The On-orbit Optical Performance of the Space Telescope
Imaging Spectrograph-
C. W. Bowers®? B, E. Woodgate!d R. A, Kimblebd M. E. Kaiser®®? T. R. Gull®? §. B. Kraemer?*

(. F. Hartigh

D. A. Content®

D. C. Ebbets! D. Michikaf J. F. Sullivan’ R. A. Woodrufif M. Bottemal¥
0. J. Lindler? P. C. Plait?
C. Standley! N. R. Colling' R. H. Cornett® W. B. Landsman® E. M. Maluruth®

R. D. Robinson®

¢ Department of Physics and Astronomy,

The Johns Hopking University, Baltimore, MD 21218
dizoddard Space Flight Center, Code 680, Greenbelt, MD 21077
fCatholic University of America, Washington, DC 20064
fBall Aerospace and Tedhnologies Corporation, Boulder OO 80301
SA dvanced Computer Concepts, Inc, Potomac, MD 20854
e pace Telescope Science Institute, 3700 San Martin Drive,
Baltimore, MD 21218
Raytheon/STX
iAdaptive Optics Associates, Cambridge, MA 02140

ABSTRACT

The Space Telesoope Imaging Spectrograph [(STIS) STIS operates [rom tle uliravioket 1o mear Infrared (115 T8 um |
provwiding & gemeral purpose, Imaging spectroscople capabiliiy. An Intermal, two mirror relay system comedcts the
spherlcal aberratlon and astigmatkEm present at the 5TIS Geld posltlon. Low and mediom resolutlon Imagleg
specirpscopy 18 posalble throughout the speciral range and over the 25 arsecond wltraviolet amd 52 arsecomd vislhble
fields. High resoluthon (3 1 MY echelle spectroscopy capability ls alsp provided In the ultravielet [ 1153 1w ).
Target acquisiton 18 accomplihed using the STIH cameras, elther UV or visible; these cameras may also be wsed
io provide broad band Imaging owver the complete spectral range or with the small selection of avallable bamd pass
fikers. A wide selectlon of sllis amd apertures permit varlows comblnations of spectral resolutlon and feld slee Inoall
mesddes. On board calibration lamps provide waveleng th callbration and flat Gelding capability. We report here on
tle optical performance of STIS as determined durlng orbital verlfication.

HKeywordsa: STIS, HET, spectrograph, geatlogs, wliraviolst

1. INTRODUCTION

The Space Telescope Inaging Spectrograph (S3TIS) 1s an observatory level, axlal Instrument placed on board the
Hubble Space Telescope (HET) In February, 1997 durlng STS-82. STIS replaced boih tle Goeddard High Resolutlon
Speciregraph [(GHRS) and the Falnt Object Specirograph (FOS) and thus provides the primary Huebble spect roseople
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capablity. 5TIS complements amnd extends tle capablities of tlese two st generation Instruments pAnclpally by:
(1) wsimg two dimenslonal areal detectors lor spatial imagleg spectroscopy of up to 257 In the wiravielet (1153 Linm)
amnd wp to 527 In the visible fmear-TR (310- 1108k ) at scales as small as (W0SOT [2) allowlng eclelle spectroscopy
over mnch greater slmltanesus band pass than the it generatlon Instruments this greatly lncreasing observatlonal
efliclency when extenslve speciral coverage s necessary, [3) providing full field T and visble camera capabllity for
target acqulsilon amd for sclentific Imaging using the small complensent of awallable [tes.

In this paper, we will summarke some of the optical performance characterlstlos of 5TIS, concentrating on resulis
from In-fllght measurements. Useful references for ST optleal performance Include Woodgate et al' for deslgn
aspeciz, Content? for grating testing and characterlzation, Kimble® for overall In-fight performance. A previos
paper! gave a summary of eptlcal performance based on the earllest In-Mght results.

2. OPTICAL CONFIGURATION

Light enterlng STIS passes through a two mirror, ~1:1 correcting system hased on the slmilar CO-STAR deslgn,
The corrector systeny removes the OTA spherical aberratlon, coma amd astigmatizm at the 3TIS Beld locatlon and
produces an Intermediate locws at the specirogmph entrance slit plane. &y one of 64 apertures of welous slzes and
gha pes, Incleding some with bandpass or nepiral demsity filters, can be Iserted by approprlate commanding of the
gllt wheel. Afier passing the sl plame, the [24 beam expands amd 1s colllmated by the off axls, concave elllpaoldal
oolllmator. The resulting beam I8 directed to the mode select meclhanizm (MSM) which contalns a set of 21 optleal
opm poments, Includineg gratlngs, offaxls parabolle camera mirrors, & TV prism and fat fold mireor. Posltionlng a
particular component Into the colllmated beam selects tle STIS mode by re-directing tle lght toward one of the
detectors ether directly or through otler Intermedlate, loosing optlos.

The bask nwsle configurations are as [ollows, The ultravlolet modes [1153100nm), wse eliler of two BMAMA solar
blind, photon countlng deteciors 10 cover a nomisal 257 x 257 leld. The Csl [FUW) or CaTe (MUY plaotoemlss]ve
opatings define the primary detector passbamnds as L1 1T0nm and 115-310nm. While the N1V MAMA Is primarlly
wsed from 165310, the short wavelength sendiivity permits the Incorporation of very broad pass camera modes
and It may be med a5 8 backup 10 the FUV MAMA. Each photon kB located In a 3d8x WA grid [(MAMA high
resglutlon mode ), thosgh eguently the lower resplution 10241024 mode 18 wsed [Jow resolutlon plxek wil be med
theoughout this paper unless specifically stated otherwlse). Low and mediom seolution spectoegraphle modes are
provided with full 257 field coverage at mominal resolving powers of LK} amd LKEE at nemieal focal miles of [ 86
and [/T3 The low resolutlon nisdes Incorporate ofl-axis parabollc geatings In Wadsworth mountings to provide the
highest UV sensitlvity within the STIS configuration. The mediom resolutlon nides se plane gratings In a Ceermy -
Turmer mounting. Both ow resolutlon modes are capable of coverlng thelr entlre passhands In a single exposure;
ihe same coverage requines 11 (far TV ) and 18 (mear UV ) settlngs lor needlum resolutlon spectroscopy. Medlom amd
high msolutlon UV echelle modes are also provlded with nominal resolving powers of JENEY and 1MNEEY espectively.
The momisal .27 ong echelle slits provide order separation, though lomger slits may be waed Il advantageos for a
partcular phservation. A single, double pass prism iz alsg Included 1o cover 1l enilee wliraviolet passhand In a single
e posure, Two ofl-axis parabolle mirrors, wsed with the FUY MAMA, provide 115 1Tnm direct Imaging capability
over tle [ull UV field with or withouwt [ters lecated on the slit wheel. A third of-axls parabola is locused 1o the
CaTe MAMA detector amd s designed to be mwed with a fier. With It's broadbamd sensitivity, Insertlon of ile 5rF5
filter for example produces an effective passband limited at low wavelengihs to = 1Mum by tle filter and at high
wavelengtls =310nm by the photocatlode sensitivity

The wisihle/near-IR band Incorporates a L24x124 CCD detector. The optlcal paths lor vislhle mea e TR modes
use comneon elements, except for the selectlon of MSM optlcal element. All these modes Incorpomte an ofl-axls,
ellipaoikdal camera mirmor producing a final focal ratlo of abowt {36 These modes Include plane gratings to provide
low [B=SM- 16N and needium resolutlon (=S8 LY long slit spectrosoopy In tle 310-550nne anmd S060-1 Lnm
ranges and over the 527 feld at /36, A Qat trmmsler mirror provides a camera capablliy ower the [ull 527 <527 Geld,
ilee muoade which Is pormally wsed lor target acquililon. When wed with an open aperiure, ithe bandpass 1s defiped
only by the sensitivity of the CCD detector. [OII] 373nm and [OI] 501nm bandpass filters are also included for this
bamd as well as & lomg pass (A =550nm ) fier; all fliers llmit the Geld 1o abut 2872507,

The gratlngs and mirrors were predsced by several vendors 10 a tolerance of (LHLLA rms at 633nm or betier, ower
any Mimm sub-aperture®, High effickency AlMgF, coatings weme applied at Goddard Space Flight Center [(GSFC)
and a program of contamlsation contiol and monlioring was Instituted at both (G5FC amd Ball Asrospace.
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Figure 1. Perlormance of the 3TIS correcior In tle uliraviolet. The measured trammBslon through the 108" x
L™ aperture 15 shown with ile expected OTA enclrcled emergy lor a radius of 005 (rom tle pre-launch mosdel
of Schroeder.®

3. CORRECTOR - ALIGNMENT AND PERFORMANCE

The STIS corrector system sonslsts of a spherical collimator which Intemepts tle beam [rom the OTA, amd an
anamorphic asphere which relocuses the beam at the slit plame. The splerical mirror produces an Image of the
telesoope exit pupll on the asphere; decentmtlon of this pupll at tle asphere produces a primarlly comatlc Inage.
The resldual spherical aberration of the OTA Iz corrected as well as consa and astlgmatism at the nomisal 5TIS Beld
podmt, 500 off axls. Both components were manilactured by Tinsley Laboratorles, Inc., 1o an accucacy of (LML
rms at fknm. Thelr perflormance at 6Finm was valldated at Ball Aercspace durlng gound testing by the Goddard
Independent Verlbcatkon Team amd, at a system level, sing the relractive aberration simulator [(RASHOMS) at Ball
Aprgspace. The spherleal correctior mirror B mounted on a mechaniam which permits locws adjustment through
5 mm and tlp/ it adjustment throwgh £32°. These adjustments compensate [or the expecied small OTASTIS
milg-allgnment .

O-orhbit allgnneent was perlormed In two steps ooamse allgnment sing lnsages obialned with the CCD camera
and fine allgnment In the wltraviolet. The goal of allgnment was to prodece the max moms concent ratlon of lght at
ile specirpgraphic entrance plame; transmisslon throegh the nominal 017 1™ aperture was used as a measure of
concentration. Co-allgnment of all modes was perlormed pre-Might; Tnedlvideal nicdes canmoet be separately aligeed In
Might. The resulis of the allgnment procedure are summearlized In Figure | where aperture tranamlsalon 1s oom pared
to the pre-Might model of expected OTA (without STIS) performance®. The stars show predicted OTA enclrcled
energy at (LIG" radles, essentlally colncldent over the full uliraviolet range with our measurements at te 5TIS &li
plane,

4. LONG SLIT SPECTROSCOPIC MODES
4.1. Spectroscopic Resolution

Measurements uslng tle on-board Pt /MNe callbration lampe have bheen made after launch to verlly the specteal
resgliutlon of the primary, long slit spectroscople modes. Table 1 slows these mesults, along with some otler hasle
e parameters In all cases, ihe nominal 1w pliel wide long slits were sed, 527 x (LG for the MAMA nwades
and 52" x (LU for the COCD modes. Uniform Mumisation across ile slit wldth B produced by the on-board
callbration lamps for tlese measurementis. Resolving power has been determined sing tle best Gamsslan it (whm
io the lne profiles. The resolving power valees shown Include varlatlons throughowt the bamdpass and acnoss the
field. At mearly all neodes, over the [ull field, tle pomlinal Fsolutlon targeis have been achleved In Dight.



Table 1. Speciral resolution of the primary, long slit, sclence modes. Each mode B shown with the correspomd g
detecior, nominal bandpass, bandwldil per exposure, number of exposures 10 eowver tle full handpass, disperslon,
measured resplving power amd where the measurement was gbtalned. All measurements were with wominal, two plxel
wide sllia, 527 x (LIGDT for MAMA medes and 527 x (L LT for CCD modes.

Mosde Detector | Nominal Range (A) | A/Exp | Exp/Band | A/plx | Resolving Power | Data Source
GUOL | FUV MAMA 1150-1700 507 1 543 Q50 1400 Flight
GIWL | NUV MAMA 1650-3 100 1543 1 1.55 S-S5 Flight
GXLB CCD 16723077 1405 1 1.37 TO0- 1050 Flight
GA430L CCD 050-5500 Y 1 2,75 SN0 Flight
GT50L CCD S500- LI 4993 1 4.84 SG0-T60 Flight
PRIEM | NUV MAMA 1150-31040 = 1950 1 0AT-0.48 120031 Ground
GLOM | FUV MAMA 1150-1700 54.3 11 L0530 TRIN)- 1 %K) Flight
GIM | NUV MAMA 1650-3 100 89,2 14 00872 S TGN Flight
GIIOMB CCD 1650-3 100 154 12 0.151 S3M0- 1 13 Flight
G430M CCD 050-5500 383 10 0277 A900- 10100 Flight
GT50M CCD S500- LOOM) 56T 9 0.555 S100- LO-400 Flight

Flgure 2 shows two typleal examples of resolutlon maps, ere obtalned with the NUY MAMA for modes GZIL
and GXZIM. The abslclssa ls spectral dBpemsion (In plkels); spatlal lecation alomg the slit lengith 15 Indlcated (In
plkels) on tle ordinate. The resolistion values are the GGapsslan [wh ln plxels. Nomisal resolution goals weme about
2.5 plxels. The low resolutlon mode [G2HL) has mearly uniform mescluilon alomg the slit of abowt LE&20 plxels
over about TG of the glit length then decreases somewhat over the remalning M of slit lengil, Similar warlatlons
are seen In the comparable FUY mode, GL4A0L, The mediom resoluton mode 13 moee unflorm with only abowt LG
decrease In resolving power at one end of the sllt. The nominal twoe plel slit projecis 1o just 1.5 plxels In thls mode
and setilng die to gratlng anamorphle magnifcation.

Similar resolution maps for other modes may be obtalned®”. Typleal line profiles at selected feld polnts and
Included energy ratios for many of the spectroscople modes may be found In ISR 98-04%
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Figure 2. Full field spectral resolutlon of meodes GEMIL, GZHM. These maps demonsirate the spectral resolutlon
alomg the long slits wsing the Might Pt lamps. The values are the Gawsslan Dwhm, In plxels, of selected spectral les
The slit wmed was 527 x U507, uniformly Heminated by the lamps. The specim] (dispersion) and spatlal directlons
are Indicated; unlis am plxels.

4.2, Spatial Resolution and Stability

Spatlal resolutlon of the primary specirosoo ple modes, mostly obtalmed with the wide, 527x27 slit, mear leld center
Is shown In figure 3. The plots show the Gamsslan FWHM as a lunction of wavelength for obseratlons obtalsed
at warlous tlnees over several neonths, The dillerent symbols within each pamel Indicate measurenwents obtalned on
diferent days. Also shown are tle two plxel sampling limits, about (05" for tle UV modes amd (U107 for the
visible /IR nesdes.

The upper pamels of Flgure 3 lndicate similar trends of spatlal reolution In the TV low and mediom resolutlon
mepides. FWHM walues of about (0107 are obtaleed at the shortest wavelengtls with Iniproving perlormance 1o about
(L0G-0006™ at the longest wavelengtls., There are occaslonal discrepancles [rom the average valies obtalned with
repeated measurements, The low mesolutlon mode data of September 16, 1997 (open dlamomds) s systematlcally
wiorse than average; the medlom resolution measurements near 150nm rom July 25, 1997 are also discrepant. These
diferences are probahbly die 1o unesually large OTA secomdary displacements [breathing). Such an effect cases a
defor s and comsequeent lower resolution within STIS. Since an Intermediate focus Is formed at the STIS slit plane,
appropriate slit selection can minlmize resolintion loss dee 1o breathing, particularly relevent lor malntalning spectral
resa] it denm,

Ope serles of measurements with a belght stellar target using the mominal two ploel wide, 52705™ slits In
the low resolisthon UV modes is been obtalmed. The spatlal resolutlon results, analysed wding tle MAMA high
resolutlon nesle, are shown as [lled dlamonds In the upper, kft panel of Figure 3. A4 motlceable Improvement ls
evldent compared to the otler data shown obtalned with tle 27 wide slit. The extent of the PSF at the slit plane
brpadens the Ine spread Tumetlon formed when a wlde slit B wsed; 1the marrow slit produces nsore of a slice through
ihe PSF preserving It's compact core. There will be some loss of theoughput as a more narrow slit 18 waed howewver
speciral purily B malntalned. Pre-launch estimages of relative slit transmisslon are lnclisded In tle STIS Olservers
Handbook [(rel); ongoleg slit tramsmlslon mweasprements will quantily the preclse valses.

The visihle mode spatial resplution clisters around tle two phoel Dmit of (.17 a8 demonstrated In tle lower panels

of Flgure 3. Mode GAMM has systematle varlations, at most settlngs, with the best spatlal resolution conslstently
obtalned at tle lomgest wavelemgihs, This pattern sieggests a beld dependent aberration slnce the longest wavelengtls
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fit GGawsslan fwhm in arseconds lor 8 number of different observatloms. All data wers obtalped ||:ii|l;gI 1w wi-l‘lr.: ham
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L0G" for the T meosdes amd 00107 {or tle visible/TR CCD mwsdes. Oecaslonal excurslons [rom the relatively tlght
diEtributlon of widils are llkely due to unisually lage displacements of the OTA secomlary [breathing).

at each setilmg are at the same relative feld positlon. COne ecample at a single setting of Mode GTHIM shows slmilar
hehavior but all otler pesltlons have less varlation.

6. ECHELLE SPECTROSCOPIC MODES

Spectral resolutlon of the four, prlmary UV echelle modes s sunimarkzed In Tahle 2. These data were obtalsed
using tle onboard Pt /MNe lamps, unllormly Hluminatieg the nomisal, two plxel projected widil slits, (C20680™ x (0™
for tle medium resolutlon echelles (E140M, EXWM) and (003 x 0087 for the high resolutlon echelles (E$LNH,
EZMH). There 15 a small amount of resclutlon varlation across ihe detector and thls has been Included In tle resulis
of Table Z; reaplutlon meaps of each mode are avallable®. Tle resolving power of the EL40M eclelle excesds Ha deslgn,
NUW twin, EZHM, due 1o the late sulbsiliutlon of an aliernatlve, 45% echelle Istead of nominal design 327 echelle
gratlmg. This chamge was made because of the sulstantially better efficlency of the aliernatlve grating com pared to
ile best of & mumber of gratlngs of the nominal design.

We mote that the resolving powers clted In Table 2 do not represent the Inirimsle Hmit of 3TIS but are slit Tmited
valses, Tlsing the small, 0L = (GFZEET sl tle BIABMA high resolutlon mode, amd with the eleciron repelllng
voltage remvoved, a resolving power of 220, K6 was demonstrated ducing ground testing in mode ELAOH®. A specially
constriected mono-lsotople Pt lamp was sed for this test 1o avold blending of the P1 line profiles. Resolving powers
between this walue and the mominal vale of LEMEMY may be obtalned by slng waclows comrbinations of Intermedlate
glwe alits [(SHWIxE) = 019" <0057 for example) amd repeller voltage on or ofl. Where ap propelate, observers may take



advantage of the additlomal reselutlon capability, thowgh they should confirm the avallability of any non-standaed
oconfiguratlom.

Table 2. Spectral resolutlon [low-res mode ) of the primary echelle modes. Each mode B shown with the corpespond-
Ing detector, nominal handpass, handwldth per exposue, number of exposures to cover the full bamd pass, disperslon,
measired resolving power aml where the measurement was obtalned. Al measurements were with wominal, two pliel
wide slits, (L2 x (LG0T for the mwedlom pesolution modes amd (030 < (0T [or the high resolution modes.

Mode Detecior Nominal Range (&) | A/Exp | Exp/Band | A/plx | Resolving Power | Data Source
EL40M | FUV MAMA 1150-1700 RAT 1 A/91T00 AGO00 Flight
EZMM | NUV MAMA 1650-3100 A08 2 A/ GO0 O3 T2 Flight
EL0H | FUV MAMA 115017040 202 3 ASTIR000 | 99300-1 14000 Flight
EZWH | NUV MAMA 1650-3100 277 [ AST2R000 | 92300-1 10500 Flight

5.1. Echelle Scatter

For proper determinatlon of 1lme profiles and to provide an accurate saturation gero polnt, it ls Important o aceoent
for tle ellects of grating scatier In high resclutlon spectmscopy. The scatier level fmpm ruled gratimgs typleally lses
rapldly with shorter vavelengths, Increasing the problems of spectrostople abeorption e analysls In the wliravioket.
With thelr deep grooves, echelle gratimgs are particularly subject to lncreased scatter. The grating evaluatlon amd
selection process lor STIS sought low scatter gratings as a primarcy goal. Detalled charactedization of STIS grating
scatier will be tle subject of a lortlcoming publicatlon. Here we summsarlze our Inltlal efforis to estimate amd remove
seatier from the 5TIS echellograms.

Cardelll et al'™* developed a sembemplrical method to correct for scatter In the GHRS high resolution modes
with good suecess. Messured Interorder to ln-order llght ratlos for stellar targets were as high as 25% near 12(0nm,
pHnclpally diue to the low resolutlon cross dispersers. For STIS, the primary source of grating seatter ln the echelle
mesddes 15 the ruled, eclelle gratings themsalves with the comtrlbuton from tle cmes dispersers several onders of
meagnitsde smaller. The magnitwde of this effect and the small distasce het ween orders cases comparable Interorder
geatter to that seen with GHRS: 3% for E140M and = 8% for all otler modest

Flgure 4 Hhstrates two souroes of scatter In STIS echellograms: echells scatter and detecior halo, Flgure d s a
portlen of an EZI0H echellogram of a Pi-MNe lpe lamp near 2Z3nm. The lnsage has been log-siretched and ponirast
adjusied 1o enhance the appearance of scattering featunes,

The echellogram onders are dispersed horkontally In this Ggure as evident from tle diseibutlon of slit lmages of
mipmee i lnes of the P lamp spectrum. Echelle gmtlng scatter s apparent along the echelle dispersion directlon,
here tilted abowt 2.5 [rom the horleonially dispersed orders. Thi scattersd light 1s seen toconnect il same spectiral
feature In ad jacent orders with a magnltude that tracks the echelle blage lunction. The otler "scatter™ feature easily
vigible I the gure & detector hake caused by secondary electrons balllstically ejected [rom tle surlace of the detector
milcrsrhannel plate (MOP ). The diBtinct radlal limi for the N UV detector s twlce the photocathode/ MOP &2 paratlon.
A mwuch amaller halo ls present In the Band 1 detecior In which the photocathode 15 deposited directly onto the MOCP
and a repelling beld s applied. Cross disperser scatter which would appear perpemdicular 1o the eclelle scatter s at
sich & low level as 1o mot appear In the fgure. Another spuree of difwse lght In ST echellpgrams 15 due 1o OTA
seatter, partlcularly In the [ar-UY, which Is not seen In this P1 lamp exposure. The mominal slit lexgih lor echelle
observatlons B (L2" and llmiis OTA scatter ip this extent. The nominal &1l widih [(L067 for meedlum esolotlon,
(LA™ for high resoluilon) similarly limlis the extent of tle OTA PSF in ile dispersion directlon. When wsed wiih
wider alits however, the OTA PSF provides another source of scatter, even for a polnt souree, leading 1o alsorptlon
T filling.

From tle non-local nature of echelle scatier, Hlisteated In Flgure 4, 11 15 clear that the slmple metlod of subimcting
ad jacent Imerprder scatter [rom a spectrum will not gemerally properly correct lor eclelle scatter. For example,
ad jacent Intemmder lght ten plxels fromy an order will originate from a polnt o the spectrum 2H) plxels away for a
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Flgure 4. An echellogram Hlisteatlng some of tle princlpal sourees of scatter. The lumage has been log-stretched
to enhamce [almt features. This Image was obtalned during grouwnd testing of the EZWH mwode wslng an Internal,
Pi/MNe lamp with the L2007 x (LG™ aperiure. The reglon shown 15 near 23nm. The gratlng orders are dispersed
horkontally; eclelle scatier Is In the echelle dBpersion directlon, about 2.5 degrees 1o the horlsonial, and conmects
ihe same lines n adjacent orders. The detector halo 1s seen surroumding 1le beighter lines.

2.5° echelle 1o order 111t Only for an Intrklcally fat spectrum will Interorder subtracilon provide a rellable scatter
oorrect o,

We are developlng a two dimemslonal modelling routiee to estlmate and remove scatter fom the 5TIS echelle
msddes. Chur goal 18 1o provide rellable estimates of both In-oeder and Interorder scatter. While not directly necessary
io prsdisce an echelle seatier corrected spectrum, Interorder seattersd light B welul 10 provide an estimate of detector
dark oount, and for removal of any other diffuse scatter sourte such as may be present from longer wavelengihs ot
directly Inclisded within tle echellogram. It ls hoped that this detalled modelling ap proach will allow compensatlon
for the varlety of observing comdltlons In wlhich STIS may be used, matwrally Inoorporating such varlables as spectra
obtalned with dilferent sliis, spatially extended sources, aml determining what slee extractlon box will obtaln the
optimal signal-te-nolse. Here we guiline our metlod and show some Inltlal results.

The scatter correcied specirum s gbialned by directly subracting our model scatter estimate from the orlginal,
exiracted specirum. We do not seek the more difficult goal of deconvol ving the extracted specirum and so lnereas]ng
It's slgma b to-noke. Our scatter estimate should be smeotl; subteact lng 11 feem the orlginal spectnom slowld decrease
the Initlal 5 /N only by the elect of lowering tle overall number of counts, not by adding In npolse generated by the
algorlihm. In addilon, correct subiractlon of scatter should mesult In 2ero met Hux In saturated, broad absorptlon
limes.

The data sources which are belng Incorporated Include (1) measurements of echelle scatter, obtalned In laboratory
tesilng of the Mght gratings as well as ground testing of the entiee STIS Istremeent, [2) laboratory testing of the 3T
T MAMA detectors, and [3) modelling of the OTA PSF at the slit plame In 3TIS, All of these spurees vary with
wavelengih and this varlation musi be Incorporated In the final model. Several characterlsileally different specira,
obialned during grownd testing and on orbit, are belng wed, 10 verlly and Improve the accuracy of all parameiers.

Mosdelling s Inltlated by extracting tle eclelle spectirum an order at a time. A scaled wersion of the extracted
arder |5 =ed as an Indtlal estimate of tle pre-scattered Mux. Te varkous scatter models are then applied 1o this pre-
scatiersd estimate, producing a model observed spectrum which Is extracted amd compaed to the actueal extracted
spectrum. The pre-scattered Mux s adjusted amd tle process 18 repeated untll satlslactory agreement between mosdel
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Figure 5 Steps In tle scatier correctlon of echelle spectra. The top panel slows the original extracted spectrum
frpm & slngle order near 150nm of the absorptlon spectrum of OO, obtalned during geound testlng of the EL40M
mepide. The absorpilon edge I8 about 67 of the peak, comtlmium fux. The central panel shows tle model of this
spectrem, grerplotied on the orlginal, exiracted specirum; tley are nearly Indisting uishkable In this Ggere. Also
shown s the scatter estlmate. The bottom pamel slows the scatier corrected specirem obialmed by subtracting the
seatier estinsate [oom the orlginal, extracted spectrum.

and data Iz obtained. At this fmal lteratlon tle scatiered light s tracked and subiracted 1o produee a scatter free
gpectrum aml Interorder spectrum.

An example of this process 1s shown In tle three panels of Figure 5. The top panel shows the extracted spectram
of a single order [rom an absorptlon cell spectrum of CO obtained during system level ground testing In mode
EL40M, near 150nm. Thisspectrum was obtalned with a uniformly Meminated st 0.27x 00087, A strong oot i m
with numerms non-saturated absorption lises as well as a saturated absgorption edge are apparent. The saturatlon
level Is raked abouwt 667 of the maximem continusm pelmacily dee 10 echelle scatter from the bright ¢omtm e,
The Heratlon rowtiee, just described was run on this spectrum Incorporating eclelle scatter and detector hale amd
convolved with ile slit aperiure. The center panel shows the original, extracied spectrem and overplotied, the
medelled, phaerved specirum obialmed by scattering the lerated non-scattered Qux. The actwal and mesdel specica
are mearly Indlstimgulshable. Also shown In this pamel by the dashed line Iz the estinated n-grder scatter ower the
gamee extraction bee. In thls case, "scatter”™ was defined as lght which erlginated beyond +£3 plxels distamt feom a
glwen plxel ln the dispesion direction The scatter estimate 1 aneoth at abowt 1L2% of the contlnmem; 11 apparent
uwnderlylng contlnewm longward of the absorption edge Is seen 10 be almost entirely due 1o scatterad light.

Thiz mesdelling technlgue 15 mow belmg refimesd aml exiended to sucoessvely correct each order and In all echelle



moddes. Models of the varlatlon of scatter sources with wavelengih are belng included. To correctly model the
Interorder acatter, addlilonal speciral orders not [allng on the detector must be Included since they contribute
glgnificant acatter exoepl mear the center of each order. Additiomal on-orhit observatlons of astromsomleal spurees are
planmed 1o the near lutwre 1o provide calibration spectea for Dertler testing.

6. CAMERA MODES

Camera modes ame assoclated with each of the three STIS detectors. These are necessary lor proper target acguisitlon
and with the small complement of ilterms lncluded, provide a valuable sclemific lmagery capablity as well. A
comparlson of thelr Imiting magnitude performance with WFPC2 Is Included In the accompanying paper'® The
pedormance of the FUY and NUY cameras with welous [liers s summarieed in Tables 3 amd 4. Comslderable detall
regarding the camera performance B avallable'®, The enclrced energy within a radivs of L0507 18 presented and
com pared with reference values®. These latter reference values do not Include the efects of any partlcular detector -
they reler to optical perlormance alone.

Table 3. Perlormance of the 5TTS FUY camera mesdes as measured by the enclecled emergy within a radles of
LS. The pedormance B glven for each of the FUY [iers using tle astromomical targets Indicated. Releremnce
valises are for expected OTA pedformance wsing the pre-Mght model of Schroeder [ 19875,

Filter Ale) [nm] Target Performance EE(r<0.050") | Reference EE{r<{.050™)
A25 Clear Mz 6681 L3203 ovver Tull feld —
F250QTE A 146G M 668 L3800, 4.3 ower Tull feld AG [ 155 )
F25R5RF2 A 130 Mz 6681 L3039 oveer Tull feld A3
Fa50Y A 122 BPMI1627T4 .27 at feld center .38

Table 4. Perlormance of the 5TIS NUY camera modes as measured by the enclecled emergy within a radles of
LS. The perormance 5 glven for each of the MUY [liers sing the astromomlcal targets Indicated. Releremnce
values are for expected OTA performance psing the pre-fight model of Schroeder | 1987)%

Filier Ale) |nml Target Performance EE[ 050 ) Beference EE(r<(L05")
F25CNM182 142 MCHEREL | A AS ower 203 Teld, 0030040 over 173 Reld .55
F25C3 1491 L5 T49B (L4l at a slngle, off-enter field polnt 57
F25CH2ZTD 270 MCHEREL | 50005 ower 203 feld, 0400050 over 173 Reld .62
F25MI:2 280 BPMI16274 .51 at field center .63

Flgure 6 conslsts of montages of keg-stretched Images [rom the FUY and visible! mear IR cameras. These were
exiracted [rom full rame, L2412 plxel Images of stellar clhisters NGEOMERL (FUY) and Oneega-Cen (visihle); the
plkel location Is Indlcated at tle botiom of each sub-Image. To tle kel and above each sub-lmage 15 tle Gausslan
fwhm In pixels In the wertlcal and horlonial directlons. Each plxel projects to abowt (00257 [TV amd (00517
[wlslhle) and the total feld of each sub-lmage s abowt 1.3"x1.37 (V) amd 2.6"x2.67 [vislhle). Just to the rlght
and above center of each TV sub-lmage 1s the enclrcled emergy within a radles of U5S0". Cos sectlonal plots Teom
correspomeding orlzontal cuts le o the right of each montage. Flguee 6 demomstrates the Image quality of the FITY
camera wlth hroad band Inagery. Both ths amd the dmllar NUV cameras were tipped toward the mediom and echelle
mepdde camera mirnees 1o Insure full Beld high resolutlon spectroscopy, the primary STIS objective. Comsequently the
camera [ocal planes are tllied with mspect 1o the deteciors; ile amount 15 sufficlent 1o capse delocus at the edges
of the feld which s apparent In the FUV Images. The bright, horleontal branch stars In the FUV Image have
characterlstle temperatures of S LN K caming the Bux welghted response 10 be masdmem at about 13nm The



resulilng halo evident ln these log-siretched Images ls tle result of itle combination of 3TIS Internal wavelront error
[deslgn, manlacturing and allgnmeent ), OTA scatter, and detector PSF spread, all of which are masimowm at ilese
gl wavelengtls, Tables 3 amd 4 summarkze the enclecled energy perlormance within a radles of (0507 In varlms
UV camera modes. For comparizon, values of the HST-only optical PSF encircled energy are shown®. The 5TIH
camera mode values, Inclisding effecis of the detector MTF, are typleally =755 of the HST-only valees orer most of
il field.

The lower panel of Flgure 6 show a slmilar montage of log-stretched Images across 1l 52" x527 visible camera
field and corpesponding horlsonial profiles. These unfiltered lmages show 2x2 ploel (00107 « 00107 ) ensquared emergy
values of §A4-0.4T over the eld with Gawsslan [whm wlues of LEZD plxels. A long pass [iler [F2RxMLF) can
be Imserted 1o restdcet the bandpass 1o greater than 550nm over a feld of 287 x 507; lmages acquired In this mode
produce dentleal resulis to the uiiliered mode. Imnges of the white dwarl, Felge 34, acquired through the other
two awallable visible ftes|[O0] - 373nm, [OIII) - 500lnm) show 2 x 2 ensguared energy values of 050 and 0.47
respectively.

Flgure T Hustraies tle elect of OTA breathing on tle 5TIS NUY canera mesde. A Ml secomd exposume was
obtalned In tlme-tag moede of the clister NGOEL sing tle 2T0nm [lier. The upper set of three Images, labelled
T1, are Images of three stars In this Geld uslng the Indtlal 520 seconds of data. These Images approximately span the
detector whidih as Indlcated by the plel locatlons under each star. The Gamsalan Twhos values are marked above amd
i tlee lelt of each Image and the enclecled epergy within a (00507 radius 1s Indicated above and 1o the dght of each
Imeage. The ceniral Image 15 the most compact with the greatest enciecled energy, (U549, The rlght lnsage 1s slightly
worse, with 055 enclrcled energy. The lefi Image 1 the worst of the three, with clear horlzontal extenslon and a
redpced enclecled emergy of (LAY The lower set of three Images are tle same, corresponding stellar Images, obialmed
A seoonds later with tle same total 53 seconds ex posure tie. By this tlme, defocus from hreathing has shified
tle lmeal plane at the STIS detector so tlhat tle left and central Inage are well locused (enclecled energles of (LG
and ST pempectively) while the lght lmage s deflocused with only (L43 enclrcled emengy. The detector/local plane
iilt, previously desceibed, cases the sensitivity of the leld edges to this delocus; litle diference s seen along the
field cenier lne as lomg as the delocus does mot ecceed the camera depih of eld. Similar results bave heen seen In
sucoesslve lnsages of tle same field and between lmages of ile same eld taken several months apart.
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Filgure 6. The top, lefi montage 15 a log-stretched st of stellar Images Troman 110 second exposure of NGzOGME1
taken with the [ac-TTV MAMA wihowt a [ilter. Each plxel Is aboet (L0257 with a total keld around each star of
about LA"x1.37 (5] plxels). The Gamsslan it FWHM to vertical and horkontal extracted profiles are glven In pixels,
io the left and above each star. The enclecled energy within a U5 radlies 1s Indicated to the clght amd above each
Ineage, The Dux welghted camem response peaks < L3 nm, where STIS resldual wavelront error and OTA scatier are
greatest, These result ln the asymmetrle nages seen pear the cormers of 1le Geld and the hale around each siar. The
top, Flght panel shows orleontally exiracted profiles of each siar ln the feld Indleating the relative fux distelbotion.
The lower, left pawel shows aslmilar set of stellar Inages from a 64 second exposure of Omega- Cen acgulned with the
unfitered, COD camera. The plate scale B about twlee that of the wiraviplet Images, (L0517 /pheel with a 26" x2 67
field around each star. Corresponding lorlzontal, extracted profiles are shown 1o the adjacent Ggure. Insage gquality
s generally wnlform across the field, with small asymmeteles of the PSF most evident 1o the feld cormers.

7. CONCLUSIONS

Oime year after Installation, STIS Iz operating wery well with optleal perlormamce gemerally as expected. Bollowlng
Initlal corrector allgnment, lnstrument operational checkout, and execiution of the basle complement of nstrument
perlormante tests, aclence operations have commwenced. In this paper we have teled 1o summarize the results of some
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Figure 7. The effects of OTA breathing on the STIS camera modes. The horlzontal sirips of three Images were
extracted from a time-tagged lmage of the clster NGOGS] usng the NUV MAMA with the CN270 filter. The
game stams are shown in each horizonial steip with their locations, in pixels, below each. Each exposure was 5230
seconds long with 3080 seconds between them. The images are shown log-stretched. The vertical and horizontal
Gauwsslan [whm, In pixels, are shown to the left and above each Image. The encircled energy within a radius of
0.050" & Indicated to the right and above each lmage. The comblned effect of the 111t between the detector and focal
plane and of OTA breathing s to shift the focal plame across the detector (right to left In the Images above) between
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of these Intlal tests all of which Indicate good performance. An ongolng callbration plan iz belng conducted to more
com pletely describe STIS performanee and to monltor the In-Might stability of tle Inmtrument. We have reviewed
s of the st results of 1lese tests as well; repeated checks of spatial resolution show the range of varlatlon due to
OTA hreathing to be relatively small, as expected. Flnally, we have summarlzsed our progress In providing a sobust
seatier eorrectlon algorithm with very encouraging Inltlal pesulis.
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