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Abstract-Far infkared interferometers in space would 
enable extraordinary measurements of the early universe. the 
formation of galaxies, stars, and planets, and would have 
great discovery potential. Half the luminosity of the universe 
and 98% of the photons released since the Big Bang appear 
at far-IR and submillimeter wavelengths (40 to 500 pm). 
Because the Earth's atmosphere prevents sensitive 
observations from the ground at wavelengths shorter than 
about 300 pn, and large effective apertures are required to 
achieve sub-arcsecond angular resolution, this is one of the 
last unexplored frontiers of observational astronomy. We 
present the engineering and technology requirements that 
stem from a set of compelling scientific goals and discuss 
possible configurations for two proposed NASA missions, 
the Space M a r e d  Interferometric Telescope (SPIRIT) and 
the Submillimeter Probe of the Evolution of Cosmic 
Structure (SPECS). 
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1. INTRODUCTION 

astrophysical information in this spectral region [9]. A major 
advantage of space observations in the FIR/SMM is that this 
regime coincides with a minimum in the natural shy 
background spectrum between the iocal zodiacal light 
emission and the cosmic microwave background [6]. We are 
particularly motivated by questions about the evolution of 
primordial structure in the universe and the formation of 
galaxies, stars, and planets. Poor angular resolution has 
always been a major limitation at these wavelengths. Even 
the next generation of space-based S a r e d  telescopes will 
have inadequate angular resolution to take full advantage of 
this unexplored regime. 

Our aim in this paper is to answer the following questions: 
Why is it important scientifically to attain angular resolution 
comparable to that of the Hubble Space Telescope (HST) in 
the far idrared and submillimeter? How can this be 
accomplished during the next two decades using 
technologies now within reach? The instrument type that 
shows the greatest promise is a Michelson imaging and 
spectral interferometer. Two missions - the Space Infkared 
Interferometric Telescope (SPIRIT) and the Submillimeter 
Probe of the Evolution of Cosmic Structure (SPECS) - were 
recently added to NASA's strategic plan. We derive 
engineering and performance requirements from the science 
requirements for these missions and describe early mission 
concepts. The enabling technologies for SPIRIT and SPECS 
are briefly described here and in greater detail by Shao et al. 
WI. 

2. WHY INTERFEROMETRY? 
A lack of angular resolution stands as the major obstacle to 
scientific progress in the FIR/SMM rather than a shortage of 
light collecting capability. The universe produces a huge 
number of photons at these wavelengths. Sub-arcsecond 
angular resolution is essential to address key science 

be required to resolve distant, young galaxies or 

the potentia' Of new detectors and 'Wogenic questions. Resolution in the hundredths of arcseconds would 
telescopes in space to provide background limited sensitivity 

we began to consider how best to explore the wealth of 
at far and (FIR/Sm) protoplanetary systems in nearby star fo-g regions. 
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Table 1 - Angular resolution comparison of representative 
instruments 

NGST a 

Instrument Angular I Spectral I I ReSQlUtiQn Region 

0.1 near-IR 
3 
5 

I 0.001 I radio 
0.01 1 millimeter 

:IRST a 
;OFIA a 

m m l O m / A O a  i 0.02 I n e a r - m  

- I . . . . - . . . 
14 submillimeter 
20 far-IR 
30 far-IR 

I H S T ~  I 0.05 I visible I 

a VLBA == Very Long Baseline Array; ALMA = Atacama 
Large Millimeter Array; A 0  = adaptive optics; HST = 
Hubble Space Telescope; NGST = Next-Generation Space 
Telescope; SIRTF = Space Inf?ared Telescope Facility; 
JCMT-SCUBA = James Clerk Maxwell Telescope, 
Submillimetre Common-User Bolometer Array; FIRST = Far 
M a r e d  and Submillimetric Space Telescope; SOFIA = 
Stratospheric Observatory for Infrared Astronomy. 

Table 1 lists several contemporary instruments, sorted 
according to their spatial resolving power. Notice that. all the 
FWSMM telescopes appear at the bottom of the list and 
provide resolution comparable to that of the human eye. Of 
the FIR/SMM telescopes listed, only the James Clerk 
Maxwell Telescope (JChIT) is currently operating; the 
others will become available over the next several years. A 
further thousand-fold gain in resolving power will be needed 
after the Far Inj?ared and Submillimetric Space Tejescope 
(FIRST) is launched in 2007 before telescopes operating in 
this spectral region rival their visible and near-IR 
counterparts. 

For a fixed wavelength, the achievable angular resolution is 
determined by the primary mirror diameter of a filled 
aperture telescope or the maximum baseline separation of an 
interferometer. At 300 pn, a mirror size or interferometer 
baseline length of 30 m yields only 2.1 arcsec resolution; it 
takes a 1 km mirror or baseline to reach HS'T-class 
resolution. Figure 1 compares the angular resolution 
provided by 30 m and 1 km apertures with that of several 
other planned telescopes. 

Beyond the ability of a particular solution to satisfy a set of 
science requirements, technical feasibility and cost are 
fundamental issues for consideration when choosing 
between an interferometer and a filled aperture telescope. 
Another issue might be the potential of a particular 
architecture to validate technologies that will be needed for 
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Figure 1 - The angular resolution of a 30 m 
interferometer would improve upon that of the next 
generation instruments SOFIA and FIRST by an order of 
magnitude. A 1 Ian interferometer would provide 
resolution, comparable to that of the NGST or the 
ALMA. 

later generations of instruments. The cost of a 30m 
interferometer, based on three independent, albeit 
preliminary estimate,s, is about half the cost of the Next 
Generation Space Telescope (NGST). Such an 
interferometer could be built as a deployable boom. A 30m 
class filled aperture tslescope or a 1 km class interferometer 
would likely be comparable in cost to NGST. 

While the filled aperture telescopes would far surpass their 
interferometric counl erparts in light collecting ability, this 
would represent a true advantage only if the additional 
photons are necessary to make the desired measurements. 
For example, high-resolution (R = h/Ah I- lo6) spectroscopic 
observations of very faint objects would require a light 
collecting area perhaps measuring hundreds of square 
meters. Other compelling science objectives, such as those 
outlined in the next section, can be achieved, however, with 
somewhat lower spectral resolution and relatively modest 
mirror siz'es. At the physical scales we hope to resolve in 
distant galaxies, galactic bulk motions will broaden emission 
lines to at least tens of Ms. If the goal is to detect those 
lines, not to use them to model the dyniamics of individual 
star forming regions, then R = lo4 spectroscopy is adequate. 
The science goals given below for telescopes in each size 
class could be accomplished with either a filled or a sparsely 
filled aperture telescope. 

Finally, consider the enabling potential of each instrument 
configuration resulting from technology validation. Several 
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of the technologies needed to build a 1 km interferometer 
(e.g., a cooling distribution system) could be tested on a 
smaller filled aperture telescope. If the ultimate aim were to 
construct an enormous cryogenic filled aperture telescope, 
then the smaller filled aperture telescope would be a logical 
choice. However, a 30 m interferometer is the more natural 
precursor to a km-class interferometer and would validate all 
the needed technologies except formation flying. 

3. COMPELLING SCIENCE UNIQUELY ENABLED BY 
FIR/SMM INTERFEROMETRY 
About hklf of the luminosity and 98% of the photons 
released since the Big Bang are now observable in the far 
infrared. Evidence for this can be found both in the spectral 
energy distributions of individual galaxies [13] and in the 
FIRISMM background found by the Cosmic Background 
Explorer (COBE) [2], [3], [6]. Based on their 
JCMT/SCUBA observations and referring to this 
background, Cowie and Barger [l]  conclude that it is 
created primarily by a population of ultraluminous infrared 
galaxies (ULIRGs), most of which lie in the redshift interval 
z = 1 - 3. The COBE and SCUBA results have stirred great 
interest in the scientific community, and there is growing 
recognition that galaxies of more modesf luminosity also 
contribute to the FIRISMM background. Now we need a 
better picture of the FIRISMM sky, a picture as clear and 
rich with information as the famous Hubble Deep Field.' 

WAVELENGTC (*?I> 

Figure 2 - Spectrum of the Milky Way galaxy, indicating 
the importance of the C' 158 p line and showing that 
approximately half of the light is emitted in the far- 
infrared. In ULIRGs the FIRISMM luminosity can be 
orders of magnitude stronger than the near-moptical 
luminosity, which comes directly from stars. This 
FIRISMM spectrum was measured by the Far Infared 
Absolute Spectrophotometer on NASA's COBE satellite. 

Because the mechanisms that give rise to FIWShQI 
emission are well understood, and because this emission is 
only minimally affected by extinction, it can be used to 
measure physical conditions in the early universe, in 

See http://oposite.stsci.edu/pubinfo/pr/96/Ol/HDF.html 

~ 
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galaxies regardless of their distance, and in star and planet 
forming regions, which are naturally dusty environments. 
Interstellar dust warmed by absorbed starlight glows in the 
wavelength interval of 40 - 200 p, emitting a modified 
Planck continuum spectrum that can be characterized by a 
dust temperature and spectral index. A warmer spectrum 
may indicate enhanced star formation or galactic nuclear 
activity. In resolved galaxies individual H II regions and 
supernova remnants appear as bright, discrete IR sources 
and are characterized by exceptionally warm continuum 
emission. Often these signposts of massive star formation 
are concentrated in the arms of spiral galaxies or in other 
sites of high gas and dust density, offering clues to the role 
of galactic scale events (e.g., tidal interactions) in the star 
formation process. Star formation is episodic in many 
galaxies, occurring in bursts that may have been more 
frequent during the galaxy-building era. The shape of the 
continuum spectrum can also be used to measure dust 
properties such as the grain size distribution or material 
composition. 

The FWSMM spectral region also contains a number of 
important interstellar gas cooling and diagnostic lines. For 
example, the C+ 158 pn line is emitted by UV-illuminated 
molecular clouds, especially clouds associated with massive 
young stars. The 158 pm line, the brightest line in the 
spectrum of the Milky Way (Figure 2), could provide a 
direct measure of the amount of star forming activity in 
distant galaxies. A large number of FIRISMM H20 and CO 
lines serve as coolants and bear valuable information about 
the conditions in collapsing star-forming molecular clouds 
[5], [lo]. Rest frame mid-IR neon line emission can be used 
to probe the physical conditions in the interstellar medium 
and distinguish thermal from nonthermal emissions [14]. 
Spectral patterns of bright lines can be used to measure 
redshifts and the kinematics of gas within distant galaxies, 
revealing rotation curves in some cases and information 
about mergers, interactions, and galaxy formation in others. 

The FIRISMM region is unique in the electromagnetic 
spectrum in its potential to aid our understanding of the 
evolution of structure in the universe. To learn how galaxies 
form and evolve we need the ability to measure their total 
luminosities, redshifts, metal abundances, gas kinematics, 
and morphologies at least back to a redshift z - 3, which 
corresponds to a time when the universe was a small fraction 
of its present age. Emission at wavelength ho in the rest 
frame of a distant galaxy is redshifted to wavelength 
h = ho(l+z). For example, 0.5 pm starlight from a galaxy at 
z = 3 would be observed at 2 p, where it could be seen 
with the NGST. Likewise, 100 pn dust emission from the 
same galaxy would be observed at 400 p. It is essential but 
not sufficient to measure starlight redshifted toward the 
near-IR, as this accounts for only half of a galaxy's 
luminosity. Indeed, most of the sources that comprise the 
FIRISMM background are extremely faint in the optical and 
near infrared [l]. Dust obscures our view of the universe at 
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Table 2 - Science goals for FIR/SMM interferometers 

30 m interferometer 1 km interferometer 

Fully the 'Osmic IR background and 
make spectroscopic measurements needed to 
chiaracterize the sources 

Probe physical conditia'ns in galaxies back to the 
epoch of their formation 

Measure the spectra of protostars and 

Measure the luminosity history and elerrlent and 
dust formatio,n history of the universe 

exozodiacal dust disks to constrain star and 
planet formation models I I and learn how planetary systems form I 

Image exozodiacal dust clouds to study dust 
temperature, density, and grain size distributions 

Figure 3 - Visble wavelength observations of fous ultraluminous infrared galaxics obtained with die Hubble Space 
Telescope show features likely to be sites of concentrated FWSMM emission, demonstrating the need for high angular 
resolutiori at these wavelengths. Each of these galaxies measures only a few arcseconds in diameter. Additional IR bright 
spots are likely hidden fiom view by dust and not seen here. Images courtesy of K. Borne and NASA. 

short wavelengths, often frustrating attempts to measure star 
formation rates accurately or peer into the centers of 
galaxies or star forming regions. For example, studies of 
Active Galactic Nuclei have thus far been hampered by our 
inability to see into the dust-obscured galactic nuclear 
region. 

Table 2 lists several particularly impalrtant objectives for 
FWSMM space interferometers in the 30 m ,and 1 km 
classes. The specific: measurement capabilities needed to 
accomplish these goals are spectral resolution R = 1,000 or 
greater; a field of view measuring at least a few arcminutes; 
access to the entire sky; and point source sensitivity of the 
order of lo7 Jy-Hz (lo-'' W m-'). Images of ULIRGs 
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Table 3 - Instrument dimensions and performance 

~ 3x104s 3x105s 
0.5-2 x IO-’” W/mL (0.5-2 x I O ’  Hz 

2-5 x W/m2 (2-5 x 10’ Hz JyJ Jy) 
0.3-2 x IO- ”  W/m2 (0.3-2 x 10 Hz 0.3-1 x IO-’’ W/m2 (0.3-1 x I O 7  Hz 

I Parameter 

1 Jy) I Jy) I 

I Wavelength Range 

SPIRIT 

40 - 500 pm 
I SDectral Resolution 

SPECS 

40 - 500 pm 

I Maximum Baseline, b,, 

3.4 arcmin 

100 x 100 resolution elements at 
300 pm 

I Number of Collecting Mirrors 

3.4 arcmin 
3,400 x 3,400 resolution elements at 
300 pm 

I Mirror Diameter 
Angular Resolution, h / bmx 
Field of View 
Typical Image Size I 

I TvDical ExDosure Time 

Typical Sensitivity, vS, (la) 
At hlAk = 1,000 
At h l M  = 3 (SED mode) 

UD to i o4  I U D ~ O  i o4  I 
30 m I 1 km I 
2 1 3  I 
3 m  I 4 m  I 
2.1 arcsec at 300 um I 0.06 arcsec at 300 um I 

obtained with the Hubble Space Telescope, such as those 
shown in Figure 3, illustrate the value of angular resolution 
in the tens of milliarcseconds, the level reached by a 1 km 
interferometer. Galaxy count models fitted to Infrared 
Astronomical Satellite (IRAS), Infrared Space Observatory 
(ISO), and. JCMT/SCUBA observations [4] indicate that a 
30 m interferometer would break through the confusion 
barrier quickly reached by smaller telescopes, and enable 
measurements of the spectra of individual high-z galaxies. 
Confusion now prevents us from making the desired 
observations. 

A particularly compelling, though more speculative aim for 
FIR/SMM interferometry is to image the pristine molecular 
hydrogen that gave birth to the first generation of stars, 
before any heavier elements existed. Even if the highly 
redshifted mid-IR H2 cooling lines prove too faint to detect, 
FIR/SMM space interferometers will be able to measure the 
cosmic history of element synthesis and dust formation 
through spectral line and continuum observations. 

4. SPIRIT AND SPECS 
Following the approach of Mather et al. [9] we describe here 
concepts for two FIR/Sh4M space interferometers designed 
to achieve the scientific objectives outlined in Table 3. Both 
are spatial and spectral Michelson interferometers that 
employ low-noise direct detectors and cryogenic mirrors to 
reach background-limited sensitivity. The Space Infrared 
Interferometric Telescope (SPIRIT) has a 30 m maximum 
baseline. The Submillimeter Probe of the Evolution of 
Cosmic Structure (SPECS) has a 1 km maximum baseline. 
The wavelength interval of 40 to 500 pm is accessible to 

SPIRIT and SPECS; however, the spectral range could be 
adjusted at either end to provide coverage complementary to 
that of the NGST at shorter wavelengths and the ALMA at 
longer wavelengths. The instrument dimensions and 
estimated performance are summarized in Table 3. Sketches 
of preliminary designs are given in Figures 4 and 5.  

Both SPIRIT and SPECS sample the synthetic aperture (‘U- 
v” plane) densely, if not completely, to produce high-fidelity 
images. During an observation, which might take hours in 
the case of SPIRIT or several days in the case of SPECS, the 
flat mirrors used as siderostats sweep out a spiral pattern. To 
keep the geometric delay to a minimum these mirrors stay 
equidistant from the beam combining optics, and the plane 
of the spiral is perpendicular to the line of sight. On SPECS 
the siderostats could be tethered to the beam combiner to 
mitigate the need for a prohibitive amount of thruster fuel. 
Centrifugal forces would provide rigidity and help to 
stabilize the system. 

A proven technique will be used to obtain spectroscopic 
data. By scanning the optical delay line, the Michelson 
design naturally yields spectral information. In this respect 
SPIRIT and SPECS would resemble the Far Infrared 
Absolute Spectrophotometer (FIRAS) that flew successfully 
on the COBE satellite [SI. 

The desired wide field of view can be obtained by using an 
array of detectors to make parallel observations of multiple 
primary beams. A laboratory instrument called the Wide- 
field Imaging Interferometry Testbed is being developed at 
NASNGoddard Space Flight Center (GSFC) to characterize 
the performance of an interferometer that operates in this 
manner [7]. The delay line must be long enough both to 
equalize the path lengths for all pixels in the field of view 
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Figure 4 - Perspective view of concept for SPRIT. 
Boom and flat mirrors, initially packaged in a rocket 
shroud, would deploy from the central platform holding 
the beam combining optics and delay lines (not shown). 
Flat mirrors move along tracks to a side-by-side position, 
which provides low spatial frequency information. The 
entire assembly spins, giving complete coverage of the 
synthetic aperture plane. An alternative concept uses 
several mirrors distributed along the boom and 
illuminated painvise by movable secondary mirrors. 
Beam combination would be done on an optical bench 
located at the central hub. Drawing courtesy of A. Jones 
(NASNGSFC). 

and provide the desired spectral resolution at the longest 
wavelengths of interest. The total delay would be about one 
to several meters. The delay line optics and scanning 
mechanism would have to operate at cryogenic temperatures 
to keep instrument noise to a minimum. 

Figure 6 shows that the sensitivity of SPIRIT and SPECS to 
a point source compares favorably to that of NGST and 
ALMA and represents a substantial improvement over the 
next-generation FWSMM instruments. Somewhat longer 
exposure times are assumed for SPIRIT and SPECS (see 
Table 3) than for the other instruments (1 x lo4 s), but these 
times are reasonable considering the spacecraft movements 
required for image synthesis. High signal-to-noise ratio 
spectral energy distrubutions (SEDs) could be produced by 
smoothing interferometer spectra to R = 3. SPIRCT and 
SPECS will be able to measure the SEDs of normal, as well 
as ultralwninous galaxies back to the epoch of galaxy 
formation. They could detect the C+ 158 p line in a galaxy 
like the Milky Way at a redshift z = 1 and provide cckmplete 
(R = 1000) infrared spectra of the galaxies considered likely 
to contribute the bulk of the cosmic far-IR background. 

noise values are chosen to satisfy the requirement to achieve 
sensitivity limited by the diffuse sky brightness [6], the 
assumpticin made to estimate the sensitivity shown in Figure 
6. An analogous requirements flow down chart for SPIRIT 
would lock much like the SPECS chart, except that SPIRIT 
uses a 30 m deployable truss instead of formation flying. 
Making reasonable iissumptions about the time required to 
develop each of the key technologies to an appropriate level 
of maturity, we estimate that it will be possible to launch 
SPIRIT in 2009 and SPECS in 2015. The preferred location 
for FIR/SMM interferometry is the Sun-Earth L2 point, as it 
is distant enough to help with cooling and pointing, yet near 
enough to handle a large data rate. 

Figure 5 - Early concept for SPECS as it would appear 
from the target ol' observation. The plane of rotation is 
perpendlicular to the line of sight, nlinimizing geometric 
delay. A central hexagonal structure contains the beam 
combining optics, delay lines, and a capability to obtain 
short spacing information with additiional siderostats that 
move along the i ums  to positions close to the center. 
Tethers join the long baseline light collectors (flat 4 m 
mirrors) to counterweights (or additional mirrors) to reduce 
spinup as the mirrors are pulled closer to the center. Sun 
shields would protect all surfaces in the optical path. Note 
that the central structure resembles SPIRIT, except that it 
contains three booins instead of one. Concept and drawing 
courtesy of D. Quhm (NASNGSFC). 

The engineering implications and new technology 
requirements that stem from the set of science goals and 
desired measurement capabilities envisioned for SPECS are 
shown in Figure 7. The mirror temperature and detector 
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Paint source Detectability 

Figure 6 - Sensitivity of SPIRIT and SPECS compared with the broadband (R-3) sensitivity of other instruments (NGST, 
SIRTF, FIRST, and ALMA), and with representative galaxy spectra. Thin solid curves are ULIRGs at redshifts z = 1, 2, 
and 5; dashed curve is the Milky Way spectrum redshifled to z = 1. Small vertical arrows under the galaxy spectra mark 
the location of the C+ 158 pm line. Instrument exposure times are given in the text. Galaxy spectra courtesy of E. Dwek 
(NASNGSFC). 

5 .  TECHNOLOGY REQUIREMENTS 

The technology requirements for FWSMM space 
interferometry can be categorized into four areas: 1) 
detectors, 2) cooling, 3) opticshterferometry, and 4) large 
structures/formation flying. The relevant technology 
developments currently underway in these areas are 
described in further detail by Shao et al. [12]. 

5. I Detectors 

The detector goal is to provide noise equivalent power less 
than lo-*' W Hz-'" over the 40 to 500 pm wavelength range 
in a 100x100 pixel detector array, with low-power 
dissipation array readout electronics. The ideal detector 
would count individual photons and provide some energy 
discrimination, which would enable more sensitive 
measurements. For example, improved measurements of 

extragalactic C' 158 pm line emission could be made if the 
intrinsic narrow-band response of the detector were used to 
improve the line-to-continuum flux ratio by reducing the 
total detected flux, much of which comes fiom mid-IR 
zodiacal emission. 

5.2. Cooling 

To take full advantage of the space environment, FIR/SMM 
space interferometers require cold mirrors (-4 K) and 
detectors (4.1 K or colder). Active coolers must operate 
continuously and not cause si&icant vibrations of the 
optical components. The coolers should be light in weight. 
Cooling power will have to be distributed over long 
distances (meters) and large mirror surfaces. Thermal 
transport devices will likely have to be flexible and 
deployable. Large, deployable sunshades will be needed, 
and they will have to provide protection without seriously 
compromising sky visibility. Since several stages of cooling 



S P ECS Req u i re men ts F Iowrdown 
Science Goals 

Probe 
conditions in 
galaxies back to the 
epoch of their 
formation 

Measure the 
luminosity history 
and element and 
dust formation 
history of the 
universe 

Imago exozodiacal 
dust c:louds to study 
dust temperature, 
density, and grain 
size distributions 
and learn how 
planetary systems 
form 

Measurement 
Capabilities 

Far-IR and 
Submillimeter 
Imaging and 
Spectroscopy 

Spectral Range 
40 - 500 pm 

Angular 
Resolution 
0.06” at 300 pm 

Spectral 
Resolution 
hidh = 1000 required, 
I O5 desired 

Field of View 
3’ required, -10’ 
desired 

Sensitivity 
vS, = 0.3-1~10~ Jx-Hz 
(0.3-IXIO-‘~ W m- ) in 
3x1 O5 sec over entire 
spectral range, 10 at 
spectral resolution 
R=3; 0.5-2x108 Jy-Hz 
at R=lOOO 

Engineering 
lmplilcations 

System Angular 
Resolution, 
Metrolo!Qy, and 
Performlance: 
*Baselines adjustable 
up to 1 km 

‘3 siderostats plus 
beam combiner - 
Michelson 
spectrorneter 

04 x 4 meter 4K optics 
‘0.5 pm rnirror 

~MetrOlOgy to -1 pm 
50 mi lliarcsecond 

- 

surface 

pointing 

Detectors: 

NEP II090 W Hz-’” 
100x1 00 pixel 

array 

Key Technologies 

Submillimeter 
detectors 
.FIR photon counters 
(40 - 500 pm) 

*Supercoiqducting 
multiplexers 

Active aind 
passive cooling 
00.1 K coolers 
*Mechanical 

*4K coolirig loops 
*Large sunshields 

Formation flying 
*Tethers in spin- 
stabilized formation 

*Inertial referencing 
for phasing, guiding 

Optics and 
interferometry 

Lightweight 4K optics 

*Wide-field imaging 

coolers 

(4 meter!;) 

interferometry 

I 

Figure 7 - Requirements flowdown chart for SPECS showing the engineering implications and technology requirements 
that stem from the science requirements and desired measurement capabilities. 

must be used to reach the required temperatures, the devices 
that operate in each temperature range must be able to 
interface with one another both mechanically and thermally. 

5.3 Optics/Interferometry 

The mirrors needed to enable FIRISMM space 
interferometry must: (a) be light in weight (1 - 3 kg/m’), (b) 
have a surface roughness not exceeding -0.5 pm nns, (c) be 
able to be cooled to 4 K, and (d) maintain their shape to a 
small fraction of a wavelength when subjected to cooling or 
mechanicail stress resulting from spacecraft rotation. 
Beamsplitters that can operate at 4 K and over the 
wavelength range 40 - 500 pm are needed. Long cryogenic 
delay lines (meters) are required. They must be able to 
stroke (full amplitude) at -1 Hz and survive about 0.5 
billion cyc:les, and they must impart minimal disturbance on 
the metering structure. Finally, as noted in section 4, 

techniques and algorithms for wide-field interferometry will 
have to be devehped. The performance of a real 
interferometer designed to produce wide-field images must 
be mode1e:d and understood. 

5.4 Large Structuresl%ormation Flying 

A variety of architectures is possible for SPIRIT. but all of 
them depend on the availability of a lightweight, deployable 
truss structure measuring at least 30 m -in length when fully 
expanded. Any parts of the truss that will be seen by or in 
direct contact with the mirrors must be cryogenic. One 
possible design requires the deployed structure to be 
controllable in length. Another requires tracks and a mirror 
moving mechanism. Any repeating mirror movements will 
have to be smooth and rely on a mechanism that is robust 
enough to survive at least 10,000 cycles. 
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Imaging interferometry with maximum baseline lengths in 
the 1 km range implies free-flying spacecraft. The 
requirement is to sample the U-v plane completely, yet avoid 
the need for an unaffordable amount of propellant for 
formation flying. It may be necessary to combine tethers 
with formation flying to form a long-baseline observatory 
that maintains symmetry while rotating [ 111. The system will 
have to be deployable, stable, and capable of being steered 
toward a succession of targets. A modeling effort is being 
undertaken at NASNGSFC. 

6. CONCLUSIONS 
Far-infraredsubmillimeter space interferometry has the 
potential to provide at least two orders of magnitude 
improvement in both sensitivity and angular resolution over 
SIRTF and FIRST, the next generation of space 
observatories that will operate in this spectral region. With 
interferometry it will be possible to achieve in the FWSMM 
a field of view, image quality, and mapping speed 
comparable to those of NGST in the visiblehear-IR. This 
can be accomplished with (1) a Michelson configuration 
with two or more remote reflectors at least 3 m in diameter, 
around a central spacecraft, (2) in deep space (e.g., the L2 
point), (3) full coverage of the (U-v) plane with rapid motion 
and tethers to reduce fuel consumption if the span is large, 
(4) long stroke retroreflectors, (5) background limited far IR 
detector arrays with sensitivities W Hz-’” and 
100x100 pixels, (6) telescope temperature -4 K, and (7) 
guide star tracking for absolute phase information. If early 
technology development investments are directed toward 
meeting the specific requirements outlined in this paper, 
SPIRIT could be launched by 2009 and SPECS by 2015. 
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