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ABSTRACT

The James Webb Space Telescope (JWST) Optical Simulation Testbed (JOST) is a tabletop workbench to
study aspects of wavefront sensing and control for a segmented space telescope, including both commissioning
and maintenance activities. JOST is complementary to existing optomechanical testbeds for JWST (e.g. the
Ball Aerospace Testbed Telescope, TBT) given its compact scale and flexibility, ease of use, and colocation at
the JWST Science & Operations Center. We have developed an optical design that reproduces the physics of
JWST’s three-mirror anastigmat using three aspheric lenses; it provides similar image quality as JWST (80%
Strehl ratio) over a field equivalent to a NIRCam module, but at HeNe wavelength. A segmented deformable
mirror stands in for the segmented primary mirror and allows control of the 18 segments in piston, tip, and tilt,
while the secondary can be controlled in tip, tilt and x, y, z position. This will be sufficient to model many
commissioning activities, to investigate field dependence and multiple field point sensing & control, to evaluate
alternate sensing algorithms, and develop contingency plans. Testbed data will also be usable for cross-checking
of the WFS&C Software Subsystem, and for staff training and development during JWST’s five- to ten-year
mission.

Keywords: James Webb Space Telescope, wavefront sensing, wavefront control, segmented mirrors, deformable
mirrors

1. INTRODUCTION

Active optical control based on wavefront sensing is an essential technology that has revolutionized terrestrial
telescopes and enabled the current generation of 810 meter observatories. While the Hubble Space Telescope
has a classical, mostly passive optical design with only occasional adjustments for focus, its successor the James
Webb Space Telescope (JWST) would not be possible without active control of its primary and secondary mirrors.
Active optical control enables bringing the segmented primary from an initial deployed state with millimeter
misalignments to a final aligned state precise to tens of nanometers. Subsequent periodic wavefront sensing and
control is needed to maintain that aligned state against perturbations for the lifetime of the mission. "3 Wavefront
sensing and control (WFS&C) technologies are likewise critical ingredients in future large space telescopes such
as the proposed WFIRST/AFTA* and ATLAST® mission concepts.

The wavefront sensing and control technologies chosen for JWST have been proven by a long-term technology
development plan of simulations and laboratory demonstrations,® in particular using the Testbed Telescope
(TBT) at Ball Aerospace,”8 a 1:6 scale mockup of JWST with flight-like segmentation and actuation, and the
Integrated Telescope Model (ITM) software.” However, new and improved algorithms for wavefront sensing and
control continue to be developed 1013 and a flexible general-purpose lab testbed will contribute to evaluating such
algorithms for possible application to JWST or to future missions such as WFIRST/AFTA. Furthermore, there
is a continued need to practice scenarios and develop staff expertise for JWST commissioning and operations,

Please send correspondence to M.D.P. at mperrin@stsci.edu.



including in the longer run a need for occasionally training new staff in phase retrieval techniques throughout
the five-to-ten year mission of JWST.

For these reasons we have developed a new laboratory testbed for wavefront sensing and control at STScI,
with emphasis on JWST but intended more broadly as a testing ground for novel wavefront control methods with
application to future space missions. The testbed design provides a simplified model of JWST which is sufficient
to capture the key optical physics of JWST (a three-mirror anastigmat design and segmented primary), and
to implement sensing and control algorithms applicable to flight-like scenarios. Our goal is not to replicate the
higher fidelity model offered by the TBT, but instead to provide a compact, flexible, low cost “tabletop JWST”
that nonetheless possesses enough of the same physics to be a useful model of controlling an active segmented
space telescope. This testbed, which we have termed the JWST Optical Simulation Testbed (JOST) has been
developed by STScI’s Telescopes Team and is physically located within the Russell B. Makidon Optics Laboratory
at STScl. It is a supplement to existing verification and validation activities for independent cross-checks and
novel experiments, not a part of the mission’s critical path development process.

This paper presents the overall motivation, goals, and requirements for this testbed, and some first initial
results. For the detailed optical design and trade studies, see the accompanying paper by Choquet et al. in
these proceedings,** paper number 9143-143 (hereafter denoted “Paper I1”). JOST was designed and developed
starting in mid-2013, with a prototype using off-the-shelf lenses assembled by September 2013, and the final
design with custom lenses assembled by end of 2013. Further alignment and test work is ongoing.

Planned activities using this testbed include:

e Simulation of the main commissioning and maintenance tasks for JWST WFS&C, including both single
field point and multi-point control analogous to the Multi-Instrument Multi-Field® control step for JWST.

e Experimentation with alternate algorithms for wavefront sensing, either as enhancements providing superior
performance or capture range compared to baseline algorithms™ or as contingency plans for backup 2

e Hands-on training to develop additional staff expertise in WFS&C, both prior to launch and as a resource
for training new staff during the mission lifetime of JWST.

e Potentially using the testbed as a resource to exercise the integrated Science & Operations Center ground
system and Wavefront Sensing Subsystem (WSS) software prior to launch, to supplement the planned tests
of the WSS during I&T using the flight hardware and separate planned tests using simulations from the
Integrated Telescope Model 2

2. TESTBED DESIGN OVERVIEW
2.1 Design Process and Goals

Even though JOST is a multipurpose lab testbed rather than any sort of mission-critical flight hardware, we
approached its design as an exercise in science systems engineering following the same general principles as com-
monly used for flight systems. JOST was developed by a small team of staff astronomers, postdocs, and graduate
students. We first developed a clear set of requirements, iterated through multiple designs and conducted trade
studies exploring parameter space, and conducted a mini design review.

We began the detailed optical design of JOST based on the following top-level goals:

e The testbed must be capable of a wide variety of wavefront sensing and control experiments relevant to
JWST, with an optical design that replicates the relevant physics and aspects of the JWST optical design.

e In particular it must be possible to carry out both fine phasing at a single field point, and control based
on multiple field points in the manner of the Multi-Instrument Multi-Field (MIMF) step of JWST com-
missioning.

e It must make use of an engineering-grade microelectromechanical system (MEMS) segmented deformable
mirror (DM) from Iris AQ[*} which we already had available in the lab from the HICAT® project.

*http://www.irisao.com
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Figure 1. Optical layout for JOST, with components labeled. A collimated beam enters the system from left, passes
through the three refractive optics and then reflects off the segmented deformable mirror to the detector. A flat fold
mirror is included before the deformable mirror for packaging reasons to provide sufficient clearance between the detector
and the L3 lens. The detector can be translated up to 8 cm to obtain defocus for phase retrieval.

We then defined a set of 10 requirements necessary to achieve these goals (see Paper II for more details). After
some consideration of alternatives, we chose to pursue a transmissive design that approximates a three mirror
anastigmat (TMA) system very similar to the actual JWST layout. The use of refractive optics allowed significant
cost savings compared to implementing a reflective TMA given that there is no need to operate over a broad
spectral bandpass. The starting point for the design was thus the JWST design® for M1, M2, M3. The re-imaged
pupil where JWST’s Fast Steering Mirror (FSM) is located provides a convenient pupil at which to place the
MEMS DM. Paper II discusses in detail the solution to this optical design problem.

2.2 General Implementation

The final optical design is a “three lens anastigmat” analogous to a refractive version of JWST’s three-mirror
anastigmat optical design. See Figure [l Controllable modes are set by the segmented Iris AO DM and the
secondary mirror surrogate. Translation of the CCD camera is used to implement focus-diverse phase retrieval,
and a Fizeau interferometer (4D AccuFiz) can be used as a direct wavefront sensor to validate our implementation
of wavefront sensing algorithms. The testbed is designed to work at visible light (HeNe laser wavelength).

The JWST primary mirror surrogate consists of three elements that together mimic the real telescope:

e An Iris AO 37 segment MEMS DM with 1.4 mm (vertex to vertex) hexagonal segments controllable in
tip, tilt and piston, conjugate to the entrance pupil. Note that this size of device is a new product from
Iris AO, scaled up 2x to 1.4 mm per segment instead of the previous 0.7 mm. The larger device provides
significant relaxation of pupil alignment tolerances compared to the smaller mirror.

e An entrance pupil mask to limit the beam to 18 active segments of the 37 total in the DM, and mask out
the telescope central obstruction and support structures. The use of an engineering-grade DM with one or
more non-functional segments would in fact be sufficient, provided that 18 suitably adjacent segments are
functional [l

e A lens to provide the overall optical power for the primary, since the Iris AO segments are flat.

The entrance pupil corresponds to a circumscribed diameter of 6.1 mm on the DM. The segment gap size
is 10-12 pm on the MEMS DM (~ 0.1% of segment diameter) which makes the gaps to scale relative to the
actual JWST geometry. The surface quality of each segment is slightly better than JWST (~ 20 nm rms surface
error, versus 23.2 nm rms measured for the 18 flight PMSAs for JWST) but the testbed will operate at shorter

"We are currently using an engineering grade mirror with 17 functional segments in the JWST aperture (nonfunctional
center segment and one adjacent). This is sufficient for the majority of currently planned activities for the immediate
future. We expect to take delivery of two science-grades device later this year with all segments operational.



wavelength in the visible, so that this setup will in the end provide a reasonable model of the telescope compatible
with our goals.

The JWST secondary mirror surrogate consists of a diverging lens. As with the actual telescope it “slows
down” the beam and produces an intermediate focal plane. The lens is mounted on a motorized tip/tilt and
translation stage to study the alignment of the telescope.

The JWST tertiary mirror surrogate consists of a converging aspherical lens. It creates the final image on
the detector with the appropriate f-ratio calculated to produce the same sampling as NIRCam relative to the
diffraction-limited PSF size at the wavelength of interest.

The controllable degrees of freedom (DOF) of the testbed include tip, tilt, and piston for the primary mirror
(54 DOF), and tip, tilt, z, y, and z for the secondary mirror (5 additional DOF; 59 total). This does not
reproduce all the degrees of freedom of the actual telescope (131 DOF) since the segments’ radius of curvature,
translations, and clocking are not included. However the 54 DOF are sufficient to implement a number of
commissioning activities (e.g. segment identification, image array, global alignment, stacking, fine phasing) and
to investigate wide-field WFS&C.

The selected detector is a 4k x 4k SBIG STX-16803 CCD with 9 u pixel (36 mm length per side of the
focal plane), providing the same number of pixels as a NIRCam short-wavelenth channelﬂ To reproduce a
similar field of view as one NIRCam module in the image plane measured in units of A\/D, this testbed has an
actual field of view of 3.4° x 3.4°, which is significantly greater than the field of view of the NIRCam detectors
(2.2" x 2.2). Based on our error budget allocation for the wavefront error with a goal of 50 nm rms total WFE
for diffraction-limited imaging at HeNe, and including contributions from the lens surfaces, Iris AO DM, and
mechanical alignments, the allocated WFE for the design itself over the field of view is 10-20 nm rms. Achieving
this very small WFE over such a wide field was a very challenging and interesting optical design problem, one
however that was solved successfully using three custom lenses, with a 4th order aspherical term on each. See
Paper II for details on this design.

We briefly considered operating at longer wavelengths (~ 750 nm) to relax WFE tolerances. However in order
to have the same sampling as NIRCam, working at 750 nm would require a faster lens for L3 (f-ratio = 25.4,
instead of 30.2 at HeNe). We found that this would be problematic for achieving sufficient clearance between
the DM and the camera. Furthermore the shorter wavelength offers better sensitivity both for the human eye
and for our chosen detector’s quantum efficiency.

For illuminating the entrance pupil, two flat mirrors (one beam capture mirror, and one beam steering mirror)
allow steering an oversized collimated beam to different angles in order to simulate stars at different positions
within the field of view. The steering mirror is motorized to facilitate the implementation of multi-field WFS&C
studies. The input collimated beam may be provided either using the 4D AccuF'iz interferometer or a laser
launched from a fiber and collimated by an off-axis parabola (OAP).

3. ASSEMBLY, STATUS, AND INITIAL RESULTS
3.1 Hardware Status And Assembly

Based on the final optical design, we developed and optimized the optomechanical design in Solidworks CAD
softwareﬁ using off-the-shelf mounts and stages, including 5-axis motorization of the secondary mirror surrogate
(tip, tilt, z,y, ), 2-axis motorization (tip, tilt) of the beam steering mirror to facilitate multi-field imaging, and
translation of the camera for focusing and phase retrieval.

Because of the long lead time associated with the custom aspheric lenses needed for the final design, a
simplified “preliminary” version of the optical design was developed using off-the-shelf lenses to achieve our
requirements on-axis (though with very substantial off axis aberrations). This was assembled starting in Au-
gust 2013 in order to provide a prototype for initial tests with the deformable mirror and validation of the
optomechanical parts, and is shown in Figure 2]

fAdmittedly this setup does not replicate the small gaps between detectors in the 2 x 2 mosaic of Hawaii 2RGs in
NIRCam, but that is a nonessential detail with no direct impact on wavefront sensing.
$http:/ /www.solidworks.com
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Figure 2. Photos of the preliminary version testbed with off-the-shelf lenses for the optimization of the mechanical design
and preliminary alignment, as seen from opposite ends of the system. Left: Looking back from above the location of
the detector (not yet installed when this photo was taken). A zoomed in view of the deformable mirror is inset lower
left; the preliminary testbed used the stock 0.7 mm per segment Iris AO DM, as opposed to the newer 1.4 mm per
segment devices selected for the final testbed. The 4D AccuFiz interferometer is visible in the distance (the white and
blue rectangular object). Right: Looking in the opposite direction from above the entrance aperture. The light path and
optics are annotated. In both of these images a small video-rate alignment camera is installed in place of the 4k CCD.

The starlight simulator consists of a fiber optic point source at the focal point of a custom high-quality
off-axis parabola (NuTek Precision Optical Corp., measured to 13 nm rms = A/40 at 633 nm over the 2 inch
clear aperture), precisely aligned with the help of the 4D interferometer. We adopted a design that uses two
high quality flat mirrors (A/20 peak-to-valley over a 2 inch clear aperture, measured with the 4D to be just a
few nm rms each over the 18 mm entrance pupil) to capture and steer the beam into the entrance aperture.
The high quality optics ensure the starlight simulator is a negligible contributor to the overall wavefront error
budget. This beam capture relay can also conveniently redirect the 4D interferometer’s collimated beam for
interferometric measurements; there is sufficient space on the table to simply place the 4D in front of the fiber
launch and collimator without needing to move those optics or disturb their alignment in any way. As noted
above the beam steering mirror is motorized in tip and tilt to allow steering the “star” to any location within
the field of view.

The custom aspheric lenses for the final design were procured by late 2013 and assembled onto the optical
table to within mechanical tolerances. Laser cut pupil masks were procured in 2014 to limit the aperture to 18
active segments (out of 37 on the DM) and define the central obstruction and spiders. The optical and opto-
mechanical assembly of the testbed was completed by spring 2014; see Figures [3|and [l The final high precision
optical alignment and software development continued into summer 2014, as discussed in the next section.

A software interface to control the testbed motors and camera was developed in Labviev&g re-using extensively
the code and concepts developed for the Gemini Planet Imager Coronagraph Testbed™* The interface also

Thttp://www.ni.com/labview/
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Figure 3. The final JOST testbed assembled including all components. The red line indicates the beam path. Laser light
collimated from an OAP enters from left and is steered by a pair of flats into the entrance pupil; the same beam capture
mirror can be used to inject the 4D interferometer beam for direct wavefront sensing. The L1, L2, and L3 custom aspheric
lenses can be seen in their mounts. The L2 mount is motorized on 5 axes for active control of the secondary, and the
steering mirror is motorized in tip and tilt for moving the “star” around the field of view. At right a fold mirror directs
the light onto the segmented DM (facing away from us) which reflects it toward the CCD for detection. The additional
optic seen behind the fold mirror, in the black mount, is an pupil imaging lens that can be manually inserted into the

beam when needed.

includes an autofocusing mode for the camera, which is needed as part of the alignment procedure, and will later
incorporate calls to the phase retrieval and wavefront control algorithms.

3.2 Testbed Alignment

A initial tolerancing analysis (see Paper II) indicated that our wavefront error requirement can be met if all optics
are aligned to within +50 microns for z,y, z decenters and +1.2 arcmin for tip/tilts. Note that while the entire
point of this testbed is to eventually be misaligning and realigning it under computer control through wavefront
sensing, we wish to begin with an optical system that has been aligned using classical techniques. This includes
in particular the degrees of freedom that are not under computer control such as the position of the L1 and L3
mirrors, etc. In some ways this stage is loosely analogous to JWST being initially aligned interferometrically
using the center of curvature assembly, at a stage of integration and testing prior to active wavefront control
using image plane data.

3.2.1 Preliminary alignment with alignment telescope

Alignment of the three lenses along a single optical axis was achieved using a Davidson Optronics D-275 autocol-
limating alignment telescope. This left the optics aligned in x and y positions, tip, and tilt, but did not constrain



Figure 4. Photos of JOST optical elements for the surrogate JWST primary. Left: JWST-like laser cut pupil mask. The
secondary supports are about 200 microns wide. Right: 37 segment Iris AO deformable mirror. Each segment is only 1.4
mm in size; the entire 37-segment DM is less than 1 cm across. The inter-segment gaps are 10 microns wide. Together
with the L1 lens these elements implement the surrogate segmented primary mirror for our testbed.

the z positions along the optical axis since this degree of freedom cannot be sensed with this instrument. We
estimate that the accuracy of the final alignment state in z,y, tip and tilt for all three lenses is better than
10 pm, based on the calibration and capabilities of the Davidson telescope. This is significantly better than the
requirement for these degrees of freedom. We iterated the alignment procedure at both ends of the z translation
stage (along the optical axis) for each lens, to ensure the mechanical and optical z axes are aligned such that
each optic can be translated along the optical axis without adding any drift in z,y, tip or tilt to within a few
microns (i.e. an order of magnitude below our alignment tolerance). The alignment telescope was also used to
align the center of the pupil aperture onto the same optical axis.

3.2.2 Final alignment along the optical axis

A first coarse alignment along the optical axis is achieved by measuring and adjusting the mechanical distances
between each optic and verifying the nominal geometric design parameters, which are readily derived from
geometrical optic computations (see Figure |5)):

e fratio in the intermediate image focal plane of the system {L1+L2}, F,,
e location and magnification of the pupil in the DM plane, P2,
e fratio in the CCD image focal plane, F'.

A sensitivity analysis (cf. Table|[l]) was performed with Zemax to determine the tolerance on the z positions
along the optical axis for each optic, in order to reach the system’s WFE requirements.

Because a global translation of the three-lens system has no effect on the WFE, we let the z position of the
entrance pupil define our reference plane P1, and are therefore left with three remaining unknown positions along
the optical axis (z1, 22, 23 for the three lenses). The z position of the camera is also unknown but can be adjusted
automatically using an auto-focus software taking advantage of the camera’s motorized stage. Table shows
that only the distance L1-L2 has a tight z-positioning tolerance of 0.40 mm (WFE goal) to 0.80 mm (WFE
requirement). The tolerance on the distance P1-L1 and L2-L3 are very loose, respectively to 20.2 mm and
12.2 mm (WFE goal). Therefore P1 and L1 positions can be set within their tolerances from the simple initial
coarse alignment. L3 can be adjusted to deliver the correct pupil magnification at the DM plane, P2, using
geometrical analysis. A translation of L2 within its WFE tolerance (0.4 to 0.8 mm) implies a translation of
L3 (< 1 mm) to recover the correct pupil magnification that is negligible compared to L3’s tolerance on WFE.
Therefore, we can first align L2 independently to optimize the WF over the field of view at the detector plane



Minimum Z-axis shift Maximum Z-axis shift Corresponding Maximum

from nominal position from nominal position Range Wavefront Error

(mm) (mm) (mm) (nm rms)

Pupil -10.00 10.00 20.0 15.0
L1 -0.18 0.22 0.4 20.3
L1 -0.10 0.10 0.2 16.5
L2 -0.22 0.18 0.4 20.3
L2 -0.10 0.10 0.2 16.4
L3 -11.00 4.50 12.0 15.0

Table 1. Sensitivity analysis for the Z-axis positions of the pupil, L1, L2 and L3. ”Nominal position” refers to the
corresponding theoretical position given by the Zemax software.

Pintl1 P1 L1 Pint2 L2 L3 P2

Figure 5. Optical scheme for the fine alignment representing the pupil P1, the lenses L1, L2 and L3, the CCD focal plane
F’. The intermediate focal planes are represented: F} is the image focal plane of the lens L1, F5 is the image focal plane
of the lens L2, F;, is the image focal plane of the system {L1+L2} and F% is the image focal plane of the lens L3. The
intermediate virtual images of the pupil by L1, {L1+L2} and {L14+L2+L3} are respectively represented by Pint1, Pint2
(both virtual) and P2 (real).

(refocusing the camera for each L2 move). Once satisfactory WFE has been obtained, a final alignment of L3
can be performed to adjust the correct pupil magnification.

3.3 First results

Using the preliminary testbed implementation and the engineering IRIS-AO DM, we first demonstrated the
phasing capabilities in open loop using the factory calibration (Figure@ using all 37 DM segments (i.e. operating
without the JWST pupil). More recently, we have implemented the JWST pupil masks and obtained first pupil
images and single field point focal images through the complete and coarsely aligned system, as shown in Figure[§]
Note the effect of the uncontrollable engineering-grade segment in the pupil image. The final science grade DM
will be implemented in the fall 2014. The quality of the PSF is commensurate with the expectations for this
phase of the alignment.

In Figure [7] we show the PSF at the center and four corners of the field of view, after focusing the detector
at the center of the field. This set of images is obtained after the coarse alignment phase described in Section
[B:222] Visual analysis of these PSF show that they are dominated by astigmatism and field curvature given
the symmetry of the PSF images, as we can expect from a coarse alignment along the z-axis. This observed
symmetry also confirms at this coarse stage that the alignment of z,y translation modes and tip/tilt modes was
successful.

4. CONCLUSION, AND FUTURE ACTIVITIES

We have presented an overview of the JWST Optical Simulator Testbed including its main goals, requirements,
and first results. Designed as a versatile WFS&C experiment platform, JOST will complement simulation studies
(e.g. using BATC’s high-fidelity JWST-ITM package?), by enabling independent experiments that cross-check
models with actual data from a simplified and compact testbed that nonetheless reproduces the key optical
physics relevant for JWST WFS&C.



Segments unstacked and unphased Segments stacked and phased, except for one

Figure 6. Example of point spread functions observed with JOST and the Iris AO segmented deformable mirror, from
the initial preliminary testbed phase. Left: Point spread function with all segments unstacked and unphased. Right: PSF
with almost all segments stacked and cophased. These data were taken using the initial engineering-grade DM with one
nonfunctional segment, which is responsible for the spot of extra off-axis light to the lower right of the PSF center.

Figure 7. Set of 5 images (center + corners) after coarse alignment but before fine alignment of the final testbed version
using the custom aspheric optics. The on-axis central PSF is diffraction limited, but the corners of the field of view show
radially elongated PSFs due to z axis misalignment of the powered optics. Completion of the fine optical alignment to
achieve diffraction limited PSF quality over the entire field of view is expected in the immediate future as of this writing.



Counts

Figure 8. Left: Pupil viewer image of the IRIS AO segmented deformable mirror with the JWST mask. The additional
blank segment adjacent to the center is due to a nonfunctional segment in the current engineering-grade DM. A science
grade DM with fully functional actuators will be available this fall. The particular pupil mask shown here is slightly
undersized to block pupil wander, so the illuminated regions of the outer segments are by design no longer precisely
hexagonal. Right: PSF of the segmented deformable mirror in our lab. The segments are approximately stacked but not
yet perfectly phased in this image.

In particular, the 59 controllable optical degrees of freedom for JOST—piston, tip, and tilt for the primary
segments and piston, tip, tilt, and z- and y-decenter for the secondary—are precisely the degrees of freedom for
JWST that are expected to be controlled periodically during routine maintenance of the observatory’s alignment.
The segmented mirror degrees of freedom not controllable for JOST—radial and azimuthal decentering, clocking,
and radius of curvature—are those with the smallest influence functions in JWST; these are expected to need
adjustment very rarely, if ever, after the completion of the Global Alignment stage of JWST commissioning.
Furthermore, JOST cannot replicate all the sensing modalities used in JWST commissioning, for instance neither
coarse phasing using a dispersed Hartmann sensor (DHS) nor MIMF sensing using broadband PSFs for e.g. the
FGS, but it does implement carefully the sensing mode that will be used for routine maintenance: focus diverse
phase retrieval using NIRCam at one or more field points. JOST thus provides a highly capable platform for
modeling the routine maintenance of JWST’s alignment over the long term, precisely the task for which the
Telescopes Team at STScl will have primary responsibility. For OTE commissioning, the primary responsibility
is with our colleagues at Ball Aerospace and Northrup Grumman, and commissioning methods have been verified
using the TBT and ITM and will be further validated during upcoming ISIM and OTIS test campaigns. JOST
nonetheless is also capable of a range of investigations related to commissioning activities, without having any
necessity for it to be able to simulate every aspect of commissioning JWST.

As such, JOST is not part of the main JWST development path but rather a tool for independent verification
and cross checks, and experiments with new techniques. We will use the testbed mostly for independent studies
and validations of key aspects of the JWST WFS&C flow, and for developing contingency plans or enhancements
to the baseline via new algorithms (e.g. improved phase retrieval). In some cases it may be possible to use JOST
to generate data to assist with or accelerate integration and test activities for portions of the ground system. We
will evaluate on a case-by-case basis which tasks are better suited to pure simulation versus making use of the
testbed. These goals and activities will contribute to the oversight role of the Telescope Scientist (M. Mountain).

The long term testbed goals are organized in several phases and themes:

i) Initial testbed assembly and alignment: This phase is being completed at the time of this publication,
as detailed above. A precisely aligned state of the system is expected to be reached in the summer of 2014.

ii) Wavefront sensing experiments: We will proceed to the implementation of phase retrieval code, and
its integration and automation in the JOST Labview interface. The first step will be to implement single field

10



point phase retrieval, using the open-loop factory calibration of the Iris AO DM to introduce various wavefront
states. In particular we will implement the Hybrid Diversity Algorithm!® developed for JWST fine wavefront
sensing phase retrieval. Our 4D Fizeau interferometer will be used for direct measurement of the wavefront and
to validate the phase retrieval algorithm performance. Multi-field point phase retrieval will then be used to verify
and refine the alignment state of the testbed.

JOST will provide a flexible testbed for investigating different forms of phase retrieval, including recent
developments in parametric phase retrieval and non-linear optimization,!%2% transverse translational diversity“!
and related approaches 22

iii) Single field point wavefront control: The next step in fidelity is to achieve active control of the
segmented DM and position of the secondary based on the phase retrieval results. WFS&C will be implemented
using a linear model of the system, which must be calculated specifically for our testbed since its control matrices
will differ in detail from the JWST ones; the reduced degrees of freedom and flat segments result in this being a
more straightforward problem than the corresponding linear control model for JWST itself. We will investigate
the performance of the system using control matrices from an optical ray tracing model of the testbed ™' and
by building empirical control matrices from testbed data. Using software to intentionally inject changing mirror
states as a function of time, we can simulate active control of a dynamic time-variable space observatory.

iv) Commissioning studies: The testbed will be adjusted to an estimated post-deployment state by
moving optics and DM actuators. The goal will be to realign the testbed following the commissioning sequence,
or at least its main phases. The most interesting aspects of this goals is the implementation of multiple field
point WEFS&C, over a field of view equivalent to that of NIRCam. Typical experiments will involve introducing
misalignments into the system (both on the DM and on the secondary mirror surrogate) followed by sensing and
control activities. Other experiments will be designed to reproduce certain phases of the JWST commissioning
compatible with the available degrees of freedom and travel ranges on JOST. While it will not be possible to
replicate with JOST the full diversity of optical states and misalignments that will be encountered in the course
of JWST commissioning, a sufficient number of interesting scenarios are possible.

v) Integration and Test (I&T) activities: We also plan to make some limited use of the actual JWST
WFS&C Analysis Software? (WAS) for wavefront sensing analysis of JOST data. The testbed was designed
to provide the exact same sampling as NIRCam at the WFS wavelength to enable this capability. A software
interface will be developed to format JOST testbed data in such a fashion that it can be used directly as input
to the WAS, aided by some adjustment of WAS configuration file parameters as necessary. We will compare
results between the WAS results, our own implementation of the HDA algorithm, and with the direct Fizeau
measurement.

Once JOST data can be interfaced directly with ground systems at the S&OC, we can potentially use the
testbed for various I&T activites, including additional testing of the WFS&C software subsystem (WSS) based
on real data, and even potentially passing data through other portions of the SOC ground system to verify data
flow. One potential advantage of JOST is that data can be obtained quasi-instantly by contrast to high-fidelity
software simulations (e.g. ITM) that require more significant computing time to generate simulated data.

v) Contingency planning, and other studies: An additional goal will be to build confidence in various
contingency cases and backup plans for JWST, for instance tests to validate the proposed nonredundant tilts
backup mirror phasing strategy?? or implementation of recent phase retrieval techniques with extended capture
range“? Much remains to be done in developing these plans for the highest priority cases under consideration.
JOST’s flexibility as a general-purpose wavefront sensing testbed will provide a platform for addressing such
questions as needed.

JWST’s prime mission lifetime is 5 years after commissioning, with a goal of 10 years. The state-of-the-art
in wavefront sensing techniques will assuredly continue to evolve during that time. Furthermore, it is reasonably
likely that over time, new staff members will rotate onto the telescope optics team responsible for JWST’s
wavefront maintenance. JOST now provides an in-house facility for developing staff expertise in wavefront sensing
and control techniques at STScl to ensure JWST’s active optics will be expertly looked after and optimized for
the lifetime of the observatory.
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