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ABSTRACT

The Next Generation Space Telescope (NGST) Design Reference Mission (DRM) represents a suite of potential astronomical programs and targets along with their expected physical properties (e.g., number density, brightness), and desired observation modes (e.g., wavelength band, spectral resolution, number of revisits). This broad science program is being used to drive the observatory design in a way as fundamental as traditional engineering parameters (power, mass, etc.). Astronomers use the DRM to communicate their desires in a quantitative fashion to the engineers who will eventually construct the observatory. The DRM is also the primary tool used to measure the relative value of NGST mission architectures and technological readiness of the program. Specifically, the fraction of the DRM completed by a given observatory configuration in a given time is, to first order, a measure of the value of the design. Those designs which complete a higher fraction of the observations listed below are more capable than those that complete lesser fractions. 

Infrared, Space Telescopes, Metrics

INTRODUCTION

When constructing any telescope the first problems that must be addressed concern the precise nature of observable quantities for the expected targets. Properties such as the expected brightness as a function of wavelength, location in the sky, potential interesting timescales of variability, spectral resolution, and how accurately each of these must be known are among the foremost items that must be specified with some degree of precision before engineers can begin to construct detailed architectures capable of measuring them. These observables define the phase space within which design trades such as mirror size, instrumentation complexity, operations modes, etc. can be made. As these properties become more focused and precise this phase space narrows and eventually allows for the design of a specific telescope.



Astronomers are above all responsible for defining the observable quantities based upon their detailed knowledge of unsolved current or, given sufficient foresight, future questions. Here we outline the specific questions that the astronomical community is interested in addressing with a large (>4m diameter), infrared optimized (1-5 µm), passively cooled (40-70K) space telescope. The properties that must be measured to answer these questions constitute the preliminary version of the NGST design reference mission (DRM). These properties are discussed along with their implications for observatory design. We also discuss the way in which the DRM is being used as a systems engineering tool to evaluate the various potential designs and the technologies associated with them. Eventually the DRM will contain a complete set operation plans for the NGST covering some representative period of time and will include scenarios for missed targets, failed acquisitions, and safe mode conditions (cf. the Hubble Space Telescope [HST] Design Reference Mission1). However, unlike the HST DRM, the one for NGST is more than just an operational plan. This strawman science program is being used to drive the design the observatory itself. It is an evolving document outlining a general purpose observatory program that the astronomical community has direct access to.



By using a broad observing plan as a test particle against our designs we investigate the consequences multiple, often conflicting requirements have for mission cost and capabilities. For example, the design requirements of a tool to study high redshift supernovae which are extremely rare (on the sky) point sources are different from those for studying high redshift galaxies. In the first case the rarity of the objects means that telescopes with large fields of view and moderate angular resolution are more desirable than those with smaller fields. For high redshift galaxy observations these requirements are not critical and in some sense antithetical those studies. High redshift galaxies are numerous, small but extended (few tenths of an arcsecond) and therefore require the system to possess exquisite angular resolution. Another example might be the conflicting demands placed on an observatory by the simultaneous need to observe nearby, relatively bright, moving objects like satellites of planets in the outer Solar System and the need to have a stable platform to conduct deep (many hours) exposures

of the distant universe.

SCIENCE GOALS FOR THE NGST

The original goals for the NGST were outlined in a document prepared for NASA by a group of senior astronomers tasked with defining goals for the space agency in the first decade of the coming century. This report, colloquially known as the HST & Beyond report2 identified three main goals for NASA space science in the ultraviolet through infrared spectral regime. These recommendations were: (1) The Hubble Space Telescope should be operated beyond its currently scheduled termination data of 2005, (2) NASA should develop a space observatory of aperture 4m or larger, optimized for imaging and spectroscopy over the 1-5 µm regime, and (3) NASA should develop the capability for space interferometry. The second goal in this list spawned a NASA and industry study in 1996 aimed at determining the feasibility 
of 
constructing such an infrared optimized large telescope. Although such a large aperture telescope would have numerous applications in astronomy, its unmatched capabilities for the study of faint, distant galaxies whose peak of their energy output was redshifted into the 1-5 µm range formed the core of the science investigations. This wavelength range contains a wealth of heretofore unexploited science. 
Other d
istant objects whose rest frame energies peak in the visible will shine brightly at these wavelengths.



Our knowledge of the history of the universe is well constrained at very early (tuniv < 300,000 yrs.) and very late (tuniv > 5x109 yrs.) stages in its evolution. Observations by the Cosmic Background Explorer (COBE) give us a firm picture of the state of the universe at the time matter decoupled from radiation. Current ground and space based telescopes have probed the universe to redshifts around 5. The intervening epoch was a critical one however for this is precisely the time when the structures we are familiar with, namely stars and galaxies began to form. Also during this time period the universe was reionized after cooling to a largely neutral state after the 
B
ig 
B
ang. To probe the universe as it was between few million < tuniv < few billion years requires a new type of observatory. Such an observatory must be capable of collecting the very faint signal of objects and it must have sufficient spatial resolution (diffraction limited at 2 µm) to detect these small objects by separating their signal from the background. These “Dark Ages” in our observational knowledge of the universe form the principal target for NGST observations. They are however not the only targets accessible to this powerful telescope.



The NGST will be a general observer facility designed to carry out a wide array of science investigations. We have no way of predicting just what astronomers will use the instrument for in 2007 and must therefore allow for a generous guest observer program. It is important to recognize that the DRM is not a guaranteed time program, but rather a set of astronomical aims that scope out the parameter space for engineering trades. We are requiring that observatory architectures be capable of completing the DRM within 50% of 
a 
nominal 5 year lifetime suggested in the HST & Beyond report. Hence, guest observers will not only be able to compete for the chance to conduct observations outlined in the DRM, but will be allotted a minimum of 50% of the mission lifetime. We are carrying a 10 year operational scenario in the GSFC lead architecture study meaning that new guest observer programs may eventually account for 75% of the mission.

DRM COMPONENTS

The DRM is broadly divided into two sections: a core and an extended mission. Those programs in the core section (1-5 µm) come directly from science outlined in the HST & Beyond report and completing them is the minimum success criterion. We are assuming that completion of 200% of the core mission within 5 years is a necessary condition for any architecture to meet. (This means that the DRM observations are completed in 2.5 years with the remaining time going to new guest observer programs.) The extended mission goals are those that have arisen from the astronomical community (through a initially volunteer science working group and subsequently a competitively selected Ad Hoc Science Working Group). They represent a more ambitious program some aspects of which require observatory capabilities outside of those laid out in HST & Beyond.
 They include observations in the 5-20 µm wavelength region, coronographic studies and possibly high spectral resolution observations.




For several representative reference mission segments below we give a brief description of the science and, for a select few, also detail the critical observables. We also note the design features of the telescope that have the most impact on the successful completion of that DRM segment. In addition to the specific programs outlined here there are large numbers of individual studies that are certain to be attempted by NGST. The current version of the DRM allots approximately 12% of its time to these programs. More detailed descriptions for each mission objective can be found in the NGST Study Report, Visiting a Time When Galaxies Were Young3 and in a report by Stiavelli et al., (1997)4. In Table 1 we reproduce a portion of the DRM science input file from the core science program.

�Core Mission

COSMIC DISTANCES: The ability of NGST to detect and conduct follow-up low spectral resolution spectroscopy of supernovae will enable astronomers to definitively determine the geometry of the universe, be it open or closed. In addition, NGST will be capable of detecting the earliest supernovae in the universe and hence follow the build up of heavy elements. �Telescope Design Critical Factors: mirror size, detector noise characteristics, large field of view, spectroscopy

PRIMORDIAL GALAXIES: Deep exposures with NGST, like the now famous Hubble Deep Field will be able to reveal the first galaxies to form after the Big Bang. There will be both deep, but small field of view surveys and shallower, but wider area surveys to look for rare objects. �Telescope Design Critical Factors: mirror size, detector noise characteristics, large field of view, spectroscopy, diffraction limited imaging



Table 1: Excerpt of DRM Core parameter description file.

Name�band�(µm)�S/N�l/Dl�Fn�(nJy)�Size�(arcsec)�Density�(no./’2)�#�Visits��COSMIC�DISTANCES����������survey�1-5�5�5�7.6�0�100�192000�2��follow-up�1-5�5�5�7.6�0�0�100�5��spectroscopy�1-5�3�100�14.5�0�0�100�1��PRIMORDIAL�GALAXIES����������deep survey�1-5�5�2�1�0.5�4000�320000�1��shallow survey�1-5�5�2�23�0.5�1000�8000000�1��deep spectrosc.�1-5�10�100�23�0.5�1000�9000�1��shallow spectrosc.�1-5�10�100�230�0.5�300�27000�1��high res. spec.�1-5�10�1000�230�0.5�300�2700�1��

This segment of the core DRM input file shows the parameters currently used to evaluate mission architectures. Column 2 describes the wavelength range over which the observations will be conducted. Column 3 lists the 
signal to noise ratio over the entire object necessary for science objectives to be met. The spectral resolution is given in column 4. Expected target fluxes in units of 10-34 Watts m-2 Hz-1 and sizes (0 = point sources) are listed in columns 5 and 6. Column 7 contains the predicted density of targets on the sky per square minute of arc. The number of the parent population of objects is listed in column 8.  The numbers of visits per individual target are given in column 9.

Extended Goals

NATURE’S TELESCOPES: Astronomers are just beginning to exploit the phenomenon of gravitational lensing by massive foreground clusters of galaxies to study more distant objects. The NGST will be optimally suited for this task because of its high sensitivity to radiation in the 1-5µm region. In addition, the large numbers of such lensed objects detectable with NGST will allow for detailed modeling of the cluster gravitational potentials of the matter doing the lensing.�Telescope Design Critical Factors: mirror size, detector noise characteristics, diffraction limited imaging



THE UNIVERSE AT 
z
 
>
 
2
:
 Distant galaxies observable from the ground and smaller space-based telescopes will require a larger telescope in space to do detailed spectroscopic studies. Measurements of galaxy metallicity and kinematics will be possible for objects with redshifts in the 0 < 
z
 < ~3-5 range.�Telescope Design Critical Factors: mirror size, detector noise characteristics, diffraction limited imaging, spectroscopy, mid-IR capability



STELLAR POPULATIONS IN THE LOCAL UNIVERSE: The local Universe contains the record of all processes that have occurred since star and galaxy formation began. The ability of NGST to study near by galaxies at infrared wavelengths, with unsurpassed sensitivity and superb wide field angular resolution will facilitate searches for “Population III” or primordial stars still burning today.�Telescope Design Critical Factors: mirror size, detector noise characteristics, diffraction limited imaging, spectroscopy, mid-IR capability, Visible (~5000Å) coverage�

STAR AND PLANET FORMATION IN THE GALAXY: The Galaxy contains many active sites of star formation. The bulk of the action in these sites occurs behind many magnitudes of extinction that NGST will be able to see through. If the optics are of sufficient quality, large planets around nearby stars will be detectable with NGST.�Telescope Design Critical Factors: mirror size, detector noise characteristics, diffraction limited imaging, spectroscopy, mid-IR capability�

SOLAR SYSTEM STUDIES
:
 Our own Solar System contains an enormous collection of bodies located near and beyond the orbit of Neptune known as Kuiper Belt objects. These large (10-100’s of km) bodies provide information about the dynamical state of the Solar System and it
s
 history as well as providing clues to the presolar nebula composition.�Telescope Design Critical Factors: mirror size, detector noise characteristics, large field of view, spectroscopy, diffraction limited imaging, mid-IR capabilities 



DRM Studies

The initial DRM was drawn from the HST & Beyond report and augmented by a large number of astronomers during 
the
 1996 study. 
Through a competition, t
he NGST project 
office has since 
selected a smaller group of astronomers, an Ad Hoc Science Working Group (ASWG), to examine the DRM components in greater detail, by performing both theoretical and observational studies designed to better define our understanding of expected target properties. This group is researching the effects of the first stars and resulting supernovae on the primordial intergalactic medium, effects of the first quasars on reionizing the universe, formation of galaxies via hierarchical clustering, implications of observing faint white dwarf stars in our own and nearby galaxies to obtain an age for the universe, and several other topics. Among the new programs that the ASWG is proposing for addition to the DRM is a search for intergalactic stars in the Local universe, detecting and imaging faint moons of the outer planets, and mid-IR observations of sites of star formation like those in the Orion Nebula. During the course of this calendar year the refinements and additions to the DRM parameters this group make will be added to the analyses to better define the necessary configuration of the NGST. In addition to improving and adding to the DRM segments the ASWG with begin to assign a ‘science prioritization’ to each of the segments to weight the performance depending on the perceived relative importance of each. This weighting scheme will then be incorporated in the software described below for assessing the performance of telescope architectures.



Another point to remember regarding the DRM concerns the ever present tug between the systems engineering need for stable parameters upon which to base mission designs and science’s ever evolving frontier which, by definition, makes the interesting science questions moving targets. The DRM is a ‘live’, evolving tool that would ideally not become fixed until shortly before construction began. The philosophy that the NGST science team has adopted is to concentrate the efforts of the observatory on those areas where it will always provide orders of magnitude improvement in sensitivity and speed compared with existing and planned ground and space telescopes. By conceiving science programs which exploit these regions of parameter space (defined by wavelength coverage, sensitivity, areal coverage, etc.) we hope to insure that the telescope will be producing unique science regardless of the specific programs which are eventually undertaken with the observatory. 

SOFTWARE TOOLS

Members of the NGST team have developed several software tools that use the DRM to compare high level performance metrics of various telescope d
esigns. These tools represent 
mission specific implementations of scientific metrics5
 and are freely available via the World Wide Web.


Science Mission Simulator

The Science Mission Simulator (SMS) allows users to evaluate the capabilities of telescopes for observing the DRM components outlined above. The IDL program itself and DRM inputs may be obtained online from ftp://ngst.gsfc.nasa.gov/pub/SciWG/sms.pro and ftp//ngst.gsfc.nasa.gov/pub/SciWG/drm.inp. The input file is a formatted ASCII file with entry records, like those in Table 1, for each section of the DRM. This high level tool is useful to measure the sensitivity of the DRM completion fraction to various telescope parameters. Users can alter parameters like the primary mirror diameter, detector read noise and dark currents, telescope temperature, observatory orbit, among other properties to see the effect these quantities have on the completion fraction of the DRM. In addition to computing the DRM completion fraction the code outputs the amount of time spent to achieve the individual DRM goals and the expected data rates from each of them. Users can add new DRM segments or goals and compare how these affect the mission. Used in this fashion the DRM becomes a valuable tool for the astronomy community to state its goals in terms of top level engineering parameters and tolerances. Below in figures 1 and 2 we show the effect of two fundamental observatory features (primary mirror effective diameter and field of view) on the fraction of the DRM completed.
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Figure 1: Fraction of DRM completed in 5 years as a function of effective diameter of the primary mirror. Effective diameter accounts for possible non-filled aperture geometries. Curves for both the core and complete DRM targets are shown.
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Figure 2: Fraction of DRM completed in 5 years as a function of the field of view of the near infrared (NIR) camera (1-5µm)
. Field of view is assumed to be square with the dimensions of the sides on the abscissa.
�
�

Table 2: SMS output example from Table 1 parameters

�Target�Visits�Exp.�(hrs.)�# Exp.�Total time�(hrs.)�%�mission��COSMIC�DISTANCES�������survey�2�2.80�120.00�748.91�1.71��follow-up�5�2.80�100.00�1560.50�3.56��spectroscopy�1�10.13�100.00�1127.42�2.57��PRIMORDIAL�GALAXIES�������deep survey�1�101.23�5.00�562.76�1.28��shallow survey�1�1.01�500.00�568.26�1.30��deep spectrosc.�1�445.30�1.00�495.12�1.13��shallow spectrosc.�1�4.45�100.00�496.22�1.13��high res. spec.�1�226.86�1.00�252.42�0.58��

We show in Table 2 a section of the output from the SMS for those programs in Table 1. The columns represent the program topic, number of visits to a particular field, the exposure time in hours per field, the total number of exposures for the program, the total time in hours for the program and mission percentage. The ultimate metric we seek from the DRM is the fraction of the programs completed in 2.5 years. This fraction is just the sum of the values in the final column of the table.



By using this tool one quickly learns that the HST & Beyond report was not ambitious enough in its request for telescope aperture. (The HST & Beyond committee based there aperture requests assuming a monolithic mirror design however.) It is clear from Figure 1 that the original IR telescope as conceived in the HST & Beyond report would be inadequate for completing a large fraction of the science outlined in Section 3. A minimum diameter of 6m is required if only the core DRM science is to be achieved.  We can also see that the SMS, combined with the DRM indicates that an 8m NGST needs a NIR camera field of view approximately 4’x4’ to survey enough of the sky over its lifetime to find rare objects. The SMS allows one to determine which observatory aspects offer the greatest leverage for improving the science return. In table 3 we show the improvement in the DRM completion percentage derived from changing the listed variables.

�Table 3: Effectiveness of Varying Mission Parameters

Parameter�% �Change�% DRM completion�Improvement��Primary Diameter (4 - 8m)�100%�
724
%��
Field of View (1 - 4
 arcmin)�100%�
1240
%��Primary Temperature (80 - 50K)�38%�
194
%��Detector Readnoise (state of the art)�100%�
7
%��Detector Darkcurrent (state of the art)�100%�
12
%��Orbit (L2 - 1x3AU)��
112
%��

For these examples we varied only a single parameter at a time. These trades indicate where to direct efforts at technology improvements. They suggest that 
making
 large format near and mid infrared detectors will provide the largest improvements for the current DRM suite of programs. Similarly, they tell us that while improvements in detector read noise and dark current, while valuable, do not provide as dramatic a gain as does making larger mirrors. Full optimization would require simultaneous adjustments of interlinked parameters. For example, moving the observatory out to a 1x3 Astronomical Unit (AU) orbit would necessitate a smaller mass payload and therefore a smaller primary, decreasing the effectiveness of this particular trade. The SMS 
therefore can reveal
 the engineering and technological areas of maximal effectiveness toward completing the DRM. The other critical parameter we are beginning to fold into this scenario is the cost of these improvements and how they affect project decisions on telescope designs.5 The NGST Study team is continually refining the SMS code and will keep the latest version available on the ftp site.

SimNGST

SimNGST is a Java Script implementation of the Science Mission Simulator with a few additional features. These features take into account the cost of various telescope and mission components. Users of this tool (http://ngst.gsfc.nasa.gov/SimNGST) can experiment with 
a subset of the
 changeable parameters outlined above in the SMS, but also must assemble a mission that falls within the budgetary restraints imposed by NASA. Currently, SimNGST is available in two flavors; an introductory version which eschews some of the details associated with the individual targets in the DRM and a SimNGST Pro version. The SimNGST Pro version allows users to alter DRM target properties and propose new segments of their own.



The cost models used in SimNGST come from a variety of sources. Science instrument costs were modeled using the Goddard Multivariable Instrument Cost Model (MICM)
6
. Launch vehicle costs come from the various vendors. The cost of the optics was derived from a study by ORA
7
. Other components of the mission cost such as operations and data analysis were scaled from experience with HST.

Exposure Time Calculator

The Exposure Time Calculator (ETC) is primarily designed for astronomers to estimate how long they would need to expose on a target of their choosing given a telescope of a selectable aperture size. The tool is distinct software from the SMS and SimNGST and allows much greater flexibility in specifying target properties. Exposures are for single targets however, and not for entire programs as in the other two tools. The ETC is available online at http://augusta.stsci.edu/. Goddard Space Flight Center and the Space Telescope Science Institute are jointly developing tools that will allow future users of HST and NGST plan their observations using a user friendly user interface. There are currently plans to integrate the ETC into this environment. Our goal is to have all three software tools use a single package for estimating the time to reach a desired signal to noise ratio given a set of target parameters.

THE DRM AS A TECHNOLOGY AND PROGRAMMATIC METRIC

Thus far we have concentrated on the astronomical 
and engineering design 
aspects 
of the DRM. We can use this tool to assess technological readiness too. The NGST project is using the DRM as its first order metric for measuring programmatic and technological progress. If we use the fraction of the DRM completed, with a given state of technologies, and assume that the NGST will launch approximately 4 years after technologies are frozen and construction begins we can see how technology development improves the mission success. Figure 3 shows how advances in detector size, noise characteristics and other parameters yield increasing fractions of the DRM. If we were to begin construction of NGST with today’s technology we would accomplish about 7% of the desired science. If we push technologies in those areas that give the greater lever arm for improving the DRM completion fraction however we see how quickly the scenario improves.
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Figure 3: Percentage of DRM as a function of technology readiness. Values in the table are right are projections based upon today’s technology.
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SUMMARY

The NGST DRM is already a well defined set of targets and their observable properties that has guided the government and industry partners in constructing their observatory architectures. This calendar year the NGST ASWG is refining the DRM to assure that the interests of the astronomical community are accurately represented and to validate the initial 
quantities
 used in constructing the first version. The project is using the DRM as its top level systems engineering tool to understand astronomers demands, drive the telescope design trades, and to measure the progress of observatory architectures and technology development towards meeting those demands. Already the DRM and software tools constructed to analyze it have yielded important metrics for the NGST. They have underscored the importance of large area detectors and indicated the minimum size primary mirror needed. As the project moves into more mature phases the DRM will begin to acquire more detailed information about each of its targets (such as the need to revisit the target with a specific orientation, time resolution needed for multiple observations, etc.). This information will be incorporated into the evaluation scheme that will result in a selection of the ultimate NGST design.
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