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Abstract.

The SpaceTelesco European Co-ordinating Facility (ST-ECF) and National
Institute of Standards and Tednology (NIST) are collaborating to study hollow
cathode calibration lamps as usedonboard the Hubble SpaceTelescog (HST). The
project hastwo main componernts: First, we have obsened the spectra of Pt/Cr-Ne
lamps to obtain wavelengthsfor all emissionlines between115nm and 320nm. The
obsenations were made at NIST using the 10.7-m normal-incidence spectrograph
and a Fourier transform spectrometer (FTS) optimized for the vacuum ultraviolet
(UV). The spectral region correspondsto the SpaceTelescog Imaging Spectrograph
(STIS) Echelle modes. Wavelength calibration of all HST spectrographs has been
basedon the line list produced by Readeret al. (1990) using a Pt-Ne lamp, despite
the fact that STIS and the Faint Object Spectrograph (FOS) usea 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. Howewer, published Cr wavelengths are not suzciently
accurate for the calibration of STIS and FOS. Our work has established accurate
wavelengthsfor more than 5000Cr lines. The uncertainty is 2£ 10' 4 nm for lines in
the 110 nm to 180 nm region measuredwith the grating spectrograph and 10 ® nm
for the 180 nm to 320 nm region obsened with the FTS.

Second,we are attempting to better understand the performanceof hollow cath-
ode lamps and the physical processesnvolved in their long-term operation. Among
the issueswe have studied are the dependenceof the spectrum on lamp current and
cumulativ e operating time. We have performed acceleratedaging tests that simulate
operations on STIS using newly made spacequali ed lamps.

Our new Pt/Cr-Ne line list has beensuccessfullyapplied in the STIS Calibra-
tion Enhancemen e®ort; hencetheseresults lead directly to an improvemen in the
quality of scierti ¢ data obtained from existing HST spectrographs.

We have also documerted the sensitivity of the lamps' performanceto optical
alignment in the caseof lamps that use a MgF, lens as window. Our ndings
constitute important lessonsfor the designand operation of future UV and optical
spectrographsin space.

latliated to the SpaceTelescope Operations Division of Researd and Sciertic Support Department of the
European Space Agency
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1. Intro duction

The selectionof a light sourcefor wavelength calibration of spaceobsenatories is basedon
practical considerationssud as size, weight, power consumption, ruggednessand lifetime.
The mostimportant property of sudh a calibration lamp is that it hasto provide a very rich
spectrum at the resolution and in the range of the spectrograph. Basedon theseconsidera-
tions a Pt(/Cr)-Ne hollow cathode lamp was chosenasthe onboard emissionline sourcefor
wavelength calibration of the spectrographs onboard HST: the Goddard High Resolution
Spectrograph (GHRS), the Faint Object Spectrograph (FOS), the SpaceTelescog Imaging
Spectrograph (STIS), and the Cosmic Origins Spectrograph (COS).

The high spectral resolution of the GHRS (a few parts in 10°) demandedthat wave-
lengths of the Pt emissionlines be known to the samelevel of accuracy from laboratory
data. A study at the National Institute of Standardsand Tednology (NIST) revealedthat
the best available values dated back to the 1930sand that their quality was not suzcient
for use with GHRS. This fundamertal issuewas then addressedby Readeret al. (1990)
who characterized the Pt-Ne lamp with accurate measuremets of about 3000lines.

The spectral output of Pt-Ne lamps is fully adequate for pure UV instruments like
GHRS, with its wavelength range of 113 nm to 310 nm, where Pt has numerous emission
lines. Howewer, in order to cover the extended range of UV-optical spectrographssuc as
FOS and STIS, the addition of about 10% Cr to the cathode is required. Pt/Cr-Ne lamps
provide a continuousdistribution of suitable emissionlines for the range 115nm to 800 nm.
Although both FOS and STIS carried the Pt/Cr-Ne lamps, the pure Pt line list has been
the basisfor wavelength calibration of all spectrographsonboard HST.

STISisthe rst HST spectrographto provide both high resolution modes(R = 100000)
and large spectral coverage(115 nm to 1100nm). For the STIS Calibration Enhancemert
(STIS-CE) e®ort, conductedat the ST-ECF, we usea physical instrument model which de-
scribesthe con guration of the optical elemeris and the geometricaldistortion; seeBallester
& Ro0sa (1997) for details of this approadc. In order to make full use of the capabilites of
the model description for wavelength calibration, it is essetial to employ a highly accurate
and completeline list. For proper calibration of the STIS Echelle modesit is vital to usea
large number of lines all acrossthe 2-D detector and to have a reasonablenumber of linesin
ewvery order. This turned out to be impossibleusing the Pt-Ne line list sincein someregions
of the near UV the number of Pt or Ne lines is small and 90% of the lines emitted by the
lamp are from Cr. The existing literature data for Cr | (Kiess, 1953) and Cr Il (Kiess,
1951) are not usablefor STIS calibration enhancemen purposes,sincethe Cr wavelengths
are usually reported to only 0.001nm and cover only the wavelength region redward of 200
nm.

It was therefore necessaryto initiate a project with the objective of obtaining wave-
length standards from 115nm to 320 nm in the spectrum of a Pt/Cr-Ne lamp. Only then
will we be able to achieve the wavelength scale accuracy STIS is potentially capable of.
Additionally , and as a secondaryobjective, we aimed at gaining improved insight into the
physical processegoverning the performance and aging of such lamps; seealso Kerber et
al. (2006). Suc knowledgeis highly relevant for the corntinued operation of calibration
lamps onboard HST, e.g. COS.

2. Laboratory Work

All of the laboratory work wasdoneat NIST. In order to cover the wavelength range of the
STIS Echelle modes- 115nm to 320 nm - we usedtwo instruments. For the far UV work
we operated the 10.7-mnormal-incidencevacuum spectrograph which recordsthe spectrum
on UV sensitive photographic plates (111.5nm to 182.7nm). This is the sameinstrument
asthe one usedby Readeret al. (1990) to measurethe wavelengthsand intensities of the
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emissionlines of the Pt-Ne hollow cathode lamp. We have produced a line list corntaining
more than 1200lines and the line list and all other relevant details of the work are preserted
in Sansonetti et al. (2004). From the residualsin the 't of the wavelength interpolation
polynomial to the standard lines, we estimate that the measured wavelengths have an
uncertainty of about 2£ 10 4 nm.

For the near UV work we used the Fourier Transform Spectrometer (FTS) located
at NIST's Synchrotron UV Radiation Facility (SURF). We recorded the lamp spectrum
from about 155 nm to about 350 nm using two di®erent photomultiplier detectors and a
‘Tter. Actually, the recordedspectrum extendsbeyond 400 nm, albeit at rapidly decreasing
sensitivity. For the FTS spectra we achieved an accuracy of about 10' ®> nm. For many Pt
lines the wavelength accuracy is limited by partially or fully resolved hyper ne structure
and isotope shifts. At the resolution of STIS isotope splitting is not an issue, and the
hyper ne structure can easily be taken into consideration for calibration purposes.

Exposuretimes at the 10.7-m spectrograph were normally 3 h at 20 mA and 24 h at
10 mA. Thesetimes produced approximately equal exposuresfor lines of Pt 11. At the FTS
we obtained betweena few dozenand 2000 co-addedspectra equivalent to exposuretimes
of 30 min to 24 h.

3. Results and Application to STIS

Table 1 summarizesthe results of both the far and near UV measuremets. The new lists
provide highly accurate wavelengths of the emissionlines in the spectrum of a Pt/Cr-Ne

lamp. In particular we have added data for about 5500 Cr lines, which could not be used
for wavelength calibration previously. A combination of the NIST Pt atlas and the new line
lists provides about 11500lines for calibration purposesin the region111.5nm to 433.2nm.
This forms the basisfor the STIS-CE model-basedwavelength calibration.

Table 1.: Summary of the line lists from the far UV and near UV part of the lamp project.
More than 5000Cr lines have beenmeasured,identi ed, and are being usedby STIS-CE.

far UV (113.0to 182.7)nm | FTS (155.0to 433.2) nm
# of Pt lines 744 1280
# of Ne lines 105 590
# of Cr lines 258 45400
# of unidenti ed lines 128 <100
total # of lines 1235 7300

4. Dependence of Spectral Output upon Curren t

In our photographic spectra of the far UV region we recognizedthat the relative intensity
of the neon lines with respect to the metal lines was signi cantly enhancedat lower lamp
currents. In the near UV region the linear intensity responseof the FTS enabled a more
quartitativ e investigation of the changein the spectrum asa function of operating current.
We took spectra at 7, 10 (standard current on STIS), 12, 15, 20, 25 and 30 mA.

Analysis of the spectra taken at di®erert currents revealeda very well de ned behaviour
of the line intensities asa function of current. For every spectrum, we calculated the ratio of
the intensity of ead obsened line to the intensity of the sameline in the 20 mA spectrum.
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Figure 1.: Variation of the line intensities asa function of the operating current of the lamp.
Spectra were taken at 7, 10, 12, 15, 20, 25 and 30 mA. Note the pronounced di®erencein
the behaviour of the gasand metal lines (left panel). The curvesof the two metals Pt and
Cr show a lesspronouncedbut still clear and characteristic di®erencein their responseto
varying current (right panel).

We then averagedthe ratios for all lines of a particular speciesat ead current. The results,
which represent the averagebehaviour of the line intensities as a function of current, are
displayed in Fig. 1. There is a very pronounced distinction betweenthe behaviour of the
metals and the gaslines. The gas lines shav much higher intensities at lower currents.
The metal lines (right panel) shov a much more limited variation with current but careful
analysisshowsthat the intensities of Pt and Cr linesvary in adistinct manner. A qualitativ e
explanation of this behavior is givenin Kerber et al. (2004).

5. Accelerated Aging Tests

An important secondaryobjective of the lamp project wasto investigatethe aging of Pt/Cr-
Ne hollow cathode lamps and any changesin spectral output or operational characteristics
assaiated with it. On STIS there is a total of three Pt/Cr-Ne lamps. During the 5.5
years of operation between installation in Feb 1997 and mid-2002, the LINE lamp had
beenusedfor a total of 117.5h, accunulated during more than 8600exposures(J. Valerti
2002, private communication). On average this corresponds to about 3.5 min of lamp
usageper day on orbit. Most of the exposurestaken are short; 91% lasted lessthan 60s,
with an average exposure time of about 31s. To simulate the working conditions of the
STIS lamp we operated our lamps at 10 mA on an interval timer with 30 s on and 30 s
o® for seweral months. At sewral times during this period, and at the end of the aging
period, we photographed the spectrum of the lamp on the normal-incidence spectrograph
and comparedit to a spectrum taken at the beginning of the test. Little changein line
ratios or even total intensity has beenfound by us. A total of four Pt/Cr-Ne lamps have
completedtheir aging test. They lasted between1000h and more than 2500h. Lamp #16
had a depleted getter when we received it and showved an unusually rapid voltage increase
from the beginning of the test. All lamps failed in a similar manner shaving an anomalous
discharge covering the rst mica spacer. We speculate that the metal deposited there could
form a conducting layer on the spacerleading to failure of the lamp.

The only obvious change obsened before failure is an increasein operating voltage
(Fig. 2), which could indicate a changein the rare gaspressureor in the cathode dimensions.
Sincethe operating voltage seemsto be the best diagnosisof lamp aging, and sinceit can
easily be monitored, we strongly suggestthat this voltage be part of the telemetry of future
instruments and that it be usedfor analysis of the lamp's performance.



Wavelength Standards from Pt/Cr-Ne Hollow-cathode Lamps 5

Lamp accelerated aging test

<
£
o
-
bl
]
- OLamp #13
.g X Lamp #14
g_ O Lamp #16
[ W Lamp #17
(]
=]
©
=
(=}
>

0 500 1000 1500 2000 2500 3000
Operating time [h]

Figure 2.. Changeof the operating voltage - required for a current of 10 mA - asa function
of accunulated operating time. The lamp was operated in a 30son/ 30s o®duty cyclein
order to mimic the operations onboard STIS. The lamps lasted for between1000h and 2500
h. All four lamps failed after experiencing an increaseof 10 to 20 V in operating voltage.

6. Alignmen t for lamps with a MgF , lens

The lamps usedon IUE, FOS, GHRS and STIS all have beenruggedizedfor usein space;
this includes a special Kovar °ange to mount the exit window, which consistsof a single
plano-corvex lens made of MgF,. Sud a lens giveshigh transparency down to the cut-o®
of MgF, at 115 nm and focusesthe light from the cathode. Sincethe index of refraction of
MgF, is wavelength dependent and increasessharply below 150nm, chromatic aberration is
unavoidable with a singlelensand perfect focuscan be achieved at only a single wavelength.

For the laboratory measuremets on the 10.7-mvacuum spectrograph, initial alignmert
was achieved visually by optimizing the illumination and brightness of the slit image as
seenin the plate holder. With this alignment both the FOS and GHRS lamps produced
reasonablespectra at long wavelengths. For the FOS lamp, however, the spectrum became
progressiely weaker toward shorter wavelengths,and below about 150nm only the strongest
lines were obsened. Closeinspection showved that the approximately focussedimage of the
hollow cathode discharge was moving o® the side of the slit at short wavelengths. This
suggestghat the optical axis of the MgF» lensdid not coincidewith the axis of the discharge.
The complete 5.5 h spectrum of the FOS lamp, at a highly compressedvavelength scale,is
shown in the upper panel of Fig. 3. Quite evidently, careful alignment in the visible part of
the spectrum was not suzcient to guararntee good alignmert in the vacuum UV. A greatly
improved spectrum was obtained, asshown in the lower panel of Figure 3, after we realigned
the lamp using a photomultipler and the strong Pt |l line at 124.8nm. The intensity of the
spectrum is increasedby a factor 12 at 160 nm. At shorter wavelengthsthe improvemert
is even greater but cannot be accurately quanti ed becauseof the lack of comparisonlines.

7. Summary

2 We have measuredthe spectrum of Pt/Cr-Ne hollow cathode lamps in the range 115
nm - 433 nm adding accurate wavelengthsfor about 5000Cr lines.

2 This new line list has successfullybeen used as input for instrument model based
dispersion solutions provided by the STIS Calibration Enhancemen project.
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Figure 3.: The spectrum of a FOS lamp after alignment in the visible (upper panel) and
after alignmert in the UV (lower panel). The dramatic increasein the line intensity at
shorter wavelengthsillustrates the strong sensitivity to alignmernt that results from use of
a single element MgF, lens. Seetext for details.

2 The lamps are very stable sourcesthroughout their lifetime of about 1500h at 10 mA
during acceleratedaging test that mimicked operations onboard STIS.

2 The bestindicator of lamp agingis an increasingoperating voltage for a given current.
We strongly recommendthat this parameter be included in the standard telemetry
for future instruments.

2 MgF, singlet windows introduce chromatic alignment sensitivity that can lead to
se\erelight lossif the lampsare not properly aligned. Alignment in the UV is essefial.
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