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Starshade S5 Baseline Design
26m NI2 design with 8m petals

[ telescope side ]

e Optical shield

(grey)
completely
covers telescope
side

10m perimeter truss
[ star side ]

Telescope
(optional)

? telescope

starshade

8m petals

Stowed config shown co-launched
w/1.1m telescope
(5m fairing)

" Exoplanet %{/L? Target star




HabEx 52m Starshade

16m long x 4m wide
petals (qty 24)

/ S5 26m starshade I

20m dia. Inner disk (to scale)

w/ solar array

7 < S HabEx 52m
starshade in
F9 fairing
*Not to scale
for visualization
purposed




26m Stowed Analysis Summary

Meets all stiffness and strength
requirements including placement of
telescope co-launched on top of starshade

Deployed Analysis Summary

S5: 1St mode > 1 Hz, 154 in-plane = 17.3 Hz
HabEx: 0.8Hz

Structure stable (truss buckling or loss of
tensions, accelerations/thermal)

Output Set: Mode 1, 11.65172 Hz
Deformed(3.398): Total Translation
Nodal Contour: Total Translation
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52m HabEx 15t Mode: 0.8 Hz

26m S5 1st Mode: ~1 Hz

Output Set: Mode 1, 1.063274 Hz
Anil 2.704): Total Ti {
Nodal Contour: Total Translation
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Petal Subsystem

Petal developed, manufactured & assembled separate

from inner disk, with defined interfaces at its base




Mechanical Subset of KPP’s & Error Budget

KPP e .-
Technology Gaps 4 KPP Specifications KPP Threshold Values KPP Goals
Verify pre-launch accuracy )
Petal Shape 5 <+ H <+
. . (manufacture, AI&T, storage) S+70pum LY <#30pm
22
s 6 Verify on-orbit thermal stability <+ 80 um 5x 10" <+40 pm
Verify pre-launch accuracy 12
7 <+300 <4212
(manufacture, AI&T, storage) - Hm LAY - Hm
8 Verify on-orbit thermal stability <+ 200 pm 5x 107 <+ 100 pm

*KPP #6 & 8 represented the largest unverified mechanical shape error contributor to contrast in the error budget prior to S5 project

Mechanical Shape Error

2.1x 101!
I
| | |
Petal Shape Launch, cruise & non-thermal stability Petal Position
1.8 x 101 0.1x 101 0.2x 1011
| |
KPP 5 [ | KPP 6 KPP 7 | | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<70 um <£80pum KPP <300 um <200 pum
1x 1011 0.8x 101 Threshold Values 0.1 x 10-11 0.1 x 1011
| | _ I |
41% 100% Margin 4%% 100%
1 1 1
<+ 5|0 pm <+40 um KPP Goals <+212pum <+ 1(10 pm
| |
2|5% 1o|0% Contingency or MUFs 2|5% 100%
1
<40 pm <+20pum Nominal CBE Values <+170 pm <50 um

TDEM-09 measurements Unvalidated models Basis of estimate TDEM-10 measurements Unvalidated models



KPP Verification Activities Flow Chart

Decadal Input
1

Reference Mission: ] ] _ |
X 2m max width petals (qty 24) (critical environments forKPP’s) Y | =~ L ______
|
1
Petal Subsystem - . ] - -
- Medium fidelity w/ KPP relevant features Medium fidelity w/ all features
KN TN NS > >
1y 14/3 " Article 1: 1.5m wide x 4m long Article 2: 1.5m wide x 6m long
2m wide x 8m long I
e e e

Inner Disk Truss Bay Assy Medium fidelity w/ KPP relevant features Medium fidelity w/ all features

Node Longeron

Assembly level: Truss Bay

Component level: longeron & node
@ full scale (~1.3m long)

assemblies (full scale)

\ 4

Upgrade optical shield to medium fidelity

Medium fidelity truss & spokes; optical
also incl. petals

shield w/ KPP relevant features

Y

Full Scale (10m dia)

Full Scale (10m dia)

Y



Petal Activities Flow Chart w/ Activity Status

Decadal Input

KPP Risk Reduction Activities : . o
Remaining TRL-5 Activities
______ (critical environments for kPP's)__ U (| oennd e AeMIes
|
Petal Subsystem ; T : ; T
- Medium fidelity w/ KPP relevant featurgs Medium fidelity w/ all features
KNG NS P —
WO Article 1: 1.5m wide x 4m long ! Article 2: 1.5m wide x 6m long
:
________________________________________________ D e
- Shape vs temp. test complete @ 5 micron Petal in thermal chamber at Tendeg Facility in Louisville, Co.

accuracy, model validation on-going, preliminary
results show large margin on requirement

- Shape post thermal cycle extremely stable
(repeatable to a few microns)

- Deploy cycle (unfurl) & shape meas. upcoming

[o—r ]

Petal Test Article Measurement Locations

Total of 16 laser interferometry
eeeeeeeeeeee
2x for Free-span edge

7x petal width
pe shape characterization

(batten)

147.5in

Base width

IR
NN

triangulation  Petal
length

%
ek

2T -~ - .
\\\ Sk :

NGAS-ATK & Southern Research provided optical measurement capability &
data processing & Tendeg who was responsible for petal build & test campaign

Thermo-couple (notional)
@  interferometer reference (approximate location)




Optical Edge Activities Flow Chart w/ Activity Status

+ Pathfinder edges thru environments
* In-plane shape and scatter performance preserved & meet reqts
* Evan Hilgemann (edge lead engineer) has talk on this next

Optical Edge

Terminal Edge W

A —

Half length (0.5m) edge prototype
(top —telescope side, bottom — Star side)



Truss Bay Activities Flow Chart w/ Activity Status

Decadal Input

KPP Risk Reduction Activities :
(critical environments for KPP’s) :
I

Remaining TRL-5 Activities

Medium fidelity w/ all features

Inner Disk Truss Bay Assy Medium fidelity w/ KPP relevant feature

Node Longeron

Assembly level: Truss Bay
@ full scale (~1.3m long)

Component level: longeron & node
assemblies (full scale)

H————— =y -

Longeron assemblies:

* Length vs temp. meets regs (1 of 3 meas.)

« Post thermal cycle dimensional stability meets
regs (2 of 3 meas.)

Node Assembly:

« Testing and model validation in process

* Post thermal cycle dimensional stability meets
regs (2 of 3 meas.) __ o

« Material data looks goqgl!

Longeron assy

(a=g

Truss thermal stability
prototype design

P ::;?’ G e k- e o
Node assy (left) & longeron assys (right) on Micro-Vu Measurement Maching at Tendeg Facility in Louisville, Co.
Length vs. temp measurement at NGAS-ATK in San Diego in IMF (interferometric measurement facility)




Inner Disk Activities Flow Chart w/ Activity Status

Decadal Input

Remaining TRL-5 Activities

Medium fidelity truss & spokes; optical Upgrade optical shield to medium fidelity
shield w/ KPP relevant features also incl. petals
> —
Full Scale (10m dia) Full Scale (10m dia)
| 300 ym rfq_uir_eTe\nt\
« Multiple successful deployments of 10m (full scale) Inner Disk
Subsystem w/ truss, spokes and optical shield R A

o

» Deployment accuracy to date well within requirements (10x
10%, 3x 50%, 3x 80% and 1x full stow, more coming)
* Deployment FEA modeling efforts ongoing NN A
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Truss & shield at Tendeg Facility in Louisville, Co., measurements made with JPL Leica laser tracker 11



Inner Disk Deployment

y T i
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I

VideoMach unregistered

Truss & shield deployment at Tendeg Facility in Louisville, Co.

v ODB: OS_Quasistatic_Stow_r17.00b  Abacus/Explicil 3DEXPERIENCE R2017x  Sat Jun 22 14:28:36 MDT 2019

Shield furling FEA developed by Roccor (Longmont, Co) A, il Lo b



Petal Unfurl Subsystem Engineering Work

- PLUS testbed w/full set of petal has been deployed and characterized
- Future work to include test of 4x medium fidelity petals (CFRP) with upgraded interfaces and offloading to
validate against deployment model




Backup Charts

14



TRL-5 Test Activities Flow Chart

Reference Mission: Risk Reduction Activities Decadal - —
26m starshade, 10m disc, 8m long x " : : Input Remaining TRL-5 Activities
2m max width petals (qty 24) (TRL-4 + critical environments for KPP’s) put | L ____

Article 1: 1.5m wide x 4m long x 1.6cm thick Mi Arti€le 2: 1.5m wide x 6m long x 1.6cm thick

B.1 Measure, as reference,
as-manufactured
petal 2d edge profile,

Petal Subsystem

Validate analytical model of

B4 _ critical dimension vs. B.1 Verify petal 2d edge profile of Article 2

I
1
1
1
1
: as-manufactured
1
1
1
1

. THthen verify petal shape after: [ B5 Pet;fglgereatrzgeonse Vs > Repeat tests B.2, B.3, B.4, B.5
Mixed Scales B.2 — deploy cycles, —— : /FF:oa . P : B.7 Verify petal shape after storage (creep)

Note: full scale is 8m long,

om wide, 1.6cm thick B.3 - thermal cycles (deployed)

____________________________________________________ L o o e e e
1
1
1
1
1
1
1
1
1
1
T Sub-assembly level: longeron & node assemblﬁes.\ssembu level: Truss Bay
1 .
Node Longerony ¢ Verify critical dimensions Validate analytical model of ||i| | Verify Truss Bay critical dim. Valld_a_te Tru_ss Bay model of
of Truss Longeron & Node Truss Longeron & Node : A.6 — as-manufactured critical dimension vs.:
assemblies: N assembly via measurement of | |, A.7 - after thermal cycles A.8 - I/F Load
i Al- as-manufa;:tured critical dimension vs.: : (deployed) A.9 —temperature
' - I/F Load | ——
A.2 - after thermal cycles S T 'l | A3 verify dim. @ sub-asssy
* At relevant scale : level after storage (creep)
____________________________________________________ e LR EE R

IDS structure @ med-fid, shield @ low-fid 1| IDS incl. shield @ med-fid

1
. . | C.4 - Verify OS opacity at
C.2 Validate Disc CoL X;ﬂg;’eﬁ‘:&f Disch !l | C.3- Verify repeatable disc truss-bay & petal I/F’s
analytical model via I/F > Wi TRL-4 Optical Shield : . deploy tolera_nces_ w/ TRL-5 - -
load / petal position installed | Optical Shield installed C.5 Validate disc model

1 (after verifying shield opacity) of deployment kinematics
1
I
1
1
1
1

Deployment Control q i
Q : . D.2 Validate DCS Additional PLUS sub-assy test
Bhesea SR (D) > D.1_t\h/e_r|fydDCS ur;furtls >model of deployment—> verification work if necessary
. Full-Scale (2.25-m With no edge contac kinematics (e.g. vibe, cold test)
stow dia.)




Test Article 2 Description
Milestone 5B & 6B

Tests: Verify petal shape as manufactured, shape stability after deploy & thermal cycles & storage (creep), Validate
petal model of shape vs. temperature

‘ Petal Subsystem  Critical components for tests: battens*, optical edge, tip, interfaces to truss, & secondarily: braces, spines,
Y interfaces to PLUS (batten length defines petal width*)

Petal Assemblies « Scale: Half (0.65m wide at base, 4m long), medium fidelity (or better)

(Inner and Outer)

« Components:

E‘*Em:t“llggzi — Materials are medium fidelity (space-flight compatible)
Foil) — Battens are uniaxial pultruded CFRP** COTS material, incl. batten snubbers

— Optical Edge & Tip Assy’s are COTS MBF23 Ni/Fe alloy amorphous metal (MBF23) sandwiched with quasi-iso
CFRP* plate, room temp epoxy (reviewed TRL-5 activity developing that product, not discussed in detail here)

— Interfaces to truss: petal strut assy & petal to truss hinge assemblies (invar hinges)
Optical shield including close-outs

Spines including carts launch restraints, braces, rib assy

* M55J with cyanate ester resin, per shared NG materials assumption

Structural Edge

Battens

Braces

Low fidelity

Tip Segment ** T700S data is measured data from JPL SWOT flight program
.. . breadboard met
*** Critical components boxed in red below, orange on left Al lad st he
Pop-up Ribs **** Materials are medium fidelity (space-flight compatible) requirements
"eltﬁl'l‘Tgﬁ Petal to Truss Hinges Battens (Ex. green) Opticallstructural Edge : 2
J (3x blue) — - Segments (ex. Red)
Launch = - ¢
| RestraintI/F
(carts) \
Petal-to- 2 > = =
Batten Snubbers truss strut
(Ex. pink) N = p—
critical
Truss Strut TENEEE
Braces \ Optical shield assy

(Ex. orange) Cart Assy spine  Rib Assy incl. close-outs



Petal Subsystem

Petal Assemblies
(Inner and Outer)

Optical Edge
ment
(Substrate +
Foil)

Structural Edge

Battens

Braces

Tip Segment

Pop-up Ribs

Petal-Truss
Hinges

Launch
| RestraintI/F
(carts)

Batten Snubbers

Truss Strut

Petal Test Articles 1 & 2 Description

Article 1 key purpose: validate petal model and performance for structure

response to temperature (key & driving petal components present)

Article 2 key purpose: demonstrate remaining environments with all
components present

Article 1 Article 2
Milestones 5A & 6A Milestones 5B & 6B
Full: . .
2m wide 1.5m wide Relevant 1.5m wide Relevant
Scale: 8m lon 4m long Components 6m long Components
'g 1.6cm thick Present for Test 1.6cm thick Present for Test
1.6cm thick
correct materials &
Optical Edge construction, not — —
sharp or shape
Tip Segment accurate
Structural Edge
Battens medium fidelity
Braces
Components Pop-up Ribs [lovpresent Medium Fidelity
Petal-truss hinges 1/F only
Launch Restraint I/F (carts)
Batten snubbers not present
truss strut
form/fit only
for depl t
Petal Shield (for deploymen N N
demo funcition
only)
NO
Verify shape Accuracy (shape measured | Structure +Edge Structure + Edge
as reference only)
Structure + Edge +
deploy cycles YES Structure + Edge )
Shield
thermal cycles (deployed) YES Structure + Edge Structure + Edge
Tests YES
critical dimension vs temperature YES Stricture's Edee Structure + Edge +
(Validate Thermal Deformation Model) E Shield
Structure + Edge +
petal shape response vs I/F load N
YES Structure + Ed
(Validate Structural Model) ructure ES 15 IS+ e
Strut
Structure + Edge +
long term storage (creep) NO N/A g

base hinges

Base (root)
spine

Petal Strut 2x

(pink) —>

Battens

(Ex. In blue) ~~—

Brace (diagonal) |

Petal to Truss
Hinge (3x)
. (blue)

(Ex. In purple)

. -7
Launch Restraint
Interfaces

Center spines__| [ [
(silver) (2x) \K@/{/
Pop-Up-Rib _a[

(green) (PUR)

(2x) °

Optical Edge
(left & right)

Optical Shield w
(yellow)

A

NI2 Petal
8m long,
1.75m wide
Mounts to
10m disc



Inner Disk Test Articles for Milestones 7B Description

Truss Assembly » Tests: Verify truss bay dimensions (manufacture), Validate Truss Bay model of length vs. temperature
« Critical components for tests: longeron & node
Node Assy — average longeron length + node width defines the disc radius (petal position)
« Scale: Full (1.3-m long) Truss Bay assembly of medium fidelity (or better)
SWEZE“’“” « Components:
— Longerons are quasi-iso CFRP* tubes with invar petal I/F fittings & I/F to gear assy’s
Restramt /¥ — Nodes are quasi-iso CFRP* plates with CFRP ‘clips’ (jointery) & I/F to gear assy’s

— Diagonals are quasi-iso CFRP* tubes with invar end fittings

Longeron incl.

Petal Hinge 1/F — Optical shield close-outs/flaps included (black kapton XC), (not shown in image)

— Interfaces to Petal: Petal Strut & Petal interface fittings (invar)

Shorteron

*(M55J with cyanate ester resin, per shared NG materials assumption)

** Critical components boxed in red below, orange on left
Diagonal Assy

*** Materials are medium fidelity (space-flight compatible)

. Longeron .
Spokes Assy Node Assy Diagonals (purple) Deploymen? Dr!ve
\ \ & Synchronization

Petal-to-truss
strut (I/F)
(2x pink)

*optical shield closeouts/flaps

included but not shown

Shape critical
members

Petal interface fittings (blue)




Inner Disk Test Articles for Milestones 7A & 7B Description

Milestone 7A hardware key purpose: Validate performance for critical dimension vs temperature at the sub-assembly

Truss Assembly level, longeron & node assemblies (key & driving components present)
[ Milestone 7B hardware key purpose: Validate performance for critical dimension vs temperature at the assembly level,
Node Assy longeron & node assemblies (key & driving components present)
IDS for Milestone 7A IDS Milestone 7B
Cable
spooler/motor
Ass Rel Rel
- Full: 1/2length or elevant elevant
Scale: Components Full Components
~1.3mlong greater
Present for Test Present for Test
Truss-Hub
Restraint I/F
Sub- bl
Level of Assembly . f:\slzn v Assembly Level
Longeron incl.
e Components (| ongeorn Assembly medium fidelity
Node Assembly medium fidelity Medium Fidelity
Shorteron Diagona Assembly not present
Diagonal Assy thermal cycles (deployed) Truss Bay Assy
longeron & node
YES . (longeron, node,
. . . assemblies .
critical dimension vs temperature diagonal)
(Validate Thermal Deformation Model)
Spokes Assy
long term storage (creep) NO N/A longeron assy
Longeron
Diagonals (purple) Deployment Drive

& Synchronization

.........

Petal-to-truss

strut (IIF) 5 & ) (A
Shape critical Y *optical shield
members Petal interface fittings (blue) closeouts/flaps included but

(2x pink)
not shown 19




Inner Disk Test Articles for Milestone 7D Description

Truss Assembly « Tests: Verify repeatable truss deployment tolerances with OS installed, Validate disc model of
deployment kinematics, Validate disc model of shape vs. spoke load, Verify OS opacity at truss-bay
& petal I/F’s = .
Node Assy -~~~ Existing proto
* Critical components for tests: All truss components, spokes, S UPGER
P optical shield, petals (bases + full simulators)
spooler/motor
B  Scale: Full (10m diameter) @ medium fidelity (upgrade of existing prototype)

Truss-Hub ° Components

Restraint I/F

— Longerons/shorterons are quasi-iso CFRP* tubes with petal I/F fittings

Longeron incl.

— Nodes are quasi-iso CFRP* plates w/ Al center beam

VAN
TR

. VAR PGy »
Petal Hinge I/F - B N A‘\:,:»“‘.',‘_l!‘.'!’g.‘li‘xz‘;'%?,:",
— Diagonals are quasi-iso CFRP* tubes (Al end fittings) '7‘\‘*‘*#»*\
\ \,‘ | [t / 5 N5
Shorteron A \¢

— CFRP spoke assemblies (metal fittings)

— Central hub assy (Al)
— Synchronization gear assemblies (Ultem)

Diagonal Assy

— Optical shield close-outs/flaps to petal simulators (black kapton XC)

Spokes Assy — Redundant drive spool/motor assemblies (Al/Steel)
— Interfaces to Petal: Petal Strut & Petal interface fittings (Al)

 Full petal simulations on 4 locations (all features, TBD matl.)

L y ,.v‘cil{.\\ <
e L AR
N Nl i‘;\v‘\‘«“

* Petal bases suff. for petal-truss I/F on all bays (all features, TBD matl.)

*(M55J with cyanate ester resin, per shared NG materials assumption) , g‘\,",‘

s
v
1

* Critical components boxed orange on left tree

20



Inner Disk Test Articles for Milestones 7C & 7D Description

Milestone 7C hardware key purpose: Verify deployment performance of inner disk (perimeter truss) in the

esmlem presence of an optical shield with deployment relevant features (key & driving petal components present)
Milestone 7D hardware key purpose: Verify deployment performance of inner disk (perimeter truss) with
Node Assy optical shield and petals with all relevant features
IDS for Milestone 7C IDS Milestone 7D
(I:at}le o Relevant Relevant
Spooler/ motor
C t C t.
Assy Scale: 10m diameter 10m dia omponents 10m dia omponents
Present for Present for
S Test Test
Truss-Hub .
Restraint I/F e~
'v \ Perimeter Truss — —
Existi tot - to b Medium
Longeron indl. Xisting prototype to be oo Fidelity
Petal Hinge I/F upgraded pokes
form, fit &
Shorteron Hub funciton
sufficient
. Medium
_ Low Fidelity, Fidelity
Diagonal Assy Components deployment (hub =
Optical Shield critical form/fit/
Sookes (11221 e T features e
Spokes Assy Sitd oange) present
4x full petal + petal stubs not present
Inner disk shield to petal S
shield interface 2
Inner disk shield to hub
interface not present
n N N
Verify shape Accuracy
(deploy cycles) Perimeter Perimeter
Tests disk shape response vs YES truss, spokes, YES truss, spokes,
1/F load hub hub
(Validate Structural




Test Article Description
Deployment Control System (PLUS)

prs subsystom |  Tests: verifying no edge contact during unfurl and validate the analytical
[ model of deployment kinematics
Roller Arm Sarousel + Critical components for tests: Rollers incl. tip_ management, 2x 6m
! composite petals, 2x I/F petals and remaining simulators
Arm Subassembly — Key components to enable medium fidelity petal unfurling
 Scale: Full 2.25m core + 6m petals (shortened length, full width/thickness
Petal Cart alle - . - .
Restraint patlet (significant upgrade/overhaul of existing prototype)
Ba;ter;:Sr!u::)ber Central Cylinder ® CO m po n ents .
— Roller arm assemblies (all new, medium fidelity): rollers and tip management,
Arm-Trunnion Hub Separation batten snubber and cart restraints
I/F& Subassembly . i L.
Restraint — Carousel motorized drive system (existing)
I PLUS to Rocket — Petals: all petals incl. all features, e.g. rib assy’s & optical shields, snubbers, carts
7 - 2x 6m composite petals (new)

« 2x interface petals (boundary condition for CFRP petals) (new)
« 20 simulator petals (flexural stiffness of petal, existing in starshade lab)

Existing prm)fy'pe" to be upgraded

Roller Arm




Wrapped Petals —

Batten Snubbers
(preloaded or caged)
Highlighted Red

Petal Spine Stack
(preloaded)

Orange

Stowed Truss Longeron

Batten Snubbers
(preloaded or caged)
Highlighted Red

PLUS (Roller Arms, Carousel, PLUS Adapter)

*** Roller-arm/carousel/plus adaptor assy jettisoned
after launch (total mass = 608 kg)

Cross
Section Petal Cart Stack Batten Snubber Stack
View Highlighted Orange Highlighted Red

Cross Section View

Truss to Flange Connection

(Ball in groove, free to slide in the axial DOF)

X Section
View

Central Cylinder

Truss to Flange Connection
(pinned)

T === | pPLUS Adapter
Cylinder

32



Optical Shield Solar Array SBIR
(Tendeg SBIR)

* Product Description:

« SolAero is constructing a solar cell string of IMM cells to be assembled to the Tendeg starshade optical
shield solar array for testing (an array is 4 strings combined in a frame structure that gets attached to
an optical shield gore)

« In one array, a single string will be electrically active for test verification. These cells will be IMM cells
that are leftover and/or lower efficiency

* Risks

« Matching the interaction of array and OS to create a simple, low risk stow and deploy

« Individual cell breakage due some localized interference of adjacent OS, spoke, frame, cabling etc
+ Testing:

 Electrical continuity of IMM cell in stow/deploy from array to hub connector, frame to OS interface, cell
mechanical survivability, CTE mismatch design, temperature limits

« Testing to be performed on a standalone “quad-gore” (4x gores only), not in presence of the rest of the
shield

* Not tested - More than 4x string config in a frame, multiple string electrical routing, vibe

Ph2 reduced 4 string array approx. IayogtL_m
E =t - rJ,Janci Optic_al sh_ield gore 4x gore test unit
— e (outlined in blue) (outlined in red)
I N , | 7 string array
] ) _ designed for the —
Electrically active celldnert simulator cells 24 petal baseline /

Regarding the solar cell IMM5] TRL:
« TRL7/8 in early 2019, and TRL9 expected by 2020
» SolAero: “...in preparation for full scale flight program R 4 strin ‘
using this IMM cell ... accompanied by a full S-111 educed .St 9
qualification*.... array (designed to |
*S-111 qualification is the gold standard which was integrate on 28
established by the Air Force, SMC, and NASA, and qualifiesa bay existing JPL
given cell technology to the full range of space testbed)
applications... .”



S5 Error Tree

WFIRST-Starshade Rendezvous at 1.52 A/D IWA

. I .

Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Detect planets as dim as 30 visual magnitude

Science investigations

Systematic noise calibrated to SNR of 10
|

Photometric noise < 20X planet, at WA

| | T 1
Background Starshade | Telescope | | Time Variant |
I ] | |
1 1 [ KPP3 ] 1 1 i _ _ 1
Other stars Solar Zodi Exo-Zodi Reflected Instrument Contrast ; Sunlight leakage thru| etector Noise ey Terms
(galactic and V> 28 bright bodies Sl p Sunlight t_hru optical shield flaps | [Read Noise: Background vs. target
. V > 25 mags micrometeoroid holes . ] ;
extra-galactic) V> 29 per PSF at 1.5X V> 30 . 1 x 1010 V> 31 V>32 Dark Current: Bright-body reflections
V> 30 perPSFat760nm| | solardensity | v/ 32999 of time| | 1N 2 lobes at IWA (after multi-bounces) Cosmic Rays: i vs.target
ormation error
Demo viable in lab at subscale Model validation accuracy < 25% Thermal deformation vs.
KPP 1 (no hidden physics) 2x10-1 KPP 2 Sun angle
_ _ _ Key terms are well understood & not a
HabEXx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4x10% 4x101
Allocated Instrument Contrast
3.6x101t
I I i 1 KPP 4
Starlight thru micrometeoroid holeg  |Nominal specified shape| Mechanical Shape Error Lateral Formation Control<*1m| [ Lateral Formation
0.1x10 0.4x 10 2.1x101 1x101 Sensing < * 30 cm
. | ,
Petal Shape Other petal shape/position errors Petal Position
1.8 x 101t (Launch, cruise & non-thermal on-orbit stability) 0.2 x 10-11
| 0.1x101 |
KPP 5 [ ] I ] KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability KPP Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<%70 um <*80pum <* 300 um <200 um
1% 1011 0.8 x 101 Threshold Values 0.1x 10-1 0.1 x 1011
| I KpPP6 _ KPP 7 I | _
41% (2X in contrast) 100% Margin 41% 100% (4X in contrast)
1 1 1 1
<+ 5|0 pm <+40um KPP Goals <+212pm <+100 um
| 1 |
2|5% 100% Contingency or MUFs 25% 100%
| ! 1
<+40pm <+20pm Nominal CBE <+170 um <+50 pm

Mostly TDEM-09 msts. Unvalidafed models Values/Basis Mostly TDEM-10 msts. Unvalidated models



S5 Key Performance Parameters

KPP KPP Threshold
Technology Gaps KPP Specifications KPP Goals
gy ap # P Values
Demonstrate flight instrument contrast performance 10 1
1 i< viable vi l-scale | 1 x10 5 x10
Starlight is viable via small-scale lab-tests
Suppression Validate contrast model accuracy
2 : . i <25% <10%
relative to flight-like shape errors
Solar Scatter 3 Verify solar scatter lobe brightness visual magnitude V > 25 mags V > 26 mags
Lateral Formation Verify lateral position sensor accuracy
<4+ <+
Sensing & Control 4 and that it supports £ 1 m control via simulation == =t
Verify pre-launch accuracy
<+ <+
> (manufacture, AI&T, storage) =+70 pm =£50 pm
Petal Shape
6 Verify on-orbit thermal stability <+ 80 um <+ 40 um
Verify pre-launch accuracy
7 <+ m <+212 um
(manufacture, AI&T, storage) ==300¢ - "
Petal Position
8 Verify on-orbit thermal stability <+ 200 um <+ 100 pum
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IVIOTILE Lal'lO OT LONMtrast RE5pPOrisec to Licc varialuon witnl
Temperature Mapping

Monte-Carlo Analysis Results:

Prob Mean 90th
contrast contrast* | percentile

y Compute E field from
Sz influence function

Rotate | /01

30° WA Compute E field from 30°

> i rotated influence function
= — >
-~ % R

Rotate — Compute E field from 60°
30° WY ) rotated influence function

>t o )

f\d

gmh h 1478
fldf
Carlo

<=2.5e- |1lel2 *1e12
1))

83° 10000 100% 0.619 0.754
L e 40° 10000  100% 0.130 0.196
— . . —— SAB83
—— SA40
1.0 A /1_,_-—
0.8 1 /
2 / Requirement is 90%
v probability that delta
g 0 contrast is < 2.5E-12
STOP Analysis Results: | § o
g
Contrast*1le 0.2
12
0.588 00—
40° 0.025
. 0.0 0:2 0:4 0.|6 0.|8 1.'0 1.2
x (Contrast*1lel2)

Z7



Stowed Configuration Modal Analysis

Dedicated Mission

* The primary modes were also checked assuming the dedicated
mission configuration
— Telescope mass was taken from “Exo-S STDT Final Report,” Table
7.2-1
— Mass = 1,644 kg, Axial CG = 1.7 meters

e Per Table 7.2-1, the propellant required for Starshade would decrease
from 2000 kg to approximately 49 kg

¢ Propellant mass in the FEM was conservatively left at 2000 kg

— Impacts to the Petal tip, structural edge, and roller arm modes due
to the additional telescope mass were negligible

e Critical frequencies and mass participation fractions
— First primary lateral mode = 24.50 Hz (Mass participation= 1,770 kg)
— First primary axial mode = 104.24 Hz (Mass participation= 2,842 kg)

* Requirement: First primary lateral mode greater than 10 Hz * Requirement: First primary axial mode greater than 25 Hz

* FirFSt primaryla'zczr:(lsr:ode e First fundamental axial mode
— Frequency = 24. z
. — Frequency = 103.93 Hz
¢ Mass participation = 619 kg (1,366 Ib)
— Mass participation fraction =0.11 e Mass participation = 1,709 kg (3,767 Ib)

¢ Additional lateral modes occur in this frequency range — Mass participation fraction = 0.30
— Petals and roller arms are hidden for clarity — Petals and roller arms are hidden for clarity

Output Set Mode 1, 24 36467 Hz Output Set Mode 1, 1039314 Kz Cutput Set Mode 1, 1039314 Hz
Dotormed(7 306) Total Transtation Deformed(7 276) Total Transiaton Deformed7.276). Total Tranatation
Nods! Contour. Totsl Transiaton Nogal Contour. Total Transtation Sodal Cortour. Total Transiaton

Contour Masimuny 0 161, Wi 00000204




Stowed Analysis Summary

e Rendezvous Mission
— 1t major mass lateral mode is at 51 Hz (Req’t 10 Hz)
— 15t major mass axial mode is at 142 Hz (Req’t 25 Hz)
— Strength margins of safety > 2.7 against falcon 9 user’s guide
— Peak displacements within dynamic fairing envelope

— Petal edge and tip relative displacements show large margin on petal
to petal interaction

e Dedicated Mission (with telescope)
— 15t major mass lateral mode is at 25 Hz (Req’t 10 Hz)

— 15t major mass axial mode is at 104 Hz (Req’t 25 Hz)
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5m prototype (1/2 flight scale):

flight-like materials, learn about required features to
enable flight design (e.g. gravity offloading & test)

Understand shield, spacecraft, truss, & petal relative
deployment and required features (e.g. carbon rods
for hub/starshade structural connection, analysis
pending)

VideoMach unregistered G B Frame: .3
tal Time: 0.160002

1g offloading deflections
in Abaqus model

4 Carbon rods along
Y gore hinges, pinned
at starshade hub and
terminate at truss

<: _

Deployment Simulation Model in Abaqus:

Preliminary Abaqus deployment simulation model
developed (T. Murphey) & utilized to understand 1g
offloading

Capability exists to combine a future, more developed
model with the perimeter truss ADAMS model




5m prototype (1/2 flight scale):

flight-like materials, learn about required features to
enable flight design (e.g. gravity offloading & test)

Understand shield, spacecraft, truss, & petal relative
deployment and required features (e.g. carbon rods
for hub/starshade structural connection, analysis
pending)

VideoMach unregistered G B Frame: .3
tal Time: 0.160002

1g offloading deflections
in Abaqus model

4 Carbon rods along
Y gore hinges, pinned
at starshade hub and
terminate at truss

<: _

Deployment Simulation Model in Abaqus:

Preliminary Abaqus deployment simulation model
developed (T. Murphey) & utilized to understand 1g
offloading

Capability exists to combine a future, more developed
model with the perimeter truss ADAMS model




Agenda

STOP analysis refresher of results for representative cases™ :
— Thermal analysis (temperature) results
— Thermal distortion results

— Resulting contrast due to nominal thermal distortion & comparison to
the error budget

e CTE variability monte-carlo study results

* Subset of sun angle cases showing representative temperatures &
distortions/results, full set in backup

CUT THROUGH Y=200

%1010
5 210

4
Sl/\Ak
2

1

0

50 100 150 200 250 300 350 400 150 <100 50 O 50 100 150 200

- " s D s 0 2200 -
Thermal analysis temperature Quiver plot of resultant thermally PIXEL # (1 PIX=1 mas) DISTANCE FROM THE CENTER OF THE STARSHADE (mas)
results mapped to structural FEM induced shape distortion

INTENSITY
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Sun Angles and Shadowing by Hub

A
{Q}- The Sun Angle varies from 40° to 83°
! « Sun Angle 40°: Petal is not shadowed
3@; « Sun Angle 78°: -~ of Petal length is shadowed
 Sun Angle 83°: Full Petal is shadowed

E——"‘ﬁ“—i——_——-_—_— =

*** Slow rotation run every 3.75°. @1/3 RPM this is every 1.875 seconds,
96 positions. Temperatures available at each of the 96 locations.
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Non-spinning Shadow Orientation Conclusions

Output Set: SA78SSC3 Temps
Nodal Contour: Temp Load Set 1003

NON SPINNING e

Max/Min
Comment Gradient Temp
Shadow clocking
NON- orientation has little
L. effect on max/min temps, 300C 70C/-230C
Spinning only moves cold portion of
starshade
Averages temperatures
symetrically aound spin
Spinning |axis 90C 65C/-95C
Transient has negligible
effect on contrast
Nodal Gontour Temp Losa setsoor  SPINNING

Output Set: SA78SSC1 Temps
Nodal Contour: Temp Load Set 1001

NON SPINNING 7032

A

/;/
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Spinning

e Spinning has a telescope
axis-symmetric contrast

e Contrast varies radially

NON-Spinning
e Largely distorted
shadowed petals :

— Shift high contrast
annulus toward shadow

— Reduce contrast in petal
distorted zone

Sun Angle 78

Comparison of Spinning to Non-Spinning

Left: Nominal Starshade. Right:78

50

1

=]

150

200

250

300

350

400

450

500
100 200 300 400 500 600 700 800 900 1000

Left: Nominal Starshade. Right:78

Shadow

Direction

100 200 300 400 500 600 700 800 900 1000

-11.35

-11.4

-11.45

-11.5
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What did we do?

e Thermal elastic distortions are caused by the combination of temperature and CTE

e Thermal analysis results (temperatures) were mapped to the structural model

e CTE material cards were populated with CTE lookup tables, CTE vs temp

CFRP ply data test data characterization produces “nominal” CTE curves
Ply CTE data combines with layup to produce nominal layup CTE curve based CFRP layup design
Wrapped design utilizes 2 different layups

e Structural Members (most) - Quasi-iso layup from NGAS

e Optical Edge - Quasi-iso layup with the addition of the amorphous metal foil and 5 mil epoxy each side

e Truss longerons - Quasi-iso layup with the addition three invar fittings that attach petal hinges

e Uni-directional pultruded members utilized for JPL’s SWOT program

What about variation in CTE? Sensitivity to variation in mean CTE by layup type, and variation in

CTE from component to component (for a given layup design) will be varied in a wide enough
range to capture bounding variations and to check sensitivity to these bounds.

V4l 7 WAN AN
A

Thermal analysis temperature

Quiver plot of resultant thermally
results mapped to structural FEM

induced shape distortion
36



Thermal Distortion Contrast Results

CBE Max Expected Max Expected
Delta Delta Contrast | % of Starshade
C w/ 100% Allocated Shape
ontrast .
x 1e-12 contingency Error
x le-12 (3.4 e-11)*%*
Spinning
40 deg* 0.002 0.01 >1%
78 deg 0.398 1.592 4.6%
83 deg* 0.655 2.62 7.7%
Non-
Spinning
40 deg 0.06 0.24 >1%
78 deg 0.45 1.81 5.3%
83 deg 0.56 2.24 6.5%**

* Utilizes CTE for truss longeron w/ petal interface fittings affecting longeron CTE (w/no CTE design
compensation)

** Error budget carries CBE contrast from spinning results, non-spinning shown for reference only



SA83 SPINNING Distortions

e Raw distortions on order of 50
microns (0.002")

e Distortions correspond to
temperature results (thermal
analysis), e.g.

— Truss @ 20 C (room temp) = almost
no shape change

— Petal dT =-65 C, 50 microns (0.002”)

Temperature Plot

0 PA VARTAWA R WAL W

Output Set: SA83TRC2_Looku
Deformed(0.00341): Total Translati
Nodal Contour: T1 Translation

[Transformed to Coordinate System: 1

Radial
Translation

0.00178
.00164
B 0015
0.001
0.0
0.00

0.000:
0001
-0.0000306

Output Set: SA83TRC2_Lookup o
Deformed(0.00341): Total Translatio\H—_
Nodal Contour: T2 Translation . :

Translation

Transformed to Coordinate System: 1 \Q\‘ N

Tangential \ '

0.000141
0.000116
0.0000916
. 0.0000667
10.0000418
0.0000169
-8.05E-6
-0.000033

-0.0000579

-0.0000828.
-0.000108
-0.000133
-0.000157
-0.000182
-0.000207
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SA40 SPINNING Distortions

. . Output Set: SA40TRC3_Looku
e Raw distortions on order of 50

microns (0.001")

e Distortions correspond to
temperature results (thermal
analysis), e.g.

— Truss @ 60 C (dT =40C), ~25 micron
radial expansion

— Petal dT =~+40 C, 30 microns (0.002")

Nodal Contour: T1 Translation
[Transformed to Coordinate System: 1

Radial
Translation

Deformed(0.00286): Total Translation

~.0,000793

~0.000659

| 0.000927

~0.000123
0.0000559
-0.0000111

1,0.00086

0.000726

0.000592.
o)

Temperature Plot

Nodal Contour T2 Translatuon
Transformed to Coordinate System: 1

Tangential
Translation

0.000229
0.000191
0.000153 |
0.000115
0. 00d0776
0.0000399

-0. 01)0187
0 000224
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Sun Angle 83, NON-spinning, Distortions

e Sun Angle 83 degrees produces representative 55335*5535393???5‘.5’7“"5'8*5*’* &
. . al ntour: rans 3 |8 1
distortions and worst case contrast, shown as rensomed gt R AN

example of NON-spinning results
e Raw distortions on order of 75 microns (0.003”)

e Distortions correspond to temperature results it

(thermal analysis), e.g. ; /
— Truss HOT @ 70 C (dT = 50C), ~25 micron radial —x e / RN

expansion

N

Radial Translation

e Cold Petals are longer, disrupts apodization function

Output Set: SA83SSC3 Temps ‘e & ¢
Nodal Contour: Temp Load Set2003 | Tam pe rature P | ot S 3




Sun Angle 83, NON-spinning, Distortions

e Sun Angle 83 degrees produces representative GulputSet. SABISSCZ Lookup

Deformed(0.00685): Total Translation
Nodal Contour: T2 Translation

distortions for the steady state sun angle cases and  [reomdocomimmogmens 5
is the worst case contrast for steady state, shown O R 4 L
as example of NON-spinning results R

e Raw distortions on order of 100 microns (0.004”)

— Truss bays in shadow are cold, and grow (neg CTE),
and splay petals apart from eachother

Output Set: SA78SSC4 Temps
Nodal Contour: Temp Load Set 1004 | T@m pe rature Plot




Summary

* Preliminary analysis shows max expected thermally deformed
starshade meets requirements for both spinning and non-
spinning configurations over working sun angles

CBE Max Expected Max Expected
Delta Delta Contrast | % of Starshade
Contrast w/ 100% Allocated Shape
x le-12 contingency Error
x le-12 (3.4 e-11)*%*
Spinning
40 deg* 0.002 0.01 >1%
78 deg 0.398 1.592 4.6%
83 deg* 0.655 2.62 7.7%
Non-
Spinning
40 deg 0.06 0.24 >1%
78 deg 0.45 1.81 5.3%
83 deg 0.56 2.24 6.5% **

* Utilizes CTE for truss longeron w/ petal interface fittings affecting
longeron CTE (w/no CTE design compensation)

** Error budget carries CBE contrast from spinning results, non-
spinning shown for reference only



Thermal Distortion Analysis

e Two analyses for the impact of thermal distortion on contrast:

— STOP Analysis: uses thermal mapping and nominal CTE values
(temperature dependent) to compute contrast for each sun angle

— Monte-Carlo Analysis: uses random distributions on CTEs to determine
statistical distribution on contrast for each sun angle
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