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ABSTRACT

WedescribetheInternalSparseField testusedtocharacterizerelevantaspectsof thedecreasingChargeTrans-
fer Ef�ciency (CTE)of theSTISCCD with elapsedon-orbit time. We measure two mainobservationaleffects
of CTE: Fractional signal lossandcentroid shift, usingarti�cial point-sourcespectra readout by ampli�ers
at bothserial registers. We derivetimeconstantsof the increasesof fractionalsignal loss(21.8%yr� 1) and
centroid shift (16.0%yr� 1) dueto CTE effects,and �nd a very tight relation betweenthe two. This relation
shouldbeusefulfor scienceprogramsrequiringsub-pixelastrometricaccuracy. Finally, wecompareresultsin
thetwosupportedgain settingsof theSTISCCD(gain= 1 andgain= 4).

1 Introduction

Thehigh �ux of damagingradiationat thealtitudeof theHST orbit producesa continuouslyincreasingpop-
ulation of charge trapsin the silicon of Charge-CoupledDevices(CCDs)which decreasesthe latter's charge
transferef�ciency (CTE),which is quanti�ed by thefractionof chargesuccessfullymoved(clocked)between
adjacentpixels.In practiceit is oftenmoreusefulto usethetermChargeTransferInef�ciency (CTI � 1� CTE).
The main observationaleffect of CTI is that a starwhoseinducedcharge hasto traversemany pixelsbefore
beingreadoutappearsto befainterthanthesamestarobservedneartheread-outampli�er. Theeffect is signif-
icantfor all CCD detectorsusedon HST instruments(e.g.,Whitmoreetal. 1999;Goudfrooij& Kimble 2003;
Riess& Mack 2004). Several aspectsof on-orbit characterizationsof the CTI of the STIS CCD have been
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reportedby Gilliland, Goudfrooij, & Kimble (1999),Kimble, Goudfrooij, & Gilliland (2000),Goudfrooij &
Kimble (2003),andBohlin & Goudfrooij (2003).Herewe reporton a ratheruniqueandsensitive testof CTI,
designatedthe“internalsparse�eld” test.This is theonly CTI testthathasbeenconductedwith theSTISCCD
in a uniform manner, both during groundtestingandduring in-�ight operationof STIS on an annualbasis.
It is thereforeperhapsno surprisethat it yields the mostrobust determinationof the time dependenceof the
CTI of theSTISCCD, which hasbeenusedassuchfor CTI correctionsin the1-D spectralextractionstepin
the CALSTIS pipeline(for spectroscopicobservations)since2003. This reporthastwo main purposes:(i) it
describesthe determinationof the time constantof CTI increasefrom all internalsparse�eld measurements
obtainedduringthelifetime of STIS,and(ii) it providesa quantitativemeasureof thecentroidshiftscausedby
CTI effectsasa functionof timeandsignallevel.

2 Internal Sparse Field Test

This testmethodquanti�es two key aspectsof CTE effectson spectroscopicmeasurements:(i) The amount
of charge lost outsidea standardextractionaperture,and(ii) theamountof centroidshift experiencedby the
chargeremainingwithin thatextractionaperture.Thetestutilizestheability of theSTISCCDandits associated
electronicsto readout theimagewith any ampli�er, i.e.,by clockingtheaccumulatedchargein eitherdirection
alongbothparallelandserialregisters.A sequenceof nominally identicalexposuresis taken,alternatingthe
readoutbetweenampli�ers on either side of the CCD (e.g., amps`B' and `D' for measuringparallel CTI
performance1). After correctingfor (small)gaindifferencesin the two readoutampli�er chains,theobserved
ratioof the�ux esmeasuredby thetwo ampscanbe�t to asimpleCTI modelof constantfractionalchargeloss
perpixel transfer(i.e.,perrow for parallelCTI measurements).Inspectingthedependenceof theobserved�ux
ratio (e.g.,`ampB'/`amp D') on thesourcepositionon theCCD, it canbecon�rmed thatwhat is measuredis
indeedconsistentwith beingdueto a chargetransfereffect (cf. Fig. 2 below).

A key virtue of thismethodis thatneitheracorrectionfor �at-�eld responsenon-uniformityis required,
nor ana-priori knowledgeof thesource�ux (aslong astheinput sourceis stableduringthealternatingexpo-
sures).It shouldbe notedthat what is beingmeasuredis actuallya sumof the charge transferinef�ciencies
for thetwo differentclockingdirections.However, for identicalclockingvoltagesandwaveformsandwith the
expectedsymmetryof theradiationdamageeffects,webelieve theassumptionthattheCTI is equalin thetwo
differentdirectionsis a reasonableone.

The implementationof this “internal”2 versionof the sparse�eld test is asfollows. Usingan onboard
tungstenlamp,theimageof anarrow slit whichrunsalongthedipersiondirection3 is projectedat � vepositions
alongtheCCD columns.At eachposition,a sequenceof exposuresis taken,alternatingbetweenthe`B' and
`D' ampli�ers for readout.An illustration of suchan exposuresequenceis depictedin Fig. 1. The exposure
setupusedfor theseobservationsis listedin Table1, while thecalibrationprogramnumbersanddatesof each
observingepocharegivenin Table2.

The illumination of theseimagesis representative for typical spectroscopicobservations(asthedisper-
sion directionof STIS CCD spectralmodesis essentiallyalongrows). The slit imagehasa narrow pro�le
(2-pixel FWHM), similar to a point sourcespectrum.The CTI resultingfrom this test is “worst-case”,since

1TheCTI of theSTISCCD is only signi�cant in theparallelreadoutdirection(e.g.,Kimble et al. 2000).Hence,theremainderof
this reportonly addressesparallel CTI.

2“internal” in thiscontext meansthatall necessaryobservationsareusingonboardlamps,sothatsuchobservationscanbeperformed
duringEarthoccultations,hencenot requiringany valuable“external”HST observingtime.

3We notethatsuchslitsare“special”aperturesmeantfor calibrationpurposes;their orientationis perpendicularto theslitsusedfor
`normal' STISspectra
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Figure 1: Representativeimagesusedfor the“internal” sparse�eld CTEtestin theparallelclockingdirection.
At eachof the � ve positionsalongthe CCD columns,a sequenceof exposuresis taken,alternatingbetween
ampli�ers `B' and`D' oneithersideof theparallelregister. Systematicvariationof therelativesignalsmeasured
by thetwo ampli�ers asafunctionof positionrevealstheCTEeffects.A logarithmicstretchis usedfor display.

Table 1: Setupof STISobservationsfor “internal” sparse�eld tests.

Optical � cen Slit Exp.Time CCD Gain Signal
Element ( 	A) Name (s) (e� /DN) Levela

G430M 5471 0.05x31NDA 0.3 1, 4 60
G430M 5471 0.05x31NDA 0.6 1, 4 130
G430M 5471 0.05x31NDA 0.9 1, 4 195
G430M 5471 0.05x31NDA 2.3 1, 4 500
Mirror —b 0.05x31NDA 0.3 1, 4 3450
Mirror —b 0.05x31NDB 0.3 1, 4 9850

a Unit is e� percolumnin theabsenceof CTElosses.
b Using`Clear' �lter (i.e.,no �lter; aperturename50CCD)

Notes:All exposuresweretakenin two readmodes:Oncereadoutusingthedefaultampli-
�er `D', andonceusingampli�er `B' on theoppositesideof theparallelregister.

Table 2: Observingblocksusedin this work. Eachblock extendedover a time periodof oneto a few days.
Representativevaluesfor theModi�ed JulianDate(MJD) andthecivil dateareshown.

Gain Block Program MJD Date(UT)

1 1 8414 51428 Sep07,1999
1 2 8414 51650 Apr 16,2000
1 3 8851 51845 Oct28,2000
1 4 8910 52210 Oct28,2001
1 5 9620 52567 Oct20,2002
1 6 9620 52896 Sep14,2003

4 1 8414 51783 Aug 26,2000
4 2 8851 52004 Apr 04,2001
4 3 8910 52399 May 05,2002
4 4 9620 52734 Apr 05,2003
4 5 10026 53099 Apr 04,2004
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thereis ratherlittle backgroundintensity(“sky”) to provide �lling of chargetrapsin theCCD silicon lattice.

For eachexposure,the average�ux per columnintegratedover a 7-row extractionaperture(which is
the defaultextractionsizefor long slit STIS spectraof point sources,cf. Leitherer& Bohlin 1997;McGrath
et al. 1999)aswell asthe centroidof the imagepro�le within those7 rows arecalculated.A measurement
of thebackgroundlevel wasobtained40 pixelsabove andbelow the extracted�ux with a width of 5 rows to
re�ect the�ux measurementmodeusedby the1-dspectralextractionmoduleof theCALSTIS pipeline.Fluxes
andbackgroundswereclippedin orderto rejectresidualcosmicraysandhot pixels. Thealternatingexposure
sequenceallows oneto separateCTI effectsfrom �ux variationsproducedby warmupof theinternaltungsten
lamp.As theslit imageextendsacrosshundredsof columns,highstatisticalprecisionon CTI performancecan
beobtainedevenat low signallevelspercolumn.

We emphasizethat in calculatingCTI from this test,charge is only considered“lost” if it is no longer
within thestandard7-row extractionaperture.I.e.,we areonly measuringthecomponentof CTI producedby
relatively long-time-constantchargetrapping.Hence,theCTI valuesderivedfrom this testwill not agreewith
thosemeasuredby (e.g.)X-ray stimulationtechniquesusingFe55 or Cd109, for which chargedeferredto even
thevery�rst trailing pixel formally contributesto theCTI. However, themeasurementdescribedhereis directly
relevantto theestimationof CTE effectson STISspectrophotometry.

3 Results

A � 2-minimization algorithm was usedto computeCTI for eachobservingepochand signal level. After
correctingfor (small) gain differencesin the two readoutampli�er chains,the observed ratio of the �ux es
measuredby the two ampli�ers was �t to a simpleCTE modelof constantfractionalcharge lossper pixel
transfer, allowing for � � � clippingof outliers(thelatterariseoccasionallyfrom lampintensity�uctuationsof
theshort(0.3sec)exposures).

As theresultsshow signi�cant differencesbetweenthetwo supportedCCD gainsettings,theremainder
of this sectionwill besplit into two subsections,onefor eachgainsetting.For variousreasonswhich will be
clari�ed below, theresultsof thegain= 1 e� /DN settingshouldberegardedasmostrelevant.

3.1 Gain = 1

3.1.1 Time dependence of CTE degradation

Flux ratio resultsfor theparallelinternalsparse�eld testtakenin gain= 1 after5.5yearsin orbit arepresented
in Figure2. It canbeseenthata simpleCTI model(constantfractionalcharge lossperpixel transfer)�ts the
dataquitewell.

To derive the time dependenceof the CTI, all CTI measurementswere �rst normalizedto zeroback-
ground. In orderto arrive at thatvalue,two correctionswererequired:First, theeffect of thespuriouscharge
in the STIS CCD bias frames(Goudfrooij & Walsh1997)wasaccountedfor by consideringthe total back-
ground(B 0) to bethemeasuredone(B) plusthespuriouscharge. Second,thepreviously derivedbackground
dependency of theCTI wastakeninto account:

CTI (B 0; G) = CTI 0 exp

 

� 2:97
�

B 0

G

� 0:21!

(1)
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Figure 2: CTI calculationfor oneof thegain= 1 observingblocks.Eachpanelshows thedataandthe�t for a
givensignallevel (which arelabelledabove andbelow eachpanel).Starsymbolsindicatemeasurementsused
in the�t andcirclesindicaterejectedpoints.FittedCTI valuesareindicatedin theboxedlegend.

5



InstrumentScienceReportSTIS2006-01

Figure 3: Left panel: CTI extrapolatedto zerobackgroundfor gain= 1 asa functionof time andsignallevel,
derivedfrom theinternalsparse�eld test.Both thedataandthecorrespondinglinear �ts areplotted.Symbols
associatedwith individualsignallevels(correctedfor CTI) areindicatedin thelegend.Rightpanel: Absolute
charge lostdueto CTI for anobjectat thecentralrow of theSTISCCD asa functionof time andsignallevel.
Symboltypesarethesameasin theleft panel.Theepochof HSTServicingMission2 (duringwhichSTISwas
installedonHST) is depictedasa blackdottedline.

(Bohlin & Goudfrooij2003)4 whereB 0 is thetotalbackgroundvalueandG is themeasuredgrosssignallevel.
Thetimedependencewasderivedby �tting thezero-backgroundCTI valuesto a functionof theform:

CTI (t) = CTI 0 [1 + � (t � t0)]; (2)

with t in yearsandt0 = 2000:6, the approximatemidpoint in time of in-�ight STIS observations. The con-
versionbetween(t � t0) andthemodi�ed JuliandateMJD (which is providedby keywordsTEXPSTRTand
TEXPENDin thescienceheaderof eachSTISobservation)is givenby t � t0 = (MJD � 51765)=365:25.

CTI valuesderivedasmentionedabove for theparallelinternalsparse�eld testtakenatdifferentepochs
areplottedin Figure3. In-�ight CTEdegradationfromapre-�ight startingpointof low CTI is apparent.Typical
CTE-like behavior is observedasa functionof signallevel: The fractionalcharge loss(which is proportional
to CTI) dropswith increasingsignallevel, while theabsolutelevel of chargelossincreases.

Resultsfor the time-dependence�t for gain= 1 areshown in Fig. 3 andTable3. The functional �t to
the datais quite good, and the derived valuesfor � in Eq. (2) areconsistentwith one another(within the
uncertainties)for all signallevelsmeasured.As to the�nal selectionof thetimeconstant� , weconsideredthat
thedatasetwith 3450electronspercolumnis theonly onefor which pre-�ight measurementswereavailable,
i.e., it coversa timeinterval considerablylongerthanfor theothersignallevels.Hence� = 0:218� 0:038was
selectedasrepresentative for all signallevels,asindicatedin Table3.

4An updatedbackgrounddependenceof theCTI wasrecentlyderived(Goudfrooijetal. 2006,proceedingsof 2005HSTCalibration
Workshop)andbeingimplementedwithin theCALSTIS pipeline.However, thedifferencesarenegligible for thedataconsideredhere.
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Table 3: CTE degradationtime constant� asa function of signal level for gain= 1. The last row lists our
adoptedvaluein boldfacefont.

signal � � �

(DN) (yr� 1) (yr� 1)
60 0.216 0.009

130 0.192 0.013
195 0.188 0.011
500 0.202 0.006

3450 0.218 0.038
9850 0.170 0.052

� = 0.218 � 0.038

3.1.2 Centroid shift and its dependence on flux loss due to CTI

The effectsof charge trappingandreleasewithin the 7-row apertureareseenby examining the line pro�les
andcentroids.Comparisonsof theaverageline pro�les seenfor theopposingreadoutdirectionsareshown in
Figure4 for two of the signal levelsused. At 60 electronspercolumn,the charge trailing andcentroidshift
areobvious. Evenat thehighersignallevel, with muchlower CTI, themagni�ed differencebetweenthetwo
observed pro�les shows that the centroidshift is systematicand measurable.The measuredcentroidshifts
(de�ned ashalf thedifferencebetweenthepro�le centroidsasmeasuredby the two differentampli�ers) after
5.5 yearsin orbit areplottedin the left panelof Figure5, alongwith a least-square�t to the centroidshifts
measuredat thecentralpositionon theCCD asa functionof measuredgrosssignallevel G asreadout by the
defaultampli�er D. The�t representsthefollowing function:

log(CentroidShift [pixels]) = 0:380� 0:062 log G � 0:092(log G)2 (3)

whereG is in electrons.The RMS of the �t is 0.024pixels. Note thatEq. 3 �ts all datain the left panelof
Figure5 quite well (i.e., not only the dataat the centerof the CCD). The right panelof Figure5 depictsthe
evolutionof thecentroidshift (at thecentrallocationon theCCD) dueto CTEeffectsasa functionof time. A
comparisonwith Figure3 showsthatthecentroidshiftsgrow in timewith growth ratesthatarequitesimilar to
thosemeasuredfor theCTI valuesthemselves.Quantitatively, thedataof any givenintrinsicsignallevel shown
in Figure5 canbe�t by the functionShift (t) = Shift (0) � [1 + � (t � t0)] with � = 0.16� 0.02andt0 =
2000.6.

All theabove�ndings indicatethatCTEeffectscauseafractionallossof signalof whichtheamplitudeis
directly relatedto thesizeof theassociatedcentroidshift, anywhereontheCCD.This is illustratedin Figure6,
which revealsanextremelytight relationbetweenmeasuredCTI andcentroidshift. Thesolid line depictsthe
least-square�t to this relation,

CentroidShift [pixels] = 0:081
�

CTI
10� 4

�
� 0:002

�
CTI
10� 4

� 2

(4)

which hasan RMS errorof only 0.01pixels. Eq. 4 shouldprove usefulfor scienceprogramsfor which both
accuratespectrophotometryand astrometryis important. Note that this relation formally only holds for the
(default)gain= 1 setting.Issuesrelatedto thegain= 4 settingarediscussednext.
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Figure 4: Comparisonof line pro�les obtainedwhenclockinga givenexposurein oppositedirectionsin the
internalsparse�eld test.At low signallevels(left panel),chargetrailing andcentroidshift areobvious. Even
athighsignallevels(right panel),differencesin theline pro�le aresystematicandmeasureable(thedottedline
depictsthedifferencepro�le). Figurereproducedfrom Kimble, Goudfrooij,& Gilliland (2000).

Figure 5: Left panel: Thecentroidshift (in unbinnedCCD pixels)asa functionof signallevel asreadout by
theD ampli�er for thegain= 1 observingblock in October2002,� 5.5yearsafterSTISinstallation.Centroid
shifts for the centrallocation on the CCD areshown in �lled squares,anda least-squares�t to the latter is
shown by the solid line. Right panel: The centroidshift for the centrallocationon the CCD asfunctionsof
time andsignallevel asreadoutby theD ampli�er. Both thedataandthecorrespondinglinear�ts areplotted.
Symbolsassociatedwith individualsignallevels(correctedfor CTI) areindicatedin thelegend.
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Figure 6: Thecentroidshift asa functionof CTI for all gain= 1 datasets.Symbolsasin Figures3 and5. Note
the very tight relationbetweenthe two properties.A least-squares�t to the data(cf. Eq. 4) is shown by the
solid line.

3.2 Gain = 4

The gain= 4 e� /DN settingof the STIS CCD hasseveral featureswhich renderit usefulonly for very high
signal-to-noiseobservations. It allows oneto reachthe full well of the CCD at at the costof a signi�cantly
higherreadnoisethanthegain= 1 setting(seeChapter7 in Kim Quijanoet al. 2004),andit doesnot sample
thesky backgroundlevel well in typical spectroscopicexposures.With this in mind, thebiasvoltagesfor the
gain= 4 settingweresetby theSTISinstrumentde�nition team(duringgroundtesting)with themaingoal to
obtainthebestpossibleperformanceathighsignallevels.

One (minor) issueassociatedwith this choiceof biasvoltagefor the gain= 4 settingis the high level
of spuriouscharge injectedduringthereadoutprocessof theSTISCCD (seealsoGoudfrooij& Walsh1997).
Thepropertiesof this spuriouschargecanbemeasuredfrom thegain= 4 bias�les. Its mainfeatureis a steep
rampin the half of the CCD furthestaway from the readoutampli�er, which hasa signi�cant effect on the
CTI measurementsin this report. This is illustratedin Figure7, which shows a comparisonof the spurious
charge levels in gain= 1 vs. gain= 4 andtheresultingeffect on theCTE-relatedsignallossesasa functionof
distancefrom the readoutampli�er. Obviously, CTI valuesderived using“B-amp/D-amp”signal ratiosare
lower in gain= 4 thanin gain= 1. Furthermore,the derived CTI valuesfor gain= 4 containsystematicerrors
dueto thesteeprampof thespuriouscharge in thebiaslevel, especiallyfor low signallevelswheretheextra
spuriouschargefor gain= 4 helpsa lot in �lling chargetraps.However, aswearemainly interestedin theCTI
performanceof thegain= 4 settingathighsignallevels,this issueis deemedunimportant.

ThederivedCTI valuesfor gain= 4 areshown in Fig. 8 asa functionof time. For comparison,the �ts
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Figure 7: Illustrationof theeffectof spuriouschargein STISbiasframesto theresultingCTI, andacomparison
betweengain= 1 andgain= 4 data. Left panel: The symbolsrepresentextractedsignal levels (seeleft-hand
ordinate)as a function of CCD row numberfor the 60 e� /column datasetreadout using ampli�er D and
takenduringtheFall 2000observingblock. Thedottedlinesrepresentthespuriouschargelevel of STISCCD
superbiasframes(seeright-handordinate)asfunctionof row number. Redlinesandsymbolsrepresentgain= 1
data,while blacklinesandsymbolsrepresentgain= 4 data.Rightpanel:Sameasleft panel,but for signallevels
measuredfrom imagesreadout with ampli�er B, locatedon theserialregisteroppositeto thatof ampli�er D.
Notethestrongin�uence of thesteepslopeof thespuriouschargelevel in gain= 4 acrosshalf the�eld.

derivedfrom thegain= 1 dataareshown assolid lines.Theleft panelshowsthederivedwith aspurious-charge
correctionof 5 counts(asin the“�at” partof thegain= 4 biasstructure)andthe right panelwith a correction
of 8 counts(half way up thespuriouschargeramp). As expected,thedatais noisierthanfor thegain= 1 case
andtheCTI valuesfor gain= 4 aresigni�cantly lowerthanthoseof gain=�1 for thelow signallevels.However,
thegain= 4 resultsareconsistentwith thegain= 1 onesat signallevelsof � 1000e� andabove, for which the
gain= 4 settingwascreatedin the �rst place. Given the featuresof thegain= 4 settingmentionedabove, we
have not deriveda CTE degradationtime constant� (cf. Eq.2) separatelyfor gain= 4. I.e., theSTISpipeline
CALSTIS performstheCTEcorrectionusingthevalueof � determinedfrom gain= 1 data(Table3).
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Figure 8: Left panel: CTI extrapolatedto zerobackgroundfor gain= 4 asa functionof time andsignallevel,
derived from the internal sparse�eld test. Symbolsassociatedwith individual signal levels (correctedfor
CTI) are indicatedin the legend. A spuriouscharge level of 5 e� wasassumedfor the correctionto zero
background.Thelinear�ts (solid lines)representthe�ts to thegain= 1 data(takenfrom Fig.3) for thepurpose
of comparison.It is clearthat thederivedCTI valuesfor low-signaldataaremuchlower for gain= 4 thanfor
gain= 1. Theepochof HST ServicingMission 2 (during which STISwasinstalledon HST) is depictedasa
black dottedline. Rightpanel: Sameasleft panel,exceptthata spuriouscharge level of 8 e� wasassumed.
SeeFig 7 andtext in Section3.2regardingissuesrelatedto spuriouschargelevel in gain= 4.
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