ROMAN

SPACE TELESCRPE

+ NASA GODDARD SPACE FLIGHT CENTER * JE:PROPULSION LABORATORY:
+ L3HARRIS TECHNOLOGIES « BALL AEROSPACE  TELEDYNE » NASA KENNEDY SPACE CENTER'*
* SPACE TELESCOPE SCIENCE INSTITUTE * INFRARED PROCESQN\G;AND ANALYSIS CENTER *
* EUROPEAN SPACE AGENCY * JAPAN AEROSPACE EXPLﬁgKﬂDN AGENCY ¢
* CENTRE NATIONAL d'ETUDES SPATIALES + MAX PLANCK INSTITUTE FOR ASTRONOMY ¢

Jet Propulsion Laboratory
California Institute of Technology

CGI DM Testing & Performance
Caleb W. Baker

Jet Propulsion Laboratory
California Institute of Technology
. Pasadena, CA 91109

August 26, 2024

Copyright 2024 California Institute of Technology
Government sponsorship acknowledged




ROMAN

SPACE TELESCOPE

Presentation Outline

]

Jet Propulsion Laboratory
California Institute of Technology

DM Overview & DM Team Credits
— Notes on Data in This Presentation

DM I&T
— |&T Flow
— Critical GSE

Risk Reduction Testing
— PMN Module Stage
— Front-End Assembly Stage

Optical Performance Testing
DM Lessons Learned




ROMAN

SPACE TELESCOPE

-]

Jet Propulsion Laboratory
California Institute of Technology

CGI DM OVERVIEW

(Glam Shots and Credit Reel)
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Actuator module is based on Lead
Magnesium Niobate (PMN) with
embedded platinum electrodes.

Each actuator is spot-bonded to a small
pillar of glass (a “pusher pad”) extending
from the fused silica face sheet.

Actuator modules were provided by
Adaptive Optics Associates - Xinetics
(AOX; subs. Northrop Grumman).

— Xinetics has been building actuator modules
for JPL since WF/PC-II articulated fold mirrors
(Hubble - 1994).

Fused silica

W‘/ mirror facesheet

Delineated
active region

Support Structure

Embedded electrodes

— Electrical Interconnects

C/O J. Trauger (2016)
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CGI DM1 Surface Figure (Z1-Z11 subtracted)

CGI DM2 Surface Figure (Z1-Z11 subtracted) CGI DM2 Surface Figure (Z1-Z11 subtracted)
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« All surface figure, wavefront error, voltage
map, etc. data is presented in the orientation

. . y 2
of an upright DM viewed from the front.
— Features to orient yourself if in question: = <
 DM1’s dead actuator should be in the bottom z X
right quadrant. (0,0) of array is
so Actuat
< DMZ's crosstalk region should be in the bottom ’ Zol Ocn ‘,‘;’,‘V,‘”

half of the mirror and larger on the left side.

DMO1 30V Actuator Gains 10
""""""""""""" TT] T TT =
INEEni L Il T 1T

1F7 L8 27 0 B O LT

(A/wu) ureg

sl 101 1 B 0 0 1 1 B I BT T T 1T

0 10 20 30 40

CGI DM Actuator Map Example Gain map from DM01
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Unit conventions can be confusing.
— | will do my best to be clear slide-to-slide which units are involved.

Surface vs Wavefront
— DM requirements are written in terms of Surface Figure Error (SFE)

— Most CGlI system level performance is book kept as WaveFront Error (WFE)
« WFE =-2.0 * SFE

Stroke, Gain, and Free Stroke Ratio

— All gains presented here are calculated via peak-displacement from an isolated poke
(5.0 V from a given bias voltage).

— All stroke values here are presented in free stroke, which is calculated by integrating
gains across voltage, with Free Stroke Ratio applied.

» Free Stroke Ratio (FSR) is the ratio of peak displacement from an isolated poke to
integrated area under the poke divided by square of actuator pitch.
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CGI DM I&T

(Hope you like block diagraaaaaaaaaaaams)
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at g
SPACE TELESCOPE
Receive PMN Metallization Nail Pin Sosrepalliesion Create DM Front-End Assembly
Module from (MDL) Installati &I i (Bond PMN to bezel; attach & -
iY0) ASEEHEtoN nspection polish facesheet)
Surface Opti
Electrical Risk I
| | Reduction Test PMN Module Level | NTS
M=k e s mm ks mm s s mm s mm ks mm s s mm s mm ke s mm ks mm s mm s e s mm ks mm s = = s -
——————————— n .

Coat DM Facesheet Coating

Facesheet Performance Test e
Inspection Round 1 (in VSG) (Hand carry Verification Complete DM Assembly

P to/from S.0.) Testing

Random Vibration
(Hand carry
to/from NTS)

Performance Testing
Round 2 (VSG; Limits of
TRT-Active Control)

Thermal Cycle

Misc. Inspections/Tests
(Mass, Volume, Power)

3 (VSG — TRT-Op 7
and -NonOp)

Regression Test
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 Electrical testing gantry

— Used for capacitance, series resistance, and
parallel resistance measurements.

— Had to be customized to probe different
stages of assembly: TN -

- metallization pads. e _
 soldered nailpins. ke O . o e
 pins inside rigidflex nano-d connectors. ‘ ]

L4
[
9

. | Spring-relieved
) ] measurement
— Needs to be capable of accurately measuring 3 probe

up to ~10" Q during parallel resistance tests.
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Vacuum Surface Gauge (VSG) 2

— Descended from VSG1 heritage by John T. et. al.

— Twyman-Green interferometer inside a 4’ diameter
vacuum chamber.

— This was the test venue for all major optical performance tests

Andor-NEO sCMOS camera.
Custom-design double-walled thermal control shroud.
— Supports DM Proto-flight range of -5 to 52 °C.

Supports both GSE (“Gen 5”) DM driving electronics and CGl’s
EDU DME.

~30 uym imaging resolution gives ~10x10 pixels per actuator.

Retrieved surface measurements have ~8 nm objective accuracy
and ~100 pm precision*.

of the two CGI DMs.

*across timescales relevant to CGl DM requirements
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CGI DM RISK REDUCTION TESTING

(Putting the “Cheese” in the Swiss Cheese Model)
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On average actuator electrical
characteristics were as expected:
— 40-60 nF capacitance
— 1010-10™1 Q parallel resistance
— 300-500 Q series resistance

Some variation pre- and post-
metallization; very little variation across
all other interconnect processes.

There were 7 modules fabricated by
AOX; project down-selected to 2 flight +
1 spare using electrical test data.

0

DMO1 Capacitance
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DMO1 Parallel Resistance

=

-—

(4u) asuejpdeded

10

20

DMO02 Capacitance

lell

(4u) acuejpeded

(swyo) adueisisay

0.0




RO-M.AN
Seaas Electrical Testing Results

SPACE TELESCOPE

Jet Propulsion Laboratory
California Institute of Technology

DMO1 Capacitance

DMO02 Capacitance 60

« Capacitance and Parallel Resistance in
particular wound up being quite prescient

70
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(4u) acuejpeded

50
for CGI DMs. &
§ 20 45
: : N
Capacitance & Parallel Resistance measurement on i 5
DM1 accurately captures dead DM1 actuator. 20 EREY
40
CGI DMO1 Maximum Free Stroke (at 100V) N
40
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Capacitance and Parallel Resistance in

particular wound up being quite prescient

for CGl DMs.

Capacitance measurement on DM2 shows ample
evidence of DM2 crosstalk region.

DMO02 TVAC Gains (40V; 26C) l 6
g 5
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(NwY uleo
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DMO2 PPL Inspection Results

« Sub-sampling of the pusher pad grid o[ ¥ ot ¥
inspected using precision microscope to |
]

verify pitch & registration.

Measure sub-
sampling of
pusher pads.

« This was critical to preserving DM grid
alignment when installed on CGl optical
bench.

‘siojenioe jo
pus pajdadxa
|ny @1e43UBD

DMO2 Calculated Actuator Grid Positions

+ Fiducials + vV +
401 o Fine Grid
+  Full Grid
30
= 20 A
€ P
€
c Overlay with
:g high-res photo
[ of DM surface.
a
—~104
—20
-309 + +

-40 -30 =20 -10 0 10 20 30 40
Position (mm)

e e e e e
-20 -10 0 10 20
Position (mm)
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Same measurement setup determined
facesheet thickness and surface height
relative to bezel fiducials.

Thickness of the facesheet directly
leads to the shape of the influence
function each actuator exerts on the
optical surface.

Same inspection was leveraged

for assessment of contamination

or any indication of other issues
with facesheet bonding.
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CGI DM OPTICAL PERFORMANCE TESTING

(NO PAIN NO GAIN...map)
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« 2D view of per-actuator DM stroke for both DMs:

CGl DM01 Maximum Free Stroke (at 100V) CGI DM02 Maximum Free Stroke (at 100V)
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500 500
S 2

400 € 400 €
Q [}
g g
@ @

300 % 300 %
5 5
3 3

200 200

100 100

0 0

0 10 20 30 40

DMO02 stroke is crosstalk-corrected (IE stroke from cross-
coupled drive channel is included in the calculation)
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600 T

500 A

Free Stroke (nm)

200 T

100 A

Typical S-curve view of each DM'’s individual and average actuator stroke:

400 +

300 A

DMO1 Average Actuator Stroke

—— Average Stroke

\olts

100

700 A

600 -

500 4

Free Stroke (nm)
5
o

300 A

200 A

100 A

DMO02 Average Actuator Stroke

—— Average Stroke

20 40 60 80 100
Volts

DMO02 stroke is crosstalk-corrected (IE stroke from cross-
coupled drive channel is included in the calculation)
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« On DM1, no significant crosstalk was detected. 0 DMOL Gain Map with Crosstalk (40.0 V; 26 Deg C)
— Every actuator cleanly controls its own local 2 20
portion of the facesheet and no drive channels 30 w

are cross-coupled.

40

o

w

*3x3 grid displays gain of neighboring
actuators due to drive voltage applied to
center channel.

(/\/quu) ugeB 101eN10Y

Example:

Center plot (1,1) shows gain of actuator (i,j)
due to drive channel (i,j) (IE, the intended
behavior).

Top Center plot (0,1) shows gain of
actuator (i-1,j) due to voltage on drive
channel (i,j)
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Actuator Stroke (Crosstalk)

On DM2, there is significant vertical crosstalk.

— This is the result of cross-coupled electrical drive
channels stemming from mismatch between
electrode grid and metallization pad grid.

*3x3 grid displays gain of neighboring
actuators due to drive voltage applied to
center channel.

Example:

Center plot (1,1) shows gain of actuator (i,j)
due to drive channel (i,j) (IE, the intended
behavior).

Top Center plot (0,1) shows gain of
actuator (i-1,j) due to voltage on drive
channel (i,j)

Jet Propulsion Laboratory
g California Institute of Technology

DMO02 Gain I\glap with Crosstalk (40.0 V;026 Deg C)

0 10 20 30 40
0 10 20 30 40

» v

(A/wu) ures Jojenidy
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» DM control surfaces show notable thermal dependence.

+ DMO01: 0.98 nm/K

« DMO02: 1.15 nm/K

DMO1 HLC Mode Thermal Dependence

The most significant result here is that print
through of the HLC control pattern is easily
seen in the thermal dependence.

This performance is fine for CGl at baseline
and threshold performance requirements,
but temperature dependence in the DM
control solution is the largest error term in
the HOWFSC FRN Error Budget.

If CGI thermal control performed at its
requirement level (10 mK stability), this
would comprise a 7E-9 effect in contrast
across 3-9 A/D (-B. Kern)

*DMO01 HLC data from a difference of two surfaces
measured at average bezel temperatures of 20.5C and 25.5C

2.0

1.5

1.0

- 0.5

r 0.0

(M/wu) ¥ 12d adepuns ey2a

Note the scale
change here

DM02 HLC Mode Thermal Dependence

“— 4
1 ;[ ® a . »
¥
| “‘ - . 7% L >
3 Fra
4 ro
-
! L K
- *
i ’ ‘ i “ L —2
- L) 4
] L - - »r
p J -4

* DM02 HLC data from a difference of two surfaces
measured at average bezel temperatures of 20.4C and 24.2C

(3/wu) 3 12d adeuns ey2a
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* When fully desiccated in vacuum, both DM1 and DM2 show
significant cylindrical error terms.

— Convex surface = concave wavefront
— Effect is exacerbated by voltage bias application.
— WFE here is taken at 40V “Pure Piston”

 Slight improvement over naive 40V bias application at preserving
initial, unpowered surface figure.

300

200

100

WFE (911.46 nm PV; 201.1 nm RMS)

400

Wavefront Error (nm)

-100

DMO01 Desiccated WFE
e PV =9114 nm

« RMS =201.1 nm

| 300

-200

| 200
| 100

y (mm)

o

e [ -100

[ —200
| —300
| —400

(wu) 34M 1IN
-300

—400

—-400

x (mm)




ROMAN

SPACE TELESCOPE

Desiccated WFE & Desiccation Drift
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When fully desiccated in vacuum, both DM1 and DM2 show
significant cylindrical error terms.
— Convex surface = concave wavefront
— Effect is exacerbated by voltage bias application.
— WEFE here is taken at 40V “Pure Piston”

 Slight improvement over naive 40V bias application at preserving

initial, unpowered surface figure.

DMO02 Desiccated WFE

P-V =966.9 nm

RMS =4447 nm

y (mm)

20 A

10 A

=10 4

WFE (966.9 nm PV; 444.72 nm RMS)

x (mm)

800

600

200

(Wwu) 34M

Full WFE (nm)

(wu) 34Mm 1IN4

T
1000

800

600

Wavefront Error (nm)

400
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» Timescale for desiccation was painful for CGl system TVAC, but should not pose problems
during/after on-orbit commissioning simply due to time gap before CGl is operational.

Z4/Z6 Tracking (CGI DM02 VSG2 Dryout)

+ Z4RMS —— Bezel +Y
+ Z6RMS , —-- Bezel Y

+
+
+

*: :m
H
K
+

100

60

*\”* m’**\

DMO02 dryout data (right)
also includes a period of
accelerated dryout via
elevated DM temperature.

o
1)
S
+
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Wavefront Error (nm rms)

200

¥
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* Root cause: constriction of headers and reinforcing epoxy under vacuum
desiccation.

Desiccated Headers: Length Change
0.000 Convex
—-0010 0 1 2 3 4 5 6 7 Surface

Header

Orientation [:

Headers Mean Length (pre-bake-out) = 50.71 mm

hange In Length (mm

© _0.080 SigFit: ds After BFP removed Surfoce-001
A .

Loadcase=001
Test Article ID

Units-waves

9.620%1072

0.6 4 -
‘ Hardware tests on spare il i EECTE
headerS ShOW they do 1 \_ 6.131%1072

4.386%1072

shrink under desiccation : ]
g 0.0 2.642%1072

a 8.969%107%

Modeling efforts show this 5. 47810°3
stress can propagate 25924102
through to optical surface T
I -6.082%1072

< -7.826%1072

.0 T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.8 0.8 1.0
X/RMAX

SigFit  15.08.2022, 23:25:57, DISLIN 10.6 OM_puck noil_heod_heodsrs_pSC.sook_B_15

RMAX= 2.362E-02 m
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» Longer-term drift characterization with mean-40V control maps gives insight into drift behavior
of CGIl DMs under applied voltages.

vsg-DMO1-40V _Uniform_Comparison-20220824 -
vsg-DMO1-Piston_Move_Unpowered_Precheck-20220824

t —tyst |days
0 2 4 6 Ié[lo] 12 14 16 9S00

39() { Blue curve here is .
40V “Pure Piston”

VFE(0 V) [nm WFE]

t — tyise [hr], fpise = 2022-08-26 10:07

oltage map.
’ 600
This plot of £'3804
is plot o . .
referenced DMO01 = Rgglons OUtSId'e
piston does not g 400 active area provide
displa_y expect_ed £.370 1 L VSG reference for
log-drift behavior. g S\ piston, if properly
5 ) 100 2 controlled for VSG
range curve here <t
360 ; is 40V HLC nominal [ 200 oy effects.
f voltage map. =
0 100 200 300 400 0 =
&3
=

0 200 400 600

*All these analyses c/o Brian Kern (7/8/2022)

tAlso published in John E. Krist, et. al., "End-to-end numerical modeling of the Roman Space Telescope coronagraph," **Image parity here flipped vertical from source presentation to
J. Astron. Telesc. Instrum. Syst. 9(4) 045002 (11 October 2023) https://doi.org/10.1117/1.JATIS.9.4.045002 correct for the somewhat heretical placement of origin at bottom left
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» Behavior does affect control maps (IE it is not purely bulk piston).

=

This actuator height 50 = 04 %

difference map shows g 2

the transition into an HLC 100 £ 2

control map from a 40V % N 0.2 g

“Pure Piston” map. 50 8 Which decomposes “;

g into this change in 00 =

0 =L, . s-

— actuator heights. =

5 ) S)

e —02 £

< 2

~100 H

3 —04%

150 Z 2

El ~
And it produced this L 0.6

measured DM WFE.

(£ Z11 removed) 200 0.4
100 I\ 0.2

The notable part, again,
is that we see the HLC
pattern emerge in the

10-hour drift delta.

That DM surface drifted over
10 hours to produce this AWFE.

4

—100

| o
=) o
S
WFE(da/dt - 10 hr) [nm WFE]

|
o
o

o
WFE(HLC) — WFE(piston) [nm WFE]

| |
w o
=] =
S S

**Image parity here flipped vertical from source presentation to

*All these analyses c/o Brian Kern (7/8/2022) correct for the somewhat heretical placement of origin at bottom left
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DM LESSONS LEARNED

(Need to write all these down so we can ignore them later)
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Summary of Performance-Based Lessons Learned @

Jet Propulsion Laboratory
California Institute of Technology

Build with enough time to properly
cherry pick modules.

Rely on early risk reduction testing w/

SME oversight to gauge module health.

Decouple interconnect from active
module as much as possible.

Pay close attention to thermal
environment & local stability of DM
surface & active region.

Invest in truly picometer-precision
testbed w/ high data rate.

Planning for
HWO

Project Role

Customer/User
of CGI
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 DM1’s dead actuator was a near-miss for the technical performance of CGl.

— It sits (almost entirely) behind the Lyot stop in HLC mode and is partially occluded in both SPC
modes, allowing all modes to still achieve threshold and baseline requirement performance.

10|_4 10|_3 10;_2 10;_1 1' ' OTA HLC SPC-WFOV SPC-Spec
Relative Dark Hole Total Intensity LyOt S'[Op pupll maSk pup'l maSk

Change per Unit Piston

Figure 60. Maps of maximum actuator stroke over one-quarter of DM1 with obscuration patterns
superposed and the dead actuator circled. (a) The OTA obscurations outlined; (b) the HLC Lyot
stop openings outlined; (c) the SPC-WFOV pupil mask; (d) the SPC-Spec pupil mask.

Figure 49. The “strength” of each DM actuator for each baseline coronagraphic mode. These
maps were derived by separately pistoning each actuator by an equal amount and measuring
the total change in simulated dark hole intensity. The maximum value for each actuator is
shown in the “max” map, which is used to determine which actuators need to be individually
controlled. Each map is 48 x 48 actuators.

*John E. Krist, et. al., "End-to-end numerical modeling of the Roman Space Telescope coronagraph,” J.
Astron. Telesc. Instrum. Syst. 9(4) 045002 (11 October 2023) https://doi.org/10.1117/1.JATIS.9.4.045002
**Although | have, again, corrected orientation on the right plot for heretical placement of the origin.
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Due to the high demands on actuator yield and DM performance, robust screening tests
and module cherry picking are highly recommended during HWO DM development.

Early capacitance measurements are actually a reliable method for determining aliveness
and general actuator health.

DMO1 TVAC Gains (40V: 26C) CGlI Flight DMO1 Capacitance vs 40V, 26C Gain

0
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40
0 10 20 30 40
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Viable Screenin g Tests @ California I:sti':ute of Technolog);

Due to the high demands on actuator yield and DM performance, robust screening tests
and module cherry picking are highly recommended during HWO DM development.

Regions of likely crosstalk like CGlI DM2 can also be seen (at least retrospectively) in
early module capacitance measurements.

DMO02 Capacitance 60 DMO02 TVAC Gains (40V: 26C) CGlI Flight DM02 Capacitance vs 40V, 26C Gain
2 X
55 6 -
50 5
s
'g o) g 4
45 -
3 3 23l
40 ; 3 % 3
] 2
)
< 24
35
X
1 -
30
0 HXX X

25 0 10 20 30 40 50 60
Actuator Capacitance (nF)
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Summary of Performance-Based Lessons Learned @

Jet Propulsion Laboratory
California Institute of Technology

Build with enough time to properly
cherry pick modules.

Rely on early risk reduction testing w/

SME oversight to gauge module health.

Decouple interconnect from active
module as much as possible.

Pay close attention to thermal
environment & local stability of DM
surface & active region.

Invest in truly picometer-precision
testbed w/ high data rate.

Planning for
HWO

Project Role

Customer/User
of CGI




ROMAN
Jet Propulsion Laboratory
T Summary of Performance-Based Lessons Learned @/ Calfforia Institute of Technology

SPACE TELESCOPE

+ Maintain awareness of:
+ DMO02’s crosstalk region

» Neighbor rule concerns near edges &
DM1/DM2 dead actuators
+ CGI Ops team has already
produced software tools to
handle these and crosstalk!

* Build with enough time to properly

cherry pick modules. Planning for
HWO » Native Z4/Z6 terms and stroke loss for
* Rely on early risk reduction testing w/ self-flattening
SME oversight to gauge module health. Project Role .
- Decouple interconnect from active Customer/User © Drift t'ﬂezs_cziliiurs T
i f CGI :
module as much as possible. — + ~5-15 days for control map drift.

« Pay close attention to thermal . DM models are included in the

environment & local stability of DM . . :
" & acti . coronagraph diffractive optics model
suriace & aclive region. (should be released now, if not soon).

* Invest in truly picometer-precision
testbed w/ high data rate.
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BACKUP

(Nothing is hidden in here, | swear)
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- Actuator Hysteresis

SPACE TELESCOPE

Jet Propulsion Laboratory
California Institute of Technology

Step 1 (Uniform 50V)

Step 2 (Active Area 20V) Step 3 (Uniform 50V)

300

100

(wu) yb1aH adepns

(wu) ybIaH 2de4NS

-100 -100

—200

o = N
g 8 8
(wu) 3yb1aH 2de4Nns

—300

General Hysteresis Procedure

Step 4 (Active Area 80V) Step 5 (Uniform 50V)
- Set series of 5 voltage maps in specific = i
sequence.

«  Set active annulus to 20V and 80V, 200 200
returning to 50V after each change. - "
100 §. 100 :31‘
* Hold center ganged region at 50V for 3 2
. I I
piston reference. o & o &
B B
El 2

* Measure difference in piston-referenced
surface height for active annulus between
Uniform 50V surfaces.

-100 -100

—200 —200

-300 -300
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Actuator Hysteresis

SPACE TELESCOPE

Step 2 (Active Area 20V) Step 3 (Uniform 50V) Step 4 (Active Area 80V) Step 5 (Uniform 50V)

|

Step 1 (Uniform 50V)

(wu) 3y61aH 22epns
(wu) yB1aH 238N

)
2
By
g
3
H
B
&
Z
3
3

(Wwu) JyBI2H 2e4NS.

»
2
Fy
3
T
2
&
ES
D,
2

~100 -100

_200 -200

300
200
D 100
0
4 -100
&
d -200
-300

-300

-300

Active Region Height Change (2->3) Active Region Height Change (4->5)

0 300
-50 250
General Hysteresis Procedure -100 200
5 £
3 3
« Difference between surfaces 2&3 and -150 @ 2
48&5 gives surface height change. @ 150
S S
—200 7 =
) )
2 100 3
-250
50
-300
0

—350
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Actuator Hysteresis

SPACE TELESCOPE

Step 5 (Uniform 50V)

Step 2 (Active Area 20V) Step 3 (Uniform 50V) Step 4 (Active Area 80V)

Step 1 (Uniform 50V)

)
2
By
g
3
H
B

&
Z
3
3

(wu) ybiaH acepns

(wu) WBIaH 33e4NS

(Wwu) JyBI2H 2e4NS.
(wu) yBIaH 3de4nS

~100 -100

_200 -200

300
200
D ’ 100
0
4 4 -100
of &
Kd -200
-300

-300

-300

Surface Height Hysteresis

2
1

General Hysteresis Procedure 0w
! =
t
« Difference between surfaces 3&4 %
gives hysteresis of surface height -13
between the two motions s
=
- 3

-3
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Actuator Hysteresis

Jet Propulsion Laboratory
California Institute of Technology

» Both DMs passed hysteresis requirement (<1% of commanded motion for 30nm):
— 0.65% of ~200nm command for DM1
— 0.97% of ~200nm command for DM2

Attention should be brought to “rogue”
actuators, however. These were noted
by coronagraphers during CGI wavefront
flattening, although any impact was
overtaken by lengthened Con Ops to
account for control voltage drift.

Surface Height Hysteresis

(wu) ybiaH ade4ns

DMO02

Surface Height Hysteresis

| o [
b
(wu) yb1aH ade4ns

|
N
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Influence Function Shape @/ Galfomia Insttute of Technology

Influence function requirement focuses largely on the Free Stroke Ratio.
— Requirement: FSR of <2.1 for all actuators in active region

CGI DMO01 40V Influence Function Cross Section CGI DMO02 40V Influence Function Cross Section

Normalized Surface Height (Arb. Units)
Normalized Surface Height (Arb. Units)

- Average Influence Function —— Average Influence Function

T T T 1 T T T T
-2.0 =15 -1.0 0.5 0.0 0.5 1.0 1.5 2.0 -2.0 =15 -1.0 -0.5 0.0 0.5 1.0 1:5 2.0
Lateral Distance (mm) Lateral Distance (mm)

*Greyscale here is a cross section of every poke image on the respective DM. CGI FSW utilizes an
average influence function for each DM (red curve) for HOWFSC implementation.
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» Influence function requirement focuses largely on the Free Stroke Ratio.

. . . . 0
— Requirement: FSR of <2.1 for all actuators in active region 2.0
10 1.8
— DMO1 has ideal facesheet thickness. L6 T
« Median FSR: 1.4 (ideal FSR) i 8
1.4 g
)
60 30 1.2 g
o
50 1.0
40
- 0.8
2 40
g
) 0 10 20 30 40
g 30
§ (above) FSR for all actuators on DM01, colorscaled by FSR.
§ 204 (left) Histogram of FSR for DM01. Only a handful of
actuators (on the edges) fail the FSR < 2.1 requirement,
which is inconsequential.
10 1
0 T T
0.0 0.5 1.0 15 2.0 2.5 3.0

Free Stroke Ratio, bin size= 1%
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» Influence function requirement focuses largely on the Free Stroke Ratio.

. . . . 0
— Requirement: FSR of <2.1 for all actuators in active region 20
10 2.5
— DMO02 wound up with thicker than ideal facesheet. -
. . . 20 @
* Median FSR: 1.7 (higher than ideal FSR) 20 e
15 &
30 &
50 1.0 ©
40 0.5
40 A
g
©
T 301
© (above) FSR for all actuators on DM02, colorscaled by FSR.
g (left) Histogram of FSR for DM02. In addition to edge
w 20 1 actuators (again inconsequential, now also significant
§ amounts of actuators in the crosstalk region show
o increased FSR due to the crosstalk (issue book kept
10 - elsewhere in CGI DM V&V).
0 = T T

0 1 2 3 4 5 6 7
FSR, bin size = 1%
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DM Self-Flattening Capability

Jet Propulsion Laboratory
California Institute of Technology

« DMO1 capability for self-flattening is generally around 3-4 nm surface rms.

Z1-Z4 subtracted Surface Figure (35.68 nm RMS)

DMO01 40V uniform Bias

*All data here taken in TVAC at 26C

-100

(wu) 3yb1aH adepns

Z1-Z4 subtracted Surface Figure (3.88 nm RMS)

DMO01 after 1 self-flattening iteration

(wu) yb1aH adepns

Z1-Z4 subtracted Surface Figure (3.6 nm RMS)

DMO01 after 2 self-flattening iterations

(wu) ybraH adeyns
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DM Self-Flattening Capability

Jet Propulsion Laboratory
California Institute of Technology

« DMO2 capability for self-flattening is generally around 5 nm surface rms and requires
multiple iterations to account for crosstalk region.

Z1-Z4 subtracted Surface Figure (30.41 nm RMS)

DMO02 40V uniform Bias

*All data here taken in TVAC at 26C

(wu) yb1aH adepns

Z1-Z4 subtracted Surface Figure (7.07 nm RMS)

|
N
o

DMO02 after 1 self-flattening iteration

(wu) 3ybraH @depns

Z1-Z4 subtracted Surface Figure (5.4 nm RMS)

(wu) 3ybraH @>epns

-40

S

DMO02 after 2 self-flattening iterations
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Jet Propulsion Laboratory

o H Stroke: Clustering of Low Stroke Actuators @/ California Institute of Technology

* Requirement: No clusters of 10 or more low-stroke actuators (threshold set at 95% level)
within any given 5-actuator radius.

DMO02 crosstalk region does
show clustering of lower-stroke
actuators — potential weakness

in control of lower spatial
frequencies.

DMO01 does not possess any
similar regions.

CGI DMO1 Stroke Clustering Assessment
(Purple = below threshold)

430

420

410

400

390

(wu) 901 J018N1DY

CGI DMO02 Stroke Clustering Assessment
(Purple = below threshold)

500

495

490

485

480

475

470

465

(wu) 340415 J0jeN1DY
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Z11+ Stability — Temperature Dependence

Jet Propulsion Laboratory
California Institute of Technology

» Another look at temperature dependence, with flat surface solutions instead of HLC control map.

DMO1 40V Flat Thermal Dependence

Thermal dependence of flat surface
solutions show print through of the
respective gain maps for DMs 01 and 02.

DMO1: 0
10

20

30

DMO02:

0 20 40

-ﬁ";v
P 5. §®
¥ -t
B Soage®
| = -
s k. ¥ o
it R R fu ¥ .

1)

——

*DMO1 flat data from a difference of two surfaces measured
at average bezel temperatures of 14.0C and 19.0C

2.0

1.5

- 1.0

- 0.5

- 0.0

(3/wu) X 4ad 22euns e2a

DMO02 40V Flat Thermal Dependence

e

*DMO02 flat data from a difference of two surfaces measured
at average bezel temperatures of 10.0C and 15.0C

(M/wu) ¥ J1ad 3ceuns eyxqa
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. Desiccation Drift
(Flatness: Z4 & Temporal Stability - Z4-Z11)

Jet Propulsion Laboratory
California Institute of Technology

» Timescale for desiccation was painful for CGl system TVAC, but should not pose problems
during/after on-orbit commissioning simply due to time gap before CGl is operational.

DM1 WFE Drift

DMO01 dryout data is fairly sparse at beginning
as drift issue was discovered after other data
collection (gain maps, etc.) was completed and
those tests confounded the bulk of the early
drift behavior.

WFE (nm RMS)

100

-100

-200

-300

-400

T e e e e i :
= Z6 | w13 300ra0v
: e 1— applied to
2 I W\J\l 3 actuators
- e ]
f - - 24 — _:
‘ VsSG =
No data at room temperature g
temperature rises to 30°C ;
due to thermal from room 3
cycling temperature — E
fan replacement ]
in HB causes the .
lab temperature 3
to go up ]
[ I I b b L 3
0 10 20 30 40 50

Days since pump start (14-Jun-22 12:05)
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» Longer-term drift characterization with mean-40V control maps gives insight into drift behavior
of CGl DMs under applied voltages.
t — tig [days] t — tpist [days]
0 2 4 6 8§ 10 12 14 16 0 2 4 6 8 10 12 14 16
39() { Blue curve here is L - .
40V “Pure Piston” T 067 | meas
voltage map. - —-— quad fit ¢; = 140 hrs
= 0.5 - —-— exp fit t; = 140 hrs
&= 380 1 —~ log extrap early
This plot of [ E 0.4 1 —--= log extrap 1 day Derivative plot
referenced DMO01 Eﬁ E; ’ reinforces piston
piston does not =) o behavior is not close
display expected i 370 1 i 0.3 to any extrapolated
log-drift behavior. — +o logarithmic behavior.
N = 0.2
S
360 - = 0.1
, : : . . 0.0~ . . . :
0 100 200 300 400 0 100 200 300 400

t — tpist [hr], i = 2022-08-26 10:07 t — tpise [hr], pie = 2022-08-26 10:07

*All these analyses c/o Brian Kern (7/8/2022)

tAlso published in John E. Krist, et. al., "End-to-end numerical modeling of the Roman Space Telescope coronagraph,”
J. Astron. Telesc. Instrum. Syst. 9(4) 045002 (11 October 2023) https://doi.org/10.1117/1.JATIS.9.4.045002
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Testing Venue Precision

Jet Propulsion Laboratory
California Institute of Technology

Improvements to VSG are required to
adequately test HWO DMs.

— Data per-pixel or per-actuator (IE all resolvable

Surface Height (nm)

spatial frequencies) in VSG2

0.8

0.6

0.4

(wu) uoneinaq ‘pas [axid-1ad

0.2

*Data here are standard
deviations in surface height
taken from a 10-hour stability
test with a sampling rate of 1
set of 5 averaged surfaces
every 30 minutes

Mean precision across
all pixels: 110pm

Time (hrs)

(Above) “Actuator” surface heights of a 2” flat tracked over a series of measurement
sets, each set a 5-measurement average. Each greyscale curve is the surface height
of a specific 10x10 pixel region. Red curve is the average for each measurement.

0.05

0.00

(wu) uoneinag 'pis |axid-12d

Mean precision across
spatially-averaged
“actuators”: 98pm
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Testing Venue Precision

e

Jet Propulsion Laboratory
California Institute of Technology

Improvements to VSG are required to

adequately test HWO DMs.

— Data for low-order spatial frequencies (Z4-Z11)

Zernike Coeff (nm)

in VSG2
15 A
f

Z5

10 4
Z10 Z7,ZQ
5 !
0 A
t
o4l Z6 Z4,711| |Z8
\
0 4 6 8 10 12 14

Measurement Count

Table 338478: Weights defining weighted sum, S = (X; AZ? wi)"? fori =4 to 11

Noll index

75

26

77

Z8

29

Z10

Z11

wi

0.4

0.4

10

10

4

4

Histogram of CGI weighted-sum results across temporally-

averaged measurement sets in a 10-hour data collection

25 A

20 A

Counts

0.1

0.2

0.4

0.5

CGIl Weighted Sum of Zernike Coefficients

0.6
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DM PERFORMANCE DURING CGI TVAC

(Just in case people want to see things)
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« Hybrid-Lyot Coronagraphy Mode demonstration during CGI TVAC (3.3x10® @ 6-9 A/D).

log(Raw Contrast

Contrast vs iteration , 6-9 \/D

T T 10 -3
10-4 L —3— total 4
) —— coherent 8
——— incoherent
— - - - Req, coherent 6 -4
— - - - Req, incoherent =)
= 4
(=
g 2 -5
3 =
5 S 0
c (0]
[e) (%]
o = 2 --6
3
o -4
<
______________ -6 -7
-8
-8
10 -10 -8

— — : -10 8 6 4 -2 0 2 4 6 8 10
Angular separation (A\/D)

1 5 10 15 20 25 30 35 40 45 50 55 60 65
lteration

*Data c/o llya Poberezhskiy, Matt Smith, and the rest of CGl PSE. Taken from CGI Pre-Ship Review (5/2/2024)
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« Shaped Pupil Coronagraphy Mode demonstration during CGI TVAC (4.3x108 @ 6-9 A/D).
Contrast vs iteration , 6-9 \/D log(Raw Contrast) 5
5 —— total 20
10 —— coherent 4.5
) —— incoherent 15 .
- --- Req, coherent
- - - - Req, incoherent 5‘ 10 --5
2
100 ¢ ] S5 759
@ ©
S 20 -6
5 g
v <_§ -5 --6.5
. S SN S _* AN ] 2
10 < -10 7
-15 75
-20
-8
108 ' ' ' : ' ; '

*Data c/o llya Poberezhskiy, Matt Smith, and the rest of CGl PSE. Taken from CGI Pre-Ship Review (5/2/2024)

15 20 25
Iteration

20 15 -10 -5 0 5 10 15 20
Angular separation (A\/D)
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« DMs were able to acceptably flatten CGlI front-end

WFE during TVAC.
PRNUM 266

Amplitude WFE
Result of final DM settings for 100

flattening CGl front-end WFE - e
entering HOWFSC in HLC mode L
during CGI TVAC testing. N
N R o 0
ey -100 =
Per comment by AJ Riggs: o hs i

—200

+ End-to-end WFE at flat setting was perfectly

rms WFE = 16.44 nm
fine for HLC, which throws a large amount

of WFE into the system anyway. 10.01
7.5 1
+ SPC would ideally have flatter wavefront at £
the beginning of HOWFSC iterations. 2 >0
+ Initial flattening not the main limitation = 254 i
to SPC during CGI TVAC, but likely T |
did slow down SPC iterations. 0-01 I I

Zernike # (Noll)
*Data c/o AJ Riggs & CGI PSE (7/19/2024)
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» Moisture desiccation drift is cylindrical, which is chiefly focus (Z4) and vertical astigmatism (Z6).

— This means intentionally misaligning one of CGIl’'s OAP pairs can introduce opposite-sign Z4 and Z6 to
compensate. :

Optics that were moved

Optics were not moved
*Slide c/o Brian Monacelli & Jordan Rupp (2/16/2023)
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- CGI Mitigations for Desiccation Drift y California Institute of Technology
Prior to Correction After Correction
-20
-10
0
)((”7/77) 10 " -20
—-200 -100 0 100 200 300 400 _50 0 50 100

Wavefront Error (nm) Wavefront Error (nm)

WFE (nm RMS) This recovery in stroke budget took us WFE (nm RMS)

- from railing 30-40 actuators in HLC mode -
Z4 ] 69.52 (+polarity) after flattening the DMs (potentially Z4 | 15.98 (+polarity)
26 | 151.02 (+polarity) threatening to TTRS) to having ample 26 | 19.96 (+polarity)
margin against railing actuators and
Total | 167.43 expecting 10-° raw contrast levels. Total | 46.02
| l
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CGI Mitigations for Desiccation Drift

Jet Propulsion Laboratory
California Institute of Technology

*Data c/o AJ Riggs & CGI PSE (7/19/2024)

rms nm

10.0 1
7.5 A
5.0 1
2.5 1
0.0

PRNUM 266
Amplitude WFE
"“ fﬂﬁ :
1.
(/4 K

rms WFE = 16.44 nm

— Residual dryout drift was still detected during system TVAC.

100

o

WFE (hm)

—100

—200

I. mm  mm
I | |
4 5 6 7 8

9 10 11
Zernike # (Noll)

(Left) Phase Retrieval 266

rms nm

(Right) Phase Retrieval 327

404

20 A

0

—-20 1

Moisture drift also prompted a painstaking operational constraint during CGI FFT and TVAC.

— DMs had to be maintained under constant nitrogen purge to prevent long wait times for stabilization
during FFT and TVAC.

 This significantly complicated logistics for CGI system environment testing (EMI/EMC and Random Vibration,
specifically), as the purge needed to travel with the system to other JPL testing venues.

PRNUM 327

rms WFE = 46.50 nm

200

100

WFE (nm)

-100

—200

7

8

Zernike # (Noll)
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» Contrast stability was deprecated from test to analysis for TVAC; a small window of contrast
stability data was taken, but assessment is still pending.

— However, we do have extrapolations from DM stand alone testing data using FRN budget analysis.

contrast
meets TTR5  stability calcs  meets L4 internal contrast

\ unreliable stability req
20
There are caveats here, per comment by
Brian K.: 18 =3 2 5
16 = .
* FRN math is applied conservatively =3 " 10 4
* Itis unknown if DM1 and DM2 have 14 Q 212 %
correlated drifts or not. 12 < 5 .
 Correlated drifts would reduce =) 10 2 ¢
effect by factor of ~2-4x b - a
+ Non-correlated drifts could 8 A : s S— 100
exacerbate effect by factor of 6 = = tupy [days]
~7-15x % Example plot (w/o FRN) from
»  Extrapolations past extent of VSG2 4 2 ::;T:;‘tfg:: to log-drife
drift data (purple dashed line) are 9 0.48%/decade VSG1 measurements.
likely inaccurate. 0

t — tapply [days] Extent of VSG2 drift data for general Z1 at
*Analysis data here c/o Brian Kern (9/20/2022) 40V (purple) and specifically HLC (blue).
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CGI Contrast Stability

Jet Propulsion Laboratory
California Institute of Technology

» Contrast stability was deprecated from test to analysis for TVAC; a small window of contrast
stability data was taken, but assessment is still pending.

— However, we do have extrapolations from DM stand alone testing data using FRN budget analysis.

Even accounting for those caveats,
though, this result rendered significant
changes to CGl Con Ops:

+ DM control maps applied prior to (and
held through) WFI operations.

» Constraint introduced to set DMs at
bias 5 days prior to observations,
recommended holds of up to 15 days
for best science data.

+ CGI Fault Protection re-architected to
avoid shutting DME off unless
absolutely necessary.

+ Testing stability immediately unfeasible
in TVAC; CGI Contrast Stability
deprecated from test to analysis

*Analysis data here c/o Brian Kern (9/20/2022)

contrast

meets TTR5  stability calcs  meets L4 internal contrast

stability req

\ unreliable

AFRN(t, At), 6-9 \/D [FRN]

(t+ At) — C(t), 6-9 A/D [A contrast]

20
18
16 ™
" 10
= 12
=
=10
<
1077

0 5 10 15
t = tapply [days]

._‘

o
5

C

Example plot (w/o FRN) from
comparisons to log-drift
expectations based on
0.48%/decade VSG1 measurements.

— tapply [days] Extent of VSG2 drift data for general Z1 at

40V (purple) and specifically HLC (blue).




