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ABSTRACT. The Goddard High Resolution Spectrograph (GHRS), currently in Earth orbit on the Hubble
Space Telescope (HST), operates in the wavelength range 1150-3200 A with spectral resolutions (\/6\) of
approximately 2X10%, 2X10% and 1X10°. The instrument and its developmegt from inception, its current
status, the approach to operations, representative results in the major areas”of the scientific goals, and
prospects for the future are described.

1. INTRODUCTION AND METHODOLOGY

Planning for the instrument now called the Goddard High
Resolution Spectrograph (GHRS) to be flown on the Hubble
Space Telescope (HST) began more than 16 years ago. This

'Based on observations with the NASA/ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555.

paper summarizes major scientific objectives and the meth-
odology that led to the instrument, the instrument itself, the
in-orbit performance of the GHRS, fixes as a result of the
servicing mission, and selected preservicing mission scien-
tific results. As of this writing GHRS has passed all postser-

2GHRS Investigation Definition Team.

*Staff Member, Quantum Physics Division, National Institute of Standards
and Technology.

*GHRS Science Team.
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F16. 1—Profile of a Na D, line at different resolving powers. The observations at resolving power of 6X 10° are by Hobbs (1969) and most of the information
is retained when smoothed to 1.2X10°, but not when smoothed to 2.2X10%. From the original proposal, “A High Resolution Spectrograph for the Space

Telescope,” July 1977; see Brandt (1991).

vicing mission orbital verification tests and is starting a new
cycle of observations.

The process of creating a new space-science instrument
should follow a logical path from the desired science to the
needed measurements to the specific instrument. This pro-
cess is not always followed and often a new instrumental
technique ‘“‘searches” for a problem to be solved. The GHRS
Science Team felt that high-resolution spectroscopy in the
ultraviolet could produce advances in many areas of scien-
tific interest, and developed the instrument based on this
premise.

The major scientific objectives of the GHRS Science
Team were as follows (see Brandt 1991):

(1) The interstellar medium: Studies of the very local gas in
the interstellar medium could yield (for example) a value
for D/H. In dense clouds, molecule formation and the
selective depletion of heavy elements could be investi-
gated. From the spectra of distant stars, the composition
and distribution of gas in adjacent spiral arms, the galac-
tic halo, and the Magellanic clouds could be determined.
Searches for as-yet undetected simple and very complex
molecules in interstellar space could be carried out.
Mass loss by stellar winds and the evolution of the outer
atmospheres of stars: Studies of mass loss from OB su-
pergiants in the Magellanic clouds and of coronal winds
in late-type stars could be carried out. The mass loss,
chromospheres, and circumstellar shells in red giants
could be investigated. The mass transfer in binary stars,
including X-ray binaries, could be studied.

(3) Abundances of the elements and stellar evolution: Abun-
dances in stars with a wide range of ages could be mea-
sured to determine the chemical evolution of the galaxy.
Extragalactic sources: Important studies of nearby qua-
sars could be carried out and the physics of the nuclear
regions of Seyfert galaxies investigated.

The Solar System: Atmospheric structure in the major
planets and their satellites could be determined. Auroral
activity on the planets, particularly Jupiter, could be

2

)

)

studied. The deuterium abundance in comets could be
measured.

To date, we can report significant results obtained with the
GHRS in all five areas of interest.

To carry out the science outlined above, we originally felt
that the following capabilities or “‘design drivers” were
needed: the spectrograph should have an ultraviolet response
covering the wavelength range 1100-3200 A and have spec-
tral resolutions (\/6\) of R=2X10* and 1.2X10°. The in-
strument would need high sensitivity and high photometric
precision. Because the proposed science mainly dealt with
point sources, no angular resolution within the field of view
was needed.

Note that some evolution occurred. We realized that a
mode with spectral resolution of R=2X10% covering the
wavelength range 1100-1700 A would be very useful and it
was added. Also, we were not successful in obtaining a new
echelle grating that would produce the mode with
R=1.2X%X10°. A replica of an existing grating was used and
R~1.0X10° was achieved. We emphasize that a mode with
R=1.0X10° was necessary to carry out some of our scien-
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FiG. 2—Simple schematic of the GHRS.



tific objectives. Figure 1 shows the interstellar sodium D,
line in Epsilon Orionis with R=6X10° along with
smoothed curves to simulate R=1.2X10° and
R=2.2X10*. Note that the curve with R=1.2% 10’ con-
tains most of the information in the original observations
while the R=2.2X 10* curve does not come close.

The conceptual sketch of the GHRS is shown in Fig. 2.
The spectrograph was developed by the Laboratory for As-
tronomy and Solar Physics, Goddard Space Flight Center.
The prime contractor was Ball Aerospace Systems Group,
Boulder, Colorado. The design philosophy stresses simplic-
ity. The major moving part is the carousel which carries the
gratings (except for the cross dispersers) and the acquisition
mirrors. The other mechanism is the shutter which selects the
aperture to be used, either the 0.25X0.25 arcsec aperture
(small-science aperture or SSA), or the 2.0X2.0 arcsec aper-
ture (large-science aperture or LSA) (also the fail-safe posi-
tion). Two photon-counting 512-diode Digicons were chosen
as the detectors. These have a dynamic range of 10 and are
capable of 50-ms time resolution in rapid readout mode. Side
1 uses a CsI photocathode with a LiF faceplate to provide a
higher sensitivity at the lower wavelengths and “‘solar blind”
capability to wavelengths longer than about 1700 A. Side 2
uses a CsTe/MgF, combination to cover the entire wave-
length range of 1150-3200 A. The wavelength limits are not
rigid. In principle, the GHRS optics could be used down to
about 1050 A. The operating limit is ~1150 A. On the long-
wavelength end, spectra have been obtained up to 3300 A.
The GHRS has four undispersed, UV-light target acquisition
modes. Spectra can be obtained in seven spectroscopic
modes: one first-order grating mode with R~2000 (1050-
1700 A only) designated G140L; four first-order grating
modes with R~20,000-35,000 designated G140M,
G160M, G200M, and G270M; and two echelle-grating
modes with R~90,000 designated Ech-A and Ech-B.

The two sides of the instrument were intended to be
largely independent and complementary, i.e., major parts of
the science program could be carried out with either side.
Progress reports during the construction of the instrument
were given by Brandt et al. (1979, 1981, 1982, and 1984)
and by Ebbets and Brandt (1983). The status after 1 yr in
orbit was reported by Ebbets, Brandt, and Heap (1991).

2. THE GHRS STATUS AND PROSPECTS
2.1 The GHRS As Part of HST

The GHRS was designed to take advantage of the unique
benefits of observing from orbit, and to provide instrumental
capabilities which cannot be achieved at a ground-based ob-
servatory. These fall into four basic categories. First, and
perhaps the most important, is access to the ultraviolet wave-
lengths which are absorbed by the Earth’s atmosphere. The
HST mirrors have aluminum surfaces with magnesium fluo-
ride coatings. They allow the telescope to be useful for
wavelengths from about 1150 A in the vacuum ultraviolet to
about 5 um in the near infrared. The GHRS operates be-
tween 1150 and 3200 A, providing access to the continua of
hot sources, and important spectral lines for matter in the
interstellar medium and stellar atmospheres.
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Fi16. 3—The completed GHRS with the covers on. Note the handles for use
by the astronauts. Courtesy of Ball Aerospace Systems Group.

Second, the dark skies in orbit present an extremely faint
background in the ultraviolet. Care was taken with the optics
and detectors of the GHRS to minimize backgrounds due to
either stray light or electronic noise. In fact, the interactions
of cosmic rays with the detectors appear to be the dominant
background source for GHRS observations.

Third, the sharp images potentially obtainable above the
blurring effects of the atmosphere motivate the use of very
small entrance slits. The GHRS is capable of achieving a
spatial resolution of 0.25 arcsec, making possible studies of
stars in very crowded fields, and the detection of faint targets
very close to brighter neighbors. This capability was de-
graded by the spherical aberration in HST’s primary mirror,
but has been recovered after the installation of the Corrective
Optics Space Telescope Axial Replacement (COSTAR) on
the first servicing mission.

Finally, the absence of atmospheric variability and the ca-
pability for very stable pointing offer the prospects for high
time resolution. The GHRS was designed to obtain time
resolutions limited by instrumental capability to 50 ms at the
short end, and limited only by scheduling constraints on the
long end.

2.2 The Instrument

The GHRS is one of four axial bay science instruments
(Fig. 3). It has two square entrance slits, located in the focal
plane of the telescope 5734 arcmin from the optical axis. The
LSA is 2700 arcsec on a side, and is used for target acquisi-
tion and for spectra of targets which are faint, or which do
not require the maximum spectral resolution (full spectral
resolution for point sources in the LSA was restored with the
installation of COSTAR).
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FIG. 4—The GHRS carousel with dummy optics, mounted on a test fixture.
The GHRS echelle, first-order gratings, and target acquisition mirrors are
mounted on the carousel and rotated into the correct position for observa-
tion. Courtesy of Ball Aerospace Systems Group.

The SSA is 0725 arcsec on a side, and is used when op-
timum spectral resolution, line profiles, and wavelength cali-
brations are critical. A collimator mirror directs the light to a
carousel (Fig. 4), which holds one ruled and four holographic
plane diffraction gratings used in first order, one echelle, and
mirrors for four target acquisition modes. The desired optical
element is engaged by rotating the carousel to place it in the
collimated beam. Specific wavelengths can be selected by
commanding the carousel to a particular position within the
range available to each grating. The dispersed light is relayed
to one of two camera mirrors for the first-order modes, or
one of two concave cross-disperser gratings for the echelle.
These elements focus the spectrum onto the photocathode of
one of two Digicon detectors. Neither the focusing element
nor the detector is selectable separately from the choice of
grating. Individual photon events are detected in pulse count-
ing mode, and accumulated in the memory of the HST on-
board computer. The instrument contains Pt-Ne hollow cath-
ode lamps to provide reference spectra for wavelength
calibration, and Xe discharge lamps to flood illuminate the
detectors for discriminator and deflection calibrations. A
platinum spectrum measured to achieve full accuracy for
wavelength determinations can be found in Reader et al.
(1990).

2.3. The GHRS Detectors

The GHRS contains two 512-channel pulse counting
Digicon detectors (Eck, Beaver, and Shannon 1985; Ebbets
and Garner 1986); see Figs. 5 and 6. The two Digicons differ
only in their faceplate material and photocathode composi-
tion. Detector “D1” has a semitransparent CsI photocathode

Fic. 5—The GHRS Digicon diode array and connector board; see Fig. 6.
Each of the 512 diodes has its own wire going to the connectors, which lead
to the preamplifiers. Courtesy of Ball Aerospace Systems Group.

deposited on a LiF window, covering the wavelength range
from 1050 to 1800 A; detector “D2” has a semitransparent
CsTe photocathode on a MgF, window, covering the wave-
length range from 1150 to 3200 A. The GHRS detectors are
controlled by the HST science computer, allowing most de-
tector functions to be modified in order to perform scientific
studies optimally.

The GHRS detector assembly, shown schematically in
Fig. 6 and mounted on the optical bench in Fig. 7, consists of
a Digicon tube, a permanent magnet focus assembly (PMFA)
with trim focus coil and magnetic deflection coils, and a set
of 512 charge-sensitive preamplifiers. In the Digicon tube,
image photoelectrons are accelerated from the photocathode
to the silicon diode target across a 22,500 V potential. The
photoelectron image is focused onto the target by a 105 G
field supplied by the PMFA. The field parameters are chosen
such that the photoelectrons execute one gyro-loop in the
time it takes to travel the 15 cm from the photocathode to the
target array; photocathode to target image magnification is
unity.

The GHRS Digicon target is composed of a linear array of
500 science diodes and twelve special purpose diodes, ar-
ranged as shown in Fig. 6; also see Fig. 5. Full impact of a
22.5 keV image photoelectron on a Digicon silicon diode
causes the near instantaneous formation of a 5600 electron-
hole pulse, well above the average 380 electron (RMS) elec-
tronic readout noise. The diode photoelectron pulses are
counted by the independent diode channel amplifier, ratelim-
iter, discriminator, and counter electronics, allowing parallel
readout of all 512 channels. Digicon target readout into the
buffer counter memory occurs as photon events arrive to
within the 7.8-us time constant set by the rate limiter; read-
out noise is a relatively insignificant 107° false counts per
second per diode channel. To develop a spectral image, a
repetitive pattern of deflection steps is performed. Since the
photoelectron guiding center motion is along the magnetic-
field lines; the field caused by programmed current in the
deflection coils shifts the image by an amount proportional to
the magnetic-field shifts. The photon events from the array
are accumulated in buffer memory for a frame time at the
particular deflection step and then shifted and coadded into
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FIG. 6—Schematic of the GHRS Digicon detector assembly.

the appropriate array elements of the image array in the HST
science computer. The frame time is user-specified down to a
minimum of a 200-ms setting, the current default value. The
primary deflection pattern is a series of consecutive deflec-
tion steps of 4 diode pitch (12.5 wum) each along the diode

%

FiG. 7—GHRS detector assemblies mounted on the optical bench. Courtesy
of Ball Aerospace Systems Group.

array axis. This pattern is then repeated until completion of
the science exposure. The 12.5 wum format is performed to
fully sample the Digicon point spread function of about 40
pm FWHM to avoid data aliasing problems.

In-orbit GHRS D1 detector resolution is essentially un-
changed from ground-test values. However, careful study of
aperture and spectral line positions with time indicates a
slightly larger than expected geomagnetically induced image
motion problem (GIMP) in the D2 detector. The D2 mu-
metal magnetic shield (shown in Figs. 6 and 7) inadequately
attenuates the Earth’s B field. The character of the image
motion is a sinusoidal-like function with a frequency of two
cycles per 96-min orbit and worst-case peak-to-peak ampli-
tude of about one half of a diode.

The GIMP effect’ has been studied in detail (Baity et al.
1993) and a technique has been developed to remove this
subdiode size image movement, if required. Since GHRS
science data can be read out every few minutes, each differ-
ential readout is recentered during ground reduction process-
ing according to the computed shift determined by the geo-
magnetic image motion model. The Earth’s magnetic field is
accurately modeled and fairly stable for the HST near-Earth
orbital region (Wertz 1978). A computer program calculates
the Earth’s B field in the GHRS detector reference frame for
each readout orbital position. The image shift in the GHRS
Digicons is measured to be primarily correlated with the
Earth’s B-field vector. The scale factor for D2 is 40 um per
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Gauss of Earth’s B field. Uncorrected, the worst-case peak-
to-peak variation of about 0.5 G of the Earth’s B field in the
GHRS reference frame would cause a 20-um image shift in
the D2 detector, whereas corrected, this worst-case D2 GIMP
is reduced by at least a factor of 4 to about 5 um.

During the extensive ground-test activity, the GHRS de-
tectors registered noise levels at high voltage of about
4X10™* cts diode ™! s™! (cds). In the near-Earth orbit of the
HST, the radiation environment elevates the background to
about the GHRS background specification of 0.01 cds. Mod-
eling of the GHRS orbital background indicates that the pre-
dominant source of orbital noise comes from Cerenkov light
generated by cosmic rays passing through the Digicon face-
plate (Beaver et al. 1992). It is calculated that on average, a
single cosmic ray passing through the faceplate results in the
instantaneous burst of several thousand photons onto the
Digicon photocathode. However, due to geometric dilution
and other attenuation losses, only about 14% of the cosmic
rays incident on the faceplate cause diode count events, at an
average of about three counts per diode array per event
(Rosenblatt et al. 1991).

To suppress burst noise, the GHRS design includes high-
speed anticoincidence electronics. This circuit analog sums
the output of all 500 science diodes within a 4-us time con-
stant. If the analog sum is greater than a preset limit, then the
burst data can be rejected depending on the state of the an-
ticoincidence flag. Tests indicate that this preset limit cannot
be usefully set lower than eight counts. A limit setting below
this level leads to excessive frame rejection caused by elec-
tronic noise solely related to the anticoincidence summing
circuit. However, a preset limit count of eight reduces the
GHRS detector background by about 15%. For burst rejec-
tion below an eight count limit setting, another GHRS ob-
serving option called on-the-fly-adder rejection (OTFA rejec-
tion) is available. Implementation of this software algorithm
causes each 500 diode buffer frame to be summed and com-
pared to a preset limit count. The diode count buffer is added
into the GHRS image array in the HST science computer
only if the OTFA (the sum) is less than the rejection limit
value. Tests indicate that the OTFA-rejection algorithm re-
duces the GHRS detector background by a factor of 5 to
about 0.002 cds for the rejection limit setting of two counts.
Although OTFA rejection should improve GHRS limiting
magnitude performance, the limit test value must be chosen
with extreme care to avoid discarding too many object
counts.

2.4 Operational Approach

The GHRS operates in an almost totally preplanned and
autonomous mode. There is little real-time control except for
an occasional intervention with a difficult target acquisition.
The observer uses the standard proposal process to specify
all of the parameters needed to define an observation, includ-
ing grating, wavelengths, exposure times, scanning strate-
gies, and calibration requirements. These are translated by
the Space Telescope Science Institute (STScl) into com-
mands which become part of a weekly Science Mission
Specification. The GHRS observations begin execution at

predetermined times during the week. Tables of parameters
are used by the flight software to configure the instrument,
acquire the target, accumulate the spectral data, monitor the
safety of the spectrograph, and communicate with the space-
craft. An observation generally contains a target acquisition
sequence, and one or more spectral exposures. Fully autono-
mous on-board acquisitions are the most common, although
interactive acquisitions are available for complex targets.
The software will drive the telescope through a search pat-
tern, and recognize the target either as the brightest object in
a 10X10 arcsec field, or as the first object encountered
whose flux falls within a specified range. Locate and peakup
algorithms center the target in either of the two apertures
with a precision of approximately 30 milliarcsec for stars. As
an option, the observer may specify that an image of the field
in the aperture be made to verify the acquisition.

Spectra may be taken either in an accumulation mode or
in a rapid readout mode. Accumulation mode offers a wide
range of options for flight software control of exposure. The
spectrum may be substepped on the diode array to over-
sample the resolution element, comb-added to reduce the ef-
fect of a few anomalous channels, and split into subexpo-
sures to separate the spectrum from detector fixed pattern
noise.

The scattered light background may be sampled with the
full diode array, and real-time rejection of cosmic-ray noise
events may be enabled. To minimize risk of noise events or
thermal or magnetic effects in the data a long exposure may
be divided into a number of shorter integrations (typically 5
min each), which can be repeated with little penalty in over-
head time. The one-dimensional detectors record only a lim-
ited range of wavelengths in a single exposure, ranging from
about 6 A with the echelle used at the shorter wavelengths to
about 285 A with G140L. Many observing programs require
more data than can be had in a single exposure, and multiple
settings are required. In most cases the desired central wave-
lengths are simply listed as individual exposures. If a long
continuous region is preferred, the sequence may be speci-
fied either as a WSCAN (Wavelength SCAN along one spec-
tral order), or an OSCAN (Order SCAN at a constant carou-
sel position for the echelle.)

The minimum exposure time for ACCUM mode observa-
tions is 0.8 s, but the minimum time between exposures (i.e.,
the fastest time resolution) is approximately 30 s. If greater
time resolution is desired, the RAPID readout mode may be
used to sample the spectrum at intervals of 0.05-12.75 s, in
increments of 0.05 s. None of the exposure control features
of the flight software are available during a RAPID observa-
tion.

One novel feature of the GHRS data-acquisition process
is real-time compensation for the Doppler shift introduced by
the orbital velocity of the HST. For a target near the orbital
plane, wavelength shifts of up to 18 data points (4.6 diode
widths) occur in the echelle modes, and up to four data
points (1 diode width) in the medium-resolution modes. The
flight software keeps track of the orbital motion during an
ACCUM mode exposure, and adjusts the ‘“x component”
(parallel to the direction of dispersion) of the detector mag-
netic deflection system once per minute to minimize the



spectral smearing that would otherwise occur. This adjust-
ment causes a fixed wavelength in the spectrum to be co-
added into the same data point despite its optical image mov-
ing in a predictable manner on the photocathode.

The data are stored on an on-board tape recorder at the
conclusion of the exposure. They are relayed to the ground at
preplanned times, and are sent to the Space Telescope Sci-
ence Institute. There the raw data are processed, reduced
with standard calibration procedures, archived, and delivered
to the observer. Data tapes are usually available to the ob-
server within 2 days after the observations take place.

2.5 In-orbit Status

The GHRS has been operating in orbit for more than 3 yr.
Activities in the first several months after launch were de-
voted to Orbital Verification (OV) of the engineering and
functional performance. This was followed by a Science
Verification (SV) program, which established the initial in-
strument calibration, and demonstrated the core modes of
operation (Ebbets 1992). Ongoing calibration activities by
the STScl provide refinements and maintenance of the data-
base, and the development of new capabilities.

The geometrical and sensitivity factors required for target
acquisition were established during OV and SV, and recently
have been extended to enable the “return to brightest point”
option, and to improve the centering of targets in the SSA.
Several UV standard stars have been observed to establish
the sensitivity functions of all grating modes, and to charac-
terize the “ripple function” of the echelle. These data also
allowed subtle effects such as vignetting, detector blemishes,
and photocathode granularity to be quantified. Measurements
of the depths of saturated interstellar absorption lines were
used to calibrate the algorithm used to remove scattered light
from the raw data (Cardelli et al. 1989; 1993a). A large da-
tabase of observations of the on-board lamps has facilitated a
very sophisticated model for the wavelength calibration,
which now includes adjustments for the carousel position,
irregularly spaced subexposures, aperture offsets, thermal
drifts, and a slight sensitivity to the projected component of
the geomagnetic field on the detectors. Observations of sharp
lined stars, and calculations made with the STScl Telescope
Imaging Model software, have verified the spectral resolving
power of the GHRS, and demonstrated the utility of several
deconvolution techniques.

In general the performance is consistent with the design
of the GHRS, and with the results of the ground-based test
programs. The wavelength range, sensitivity, and resolving
power all appear to be nominal. In particular, the sensitivity
of the GHRS does not show any significant decline. The
background count rates in the detectors are gratifyingly low.
The recommended strategy of breaking long exposures into a
series of 5-min subexposures minimizes the small smearing
that might be caused by thermal or magnetic effects. The
precise wavelength scales assigned by the calibration soft-
ware allow the spectra to be combined with no loss of reso-
lution. When the subexposures are made at slightly different
grating positions, as with the standard FP-SPLIT procedure,
they can be combined so as to eliminate the granularity of
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the detector photocathodes from the signal. We recommend
that all observations, if possible, use the FP-SPLIT=4 op-
tion. The signal-to-noise ratio of the net spectrum is then
found to scale as the square root of the total number of
counts per pixel, as expected from counting statistics alone.
In practice we have achieved S/N>400, with no indication
that this is limited by anything other than photon noise.

The spherical aberration in HST’s primary mirror had sev-
eral effects on the performance of the GHRS prior to the first
servicing mission. Some details of the flight software were
modified to adapt the target acquisition procedures to the
unusual image shapes. These were successful, and led to ro-
bust acquisitions during the first three and a half years of
observations. The SSA had been designed to intercept the
core of the nominal HST image. The aberration caused a
significant loss of throughput (down to about 20% of pre-
launch estimates), and necessitated longer exposure times.
On the other hand, the spectral resolving power remained
unaffected for targets observed with the SSA, and the full
GHRS performance was preserved. The LSA is large enough
to accept most of the light, and its throughput is nominal.
The line spread function for the LSA had a sharp core, but
elevated wings, which resulted in diminished resolution (by
about a factor of 2) and peculiar line profiles. The aberration
also degraded the spatial resolution, and with it the ability to
record the spectra of individual targets in crowded fields.
Finally, the ability to observe faint sources was affected. For
extended sources, the resolution and sensitivity remained un-
changed, although the area sampled is larger. Basically, most
scientific programs were still carried out with the GHRS and
most of the losses were recovered by the successful
COSTAR installation. A detailed discussion of GHRS in-
orbit performance—sensitivity, spectral resolution, dark
noise, etc.—will be given in the follow-on paper by Heap et
al. (1994).

The GHRS experienced two hardware anomalies in its
first three years. A problem in one set of carousel drive elec-
tronics caused some undependable behavior, but was re-
solved by reprogramming the operations to use a cross-
strapped control mode. An intermittent electrical connection
in a side 1 low-voltage power supply necessitated suspend-
ing use of the D1 detector until a repair was made during the
first servicing mission. The problem precluded the use of
gratings G140L and G140M and Ech-A until after the repair
was made. The weakened power supply was used to transfer
data from both detectors from the instrument to the space-
craft computers. It worked reliably with side 2 data transfer
as its only load, apparently as long as it did not get too cold.
During the first service mission a redundancy kit was in-
stalled to provide an alternate data path for the D2 detector,
secure from possible further degradation of the side 1 power

supply.

3. SCIENTIFIC RESULTS

In this section, we briefly describe examples of scientific
results already available. The organization will be the same
as the items in the major scientific objectives given in the
Introduction and Methodology section above.
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FIG. 8—An example of an echelle-A spectrum of ¢ Oph centered at about 1369 A. The data correspond to a continuum signal-to-noise of about 70. The lines

marked “UID” are unidentified.

3.1 The Interstellar Medium

3.1.1 & Persei and { Ophiuchi

GHRS echelle observations of these two stars have pro-
duced very accurate interstellar atomic abundances for a
large number of elements (Cardelli et al. 1991a; Savage et al.
1991; Cardelli, Savage, and Ebbets 1991; Savage, Cardelli,
and Sofia 1992) and have provided important information on
molecular CO and cloud physical conditions (Smith et al.
1991; Sheffer et al. 1992).

An example of an echelle spectrum of zeta Ophiuchi, cen-
tered at 1369 A, is shown in Fig. 8. The benefits afforded by
high resolution are clearly apparent in the '2CO profile for
which the individual rotational lines have been clearly re-
solved. Analogous observations of *CO have resulted in de-
finitive evidence for CO fractionation toward { Oph (Sheffer
et al. 1992). In addition, the Ni II profile clearly shows two
principal cloud components at V,,=—27 and —15 km s~ .
Detailed analysis of these two components for Ni II as well
as for other elements has lead to new information regarding
the interaction between gas and dust (Savage, Cardelli, and
Sofia 1992). Finally, the spectrum shows several very weak
features for which no positive identification exists. However,
Tripp, Cardelli, and Savage (1994) have concluded that the
broad feature labeled UID2 is probably a diffuse interstellar
band which, if true, makes it the first of its kind ever found in
the vacuum ultraviolet.

As indicated in Fig. 8, one of the most significant at-
tributes of the GHRS is the ability to produce unprecedented
UV data on weak absorption lines (e.g., with equivalent
widths of W(A\)<1-2 mA). This capability comes largely
through the ability of the GHRS to produce very high signal-
to-noise photon-limited data (e.g., S/N>100).

For example, the GHRS has been used to obtain data on
important abundant species like carbon through the weak
intersystem C II line at A=2325 A toward Xi Persei [wn)
=1.42+0.41 mA, S/N=160; Cardelli et al. 1991] and ¢
Oph [W(A\)=0.52+0.12 mA, S/N=450; Cardelli et al.
1993a]. Analysis of weak lines also provides the opportunity
to explore moderate to strong transitions of elements with

relatively low cosmic abundances (i.e., less than 1 atom per
108-10° H atoms). GHRS observations of ¢ Oph have pro-
duced new results for low abundance species including B 1
and Co 11 (Federman et al. 1993) and the first measures of the
heavier-than-Zn (Z>30) elements Ga 11, Ge 11, As I, Kr I,
and Sn 1 (Cardelli, Savage, and Ebbets 1991; Cardelli et al.
1993c). [We note that the Sn II measurement of Cardelli et al.
(1991) was listed as an unidentified line; credit for the first
identification of this transition as Sn I1 goes to Hobbs et al.
1993.] What makes these heavy elements important is that
they arise from nucleosynthetic pathways (s and r process)
uniquely different from those that produce Zn and the lighter
elements and thus offer the opportunity to study the effects
of nucleosynthetic enrichment and mixing of the interstellar
gas.

A summary of the atomic abundances, normalized to me-
teoritic abundances (Anders and Grevesse, 1989) and plotted
against condensation temperature (Wasson, 1985), is shown
in Fig. 9 for the V;,=—15 km s component toward ¢ Oph.
As seen in the figure, most elements show some degree of
underabundance relative to solar, with this underabundance
increasing as the elemental condensation temperature in-
creases. The standard explanation for this underabundance is
that these elements have been removed from the gas phase
because of their incorporation into interstellar dust grains.
Most notable among these elements is Kr I which shows an
abundance that is a factor 2 (—0.3 dex) below solar. How-
ever, because Kr I is a noble gas with a small van der Waals
force, we find it unlikely that this underabundance is the
result of Kr being incorporated into dust. The most likely
explanation is that there is an error in the adopted reference
solar abundance. Therefore, the measured abundance of Kr is
most likely the true “cosmic” abundance, at least toward ¢
Oph.

3.1.2 D/H in the Line of Sight Toward Capella

Just as a picture may evoke a thousand words, a critical
spectrum can stimulate a large number of ideas. Figure 10 is
one such spectrum. This observation (using the side 1
echelle) has excellent spectral resolution and signal-to-noise.
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FiG. 9—A plot of the measured abundances, normalized to the meteoritic abundances of Anders and Grevesse (1989), for 21 elements observed with the
GHRS in the sight line toward ¢ Oph. The data were taken from Cardelli, Savage, and Ebbets (1991), Savage, Cardelli, and Sofia (1992), and Cardelli et al.
(1993b) except for B and Co, which were taken from Federman et al. (1993) and As, Sn, and Pb, which were taken from Cardelli et al. (1993c¢).

The spectrum shows the broad hydrogen Lyman-« emission
line formed in the chromosphere of the nearby star Capella
and superimposed Lyman-« absorption by interstellar hydro-
gen and deuterium along the 12.5-pc line of sight towards
this star. A nearby star was selected for this observation to
avoid the D Lyman-a absorption line being completely
swamped by the H Lyman-« absorption. Detailed analysis of
this spectrum by Linsky (1992) and Linsky et al. (1993) has
determined that the deuterium/hydrogen number density ra-
tio for local interstellar gas is

D/H=1.65(+0.07,—0.18)X 1073,

Of course, this value awaits confirmation by observations
now planned of other nearby stars, but it looks definitive.

GHRS Echelle A spectrum of Capella
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FiG. 10—High-resolution (\/é\=84,000) spectrum of the Lyman-a region
in Capella, showing the interstellar H 1 absorption and the interstellar D 1
absorption 0.33 A away. Residual scattered light in the core of the H 1 line
has not been removed in this presentation.

While the value of D/H is close to the average of many
previous determinations, the absolute error in the ratio is far
smaller.

All of the deuterium observed today was created between
100 and 1000 s after the onset of the Big Bang. Since then,
deuterium has been converted to helium and other elements
by nuclear reactions in the centers of stars. As shown in Fig.
11, its abundance relative to hydrogen is a sensitive indicator
of the current density of ordinary baryons. This conclusion
follows from the relative abundances of the light elements
created in the Big Bang being sensitive to the baryon density
at that time, and the baryon density today being determined
by the density then and the Hubble expansion. The measured
abundance ratio of D/H for local interstellar gas along the
line of sight to Capella is shown by the thin horizontal line in
Fig. 11. The shaded region lying a factor of 1.5-3.0 above
this line indicates the likely range of primordial D/H on the
basis of chemical evolution calculations for our Galaxy
(Steigman and Tosi, 1992) that account for the deuterium lost
by nuclear processes in stellar interiors and the return of this
deuterium poor material to the interstellar medium by super-
novae explosions and stellar winds. The vertical lines indi-
cate the permitted rémge in today’s baryon density in units of
the closure or “critical density” necessary to eventually halt
the expansion of the universe. It is clear that the density of
baryonic matter as estimated from the D/H ratio fails to halt
the expansion of the universe by a factor of 10-30. This
factor depends somewhat on the assumed value for the
Hubble constant, which in Fig. 11 was assumed to be 50
kms™ ' Mpc~L

This leaves us with two general scenarios. First, the uni-
verse as we know it today had a beginning, but has no end.
This may be correct, but many people are uncomfortable
with this conclusion as a matter of philosophy and on the
basis of observations of the motions of galaxies. Second, the
universe may be closed, but here is what that would imply.
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FiG. 11—Implications of the D/H measurement on the baryon density in the
universe, assuming standard Big Bang cosmology (e.g., Walker et al. 1991).
The baryon density determined by these measurements cannot, by itself,
close the universe—see text for discussion.

The composition of the universe would need to be about
2%-10% baryonic (ordinary) matter, depending on the as-
sumed value of the Hubble constant, and the rest in some
form of exotic matter not presently detected in any nuclear
physics experiment. Proposed choices for the exotic matter
include heavy neutrinos, axions (an asymmetry between mat-
ter and antimatter), and WIMPS (weakly interacting massive
particles). Elementary particle physicists are actively search-
ing for such exotic forms of matter. They are encouraged by
studies of galactic rotation curves and the dynamics of clus-
ters of galaxies that indicate that most matter in the universe
is dark; that is, the matter does not emit radiation at any
wavelength (Tremaine 1992).

If the measurement of D/H in local interstellar gas stands
the test of time, it is important because it points to new views
of the universe and its composition. It also shows the cos-
mological implications of a very local measurement.

3.2 Mass Loss by Stellar Winds and the Evolution of the
Outer Atmospheres of Stars

3.2.1 Melnick 42 in the Large Magellanic Cloud

Figure 12 shows the spectrum of Melnick 42, an O3f star
in the 30 Doradus complex in the Large Magellanic Cloud.
The combination of ground-based and UV spectral energy
distributions led to the determination of the luminosity, tem-

HST Observations of
Melnick 42
At right: WFPC picture of region
including R136 (cluster of stars)
and Melnick 42 (bright star at top
Below: GHRS spectrum in far-
ultraviolet (1520-1580 A)
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FiG. 12—Presentation of the GHRS spectrum of Melnick 42; see text for
discussion.

perature, and radius of the star. It is one of the most luminous
and most massive stars known, at 2.5X10° L, with a mass
of about 100 M o (Heap et al. 1991). The N v, C1v, and N 1v
lines show broad P Cygni profiles characteristic of stellar
winds. The UV spectrum was analyzed in two ways: by fit-
ting the profiles of the wind lines, assuming an abundance
and ionization fraction (Lamers, Cerruti-Sola, and Perinotto
1987), and by a complete synthesis of the wind spectrum
with abundances as parameters (Pauldrach et al. 1990).
These results are consistent with a slight overabundance in
N, and an underabundance of 10-20 times in C. The wind
terminal velocity is nearly 3000 km s™! and the mass-loss
rate is ~4X107¢ Mg yr~!. The model fitting illustrates the
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Fi6. 13—Spectrum of a Ori showing circumstellar CO absorption features.
See text for discussion of implications for weak features seen in IUE data.



complex interplay between metal abundance and stellar wind
which is an active area of continued work in the Magellanic
Clouds and in other local group galaxies. It also provides an
excellent independent consistency check on the stellar ra-
dius, mass, and distance (Kudritzki and Hummer, 1990) de-
rived from this analysis and other types of data.

3.2.2 The Outer Atmosphere of a Ori

The prototypical M-supergiant Alpha Orionis is the focus
of programs which are designed to probe the chromosphere
and circumstellar shell. The goal of these programs is to
understand the thermodynamic conditions of these regions
and to derive empirical constraints for theoretical modeling
of these layers and the stellar wind which joins them. Sig-
nificant results from the early stages of these programs in-
clude the unambiguous detection of a far-UV continuum
originating in the chromospheric layers of the star and of
superposed absorption bands of the 4th-positive A-X system
of CO, which likely originate in the circumstellar shell.
These detections provide new diagnostics for the physical
conditions in these outer atmospheric regions. Figure 13
shows the portion of a G140L GHRS spectrum containing
the circumstellar absorption features.

These data also illuminate the value of the JIUE archives,
in that they allow an objective evaluation of features seen
with low signal and low resolution by IUE. In this case, it is
clear that the features can be seen in IUE spectra of a Ori,
once you know that they are there. However, it would have
been difficult for anyone to have claimed conclusively on the
basis of the JUE data alone that either the “continuum’ or
broad absorption features were real and of stellar origin (due
to the lower signal/noise of the IUE spectrograph, lower
resolution, and to concerns regarding the scattering of longer
wavelength light, to be picked up by the nonsolar blind IUE
detectors).

Numerous chromospheric emission features are seen
clearly for the first time in the GHRS data, including many
additional fluorescent lines of Fe II, pumped by H-Lyman-a.
Atomic absorption features due to C I and Fe II are seen in a
G160M spectrum centered near 1655 A. The latter lines are
formed at chromospheric temperatures and are clearly not
photospheric or circumstellar in origin. (Additional details
are provided in Carpenter et al. 1994.)

3.2.3 The Chromosphere of a Tau

The GHRS enables, through its higher resolution, signal
to noise, and more precise wavelength calibrations, the direct
measurement of flow and turbulent velocities of the magni-
tude expected in the chromospheres of cool stars. This capa-
bility was first demonstrated in the Science Assessment Ob-
servations of the K5 red giant Alpha Tauri. G270M and
Ech-B spectra, obtained through the SSA, show resolved C 1I
(UV 0.01) intercombination lines near 2325 A. The position
and profiles of these lines indicate a complex turbulent ve-
locity field with a mean value of around 24 kms™! and a
mean downflow velocity of the C I plasma of about 4
km s~ . These data indicate complicated small-scale dynam-
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FiG. 14—A 30 A segment of the spectrum of a Tau showing the dynamic
range of the GHRS and some of the Co 11 and Fe 11 features described in the
text.

ics and provide a rich source of empirical constraints for
theoretical modeling of chromospheric heating, such as that
undertaken by Judge and Cuntz (1993).

The G270M (medium-resolution) spectra also revealed 25
new emission lines in the 2320-2370 A region, including
four lines from Co 11 (UV 8) and one from Fe 1 (UV 12). The
detection of the Co 11 lines provide confirmation of the iden-
tification, proposed by Carpenter, Wing, and Stencel (1982),
of the 2330-A line as a fluorescent Co II line pumped by a
nearby blend of Fe 11+Si I at 2344 A. The Fe I line is a
previously unseen product of the well-known Mg I K-Fe I
;ﬁjmping which produces the Fe 1 (UV 44) lines above 2800

The large dynamic range and sensitivity of the GHRS is
illustrated in Fig. 14, which shows on two different flux
scales a 30-A portion of the 20-min G270M SSA spectrum
(smoothed over three data points) of a Tau. The identifica-
tion of some of the newly detected features, as well as the
position of the fluorescent Co I 2330 A line, are indicated.
Further details on the a Tau results can be found in Carpenter
et al. (1991).

80

60
40 [

20

0 [l 1
— L

1354.0 1354.5 1355.0

Wavelength (A)

1353.0 1353.5 1355.5

FiG. 15—The observed profiles (histogram) of the overlapping Fe xx1 and
C 1 lines near 1354 A in the spectrum of AU Mic. The dotted curves repre-
sent intrinsic Gaussian profiles that, when convolved with the instrumental
function, produce the model spectrum (solid curve) that is seen to agree well
with the observed data. Details of the modeling procedure are presented by
Maran et al. (1994).
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3.2.4 High Temperature Lines in a Quiescent Red Dwarf

The GHRS has accomplished one of its originally pro-
posed objectives through the first certain detection of the
1354-A line of Fe XxI on a star, AU Microscopii, other than
the Sun (Maran et al. 1991, 1994). This coronal line is
formed predominantly at 10 million K. The GHRS medium-
resolution spectrum (Fig. 15), obtained on 1991 September 4
at a time when no stellar flare was observed (although the
data, in fact, resemble the spectrum of a solar flare), resolved
the line, allowing constraints to be placed on bulk motion
and turbulent velocity. A cooler coronal line, 1349-A Fe xu,
formed at 1.3 million K, was not evident. However, chromo-
spheric lines of C I, O 1, and Cl 1 were readily seen in the
GHRS spectrum extending from 1345 to 1375 A. This spec-
trum did reveal emission in the transition region line of O v
at 1371 A, which is formed at 250,000 K. Models of coronal
loops in hydrostatic equilibrium are consistent with the ob-
served volume emission measured for Fe XX1 and with the
upper limit on Fe XII. According to this analysis, the fraction
of the photosphere that is covered by the footprints of the
coronal loops is less than 14%, if the loop lengths are shorter
than the stellar radius.

3.3 Abundances in the Elements and Stellar Evolution—
Chi Lup

Approximately 10%-20% of late B- and early A-type
stars exhibit an amazing variety of spectral anomalies, of a
magnitude and kind not seen elsewhere in the H-R diagram.
These are often associated with the presence of surface mag-
netic fields, or with intrinsically slow rotation, either of
which may have the effect of stabilizing mass motions within

the photospheric or subphotospheric layers. This naturally
leads to theoretical constructs based on the mechanism of
radiatively driven diffusion, in which elements, their iso-
topes, and their various ionization states can become segre-
gated according to their mass and cross sections for the ab-
sorption of photons in the wavelength regions of peak
radiative flux (e.g., in the ultraviolet for early-type stars).
Such models have been extensively developed by Michaud
(1970, 1981, 1986) and his collaborators, and have success-
fully replicated phenomena observed in the chemically pecu-
liar (CP) stars. A notable example is the variation of Mn
abundance enhancement as a function of effective tempera-
ture observed in the HgMn stars (Smith and Dworetski
1993).

On the other hand, examples can be cited where published
predictions of diffusion models do not fully correspond to
the observations, for example, the large overabundances of
boron observed in 30%-40% of HgMn stars (Leckrone
1981; Sadakane, Jugaku, and Takada-Hida; 1985), while dif-
fusion models predict the complete absence of boron from
the photospheres of these stars. We do not understand the
heterogeneity of observed abundance anomalies among CP
stars of the same generic type. There are surprisingly few
well-defined correlations of abnormal abundances with stel-
lar parameters, and so far, the ‘“parameter-free” diffusion
models have had only mixed success in explaining those that
are observed. It is fair to say that the CP stars remain enig-
matic nearly a century after they were first discovered.

Studies of the CP stars from mountain-top observatories
are considerably hampered by the paucity of lines in the
visible-wavelength spectra of late B and early A dwarfs. Our
knowledge of the phenomenology of these stars has been
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based largely on selection effects resulting from the place-
ment of intrinsically strong lines of particular chemical ele-
ments at wavelengths observable from the ground. The enor-
mous enhancement of Hg in the HgMn stars, for example,
historically came to light because of the enhanced strength of
a single line, Hg 1 at about 3984 A (Bidelman 1962). More-
over, it is rare to encounter lines from more than one ioniza-
tion state of a particular element at visible wavelengths in
this effective temperature range. Departures from LTE in the
ionization equilibrium may lead to large systematic errors in
abundances derived particularly from minority ionization
states. These problems are substantially ameliorated by ob-
servations at ultraviolet wavelengths, where intrinsically
strong resonance and low-excitation transitions of many ele-
ments and ionization states occur.

Because of its high resolution, low noise, and linear pho-
tometric response, the GHRS is very well suited to precise
quantitative spectroscopy of the complex UV spectra of CP
stars, many of which are exceedingly sharp lined. To con-
strain physical models for the origin of abundance anoma-
lies, and perhaps to use the anomalies as probes of the hy-
drodynamics of photospheric and subphotospheric layers,
requires a multidimensional observational approach. One
may assess how the abundance of a particular element varies
from star to star, as a function of effective temperature, sur-
face gravity, rotational velocity, age, etc. One must also de-
termine how abundances vary from element to element
across the periodic table for individual stars. By combining
GHRS data with high S/N spectra obtained from the ground,
we can for the first time make substantial progress in the
latter type of investigation. We have begun a program to
obtain pathfinder GHRS echelle observations of selected UV

spectral intervals for a small group of sharp-lined, nonmag-
netic HgMn CP stars, with the objective of the most compre-
hensive possible coverage of the periodic table. To date, ob-
servations have been acquired in 22 spectral intervals for the
cool HgMn star, x Lup, and in five intervals for the hot
HgMn star, Kappa Cancri.

The first observations of y Lup were centered on the reso-
nance line of Hg 11 at 1942.3 A. The spectral resolution of
Ech-B at this grating position is approximately 87,000, and
was fully realized, despite the HST’s spherical aberration, by
use of the GHRS SSA. The S/N ratio of the data was about
100 in the continuum. We believe these observations consti-
tute the most detailed ultraviolet spectrum of a star other
than the sun ever obtained. A sample of this observation,
together with the best current spectrum synthesis calculation,
is illustrated in Fig. 16.

Subsequent analyses of this observation (Leckrone, Wahl-
gren, and Johansson 1991) confirmed the mercury abundance
and isotope anomalies first noted in the 3984-A Hg 1t line.
The observed Hg 11 line profile is consistent with an isotope
mixture comprising 99% 2°*Hg, the heaviest stable Hg iso-
tope. The total Hg abundance is approximately five orders of
magnitude larger than found in solar system material. Further
early analysis of the data (Leckrone et al. 1993a) has yielded
overabundances of other heavy elements, such as Ge, As, Zr,
and Ru, and underabundances of Co, Ni, Cu, and Zn in y
Lup. We have measured extreme abundances of Pt and Au,
rivaling in magnitude the overabundance of Hg (Wahlgren et
al. 1993), as illustrated in Fig. 17. The triad Pt-Au-Hg ap-
pears to stand out as an abundance peak in Fig. 18. A search
for UV lines of the contiguous elements in the periodic table,
Os, Ir, T, Pb, etc., is currently underway.
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FiG. 18—Abundances of heavy elements relative to solar values (in loga-
rithmic units) derived to date for y Lup. For comparison, published abun-
dances for six cool S-type (heavy metal) stars are also shown (Wallerstein
1984).

Further evidence of the importance of coordinated UV
and optical-wavelength observations is the discordance be-
tween abundances we have determined for different ioniza-
tion stages of Zr. The abundance derived from both optical
and UV lines of Zr Il is nearly a full order of magnitude
lower than that for Zr 11, as determined from our GHRS data.
We cannot yet say whether this discordance is due to a non-
LTE ionization balance, or to diffusive segregation of the Zr
ions within the outer layers of y Lup.

The GHRS observations of y Lup have also stimulated
research in atomic spectroscopy. At this unprecedented UV
spectral resolution, absorption features previously observed
to be hopelessly blended at IUE high dispersion (MON
=12,000) are now seen to separate beautifully into their con-
stituent components (Fig. 16). Our initial synthetic spectrum
calculations highlighted the inadequacies in the current state
of atomic data—oscillator strengths, wavelengths, nuclear
effects—needed to fit the observed spectral line positions and
strengths (Leckrone et al. 1993b). For example, the estimated
relative wavelength accuracy of the GHRS echelle mode is 2
mA. Absolute accuracies at this same level can be achieved
by tying line positions for Mn, Fe, Ni, etc., observed in the
stellar spectrum to laboratory Fourier transform spectrometer
(FTS) measurements for the same transitions, which are ac-
curate to about 0.1 mA. In contrast, published wavelengths
for UV transitions, based in some cases on decades-old labo-
ratory measurements, are often uncertain by *10-20 mA or
more. While the GHRS data pose a challenge to atomic spec-
troscopy, they synergistically provide new information re-
garding atomic structure. Wavelengths and relative line
strengths measured with the GHRS for transitions that are
difficult to observe under laboratory conditions will lead to
more accurate energy levels and atomic structure models for
the lower ionization stages of many elements, and to im-
proved knowledge of configuration interactions and level
mixing.

1400 °1 600 1800
Wavelength (A)

FiG. 19—Spectrum (smoothed over 3 A) of starburst knot No. 2 in NGC
1068. The P Cyg profiles of N v, Si 1v, and C 1v, and the geocoronal
Lyman-a, are clearly visible. The dotted line represents an IUE spectrum
(redshifted and unreddened) of the O7Iaf star, HD 163758.

3.4 Extragalactic Sources

3.4.1 NGC 1068

Figure 19 shows the spectrum of starburst knot No. 2 in
the galaxy NGC 1068 (Hutchings et al. 1991). Lying in the
circumnuclear region of this Seyfert Galaxy, its stellar popu-
lation can tell us something of the recent history of this ac-
tive galaxy. The spectrum is dominated by hot, young, mas-
sive stars characterized by the strong UV continuum and the
strong P Cyg line profiles of N v, Si Iv, and C 1v. Note that
the high sensitivity of the GHRS is essential for the resolu-
tion and signal-to-noise necessary for this work.

The spectrum can be reproduced by a mix of hot stars
defined by an initial mass function (IMF). It can also be fit
with a synthesis of IUE spectra ranging from O7 to B2.
However, the ground-based flux from the knot indicates that
there are few lower-mass stars. The results indicate that the
starburst knot contains several thousand O and B stars which
formed in a single episode about 3 million years ago. The
whole complex has about the same luminosity as the 30 Do-
radus nebula in the LMC.

The terminal velocity from the stellar wind lines is about
1900 km s~ !, which suggests that the abundances are similar
to our Galaxy.

3.4.2 Lyman-a forest in 3C 273

Absorption lines due to Lyman-a (“the Lyman-a forest
lines”) are produced by clouds of hydrogen along the line of
sight between our galaxy and distant quasars (Lynds 1971).
Since the Lyman-« line has a wavelength of 1216 A, these
lines can only be observed from ground-based telescopes for
cloud distances sufficiently large that the cosmological red-
shift places their absorption at observed wavelengths greater
than about 3200 A. Until the launching of the HST, nothing
was known about the nearby Lyman-a clouds (Bergeron,
Savage, and Green 1987). Because of light travel times, this
is equivalent to saying that we knew something about these
clouds early in the evolution of the universe, but nothing
about them at the present epoch. The observations from the
ground showed that the number of Lyman-« lines was rap-
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JUPITER'S NORTHERN AURORA
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FIG. 21—Jupiter’s northern aurora in the Lyman band of H, binned over three-diode channels (effective resolution 0.24 A). The location is at System III
longitude 180 deg and latitude +65 deg which misses the region of brightest emission. The propagated error vector is shown below. The flux is overestimated
because it assumes the aperture transmission for a point source rather than for an extended emission area.

idly decreasing with decreasing redshift, and if this trend had
continued to the present, at zero redshift there would have
been virtually no Lyman-a lines to study.

The GHRS observed the Lyman-a forest along the line of
sight to the nearby bright quasar 3C273, and these observa-
tions showed, somewhat unexpectedly, that the rapid de-
crease indicated at high redshift does not extend to zero red-
shift. Figure 20 shows quasar spectra for three values of the
redshift: 3.4, 2.1, and 0.2. The Lyman-a lines for each spec-
trum are marked by the arrows at the top. The top and middle
spectra are from ground-based observations and the bottom
spectrum is from the GHRS. The other absorption lines in
the 3C273 spectrum are caused by interstellar gas in our
galaxy. The change in the number of Lyman-« lines between
redshifts of 2.1 and 0.2 is consistent with a population of
Lyman-« clouds which are neither created nor destroyed and
whose sizes have not significantly changed over this interval
(Morris et al., 1991; also see Brandt et al. 1993).

One of the more interesting questions about the Lyman-a
clouds is their relation to galaxies: Are the clouds orbiting in
or near ordinary galaxies, are they held together by the gravi-
tational force of ‘“dark matter,” themselves thus constituting
small “‘unborn” galaxies, or, as initially proposed, are they
confined by very hot intergalactic gas with no relation to
ordinary galaxies? Preliminary follow-up observations of the
galaxies near the line of sight to 3C273 by Morris et al.
(1993) show that some of these low redshift Lyman-a clouds
are not intimately associated with ordinary galaxies, but nei-
ther are the clouds randomly distributed. Instead, they show

a statistically significant tendency to mildly cluster with gal-
axies.

To pursue this question further, the restoration of the
G140L grating of side 1 is of vital importance for it provides
by far the best combination of sensitivity, spectral coverage,
and resolution to allow many more low redshift lines of sight
to be studied. While the luxuriant growth of the very high
redshift Lyman-« forest has given way to a rather arid sa-
vannah at low redshifts, their continued study is proving of
importance for addressing the fundamental question of the
origin and evolution of galaxies and clusters of galaxies.

3.5 The Solar System—The Jovian Aurora

The first observations of Jupiter’s aurora were made as
part of a HST campaign to monitor Jupiter’s FUV emissions
during the flyby of the Ulysses spacecraft from 1992 Febru-
ary 6 to 9. The objective was to obtain near-simultaneous
data of the time-variable aurora which referred to the same
auroral state. FOC images in three wavelength bands cover-
ing H Lyman-a and the Werner and Lyman bands of H, were
obtained. The GHRS was used with the medium-resolution
grating G160M and the LSA to observe 35-A intervals cen-
tered near the peaks of the Werner and Lyman H, bands; i.e.,
1270 and 1590 A. These observations were made on 8 Feb-
ruary from 17:10 to 19:30 UT. Blind pointing was used to
observe the region of expected maximum intensity based on
the large-aperture JUE observations, longitude 180° and lati-
tude +65°, and this region was tracked as Jupiter rotated.

Figure 21 shows the emission from the Lyman bands and



continuum of molecular hydrogen for Jupiter’s northern au-
rora. Essentially all of the observed emissions are due to H,.
The individual vibration-rotation bands are visible even
though the spectrum has been binned over channels three-
diodes (six substeps) wide to improve the signal-to-noise ra-
tio. This was necessary because the region of maximum
emission was missed owing to an unexpected longitudinal
distribution of the H, emission. The FOC images showed
that the auroral emission was not maximum at 180° longi-
tude; it was closer to a minimum. The IUE result was an
artifact of its large aperture, which heavily weighted the pro-
jected area of the entire auroral zone, which was maximum
at this longitude. In spite of this, however, H, auroral emis-
sion is clearly detected with the GHRS. In contrast to the
FOC, whose filters have red leaks, the solar blind GHRS
reveals very little scattered light from longer wavelengths;
comparison spectra taken at low Jovian latitudes were essen-
tially dark.

Analysis reveals a rotational-vibration temperature for the
H, in this region of the aurora of 550 K (Trafton, Gerard, and
Waite 1994). This is below the 850-1100 K measured for Hy
in the near infrared (Drossart et al. 1989; Maillard et al.
1990; Miller and Tennyson 1990). This is probably indicative
of the different auroral region observed by the GHRS and the
different effective altitudes for formation of the H, and Hy
emissions.

4. SUMMARY AND THE FUTURE

The GHRS has been producing its spectra on a routine
basis and delivers the promise of HST in terms of high spec-
tral resolution results. The repairs to the HST and the GHRS
during the first servicing mission have been tested as part of
the verification activities. Specifically, the GHRS now re-
ceives greatly improved images from COSTAR, and side 1
(Ech-A and G140L) is available for use. To increase the sci-
entific productivity of the GHRS after the successful first
servicing mission, we need significantly improved opera-
tional efficiency, and moving-target tracking capability.

The GHRS is now a fully operational instrument on HST
and we are optimistic that the GHRS will continue to carry
out a full and efficient suite of observations.

The GHRS is a team effort requiring input from scientists,
engineers, technicians, computer specialists, managers, ad-
ministrative personnel, etc. The scientists who make up the
GHRS Investigation Definition Team (IDT) are the first 16
authors of this paper. The GHRS Team has functioned very
well for a long time, and the IDT wishes to thank all for their
contribution to the success of the GHRS. We thank Carolyn
Collins Petersen for expert editorial assistance in preparing
this paper. We also acknowledge the support from NASA via
numerous contracts and grants which have funded the devel-
opment of the GHRS, and operations and data analysis sup-
port for the GHRS team.
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