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Abstract.

The SpaceTelescog European Co-ordinating Facility (ST-ECF) embarked on
the STIS calibration enhancemen (STIS-CE) e®ort as part of the extension of the
Memorandum of Understanding betweenNASA and ESA for the Hubble SpaceTele-
scope (HST). The work was done by the ST-ECF's Instrument Physical Modeling
Group in collaboration with the STScl's Spectrographsgroup.

Traditionally, calibration of spectrographsis done by empirical methods, e.g. a
wavelength dispersionsolution is derived by applying a polynomial t to the emission
line spectrum of a calibration exposure. In the model basedapproac we make full
use of the engineering information used to build the instrument. Details of the
concept are described in Rosa (1995). Our approach comprisesa ray trace model
(Ballester & Rosa 1997) describing the geometry of the optical elemens and the
software neededto comparethe performanceof the instrument asdetermined by the
model with actual calibration data. We then use an optimizer tool which nds, for
any given obsenation, the actual con guration of the instrument. With this method
we can closethe loop between model description and actual obsenations resulting
in a high “delity calibration of the instrument. For STIS we have completed the
dispersion solution of the high resolution echelle modesand have demonstrated that
all certral wavelength settings of E140H can be properly described by changing
only two tilt anglesof the cross-disgerser. An integral part of our approad is the
provision of high quality input data: in the caseof STIS our work - in collaboration
with the Atomic Spectroscopy Group at the US National Institute of Standardsand
Tednology (NIST) - on the output of the calibration lamps has remedied a long-
standing shortcoming of the calibration. The standard wavelength calibration of all
HST spectrographshasbeenbasedon a line list producedby Readeret al. (1990) for
a Pt-Ne lamp. STIS usesa Pt/Cr-Ne lamp; the addition of Cr is especially signi cant
in the near UV where up to 90% of the obsened lines are Cr. Without established
wavelength standards these could not be used.

Our new dispersion solution basedon an instrument model and using the new
Pt/Cr-Ne line list (Sansonetti et al. 2004) has beensuccessfullyapplied to scierti ¢
data. In order to investigate the improvemert achieved in a quartitativ e manner we
have chosena sciencecaselooking at interstellar absorption lines. For the edelle
mode 140Hwe have comparedthe wavelengthsof the samelinesin the overlap regions
of adjacert orders. Using the CALSTIS pipelinewe nd a systematic o®setof order
0.5 pixel which is within the expected accuracy The model basedsolution delivers
a factor of "ve improvemert bringing the di®erencein wavelength to within order
0.1 pixel. Given the fact that STIS is a very well calibrated instrument this nicely
illustrates the potential of the physical modeling approach.
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1. Intro duction

For the past 2.5yearsthe ST-ECF's Instrument Physical Modeling Group (IPMG) hasbeen
working on an enhancedcalibration for STIS (STIS-CE). This e®ort has beenan integral
part of the extensionof the Memorandum of Understanding betweenNASA and ESA for the
Hubble SpaceTelescom (HST). The work wasdonein collaboration with the Spectrographs
group at the SpaceTelescop Sciencelnstitute (STScl).

STIS currently is arguably the best calibrated UV-visible Echelle Spectrograph in As-
tronomy. STScl provides scienceready products that are the result of a pipeline reduction
using a dedicated software CALSTIS. This software is kept up to date using the best avail-
able calibration and canalsobe usedby the usersin the community in an interactiv e fashion
if certain aspects of the calibration desene particular attention. The calibration provided
usestraditional empirical methods, e.g. a wavelength dispersion solution is derived by
applying a 2-D polynomial 't to the emissionline spectrum of a calibration exposure.

2. Physical Mo delling

For the physical model we usethe engineeringinformation usedto build the instrument and
our understanding of the physics governing the behaviour of the optical elemerns. In this
manner we are able to describe how the instrument would perform if exactly built to the
speci cations but we can also investigate what e®ectssmall deviations from the planned
instrument will have. Note that this approad is not restricted to the optical performance
of the instrument. For STIS we have also developed a physcial description of the read out
processof the CCDs and charge transfer inexciency causedby radiation damage. Details
of this model are described in Bristow, Kerber & Rosa (2006).

Since the instrument is subject to changesover time causedby e.g. outgassing of the
support structure or environmental in°uencessuc astemperature changesalong the orbit,
the actual con guration of the instrument is time dependert. Of course,during operations
{ e.g. change of grating or certral wavelength { the con guration of the instrument also
changesfrequertly. The model basedapproach now has the big advantage of being able
to describe such variations in terms of actual changesof parameters relating to physical
properties of the instrument. For STIS, for example, we have demonstratedthat all certral
wavelength settings of E140H can properly be described by changing only two tilt anglesof
the cross-disgerser.

2.1. Mo delling Technique

The physical model is basedon the speci cations for the optical design of STIS; seeFig.
lain Bristow, Kerber & Rosa(2006). We usedthe following ingredients { seeFig. 1 for a
sthematic view { to describe the instrument and to derive a dispersion solution:

2 aray trace model describingthe geometry of the optical elemers

2 Monte-Carlo illumination of the slit to simulate obsenations of e.g. the calibration
lamp

2 software neededto comparethe performanceof the instrument as determined by the
model with actual calibration data.

2 an optimizer tool which 'nds, for any given obsenation, the actual con guration of
the instrument.

With this method we can close the loop between model description and actual ob-
senations resulting in a high delit y dispersion solution for STIS high resolution ecelle
modes.
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Figure 1.: Schematic represertation of the instrument model based approac usedto de-
rive a dispersion solution for the STIS high resolution echelle modes. An accurate list of
wavelengths emitted by the Pt/Cr-Ne calibration sourceis a fundamental ingredient to
the model. Starting from a master con guration for a given mode the predictions of the
model are compared with the obsened calibration data. The actual con guration of the
instrument is then found in an iterative manner.
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2.2. Input for the Instrumen t Mo del: The Lamp Pro ject

Basedon the experiencewith the International Ultraviolet Explorer (IUE) all spectrographs
onboard HST carry a Pt(/Cr)-Ne hollow cathode lamp as calibration source. The HST has
bene ted very much from the work of the Atomic Spectroscoy Group at NIST. After a
study at NIST had revealedthat the best available wavelength valuesfor Pt dated bad to
the 1930sand that their quality was not suxcient for use with Goddard High Resolution
Spectrograph (GHRS), they took the initiativ e and measured from laboratory data Pt
wavelength standards at the level of accuracy compatible with the spectral resolution (a
few parts in 10°) of the GHRS. The resulting line list and spectral atlas of a Pt-Ne lamp
(Reader et al. 1990) contains accurate valuesfor about 3000lines.

The spectral output of Pt-Ne lamps is fully adequate for pure UV instruments like
IUE or GHRS, with its wavelength range of 113 nm to 310 nm, where Pt has numerous
emissionlines. Howewer, in order to cover the extended range of UV-optical spectrographs
such as the Faint Object Spectrograph (FOS) and STIS, the addition of about 10% Cr
to the cathode is required. Pt/Cr-Ne lamps provide a continuous distribution of suitable
emissionlines for the range 115 nm to 800 nm. Although both FOS and STIS carried the
Pt/Cr-Ne lamps, the pure Pt line list has beenthe basis for wavelength calibration of all
spectrographsonboard HST.

For STIS-CE we required a complete list of the lines emitted by the Pt/Cr-Ne hollow
cathode lamp in order to realise the full potential of the instrument model. Literature
data for Cr proved inadequate for the purpose. Therefore, ST-ECF and NIST launched a
project with the objective of obtaining wavelength standardsfrom 115nm to 320nm in the
spectrum of a Pt/Cr-Ne lamp. The main results of this project are line lists of the Pt/Cr-
Ne spectrum (Sansonetti et al. 2004,Kerber et al., 2006in preparation). The wavelengths
in these lists are accurate to better than 1/1000 nm. More details of this work are also
described in Kerber et al. (2004) and in two papers in this volume (Kerber et al. 20063,
2006b).

2.3. Laboratory Data for the Virtual Observ atory

We expect that these data will be valuable for applications beyond their original purpose,
the wavelength calibration of STIS. In particular the accurate wavelength data on Cr will
be useful for other elds sudch asthe study of the interstellar medium (ISM) to which the
HST and STIS have provided many important obsenations in the past, seee.g. Roth &
Blades (1997). Two factors are important in this context: metallicity and depletion from
the gasphaseonto grains. Cr is a particularly relevant elemen sinceabout 90% of the Cr
is missing from the gasphase. Accurate wavelengthsfor more than 5000Cr lines will be a
welcomeaddition for investigations of the ISM as well as for studies of stellar abundances.
Another application for highly accurate wavelengths of Cr lines could be in fundamenal
physics. The constancy of the ne structure constart ® has been under debate for quite
sometime and investigations from laboratory measuremets and astrophysics have given
con’icting results. Cr is one of the elemens that has prominent lines in the absorption
systemsof quasarsused for astrophysical analysis. Details of such potential applications
are described in more detail in an upcoming paper by Kerber et al. (2006in preparation).

ST-ECF and NIST are making all relevant results of the Pt/Cr-Ne lamp project avail-
able to the community (www.wavecal.org)alsoin a form compatible with the requiremerts
of the Virtual Obsenatory (VO). To our knowledge this is a rst in terms of such an
extensive spectral data set obtained from laboratory measuremets.
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Figure 2.. 2-dimensional STIS frame (echelle mode G230H) with a certral wavelength of
about 251.3nm. Each order covers about 1.1nm. The left panel shows the lines identi ed
by the NIST Pt atlas (1990), the right panelillustrates the impact of the new Pt/Cr-lamp
line list. In this particular frame the old list provided 258 lines in the wavelength range
covered, whereasthe new list has 1612 ertries.

3. Application to STIS

STIS is the rst HST spectrograph to provide both high resolution modes (R = 100000)
and large spectral coverage(115nm to 1100nm). For proper calibration of the STIS Echelle
modesit is vital to usea large number of lines all acrossthe 2-D detector array and to have a
reasonablenumber of linesin every order. As aresult of the ST-ECF/NIST Pt/Cr-Ne lamp

project such information is now available. In particular we have added data for about 5500
Cr lines, which could not be usedfor wavelength calibration previously. A combination of
the NIST Pt atlas and the new line lists provides about 11500lines for calibration purposes
in the region 111.5nm to 433.2nm. This forms the basisfor the STIS-CE model-based
wavelength calibration. The impact of the Cr lines is most pronounced in the near UV

where up to 90% of the lines obsened are from Cr. Figure2 gives an example shawing

a calibration exposure taken at a certral wavelength of 251.3nm. These data enable us
to produce a dispersion solution that is more accurate and homogeneousacrossthe whole
STIS array than an empirical calibration.

4. Science Case

We carefully selecteda sciencecasethat would both be relevant to typical usesof STIS and
would demonstratethe accuracyof the model basedsolution. In this context it is important
to note that the standard calibration pipeline for STIS provides very good scienceproducts
basedon careful calibration using empirical methods. Hence,CALSTIS calibration provides
a very demanding bendhmark and any improvemen with respect to CALSTIS should be
considereda signi cant achievement.

The speci ¢ casewe selectedmakes use of data obtained for proposals8043and 8484 (PI:
E.B. Jenkins). Their goal was to study the thermal pressurein the interstellar medium
(ISM) using absorption lines from neutral carbon. They used a total of 21 lines of sight
towards early-type stars. Obsenations wereperformedin both high resolution echelle modes
E140H and E230H. They speci cally aimed for the best possible wavelength resolution
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Figure 3.: STIS 2-D array showing a deepwavelength calibration exposure (mode E140H,
certral wavelength 130.7nm) takenwith a Pt/Cr-Ne calibration lamp. On both sidesof the
array there are substartial overlap regionswhere the sameline is apparert in two adjacert
orders.

Figure 4.: Enlarged section of the same exposure shaving some overlap regionsin detail.
Seweral characteristic patterns of lines presert in two adjacert orderscan easily be discerned.
For the sciencecasewe measuredthe di®erencein wavelength for interstellar absorption
lines in theseoverlap regions.

and thus used the narrowest available slit (0.1 £ 0.03 arcsecs)giving a ,=¢ , of about
200,000resuting in a FHWM of about 1.5km st 1. The results of the program are described
in Jenkins & Tripp (2001). The authors note the high quality of the CALSTIS pipeline
reduction but also mention small o®setsbetweenthe orders.

This kind of study is typical of the kind of sciencedone with the high resolution spec-
trographs onboard HST. The fact that the obsenations were done at the highest resolution
possiblewith STIS makesthem especially suited for demonstrating the capabilities of any
wavelength calibration procedure.

4.1. Overlap Regions in the STIS Spectral Format

In order to assesghe quality of the model based dispersion solution we used interstellar
absorption lines. The spectral format of STIS results in regions of considerable size at
both sidesof the 2-D array where orders overlap. A wavelength preser in this overlap
region will producetwo line images,one ead in two adjacert orders. A perfect wavelength
calibration would of courseresult in exactly the samewavelength assignedto both imagesof
the sameline. For illustration purposeswe show an exampleof a deepwavelength calibration
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Figure 5.: Histogram of the distribution of wavelength o®setsmeasuredbetweenthe same
interstellar absorption line preseri in two adjacert order of the STIS array (mode E140H).
The obsenations were made towards HD210839. The dotted vertical linesat § 5.7 £ 10" 4
nm represen § 1 pixel on the array. The dashedline shows the result for the data reduced
with the CALSTIS pipeline. We nd a systematic o®setof about 0.5 pixel, which is within

the speci cations of the calibration. Data reduced with the STIS-CE dispersion solution
(solid line) show essetially zero o®set(about 0.1 pixel). The useof STIS-CE thus results
in a factor of v eimprovemert acrossthe array.

exposureusing the Pt/Cr-Ne lamp for mode E140H at a certral wavelength of about 130.7
nm (Fig. 3). Enlarged versionsof two overlap regions, one from the left and one from the
right hand side of the array are shawvn in Fig. 4. Note the black regions beyond the limit
of the array. Seweral characteristic patterns of lines preser in two adjacernt orders of the
overlap region can easily be discerned. For the sciencecasewe measuredthe wavelengths
of all available interstellar absorption lines in the overlap regions on the sameframe once
calibrated by CALSTIS and once calibrated using the STIS-CE model based dispersion
solution. In order to make a fair comparisonall other steps of the data reduction remain
the same. In total we analysedthree di®eren lines of sights towards hot stars. In ead
frame we usedabout 50 individual measuremets.

4.2. Results

We used the CALSTIS reduced frames as our referenceand we found that in all cases
studied the wavelengths of the samelines measuredin adjacernt orders show a systematic
o®setfrom zero. In the caseof HD210839 (Fig. 5) we nd a di®erenceof about (j 3.3 §

1.9) £ 10 4 nm or about 0.5 pixel for CALSTIS reduced data, which is within the stated
accuracy of the wavelength calibration for E140H. For the STIS-CE dispersion solution we
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Figure 6.: Velocities of interstellar absorption lines seentowards HD210839

nd an o®setof (j 0.6 § 1.7) £ 10' * nm equivalert to 0.1 pixel. For the two other lines
of sight studied (HD108 and HD203374A) the results are very similar although the signal
to noise ratio is lessin both casesresulting in a slightly reduced accuracy In all three
casesa factor of veis gainedin accuracy{ over the calibration provided by the standard
CALSTIS pipeline { by using the STIS-CE model baseddispersion solution.

The scatter of the distribution remainsessetially the samesincethe data werereduced
in anidentical manner expect for the dispersionsolution. Wealso nd apattern in the o®sets
as a function of wavelength or position on the array. We suspect that the extraction of the
spectrum which usesthe empirical polynomial description contributes to this behaviour. We
intend to study this issuein more detail oncethe STIS-CE solution has beenincorporated
in the pipeline. In collaboration with the Spectrographs Group at STScl we are working
towards an implementation of the STIS-CE calibration solution into the pipeline.

Using the new STIS-CE wavelength calibration we have looked at the interstellar ab-
sorption lines presen in the E140H spectra of HD210839. Figure 6 shows the presenceof
four distinct velocities in the data. The featuresat velocity j 16.9kmsi 1 are from neutral
carbon and coincide with the strongest peak found by Jenkins & Tripp (2001). The other
velocities result from other speciesin the ISM.

As mertioned before STIS is arguably the best calibrated spectrograph of its kind.
The fact that for STIS-CE we have been able to achieve a factor of ve improvemen in
wavelength accuracy for the high resolution edelle mode E140H by using a dispersion
solution basedon a physical model of STIS, clearly demonstratesthe excellert performance
of instrument modelling techniques.

We hope that for future spaceand ground basedinstrumentation these methods will
be widely employed in order to deliver the best possible calibration to the sciertic user
community.
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Summary

In the context of the ST-ECF's STIS calibration enhancemeh e®ort we have derived
dispersion solutions for the high resolution edelle modes of STIS using a physical
model of the instrument.

In collaboration with the Atomic Spectroscofy Group at NIST we have measuredthe
spectrum of Pt/Cr-Ne lamps similar to the calibration sourceson STIS. The resulting
line lists sere as high quality input for the STIS-CE model basedcalibration.

All relevant results of the lamp project will be made available to the community also
in a format compliant with the Virtual Obsenatory. In particular the new data for
Cr is expected to be valuable for studies of the interstellar medium and also other
“elds of physics.

Using a sciencecasebasedon interstellar absorption lines we have demonstrated the
gain in wavelength accuracy that can be achieved by using the STIS-CE physical
model. For lines in the overlap regions of adjacert orders (E140H) we nd a factor
of 'veimprovemert over the already very good calibration provided by the standard
CALSTIS pipeline.

In collaboration with the STScl we intend to make the improved wavelength calibra-
tion for the STIS high resolution echelle modesavailable to the community and apply
it to the STIS archive.

The demonstrated successof the STIS physical model con rms the potential of this
approach for superior calibration of scierti ¢ instruments both in spaceand on the
ground.
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