2 Characterization of CCDs

2.1 Absorption length, Quantum e ciency , Charge diusion

The active photosensitive material of CCDs is pure silicon. Silicon thereforelargely
determinesthe responseof the detectorto light of various wavelengths.

The absorptionlength of photonsin a material is that distanceafter which a fraction
of 1=eremains. This is equivalert with saying: the distance after which 63% of the
photons are absorked.

Fig. 1 shavs the dependenceof the absorption length on wavelength from X-rays
( 10A) to the near-IR 1.1 m cut-o (correspnding to the Si band-gap energy).
Fig. 3 illustrates someof the implications of this wavelength dependence.

Shortward of 400nm, photonsare absorbedvery nearthe surfaceof the CCDs.
In front-illuminated CCDs, this absorptionis likely to occur already within the
layers of the gate structures and/or the SisN4 and SiO, isolation layers. In
thinned, badk-illuminated CCDs, this is much lessof a problem.

Pure siliconis shiny like a metal and a fairly good re ector of light, particularly
at bluer colors (seeFig. 2). In addition to the small absorption length, bluer
photons are more likely to be re ected o of the CCD surface. Anti-re ection
coatingssud as MgF, can greatly reducetheselosses.

Shortward of 250 nm, the penetration depth of photons increasesagain, but
sud energeticphotons can generatemultiple electron-holepairs within the sili-
con. At very short wavelengths(X-ray and shorter) they canewen causedamage
to the CCD itself.

Longward of 800 nm, thinned CCDs becometransparert to incidert pho-
tons, becausethe absorption length exceedghe typical thicknessof the silicon
substrate.

At redder wavelengths, the absorption may occur deepin the bulk substrate,
where the pixel gate potertial well is relatively shallon, rather than in the
depletion region. The resulting photo-electronsmay migrate to a neighboring
pixel along a column, or underneath the channel stopsto a neighboring pixel
along a row.

Migration of photo-electronscreateddeepwithin the bulk substrateand/or well away
from the certer of the pixel volume to neighboring pixels along a column or row is
called chargedi usion . Becausethe depth of the potential well is not uniform within
the pixel volume, chargedi usion is often ascribedto CCD sub-pixelvariations. The
net e ect of chargedi usion is image blurring.
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Figure 1: Photon absorption length in silicon (in  m) as a function of wavelength
(in nm). Dotted lines indicate the typical thicknessof the silicon substratein front-
and badk-illuminated CCDs. Thinned badk-illuminated CCDs are signi cantly less
e cient at wavelengthsredward of 800 nm. Not included in this curve is the fact
that without additional measureslike anti-re ection coatings, 70% or more of the
photons may re ect o the front surfaceat short wavelengths: pure silicon looks
shiny like a metal (seeFig. 2).

Figure 2: The lower of the above CCDs hashad a coating of MgF, applied, while the
upper chip is thinned but still without any coating. Courtesy: M. Lesser/UA/ITL .
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Figure 3: Implications of the wavelength-degendenceof the photon absorptiondepth.
Short wavelengthphotonsare absorbed nearerthe surfaceof a CCD than longerwave-
length photons. Near-UV and blue photons may not even make it to the depletion
region, sincethey are likely to be absorked by the gate structures and isolation layers
constituting the top few 100 nm. Photons in the near-IR portion of the spectrum
get absorbed deepwithin the bulk substrate, wherethe pixel gate potential is rela-
tively weak, rather than in the depletion region. The resulting photo-electronsmay
migrate to a neighboring pixel along a column, or underneaththe channel stopsto a
neighboring pixel alongarow. Sud chamgedi usion causesmageblurring. In afront-
illuminated CCD (depicted here), the silicon substrateis su cien tly thick ( 300 m)
to captureall but the very reddestphotons,and the thin metal (gold) layer at the rear
doublesthe absorption probability by re ecting photons badk up through the pixel.
Thinned, badk-illuminated CCDs, becometransparert for > 800nm (seeFig. 1).
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The QE of a CCD is better at higher operating temperatures, particularly
for > 800nm. Howewer, sinceraising the temperature meansincreasingthe
thermal dark current and read-noise(seealso Fig. 7), there is very little net
gain in doing so.

With the purity of the Si usedto fabricate a CCD, its resistivity goes up,
allowing higher gate voltages,and hencelarger electron storagecapacity. Since
higher voltages also mean deeper potertial wells at larger distancesfrom the
gates,the probability of con ning photo-electronsproducedby near-IR photons
increasesi.e., better QE at the reddestwavelengths. The priceto pay is, indeed,
the much higher price of fabrication of sud a pure device.

. Tuning the parametersof a CCD always means nding a compromisebetween con-
icting constrairts.

MeasuredQE curves(see,e.g.,Fig. 4) are assumedo be represetativ e of each

and every pixel of the CCD. This is not quite so, although often a reasonable
approximation. One always hasto correct for pixel-to-pixel variations in the

reponse.

The QE curve delivered with a particular CCD may only be represetative
of a typical devie of that kind, but not be a measuremen of the wavelength
dependert responseof that deviceitself.

Hence,to calibrate obsenations of an astronomical object of interest through
a given lter, onealsoneedsto obsene photometric standad stars (e.g., Lan-
dolt 1992; Stetson 2000), or spectrophotometric standad stars (e.g., Oke 1990;
Hamuy et al. 1992,1994).The apparer brightnessof sud standardstars| cor-
rectedfor Earth's atmosphere| is accurately known either in se\eral standard
passbandgsee:Bessell990),0r asa function of wavelengthin small wavelength
intervals.
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Figure 4. Comparisonof QE curvesfor sewral CCDs that | happen to have used.
Most of these detectors are of the same generation. The 800 800 pixel front-
illuminated HST/WFPC2 CCDs, howeer, are older. Their high UV responseis
due ertirely to a lumogencoating, which corverts UV{blue photonsto greenonesto
which the CCDs are sensitive. Current generation, red-optimized, front-illuminated
CCDs perform signi cantly better than theseWFPC2 chips.

Charge Diusion and PSF halos

Aboard the Hubble Smce Telesope, two of the three camerasthat make up
the AdvancedCamerafor Surveys (ACS) can obsene in the optical wavelength
regime: the Wide Field Channel (WFC) and the High Resolution Channel
(HRC). Both camerasemploy similar but di erently optimized thinned bad-
illuminated CCDs, with the gate structures at what has becomethe rear.
Photo-electrons from bluer photons absorbed near the illuminated surface
experiencea wealer electic eld (farther from the gates)than thosefrom redder
photonsthat penetrate deeger (are absorbed nearerthe gates). As a result, the
e ects of chargedi usion aremorenoticeablein obsenationsthrough bluer lters.
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Figure 5: Chargedi usion is moredetrimental whenthe PSF (red) is poorly sampled.
The thin bladk histogramsindicate the distribution of photons absorbed per pixel,
while the thick blue histogramsindicate the charge distribution upon read-out. The
inferred green PSF overlaid on the right panel represets a 25% deterioration in
resolution with respect to the original incidernt PSF.

Charge Diusion and PSF halos (cont'd)

The thinning processwheremuch of the bulk substrateis etched away, is inexact,
resulting in variations in thicknessof the remaining silicon. Consequetly, charge
di usion varies over the areaof the CCD, with thicker regionssu ering greater
chargedi usion.

The e ects of charge di usion are more detrimental when the Point Spread
Function (PSF) is not properly sampled, i.e., when the Nyquist criterion
(Npix =FWHM > 3 for a 2-D Gaussiandistribution) is not satis ed (seeFig 5).

At wavelengths > 800 nm, photons may passthrough the ertire silicon layer
and either be absorked by the substrate to which the gate side of the thinned
CCD is mounted, re ected badk up into the pixel (where it may be absorked,
or scattered badk into adjacen pixels. The scattered photons are responsible
for a large PSF halo in HRC imagesat > 700 nm and in WFC imagespast
900 nm. Although the pixel scaleof the WFC is coarser(0:05°¥pix) than that
in the HRC ( 0.027P%pix), the PSF halo will renderthe e ective resolution for
both camerasat 850nm almost idertical.
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2.2 Charge Transfer Eciency and Deferred Charge

The Charge Transfer E ciency (CTE) of modern CCDs is typically better than

0.99999,but newer exactly 1. The chargelossesaccunulate the further a given pixel

is removed from the read-outamplier. In an m pixel CCD, the chargeof the last

pixel to be read out, will be transferredalongits column (parallel shifts) a total of n

times, and along the serial output register (serial shifts) a total of m times. If n and

m are large (as in most modern astronomical detectors), the CTE needsto be near
perfect. The Charge Transfer Ine ciency (CTI), which quarti es the chargelosses,
is simply the complemen of CTE, i.e.,1 CTE. The parallel CTE (G,) neednot be
idertical to the serial CTE (G), sincethe pixel sizes,gate structures, and voltagesof

the serial register often di er from thosein the imaging area.

If Ne- denotesthe total number of electrons(total charge) storedin that nal pixel,
then the number of electronsthat will actually arrive at the ampli er will be:

Ne= Ne G Q

Hence,the chargelost, L., is given by:
Le= Ne N2 = Ne 1 GQ

4 Note that the expression given in the textlook (Howell 2006) on page 44 is
incorr ect! To corvince yourself of this, compute charge loss L (e) with his
expressionand N=1000e , CTE=0.99 (CTI=0.01) and a total of 2048 pixel
transfers. Can you lose more chargethan you had to beginwith?

Chargelost during a singletransfer neednot necessarillype permanertly lost. A
photo-electronleft behind, joins the chargethat will betransferredfrom the next
pixel in the samecolumn, and is indistinguishablefrom that charge (electrons
are all alike). Upon a subsequen clocking cycle, it again has a probability of
value G, to be transferred.

Photo-electronsthat fail to be transferredwith the chargepadket of the pixel in which

they were generated,but that are transferredin subsequentransfersare referredto
as deferred chamge

Poor CTE in combination with deferred charge results in charge trails along
columnsbehind bright sources.

Prolongedexposureto ionizing radiation, and in particular bombardmert with
cosmicrays (mainly relativistic protons), results in permanen damageto the
bulk silicon lattice within CCDs. Sud damageresults in charge traps and a
generaldegradation of the CTE (seeFig. 6), and can also exacerbatecharge
di usion. CCDsin spaceageon time scalesof only a few years. Also, coatings
on the CCD may evaporate and degradein the high vacuum of space.
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Figure 6: Example of the poor CTE and deferredchargetrails behind bright sources
that result from prolongedexposureto damagingparticle radiation. The above near-
UV (F300W) image of NGC 14 wastaken with HST/WFPC2 during Cycle 10 after

the CCDs had beenin spacefor over 7 yearsand had considerably degradedwith

respect to their performancejust after laundh. The very low sky badkground levels
(<5e /pix) in the near-UV exacerbatethe problem.

Note that at the tips of sometrails there is no bright object! There, the bright

\ob ject” was charge left by passageof a cosmicray particle. By combining two or

more exposures high level inducedsignal from sud cosmicray hits could be rejected,
but the faint (<1 ) trails generallyremain.
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2.3 Dark Curren t

Every materialat T  OK will be subject to thermal noisewithin. CCD dark current
is dueto electronsfreedfrom the valenceband and collectedwithin the potertial well
of a pixel, wherethey becomeindistinguishable from the photo-electrons.

The dark rate dependsstrongly on CCD temperature (seeFig. 7). For modern

CCDs,operatedat T 120 C, the dark rate is typically lessthan 10e /pix/hr.

The dark current would be lower if a CCD were to be operated at a lower

temperature, but then the QE in the red and the CTE would also be lower.
I compromise

The dark signal alsodependson the gate voltagesand, for a given resistivity of
the bulk Si substrate,will increaseat higher voltages.

The dark signal builts up linearly with exposuretime. Hence,long exposures
likely needto be corrected, while dark signal in short exposuresmay well be
negligibleif the dark rate is low.

The distribution of the dark signal tends to satisfy Poissonianstatistics.

108
107 —— theoretical
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108
104
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1
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Figure 7: Measuredand expected temperature dependenceof the dark rate for a
thinned badk-illuminated 2k 4k EEV CCD deliveredto ESO. Belov 180K, the
measureddark rate does not diminish as expected due to other residual e ects.
Nonetheless,this particular device reathes a dark current of only 2e /pix/hour
when operated at 150K.
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2.4 Bias and Overscan

To ensurethe A/D corverter will newer be preserted with a negative number for
the chargeestimate| which could easily occur dueto read-noisewhenthe absorked
number of photonsin a given pixel is small or zero| asu ciently largeo set voltage
is addedat the ampli er stage.

This o set or bias voltage is independent of the length of the integration of an
exposure and should theoretically be constart for all pixels. In reality, there
may be some(generally low-level) structure that variesfrom pixel to pixel in a
repeatablefashion (seeFig. 8).

On long time scales| particularly when cryogeniccooling is not maintained
when an instrument is not in use| the bias pattern may show variations.

I showin classthe animation of the changingstructure in VATT \super"
biasimageswith time: 1998{ 2006

If patterns are discernableand of su cient strength to cortribute measurably
to the noise, then a su ciently large number of bias frames | D zero-length
exposureswith the shutter closed| shouldbetakensud that: R/ Ny Sh,
with R the read-noise Ny, the number of biasframes,and S, the peak-to-peak
pattern strength. R and S, should both be expressedn either e or ADU.

Precedingread-out and after read-out of all pixels of the CCD has nished the read-
out electronicswill perform sewral additional (usually 8{40) clocking cycles that
do not correspnd to any physical pixels. Thesecycleswill, howewer, exercisethe
ampli er and presen a charge estimate correspnding to the instantaneousbias level
as modulated by the read-noiseto the A/D corwverter.

Thesevirtual pixels are referredto asthe oversan, or overs@n strip(s). The digital
numbers correspnding to thesevirtual pixel columnswill be written to disk as if
they wereintegral part of the CCD image.

In the subsequendata reduction, the overscanstrip(s) will be usedto subtract
the mean level and possibly any large-scalegradiert in that level from ead
CCD frame.

The bias level often displays small changesover time, e.g., asthe temperature
of the warm electronicschangesduring a night. Thesechangesare tracked by
the level measuredin the overscanstrip(s).

Some CCD designsalso have somerows of physical pixels that are shielded from
light. Theseare termed the physial oversan, and can be usedto diagnoseCTE and
deferredcharge, or other problemswith the CCD electronics(e.g., resetvoltages).
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Figure 8: (a) Median averageof 36 bias frames obtained at the Vatican Advanced
Tednology Telescoe (VATT) in Nov 2001. Apart from aroll-on in the low columns,
there appearsto be little structure. (b) Median averageof 128 bias framesobtained
at the VATT in Nov 2001. Somelow-lewel structure that remained hidden when
combining only a small number of frames are becomingvisible. (c) Baseline bias
referenceframe constructed from over 3500framesrevealsthe wealth of systematic
structure that is actually presen. (d) A cross-cutalong a single row (blue) and
averagedover all rows (red) of this baselinebias referenceframe, shows the strong
roll-on in the low columnsand the wealth of columnswith biaslevelsthat are slightly
higher than average. For most studies, howeer, details at levels of < 0.1e are
probably negligible.
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Figure 9: Examples of HST/STIS pixel histogramsin bias referenceframes. In

theory, the pixel valuesshould shov a Gaussiandistribution that re ects the read-
noise (divided by the squareroot of the number of frames that were combined).

Columns with higher than averagebias level, and warm and hot pixels, result in a
tail towards higher pixel values (right), but the lower half (left) of the histogram
should be una ected. In this particular example,a re-calibration program (labeled
ASU; Jansenet al. 2002) resulted in a marked improvemer over the bias reference
frame retrieved from the HST Archive (STScl).

¢ 2006R.A. Jansen 12



2.5 Gain and Read-Noise

When Silicon (i.e., a CCD) is illuminated by the 5.9 keV K line of a radio-active
SFe source,the charge deposited by a single energeticX-ray photon in ead pixel is
1620e (an extremecaseof the creation of multiple electron{hole pairs). This allows
oneto directly measurethe gain factor, G, of the A/D corversionto a precision of
better than 1% as:

G= 1620-ADU [e /ADU]

In practice, this is rarely done this way (usually only in the laboratory before an
instrument is launchedinto space,or beforecommissioningof an expensiwe instrumernt
for a major ground-basedelescop).

There is another method, Janesick's methal, where one usesthe property that the
noisein animagein which the signallevelis high should satisfy Poissonianstatistics.
In that case,shotnoise is much larger than the read-noise and signal, noiseand gain
ouglht to satisfy (seeFig. 10):

p__

Ne- N N

Sap u —é (1) and S v = Ge | 2 = Ge2 @
S 1
and, hence,conbining (1) and (2): —°u = =
Smou G

Of course,the assumptionthat any noise cortributed by the detector itself or by
the read-out electronicsis negligible, is only an approximation. We can take sut
noiseexplicitly into accoun by comparinga zero-lengthdark exposure(a bias or zeo
frame), where we should only measureread-noise,with an exposurewith a (fairly)
uniformly high signal level, like a dome twilight or pupil at (see,e.g., Fig. 11).
Since large-scalevariations in signal level and pixel-to-pixel variations in the gain
would make sudh estimate uncertain, the trick is to usethe di erences of pairs of
ead, wherevariations drop out.

Janesi&'s method will yield estimatesof both gain and read-noisesimultaneously
asfollows. If F; and F, represen a pair of equal exposuretime, evenly illuminated
frameswith plenty of signal,and if B, and B, denotea pair of bias frames,then:

F = F F2

8 = B:1 B

G= (F_1+(F_22) @;BZ) e=ADU] and R=G I [e]

Where G and R are the gain and read-noise averagedover all pixels of the CCD, and
X denotesthe meanlevel of frame X .
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Figure 10: RMS noiseasa function of signallevel in a particular CCD. The read-noise
setsa noise o or, to which shot noiseincreasinglyadds. Onceshot noiseexceedsead-
noise,the data are saidto be shot noiselimited. In the shot noiselimited regime,the

relation betweennoiseand signal assymptotically approadiesa slope of 1/2. If full-

well capacity can be readhed before A/D saturation occurs,then at very high signal
levels the slope beginsto deviate from 1/2. The additional noisedue to dark signal
is likely negligible comparedto the shot noise for modern CCDs and obsenations
through broad-band Iters. It may not necessarillybe negligible comparedto the

read-noise sofor very faint sourcesn the near-UV or whenobservingthrough narrow-

band lters (i.e., whenthe sky badground is very low), the shot noiselimited regime
may not be readed. In the Section 3, we will discusswhy the shot-noiselimited

regimeis desirable.

¢ 2006R.A. Jansen 14



Figure 11: Example of a normalized median average of 60 bias-subtracted R- Iter

twilight at frames,obtainedwith the CCD cameraat the VATT. The rangebetween
black and white correspndsto only a 3% dierence in e ective response (QE).
Visible are both pixel-to-pixel variations that areintrinsic to the CCD, and variations
extrinsicto it. Tothe rst categorybelongthe pixel-to-pixel variations in the response
that form the regular vertical and horizontal bands( 1%), pixels and small clusters
of pixels with much lower than averageresponse(< 90%), and a coupleof bad partial

columns (<50%). To the secondcategory belongthe larger-scalevariations due to
dust particles that have settled onto the dewar window above the CCD, or on the
Iter (at the 50{99.9%level). Sincethe VATT is located within a pine forest, the
vast majority of the dust particles are, in fact, semi-transparen pine pollen. If the
dust particles remain stationary, division of all bias-subtractedscienceexposuresby
this normalized at frame will correct for the variations in e ective QE.
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Figure 12: CCD linearity curves of a typical three-phaseCCD for two di erent

gain values. The device is linear over most of the output range from the bias
level (the o set of 2000ADU for O detected photo-electrons)to (left) 58,000ADU

( 127,50@ ), wherethe CCD responsebecomeson-linear asthe pixel full-well ca-
pacity of 140,000e is approaded, and (right) 65,535ADU, setby the saturation of
the 16-bit A/D corverter. In both casesthe slope of the linear part of the response
curve is equalto 1=G. The gain is usually hard-wired into the CCD electronics.

2.6 Dynamic range, Saturation and Linearit y

Saturation can setin two di erent ways:

Pixel full-well saturation occurs when the pixel potential well can no longer
con ne photo-electronsto the pixel where the photon was absorbed. Shortly
beforefull-well saturation setsin, the electronsalready storedin the pixel lower
the potential well to the point where additional photo-electronsmay migrate
deepinto the substrateor evenout of the pixel, resultingin a non-linearresponse
of that particular pixel (seeFig. 12).

A/D saturation occurs abruptly when the charge estimate presenied for con-
versionexceedgshe value that canbe represeted with the available number of
bits per pixel. That level for an n-bit un-signedintegeris 2" 1 (assumingwe
start courting at 0). Hence,for a 12-bit A/D corverter (e.g., HST/WFPC2)
the maximum pixel valueis 21> 1 = 4095,for typical modern 15 or 16-bit A/D
convertersit would be 327670r 65535, respectively.
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Figure 13: lllustration of the two types of CCD non-linearity. Dierential non-
linearity (left) results from the nite steps(when G > 1) in the A/D corversion.
The amplitude of this type of non-linearity is  0:5 ADU. Integral non-linearity (right)
works over larger than singleA/D stepranges,and canbe quite complex. The magni-
tude of this type of non-linearity is given asthe maximum deviation, N, with respect
to a perfectly linear response.

Even when the CCD responseto photonsis perfectly linear at the stage of photon
absorption, and storing and passingalong photo-electrons,the conversionto a digital
data number will resultin anon-linearbehavior if the gainis (signi cantly) largerthan

1. This di er ential non-linearity, better known as digitization noise, is illustrated in
Fig. 13a.

The main gain value of HST/WFPC2 is 7e /ADU, which is larger than the
read-noiseof 5.3e of the CCDs. Combined with the low sky badground
levels from space,digitization is a much more important source of noise for
WFPC2 imagesthan commonin ground-basedCCD images:data valuesbelow

10ADU tend to be a ected, and alsoresult in pixel distributions that satisfy
neither Gaussiannor Poissonianstatistics.

4 WFPC2 sky backgound valuescomputed in UV{blue or narrow-kand Iter
imagesby taking the median pixel value will be systematially in error. Median
Itering to reject outlying pixels valueswill also be a e cted.
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As read-noiseof CCDs hascomedown over the years(from >300e to typically
lessthan 10e today), gain valueshad to comedown as well, with photon-
courting set-ups(G = 1) far more commontoday. Digitization noise,therefore,
tendsto be lessof a problem. This was only possiblethanks to low noise A/D
converters and inexpensive computer memory and disk storage, sud that 16-
bit/pix is now the standard rather than the exception, and ewen larger bpp
valuesmay be encourtered.

A/D corverters are not perfect. Somevaluesare reported more (or less)frequertly
than they would be by a perfect device. This results in the secondtype of non-
linearity, integral non-linearity, illustrated in Fig. 13b. Although the \true" data
number can newer be recovered, one can statistically correct for this systematic be-
havior. Fortunately, in most modern A/D corverters, the maximum deviation, N,
from the true linear responseis small.

The HST/WFPC2 A/D corvertersareknown to berelatively well-behared with
N ' 1:8{2.0 ADU ( 13{14e ) for bit 12, i.e., the one set for the 2048{4095
ADU range (Baggett et al. 2002), or an integral non-linearity of < 0:2%.

4 Note that the non-linearity descriked on page58 and Fig. 3.9 of the textb ook
(Howell) isan A/D non-linearity encourered at high signallevelsin the partic-
ular devicediscussedhere, and not the intrinsic non-linearity that might occur
when the chargein a pixel approatesfull-well capacity that is shovn herein
Fig. 12! Part of the chargethat is lost to a given pixel that is near full-well
capacity may di use to neighboring pixels and be recovered for analysiswhen
thesepixels are read out. Only the fraction of photo-electronsthat manageto
reconbine with holesdeepwithin the substrate of a pixel are forever lost.

¢ 2006R.A. Jansen 18



2.7 Transient E ects: Cosmic Rays, Cross-talk, Persistence,
Hot Pixels and Bad Columns

Cosmicrays can dump a signi cant amourt of charge within one or more ad-
jacert pixels, possibly saturating some,and often render the a ected pixel(s)
uselesdor subsequen scieri ¢ analysis. Thick, front-iluminated CCDs tend
to be more susceptibleto cosmicrays than thinned ones. Although there are
seeral methods to detect and remove the induced signal (e.g., la _cosmic, by
P. van Dokkum 2001), and one may sometimesdecideto simply interpolate
over a ected pixels, cosmicrays generally necessitatesplitting the desiredex-
posuretime over two or more exposuresand limit any single exposureto at
most 20 min (too avoid hits in a large fraction of pixels, and thereby reduce
the chancethat the samepixel getshit in subsequen exposures).

An example of cross-talk in the read-out electronics, when a CCD is read
through more than one ampli er is visible in Fig 14, where a saturated star
in one half of the CCD resulted in a ghost image at the mirrored location
within the other half.

Overexposureof bright sourcescan result in electronsthat persist deepwithin

the bulk substrate. Over time they may slowly migrate bad up, mimicking a
strongly localizedincreasein the dark rate, or after imagesof the bright source.
The time constart for this persisten@ can be seeral hours (seeFig 14), and
dependson the details of the CCD designand on how se\ere the overexposure
was.

As a result of defectsintro ducedduring manufacturing, or alsa result of particle
and radiation damageover time, some pixels will shov a much larger dark
currernt than the one characteristic for a particular CCD. Sud pixels (or even
ertire pixel columns)areknown aswarm or hot pixels dependingonthe se\erity.
By warming up the deviceto room temperature (a processcalled annealing), a
certain fraction of warm/hot pixels may return to normal.

Unresponsive (dead) pixels and bad/dead columnstypically alsoresult at the
manufacturing stage. Bad pixels can act as charge traps or shorts that drain
charge away into the substrate or that prevent the transfer of charge from any
pixels along a column located further away from the serial output register. As
aresult a (portion of a) columnin the output imagewill appear dark. Modern
science-grad€CCDs shaw only few of thesecosmeticdefects.
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ESO EEV44-82 2k 4k 15 mnthinned CCD -- overview

Readout Speed / Gain / Readout Noise (FIERRA)
Speed Gain One-port, full-frame Read Noise
(kps) (e /ADU) readout time (s) (e) [rms]
50 0.54 170 2.1
225 0.54 38 3.2
625 1.64 14 4.7
1000 2.10 9 10
saturated
star

amiolifier cross-talk
two-port readout

operational
range
1-10 e-/hr/pix

)

Image persistence after 1 hour

C D)

after 2 hours —

(c)1999 ESO / C. Cavadore; (c)2006 composite: R.A. Jansen

Figure 14: Performanceoverview of an EEV 44-822k 4k CCD deliveredto the Eu-
ropean Southern Obsenatory.
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Figure 15: Example of a raw 1200secH image of UGC 10445,0btained with the
CCD cameraat the VATT in Sep2003(Jansen& Tamura, in prep.), that features
seeral of the transient e ects and defectsdiscussed.Se\eral bad columns are seen
(somehot, somedead), and the imageis riddled with cosmicray hits. Sincecosmic
ray hits do not bear the imprint of the PSF, they tend to be sharper than geruine
point sources(e.g., stars) wheneer the PSF is properly sampled. This examplealso
demonstratesquite e ectively why it is important to at eld the data.
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