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Abstract

We compare the performance, cost and risk of three candidate NGST
architectures: near-infrared optimized; mid-infrared compatible; and mid-
infrared optimized. We conclude that the mid-infrared compatible concept, with
optics and instrument modules passively cooled to about 40 and 30 K respectively
isthe most advantageous solution for NGST, whether mid-infrared
instrumentation is added or not. Such a solution is not significantly more costly
and offers lower risk because of the opportunity to passively cool the NIR
detectors. This approach enables the mid-infrared, zodiacal light limited to 10
mm, without increasing complexity, risk or cost of the observatory. We
recommend that the mid-infrared compatible architecture remain the basis for the
continued NGST study.

1. Introduction

The core scientific misson identified by the "HST and Beyond” (Dresder) report [1] callsfor a
near-infrared (NIR) zodiacal light limited observatory working in the 1 to 5 mm range.
Optimization of the observatory in that wavelength band has been interpreted as follows:

diffraction limited imaging (Strehl of 0.8) at 2 nm; and

instrumental background in broadband (20%) imaging mode negligible compared to
zodiacal light throughout the 1-5 nm band.

However, the Dresder report aso advocates extending NGST' s capability to the mid-infrared
(MIR). Thisisinterpreted as covering the 5 to 28 mm range (the Si:As detector practical range)
with a sengtivity significantly better (e.g. >100 times) than that of the best existing or planned
observatoriesin space (e.g. SIRTF) or on the ground (e.g. Keck). The argumentsin the Dresder
report are compelling and from the very beginning of the NGST study the 5-28 nm band was
included as a stretch requirement [2].



NGST has many technical challenges, and it must be completed within ardatively tight schedule
with a well-defined cost cap. All additionsto NGST must be justified in terms of science return
relative to risk and cost. This hasled usto consider what is the relationship between cost and risk
to the wavelength coverage. The Ad-hoc Science Working Group (ASWG) is presently assessing
the science return for the relevant wave ength ranges. When the ASWG study is merged with the
study being reported here, the arguments for or against inclusion of the extending the wavelength
range of the NGST mission will be quantitatively understood.

In what follows we discuss our approach to optimization and then present reference architectures
and compare them with respect to performance, risk and cost. We will often refer to the
“Yardgtick” architecture [3,4], a generic concept developed by the NGST Project Office to perform
abroad range of analyses and serve as a reference design to which industry concepts can be
compared [5,6]. The Yardstick concept, shown in Figure 1, uses only beryllium for the mirrors and
supporting structure of the optical telescope assembly (OTA). Amongst all materials used in
optical-mechanical systems, beryllium offers the best stiffnessymass ratio and a high conductivity
leading to minimal temperature gradients in mirrors and supporting structures.
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Figure 1. “ Yardstick’ architecture

2.0 Sensitivity considerations

2.1 Sources of backgrounds

NGST is being designed to significantly out-perform all existing and planned ground and space
based observatories. The atmaosphere and the relatively warm temperatures even on the highest
mountains at night limit observations with ground telescopes in the infrared, even in the
atmospheric windows. On the other hand, space-based MIR observatories to date, such as SIRTF,
ISO and WIRE, are severely limited by the small aperture of their tel escopes.

For a critically sampled diffraction-limited tel escope, the senstivity limit in the background-limited
mode is given by:
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where s isthe desired signal-to-noiseratio, | the wavelength, D the diameter of the primary
mirror, B thetotal background, and t the integration time. The background is composed of:
- zodiacd light;

atmosphere emission (for ground based tel escopes);

detector dark current and readout noise;

off-axis source straylight; and

thermal self-emission from both the optics and from surrounding surfaces scattering off

the optics.

Off-axis source straylight can be made negligible by proper baffling, so that for space tel escopes
the main sources of background are zodiacal light, thermal emission and detector noise. Thanksto
its cryogenic optics and very low dark current detectors, SIRTF is zodiacal light limited for MIR
imaging. With its 8-meter diameter, NGST offers a D? gain of 100 in signal strength over the 0.8
meter diameter SIRTF. But to be 100 times more sensitive (s), NGST, like SIRTF, needs to be
zodiacal light limited, and cannot suffer any |oss due to detector noise or thermal salf-emisson
from the optics. (In the spectroscopy mode, however, both observatories are detector noise limited
and NGST will always be at least 100 times more sengitive.)
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Figure2. Scatter from the sunshield off the surfaces of the primary and secondary
mirrorsis the dominant source of thermal input at the focal plane (eft). Typical fluxes due
to the sunshield scatter and direct thermal emission of the mirrors are shown at right in
the case of the Yardstick concept (reflective sunshield back layer at about 90 K).

All the architectures currently under consideration for NGST are designed as an “ open tube”
telescope behind a multi-layer sunshield. With the OTA’ slarge view to space, even aminimal
sunshield allows the optics to cool to temperatures where their thermal emisson is generaly
negligible compared to thermal emission from the sunshield scattering off the primary and
secondary mirrors (Figure 2) [7].
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Figure 3. Temperature of the primary mirror and NIR detectors as a function
of the temperature of the back layer of the sunshield. The calculations are
based on the Yardstick configuration, assuming an emissivity of 0.05 for the
sunshield and 0.03 for the mirror.

In our Yardstick concept studies, we found that a 90 K sunshield temperature appears feasible
without undue risk and allows the NIR detectors to be passvely cooled to ther required
temperature of 30 K (Figure 3) [3,8]. This corresponds to a zodiacal light background limit of
about 12 mm (Figure 2). For NGST to be zodiacal light limited to 28 nmm, the sunshied
temperature needs to be approximately 50 K (Figure 4).
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Figure 4. Wavelength at which the flux on the detector due to self-thermal emission of
the purely passive observatory equals the flux of the zodiacal light for various levels of
dust coverage on the optics (based on the Yardstick architecture).



2.2 Defining “ Optimized” Architectures”

Based on the arguments devel oped above, NIR-optimization can be defined as the warmest optics
and sunshield temperatures that yields zodiacal light limited performance up to 5mm wavdength. In
practice, it is assumed that the “ programmatic optimum” is obtained with optics at about 100 K;
the practical temperature where the telescope can be tested using liquid nitrogen (LN2), thus
reducing cost sgnificantly. These two definitions are essentially the same: in the best case, 100 K
optics (actively heated) combined with a cool enough sunshield will allow zodiacal limited
observations up to 7 nm (Figure 5).
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Figure5. Flux at the focal plane from the optics, scatter from the sunshield and the
zodiacal light in the case of the Yardstick-like architecture with a low emissivity
sunshield at 130 K and optics actively heated to 100 K. The contributions of the optics
and sunshield scatter are about equal. Such a systemis zodiacal limited up to 7mm.

These considerations indicate that from the point of view of the wavelength coverage, NGST
conceptsfal into three categories:

1. “NIR-optimized”, where the tel escope operating temperature is set at 100 K (zodiacal
light limited to 7 mm) in the expectation that the fabrication and testing cost will be the
lowest.

2. "MIR-compatible’, that isto say providing a respectable mid-infrared capability
(zodiacal light limited to approximately 12 mm), but without pushing the technical
aspects beyond what is required for NIR observations,



3. “MIR-optimized”, which is zodiacal light limited to 28 mm, clearly requiring a thermal
design beyond what is necessary for NIR observations. “ NIR-optimized”, where the
telescope operating temperature is set at 100 K (zodiacal light limited to 7 nm) in the
expectation that the fabrication and testing cost will be the lowest.

In what follows we first discuss the main design issues, then present reference architectures for the
three options above and compare them from the points of view of performance, risk and cost.

3. Design issues

In this section we review the principal factors which affect the design, construction and operation
of the observatory depending on its wavelength coverage.

3.1 Thermal stability

Compared to the well baffled and thermally controlled HST or to cryogenic telescopes such as SO
and SIRTF, NGST with its“open” telescope (no external baffle) is critically sendtiveto the
thermal environment; attitude changes will affect the alignment and figure of the optics. For a near
infrared diffraction limited telescope, the relative position of most of the optical dements (e.g. the
primary mirror segments) must not vary by more than about 530 m (I /40 on the mirror or al /20
wavefront error). Since the scale length of NGST is about a meter the allowable deformation is
about 10° meter per meter. This means that either the coefficient of thermal expansion (CTE) of
the structure and mirror material must be extremely low or the temperature field needs to remain,
independent of attitude, constant to within approximatey 0.1 K. (Or a combination of both of the
above.) These are difficult requirements on the materials (Table 1) and therefore thermal stahility
issues are clearly at the heart of every NGST concept.

Table 1. Coefficient of thermal expansion at 40 and 100 K for various
materials used in mirror blanks and telescope structures.

Material 40K 100 K
Beryllium (O50) | 4%0° 1.340°
Fused Silica 0.640%  -0.4%0°
Zerodur -640 7 -240”
Silicon carbide 2407 1407
Graphite Epoxy 107 107

One solution to the problem is to continuoudy control the position and figure of the optics using
internal metrology and actuators. One possibility would beto use “ edge sensors’ between each of
the mirror segments asin the Keck telescope [9], but thisis not sufficient since the rest of the
optical train isnot monitored. A more complete solution isthe * optical truss’ [10] shown in Figure
6. Multiple laser beams are launched from around the secondary mirror in order to measure the
position of the tertiary mirror and each segment of the primary mirror, alowing the position of the
optics to be continuoudy corrected as the thermal or dynamics environment changes. Additional
metrology can be used to measure and correct the figure of each of the segments. Thisisclearly a
relatively complex and expensive solution, and rdiability for a5 to 10-year mission may be a
problem.



Since the thermal environment at the L2 orbit is benign, and dynamics effects in a ow moving
telescope observatory minimal, all the architectures currently proposed for NGST are “ passive’
and rely on thermal stability over long periods. But this requires that the optics stay aligned and the
optical figure unchanged independently of the attitude of the telescope. The optics can bere-
calibrated at periodic intervalsto correct for drifts, but this should not occur more often than a few
weeks apart so as not to significantly reduce observing efficiency. Thus, it isimportant that the
OTA bethermally stable for extended periods of time.

Figure6. Inthe* optical truss’ approach, continuous laser metrology and active
control of each optical element of a telescope is used to maintain their precise respective
position and figure independently of the thermal and dynamic disturbances. This solution
isnot currently considered for NGST because of its complexity and cost. The relatively
benign dynamic and thermal environment of the L2 orbit favors a “ passive” solution.

3.2 Sunshield geometry and OTA temperature field variation

At the L2 orbit, the dominant external disturbance force is due to solar pressure acting on the
sunshield. Thisforceison the order of 1 N. The observatory must be designed such that the solar
force vector passes close to the center-of-mass. If not, the reaction wheels used for attitude control
will quickly saturate and require frequent thruster firings to unload their momentum. In the
architectures currently proposed for NGST, the sunshield is extended below the OTA beyond what
is geometrically required for shading in order to satisfy the center of pressure/center of mass
condition. Thisresultsin alarge sunshied. An aternate solution, which is potentially
advantageous from the cost and dynamics points of view, would conform the shield to the OTA
and use a solar trim sail to properly shift the center of pressure. In addition to providing a static
shift in center of pressure, the solar trim sail could also be articul ated to provide active control of
solar torque and thereby greatly decrease the need for thruster firings to unload momentum (Figure
7).

However, a conformal or L-shaped sunshield adversely affects thermal stability of the OTA.
Ignoring conduction within the OTA, the temperature of each eement of the OTA isa function of
that eement’s view factor to the back side of the sunshield and the temperature of that portion of
the sunshidd that is viewed. Elements of the OTA located close to the sunshield are more tightly
coupled radiatively to the sunshield than € ements farther away. Consequently, these close e ements
arewarmer and vary more in temperature with changes in sunshield temperature.



Changesin sunshidd temperature occur when the observatory dews and changes its pitch angle
with respect to the sun producing a change in the heat flux on the sunshidd. A planar sunshield
changes temperatures rather uniformly with pitch angle and maximum temperature changes on the
back-side are just afew degrees. Asaresult, temperature changesin the OTA are only a couple of
degrees at most. The better the thermal isolation performance of the sunshield then the smaller the
changein OTA temperature with pitch angle. Figure 8 shows the transient temperature response of
the yardstick design after aworst case dew of 27. An L-shaped sunshield is not nearly so well
behaved. Asillustrated in Figure 9, the primary mirror is strongly coupled radiatively to the foot
portion of the L-shaped sunshield. Dueto this geometry, the temperature distribution with the
sunshield varies many tens of degrees with pitch angle.

Figure7. In Yardstick-like architectures, solar torque is minimized by
extending the sunshield below the OTA (left). An alternateisto use a
conformal sunshield with a solar sail to balance the solar torque (right).

tetnp change (k)
=

Figure 8. Temperature change of each of the 8 mirror petals of the Yardstick
design following a 27° pitch slew (worst hot to cold case). The temperature of

the leading petal (closest to the sunshield) varies by 1.2 K, while that of the aft
petal (away from the sunshield) varies about 6 times less.



Figure9. An attitude change in the L-shaped shield architecture (top) leads to drastic
temper ature changes whenever the back of the mirror isilluminated directly because
of the close proximity of the primary mirror to the rear sunshield and because the heat
input varies as a sine law. In the case of the planar sunshield (bottom), the thermal
changes are much smaller because they follow a cosine law

3.3 Effect of a varying temperature field on image quality

Asdiscussed earlier, the image quality of the opticsis very senditive to temperature
variations. The Yardstick all-beryllium architecture, with a40 K OTA, benefits from a
material with high conductivity and low CTE and does not suffer from mixed materias
effects. Still, a 27° dew in pitch degradesimage quality to below the requirement. The
effect of thisworst case dew is shown in Figure 10. During the course of the day
following such a dew, the wavefront error increases from 2 to 3.540" m rms, and the
Strehl decreases from anominal value of 0.8, the* diffraction limit” according to the
Maréchal condition, to 0.7.

However, most of the wavefront error comes from bulk deformation of the structure and
to alesser extent from radius of curvature changes, and not from figure degradation
within the individual mirror segments. Although the average temperature of each mirror
segment changes, gradients are extremey low (on the order of 0.01 K across a segment)
so that their figures are unaffected except for a dight radius of curvature variation.
Hence, image quality can be restored by adjustment of the mirror support points. This
could be done with open loop mirror position correction following detailed calibration of
the effects. Alternatively, areatively smplethermal control can be used to maintain a
constant (although not necessarily isothermal) temperature field.

This problem is exacerbated in architectures which suffer from larger OTA deformation
either dueto larger temperature variations or because the CTE of the materia ishigher.
In these cases, more precise thermal contral is required.
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Figure 10. Effect of a worst case hot to cold slew on image quality in the case
of the Yardstick architecture. The wavefront error is shown at the top (in 0.1m
munits) and in terms of the Strehl ratio at the bottom.

3.4 Is a“heated” OTA less sensitive to slews?

In the case where a high performance planar sunshield is used, heating the OTA to atemperature
higher than the temperature obtained passively will significantly reduce the temperature change due
to dews. Thisis because the energy balance of the OTA is now primarily afunction of the heater
input and radiation to space, with the heat from the sunshield radiation playing only aminor role.
Figure 11 shows the variation in the mirror temperature due to dew as a function of the
temperature to which it is actively raised using an open loop heater control. For a primary mirror
heated to 100 K, the variation in temperature variation due to a maximum dew (27° in pitch) ison
the order of 0.1 K; avariation about 10 times lessthan what it is at 40 K. However, the actual
deformation of a beryllium mirror (mirror and supporting structure) will actually be higher because
the CTE of beryllium at 100 K is about 25 times larger than at 40 K (Tablel). Hence, in the case
of the all-beryllium Yardstick, open loop heating the OTA will not improve dimensional stability
because of the extremely low CTE of beryllium at 40 K. Other materials, especially those with
CTE that varies weakly with temperature do benefit from this technique.

3.5 Sunshield design

Thermal isolation performance of the sunshield is dependent upon the number of reflective film
layersin the sunshield, and the separation between those layers. By separating film layers, isolation
performance is grestly improved for two reasons. First, conductance between layers is reduced to
zero except at physical attachment points to the shield layers. In the yardstick planar sunshield
concept, the film layers are supported only at the tips of the deployment booms and at their
attachment to the spacecraft support module (SSM). These attachment points utilize |ow-
conductance materials to minimize conductive hegt transfer between shield layers.

10



Temperature Stability if Telescope is Actively Heated from 40 K
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Figure 11. Changesin the temperature of the aft and leading petal of the OTA
following a 27° pitch as a function of the temperature to which the mirror is
actively heated. Calculation is based on the Yardstick design with beryllium
mirrors. The case of a low emissivity mirror back is shown at the top. The high
back emissivity case is shown at the bottom. In both cases, the heating systemis
assumed to be open loop. Also shown is the heat input required to actively raise the
temper ature of the mirror above its passive temperature of 40 K (scale a right).

Second, the gap between the layers combined with the high reflectance of the film surfaces results
in much of theinternal radiant energy reflecting between two layers to escape to space. With a
97% reflectance, atypical photon is on the average reflected over twenty times before being
absorbed. Thus, a gap between adjacent film layers allows photons to escape to space before being
absorbed. Figure 12 shows the improvement provided by separating film layers compared to
traditional multi-layer insulation (MLI) blankets. Cooling the OTA below 70 K using a sunshield
congsting of an MLI blanket requires alarge number of layers. At 5to 10 kg
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per layer for the film alone plus additional mass for structural support, the sunshield mass becomes
excessive and the use of separated film layersis required.

While two layers provides adequate thermal isolation for 2100 K OTA, two layers are
unacceptable from a straylight perspective. The sunshield will be pierced by alarge number of
micrometeoroids over its lifetime. With only two layers, thereisarisk of unacceptably high
straylight due to large holes and tears. Additional layers provide significant reduction in straylight.
Three film layers generate unbalanced compressive tip forces on the sunshield deployment booms
that reduce the strength of these booms. An even number of layersisrequired so as not to generate
any bending moments on the booms, and therefore four layersis considered to be the minimum
acceptable.

Astherequired OTA operating temperature is lowered, film separation and/or number of layers
needs to increase to adequatdy reduce the heat |oad from the sunshield. Eight layersin the form of
two four-layer sunshields, separated by approximately one-meter, will reduce the cold-side
temperature of the sunshield to about 30 K. Thiswill be adequate for the MIR-optimized
architecture if conduction heat |oads can also be reduced.
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Figure 12. Sunshield performance and resulting OTA temperature (for yardstick
planar sunshield configuration) as a function of layer number and spacing.

3.6 Detector cooling

The NIR detectors need to be cooled to about 30 K in order to reduce the dark current noiseto an
acceptable leve [2]. If the nearby OTA is cold enough (e.g. 40 K), and heat |eaks adequately
reduced, then these detectors can be passively cooled, provided that heat dissipation within the
instruments is low enough. The heat generated in the integrated science insrument module (1SIM)
is dominated by the readout of the detectors, and is on the order of 200 mW. At about 30 K, a
radiator has an emissive power of about 46 mW/m?, so that a4-m?radiator is sufficient provided
that it is placed such that the view factorsto the OTA and sunshield are low.
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With a“warm” OTA (e.g. 100 K), passive cooling of the ISIM to 30 K becomes very difficult and
active coaling isrequired. Given the high levels of heat generated by the NIR detectors, the use of
strored cryogens in a ten-year mission isimpractical. A mechanical cryo-cooler isthe only possible
solution.

Coaling the MIR detectorsto 7 K by passive meansis not feasible. Either a mechanical or a
stored-cryogen cooler isrequired for al the considered architectures.

3.7 Actuators and mechanisms

There are four generic types of actuators under consideration for usein NGST; electromagnetic,
piezodectric, € ectrostrictive and magnetostrictive. Electromagnetic actuators are conventional
motors using both permanent and dectric magnets. The performance of this class of actuators
remains roughly constant with temperature. Care must be taken in the types of [ubricants used at
low temperature and material sdection and dimensions must take into account thermal contraction
going from room temperature to very low temperatures. The other actuator types are of the form
where a change in applied voltage or current changes the strain, and hence the shape, of the
material. The change in shapeis either used to directly produce the desired effect (asin the FSM)
or configured in a device such as an inch-worm actuator to provide greater motion (mirror position
actuators). Both piezoe ectric and e ectrogtrictive actuators are more efficient at high temperatures
than at low temperatures while magnetostrictive materials are more efficient at low temperature
than at high temperature. Actuators made from piezodectric or dectrogtrictive materials, if szed
for low temperature operation, are guaranteed to work for room temperature testing. For
magnetodrictive actuators thisis not the case. In conclusion, there does not seem to be strong
technical or cost issues involved with actuators with respect to the operating temperature.

NGST has several mechanisms used for deployment and in instrument configuration changes. The
actual deployment will be done warm and therefore there should not be a strong temperature
dependence to the cost of developing or building these systems.

3.8 Testing Facilities

The basic testing philosophy adopted for NGST iswell described in a Lockheed-Martin white
paper [11]. Verification should be done incrementally, “ whereby final observatory performanceis
verified by mathematical modd's, which are incrementally validated at the various subsystems
levels’. Thistrandates into arequirement for distributed testing facilities. The major tests that
drive the costs for the NGST integration and test program are listed in Table 2 and require the
following thermal test facilities:

A. amedium-size chamber (~3-m diameter) for ISIM/Trusstests at the ISIM integrator
facility;

B. amedium-size chamber (~3-m diameter) for cryo-figuring of individual petals (if
required by the mirror system), secondary and tertiary at the optics fabricator;

C. alarge-size chamber (>8-m diameter) at the optics fabricator for primary mirror/OTA
leve tedts;

D. alarge-size chamber (>8-m diameter) at the systems integrator for final system tests;
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E. small cryostatsto test individual components of the OTA (DM, FSM, isolation truss,
and actuators) and of the science instruments (NIR camera and NIR spectrograph);

F. and two small chambersto test the assembled NIR camera and the NIR spectrograph.

All of the above-listed chambers need only to be operated at LN2 temperatures (~100 K) for the
NIR-optimized architecture. For both the MIR-compatible and MIR-optimized architectures,
several but not necessarily all of these chambers need to be upgraded to Liquid Helium (LHe)
capability (~40 K). Chambers A and B certainly require LHe temperatures for the MIR-compatible
and the MIR-optimized architectures. The need for afinal end-to-end LHe test is ill under study
and may depend on the specifics of the chosen architecture. As an example, the primary mirror and
OTA verification test can be done at the higher temperature if the system is designed so that the
residua figure errors combined with the dynamic range of the actuators result in analysis
uncertainties at LHe temperatures that are small compared to the requirements. For the purpose of
this study we have assumed that chamber D would need to be modified for afull final systems test
at LHe temperatures.

Table 2. Systemlevel tests requiring cryogenic facilities

Test Chamber

Component Tests
1. FSM

2. DM

3. Mirror Actuators
4, lsolation Truss

Mirror/OTA tests

5. Crydfiguring of primary mirror segments

6. Hindel test of secondary mirror for cryo-figuring
7. Cryo-figuring of tertiary mirror

8. PM verification

9. SM verification

10. TM verification

11. OTA verification

Instrument Tests
12. NIR Camera
13. NIR Spectrograph F

ISIM test
14. 1SIM/thermal truss thermal balance verification A
15. I1SIM verification A

System tests

16. Spacecraft/Truss thermal balance D
17. Sunshield scale model test D
18. OTA/ISIM verification D

mmmm

OO WIW®

T

It has been suggested that chambers A and D would have to be LHe thermal-vacuum chambers
whether the OTA was 100 K or 40 K since only with a very cold chamber can the appropriate
thermal balance test be performed. Thiswould then lower the cost difference between MIR-
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compatible and NIR-optimized architectures considerably. It has also been suggested that if low
temperature testing of all components is done early in the program (as indeed is the plan), then the
risks dueto low temperature areretired at those early incremental test stages. Thus the cost of
upgrading the large chamber might not be needed. To be conservative, we have not adopted these
two suggestions, but they will be studied in the future.

The existence of large and medium sized chambers with LN2 capabilities at Lockheed-Martin,
ROSI, JSC, GSFC, MSFC, Ball Aerospace and at TRW that are suitable for NGST have been
identified. The cost of upgrading these facilities has been estimated in section 5.1.

4. Reference architectures

NGST’ s requirements can be satisfied by a wide variety of architectures. In order to avoid
confusing the comparison that we are after by introducing aspects that are unrelated to the thermal
requirements, this analysisis based on a common architecture. Deviations from the yardstick-like
design are taken only when warranted due to very different thermal conditions. In this section we
present three reference architectures corresponding to the NIR-optimized, MIR-compatible, and
MIR-optimized cases that we defined at the end of section 2. These architectures are essentially
based on the Yardstick except that we adopted the fixed isolation truss and primary mirror chord
fold approach developed by Ball Aerospace [6].

4.1 NIR-optimized architecture with 100 K OTA

In the NIR-optimized solution, we assume that the OTA isat 100 K in order to save on the
integration and testing (LN2 instead of LHe). This can be obtained either by passively heating the
OTA with a“warm sunshade’ or by using a high performance sunshield and heating the OTA with
auxiliary heaters to the target temperature. Figure 13 shows the three architectures that we have
considered. In the NIR-1 and NIR-2 schemes, the sunshields are rdatively inefficient in order to
provide most of the heat required to maintain the OTA at 100 K. The NIR-3 scheme uses amore
efficient sunshield which can passively cool the OTA to 40 K, but includes an OTA thermal
control system to heat the OTA to 100 K.

In earlier comparisons of the NIR and MIR optimized NGST, for smplicity, we had used the same
overall architecture and determined the cost difference due to the different operating temperatures
[5,6,12]. The potential flaw in this approach is that thereis no reason for a given architecture to
remain “optimized” when the environmental conditions are significantly different. NIR-1 isan
attempt to devel op a design specifically for 100 K operation. Because of the higher operating
temperature, it is possible to locate the sunshield close to the OTA/ISIM. This leads to a much
more compact observatory. The sunshield is sized to protect the OTA side, and the back of the
primary mirror hasits own insulation. The sunshield is composed of arigid frame supporting MLI
insulation. For stowage, the sunshield stows over the folded primary mirror providing
contamination protection. The non-symmetrical sunshield, however, creates an unacceptable
overturning moment due to the long lever arm between the center of pressure and the center of
gravity. Asdescribed in the previous section, a solar sail mounted on a long deployable boom
attached to the SSM balances the solar torque and dumps excess momentum.
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Figure 13. The three NIR-optimized architectures that we have considered. NIR-3 is
essentially the yardstick architecture. NIR-2 is similar except that its sunshadeis less
efficient in order to heat up the OTA to about 100 K. NIR-1 is an attempt at tailoring
the configuration to the “ warm” OTA condition in order to reduce cost.

The advantages of such a compact design are multiple:
the sunshield is smaller, potentially reducing its development cost and risk;

the overall observatory structure is stiffer, adding robustness to the attitude control and
vibration isolation system; and

the overall observatory islighter giving additional launch margin.

As shown in section 3.2, the main disadvantage of this design is that the primary mirror needs a
precise, high dynamic range, active thermal control system because of the unfavorable L-shape of
the sunshield. Our thermal analysis of this configuration indicates that without active control, the
primary mirror average temperature would vary from 100 K in the hot case (0° pitch) to 60 K in

the cold case (27° pitch). Thislarge dynamic range puts an enormous strain on the mirror thermal
control isthus considered impractical.

NIR-2 avoids the large temperature swing problem of NIR-1 by using alarge, flat, sunshield like
the one of the Yardstick architecture, albat with alower efficiency (effective emissivity of 0.021)
in order for the OTA to passively reach atemperature close to 100 K. Hegaters are then utilized to
make the OTA isothermal for the entire attitude range of observatory. Table 3 gives the relevant
thermal data for this solution. As expected the temperature variation without active
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control is much smaller (3 to 4 K), which makes the task of the thermal control system easier, and
only 3 Watts would be required to maintain temperature stahility of the mirror. However, a closed
loop heater system will be required to sense temperatures throughout the OTA and deliver
proportionally controlled heater power making this solution somewhat complicated and
unattractive.

Table 3. Thermal data for the NIR-2 solution

0° pointing ~ 27° pointing DT during slew
Number of sunshield layers 4
Sunshield effective emissivity 0.011
Sunshield temperature (K) 140.0 135.0 -5.0
Primary mirror temperature
Average (K) 104.3 100.6 -3.75
Aft petal (K) 118.8 1145 -4.3
Leading petal (K) 89.9 86.7 -3.2
Petal DT (K) 28.9 27.8 -14
Power needed to isothermalize (W) 11.4 9.8
Power needed to maintain temperature 3.0
stability (W)

NIR-3 utilizes a high performance sunshield (effective emissivity of 0.00021) that coolsthe OTA
to about 40 K (asin the Yardgtick architecture) and then has arelatively smple open loop heating
system (stable to 0.1%) to raise the average OTA temperature to 100 K. At 100 K, the energy
balance within the OTA is high enough to render the OTA relatively insenditive to the shield
temperature variations due to observatory dews. Theresult isavery stable OTA with lessthan a
0.06 K shift after aworst-case dew (Table 4).

Asexplained in sections 3.2 and 3.3, NIR-1 and -2 thermal systems are more complex than that of
NIR-3. Asfor mechanical systems, the NIR-1 sunshield did not turn out to be significantly
different in cost. NIR-3 isthe simplest of this class of options from the critical thermal control
perspective and this is the one that we have kept for cost and risk analyss.

Table 4. NIR-3 Thermal data

0° pointing ~ 27° pointing DT during slew
Number of sunshield layers 4
Sunshield effective emissivity 0.00021
Sunshield temperature (K) 115.0 111.3 -3.6
Primary mirror average temper. (K) 101.72 101.66 -0.06
Power needed to raise temperature to 19.8 19.8
100 K and isothermalize (W)

4.3 MIR-compatible architecture

This case (Figure 14) is essentially that of the Yardstick concept and of the pre-Phase-A industry
architectures that allows the NIR detectors to be passively cooled to 30 K. As shown in Figure 3
this requires a maximum sunshield temperature of 90 K. To provide this back-side temperature, the
sunshield is composed of 6 layers separated by about 0.3-m (effective emissivity of 0.0001). This
enables zodiacal light limited observations up to 12 nm (Figure 4). If no active thermal control is
used, the OTA average temperature would vary by about 1 K and the maximum mirror
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gradient would shift 0.2 K after a maximum observatory dew of 27° (Table 5). Modeling of the
image quality indicated that the resulting image quality is borderline (Strehl of 0.7 after the dew,
Figure 11). The image quality could be improved by frequent correction of the optics alignment
during the thermal transient, but this requires significant time to dew to a suitably bright
calibration star, acquire data, dew back, and perform the calculation. It is more efficient and
relatively smpleto use thermal control. Kegping the OTA completely isothermal requires only
about 0.08 W. In practice, however, al that isrequired isthat the OTA remain thermally stable. In
that case, the active heating system only needs to ddliver 19 mW over the OTA to maintain the pre-
dew temperature fidd. Thisisa sample solution that utilizes the minimum amount of thermal
control to guarantee a robust diffraction limited point spread function.
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Figure 14. MIR-compatible architecture

Table 5. Thermal data for the MIR-compatible architecture

0° pointing  27° pointing DT during slew
Number of sunshield layers 6
Sunshield effective emissivity 0.0001
Sunshield temperature (K) 90 87.3 -3.7
Primary mirror temperature
Average (K) 30.5 29.6 -0.9
Aft petal (K) 26.3 255 -0.8
Leading petal (K) 34.7 33.7 -1.0
Petal DT (K) 8.4 8.2 -0.2
Power needed to isothermalize (W) 0.082 0.074
Power needed to maintain temperature 0.019
stability (W)
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4.4 MIR-optimized architecture

This scheme (Figure 15) is similar to the previous one, but with a much more effective sunshield.
The temperature of the back of the sunshield must be less than about 40 K in order for the heat
coming from the sunshield and scattering off the primary and secondary mirrors, to be below the
zodiacal light level up to 30 mm (Figure 4). With such an efficient sunshidd, the temperature of the
OTA/ISIM would naturally be at about 15 K (Figure 3). It is difficult to test large pieces of
hardware at such alow temperature and it is very hard to estimate the degradation of key
components due to aging when they are used at temperatures so much lower than the general
experience base. Since the emission from the primary mirror does not exceed the sunshield
emission until the OTA temperature exceeds 40 K thereis no need for such alow OTA
temperature. Thus, for this option, we have assumed that the OTA/ISIM would be heated to about
the same temperature as the MIR-compatibl e architecture described in section 4.3, or about 40 K.
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Figure 15. MIR-optimized architecture

5. Cost differences

For cost accounting purposes we calcul ate cost differences with respect to the NIR-optimized
architecture. As described in the sections that follow, these estimates include the differences due to
hardware, additional analyses, devel opment efforts, labor increase due to schedule increases, and
thermal-vacuum facility modificationsto alow using LHe cooling to sub-100 K temperatures.
Contingency is added at the rate of 25% generaly, and 50% in the case of higher risk items such as
the mechanical cryo-cooler and MIR-optimized thermal control e ements.
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Table6. Overview of NIR and MIR reference architectures

Architecture Zodi-limited Temperatures OTA/ISIM Thermal Detector Cooling
wavelength Control
NIR-1
5m Sunshield: 140 K Precision active Mechanical cryo-cooler
OTA:100 K | thermal control
ISIM: 90 K
NIR-2
5m Sunshield: 140 K Precision active Mechanical cryo-cooler
OTA: 100 K | thermal control
ISIM: 90 K
NIR-3
7m Sunshield: 115K | Large-DT open-loop Mechanical cryo-cooler
OTA: 100 K | thermal control
ISIM: 90 K
MIR-Compatible
12m Sunshield: 90 K | Small-DT open-loop NIR: Passive radiative
OTA: 35K | thermal control cooling
ISIM: 30 K MIR: Solid H2 cryostat or
mechanical cryo-
cooler
MIR-Optimized
28 m Sunshield: 40 K | Small-DT open-loop NIR: Passive radiative
OTA: 35K | thermal control cooling
ISIM: 30 K MIR: Solid H2 cryostat or
mechanical cryo-
ey el cooler
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5.1 Cost of upgrading facilities for using LHe cryogen

Because the cost of adding LHe cooling capability to thermal-vac test chambersisthe largest cost
difference for adding MIR capahility, other than the MIR instrument itsdf, these costs are broken
out separately. The facilities assumed here are based on those specified in a Lockheed Martin
preliminary plan for NGST verification and 1&T [11]. In Table 7 the required thermal-vac
facilities and the needed cryogens are listed. While separate large thermal-vac facilities are
assumed for both the optics and integration contractors, it may be possibleto utilize asingle large
shared thermal-vac facility.

The cost estimates for upgrading these facilities to LHe cooling are presented in Table 8. We have
not been able to find afacility that already has the size and the vibration isolation for NGST testing
and is currently LHe equipped. The cost estimates for upgrading thermal-vac facilitiesto LHe
capability are based on estimates for GSFC's facility 290 chamber, MSFC's XRCF chamber
modifications for NMSD mirror testing, MSFC's estimate for a new large thermal-vac facility to
support NGST, and discussions with our potential prime contracting teams. We use an average
estimate of $12M dollars based on al of these sources. Medium and large chamber costs include
recycling LHe cryo-coolers. Each small chamber will cost about $100,000 to upgrade.

Table 9 provides the additional labor costs that result from the longer cool-down and warm-up
times required for LHe. For example, in a SIRTF test chamber the cool-down time from ambient to
LN2 was about 20 hours and the cool-down time from LN2 to LHe required an additional 4 hours.
Thetimeincrease for the small cryostatsis negligible.

The cost of upgrading the thermal-vac from LN2 to LHe, is estimated to be about $19M. The
major uncertainty is whether the final system test needs to be at low temperature (40 K).

5.2 SSM cost difference estimate

Being on the sun-side of the sunshield, the spacecraft support module is unchanged whether MIR
capahility is provided or nat. The components most affected are the sunshield and thermal isolation
truss, with smaller changes occurring in the structure, harness, and eectrical power subsystem.
The estimated cost differencesin the SSM are detailed in Tables 10 and 11 and further discussed
below. Thetotal cost of MIR compatibility for the SSM is roughly $3M.

Sunshield: The basdine sunshield design for an NIR-optimized design consists of four-layers with
alayer-to-layer spacing sufficiently small that no additional mechanisms are required to increase
the separations after deployment. For the MIR-compatible design, a sunshield with six layers,
spaced 0.3 m apart, reaches the required temperatures. This separation is obtained with the
addition of a smple spreader mechanism to thetip of each of the four booms. The temperatures
required for the MIR-optimized design are reached by using two four-layer sunshields with alarge
separation between them. Although the two sunshields differ dightly in size, this approach
minimizes non-recurring effort and testing

Isolation truss: Sincethe 100 K OTA of the basdine NIR-optimized design alows relatively high

conductive heat loads, the isolation truss can be made from titanium. For the MIR-compatible and
MIR-optimized designs we have assumed that gamma-aluminaisrequired in
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Table 7. Requirements for thermal testing facilities.

Thermal-vac facility size

Cryogen

; Test MIR-Compatible &
& location -Optimi patible
NIR-Optimized MIR-Optimized
Small cryostat at FSM Component development testing (phase LN2 LHe
contractor A/B) and functional testing (phase C/D)
Small cryostat at DM Component development testing (phase LN2 LHe
contractor A/B) and functional testing (phase C/D)
Small cryostat at mirror Component development testing (phase LN2 LHe
actuator contractor A/B) and functional testing (phase C/D)
Small cryostat at isolation Component development testing (phase LN2 LHe
truss contractor A/B) and functional testing (phase C/D)
Small Chamber at NIR Testing of NIR camera
camera contractor LN2 LHe
Small Chamber at NIR Testing of NIR spectrograph LN2 LHe
spectrograph contractor
Medium chamber at optics Cryo-figuring of PM segments, SM, and LN2 LH
contractor TM,; verification of SM and TM €
Large chamber at optics PM verification and OTA verification LN2 LN2
contractor
Medium chamber at ISIM ISIM/isolation truss thermal balance LN2 LHe
integration contractor
Large chamber at systems SSM/lsolation truss thermal balance,
integration contractor sunshield scale model test, and OTA/ISIM LN2 Lhe
thermal balance

Table 8. Estimated cost of upgrading thermal-vac facilities to use LHe cryogen

Chamber size antit Modification cost each | Total modification cost
iz Quantity (FY1996$M) (FY19965M)
Small Cryostat One each at FSM, DM, mirror actuator, & 0.05 0.2
isolation truss contractors
=4 total
Small Thermal-vac One each at Instrument contractors =2 total 0.2 0.4
Medium Thermal-vac One at optics contractor, One at ISIM 3.0 6.0
integrator
Large Thermal-vac One at systems contractor 12.0 12.0
Total thermal-vac facilities LHe upgrade cost 18.6

Table 9. Estimated additional labor cost associated with the increased
cool-down and warm-up time required to achieve LHe temperatures

Extra time per Labor cost ($M)
p Number of @
Chamber ambient-cold- Number of cycles people Total labor
ambient cycle $225K/MY
Small chambers at 1 shift 4 cycles for each 6 48 MD 0.05
component instrument =0.20 MY
contractors = 8 total
Medium chamber at 2 shifts 3 cycles each for 9 8 528 MD 0.50
optics contractor primary mirror segments, =220 MY
secondary mirror, &
tertiary mirror
= 27 total
Large chamber at 4 shifts 2 cycles each for PM 30 480 MD 0.45
optics contractor verification and OTA =2.0MY
verification
= 4 total
Total additional labor cost for increased cool-down/warm-up time for LHe cryogen 1.0
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place of titanium. Use of Gamma-alumina requires additional development testing in phase A/B
and additional flight hardware costs in phase C/D. For the MIR-optimized architecture, the
isolation trussis longer and supports an additional sunshade.

Asdiscussed in section 5.1, one hundred $100,000 are required for athermal vac chamber LHe
upgrade for testing the isolation truss. Labor costs associated with the longer cool-down/warm-up
cycletimesfor LHeis estimated at $15,000. These costs are added in phase C/D.

SSM Structure: Adding the MIR instrument and additional sunshield hardware increases the mass
that the SSM structure must support during launch. The additional cost for the SSM structureis
scaled proportionally to total launch mass. A smilar additional increasein effort is required for
providing even better thermal isolation in the MIR-optimized design.

SSM thermal control: Theincreased thermal isolation from the sun and warm SSM required for
the MIR-compatible designs require additional thermal control in the vicinity of the SSM and
sunshidd. It is estimated that thiswill require three extra man-months of analysis, aong with MLI
blanket design, fabrication, and ingtallation.

Electrical harness: We have assumed that the MIR-compatible and MIR-optimized designs would
require higher cost dectrical wiring with an improved ratio of dectrical-to-thermal conductivity.

Electrical power subsystem: The lower temperatures of the OTA in the MIR-compatible and
MIR-optimized designs require less electrical heater power for thermal control, but additional
power for the MIR instrument electronics. It is assumed that these two power changes balance out
and that no change isrequired in the eectrical power subsystem..

Table 10. Estimated SSM cost increase for upgrading from an NIR-optimized to an
MIR-compatible design

. Cost Increase by Project Phase | Cost Increase with Contingency
Delta Cost Estimate (FY1996$M) (FY1996$M)
Component . . Phase | Phase | Ops Phase | Phase | Ops
or Activity Basis of Estimate A/B C/D | Phase Total A/B C/D | Phase Total
Isolation Engineering estimate of using gamma-
truss alumuna material in place of titanium:
Gamma-alumina material characterization 0.10 0.10 | 0.13 0.13
Increased cost of truss design & fabrication 0.50 0.50 0.63 0.63
Cryostat upgrade to LHe & LHe cryogen 0.04 | 0.01 0.05 || 0.05 0.01 0.06
costs
Structure Asume structure cost increase directly 0.20 0.20 0.25 0.25
proportional to increase in observatory
structure mass of 2% due to addition of MIR:
0.02 x $10M = $0.2.
Thermal Engineering estimate of increased analyses & 0.05 0.05 0.06 0.06
control improved insulation around sunshield
Harness Estimate cost increase of using more exotic & 0.16 0.16 0.20 0.20
higher cost wiring at 5% of total harness cost
of $3.2M.
Sunshield Engineering estimate of cost increase from 0.70 | 0.80 1.50 || 0.88 | 1.00 1.88
adding two film layers and boom-tip layer
separation mechanisms.
ISIM Subtotal 0.84 | 1.72 256 || 1.05 | 2.15 3.20
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Table 11. Estimated SSM cost increase for upgrading from an MIR-compatible to an
MIR-optimized design

. Cost Increase by Project Phase || Cost Increase with Contingency
Delta Cost Estimate (1996$M) (FY1996$M)
Component . . Phase | Phase | Ops Phase | Phase | Ops
or Activity Basis of Estimate A/B C/D | Phase Total A/B C/D | Phase Total
Isolation Engineering estimate of increased cost of 0.10 0.10 0.13 0.13
Truss lengthened truss to support two sunshields
Thermal Engineering estimate of increased analyses & 0.05 0.05 0.06 0.06
control improved insulation around sunshield
Sunshield Sunshield test flight in GEO or high fidelity 5.00 5.00 || 7.50 7.50
sunshield testing and model correlation
Engineering estimate of cost difference 3.00 3.00 4.50 4.50
between one six-layer sunshield and two four-
layer sunshields
SSM Subtotal 5.00 | 3.15 8.15 || 7.50 | 4.69 12.19

5.3 OTA cost difference estimate

Themain optical telescope assembly cost differences for the MIR-compatible and MIR-optimized
designs are the costs associated with LHe testing mirror e ements, fast steering mirror (FSM),
deployable mirror (DM), and actuator devel opment testing, and actuator material characterization.
The largest costs associated with cryo-temperature testing is the cost of adding LHe-cooled
shrouds and LHe recycling coolers or LHe cryogen for smaller chambers, to these thermal -vacuum
test facilities. The estimated cost differencesin the OTA are detailed in Table 12 and further
discussed below. For the MIR-optimized architecture the OTA has been assumed to be the same as
the NIR-optimized MIR-compatible architecture. Thetotal OTA cost difference to be MIR
compatible, which includes LHe testing and assumes passive cooling to NIR detectors, is
approximately $18M.

Primary, secondary & tertiary mirrors and structure: Thereis no significant cost difference,
other than in the thermal-vac facilities, for the development of the OTA mirrors (DM and FSM not
included) and structure. (One should take into account the money aready spent in directing the
technology toward 40 K instead of 100 K. But, thisis not a substantial cost and can be corrected in
the Advanced Mirror System Demonstrator procurement.) The OTA mirrors and structure must be
“tuned” for the environment in which they will operate. This requires the sdection of materials with
the proper coefficient of thermal expansion. The analysis effort associated with this selection is
essentially the same whether at 40 K or 100 K. Only where properties for new primary mirror
materials are lacking at LHe temperatures will there be additional costs for materials testing.

For production of flight mirrors, thereis the added cost of upgrading thermal-vac test chambers to
LHe temperatures. It is assumed that one medium-size chamber will need to be upgraded for mirror
cryo-figuring and secondary and tertiary mirror verification. Medium-size chamber upgrade and
additional labor costs are estimated at $3M and $410,000 respectively. Additionally, one large
chamber will need to be upgraded for final system verification. Large-sze chamber upgrade and
additional labor costs are estimated at $12M and $450,000 respectively.
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Table 12. Estimated OTA cost increase for upgrading from an NIR-optimized to an
MIR-compatible design

Delta Cost Estimate

Cost Increase by Project Phase

Cost Increase with Contingency

(FY1996%$M) (FY1996%$M)
Component or . . Phase | Phase | Ops Phase | Phase | Ops
Activity Basis of Estimate AB | ¢ |Phase| T || aB | ciD |Phase| TO®
Primary Mirror [Cost increase for additional properties testing| 0.10 0.10 || 0.13 0.13
and analysis in developmental phase at LHe
temperatures.
Mirror element [Medium-size thermal-vac chamber upgrade 3.50 3.50 4.38 4.38
test chamber [to LHe cryogen & associated increased labor
upgrade costs
OTA Structure |Cost increase for additional properties testing| 0.10 0.10 || 0.13 0.13
and analysis in developmental phase at LHe
temperatures.
Deformable Additional materials development cost for 0.30 | 0.20 0.50 || 0.38 | 0.25 0.63
Mirror LHe temperature operation
Cryostat upgrade to LHe & LHe cryogen 0.04 | 0.01 0.05 |[ 0.05 | 0.01 0.06
costs
Fast Steering [Cryostat upgrade to LHe & LHe cryogen 0.04 | 0.01 0.05 |[ 0.05 | 0.01 0.06
Mirror costs
Mirror Estimated cost increase for extending 0.20 | 0.10 0.30 || 0.25 | 0.13 0.38
actuators existing actuator material data base to LHe
temperatures.
Cryostat upgrade to LHe & LHe cryogen 0.04 | 0.01 0.05 |[ 0.05 | 0.01 0.06
costs
Thermal Estimated maximum cost increase for low- 0.25 | 0.25 0.50 || 0.31 | 0.31 0.63
Control System|temperature thermal control hardware
OTA system |Large thermal-vac chamber upgrade to LHe 12.45 12.45 15.56 15.56
verification, & associated increased labor costs
1&T
OTA Subtotal 1.07 | 16.53 17.60 || 1.34 | 20.66 22.00

Table 13. Estimated 1S M cost difference for both the MIR-compatible and MIR-optimized
architectures relative to that of the NIR-optimized architecture (MIR instrument cost not included).

Delta Cost Estimate

Cost Increase by Project Phase

Cost Increase with Contingency

(FY1996%$M) (FY1996%$M)
Component or . . Phase | Phase | Ops Phase | Phase | Ops
Activity Basis of Estimate AB | ¢ |phase| @ | A8 | c/D |Phase| TO@!
Cryo-cooler Cost savings due to elimination of -1.00 | -8.00 -9.00 || -1.50 |-12.00 -13.50
mechanical cryo-cooler
ISIM test Medium-size thermal-vac chamber upgrade 3.50 3.50 4.38 4.38
chamber to LHe cryogen & associated increased labor
upgrade costs
Thermal Additional cost of passive radiators and 0.10 | 0.10 0.20 || 0.13 | 0.13 0.25
control associated thermal analyses
ISIM Subtotal | -0.90 | -4.40 -5.30 || -1.38 | -7.50 -8.88

Deformable mirror: Thereisagood database of material propertiesin the 120 K regime. Adding
MIR capability requires additional materials research to find the proper materials for sub-100 K
operation. The cost of this capability (estimated by one deformable mirror supplier, Xinetics) has
been estimated to be possibly as high as $500,000. To this has been added $100,000 for upgrading

asmall thermal-vac chamber to LHe cryogen and $15,000 for additional associated labor costs.
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Fast steering mirror (FSM): Voice coil actuators are used in the FSM. They function essentially
independent of temperature. The only cost differenceisin theincreased testing cost at LHe
temperatures. One small thermal-vac chamber will be required. Small-size thermal-vac chamber
upgrades to LHe temperatures and additional labor costs are estimated at one hundred $100,000
and $15,000 respectively.

Mirror actuators: Asfor the DM, thereisalack of materials data for sub-100 K operation. An
estimated $300,000 are required in addition to the material s characterization work performed under
the DM development effort. The small-size thermal-vac chamber upgrade to liquid helium
compatibility, along with the estimate additional labor costs are one hundred $100,000 and
$15,000 respectively. Should an e ectromagnetic actuator be used, then no additional material
development cogt is required.

OTA Thermal control hardware: Sinceincreased precison in heater power is needed for thermal
control at approximately 40 K temperatures, an additional $500,000 are allocated for thermal
control hardware and testing.

5.4 ISIM cost difference estimate

The NIR-optimized architecture is the only architecture that absolutely requires a mechanical cryo-
cooler. Therecurring cost of this cooler is estimated at approximately $9M not including the
substantial development cost, which is assumed to be mostly funded by the Defense Department. In
the MIR-compatible architecture, passive cooling is used for both the optical systems and the NIR
detectors, thereby saving the cost of a mechanical cryo-cooler. Thus, the cost differences provided
in Table 13 below show a cost savings to the ISIM for the MIR-compatible and M1 R-optimized
architectures. The cost of the MIR instrument is provided in Section 5.6

5.5 System-level thermal control cost difference estimate

Cost increasesin the thermal control subsystem for reducing the OTA temperature below 100 K
are primarily due to additional thermal analyses and thermal mode verification testing. Differences
in the costs of thermal subsystem hardware are thought to be insignificant. The estimated cost
differencesin the system-level thermal control issues are detailed in Table 14 and further discussed
below. The cost analysis of the thermal system for the extremey cold MIR-optimized architecture
isdifficult.

Thermal Analysis: Accurate thermal analyses of cryogenic systems require highly detailed
computer models that must accurately smulate all heat flows to and from the cooled item. For
NGST, when the size and complexity of the OTA is combined with a desired operating temperature
of 40 K or below, the resulting system has numerous radiative and conductive heat paths that are
extremely senditive to analytical error. The total thermal energy of the OTA system (proportional

to the fourth power of the absolute temperature) is approximately forty timesless at 40 K than at
the higher 100 K temperature. An analysis of an OTA at 40 K is much more
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Table 14. Estimated system-level thermal control cost increase for upgrading from an
NIR-optimized to an MIR-compatible design

. Cost Increase by Project Phase || Cost Increase with Contingency
Delta Cost Estimate (FY1996$M) (FY1996$M)
Component . . Phase | Phase [ Ops Phase | Phase [ Ops
or Activity Basis of Estimate A/B C/ID | Phase Total A/B C/ID | Phase Total
System-level [Additional thermal analyses: parametrics, heat | 0.12 | 0.28 0.40 || 0.15 | 0.35 0.50
activities maps, bookkeeping, run times, & energy
balances
More complex thermal model verification: scale| 0.48 | 0.72 1.20 || 0.60 | 0.90 1.50
model sunshield test, interface tests &
characterizations, additional test planning and
analyses, and additional ISIM testing
Thermal hardware: Additional materials & 0.10 0.10 | 0.13 0.13
coatings charaterization
System-Level Thermal Subtotal 0.70 | 1.00 1.70 || 0.88 | 1.25 2.13

Table 15 Estimated system-level thermal control cost increase for upgrading from an
MIR-compatible to an MIR-optimized design

. Cost Increase by Project Phase || Cost Increase with Contingency
Delta Cost Estimate (1996$M) (FY1996$M)
Component . . Phase | Phase | Ops Phase | Phase | Ops
or Activity Basis of Estimate A/B C/D | Phase Total A/B C/D | Phase Total
System-level |Estimated cost of increased analyses required
activities for achieving very low sunshield temperature. 020 | 030 050 | 030 | 0.45 0.75

senditive to modeling errorsthen an analysis of a 100 K OTA because of thislarge thermal energy
difference. Figure 16 illustrates that at 40 K the OTA heat balance would have to be known to
within 435 mW to predict the temperature of the OTA to within a5 K range. At 100 K, the heat
balance could be off by 3.8 W and still provide the same 5 K range. This resultsin additional
analysis time due to the detailed bookkeeping that must take place to accurately account for and
understand all heat flows within the system. Additional time would also be required to build more
detail into the computer modelsin senditive aress.

OTA Temperature Sensitivity to Analytical Error
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Figure 16. OTA temperature sensitivity to analytical error
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At 40 K, thermal model temperature predictions cannot be used to ascertain design margin.
Thermal design margin must be determined from the amount of heat flowing into and out of the
system. Creating detailed heat maps of the OTA system istime intensive. A 100 K OTA requires
less heat mapping due to its relative insensitivity to parasitic heat sources.

Additional analysistime for a40 K OTA system is also required to analyze the system’ s senditivity
to various model parameters. These parametric analyses have to be performed with a variety of
modeling parameters, such as optical and material properties, interface conductances, etc., to
determine where significant sengitivities exist. When such a parameter isidentified, then proper
design and configuration control have to be implemented to reduce the variance on the parameter.
Sincea 100 K OTA isless senstive to parameter variance, fewer parametric thermal analyses need
to be performed.

Based on the size and complexity of NGST, we have estimated the extra time needed to thermally
analyzea40 K OTA at two man-years.

Thermal Model Verification: Added modeling complexity requires additional thermal testing to
validate the thermal models. Such tests measure material and optical propertiesto 40K,
characterize the thermal performance of key mechanical interfaces, and verify thermal performance
of critical NGST components. Since the MIR-compatible and MIR-optimized architectures
incorporate alarge high performance sunshield that cannot be thermally tested on the ground, scale
modd testing will likely be required. The 100 K test temperature required for the NIR-optimized
design is not uncommon and there is more confidence and flight history available. A 100 K design
reguireslessthermal testing and relies more on analytical design margin. Since analyses are
required to understand the gathered test data, additional analysis cogts are incurred dueto the
additional testing. While some thermal testing is necessary for a100 K OTA, it is estimated that
approximately an additional $1.2M in test and analysis costsisrequired for a40 K OTA.

Thermal Hardware: Thereislittle additional hardware cost penalty for operating the OTA at 40 K
versus 100 K. Regardless of temperature, the OTA requires a large sunshield, some type of heater
system, insulation, thermal control coatings, temperature sensors, etc. Additional costs could be
incurred if the heater system must provide very accurate and stable temperature control instead of
the typical course temperature control with survival heaters for mechanisms and sdected OTA
areas. However, even at 100 K, such atype of active heating thermal control might be needed.
Regardless of temperature, such a system would require precision heater power supplies and
control eectronics and highly calibrated temperature sensors.

If the OTA isrun at 40 K to provide passive thermal control for the instrument, additional cost is
incurred in devel oping and testing the required instrument radiators. In this case, it is estimated that
$300,000 are needed to purchase the additional hardware for a40 K OTA.

5.6 MIR instrument cost estimate

Table 16 provides the estimated cost of the MIR instrument and associated instrument
accommodation and operation costs. The MIR instrument cost estimate is based on the latest the
Yardstick ISIM design [13]. In both the MIR-compatible and the MIR-optimized architectures, the
addition of the MIR instrument requires cooling the Si:As detectorsto 7 K. For the purpose
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of this estimate, we assume the use of a solid-hydrogen cryostat at a cost of $10M. Operations cost
increases for adding MIR capability include additional ground and flight software development and
additional operational activities after launch. The largest of theseis the flight operations codt,
estimated at 15% of the $300M currently budgeted for flight operations over 10 years.

Table 16. Estimated MIR instrument and associated accommodation and operations costs.

. Cost Increase by Project Phase || Cost Increase with Contingency
Delta Cost Estimate (FY1996$M) (FY1996$M)
Component or . . Phase | Phase | Ops Phase | Phase | Ops
Activity Basis of Estimate AB | cD |phase| @ | A8 | c/D |Phase| TO@!
ISIM Costs
Solid cryogen |Cost of solid H2 cooler for MIR detectors 1.00 | 9.00 1 1.25 | 11.25 12.50
cooler
MIR Estimated MIR instrument cost 3.00 | 24.90 27.90 || 3.75 | 31.13 34.88
Instrument
ISIM common |Estimated cost increase to accommodate 0.90 | 5.40 6.30 || 1.13 | 6.75 7.88
systems MIR instrument
ISIM Subtotal 4.90 | 39.30 4420 | 6.13 | 49.13 55.25

Operations Costs

S/IW Engineering estimate of flight S/W design & | 1.27 | 5.06 6.33 || 1.59 | 6.33 7.91

development case test effort increse is 10%, & ground
S/W development is 20%. Skill ratio is 75%
Sr & 25% Jr level.

Flight ops Engineering estimate of flight ops & data 45.00 | 45.00 45.00 | 45.00
processing cost for MIR instrument is an
additional 15% of total budgeted annual cost
of $300M. 0.15 x $40M = $45M

Operations Subtotal 1.27 | 5.06 | 45.00 | 51.33 |[ 1.59 [ 6.33 | 45.00 | 52.91

Total estimated cost of adding MIR instrument 6.17 | 44.36 | 45.00 | 95.53 || 7.72 | 55.46 | 45.00 [108.16

5.7 Cost summary

Table 17 provides the top-level summary of the cost differences analyzed above. The estimated
phase C/D cost differences of the MIR-compatible and MIR-optimized options over that of the
NIR-optimized architecture are $16.6M and $21.7M respectively, including contingency. Based on
a$400M budget for phase C/D, these costs represent 4.2% and 5.4% respectively.

When the MIR instrument and associated accommodation and operations cogts are included, the

total additional phase C/D/E costs are $117M and $122M, respectively, which represents increases
of approximately 13% to the budgeted $900M.
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Table 17. Summary cost difference for adding MIR capability

Cost Increase with Contingency Relative to NIR-Optimized Architecture
(FY1996$M)
MIR-Compatible Option MIR-Optimized Option
Cost element PX?; € Pg?;e P?g: o Total PX?BS € Pg?;e P?g: o Total
NIR instrument only
SSM 1.05 2.15 3.20 8.55 6.84 15.39
OTA 1.34 20.66 22.00 1.34 20.66 22.00
ISIM -1.38 -7.50 -8.88 -1.38 -7.50 -8.88
Thermal (system level) 0.88 1.25 - 2.13 1.18 1.70 - 2.88
Total increase for MIR compatibility 1.89 16.56 . 18.45 9.69 21.70 . 31.39
w/o MIR instrument
NIR + MIR instruments
SSM 1.05 2.15 3.20 8.55 6.84 15.39
OTA 1.34 20.66 22.00 1.34 20.66 22.00
ISIM 475 | 4163 46.37 475 | 4163 46.37
Thermal (system level) 0.88 1.25 - 2.13 1.18 1.70 - 2.88
Operations 1.59 6.33 45.00 52.91 1.59 6.33 45.00 52.91
Total increase including MIR 961 | 7202 | 4500 | 12661 | 17.41| 77.16 | 45.00 | 139.55
instrument

6. Discussion

Figure 17 illustrates how the total cost for the observatory varies with wavel ength coverage. For
this purpose of showing cost differences with respect to absolute cost, we have anchored the MIR-
compatible option at $400M. It isimportant to note that the MIR-compatible option fallsin alocal
minimum. Thisis because the sunshield is efficient enough to passively cool the detectors and
eliminate the need for a mechanical cryo-cooler, while avoiding the devel opment and test costs
associated with a very cold sunshield.

It isthe test facility upgrades that makes the MIR-compatible architecture more costly than in the
NIR-optimized architecture. However, it should be noted that we have used the worst case scenario
by assuming that the MIR-compatible architecture need L He testing while assuming the NIR-
optimized system will need LN2 testing. In fact, it may very well be that both architectures need
large a LHe thermal-vac chamber to do realistic thermal tests.

While the cogts of the three architectures considered are smilar (~5%), therisks are quite different.
The NIR-optimized design requires a cryo-cooler that has not yet been developed and isthus a
higher risk d ement. No existing cryo-cooler meets the NGST requirements and accelerated life
testing of the cryo-cooler is not possible and that risk will be carried well into phase C/D. In
contragt, the risk associated with the efficient sunshied used in the MIR-compatible architecture
can beretired in phase B. Indeed, thereis a clear strategy to add robustness to this design by atwo
tier approach. Firgt, extensive ground and space testing of the
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sunshield will be performed to reduce design uncertainty. Second, the sunshield can be “ over-
designed” by including extra layers of sunshield that increases the overall margin at low cost.
Extending this technol ogy to the MIR-optimized architecture greatly increases the risk because of
the extremdy low temperature sunshield. The required performance of the sunshield and knowledge
of degradation processes are clearly outside of the current experience base. Moreover, the testing
program for this configuration is extremely difficult because of the very low temperatures.

500
480 +$45M
* MIR instrument
¢ ISIM mods for instrument
accommodation
460 * Flight software development
I NIR + MIR Instruments 0}'
N
+$25M q?Q-
440 * LN2 to LHe test } &
e QID facility conversion * Switch fr?r%%xo-cooler q}’
cost with * Additional actuator to passive cooling of NIR éZ'
contingenc material testing p g S
9 y detectors S

(19968M) 0 ﬁ U
MIR MIR

NIR Instrument

Compatible Optimized
400
- AN J

h'd Y

380 NIR +$4M a
Optimized * Increased sunshield & +$12M
thermal control costs * Increased sunshield costs
* Sunshield flight test cost
| | (assumed to occur in phase C/D) |

360

7 12 28
Zodi-limited wavelength limit (um)

Figure 17 Cost of NGST as a function of infrared wavelength coverage

7. Conclusion

What initially appeared to be alow cost solution for a purely NIR-optimized NGST (NIR1, 2 or 3)
is upon closer examination a more complex and riskier solution than those which have been
proposed so far for a MIR-compatible observatory. The savings offered by the easier testing on the
ground of a NIR-optimized system are offset by the need for precise temperature contral of the
optics and the cost of the cryo-cooler for the NIR detectors. In the end, a passively cooled
observatory appears a more natural technical solution and has the advantage of keeping the option
of adding the MIR instrument open (e.g. for international collaborators). We finally note that such
asolution is congstent with the main requirements for the Terrestrial Planet Finder (TPF)
component of the Origins program and thus adds further to NGST being alogical precursor to the
TPF mission.

We therefore recommend that the M1R-compatible configuration remain the basdine for further
NGST study.
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