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Salient Features

o 3 parallel Michelson
Stellar Interferometers

* 9 meter baseline

* Visible wavelength R

e Launch Vehicle: Atlas \V/ (R
or Delta IV ELV A5 .

« Earth-trailing solar orbit .

» 5year mission life with
10 year goal

e SIM: aJPL, Caltech,
NGST, KSC, and SIM
Science Team
partnership

Science Goals

* Find and characterize nearby planetary systems (mass/orbits of all planets found)
o Address key issues in astrophysics

* Develop a precision stellar optical reference grid

Jet Propulsion Laboratory
California Institute of Technology



National Aeronautics and Space Administration

SIM Technology Flow

Component Technology ! Subsystem-Level Testbeds | System-Level
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d approach

| (single baseline picometer
I testbed) Narrow & Wide

IIIIIIIIIIIIIIIIIII-IIIIIIIII IIIilﬂﬂﬁIﬁi@lIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Picometer : 8: Overall system
Kn {?WIE,’dgE | Performance via
Technology 1, Modeling/Testbed
i Integration
L, : Numbers before box
106 I labels indicate HQ
. 11
. |1 Tech Gate #’s (1
i
3 5 6 7 MAM T(}M T.estbed , thI‘Ollgh 8)
| Testbed (distortion of front |
Higl ] end optics) :
!
L
i
i
I
I

# e N(}VZOOI
Optical Tl
! Nanometer Delay Line
WL Control 1994
Technology Hexapod = R
Reaction Wheel SRS ! = RS m 1999
Isolator =2 IS A ' STB 1 (smgle baseline 2

1998 nanometer testbed) : STB-3 (three basehne

Each testbed’s performance correlates to an analytical model to within a factor of two. "°meter testbed)

Technology Gates & Results

Technology Description Due Complete Performance
Gate Date Date
1 Next generation metrology beam launcher 8/01 8/01 Exceeded
performance at 100pm uncompensated cyclic error, objective
20pm/mK thermal sensitivity
2 Achieve 50dB fringe motion attenuation on STB-3 12/01 11/01 Exceeded
testbed (demonstrates science star tracking) objective
3 Demonstrate MAM Testbed performance of 150pm 7/02 9/02 Exceeded
over 1ts narrow angle field of regard objective
4 Demonstrate Kite Testbed performance at 50pm Exceeded
narrow angle, 300pm wide angle objectives
5 Demonstrate MAM Testbed performance at 4000pm Exceeded
wide angle objective
6 Benchmark MAM Testbed performance against Exceeded
narrow angle goal of 24pm objective
7 Benchmark MAM Testbed performance against wide Met
angle goal of 280pm objective
8 Demonstrate SIM 1nstrument performance via testbed 4/05 7/05 Met
anchored predicts agamst science requirements objective
Legend * HQS directed a scope increase (by adding a numerical goal
pm = picometer to what had been a benchmark Gate) and provided a 3
MK = milliKelvin month extension when performance fell short
dB = decibel (50dB = factor of 300) Jet Propulsion Laboratory

California Institute of Technology
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System Hardware &

External EM |

Metrology
Launcher

g o Modulating Optical Delay Line
* Fringe Modulation up to 280 Hz Sine

o, Alignment * Reacted Mass Compensation
Mirror

EM?2
Internal Metrology
Launcher

Precision Optical
Delay Line
+ Comects For LODL
o
« Provides Coarse Dela:
for Guides Law Bandwidth Optical Delay |ine
* Science Coarse Delay, 1.2 m Mechanical (24 m OPD)
+ DC Mator Bsnd Drive

Delay Line Assembly

Self Check &
Calibration Source

Compensated

S . Spacecraft oo
Dither Optic | ' & Assembly
Angle-

Instrument Fringe
Misror

Electronics el
Collector Assembly

splitters

S IM lanetQuest

Reflectors

Astrometric Beam Combiner

Siderostat | - ‘
& DCC Compressor Assembly Structure Strut
Engineering Complete
Milestone Description Due Date Date Performance
Formulation Phase
EM-1 Ext(_arnal Metrology Beam Laur_lcher Brassboard (meet Qual 5/31/06 6/5/06 Exc.eec?ed
environmental and allocated picometer performance) Objective
EM-2 Internal Metrology Beam Launcher Brassboard (meet Qual 4/30/06 5/3/06** Exgeeqed
environmental and allocated picometer performance) Objective
EM-3 Metrology Source Assembly Validation (meet Qual environmental and 6/30/06 6/28/06 Exgeeqed
allocated performance) Objective
Spectral Calibration Development Unit (SCDU) (demo flight-traceable
EM-4  |fringe error calibration methodology and validate model of wavelength- 8/30/07 In test

dependent measurement errors)

Instrument Communication H/W & S/W Architecture Demo (validate
EM-5 SIM's multi-processor communications system using two brassboard 4/1/07 3/5/07 _Me.t
instrument flight computers, ring bus, and flight software version 2.0 Objectives
with specific S/W functions as listed)
Implementation Phase

EM-6 Engineering Models for Metrology Fiducials (double and triple corner

) . . 9/30/2007*
cubes fully meeting SIM flight requirements)

Metrology Source Engineering Models (optical bench; fiber splitters;
EM-7 fiber switches; fiber distribution assembly; laser pump module: all fully 9/30/2008*
meeting SIM flight performance requirements per table).

EM-8 Instrument/Mission Performance Prediction (update Tech Gate #8 using 9/30/2008*
latest hardware results).
EM-9 Integration of S/C FSW build-1 with phase-1 of the S/C engineering 10/1/2008*

model testbed (demonstrates specific S/W functions)
* Completion dates deferred indefinitely due to FY07 NASA decision to delay SIM indefinitely.
** Actual sighoff by NASA HQ delayed until 12/12/06 due to requests for additional thermal testing by the TAC and EIRB boards.

Jet Propulsion Laboratory
California Institute of Technology
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SIM Information Technology Resources

National Aeronautics and Space
Administration
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support needed?

SIM IT Tools from Section 172

Mass Reporing
FAQ CONTACTUS

SIM Project Website and Wiki Brian Smith 2, Mass Online Tool

EBay Structure A by &7
ay Structure Assembly CBE Allocation

' : «
Action Item Tracking System Sherry Bennett ey e i Track Mass Changes for

- Beam Launcher Mount BL1 569 o Chart view

| .
- Bearn Launcher Mount BL34 &7 » View Allocations
- Beam Launcher Mount EIL35£9 & Yiew Data
M e I O d C h an - Beam Launcher Mount BL36 &7
- Beam Launcher Mount BLGE &7

(MEL)
Document Management Tool — Michael Stefanini
PDMS and Docushare

Mass Online Reporting Tool Sandy Gutheinz, Eric Ramirez, SIM believes In process automation using
Melody Chang . . H |
Risk Management System Keevin Fisher I orrr_1at|on _teC nology. _
It IS our job to make It happen.

Financial Reporting Tool

Significant Event System Sherry Bennett

SIM IT Contact: Melody Chang, Brian Smith
SIM Document Contact: Bob Vincent

Procurement Planning Tool Melody Chang, Boris Oks

Jet Propulsion Laboratory
California Institute of Technology



National Aeronautics and Space Administration

SIM Configuration

Collector Bay 1- Collector Bay 1 HGA-
Y y xMet Source

Enclosure
Star Tracker- Guide FOR’s Science FOR’s
PSS«  ODL’s- Spacecratft

Wy

Collector Bay 2-
Enclosure

SID & DCC

Equipment Bus

Compressor-
P Beam Launcher
OOPCC
Collector Bay 2
Solar Array
NORTHROP GRUMMAN L CA LT_E CH Jet b < b t
///;pace Technology g:Ts et Fropuilsion Lapnoratory

California Institute of Technology
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HOW SIM WORKS

e

The goal of astrometry is to measure angles between stars. Astrometry provides the

Astrometry

Starlight underpinning for much of astrophysics. Boasting many orders of magnitude of improvement
in astrometry dim targets, SIM is poised to revolutionize our understanding of the Universe.

18 [ § f

A —

| | External [ .

|/ Delay  _ e — 5¢ The Stellar Astrometric Interferometer

Fiducial Baseline B External e PS5 Fiducial ¢
L f """ Metroiogy OB ~(3)- An interferometer measure stellar angles by measuring
Beam N2 . . .
Combi v - AA/\/\/\,\_A « The optical pathlength difference (OPD or delay) of light
) ({/ o l [l A7 Siderostat J\/\/\ Vi from the star to each end of its baseline.
Siderostat \ » I « The length of its Baseline
Internal SM . 2
Metrology Delay Line External Path Difference = 0 The ratio of these two quantities gives the angle to the star
D;;'gg; 5 (1 Sp=T -Tq Three principal sensors are needed:
=(E +1.)—(Ex+1p) « Stellar Fringe Detector (1) gives the total OPD
OPD is broken into three distinctions: =(E —Ey)+(1,—13) « Internal Metrology 2) gives the internal OPD
total (T), external (E), and internal (1) — — i « External Metrology 3) gives the baseline
Three interferometers
One interferometer makes science measurements while two others, in
conjunction with an external metrology system, track the changes in the b ¢
baseline. G1
; o

In a 2D world, a single (“guide”) interferometer would measure its baseline _
motion relative to a fixed “guide” star while the “science” interferometer makes o Bs

its science measurements.

The Science baseline vector changes are measured by the external metrology

truss which links the Science baseline to the Guide baseline.

In a 3D world, two guide interferometers are needed. The SIM approach has

these interferometers sharing their baseline.

Micro Arcsecond Astrometry

Guide star locations shown
near the baseline for clarity

T Corner Cube
T

stellar wobble due
to planet motion

o I

To measure the wobble of an earth like planet at 10 parsecs away, SIM needs to achieve astrometric error of

less than 1 micro-arcsecond per measurement.

Since the science baseline length is 9 meters, this translates to a total delay error of 44 picometers.

The delay error, expressed in picometers, is the basis of the SIM instrument Astrometric Error Budget (AEB).

Main Error Categories in the AEB

The main error categories in the SIM instrument are shown in
the figure to the right.

Each of these error categories constitutes a “branch” of the SIM
error budget.

The SIM technology program and the brassboard development
program have been aimed at retiring technical risk in meeting
the requirements set forth in the AEB.

See the other presentations in this pavilion to learn more.

NORTHROP GRUMMAN CA

T space Tctmotegy T

Science Baseline

++

Astrometric P —
/[ Baseline:

Interferometer ‘

Error Categories

« External Metrology
~| = Field-Dependent Errors
« Second-Order Errors

Instrument AEB
organization:

rows =error categories
columns= sensors

Internal Delay Knowledge:
« Internal Metrology
« Align & WF stability

(" Total Delay Knowledge: N
« WL Fringe Estimation
+ Brightness Dependent Errors
« Pathlength / Tilt D&C

External
Metrology
Sensor

==

Guide 1

Interferometer

[P S—

SIM:

3 Interferometer
Sensors

Guide 2

Interferometer

Science

Interferometer

Precision Structure

Spacecraft

Jet Propulsion Laboratory
California Institute of Technology.
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SIM Performance Requirements Flow Down

AEB Flowdown

The AEB flows down micro arcseconds to picometers of delay error. These are in turn first broken down to the various error categories (Field Dependent, Alignment and
wavefront stability, etc.). From there, using a variety of models the allocations in picometers are flowed down to engineering units.
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External Metrology Field-Independent Errors

Estternal Beamn Launcher

Project Level Error Budget e
. . per axis, single visit
Narrow Angle (Planet Finding) 100 s
T
|
Astrometric errar Eff. single msrnt errar Resere
per axis, after & yrs per axis, single visit 0%
0.20 uas 1.00 uas 0.00 uas
|#sqrtian Caiat2)
| A |
fwisits in 5 yrs Astrometric errar
. per axis per axis, single visit
Field Dependent Errors " Lt Second Order Errors
B 5 |c
Astrophysical errars Astrometric errar Multiplier for non-ideal
« Contributing Mechanisms W g vl S Wi per axis, single visit | | per axis, single visit | | - ref star geometry What are these? dE,
j 0.09 uas |deal ref star locationg 1.20 A ! “
. ower 15 degrees onthe shy (@ tile") over an hour af .
- External Metrology Field Dependent Errors < % R I 1175 uas | - These mostly fall into the category of
= Gauge errors resulting from the metrology beam 4 T"eﬁ_ w\ L Multlirplier Tor non-ideal Reas?we [motion] * [knowledge/meas. error] dEq
: ; . : E, t t % .
walking on an articulating DCC & Aag B B 010 » These are errors we “eat’ —in that we cannot
: : ’ # 3 2 RSS
- Science interferometer Field Dependent Errors o & o | | sense and correct for these. o
- . . . . & i 1 Astrometric errar Astrometric errar
= Coupling of ODL motion and diffraction of internal & I oer axis. science star oer axis. ref stars dEem
metrology and starlight beams x : 074 uas Science target Reference stars 0.91 uas + Contributing Mechanisms
4 . 5 : : : 3.61 prad 4.41 prad
= Coupling of the articulating Sid+DCC combination Ratio Ratio - The grid plot of SOE’s shows the effects captured:
and knowledge error in the DCC-vertex to Siderostat i |
: Delay error Baseline length Delay error Baseline length
surface distance science star (science) ref stars {science)
. L. . 325 pm 9 m 39.7 pm 9 m . . 1xre .
* Requirements Driving Design I [ 55 I I [s5 | Requirements Driving Design
= Requj_‘['emen’[s on Double and Trlple Comer Cubes (Sizej Br?ghtnese: dep errar Sys?ematic errar Brightnessldep errar Sys?ematic error - ISE AllgT]Inent: .B:aselme pal'allehsm
NCVE, Coat:ing, WFE) s st?B gthr;esewe wg; éespinwe ref sta;sa, ;\ﬂ;:qreser\te W;? ;espn:nr\te _ D&C ACS Stablhty
- Grid Processing is affected I Sum I = I 2 I 2 - External Met: Absolute Metrology
ZeIT]j_ke ﬂts o 1d data Resere Brightness dep errar Resere Systematic error Resere Brightness dep errar Resere Systematic error _ 14 . 14
( : et ) R ; 20% science star 20% no resene 20% ref star centroid 20% no reserne ROH LOS Stablhty o AllgT]II’leI’lt & WE Stab]'hty
- COL requirements on placement of DCC within Siderostat 2.18 pr 8.5 pm B.05 pm 24.5 pm 567 pm 229 pm 545 pm 221 pm 4
@ 9 BOE budget BOE budget +
3 7 Mag 10 Mag . .
3 KV ol Example: g
240 s 540 s ACS x Abs Met
. : Lt —, '_ . ~ B, \ -
- .u__.. = -........l S i = iy ’.' S~ - » = -\“' \\
o T ’ See " ACS
e Gl - - i | Al et T TS error
Sy g —— [ — oy — e ’ - R \
J ] B / =t -~ v
- pige [ownl W — T f‘_,-” 1"-__‘\!
- e [ L B /
Pt e st Mg i
- m .| e W
Alignment & Wavefront Stability
Instrument Level Error Budget
1 H Instrument Systematics
- . Narrow Angle (Planet Findin . .
+ Contributing Mechanisms
g / REQ targ 245 pm » Contributing Mechanisms
H H H PD() (pathlength dither optic) i CEE targ 26.2 pm
- Beamwalk along the interferometer optical train g : REQ ref 221 pm - External metrology beam launcher errors
- Couplings between beam shear and beam wavefront tilt upil mask (relay optic) ) cBE =t Zirem [ RES - Metrology Source Errors
' : : N | | I ;
- Couph-ngs between beam Sheal' and beaIn d‘lfﬁ'aCtlon (soiemve prcaboleid) ‘:“.\;}d? Science Interferometer Guide 1 Interferometer Guide 2 Interferometer External Metrology 2nd Order Errors a MetrOIOgy EleCtromCS Errors
- Instabilities in the beam wavefronts due to thermal FS % FSM  (fast steeting minpr CMP REQ targ 183 pm REQ targ 1& pm Hedztive Srrors
. -‘::::""""-iﬁeld_sflopl 3 s i) >‘ {compressor REQ 1.7 pm CEE targ 212 pm CEE targ 13 pm REQ &6 pm BREQ ¥.1 pm
defor_[’natlons I i a Three-Mirror CEE 10.1 pm REQ ref 149 pm REQ ref 1.E pm CEBE 4.0 pm CBE 7.1 pm T0E
. o ) % e Anastigmat) CEE ref 14.0 pm CEE ref 09 pm . i V1 i
« Requirements Driving Design M M2 Field Diependent Field Diependent Requirements Driving Design
- b (conrvex hyperboloagl) s s w W SR e s 2 tI'l]ITl :
- PSS and COL truss allowed structural deformations from Ceomomepaeabolet). # 100| REQ 7.2 pm 124 Gl SAatirler 0078 fRside FARuier REQ 6.0 pm LSS gOMES shkicenfighanion
e o -
thermal variations e Siderostat LEE 20em | FLE — — CEE 60 pm FOE - Beam launcher pointing
: : ign ability ign ability
: Gaticilaied Sak wilh Align & WF Stability REQ 7.7 pm REQ 154 pm Field Independent - Beam launcher cvelic (optical cross-talk
- Internal metrology beam walk and shear on optics & ___subap corger cube) REQ 74 bm e e 13 em [ EE REq o1 pm yelie (op )
Masks CEE 7.3 pm BWE CEE &7 pm EMT - Absolute metrology & NCVE
S Internal Petrology Internal Petrology . .
- LO beam tilt in the Internal Met Beam Launcher Internal Metrology REQ 3.9 pm REQ 7.0 pm - Stability of the Laser source and FDA delivered power
. s : REQ 3.3 pm CEE 35 pm Ir--1T CEE 3.5 pm Ir--1T L . L
- Focus change in the collector due to milli-Kelvin level CBE 15 pm - Sensitivity of measurement electronics to thermal variations
* Wwhite Light Fringe white Light Fringe
ﬂlemal variations ‘white Light Fringe REQ 34 pm REQ 50 pm
Wanvefront Amplitude REQ 34 pm CEE 34 pm | WLF CEE 34 pm WLF
Internal Metrology Beam Profil CEE 34 pm [ MWLE
HEErAsITey SISty Bt EEole A A W Erightness Dep Error Erightness Dep Error
Before Fast Steering Mirror Mask metr ology Erightness Dep Error REQ targ 115 pm REQ targ 14.1 pm
; CEE targ W7 pm CEE targ 4.7 pm
L Book-kept Separately REQ ref F.7 pm REQ ref 94 pm
CEBE ref 71 pm | EOE CEBE ref 71 pm BOE

beamvd_'alk

MM

Brightness-Dependent Errors

« Contributing Mechanisms
- These are essentially SNR related errors
- Affecting the SNR are:
« Visibility
» Collecting area
* Throughput

* Fringe Tracking Camera

* Requirements Driving Design

- Collecting area 1s directly driven by BDE
budget

- Dynamic Visibility is the driver for D&C
pathlength & angle stabilization

- Throughput drives silver coatings

- BDE also drives Camera spectral response,
read noise and dark current

NORTHROP GRUMMAN CALTECH

T Sonce Bctinatogy W= (D)

Incident Photons

White Light Fringe Estimation Errors

(Actual stroke curve vs. the assumed curve)

— e B B =
s | — E— e
gy "mg e *":::a M‘r,-.m
em | emd e
: » Contributing Mechanisms
% - Pathlength Modulation Errors
W— Evaluate SNR
Sl & Hy Here o
ny v l - Timng Errors
+

quantum efficiency

cCh

photoelectrons 4

dmk Iead‘N"\me'"

electrons

noise

A

Fringe Tracking Camera
QE, Dark Current, Read MNoise

SNR = v
+n, . +0
nO ndark O-read
llluminated region:
3x80 pixels — subdivided into spectral bins
L 1 ] 2 | o 6 | 7 | 8 |
Wmage Area

Frame Storage Area

Serial Register
Serial Register

Frame Storage Area

[E2)[i]

- Dnifts — Time degradation of calibration curves

» Requirements Driving Design

- Starlight-polarization sensitivity drives combiner optical
design, throughput

- Tight requirements on camera frame acquisition timing
- Dither distortion requirements drive D&C performance

Image %:POSU“? frame transfer time

Shift out
Image #1

":mz:ilf

R R e e e e

Image Exposure
#2

BIU trigger starts a
new image

frame transfar time

(Pathlength modulation vs. fringe camera timing)

- Calibration Errors
(Spectral and phase dispersion curves, stellar flux curves)

_p.: :.q_ 1, must be > 5 psec (estimate for 4KHz frame rate)
.|

2 ge Area

Frame Storage Area

Serial Register

Fringe Tracking Camera

Shift out
Fringe Tracking Camera Image #2
Performance _
i Instrument Systematics
Requirement Flow 365 pm Grid
2 PSE # 2482
Example
Instrument Systematics
365 pm Grid
3 ISRD # 2331
|
Science Inter. Inst. Sys. Guide 1 Inter. Inst. Sys.
220 pm Grid 193 pm Grid
3 ISRD # 502 3 ISRD # 503
|
o
Sci. Interf. Internal Met.
46 pm Grid ©
3 ISRD # 512 o
Beam Launcher
Thermal Fluctuations
10 mK / hour ILgRD m39 L F Zhao CME CMEOK
3 ISRD # 561 B B

Tha Int MET beam launcher in ABC shall receive a thermal
boundary which results in less than 10mE (TER) non-
line ar temperature fluctuations during W oberservation

CMB Subsystem
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Internal Metrology Errors

» Contributing Mechanisms

- Errors in the estimation of the internal starlight path coming

from internal metrology
- These are primarily
* Metrology gauge random noise errors
* Metrology gauge cyclic errors
» Metrology gauge thermal errors

* Requirements Driving Design
- Shot-noise drives metrology laser source power
- Optical/Electronic Cross-Talk (to suppress cyclic errors)
- mkK level thermal stability requirements in the ABC.

Mirror
Metrology laser source

. e e s aer
- Sy - APPROX SIZE: Freq Shitr
- ye I e | 500 e 3 28w 305
e e i Mass = ~10 kgs wio Elex B Enclosurs BHET
Fiber-
= I ne B tepe HEE
Instrument Systematics
Grid
364.9 pm 14ER
[ T T T ]
1 1 1 1 1
Science Interferometer Guide 1 Interferometer Guide 2 Interferometer External Metrology Initial Geometry
Relative Errors (2nd Orcier)
219.8 pm 192.8 pm 21.0 prn 1605 pm 146.6 pm SOE
X __|Field Dependent X X Field Cependent
1.00 0L & et 1.2 Guive ¥ Muitiniisr 0078 Guive & Muttiniier D2 ervors
162.0 prn FDE 1392 sm FRE
Align & WF Stability Align 2 \WF Btability Align 2 \WF SBtability Fiald Independant
11581 pm AS 1151 pm AvE 1758 pm AvE B8.0 pm ErAT
Internal Metrolagy Irtamal Metrology Irtemal Metrology
46.0 pm 45.0 am 2.0 am
YWhite Light Fringe White Light Fringe White Light Fringe
81.8 prm WLF oM WALF 1883 pm PILF
Brightness Dep Error Brightnezz Dep Errm Brightnezz Dep Eror
Book-kept
Separately 460 pim BLE 1370 nimn BLE
Int-MET Error
3.5pm (NA)
mm (WA) Only 43 pm of 46 pm allocation used.
The rest can be returned but Grid is not driving at this time
"
Random noise Cyclic error Thermal error Field-dependent
1pm (NA) 3pm (NA) 1pm (NA) '
1pm (WA) 3pm (WA) '

Starlight
Arm 2 =+

Internal Beam Launcher

8(a - b)

Selfcheck source

anglefringe — - —
N\ beameplitter

[ E—w—— I

B -

o it

o s

A7 - = I
- ne B o NS
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*  Model Specifics (1.B)
- Mass: 5970kg
- Nodes: ~ 130,000
- Elems: ~ 142,000
- DOFs: ~ 702,000
*  Model reduced to
~60,400 normal modes,
all below 1000 Hz
- First solar array
mode at ~0.3 Hz
- First §/C isolator
mode at ~2 Hz
- First RW isolator
mode at ~7 Hz
- First instrument
mode at ~15 Hz
*  Reduced model
augmented with 146
“static correction”
modes

SIM Integrated Nano Model (FEM)
Contacts: John Spanos (JPL) Reem Hejal (NGST)

— MET Source

Mode Shape: ABC, ODL, COL 1 & COL 2 Rocking

OPD litter in Science Interferometer

M RPM Operating Range

* SID piston motion is the primary
contributor to OPD jitter for the
33 Hz mode

*  The pnmary contnbutors to OPD
jitter for the ~175 Hz modes arc
- Combined piston, tip & tlt
motions of the Science-1 and
Guide-5 FSMs as well as LODL
Corner Cubes
- Lateral bending of the RWA
isolator struls
*  Design modifications affecting
the dynamics of these clements
will significantly reduce OPD
Jitter

RMS(OPD) (nm)

Significant Structural Modes to OPD lJitter

Optical Element Sensitivity
to 33 Hz Mode

OPD components for science, mode 116
o — .

Harmonic Costiciants b€, (2000 RPM

RMS
YT NTH A E R TH T T T

BT I T T T S T Y
s 3 0 W =

» SIM uses 6 Teldix RDR-68 e ]
reaction wheels for ACS 5l ]
* Modeled with 75 harmonics per |
wheel --estimated from fixed base 1
measurements [Ref. R. Hejal] it va— 1

Reaction Wheel Isolator
(one per wheel)

Spacecraft Isolator

Dynamic Isolator
(“soft” strut, 4 places)

Hexapod config.
wi six “soft” struts

Effectiveness of Dual Stage Vibration Isolator

Transfer Funcion: RWA-1 Fx to OPD

| [—rexiam 1| o  Spacecraft
_—W\nniuu_lo«

isolator shows
significant
performance
from 10 Hz and
up

=  Wheel isolator
shows significant
performance
above 30 Hz

= Both isolator
stages are critical
for SIM

| »  Damping
- Reaction Wheel Isolator: 5%
w0 (1st Order Modes)
- Spacecrafl Isolator: 3%
Remaining Modes: 0.2%
*  Science Interferometer Shown
W oW W wm
Frequency He)
Jet Propulsion Laboratory
California Institute of Technology
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Field Dependent Performance Modeling

Contact: Mike Heflin x4-2823

Field Dependent Errors

Observed when SID/DCCs articulate and delay lines move

Affect the science interferometer and external metrology

Diffraction 1s the main source for internal metrology and starlight
Corner cube imperfections are the main source for external metrology

SID/DCC Delay Line

Diffraction Model Example

Before Clean-up After Clean-up Before BS After BS
* S
A 4

Before FSM After FSM Before BS return After BS return

9
o

Before Clean-up return  After Clean-up return After Field Separator At Detector

® ®
S ®

ourie, 4 Daecr

858888 ¢8

Four parent allocations in pm from the AEB
1. WA Science FD - ISRD 507

2. NA Science FD - ISRD 488

3. WA Ext Met FD - ISRD 519

4. NA Ext Met FD - ISRD 500

Five models necessary to connect requirements to performance
Internal Metrology Corner Cube Model - Xu Wang
External Metrology Corner Cube Model - L D Zhang
Internal Metrology Diffraction Model - Josh Hudman
External Metrology Diffraction Model - Dan Hoppe
Starlight Diffraction Model - Dan Hoppe

M S

Picometer level optical modeling is beyond state of the art

Width of a human hair = 10,000,000 picometers

Optical design, physics, and processing must all be captured
Estimate field dependent Zernikes 1-15 as part of grid processing

Surface Figure Example

CC2 BP rms

CC1 BP ms .
2.8 nm

SIR rms *

) S3L rms
6.2 nm -

5.9 nm

" SIL rms

S2R rms ~
- “ 47 nm

3.2 nm

Jet Propulsion Laboratory
California Institute of Technology
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RTC Architectural Context Diagram

Spacecraft
P M N
TLM
ACS, CDS
’ Control Loops
Loops : Control
HSI HSI ‘ > RTC
mart
Ring Bus HSI
(JPL 1393)
Sma
HS;t Smart J
[Actuator HSI
N Smart Senso?}
[A L HSI XMET
ctuator
N Smart COL
R HSI SII_IIlSaII‘t C M B
ActuatorJ Sensor
Up to 127 Nodes
92 Nodes required \ / and the
_ rest of the
For 5IM PhyS|CS Inst System

High Speed Interface (HSI) Card

« HSI6U cPCI card

- Compatible with
MSAP

 SIM Instrument has 2
types of Ring Bus nodes

- “Smart” IFC (HSI
Card) using PCI and
RAD PPC-750

- “Dumb” Peripherals
- FPGA 1nterface to
Ring Bus IC (no
Processor).

e Status:

-  EM-5 test activities
are complete.

- Data analysis 1s
underway and the
final report will be
completed by the end
of February.

Mechanical support only SSR I/O, ID pins, Test PCI 32-bit Standard
Points

Drivers &

Receivers for ' rllﬂ'- ”l‘ﬁ' T

test visibility =13 r 3
R S T

and control W eI T

L L

Ring Bus
FPGA & .
EEPROM

i
: "r‘.::r'-i-l:'ri;.- ":m:
B thiar
3 - 1]
] T |
o G
o
o Q
Z >
&

1553 Transceiver
and Transformer
and Triax
connectors

Drivers,

Receivers, 9 Ring Bus Monitor
pin uD driver to GSE
connectors

Testing in 2005 included rings of up
to 10 Ring Bus ICs/HSI Cards.

Jet Propulsion Laboratory
California Institute of Technology



Real Time Control (RTC) Flight Software (FSW) JPL

Layered Architecture Ai‘chitectlll'e

Levies constraints on modules’ interfaces Attributes

[—

| with auto-coded FSW

o Reconfigurable Dynamic Design

=] ~ - Dynamically Instantiated Functional

P -

= Components
o / ] 1
o B L__ conpuercam ! 1- Reliability 3 - Maintainability
= Mission Critical process Object oriented design, UML diagrams
p—y
e CMMI level 3 processes Embedded C++
————— o | o
2l ToskContet | i 2 - Performance RTOS = VxWorks 6.2 with Workbench
eeobn | sogesitute | i Nosemaphores Single version of FSW for all CPUs
- | i Component execution calls 4 - Flexibility
Ccoma PoréngGerkel e grouped into rate task threads Table driven approach for configuration
} o e . | Table driven (XML) command and Telemetry
|
|

engrsemgTin

busPadets Flight
e Computer
1

RngBusEsents

by e ey ]

|
NCara

e [ - Eyngm.c:uy Instantiated Functional

o -

Fiight

Connectors Campuer

0 — Registration Pattern for execution, telemetry, and ring bus transfers
- At initialization registration pattern allows for dynamic configuration

1 - Publish and Subscribe Events based on Quantum Framework

- Asynchronous for both commanding and status -
2 - Implemented proxy system for inter flight computer event communication
3 — Within functional block, and same rate group, allow direct method calls

- Dynamically Instantiated Functional

=]

4- Cross ional C; - high rate

Provides direct method calls when functions on same flight computer Flight

Provides Ring Bus wrappers when functions on remote flight computer gﬂ'“p"‘e' =
5~ Low priority large data transfers

Special ring bus interface for low priority large volume transfers such that high rate
data not held up.

Development Process Core Flight Software

FSW Requirements in DOORS System Reqts & Design

Dynamically Instantiated Functional Partitions
F

0 parents
ated to SW modules
Linked to test cases

F: vazlnper

& Review

d to requirements
Test Status / History

SI1NAA

CALTECH

&

NORTHROP GRUMMAN
//—— JPL  itockweeo maRTIN
Space Technology !
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Electronics Architecture

e Descriptions

— Distributed Electronics
Architecture

— Utilize JPL 1393 Ring Bus
Interface

— Adds Flexiblility in Electrical
Architecture and reduction In RE
system cabling

LV/LN LV/LN LV/LN LV/LN
PWRA PWRB PWRA PWRB

Ring Bus I/F Ring Bus I/F

 Design Maturity

— Ring Bus Is Brassboard fidelity

— |ICE Electronics various levels
of Maturity from conceptual
design to breadboard
hardware.

« Potential Applications

— Ring Bus Application for future
Avionics Architecture

Architecture Contact: Michael Brenner Extension: 4-6985

Ring Bus Contact: Terry Wysocky Extension: 4-0395

What Is the JPL 1393 Ring Bus?

* A high-speed data transfer bus based upon IEEE 1393 Standard

358.4 times faster than 1553B Scalable up to 126 BIUs

Rad Hard & SEU Immune Utilizes ATM Cells (Asynchronous Transfer Mode)
Data Packets protected portal-portal standard of ITU-T, ANSI, ETSI & ATM Forum
_VDS for high-speed, low-noise, low-power  Multiple paths for fault containment regions.

Ease of Electronics Architecture redesign Allows for partitioning of FSW functions

Improved Testabllity

 Enhanced to meet SIM real-time control system requirements with
time and event synchronization.

High Bandwidth (90+% margin for SIM) Low Latency (predictive)
Time Synchronized Event Synchronization (programmable triggers)

 Minimize FSW Intervention
Few States to Monitor/Manage (4) Built-in Fault Tolerance
Intelligent Physical Layer Minimal FSW Intervention

 Additional Features

JPL 1393 Ring Bus Users Manual
SIM Ring Bus ICD (D-33135)

Jet Propulsion Laboratory
California Institute of Technology
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SIM Controls Design & Implementation

] Local Controls
G |O bal [Com:::nd eeeee idual, :ce)nl-:_al, etc.
Control zeraOPD|  moduration M
» Descriptions lg;;g:]_[c;::
— Distribution on Controls into Global and \

Local Controls
— Relieve Processor margin
— Find the right tool for the job
— Fhght Computers for Global Controls
— Local Controls implemented in Hardware

 Potential Applications « Design Maturity

— Large Controls Systems _ _ _
— Conceptual Design with solid

— Local Controls include Thermal control,
Course stage Motor Control, Fine stage models in UG Software.
PZT positioning control, Local Mechanism
Profiling.

Contact: Michael Brenner (4-6985) John Koenig (3-7129)

Jet Propulsion Laboratory
California Institute of Technology
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Siderostat Ballscrew Testbed Electronics
Contact: q__hn Koenig xension: 3-7129

Micro-E Commercial
Optical FPGA B_oard
Encoder (ICE Designed
Electronics e Control Logic)
(5 nanometer
resolution)

ICE Designed Siderostat Ballscrew Actuator
DC Brushless Motor Driver (contains DC Brushless Motor,
and Interface Board PZT Brake, and Optical EnCOder)

Initial PID Control Results

200 NANOMETER MOVE

e Controlling Ballscrew Position
A /) A ﬂ MAA A A &
200 \/ - =, /- 20 nanometers
; (Level of Sensor Noise)
’§15o ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ |
=  Position Control Capability Is
=S I N R R R * 50 Times Better Than
. +/- 1 micron Requirement
o |
2 MILLIMETER MOVE
- o T e T +
% 1 2 3 4 5
TIME (s)
s |
£ ; ; i
E
z i i i
For Testbed, Large Moves are O e :
Profiled Using Constant Rate and %
Acceleration &—
05 7 e B R .
*For Flight, the Profile Will Be e
Programmable via a Lookup Table 0 o5 1 15 2 925 3 a5 4

TIME (s)

Jet Propulsion Laboratory
California Institute of Technology
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ICE Designs - ESTARS

http://sim-proj.jpl.nasa.gov/fltsys/instrumentcommon8583/sim-ice-whbs.htm

Instrument
Common
Electronics

Management
System Integration
Engineering and Test

Combiner Collector Combiner Collector Bay

Electronics Mechanism Electronics Dog House Electronics

Module — ABC Electronics Module — ODL Electronics
2040ABCO1 2040CM101/201 50400DL01 2040CB101/201

2040LvPDM 2041ABCCH 204 1CMED1 204100DLC1 2041CB1C1
Low Volags PIS Chassis Chassis Chassis Chassis
| 20405TDO1/02 _

- : | - SID / TCC
SO40MVED J041ABCPO1 2041CM1PO1 204400LP01 2041CB1P1
: : : ' 5 01/02/03/04/05/08 ;

2040CALD1 2040SMBO1 040CPLO1 | EAREDOMAGE: | 2040HDADT
Combiner Align I/F Motor Controller Combiner Pathlength : Heater Oinve
| | _ _ 2040APDD1/02/03
2D CPMOA 2040PBCOY
=

|  204xBLADY
T Beam Launcher

2040PBCO1 e
Common PZT Board
20400PDO1/02/03
oDL

| 2040HDAD 2040LvPO01 | I} 2040w P01
= Heater Driver | Low Voltage PIS 1 Low Voltage P/S

. 2040LVFO1
_ - - | Low Voltage P/5

|| zosorscos L | 20somvro1 | | zoeomvpod — H-‘E" '“”""F”"PIE
| Commen PZT Board | | High Valtage PIS B I High Voltage P/S g 'hoh Voliage
N 3 3 e , I':: LS SRR ._.'.'EZ:_-__-i-::-:E-.-F:‘.".';'-'iﬁ_'._.J: rlr.'.-':-_l-_{:....“:j-'l-':
e g ohd e e T e e b

Lo

(

e Descriptions Constant

/ -
— Kinematic Mounting to Secondary Conductance Heat =

Support Structure Pipe

— Loop Heat Pipe Interface required
for High power Assemblies

— Adds Flexibility in Electrical
Architecture and reduction In
system cabling

CC Reservoir

Chassis Evaporator
« Potential Applications  Design Maturity
— Large High Power Avionic and — Conceptual Design with solid
Instrument Electronic Systems in models in UG Software.

proximity to sensitive Opt-
mechanical Systems

— Electronics are thermally invisible to
sensitive Opt-mechanical Systems

Contact: Jeff Reed Extension: 34467

Jet Propulsion Laboratory
California Institute of Technology
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e

Development of Integrated Modeling Capability for SIM
Collector Subsystem

 Descriptions

A MACOS model was constructed for the
SIM Collector Subsystem, including
optical elements from SID to relay optics.

A software interface was developed to
enable adding thermal distortions from
NASTRAN thermal models to the
MACOS optical system model for optical
performance (wavefront) analysis.

50

SIM Collector
wavefront map 100
with thermal
surface distortion s
added on M1.

200

50 100 150 200 250

« Potential Applications

The capability of integrating data from
thermal, structural and optical models for
an end-to-end system-level analysis is
critically important and widely needed in
system design and analysis for NASA
space missions.

The feasibility of performing an integrated
modeling and analysis with MACOS is
successfully demonstrated by this work.

. Capablllty Maturity

A variety of modeling capabilities have been

developed for the integrated modeling of SIM
optical system, which actually go beyond the
Collector Subsystem.

— It can handle both rigid-body motions and
surface distortions of any element in the
system, when thermal or structural data are
generated by NASTRAN or Cielo.

— Actuations of elements can be performed to
correct beamwalk or minimize wavefront
error.

Contact: John Lou

Extension: 4-4870

Jet Propulsion Laboratory
California Institute of Technology
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Protected Silver Mirror (PSM) coating

an overview

top Oxide layer o 1

« Descriptions

- Based on existing technologies, a special protected
silver mirror coating will be developed to meet the SIM
environmental and EOM survival requirements.

- Mirror coating modeling tools has been developed
to predict mirror performance.

- Environmental test procedures as well as
characterization test procedures will be developed to
ensure compliance with the EOM mirror performance.

Ag + barrier

Barrier layer
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protected Ag mirror coating s

« Potential Applications .

- The mirror coating modeling tools can be used to
predict the SIM mirrors polarization at any orientation
as well as methods to optimized polarization effects.

- If funded, flight withness samples characterization
facility can be used for any tailored application of flight
optics.

Technology Maturity

— Analysis
 High (modeling)

— Environmental test /Characterization
e Low to medium

—  Existing PSM coating
« Low (environmental)
« High (BOL spectral)
 Low (EOL spectral)
« Medium (polarization)

Contact: Nasrat Raouf, X:4-0085

Jet Propulsion Laboratory
California Institute of Technology
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Internal Metrology Beam Launcher

Contact: Feng Zhao Extension: 4-3602

Descriptions

Measure optical path length difference to ultra-high
resolution:

< 3.5 pm sensor error (narrow angle case)

Achieve <98dB cross talk (optical and electrical)
between two REF and MEAS channels

Long term stability: <500pm over 100hrs

Internal metrdlogy beam launcher bras

APPLICATIONS

Ultra-high precision measurement of optical path
length, structural deformations

Design Maturity

Brass board built using flight requirements
(form/fit/function)
Design tools such as picometer optical diffraction
analysis, milli Kelvin thermal analysis, etc.
Validate brass board design through tests:

1. System level performance test MAMTB, SCDU)
2. Environmental tests:
2.1. Thermal test (op and non-op to qual-levels)

2.2. Dynamics test (qual-level)
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Jet Propulsion Laboratory
California Institute of Technology

Internal Metrology in SIM

e SIM model in its simplest form: Ad = Be(s, —5,)

* Ad 1s measured with Interferometer (both Science and Guide)
using:
* White-light gauge
« Measures star central fringe to xx pm

« Laser gauge (Internal Metrology)

* Measures path length delay Ad (change) between 2 star observations to xx pm
o o Star 1 Star 2

~ 8
.‘rﬁ o 1 |
ey - i
!
b
!

AN\ By N 7 I

..,.\_u] L& L B S L
l.-l..’; | B4 Baseline (B) %
S Telescope 2
Telescope | . J SeseapE
; Arm #2
Arm #1 Beam Ve N 7 rd
combiner .
N MH : ol je ]1|1|:|:rnul oplical path delay:
“ P [* ag”| t Starl
1 Spar 2
m
1 ™ Ll J ;
iIMET beam launcher ™ == L.
Delay hine

IMET beam launcher in ABC

IMET beam launcher

Periscope
mirrors

IMET masks on

combination Optics
spatially separating

beams to left and right
dl'Il S
Light from right arm I

Light from left arm

. Alignment” &

Mirrors -

Int-MET Brass-board Milestones (actuals)

* Int-MET design start: 06/2003

* Lv 5 requirement complete 08/2003

* Brass-board PDR 09/30/2003
* Brass-board long-lead procurement 01/2004

* Brass-board test facility ready 06/2004

* Brass-board bonding test complete 08/2004

* Brass board integration start 10/2004

* 15t brass board beam launcher completed 1/4/2005

» 2nd brass board beam launcher completed 04/2005

09/2005 — 03/2006
08/2005 - 02/1006
04/2006
11/2006

* System level pico test in MAM (BB#1)

* Thermal cycling (non-op survival at qual level)
* Vibration test (BB#2 at qual level)

» Stand-alone thermal test (operational qual level)

Table 1: Random Vibration Test Spectra

Frequency (Hz) Cual Lewvel

20 0.032 g*He

2050 £3 dBioet,

Sk 300 0.08 g'/Hz

300200000 =i dBioet.
2000 0.0018 2*/Hz

Overall 08 Ers
Dreration: 2 min.axis.

Beam launcher in MAM (system level test)

Beam launcher during random vibration test

SIM Internal Metrology Brass Board Beam Launcher Development

IMET Team
Jet Propulsion Laboratory
November 10, 2006

Beam launcher during temperature cycling test (non-op survival)

Key and Driving Requirements

Internal metrology ( Ad) External metrology (B)

Number of gauges 3 total (1 science, 2 guide) 14 total

Fiducial distance 8m 2.5-9m

Range of motion +/-1.2m (ODL) ~100 pm

Velocity 200mm/s while slewing ~1 pm/s
S00 ;m/s while observing

Accuracy (absolute) Not needed 3 pm

Accuracy (relative) 3.5pm (90 5), 46pm (1 hr) Jpm (90 s). 46pm (1 hr)

Telemetry rate 16kHz 1kHz

iMet Key &driving
requirements

Brass board iIMET beam launcher details

™

Beam splitters -
Risley prizms.

Photo-
detectors and

pre-amps

Input optical
fibers '

Focusing
lenses

Optical
isolators

Fringe
separator
mirror

" Fused silica
glass bench

~ Fold float
™

-

o

Receiver mask

Elars

0 Measure after
®hrs

Bhrs

.I-.I._'I"Iil.l I:II.II'll‘u [ A

= | |]|L' 1 ?‘\-j '\-.II:IZ'\III.:.I

WA Metric [Qual-op)

MA metric (qual-op)

10.00 . .
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7.00 & Bevibe HA 959% [ N WA 99%) |
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. l N 40.00 +
2100
0.00 0.00
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Temperature (C) Temperature (C)
SIM internal metrology beam launcher risk is retired
Temperature
i : . Temperature| Random System level
Requirements Form Fit Function Process (non-op ) . .
survival) (operational) | vibration tests
P Lo y y Y Y Passed Qual/|Passed Qual/|Passed Qual/ Met goal
i PF level PF level PF level requirements




Space Interferometry Mission—PlanetQuest is astellar The Spectral Calibration Development Unit (SCDU) s

interferometer that will carry out astrometry with micro-arcsecond accuracy. a breadboard being developed for SIM—PlanetQuest.

e SIM will measure the phase of a white light fringe over the bandwidth 400— * The objective of SCDU is the demonstration of wavelength calibration.
1000 nm with an accuracy of a few tens of picometers. « Residual measurement errors must meet SIM Astrometric Error Budget.

* Picometer metrology will measure the internal path lengths in both arms of « SCDU hardware is a retro-mode propagation Michelson interferometer
the interferometer. — Internal artificial starlight source

* From the path lengths and fringe phase measurements the instrument will Vacuum chamber - Modulated path length in one arm (FTS)

measure internal delay.

— Internal metrology in both arms (~3 meter length)

—  Servo control systems will be employed to reduce both
e Tilterror
e Fringe drift/modulation error

Software Architecture

—
e
ED.‘«W =)

s CAMCRUS
. /\\ I L D
("= s !

\n Sare gy

F1 o v

Stable optical mount

T &
//\
® - -
Unix Warkstation Power PC
Voice coil and siderostats

Kinematic flexure
mounts x3

Siderostat 3-axis PZT tilt mount

Siderostat 1 = 600mw. Beam Launcher
preamp = 37mw

Spectral Calibration in SCDU

* The instrument has wavelength dependent phase due to dispersion in the optics.
When the instrument “slews” between two stars of different spectral profiles a
wavelength dependent error is introduced. This error must be calibrated to meet
fringe measurement requirements.

* To the extent that the instrument drifts over time the wavelength calibration error is

time dependent.

Thermally and mechanically stable hardware and thorough optical design will reduce

the wavelength dependent error to tens of nanometers.

Numerical processing of the fringe measurement will in turn reduce the error to a few

picometers.

Siderostat 2 = 400mw

Thermo-mech Finite element model
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Low Stress Glass Mounting

Descriptions

A343 mm ULE mirror on Invar mount
Glass stress < 2 ks

Low thermal distortion: 3 nm rms over
AFT

Potential Applications

Precision optical instruments

Contact: Jonathan Lam

Design Maturity

- Trade study (bondpad size,
location, 1 g sag vs. figure
distortion & stresses)

- Analysis (steady-state thermal,
static and random vibration)

- Prototype

Extension: 4-1196

Jet Propulsion Laboratory
California Institute of Technology
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Millikelvin Temperature Control

» Design: Several nested stages with
active temperature control for
Isolation from thermal disturbances

 Modeling: Thermal modeling of mK
systems with active control

e Hardware: Low CTE materials, Low
contamination MLI, spot-bonded
heaters

TOM-3 testbed Siderostat with thermal isolation

e TOM-3 testbed demonstrated
temperature control of the
collector subsystem

e System-level analysis underway

e SPRINT testbed will demonstrate
TMG Thermal Model IDEAS Structural model System_leve' mK temperature

Temperatures generated by a TMG model are mapped onto a control.
IDEAS structural model

Contact: Mark Lysek Extension: x41190

Jet Propulsion Laboratory
California Institute of Technology
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PZT Life Qualification

PZT Accelerated Lifetime Testing HFO Extended Life Testing

— High Frequency Optic (HFO) Extended %
AC Lifetime Test F | |
« 2kHz; 0-25VAC; 140Bcycles
— Characterization AC Lifetest
« 2kHz; 0-60VAC; 4Bcycles plus

— Operational AC/DC Lifetest (TBD)

Meet Critical Requirements of Potential
Applications:

— HFO Lifetime Requirement
« 250Hz for 44Bcycles over 5.5yrs.

— FSM Lifetime Requirement
» Tile-to-tile lifetime operational test (TBD)

T

Characterization Life Testing ' Testing/Design Maturity

— Resolved encountered_ test/measurement
IsSsues In characterization test

— In the characterization setup preparation
- l o | we? \ o stacks reached 7B+ cycles

__ ‘ ¥ — HFO flight-like fixtures are being

: R B : -. . assembled for Extended Lifetime Test

i/""'

Contact: Bar-Cohen Extension: x4-2610




Precision Ballscrew Testbed &

» Features

— Commercial Ballscrew achieves repeatable incremental step size of
20 nm (1/100,000 revs), beating expectations by 2 orders of

magnitude
— Flight like electronics and control system

— Direct drive DC motor positions ballscrew utilizing a commercial

Micro-E glass scale encoder for 5 nm resolution position feedback

» Brassboard Level Design Maturity « Potential Applications

— Designed/analyzed for flight — Siderostat Coarse
environments Stage

— Positive stress margins — Siderostat Fine Stage

— Min step size is currently — Guide FSM Coarse
limited by the encoder Stage
resolution which is easy to — TCC Translation
improve by a factor of 4 Mechanism

— Life test of 3 units is nearly
underway

Contact: Brant Cook (3-2661), Dave Braun (4-7284)
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SIM Thermal Distortion Modeling (TDM)

Alighment Stability Rpqg’'ts | Nanot

Description:

« Developed an integrated modeling
process and toolset to verify thermal-
structural-optical design capability
against system requirements.

e Serves as a performance analysis tool
during design and development.

e Supports Instrument system engineering

timeinterval=t1i

g =
averaging = max
Thermal Ifansient Mechafical Mode| 2=t
L} ::z. : =~ A\ 1)

(- aa)

Perfornmjance vs Requifements

and provides guidance for trade studies. T
COL Bay 2 thermal mod.e-l 000000000
Potential Applications: Technoloav Maturityv:
 Complex opto-mechanical instruments « TDM has been used twice on the SIM
with precise pointing and alignment Collector Bay 2 (early-'06, late-'06).

stability requirements.

 Opto-mechanical structures in which the
effects of thermal-elastic deformations
on optical performance are critical
(wavefront error, surface aberrations).

 An analytical process and toolset to
support preliminary and detailed designs.

Contact: K. Charles Wang Extension: x3-5270

Jet Propulsion Laboratory
California Institute of Technology



Optics Manufacturing Fault Investigation ]
Alfonso Feria, Dave van Buren, Jonathan Lam

02

- 0.15 ol : E 3
The compressor with all mirrors - O ot .
mounted to it was delivered to the ' :
TOMS3 team, but a significant print-thru . 2
on the M1 mirror surface was ' o < Ho
observed at the fabricator after the . ' . . ' .
mirror was bonded to the JPL bipods ‘ [ ‘ . . . ﬁ
and mount. A similar pattern print-thru gravity 5 SN N

was also observed on the fully - —— ol
assembled compressor. Lo

~66.83 D-%IZ -0>15 -0%1 -0;!5 0 065 U‘1 0115 0:2
M1 Mirror Print-Thru showing 20 nm rms equivalent surface error, 129.8 nm peak-to-
valley (P-V) (left). FEA combined case. M1 Mirror Analysis Results including 1 G gravity
on bipods. Rms surface error is 14 nm, P-V is 103 nm. (right)

Deformation of mirror surface under
metrology fixture loading

2 3 After the study was completed, it was determined that improper

fixture support during surface figure measurements led to

polished-in dimples. When the mirror was in the test fixture, the

mirror deformation affected its surface. A surface map was

I I taken and the information conveyed to the polishing machine.
During polishing, the surface was polished with the inherent

defect. So, during surface measurement, the mirror would show

Deforms under pin Bumps Bumps reverse  a perfect surface, but after removing the load caused by the test
load, metrology polished out whenloadis  fixture, the dimples will show up. For a planar or concentric
sees bumps removed mirror, the manufacturer would rotate the mirror several times to

be able to subtract the gravity effect. But since this particular
mirror is an offset parabola, rotating the mirror was more complicated because the measuring equipment would have
had to be repositioned during the surface map measurements and due to schedule constraints this was not done.

The analysis matched the shapes and amplitude (to the same order) of the measured error. The distortion
mechanisms were also reviewed and concurred by the manufacturer. It is estimated that this problem accounted for
about 2/3 of total distortion problem. Additionally, it was determined that inadequate mirror mount design also
contributed to the overall distortion. Wave front error (WFE) changes during shimming and mounting into the
Compressor Bench were also observed. This problem was due to a soft offload ring and stiff supports (bipods,
hexapods)

Comp. Diff.: 09/06/05 16:59 - 03/07/05 10:00
(HF Part+ LF Part)

During the investigation of the M1 mirror

print-thru, a delta temperature soak

T case was also analyzed. During the

. TOMS3 testing a temperature drop case
was conducted and it was possible to

£ perform a model correlation of the

results. A visual analysis demonstrates

an excellent correlation between the

E measured values and the analytical

results. The analytical results obtained

with the finite element model showed an

RMS value 15% higher than the test

results. The P-V analytical results were

E 7 less than 2% from the test results.

T

[[¥] . 080| Na.nometers &0 240| .
Differences in phase map of the compressor compared to deformation map of

the model with a 1°K delta temperature soak. Distortion of Mirror after a
Uniform Temperature Drop 8.4 °K (measured, left). Uniform Temperature )
Increase of 1°K (calculated, right). (Note: Color scales do not match due to the Jet Propulsion Laboratory

. California Institute of Technolo
different software used to plot the results) Wy
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Momentum Compensated
Steering Mirror

e Descriptions Fine Stage

— Large range of motion (up to 10
degrees) with milliarcsecond
resolution

— High frequency response
— Long life

e Design Maturity

» Potential Applications — Preliminary structural & thermal

— Precision optical systems analysis completed
— BB of fine stage built
— Laser targeting systems — Initial testing verifies model
predictions

— EM build planned late ‘07

Contact: John Carson Extension: 4-5730

Jet Propulsion Laboratory
California Institute of Technology
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Materials and Processes Engineering, HP Invar

Contacts: Saverio D’Agostino (3-2466) Witold Sokolowski (4-4482)

e High Purity Invar
— Powder Metallurgy Process

— Processing and heat
treatment optimized for a
combination of low CTE and
long term temporal stabllity

e Potential Applications
— Optic support elements

 Design Maturity

— Process defined,
demonstration heat

produced

— Prototype heat treatment

defined

— Initial materials properties
measured (table below)

— TBD’s Indicate testing still to

— Metrology Beam launcher be done
Components
Heat Treatment CTE Temporal Stability Microyield Microcreep
ppm/°C ppm/yr. (ksi) (ksi)
3-Step 0.91 -0.80 18.5 TBD
2-Step 0.62 -0.73 TBD TBD

Jet Propulsion Laboratory
California Institute of Technology
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SIM External Metrology (Met) Brassboard (BB) Beam Launchers (BL)

Performance testing of beam launchers are conducted via back-to-back consistency tests in
T late th idh terfe etmm terferometer, the SIM External Metrol system tical
© relate e guide interferometer o = sclence Interierom erOI c:naln fdu:larlTat ﬂ?e p:::g(:,netef \ev:lse'l'sl'\;ne:tle the 2-Gauge Testbed using breadboard laser source and electronics. The picture below shows
mehulngy “sensor” consists of a mefrology source, fourteen beam launchers (BL), six fiducials forming a fruss (see lzwgaBB Etl‘:'kh?mu:‘“eu':: w::then;a\ enclosure s:?glh-lzyfer—lr;uégl_hnn {HI:LI) k:_lht'r“kehm'e"
Figure below) and signal processing electronics. To get an acceptable solution to the truss deformation, each BL -Gauge tank. In this configu N fon, the measuremen ms of ea go rougr & other
launches an opfical beam towards the fiducials and the them. SIM uses a ‘racetrack” EL;.eNmemo%aheI;heN:amedp\:;[dzfgﬂugals.;he E‘:_l? BL met SIM performance requirement for
i to the ip optical change, which is twice the displacement betwaen the fiducials. ! arow Angle (NA) an ! ngle (WA) metric
— (] [ -

SIM Ingtrument | ( )

adig Fracision Support
/ Stuclure (P55}

Collector B3y 2 Collectar By 1

The racetrack beam launchers have quite a bit of history at JPL. The quick-prototype
(QP) launchers were built by Lockheed-Martin and tested extensively in the Kite and
2-Gauge testbeds over the last several years. The sub-aperture-vertex-fo-vertex
(SAVY) BLs were built at JPL and extensively tested in the Micro-arcsecond
Metrology {MAM) testhed. To address the risk of low flight heritage, brasshoard {BB)
beam launchers were designed, fabricated, and underwent both performance and
environmental testing. The brassboard BLs were largely based on the lessons

mmmmmmmm;gmmm ccurx:zm :
cubes pro

FPerfarmance Requirement Measured
leamed from past BL work, and were designed to measure distance changes to the - R in 2-gauge
- N o 8 Crizerion Goal Baseline
required single-digit picometer resolution.
Eperm: Narow Angle 30pm 5.0pm 3ipm
Local Qsctlalor Mermic (50%CL) (99% CL)
Fiberin Grid Wide Angle 42 pm 128 pm 14 pm
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al Out: E ;- 3 = Environmental testing of BB2 consisted of both vibration

| % & " - - - (shake) and thermal cycling (bake). Shake tests were

Phase diflerenos between tese performed at a peak value of 0.04 g%/Hz, resulfing in 4.6 gy,
ﬁﬁ'&"ﬂa’:ﬁm‘ Temperature cycling tests were performed between 10 and

45° C. Performance fests conducted pre and post
environmental festing indicate no degradation in performance.
M of i (or visibility) over time
— after shake, bake, vacuum cycling, handling and
transportation — indicate excellent alignment stability.
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Metrology Source EM3 Subassemblies &

1) Fiber Distribution 2) Frequency Doubler
Assembly brassboard brassboard. —
(subset of full FDA)

3) Optical Bench brassboard, including Laser
Head brassboard, Frequency Shifter
brassboard and Optical Switch brassboard

VX500 Fiberoptic Switch

Flight design
concept

S b.‘&;&’”
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Two-Gauge Testbed:
Improvement of Narrow-Angle (NA) Metric
Requirement: NA < 2.9 pm, at 50% Confidence Level

Brassboard Brassboard Brassboard
postamps laser source postamps

Brassboard Brassboard Ll paiy i Brassboard
beamlauncher beamlauncher beamlauncher
== |Commercial Kite Commercial
g |laser postamps laser

gt ]
i .

L ONCRIREER, Wi RSNl
Two brassboard beamlaunchers in the Two-
Gauge vacuum enclosure

d d d

June 06 September 06 March 07
NA = 3.5 pm NA = 2.4 pm NA =1.8 pm

Contact: Alexander Abramovici Extension: 4-9038

Jet Propulsion Laboratory
California Institute of Technology
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NPRO LASER HEAD DEVELOPMENT FOR SIM METROLOGY

Cognizant Engineer: Duncan Liu

Contributors: Francisco Aguayo, Cheryl Asbury, Charles Cruzan, Serge Dubovitsky, Shannon Jackson, Paul Gelsinger, Andrew Lamborn,
George Lutes, Atul Mehta, Amin Mottiwala, Don Moore, Jim Moore, Jerry Mulder, Robert Peters, John Rice, Yueming Qiu

NPRO Laser Description \ Nd:YAG Non-Planar Ring Oscillator (NPRO) | \ PSD of a free-running NPRO laser |
. A highly stable laser-diode pumped solid-state T el vagnets . Sy R
laser that is capable of providing a stable laser - I PP
frequency and power for pico-meter-class NPRO [ of *‘"*"-\% / g mn -
metrology operation Crystal 7 A z =\ /- onefree, one lacked 0512191615 |
. 2T £ 10" <
. WaVeIength selected is 1319nm /é:? (}f}’ é 10 "] High pwr Isr at full pwr ‘}&%
. Available output power > 300mW i 4 "", 7/ 4 3 ] tonieelnzm L <
. . . g Magnetic 5 .
. Narrow line width of <10kHz/ms attributed to the xﬁif/\\y Field g 10 L A ——
. . . . . . . . o & i
monolithic uni-directional ring laser cavity design 4 GUTpIESam NPRO  § 10 o ST WL : ,
o gosnm S Fiber Ferrule Focused oo £ 10" 1" both locked (Dave Seidel) ' T"ﬂ'uw " dit -
. Long term frequency stability < 50MHz/hour Pump - N Pump £ g f---Circa~1998 Ty el
Beam il GRIN Rod Lens Beam s "\v,u % ),AJB:lo" e
. Coherent length > 1km eam T B=10"° HZ—=3
. PSD (power spectral density) ~ 1x107 Hz/Hz . ) 0° 1 B e,
Monolithic laser cavity, . S S 1 > 3 " s s 7
. Thermally tunable 30 GHz Unidirectional lasing = Highly stable laser frequency 100100 10 10 10 e reeney iy 0 010
Approach | Illustration of JPL developed NPRO laser head |
. . . . . Fixed b
. The pump beam is delivered with a multimode fiber attached to e
the laser head by laser welding Will add a beam Welding
. The output beam is coupled into a single-mode polarization zg't'gft;f;‘i; ,
maintaining fiber attached to the laser head by laser welding Fixed b %
Y
. Fiber coupled pump beam delivery isolates pump module from Thermistor \I}.?;:irng S
laser head and leads to a more robust and long lifetime pump ; B‘t“”““ S _ [i'
module to be designed and a more stable thermal environment i‘;er \ - z;i;rncouplea
erma
for the NPRO laser crystal o @y LB
. . . i S y T nPRO EUmR
. Laser welding provides a stronger bonding for fiber attachment B"}g‘uip'”_d__ Cryetal - _<Fiher
and a more repeatable attachment process than epoxy or Connectar o Fber
soldering; it is the industrial standard for fiber attachment in - Fiber Jacket
N ! A . ) N uarter ac
various high-reliability photonics devices Waveplate Pom~ Fermule Tabci; t g:;:\?e
Cptical GRIMN  Fiber  Housing Maurit
Isolator ) Rod Ferrule -
Half Lens
Waveplate

SIM Metrology Laser Head Development History

| Modified Model 125 NPRO Laser |

1996

Down-selected 1319nm fiber-coupled NPRO laser

Worked with Lightwave Electronics to redesign the

Model 125 laser to be flight-qualifiable
1997

Redesgned Model 125 laser brass board tested and
passed both random vibration and thermal tests (-
20C to 50C, limited by epoxy used in fiber
attachment)

3972007

BASELINE BACKUP

Conceptual a

1998 \

nd preliminary design

Connact 1o
B0S nm
Lozses Diodle

Out of concern with fiber attachment by epoxy, laser
welding was proposed to be used to attach the fiber
Proposed fiber-delivered pump beam scheme

A conceptual laser head designed based on 4-axis
Newport laser welding fiber-attachment system

JPL packaging section and SIM project procured a
Newport Model 4000 laser welding system.

1999

Produced the first NPRO laser head; two more laser

Mogrets g not shown

head produced later

Newport Model 4000 Laser welding system

Passed vibration tests

Passed thermal tests for -20C to 50C; failed 70C
test due to fiber jacket not removed on the fiber in
the large inner diameter ferrule; problem solved with
the new ceramic/metal ferrule design

2004

Fiber-pumped free-space output NPRO laser head
was baselined for SIM metrology subsystem

2005

| First NPRO Laser Head Built at JPL 1999 |

Two fiber-pumped, free-space output NPRO laser
heads delivered to SIM Metrology source bench
brass board development team

2006
NPRO laser heads in SIM Metrology source bench

brass board passed random vibration and thermal
vacuum tests

Fiber-pumped, free-space output, NPRO
Laser Head Built at JPL 2005

Jet Propulsion Laboratory
California Institute of Technology
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Astrometric Pseudostar System

Astrometric Pseudostar

SIM Instrument 1s 1 microarcsec level
space observatory

Instrument has to be tested on the
ground without a real star

The pseudostar star system provides the
unprecedented capability of testing the
SIM Iinstrument to the required picometer
level OPD

 Potential Applications

Large, precision structure thermal
distortion test

Spaceborne starlight interferometer
performance test

Sun heat load simulations for spacecrafts
and Instruments

Stable optical platform with large moving
optics

 Design Maturity

Completed integration of instrument
and pseudostar TVAC frame/IR lamp
model

— Completed multi-disciplined analysis:
Thermal + Structural + Optical

— Analysis showed the required
picometer level stability

— Finished a concept design of the
pseudostar relay optics subsystem

Contact: Inseob Hahn

Extension: 4-7999

Jet Propulsion Laboratory
California Institute of Technology
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Engineering Milestones




Engineering Complete
Milestone Description Due Date Date Performance
Formulation Phase
EM-1 External Metrology Beam Launcher Brassboard (meet Qual 5/31/06 6/5/06 Exceeded
environmental and allocated picometer performance) Objective
EM-2 |Intenal Metrology Beam Launcher Brassboard (meet Qual 4/30/06 5/3/06** Exceeded
environmental and allocated picometer performance) Objective
EM.3  [Metrology Source Assembly Validation (meet Qual environmental and 6/30/06 6/28/06 Exceeded
allocated performance) Objective
Spectral Calibration Development Unit (SCDU) (demo flight-traceable
EM-4  |fringe error calibration methodology and validate model of wavelength- 8/30/07 In test
dependent measurement errors)
Instrument Communication H/W & S/W Architecture Demo (validate
EM-5 §IM's multi—processor commqnications systgm using two bra§sboard 4/1/07 3/5/07 lMe.t
instrument flight computers, ring bus, and flight software version 2.0 Objectives
with specific S/W functions as listed)
Implementation Phase
EM-6 Engineering Mocliels for M.etrology Fiducials (double and triple corner 9/30/2007*
cubes fully meeting SIM flight requirements)
Metrology Source Engineering Models (optical bench; fiber splitters;
EM-7  lfiber switches; fiber distribution assembly; laser pump module: all fully | 9/30/2008*
meeting SIM flight performance requirements per table).
EM-8 Instrument/Mission Performance Prediction (update Tech Gate #8 using 9/30/2008*
latest hardware results).
EM-9 Integration of S/C FSW build-1 with phase-1 of the S/C engineering 10/1/2008*

model testbed (demonstrates specific S/W functions)

* Completion dates deferred indefinitely due to FY07 NASA decision to delay SIM indefinitely.
** Actual signoff by NASA HQ delayed until 12/12/06 due to requests for additional thermal testing by the TAC and EIRB boards.
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HOW SIM WORKS

Three interferometers



One interferometer makes science measurements while two others, in conjunction with an external metrology system, track the changes in the baseline. 



In a 2D world, a single (“guide”) interferometer would measure its baseline motion relative to a fixed “guide” star while the “science” interferometer makes its science measurements. 



The Science baseline vector changes are measured by the external metrology truss which links the Science baseline  to the Guide baseline. 



In a 3D world, two guide interferometers are needed. The SIM approach has these interferometers sharing their baseline. 

Astrometry



The goal of astrometry is to measure angles between stars. Astrometry provides the underpinning for much of astrophysics. Boasting many orders of magnitude of improvement in astrometry dim targets, SIM is poised to revolutionize our understanding of the Universe.

The Stellar Astrometric Interferometer



An interferometer measure stellar angles by measuring 



		The optical pathlength difference (OPD or delay) of light from the star to each end of its baseline. 

		The length of its Baseline





The ratio of these two quantities gives the angle to the star



Three principal sensors are needed:

		Stellar Fringe Detector	gives the total OPD

		Internal Metrology		gives the internal OPD

		External Metrology		gives the baseline



 

1

2

3

1

2

3

OPD is broken into three distinctions: 

total (T), external (E), and internal (I) 

Micro Arcsecond Astrometry



To measure the wobble of an earth like planet at 10 parsecs away, SIM needs to achieve astrometric error of less than 1 micro-arcsecond per measurement.



Since the science baseline length is 9 meters, this translates to a total delay error of 44 picometers.



The delay error, expressed in picometers, is the basis of the SIM instrument Astrometric Error Budget (AEB).  

Guide star locations shown 

near the baseline for clarity 

Science Baseline 

Main Error Categories in the AEB



The main error categories in the SIM instrument are shown in the figure to the right.



Each of these error categories constitutes a “branch” of the SIM error budget. 



The SIM technology program and the brassboard development program have been aimed at retiring technical risk in meeting the requirements set forth in the AEB. 



See the other presentations in this pavilion to learn more. 

stellar wobble due to planet motion

Astrometric Interferometer 

Error Categories 

Instrument AEB organization:

rows =error categories

columns=	sensors
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Baseline:

		 External Metrology 

		 Field-Dependent Errors

		 Second-Order Errors



Internal Delay Knowledge:

		 Internal Metrology

		 Align & WF stability



Total Delay Knowledge:

		 WL Fringe Estimation 

		 Brightness Dependent Errors 

		 Pathlength / Tilt D&C











Spacecraft



Science

Interferometer



Guide 1

Interferometer



Guide 2

Interferometer









Precision Structure

External 

Metrology 

Sensor

3 Interferometer 

Sensors
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SIM Space Interferometry Mission
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Optics Manufacturing Fault Investigation

Alfonso Feria, Dave van Buren, Jonathan Lam

M1 Mirror Print-Thru showing 20 nm rms equivalent surface error, 129.8 nm peak-to-valley (P-V) (left). FEA combined case. M1 Mirror Analysis Results including 1 G gravity on bipods.  Rms surface error is 14 nm, P-V is 103 nm. (right)



Deformation of mirror surface under metrology fixture loading

The compressor with all mirrors mounted to it was delivered to the TOM3 team, but a significant print-thru on the M1 mirror surface was observed at the fabricator after the mirror was bonded to the JPL bipods and mount.  A similar pattern print-thru was also observed on the fully assembled compressor. 

After the study was completed, it was determined that improper fixture support during surface figure measurements led to polished-in dimples.  When the mirror was in the test fixture, the mirror deformation affected its surface.  A surface map was taken and the information conveyed to the polishing machine.  During polishing, the surface was polished with the inherent defect.  So, during surface measurement, the mirror would show a perfect surface, but after removing the load caused by the test fixture, the dimples will show up.  For a planar or concentric mirror, the manufacturer would rotate the mirror several times to be able to subtract the gravity effect.  But since this particular

The analysis matched the shapes and amplitude (to the same order) of the measured error.  The distortion mechanisms were also reviewed and concurred by the manufacturer.  It is estimated that this problem accounted for about 2/3 of total distortion problem.  Additionally, it was determined that inadequate mirror mount design also contributed to the overall distortion. Wave front error (WFE) changes during shimming and mounting into the Compressor Bench were also observed. This problem was due to a soft offload ring and stiff supports (bipods, hexapods) 

  

Differences in phase map of the compressor compared to deformation map of the model with a 1oK delta temperature soak. Distortion of Mirror after a Uniform Temperature Drop 8.4 oK (measured, left). Uniform Temperature Increase of 1oK (calculated, right). (Note: Color scales do not match due to the different software used to plot the results)

mirror is an offset parabola, rotating the mirror was more complicated because the measuring equipment would have had to be repositioned during the surface map measurements and due to schedule constraints this was not done.

During the investigation of the M1 mirror print-thru, a delta temperature soak case was also analyzed.  During the TOM3 testing a temperature drop case was conducted and it was possible to perform a model correlation of the results.  A visual analysis demonstrates an excellent correlation between the measured values and the analytical results.  The analytical results obtained with the finite element model showed an RMS value 15% higher than the test results.  The P-V analytical results were less than 2% from the test results.
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Deforms under pin load, metrology sees bumps

Bumps polished out

Bumps reverse when load is removed









Tinsley Surface Figure Difference:
Pre- to Post-Mounting

20 nm rms equivalent surface error.
129.8 nm P-V

Vertex side

\ gravity

Top dimple is about half of the
lower dimples in amplitude
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Comp. Dift: 09/06/05 16:53 - 09/07/05 10:00
(HF Part + LF Part)

o 080 Nanometers [160 24|











