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ABSTRACT

Two calibration programs were carried out after Servicing Mission 4 to determine the
accuracy of the wavelength solutions for the most used STIS CCD and MAMA modes.
Wereport here on the analysisof this dataset and show that the STI Swavel ength solution
has not changed after SM4. We al so show that a typical accuracy for the absolute wave-
length zero-pointsis 0.1 pixels while the relative wavelength accuracy is 0.2 pixels.
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I ntroduction

The Space Telescope Imaging Spectrograph (STIS, Kimble €t98) operated on-
orbit from February 1997 until a malfunction in August 20@uring Hubble Servicing
Mission 4 (SM4), STIS was successfully repaired and resurpedations in May 2009.
To allow the wavelength scale for individual science obagons to be corrected for
non-repeatability and drifts in the STIS optical elemeigrahent, most observations of
external targets are accompanied by one or more waveleatjtination spectra. There
are three Pt/Cr-Ne lamps on STIS for this purpose. Thesedargdesignated LINE,
HITM1, and HITM2. The LINE lamp is located on the Insertion éfh@nism platform.
When the lamp is used, the Calibration Insert Mechanism (G#\dlaced into the light
path and all external light is blocked. The HITM1 and HITM2nlps are located on
the Hole In The Mirror platform and can be used both for wavetk calibration and
target acquisition (though the HITM2 lamp is consideredgpare lamp and has not
been used for target acquisition). The LINE lamp, being tiighbest of the 3 Pt/Cr-Ne
lamps, is being used for the least sensitive modes on STp8cedly the FUV echelle
modes. The optics of the HITM1 and HITM2 lamps are such theit tbwer flux on the
detector is more suited for the wavelength calibration ofersensitive modes on STIS,
such as the optical low-resolution modes.

In order to test whether there has been any change in theevagtalsolution post-
SM4, we have obtained internal wavelength exposures aoyerany CCD and MAMA
modes, focusing primarily on those used in GO programs akasehose utilized in
previous calibration programs. This study measures theleagth difference between
lines in the STIS spectra and reference lines from a cataloftshows that the STIS
wavelength solution has not changed after SM4 and that theacy is typically within
0.2 pixels.

Data

Wavelength calibration exposures have been obtained foyi@alS CCD and MAMA
modes frequently used both in GO programs as well as in pusvialibration pro-
grams. The CCD exposures, which cover 39 different modess va&en under pro-
gram PID 11858 while the MAMA exposures, covering 26 diffemnmnodes, were taken
under program PID 11859. CCD lamp spectra were acquiredthats x 0.1” slit and
exposure times ranged from 4 to over 200s. MAMA lamp specteewbtained with
varying small apertures ranging frobr2 x 0.06” in the echelle modes t&2 x 0.1” in
the first-order spectroscopic modes. A summary of the obsens can be found in
Tables 1 and 2.

To compare the line spectra with catalogued Pt/Cr-Ne linesiged the original
compilation from Don Lindler as well as new compilations ¢f/G?-Ne lines from the
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NIST database Sansonetti et al. (2004) for Wavelengt«kl3830,& and of Cr | lines
from Wallace & Hinkle (2009) in the NUV portion of the STIS h{\ >2200A).

Spectral Central Aperture Lamp Time
Element Wavqlength
[A] [ [s]
G230LB 2375 52X0.1 HITM1 220.0
G230MB 1713 52X0.1 HITM1 368.0
G230MB 2135 52X0.1 HITM1 30.0
G230MB 2276 52X0.1 HITM1 84.0
G230MB 1854 52X0.1 HITM1 600.0
G230MB 2416 52X0.1 HITM1 41.0
G230MB 2557 52X0.1 HITM1 63.0
G230MB 1995 52X0.1 HITM1 190.0
G230MB 2697 52X0.1 HITM1 14.0
G230MB 2794 52X0.1 HITM1 30.0
G230MB 2836 52X0.1 HITM1 24.0
G230MB 2976 52X0.1 HITM1 10.0
G230MB 3115 52X0.1 HITM1 24.0
G430L 4300 52X0.1 HITM1 10.0
G430L 4300 52X0.1 LINE 10.0
G430M 3165 52X0.1 HITM1 10.0
G430M 3423 52X0.1 HITM1 10.0
G430M 3680 52X0.1 HITM1 10.0
G430M 3843 52X0.1 HITM1 10.0
G430M 3936 52X0.1 HITM1 13.0
G430M 4194 52X0.1 HITM1 17.0
G430M 4451 52X0.1 HITM1 18.0
G430M 4706 52X0.1 HITM1 21.0
G430M 4961 52X0.1 HITM1 24.0
G430M 5093 52X0.1 HITM1 10.0
G430M 5216 52X0.1 HITM1 10.0
G430M 5471 52X0.1 HITM1 26.0
G750L 7751 52X0.1 HITM1 6.2
G750M 5734 52X0.1 HITM1 5.9
G750M 6252 52X0.1 HITM1 41
G750M 6581 52X0.1 HITM1 4.1
G750M 6768 52X0.1 HITM1 3.9
G750M 7283 52X0.1 HITM1 3.9
G750M 7795 52X0.1 HITM1 29.0
G750M 8311 52X0.1 HITM1 10.0
G750M 8561 52X0.1 HITM1 10.0
G750M 8825 52X0.1 HITM1 10.0
G750M 9336 52X0.1 HITM1 10.0
G750M 9851 52X0.1 HITM1 220.0

Table 1. Log of the observations from program PID 11858 (CCD)

Analysis

We reduced the lamp exposures with CALSTIS as if they werense images. To do
this we created a companion file (hamed oxxxxxxxav.fits) and invoked this file as
the argument of the keyword WAVECAL in the FITS header of thgiaal file (hamed
oxxxxxxxx_raw.fits). We also modified the keyword ASNTYP to SCIENCE so that
the software treats the image as a normal science exposdrdhn@WAVECAL key-
word from OMIT to PERFORM. We further switched the keyworde LLORR (for
the heliocentric correction) and FLUXCORR (for the flux badition) to OMIT. For
first-order spectroscopic modes, five spectra were exttdgtessumming 32 rows (EX-
TRSIZE keyword in CALSTIS equal to 32) from different loaats on the flt image.
The five spectra were centered on cross-dispersion localia8, 320, 512, 704, 896.
We used spectra from the middle of the chip (row 512) for the Identifications (see

http://physics.nist.gov/PhysRefData/platinum/cotgdriml
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Spectral Central Aperture | Lamp Time
Element WaveJength

[A] " [s]
E140M 1425 0.2X0.06 LINE 663.2
E140H 1526 0.2X0.09 LINE 300
E140H 1598 0.2X0.09 | LINE 400.5
E140H 1234 0.2X0.09 | LINE 550
E140H 1271 0.2X0.09 | LINE 400
E140H 1343 0.2X0.09 | LINE 550
E230M 1978 0.2X0.06 | LINE 190.3
E230M 2415 0.2X0.06 | LINE 135
E230M 2561 0.2X0.06 | LINE 120
E230M 2707 0.2X0.06 | LINE 87.2
E230H 1763 0.1X0.09 | LINE 800
E230H 2013 0.1X0.09 LINE 500
E230H 2713 0.1X0.09 LINE 500
G140M 1218 52X0.1 LINE 450
G140M 1222 52X0.1 LINE 724
G140M 1321 52X0.1 LINE 72.6
G140M 1540 52X0.1 LINE 94.3
G140M 1420 52X0.1 LINE 75
G140M 1640 52X0.1 LINE 100
G140L 1425 52X0.1 LINE 140
G230M 1687 52X0.1 LINE 310.0
G230M 2338 52X0.1 LINE 40.0
G230M 2818 52X0.1 LINE 30.0
G230M 3055 52X0.1 LINE 22.0
G230L 2376 52X0.05 | LINE 47.6
E230H 1963 0.1X0.09 | LINE 800

Table 2. Log of the observations from program 11859 (MAMA).

next paragraph) and the spectra taken at different locatiorcheck for bad pixels.

The output of the CALSTIS pipeline is the x1d file, which cangawavelength, net

count rate, error (sorted by order in case of echelle spedta echelle spectra a one-
dimensional spectrum covering the full wavelength rangthefmode was created by
interleaving the flux-wavelength points in ascending wewngth order.

Following this approach, we created 65 1-D spectra covealhghe grating-
central wavelength combinations in programs 11858 and9.188ing a semi-automatic
line identification routine written in IDL, we identified labatory lines in the STIS spec-
tra and computed the difference between the observed aathbgaéd lines for each
grating-central wavelength combination. In order to wedtir approach we also pro-
duced figures showing the identified lines on top of the STiwgplapectra. The centroid
pixel location for each line was measured in two ways: i) bynfit a gaussian to the
lines, and ii) by computing a weighted mean using the counts ©2 pixels from the
central one as a weighting factor. The errors on the centn@dhe formal error on the
peak of the gaussian for i) and the inverse of the square fabeaounts over 5 pixels
for ii). We then computed the mean and standard deviatiotieeddifferences per mode
but also checked if there is any trend of the differences widlvelength within each
mode.

CCD Modes

Our results on the wavelength accuracy of the CCD modes anenatized in Figs. 1—
10. Fig. 4 shows that when the Wallace & Hinkle (2009) line pdation is not included
there are many fewer lines for which the wavelength accucacybe measured.
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None of the CCD modes shows a wavelength dependence in fieeedife be-
tween observed and laboratory lines. The mean of the diféerelistribution is typi-
cally <0.1 pixel and the standard deviationd$).2 pixels as measured before SM4. In
the two cases where standard deviations~adel pixels (G230MB-2794 and G430M-
3936), the large value is very likely due to the paucity ofniifged lines as shown for
the G230MB modes when the Wallace & Hinkle (2009) compilaignot included.

MAMA Modes

Our results on the wavelength accuracy of the MAMA modesamansarized in Figs. 11—
16. As noted for the CCD modes, including the Wallace & Hinf@@09) compilation

for those settings around 238dncreases the number of detected lines and hence gives
more reliable estimates for the wavelength accuracy, se¢e E230H-2714 settings

and several E230M settings.

We find that the high-resolution echelle settings (E140HB280H) perform as
pre-SM4: The mean of the difference distribution is tydicat0.1 km/s (or 0.08 pix-
els) and the standard deviation4€).3 km/s (or 0.2 pixels). These values are well in
agreement with those reported in Ayres (2008) who used agpertlent approach to
analyze deep (hundred seconds) high signal-to-noise \&@hegposures obtained be-
fore SM4. In a few instances, such as for the E230H-J£9§@tting, we see that higher
order effects are not corrected by the current coefficianthe STIS dispersion rela-
tions. In the next section we report on tests that have beele msing new coefficients
and an expanded wavelength solution derived by Ayres usieggs well as post-SM4
deep wavelength exposures. The medium resolution seffigkOM and E230M) have
larger differences from laboratory wavelengths than theettirgys, as expected from
the lower spectral resolution. In pixels, the mean of thied#ince distribution is always
less than 0.1 pixels while the standard deviation is typicaD.2 pixels but sometimes
a bit larger up to 0.26 pixels. In these settings we see a fear ¢ctends of offsets with
wavelengths. Such trends have been independently idenbifidyres. We attempt to
correct for them with the new and expanded wavelength swiee next Section).

The MAMA G modes (medium and low resolution) perform as expgand as re-
ported in the STIS Instrument Handbook. Specifically, tlaedard deviations between
observed and laboratory wavelengths are between 0.15 &muix@ls, with the G140L
and G230L having the smallest deviations 0.2 pixels and fixi3s respectively.

Further Improvements on the STI'S Echelle Wavelength Accuracy

The current dispersion relations for the echelle modesym®dome small but system-
atic offsets of the measured versus laboratory lines, spetlee E230H-1963 mode in
Fig. 12. These offsets differ from one central wavelengtarnother. As part of two
archival and one GO calibration programs (10203, 11743,12280) Tom Ayres has
independently verified the accuracy of the STIS echelle maohel recently proposed
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a modified version of the STIS dispersion polynomial whichlddurther improve the
wavelength accuracy (see Ayres 2010, HST calibration wais This new version
includes two additional terms: oneim A* and a second im?, wherem is the echelle
order number. In addition, he re-derived all dispersionffe@ents for the CALSTIS
pipeline polynomial using a more extensive set of lamp expEsobtained through the
entire STIS lifetime. We tested this new dispersion refatioth CALSTIS and found
that while some improvements could be seen overall (e.g=280H-2013, see Fig. 17),
a few modes presented larger deviations than with the pue\d@spersion solution (e.qg.
E140H-1526, see Fig. 17). These deviations were confirmexhbgdependent analy-
sis of Ayres. After a series of tests which included verifythe AACORR, SHIFTAZ2,
and YREF terms in the new and previous CALSTIS (see Appendig)realized that
the larger deviations seamly in some modes could be due to the new set of lamp
exposures utilized to compute the new coefficients for tispatision solution. In the
past, monthly MSM (Mode Selection Mechanism) offset2Q pixels) were applied
regularly for STIS observations in order to uniformly age MAMA detectors, mean-
ing that the center of the spectrogram would fall on a diffédetector location then
with the default zero offsets position which is used in réadservations. Indeed, we
found that for those settings which presented the largesatiens in the new CAL-
STIS several lamp exposures were taken at large MSM offsstipos (for instance
for E140H-1526 the new coefficients were computed from 3 diaep exposures, the
deepest of which was taken at MSM offset2 = -23 pixels). Weimrhe process of
testing a new set of dispersion coefficients now derivedgusitly deep lamp exposures
taken at the default zero MSM offset position. This findingoalled to the realization
that there are not enough deep lamp exposures for all alaitabdes to adequately
improve upon the current wavelength solution (see Recordatems). In addition, we
are testing a slightly different processing strategy in GALS to better account for the
spectral tilts seen in the wavecals with large y offsets fgg@endix for more details).
This new procedure runs the wavecal processing twice faglectata: the first cross-
correlation between the lamp spectrum and the templaterspedinds the offset in
cross-dispersion direction (SHIFTA2), then uses the caepp&HIFTA2 in a second
pass to apply the proper A4CORR. This last term is a coefticiethe CALSTIS dis-
persion model that compensates for spectral tilts whicluoatien the echelle pattern
is offset in the y direction from the nominal position for tisatting.

Conclusions

We analyzed high signal-to-noise wavelength exposuresiradd after STIS was suc-
cessfully repaired and resumed operations in May 2009 téhtesvavelength accuracy
of the CCD and MAMA modes. The settings obtained under progrID 11858 and
11859 and analyzed here do not present any anomalous behaVioe mean of the
difference between observed and laboratory wavelengthisjvis a measure of the ac-
curacy of the wavelength zero point, is typically bettemtBal pixels, as for pre-SM4.
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Similarly, the standard deviation of the differences, a sneament of the relative wave-
length accuracy, is typically better than 0.2 pixels. Weehiaentified a few settings in
which differences have higher order wavelength trends agtithe improved using an
expanded dispersion solution. Further tests are in pregres

Recommendations

We recommend to continue the yearly monitoring of the STI®@@d MAMA disper-
sion solutions as an integral part of the long-term momnigprogram. In addition, for
the STIS MAMA echelle settings, additional deep enginegwavecal exposures could
be acquired to improve the wavelength accuracy. A list dirsgs that would benefit
from additional exposures is summarized in Table 3.

ChangeHistory for STISISR 2011-01
Version 1: 29 March 2011 - Original Document
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Figure 1. Difference in pixels between observed and laboratory Ifoeshe G230LB
grating. Black diamonds are differences for centroids meabwith gaussian fits to the
observed lines while red asterisks for weighted mean cilstrdhe mean and standard
deviation of the difference distributions are also giverifaaright upper corner in black
for gaussian fits and in red for weighted mean centroids. Oxe& porresponds to
~175km/s.

Spectral Central Recommended
Element | Wavelength exposure
1Al [#xs]
priority 1: prime settings
E140H 1416 3x1,000
E230M 2707 2x1,000
priority 2: secondary settings
E140H 1453 2x1,000
E140H 1307 1x1,000
E230M 2269 1x1,500
E230H 2363 1x1,500
E230H 2263 1x1,500
E230H 2862 1x1,500
E230H 2663 1x1,500
E230H 1913 1x1,500
E230H 2413 1x1,000
E230H 2762 1x1,000
E230M 2561 1x 1,000

Table 3. Settings that would benefit from additional deep high sigoatoise lamp
exposures
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Figure 2. Difference in pixels between observed and laboratory lfoe&230MB grat-
ings. Colors are as in Fig. 1. One pixel corresponds 20 km/s at 230@.
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Figure 3. Difference in pixels between observed and laboratory ﬁae§230MB grat-
ings. Colors are as in Fig. 1. One pixel corresponds 20 km/s at 230@.
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Figure 5. Difference in pixels between observed and laboratory lioeshe G430L
grating (HITM1 lamp). Black diamonds are differences fontreids measured with
gaussian fits to the observed lines while red asterisks fa@hted mean centroids. The
mean and standard deviation of the difference distribsteme also given on the right
upper corner in black for gaussian fits and in red for weightezhn centroids. One
pixel corresponds te 240 km/s.
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Figure 6. Difference in pixels between observed and laboratory Ifne§343OM grat-
ings. Colors are as in Fig. 5. One pixel corresponds 25 km/s at 430@.
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Figure 7. Difference in pixels between observed and laboratory Ilfoe$5430M grat-
ings except last panel where we show the G430L setting foL INE lamp. Note that
the difference distribution from this last panel is the sa®n¢hat for the G430L HITM1
lamp setting (Fig. 5). Colors are as in Fig. 5. One pixel cgponds to~25km/s at
43004 for the medium-resolution settings.
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Figure 8. Difference in pixels between observed and laboratory lioeshe G750L
grating. Black diamonds are differences for centroids msbwith gaussian fits to the
observed lines while red asterisks for weighted mean cilstrdhe mean and standard
deviation of the difference distributions are also giveritearight upper corner in black
for gaussian fits and in red for weighted mean centroids. QOxe porresponds to
~197 km/s at 7508.
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Figure 9. Difference in pixels between observed and laboratory Ifneoﬁ 750M grat-
ings. Colors are as in Fig. 8. One pixel corresponds 2@ km/s at 750@.
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Figure 10. Difference in pixels between observed and laboratory Ifueléi 750M grat-
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Figure17. Difference in velocity between observed and laboratorgdifor two settings
that have been processed with the new CALSTIS dispersiartisnlfrom T. Ayres.
Black diamonds are differences using the new CALSTIS caeffts while red asterisks
using the old coefficients. This wavelength solution restiih an improvement between
measured and observed lines for some settings (see uppd) pannot for all settings
(see lower panel). The anomalous settings now have beegriged as those affected
by wavecals taken at large y offsets. An improved approaictiggogress to compensate
self-consistently for those spectral tilts.



Appendix

The image of the echelle spectra does not always fall at the $acation on the detec-
tor. In early STIS data there was a deliberate offset to impetector lifetime, and
even now there will be a random offset of a few pixels in eads.aXhe offset in the
cross-dispersion direction results in a small skew of thege) a shift in the dispersion
direction that is directly proportional to the location imetcross-dispersion direction.
This is called the A4 correction (A4CORR) because it is aated for by modifying
dispersion coefficients 0 and 4 (a0 and a4); the latter tetimei®ne that depends only
on wavelength. When the A4 correction was first added to CAESHhere was a key-
word that gave the approximate value of the offset in thesztbspersion direction, and
the value of that keyword was used in order to apply the Adembion during wavecal
processing. The correction is applied when constructirgrgptate image; the shifts are
determined by cross correlating the observed wavecalspeatith the template. That
keyword is no longer populated (it is set to zero), so calgtis recently modified to do
the wavecal processing step twice, once to determine tketafi the cross-dispersion
direction, then a second time with the A4 correction inctlidesing the new y offset.
The AACORR, SHIFTA2, and YREF are linked to the a4 and a0 @effis in the STIS
wavelength dispersion solution as follows:

ydif = ypos — YREF = SHIFTA2 + a2center — YREF
ad = a4 + A4CORR x ydif

a0 = a0 — cenwave * A4CORR x* ydif
where a2center is taken from the trace table (SPTRCTAB) pecsal order
MREF. YREEF is the location of order MREF in the WAVECAL useddetermine the

dispersion coefficients. (ypos - YREF) is the global offsethe lamp image in the Y
direction with respect to the template lamp image.
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