
NASA'S NEXT GENERATION SPACE TELESCOPE: 

VISITING A 
TIME WHEN 
GALAXIES 
WERE YOUNG 

By Bernard D. Seery and Eric P. Smith NASA's next great endeavor, a space telescope to study the origin 

of galaxies, is in its formulative phase. Seery and Smith update readers on the paradigms, processes, and optical 

parameters of this project. 

Astronomy in the latter half of this century 
has made wondrous discoveries, expanded 
our understanding of the universe, and 
opened humanity's vision beyond the visible 
portion of the electromagnetic spectrum. 
Our knowledge of how the cosmos was born 
and how many of its phenomena arise has 
grown exponentially in just one human life
time. In spite of these great strides, funda

mental questions are largely unanswered. In particular, 
we have at best a rudimentary picture of how the 
primeval fireball cooled and formed the galaxies and 
stars we are familiar with today. To further our under
standing of the way the present universe formed follow
ing the Big Bang requires a new type of observatory 
with capabilities currently unavailable in either existing 
ground-based or space telescopes. NASA is currently 
studying such a telescope, known as the Next Genera-
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tion Space Telescope (NGST). This grand effort is 
embedded in NASA's Origins Program, which seeks to 
investigate the origins of galaxies, stars, planets, and per
haps even life. 

Recent discoveries by ground-based telescopes of dis
tant galaxies—which emitted the light we detect today 
when the universe was only about one tenth its present 
age and roughly one-sixth it present size—have pro
found implications for our understanding of the history 
of the universe. Radiation from objects at these dis
tances has its wavelength stretched by a factor of 1 + z, 
where z is the astronomical redshift. The current record 
holders for distant galaxies have z~5.5. Observations by 
the Hubble Space Telescope (HST) have also revealed 
the large number of seemingly well-formed galaxies 
whose redshifts are on the order of 2 to 3. For such 
galaxies to resemble present day systems, they must have 
existed for a few billion years. Other recent HST obser
vations with the Near Infrared Camera/Multi-Object 
Spectrograph have begun to show interesting phenome
na in the near-IR at high angular resolution (~0.1 arcsec 
FWHM). These observations, and others like them, 
point the way to a regime where much observational 
astronomy progress is likely to be made: high angular 
resolution IR astronomy. 

Mandate from the astronomical community 
In 1993, the Association of Universities for Research in 
Astronomy commissioned a study to look at possible 
programs and outline astronomical goals for the first 
decade of the 21st century.1 The study's report had three 
principal recommendations: operate the HST beyond its 
nominal end of life (2003) by dramatically reducing 
operation costs; construct a near-IR optimized, large 
diameter (> 4 m) space telescope to study the birth of 

the first stars and galaxies; and develop an IR interfer
ometer to detect planets around nearby stars. The sec
ond recommendation has matured into the NGST con
cept. The committee was comprised of astronomers 
whose experience spanned the IR through UV portion 
of the spectrum, and whose areas of study ranged from 
planetary systems to cosmology. Hence, the goals out
lined by the report represent the desires of the IR-
optical-UV community for the coming decade. 

NGST core mission 
While the NGST will be a general use facility and will 
consequently be used for a wide variety of astronomical 
programs, it is important to remember that the prime 
mission of the observatory will be the study of the faint 
and distant universe. To better understand the role that 
NGST will play in the astronomical arsenal of telescopes 
it's instructive to consider the regions of space already 
explored by other space and ground-based telescopes. 
Figure 1 shows our best current understanding of the 
evolution of the universe's structure, indicating the 
regions from which we have already collected data, 
namely the first 300,000 years of the universe and the 
universe's lifetime 12-15 billion years after the Big Bang. 
But the very first stars and galaxies began to coalesce 
sometime after the first few million years, and galaxies 
existed after the first billion years. This region of time— 
from a few million to 1 billion years—in the universe's 
history is known as the "Dark Zone." This zone, where 
no astronomical observations exist, is the primary target 
of the NGST. 

These first stars and galaxies are predicted to be 
extremely faint. Typical brightness estimates for primor
dial galaxies are in the 1-3 nanoJansky level (1 Jansky = 
10-26 W m - 2 Hz - 1 ) . The light from stars and galaxies in 
the Dark Zone will be redshifted to ~6-7 times their 
nominal wavelength. Visible light will appear at approx
imately 2 µm. Radiation from earlier epochs will be 
shifted to even longer wavelengths. In the near-IR, 
ground-based observations are severely affected by 
atmospheric absorption and emission, and the thermal 
radiation of the telescope optics. With angular resolu
tion comparable or superior to that obtained under 
optimum conditions with adaptive optics, a large, pas
sively cooled space telescope will enjoy 1,000 times less 
background noise and will be capable of extending the 
sensitivity of HST to wavelengths of 3-5 µm, depending 
on the effective aperture. 

The angular sizes of early galaxies are on the order of 
0.2-0.5 arcsecs in diameter. While the angular resolu
tion required for these studies is achievable with the 
HST, and, using active or adaptive optics, with some 
ground-based observatories, neither can combine the 
required flux level sensitivity and angular resolution 
over wide fields-of-view that the NGST hopes to 
achieve. 

Unique capabilities 
These demanding performance parameters drive the 
NGST into a unique portion of the observational phase 
space (parameter space), defined by sensitivity, angular 

Figure 1. Structure formation history of the universe signals from the universe's 
first 300,000 years have been studied most completely by the Cosmic Background 
Explorer (COBE) satellite, and these results will be improved on by NASA's soon-to-
be-flown Microwave Anisotropy Probe (MAP) mission and ESA's Planck mission. 
These observatories study light from the universe prior to the formation of stars and 
galaxies. At the opposite end of time, nearer to the present, we have studied the 
universe with ground-based telescopes and space satellites like the HST. These 
instruments probe the universe at ages from a few billion years old to the present 
(12-15 billion years after the Big Bang). 
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resolution, and wavelength coverage. Each of the three 
parameters is critical to the goals of the NGST. IR wave
length coverage is required because the light from dis
tant objects is redshifted into these wavelengths; high 
angular resolution is critical because the objects we seek 
to discover are very small; and, high sensitivity is vital 
because the signals from these distant objects are very 
weak. Capabilities of the 8-m diameter, passively cooled 
NGST compared to other astronomical observa
tories show that the NGST will provide orders of 
magnitude increases in speed capabilities and 
will be open to regions of the spectrum blocked 
by the atmosphere for ground-based observato
ries (e.g., the Gemini telescope). Its high angular 
resolution will enable the NGST to follow up the 
lower resolution observations of the Space 
Infrared Telescope Facility, as well as discover 
new phenomena in the 3-20 µm wavelength 
band. 

It is clearly impossible to say exactly what sci
ence problems will be interesting in 10 years, but 
based on the envelope of performance require
ments of the observatory, there are some areas 
where we can generally predict NGST will yield 
unique observations. The performance require
ments are comprised of potential astronomical 
targets, their expected physical properties (num
ber density and brightness), and desired observa
tion modes (wavelength band, spectral resolu
tion, number revisits, etc.). Table 1 presents a 
top-level summary of both the imaging and 
spectroscopic observations requirements. 

Programmatic challenges 
The NGST will be developed by NASA in an 
environment characterized by both advanced 
technology and cost constraints. Development is 
cost-capped at $500 million (all amounts are in 
1996 dollars); launch costs and the subsequent 
10 years of scientific and mission operations 
should not exceed $400 million, for a total life 
cycle cost of $900 million. (This is comparable to 
the HST life cycle cost of $10 billion by the end 
of its life.) 

So how can we achieve these challenging cost 
goals, given the reality of the cost of other simi
lar, perhaps even less ambitious, missions? NASA 
believes that the answer may lie with innovative 
new technologies. In the past, technology was a 
way to fix spacecraft design problems. Today's 
paradigm is one of technology as a mission 
enabling element, not a problem solver. Howev
er, to achieve this, a significant emphasis on 
developing breakthrough technologies must be 
part of the mission design process. NGST is per
haps the first large astronomical mission with 
such an emphasis. 

Technical or performance breakthroughs in 
lightweight optics and passive cooling are 
important, but NGST cannot be built to cost 
based on these alone. New contracting meth

ods, which encourage development contractors to 
optimize on-orbit performance (based on some pre
determined metric), are being adopted for NGST. 
Additionally, significant emphasis is being placed on 
detailed analytical models and computer simulations 
of all aspects of the design, including the costly opera
tions and data reduction phases of the mission. Hard
ware testbeds will be used where necessary to validate 

Program 

Cosmic distances 

Wavelength 
band (µm) 

1.0-5 

Typical target fluxes 
(nanoJanskys)* 

~5 
(supernovae studies) 

Primeval galaxies 1.0-5 1-100 
Gravitational lensing 1.0-5 ~300 
Chemical evolution 

(distant interstellar 
medium) .5-5 ~5000 

Active galaxies 1.0-20 ~300 
Normal galaxies .3-20 2 x 10 5 

Stellar death 10.0-20 5 X 105 

Local stellar populations .5-2 3-12 
Local ISM 5.0-20 1 x 1 06 
Brown dwarfs 5.0-20 6000 
Circumstellar gas/dust 5.0-20 6000 
Solar system studies 1.0-20 14-4 x 10 4 

*(1 nanoJansky = 1034 W m-2 Hz-1) 
Table 1. N G S T d e s i g n re ference m i s s i o n . 

Parameter HST NGST 
Science Floor 

NGST 
Science Goals 

Wavelength range Ly a - 2 mm ~ Near-IR 0.5-30 µm 

Angular resolution Diffraction-limited 
at 0.55 pm 

Diffraction-limited 
at 2 mm 

Diffraction-limited 
at 0.55 mm 

Aperture diameter 2.4 m > 4 m > 8 m 

Sensitivity Instrument-
limited (NICMOS) 

Zodiacal-limited 
at 1 AU 

Exo-zodiacal 
background-limited 

Lifetime 15 years > 5 years 10 years 

Instruments WFPC2, STIS, 
NICMOS, FOC, 
FGS 

Wide-field camera/ 
spectrometer 

Add visible MIR 
camera/spectro
meter, and 
coronograph 

Table 2. Floor and stretch goals of NGST compared to HST. HST parameters are given 
since NGST, as the successor to HST, is often compared against it. WFPC2 = wide field 
planetary camera 2; STIS = space telescope imaging spectrograph; NICMOS = near 
infrared camera/multi-object spectrograph; FOC = faint object camera; and FGS = fine 
guidance sensors. 

Item Required performance 

Angular resolution < 60 milliarcsec at 2 µm 
Limiting magnitude up to 32 ABm 

Spectral range 1-5 mm (0.6-260 µm goal) 
Spectral resolution up to 4000 
Field-of-view 

(simultaneous imaging) 4' X 4' arcmin 
Instrumental background < zodiacal light at 1-5 µm 
Optics temperature < 60 K (30 K goal) 
Detector dark current < 0.02 electrons s e c - 1 p i x e l - 1 

Instantaneous sky coverage > 20% available 
Mission sky coverage 100% available 
Mission lifetime (years) > 10 

Table 3. Desired scientific requirements for the NGST. 
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these models, with the ultimate goal being to fully sim
ulate end-to-end system performance. 

Derived requirements 
Responding to the performance requirements summa
rized in Table 1, NGST scientists and engineers studied 
the role of the main instrumental parameters on the sci
entific capability of the observatory. Using the comple

tion rate of the program over a given mission lifetime as 
a figure of merit, a minimum top level performance cri
teria (called a science floor) was established. A series of 
"stretch" goals—ones that will be highly desirable from 
a scientific standpoint, but that must not be cost dri
vers—were then determined. These goals are summa
rized in Table 2 (page 31). 

The NGST science program is driven by its sensitiv
ity to natural background-limited conditions, 
not simply by angular resolution. As a result, 
the primary mirror aperture configuration 
must be as compact as possible, with a full 
circular aperture preferred. In fact, the diam
eter of the collecting aperture must exceed 
6 m to adequately complete the core, as well 
as most of the complementary, science pro
grams in a five-year mission. To some extent, 
telescope diameter can be traded off against 
instrument field-of-view. The instruments, 
typically less expensive than telescopes, were 
baselined with as large a field as practical giv
en the limits defined by aberration theory 
and mechanical packaging considerations. 

NGST is optimized for the near-IR because 
the radiation emitted by early universe objects 
is redshifted into the wavelength range in the 
neighborhood of 1-5 µm. The temperature of 
the telescope and instrument optics must be 
maintained below 100 K so that the optics 
emission is negligible in the near-IR wave
length bands of interest. To achieve 
background-limited performance for wave
lengths longward of 5 µm, the temperature of 
the optics must be less than 35 K for the full 
gamut of the mid-IR science program. Table 3 
(page 31) summarizes the desired characteris
tics of the observatory. 

NGST mission concept 
The early phases of the NGST concept studies have 
produced at least four candidate architectures from 
industry partners, spanning the range of requirements, 
as well as cost. The architectures are conceptually illus
trated in Figure 2, relative to where they rank in the 
requirement and cost categories. 

The design goal was to create a primary mirror that 
can be made larger than the stowed dimension dictated 
by the launch vehicle. Segmented deployable structures, 
pioneered by the DoD in the 1980s, seem to offer an 
answer that is robust to the vagaries of the launch vehi
cle industry. This approach, when applied to an optical 
system, is enabled by the technology and methodology 
of active optics. 

One architecture, the "Yardstick Mission Concept," 
uses a segmented deployable 8-m diameter telescope 
optimized for the near-IR region (2-5 µm), but with 
instruments capable of observing from the visible to 
30 µm. The observatory is radiatively cooled to about 
30 K. Table 4 shows the main characteristics of the 
observatory and an artist's view of the observatory 
appears at the far right of Figure 2. 

Figure 2. C o m p a r i s o n of capab i l i t i es and a s s o c i a t e d c o s t s for NGST. The t e l e s c o p e s on the 
s loping d iagram, from left to right, are the G S F C - d e l t a d e s i g n (the minimal capabi l i ty conf igu
ration), the Ball 6 m d e s i g n , the T R W 8 m d e s i g n , and the G S F C 8 m d e s i g n , the most c a p a b l e 
and where all the s t re tch g o a l s are a c h i e v e d . 

Figure 3. S ta te of the art in o p t i c s areal densi ty . 
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Technology roadmap 
A prime contractor will be chosen to begin detailed 
design and development of the observatory space and 
ground segments sometime after the year 2001. In the 
meantime, NASA intends to develop the necessary tech
nology. The NGST technology development strategy for 
readying the enabling technologies begins with compo
nent development, evolves to subsystem and system 
level testbeds, and culminates in selected flight valida
tion experiments. 

Active optics 
The most critical and probably the most challenging of 
the NGST components is the ultra-lightweight mirror 
technology. Systems studies have shown that the prima
ry mirror assembly is the chief driver of system mass. 
Therefore, the chief emphasis in our technology pro
gram is here. Figure 3 is a graph of areal density, in units 
of kg/m2, as a function of calendar year since the decade 
of the HST at 250 kg/m2. The NGST goal for areal den
sity is 15 kg/m2, about a factor of 2 improvement over 
the current state-of-the-art. This parameter includes the 
thin membrane reflector, figure actuators, and backing 
structure, including wires. There are four mirror devel
opment activities funded by the NGST project. The 
Univ. of Arizona and Composite Optics Inc. (COI) are 
developing ambitious 2 m-class active optics using a 
thin glass membrane and a glass-composite sandwich, 
respectively; Ball Aerospace is developing an ultra-
lightweight, half meter diameter, beryllium mirror; and 
fine polishing of a carbon reinforced silicon carbide 
mirror blank, manufactured by IABG in Germany, is 
being demonstrated. 

University of Arizona 
The Univ. of Arizona team includes Thermo Trex Corp., 
responsible for the cryogenic actuator development and 
the mirror figure control system; COI, responsible for 
the load spreader/flexure and reaction structure manu
facture; and Lockheed Martin, responsible for reaction 
structural design and system testing. The University has 
overall responsibility for system integration and for the 
grinding and polishing of the mirror face sheet. The 
mirror is hexagonal, 2 m in diameter (point-to-point), 
and has a spherical figure with a radius of curvature of 
20 m. It consists of a 2-mm thick borosilicate (Schott 
Borofloat) glass membrane attached to 200 actuators via 
9 point loadspreader/flexures. The actuators are placed 
on a composite reaction structure at 7-cm intervals. The 
system has an overall weight of 13 kg/m2 and is to be 
diffraction limited at 2 µm (see Fig. 4). The basic con
cept is that the actuator spacing, resolution, and throw 
are such that it will be possible to correct for mirror 
manufacturing errors, cryogenic distortion, and gravita
tional compensation during testing, and for zero-g 
release cryogenic cool down and temperature gradients 
and drift, in space. 

Composite Optics Inc. (COI) 
The COI mirror (see Fig. 5) is 1.6 m in diameter, made 
of a hybrid glass composite, and circular in shape with 

one flat side. It consists of a 3.2-
mm Zerodur (Schott) glass face 
sheet bonded to a composite core 
with a composite back sheet. The 
mirror is mounted via flexures 
and a central force actuator for 
radius curvature adjustment to a 
composite reaction structure. It 
has a spherical figure with a 15-
m radius of curvature and is also 
designed to be diffraction limited 
at 2 µm and have an areal density 
of > 15 kg/m2. 

Bali Aerospace & Technology Inc. 
The configuration being devel
oped by Ball Aerospace is a 
532-mm diameter light-weighted 

Item Value 

Scientific performance 
Wavelength 0.6-30 µm 
Aperture 8 m, quasi-filled 
Sensitivity 4 nJy in 10,000s at 2 µm, S /N = 10, BP 20% 
Resolution 0.050" (diffraction limited at 2 µm) 
Science instrument cameras, multiobject spectrograph 
Field NIR: 4' x 4' (camera); 3' x 3' (spectrograph) 

MIR: 2' X 2' (camera) 
Sky coverage Yearly: full sky; Instantaneous: 17% 

Technical features 
Optics configuration 3-mirror anastigmat with accessible exit pupil 
Aperture diameter 8-m OD, 7.2 m effective diameter 
Wavefront control image-based wavefront sensing with 5° of 

freedom mirror actuation + deformable mirror 
Optics temperature <70K (50K nominal) 
Mirror material lightweight beryllium 
System f ratio f /24 
Fine pointing 10 mas 
Data rate 1.6 mbps 

Mission aspects 
Mass < 3300 kg 
Spacecraft pointing 2" rms 
Power 
Mission lifetime 

800 W 
5 years nominal-10 years goal 

Orbit Sun-earth Lagrange 2 Halo orbit 
Launcher Atlas III a 

Table 4. NGST Yardstick architecture main characteristics. 

Figure 4. Univ. of Arizona mirror concept. 

Figure 5. Composite optics. 
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beryllium mirror with one flat edge and a correspond
ing solid beryllium backplane connected by a series of 
actuators and loadspreaders. Presently, the design is for 
three tip/tilt/piston actuators and one radius of curva
ture correction actuator in the center. The subscale 
beryllium mirror demonstrator mirror and backplane 
will be fabricated from a single spherical powdered 
beryllium boule supplied by Brush Wellman. The pro
posed mirror design has an areal density of approxi
mately 123 kg/m2, consisting of a 2.5-mm facesheet, 1.0-
mm thick ribs with a triangular cell open area design 
using 50-mm inscribed circle spacing. 

Industrieanlagen-Betriebsgesellschaft (IABG) CSiC 
A contract is in place with IABG to produce a 0.5-m 
carbon reinforced silicon carbide mirror blank; optics 
houses may bid to grind and polish the blank. 

Wavefront sensing & control methodology 
Alignment, phasing, and wavefront sensing and control 
will be developed and validated by the Developmental 
Cryogenic Active Telescope Testbed (DCATT). A con

cept for a layered control 
approach using image based 
sensing, as well as the software 
to implement it, is under devel
opment (see Fig. 6). 

DCATT will implement the 
approach in subscale hardware 
by development of an actively 
controlled 1-m class telescope 
with a segmented primary. The 
primary segments will be 

actuated and con
trolled in 6 degrees of 
freedom; the sec
ondary will also be 
controlled in 6 de

grees of freedom. An active 
optics bench will include relay 

optics, a deformable mirror, a fast 
steering mirror, and a coarse and fine 

wavefront sensor. A stimulus and scor
ing interferometer will complete the 

testbed. Operation is planned in three phases. 
Phase one will include room temperature operation 

with mostly off-the-shelf components to investigate and 
validate the fundamental optical control scheme. In 
phase two, the telescope (with its mostly off-the-shelf 
components) will be relocated to a cryogenic chamber 
during operation. The active optics bench will remain 
outside at ambient temperature. The principal goal of 
this phase is to evaluate performance of the cold tele
scope relative to the predictions of the NGST integrated 
system-level computer models. Finally, in phase three, 
the telescope will be retro-fitted with flight-like compo
nents. The active optics bench will remain at ambient 
temperature. These efforts will investigate and evaluate 
techniques for coarse and fine wavefront sensing, coarse 
alignment of the primary mirror segments and the sec
ondary mirror, phasing of the primary mirror segments, 

wavefront correction with the deformable mirror, and 
image stabilization with the fast steering mirror, as well 
as thermal effects on the telescope. 

Ground testbeds and flight experiments 
In addition to the DCATT, an NGST flight system test-
bed is planned to be a nearly full-scale, full-functional, 
"flight like" model of the NGST. It will be built at the 
system contractor's facility and will likely be the out
growth of one or more testbeds built during the earlier 
technology development activities. 

One flight experiment is planned to be a low-cost 
flight demonstration and validation of an inflation 
deployed sunshade for NGST. Current plans call for 
an approximately half-scale version of the shade to 
be flown on a shuttle deployed, free-flying spacecraft. 
The duration of the flight is one shuttle mission and 
the goals of the experiment are to test out suitable 
membrane materials, demonstrate a controlled infla
tion sequence and rigidization of the support struc
ture, measure flight dynamics and thermal perfor
mance, and compare results to predictions of the 
NGST system models. Many elements of the shade 
performance simply cannot be practically tested on 
the ground and this flight is required to understand 
the risk of using this new technology for a large 
NGST sunshade. 

Another flight experiment is planned to demon
strate deployable optics in the space environment. 
This is perhaps the most important technology 
demonstration for validating that a deployable tele
scope is a practical approach for large space tele
scopes, and to reduce the risks if large deployable 
optics are used. The goal is to build, launch, and op
erate a segmented, deployable 2.2-m diameter aper
ture telescope and demonstrate diffraction limited 
imaging of a bright star or other celestial object. The 
flight will span several months. 

Take off 
NASA's NGST will see the dark universe light up with 
stars. It will observe the formation of the first galaxies 
and supernovae, and trace the formation of the heavy 
elements from the primordial hydrogen and helium 
of the earliest epoch. Technologically, it will redefine 
the state-of-the-art in lightweight optics and detec
tors. Powerful onboard computers will be used to 
effectively rigidize the large, flexible structures and 
expansive mirror assemblies. You can find out more 
about this exciting project at http://ngst.gsfc. 
nasa.gov. 

Figure 6. Developmental 
Cryogenic Active Telescope 
Testbed (DCATT). 
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