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ABSTRACT

We describethelnternal Sparsd-ield testusedto characterizerelevantaspect®f thedeceasingCharge Trans-
fer Ef ciency (CTE) of the STISCCD with elapsedon-orbit time WWe measue two main observationakfects
of CTE: Fractional signallossand centioid shift, usingarti cial point-souce specta readout by ampli ers

at both serial registers. We derivetime constantsof the increaseof fractional signalloss (21.8%yr 1) and
centoid shift (16.0%yr 1) dueto CTE effects,and nd a very tight relation betweerthe two. This relation
shouldbe usefulfor scienceprogramsrequiring sub-pixelastrometricaccuiacy. Finally, wecompae resultsin

thetwo supportedyain settingsof the STISCCD (gain= 1 andgain= 4).

1 Introduction

Thehigh ux of damagingradiationat the altitude of the HST orbit producesa continuouslyincreasingpop-
ulation of chagetrapsin the silicon of Chage-CoupledDevices (CCDs)which decreasethe latter's chage
transferef ciency (CTE), whichis quanti ed by thefraction of chage successfullymoved (clocked)between
adjacenpixels.In practiceit is oftenmoreusefulto usethetermChage Transfernefciency (CTI 1 CTE).
The main obsenationaleffect of CTl is that a starwhoseinducedchage hasto traversemary pixels before
beingreadoutappearso befainterthanthe samestarobseredneartheread-outampli er. Theeffectis signif-
icantfor all CCD detectoraisedon HSTinstrumentge.g.,Whitmoreetal. 1999; Goudfrooij& Kimble 2003;
Riess& Mack 2004). Sereral aspectof on-orbit characterizationsf 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 aratheruniqueandsensitve testof CTI,
designatedhe“internalsparseeld” test.Thisis theonly CTI testthathasbeenconductedvith theSTISCCD
in a uniform manney both during groundtestingandduring in- ight operationof STIS on an annualbasis.
It is thereforeperhapao surprisethatit yields the mostrobust determinatiorof the time dependencef the
CTI of the STISCCD, which hasbeenusedassuchfor CTI correctionsn the 1-D spectralextraction stepin
the caLsTIS pipeline (for spectroscopiobsenations)since2003. This reporthastwo main purposes:(i) it
describeghe determinatiorof the time constantof CTl increaserom all internalsparseeld measurements
obtainedduringthelifetime of STIS,and(ii) it providesa quantitatve measuref the centroidshiftscausedy
CTI effectsasafunctionof time andsignallevel.

2 Internal Sparse Field Test

This testmethodquanti es two key aspectf CTE effects on spectroscopieneasurementgi) The amount
of chage lost outsidea standardextractionaperture and(ii) the amountof centroidshift experiencedy the
chageremainingwithin thatextractionaperture Thetestutilizestheability of the STISCCD andits associated
electronicgo readouttheimagewith any ampli er, i.e., by clockingtheaccumulated¢hagein eitherdirection
alongboth parallelandserialregisters. A sequenc@f nominally identicalexposureds taken,alternatingthe
readoutbetweenampli ers on either side of the CCD (e.g.,amps’'B' and "D’ for measuringparallel CTI
performancé). After correctingfor (small) gain differencesn the two readoutampli er chains,the obsened
ratio of the ux esmeasuredby thetwo ampscanbe t to asimpleCTI modelof constanfractionalchageloss
perpixel transfer(i.e., perrow for parallelICTI measurements)nspectinghedependencef theobsered ux
ratio (e.g., ampB'/"amp D") onthe sourcepositionon the CCD, it canbe con rmed thatwhatis measureds
indeedconsistentvith beingdueto a chagetransfereffect (cf. Fig. 2 belaw).

A key virtue of this methodis thatneithera correctionfor at- eld responsaon-uniformityis required,
nor ana-priori knowledgeof the source ux (aslong astheinput sourceis stableduringthe alternatingexpo-
sures). It shouldbe notedthat whatis beingmeasureds actuallya sumof the chage transferinef ciencies
for thetwo differentclockingdirections.However, for identicalclockingvoltagesandwaveformsandwith the
expectedsymmetryof the radiationdamageeffects,we believe theassumptiorthatthe CTl is equalin thetwo
differentdirectionsis areasonablene.

The implementatiorof this “internal”? versionof the sparseeld testis asfollows. Using anonboard
tungsterlamp,theimageof anarrow slit which runsalongthe dipersiondirectior? is projectedat ve positions
alongthe CCD columns. At eachposition,a sequenc®f exposureds taken,alternatingbetweenrthe 'B' and
'D' ampli ers for readout. An illustration of suchan exposuresequenceés depictedin Fig. 1. The exposure
setupusedfor theseobsenationsis listedin Table1, while the calibrationprogramnumbersanddatesof each
observingepocharegivenin Table2.

Theillumination of theseimagesis representatie for typical spectroscopiobsenations(asthe disper
sion directionof STIS CCD spectralmodesis essentiallyalongrows). The slit imagehasa narrowv pro le
(2-pixel FWHM), similar to a point sourcespectrum.The CTI resultingfrom this testis “worst-case”,since

The CTI of the STISCCD s only signi cant in the parallelreadoutdirection(e.g.,Kimble etal. 2000). Hence the remainderf
this reportonly addresseparallel CTI.

2internal” in this context meanghatall necessargbsenationsareusingonboardamps,sothatsuchobsenationscanbeperformed
during Earthoccultationshencenotrequiringary valuable“external” HST observingtime.

3We notethatsuchslits are“special” aperturesneantfor calibrationpurposestheir orientationis perpendiculato theslits usedfor

‘normal’ STIS spectra
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Figure 1: Representate imagesusedfor the“internal” sparseeld CTE testin the parallelclockingdirection.
At eachof the ve positionsalongthe CCD columns,a sequenc®f exposureds taken,alternatingbetween
ampli ers 'B' and’D' oneithersideof theparallelregister Systematiwariationof therelative signalsmeasured
by thetwo ampli ers asafunctionof positionrevealsthe CTE effects. A logarithmicstretchis usedfor display

Table 1: Setupof STISobsenationsfor “internal” sparseeld tests.

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

a8 Unitise percolumnin theabsencef CTElosses

b Using Clear' lter (i.e.,no lter; aperturename50CCD)

Notes:All exposuresveretakenin two readmodes:Oncereadoutusingthe defaultampli-
er "D', andonceusingampli er 'B' ontheoppositesideof the parallelregister

Table 2: Observingblocksusedin this work. Eachblock extendedover a time period of oneto a few days.
Representate valuesfor the Modi ed JulianDate(MJD) andthecivil dateareshawvn.

Gain Block Program MJD Date(UT)
1 1 8414 51428 Sep07,1999
1 2 8414 51650 Apr 16,2000
1 3 8851 51845 Oct 28,2000
1 4 8910 52210 Oct 28,2001
1 5 9620 52567 Oct 20,2002
1 6 9620 52896 Sepl4,2003
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 backgroundntensity(“sky”) to provide lling of chagetrapsin the CCD silicon lattice.

For eachexposure,the average ux per columnintegratedover a 7-row extraction aperture(which is
the defaultextractionsizefor long slit STIS spectraof point sourcescf. Leitherer& Bohlin 1997; McGrath
et al. 1999)aswell asthe centroidof theimagepro le within those7 rows are calculated. A measurement
of the backgroundevel wasobtained40 pixels above andbelow the extracted ux with awidth of 5 rows to
re ect the ux measuremennodeusedby the 1-d spectralextractionmoduleof the cALSTIS pipeline. Fluxes
andbackgroundsvereclippedin orderto rejectresidualcosmicraysandhot pixels. The alternatingexposure
sequenceallows oneto separate€C Tl effectsfrom ux variationsproducedoy warmupof the internaltungsten
lamp. As theslit imageextendsacrosshundredsf columns high statisticalprecisionon CTI performancean
be obtainedevenat low signallevels percolumn.

We emphasizéhatin calculatingCTI from this test,chageis only consideredlost” if it is no longer
within the standardr-row extractionaperture.l.e., we areonly measuringhe componentf CTI producedby
relatively long-time-constanthage trapping.Hence the CTI valuesderivedfrom this testwill not agreewith
thosemeasuredy (e.g.) X-ray stimulationtechniquesisingFe>® or Cd%°, for which chage deferredto even
thevery rst trailing pixel formally contributesto the CTI. However, themeasuremerdescribedereis directly
relevantto the estimationof CTE effectson STIS spectrophotometry

3 Results

A 2-minimization algorithm was usedto computeCTI| for eachobservingepochand signal level. After
correctingfor (small) gain differencesin the two readoutampli er chains,the obsened ratio of the ux es
measuredy the two ampli ers was t to a simple CTE model of constantfractional chage loss per pixel
transferallowing for clipping of outliers(the latterariseoccasionallyfrom lampintensity uctuationsof
theshort(0.3 sec)exposures).

As theresultsshow signi cant differencesetweerthetwo supportedCCD gainsettingstheremainder
of this sectionwill be split into two subsectionspnefor eachgain setting. For variousreasonsvhich will be
clari ed below, theresultsof thegain=1e /DN settingshouldberegardedasmostrelevant.

3.1 Gain=1
3.1.1 Time dependence of CTE degradation

Flux ratio resultsfor the parallelinternalsparseeld testtakenin gain=1 after5.5yearsin orbit arepresented
in Figure2. It canbe seenthata simple CTl model(constanfractionalchage lossper pixel transfer) ts the
dataquite well.

To derive the time dependencef the CTI, all CTI measurementsere rst normalizedto zeroback-
ground. In orderto arrive atthatvalue,two correctionsvererequired:First, the effect of the spuriouschage
in the STIS CCD biasframes(Goudfrooij & Walsh1997)wasaccountedor by consideringthe total back-
ground(B9) to bethe measureane(B) plusthe spuriouschage. Secondthe previously derived background
dependengof the CTIl wastakeninto account:

|
RO 0:21’

CTI (B%G)= CTlg exp 2:97 < 1)
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Figure 2: CTI calculationfor oneof thegain=1 observingblocks. Eachpanelshons thedataandthe t for a
givensignallevel (which arelabelledabore andbelow eachpanel). Starsymbolsindicatemeasurementssed
in the t andcirclesindicaterejectedpoints. Fitted CTI valuesareindicatedin theboxedlegend.
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Results: GAIN = 1

-8 0;005 -I:JIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII--I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||III- 300 (-)
> : = T | (- >
o °60e 1 L ] 3
2 0004 [i |2 120 I ! o 4250 §
5 i T L ] )
0 | - 4 * ! | ) i w
o [ i | & 3450 e~ I8 , L1 4200 T
5 0.003 - | x 9850 e T S | ,}, : ’ =
N I : | : : [ (- ®)
Ie) [ T Lo | - 150 8
H B | 1
o 0.002 1 T * + + ] ~
2 T ' ] o
© [ T i 4 + J100 =
8 0.001 [ I . ] *
O -o: -+ - —_
£ 1 ' , 450 N
o = 1 % & 5§ o ! ~
_ = —6—& é—ﬂk——-——ﬁ————-ﬁf_:{} e 1 0 © . ®
5 -I:|I|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII O N—"
-3 -2 -1 0 1 2 3 -3 -2 -1 O 1 2 K]
Years since epoch 2000.6 Years since epoch 2000.6

Figure 3: Left panel: CTI extrapolatedo zerobackgroundor gain=1 asa functionof time andsignallevel,
derivedfrom theinternalsparseeld test. Both thedataandthe correspondindinear ts areplotted. Symbols
associatedvith individual signallevels (correctedfor CTI) areindicatedin thelegend.Rightpanel: Absolute
chagelostdueto CTI for anobjectat the centralrow of the STIS CCD asafunction of time andsignallevel.
Symboltypesarethesameasin theleft panel. Theepochof HST ServicingMission2 (duringwhich STISwas
installedon HST) is depictedasa blackdottedline.

(Bohlin & Goudfrooij2003) whereB is the total backgroundralueandG is the measuredjrosssignallevel.
Thetime dependenceasderivedby tting thezero-backgroun€TI valuesto afunctionof theform:

CTI(t) = CTlg[1+ (t to)l; 2

with t in yearsandtg = 20006, the approximatemidpointin time of in- ight STIS obsenations. The con-
versionbetween(t tg) andthe modi ed JuliandateMJD (which is provided by keywords TEXPSTRTand
TEXPENDN thescienceheadenf eachSTISobsenation)is givenbyt tg= (MJD 51765)F365.25.

CTI valuesderivedasmentionedabove for the parallelinternalsparseeld testtakenatdifferentepochs
areplottedin Figure3. In- ight CTE degradatiorfrom apre- ight startingpointof low CTl is apparentTypical
CTE-like behaior is obsenedasa function of signallevel: The fractionalchage loss(which is proportional
to CTI) dropswith increasingsignallevel, while the absolutdevel of chagelossincreases.

Resultsfor the time-dependencea for gain=1 areshowvn in Fig. 3 andTable 3. Thefunctional t to
the datais quite good, and the derived valuesfor in Eq. (2) are consistentwith one another(within the
uncertaintiesjor all signallevelsmeasuredAs to the nal selectionof thetime constant , we consideredhat
the datasetvith 3450electrongper columnis the only onefor which pre- ight measurementwere available,
i.e.,it coversatimeinterval considerabljongerthanfor theothersignallevels.Hence = 0:218 0:038was
selectedasrepresentatie for all signallevels,asindicatedin Table3.

“An updatedackgroundiependencef the CTl wasrecentlyderived (Goudfrooijetal. 2006,proceedingsf 2005HST Calibration
Workshop)andbeingimplementedvithin the caLsTIS pipeline.However, the differencesarenegligible for the dataconsideredhere.
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Table 3: CTE degradationtime constant asa function of signallevel for gain=1. Thelastrow lists our
adoptedvaluein boldfacefont.

signal

(DN) yr yr
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 effects of chage trappingandreleasewithin the 7-row apertureare seenby examiningtheline pro les
andcentroids.Comparison®f the averageline pro les seenfor the opposingreadoutdirectionsareshavn in
Figure4 for two of the signallevels used. At 60 electronsper column,the chage trailing and centroidshift
areobvious. Evenat the highersignallevel, with muchlower CTI, the magni ed differencebetweerthetwo
obsenred pro les shows that the centroidshift is systematicand measurable.The measured:entroid shifts
(de ned ashalf the differencebetweernthe pro le centroidsasmeasuredyy the two differentampli ers) after
5.5 yearsin orbit are plottedin the left panelof Figure5, alongwith a least-squaret to the centroidshifts
measuredt the centralpositionon the CCD asa function of measuredjrosssignallevel G asreadout by the
defaultampli er D. The t representghefollowing function:

log (CentroidShift [pixels) = 0:380 0:062logG 0:092(log G)? 3)

whereG is in electrons. The RMS of the t is 0.024pixels. NotethatEq. 3 ts all datain theleft panelof
Figure5 quite well (i.e., not only the dataat the centerof the CCD). Theright panelof Figure5 depictsthe
evolution of the centroidshift (at the centrallocationonthe CCD) dueto CTE effectsasafunction of time. A
comparisorwith Figure3 showsthatthe centroidshiftsgrow in time with growth ratesthatarequite similar to
thosemeasuredor the CTl valuesthemseles. Quantitatiely, thedataof ary givenintrinsic signallevel shovn

in Figure5 canbe t by the function Shift(t) = Shift(0) [L+ (t tp)]with =0.16 0.02andtp =
2000.6.

All theaborve ndings indicatethatCTE effectscauseafractionallossof signalof whichtheamplitudeis
directly relatedto thesizeof theassociatedentroidshift, anywhereonthe CCD. Thisis illustratedin Figure6,

which revealsan extremelytight relationbetweermeasuredC Tl andcentroidshift. The solid line depictsthe
least-squard to thisrelation,

CTI CTI ?
CentroidShift [pixels]= 0:081 ——; 0:002 —; 4
ntroidShift [pixels] 10 10 4 4)
which hasan RMS error of only 0.01 pixels. Eq. 4 shouldprove usefulfor scienceprogramsfor which both
accuratespectrophotometrand astrometryis important. Note that this relation formally only holdsfor the
(default)gain=1 setting.Issuegelatedto the gain=4 settingarediscusseadext.



InstrumentScienceReportSTIS2006-01

__ 20F AmpB —— clocks left 4 1500 :_Amp Bo—s clocks left .
2 AmpD — — - clocks right § 2 F Amp D — — — clocks right +
E 15 ] E 1000 10%(B — D)---- shows lag ]
c c : -
o AR
= = ]
5 5 O
73 = :
i i . =500 ;
500 505 510 515 520 510 515 520 525
Rows from B Amp Rows from B Amp

Figure 4: Comparisorof line pro les obtainedwhenclocking a given exposurein oppositedirectionsin the
internalsparseeld test. At low signallevels (left panel),chagetrailing andcentroidshift areobvious. Even
at high signallevels(right panel) differencesn theline pro le aresystemati@andmeasureablé@hedottedline
depictsthedifferencepro le). Figurereproducedrom Kimble, Goudfrooij,& Gilliland (2000).
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Figure 5: Left panet The centroidshift (in unbinnedCCD pixels) asa function of signallevel asreadout by
the D ampli er for thegain=1 observingblockin October2002, 5.5yearsafter STIS installation.Centroid
shifts for the centrallocationon the CCD areshovn in lled squaresanda least-squareg to the latteris
shown by the solid line. Rightpanel The centroidshift for the centrallocationon the CCD asfunctionsof
time andsignallevel asreadout by the D ampli er. Boththedataandthe correspondindinear ts areplotted.
Symbolsassociatedvith individual signallevels(correctedor CTI) areindicatedin thelegend.
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Figure 6: Thecentroidshift asafunctionof CTI for all gain=1 datasetsSymbolsasin Figures3 and5. Note
the very tight relationbetweenthe two properties.A least-squareg to the data(cf. Eq. 4) is showvn by the
solidline.

3.2 Gain=4

The gain=4 e /DN settingof the STIS CCD hasseveral featureswhich renderit usefulonly for very high

signal-to-noiseobsenations. It allows oneto reachthe full well of the CCD at at the costof a signi cantly

higherreadnoisethanthe gain=1 setting(seeChapter7 in Kim Quijanoetal. 2004),andit doesnot sample
the sky backgroundevel well in typical spectroscopiexposures.With thisin mind, the biasvoltagesfor the
gain=4 settingweresetby the STISinstrumentde nition team(during groundtesting)with the maingoalto

obtainthe bestpossibleperformancet high signallevels.

One (minor) issueassociatedvith this choiceof biasvoltagefor the gain=4 settingis the high level
of spuriouschage injectedduring the readoutproces®f the STIS CCD (seealso Goudfrooij& Walsh1997).
The propertiesof this spuriouschage canbe measuredrom the gain=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 measurementim this report. This is illustratedin Figure 7, which shonvs a comparisorof the spurious
chagelevelsin gain=1 vs. gain=4 andtheresultingeffect on the CTE-relatedsignallossesasa function of
distancefrom the readoutampli er. Obviously, CTI valuesderived using “B-amp/D-amp” signal ratios are
lower in gain=4 thanin gain=1. Furthermorethe derived CTI valuesfor gain=4 containsystematicerrors
dueto the steeprampof the spuriouschage in the biaslevel, especiallyfor low signallevelswherethe extra
spuriouschagefor gain=4 helpsalot in lling chagetraps.However, aswe aremainly interestedn the CTI
performancef the gain=4 settingat high signallevels, thisissueis deemedinimportant.

Thederived CTI valuesfor gain=4 areshavn in Fig. 8 asa function of time. For comparisonthe ts

9
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Flux vs. Position, Internal Sparse Field Test
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Figure 7: lllustrationof theeffectof spuriouschagein STISbiasframesto theresultingCTI, andacomparison
betweengain=1 andgain=4 data. Left panel: The symbolsrepresentxtractedsignallevels (seeleft-hand
ordinate)as a function of CCD row numberfor the 60 e /column datasetread out usingamplier D and
takenduringthe Fall 20000bservingblock. The dottedlinesrepresenthe spuriouschagelevel of STISCCD

superbiagrames(seeright-handordinate)asfunctionof row number Redlinesandsymbolsrepresengain=1

data,while blacklinesandsymbolsrepresentjain=4 data.Rightpanel: Sameasleft panel but for signallevels

measuredrom imagesreadout with ampli er B, locatedon the serialregisteroppositeto that of ampli er D.

Notethe strongin uence of the steepslopeof the spuriouschagelevel in gain=4 acrosshalf the eld.

derivedfrom thegain=1 dataareshovn assolid lines. Theleft panelshonvsthe derivedwith a spurious-chage
correctionof 5 counts(asin the* at” partof the gain=4 biasstructure)andthe right panelwith a correction
of 8 counts(half way up the spuriouschage ramp). As expected the datais noisierthanfor thegain=1 case
andthe CTI valuesfor gain=4 aresigni cantly lowerthanthoseof gain=1 for thelow signallevels. However,

thegain=4 resultsareconsistentvith the gain=1 onesat signallevelsof 1000e andabove,for whichthe
gain=4 settingwascreatedn the rst place. Giventhe featuresof the gain=4 settingmentionedabore, we

have not deriveda CTE degradationtime constant (cf. Eq. 2) separatelffor gain=4. l.e.,the STIS pipeline
cALsTIS performsthe CTE correctionusingthevalueof — determinedrom gain=1 data(Table3).
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Results: GAIN = 4
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Figure 8: Left panel: CTI extrapolatedo zerobackgroundor gain=4 asa functionof time andsignallevel,
derived from the internal sparseeld test. Symbolsassociatedvith individual signal levels (correctedfor
CTI) areindicatedin the legend. A spuriouschage level of 5 e wasassumedor the correctionto zero
backgroundThelinear ts (solidlines)representhe ts tothegain=1 data(takenfrom Fig. 3) for the purpose
of comparisonlt is clearthatthe derived CTI valuesfor low-signaldataare muchlower for gain=4 thanfor
gain=1. The epochof HST ServicingMission 2 (during which STISwasinstalledon HST) is depictedasa
black dottedline. Rightpanel: Sameasleft panel,exceptthata spuriouschage level of 8 e wasassumed.
SeeFig 7 andtext in Section3.2regardingissuegelatedto spuriouschagelevel in gain=4.
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