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Abstract.

The Space Telescope European Co-ordinating Facility (ST-EF) and National
Institute of Standards and Technology (NIST) are collaborating to study hollow
cathode calibration lamps as used onboard the Hubble Spaceelescope (HST). The
project has two main components: First, we have observed thespectra of Pt/Cr-Ne
lamps to obtain wavelengths for all emission lines between15 nm and 320 nm. The
observations were made at NIST using the 10.7-m normal-incience spectrograph
and a Fourier transform spectrometer (FTS) optimized for the vacuum ultraviolet
(UV). The spectral region corresponds to the Space Telescaplmaging Spectrograph
(STIS) Echelle modes. Wavelength calibration of all HST spetrographs has been
based on the line list produced by Reader et al. (1990) using t-Ne lamp, despite
the fact that STIS and the Faint Object Spectrograph (FOS) use 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. However, published Cr wavelengthare not su ciently
accurate for the calibration of STIS and FOS. Our work has esablished accurate
wavelengths for more than 5000 Cr lines. The uncertainty is 2 10 4 nm for lines in
the 110 nm to 180 nm region measured with the grating spectragph and 10 ® nm
for the 180 nm to 320 nm region observed with the FTS.

Second, we are attempting to better understand the performace of hollow cath-
ode lamps and the physical processes involved in their longerm operation. Among
the issues we have studied are the dependence of the spectrion lamp current and
cumulative operating time. We have performed accelerated ging tests that simulate
operations on STIS using newly made space quali ed lamps.

Our new Pt/Cr-Ne line list has been successfully applied in he STIS Calibra-
tion Enhancement e ort; hence these results lead directly b an improvement in the
quality of scienti c data obtained from existing HST spectr ographs.

We have also documented the sensitivity of the lamps' perfamance to optical
alignment in the case of lamps that use a Mgk lens as window. Our ndings
constitute important lessons for the design and operation 6future UV and optical
spectrographs in space.
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1. Introduction

The selection of a light source for wavelength calibration & space observatories is based on
practical considerations such as size, weight, power coneption, ruggedness and lifetime.
The most important property of such a calibration lamp is that it has to provide a very rich
spectrum at the resolution and in the range of the spectrograh. Based on these considera-
tions a Pt(/Cr)-Ne hollow cathode lamp was chosen as the onbard emission line source for
wavelength calibration of the spectrographs onboard HST: he Goddard High Resolution
Spectrograph (GHRS), the Faint Object Spectrograph (FOS), the Space Telescope Imaging
Spectrograph (STIS), and the Cosmic Origins Spectrograph COS).

The high spectral resolution of the GHRS (a few parts in 16) demanded that wave-
lengths of the Pt emission lines be known to the same level ofcauracy from laboratory
data. A study at the National Institute of Standards and Tech nology (NIST) revealed that
the best available values dated back to the 1930s and that thie quality was not su cient
for use with GHRS. This fundamental issue was then addresselly Reader et al. (1990)
who characterized the Pt-Ne lamp with accurate measuremerst of about 3000 lines.

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 ha numerous emission
lines. However, in order to cover the extended range of UV-djical spectrographs such as
FOS and STIS, the addition of about 10% Cr to the cathode is regired. Pt/Cr-Ne lamps
provide a continuous distribution of suitable emission lines 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 been
the basis for wavelength calibration of all spectrographs oboard HST.

STIS is the rst HST spectrograph to provide both high resolution modes (R = 100 000)
and large spectral coverage (115 nm to 1100 nm). For the STIS @ibration Enhancement
(STIS-CE) e ort, conducted at the ST-ECF, we use a physical instrument model which de-
scribes the con guration of the optical elements and the gemetrical distortion; see Ballester
& Rosa (1997) for details of this approach. In order to make fll use of the capabilities of
the model description for wavelength calibration, it is es&ntial to employ a highly accurate
and complete line list. For proper calibration of the STIS Echelle modes it is vital to use a
large number of lines all across the 2-D detector and to have eeasonable number of lines in
every order. This turned out to be impossible using the Pt-Neline list since in some regions
of the near UV the number of Pt or Ne lines is small and 90 % of thdines emitted by the
lamp are from Cr. The existing literature data for Cr | (Kiess, 1953) and Cr Il (Kiess,
1951) are not usable for STIS calibration enhancement purpges, since the Cr wavelengths
are usually reported to only 0.001 nm and cover only the wavangth region redward of 200
nm.

It was therefore necessary to initiate a project with the objective of obtaining wave-
length standards from 115 nm to 320 nm in the spectrum of a Pt/r-Ne lamp. Only then
will we be able to achieve the wavelength scale accuracy STI% potentially capable of.
Additionally, and as a secondary objective, we aimed at gaing improved insight into the
physical processes governing the performance and aging aich lamps; see also Kerber et
al. (2006). Such knowledge is highly relevant for the contined operation of calibration
lamps onboard HST, e.g. COS.

2. Laboratory Work

All of the laboratory work was done at NIST. In order to cover the wavelength range of the
STIS Echelle modes - 115 nm to 320 nm - we used two instrumentd-or the far UV work we

operated the 10.7-m normal-incidence vacuum spectrograptvhich records the spectrum on
UV sensitive photographic plates (111.5 nm to 182.7 nm). Ths is the same instrument as the
one used by Reader et al. (1990) to measure the wavelengths @iintensities of the emission
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lines of the Pt-Ne hollow cathode lamp. We have produced a lia list containing more than
1200 lines; the line list and all other relevant details of the work are presented in Sansonetti
et al. (2004). From the residuals in the t of the wavelength interpolation polynomial to
the stafdard lines, we estimate that the measured wavelengiis have an uncertainty of about
2 10 * nm.

For the near UV work we used the Fourier Transform Spectromeér (FTS) located
at NIST's Synchrotron UV Radiation Facility (SURF). We reco rded the lamp spectrum
from about 155 nm to about 350 nm using two di erent photomultiplier detectors and a
Iter. Actually, the recorded spectrum extends beyond 400 nm, albeit at rapidly decreasing
sensitivity. For the FTS spectra we achieved an accuracy of lout 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 spliting is not an issue, and the
hyper ne structure can easily be taken into consideration for calibration purposes.

Exposure times at the 10.7-m spectrograph were normally 3 hta20 mA and 24 h at
10 mA. These times produced approximately equal exposure®f lines of Pt II. At the FTS
we obtained between a few dozen and 2000 co-added spectra e@lent to exposure times
of 30 min to 24 h.

3. Results and Application to STIS

Table 1 summarizes the results of both the far and near UV meagements. The new lists
provide highly accurate wavelengths of the emission linesni 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 11500 lines for calibration purposesn the region 111.5 nm to 433.2 nm.
This forms the basis for the STIS-CE model-based wavelengtlealibration.

Table 1: Summary of the line lists from the far UV and near UV part of the lamp project.
More than 5000 Cr lines have been measured, identi ed, and a& being used by STIS-CE.

far UV (113.0 to 182.7) nm | FTS (155.0 to 433.2) nm
# of Pt lines 744 1280
# of Ne lines 105 590
# of Cr lines 258 5400
# of unidenti ed lines 128 <100
total # of lines 1235 7300

4. Dependence of Spectral Output upon Current

In our photographic spectra of the far UV region we recognizd that the relative intensity
of the neon lines with respect to the metal lines was signi catly enhanced at lower lamp
currents. In the near UV region the linear intensity respons of the FTS enabled a more
gquantitative investigation of the change in the spectrum asa function of operating current.
We took spectra at 7, 10 (standard current on STIS), 12, 15, 2025 and 30 mA.

Analysis of the spectra taken at di erent currents revealeda very well de ned behavior
of the line intensities as a function of current. For every sgectrum, we calculated the ratio of
the intensity of each observed line to the intensity of the sane line in the 20 mA spectrum.
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Figure 1: Variation of the line intensities as a function of the operating current of the lamp.
Spectra were taken at 7, 10, 12, 15, 20, 25 and 30 mA. Note the pnounced di erence in
the behavior of the gas and metal lines (left panel). The cures of the two metals Pt and
Cr show a less pronounced but still clear and characteristiai erence in their response to
varying current (right panel).

We then averaged the ratios for all lines of a particular speres at each current. The results,
which represent the average behavior of the line intensitis as a function of current, are
displayed in Fig.1. There is a very pronounced distinction ketween the behavior of the
metals and the gas lines. The gas lines show much higher inteities at lower currents.
The metal lines (right panel) show a much more limited variation with current but careful
analysis shows that the intensities of Pt and Cr lines vary ina distinct manner. A qualitative
explanation of this behavior is given in Kerber et al. (2004)

5. Accelerated Aging Tests

An important secondary objective of the lamp project was to investigate the aging of Pt/Cr-
Ne hollow cathode lamps and any changes in spectral output ocoperational characteristics
associated 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 mid2002, the LINE lamp had
been used for a total of 117.5 h, accumulated during more tha8600 exposures (J. Valenti
2002, private communication). On average this correspondto about 3.5 min of lamp usage
per day on orbit. Most of the exposures taken are short; 91 % Isted less than 60s, with
an average exposure time of about 31s. To simulate the workim conditions of the STIS
lamp we operated our lamps at 10 mA on an interval timer with 30s on and 30 s o for
several months. At several times during this period, and at he end of the aging period, we
photographed the spectrum of the lamp on the normal-incidere spectrograph and compared
it to a spectrum taken at the beginning of the test. Little change in line ratios or even total
intensity has been found by us. A total of four Pt/Cr-Ne lamps have completed their aging
test. They lasted between 1000 h and more than 2500 h. Lamp #1had a depleted getter
when we received it (barium coating inside the lamp that hel maintain a clean environment
by trapping impurities) and showed an unusually rapid voltage increase from the beginning
of the test. All lamps failed in a similar manner showing an aromalous discharge covering
the rst mica spacer. We speculate that the metal deposited tere could form a conducting
layer on the spacer leading to failure of the lamp.

The only obvious change observed before failure is an increa in operating voltage
(Fig. 2), which could indicate a change in the rare gas presse or in the cathode dimensions.
Since the operating voltage seems to be the best diagnosis lafimp aging, and since it can
easily be monitored, we strongly suggest that this voltage ke part of the telemetry of future
instruments and that it be used for analysis of the lamp's peformance.
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Lamp accelerated aging test
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Figure 2: Change of the operating voltage - required for a cwent of 10 mA - as a function
of accumulated operating time. The lamp was operated in a 30en / 30s 0 duty cycle in
order to mimic the operations onboard STIS. The lamps lastedfor between 1000 h and 2500
h. All four lamps failed after experiencing an increase of 1@o 20 V in operating voltage.

6. Alignment for lamps with a MgF 2 lens

The lamps used on IUE, FOS, GHRS and STIS all have been ruggezied for use in space;
this includes a special Kovar ange to mount the exit window, which consists of a single
plano-convex lens made of MgEk. Such a lens gives high transparency down to the cut-o
of MgF, at 115 nm and focuses the light from the cathode. Since the inek of refraction of
MgF, is wavelength dependent and increases sharply below 150 nrchromatic aberration is
unavoidable with a single lens and perfect focus can be achied at only a single wavelength.
For the laboratory measurements on the 10.7-m vacuum spectrgraph, initial alignment
was achieved visually by optimizing the illumination and brightness of the slit image as
seen in the plate holder. With this alignment both the FOS and GHRS lamps produced
reasonable spectra at long wavelengths. For the FOS lamp, eever, the spectrum became
progressively weaker toward shorter wavelengths, and beleabout 150 nm only the strongest
lines were observed. Close inspection showed that the appronately focussed image of the
hollow cathode discharge was moving o the side of the slit atshort wavelengths. This
suggests that the optical axis of the MgF, lens did not coincide with the axis of the discharge.
The complete 5.5 h spectrum of the FOS lamp, at a highly compresed wavelength scale, is
shown in the upper panel of Fig. 3. Quite evidently, careful dignment in the visible part of
the spectrum was not su cient to guarantee good alignment in the vacuum UV. A greatly
improved spectrum was obtained, as shown in the lower panelfd-igure 3, after we realigned
the lamp using a photomultipler and the strong Pt Il line at 12 4.8 nm. The intensity of the
spectrum is increased by a factor 12 at 160 nm. At shorter waengths the improvement
is even greater but cannot be accurately quanti ed because fothe lack of comparison lines.

7. Summary

We have measured the spectrum of Pt/Cr-Ne hollow cathode larps in the range 115
nm - 433 nm adding accurate wavelengths for about 5000 Cr lire

This new line list has successfully been used as input for imsiment model based
dispersion solutions provided by the STIS Calibration Enhancement project.
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Figure 3: The spectrum of an FOS lamp after alignment in the viible (upper panel) and
after alignment in the UV (lower panel). The dramatic increase in the line intensity at
shorter wavelengths illustrates the strong sensitivity to alignment that results from use of
a single element Mgk lens. See text for details.

The lamps are very stable sources throughout their lifetimeof about 1500 h at 10 mA
during accelerated aging test that mimicked operations onlobard STIS.

The best indicator of lamp aging is an increasing operating gltage for a given current.
We strongly recommend that this parameter be included in the standard telemetry
for future instruments.

MgF, singlet windows introduce chromatic alignment sensitivity that can lead to
severe light loss if the lamps are not properly aligned. Aligment in the UV is essential.
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