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TRL 5 Definition

NASA Technology Readiness Approval, Best Practices Guide; SP-20205003605

Definition ompletion Mission |Performance/ Fidelity of Fidelity of Level of Environment
riteria Req. Function Analysis Build Integration Verification

Component  Documented  Generic Basic Medium fidelity: Medium Component/ Tested in relevant
and/or brass- test performanceor functionalityy ~ to predict key  fidelity: Assembly environments
board demonstrating specific performance performance brass-board Characterize
validated in ~ agreement with class of maintained parameters and with realistic physics of life-
relevant analytical missions life limiting support limiting
environment  predictions. factors as a elements mechanisms and

Documented function of failure modes.

definition of relevant

scaling environments

requirements.
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S5 Error Budget Tree from S5 Tech Dev Plan
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

| 1 1 1
| Background | Starshade | Telescope | | Time Variant |
| 1 I I
| | | | KPP3 | | 1 — lI — —L_ —
Other stars Solar Zodi Exo-Zodi Reflected Instrument Contrast . unlight leakage thru| etector Noise ey Terms
(galactic and V>28 bright bodies Solar Edge Scatter . Sunlight t!l ru optical shield flaps Read Noise: Background vs. target
N V>25 mags micrometeoroid holes . Bright-bod flecti
extra-galactic) vV >29 perPSF at 1.5X V>30 . 1x 1010 V> 31 V>3 Dark Current: right-body reflections
V> 30 perPSF at 760 nm| | solar density | |y 35 99, of time| | "2 10Pes atIWA ATy SN ot Reyes | vsaret
ormation error
Demo viable in lab at subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 1011 KPP 2 Sun angle
Key terms are well understood & not a
HabEx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4 x 101! 4x101
Allocated Instrument Contrasti
3.6x10!"
1
| | | | KPP 4
Starlight thru micrometeoroid holesy  [Nominal specified shapel | Mechanical Shape Error Lateral Formation Control <*1m | | Lateral Formation
0.1 x 10-!! 0.4 x 101! 2.1x10!! 1x10-11 Sensing <* 30 cm
|
| | |
Petal Shape Launch, cruise & non-thermal stability Petal Position
1.8 x 1011 0.1 x 101! 0.2 x 101!
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<70 um <% 80 um KPP <+300 pm <%200 pm
1x 10 0.8x 10 Threshold Values 0.1x 101 0.1 x 1011
I I I |
41% (2X in contrast) 100% Margin 4 I1% 100% (4X in contrast)
1
<+ 5|0 pm <= 40I pm KPP Goals <% 2|12 pm <% 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 10IO%
<+40 pm <£20pm Nominal CBE Values <£170 um <+50 pm
Mostly TDEM-09 mts. Unvalidated models Basis of estimate Mostly TDEM-10 msts. Unvalidated models
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IN‘STRUME.NT CONTRAST ROLLUP FOR 2.4M ROMAN
TELESCOPE (FINAL S5 VERSION)

Prime bandpass = 615-800 nm (26%)
IWA at tips = 103-mas = 1.5 Amax /D

All noises flow up planet sensitivity as the top-level requirement

including exozodi

Astrophysical noises

Scattered or
Leaked Sunlight
Inst ¢ detech Total Instrument Contrast I Il= 1
nstrument detector .
noises or Leaked Starlight Direct edge scatter | (Secondary surface| | Sunlight leaked thru micro-
5 E-11 295 Vmag reflections meteoroid holes after 5-yrs
< 1 E-10 Goal MS 1 MS 3 Shown by analysis to be dim relative to MS 3

0.2E-11

Cruise mode shape emrors
not driving technology

25% contrast-shape
model uncertainty
14 E-12

MS 2

Nominal shape
residual contrast

|

Total Starshade Shape Error
at95% Confidence Level

Temporal mean
lateral formation error

|

Petal Shape Stability
Deploy/thermal cycles
12E-12

Petal Shape Accuracy
Mfr.+ storage creep
1.1 E-12

Petal Shape Stability
On-omit temperature

2.3 E-12

MS 5A

-MS 5B

MS 6B*

0.4 E-11 3.3E-11 0.7 E-11 0.4 E-11
| : Milestone 4
Boost confidence Total Starshade Shape Error (MS 4)
level to95% at60% Confidence Level
1.3 E-11 2.0E-11
| |
Total 100% Contrast Reserve on Total 100% contrast-shape
Petal Shape Error [= = = = Petal Shape & Position Erors (€ = = = =| Petal Position Error model uncertainty
7AE12 1.0 E-11 29E-12 143 E-13
* 41% allowable shape error growth MS 2
|

Starlight leaked thru micro-
meteoroid holes after 5-yrs

[

Large segmented petal Assy error
with available metrology tools

Petal Position Stability

Petal Position Accuracy

Petal Position Stability

Deploy thermal cycles Deployment On-omittemperature
1.1E-12 3.3E13 3.0E-13 8.0 E-13
SAT allocation MS 7B MS 7D MS8B*

These are mean contrasts from milestone reports, unless otherwise specified, and per max expected shape errors including MUFs.

* Contrast is relative to MS8A results.

(with 2.5 MUF)



S5 Key Technology Milestones
Advancing 5 technologies to TRL 5

(1) Starlight
Suppression
Technology

(2) Scattered Sunlight
Technology

(3) Formation Flying
Sensing Technology

(4), (5) Petal
Position and
Shape:
Accuracy and
Stability
Technologies

—

MS # Milestone
1A Small-scale starshade mask in the Princeton Testbed demonstrates 1x10™'? instrument contrast at the inner working
angle in narrow band visible light and Fresnel number < 15.
1B Small-scale starshade mask in the Princeton Testbed demonstrates 1x10™'? instrument contrast at the inner working
angle at multiple wavelengths spanning > 10% bandpass at Fresnel number < 15 at the longest wavelength.
> Small-scale starshade masks in the Princeton Testbed validate contrast vs. shape model to within 25% accuracy for
induced contrast between 10~ and 107,
Optical edge segments demonstrate scatter performance consistent with solar glint lobes fainter than visual
3 .
magnitude 25 after relevant thermal and deploy cycles.
Starshade Lateral Alignment Testbed validates the sensor model by demonstrating lateral offset position accuracy
4 to a flight equivalent of + 30 cm. Control system simulation using validated sensor model demonstrates on-orbit
lateral position control to within =+ 1 m.
SA Petal subsystem with shape critical features demonstrates shape stability after deploy cycles and thermal cycles
(deployed) consistent with a total pre-launch shape accuracy within + 70 um.
sB Petal subsystem with all features demonstrates total pre-launch shape accuracy (manufacture, deploy cycles,
thermal cycles deployed, & storage) to within + 70 pm.
6A Petal subsystem with shape critical features demonstrates on-orbit thermal stability within + 80 um by analysis
using a validated model of critical dimension vs. temperature.
6B Petal subsystem with all features demonstrates on-orbit thermal stability within + 80 um using a validated model
of critical dimension vs. temperature.
Truss Bay longeron and node subassemblies demonstrate dimensional stability with thermal cycles (deployed)
TA . . .. o .
consistent with a total pre-launch petal position accuracy within + 300 um. (Note: SBIR funding dependency)
7B Truss Bay assembly demonstrates dimensional stability with thermal cycles (deployed) and storage consistent with
a total pre-launch petal position accuracy within =+ 300 pm.
Inner Disk Subsystem with optical shield assembly that includes deployment critical features demonstrates
7C repeatable deployment accuracy consistent with a total pre-launch petal position accuracy within + 300 pum. (Note:
SBIR funding dependencv)
D Inner Disk Subsystem with optical shield assembly that includes all features demonstrates repeatable deployment
accuracy consistent with a total pre-launch petal position accuracy within = 300 um.
3A Truss Bay longeron and node subassemblies demonstrate on-orbit thermal stability within + 200 um by analysis
using a validated model of critical dimension vs. temperature.
3B Truss Bay assembly demonstrates on-orbit thermal stability within =200 pm by analysis using a validated model of

critical dimension vs. temperature.




STARLIGHT SUPPRESSION



S5 Error Budget Tree
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

1 1 1 1
| Background | Starshade | Telescope | | Time Variant |
I ] | |
: I E ZI, : KPP | : : Sunli htlI k: th Detector Noi Key Terms
i - i q un eakage thruyl etector Noise
((g):alha‘z:l;iztzzzl Solar Zodi ’\(/0> 208dl brli{ge]ﬂelj:zidies Selan S catden Instrument Contrast Sunlight t!l ru . opti%al shieldgflaps Read Noise: Backgroz,md vs. target
extra-galactic) V>29 per PSF at 1_-5X V>30 T s e T 1x 1010 V>3l — V>32 Dark Cuncnt: Bright-body reflections
V>30 per PSF at 760 nm solar density (R i) ICosmic Rays: vs.target
Formation error
Demo viable in lab at subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 1011 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

0.4 x 101! 4x101
Allocated Instrument Contrast|
3.6 x 101!
| | | | KPP 4
Starlight thru micrometeoroid holes] [Nominal specified shape| Mechanical Shape Error Lateral Formation Control <*1m | | Lateral Formation
0.1 x10-1! 0.4 x 10-!! 2.1x 101! 1x10-11 Sensing < 30 cm
I
| | |
Petal Shape Launch, cruise & non-thermal stability Petal Position
1.8 x 1011 0.1 x 101! 0.2 x 1011
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability

<%70 pm <180 pum KPP <+300 pm <#£200 pm

1x 10 0.8 x 10-11 Threshold Values 0.1 x 10t 0.1 x 10-11

I I I |
41% (2X in contrast) 100% Margin 4 I1% 100% (4X in contrast)
1
<% 5|0 pm <+ 40I pm KPP Goals <% 2|12 pm <% 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 1OIO%
<40 pm <% 20I pm Nominal CBE Values <+170 pm < + 50 pm
Mostly TDEM-09 mts. Unvalidated models Basis of estimate Mostly TDEM-10 msts. Unvalidated models



Verifying High Contrast
Milestones 1A and 1B

MILESTONE 1A: Small-scale starshade mask Contrast averaged over /D wide annulus
in the Princeton Testbed demonstrates 1x10-19 — B
5 5 5 SRR Y —-= Run 3
instrument contrast at the inner working angle s
in narrow band visible light and Fresnel E
number < 15. 8

I 7.5e-11 :,g; g

\ I:: g 10711 . i . :
5 30 40 50 60 70 80
s0e11 g Working Angle [arcseconds]

0.0e+00

-100-50 0 50 100 =100 =50 0O 50 100
- dzh 1 wide annulus
:

| —— 641 nm
| ~== 660 nm
|
|

—-= 699 nm
— 725 nm

MILESTONE 1B: Small-scale starshade mask
in the Princeton Testbed demonstrates 1x10-19
instrument contrast at the inner working angle
at multiple wavelengths spanning > 10%
bandpass at Fresnel number < 15 at the longest
wavelength.
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Validating the Contrast Model

Milestone 2
B

MILESTONE 2: Small-scale starshade
masks in the Princeton Testbed validate
contrast vs. shape model to within 25%
accuracy for petal shape and 100% for
petal position for induced contrasts

between 10~ and 1078,
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Starlight Suppression Demonstration Results

DW17 and DW21 Masks at 725 nm
1 T

Ll I T I

DW17 Data

| I 1 1
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20 40 60 80 100 120 140 160 180 200
arcsec

10



TRL 5 Achieved for Starlight Suppression Technology %(EP

Definition ompletion Mission |Performance/ | Fidelity of Analysis | Fidelity of Level of Environment
riteria Req. Function Integration | Verification

Component Documented test Generic or Basic Medium fidelity: to Medium fidelity: Component/  Tested in relevant
and/or brass- performance specific functionality/ ~ predict key brass-board Assembly environments
board validated demonstrating class of performance performance with realistic Characterize
in relevant agreement with ~ missions maintained parameters and life support . physics of life-
environment analytical limiting factors asa  elements limiting
predictions. = I function of relevant mechanisms and
Documented environments failure modes.
definition of
scaling .

requirements.
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SOLAR SCATTER OFF PETAL EDGES




S5 Error Budget Tree
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

| 1 1 1
| Background | Starshade | Telescope | | Time Variant |
| | I I
| | | KPP3 | | 1 | —
Other stars Solar Zodi Exo-Zodi Reflected nstrument Contrast . Sunlight leakage thruf Detector Noise ey Terms
(galactic and V>28 bright b odie: Solar Edge Scatter . Sunlight t!l ru optical shield flaps Read Noise: Background vs. target
X V> 25 mags micrometeoroid holes . Bright-body refleci
extra-galactic) V>29 per PSF at 1.5X V>30 i 1x 1010 V>3l V>32 Dark Current: right: y reflections
V> 30 per PSF at 760 nm solar density | 1y>32 999 of fi in2 lobes at IWA X (after multi-bounces) Cosmic Rays: F vs.farget
ormation error
Demo t subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 1011 KPP 2 Sun angle
Key terms are well understood & not a
HabEx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4 x 101! 4x101
Allocated Instrument Contrasti
3.6x10!"
1
| | | | KPP 4
Starlight thru micrometeoroid holesy  [Nominal specified shapel | Mechanical Shape Error Lateral Formation Control <*1m | | Lateral Formation
0.1 x 10-!! 0.4 x 101! 2.1x 101! 1x 101! Sensing <+ 30 cm
I
| | |
Petal Shape Launch, cruise & non-thermal stability Petal Position
1.8 x 1011 0.1 x 101! 0.2 x 101!
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<70 um <180 pum KprpP <+300 pm <%200 pm
1x 10 0.8 x 10-11 Threshold Values 0.1 x 101 0.1 x 10-11
I I I |
41% (2X in contrast) 100% Margin 4 I1% 1(=o% (4X in contrast)
1
<=+ 5|0 pm <z 40I pm KPP Goals <% 2|12 pm <% 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 1OIO%
<+40 pm <£20pm Nominal CBE Values <+170 pm <+50 pm
Mostly TDEM-09 mts. Unvalidated models Basis of estimate Mostly TDEM-10 msts. Unvalidated models
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TRL 5 Achieved for Solar Scatter Technology %(EP

MILESTONE 3: Optical edge segments
demonstrate scatter performance consistent
with solar glint lobes fainter than visual
magnitude 25 after relevant thermal and
deploy cycles.

Definition ompletion MlSSIO" Performance/ [ Fidelity of Analysis | Fidelity of Build| Level of Environment
riteria Function Integration Verification

Component Documented test Genericor  Basic Medium fidelity: to Medium fidelity: Component/  Tested in relevant
and/or brass- performance specific functionality/ predict key brass-board with Assembly environments
board validated in demonstrating class of performance performance realistic support Characterize
agreement with missions intai arameters and life v Component i ife-
relevant g maintained p elements physics of life
environment analytical limiting factors as a : — limiting
predictions. vV 2-4 meter v function of relevant v v High fidelity mechanisms and
Documented te!es.cope environments edge failure modes.
definition of scaling missions T
v Life limiting factors v

requirements.
expected to be stowed

v stress and thermal
cycles




LATERAL FORMATION FLYING SENSING
AND CONTROL



S5 Error Budget Tree
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

| 1 1 1
| Background | Starshade | Telescope | | Time Variant |
| 1 I I
! I I : KPP3 | I : Sunlight 1I kage thi Detector N Key T
Other stars Solar Zodi Exo-Zodi Reflected Instrument Contrast . unlight leakage thru| etector Noise ey Terms
(galactic and V>28 bright bodies Solar Edge Scatter . Sunlight t!l ru optical shield flaps Read Noise: Background vs. target
N V>25 mags micrometeoroid holes . Bright-bod flecti
extra-galactic) vV >29 perPSF at 1.5X V>30 . 1x 1010 V> 31 V>3 Dark Current: right-body reflections
VL) por PEF o760 nm solar denstty V>3 927% ait s in? lobes at TWA (after multi-bounces) Cosmic Rays: F V5~t£'1rget
ormation error
Demo viable in lab at subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 1011 KPP 2 Sun angle
Key terms are well understood & not a
HabEx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4 x 101! 4x101
Allocated Instrument Contrasti
3.6x10!"
1
| | | | KPP 4
Starlight thru micrometeoroid holesy  [Nominal specified shapel | Mechanical Shape Error Lateral Formation Control < 1m Lateral Formation
0.1 x 10-!! 0.4 x 101! 2.1x 101! 1x 101! Sensing <+ 30 cm
I
| |
Petal Shape Launch, cruise & non-thermal stability Petal Position
1.8 x 1011 0.1 x 101! 0.2 x 101!
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<70 um <% 80 um KPP <+300 pm <%200 pm
1x 10 0.8x 10 Threshold Values 0.1x 101 0.1 x 1011
I I I |
41% (2X in contrast) 100% Margin 4 I1% 100% (4X in contrast)
1
<+ 5|0 pm <+ 40I pm KPP Goals <% 2|12 pm <% 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 1OIO%
<+40 pm <£20pm Nominal CBE Values <£170 um <+50 pm
Mostly TDEM-09 msts. Unvalidated models Busis of estimate Mostly TDEM-10 msts. Unvalidated models
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Lateral Formation Sensing and Control
Milestone 4

_

Movable beam launcher Mirror

MILESTONE 4: Starshade Lateral Alignment
Testbed validates the sensor model by
demonstrating lateral position offset sensitivity
to a flight equivalent of 30cm. Control system
simulation using validated sensor model
demonstrates on-orbit lateral position control to
within £1m.

Camera

_— e
R

mirror 2 20 20
) == 3si nt == 3-sigma requi t

K
g XK
H H H ‘X KK
Peee

10 5 - ) = = 10
ition fram center (m] Horizontal position from center (m] Horizontal position from center [m]

Measurements scaled to flight
dimensions well within 30 cm milestone
requirement
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Lateral Formation Sensing and Control
Milestone 4

y (m)
& IS v o o > o

@ Initial position
Control region limit

=== = Quter threshold
= == |nner threshold
Trajectory

() Thrusters firing

Full WFIRST trajectory
Earth position
== Sun direction
Moon position
Telescope initial position
== Direction of starshade initial position

Formation flying model assumes realistic worst-case orbital configuration
and position sensing only at 30 cm requirement.

18



TRL 5 Achieved for Lateral Formation Sensing
and Control

Definition ompletion M|55|°n Performance/ | Fidelity of Analysis | Fidelity of Build | Level of Environment
riteria Function Integration Verification

Component Documented test Genericor  Basic Medium fidelity: to Medium fidelity: Component/  Tested in relevant
and/or brass- performance specific functionality/ predict key brass-board with Assembly environments
board validated in demonstrating class of performance performance realistic support Characterize
relevant agreementwith ~ missions maintained parameters and life elements v physics of life-

limiting
mechanisms and
failure modes.

environment analytical _ I limiting factors as a
predictions. function of relevant

Documented = environments

definition of scaling L2
requirements.

19



PETAL SHAPE ACCURACY AND
STABILITY



S5 Error Budget Tree
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

| 1 1 1
| Background | Starshade | Telescope | | Time Variant |
| | I I
! I I : KPP3 | I : Sunlight 1I kage thi Detector N Key T
Other stars Solar Zodi Exo-Zodi Reflected Instrument Contrast . unlight leakage thru| etector Noise ey Terms
(galactic and V>28 bright bodies Solar Edge Scatter . Sunlight t!l ru optical shield flaps Read Noise: Background vs. target
N V>25 mags micrometeoroid holes . Bright-bod flecti
extra-galactic) vV >29 perPSF at 1.5X V>30 . 1x 1010 V> 31 V>3 Dark Current: right-body reflections
VL) por PEF o760 nm solar denstty V>3 927% ait s in? lobes at TWA (after multi-bounces) Cosmic Rays: F V5~t£'1rget
ormation error
Demo viable in lab at subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 1011 KPP 2 Sun angle
Key terms are well understood & not a
HabEx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4 x 101! 4x101
Allocated Instrument Contrasti
3.6x10!"
1
| | | | KPP 4
Starlight thru micrometeoroid holesy  [Nominal specified shapel | Mechanical Shape Error Lateral Formation Control <*1m | | Lateral Formation
0.1 x 10-!! 0.4 x 101! 2.1x 101! 1x 101! Sensing <+ 30 cm
I
| | |
Launch, cruise & non-thermal stability Petal Position
1.8 x 1011 0.1 x 101! 0.2 x 101!
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<70 um <% 80 um PP <+300 pm <%200 pm
1x 101 0.8 x 1011 old Values 0.1x 101 0.1x 10-11
| | |
41% (2X in contrast) Margin 4 I1% 1(:0% (4X in contrast)
¥ 1
<+ 5|0 pm <+ 40I pm KPP Goals <% 2|12 pm <+ 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 1OIO%
<+40 pm <£20pm Nominal CBE Values <£170 um <+50 pm
Mostly TDEM-09 mts. Unvalidated models Basis of estimate Mostly TDEM-10 msts. Unvalidated models
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How the Mechanical Milestones Were Split Up %(EP

_

Petal subsystem with shape critical features demonstrates shape stability after deploy cycles and thermal cycles
(deployed) consistent with a total pre-launch shape accuracy within + 70 pum.

5A

Petal subsystem with a/l features demonstrates total pre-launch shape accuracy (manufacture, deploy cycles,

R thermal cycles deployed, & storage) to within + 70 pm.

6A Petal subsystem with shape critical features demonstrates on-orbit thermal stability within + 80 pm by analysis
using a validated model of critical dimension vs. temperature.

Petal subsystem with a/l features demonstrates on-orbit thermal stability within + 80 um using a validated model
of critical dimension vs. temperature.

6B

The mechanical milestones were divided in several ways:

« Technical split — the technology to position the petal is not the same as
what gives it its shape — shape vs. position milestones

« ‘Stage of mission’ split - the technologies to give a petal its shape and to
keep the shape stable against temperature changes differ and are tested
differently — accuracy vs. stability milestones

« Fidelity split — tests were performed first at low fidelity, then finally at
medium fidelity incorporating lessons learned — ‘A’ vs ‘B’ and ‘C’ vs ‘D’
milestones

All milestones listed above must be met to reach TRL 5 for the petal shape
accuracy and stability technology; likewise all 7 and 8 milestones are needed
to reach TRL 5 for petal position technology

22



Petal Shape Accuracy
Milestones 5A and 5B

MILESTONE 5A: Petal subsystem with shape R N NN N
critical features demonstrates shape stability §oa H{ \/j>—
after deploy cycles (deployed) consistent witha | A VY e
total pre-launch shape accuracy within + 70 o — ( >
p—
e, : |
: |
"' \ > -
- | A /
7
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Petal Shape Accuracy
Milestones 5A and 5B

Petal width strain from reference [ppm

ProtoPetal Measurements, Reference = Baseline

60 T T T T I T T T T ' T T T T I T T T T l T T T T I

40 Maximum
uncertainty envelope

—— Post10TC
—— Post20TC
Post30TC
—— Post40TC
— Post50TC
—— PostFurl

1.5
Petal longitudinal axis [m]
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Petal Shape Accuracy
Milestones 5A and 5B

B
MILESTONE 5B: Petal subsystem with a/l =R T N
features demonstrates total pre-launch shape 1 | T % =
accuracy (manufacture, deploy cycles, | | L ==
thermal cycles deployed, and storage) to S 2 A
Within :I: 70 um. . e — Subs;;ionf e : e = e g

B e
T ———

MicroVu
optical head

Article 2
in work

LED
Backlight

stock, for adjustment b5
e e VT
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Petal Shape Accuracy
Milestones 5A and 5B

Article 2 Dry Fit and Completed Assembly

100

(<13
o

Petal Width Error (um)
o

Dry Fit, 8/31, 15.95 um RMS
Completed, 9/12, 25.34 um RMS

_100 A T T T T T A T O T O Y T O N T N M N M A
200 400 600 800 1000 1200 1400 1600

X (mm)

—— Unfurl+0d: -0.19um mean, 1.09um std
4 H—Unfurl+30d: -0.11um mean, 0.57um std
Unfurl+180d: -0.08um mean, 0.41um std

‘Width Deformation (um)
o ; - = .

100 2000 000 4000 s000 6000 000
X-Coordinate (undeformed, mm)
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Petal Shape Stability
Milestones 6A and 6B

MILESTONE 6A: Petal subsystem with
shape critical features demonstrates on-
orbit thermal stability within & 80 pm by
analysis using a validated model of
 critical dimension vs. temperature.
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MILESTONE 6B: Petal subsystem all features
demonstrates on-orbit thermal stability within +
80 um by analysis using a validated model of
critical dimension vs. temperature.
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TRL 5 is Achieved for Petal Shape Technology %(EP

Definition ompletion M|55|°n Performance/ | Fidelity of Analysis | Fidelity of Build | Level of Environment
riteria Function Integration Verification

Component Documented test Genericor  Basic Medium fidelity: to Medium fidelity: Component/  Tested in relevant
and/or brass- performance specific functionality/ predict key brass-board with Assembly environments
board validated in demonstrating class of performance performance realistic support Characterize
relevant agreementwith ~ missions maintained parameters and life elements _ physics of life-

environment analytical _ limiting factors as a limiting
predictions. telescope I function of relevant _ mechanisms and
Documented missions environments = failure modes.
definition of scaling

requirements.
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INNER DISK ACCURACY AND STABILITY



S5 Error Budget Tree
—WFIRST-Starshade Rendezvous at 1.52 A/D IWA

1
Study metallicity of Gas Giants Detect & Characterize Earth 2.0 Study Circumstellar Disks
Planet flux > 4 x 10-!! Stellar flux

Limit photometric noise at IWA to < 20X planet
Calibrate systematic noise to < 10%

Science investigations

| 1 1 1
| Background | Starshade | Telescope | | Time Variant |
| 1 I I
: I ! I KPF3 | I : Sunlight 1I kage thi Detector N Key T
Other stars Solar Zodi Exo-Zodi Reflected Instrument Contrast . unlight leakage thru| etector Noise ey Terms
(galactic and V>28 bright bodies Solar Edge Scatter . Sunlight t!l ru optical shield flaps Read Noise: Background vs. target
. V > 25 mags micrometeoroid holes . Bright-body refleci
extra-galactic) vV >29 perPSF at 1.5X V>30 . 1x 1010 V> 31 V>3 Dark Current: right-body reflections
Va=H) per PSF 760 nm solar density V>3 927% ait s in? lobes at TWA (after multi-bounces) Cosmic Rays: F V5~t£'1rget
ormation error
Demo viable in lab at subscale Model validation accuracy <25% Thermal deformation vs.
KPP 1 (no hidden physics) 2 x 101! KPP2 punienzl
Key terms are well understood & not a
HabEx reserve at 1.36 A/D IWA Flight dev. margin >100% margin threat to 10% calibration accuracy
0.4 x 101! 4x101
Allocated Instrument Contrasti
3.6x10!"
1
| | | | KPP 4
Starlight thru micrometeoroid holesy  [Nominal specified shapel | Mechanical Shape Error Lateral Formation Control <*1m | | Lateral Formation
0.1 x10-1! 0.4 x 10-!! 2.1x 101! 1x10-11 Sensing < 30 cm
I
| | |
Petal Shape Launch, cruise & non-thermal stability
1.8 x 1011 0.1 x 101! 0.2 x 101!
I |
KPP 5 | | Kpp KPP 7 I | KPP 8
Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability Pre-launch (Mfr., AI&T & storage) On-orbit thermal stability
<%70 pm <180 pum KPP <+300 pm <#£200 pm
1x101! 0.8 x 10" Threshold 0.1 x 10" 0.1x 10!
I I I |
41% (2X in contrast) 100% Margin 41% 1009 #PTontrast)
1 T T
<% 5|0 pm <+ 40I pm KPP Goals <% 2|12 pm <% 1(:0 pm
2|5% IOIO% Contingency or MUFs 2I5% 1OIO%
<40 pm <% 20I pm Nominal CBE Values <+170 pm <£50 pm
Mostly TDEM-09 mts. Unvalidated models Basis of estimate Mostly TDEM-10 msts. Unvalidated models
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Truss Bay Shape Accuracy
Milestones 7A and 7B

Milestone 7A: Truss Bay longeron and node
subassemblies demonstrate dimensional
stability with thermal cycles (deployed)
consistent with a total pre-launch petal position
accuracy within =300 pum.

~1250440f 1
= 1259.420 | j{ 1
1259.400 |- % 1

1259.380 - % %

Milestone 7B: Truss Bay assembly 1250.360 % % % % %j % |
demonstrates dimensional stability with 1950340 | } |
thermal cycles (deployed) and storage ] S A R S R _

consistent with a total pre-launch petal S S S © Sl
.. . . Deployed Thermal Cycle
position accuracy within = 300 um.

nm

Truss Bay Assembly Length
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Inner Disk Deployment Accuracy
Milestones 7C and 7D

Milestone 7C: Inner Disk Subsystem with SO T T
optical shield assembly that includes - 7mmmmmmmmmmmmmm oo
deployment critical features demonstrates

repeatable accuracy consistent with a total g ! P
pre-launch petal position accuracy within £ 0 HIEEEEEE llE:
300 pm. EEREY !

N
o
T

&
=]
T

4ol v e
01234567 8 91011121314151617 181920 21 22
Deployment ID

150
__________ 1
100 r N |
’E; I 7 < 7 i |
= =
I Tl \
@ I I/ \ |
>
g [ Y
3 0 —i = = |
Q =
8 | L ] S
£ 50 [ HH yd |
I N\
e R o
8 [ ~Scoo L |
-100 - I |
150
-200 . . . . . : . ‘
200 150  -100  -50 0 50 100 150 200

Radial accuracy error (um) 3 2



Inner Disk Deployment Accuracy
Milestones 7C and 7D

Milestone 7D: Inner Disk Subsystem with optical shield
assembly that includes all features demonstrates
repeatable accuracy consistent with a total pre-launch
petal position accuracy within =300 pm.
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Inner Disk Thermal Stability

Milestones 8A and 8B

Milestone 8A: Truss Bay longeron and node
subassemblies demonstrate on-orbit
thermal stability within = 200 um by analysis
using a validated model of critical dimension

vs. temperature.

Divide overall longeron assembly model into 3x tested sections as shown below

-] X
—
¥ s

. Short Tube Fitting
Long Tube Fitting, Lo = 15.430" Bare Tube, Lo = 18.750" Lo= 4269
™ -~
| * » S —

Further divide remaining longeron segments to test 4x fitting assemblies.
& remaining bare tubes

m —_— ) —

- ———— us  —

Flight Node Design

Node
centerine

Thermal Strain (ppm)

Test Prototype Node Design

(Half-wigth)
Top e
H ’
i 1 17
| |
—_—
b = i
i Critica
Dimension d
a B

centeriine fitting hole

Error in Actual Disk Radius from Ideal (um)

60

50

40

30

20

-10

-20

-30

-40

-50

Nominal
Design
[0/64/-6418

Sensitivity Study at 70C
Thermal Strain Delta (ppm) vs Nominal Design

221
0.39 0.29 0.26
| - -
|
-1.12
1.82
-2.65
Increase Increase Fiber Increase Decrease Decrease Increase Increase Worst-case
EA9394 Volume by Lamina Poisson’s Adhesive Invar CTE by EA9394 by Ply Angle
bond-line & 2.3%1059.4%  Modulus by Ratio from Modulus by 100% CTE 100% Deviation
fitting effect 5% to0 46.7 0.302t0 0.25 50%, E =245 [0/64/-6618
by 100% Ms| KsI
Parameters
Max
Expected Error Max
(upper bound) Actual Disk Radius Allowable Error
- N upper bound
7 Validated FEM Predict (vpp )
S~ o Meas.-based predict disk radius
-
-
-
......... -
............ -
............ -
......... ~ -
................. S=o==
=" " T=<
~
~
~
— ~
_———- ~
————— ~
\ Actual Disk Radius Design
FEM Predict of truss design
Max (best we could do to match the ideal) Max
Expected Error Allowable Error
(lower bound) (lower bound)
40 50 60 70 80

Sun Angle (deg)

90
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Inner Disk Thermal Stability
Milestones 8A and 8B

Milestone 8A: Truss Bay assembly
demonstrates on-orbit thermal stability
within = 200 um by analysis using a
validated model of critical dimension vs.
temperature.

ALy (pm)
=
(=]

20 30 40 50 60 70
Temperature (°C')
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TRL 5 is Achieved for Petal Position Technology

Definition ompletion M|55|°n Performance/ | Fidelity of Analysis | Fidelity of Build | Level of Environment
riteria Function Integration Verification

Component
and/or brass-
board validated in
relevant
environment

Documented test Genericor Basic

performance specific functionality/

demonstrating class of performance

agreement with missions maintained

analytical

predictions. _ I
telescope:

Documented
definition of scaling missions
requirements.

Medium fidelity: to
predict key
performance
parameters and life
limiting factors as a
function of relevant

environments

Medium fidelity: Component/ Tested in relevant

brass-board with Assembly environments

realistic support . Characterize

elements physics of life-
Subassembly/ limiting

mechanisms and
failure modes.
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