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ABSTRACT

The Narrow Field InfraRed Adaptive Optics SystemF(RIAOS) will be the first-light facility Multi-Conjgate

Adaptive Optics (MCAQ) system for the Thirty MefBelescope (TMT). Historically, an important factoniting the

performance of an AO system has been the systeratighs and their impact on the delivered imagdityuan order to

leverage the extraordinary capabilities of the TMNFIRAOS must be capable of meeting the requireticalp
performance and stability specifications while @pig in the presence of the predicted vibratioviremments. Using
the NRC-developed integrated modeling framework @R, a detailed evaluation of the dynamic opto-haadcal

performance of NFIRAOS was completed with sevesairses of structural disturbances (vibration frdra telescope
structure, from attached instruments, and intetoaNFIRAOS). Multiple computational methodologigscluding

transient (time-series) and harmonic (transfer fiong analyses combined with a Linear Optics Mqd€)M), together
with control system transfer functions for both ¢oon path and non-common-path disturbances weretosedaluate
and compare the NFIRAOS delivered image qualithese procedures are described and the NFIRAOSrperfize in

the presence of the various sources of vibratierreported. These sources include observatoratidor transmitted to
NFIRAOS as well as internal sources such as the W3S trombone, refrigeration, client instrumentstator and
cable wrap.
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1. INTRODUCTION

The Narrow Field InfraRed Adaptive Optics SystemF(RIAOS) will be the first-light facility Multi-Conjgate
Adaptive Optics (MCAO) system for the Thirty MefEelescope (TMT). Historically, when measuring thecess of
an AO system, an important factor is the limitatiohthe AO system performance when subjected td-wedd
vibrations present in the observatory environme&here are many sources of vibration such as witiféting, telescope
tracking jitter, cryogenic/coolant pumps and eveechanical components internal to a particular AGteay. These,
combined with other vibrations, lead to dynamictegsinstabilities that can result in a significaatuction in delivered
image quality, sky coverage, optical throughpugudar resolution and astrometry.

The AO system sensitivity to vibration becomes éasingly important with larger telescopes sincediffeaction limit

of the telescope is inversely proportional to tekegcope primary mirror diameter. Mounted on tihdTTwith a 30
meter diameter primary mirror, NFIRAOS will be rémad to deliver diffraction limited performance & H, and K
bands in order to leverage the extraordinary cditiebi of the TMT. Described in terms of allowabimage
degradation, NFIRAOS will deliver images with letsmn 187nm and 203nm RMS wave front error (WFE) rwhe
evaluated on axis and at 34 arcsec diameter, rixgglgc

Given these challenging performance requiremehts,ldarge physical size, and the significant costN&EIRAQOS, a
comprehensive effort was launched to conduct @etailpto-mechanical analyses to minimize these.rBkgding on
the extensive development of the National Rese@wtncil Integrated Modeling (NRCim) toolset, thare at the
Herzberg Astronomy and Astrophysics Research Cefii#A) completed extensive analyses of the NFIRAOS
instrument which are detailed in this report.

1.1 NRCim description

The NRCim framework is a highly configurable an#ytolset which can be applied to a wide varietyopto-
mechanical system and is easily implemented udiagdard procedures and interfaces for configuriraglers. The



block diagram shown in Figure 1 illustrates thesiattion between the core NRCim code, implememddATLAB,
and the structural and optical analysis softwafdSXS and ZEMAX, respectively. The NRCim framewankludes a
bidirectional interface to ZEMAX from MATLAB via Dyamic Data Exchange (DDE) and facilitates the malaijpn
of the optical prescription parameters includingfaee displacements, raytracing and other opticahmutations. A
summary of the NRCim analysis process is as follows

* A subset of nodes within the ANSYS FEM are defiméth component names (a method within ANSYS used
to identify a set of geometry) to represent thecapelements.

» Corresponding ZEMAX surfaces are identified witbdés in the comment field which are stored, alorith w
interface information and coordinate systems, eNtATLAB database.

e These associations are constructed once durinl@@m model initialization and stored in the datsddor
future analysis runs. All coordinate systems cenifdependently defined since NRCim manages all the
required transformations between analysis tools.

» A static disturbance (temperature, force, displamg@imetc.) is defined in the ANSYS structural FERd&he
structural displacements are transferred to ZEM#aiXelvaluation of the final image WFE.

The inner workings and initialization of the NRCare detailed in Ref. [1].

The NRCim toolset has been applied to many probkenesdy including the design optimization of then&dian Very
Large Optical Telescope (VLOT) [1] [2], the analysbf the TMT telescope structural model [3] [4],dathe
characterization of the Gemini Planet Imager (@@iformance [5].
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Figure 1. NRCim Framework Description

2. STATIC ANALYSES OF NFIRAOS USING NRCIM

2.1 NFIRAQOS system overview

An isometric view of NFIRAOS is illustrated in Figu2 showing NFIRAOS positioned on the TMT —X Nagimy
platform with the Infrared Imaging SpectrographI8Rshown (in grey) suspended below. The NFIRAOSriment
Support Tower (IST — the light blue structure) song the NFIRAOS thermal enclosure (ENCL — showmmiedium
blue), the NFIRAOS optical table (TABL — not viggbsince it is inside the ENCL), up to three cligrgtruments, and
the NFIRAOS Science Calibration Unit (NSCU — nosible in this view). Shown in dark blue to thetlef the
Nasmyth platform is telescope elevation journalhwithe primary mirror located further to the leftheTl telescope
structure (TEL.STR — shown in brown) is the struetthat supports NFIRAOS above the Nasmyth platfarhe “pitch
& yaw” adjusters (shown in dark orange) are progitig the telescope structure and form the main amr@chl interface
between the TEL.STR and NFIRAOS.



NSEN

(Test Sensors) s

Thermal
ENCLosure

Elev;(li\g-r: o~ Pitch & Yaw
Journal adjusters
Instrument Electronics
Support
Tower (I1ST)
Telescope
RIS Structure
(orange)

Figure 2. Assembly view of NFIRAOS with instrumens, mounted on the TMT telescope structure.

The TABL is supported by the IST via three therimsalation stubs that protrude through the ENCL fflo@ his allows
the TABL and all the opto-mechanical componentschied (see isometric view shown in Figure 3) tonbéntained at -
30+0.5°C while structurally supported by the ISEach of the opto-mechanical components are repessén the
structural FEM and the optical prescription, shawrhe top-right and bottom-right of Figure 3, resfively. For all
static NRCim analyses, each subsystem was repegsdmyt a lumped mass located at the center of n@ssath
subsystem and connected to the TABL via rigid Biéments to minimize any addition of local stiffaes
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and DMO
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Figure 3. NFIRAOS TABL and sub-system decompositioto the FEM and ZEMAX representations

2.2 NFIRAOS NRCim — Interface Alignment Sensitivity Analyses

One of the first static NRCim analyses completeds i@ assess the TEL.STR-to-NFIRAOS interface aligmm
sensitivity. The integration and test plan devetbfor NFIRAOS involves the assembly, alignment se&t of the



entire system in Victoria, B.C., Canada before sisably and shipment to the TMT site for assenihtggration and
verification (AlV). The TEL.STR-to-NFIRAOS interéa will be surveyed prior to assembly and alignnadrtioth the
I&T and site facilities. The final step in the Alplan at the TMT site will be to adjust the “pit&hyaw” adjusters
(shown in orange in Figure 2) to align the incomibeam with NFIRAOS. However, there will be somsidaal non-
coplanarity of the six TEL.STR-to-NFIRAOS interfageints with unknown impact to the overall perfornoa of
NFIRAOS.

NRCim was used to assess the sensitivity of thgéntpuality and alignment to changes in the verficaiition of each
TEL.STR-to-NFIRAOS interface point. Incrementalgach of the six interface points (illustrated igufe 4 below)

were displaced vertically by 1 mm and the resulfifidv displacements were calculated (see Figurédble to the close
proximity of the TABL supports to the interface pts 1, 4 and 5, perturbations of these three mterpoints resulted in
significant TABL motion while the other three intace points had little impact. The displacemédatsall six cases
were then processed through ZEMAX using NRCim tmdpce six perturbed prescriptions.

Figure 5. Six deformed FEM results for the NF-STRnterface sensitivity analysis.

When assessing the impact of each of these petinmbathere were several compensators internlRRAOS and in
TMT that could be used to minimize various effec®onsidering the possible compensators, the gigqpiptions were
optimized to minimize the interface alignment sevigy. The optical performance parameters arell@ied in Table 1
showing that only cases 1 and 5 require the usowie DM stroke to correct for astigmatism. Theultssrom these
analyses were used to define the adjustment résoligquirements for the six adjustment actuatoas will be used to
control the 6-dof position of NFIRAOS.



Table 1. NRCim results for NF-STR IF sensitivity aralysis.

Case . Focal Plane Mask . Image Plane Motion Inst Image Refocus
4 1Q RMS Wavefront at 5 field points (nm RMS) () Pupil Shift {(mm/% of pupil) [ (mm) Comment
00) (042) (0-2) (20) (20) dx  dv dx dy X dy e )

0 2 13 9 15 13 0 0 0 0 0 0 0
Astig—DM

1 53 99 102 9% 100 022 -0. 20| 0.42/0.14% | -0.04/0.01% 2.55 -0.47 0.28 Some O ]

2 [E 6 10 14 11 001 002 0 0 071 0.6 0.27

5 [ 10 7 20 18 002 -0.01 0.02/0.01% 0.01/0.0% 031 043 0.24

4 16 25 18 24 16 023 042 -0.19/0.06% 0.03/0.01% -0.64 0.23 -0.41

5 88 94 90 9% 87 | 1.05 | 026 -0.15/0.05% 0.02/0.01% -1.70 0.54 0.03 Astig ~OM ]
correctable

6 4 19 13 10 6 005 002 0.01/00% 0.02/001% 020 0.17 033

2.3 NFIRAOS NRCim — thermally-driven misalignment

In a similar manner to the interface sensitivitylgees, the impact of various system and dome/éaboyr temperature
combinations were assessed. Specifically, we rie&ml@enderstand the impact of completing the optitignment at
the 1&T facility vs. at the TMT site. Ideally, NRIAOS could be aligned in the laboratory and thestailed at the TMT
site without any further alignment required. TaBléists the various temperature conditions thateweraluated using
NRCim. These thermal disturbances were applieth¢oFEM to determine the resulting optical perttidoes (see
Figure 6) which were then piped to ZEMAX via NRCim.

Table 2. Thermal modes evaluated with NRCim

1. At Mauna Kea Alignment, TABL -30

2. At HIA Integration Alignment, TABL -30 293 293 243
3. At MK, HIA Alignment, TABL -30 293 273 243
4. At MK, HIA Alignment, TABL ambient 293 273 273
5. At MK, Operation, Negative Amb. Extreme 273 268 243
6. At MK, Operation, Positive Amb. Extreme 273 282 243
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Figure 6. FEA results of thermally-driven structural displacements.



Unlike the alignment sensitivity analyses, theseriial analyses were completed for all three oppcascriptions: the
science (SCI) path, the natural guide star (NG®) pad the laser guide star (LGS) path. The thepmadurbations of
the FEM were the same in all three sets while ttesgriptions used during the NRCim initializatiorere different.
Only the results from the SCI path are presentéoMbésee Table 3) but all three sets were evaluatetthe resulting
system performance variations were shown to beinwébceptable limits.

Table 3. NFIRAOS SCl-path optimized thermal modes

1Q RMS Wavefront Error for A=1.65 um | Focal Plane Mask Motion | Pupil Shift on DM0O Exit Pupil
After focus compensation (nm) (mm) / Inst motion (mm) after compensation angle after
Given at five field points After compensation [um] / [% of pupil] comp [urad]

I N I R N I
B @ = ° 15 13 0 0 0 0

-1.3/5.6 0 Nominal case

m 46 14 74 17 15 2060055 2060039 170% 150005% 2688 54 SV UPJoverby
59 17 12 19 18 7e6092 506058 280% 250008% 52109 89 SN uP/overby
m 59 14 8 17 16 206055 206036 170% 260009% 34106 106 SN UPloverby
4 -NRC-A
UGN 41 14 73 16 13 00005 -14e-30.07 0% 11/0.004%  -0875 53 No realignment
Amb.
5 - MK-A Shift NF up / over by
46 14 66 17 15 -2e6/046 16034 14/0% 150005% 2087 58 e
6 - MK-A Shift NF up / over by
46 15 9 18 16 -4e6/072 3e60049 2200% 150005% 3589 46 e

3. ADAPTATION OF NRCIM FOR TRANSIENT ANALYSES

3.1 Dynamic opto-mechanical analysis implementation stitegy

Extending the capabilities of the NRCim framewaskiriclude the opto-mechanical analysis of strud¢tdymamic and
instrument vibrations has long been a high prioahd was considered a necessary addition to thetidunality of
NRCim. The upgrade to the NRCim MATLAB code andaasated data structure interactions with the cotate
analysis tools was completed in 2018 to facilitdte evaluation of optical performance in the preseaf dynamic
system disturbances both internal and external.e Thdated NRCim “pipeline” allowed transient distmces,
described in the form of time-series displacemeattselerations or forces, to be applied directlth existing NRCim
framework. The disturbances that were considerest gritical included the following:

* TEL.STR-to-NFIRAOS interface vibration inputs (véttions from TMT),
* Internal LGS mechanism vibrations due to sodiuneiayacking,

» Tip/Tilt Stage (TTS) reaction forces

» Cooling system vibrations from thermal enclosure

While a significant effort was required to adapdaralidate the NRCim code for transient disturbandbe core
functionality remains the same on a time-step metstep basis: disturbance applied; FEM responiseillated; and
optical impact assessed.

3.2 Increased fidelity of the FEM dynamic response

Assessing the dynamic performance of NFIRAOS mehat the FEM needed an improved representatiorhef t
dynamic behavior of the various opto-mechanical ponents. For each subsystem shown in Figure 8 #re three
interface nodes (IFx) located at the subsystenterfimces with the TABL. As illustrated in the schaio view below
(Figure 7), the static mass of the subsystem (thssmigidly attached to the TABL) is defined at trese node ()
connected to the three interface nodes with rigit elements. The dynamic (“sprung”) mass of thbsystem is
defined at the dynamic nod@®{. If the nominal orientation of the subsystertunal frequency modes are rotated with
respect to the global coordinate system (CS), themodal CS of the base and dynamic nodes aredoéacordingly.
In this case, a third “follower” node is defined faterfacing with the NRCim. This third nod©j] has a token mass, is
constrained to move with the dynamic node and smsethe rotation of the nodal CS to the global @8hough the



three “mass” nodes are shown separated for claritye schematic view, each of these nodes aréddamincident in
the model (appears as one node). The static amahtlg nodes are connected with spring and damperegits in each
of the six degrees of freedom. The implementatibtihe dynamics for each subsystem enables NRCiutmmatically
evaluate the possible amplification or dynamic dimgpeffects in the overall WFE analysis. The egéal view in the
right side of Figure 7 shows the connection ofstatic (or base) mass to the dynamic mass witle thréhogonal sets of
linear spring/damper elements. Not shown are ltheet sets of rotational spring/damper elementadigwith each
orthogonal axis. In ANSYS, the three linear and three rotational spring/dampers are defined uiegANSYS
element type: COMBIN14 spring/damper element. Ehsnent type allow for the definition of both lareand rotary
stiffness and damping.

y

x CSalobal

IF1 2
\ . ]
IF2 m
CSIZocaI aSden
IF3

MassS, ;e

Figure 7. Schematic representation of the subsysh mass decomposition and the addition of
spring/damper elements.

The dynamic parameters used to define the subsyspeimg/damper elements in the FEM originated ftbendetailed
analyses and final design reports completed foh eatbsystem in preparation for the NFIRAOS FDR.r €ach
subsystem component within NFIRAQOS, the low-freqyemodes were included in the NRCim FEM. The modal
frequencies and corresponding mode shapes foofahe subsystems are summarized in Table 4.

Table 4. Summary of subsystem modal frequencies amdode shapes used in the transient NRCim
analyses.

OAP (1-6) 34.5,48.6

ISM 29.1, 31.8,451

LGS
Trombone

VNW 19, 26




4. TRANSIENT ANALYSES OF NFIRAOS USING NRCIM

4.1 TEL.STR-to-NFIRAQOS interface vibration

Three randomly-seeded, orthogonal transient dispi@nt time-series were derived from the TMT-definegrface
vibration PSD (see Figure 8) and identically applie the six NFIRAOS mounting locations (see Figdiye Note that
this effectively dictates that the TEL.STR-NFIRA@ferface moved in translation as a rigid body waéro rotations.
The resulting time-series displacement/rotatiorpoeses for each optical element were calculated @odessed
through the transient NRCim pipeline producingraetiseries of Zernikes describing the time-varyipfivéred image
WFE.

Calculating the open loop RMS WFE variations frome fiirst 12 Zernikes revealed the WFE was almosiredn
composed of tip and tilt error (total Wks = 18nm; Tigms=8.2nm; Tilkms=16.1nm). The removal of the tip/tilt error
leaves less than 0.07nm RMS of higher order W&l &ield points.
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Figure 8. TEL.STR-to-NFIRAOS interface vibration PSD (left) and three displacement time series
(right) which were independently derived from the F5D.

The time series of the NFIRAOS delivered image Wiké&re processed using the NFIRAOS AO rejection feans
function to assess the closed loop AO corrected #ele Figure 9). The closed loop WFE is 10nm RMfichvis
within the allowable WFE budgeted allocated toTie.STR Interface vibration: Tip=7.4nm; Tilt=6.7nm;

X IDLO X/ IDL O
Tip at the IRIS detector (Z1) Tilt at the IRIS detector (Z2)

PSD
3
i

1072

Frequency (Hz) Frequency (Hz)

Figure 9. PSD plots for the Tip and Tilt of the dévered image before and after the application oftie
AO rejection transfer function.

4.2 Dynamic disturbances internal to NFIRAOS

Internal Laser Guide Star mechanism vibrations due to sodium-layer tracking

The NFIRAOS LGS system tracks the variations ingbdium layer. Tracking the various altitude gos requires
rapid accelerations and decelerations of the L@8itone assembly (~230 kg) along a linear stage amtain the
optimal focus. As a results there are inertiattiea forces and moments that are transferrededlthBL. A control

algorithm was developed to optimize the trackingggenance while limiting the RMS reaction forceléss than 0.2 N.
The resulting time series of reaction forces (aapto the CG of the trombone assembly) were inpotthe NRCim to
assess the resulting WFE of the delivered Scienegé which was determined to be 0.03 nm RMS.



Tip/Tilt Sage reaction forces

During normal operation of NFIRAQOS, both the tijp/stage (TTS) the low-altitude deformable mirr®\MO0) assembly
operate to correct for tip and tilt errors causgdhe following factors:

» atmospheric turbulence,

» telescope windshake,

» telescope vibrations

* WFS noise propagation (estimated to be 1mas RMfigé propagation)

The two components operate in different frequermyges and the division between the TTS (low-frequeor
“woofer”) and the DMO surface (higher-frequency “tweeter”) is implemented using a 20Hz 2nd ordeghkhpass
Butterworth filter. Factoring in these operatirftpracteristics, the performance requirements wsee to estimate the
TTS motions and the resulting time-varying reactiorques applied to the TTS mount. Two randomizexsions of
these time series were applied to orthogonal axes Y at the face of the DMO optic)

Using the NRCim Framework as before, the trangienturbations were processed yielding transienhgbs in WFE.
Assessing the WFE for all field positions in thel 9@th showed they were all below 0.3nm RMS. Sqbeatly, the
impact to the LGS and NGS IQ was also calculatdaettess than 0.3nm RMS

5. FREQUENCY-DOMAIN INTEGRATED MODELING
5.1 Motivation

One deficiency associated with the transient (tdoeyain) NRCim implementation is the difficulty afdorporating

control system characteristics into the dynamidyai®a Using the time-domain NRCim, the estimatafrthe impact of

any control algorithm on the final performance mustdone after the transient analyses are compéetéadtannot fully
account for dynamic interactions that may occua assult of dynamic feedback or similar naturafjfrencies leading to
dynamic coupling. Shifting to a frequency-domairalgsis allows for the direct inclusion of contrgissem algorithms
and also facilitates conducting integrated modelaggoss multiple organizations simply by sharing thansfer

functions that describe the opto-mechanical peréoee of each subsystem.

5.2 Frequency-domain integrated modeling (FDim) framewdk

The strategy developed combines the dynamic staicproperties of a system with linear optics msd@OM) to
formulate an opto-mechanical transfer functionisTi® then combined with the input disturbance pospectral density
(PSD) to calculate the system performance (illéstrachematically in Figure 10). First, ANSYS hanic analyses of
the FEM are completed to determine the structueaponse of each optical element to vibration oher desired
frequency range (0-400 Hz in the case of NFIRAO®& I&1S > driven by a control system update rate of 800 Hz).
This harmonic structural response is a compleximalaracterizing the magnitude and phase of theettral response
for the entire frequency range. Next, ZEMAX islinéid to generate a LOM using normalized 6-DOF yrbtions of
the Zemax prescription describing each part ofsystem. Finally, as shown in Figure 11, thesecarabined to give
the transfer function for tip/tilt/focus of imagedesired location (e.g. WFS, Imager, NGS, or LGS).

NFIRAOS

Transfer Function

\\\7 Harmonic Structural Response

el Linear Optics Model I

: R PsDof e 40 Correcton
N :

2 , 120 e
Disturbance t% |Response

Figure 10. Schematic for frequency-domain analysigrocedure.
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Figure 11. Equation combining the LOM with the harmonic structural response to give the opto-
mechanical transfer function.

5.3 FDim Verification

In parallel with the development of the FDim, exder validation of the code was completed through use of unit
testing and discrete function testing. For ondnhéyel test of the LOM, the transient perturbatitaia generated by the
ANSYS transient analysis was multiplied, for eathetstep, by the LOM and compared to the NRCimn@ient)
results showing that they were numerically idertanad confirming that the LOM is returning exacthe same WFE
prediction as the ZEMAX prescription.

The final verification step was to convolve the tuhnsfer function with the PSD of the input viboa to calculate the
RMS tip, tilt and focus. As shown in Figure 122 tASD input disturbance is repeated for all thréfigogonal directions
and multiplied, element-wise, by each row of thedmas of the transfer function [N] resulting in tResponse PSD
(Figure 13). The RMS tip, tilt and focus can thencalculated using the formula given below:

input
N - Transfer Function 2 Disturbance Racnansa PSN
1 Spectrum ’

| E————

Focusii ! ! ii i
i k ' =i
[ / A\ / N\ !

Figure 12. Equation used to calculate the PSD respse (and subsequent RMS) given
an input disturbance PSD

A comparison of the RMS results shows very goo@agent between the time-domain and frequency-domathods:

e NRCim: Tip=8.2nm; Tilt=16.1nm; Focus=0.05nm
e FDim: Tip=8.3nm; Tilt=15.7nm; Focus=0.05nm

Similarly, the results following the application tife AO Rejection transfer function were the samé¢hase predicted
using the time-domain method: Total RM&=10nm with RMSij,=7.4nm and RM§; =6.7nm.
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Figure 13. Dynamic optical performance in the presece of telescope vibration after convolution withhe
AO rejection transfer function.

6. NFIRAOS/IRIS FREQUENCY DOMAIN INTEGRATED MODELING ( NIFDIM)
6.1 Application to NFIRAOS and IRIS

Upon completion of the FDim framework developmemd @esting, this technique was used to prediciptrormance
of NFIRAOS with IRIS mounted on the NFIRAOS bottanstrument port. The measurements from the IRIS on
instrument wave front sensors (OIWFS) are usetheyNFIRAOS RTC to control the TTS and DMO insidelRKOS.
The transfer functions required to complete thialysis are shown schematically in Figure 14 anddidelow:

* [N] is the opto-mechanical transfer function froetTEL.STR interface to the NFIRAOS delivered image
focal plane.

» [A] is the structural transfer function from TEL.BTinterface to the NFIRAOS/IRIS interface (assurtete
unity since the IST is very stiff in this region).

» [B] is the opto-mechanical transfer function frome tNFIRAOS /IRIS interface to the IRIS science ierag

» [C]is the opto-mechanical transfer function frame N NFIRAOS F/IRIS interface to the IRIS OIWFS tea

N
TEL.STR —
NF Open-
loop transfer

H
NFIRAOS
WFS Meas.
— DM/TTS
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NFIRAOS

TTS/ Output beam|
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d A c +
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H disturbance — interface— WFS Meas.
AO NF/IRIS OIWFS
interface
B + s = Science
NF/IRIS + 7\ Image
> interface— U/
i " Imager position - 1 H
easurements
s=d|N () +AB - ¢ (7))
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Figure 14. Graphical representation of the transferfunctions required to combine NFIRAOS
and IRIS (left) and the control flow chart for NFIROS and IRIS (right).



A simplified IRIS FEM was distilled from a highlyethiled FEM while maintaining all of the fundamdniération
modes except for those associated with the scienyostat vibration modes. The full [B] transfené@tion was provided
separately. While the full cryostat is not reprigsd in this FEM, the mass and moment of inertiapprties are
included in a lumped mass node (identified as anget of transfer function [B] in Figure 15). Ttmansfer function [C]
was computed and used in the NIFDim analysis toutalle the OIWFS portion of the system performan€ee total
WFE at the OIWFS imager was 0.4nm RMS (Tip=0.2nntt=0.4nm; Focus=0.1nm). The full transient (NRQim
analysis was also completed for the IRIS FEM yigydidentical results further validating the NIFDiramework.

Figure 15. FEM used to calculate the IRIS OIWFS imger transfer function.

7. CONCLUSION

The NRCim framework, used in the design of sevpralious projects, was implemented in the desigNFIRAQOS to

evaluate the optical impact of several static gbetion. The NRCim framework was then expanded emfthnced to
facilitate the evaluation of system performance rivetin the presence of complex dynamic disturbancé his

technique was used to evaluate the NFIRAOS perfocmavhile exposed to real-world telescope vibratiod showed
that the WFE of the delivered image will be limited10nm RMS. Several other internal vibrationrses were also
evaluated and shown to have even less impact dimtdedelivered image quality.

Since NFIRAOS must meet specific performance targéth client instruments attached and there wased to
incorporate control system effects in the overgtsm performance, NRCim was modified to operaténénfrequency-
domain. The NFIRAOS/IRIS Frequency-Domain integdamodel (NIFDim) framework was developed and \zéd
through comparisons with NRCim results. NIFDim wased to evaluate various aspects of the NFIRAQS/IR
combined system and will be used to further asthesaature of their dynamic interaction and combiperformance.
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