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Abstract.

The Space Telescope European Co-ordinating Facility (ST-EF) embarked on
the STIS calibration enhancement (STIS-CE) e ort as part of the extension of the
Memorandum of Understanding between NASA and ESA for the Hulble Space Tele-
scope (HST). The work was done by the ST-ECF's Instrument Physical Modeling
Group in collaboration with the STScl's Spectrographs groip.

Traditionally, calibration of spectrographs is done by empgrical methods, e.g. a
wavelength dispersion solution is derived by applying a patnomial t to the emission
line spectrum of a calibration exposure. In the model based gproach we make full
use of the engineering information used to build the instrunent. Details of the
concept are described in Rosa (1995). Our approach comprisea ray trace model
(Ballester & Rosa 1997) describing the geometry of the optial elements and the
software needed to compare the performance of the instrumems determined by the
model with actual calibration data. We then use an optimizer tool which nds, for
any given observation, the actual con guration of the instrument. With this method
we can close the loop between model description and actual ebrvations resulting
in a high delity calibration of the instrument. For STIS we h ave completed the
dispersion solution of the high resolution echelle modes ahhave demonstrated that
all central wavelength settings of E140H can be properly deasibed by changing
only two tilt angles of the cross-disperser. An integral pat of our approach is the
provision of high quality input data: in the case of STIS our work - in collaboration
with the Atomic Spectroscopy Group at the US National Instit ute of Standards and
Technology (NIST) - on the output of the calibration lamps has remedied a long-
standing shortcoming of the calibration. The standard wavdength calibration of all
HST spectrographs has been based on a line list produced by Réer et al. (1990) for
a Pt-Ne lamp. STIS uses a Pt/Cr-Ne lamp; the addition of Cr is especially signi cant
in the near UV where up to 90 % of the observed lines are Cr. Witlout established
wavelength standards these could not be used.

Our new dispersion solution based on an instrument model andising the new
Pt/Cr-Ne line list (Sansonetti et al. 2004) has been succedslly applied to scienti c
data. In order to investigate the improvement achieved in a gqiantitative manner we
have chosen a science case looking at interstellar absorpti lines. For the echelle
mode E140H we have compared the wavelengths of the same linés the overlap
regions of adjacent orders. Using the CALSTIS pipeline we rd a systematic o set
of order 0.5 pixel which is within the expected accuracy. Themodel based solution
delivers a factor of ve improvement bringing the di erence in 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. Introduction

For the past 2.5 years the ST-ECF's Instrument Physical Modding Group (IPMG) has been
working on an enhanced calibration for STIS (STIS-CE). This e ort has been an integral
part of the extension of the Memorandum of Understanding betveen NASA and ESA for the
Hubble Space Telescope (HST). The work was done in collabctian with the Spectrographs
group at the Space Telescope Science Institute (STScl).

STIS currently is arguably the best calibrated UV-visible Echelle Spectrograph in As-
tronomy. STScl provides science ready products that are theesult of a pipeline reduction
using a dedicated software CALSTIS. This software is kept upto date using the best avail-
able calibration and can also be used by the users in the commmity in an interactive fashion
if certain aspects of the calibration deserve particular atention. The calibration provided
uses traditional empirical methods, e.g. a wavelength disprsion solution is derived by
applying a 2-D polynomial t to the emission line spectrum of a calibration exposure.

2. Physical Modeling

For the physical model we use the engineering information u=d to build the instrument and
our understanding of the physics governing the behavior of he optical elements. In this
manner we are able to describe how the instrument would perfion if exactly built to the
speci cations but we can also investigate what e ects smalldeviations from the planned
instrument will have. Note that this approach is not restric ted to the optical performance
of the instrument. For STIS we have also developed a physicallescription of the read out
process of the CCDs and charge transfer ine ciency caused byadiation damage. Details
of this model are described in Bristow, Kerber & Rosa (2006).

Since the instrument is subject to changes over time causedyb e.g., outgassing of the
support structure or environmental in uences such as tempeature changes along the orbit,
the actual con guration of the instrument is time dependent. Of course, during operations
{ e.g. change of grating or central wavelength { the con guration of the instrument also
changes frequently. The model based approach now has the bmdvantage of being able
to describe such variations in terms of actual changes of pameters relating to physical
properties of the instrument. For STIS, for example, we havedemonstrated that all central
wavelength settings of E140H can properly be described by emnging only two tilt angles of
the cross-disperser.

2.1. Modeling Technigue

The physical model is based on the speci cations for the optial design of STIS; see Fig.
la in Bristow, Kerber & Rosa (2006). We used the following ingedients { see Fig. 1 for a
schematic view { to describe the instrument and to derive a dspersion solution:

a ray trace model describing the geometry of the optical elerants

Monte-Carlo illumination of the slit to simulate observati ons of, e.g., the calibration
lamp

software needed to compare the performance of the instruméras determined by the
model with actual calibration data.

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

With this method we can close the loop between model descrifdn and actual ob-
servations resulting in a high delity dispersion solution for STIS high resolution echelle
modes.
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Figure 1. Schematic representation of the instrument modelbased approach used to de-
rive a dispersion solution for the STIS high resolution echibe modes. An accurate list of
wavelengths emitted by the Pt/Cr-Ne calibration source is 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 observed calibration data. The atual con guration of the
instrument is then found in an iterative manner.
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2.2. Input for the Instrument Model: The Lamp Project

Based on the experience with 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 Spectroscopy Group at NIST. After a
study at NIST had revealed that the best available wavelengh values for Pt dated back to
the 1930s and that their quality was not su cient for use with Goddard High Resolution
Spectrograph (GHRS), they took the initiative and measured from laboratory data Pt
wavelength standards at the level of accuracy compatible vih the spectral resolution (a
few parts in 10°) of the GHRS. The resulting line list and spectral atlas of a R-Ne lamp
(Reader et al. 1990) contains accurate values for about 300knes.

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, whee Pt has numerous
emission lines. However, in order to cover the extended rarggof UV-optical spectrographs
such as the Faint Object Spectrograph (FOS) and STIS, the addion of about 10% Cr
to the cathode is required. Pt/Cr-Ne lamps provide a continuous distribution of suitable
emission lines for the range 115 nm to 800 nm. Although both F@& and STIS carried the
Pt/Cr-Ne lamps, the pure Pt line list has been the basis for warelength calibration of all
spectrographs onboard HST.

For STIS-CE we required a complete list of the lines emitted ly the Pt/Cr-Ne hollow
cathode lamp in order to realize the full potential of the instrument model. Literature
data for Cr proved inadequate for the purpose. Therefore, STECF and NIST launched a
project with the objective of obtaining wavelength standards from 115 nm to 320 nm 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., 2006 in @paration). The wavelengths
in these lists are accurate to better than 1/1000 nm. More deails of this work are also
described in Kerber et al. (2004) and in two papers in this volime (Kerber et al. 2006a,
2006b).

2.3. Laboratory Data for the Virtual Observatory

We expect that these data will be valuable for applications keyond their original purpose,
the wavelength calibration of STIS. In particular the accurate wavelength data on Cr will
be useful for other elds such as the study of the interstella medium (ISM) to which the
HST and STIS have provided many important observations in the past, see e.g. Roth &
Blades (1997). Two factors are important in this context: meallicity and depletion from
the gas phase onto grains. Cr is a particularly relevant elerant since about 90 % of the Cr
is missing from the gas phase. Accurate wavelengths for mortan 5000 Cr lines will be a
welcome addition for investigations of the ISM as well as forstudies of stellar abundances.
Another application for highly accurate wavelengths of Cr lines could be in fundamental
physics. The constancy of the ne structure constant has been under debate for quite
some time and investigations from laboratory measurementsand astrophysics have given
conicting results. Cr is one of the elements that has promirent lines in the absorption
systems of quasars used for astrophysical analysis. Detailof such potential applications
are described in more detail in an upcoming paper by Kerber etl. (2006 in 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) also in a form compaible with the requirements
of the Virtual Observatory (VO). To our knowledge this is a r st in terms of such an
extensive spectral data set obtained from laboratory meastements.
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Figure 2: 2-dimensional STIS frame (echelle mode G230H) wit a central wavelength of
about 251.3 nm. Each order covers about 1.1 nm. The left panethows the lines identi ed
by the NIST Pt atlas (1990), the right panel illustrates the i mpact of the new Pt/Cr-lamp
line list. In this particular frame the old list provided 258 lines in the wavelength range
covered, whereas the new list has 1612 entries.

3. Application to STIS

STIS is the rst HST spectrograph to provide both high resolution modes (R = 100 000)
and large spectral coverage (115 nmto 1100 nm). For proper tiaration of the STIS Echelle
modes it is vital to use a large number of lines all across the-B detector array and to have a
reasonable number of lines in every order. As a result of the BECF/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 used for wavelength calibrationpreviously. A combination of
the NIST Pt atlas and the new line lists provides about 11500 ines for calibration purposes
in the region 111.5 nm to 433.2 nm. This forms the basis for theSTIS-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 observed are from Cr. Figure 2 gigean example showing
a calibration exposure taken at a central wavelength of 258 nm. These data enable us
to produce a dispersion solution that is more accurate and hmogeneous across the whole
STIS array than an empirical calibration.

4, Science Case

We carefully selected a science case that would both be relent to typical uses of STIS and
would demonstrate the accuracy of the model based solutionln this context it is important
to note that the standard calibration pipeline for STIS prov ides very good science products
based on careful calibration using empirical methods. Heres, CALSTIS calibration provides
a very demanding benchmark and any improvement with respecto CALSTIS should be
considered a signi cant achievement.

The speci ¢ case we selected makes use of data obtained forgposals 8043 and 8484 (PI:
E.B. Jenkins). Their goal was to study the thermal pressure n the interstellar medium
(ISM) using absorption lines from neutral carbon. They useda total of 21 lines of sight
towards early-type stars. Observations were performed in bth high resolution echelle modes
E140H and E230H. They speci cally aimed for the best possil# wavelength resolution



314 Kerber, Bristow & Rosa

Figure 3. STIS 2-D array showing a deep wavelength calibrabn exposure (mode E140H,
central wavelength 130.7 nm) taken with a Pt/Cr-Ne calibrat ion lamp. On both sides of the
array there are substantial overlap regions where the samare is apparent in two adjacent
orders.

Figure 4. Enlarged section of the same exposure showing sonoeerlap regions in detail.
Several characteristic patterns of lines present in two adicent orders can easily be discerned.
For the science case we measured the di erence in wavelengtior interstellar absorption
lines in these overlap regions.

and thus used the narrowest available slit (0.1 0.03 arcsecs) giving a= of about

200,000 resulting in a FHWM of about 1.5kms . 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 sets between the orders.

This kind of study is typical of the kind of science done with the high resolution spec-
trographs onboard HST. The fact that the observations were @ne at the highest resolution
possible with STIS makes them especially suited for demonsiting the capabilities of any
wavelength calibration procedure.

4.1. Overlap Regions in the STIS Spectral Format

In order to assess the quality of the model based dispersiorohition we used interstellar
absorption lines. The spectral format of STIS results in redons of considerable size at
both sides of the 2-D array where orders overlap. A wavelengt present in this overlap
region will produce two line images, one each in two adjacenbrders. A perfect wavelength
calibration would of course result in exactly the same wavedngth assigned to both images of
the same line. For illustration purposes we show an examplef@ deep wavelength calibration
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Figure 5: Histogram of the distribution of wavelength o sets measured between the same
interstellar absorption line present in two adjacent order of the STIS array (mode E140H).
The observations were made towards HD210839. The dotted vécal linesat 5.7 10 4
nm represent 1 pixel on the array. The dashed line shows the result for the dta reduced
with the CALSTIS pipeline. We nd a systematic o set of about 0.5 pixel, which is within
the speci cations of the calibration. Data reduced with the STIS-CE dispersion solution
(solid line) show essentially zero o set (about 0.1 pixel). The use of STIS-CE thus results
in a factor of ve improvement across the array.

exposure using the Pt/Cr-Ne lamp for mode E140H at a central vavelength of about 130.7
nm (Fig. 3). Enlarged versions of two overlap regions, one tim the left and one from the
right hand side of the array are shown in Fig.4. Note the blackregions beyond the limit
of the array. Several characteristic patterns of lines presnt in two adjacent orders of the
overlap region can easily be discerned. For the science cage measured the wavelengths
of all available interstellar absorption lines in the overlap regions on the same frame once
calibrated by CALSTIS and once calibrated using the STIS-CE model based dispersion
solution. In order to make a fair comparison, all other stepsof the data reduction remain
the same. In total we analyzed three dierent lines of sightstowards hot stars. In each
frame we used about 50 individual measurements.

4.2. Results

We used the CALSTIS reduced frames as our reference and we fod that in all cases
studied the wavelengths of the same lines measured in adjasteorders show a systematic
o set from zero. In the case of HD210839 (Fig.5) we nd a di erence of about ( 3.3

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

ndanosetof ( 0.6 1.7) 10 % nm equivalent to 0.1 pixel. For the two other lines
of sight studied (HD108 and HD203374A) the results are very isilar, although the signal
to noise ratio is less in both cases resulting in a slightly rduced accuracy. In all three
cases a factor of ve is gained in accuracy { over the calibrabn provided by the standard
CALSTIS pipeline { by using the STIS-CE model based dispersbn solution.

The scatter of the distribution remains essentially the sane since the data were reduced
in an identical manner expect for the dispersion solution. V& also nd a pattern in the o sets
as a function of wavelength or position on the array. We suspé that the extraction of the
spectrum which uses the empirical polynomial description ontributes to this behavior. We
intend to study this issue in more detail once the STIS-CE saltion has been incorporated
into 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 lookedhat the interstellar ab-
sorption lines present in the E140H spectra of HD210839. Figre 6 shows the presence of
four distinct velocities in the data. The features at velocity 16.9kms ! are from neutral
carbon and coincide with the strongest peak found by Jenkins& Tripp (2001). The other
velocities result from other species in the ISM.

As mentioned before, STIS is arguably the best calibrated spctrograph of its kind.
The fact that for STIS-CE we have been able to achieve a factorof ve improvement in
wavelength accuracy for the high resolution echelle mode EIDH by using a dispersion
solution based on a physical model of STIS, clearly demonsates the excellent performance
of instrument modeling techniques.

We hope that for future space and ground based instrumentaton these methods will
be widely employed in order to deliver the best possible cdiiration to the scienti ¢ user
community.



STIS CE: Model-based Dispersion Solution 317
5. Summary

In the context of the ST-ECF's STIS calibration enhancement e ort we have derived
dispersion solutions for the high resolution echelle modesf STIS using a physical
model of the instrument.

In collaboration with the Atomic Spectroscopy Group at NIST we have measured the
spectrum of Pt/Cr-Ne lamps similar to the calibration sources on STIS. The resulting
line lists serve as high quality input for the STIS-CE model based calibration.

All relevant results of the lamp project will be made available to the community also
in a format compliant with the Virtual Observatory. In parti cular the new data for
Cr is expected to be valuable for studies of the interstellarmedium and also other
elds of physics.

Using a science case based on interstellar absorption linege have demonstrated the
gain in wavelength accuracy that can be achieved by using theSTIS-CE physical

model. For lines in the overlap regions of adjacent orders (E40H) we nd a factor

of ve improvement 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 modes available tathe community and apply
it to the STIS archive.

The demonstrated success of the STIS physical model con rmghe potential of this
approach for superior calibration of scienti ¢ instruments both in space and on the
ground.

Acknowledgments. This work was funded by the European Space Agency (ESA). We
are grateful to D. Macchetto for his support throughout the project. We are also grateful
to G. Nave, J. Reader, C. Sansonetti (NIST) for the excellentcollaboration. We also thank
the colleagues at STScl for their dedicated work on STIS andhe good collaboration on
the STIS-CE project. A very special \Thank you" goes to Anastasia Alexov and Mauro
Fiorentino, former members of our group, for their contribution to the success of STIS
Calibration Enhancement.

References

Ballester, P., Rosa, M.R., 1991, A&AS, 126, 563
Bristow, P., Kerber, F., Rosa, M.R., 2006, this volume, 299
Jenkins, E.B., Tripp, T.M., 2001, ApJS, 137, 297

Kerber, F., Lindler, D., Bristow, P., Lembke, D., Nave, G., Reader, J., Sansonetti, C.J.,
Heap, S.R., Rosa, M.R., Wood, H.J., 2006a, this volume, 324

Kerber, F., Bristow, P., Rosa, M.R., Nave, G., Reader, J., Sasonetti, C.J., and Lercher,
G. 2006b, this volume, 318

Kerber, F., Rosa, M.R., Sansonetti, C.J., Reader, J., NaveG., Bristow, P., Fiorentino, M.,
Lercher, G., 2004, SPIE 5488, 679

Reader, J., Acquista, N., Sansonetti, C.J., Sansonetti, E., 1990, ApJS, 72, 831

Rosa, M.R., 1995, in \ESO/ST-ECF Workshop on Calibrating and Understanding HST
and ESO Instruments." P. Benvenuti (ed.), ESO Proceedings#53, p.43

Roth, K.C., Blades, J.C., 1997, ApJ, 474, L 95
Sansonetti, C.J., Kerber, F., Reader, J., Rosa, M.R., 2004ApJS, 153, 555



