
1 In tro duction to CCD's
1.1 A brief history of astronomical detectors

1.1.1 The Human Eye

Throughout most of history, only one type of detector has beenavailable to us for
astronomicalobservation: the humaneye. The hunan eye is a very versatiledetector,
but |despite its strengths| hasseveral limitations aswell. Sincein modern astron-
omy we still encounter someconceptsthat are intimately tied to the earlier use of
this type of detector (most notably the continued useof magnitudes), let us discuss
someof the properties, pros and cons,of the human eye. A schematic drawing of the
human eye is shown in Fig. 1.

� The amount of light that canbecollectedby a detectordependson the aperture
through which light enters. For a well-accommodated eye, the entranceaperture
(i.e., the pupil) diameter can be as large as � 8 mm (� 1

3 inch). This limitation
can be overcome,however, by using a telescope with a larger entrance aperture
to focusmore light through the pupil.

� Although the most sensitive cells within the retina, the rod cells, have a �nite
probablity of responding to the absorption of even a singlephoton, the overall
probability of absorption and responseis only � 1{2%.

. The ratio of incoming to actually detectedphotons is denotedby the term quantum
e�ciency (QE), and is usually expressedas a percentage.

� Another limitation is that the human eye hasa �xed responsetime (taken here
to be equivalent with an integration time) of roughly 1

10 second(rod cells),
followed by a recuperation period (dead time) of similar length, during which a
given cell cannot respond to further incoming photons.

� The eye plus brain is a logarithmic detector: its responseis not proportional to
the incoming photon 
ux, but to the logarithm thereof.

� The range in wavelengths to which the human eye is sensitive is small. Rod
cells,responsiblefor night vision, are only sensitive to wavelengthsshorter than
� 570nm. The short wavelength cut-o� dependson age,but is generally long-
ward of � 370nm (seeFig. 2).

. The wavelength rangeover which the quantum e�ciency of a detector exceedssome
�ducial fraction of the peakQE value is denotedby the term band-pass. The �ducial
fraction is commonly taken to be 10%.
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Figure 1: (a) Schematic diagram of the human eye. In a well-accomodated human
eye, the diameterof the pupil (openingaperture) canreach � 8 mm. The optic disk is
better known as the blind spot, wherethe optic nerve enters the eye. Averted vision
will optimize our useof the more sensitive rod cells, which are located in the retina
mostly outside the fovea. The lesssensitive conecells, responsiblefor our perception
of color, are strongly concentrated toward and denselypacked within the fovea. This
densepacking of photoreceptive cells also gives us our visual acuity (sharpnessof
vision). Courtesy: Wikipedia.
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Figure 2: Normalizedspectral absorptioncurvesof the pigment in humanrod cells(re-
sponsiblefor night vision) and of the short (S), medium (M) and long (L) wavelength
pigments in conecells. The sensitivity of the rod cells is largest in the blue-green
portion of the optical spectrum. The absolute sensitivity of the rod cells is � 100
times higher than that of the conecells. After Bowmaker& Dartnal l 1980.

� Thanks to the two di�erent types of photo-receptive cells and their \in verse"
physiology (an increase in the light level results in a decreaseof the amount of
neurotransmitters released,and high light levelscausethe photo-destructionof
the absorbingpigment), and thanks to an adjustableentrance aperture, the eye
can function well over a very large rangein brightness. Simultaneousdetection
of both bright and faint light sourcescanbe a problem (e.g., think of the lossof
night vision experienceddue to head-lights of oncomingcarsat night: it takes
time for the cell to producenew absorbingpigment).
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Magnitudes
The ancient Greeks(notably Hipparchus) madean inventory of stars in the sky,
wherethe 20brightest starswerede�ned to beof magnitude1. Fainter starswere
divided into 5 bins according to their perceived visual intensity, with roughly
equal steps in perceived brightness between the �rst and subsequent bins. In
more recent times, in 1856,Pogsonderived his famousquantitativ e expressionto
approximate the classicalmagnitudescale,under the assumptionthat the human
eye behavesasa logarithmic detector:

M = � 2:5 � logF + C ;

where F is the 
ux arriving from a star and C is an arbitrary zeropoint. The
scalefactor � 2:5 is called the Pogsonscale. The magnitude di�er ence between
two stars is then related to the ratio of their 
uxes by:

M1 � M 2 = � 2:5 � log(F1=F2):

Note, that a 
ux ratio of 100correspondsexactly to a di�erence of 5 magnitudes.
To this day, astronomy students drive physicsstudents nuts by putting seemingly
arbitrary factors of � 2:5 beforeany decimal logarithm they encounter.
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1.1.2 The Photographic Plate

During the secondhalf of the 19th century, the then new technology of photographic
emulsions found its �rst astronomical uses. The earliest known photograph of an
astronomicalobject, the Moon, wasmadeby J.W. Draper in 1840,followed �v e years
later by Foucault and Fizeau, who photographedthe Sun. By 1870,technology had
improved enough to allow Jansen& Lockyer to discover the element Helium on a
photograph of a solar spectrum.

With the advent of photography, it becamepossibleto overcomethe �xed exposure
time of the human eye, and to faithfully record detectedphotons for later analysis.
It also becamepossibleto record photons at wavelengthsfor which the human eye
is insensitive, particularly toward shorter wavelengths(near-UV; but alsoX-rays and
ionizing particles). Photographicemulsionssensitive to longerwavelengths(near-IR)
were only developed later in the 20th century.

The glassplates usedas substratesfor the emulsions were resistent to bending and
distortion during the observations, and have proven extremely stable over time (a
full century and counting). Although currently available in digitized format, the
two Palomar Observatory Sky Surveys (POSSin the 1950s,and POSS-II during the
1990s)and the complementary UK Schmidt surveysin the southernhemispherewere
madeusing photographic plates.

� The quantum e�ciency of normal photographicplates is low, typically only 1{
2% (�< 3% for I I IaJ). Via a black magic processof hypersensitization, involving
exposureto di�erent gassesat various temperatures,this could be increasedfor
somepurposesto � 10%, but at the cost of a reduceddynamic range (even in
the absenceof any photons, such plates may show a distinct \fog").

. The ratio of the maximum to the minimum measurablesignal is denotedby the term
dynamic range.

� Photographicplates are non-linear/logarithmic in their responseto light. Over
a limited range,betweenunder- and overexposure,the responseof photographic
plates is closeto logarithmic (seeFig 3). Outside this range, the responseis
highly non-linear. The e�ective dynamic rangeis typically only � 102.

Given the very large rangein brightnessof astronomicalsourcesthat might be
of interest within a given �eld of view on the sky, and even within individual
extended objects such as galaxiesand nebulae, often a sequenceof di�erent
exposuretimes is required. For long exposures,reciprocity failure, the decrease
of the sensitivity as the exposurecontinues,could be an issue.

� Quantitativ e analysisof photographic plates requiresone to �rst scanand dig-
itize those plates. This digitization processis far from trivial and not always
perfectly repeatable.

c
 2006R.A. Jansen 5



Figure 3: Schematic representation of a characteristic density curve of photographic
emulsions. Betweenpoints (2) and (3), the responseto light is very closeto logarith-
mic.

� Photographicplateswerethe �rst detectorsto recorddetectedphotonsfor later
detailed study and their long-term stabilit y is excellent. We can still compare
present-day observations with plate material from 1900.

� Photographicplates have an extremely large area| unmatched to this day by
any other type of 2-D detector, and well-matched to the physical size of the
collimated beamof a large telescope (�> 10 inch). In combination with Schmidt
telescopes,typical areal coveragewas 6� � 6� !

� The resolution of a photographic plate, de�ned by the grain sizeof the silver
halide crystals (a few � m), is very high. A photographic plate has a higher
resolution than a CCD chip of the samearea.

The sensitivity of early photographic plates to blue light results to this day in the
preponderanceof blue photometric and spectroscopicstandard stars.
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Silv erhalide photograph y

Figure 4: (a) unexposedsilverbromide crystals, (b) exposedsilverbromide crys-
tals, where the metallic silver deposits are clearly seen(even after only soft de-
velopment). Courtesy: Frank Lakiere.

Photochemical reaction equation for silver bromide:

Ag+ Br � (crystal) + h� (light) � ! Br + e� + Ag+ � ! Br + Ag0

The free silver atom producedwithin the silver halide grain servesas a catalyst
during subsequent development, wheregrains containing free silver atom(s) will
form relatively large deposits of free silver (opaque), while those that do not
contain free silver (grains that did not absorbphotons) will remain clear.
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1.1.3 The Photom ultiplier Tub e

A major advance for low light-level applications was the development in the �rst
half of the 20th century of vacuum-tube technology, including Photomultiplier tubes
(PMTs). Thesedetectorsrely on the photo-electric e�ect and canachieve peakquan-
tum e�ciencies of upward of 20%. They are usableover a very wide range in wave-
length. This typeof detectorampli�es the exceedinglyfaint signalof a singleabsorbed
photon (i.e., the production of a photo-electron) by causinga cascadeof secondary
electrons.Ampli�cation can be as high as a factor 108 (t ypically �> 106).

A PMT works as follows (see Fig. 5). When an incident photon strikes the thin
photocathode, made of a semiconductingmaterial such as GaAs (galliumarsenide)
deposited on the inside of the entrance window, a photo-electronis dislodged. That
photo-electronhassomeresidualkinetic energyallowing it to escapefrom the cathode.
A strong electric �eld (high voltage) acceleratesthis electron towards the �rst of a
seriesof electrodes,called dynodes, where it arriveswith su�cien t energyto release
a secondelectron. Both electrons are then acceleratedtoward a seconddynode,
each again releasingadditional electrons. Each subsequent dynode in the stack is
held at a more positive voltage than the previousone. The geometryof the dynode
chain is such that a cascadeoccurswith an ever-increasingnumber of electronsbeing
producedat each stage. Finally, at the anode, the accumulation of charge results in
a sharp current pulse, the height of which is proportional to the number of original
photo-electrons(and thereforephotons).

� Their peak quantum e�ciency is much higher than that of photographicplates
and can reach � 40%.

� They can be operated as virtually noise-free,highly linear and stable photon
counters, allowing accurate photometry and spectrophotometry to accuracies
of � 1%, and hencequantitativ e astrophysics. They alsoallow high-speedpho-
tometry (few � sec).

� Although their dynamic range is limited by the build up of charge near the
anode, which repulsesarriving electrons,their dynamic rangetends to be very
large: typically � 105.

� Their opening aperture is physically large (from several cm2 to over 50 cm
diameter[the Cerenkov radiation detectorswithin Super-Kamiokande])allowing
industrial and medical applications (e.g., counting blood cells 
o wing past at
high speed).

� To reducetheir dark current due to thermal electronsbeing drawn away from
the cathode and dynodes,they must be cooled. Typically, they are operatedat
dry ice (solid CO2) temperatures(� 78� C).
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Figure 5: Schematic diagram of a photomultiplier tube. When a photon strikes the
thin photocathode on the inside of the entrance window of the glassvacuum tube, a
photo-electronis releasedandacceleratedtoward the �rst of a seriesof dynodes,where
it arrives with su�cien t energyto dislodge a secondelectron. The geometry of the
dynodechain is such that a cascadeoccurswith an ever-increasingnumber of electrons
being producedat each stage. The height of the sharp current pulsemeasuredat the
anode is directly proportional to the number of original photo-electrons(and therefore
photons).

� Photomultiplier tubesarehigh-voltagedevices,requiring typically 1000{2000V
for their operation. When in operation, photomultiplier tubes are prone to
irreversible damagewhen exposedto high light levels. They also su�er from
electronsdislodgedby cosmicrays. Unlessshielded,they are sensitive to strong
ambient electric and magnetic �elds.

� The main disadvantage of photomultiplier tubes, however, is that they are
single-element devicesand next to impossibleto packageinto useful1-D and 2-
D arrays. They are, therefore,not very e�cien t for spectroscopy and not useful
for astronomical imaging applications (other than in scanningand digitization
of photographic plates).

To this day, astronomersand �lter engineersare striving to reproduce the response
curves,and in particularly the red cut-o�s, of a fewpopular modelsof photomultiplier
tubes, since the sensitivity of these tubes rather than the piecesof colored glass
employed de�ned the e�ective \�lter transmission" curves of the standard Johnson
UBV and Kron-Cousins RI �lters. (E.g., in the caseof Johnson I , the piece of
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Figure 6: Example of a photomultiplier tube (PMT). Courtesy: M. Fletcher.

glassJohnson used was a long-pass�lter, de�ning only the blue portion of the I
transmissioncurve; the red portion re
ected the sensitivity of his photomultiplier).

1.1.4 Image In tensi�ed Photograph y

An attempt to combine the advantagesof a photocathode device(photo-electric ef-
fect and signal ampli�cation) and the 2-D imaging capability of photographicplates.
Although this technology experienceda brief revival with the �rst baloon-borne and
space-basedUV imaging telescopes,it shouldbe considereda station that wasshort-
lived | the lesssaid, the better.

1.1.5 Image In tensi�er Vacuum Tub e technology

A seriesof high-voltage 1-D and 2-D electronic deviceswere constructed starting
in the 1960sbasedon image intensi�ed vacuum tubes. Like in the photomultiplier
tube, incident photons releasephoto-electronswhich are acceleratedand produce
either a detectable current pulse or a splash of light when hitting a screencoated
with a phosphor (e.g., ZnS:Cu in old-fashionedgreen computer screens). Unlike
photomultiplier tubes, information on where exactly the incident photon arrived is
preserved.
Examples: Electron Conduction Vidicon, Intensi�ed Dissector Scanner,Intensi�ed
Reticon Scanner,Image Photon Counting System, and Multi-Ano de Microchannel
Array detector. The latter has experienceda revival in space-basedUV astronomy
(e.g., HST/STIS and HST/A CS-SBC,GALEX, and FUSE).

� Disadvantages are the high voltages required (e.g, 25 kV), image blur, and
non-trivial relation betweenarrival location and (x; y) position.
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1.1.6 The Charge Coupled Device

Charge Coupled Devices(CCDs), were originally developed at Bell labs as a solid-
state memorydevice(Amelio, Tompsett& Smith 1970;Boyle & Smith 1970). A CCD
is essentially a regular array of large numbersof coupledMetal-Oxide Semiconductor
Field E�ect Transistors(MOSFETs). It was immediately realised,however, that the
sensitivity to light via the photo-electric e�ect and the abilit y to store charge in a
regular array format was suitable for application as a 2-D detector. An excellent
review paper on the workings of a CCD is MacKay (1986).

When a photon is absorbed in silicon, an electron-holepair is created. In a CCD, two
or moreelectrodes(called gatesfollowing MOSFET terminology) per isolatedpicture
element (pixel) create potential wells in the silicon. The generatedphoto-electrons
migrate to and are con�ned within the potential well createdby the gate kept at the
largest positive Voltage. The holes,on the other hand di�use away into the bulk of
the silicon, thus preventing recombination.

In a three-phaseCCD (presently still the most commontype in astronomicalapplica-
tions), three gates| each isolatedfrom the silicon substrateand from oneanother |
de�ne a pixel row. Embeddedchannel stopsof heavilly doped p-type Si de�ne pixel
columns,and prevent electronsfrom migrating along the length of the gatesdue to
their negative charge. Fig 7 illustrates the structure of a three-phaseCCD, and Fig 8
shows a top view of a portion of an actual device. Every third gate is electrically
connectedin parallel and kept at the samevoltage.

To convert the 2-D array of stored photo-electronsinto an image,the chargein each
pixel needsto be measured(or moreaccurately: estimated). To this end the voltages
on the electrodes of the array are cycled in such a way that the stored chargesare
shepardedalong the columns, e�ectively being passedalong from one pixel to the
next. At the end of a column the chargesare passedonto a special set of pixels with
a gate structure that is orthogonal to that in the image area of the CCD. Here the
chargescollected in an entire pixel row are shifted one pixel at a time and passed
on to on-chip electronicsthat amplify and estimate the stored charge. The result is
subsequently converted by an Analog-to-Digital circuit into a digital number (refered
to aseither Data Number (DN), or Analog-to-Digital Unit (ADU), or simply Count).

The most commonanalogyfor the processof readingout a CCD is that of a \Bucket
Brigade", wherethe contents of the buckets on many parallel belts are emptied in a
serial belt with onebucket per parallel belt. The buckets on the serial belt are then
emptied oneat a time into a measuringcontainer. After the last bucket on the serial
belt hasbeenmeasured,the next row of buckets on the parallel belts is emptied into
the buckets on the serial belt, and so on (seeFig. 9). A more detailed illustration of
how the chargesare passedalong from pixel to pixel by cycling the gate voltagesis
given in Fig. 10.

c
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Figure 7: Schematic representation of the gate structures on a typical 3-phaseCCD.
Each pixel is de�ned by three gates and two channel stops (buried beneath and
electrically isolated from the gates). When the CCD is exposed,all photo-electrons
generatedwithin the pixel volume migrate to and remain con�ned in the potential
well of the middle gate, with the largest positive voltage (� 2). The polysilicon gates
partially overlap, but are isolated from one another by a thin layer of SiO2. The
relatively thick (� 1� m) layer of n-type Si, below the insulating SiO2 and Si3N4 layers,
helps reduce charge transfer losses: it keepsaccumulated electronsaway from the
surface,where somemight becometrapped. At right, a detail from the image area
of the CCD of Fig. 8 is shown. The repeating horizontal pattern of the gatesis clear.
An electronmicroscope scanrevealsthe vertical structure at the overlap of two gates.
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Figure 8: Photomicrograph of a corner of an E2V L3CCD, showing the image area
(pixels), and the serial register (the vertically extendedpixels just below the image
area. On this particular CCD, the serial register bends around into an extended
register, where the charge is ampli�ed (clock voltages in the extendedportion are
su�cien tly large to ensurea �nite probability of dislodging additional electrons in
each chargetransfer from pixel to pixel. Part of the actual on-chip read-outelectronics
is visible at the lower left.

In class,an animation of the operation of a CCD, consistingof preparing the CCD
for an exposure(clearing any residual accumulated charge), exposing, and read-out
will be show.

. (animation)

c
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Figure 9: The \bucket brigade" analogy often used to visualize the operation of a
CCD. Each bucket represents a pixel that can store charge during integration (ex-
posure of the CCD to light). At the end of the integration, all parallel belts will
simultaneously rotate their buckets toward the serial belt and dump the contents of
onebucket per belt into the corresponding bucket on the serial belt. Then the serial
belt rotates and presents one bucket at a time for measuring. When all buckets on
the serial belt have beenmeasured,the parallel belts will rotate and dump the next
\ro w" of buckets into the corresponding buckets on the serial belt, and so on until
all buckets have beenmeasured.Courtesy: Nikon/K.R. Spring, T.J. Fellers & M.W.
Davidson.
c
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Read-out (step 2)

Read-out (step 3)
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Figure 10: Schematic representation of the operation of a CCD during integration
and read-out. During integration, the middle gate (� 2) is kept at a large positive
voltage, causingall photo-electronsgeneratedunder any of the three gatesde�ning
a pixel to migrate to the deep potential well of this gate. Note that the e�ect of
the portion of the middle gate that overlapsadjacent gate � 3 is shielded. When the
CCD is read out, the voltageson the gatesare cycled in succession,such that the
accumulated electronsfollow the deepest potential well until, at the end of a single
parallel clocking cycle, they have been transferred to the adjacent pixel along the
column. The illustration follows the transfer of chargewithin a singlepixel column.
Since the voltageson the gates in each pixel row along a column are connectedin
parallel, a single parallel clocking cycle will transfer the accumulated charge in the
pixels of a row to the corresponding pixels of the serial output register (not shown).
The charge is then transferred out of the serial register, one pixel at a time, to be
ampli�ed and sampledby the A/D converter. This is repeateduntil the entire array
hasbeenread out.
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Summary of advantagesand disadvantagesof CCDs:

� CCDs can have peak QE in excessof 90% (when properly AR coated). Even
uncoated,front-illuminated CCDs can have peakQE in excessof 70%. The QE
is only a relatively slow function of wavelength within this bandpass.

� Their responseto incident photons is highly linear over almost its entire oper-
ational regime.

� The natural operational band-passof CCD's is � 380 nm{1.1 � m, which can
be extended down to � 300 nm by optimizing antire
ection coatings and by
etching away most of the silicon substrate(thinning) and illuminating the CCD
from the back. The band-passcan be extendedeven further toward the UV
using phosphorescent coatings (like the one in your yellow marker pens), and
somewhattoward the near-IR by additional doping of the silicon.

� The full-well capacity, the maximum number of photo-electronsthat can be
stored within a given pixel, is typically of the order of 105 e� . The dynamic
range is typically � 104. When more charge accumulates than can be con�ned
by the gate potential (full-well saturation), the excesscharge may bleed into
adjacent pixels along a column.

� Saturation may alsooccur in anotherway: whenthe conversionof the measured
chargeto a digital number would require a larger number than can be stored in
the available number of bits (A/D saturation).

� CCDs require cooling to cryogenic temperatures using liquid N2 (� 100� C{
� 120 � C or 170{150K), or at least thermo-electric cooling (at � � 80 � C, the
detectorsaboard the Hubble SpaceTelescope are at the warm end of the oper-
ational range). This cooling is required to reducedark current due to thermal
electronsfrom the bulk silicon alsobeingdislodgedand collected,and to reduce
thermal noise in the read-out electronics (both on-chip and in the adjacent
\head electronics").

� CCD's have small physical sizes(�< 4:5 inch) that are poorly matched to the
physical sizeof the collimated beamof large telescopes(�> 10 inch diameter), so
that only a small portion (solid angle)of the focal planeof the telescope is actu-
ally used. CCD sizesare set by the di�cult y of producing 
a wlesslarge-format
devices,and by the � 12 cm diameter of the wafersusedfor all current silicon-
basedintegrated circuit fabrication. Monolithic devicesup to 8192� 8192pixels
can now be semi-routinely produced,but the work-horsedevicesare currently
only 2048� 4096pixels. Pixels are typically between 10� m and 24� m in size.
The physical sizelimitation hasbeenpartly overcomeby constructing arrays of
multiple CCDs, that are read out simultaneously. Examplesof such arrays are
shown in Fig. 11.
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� The temporal resolution, set by the maximum rate at which the array can be
read out, is �> 10 msec,i.e., � 1,000{10,000� slower than for a PMT. In most
integrating applications, the temporal resolution is much lower. The read-out
time is largely set by the minimum sampling time per pixel to accurately es-
timate the accumulated charge. (Trade-o�: faster read-out ! lessaccurate;
slower read-out ! more accurate). E�ectiv e read-out times have beenreduced
in recent yearsby CCD designsthat allow simultaneousread-out of four quad-
rants of the CCD through serial registersand ampli�ers in each corner of the
CCD, and through the development of faster and lower-noiseread-out ampli-
�ers.

� The Charge Transfer E�ciency (CTE) of CCDs is very closeto, but lessthan
1. The charge lossesaccumulate the further a given pixel is removed from
the read-out ampli�er. For a 2048� 2048pixel CCD read out through a single
ampli�er, the charge in the last pixel read experienced2048parallel transfers,
followed by 2048serial transfers. If we assumethat parallel and serial transfers
areequallye�cien t (not necessarilyso), this resultsin only (CTE)4096� 100%of
the originally generatedphoto-electronsto arrive at the read-out ampli�er. In
modern CCDs with buried channels,CTE is typically �> 0:99998,giving �> 92%
in the above example.
The complement of CTE, ChargeTransfer Ine�ciency (CTI = 1 � CTE) quan-
ti�es the chargelosses.HenceCTI �< 8%in the aboveexample. If the sameCCD
wasreadthrough four ampli�ers (e�ectiv ely forming 4 arrays of 1024� 1024pix-
els), the losseswould be 1 � (0:99998)2048

�< 4%

CCDs in di�eren t 
a vors

CCDs come in several 
a vors, each optimized for speci�c uses,and with possible
additional electroniccircuitry built onto every pixel, or onto the serialoutput register.
Examplesare:

� SurfaceChannel CCDs. The �rst and simplest type of CCD, su�ered from
charge traps due to imperfections at or near the surface or gate structures.
Traps could be reduced by a black-magic processcalled UV-
o oding, or by
uniformly illuminating the CCD at a low level prior to the exposure of the
astronomicalsource(pre-
ashing). Both processese�ectively �lled in the traps
with somecharge.

� Buried Channel CCDs. Sincethesehave largely replacedthe original Surface
ChannelCCDs, the above discussionof CCD structure alreadysilently assumed
a buried channel type. The only drawback of the buried channel designis that
the storagecapacity of each pixel is reducedby a factor 3{4 with respect to a
surfacechannel design.
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� Front-illuminated CCDs. In these,photons have to passthrough the gatesto
reach the photosensitive bulk silicon. Since the gates are not entirely trans-
parent, and their transparencydependson wavelength, the peak QE of front-
illuminated CCDs is � 70%,and their sensitivity steeplydeclinesbelow 400nm.
The native thicknessof the silicon substrate below the gate structures (typ-
ically � 300 � m), does make these devicessuitable for detecting far-red and
near-infrared light up to � 1.1 � m, but it also makesthem more susceptibleto
chargedumped by the passageof cosmicrays.

� Back-sideilluminated CCDs. The bulk siliconsubstrateof theseCCDsis chemi-
cally etchedaway after manufacture. The remainingthicknessis a mere� 15� m.
The gate-side(front) of the deviceis then mounted on a rigid substrate,allow-
ing the deviceto be illuminated from the back. Sincethe incident photons no
longer have to passthrough the gates,peak QEs of �> 90% are easilly achiev-
able, and the sensitivity to blue and near-UV light is signi�cantly increased,
while the susceptibility to cosmicray induced signal is decreased.Drawbacks
are a reducedsensitivity at the red end of optical spectrum, that the etched
surfaceis not as 
at resulting in larger variations in sensitivity, and that the
remaining layer(s) of material are su�cien tly thin to causeinterferencewithin
the device when illuminated with (near)monochromatic light (e.g., night-sky
emissionlines).

� Interline and frame transfer CCDs. Light-shielded columns are either inter-
spersedor addedto oneendof the CCD. During readout, the contents of onecol-
umn (or the entire illuminated portion of the CCD) are rapidly shifted into the
\spare" columns,without the slow step of sampling their stored charge. While
the active columnsare integrating on the next exposure,the sparecolumnsare
being read-out. Only half of the entire array is usedto collect photons.

� Anti-blo oming CCDs. An additional gate structure is added to the CCD that
prevents charge from full-well saturated pixels to migrate to adjacent pixels
along a column (called bleeding). Instead, any excesscharge is drained o� and
lost. This allows long exposureson faint sourceswithin �elds dominated by
bright sources(e.g., foregroundstars). Drawbacks are, that � 30%of the active
pixel areais lost, reducingthe peakQE of thesedevices,and that the total pixel
well depth is reducedby a factor of � 2. The tiny gapsin sensitivity between
adjacent pixels can alsoa�ect the spatial resolution.

� Multipinned phase(MPP) CCDs. The much lower dark current at higher oper-
ating temperaturesin thesedevicesis achieved by a di�erent electronic design
andpixel structures, inversionof all threeclock voltagesandadditional semicon-
ductor doping (with Boron or Phosphorus)of the phase3 gate. The drawback
is a reducedwell-depth.
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� Othogonal Transfer CCDs (OTCCDs). Charge can be shifted both vertically
along columnsand horizontally along rows thanks to a spatially complex four-
phasedesign,where the channel stops of regular CCDs becomea fourth gate.
Two of the (center) gatesare triangular in shape, and the remaining two are
split into pairs and rectangular in shape, surrounding the center gates (see
Fig. 2.7 of Howell 2006). The additional electronicstructures result in a lower
QE and chargetrapping can be more of an issue.By shifting the chargeswhile
exposing, imagemotions can be corrected,or PSF's can be actively shaped for
high-precisionphotometry.

� Low Light Level CCDs (L3CCDs). The serial output register is extendedand
the gate voltagesover the extendedpixels are much higher (40{60 V), result-
ing in a �nite probability (1{2%) of kicking looseanother electrong(avalanche
ampli�cation). The total ampli�cation factor scalesas(1 + p)N , with p � 1-2%
and N the number of pixels in the extendedregister(typically � 500). Sincethe
read-noiseof the output ampli�er is now leveragedagainst the ampli�ed signal
insteadof against the original signal, the S/N is su�cien tly high to count indi-
vidual photo-electrons(=incident photons). Fig. 8 shows this extendedregister
for an E2V L3CCD.
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Figure 11: Example of large arrays of CCDs: (a) Magellan/IMA CS, an array of 4� 2
large-formatCCDs. Courtesy: OCIW ; (b) CFHT/Megacam, an array of a staggering
40! CCDs. Courtesy: Canada-France-Hawaii Telescope/2003. TheseCCD cameras
allow imaging over � 0:5� � 0:5� and � 0:94� � 0:94� . (c) An exampleof a wide-�eld
Magellan/IMA CS image. Note that the areal coverageis not complete: to �ll the
gaps(\butt cracks") betweenthe CCDs, several dithered exposuresneedto be taken.
Courtesy: Danny Steeghs
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1.1.7 Complemen tary Metal Oxide Semiconductor arra ys

Complementary Metal Oxide Semiconductor(CMOS) arrays are already pervasive
in todays digital camera and video market, and are becoming suitable for use in
astronomy as well. Thesedevicesare very similar to CCDs, but have more complex
additional circuitry built into every pixel. This circuitry allows individual pixels to
be addresseddirectly, and their charge to be read-out and converted from analog
voltage to digital data number. The lower QE of CMOS devices,due to shielding
of the silicon by the electronic circuitry, is not a problem for digital camerasthat
operate at high light levels.

� The main advantageof CMOS devicesis that each pixel is individually address-
able: chargein a pixel neednot be transferredalonga columnand subsequently
along a serial output register. Single-pixel read-out, A/D conversion and sub-
sequent signal processing(such as up-the-ramp sampling to reject cosmicray
induced signal) is possible.

� The main disadvantageof current CMOS devicesis that the additional circuitry
leaves only a small active photosensitive region in each pixel, which results in
a QE that is typically much lower (� 10{20%) than that of a CCD. This hand-
icap is being overcomein the newest state-of-the-art back-illuminated devices
developed for usein future spacemissions.

� Becauseof the additional circuitry, which requiresmore layers to be deposited
per device,their production cost is higher. (And addedcomplexity results in a
lower yield of 
a wlessdevices).

1.1.8 Superconducting Tunnel Junction arra ys

Superconducting Tunnel Junction (STJ) devicesmay be the path of future array
detectors. Thesedetectorsusea layer of supercooled polycrystalline niobium (Nb),
which producesnumerouspairs of free electronsper incident photon, with the total
number dependent on the energyof that photon.

� Photon-counting arrays that are sensitive not only to the arrival location of an
incident photon, but also to its approximate energy. Hence,where presently
�lters are needed,in future it may be possibleto get �lterless broad-bandpho-
tometry, or very low resolution spectroscopy, i.e., to measureSpectral Energy
Distributions (SEDs).

� Operational temperaturesnear absolutezero(a few milli-K ) are required,and
hencecooling with liquid Helium rather than liquid Nitrogen.
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Figure 12: Comparison of typical QE curves for several of the di�erent types of
detectorsdiscussed.The curve for CMOS devicesis similar to that for CCDs, but
with |at present| a lower peak QE.

� Devicesare extremely sensitive to ambient electromagnetic�elds, particularly
their abilit y to resolve the photon energies,and required special shielding and
possiblyspecial measuresat the telescope itself to be taken.

� Present experimental array sizesare still very small (6 � 6 pixels) due to their
very complicatedelectronicstructure, but will likely greatly grow in the coming
decade.
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1.2 Analog to Digital Conversion

When a CCD is being read out, the charge in a given pixel is eventually shifted out
of the serial output register into the on-chip ampli�er (pre-amp) circuitry, and out
to the o�-c hip CCD head electronics. There, through a technique called Correlated
Double Sampling (CDS), the pixel charge is measuredas the di�erence betweenan
arbitrary reset voltage and that arbitrary reset voltage plus the charge packet from
the pixel. The measuredchargeis an analogvalue(assumingNe� � 1 for that pixel).
That value is subsequently represented as a digital number by the Analog-to-Digital
converter (A/D ). The resulting digital number is calledAnalog-to-Digital Unit (ADU),
Data Number (DN), or simply Count.

� CDS sampling time is �nite, typically 10{20 � secfor both � V0 and V0 + Vpix .
faster ! lessaccurate(higher read-noise)
slower ! more accurate(lower read-noise)

. The averageratio of the analogchargemeasurement and the assigneddata number is
called the gain. The gain is expressedin units of e� /ADU. Becausethe gain value is
usually � 1, the assigneddata number is smaller than the number of photo-electrons
(i.e., a \reduction" rather than a \gain"). That's why in the literature onesometimes
encounters the term inversegain for this parameter.

� The minimum statistical error in any pixel value is 0:5gain. Thermal noise
within the on-chip (extendedregister+) pre-ampor in the CCD head-electronics
can only increasethis error.

To keepthe ampli�er and A/D electronicssimple,and to avoid wasting an additional
sign-bit for storing the digital data, the CCD electronicsadd a �xed o�set or bias
voltage. Hence, even when no photons were detected in a given pixel, the A/D
converter will be presented with a positive measurement.

The maximum number that can be stored within an n-bit un-signeddigital number
is 2n � 1 (assuming we start counting at 0). For a typical 16-bit per pixel, the
maximum number is, therefore, 216 � 1 = 65535. (Should we have useda sign-bit,
then the maximum number would have beenonly 2n� 1 � 1 = 32767).
With modern, non-truncating A/D converters, the averagevaluein ADU returned for
a signalof S e� is int (S=gain+ 0:5). For older truncating A/D converters, int( S=gain)
would be returned instead.

A/D conversionis supposedto be highly linear over the entire operational rangefrom
zero electronsto full-well capacity. In practice, as electronicsbecomessmaller and
read-out speedsbecomelarger, while overall noiseis reduced,thermally inducednon-
linearities may becomenoticeable(due to slight warming and cooling of the ampli�er,
depending on how much power it draws, i.e., on how much charge it saw per unit
time).
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