














ellipsoidal secondary. The entrance aperture is 3 m in diameter and the overall f-number of the
optical system is 1.7. The apertures of the mirrors are offset from the parent conics so as to
produce a completely unobstructed light path in a compact design, which satisfies the
Mizugushi-Drgaone condition [1,2] (see Fig. 6.3.1). The telescope and cryostat fit into an Atlas
V shroud.

Table 6.3.1 Parameters for EPIC-CS Optics

Frequency | Throughput' | FOV? | Strehl
[GHZ] [em’s] | (deg) | Ratio®
30 31 3.7 0.94
45 56 34 0.92
70 63 29 0.91
100 45 2.2 0.95
150 24 14 0.99
220 8.2 0.8 0.98
340 15 0.35 | 0.99
500 0.6 0.2 0.95

! The product of throughput per pixel (1) and the total number of pixels at a given frequency. A pixel on the focal
plane contains two polarization sensitive TES detectors.

2 Pixels are arranged on a square grid with a circular boundary. We give the cumulative outer diameter of the FOV.
The lower frequency pixels are arranged in annuli around the higher frequency ones.

®Ratio given at the outermost diameter of the frequency band.

Figure 6.3.1. A raytracing diagram of the optical system for EPIC-CS. The largest dimension of the primary is 3.5
m, however the illumination, controlled by the Lyot stop, falls to -10dB within the central ~70% of the area and
drops rapidly to the edge of the primary. The largest cold lens is 1.15 m in diameter, but could be decreased by
adding one more lens to the design.
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In contrast to the LC system design, EPIC-CS has only one focal plane. The detectors for
the 500 GHz bands are at the center of the focal plane and successive lower frequency bands are
arranged in annuli around the center. The optical design provides image quality over the entire
FOV that is much better than the diffraction criterion of 0.8 Strehl ratio. The diffraction
performance at the edge of the FOV of each frequency band is givenin Table 6.3.1.

6.3.2 Performance

The Greogrian design shows values of instrumental polarization that are smaller than
0.5% even for non-ideal anti-reflection coatings. Table 6.3.2 gives the Muller matrix elements as
calculated from CODE V and including only elements on the sky side of the half wave plate.
Signals from these elements are modulated by the HWP whereas instrumental polarization from
elements behind the HWP are not modulated. Note that with EPIC-LC the HWP is the first
element in the optical path and therefore it modulates only the signals from the sky. Another
contrast with the optics of EPIC-LC is the magnitude of the mixing between Q and U as encoded
by the QU term of the Muller matrix. With EPIC-CS a rotation of about 3 degrees isinduced on
an incident polarization vector primarily by the curvature of the reflectors. This rotation, which is
afunction of the position on the focal plane, needs to be calibrated out using both ground and in-
flight measurements.

We carried out a preliminary study using the geometric theory of diffraction of the
antenna response of the EPIC-CS telescope, including the primary and secondary mirrors,
PLANCK-style baffles around the mirrors, and the deployable sunshield. It was beyond the
scope of this study to optimize the baffling structure for the EPIC-CS telescope. Figure 6.3.2
shows the geometry of the telescope and baffles and gives the definition of the coordinate
system. In the simulations, which were done using GRASP9, the secondary mirror was
illuminated by a Gaussian beam that produced an edge taper of -15 dB at the edge of the primary
mirror. The baffle was assumed black. A cut in the antenna response in the xy plane is shown in
Figure 6.3.3. For most of the range the response is below -40 dBi which appears adequate given
the ssmulations shown in Figure 5.3.3. The features near -20 degrees with amplitude of zero dBi
are due to diffraction at the edge of the primary. There are several important differences
between our simulations and the anticipated implementation. The assumption of -15 dB edge
taper at the edge of the primary is conservative because it does not include the effects of the cold
aperture stop, which should decrease the edge taper substantialy thereby reducing al far
sidelobe levels. In particular, inclusion of the aperture stop should reduce the amplitude of the
feature arising from diffraction at the edge of the primary near -20 degrees. Our simulations do
not include any of the internal optics, which include lenses and the window. These optical
elements could increase scattering and thus sidelobe levels.
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Figure 6.3.2. The geometry used for calculating the antenna response of EPIC-CS.

Figure 6.3.3. Antenna response of the EPIC-CS tel escope assuming baffling that is similar to that of the PLANCK
satellite. We assume -15 dB edge illumination at the edge of the primary, which neglects the attenuating effects of
the cold aperture. Feature marked with dashed lines correspond to increased attenuation from the baffle and the sun-
shield. The un-marked feature at ~-20 degrees corresponds to diffraction around the edge of the primary and would

decrease for lower edge illumination.

There are a number of chalenges in the implementation of the EPIC-CS optics. The
current design employs large cold silicon lenses. A silicon lens with a diameter of 1.15 m has not
been demonstrated. This lens could be made smaller at the expense of adding another lens to the
system. Since there is a single multi-frequency focal plane, the lenses require broad band,
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cryogenic anti-reflection coating. Such coating is not yet available for silicon lenses, although a
narrow-band, cryogenic coating has been recently developed [3]. The technica limitations
introduced by the silicon lenses could be mitigated to some extent by using polyethylene lenses.
However, because the index of polyethylene is about a factor of 2 smaller than silicon, it islikely
that the number and size of lenses will increase. The design of a half-wave plate becomes
problematic, since it must cover more than a decade in frequency. The EBEX experiment uses an
achromatic HWP made of a stack of 5 plates. The stack provides modulation efficiency larger
than 95% over a bandwidth of ~350 GHz. Designing a HWP that will simultaneously serve
frequencies between 30 and 500 GHz may not be feasible, so in section 6.4 we explore the
possibility of afocal plane modulator.

Table 6.3.2 Muller Matrix Elementsfor the Gregorian Dragone

Matrix Ideal ARC ARC Index 10% high ARC Thickness 10% Thin
1Q 1.6x 10 36x10° 1.7x 107
U 8x 107 1.9x 10° 9.2x 10"
QU 0.111 0.107 0.105

Table 6.3.2. Mueller matrix elements for the edge of the 150 GHz band of the EPIC-CS telescope. Only elements
on the sky side of the half-wave plate are included in the calculation. The ideal ARC is a4/ n, A/4 anti-reflection
coating for 150 GHz. The columns labeled ‘10% high’ and ‘10% thin’ assume an index that is 10% higher or a
coating 10% thinner compared to the ideal coating, respectively. A QU term with a value of 0.11 corresponds to a
rotation of the polarization vector by an angle of about 3 degrees.

Following Tran et al. 2007 [4], we have also studied the tradeoffs between a Gregorian
Dragone design and a crossed Dragone, aso known as a compact range antenna. The crossed
Dragone, see appendix B, presents generally better optical performance but lacks a cold Lyot
stop. A challenge with the crossed Dragone is meeting the view angle requirements while
packaging the system into the space available in alaunch shroud.

6.4. Focal Plane Modulators

The EPIC-CS optics present a bandwidth challenge for a single polarization modulator.
An dternative to a HWP, which modulates the polarization over the entire focal plane, is to
modulate the polarization for each detecting element individually. Here the modulator is
fabricated on the focal plane and is becoming part of each detector. It only needs to provide a
limited bandwidth of A v/v ~ 30%. A foca plane modulator in this case will modulate
whatever polarization is produced by the upstream optics, so its primary function is to modulate
the signal band at a convenient audio frequency.

The approach for modulating polarized signals in the focal plane is to use RF switches
between the antennas on the focal plane and the bolometer. For example, a dual-point dual-
toggle switch alows two antennas and two bolometers to form Q or U Stokes parameters and to
use al the radiation impinging on the pixel. This type of switching is common for coherent
HEMT-based radiometers, but in that case switching comes after an amplifier alowing the
switch to have dissipative loss. For bolometric detectors, a very low-loss and low-power-
dissipation switch needs to be developed. There are two types of promising technologies to
achieve the RF switching. One is based on Josephson junctions and the second is based on RF
micro-machine membrane (MEMSs) switches.
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The Josephson junction switch is based on the fact that the RF impedance of atunnel junction
depends strongly on the bias of the junction. The JPL/CIT group has built a prototype pixel as shown
in Fig 6.4.1. This pixd uses quadrature hybrids to efficiently switch polarizations given the RF
impedance swing of the tunnel junction. The prototypes have achieved a high switching ratio, but
further work is needed to optimize the switches, and then operate them with TES bolometers.

Figure 6.4.1. Junction-based polarization switch with two input arms and two output arms. The input arms are 1) a slot
antenna, in order to introduce an optical signal, and 2) a termination resistor. The output arms go to junction detectors —
these will be replaced by antenna-coupled bolometers in a full device. The signal passes through an arrangement of
junction switches (see inset top right) which may be switched on and off by applying bias current. The DC drive current is
electrically isolated from the detectors by 4 series capacitor sections in the transmission line (see inset bottom right).

Fig. 6.4.2. Measured modulation of polarized signals by the junction-based switch, operating efficiently in a ~10%
band centered at ~110 GHz.
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Fig. 6.4.3. A MEM switch developed by Kogut and his collaborators for the balloon borne PAPPA instrument.

Fig. 6.4.4. The design for the focal plane polarization modulator of the PAPPA balloon borne instrument. Phase
delays introduced by MEM switches on polarized signals are combined to produce output Q and U Stokes
parameters (figure courtesy of Al Kogut).

6.5 Focal Plane Design

The focal-plane design for the EPIC-CS reflector islargely similar to that of the EPIC-LC
refractor, except that the reflector has a single foca-plane with multiple frequency bands
whereas there are multiple focal planes each operating in asingle-band in the EPIC-LC refractor.
The pixel designs for the two concepts can be identical. The reflector focal plane layout will
have a “bullseye” design with annular rings of pixels of the same frequency. The highest
frequency pixelswill be at the center where aberrations are minimized.

6.5.1 Focal Plane Parameters

Table 6.5.1 shows the design parameters for the reflector focal plane. The total field-of-
view given by the optics is large enough to accommodate the required focal plane.

The small beam size places more demanding requirements on the detector speed of
response. The spin rate is set to 1 rpm, basically the same rate as the refractor, due to the 1/f
knee requirement. With approximately 10 times smaller beams, the beam crossing time is 10
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times shorter, and the detector speed of response must be 10 times faster. Under these
conditions, NTD Ge detectors are limited by speed of response, and require either increasing the
thermal conductivity at a reduction in sensitivity, or slowing down the scan rate. Therefore we
only consider TES bolometers for this mission option. The sensitivity for EPIC-CS is derived
under the assumptions of a low-emissivity 60 K telescope, as described in Table 6.5.1. The
emission from the telescope results in somewhat higher photon NEPs than the EPIC-LC refractor
with cold optics.

Table 6.5.1 Sensitivity Modd Input Assumptions

Lens temperature Tont 4K Focal plane temperature To 100 mK
Lens coupling’ Eopt 10% | Optical efficiency” n 40%
Wave plate temperature Twp 4K | Fractiona bandwidth’ Avlv 30%
Wave plate coupling’ Eup 2% | TES heat capacity’ Co 0.2 pW/K
Mirror temperature Toat 60K | TESdIn(R)/dIn(T) o 100
Mirror coupling at 300 GHz' € 1.0% | TES safety factor’ Pt/ Q 5

*Emissivity given by € = 0.01 sgrt(v/300 GHz). See[1,2] for measured emissivities
** Parameter based on experimental measurement.

"Selectable design parameter.
Table 6.5.2 Detailed Bands and Sensitivitiesfor TES Option
Freq | Opwhm N s T NET® Required SenS|t_|1\//2|ty 7
v pKVs] A STpix
(GHz | 11T | | Imd | Ime = e e |
30 15.5 20 9.7 1.2 85 19 41 240
45 10.3 80 6.4 0.9 72 10 22 130
70 6.6 220 41 0.7 62 4.2 9 54
100 4.6 320 2.9 0.6 58 3.2 7 41
150 31 380 1.9 0.6 61 31 7 40
220 21 280 1.3 0.6 88 52 11 67
340 14 120 0.9 0.6 270 25 53 320
500 0.9 100 0.6 0.3 2100 210 450 2700
Total® 1520 1.8 35 21
Notes:
“Two bolometers per focal plane pixel ®Sensitivity of one bolometer in afocal plane pixel
*Treq = (U2m) Opwim/dO/dt at 1 rpm 8[87 NET o102/ (Tmis Niot)] Y2(10800/7)
3Calculated sensitivity with 2-year mission life "Sensitivity 8T in a120' x 120’ pixel
“Sensitivity margin of V2 applied to al NETs 8Combining all bands together
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Fig. 6.5.1. Noise Cls calculated for TES bolometers for all of the bands (dashed), and combined (solid black)
compared to scalar EE (red), cosmic shear (green), and IGW BB (blue at r = 0.1 and r = 0.01). Note that this option
measures scalar EE to sample variance out to £ ~ 1000, and can measure lensing BB to “sample variance” (a
convenient misnomer since the statistics are non-Gaussian) out to £ ~ 300.
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Fig. 6.5.2. Errors on Cls calculated for TES bolometers for all of the bands (dashed), and combined (solid black)
compared to scalar EE (red), cosmic shear (green), and IGW BB (blue at r = 0.1 and r = 0.01). The calculation
assumes fsky = 0.8, At/ = 0.3 binning, and ignores sample variance.
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6.5.2 Q/U Analyzer

It may be advantageous, for either the EPIC-CS or the EPIC-LC options, to improve the
polarimetry capabilities of the focal plane. A dual polarization antenna offers simultaneous
measurements of two linear polarization states with matched beams. With an accurate relative
calibration, such polarimeters reject common-mode unpolarized sky signals. This feature
suppresses the most serious systematic, temperature to polarization mixing, in a CMB
polarization experiment. Similarly, a simultaneous measurement of both the Stokes Q and U
parameters (rotated 45° with respect to each other) is advantageous in the fidelity of the
reconstruction of the polarization vector, reducing another potential systematic, E-mode to B-
mode mixing.

We have developed devices that measure power in two detectors, one in vertical
polarization E,® and one in horizontal polarization E,* (see Figs. 5.5.9 and 5.5.11). This
arrangement is simple, and maximizes the optical power on the fewest detectors. However,
Stokes U must either be obtained in a different antenna pixel, rotated in the foca plane by 45°
(the solution used in Planck), or, after along time interval, rotating the instrument field of view
on the sky by 45°. Either of these approaches may introduce systematic errors.

An dternative is to extract Stokes Q and U simultaneously in a single pixel, a ‘Q/U
analyzer’, as shown in Fig. 6.5.3. The technique for doing thisis simple, and consists of splitting
half of the vertical and horizontal signal into detectors, producing Ex%/2 and Ey2/2, and the other
half into a 180° hybrid followed by detectors, producing (Ex+Ey)%/4 and (Ex-E,)/4. If the
detectors are photon noise limited, there is no sensitivity penalty in such an arrangement.

Figure 6.5.3. QU-analyzer for direct detectors. Electromagnetic radiation from a feed or antenna is transmitted to

two power splitters. Half the signal from each splitter goes to a 180° hybrid, and half to a detector (D1 and D2).
The output channels of the hybrid, which give the sum and difference of the inputs, then pass to detector pairs D3
and D4. The signals in the 4 detectors are a combination of 3 Stokes parameters: S| = Ex2 =1+Q), S, = Ey2 =I-
Q), S; = (Ex + E, )2 =+ U), and S4 = (Ex - E, )2 = (I-U). All of the linear Stokes polarization information can be
extracted by forming the pair differences and sums: Q =2(S; -S;), U=2(S3-S4), [=2(5; +S5) =2(S;5 + Sy).

A wideband microstrip 180° hybrid can accomplish the Q/U analysis and be integrated
seamlessly with the antenna. As shown in Fig. 6.5.4 such a hybrid consists of a “rat-race”
coupler, familiar to microwave engineers, combined with a broadband microstrip crossover,
which rearranges the two input ports of the rat-race coupler to be on the same side. The wide
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design bandwidth is achieved by tuning the reflected/transmitted waves at the T-junctions,
controlled by the impedance of each section.

Fig. 6.5.4. Broad bandwidth 180" hybrid in microstrip.

6.6 Cooling System

We baseline a cryocooler for EPIC-LC, offering essentialy unlimited mission lifetime,
lower weight, and allowing for decontamination in flight. The cooler consumes 340W of
electrical power (nominal). By contrast, a cryostat option offers (perhaps) a lower ultimate
temperature, no vibration, and higher temperature stability, simpler interfaces, but has higher
mass and a more challenging launch accommodation. A cold-launched design also minimizes the
number of thermal cycles of the instruments and focal planes prior to launch.

The passive cooling calculation is similar to that described in section 5.6.2 for the EPIC-
LC configuration. The magjor difference is a baffle tube surrounding the Gregorian telescope.
The telescope baffle is modeled as one conductively floating node below the support ring, and
one node above. Theinterior of the upper portion is black for stray light control. The exterior of
the upper portion, as well as both sides of the lower portion, are specular and low emittance. The
telescope support ring is low emittance except for the upper annular surface, which is black, asis
the back of the primary mirror. The front of the primary is (of course) low emittance.

Optics Baffle
N

[nstrument
Shroud

Shield 3\
Shield 2~.

Shield 17

spin axis

Sun

Figure 6.6.1. Dragone (EPIC-CS) configuration.

-147-



Figure 6.6.2. Wire frame and shaded views of the Dragone (EPIC-CS) radiative geometry model. The diameter of
the largest deployed shield is 27.3 m tip-to-tip.

| spacecraft 293 K deployable sunshield 213 K |
struts harness spreader bar to space 1441 W
12.4W 1.29 W 0.04 W -
- v b
1strigid V-groove shield 156 K 1st deployed V-groove shield 108 K
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Figure 6.6.3. Dragone simplified heat flow and temperature map.

6.7 Large Aperture Sunshade

We have developed the design of a deployable, three-level sunshade for shielding the
EPIC space telescope. The deployment is based on high-TRL lenticular wrapped ribs that meet
the mechanical and thermal requirements for the EPIC-CS option.

6.7.1 Requirements

The Dragone telescope is sized for launch in an Atlas V rocket with a 5-m diameter
fairing. Whilein ahalo orbit at L2, the spacecraft will rotate at 1 RPM about its central axis for
the telescope, which has a line of sight tilted ~55° with respect to the spin axis, to scan a 90°
conical region once per minute. The spin axiswill precess at 1 RPH at a cone half-angle of ~45°
to give a full hemispherical scan once per hour. To prevent mechanical disturbances resulting
from this rotation, the lowest natural frequency of the sunshade in the plane of rotation should be
at least 10 times the rotation rate. Thus, the first mode should occur above 0.167 Hz. In addition
to this frequency requirement, the load carrying members of the sunshade must have an
acceptable factor of safety against buckling and material strength failure. Because the three
layers of the sunshade membrane are tensioned to minimize film wrinkling, the supporting struts
to compressive loading. Furthermore, because the top two sunshield layers are additionally
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tensioned by the spreader bars to maintain their separation and support, the spreader bars
themselves are subjected to bending stresses. Based on this mission description, a summary of
the requirements for the deployable sunshade is givenin Table 6.7.1.

Table 6.7.1. Summary of EPIC Sunshade Requirements

Requirement Dragone Telescope
Maximum shade diameter (tip to tip) 27.3m
Minimum shade diameter (scallop to scallop) 21.7m
Stowabe inside rocket fairing Atlas V
Fairing diameter 5m
Fundamental frequency (in the plane of sunshade) >0.167 Hz
Factor of safety on buckling of lenticular struts >6.0
Factor of safety on bending strength of spreader bars >3.0
Viewable area of spreader bar cross section 1cm?
Number of reinforced aluminized shade layers 6
Maximum mass for sunshade and deployment hardware 500 kg

6.7.2 Technical Approach

We studied the wrap-rib lenticular strut concept in detail because it provides a reliable,
high-TRL level deployment system that has flight heritage (ATS-6™ and hundreds of classified
antennas) and is lightweight. The ATS-6 antenna is shown in Fig. 6.7.1. The EPIC sunshade
design is directly analogous to ATS-6: radial ribs are wrapped around a central hub, and are
released (or, motor driven) in space to deploy alightweight mesh (or, film for EPIC).

Figure 6.7.1. ATS6 - 30-ft (9.1-m) Diameter Wrap-Rib Deployed Antenna, Lockheed Missile & Space
Corporation, Inc.
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The deployed EPIC sunshade, depicted in Fig. 6.7.2, is mounted to three conductive
aluminum-faced honeycomb V-groove radiators (5-cm thick) spaced vertically 13.5-cm apart
(center-to-center) at their center and 25-cm apart at their edges at the center of three dual-layers
of 1-mil (2.54x10°-m) thick, reflective, reinforced membrane film. This thickness of film is
chosen so that it can be easily folded and stored without becoming permanently creased. The
reinforcement is to prevent ripping of the film due to pinholes caused by micrometeorites. The
dual-layer configuration is used because the close spaces between the films radiate heat to cold
gpace almost as a black body. These film layers are supported by six lenticular cross-section
struts that extend radially from a central mounting hub. The ends of the three dual-layer films
are supported and separated by a spreader bar attached at a 45° angle to the ends of the booms.

Lenticular Struts

Dual-Layered \
Aluminized Kapton /,

Figure 6.7.2. Sketch of Deployed EPIC Sunshade.

6.7.3 Wrap-Rib Heritage

The lenticular wrap-rib concept was developed by Lockheed Missile and Space
Corporation in the early 1960's for use with deployable antennas®. As seen in Fig. 6.7.3, this
system is composed of a set of ribs having a lenticular cross-section (Fig. 6.7.4), cantilevered
from a central, rigid hub. These ribs support, for the case of a sunshade, the thin, reflective film.
For stowage during launch, these ribs are wrapped around the central hub. The nature of the
lenticular cross-section allows the tubes to be collapsed elastically, thus storing alarge amount of
strain energy within the strut material. Upon release, this stored strain energy causes the
collapsed, wrapped ribs to spring into their stiff, undeformed (deployed) shape. However, for
larger wrap-rib systems, there is such a large amount of stored strain energy that a simple
“release and deploy” approach would happen too quickly, likely causing damage to the struts, the
film, and possibly the spacecraft or instrument. To limit the deployment rate, the EPIC design
uses a motorized hub that attaches and supports the lenticular struts. This motorized deployment
concept was used also by Lockheed, and a deploying antennais shownin Fig. 6.7.5.
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Figure 6.7.3. Wrap-ribs attached to central, motor driven hub [Chadwick and Jones, 1975].
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Figure 6.7.4. Cross-section of asingle lenticular wrap-rib.

Lenticular wrap-rips have been successfully used to deploy spacecraft antennas, such as
the 30-ft (9.1-m) diameter X-band reflector for the ATS-6 mission,*? seen in Fig. 6.7.1, and
hundreds of classified missions of various sizes over the past 30 years. Lockheed Missiles &
Space Company have also designed, built and flight qualified 3 (0.91)-, 6 (1.82)-, 10 (3)-, 20
(6.1)- and 30 (9.1)-ft (m) diameter deployable wrap-rib reflectors, as well as partially constructed
a 55-m diameter antenna for NASA in 1984*. All of these antennas were ground tested in a 1-g

environment.
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Fig. 6.7.5. Deployment using a Motor Driven Hub [ Chadwick and Jones, 1975].

Lenticular struts have also flown successfully in space and have been tested extensively
in the laboratory. The European Space Agency used an 8-m long lenticular collapsible tube mast
as a stand-alone monopole antenna on its ULY SSES spacecraft™ °. It was also wrapped around a
central hub for launch and deployed using the centrifugal force of the spacecraft. The
deployment process was designed to be irreversible, that is, it was never retracted during the
mission. A retractable version was later developed by the Spanish company SENER’. SENER
and British company Harwell® have both studied the manufacturing, modeling, and deployment
of lenticular booms for space applications. Their concept, shown in Figure 6, involves each strut
being wrapped on its own mandrel and independently deployed.

A 14-m long continuous tube mast was aso developed by the German Aerospace Centre
(DLR) for use with solar sails®. In 1965, one of the earliest studies of the mechanics of lenticular
struts was performed at NASA Lewis Research Center. Three struts were fabricated and tested
to determine the stress and strain behavior of the material when collapsed and wrapped around a
central hub. They found the lenticular design to be a practical solution for a strut that is foldable
for launch, reliably deployed in space, and provides a great deal of structura rigidity after
deployment®. The early 1980's saw a three phase study between NASA Langley and Howard
University investigated manufacturing and testing of lenticular struts with a large number of
various cross-sectional geometries. Their work focused on full-deployment and buckling
stability of the struts™®. They found the lenticular geometry offers more resistance to buckling
than a comparable circular cylinder.
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Figure 6.7.6. Continuous Tube Mast Stowage and Deployment System [Aguirre et al. 1985].

Currently in the United States, there are at least three vendors for this type of technology:
Lockheed Missiles & Space Company, Composite Technology Development Inc., and
Composite Optics, recently acquired by ATK Space Systems. These are in addition to the
European companies discussed above. The next phase of the EPIC study will likely necessitate
partnering with one or more of these companies to determine their manufacturing capabilities for
graphite-epoxy lenticular struts

6.7.3 Sorage and Deployment of Sunshade

Based upon the flight heritage of ATS-6 and the other deployable technol ogies described
above, this section describes the storage and deployment of the EPIC sunshade shown in Fig.
6.7.2. The stowed configuration of the lenticular struts is presented in Fig. 6.7.7, where the
folded membranes are omitted for clarity.

| ' ' |

Spreader —J | Deployment ‘ |
Bars ‘ ‘

l'

uide Roller

Lenticular
Struts

Spacecraft
Figure 6.7.7. Stowed Configuration of EPIC Sunshade.
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The spreader bars are stowed along side the tel escope during launch. The lenticular struts
are hinged to and wrap around the motor driven hub, located beneath the bottom V-groove
radiator and above the spacecraft. Next, the reflective film is folded according to the pattern
shown in Fig. 6.7.8.

Figure 6.7.8. Folding Pattern for EPIC Sunshade Filrr;:

This folding pattern is designed as if the sunshade had 12-sides/struts to make the width
of the folded sunshade equal to 0.3-m, which is the amount of space alotted for membrane
storage. The folding pattern is merely a geometry issue; it does not matter that the EPIC
sunshade only has 6-sides/struts. The bold linesin Fig. 6.7.8 represent the location of the struts
(beneath and not touching the sunshade), as well as define the 6 sections of the film that will be
folded individually and then seamed together during packaging. The two types of dashed radial
lines are folded first so that the “zig-zag” regions touch to form a diamond pattern. The diamond
lines are folded next, and finally the long axes of the diamonds are folded. As the folding
progresses, the sunshade will evolve into an accordion-like column of film that is readily
deployed in the radial direction. Then, the folded membrane is stored around the perimeter of
the three V-groove radiators, as shown in Fig. 6.7.9.

/ V-Grocy— Folded Film /

Fig. 6.7.9. Sketch of the Folded Sunshade Film, Storage Container and Lid.

Plastic Lid
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The lightweight plastic lids are designed to allow any trapped air to vent during launch to
prevent damage to the folded sunshade. During deployment, these lids alow only one fold to
deploy at a time and maintain tension in the film during deployment to prevent tangling or
damage to the membrane. Table 2 shows the calculated volume required to store the folded
membrane inside the outer rim of the V-groove radiators as shown in Fig. 6.7.9. For this
calculation, the film is presumed to have a thickness of 0.002-in (.05-mm) to conservatively
account for the reinforcement thickness, and a packing factor of 3 is assumed. However, this
increased thickness is not used for the stress analysis of the sunshade. Clearly, al three folded
dual-layers of the sunshade will easily fit into the storage boxesinside the V-groove radiators. In
space, the motor driven hub is rotated and the sunshade deploys as depicted in Fig. 6.7.10.

The sunshade beginsin (a) in the stowed configuration, inside the edges of the VV-groove
radiators, as detailed above in Fig. 6.7.9. When the motor is engaged, the strain energy stored
within the struts will drive them outwards in the radial direction through the guide rollers (b).
The tension of the membrane unfolding from the storage boxes will cause the spreader bars to
rotate from their vertical position slightly (c), and then to their approximately 45° inclination (d),
where a hard-stop inside the spreader bar pivot will hold them in place for the remainder of the
deployment phase (e). During this time, the deployment of the lenticular struts can be monitored
using either a low-resolution video feed or an encoder-type position sensor along the guide
rollers or within the motorized deployment hub. Also, the spreader bar deployment cables will
be feeding out to keep pace with the ends of the struts, but their monitoring their tension is not
important at this point because the spreader bars are held in the correct position by the hard-stop
within the spreader bar pivot. The spreader bar cables need only be tight enough not to get
tangled during deployment. Should the deployment become stuck for some reason at this point,
the motor can be reversed to dlightly retract the struts in order to correct the potential sticking
point. Once the struts are fully deployed, the spreader bar deployment cables are tightened using
a motorized spool to the proper tension to hold the spreader bars at the correct angle for the
duration of the mission (d). This tension should be monitored in order to ensure proper
positioning of the spreader bars while in transit and upon arrival at L2. Constant force springs
stored inside the spreader bar pivots will tension the membranes directly and accurately by way
of Kevlar cords.

Table 6.7.2. Packaging Volumes for Dragone Sunshade

Volume Required V-Groove

Layer Film Volume, packing Packaged in V-Groove Storage Box
Number m? Factor Volume, m® Storage Box, m® Volume, m®
1 (Warmest) 0.02147 3 0.06440 3
0.1271
2 0.02090 3 0.06271 0.1838 m
3 0.01734 3 0.05203 3
0.1028
4 0.01693 3 0.05079 BAESE 1]
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Figure 6.7.10. Deployment of the EPIC Sunshade.

While deployment can happen very quickly, the motor driven hub is estimated to deploy
the EPIC sunshade in a matter of a few minutes. The spinning motion of the telescope will
slightly complicate the deployment because it only rotates at 1 RPM, so one may consider
deploying the sunshade before spin-up in space.

6.7.4 Deployed Configuration of Sunshade

Given the architecture for stowing and deploying the sunshade, the detalls of the
deployed configuration are now discussed. The fully deployed sunshade is shown in Fig. 6.7.2,
and Fig. 6.7.11 shows a detailed view of a spreader bar region. The spreader bar is attached to
the end of the strut using a pivoting mechanism with a built-in hard-stop that allows the spreader
bar to be stowed upright during launch, and then to rotate as necessary during deployment.
When the struts reach their fully deployed position, the spreader bar deployment cable tension is

-156-



adjusted using the spreader bar deployment motor, which properly positions the three dual-layers
of reflective film. To eliminate stray light reflected into the telescope optics, the exact position
of the films is controlled by adjusting the tension using constant force springs and Kevlar cables
that are contained inside the lenticular strut or spreader bar pivot. These constant force springs
will be designed to maintain the proper tension in all of the layers at al times, even in the
presence of thermally-induced deformations, such as the Kevlar cords expanding or the Kapton
films contracting when they are cooled. The spreader bar flap attaches to the bottom of the
bottom film to keep the spreader bar in the shade at all times, again to eliminate radiation heat
transfer into the telescope. As described earlier, the telescope is spinning at 1 RPM. This
rotation causes a small amount of tensile force in the lenticular struts, which would tend to
dightly increase the fundamental natural frequency. Therefore, the present analysis, which does
not include this rotation, presents a conservative design. During the life of the mission, various
components of the sunshade will see different temperatures. The lower temperatures will
slightly decrease the damping in the composite struts. However, high damping is not required as
the system is designed to have its resonance much higher than the 1 RPM excitation frequency.
Also, since the lenticular struts are always in the sun and the sunshade is deployed while warm
(early in the mission), no major effects are expected due to temperature dependent changes in
material properties.

Lenticular Spreader Bar

PR Struts 7 i Pivot
= Spreader

Deployment Cable

Figure 6.7.11. Detailed View of Spreader Bar Region.

6.7.5 Ground Testing

As discussed above, previous wrap-rib antennas have been successfully ground tested
prior to launch. The EPIC sunshade can aso be tested on the ground, which offers advantagesin
terms of verification testing and system reliability. This section shows a simple mechanics of
materials model to show that ground testing of the EPIC-CS sunshade is possible without
buckling the lenticular struts. Since the g-level during burn maneuvers in space are much
smaller than 1g, this design will easily survive the orbital insertion maneuvers near L2. A single
strut is modeled as a cantilevered beam in a 1g environment with both atip load (the spreader bar
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pivot and the equivalent mass of the sunshade it supports) and a distributed load (the weight of
the strut) asdepicted in Fig. 6.7.12.

W=192 N

w=10.2 N/m

¥

Figure 6.7.12. Model of Lenticular Strut from EPIC-CS Sunshade (Length = 11.76-m) with Tip and Distributed
Loadin 1g.

For this loading scenario, the maximum deflection is calculated to be 36-cm for the
11.76-m long strut. This deflection represents about 3% of the length, which is reasonably small,
but of enough concern to check the local wall buckling of the strut. Considering the lenticular
cross section, the maximum compressive stress, which occurs at the bottom of the beam, is 85
MPa. Since wall-buckling is a localized effect, the beam is considered as a tube with radius
equal to the radius of curvature of the lenticular. For this geometry, the wall-buckling load is
489 MPa, thus there is a factor of safety of 5.75 on local wall-buckling of the struts for the EPIC-
CS sunshade during ground testing in 1g. However, this calculation does not include the
dynamic loads that may be experienced during deployment. Therefore, it is recommended that
the tips of the struts be gravity-offloaded during deployment testing in 1g. In this case, the
gravity offload system will be designed to offload the tip mass, equivalent load of the sunshade
material and lenticular strut so that no deflection occurs at the tip. The only deflection would
occur along the span of the beam due to its own weight, with a maximum deflection of 3-cm just
to the left of center. This amount of deflection is very small for a beam of this length, thus the
strut will clearly not buckleif it is gravity offloaded during deployment testing in 1g. The details
of thisanalysisarein Appendix C.

6.7.6 Material Selection

With the deployed configuration given above, the materials for the key components are
selected. Table 6.7.3 lists the key components and the corresponding type of material. The
lenticular struts are made from graphite epoxy composite to minimize weight, while the V-
grooves are aluminum-honeycomb to conduct heat on their faces while being as light as possible.
The inter-hub struts (bipods) and spreader bars are gamma alumina and S-glass epoxy composite,
respectively, to reduce conduction and radiation heat transfer from the warmer shields into the
telescope. The pulleys, motors, motorized hub, constant force springs, and spreader bar
deployment cables can be metal asthey are on the warm side of the sunshade and are not coupled
thermally to the colder telescope components.
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Table 6.7.3. Key Structural Components and Selected Material

Item Material
Lenticular Struts Graphite/Epoxy composite
V-Grooves Aluminum-faced honeycomb
2 m-Hub attachements/hinges Aluminum
Ring support struts Gamma alumina
Sunshade membrane Aluminum coated, reinforced Kapton
Spreader bars S-glass/epoxy composite
Spreader bar pivot Aluminum
Constant force springs Spring steel
Membrane attachements Kevlar cord
Spreader bar deployment cables Steel
Pulleys, motors, bearings, guide rollers Aluminum
Motor-driven hub and bottom plate Aluminum-faced honeycomb
6.7.7 Deployable Technologies

As clearly described above, the EPIC sunshade design requires the capability for compact
stowage coupled with the capability to gracefully deploy a large, multi-layer membrane to the
proper shape precision. The deployment scheme selected for EPIC involves simultaneously
extending six struts using an articulating boom technology that pushes out the spreader bars and
the film layers attached to them. This deployment motion unfolds and properly tensions the
membrane films. There are several types of articulating, deployable boom concepts available for
consideration. ATK-ABLE has had success in space with the articulating ADAM MAST (STS-
99 STRM, IPEX, and WSOA missions™). However, these are high strength, high precision
structures that are not required for EPIC sunshades, as they would likely be cost prohibitive, as
well as present stowage problems between the V-groove radiators during launch. ATK-ABLE
aso makes coilable longeron booms, GR1 and GR2 (ST8 mission™!), which are a mature
technology, but the screw-driven deployment canister hardware mass has yet to be investigated.
The coilable deployment aso involves a twisting motion that must be counteracted using
additional hardware that has not been investigated for this project. ILC Dover has developed the
Space Inflatable Ultraboom™, which is an uncured composite isogrid structure that is unrolled
on-orbit using an interna air bladder, and then rigidized (cured) in space. Again, the
deployment/inflation and curing hardware is thought to be prohibitively heavy. A good
overview of these and other related deployable structures is given by Tibert’>. While other
deployable boom options could be investigated in much more detail, the concept selected for
analysis in this report is the lenticular wrap-rib, as it offers a fairly simple, reliable, and
lightweight deployment system.

The architecture of the James Webb Space Telescope (JWST), shown in Fig. 6.7.13, is
similar to that of EPIC in that it has alarge, deployable sunshade that passively cools a telescope.
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Figure 6.7.13: James Webb Space Telescope (JWST)

While JWST is farther along in its design, this EPIC design is simpler. First, the JIWST
sunshade has five film layers instead of three for EPIC. These layers are essentially folded only
one time in a four-petal-like fashion, and stowed aong side the telescope while in transit to L2.
JWST’ s sunshade then unfolds like a flower, and a more complicated set of seven spreader bars
undergo a complex rotational sequence to tension and separate the five sunshade layers. This
motion is also controlled by a spreader bar deployment cable. While there are no booms to
deploy on JWST, the large scale, independent motion of the four petals and spreader barsis more
risky because of the increased number of autonomous components. The failure of any of these
deployable sections could jeopardize the success of the mission by not properly cooling the
telescope. In contrast, the simultaneous deployment of the EPIC shields using only the rotation
of a single motorized hub is simpler. There are other complex issues that JWST is still
addressing for its sunshade, including complicated folding patterns, air entrapment/venting and
chafing during launch and solar radiation, electrical charging, and micrometeorite damage on
orbit. Presumably, these hurdles in technology will be addressed by JWST in time for the
solutions to be utilized by EPIC.

6.7.8 Specifications

With the deployed configuration given above, a structural analysis was performed in
order to design the structure to meet the requirements given in Table 1. While the details of this
analysis are omitted here for simplicity and presented fully in Appendix C, they alow the
geometry of the sunshade to be completely designed and the total system mass estimated. Fig.
6.7.14 shows the lenticular strut root cross-section design for the sunshade as well as the first in-
plane mode shape of the sunshade.
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Moderately Flat: f = 0.51 (dim. in cm)

First in-plane mode:
~0.6 Hz

Figure 6.7.14: a) Lenticular cross section for the EPIC-CS sunshade and b) First in-plane mode frequency.

Tables 6.7.4 and 6.7.5 present the geometry of the three layers for both sunshades.

Geometric and material properties are givenin Table 6.7.6.

Based on the designed deployed geometry and the properties of the selected materials, the
following sunshade mass estimates are given in Table 6.7.7. These mass estimates include only
the sunshade film and the structural support and deployment hardware. The masses of the rigid,
central aluminum-honeycomb V-groove radiators are not included. However, Table 6.7.8

presents the sunshade masses compared to the corresponding V-groove radiator mass.

Table 6.7.4. Sunshade Geometry for the EPIC-CS Sunshade.

Bottom shield (i=1)

Middle Shield (i=2)

Top Shield (i=3)

L= 13.86 m L= 12.82 m L= 12.00 m

Ri1= 11.00 m R= 10.10 m R= 9.39 m

h= 1.00 m h= 1.00 m h= 1.00 m

R2= 2451 m R2= 21.04 m R2= 18.50 m
theta= 0.57 radians  theta= 0.62 radians  theta= 0.66 radians
theta(degree)  32.84 degrees theta(degree) 35.47 degrees theta(degree) 37.85 degrees
shade area 4433 m’ shade area 375.4 m’ shade area 325.8 m’
Total Area (6 shades) 2288.9 m’

Table 6.7.5. Sunshade Geometry for EPIC-LC Sunshade.

Bottom shield (i=1)

Middle Shield (i=2)

Top Shield (i=3)

L= 491 m L= 451 m L= 418 m

R= 4.00 m R= 3.65m R= 3.23 m

h= 0.25 m h= 0.25 m h= 0.25m

R2= 12.17 m R2= 10.27 m R2= 8.86 m
theta= 0.41 radians theta= 0.44 radians theta= 0.48 radians
theta(degree) 23.27 degrees theta(degree) 25.33 degrees theta(degree) 27.28 degrees
shade area 57.65 M” shade area 48.19 m° shade area 39.45 m”
Total area (6 shades)  290.58 m°
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Table 6.7.6. Strut, Film, and Material Properties.

Item Symbol Value Units
V-groove spacing (center) d 0.135
V-groove spacing (edge) d edge 0.25
Film stress o 20,684 Pa
Film thickness t 2.54E-05 m
Film density i 009 kg/m?
Spreader bar thickness tss 0.001524 m
Strut modulus E \enticular 72.8 GPa
Strut density Penicwar 1522 kgim®
Strut thickness (22-m) tienticuar  9.53E-04 m
Strut thickness (8-m) tientcuar ~ 7.62E-04 m

Table 6.7.7. Mass Estimate for the EPIC-CS Sunshade

Dragone Sunshade

Mass each Substructure
Item (kg) Qty  mass (kg) Comments

Lenticular Struts 12.18 6 73.06 Give f=0.60 Hz, FS>6
2-m-Hub attachements/hinges 2.44 6 14.61 20% of strut mass
Spreader bar pivot 2.44 6 14.61 20% of strut mass
Spreader bars 0.39 6 2.32 FS=3.9

Pulleys 0.01 30 0.42

Constant Force Spring 0.05 18 0.81

Connectors 0.005 18 0.09
Spreader bar deployment cable 0.55 1 0.55
Kevlar cord 0.14 1 0.14

- . 90 g/m?, 0.001" thick, 30%

Aluminized-Kapton Film (6 shades) 267.80 1 267 80 for seams
Spreader bar flaps 0.38 6 2.25 1.63-m dia, semicircle

Support rod 0.27 6 1.61 0.5-cm dia
Ring support strut to Vgroove
attachments 191 36 68.85 25% of strut mass
Deployment system - - -

2-m dia, circ. cyl., 5-cm
Motor driven hub (2 m) 8.48 1 8.48 thick, 30-cm tall, attaches
lenticular struts

Deployment guide rollers (pair) 2.00 6 12.00

Botton plate 12.72 1 12.72 3-m dia, 2-cm thick

Motor, mount and gearing 10.00 1 10.00

Bearings 5.00 1 5.00
Spreader Bar Motor 2.00 1 2.00

Total Ssunshade
497.33 Support/Deployment
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Table 6.7.8. A Comparison between Sunshade Mass and V-Groove Mass

Sunshade Configuration Sunshade Mass (kg) V-Groove Mass (kg)
EPIC-CS 497 187

From these mass estimates, a few important conclusions can be made. Having the three
sunshade layers supported individually requires the positioning of struts between the sunshield
layers, thereby reducing the radiative efficiency of the V-grooves. Next, the largest mass drive
for the sunshades is the aluminized Kapton film. 54% of the sunshade mass comes from having
a dual-layer membrane attached to each of the three V-groove radiators. As discussed earlier,
the dual-layer configuration is used because the small gaps radiate heat to cold space much like a
black body, thus more efficiently cool the telescope. Clearly, while this configuration offers
increased thermal performance, it carries alarge mass penalty. Lastly, the aluminum-honeycomb
V-grooves have significant mass compared to the sunshade, and their design should be optimized
in the future.

6.7.9 Future Work

While this effort has outlined a preliminary design for a deployable, lightweight sunshade
that meets or exceeds the requirements for the EPIC tel escope, much work is needed in the future
as this project moves forward towards possible launch. First, only a conceptua design of the
motor driven hub deployment system was provided. Previous experience with motorized hubs
controlling the deployment of rigidizable, inflatable struts indicates that precautions must be
taken in order to successfully deploy all types of struts. A more detailed analysis of the power
required to safely deploy the system and of the required strengths of the hub, bottom plate, and
mounting hinges for the lenticular struts must be performed in order to reduce the overall system
mass. The next step in a more detailed, preliminary design would also focus on the spreader bar
pivots, ring support strut-to-V-groove connectors, as well investigate the best set of material
properties (tailorable for composite lenticular struts). More experience is also needed in the
folding of such large, sectioned membranes and the effects that creases will have on the thermal
performance of the sunshade system. Also, a more detailed analysis could investigate a
tensioned cord around the perimeter of the sunshade, which would increase the natural frequency
by inducing clamped-pinned-type mode shapes. Likewise, the structural model ignores the small
shear stiffness contribution of the membrane film. Either modification to the model would result
in lighter lenticular struts. Thus far, no analysis has been performed to determine if the proposed
design would survive the mechanical and acoustical conditions imposed on the stowed sunshade
during launch. There are several more design issues to be addressed before a large scale testing
could begin, however, a small, proof-of-deployment-concept study for the membrane folding,
storage, and wrap-rips could be performed in the near-term.

6.8 EL2 Halo Orbit

The orbital study described in Section 5.8 was designed for 4-years of observations
without eclipses, and applies equally to EPIC-CS. See Section 5.8 for a full description. We
note that the requirement for a small halo orbit was largely driven by the telemetry solution of
the EPIC-LC configuration, and could be relaxed for EPIC-CS. The system implication of a
larger halo is that the shields must increase to accommodate the smaller off-axis angles of the
earth and moon.
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6.9 Standard Spacecr aft Components

6.9.1 Scientific Operations

Operations for EPIC-CS are the same as described in section 5.9.1, with the exception that
the downlink is accomplished using a counter-spinning antenna rather than a toroidal beam
antenna. Mission parameters are summarized in the tables below. Also see the mass summary
table 6.1.3.

Table6.9.1. Mission Design Summary

Orbit L2 Halo

Mission Life 2yearsat L2 (required), 4 years at L2 (design)
Maximum Eclipse Period 0

Spacecraft dry bus massand 1491 kg, includes 29% average contingency
contingency

Spagecr aft propellant mass and 437 kg (AV budget and contingency shown in Table
contingency 5.8.11)

Launch vehicle AtlasV 541, AtlasV 551

Launch vehicle massmargin 1223 kg (26%), 1738 kg (37%)

Table6.9.2. Science Observations Oper ations

Mission Operation Rate

Spin Spacecraft Continuous, ~1 rpm

Precess Spin Axis Continuous, ~1 rph

Cycle ADR Continuous operation

Downlink Once every 24 hours

Maintain Orbit Small maneuvers ~4 times per year

Table 6.9.3. Mission Operationsand Ground Data Systems

Down link Information Value, units

Number of Data Dumps per Day 2 (X-band), 1 (Ka-band)

Downlink Frequency Band 8.425 GHz (Near-Earth X-Band)
25.5 - 27 GHz (Near-Earth Ka Band)

Average Telemetry Data Rate 2300 kbps

S/C Transmitting Antenna Type(s) and Gain(s) | 0.4 m, 28.4 dBi (X-band) or
0.4 m, 38.1 dBi (Ka-band)

Spacecraft transmitter peak power < 80 W (total power)

Downlink Receiving Antenna Gain 58.7/68.4 dBi (12-m DSN X / Ka)
68.3/ 76.0 dBi (34-m DSN X / Ka)

Transmitting Power Amplifier Output <40 W (RF power)

Uplink Information Value, units

Number of Uplinks per Day 1

Uplink Frequency Band 7.17 GHz

Telecommand Data Rate 1 kbps at 45°

S/C Receiving Antenna Type(s) and Gain(s) Low-gain omnis, 7.7 dBi boresight
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6.9.2 Payload and Spacecraft Resources

A summary of the payload and spacecraft masses is listed in Table 6.1.3. The total mass of
the payload, including the deployable sunshield, support struts, antenna, and cooler is 2735 kg,
which includes 43% contingency on all masses. A summary of the payload and spacecraft power
requirements is listed in Table 6.9.4 below. The total payload power required is 758 W,
including 43% contingency.

Table 6.9.4 Power Summary

Item Power (CBE) [W] Contingency [%] Allocated [W]
Bolometer Electronics 150 43 215
Mechanical cooler 340 43 486
ADR Electronics 40 43 57

Subtotal Payload 530 43 758
Attitude Control 148 30 192
C&DH 122 30 159
Power 75 30 98
Propulsion 1 30 1
Telecom (transmit mode) 55 30 72
Thermal 99 30 129

Subtotal Spacecraft 500 30 650

Total Power 1030 37 1408

GaAs Triple Junction Solar Panels
Panel Area Power [W] Margin [%] Margin [W]
10.0 m? Fixed at 45° Incidence 1775 26 367

6.9.3 Spacecraft Components

We assume EPIC-CS will operate with a custom-built commercial spacecraft bus. The
spacecraft itself requires no new technology. EPIC-CS requires a bus-mounted solar panel on
the sun-facing side of the bus. The deployable sunshield would be a provided payload element
and is not part of the spacecraft. The downlink antenna must be gimbaled and continuously
rotate (see section 6.10.2).

We carried out ateam-X study to assess the spacecraft components. The ACS requires 2000
- 4000 Nms momentum wheels, which exceeds the current capability of commercial wheels.
However, this is within the range of second-generation wheels flown on a defense satellite
program. Otherwise, all the components are space-proven technologies, either entirely off-the-
shelf or with minor modifications. A summary of the component requirementsis given in Table
6.9.5. An estimate of subsystern masses and power requirements are given in Table 6.9.6.

Table 6.9.5. Spacecraft Characteristics

Spacecr aft bus Value/ Summary, units
) Structures material Aluminium or composite
§ Number of articulated structures None
7 Number of deployed structures None
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Spacecr aft bus Value/ Summary, units
8 Type of thermal control used Passive
Estimated delta-V budget 215 m/s
& | Propulsion type(s) and associated .
2 | propellant(s)/oxidizer(s) Hydrazine
g One 35N Main Thruster
@ | Number of thrusters and tanks Twelve 1 N RCS Thrusters
One tank
Control method 3-axis, momentum compensated
Control reference Inertial
Attitude control capability 40 arcsec
_ | Attitude knowledge limit 2 arcsec (30)
2 | Adility requirements None
S | Articulation/#—axes None
© | SENSORS:
T | Sun Sensors (14)
= | Star Trackers (2) 1 arcsec accuracy
< | IMU (D) 0.003 deg/hr stability
ACTUATORS:
Reaction Wheels (4) 150 Nms momentum, 0.1 - 0.2 Nm torque
Momentum Wheels (4) 2400 Nms momentum
T Spacecraft housekeeping data rate 10 kbps
O | Data storage capacity 600 Ghits
8 Maximum storage record rate 2300 kbps
Maximum storage playback rate 20 Mbps
Type of array structure 4.0 m” body-mounted solar panels
3.8 m? hinged solar panels
Array size, meters x meters 10.0 m*
g Solar cell type Triple-junction Ga-As
Q | Expected power generation 1940 W BOL ; 1770 W EOL
On-orbit average power consumption 1408 W (incl. 37% contingency)
Battery type Li-lon (two)
Battery storage capacity 50 Ah
Table 6.9.6. Spacecraft Sub-System Characteristics
S/C Subsystem Mass Mass Ctgcy. Power Power
[kg, CBE] [%0] [W, CBE] Ctgey. [%]
Attitude Control System 240 25 148 30
C&DH 24 30 122 30
Power 73 30 75 30
Propulsion (dry) 47 27 1 30
Structures and mechanisms 595 30
L aunch adapter 39 30
Cabling 63 30
Telecom + X-band Antenna 24 19 55 30
Thermal 53 30 99 30
Propellant [AV = 215 m/g] 437 N/A
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6.10 Telemetry

6.10.1 Telemetry Rate Requirements

The input datarate for EPIC-CS is summarized in Table 6.10.1 assuming scan-modul ated
TES bolometers.

Table6.10.1. Input Data Ratefor TES Focal Plane

Freq Beam Nget Treq Sample Data Rate
[GHZ] [arcmin] [#] [ms] Rate [HZ] [kbps]
30 16 20 10 66 5
45 10 80 6 100 32
70 7 220 4 150 140
100 5 320 3 220 280
150 3 380 2 330 500
220 2 280 1.3 480 540
340 1.4 120 0.9 750 360
500 0.9 100 0.6 1100 440
Total 1520 2300

We calculated the downlink requirements for the various cases above assuming the link
budget calculations described in appendix D. The data rate is too large to allow the use of the
toroidal beam antenna, so downlink must be accomplished by a gimbaled and continuously
rotating 0.4 m high-gain antenna. While this adds the complexity of a mechanism, it provides
significantly higher data rate with lower transmitter power. At X-band, there calculations
assume that the downlink obtains the current maximum available bandwidth of 4 Mbps. For Ka-
band, we assume target a maximum downlink rate of 20 Mbps. Sufficient memory storage must
be included in this case due to greater weather dependency. Appendix D carries out additional
calculations for the full range of antennas, transmitters, and available bands.

Table6.10.2. Input Telemetry Rates

i Spinrate | Modulator | Input rate!
optn [rpm] rate [Hz] [kbps]
Baseline
Scan-modul ated TES bolos? 1.0 N/A 2300
Option
Wave plate-modulated TES bolos® 0.1 16-275 2300

Notes:

14 bits per sample per detector (Planck compression) with Nyquist sampling, plus 100% contingency.
“Requires a 1/f knee < 16 mHz.
3Assumes 10 polarization cycles per beam crossing for each band. Requires 1/f knee < 2.5 Hz.
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Table 6.10.3. Downlink Requirements

Band SC GS/a|(':n P(?V\I/:er Ground Ground Downlink | Downlink
Dish [m] [dB] [W] station [m] | gain[dB] |rate[Mbps] | /day [h]
10 12 58.7
X 0.4 28.4 4.0 138
1 34 68.3
40 12 68.4
Ka 0.4 38.1 20.0 2.8
7 34 76

Notes: Downlink requirements calculated for 2300 kbps input datarate. Weather dropouts not accounted.

6.10.2 Gimbaled Downlink Antenna

EPIC will be placed into a halo orbit around the Earth-Sun Lagrange point L2. While the
baseline orbit at L2 gives a small halo, this requirement can be relaxed for EPIC-CS. Therefore
we alow for an angular radius of this as large as 9 degrees. The spacecraft is spinning about its
longitudinal axis one revolution per minute, and the spin axis is "coning” with a 45 degree half-
angle at a rate of one revolution per hour. The complex spinning/coning scan motion of the
EPIC spacecraft, combined with its "halo" orbit around the L2 point, make pointing the telecom
antenna for high-data rate downlink communications a chalenge. This geometry isillustrated in
Fig. 6.10.1.

“ Spin Axis -
\C Coning Motion )
\\ (1 rev/hour)

N

Spacecraft

4 Spacecr aft

Spin Axis Spin Axis
(1 rev/min) (1 rev/min)
Antenna
(Spacecrait Azimuth (Spacecraft
orientation at t, Rotation orientation at t,

(1 rev/min) + 30 minutes)

v
\
\

aisafunction of the
spacecraft positionin L2
orbit, and for the baseline
orbit varies approx. +/- 9
degrees

Vector
to Earth

Fig. 6.10.1. Geometry for the downlink antenna due to the spinning/precessing scan pattern.
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Elevation
AXis

Azimuth
AXis

Fig. 6.10.2. Two-axis gimbal geometry. The antenna spins continuous in azimuth and can be slowly driven in
elevation.

The telemetry rate requirements can be realized with a small (0.4 m) steered antenna,
continuously counter-rotating as in Fig. 6.10.2. Both azimuth and elevation axes should pass
through the center-of-mass of the supported hardware to minimize reaction disturbances to the
gpacecraft. Power for the elevation axis drive will be transmitted viaadipring. The RF signal to
the antenna passes through a spinning waveguide interface. The requirements on the gimbaled
mechanism are listed in Table 6.10.1. The 0.4° pointing accuracy requirement does not appear to
be too demanding, based on current industry capability.

Table6.10.1 Gimbaled M echanism Requirements
PARAMETER VALUE COMMENTS
Azimuth Scan Rate 1 rev/minute Driven by spacecraft
spin rate

Elevation Scanning Angle | +/- 10 degrees about anominal | A function of L2 orbit

45 degree offset parameters
Elevation Scanning Rate one cycle per hour Driven by coning rate
Supported Antenna Mass ~1 kg for the 0.4 m antenna
Operational Lifetime 4 years
Antenna Pointing Accuracy | ~0.4° for Ka-band End-to-end

Current industry capability for single- and two-axis gimbals is represented by the two
leading vendors: Ball Aerospace and MOOG Schaeffer Magnetics Division [1,2]. Both have
extensive flight heritage in single-axis and continuously-scanning gimbal mechanisms, and some
hardware heritage for two-axis (azimuth/elevation) gimbals, though none of these is an exact
match to the EPIC requirements. JPL has some limited experience building and flying a two-
axis gimbal, the Bearing and Power Transfer Assembly (BAPTA), which was part of the Specia
Sensor Microwave/lmager (SSM/I) instrument flown on the Defense Meteorological Satellite
Program (DM SP) Block 5D-2 F8 spacecraft.
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Table6.10.2. Summary of Ball Aerospace Two-Axis Gimbal Heritage

JPL

+ Points the high gain antenna back to
Earth

The PMA provides the eyes for the rover
« Two sets of panoramic cameras

+ Navigation

+ Stereo imaging
+ Four PMA mechanisms

* Two mirrors

« Calibration target

* Structure support

Program/Customer | Equipment Description Technical Information Status
Mars Exploration High Gain Antenna + HGAG is a two-axis gimbal mounted on |+ Flight deliveries —
Rovers (MER) Gimbal the rover equipment deck August 2002

* Launch Mid-2003

Mars Exploration

PanCam Mast Assembly

+ The PMA provides the eyes for the rover

» First flight delivery

Eastman Kodak

mechanism

Integrated electronics and Coudé optics
path

13 kg gimbal weight

4.5 kg payload capacity
100 Hz resonance
Continuous azimuth travel
30 deg elevation travel

96 urad position accuracy
s _Snare nroven

Rovers (MER) « Two sets of panoramic cameras — August 2002
JPL « Navigation « Mid-2003 launch
= Stereo imaging
* Four PMA mechanisms
« Two mirrors
s Calibration target
= Structure support
¥SB « 305 mm yoke, all-beryllium two-axis « Three delivered
Sandia Labs gimbal « Two flown late
* 18.6 kg gimbal weight 1980s
« 2.5 urad accuracy « One unit
« 50 Hz resonance refurbished 1995-
« <0.01 deg pointing error 1996
« 0.001 to 2 deg/sec slew rate
sa472. | * Space proven
+ Over 10 years on-orbit performance by
two units
Crosslink Crosslink * 216 mm yoke fitanium two-axis gimbal « 14 deliveries

through 1992

* Program cancelled
befare first launch

Pointing Tracking
System (PTS)

High Resolution
Doppler Imager
University of Michigan

PTS-HRDI

* 762 X 914 mm, two-axis aluminum
gimbal mechanism

40 .9 kg gimbal weight

50 Hz resonance

90 deg elevation; 350 deg azimuth
3 arcmin position accuracy

Space proven

Launched in 1992
on UARS
Successful on
orbit operation

Optical Airborne

25-in. telescope aperture

Successful aircraft

McDonnell Douglas
and Martin Marietta

£4-3323c

gimbal

11 8 kg gimbal weight

10.5 kg payload capacity

60 Hz resonance

+30 deqg elevation; 90 deg azimuth
96 wrad position accuracy

100 degisec slew rate

4 rad/sec’ acceleration

* Space proven

Measurement « Cryogenic system flight mission
Program (OAMP) : : 1987-1993
s CoRRAEYE "
MITLL og

+ 2000 |b telescope payload
SRS + 170 mm yoke span, two-axis titanium e Six deliveries
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The specific design implementation for the EPIC consists of a continuously scanning
azimuth axis (at 1 rev. per minute, synchronous with the spacecraft spin), and an elevation axis
which continuously scans up to +/-10 degrees at a rate of one cycle per hour (synchronous with
the spacecraft coning/precession; the actual angle dependent on the L2 orbit parameters). It
appears that the most straightforward approach to implementing a two-axis gimbal for EPIC will
be a custom-build using flight-proven commercial hardware and design heritage, built either by
JPL using commercia parts, or by an industrial contractor after a competitive bid.

6.11 Cost Analysis
Cost analysis of the EPIC-CS option was beyond the resources of this study.

7. Technology Roadmap

The development of EPIC requires bringing several laboratory technologies to space
readiness. As has been the case for COBE, WMAP, and Planck, ground and balloon-based
experiments will be critical pathfinders to prove the new technologies. The main technologies
that require development and test are the antenna-coupled TES bolometer arrays with their
multiplexed SQUID readouts and the polarization modulators, such as the half-wave plate
rotator. Support for development of the basic technologies and sub-orbital experiments will be
critical. The current NRA-based effort has allowed the community to develop the basic
technology ideas, but to bring the required technology to maturity for an mission selection, a
higher level of resources is required. Fig. 7.1 shows atimeline for the technology development
for EPIC. The timeline assumes work from the current EPIC team, but the team is open
contribution and collaboration from the entire community.

sQuibs  TRL

P G GRS

Antenna-Coupled’
-Coupled TES NN VTR T
Polarization WW_

Broadband Ant

1000-Pixel Systems

Suborbital (e.g. EBEX, SPIDER)

Figure 7.1. Timeline for EPIC technology development.
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Antenna-coupled TES detectors. The development of the focal-plane technology is one of the
key areas where progress is required to design and build EPIC. As discussed in the earlier
detector section, the basic concepts for the focal-plane exist. It will take a concerted effort to
develop each of the ideas to the point where the tradeoffs between different concepts becomes
clear. Fabrication of large arrays systems and tests of these systems in ground and balloon
systems is required. Also, development specific to space missions where mass, vibration, and
lifetime requirements are more stringent will be essential and will require dedicated funding.
The established groups at JPL/CIT, NIST, UCB/LBNL, and GSFC have the necessary expertise,
but a dedicated line of funding is required to push beyond the “mid-TRL hump” in order to
obtain fully functional arrays from the current mix of demonstrated component technol ogies.

SQUID Multiplexers: DC SQUIDs have been flown on the GPB mission. The SQUIDs
required for EPIC are similar in construction and materials, but the type of multiplexed TES
readout will determine the exact SQUID configurations required. SQUIDs for the CMB
community are amost al built by NIST, and therefore it is important that NIST has sustained
support. Thetime-domain MUX is being developed by NIST and the frequency domain MUX is
being developed by UCB/LBNL. Ground- and balloon-based experiments will test these readout
technologies with 1000 element arrays. For space, further work is required on power dissipation,
both cryogenic and ambient. Such work will not likely be done for suborbital experiments, since
resource requirements are less stringent.

Coolers: The Planck dilution cooler will be flight tested in 2008. It has a 100 nW of cooling
power at 100 mK for the detector system after a much larger portion of the cooling power is
allocated for the cooler supports. This cooler would be suitable for EPIC, but a continuous ADR
which can have more cooling power would allow more flexibility in design of the multiplexed
readout. Continuous ADRs are being developed by GSFC and JPL.

Polarization Modulators: The status and outlook for polarization modulators is similar to that
for the focal-plane technologies. There are several plausible concepts including rotating half-
wave plates, Faraday modulators, and microstrip RF switches. Each of these will be tested in
ground and balloon tests, but dedicated funding would be required to bring them to a high TRL
level before 2011, the NRA date planned by the Weiss committee.

Broadband antireflection coatings. For EPIC-LC, each aperture has only a single frequency
band and therefore the anti-reflection coating requirements are ssmple. Suitable coatings already
exist. For EPIC-CS, broadband antireflection coatings are required and these have not yet been
demonstrated. This is another area that requires funding, both at the NRA level and also
dedicated funding toward CMBPOL.

Suborbital Pathfinders: The members of our collaboration are working on existing, planned,
and proposed CMB polarization experiments on the ground and in balloons. These are staged
with the future experiments having increasing capability. BiCEP and QUAD are observing now
at the South Pole with ~100 NTD detectors. EBEX is a funded balloon experiment that will use
~1000 TES detectors in an LDB flight in 2008. SPIDER (LDB balloon) and POLARBeaR
(ground) will use 1000 element arrays of planar-coupled TES detectors. These experiments will
be able to test several foca-plane technologies, polarization modulators, and observation
strategies. The members of the EPIC team will collaborate to compare the resulting lessons to
refine the design of EPIC.
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Appendix A. Formalism for Main-Beam Systematics

Here we summarize calculations which were used to simulate the effects of main-beam
systematic distortions. We have found that previous results, derived in real space, can be
formally generalized by including infinitely many higher-order corrections which can be
summed up and represented as analytic functions. In practice, to reduce computation time, we
truncate the expansion at second-order, as summarized below, but our analytic expressions allow
us to bound the effects of higher-order residuals. These results were subsequently compared to
the full analytic expressions, where the smulations were performed in multipole-space, and
confirmed the analytic approach with good agreement. A primary benefit of the rea-space
simulation is that it accounts for the exact scan strategy employed, allowing for optimization as a
method of mitigating the main-beam systematic effects.

We approximate the signal observed by a single polarimeter pixel by Taylor expanding
the underlying field on the sky. We expand the real-space temperature and polarization fields on
the sky up to the second order. Here, p represents the angular coordinates of the center of a given
pixel, and r isthe exact direction of observation. The observed temperature signd is:

T(r) ~ T(p) + VI(p)(r—p) + %(r— ) DT(p)(r—p).

Identical definitions apply for the two linear polarization fields Q(r) and U(r). D*T(p) represents
the second derivatives of the temperature field near the point r.

The signal, s(r), measured by a detector is the convolution of the underlying T,Q and U
signals with the pixel’s antenna response or “beam pattern”. Here we consider the effects of the
main beam only. The signad is:

s(r)= J B(r—r,B.0)[T(r")+ Q(r')cos2a + U(r')sin2a Jdr'

where B is the angle between the scan axis and the local meridian, and 6 is the angle between the
beam’s major axis and the scan axis. The angle between the polarization sensitivity direction of
the detector and the local meridian is a. The following condition holds for the angular variables:
a =+ 60+ vy, where y is the possible rotation of the polarization sensitivity direction of the
detector with respect to the major axis of the (potentially elliptical) main-beam. The virtue of the
Taylor expansion is that it alows us to compute the integral as a function of the idealized beam
parameters and T, Q, U fields, which is much faster than a real space convolution of the full
beam and field expressions. After some math, one can show that s(r) becomes:

s(r) =%[T+ZT +c052(a—t//)WT +sinZ(0¢+t//)XT +cosZa(Q+ZQ +c052(a—t//)WQ +sin2(a+t//)XQ)

+sin2a(f] +Zy +cos2(a—w)W, +sin(a +1//)XU)J

where

T=T(p)+ VI(p)(r—p)+ %(r— ) DT(p)(r— p)
and
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2 2 2 2 2 2

o, +0, 0,0y °x 79
Z, = 4 —(T, + Ty), Wy = 4 (T, -1, X; = 4 =(T,+T,),

in which x and y are the axes of the beam and Tj; are the second spatial derivatives of T. The
Matrices Z, W, and X encapsulate the systematic distortions from an ideal, circularly-symmetric
Gaussian beam. The various symmetries (e.g. dipolar, quadrupolar) of the beam distortions, as
described in Section 3 couple to first and second derivatives of the underlying fields. For
example, the monopole symmetric systematic related to differential gain can produce a non-
vanishing spurious polarization signal even if the underlying Q or U signal in that pixel is zero.
Similar definitions hold for Q and U. First and second derivatives are obtained from simulated
maps, and the simulations can be marginalized over many realizations to isolate the intrinsic
effects of the systematic distortions.

Given a redlization of the underlying sky, simulations of the expected detector time-
ordered-data (TOD) streams are produced. Once the data streams are computed using the above
eguations, we project them onto maps using HEALPIX. For a given pixel, the set of the n
samplesthat fall into this pixel isformed into a Stokes vector, called s. We then have:

! 1 cos2a, sin2eg

) 1 cos2a, sin2a

s=Al 0 wuthA:%: o Ol
U :

1 cos2a, sin2e,

In the above, the matrix A isthe “pointing matrix” which maps time-ordered data to map pixels.
To reconstruct I, Q and U, we invert the above expression by performing a least square
minimization, using standard  matrix  techniques, vyielding three  synthetic

maps(1,Q,U) = (ATA)_IATE . These maps can then be used to synthesize maps of E and B-mode

polarization, from which power spectra are produced. To study EPIC’s susceptibility to main-
beam distortions the process is repeated for varying systematic effect levels.

Appendix B. Alternative Optical Designs

The crossed-Dragone design (also known as a compact range antenna) offers a number of
advantages when compared to its Gregorian counterpart. A crossed-Dragone design is a
Cassegrain telescope with a decentered entrance aperture that satisfies the Mizuguchi-Dragone
condition. An example designed for EPIC-CS is shown in Figure B.1. The system consists of
two reflectors that feed the radiation directly into the focal plane. A HWP is placed just in front
of the focal plane (not shown in the figure).

In the crossed-Dragone the radii of curvature of the mirrors are much less severe than for a
Gregorian system of comparable size and f/#. This reduces both instrumental and cross-
polarization systematic effects, and also diminishes the effect of aberrations; the aberration
performance and polarization properties of the system are given in Table B.1 and B.2.
Furthermore, the focal plane of the crossed-Dragone is nearly flat (focal plane radius of
curvature ~ 32 meters) and telecentric (deviations of ~ 1° from telecentricity at the edge of the
field of view), thus eliminating the need for refractive re-imaging optics that would otherwise be
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needed to meet these conditions. As a result, it is possible to achieve a single, large deeply
diffraction limited field-of-view without any additional lenses. This is a substantial advantage
relative to either the Gregorian system, which requires a number of relay lenses, or the refractor
design, which is monochromatic.

One mgjor tradeoff in a fully reflective crossed-Dragone design is that the primary mirror
itself is the only natural stop in the system. This necessitates that the perimeter of the primary
mirror be surrounded by a black surface that is as cold as possible, and that the focal plane be
more sparsely populated in order to control spillover without a cold stop. In the crossed design
we use a focal plane spacing of d = 3.25(f/#)\ to achieve a similar spillover as in the 2(f/#)A
gpacing of the Gregorian or refractor designs that have cold stops. This spacing, along with an
oversized primary, limits the entrance aperture size that will fit into an Atlas-5 launch vehicle.
The crossed entrance aperture is 2.0 m, compared to 2.8 m for the Gregorian design. Because of
the potential advantages of the crossed Dragone design it is worthwhile to study carefully the
trade-offs between aperture size, focal plane spacing of detectors, beam spill-over, beam size,
scientific return and overal technical chalenge. The crossed-Dragone provides substantial
simplicity in implementation relative to the Gregorian design, but with somewhat coarser angular
resolution.

A second trade-off with the crossed Dragone design is the proximity of the incident beam to
the secondary and to the focal plane. If such adesign is chosen as candidate for a future mission
careful attention should be given to these constraints and to diffraction they may cause.

-

Primary ~__ | /

Figure B.1: A crossed-Dragone system with 200 cm open aperture for EPIC-CS. This system can fit inside an Atlas
V shroud, but a larger aperture system would not fit. This system provides an achromatic, nearly telecentric, and
diffraction-limited field of view with low instrumental and cross-polarization without any lenses.
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TableB.1 Parametersfor EPIC Crossed-Dragone Optics

Frequency | Throughput' | FOV? | Strehl
[GHZ] [em*s] | (deg) | Ratio®
30 31 10.2 | 0.99
45 56 84 0.98
70 63 7.1 0.96
100 45 53 0.97
150 24 35 0.97
220 8.2 1.9 0.99
340 15 0.9 0.99
500 0.6 0.5 0.99

! Defined as the product of throughput per pixel (1) and the total number of pixels at a given frequency. A pixel on
the focal plane contains two polarization sensitive TES detectors.

2pixels are arranged on a square grid with a circular boundary. We give the cumulative outer diameter of the FOV.
The lower frequency pixels are arranged in annuli around the higher frequency ones.

®Ratio given at the outermost diameter of the frequency band.

Table B.1: Lowest Strehl ratios provided by the Crossed-Dragone telescope at the edge of the FOV for each of the
frequency bands. Strehl ratios larger than 0.8 are considered diffraction limited. Note that the required number of
detectors and associated detective throughput is the same as the EPIC-CS Gregorian Dragone summarized in Table
6.3.1. Compared to the Gregorian design, the Crossed design has much larger FOV, due in part to a smaller primary
but mostly due to the larger spacing between pixels, 3.25 fA instead of 2 fA.

TableB.2. Polarization Properties of the Crossed-Dragone 150 GHz Band

Matrix Element Level
1Q 1.5x 10"
U <1x10°
QU 0.00563

Table B.2: Mueller matrix elements for the edge of the field of view of the 150 GHz band of the 2 meter aperture
EPIC Crossed-Dragone telescope. A mixing of QU at the level shown would rotate an incident polarization vector
by 0.16 degrees. The finite conductivity of the surfacesisincluded in the calculation.

Appendix C. Mechanical Calculationsfor Deployed Sunshield

Given the deployed configuration of the sunshade, analytical tools were used to design
the structure to meet the given requirements in Table 6.7.1. This section will present the
developed analytical tools used to design this sunshade. Resulting specifications are given in
Sections 5.7.6 and 6.7.8. The general design methodology is to first design the structure to meet
the natural frequency requirements, then design the spreader bars, and finally check the buckling
behavior of the lenticular struts. If the factor of safety requirement on buckling load is met, then
no further work is required. However, if the buckling requirement is not met, then the strut must
be redesigned not to buckle. While this redesign will surely meet the dynamic requirement, a
calculation should be made to ensure that the fundamental frequency requirement of the
buckling-re-designed strut is met.
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C.1 Lenticular Geometry Analysis

The geometry of the lenticular strut shown in Fig. 6.7.4 has many parameters, but for a
given thickness, t, and tab length, B, a cross section is specified uniquely by any two of H, W, or
R. The relationships between these parameters are

A= R—VEV (C.2)

H = 2/4R*—(R+ ) (C2)

It is aso useful to define the flatnessratio, f, for the lenticular geometry:

f=% (C.3)

Deployable lenticular struts should be moderately flat, which implies an f value between about
0.4 and 0.6'°. Thelast parameter of interest isthe angle &, given as

0=5 nl{wj (C.4)

For the present EPIC study, the lenticular cross-section has a linearly tapered height, H, which is
specified along with the constant radius, R, as the height of the strut will be limited by the
spacing between the V-groove radiators and the radius by mission requirements. The remaining
parameters can then be calculated and used in the subsequent mechanical analysis. The
nonlinear nature of Equations C.2 and C.4 shows that while H tapers linearly, W and & do not.
Such relationships are used subsequently when the density and moment of inertia are calculated
along the length of the strut.

C.2 Mechanical Analysis

With the relationships between the lenticular strut cross section design variables, the next
step in the structural design is an analysis of the natural frequency to size the cross section of the
lenticular struts so that the sunshade meets the fundamental frequency requirement. A Rayleigh-
Ritz procedure™ is used, which involves selecting a shape function for the in-plane displacement
of the lenticular strut cantilevered from the central hub that meets the geometric boundary
conditions at the fixed end (displacement and slope equal to zero). The selected shape function
IS

N i
u=>alt)1- cos—> (C.5)
i=1
where &=x/L is the normalized spatia variable along the length of the strut with length L, &(t)

are time-dependent scaling parameters, and N is the number of terms to include in the shape
function. Increasing the value of N increases the number of calculated natural frequencies as
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well as the accuracy of the predicted values. Using this equation aong with Hamilton's
Principle results in the standard el genvalue problem for structural resonances:

(M -o’K){a}=0 (C6)

Here, M is the mass matrix and K is the stiffness matrix. The determinate of the term in
parentheses in Equation C.6 provide the natural frequencies, o, of the system, while the nonzero
vector {a} gives the linear combinations of the shape functions from Equation C.5 that
approximate the true eigenvectors. The mass matrix for asingle sunshadeis

U = e0s (1 cos
M, —Llp(f)(l cos— j(l cos= jdé (C.7)
where
[ B o R\ k2
p(é)—4ptH{Ho+2(H0]6'(cf)}+ o, (C.8)

is the density per unit length of the strut, p is the strut material density, pn, is the density of the
reflective film, my, is the tip mass of the strut (20% of the beam mass plus the mass of the
spreader bar, as calculated later), n is the number of lenticular struts (6 for EPIC) and a subscript
O refers to a cross-section parameter at the root/base of the strut. This model assumes that the
film mass is distributed evenly along the length of the strut. The stiffness matrix for in-plane
motion of the sunshadeis

K = L.I El (g)izjzﬁ—;cosi%écosj—fdg (C.9)

where the moment of inertia about the bending axisis

(&)= 4tR3{|:(M —1} 1206, + 2(\’@ - stin 0, + M} (C.10)
2R | 2R 2
and
g, =sin* Mj (C.11)
IR

A computer program was written, where the material properties and selected lenticular geometry
was input, and the resulting natural frequency of the sunshade calculated. The program is used
iteratively, varying the geometry until the required natural frequency is obtained.

C.3 Stress Analysis of Spreader Bar

The loads imparted to the spreader bars are due to the tension in the membrane film
layers. From Fig. 6.7.6, afree body diagram of these loads is constructed in Fig. C.1. Since the
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bottom membrane attaches close to the spreader bar pivot at the end of the lenticular strut, its
load contribution creates a small moment, and therefore has not been included in this analysis.

lenticular

FSBcord

Figure C.1: Free Body Diagram of the Spreader Bar.

For EPIC, the values of a», and o3 are 5° and 10°, respectively. To determine «; the
loads, the geometry of the sunshade, shown in Fig. 6.7.8, must first be determined™**>.

Figure C.2: Sunshade Geometry for Bottom Sunshade Layer.
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Given a uniform stress in the membrane film, o, the force imparted to each spreader bar by the
filmis

F=0ctR, =123 (C.12)

Here, i denotes the sunshade layer number, as specified in Figure 11. From Figure C.2, Ry is
known from the required diameter of the sunshade; however, the length of the lenticular strutsis
not equal to Ry1. Likewise, Ry is the distance from the center of the V-groove to the closest
scalloped-edge point for the i sunshade layer. The distance from the center of the V-groove to
the tip of thelenticular strut is

N2 2h
=—R,;+—= C.13
&= R, NE (C.13)
while the actual length of the strut is shorter by the radius of the V-groove, or
d
Ll — a1 _ Vgroove (Cl4)

2

where dvgroove IS the diameter of the V-groove radiator. For the middle and top layers,

_an-l \/E Sin(l—l_d)
Lo =8 ( 2 sn(135" - a,) (C15)

L, = sin-{\/E sin(L, - 2d) J (C.16)

2 sin(135" - a,)

where d is the center-to-center spacing of the V-groove radiators. a, and ag are found by adding
the radius of the V-groove radiators to L, and Ls, respectively. Also, for the top and middle
layers,

3 2h

R, = 7(32 _Ej (C.17)
[,

R = > (ae ﬁj (C.18)

At this point, Equation C.12 can be used to find the force resultants for the membrane layers.
The force required by the spreader bar cableis
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F;sine;+F,sna,

Facape = - C.19
Boabl sna, (C.19)
where
. 4 SinSB,sin135°
o, =Sn _ (C.20)
sn LSBcable

and the length of the spreader bar cableis

Lepenye = | SBE + L2 —2SB, L, cos135’ (C.21)

where SB;, SB,, and SB3 are segment lengths of the spreader bar defined in Fig. 6.7.7. The
geometry of the sunshade specifies that the length of the spreader bar segments be

B, - 2(L23|r\1/(§2)+ d) .22
g - B,(2d +Lysin(ay)+d) o c2)
° d+L,sina, ? '

The length of SB; must be selected to ensure proper stowage along side the telescope
during launch, and so that the stress level in the spreader bar does not exceed the factor of safety
requirement on bending strength. For the 22-m diameter sunshade (scallop-to-scallop diameter),
B, ischosen to be 0.5-m.

With the known forces and distances from Fig. C.1, one can calculate the moments about
the spreader bar pivot point:

M, = F, cog45-a, )(SB, + SB,) (C.24)
M, =F,cod45-a,)SB, (C.25)
M scabie = Fepcanie COS(45+ al)SBl (C.26)

The bending stress in the spreader bar due to these momentsis

(MZ + M3 + MSBcable)rSB

rr3te

O-SB:

(C.27)

The radius of the spreader bar is determined from the maximum viewable cross sectional area
requirement in Table 6.7.1. The thickness is chosen to meet the factor of safety on strength
requirement, which is
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F S _ O-allowable (C28)

where the allowable stress for S-glassis 1.7-GPa. S-glass is chosen because its low conductivity
will minimize heat transfer from the warmest to the coldest shield.

C.3 Sunshade Area

Most of the geometry of the sunshade has been presented, except, the edge scallop of the
sunshade between the struts is found by solving for Ry and ¢ simultaneously™ from

L = 2R, sin%i and h=R, (1— cos%‘j (C.29)
At this point, the area of the three sunshade layers can be calculated as

Area = 23(31 (R.u + h)_ R22| (¢| —sing, )) (C.30)

C.4 Buckling Analysis

From the free body diagram of the spreader bar in Fig. C.1, the compressive load on the
lenticular strut is

F = F, cosa, + F, cosa, + Fg e COSa, + 0t R, (C.31)

Lenticular

The Euler buckling load for a cantilevered beam is

7°El
Feye =—— C.32
Euler 4L2 ( )
For a calculated compressive load in the strut, the factor of safety against buckling is
F
F 'S'buckling = F - (C33)

lenticular

If this factor of safety does not meet the requirement, then the necessary moment of inertia, I, for
the beam is calculated by applying the required factor of safety to the buckling load in Equation
C.32. This new moment of inertia is then used to determine the new required lenticular
geometry, and the mechanical analysis is performed again to ensure that the fundamental
frequency regquirement is met. For EPIC, the struts tended to be driven by the buckling load, not
the frequency requirement.
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C.5 StressAnalysisof Lenticular Strut in 1-g

This section of the appendix gives the equations used to determine if the 22-m diameter
EPIC sunshade can be deployed and tested on the ground in a 1-g environment. For the
geometry in Fig. 6.7.12, the maximum deflection of the strut occurs a the free end. The
deflection due to the distributed load is

wL?
Yaistributed = ~ SEl (C.39)
while the deflection due to the tip load is
w®
Yiipload = _E (C.39)

These tip deflections add together to give the total deflection for the loading scenario in Fig.
6.7.12. The compressive stress at the bottom of the lenticular strut is

o __(WM+05wL)H

lied
appi 2|

(C.36)

where H is the height of the lenticular cross-section. The local wall-buckling stress for a thin-
walled tube of radius R and wall thicknesst with no imperfectionsis

0.6Et
Olocal = R (C.37)

The factor of safety against local wall-buckling isthen simply

F.S — Flocal (C.39)

*~"wall —buckling
applied

For the case where the struts are gravity-offloaded, the beam deflects in a pinned-cantilevered
manner, and the maximum deflection occurs at 0.4215L from the pinned end with a value of

4
Yottioad = —0.00%4 VVEL

(C.39)

Appendix D. Telemetry Link Budget Calculations

The focus of the Telecom study was to provide spacecraft antenna options along with
possible ground options. As the study progressed, an option to reduce antenna complexity with
low data rate was aso studied. The telecom study included telescope options listed below:

a. An EPIC-LC mission (X-band downlink @ 4Mbps with gimballed antenna)

b. AnEPIC-CS mission (Ka-band downlink @ 20M bps)
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c. AnEPIC-LC mission with low data rate (X-band downlink with bi-conical antenna).
This report provides Telecom inputs and summarizes various X-band and Ka-band data
downlink options.

D.1 Telecom Requirements

The EPIC spacecraft orbits around the L2 Lagrange point. The spacecraft’s spin axisis
45 degreestilted from Earth-Sun line. The spin occurs at ~1 rpm and the system precesses at ~1
revolution per hour. The spacecraft orientation and spinisshownin Fig. D.1.
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~ Motion (1 rev/hour) -
Spacecraft >~ _ _-~" Spacecr aft
Spin Axis (1 “ Spin Axis (1
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Figure D.1. Spacecraft Orientation, spin and precession angles.

The telecom requirements for EPIC based on an earlier TeamX Study were 4 Mbps
downlink @ X-band for EPIC-LC and 20 Mbps downlink @ Ka-band for EPIC-CS. The goal
for the Telecom effort was to study antenna pointing requirements and determine various
spacecraft antenna and ground network options. This was achieved by performing simulations
for antenna pointing requirements followed by various link analyses by changing various
parameters in the link such as space craft antenna, spacecraft amplifier, and ground station to
determine possible downlink data rate.

The frequencies used for EPIC mission will be near earth frequencies and not DSN
frequencies since range for the EPIC mission is less that 2x10° km. The X-band frequency is
limited to 10 MHz, limiting the downlink data rate to 4 Mbps thus the need to use Ka-band for
any option requiring a downlink data rate greater than 4 Mbps. The near earth X-band or Ka-
band frequencies are not channelized (per Frequency Allocation group at JPL) as in the case for
Deep Space frequencies, thus use of these frequencies will require coordination with other
programs.

With a standard antenna, EPIC needs a 2-axis gimbaled drive due to the spinning and
precession of the spacecraft. There was a need to study the antenna pointing requirements and
determine if there were other antenna options which can possibly eliminate the gimbals. Also,
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based on various telecom options a link analysis was performed to determine possible downlink
datarates.

To determine the antenna pointing requirement a simulation model for EPIC spacecraft
trgectory with spinning and precession was built on the Satellite Orbit Analysis Program
(SOAP) tool. Three ground stations, with one at each DSN site were modeled. The spacecraft
communication antenna was modeled and was pointed towards Earth Nadir. A simulation was
executed to determine the antenna pointing requirements. The angle between antenna pointing
axis and the spacecraft spin axis was recorded. The results show the effect of the spacecraft
spinning, precession and the Halo orbit.

Fig. D.2 shows the angles between the spacecraft spin axis and antenna pointing axis as
generated by SOAP. The plot on the left |abeled as 702AnglePrecToEarthNadir, shows the angle
variation along the elevation axis. What is seen is that antenna pointing is 45 deg off the
Spacecraft spin axis and goes thru a variation with +/-10 deg (worst case) due to the effect of
precession and halo orbit (note this is with alarger halo orbit, but has now been reduced to +/- 2
deg). The shaded region in the plot shows the effect of the precession and its details are seen in
Fig. D.3, including the de-spin affect on the azimuth axis.

Halo Orbit EPIC-SC Earth

Angle variation due to Halo Orbit Angle variation due t© spin @ 1rpm
Angle variation due to Precession

Figure D.2: SOAP antenna pointing results (effects of halo orbit, precession and spin). Note that the angle variation
is computed for an earlier orbit with a significantly larger halo diameter.
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Jola[m][E[M[o]#]5]

Cone Angle shows near term oscillating effect due to precession

Figure D.3. SOAP antenna pointing result (effect of precession).

The SOAP results indicate that there are 3 options for the spacecraft antennawhich are as
follows:

a. Earth Nadir pointed HGA requiring continuous 2-axis control

- Axis-1to counteract the spin-affect of the spacecraft at arate of 360deg/min.
- AXis-2to continuously point antennato Earth Nadir at arate of 0.33deg/min

b. Earth Nadir Pointed antenna with wider beamwidth of 21.4 deg requiring continuousl-
axis control for to de-spin. Thisoption is applicable to EPIC-LC at low data rates.

c. A bi-conica antenna pointing in the direction of spin axis. Antenna pattern starts 35 deg
from spin axis to 55 deg from spin axis. This option is also applicable for the EPIC-LC
low datarate case. (Note that this option has now been revised based on a smaller orbit,
and a higher antenna gain).

D.2 Specifications

After the SOAP simulations, link analysis was performed along with various spacecraft
antenna, amplifier and ground network options to determine the feasibility of the link and
achievable data rates. Table D.1 shows the link analysis results performed for the X-band
downlink
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TableD.1. X-band Downlink Performance Summary

Pointing Option | AntType | AntSize | Mass AntBW Ant Gain | SC-Amp | GndStation | Gnd-Gain| DataRate Comments
(m) | (kgms) | (deg) (dB) w) (dB) (Mbps)

2-axis Control Dish 04 6.9] 7.47612426] 28.3825333 13[12m 58.65 4[TeamX results

Dish 0.5 6.6] 5.98089941] 30.3207335] 5|34m 68.29 4[TeamX results
[ R T A A 0 e DNy
1-axis Control Dish 0.14] 9.1] 21.360355] 19.2638941 70]12m 58.65 4[TeamX Results

0.14 7.1] 21.360355| 19.2638941] 10{34m 68.29 4[34m option studied and is feasible
Don't need DSN array

Annular Pattern  [Dish 0.14 24.1] 21.360355| 19.2638941 70|12m 58.65 4|Use horn for 1G option with total of 18 elements
(18 element to cover 360deg. There will be switching network
antenna network) in the backend to switch between antennas. This

will require switching algorithm and knowledge of
the earth with inputs provided from ACS. This
option requires a complex switching network with
estimated mass of about 15kgms.

0.14 24.1] 21.360355| 19.2638941 10{34m 68.29 4[Same as above

[ | A M [ 0 e DSN array

Single Annular Biconical antenna as designed by Aluizio with

Antenna 20.5 deg HPBW provides 5dB antenna gain
--m 68.29 1.83|Biconical antenna as designed by Aluizio with

TeamX  Other

Study Options

20.5 deg HPBW provides 5dB antenna gain
NOTES:

Don't need DSN array
1. Mass estimate includes Antenna, Amplifier, Radio, Switching network (if applicable) and other misc components as stated in
TeamX. The mass estimates do not include the mass for the gimbals.
2. DSN-array is currently not a project. The rule of thumb for DSN-array isto use < 50% of total elements which amounts to 200.
3. Antennagain for bi-conical antennais based on theoretical estimates provided from antenna team and requires further analysisto provide
more accurate inputs.

A 12m ground antenna suffices for X-band downlink at 4 Mbps with a 2-axis or 1-axis
antenna pointing mechanism. In the case where there is a need to avoid any pointing
requirement on the spacecraft antenna, a single bi-conical antenna with a 12 m ground antenna
will require a reduction in the data rate to about 197 kbps. The other option is to use a 34 m
ground station which supports 1.83 Mbps downlink as seen above.
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Table D.2 Ka-band Downlink Performance Summary

Pointing Option | AntType | AntSize| Mass AntBW Ant Gain | SC-Amp [ GndStation | Gnd-Gain| DataRate Comments
(m) | (kgms) (deg) (dB) (W) (dB) (Mbps)
2-axis Control HGADish 0.8 8.9] 1.21487019| 44.165466 10/12m 68.4 20|TeamX results
0.8 5.7] 1.21487019| 44.165466 5|34m 76 20|34m option studied and is feasible
0.8 8.7| 1.21487019| 44.165466 5/34m 76 60|Other 34m options to reduce tracking time
8.9] 1.21487019| 44.165466 Other 34m options to reduce tracking time

Don't need DSN array for 2-gimbal option

1-axis Control Option not feasible, since the maximum amplifier
assumption is 100W (project input)

Option not feasible, since the maximum amplifier
assumption is 100W (project input)

Option not feasible since it requires DSN-array
with 661 elements --> Max elements is 400
Option feasible w/ 70-element DSN array.
Important to remember that DSN-array is not a
project and a backup option will be required if
Array is not ready by the time of this project

Annular Pattern Not feasible
(20 element
antenna network

Low Rate Option

Not feasible

Low Rate Option

Use horn for 1G option with total of 20 elements
to cover 360deg. There will be switching network
in the backend to switch between antennas. This
will require switching algorithm and knowledge of
the earth with inputs provided from ACS. This
option requires a complex switching network with
estimated mass of about 15kgms.

Single Annular Conical antenna with 20deg BW can provide
Antenna about 10dB antenna gain.

Conical antenna with 20deg BW can provide
about 10dB antenna gain.

This option requires 70 element array of the DSN-
arra)

This option requires 300 element array of the
DSN-array

Study Options

NOTES:

1. Mass estimate includes Antenna, Amplifier, Radio, Switching network (if applicable) and other misc components as stated in
TeamX. The mass estimates do not include the mass for the gimbals.

2. DSN-array iscurrently not aproject. Therule of thumb for DSN-array isto use < 50% of total elements which amounts to
200

3. Antennagain for biconical antennais based on theoretical estimates provided from antenna team and requires further analysis
to provide more accurate inputs.

Ka-band downlink requires 2-axis control to support a 20 Mbps downlink. There are other data
rates that can be supported by 2-gimbal spacecraft antenna by using a 34 m ground station. 20
Mbps can be supported with a 5 W amplifier and a 34 m ground station with about 7 dB link
margin. The data rate can be increased to 60 Mbps with the same uplink and downlink scenario
but reducing the link margin to 2.2 dB. The final scenario is to increase the amplifier to 10 W
and double the data rate to 121 Mbps. These data rates are feasible at Ka-band since Ka-band is
not band-limited like X-band. The other options for Ka-band link are to use either 1-axis
spacecraft antenna or a Ka-band bi-conical antenna but either option requires DSN-array ground
network. A DSN-array is currently not a project and future plans are not well understood.
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