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1 Preface

In September 1994, NASA issued NRA 94-OSS-15 soliciting proposals for concept studies
of new astrophysics flight missions. The peer review of submitted proposals selected a num-
ber of concepts for study, including “The Next Generation X-ray Observatory” (Principal
Investigator, Nicholas White of Goddard Space Flight Center) and the “Large Area X-ray
Spectroscopy Mission” (Principal Investigator, Harvey Tananbaum of Smithsonian Astro-
physical Observatory). Given the similarities of the science objectives emphasizing high
throughput, high resolution X-ray spectroscopy, the two teams initiated discussions leading
to an agreement in late 1995 to pursue a single study of a common mission, named the High
Throughput X-ray Spectroscopy (HTXS) mission.

The HTXS mission represents a major advance, providing as much as a factor of 100 increase
in sensitivity over currently planned high resolution X-ray spectroscopy missions. HTXS
will mark the start of a new era when high quality X-ray spectra will be obtained for all
classes of X-ray sources, over a wide range of luminosity and distance. With its increased
capabilities, HTXS will address many fundamental astrophysics questions such as the origin
and distribution of the elements from carbon to zinc, the formation and evolution of clusters
of galaxies, the validity of general relativity in the strong gravity limit, the evolution of
supermassive black holes in active galactic nuclei, the details of supernova explosions and
their aftermath, and the mechanisms involved in the heating of stellar coronae and driving
of stellar winds.

The study group formed from the original two mission concept teams has been extended
(with the concurrence of NASA Headquarters) to include other experimental groups ac-
tive in X-ray astronomy as well as several observational astronomers and theorists. Most
recently, the Principal Investigator (Paul Gorenstein of Smithsonian Astrophysical Obser-
vatory) of a third selected mission concept proposal entitled “Hard X-ray Telescope with
Simultaneous Multiwavelength Observing from UV to 1 MeV” joined the HTXS team,
merging those areas of his study most similar to HTXS in science objectives and technical
approach. Following these steps, the expanded team is now a widely-based Science Working
Group (SWGQG) reporting to NASA Headquarters. At present, the SWG includes scientists
from 14 different institutions; individuals and institutions involved in the study are listed
in Appendix A.

To date (May 1996), the SWG has conducted three working meetings to refine the overall
science objectives and to integrate the instrumentation approaches into a single mission
concept. This unified concept combines large effective area (~ 15,000 cm? at 1 keV), high
spectral resolution (E/AE ~ 300-3000), and broad energy bandpass (0.25-40 keV and
possibly up to 100 keV) by using replicated optics with reflection gratings, charge-coupled
device detectors (CCDs), quantum micro-calorimeters, and cadmium zinc telluride (CZT)
detectors. An essential feature of this concept involves minimization of cost (~ $350M
for development and ~ $500-600M including launches) and risk by building six identical
modest satellites to achieve the large area. The technology required for the HTXS mission
is relatively mature and able to support a new start in the 2000-2001 timeframe, with first
launch around 2004-2005.

In order to involve the overall scientific community in the planning for this facility and to
develop the broadest possible perspective for the mission, we have made presentations to
NASA’s High Energy Astrophysics Management Operations Working Group, the American



Astronomical Society (poster papers), and the High Energy Astrophysics Division of the
AAS (invited talks) and have prepared this status report. An open workshop for the entire
community is scheduled for this September. Through these discussions, along with the
HTXS web page

http://lheawww.gsfc.nasa.gov/docs/xray /htxs/home.html

the intent is to establish and maintain an open dialogue with the astrophysics community
at large to ensure that the HTXS mission focuses on the critical science problems.



2 Historical Perspective

In its early years, dating back to the 1960s, X-ray astronomy was primarily viewed as the
science of “extreme conditions” in the cosmos. The first sources detected (the brightest
in the sky) mostly involved compact degenerate objects, where the copious X-ray emission
results from the presence of high temperature plasmas, high radiation energy density, highly
relativistic particles, and high gravitational and magnetic fields. X-ray observations of these
and similar sources with improved sensitivity and spectral and temporal resolution continue
to provide the most direct means of investigating the basic physical processes operating in
such exotic environments. Of particular interest is the recent use of X-ray spectroscopy
to probe conditions in the inner regions of accretion disks around black holes in active
galactic nuclei, where the predictions of general relativity in the strong field limit can be
meaningfully tested.

As the field has matured, however, it has become clear that X-ray emission is a ubiquitous
characteristic of virtually all known astronomical systems. In retrospect, this is not sur-
prising, since the virial temperature falls within the X-ray emitting band for a large range
of diverse objects (stars, galaxies, clusters of galaxies). In essentially all cases where grav-
itational forces are important to the dynamics and energetics of the system, the presence
of X-ray emitting gas is a natural consequence. As such, X-ray observations can also play
a crucial role in addressing many of the more “central” questions in astronomy, i.e. those
related to the origin, structure, and evolution of the Universe, and of its principal material
constituents: galaxies, stars, planets, and dark matter.

X-ray spectroscopy is especially useful for investigating issues related to the origin and
distribution of the elements. The soft and medium energy X-ray bands contain the K-shell
lines for all of the abundant metals (carbon through zinc), and the L-shell lines of most.
These are bright allowed transitions with large equivalent widths. In general, all charge
states are accessible. Hence the ability to measure abundances is not strongly dependent
on the physical state of the emitting gas. This contrasts with the infrared, optical, and
ultraviolet bands, where only certain molecular and/or ionic species can be measured for
each element. The detailed X-ray line spectra are rich in plasma diagnostics which also
provide unambiguous constraints on physical conditions in the source.

Below, we summarize a few key astronomical areas where X-ray spectroscopic observations
should provide fundamental insight into the most pressing unresolved problems:

e Clusters of Galaxies: The hot intracluster medium dominates the baryonic mass
content of clusters of galaxies, and is observable only in the X-ray band. Estimates of
abundances derived from measurements of both the bremsstrahlung continuum and
collisionally excited resonance emission lines trace the origins of stellar nucleosynthesis
as we look back in redshift. Mapping the velocity distribution of this hot cluster gas
via the Doppler shifts in the emission lines allows us to examine the dynamics within
the cluster and specifically to study the effects of mergers between member galaxies
and between separate clusters. More detailed constraints on the nature of the merger
process are crucial to our understanding of the redistribution of the stellar processed
material into the intracluster medium. X-ray spectroscopic observations also provide
a direct means of mapping the dark matter content of clusters of galaxies and of
understanding its relation to the baryonic tracers.



e Active Galactic Nuclei: AGNs are the most distant sources observable in most
wavebands and may provide important clues to the formation and early evolution
of galaxies. These sources radiate much of their power at high energies, and X-ray
observations provide the only direct probe of conditions close to the central engine.
The bright X-ray continuum lights up the nearby circumsource medium and generates
a forest of discrete X-ray emission and absorption features which provide sensitive
constraints on the geometry, dynamics, and elemental abundances of the surrounding
environment. Line profile measurements for the fluorescent lines allow us to probe
the gravitational field very close to the central engine, and confirm the existence and
constrain physical characteristics of the massive black hole that is likely to reside
there.

¢ Supernova Remnants: Certainly one of the most important processes contributing
to the chemical evolution of the Universe involves the release of stellar processed
material into the interstellar medium via supernova explosions. Despite a wealth of
theoretical and observational investigations, there are still many aspects of this process
that remain mysterious, partly because optical spectroscopy yields very few direct
diagnostics of heavy element enrichment. The shock heated plasmas in supernova
remnants emit primarily line rich X-ray spectra that directly determine supernova
abundances and the blast wave interaction with the surrounding gas. Observations
of intermediate age remnants constrain the structure of the interstellar medium and
the possible importance of pre-supernova winds. Measurements of the higher energy
continuum spectra of young remnants provide crucial information on the possible
origin of cosmic ray acceleration.

¢ Compact Binaries: The latter stages of stellar evolution produce compact objects
(white dwarfs, neutron stars, and black holes) which can profoundly affect their en-
vironments. When these degenerate stars are members of tight binaries, they can
accrete sufficiently from their companions to become bright sources of X-ray contin-
uum and line radiation. Radial velocity measurements using the X-ray emission lines
determine the mass function of the binary, and can be used to study the mass distri-
bution of the compact objects. In the case of neutron stars, the latter has implications
for our understanding of the equation of state at nuclear density, a fundamental is-
sue in nuclear physics, which is difficult to address in the laboratory. The emission
line equivalent widths provide information on the geometry and abundances of the
accreting flow, which then constrain the nuclear evolution of the companion star.

e Stellar Coronae: The outermost layers of the atmospheres of normal stars form hot
coronae, confined by magnetic fields. X-ray spectroscopic observations determine the
temperatures, densities, and geometries of these plasmas, which then can be correlated
with age, rotation, and other stellar parameters to better determine the mechanisms
responsible for coronal heating. The detailed line spectra also provide abundance
determinations, which, in some cases indicate differences from the abundances derived
from optical spectra of the photosphere. Such abundance anomalies are not well
understood, but they may be related to the processes by which photospheric material
is “lifted” into the corona. X-ray spectroscopy of early type stars directly determines
the abundances and ionization of massive stellar winds, which are important in the
chemical enrichment of the interstellar medium.



e Young Stars: Star formation often occurs deep within molecular clouds, where it
is only observable in the infrared and at high energies. The most rapidly rotating
young stars are also the most coronally active, and X-ray observations are useful for
locating and studying these star forming regions. Spectroscopic observations enable
us to derive detailed physical constraints on the interaction of these young stars with
their nascent surroundings.

The arguments above demonstrate that advances in X-ray spectroscopy of cosmic sources
will be crucial to continued progress on a wide spectrum of outstanding fundamental ques-
tions in astronomy. A vigorous effort to enhance our observational capabilities in this area
should thus be a key component of NASA’s future program in space astrophysics. In the
remainder of this report, we demonstrate that the timing is right to begin planning a new
mission devoted to high throughput X-ray spectroscopy. We describe a “strawman” con-
cept for such a mission that has emerged from our deliberations, discuss its performance
characteristics, and present a few examples of the exciting scientific investigations that it
would enable.



3 X-ray Spectroscopy Comes of Age

In spite of its potential as a vital astronomical tool, X-ray spectroscopy has only recently
begun to make significant contributions. To a large extent, this can be ascribed to in-
strumental limitations. Given the rather low photon fluxes from cosmic X-ray sources,
experiments have had to be large and have high quantum efficiency in order to acquire
spectra of acceptable statistical quality. In the early years, prior to the development of fo-
cussing X-ray optics, this argued for the use of proportional counters, which were efficient,
relatively easy to operate, and could be scaled effectively to large collecting area. However,
the spectral resolution of a proportional counter is compromised by the statistics of the
electron avalanche process used to amplify the signal associated with the photon detection.
The fundamental limit to the resolving power is E/AE ~ 2.5 E'/2, sufficient for deriving
constraints on the shape of the overall continuum, but far too low to reveal significant
spectral detail. With the exception of the Fe K transitions between 6 and 7 keV, which
are spectrally isolated and therefore easy to resolve, proportional counters could not pro-
vide unambiguous detections of discrete X-ray features from even the most line-rich cosmic
sources.

The launch of the Finstein Observatory in 1978 provided the first true X-ray telescope on
a satellite observatory. This led to a dramatic improvement in source detection efficiency,
but also enabled the first deployment of higher resolution spectroscopic instrumentation.
Specifically, the Einstein Observatory carried solid-state (SSS), Bragg crystal (FPCS), and
objective transmission grating (OGS) spectrometers. The SSS had comparable quantum ef-
ficiency to the earlier proportional counters coupled with a modest improvement in resolving
power (a factor of a few) which enabled the detection of strong emission line complexes, es-
pecially for optically thin collisional plasmas. The FPCS and OGS had considerably higher
spectral resolution, but such limited efficiency that observations could only be performed
on a small number of very bright sources.

This field experienced a “quantum jump” in experimental capability, however, with the
launch of the Japanese Advanced Satellite for Cosmology and Astrophysics (ASCA) Obser-
vatory in 1993. ASCA carried charge-coupled device (CCD) imaging spectrometers mounted
at the focus of high throughput grazing incidence telescopes. Although the improvements
over earlier instrumentation for various characteristics were only modest (factor four in
spectral resolution, factor three in bandpass, factor four in collecting area), these combined
together to yield breakthrough results in many areas of astronomy. ASCA has increased
the sample of cosmic sources with moderate-to-high quality X-ray spectra by a factor of at
least fifty! The new opportunity to acquire spatially and temporally resolved broad-band
moderate resolution spectra has had major impact on a wide range of astronomical fields.
Highlights include:

¢ Maps of supernova remnants in prominent X-ray emission lines that show significant
variations in both ionization and chemical composition as a function of position, as
well as coherent velocity features that directly measure the expansion of the ejecta.
The broadband spectro-imaging capabilities of ASCA have made a major impact on
all areas of research in this field including the nature of the ejecta of young remnants,
the physics of supernova-induced shock waves, and the discovery and study of pulsar-
powered synchrotron nebulae.



e Imaging spectrophotometry of clusters of galaxies which has demonstrated that most
of the intracluster gas in rich clusters has been processed by Type II supernovae at
early epochs. In addition, highly robust determinations of the mass of these systems
have been made which require the presence of dark matter on all spatial scales.

e The first direct detection of relativistic line broadening for an X-ray emission line in
an active galactic nucleus. The data indicate that the observed iron K line radiation
emanates from within tens of Schwarzschild radii of the massive central object.

e Evidence that the center of the Milky Way is filled with ionized hot gas. The mech-
anism responsible for the ionization remains unknown. Maps of the galactic center
also reveal strong localized iron K fluorescent radiation which suggests the presence
of a low luminosity active nucleus as recently as a few hundred years ago.

o Measurements of abundances in the coronae of active stars which suggest metal defi-
ciencies when compared to photospheric abundances. The origin of this effect is still
controversial.

A second “revolution” in astronomical X-ray spectroscopy will undoubtedly occur near the
end of this decade when the three major X-ray observatories currently under development
will be launched: NASA’s Advanced X-ray Astrophysics Facility (AXAF; 1998), the Euro-
pean Space Agency’s X-ray Multi-Mirror Mission (XMM; 1999), and the Japan-US Astro-E
mission (2000). AXAF will carry a CCD experiment with comparable resolution and ef-
fective area to that of ASCA, but with over one hundred times better spatial resolution.
In addition, AXAF will carry two transmission grating spectrometers with resolving pow-
ers approaching 1000 in selected bands. XMM will carry a very large area CCD imaging
spectrometer as well as a reflection grating spectrometer experiment that will provide high
resolving power (E/AE ~ 100-600) coupled with high sensitivity, especially at soft X-ray
energies. Finally, Astro-E will also carry a large area CCD experiment as well as the first
cryogenic X-ray micro-calorimeter spectrometer, which provides even higher effective area
coupled with good spectral resolution at higher energies (E/AE ~ 50-800). There is a
clear complementarity between these various experiments. The Astro-E micro-calorimeter
will provide the best combination of sensitivity and resolution at energies of a few keV and
above, where the K-shell transitions from the intermediate-Z elements are prominent. The
XMM reflection grating spectrometer is optimal in the intermediate band between 300 eV
and 2 keV where the prominent oxygen K-shell and iron L-shell features are located. The
transmission gratings on AXAF will provide very high resolution and reasonable sensitivity
at the softest energies, below 200 eV, as well as high resolution with moderate sensitivity
across the entire band. Collectively, these missions will provide a wealth of detailed spec-
tral information on a diverse array of cosmic sources. At that point, astronomers can begin
to employ the sophisticated diagnostic techniques which are conventionally in use in solar
X-ray spectroscopy or in X-ray spectroscopy of laboratory plasmas.

Nevertheless, as we look toward the future, it is clear that these upcoming missions can only
“scratch the surface” of the full exploitation of X-ray spectroscopy to address outstanding
astrophysical questions. Despite the impressive observational capabilities they provide,
many of the most pressing spectroscopic measurements will remain out of reach. In general,
substantial improvements are required in effective area, spectral resolution, and spectral
bandpass. Some scientific drivers for performance specifications in these three categories
are detailed below.






