82 #83 #84 #85 #86 #87 #88
Average (%) #73 #74 #75 #76 #77 #78 #79 #80

Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

750 60.8 60.8 60.2 59.8 61.0 60.3 67.4 57.5
5 59.8 60.9 60.7 59.8 63.7 64.6 57.7 64.5

60.2 61.1 59.3 57.6 57.8 64.6 59.8 59.0 61.4
2.7 58.6 58.2 59.6 63.0 55.6 59.6 55.7 57.1

800 50.1 50.2 49.5 48.9 51.7 49.2 55.1 47.0
5 48.2 51.1 50.0 49.9 51.9 53.2 47.0 53.3

49.4 52.2 48.7 46.3 47.5 54.0 48.3 47.7 50.3
2.5 47.9 47.1 48.2 51.2 45.0 48.9 45.7 46.5

850 39.0 38.9 37.9 37.4 42.0 39.0 43.5 36.4
5 37.0 39.5 37.3 38.0 41.0 42.1 36.8 42.2

38.3 42.1 36.5 34.2 36.6 43.6 36.7 36.2 39.2
2.6 36.7 35.8 36.7 39.3 33.6 38.2 35.2 36.1
900 27.8 27.5 26.3 25.8 29.3 27.0 30.2 23.7
5 25.8 25.9 24.6 25.2 27.9 28.2 24.8 29.3

25.8 28.9 24.5 22.5 23.6 31.6 24.7 24.3 25.8
2.4 24.1 24.0 24.5 26.1 21.5 25.2 22.8 23.5

950 16.2 16.2 15.4 15.2 15.2 14.0 15.8 11.4
5 15.1 13.6 14.6 13.1 14.4 14.6 12.6 15.3

13.6 15.3 12.8 11.6 11.6 18.4 12.4 12.2 12.8
1.8 12.2 12.2 12.5 13.3 11.0 12.4 11.5 11.4

1000 3.9 3.8 4 4.3 3.7 3.9 3.8 3.5
5 4.5 4.5 4.6 4.4 4.5 4.9 4 4.9
4.2 4.9 4.1 3.7 3.6 7.6 3.9 3.7 4
0.7 3.9 3.8 4 4.3 3.7 3.9 3.8 3.5

Table 2.7: OmegaCAM CCDs QE measurement (%) at di�erent wavelengths. The error
in the estimated QE is of the order of ±3%. See Section 2.6.1 for analysis.
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2.A.2 Photon-Response Non-Uniformity

Wavelength (nm) #89 #90 #91 #92 #93 #94 #95 #96
Bandwidth (nm) #81 #82 #83 #84 #85 #86 #87 #88

Average PRNU (%) #73 #74 #75 #76 #77 #78 #79 #80
Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

320 3.1 1.9 2.8 2.1 1.7 2.1 3.6 2.5
5 4.3 3.8 5.1 5.1 3.2 3.1 3.5 3.2
2.7 3.2 2.1 1.9 2.3 1.0 1.9 2.1 1.9
1 3.1 1.9 2.8 2.1 1.7 2.1 3.6 2.5

350 2.9 1.8 2.7 1.8 1.7 1.9 3.5 2.4
5 4.0 3.6 4.9 4.8 3.0 2.9 3.2 2.9
2.6 3.0 2.0 1.9 2.3 1.0 1.8 2.0 1.8
0.9 2.9 1.8 2.7 1.8 1.7 1.9 3.5 2.4

400 1.2 1.1 1.2 0.9 1.1 1.1 1.4 1.2
5 1.5 1.6 2.1 1.9 1.5 1.3 1.3 1.9
1.3 1.4 1.2 1.0 1.0 0.9 1.1 1.1 1.1
0.3 1.2 1.1 1.2 0.9 1.1 1.1 1.4 1.2

450 0.9 1.1 1.0 0.8 1.0 1.0 0.9 1.1
5 1.1 1.2 1.4 1.2 1.2 1.0 1.0 1.8
1 1.2 1.1 0.9 0.9 0.9 0.9 1.0 1.0
0.2 0.9 1.1 1.0 0.8 1.0 1.0 0.9 1.1

500 0.8 1.0 1.0 0.8 0.9 1.0 0.9 1.1
5 0.9 1.2 1.2 1.1 1.1 1.0 0.8 1.8
1 1.2 1.1 0.8 0.8 0.9 0.9 0.9 1.0
0.2 0.8 1.0 1.0 0.8 0.9 1.0 0.9 1.1

600 0.8 1.0 1.0 0.8 0.9 1.0 0.8 1.1
5 0.9 1.2 1.1 1.2 1.1 1.0 0.9 1.9
1 1.1 1.1 0.8 0.8 0.9 0.9 1.0 1.0
0.2 0.8 1.0 1.0 0.8 0.9 1.0 0.8 1.1

650 0.8 1.0 1.0 0.8 1.0 1.0 0.8 1.1
5 1.1 1.0 1.2 1.5 1.1 0.9 0.9 2.1
1 1.0 1.1 0.8 0.8 0.9 0.9 1.0 1.0
0.2 0.8 1.0 1.0 0.8 1.0 1.0 0.8 1.1

700 0.8 1.0 1.0 0.8 1.0 1.0 0.9 1.1
5 1.3 1.2 1.4 2.2 1.1 1.0 1.1 2.4
1.1 1.1 1.1 0.9 0.8 0.9 1.0 1.0 1.0
0.3 0.8 1.0 1.0 0.8 1.0 1.0 0.9 1.1

Table 2.8: Continued...
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Wavelength (nm) #89 #90 #91 #92 #93 #94 #95 #96
Bandwidth (nm) #81 #82 #83 #84 #85 #86 #87 #88
Average (%) #73 #74 #75 #76 #77 #78 #79 #80

Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

750 0.8 1.0 1.1 0.9 1.1 1.1 0.9 1.2
5 2.1 1.3 1.8 3.0 1.2 1.3 1.4 2.8
1.2 1.1 1.1 1.0 0.9 0.9 1.0 1.1 1.0
0.5 0.8 1.0 1.1 0.9 1.1 1.1 0.9 1.2

800 0.9 1.1 1.2 1.1 1.2 1.1 1.0 1.3
5 2.3 1.6 2.0 3.7 1.3 1.7 1.8 2.9
1.4 1.3 1.2 1.1 1.0 0.9 1.1 1.2 1.1
0.6 0.9 1.1 1.2 1.1 1.2 1.1 1.0 1.3

850 0.9 1.1 1.2 1.2 1.2 1.3 1.0 1.4
5 1.4 4.5 1.5 1.9 2.3 2.8 / /
1.4 1.4 1.2 1.4 1.2 0.9 1.1 1.2 1.1
0.7 0.9 1.1 1.2 1.2 1.2 1.3 1.0 1.4

900 1.1 1.3 1.4 3.0 1.4 1.7 1.1 2.1
5 3.1 2.1 2.3 5.8 3.4 2.9 3.1 4.0
2 2.0 1.3 1.7 1.3 1.1 1.3 1.5 1.4
1.1 1.1 1.3 1.4 3.0 1.4 1.7 1.1 2.1

950 1.1 1.2 1.4 7.0 1.5 1.5 1.3 2.2
5 4.7 7.9 7.5 6.3 6.0 7.5 / /
3 4.9 1.5 1.6 1.4 1.3 1.3 1.7 1.5
2.5 1.1 1.2 1.4 7.0 1.5 1.5 1.3 2.2

1000 1.2 1.9 2.5 10.6 2.9 1.9 1.4 2.0
5 9.2 7.6 7.1 10.6 10.2 9.3 9.0 9.9
4.5 8.0 1.5 2.9 2.5 1.5 1.6 1.9 1.4
3.6 1.2 1.9 2.5 10.6 2.9 1.9 1.4 2.0

1100 4.5 5.5 5.5 9.4 5.8 4.7 1.3 4.5
5 11.2 11.9 10.1 13.1 7.8 9.1 9.3 /
6.4 10.0 4.4 5.5 5.4 3.6 5.4 5.2 4.1
2.9 4.5 5.5 5.5 9.4 5.8 4.7 1.3 4.5

Table 2.8: OmegaCAM CCDs PRNU measurement (%) at di�erent wavelengths. See
Section 2.6.2 for analysis.
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2.A.3 Readout Noise

Freq. (kpix/s) #89 #90 #91 #92 #93 #94 #95 #96
Readout port #81 #82 #83 #84 #85 #86 #87 #88

Average readout noise (e−) #73 #74 #75 #76 #77 #78 #79 #80
Standard Deviation (e−) #65 #66 #67 #68 #69 #70 #71 #72

50 / 2.5 / 2.7 2.9 3.5 2.9 2.6
left 2.4 3.0 2.5 3.4 3.3 3.3 3.2 2.8
2.9 2.5 2.7 2.9 2.5 3.1 2.7 2.7 2.6
0.5 2.5 2.7 2.6 2.9 5.1 3.6 / 2.6

50 / 2.7 2.5 2.7 3.0 3.0 2.9 2.5
right 2.5 2.3 2.9 2.8 3.7 3.3 3.4 3.3
3.0 2.5 2.9 3.6 2.6 2.8 2.8 3.3 2.6
0.6 2.6 2.7 2.7 3.0 4.7 3.9 5.2 2.6

225 / / / / 4.0 4.5 3.4 3.4
left / 4.5 / / 4.7 4.0 4.2 4.0
4.3 3.7 4.3 4.1 3.2 4.4 3.8 3.8 5.5
1.4 3.4 3.8 3.3 4.7 3.6 10.3 / 3.6

225 4.0 6.7 4.1 5.0 4.7 5.2 3.3 3.4
right 5.0 4.6 4.0 5.0 5.3 4.1 5.1 3.5
4.6 3.8 4.3 5.6 3.2 4.6 3.7 3.8 5.4
1.5 4.3 4.0 3.5 5.7 3.8 11.2 4.8 3.4

Table 2.9: OmegaCAM CCDs readout noise measurement (e−) at two di�erent readout
speeds (50 and 225kpix/s) and for both left and right output. The error is of the order
of ±0.2 e−. See Section 2.6.3 for analysis.
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2.A.4 Conversion Factor (gain)

Freq. (kpix/s) #89 #90 #91 #92 #93 #94 #95 #96
Port #81 #82 #83 #84 #85 #86 #87 #88

Average gain (e−/ADU) #73 #74 #75 #76 #77 #78 #79 #80
Standard Dev. (e−/ADU) #65 #66 #67 #68 #69 #70 #71 #72

50 / 0.56 0.54 0.59 0.49 0.52 0.52 0.48
Left 0.57 0.62 0.57 0.66 0.49 0.48 0.48 0.51
0.53 0.49 0.5 0.52 0.55 0.53 0.53 0.53 0.51
0.04 0.5 0.55 0.51 0.52 0.52 0.47 / 0.49

50 / 0.53 0.54 0.59 0.51 0.52 0.51 0.49
Right 0.56 0.61 0.43 0.54 0.49 0.49 0.49 0.51
0.52 0.51 0.51 0.53 0.52 0.54 0.52 0.53 0.51
0.03 0.51 0.52 0.51 0.51 0.54 0.48 0.5 0.51

225 / / / / 0.5 0.5 0.53 0.5
Left / 0.57 / / 0.51 0.49 0.49 0.53
0.52 0.51 0.52 0.53 0.57 0.55 0.54 0.55 0.52
0.02 0.52 0.57 0.52 0.53 0.54 0.49 / 0.51

225 0.52 0.51 0.52 0.54 0.53 0.48 0.54 0.51
Right 0.54 0.57 0.42 0.56 0.5 0.51 0.5 0.52
0.53 0.53 0.53 0.56 0.54 0.56 0.53 0.54 0.53
0.03 0.53 0.54 0.53 0.53 0.56 0.5 0.52 0.53

Table 2.10: OmegaCAM CCDs conversion factor measurement (e−/ADU) at two dif-
ferent readout speeds and for both left and right output. The error is of the order of
±0.01e−/ADU. See Section 2.6.4 for analysis.
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2.A.5 Linearity

#89 #90 #91 #92 #93 #94 #95 #96
Type of measurement #81 #82 #83 #84 #85 #86 #87 #88
Average linearity (%) #73 #74 #75 #76 #77 #78 #79 #80

Standard Deviation (%) #65 #66 #67 #68 #69 #70 #71 #72

Table A 0.28 0.19 0.19 0.18 0.24 0.11 0.27 0.17
rms 0.22 0.5 0.2 0.31 0.11 0.26 0.11 0.23
0.3 0.44 0.58 0.32 0.43 0.74 0.33 0.3 0.24
0.2 0.33 0.78 0.29 0.71 0.51 0.26 0.23 0.35

Table B 0.86 0.60 0.64 0.56 0.72 0.32 0.78 0.70
Peak-to-Peak 0.67 1.40 0.63 0.97 0.36 0.47 0.35 0.68

1.2 1.31 1.98 1.26 1.59 7.75 1.17 1.13 0.70
1.3 1.12 2.80 1.06 2.21 1.56 0.88 0.66 1.34

Table 2.11: OmegaCAM CCDs linearity measurement (%). In Table A and B are stored
the rms non linearity and the peak-to peak non linearity values, respectively. See Section
2.6.5 for analysis.

2.A.6 Dark Current

#89 #90 #91 #92 #93 #94 #95 #96
#81 #82 #83 #84 #85 #86 #87 #88

Average dark current (e−/h) #73 #74 #75 #76 #77 #78 #79 #80
Standard Deviation (e−/h) #65 #66 #67 #68 #69 #70 #71 #72

1.00 0.16 0.32 0.3 1.1 2.2 0.86 0.29
0.15 0.24 0.55 1.8 0.28 0.72 1.32 0.94

0.76 0.15 0.67 0.26 1.34 0.17 0.26 0. 0.35
0.68 1.24 1.24 2.21 0.47 0.44 2.6 0.37 0.31

Table 2.12: OmegaCAM CCDs dark current measurement (e−/h). The error is of the
order of ±0.02e−/h. See Section 2.6.6 for analysis.
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2.A.7 Charge Transfer E�ciency

Method #89 #90 #91 #92 #93 #94 #95 #96
Direction #81 #82 #83 #84 #85 #86 #87 #88

Average CTE #73 #74 #75 #76 #77 #78 #79 #80
Standard Deviation #65 #66 #67 #68 #69 #70 #71 #72

0.9999__
EPER (ESO) 96 96 93 94 97 98 99 76
Horizontal 96 96 92 99 98 99 93 99
0.9999957 97 90 97 96 97 97 97 96
0.0000043 97 90 96 99 98 99 97 97

0.9999__
EPER (ESO) 99 99 99 99 98 99 99 99

Vertical 99 99 99 99 99 99 99 99
0.9999989 99 99 99 99 99 99 99 99
0.0000030 98 99 98 99 99 99 99 99

0.9999__
55Fe (e2v) 97 98 99 99 97 95 97 93
Horizontal 00 99 99 97 99 96 96 98
0.9999967 98 96 98 97 95 95 97 95
0.0000018 94 96 95 96 97 97 95 93

0.9999__
55Fe (e2v) 98 98 99 98 98 99 97 99
Vertical 99 97 99 97 97 / 98 98
0.9999985 99 99 99 00 95 00 99 98
0.0000011 99 00 99 99 98 99 99 99

Table 2.13: OmegaCAM CCDs charge transfer e�ciency measurements for both vertical
and horizontal (through the right port) directions using two di�erent methods (EPER
and 55Fe). See Section 2.6.7 for analysis.
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2.A.8 Cosmetic Defects

Defect #89 #90 #91 #92 #93 #94 #95 #96
Sum #81 #82 #83 #84 #85 #86 #87 #88

Average cosmetic defects #73 #74 #75 #76 #77 #78 #79 #80
Standard Deviation #65 #66 #67 #68 #69 #70 #71 #72

Hot pixels 321 18 6 2 0 54 335 4
1142 17 11 1 74 21 77 48 48
35.7 13 2 0 1 1 0 0 1
80.5 1 1 2 1 1 78 1 2

Dark pixels 0 2 0 0 1 4072 23 1
4468 0 0 17 57 6 16 6 0
139.6 1 19 6 17 1 6 5 12
717.9 6 2 9 4 104 41 31 3

Very Bright Pixels 29 0 0 0 0 8 0 0
94 13 28 0 10 1 2 0 0
2.9 0 0 0 0 0 0 0 0
7.4 0 0 0 0 2 0 0 1

Traps / / / 0 11 2 14 10
213 / / / / 5 / 5 3
8.9 4 9 0 13 18 3 2 3
10.7 53 5 12 7 5 17 6 6

Very large traps 0 3 1 1 0 94 1 0
215 2 0 4 4 0 0 1 16
6.7 0 0 0 0 0 2 2 0
20.2 7 0 0 1 70 2 4 0

Sup. 10 cont. bad Pixels 0 5 3 0 1 3 1 7
69 1 2 6 2 1 3 2 0
2.2 0 0 0 0 0 6 5 13
2.9 0 3 1 0 0 0 1 3

Total bad columns 6 3 1 1 1 105 3 7
378 2 2 4 2 2 3 2 16
11.8 0 0 6 0 0 8 7 13
21.9 7 3 1 1 72 2 5 4

Table 2.14: OmegaCAM CCDs cosmetic defects. See Section 2.6.8 for analysis.



2.B: Annex B: Example of an ESO CCD Test Report 87

2.B Annex B: Example of an ESO CCD Test Report

An example of an ESO test report is presented. Similar test reports can be found on the
web site of the Optical Detector Team (ODT)1 for each OmegaCAM CCD.

CCD #66, Sculptor

2.B.1 General Information

Device

Model : EEV 44-82-1-A57
CCD Name : Sculptor
Grade : Science
Serial Number : 02263-14-02
Type : Backside, Single layer AR Pixel size 15 x 15 µm
Number of photosensitive pixels : 2048 x 4102 [HxV]
Number of outputs : 2

Information about the Setup

Measurement made by : Jesper T. the 12-Feb-2003
Data reduced by : Jesper T. the 14-Feb-2003
Setup : D-Marc 1
Position in the head : A
Tested with the CCD : Telescopium
Concession form : /

2.B.2 Volt Table

Channel voltage potential 11.05 Volts.

# This table defines the voltages which will be applied to peripherals

# at initialization time. It also defines the high and low limits

# which may be set for these voltages

# BIASBRD is for the EEV CCD-44 in the mosaic

# BRD_ID PERIPH_ID

# CONNECTOR P0 - A

LOW HIGH TOLERANCE INIT_VAL}

BRD_ANABIAS0 ANB_PRESET_VOLT_A -3500 -1000 10000 -3500 #OG1R

BRD_ANABIAS0 ANB_PRESET_VOLT_B -2500 -1000 10000 -2500 #OG2R

BRD_ANABIAS0 ANB_PRESET_VOLT_C 2000 25000 10000 23600 #ODR

1http://www.eso.org/∼omegacam/
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BRD_ANABIAS0 ANB_PRESET_VOLT_D 2000 15000 10000 12550 #RDR

BRD_ANABIAS0 ANB_PRESET_VOLT_E 2000 25000 10000 25000 #JDR

BRD_ANABIAS0 ANB_PRESET_VOLT_F 0 0 0 0 #not used

BRD_ANABIAS0 ANB_PRESET_VOLT_G 0 0 0 0 #not used

BRD_ANABIAS0 ANB_PRESET_VOLT_H 0 0 0 0 #not used

# CONNECTOR PO - B

LOW HIGH TOLERANCE INIT_VAL

BRD_ANABIAS0 ANB_PRESET_VOLT_I -3500 -1000 10000 -3500 #OG1L

BRD_ANABIAS0 ANB_PRESET_VOLT_J -2500 -1000 10000 -2500 #OG2L

BRD_ANABIAS0 ANB_PRESET_VOLT_K 2000 25000 10000 23600 #ODL

BRD_ANABIAS0 ANB_PRESET_VOLT_L 2000 15000 10000 12550 #RDL

BRD_ANABIAS0 ANB_PRESET_VOLT_M 2000 25000 10000 25000 #JDL

BRD_ANABIAS0 ANB_PRESET_VOLT_N 0 0 0 0 #not used

BRD_ANABIAS0 ANB_PRESET_VOLT_O 2000 19000 10000 18000

# DDLR BRD_ANABIAS0 ANB_PRESET_VOLT_P 0 0 0 0 #not used

# The anabias board also has an opto isolated peripheral

BRD_ANABIAS0 ANB_OPTOOUT 0 32767 4 255

CLOCKDRIVER BOARD 0 is for the EEV CCD44 in the mosaic

# BRD_ID PERIPH_ID

# CONNECTOR PO-A

LOW HIGH TOLERENCE INIT_VAL

BRD_CLKDRV0 CLKDRV_DAC0_LO -5000 -5000 1000 -5000 #SWL

BRD_CLKDRV0 CLKDRV_DAC0_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC1_LO -5000 -5000 1000 -5000 #SWR

BRD_CLKDRV0 CLKDRV_DAC1_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC2_LO -5000 -5000 1000 -5000 #RF3

BRD_CLKDRV0 CLKDRV_DAC2_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC3_LO -5000 -5000 1000 -5000 #RF2L

BRD_CLKDRV0 CLKDRV_DAC3_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC4_LO -5000 -5000 1000 -5000 #RF1L

BRD_CLKDRV0 CLKDRV_DAC4_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC5_LO -5000 -5000 1000 -5000 #RF2R

BRD_CLKDRV0 CLKDRV_DAC5_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC6_LO -5000 -5000 1000 -5000 #RF1R

BRD_CLKDRV0 CLKDRV_DAC6_HI 5000 5000 1000 5000

BRD_CLKDRV0 CLKDRV_DAC7_LO -6000 -6000 1000 -6000 #DG

BRD_CLKDRV0 CLKDRV_DAC7_HI 6000 6000 1000 6000
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# CONNECTOR PO-B

LOW HIGH TOLERENCE INIT_VAL

BRD_CLKDRV0 CLKDRV_DAC8_LO -12000 -4000 1000 -8000 #IF1

BRD_CLKDRV0 CLKDRV_DAC8_HI -2000 3000 1000 2000

BRD_CLKDRV0 CLKDRV_DAC9_LO -12000 -4000 1000 -8000 #IF2

BRD_CLKDRV0 CLKDRV_DAC9_HI -2000 3000 1000 2000

BRD_CLKDRV0 CLKDRV_DAC10_LO -12000 -4000 1000 -8000 #IF3

BRD_CLKDRV0 CLKDRV_DAC10_HI -2000 3000 1000 2000

BRD_CLKDRV0 CLKDRV_DAC11_LO 0 0 1000 0 #empty

BRD_CLKDRV0 CLKDRV_DAC11_HI 0 0 1000 0

BRD_CLKDRV0 CLKDRV_DAC12_LO -6000 -4000 1000 -6000 #FRL

BRD_CLKDRV0 CLKDRV_DAC12_HI 6000 8000 1000 6000

BRD_CLKDRV0 CLKDRV_DAC13_LO -6000 -4000 1000 -6000 #FRR

BRD_CLKDRV0 CLKDRV_DAC13_HI 6000 8000 1000 6000

#

# Gain should be interpreted as follows

# There are two gains, gain1 is on the preamp, gain2 is on the

# video board.

# Gain1 =

# 3 == 1.5

# 1 == 2.25

# 0 == 3.0

#

# Gain2 =

# 0 = Minimum (2.5)

# 1 = Maximum (12.5)

#

# BRD_ID PERIPH_ID LOW HIGH TOLERANCE INIT_VAL

BRD_VIDBRD0 VID_GAIN1_CHAN0 0 3 0 1

BRD_VIDBRD0 VID_GAIN1_CHAN1 0 3 0 1

BRD_VIDBRD0 VID_GAIN1_CHAN2 0 3 0 1

BRD_VIDBRD0 VID_GAIN1_CHAN3 0 3 0 1

BRD_VIDBRD0 VID_GAIN2_CHAN0 0 1 0 0

BRD_VIDBRD0 VID_GAIN2_CHAN1 0 1 0 0

BRD_VIDBRD0 VID_GAIN2_CHAN2 0 1 0 0

BRD_VIDBRD0 VID_GAIN2_CHAN3 0 1 0 0

BRD_VIDBRD0 VID_FILT_CHAN0 0 3 0 0

BRD_VIDBRD0 VID_FILT_CHAN1 0 3 0 0

BRD_VIDBRD0 VID_FILT_CHAN2 0 3 0 0

BRD_VIDBRD0 VID_FILT_CHAN3 0 3 0 0

BRD_VIDBRD0 VID_TESTVID_CHAN0 0 1 0 0

BRD_VIDBRD0 VID_TESTVID_CHAN1 0 1 0 0

BRD_VIDBRD0 VID_TESTVID_CHAN2 0 1 0 0

BRD_VIDBRD0 VID_TESTVID_CHAN3 0 1 0 0



90 chapter 2: Characterization of the OmegaCAM CCDs

# Video Offsets are in 0.001 volts

# BRD_ID PERIPH_ID LOW HIGH TOLERANCE INIT_VAL

BRD_VIDBRD0 VID_OFFSET_CHAN0 0 65535 6553 0

BRD_VIDBRD0 VID_OFFSET_CHAN1 0 65535 6553 0

BRD_VIDBRD0 VID_OFFSET_CHAN2 0 65535 6553 0

BRD_VIDBRD0 VID_OFFSET_CHAN3 0 65535 6553 0

2.B.3 Quantum E�ciency

Clock mode : 225kpx-rr-HG-512 Rms noise : 4.2 ± 0.2 e-
Conversion factor: 0.54 ± 0.01 e-/ADU for 22641 ADU CCD Temperature: -120.0 C

Wav. QE% PRNU % Wav. QE% PRNU % Wav. QE% PRNU %
300 28.9 2.2 540 77.8 1.0 840 38.0 1.0
310 45.4 2.0 550 77.6 1.0 850 35.8 1.1
320 44.7 1.9 560 77.4 1.0 860 33.6 1.1
330 46.8 1.8 580 76.8 1.0 880 28.7 1.2
340 48.0 1.8 600 76.2 1.0 900 24.0 1.3
350 48.3 1.8 620 75.3 1.0 920 18.9 1.3
360 48.5 1.8 640 74.0 1.0 940 14.1 1.2
370 52.4 1.6 650 73.1 1.0 950 12.2 1.2
380 61.1 1.3 660 72.1 1.0 960 10.2 1.3
390 68.2 1.2 680 70.0 1.0 980 6.7 1.4
400 73.0 1.1 700 67.5 1.0 1000 3.8 1.9
420 77.7 1.1 720 64.1 1.0 1020 1.8 2.6
440 79.7 1.1 740 60.3 1.0 1040 0.7 3.1
450 79.9 1.1 750 58.2 1.0 1060 0.3 3.9
460 80.1 1.1 760 56.0 1.0 1080 0.1 4.6
480 79.7 1.1 780 51.6 1.1 1100 0.1 5.5
500 79.1 1.0 800 47.1 1.1
520 78.4 1.0 820 42.5 1.1

Table 1: Measurements of the quantum e�ciency and PRNU
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2.B.4 Quantum E�ciency, Comparison

In this section the QE measured with the ESO test bench is compared to a QE minimum
speci�cation, typical QE and QE from e2v.

Figure 2.22: Comparison of the QE measured by ESO, with the QE measured by e2v,
with ESO speci�cation and with the minimum speci�cation.

Figure 2.23: Ratio between the ESO measurements and the ESO minimum speci�cation.
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2.B.5 Quantum E�ciency, Special Speci�cation

Special speci�cation. It has been de�ned in the contract between ESO and e2v, that
25% of the CCD have to ful�ll speci�c criteria concerning the quantum e�ciency. In this
section the relevant parameters are checked.

Wavelength Minimum ESO (%) Result
(nm) spec.(%)
350 50 48.3 Under the minimum spec.
400 80 73.0 Under the minimum spec.
650 80 73.1 Under the minimum spec.
900 25 24.0 Under the minimum spec.

Table 2: Minimum speci�cation for 25% of the CCDs.

Conclusion: This CCD is not in the speci�c 25% group.

2.B.6 Di�erence Between the QE Obtained by ESO and by e2v

Comparison of the QE measurements obtained by ESO to those obtained by e2v.

Wavelength QE QE Di�erence Relative di�.
(nm) ESO (%) e2v(%) (ESO - e2v%) (e2v as reference %)
350 48.3 48.4 -0.1 -0.2
400 73.0 74.1 -1.1 -1.5
500 79.1 81.1 -2.0 -2.5
650 73.1 73.3 -0.3 -0.3

Table 3: Di�erence and relative di�erence between ESO and e2v measurements

2.B.7 PRNU Comparison

In this section, we compare the PRNU measured by ESO with the maximum PRNU
speci�cation and with the PRNU measured by e2v.

Comparison PRNU ESO and PRNU e2v

Wavelength ESO PRNU Maximum e2v (a) (b) (c)
(nm) (rms %) spec. PRNU
320 1.9 6.0 / / / /
350 1.8 5.0 2.6 -0.8 -30.8 0.7
400 1.1 2.5 1.4 -0.3 -19.3 0.8
500 1.0 2.0 1.1 -0.1 -5.5 0.9

(a): Di�erence between ESO PRNU and e2v PRNU (%)
(b): Relative di�erence (in %, e2v as reference)
(c): Ratio of ESO PRNU and e2v PRNU

Table 4: Di�erence and relative di�erence between ESO PRNU and e2v PRNU.
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Figure 2.24: Comparison of the PRNU measured by ESO, with the PRNU measured by
e2v, and with the maximum speci�cation.

2.B.8 QE and PRNU Comparison of the ESO Measurements
with the Speci�cations

In this section, the QE and PRNU values measured by ESO are compared to the required
values.

Wavelength QE PRNU Wavelength QE PRNU
(nm) (nm)

320 OK OK 600 Below the spec. /
340 OK / 650 Below the spec. /
350 Below the spec. OK 700 OK /
360 Below the spec. / 750 OK /
380 Below the spec. / 800 OK /
400 Below the spec. OK 850 OK /
450 Below the spec. OK 900 Below the spec. /
500 Below the spec. OK 950 Below the spec. /
550 Below the spec. / 1000 Below the spec. /

Table 5: Comparison between the values we have measured
and the speci�cations in the contract.
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2.B.9 Cosmetics

A serial of 40 �ats in total are taken using 2 di�erent clock modes. Standard analysis is
carried out on this set of images. According to the results of this work, more images are
taken if necessary for extra analysis.

Two clock modes are used, the 50kpix/s-rr-HG mode and the 225kpix/s-rr-LG mode.
For each clock mode two sets of images are taken. The �rst set contains images taken
with the intensity level around 45 000 ADU (called High Level) and in the second set, the
intensity level is around 1 000 ADU. In each set, images are taken at �ve wavelengths,
350, 475, 600, 750 and 900 nm with a bandwidth of 5 nm. Two images are taken per
wavelength.

In the table below are given the names of the images that are taken for each mode,
each intensity level and each wavelength.

50kpix/s-rr-HG
Wav. (nm) High Level Low Level

350 FlatHG350nm-1 LowLevelFlatHG350nm-1
FlatHG350nm-2 LowLevelFlatHG350nm-2

475 FlatHG475nm-1 LowLevelFlatHG475nm-1
FlatHG475nm-2 LowLevelFlatHG475nm-2

600 FlatHG600nm-1 LowLevelFlatHG600nm-1
FlatHG600nm-2 LowLevelFlatHG600nm-2

750 FlatHG750nm-1 LowLevelFlatHG750nm-1
FlatHG750nm-2 LowLevelFlatHG750nm-2

900 FlatHG900nm-1 LowLevelFlatHG900nm-1
FlatHG900nm-2 LowLevelFlatHG900nm-2

225kpix/s-rr-LG
Wav. (nm) High Level Low Level

350 FlatLG350nm-1 LowLevelFlatLG350nm-1
FlatLG350nm-2 LowLevelFlatLG350nm-2

475 FlatLG475nm-1 LowLevelFlatLG475nm-1
FlatLG475nm-2 LowLevelFlatLG475nm-2

600 FlatLG600nm-1 LowLevelFlatLG600nm-1
FlatLG600nm-2 LowLevelFlatLG600nm-2

750 FlatLG750nm-1 LowLevelFlatLG750nm-1
FlatLG750nm-2 LowLevelFlatLG750nm-2

900 FlatLG900nm-1 LowLevelFlatLG900nm-1
FlatLG900nm-2 LowLevelFlatLG900nm-2

Table 6: Names of the FITS images in the section �Cosmetics�

Here is shown the �rst set of 10 images. The other three sets look similar.
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Figure 2.25: Image #1, 350 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.26: Image #2, 350 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.27: Image #1, 475 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.28: Image #2, 475 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.
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Figure 2.29: Image #1, 600 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.30: Image #2, 600 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.31: Image #1, 750 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.32: Image #2, 750 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.
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Figure 2.33: Image #1, 900 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

Figure 2.34: Image #2, 900 nm,
Bandwidth 5 nm, High Gain Mode,
High Level.

2.B.10 Cosmetic Defects

In this section, the number of hot pixels, dark pixels, very bright pixels, traps, very large
traps and bad columns are tabulated.

• Hot pixel: A hot pixel provides a signal higher than 60 e− / pixel / hour.

• Very bright pixel: A very bright pixel provides a signal higher than 200000
e−/pixel/hour.

• Dark pixel: A dark pixel is a pixel with a light level of 50% or less than the
average output for uniform intensity light level. It is measured with a �at �eld
level around 500 photo-electrons.

• Trap: A trap is a pixel that captures more than 10 electrons, measured with a �at
�eld level of about 500 photo-electrons.

• Very large trap: A very large trap is a pixel that captures more than 10 000
electrons, measured with a �at �eld level of about 90% of full well capability.

• Bad column: A bad column is 10 or more contiguous hot or dark pixels in a
single column or a very bright pixel or a very large trap.
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(a) (b) (c) (d) (e) (f) (g)
ESO 1 2 0 5 0 3 3
e2v 41 0 1 0 0 0

(a): Hot pixels (e): Very large traps
(b): Dark pixels (f): More than 10 continguous pixels
(c): Very bright pixels (g): Total bad column [(c) + (e) + (f)]
(d): Traps

Table 7: Cosmetic defects measured by ESO and e2v.

2.B.11 Dark and Bias Images

A serial of 45 images in total are taken using 3 di�erent clock modes. For each clock
mode �ve bias, �ve 15 min dark and �ve 60 min dark images are taken. For each set
of images, the median image is computed. If defects such as glowing, charge injection
or/and remanance are observed, more images are taken and extra analyses are performed
to quantify those defect(s). Three clock modes are used, the 50kpix/s-rr-HG mode, the
225kpix/s-rr-HG mode and the 225kpix/s-rr-LG mode.

In the table below are listed the names of all images that have been taken.

50kpix/s-rr-HG 225kpix/s-rr-HG 225kpix/s-rr-LG
BiasHG050kpix-1 BiasHG225kpix-1 BiasLG225kpix-1
BiasHG050kpix-2 BiasHG225kpix-2 BiasLG225kpix-2
BiasHG050kpix-3 BiasHG225kpix-3 BiasLG225kpix-3
BiasHG050kpix-4 BiasHG225kpix-4 BiasLG225kpix-4
BiasHG050kpix-5 BiasHG225kpix-5 BiasLG225kpix-5

DarkHG050kpix15mn-1 DarkHG225kpix15mn-1 DarkLG225kpix15mn-1
DarkHG050kpix15mn-2 DarkHG225kpix15mn-2 DarkLG225kpix15mn-2
DarkHG050kpix15mn-3 DarkHG225kpix15mn-3 DarkLG225kpix15mn-3
DarkHG050kpix15mn-4 DarkHG225kpix15mn-4 DarkLG225kpix15mn-4
DarkHG050kpix15mn-5 DarkHG225kpix15mn-5 DarkLG225kpix15mn-5

DarkHG050kpix1h-1 DarkHG225kpix1h-1 DarkLG225kpix1h-1
DarkHG050kpix1h-2 DarkHG225kpix1h-2 DarkLG225kpix1h-2
DarkHG050kpix1h-3 DarkHG225kpix1h-3 DarkLG225kpix1h-3
DarkHG050kpix1h-4 DarkHG225kpix1h-4 DarkLG225kpix1h-4
DarkHG050kpix1h-5 DarkHG225kpix1h-5 DarkLG225kpix1h-5

Table 8: FITS images that are taken during the procedure "Dark acquisition".

The images shown on the next page are the master bias, the master 15 minutes dark
and the master 1 hour dark images taken at a readout speed of 50 kilo-pixels per second.
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Figure 2.35: Master bias, 50
kpix/s, right port, high gain (∼0.5
e−/ADU).

Figure 2.36: Master dark, 15 min
exposure time, 50 kpix/s, right
port, high gain (∼0.5 e−/ADU).

Figure 2.37: Master dark, 60 min
exposure time, 50 kpix/s, right
port, high gain (∼0.5 e−/ADU).
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2.B.12 Readout Noise and Conversion Factor

The recommended speci�cation concerning the Conversion Factor is: 0.55 e−/pixel/hour.
The maximum readout noise at 50 kpix/s is 2 e− and the maximum readout noise at 225
kpix/s is 2.8 e−.

50 kpix/s
Conversion Factor Readout Noise

Left Port 0.55 2.74
Right Port 0.52 2.7

225 kpix/s
Conversion Factor Readout Noise

Left Port 0.57 3.75
Right Port 0.54 4.02

Table 9: Readout noise and Conversion
factor measured at 50 and 225 kpix/s.

2.B.13 Linearity

The minimum speci�cation concerning the linearity is ± 1%.

Rms non-linearity (%) Peak to peak non-linearity (%)
0.78 2.8

Table 10: Linearity and residual non-linearity.

Figure 2.38: Linearity error, expressed in percent, versus the average pixels values in
ADU.
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Figure 2.39: Residual Non-Linearity (in ADU) versus the average pixels values (in ADU).

2.B.14 Dark Current

To determine the dark current a master dark image of one hour exposure time is used.
This dark image is the median of 5 one hour dark images. The read out mode used is
the 50 kpix/s-rr-HG mode (read out speed: 50 kpix/s, the right port is used to read the
CCD and the gain is set to ∼0.55 e−/ADU).
The minimum speci�cation is 2 e−/pixel/hour.

Dark Current∗ Error
1.24 0.12

∗ In e−/pixel/hour

Table 11: Dark current in electron per pixel and per hour.

2.B.15 Charge Transfer E�ciency (CTE)

The method used to determine this parameter is the Extended Pixel Edges Response
(EPER) method. High level �at images (pixels values in the image are between 20000
and 30000 ADU) are taken using the 50 kpix/s-rr-HG mode. The monochromators are
set to 600 nm and the bandwidth is 5 nm.
The minimum speci�cation is 0.999995.

CTE (ESO) CTE (e2v)
CTE Serial (Horizontal) Left / 0.999996
CTE Serial (Horizontal) Right 0.999989 0.999996
CTE Parallel (Vertical) 0.9999993 1

Table 12: Horizontal and vertical charge transfer e�ciency.
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2.C Annex C: Example of Summary Test Report

Figure 2.40: Summary Test Report of the CCD Sculptor.




