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ABSTRACT

The Roman Space Telescope (Roman) is a three mirror anastigmat design with a 2.4 m primary mirror. It will be based in
the L2 orbit optimized for observations of cosmic expansion using the Wide Field Instrument (WFI) and exoplanet
discovery using the Coronagraph Instrument (CGI). The WFI features a 300 megapixel near-infrared detector array
providing a field of view >100 times larger than that of the Hubble Space Telescope.

To enable a low-resolution spectroscopy functionality for Roman, a compact Prism Assembly was added, installed in a
slot in WFI’s element wheel. The Prism Assembly has a 0.75-1.8um passband enabling a survey of Supernova Type la
redshifts in the range of 0.2-1.7. It achieves a spectral resolving power of 170 > R > 70 across the field.

The Prism Assembly had restrictions on size, mass and geometry, and a challenging schedule due to being a late addition
to Roman. Despite this, the Prism Assembly is a compact high-performance spectrographic element, implemented as a
refractive, all-spherical surfaces, 2-element optical design using S-TIH-1 glass and CaF2. In this paper, we describe the
Prism Assembly from design and implementation through alignment, optical performance test and calibration, to delivery
for installation in the WFI instrument.
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1. INTRODUCTION

The 2010 New Worlds, New Horizons Astrophysics Decadal Survey prioritized the Nancy Grace Roman Space Telescope
(Roman), at that time known as WFIRST (Wide Field InfraRed Survey Telescope), and it followed James Webb Space
Telescope (JWST) as NASA’s next Astrophysics flagship mission. The science goals of Roman are to provide a deeper
understanding of dark energy cosmology and exoplanet information, the accelerated expansion of the universe and large-
scale clustering of galaxies and dark matter.

The Roman observatory consists of a telescope with a 2.4 m diameter primary mirror and two instruments, the Wide-Field
Instrument (WFI) and the Coronagraph Instrument (CGI), and operates in a libration orbit about the Sun-Earth L2
Lagrange point. The telescope is a three-mirror anastigmat design, partly based on existing hardware and design heritage
[1]. Roman’s Wide Field channel features a 300 megapixel near-infrared detector array providing a field of 0.8 degrees
by 0.4 degrees. This corresponds to a field of view of a factor of >100 larger than the Hubble Space Telescope WFC3-IR
camera field of view, and with comparable sensitivity and spatial resolution [2], [3].

In order to enable a low-resolution spectroscopy functionality for Roman, a small Prism Assembly was added to the Roman
instrument suite as a sub-assembly to the WFI, located in the WFI Element Wheel. The two instruments, WFI and CGI,
share the Primary and Secondary mirrors, after which the input is split up in 2 channels; the WFI channel consists of two
flat fold mirrors, followed by a tertiary mirror, which results in a f/8 beam entering the Prism Assembly [4].

As the Prism Assembly was a late add-on to the WFI, the location in one of the slots in the WFI Element Wheel was
convenient, as no additional mechanical accommodations or design modifications needed to be made. Figure 1 shows the
location of the Prism Assembly in the Element Wheel Assembly (EWA) of the Wide Field Instrument on the Roman Space
Telescope. The optical telescope, installed on the Instrument Carrier structure is shown to the left. The relay optics in the
Aft Optics Module, consisting of a tertiary mirror and two fold mirrors, and the WFI are shown to the right. The location
of the EWA is at the telescope exit pupil, at the entrance of the WFI, with the Prism Assembly shown at the 11 o’clock
position. The Prism assembly does not feature a ‘spider’ mask for the 6 secondary mirror strut locations as it is not
necessary to block thermal emission from the telescope.

RST Telescope with
Instrument Carrier
holding WFI (right)
(and CGl left)

o

Telescope
Aft Optics
Module

ZOOM IN

Figure 1. Prism Assembly location in the Element Wheel of the Wide Field Instrument on the Roman Space Telescope.
The optical telescope, installed on the Instrument Carrier is shown to the left, the relay optics in the telescope Aft Optics
Module and the WFI shown to the right, with indication of the location of the EWA.

The Roman Space Telescope uses multiple independent methods to measure cosmic expansion history and growth of
structure. The Prism Assembly provides full field, slit-less spectroscopy in support of Roman’s High Latitude Time
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Domain Survey (HLTDS) providing information about universe expansion over cosmic history. The role of the Prism
Assembly in the study of dark energy is to acquire spectra of Type la supernovae; explosion of white dwarfs which exceed
threshold mass by accretion. This observation requires measurement of the Silicon lines at 4129 A and of 6355 A, along
with the lines from Calcium, Sulfur, and Iron. Repeated observations of a supernova survey field during the mission will
also build up long exposure times on supernova host galaxies, allowing measurement of their redshifts, primarily using
optical emission lines from H alpha (6563 A) to [OII] (3727 A) [5] In lieu of adding a Prism assembly to the mission
design, additional ground-based spectroscopy was considered as an alternative to cover the desired parameter space.
However, it was determined that such an alternative would not be capable of providing the same volume of data in a
comparable amount of time.

The dispersion scale and orientation, bandpass edge, throughput, and imaging capability, are key features of the Prism
Assembly. Prism yields low dispersion spectra over a wavelength range of 0.75 um to 1.8 pm, with zero deviation for
light near 1550 nm. The Prism passband enables a survey of redshifts in the range from 0.2 to 1.7, with sensitivity to cover
the faint afterglow of high-redshift supernovae. The Prism Assembly provides low resolution slit-less spectroscopy over
the large field of view with a spectral resolution R>70 for all wavelengths, and R< 170 for wavelengths > 0.8 pm for the
center field point.

The light collected by the Roman Space Telescope passes through the EWA before reaching the WFI detector. The EWA
is a rotating mechanism which allows the observer to select appropriate filters and elements for specific observations. The
WFI element wheel has 11 slots, which hold eight science filters, one dark element, one grating prism (the Grism
Assembly), and one Prism Assembly. On orbit the Prism Assembly is dialed in front of the Mosaic Plate Assembly (MPA)
18 segment focal plane array (FPA) with a total of 300 million pixels before science imaging with the Wide Field
Instrument begins. An image of the FPA is shown in Figure 2.

WEFTI also provides attitude correction estimates to the spacecraft based on guide star data collected from the science
detectors for fine pointing control of the Observatory. The pointing control requirements are to 10 mas RMS in pitch/yaw.
However, because of the instrument design, the guide stars are observed through the same optical element in place for the
main observation. This results in a more challenging pointing control for slit-less spectroscopy observations than for direct
imaging observations. With the Prism Assembly, guiding is performed using the blue and/or red ends of the stellar spectra
that cover about 100 pixels in the dispersion direction.
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Figure 2. Mosaic plate assembly (MPA) shown left, schematic of Prism test field points location and distribution in the
focal plane array shown right.
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2. METHODOLOGY
2.1 Design

The Prism design has heritage from earlier incarnations of the mission [6]. There were many design challenges for Prism,
besides the envelope constraints. Examples include the f/8 converging beam from the telescope induces aberrations,
highly-tilted surfaces, a large field of view and large wavelength range introducing chromatically varying field-dependent
aberrations. Furthermore, significant optical imaging design constraints exist for the Prism Assembly, which led to a non-
deviating, zero-power system that has to be parfocal with the other elements in the EWA and with the telescope itself.
Another challenge for building the Prism was the low on-orbit operating temperature range of 155K-195K, as the design
required knowledge of the cryogenic absolute refractive index to 1107,

The placement in the element wheel posed strict limitations on the size, geometry and mass of the Prism Assembly. The
physical envelope of the Prism Assembly could be no longer than 86 mm (z-direction), and the optical elements diameter
no larger than 119.25 mm. The mass could not exceed 3 kg. These physical restraints were among the drivers for the
design solution, and added to the technical challenge of a design covering the entire FOV and the wavelength range. [7].

To achieve the resolving power of the Prism in the space allocated, the wavefront performance deviates from being
diffraction-limited over a portion of the field. The Prism is composed of two refractive elements of dissimilar optical
materials. A two-element refractive design with all spherical surfaces was favored, since it was considered the least
complicated to manufacture, test, integrate and align [8], [9]. Figure 3 shows a diagram of the ray trace through the Prism.

As the Prism was a late addition to the Roman WFI, selecting well-known materials partly mitigated schedule risk. The
first element (P1) is made of S-TIH1 glass (manufactured by Ohara), selected to control dispersion. S-TIH1 is a highly-
refractive, high-dispersion glass (n=1.71695, v=29.75), chosen because its dispersion yields a resolving power (R), versus
wavelength (), closest to ideal for supernovae science. The selection of the S-TIH1 glass for P1 was based on heritage
design and driven by the Roman science program. The material index of S-TTH1 at cryogenic temperatures had been
measured for prior flagship missions at GSFC in the Cryogenic High Accuracy Refraction Measuring System (CHARMS)
testbed for an earlier project. [10], [11], [12].

The low dispersion P2 element is installed after the highly dispersive P1 element as a corrector element which allows for
integration into the telescope without moving the focal plane. The P2 element is a wedge placed in opposition to the
wedged P1 as shown in Figure 3. P2 provides beam steering and balances aberrations caused by P1, and aim the zero
beam (chief ray) deviation at the 1550 nm wavelength. The design favored calcium fluoride (CaF>) as the low-index
material (manufactured by Ohara Corp and Hellma Materials) for P2 due to its very low dispersion in the Near-Infrared
Region (NIR). CaF; has a lower index and lower dispersion (n=1.43479, v=96.66) than S-TIHI. It is a well-known
material, yet challenging to source, delicate to handle, manufacture, integrate and bond, especially for the assembly’s
relatively large 125 mm blank needed. However, alternative materials were not found to satisfy the design goals.

The Prism Assembly length (along the optical axis) is ~80 mm. The largest optical element, P2 (CaF>) is 119.25 mm in
diameter, with a clear aperture of 114.2 mm. The P1 optical element (S-TIH1) is 111.1 mm in diameter, with a clear
aperture of 106.0 mm.

The geometry of the Prism optical elements presented both fabrication and mounting challenges since they featured large
ten-degree wedges which resulted in relatively thin edges (3-4 mm). These challenges are described below.
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2.3 Calcium Fluoride (CaF>)

In choosing CaF, material for the second wedged prism in the Prism Assembly, it was considered that CaF, is a challenging
material to work with, especially considering that it represents some of the largest CaF, optics that our organization has
worked with. For the Prism P2 optic, it was imperative to source large CaF, blanks of high homogeneity (refractive index
homogeneity <= 1 '107), low stress birefringence (<10 nm/cm Peak-Valley), and free of grain boundaries and slip planes.
The 125 mm +/- 0.2 mm diameter, 45 mm +/- 0.2 mm thick CaF, blanks were required to be monocrystalline, required to
have high UV grade transmission from visible to near IR. The low stress-birefringence was verified via quantitative
mapping (performed at Hinds Instruments). The required crystal orientation was {111}.

Stress birefringence is quantified in [nm/cm], corresponding to the optical path difference per length of material. Stress
birefringence, or photo-elastic effect, occurs as a result of pressure or tension. For an optical material, this can be caused
by internal or residual stresses. For example, it can be caused by uneven temperature during the annealing process when
the internal stress causes an otherwise isotropic material to be anisotropic.

Ordering blanks early in the process was imperative, and sourcing the material from different vendors reduced the technical
and schedule risk. The growth time of CaF, was taken into account, and since most vendors grow the crystals to order, a
lead time of several months was expected. It is possible to search the market for ‘remnants’ off larger CaF, blanks.
However, caution should be taken regarding this approach since remnants may be of lower quality that do not meet
refractive index homogeneity and stress birefringence requirements. These factors can vary throughout the crystal, such
that grain boundaries in the crystal render the blank multi-crystalline.

In addition to ordering CaF2 blanks early, several spare blanks were ordered, since the brittle nature of CaF2 makes the
material more prone to breakage during handling and manufacturing, compared to many other commonly used optical
materials. At almost any point in the process from shipment through finished optic there is some risk of fracture, and with
the long CaF, blank lead time, a project can experience serious schedule setback if a spare CaF, blank is not readily
available.

Upon receiving, thorough inspections of the CaF, blanks were conducted to confirm requirements. Inspections included
examining the CaF, blanks for stress birefringence using crossed polarizers, for example in a microscope with two 90-
degree polarizers. However, this is a qualitative method. A quantitative measurement of the stress birefringence was
performed using Photo-Elastic Modulation (PEM) technology, where the incoming light is modulated at a high frequency,
and a birefringence map of the blank under test is created. The Prism CaF2 blanks underwent this type of test, allowing
high accuracy mapping (to < 0.005 nm).[13]. A birefringence map is the result of a photo elastic scan across the entire
surface, reading out the birefringence in nm/cm. Figure 5 shows two examples of CaF, blanks considered for the Prism P2
element. The top plot shows the stress birefringence map of a high-quality blank which conforms to the requirements. The
bottom of Figure 5 is an example of a non-conforming blank with stress birefringence significantly above the requirement,
and a low grain boundary seen horizontally in the map and in the adjacent photo of the blank. A low-angle grain boundary
may not be a fracture problem, but can be an optics problem. Stress birefringence mapping facilitated selecting the best
specimens for use in manufacturing of Prism Flight and Spare optics. Italso served as a cross-check to qualify or disqualify
other candidate blanks, which could be used in prototyping. (P1 and P2 optical elements were manufactured by Optimax,
and QED Optics supplied extra P2 spare).

Another potential CaF; issue is the occurrence of slip planes causing slip (deformation), from yielding of the crystal. Slip
planes are CaF, artifacts associated with stress. The most likely cause being a result of overly aggressive handling during
fabrication, or during process steps such as blocking, deblocking, grinding or polishing. However, appearance of slip
planes in early stages of fabrication or at blank level indicates a nascent structural defect in the crystal [14].
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Figure 5. CaF; stress birefringence map of high quality CaF, blank shown on top: The birefringence is in nm/cm with

reference to the color bar to the right of the plot, red indicating the highest, and purple indicating the lowest measured

birefringence. Example of stress birefringence map of non-conforming CaF2 blank (bottom): Stress birefringence is
much too high. Horizontal low grain boundary is seen in the map (left), also visible on photo (right).

Slip planes can be detected in different ways, at different times in the process. One slip plane was detected via polarization
mapping using cross polarizer images at the blank level, indicating a structural defect in the crystal. The slip plane

manifested as a square signature. See Figure 6.
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Figure 6. Slip plane detected on CaF, blank. Characteristic square signature (left). High stress birefringence indicated in

the birefringence map (center). Image (right).
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Another slip plane was detected on an early prototype of the P2 optical element during transmitted wavefront
interferometry testing with a computer generated hologram (CGH) [15]. This early prototype-was based on a blank which
was found to not pass the CaF, requirements for the flight optical elements. The slip plane manifested as a square signature
in the surface error map. See Figure 7.
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Figure 7. Slip plane on figured optic. Signature from transmitted wavefront error test of an early prototype P2 optic.

Based on the discovery of a slip plane in the early prototype P2 element, all steps of the manufacturing and handling
process were re-evaluated with the purpose of identifying process steps, such as blocking, grinding, polishing and
deblocking, which might have played a part in the emergence of the slip plane. However, no one step was identified as the
sole culprit. However, it is important to note that the manufacturing process for the particular P2 prototype differed from
the standard manufacturing process with respect to number of iterations. Since a repolishing of the optical surfaces was
needed for this element to achieve the required surface figure, an extra blocking operation as well as a subsequent
deblocking operation was needed. It is important to note that the Prism Flight optics did not need these extra process steps.
The blanks used for the Flight and Spare optics were selected from a different batch of CaF, blanks which had no slip
planes, and conformed to all specifications.

CaF, cannot withstand large rates of temperature change due to low thermal shock resistance of crystalline materials. The
CaF; crystals can cleave along their preferred crystal planes when exposed to overly high temperature gradients, especially
during cooling. [14]. To minimize the risk of problems due to large temperature gradients for CaF,, conservative
temperature change rates were applied to the Prism optics. These rates were 15 K/hour for heating, and 5 K/hour for
cooling. These temperature rate constraints pose restrictions on common processes such as blocking and deblocking, but
were also applied for all manufacturing, testing and temperature cycling. Active temperature control was added to the
Prism manufacturing process. Furthermore, it was verified that none of the chambers used for optical element temperature
cycling as well as for cryogenic optical performance testing of the Prism assembly exceeded theses rates.

In summary, the risks associated with CaF, optics were mitigated using both technical and programmatic avenues. The
technical risk mitigations included extended characterization of blank inventory, and control of temperature change rates
and handling. The programmatic risk mitigations included extended oversight, sourcing extra blanks from different
vendors, and sourcing enough CaF, blanks to cover two assembly builds and multiple spares.

2.4 Edges

The geometry of the highly-wedged optical elements and limited mass allocations necessitated selection of a radial edge
bonding method. To ensure maximum bond strength, the bond area needs to be maximized. It was therefore essential for
P1 and P2 to have flawless bevels and impeccable edges. This placed very high surface-quality requirements on the edges
of P1 and P2. The bonding allowables were developed based on a perfect surface. During the development phase, bond
strength tests were performed, using CaF, test coupons manufactured to mimic surface defects. Therefore, the edge
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surfaces therefore needed to undergo a final fine polishing step using an abrasive with particle size no larger than one
micron.

After an approved blank had been provided to the optics shop, the first order of operation was to generate the edges.
Generating the edges was more challenging on CaF, than on S-TIH1. The edges of the CaF, underwent a thorough
inspection before the optical surfaces one (S1) and two (S2) were generated. The inspection was performed on the blocked
part, in order to avoid the risk of de-blocking and re-blocking if the edges needed rework. The edges were inspected using
a Keyence Digital Microscope VHX7000 with magnification 20x-200x, with 90-degree tilt head to obtain a good view of
edges while the optic was held in a support stand. The smoothness of the edges was checked, and reworked if inadequate.
Scratches or chips were unacceptable, but the presence of a very limited number of minor sleeks on the edge, which were
not endangering the integrity of the part, were accepted.

2.5 Inspection

When inspecting the highly-wedged Prism elements, the tilt-head microscope was used, such that the optical surfaces as
well as the optics edges could be examined in the same setting. This required less handling of the finished optic, and less
mechanical implements to support the optics standing on its edge, hence reducing the risk of damage during handling.
The comprehensive post-polishing incoming inspection program for the Prism optics consisted of weighing and
dimensional checks, plus optical microscope inspection of the optical surfaces S1 and S2 for each element, bevels, integral
flats, and edges. Furthermore, the optics were inspected for cracks and chips, scratches with/without cracks and chips,
pits, sleeks, contaminants (particulate, chemical, etc.), and other unexpected defects. The 45-degree bevels, 0.5mm-1mm
wide, between each surface and the edge had to be entirely free of nicks and chips in order to pass inspection.

2.6 Prism alignment features — fiducials and integral flats

Figure 8. (a) prototype P2 with laser engraved center fiducial. (b) Microscope image of prototype P2’s laser engraved
center fiducial. Several micro cracks are visible, leading to loose particles.

Fiducials are an important alignment tool for the optical elements. For the Prism prototype P1 and P2 elements, fiducials
were laser engraved into the surface. One center fiducial consists of two crossed orthogonal lines, each a few mm long
(none of the science field covers the center of the optics), and two additional fiducial markers are 90 degree apart near the
edge of the optic, outside the clear aperture. Unfortunately, microscope inspections of the surface showed local damage to
the laser engraved area, visible as small chips/cracks, which were found both in the P2 prototype’s CaF, material, and to
a lesser extent P1’s S-TTH1 material. It did not look like these had propagated further, judging from a part that had been
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thermal cycled and vibration tested. However, it did look like small particles had fallen off and this was assessed to be a
contamination risk for the instrument, more than a strength or fracture risk. See Figure 8.

Fiducial application from laser engraving was omitted for flight optics to avoid structural and contamination risks from
loose particles. Temporary ink-fiducials were applied as a substitute. These fiducial positions measured in the optical
coordinate measuring machine (CMM) prior to alignment and bonding.

Lens alignment also relied on integral flats polished into the edges of both the P1 and P2 optical elements as shown in
Figure 9. Figure 9 also includes a photo of the entire P2, with the thin edge in front. The six bond pads are located
symmetrically around the lens’ Y-axis, which is represented by the symmetry line connecting the thinnest-to-thickest
location on the optic.

The integral flats have a flatness of 1/4 wave at 632.8 nm wavelength. They are used to create the part’s coordinate system
and are positioned 90 degrees apart at the six and three o’clock positions viewed from the P2 S1 surface, and at the twelve
and three o’clock positions viewed from the P1 S1 surface. The Y-axis is normal to the six o’clock flat. The twelve and
three o’clock flats define the z-axis, and the x-axis is normal to the +Y and +Z axes. Theodolites are used to monitor the
flats during alignment, test and bonding.

Figure 9. Photos of P2 optical element after completed manufacturing: Two integral flats are polished into the edges of
all optical elements. One flat is shown in the center of the left photo. To the right a photo of the entire P2, thin edge in
front.

2.7 Optical performance of individual optical elements

Each element was individually characterized using interferometry with a computer generated hologram (CGH), and optical
CMM to determine radius of curvature, before final selection for Flight and Spare elements. The radius of curvature of P1
elements were measured again post coating, with each element in the assembly.

Two complete Prism assemblies were bonded, one Flight Assembly and one Spare Assembly. In addition, one extra P1
spare optical element and three extra P2 spare optical elements were manufactured. The optical performance of each optical
element was tested individually as they became available from manufacturing.

10
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CGH were designed and manufactured for each of P1 and P2, [15], at 2 different wavelengths, 1053 nm and 1546 nm, so
that testing could take place in two different interferometers to maximize use of time and available metrology equipment.
The test of the individual optics took place before any optics were bonded into their cells.

Only the optical elements selected for Flight and Flight Spare were bonded into cells. The selection of the Flight optics
P1 and P2 pair, and the Flight Spare P1/P2 pair was based on the measured individual optical performance of every optical
element built for the Prism program. Down-selection considered the quality of S1 and S2 surfaces, as well as the edge
quality of all the elements.

Ground support equipment (GSE) mounts were developed to hold individual optical elements during qualification optical
performance testing. The GSE mounts were equipped with metrology references consisting of laser tracker target nests
and optical alignment cubes. The optical element under test was temporarily installed in the GSE mount via cushioned set
screws and placed in a Micro-Vu optical CMM to establish the relationship between the element’s integral flats and
fiducials, the mount’s laser tracker targets and optical cubes.

The transmitted wavefront error (TWFE) measurements were performed with an interferometer (1546 nm, Zygo) in
double-pass as per Figure 10. The optical element in its LPM was placed on a hexapod to facilitate alignment. A laser
tracker was used to guide the P2 positioning via the laser tracker targets placed on the LPM frame. The TWFE and back
focal point were measured at the nominal position, and the TWFE was minimized by adjusting the hexapod.

[ =

Laser

Tracker

P2-LPM CGH-IR IR inter-
ferometer

Figure 10. TWFE set up for characterization of individual optical elements.

In addition to the TWFE testing, the radius of curvature was measured for S1 and S2 of the optical elements using a non-
contact optical CMM.

To determine which of the P1 and P2 optical elements would be selected and combined for the Flight and Spare assemblies,
a thorough down-selection was performed based on the as-built performance results from measurements on the individual
optical elements and on model predictions of the performance of each P1-P2 combination in the telescope. The individual
TWEFE, radius of curvature, mid-spatial frequency content, as well as the quality of optical surface, edges and bevels were
also considered.

The four available P2 optical elements were paired up with the three P1’s in all permutations. The combined optical
wavefront error performance was evaluated in the Zemax model, together with the chief ray deviation, using the as-built
data for each optical element. For each possible P1/P2 combination, a Monte Carlo run was performed varying the position
of P2 in the mount to meet the WFE requirement and calculate the chief ray deviation. Adjustable parameters included X,

11
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Y (lateral), and R. For the combinations with the lowest WFE, a further optimization round was performed to minimize
the chief ray deviation. P1 serial number 2 (SN2) paired with P2 serial number 1 (SN1) gave the best combination.

The wavefront error requirement calls for (a contiguous) 90% of the entire field to perform better than 135.1 nm (@1200
nm wavelength, 155 K), i.e., not an average WFE performance metric across the field. The expectation from modelling
and experimental work was that the right and left edges would be the most challenging, which was expected due to the
focal plane array being longer in X thanin Y.

3. PRISM ASSEMBLY AND ALIGNMENT

3.1 Opto-mechanical implementation

The Prism mechanical design features edge bonding of the two elements into individual cells. The assembly strategy was
to install each optic in their respective individual cells, then shim the P2 cell at the interface to the P1 cell deck to create
the correct relative optical alignment. The P1 deck holds the P2 cell, as well as the P1 mask, and is the reference for all
mechanical and optical alignments. See Figure 11.

4-6 bond pads

P2: = 2.8mm thin edge
= 39.7mm thick edge

Figure 11. Prism mount. P1 (S-TTH1 element) mounted in the P1 cell to the left (orange), and P2 (CaF2 elements) is
mounted in the P2 cell shown to the right of the P1 mount (yellow). The face on view shows the P1 cell seen from the
back of P1, with mounting pads (‘deck’) to hold the P2 cell.

Each of the P1 and P2 optical elements were individually edge-bonded into separate cells. The cell materials were chosen
to ensure minimum coefficient of thermal expansion (CTE) mismatch between each optic and its cell. The Prism Assembly
would later be mounted to a flexured Titanium interface pad on the Beryllium element wheel.

The P1 optical element was bonded into a titanium cell with four bond pads, and the P2 optical element was bonded into
an A286 stainless steel cell with six bond pads, for structural robustness, and redundancy. A Teflon dam was placed to
control the bond line shape and thickness.

Figure 12 shows a photo of the Prism Assembly, where the P2 optical element is in view and the P1 optical element is
underneath. The bond pads are visible as faint gray circles on the edge of the optic. The completed Prism Assembly
measured 207 mm (largest diameter) x 94 mm (long), which was well within the envelope allowed by the Element Wheel.

The Prism P2 cell is attached to the P1 cell with Titanium flexures. Spacing, pointing, decenter, and clocking adjustments
of P2 relative to P1 is possible via the kinematic alignment features. The Prism P1/P2 cell interfaces provide adjustment
resolution of 30 arc seconds tip/tilt and 12 microns spacing. The Prism Element Wheel interface provides a 1.5 mm
centration capability, and 1.5 mm shim capability to adjust spacing and tip/tilt.
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An extensive CaF, coupon testing program was conducted to determine the best crystal orientation for the P2 optical
element and to develop the proper bonding strategy. Several coupons were manufactured for the test program. These
included circular disks, 32 mm diameter x 2 mm thick, with faces of all three orientations, {100}, {110}, and {111}, and
beams 50 mm long with cross section dimensions of 3 mm x 4 mm and 4 mm x 10 mm. The 3 x 4 mm beams had {100},
{110} or {111} cross section with a 400 grit finish, while the 4 x 10 mm beams were polished but had an unknown
orientation.

Figure 12. Photo of the Prism Assembly in its (non-flight) transport stand. The P2 element in the A286 Stainless steel
cell is facing up. The bond pads are visible around the edge as gray circles.

For {100} polished disks, the strength is about 180 MPa, while for the {110} and {111} faced disks, the strength is about
65 MPa. For ground beams the strength is < 100 MPa, depending on the orientation. The polished beams exhibited a
strength of about 115 MPa. Beams are more difficult to polish than disks and are more sensitive to edge damage, which
may account for some of the difference.

The conclusion of the coupon testing was that the CaF, {111} crystal orientation is the weakest with respect to mechanical
properties. However, the {111} face polished better than other orientations, as is confirmed by the material vendor, and is
preferred from an optical standpoint. Because the mechanical requirements could be met with a {111} orientation while
providing better optical properties, the {111} orientation was used. Details of the mechanical testing can be found in [16],
[17].

In order to assess the thermal performance of the optomechanical design, a mechanical model of the Prism Assembly was
built, consisting of a S-TIH1 optical element and a CaF, optical element, both with flat polished surfaces S1 and S2, as
well as cells for each optical element. The optics were bonded in their respective prototype cells and subjected to the flight
temperature range of 155 K to 195 K, as well as survival temperature of 137 K, before the figured Prism optics for Flight
and Spare were manufactured.

13
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3.2 Alignment of Prism Assembly

The Prism optical element alignment and bonding into cells was based on methodology developed for the Roman Grism
[18],[19]. The Prism P1 and P2 optical components were sequentially aligned into their respective mounts, with an optical
profiler and two theodolites.

An optic’s cell mount was installed on a three-legged stand under the optical profiler where the deck optical cube was
calibrated to the coordinate system and features observable by the optical profiler. Additionally, on the optical profiler
table, the optical element was placed in an auxiliary, temporary fixture on a hexapod, such that the optical element was
inside the cell as shown in Figure 13. The integral flats of the optical element were related to the cell and deck cubes using
the theodolites. The hexapod was used to align the optical element into the cell, guided by the theodolite readings. When
the alignment process was complete, the bonding adhesive was injected through holes in the cell using a syringe. After the
bonds had cured on both P1 and P2, the two units were combined into the Prism Assembly at nominal (design reference)
alignment by installing the P2 cell on the deck that holds the P1.

Figure 13. Prism P1 optical element on hexapod for alignment and bonding into cell.

The mount assembly provides a capability to adjust P2 relative to P1 in X, Y, Z and rotation about X (Ry) and Y (Ry), in
the local coordinate frame via shimming. The P2 cell adjustability has a limited range (to a maximum of 1.5 mm in each
of the X and Y directions). Movement in dZ is an efficient compensator, movement in dY less so, and dY is also
mechanically more complicated and riskier to implement. Ry has very limited sensitivity, whereas modeling shows, and
alignment tests confirm, that R, was an efficient compensator for improving optical assembly performance.

The size and shape of the shims needed for the alignment corrections of P2 relative to P1 were determined by ambient
interferometer WFE test results and the Zernike composition as a function of field angle. Overall WFE was minimized by
balancing Zernike terms on field points on opposite sides of the detector center, where the astigmatism field should have
it node. Astigmatism was the dominant field aberration except near the node for all field points. After the WFE test, the
measured Zernike terms were plugged into a model of the Prism. This provided the current estimated alignment state
relative to the ideal alignment. Shims were then modified to provide the needed adjustment of P2 relative to P1.

The ambient Prism Assembly alignment process using shim optimization was performed over 3 iterations with wavefront
error performance of the Prism Assembly measured at ambient in the interferometer between each adjustment. Reducing
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the difference between installed and calculated shims helped improve the alignment convergence, which was impacted by
shim thickness tolerances. A final re-shim was performed based on the Prism Assembly cryogenic WFE test results.

Figure 14 shows the Prism Assembly with optical axis vertical. P2 visible at the top; pupil mask at the bottom. Simple ink
fiducials are in the center of each optic to aid alignment during the element test and integration phases. Nests for
Spherically Mounted Retroreflectors (SMR) metrology targets, and alignment cubes on the mounts are used during
nominal alignment of the parts.

Flat

Cube

Figure 14. Prism Assembly with optical axis vertical. Some of the cube, flat, and nest metrology aids are pointed out.

4. RESULTS

4.1 Performance testing flow of Prism Assembly

The Prism individual elements and the Prism Assembly were modeled in Zemax, as both an ambient temperature model
and a cold as-built model [20]. From the room temperature model, the design values were gradually replaced by as-built
values as the Prism was assembled, aligned and tested at ambient temperature and pressure. Cryogenic metrology data was
used to mature the Prism’s Structural — Thermal — Optical — Performance (STOP) model, which was in turn applied to the
Prism’s WFE performance model. The optical element positions were optimized within the metrology uncertainty to match
the cryogenic WFE testing, by comparing the low order Zernike coefficients. The higher-order Zernike coefficients
determined by STOP modeling were adjusted based on the cryogenic interferometric measurements.

The telescope design optical model was used to estimate the end-to-end performance of the entire system (from telescope
to Prism Assembly). This was accomplished during the design, test, and integration phases. During the alignment process,
the model of the as-fabricated Prism optics was inserted in the Roman Space Telescope optical model to assess the system
performance. The Prism Assembly alignment was optimized using the telescope design reference optical model. As per
the Roman schedule, Prism Assembly design and development occurred simultaneously with the telescope fabrication and
test. Thus, optical performance was modeled using the available as-fabricated values for the telescope mirrors at the time
of Prism Assembly development.
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Monte Carlo analysis was used to determine the end-to-end system performance of the Prism Assembly inserted in the
telescope [20]. As there was not yet any as-built information for the telescope in the Prism alignment, integration and test
phase, a pseudo as-built telescope model was used. It was based on the as-fabricated information of the telescope mirrors,
alignment errors, adjustment of flight compensators, and on-orbit perturbations. On-orbit, the Secondary Mirror is actuated
in five degrees of freedom, and Fold Mirror 1 is actuated in three degrees of freedom. As more of the telescope mirrors
(Primary, Secondary, Tertiary, Fold 1, and Fold 2) were completed and tested, the pseudo as-built model was refined, and
the Monte Carlo analysis updated. Whereas the Roman Space Telescope offers some adjustability on-orbit via the actuated
mirrors as described above, there is no alignment adjustability on orbit for the individual Prism Assembly. There is no
refocus adjustment in the Prism mode of the Wide Field Instrument. The focus position is inherited from the Filter mode,
where the MPA is actuated in 3-degrees of freedom via a hexapod alignment compensation mechanism.

The process flow chart for the Prism Flight assembly and alignment flow is shown in Figure 15.

Ambient

Cryogenic Ambient
WEFE test WFE test

Ambient Cryogenic
WEFE test WEFE test

Figure 15. Flow chart for the Prism Flight assembly and alignment flow.
Legend: Box color: Green: Alignment and bonding process. Red: Ambient WFE testing .Blue: Cryogenic WFE testing.

After alignment and bonding of both optical elements P1 and P2, an interferometric WFE test was performed. The result
was used to update the model and determine how the shimming under the P2 element cell was to be modified for optimizing
assembly alignment. This process was iterated twice before the cryogenic test, after which a final re-shim was determined
and implemented. After the final re-shim, the Prism Assembly underwent a vibration test, and a final cryogenic WFE test.

While the Prism Flight Assembly underwent thermal vacuum testing, the Prism Spare Assembly, which had been
nominally aligned at ambient, underwent vibration testing. The Prism opto-mechanical design was qualified after
successful completion of these tests. The reason for performing the vibration test on the Prism Spare assembly before it
was performed on the Prism Flight assembly was to mitigate risk by early opto-mechanical design qualification. The
Prism Flight assembly was vibration tested later in the project flow, before its final cold wavefront error performance test.
Figure 16 shows the completed Flight Prism Assembly, held in its T-stand used during handling.
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Figure 16. The completed Prism Assembly shown in its T-stand which was used during handling.

4.2 Prism bandpass-coating

The P1 optical element includes a multi-layer bandpass coating (Alluxa). Figure 17 shows the characterization of the
multi-layer passband coating at cryogenic and ambient temperatures, and at varying angles of incidence, as a function of
wavelength. The P1 element has half the coating layers on S1 and the other half on S2. The filter stops transmission
outside the edges of the bandpass. The coating on the front surface, S1, of P1 defines both edges of the bandpass, and the
coating on P1’s back surface, S2, adds additional blocking in the NIR region. This makes it possible to see through the
back surface of P1, which facilitates the bonding process. P2 was not AR coated, as modeling showed that the benefit of
coating did not overweigh the risks associated.

The coating, represented by a witness sample coupon, was characterized at GSFC using a Perkin Elmer Lambda 950
spectrophotometer for the measurements at ambient temperature. An Oxford Instruments Optistat CF continuous flow
cryostat was added inside the spectrophotometer to obtain coating performance measurements at on-orbit operational cold
temperatures. For each, coating performance measurements were obtained as a function of wavelength at varying angles
of incidence (AOI) representative of the field points across the wide field. The slight shift to longer wavelengths at
increasing temperature is a property of the S-TIHI substrate-filter interaction [21]. The edge characteristics of the
bandpass filter were also measured as well in the Ellipse Testbed described in Section 4.3.
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Figure 17. The performance of the multi-layer passband coating on the P1 element at cryogenic and ambient
temperatures, and at varying angles of incidence, as a function of wavelength.

4.3 Prism dispersion scale. Prism spectral performance.

The Prism spectral performance was measured in the Ellipse Testbed, which was designed for these measurements for
Roman and used to characterize the dispersion scale, dispersion clocking, total throughput, level of ghost imaging,
radiometric calibration, and bandpass filter edges of the Prism Assembly [22]. An Argon source calibrated fast Fourier
transform (FFT) based Optical Spectral Analyzer was used to calibrate the source wavelengths.

Spectral accuracy and absolute wavelength knowledge were the most challenging tests. Slit-less spectrometers strongly
rely on the dispersion scale and bandpass filter edge sharpness to determine absolute A calibration. The testbed provides
a diffraction-limited beam for Prism testing. The light source is a white light laser. A single comb filter spanning 700 nm
—2000 nm provides a spectral line series with the desired spacing and bandwidth to perform Prism dispersion scale
measurements over the entire spectrum [22]. The layout of the Ellipse Testbed is shown in Figure 18.

Optical Assembly
Coordinate System

Elliptical mirror X
S
Z' paralle| to

beam axis

Optical Assembly g 2] Measurement
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Figure 18. Top: Layout of Ellipse Testbed. Bottom: Accompanying comb filter output spectrum for spectral
performance characterization of Prism Assembly. [22].
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To accommodate the science goals the required power to resolve adjacent peaks in the spectrum is
R > 70 at all wavelengths, and R < 170 for all wavelengths A > 0.8 um, across the full field.
The resolving power of Prism is given by R= A/ A\

where A is the wavelength, and A is the greater of 2 pixels, or the full width at half maximum of the optical line-spread
function. The pixel size is 10 um x 10 um.

This resolving power is achieved for all wavelengths, for all fields. R is directly verified by measurement of the dispersion
profile and by showing that the Prism Assembly has a spectral dispersion of between 2 nm/10 pm and 9.5 nm/10 um for
all wavelengths A > 0.8 pm across the full field of view. Spectral dispersion versus wavelength measurement is shown in
Figure 19.

Prism measured dispersion scale vs. wavelength

Measured Dispersion Scale (nm/10um pixel)

800 1000 1200 1400 1600 1800
Wavelength (nm)

Processed image

s Bestfit centroids

888858069869909998850088889988988958 9 4
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Figure 19. Top: Prism measured dispersion scale vs. wavelength plot for all evaluated field positions. Bottom: An
image of the best fit centroid and its location on the sensor for each measured wavelength. [22].

The results from the Ellipse Testbed are the product of many highly-optimized procedures and automation tools developed
for acquisition feasibility and speed. Through this test campaign, described in detail in [22], the spectral performance of
the Prism Assembly was verified. For completeness, Table 1 lists the findings of the Prism Assembly performance. All

19



Nello N No )NV, RN US I (S I

parameters are within the requirements. It should be noted, that for formal verification, the spectral performance is re-
measured at cryogenic temperatures later at the Wide Field Instrument level.

The agreement between dispersion scale measurement and model was good, but with a trend of the measured dispersion
being slightly lower than expected from the model, yielding a spectral trace 0.7% shorter than expected. This error was
low enough that the dispersion was in spec, but not accurate enough for science simulations. Troubleshooting excluded
everything other than the refractive index of the Prism P1 material, S-TIH1. CaF, was ruled out as a source of error due to
its purity and minimal lot-to-lot variation, whereas S-TIH1 is solid solution with small variability. A lesson learned was
that relying on a measurement of the refractive index for S-TTH1 from a sample instead of from the same blank as the
Prism flight optics added to the uncertainty. During the test phase of the Prism Assembly, the refractive index as a function
of wavelength of the as-used S-TTH1 used was estimated and used to improve the fidelity of the as-built Prism model [20].

Raw Ellipse Testbed data were to develop an optical model-based fit. The refractive index was set as a free parameter, but
fixed at the lowest wavelength. The resultant indices were interpolated with a 3-term Sellmeier dispersion formula. The
updated dispersion allows a single alignment to describe interferometric data and power measurements at 1053 nm & 1546
nm to within error bars [23].

Table 1. Prism spectral performance parameter summary.

Prism parameter | Measurement Meets
spec.?
Dispersion scale Shown in Figure 19: 2 nm/pixel < x < 9.5 nm/pixel over the entire wavelength Y
range. Pixel size 10 pm x 10 pm.
Resolving power The dispersion and WFE requirements for Prism will, when combined with the Y
telescope and MPA, turn into a resolving power; R>70 for all wavelengths,
and R< 170 for wavelengths A > 0.8 um for the center field point.
Total throughput 91%, exceeding requirement of 73%. No field dependence Y
Dispersion This Prism spectral dispersion is oriented within 0.0053 radians (including the Y
clocking measurement error) of the Y axis.
Ghost imaging The area of ghost images is ~1,000 x larger than their parent Point Spread Function
level (PSF), and the irradiance relative to the parent trace is determined to be of order

~1-1077. This fulfills with margin the requirement that the integrated power (over Y
twice the spatial size as the primary trace) of ghost artifacts in Prism’s optical path
< 0.3% of the primary image anywhere on the image plane.

Edge: 761.3 nm | Slope: (A90 —X10) /250 < 0.007 Y

Bandpass filter

l;’llggeedge and Slope: <0.007 | Edge at 50%, Full Width Half Maximum (FWHM)
Bandpass filter red | 1819.7 nm Slope: (A90 —A10) / A50 < 0.03 Y
edge and slope Slope <0.012 | Edge at 50%, FWHM

4.4 Prism wavefront error performance

The Flight Prism Assembly underwent thermal vacuum optical performance testing. The optical WFE performance was
measured in a cryogenic vacuum chamber in order to test the Prism Assembly as closely to space flight conditions as
possible. This also provided for the highest fidelity in the as-built models.

Testing was performed at the nominal operating temperature of 175 K, as well as the low and high operating temperatures
of 155K and 195K. The thermal profile of the test included the survival temperature of 137K, which the Prism Assembly
must withstand, but at which it is not required to perform optically. The interferometer test wavelength was 1053 nm, and
the optical model was used to convert the measured performance to the equivalent performance at 1200 nm, as required
for science evaluation purposes [2].
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The Prism Assembly underwent two cold optical performance tests. The first was conducted after the 3™ re-shim of the
P2 cell which had been performed to optimize the alignment to improve the WFE. The second cold optical performance
test was performed after the 4" re-shim was completed, based on the previous measured cold performance.

The cold test was conducted in a cryogenic chamber at the NASA Goddard Space Flight Center (GSFC). The Cryogenic
Distortion Measurement Facility (CDMF) is a cryogenic chamber installed on a large optical table. The Prism Assembly
and instrumentation was loaded from the top and installed on the baseplate breadboard inside the chamber. An optical
window on the right side of the chamber allowed for double-pass interferometry measurements to be acquired with an
interferometer that was installed on the optical table outside the chamber. The open CDMF chamber and the location of
the Prism and test equipment in the chamber is shown in Figure 20.

The Prism Assembly needs to meet performance requirements over a very large field of view which is 18 degrees by 9
degrees. The thermal-optical performance test setup and equipment did not allow the entire field to be measured
simultaneously. Consequently, its wavefront error needed to be measured at several distinct field points. Their selection
was based on the modeled performance, and to sample worst-case field point locations impacted by highest measurement
error. The center field point is not used on orbit (the physical center field falls in the gap between two of the 18 detector
arrays), but it is always included in the measurement series for repeatability and convenience. To accommodate the ten
different field points, the Prism Assembly was installed on a motorized gimbal mount inside the chamber. This allowed
the Prism Assembly to be moved between measurements to reach the different field points without opening the chamber.
The interferometer was installed and aligned outside the cryogenic chamber. Metrology was performed with a laser radar
(LR) to monitor physical alignment and determine the Prism Assembly back focal point. A laser tracker (LT) was used
for cross-check measurements at ambient conditions with the chamber open.
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stage
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Figure 20. Left: Photo of the CDMF Test Setup with Prism, Calliball, and convex mirror. Right: Top-down view of the
CDMF chamber with Laser Tracker and Laser Radar outside.

The laser radar was used to measure the position of targets (tooling balls) when the cryogenic chamber lid was open before
and after the cold optical performance test, as well as used to monitor alignment through an auxiliary chamber window
during the cold testing (after the chamber lid was closed) [24]. Laser tracker metrology was performed when the chamber
lid was open before and after the cold optical performance test, as a supplementary method to track the location of the
metrology targets. In particular, it was used to calibrate the gimbal, which did not have a stepper motor. Six tie point targets
were placed outside the chamber at positions where they could easily be measured by both the laser tracker and the laser
radar. First, the tie point targets were populated with tooling balls, and they (as well as the CaliBall) were measured with
the laser radar. Then these targets were swapped out with SMR’s, and re-measured using the laser tracker.

The infrared (1053 nm wavelength) 4D interferometer is equipped with a /6.6 transmission sphere, the closest available
to the /8 provided by the telescope. The high-quality convex spherical retro mirror has a 127 mm radius of curvature and
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was placed to the left in the chamber on a motorized 3-axis stage together with a CaliBall, such that the spacing between
the Prism pupil mask and the ball was approximately 693.69 mm.

The initial alignment of the setup was performed with the Prism translated out of the beam path, and the interferometer
equipped with a transmission flat, used to rough-align the source beam parallel to the chamber baseplate. Fine alignment
was performed using a target frame consisting of an empty CGH frame, equipped with four metrology targets, which had
previously been characterized in a MicroVu optical CMM.

The Prism Assembly attitude was adjusted with the gimbal for each field point to be measured, and repeated for each
temperature. At each position, a measurement was taken with the CaliBall at Prism null in order to determine the back
focal point. Afterwards, the convex mirror was positioned at this location using the stage, and a series of WFE
measurements were acquired. Insertion of the Prism into the telescope beam should not change the focus of the
combination. This was determined by measuring the empty interferometer cavity along with the focal point location with
Prism in the beam at all the field angle poses.

The back focal point was determined via laser radar measurements and adjustment of the CaliBall to null power. This was
done for each field point measured at each of the cryogenic operating temperatures, 155K, 175K and 195K. The accuracy
of the back focal point measurement is dependent on the CDMF combined chamber laser tracker and laser radar metrology
accuracy of 28 nm RMS. The back focal point shift was determined to be 36.5 mm@155 K, 29.1 mm@175 K, and 27.2
mm @195 K, respectively.

For the wavefront error measurements, the gimbal and stage positions were adjusted between each field point measurement
for a total of ten field points measured, as shown in Figure 2. Per the Prism optical model, the worst-performing field
points were predicted to be at the left and right edges of the field of view, since the focal plane array width is larger than
its height. Therefore, the field points F4 and F5 were chosen to be as far to each of the sides of the field as physically
possible with the maximum gimbal movement.

The Prism Cryovac#2 test, also performed in the CDMF chamber, indicated that the fourth re-shim performed after
Cryovac#l, and before the Prism vibration test, had improved the WFE performance adequately over the required 90% of
the field. The WFE performance was measured at the nominal operating temperature 175K, as well as the low and high
end of the operating temperature range, 155K and 195K. The test was performed over ten field points at 175K, and at 5
field points at the temperatures 155K and 195K. The WFE measurements were passed through a CDMF testing optical
model and the resultant prism inserted into the telescope model. The estimated performance in the telescope, reported at
1200 nm, are tabulated per field point and per temperature in Table 2.

The WFE compliance is evaluated based on the overall worst performing field point at the most challenging temperature,
155K, which is F4 at 133.5 nm. The evaluation is not on an average performance over the entire field.

Table 2. Measured WFE at the operating temperature range (reported at 1200nm).

WFE
1200nm | F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
(K] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]

155 55.0 62.5 111.0 133.5 119.7
175 52.2 63.8 105.5 129.4 114.4 77.0 71.7 86.0 110.2 79.2
195 56.6 69.7 105.1 128.1 113.7

Figure 21 shows Prism Assembly WFE performance in the telescope at 175 K, reported at 1200 nm, based on the cryogenic
vacuum test results. The wavefront error at all field points across the Sensor Chip Array are within specification.

The WFE of all 10 measured field points at 175 K were under 135.1 nm with margin. The measurements confirmed that
the worst performing measured field points are F4 and F5. F4 is the worst (129.4 nm), followed by F5 (114.4 nm), also
with margin. However, F4 and F5, do not quite reach the 90% FOV boundary due to the gimbal movement limitations.
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Figure 21. Wavefront error map of the 10 field points measured across the entire field at 175 K. The field point number
(white circle insets) show the physical location of each measured field point on the SCA (indicated by the 18 darker
colored squares). The numbers in black show the wavefront error (measured @ 1053 nm, reported in the telescope at
1200 nm wavelength.

The performance in the design reference telescope needs to be evaluated over the entire FOV based on the as-built Prism
model. Therefore, the optical as-built model is used to calculate the estimated performance at the entire field to report the
performance between the measured field points, and beyond 90% of the field.

Figure 22 is a topographic contour map of the as-built Prism Assembly wavefront error at 1200 nm wavelength, using
contour lines for every 10 nm to map the wavefront error across the entire FOV. The coldest operating temperature of
155K was the most challenging, and is the temperature for which the compliance evaluation is based. The contour map for
155K shows the performance in the telescope, i.e., the Prism Assembly is installed in the Element Wheel, and the Wide
Field Instrument installed in the telescope. The integrated Prism Assembly’s performance is further optimized to 135.1
nm by installing the assembly to the EW on a global shim (Rx=0.500°, Ry=-0.280 ° , dz=-.0273 mm), further increasing
the margin.

The corresponding number for 175K with the shim is 133.2 nm. The contour lines in the WFE map clearly show the
smooth change in performance over the FOV, with most of the area being far below the required WFE. The angular span
between the measured fields and the 90% boundary is small, as WFE increases more rapidly closer to the left and right
FOV edges.
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Figure 22. As-built modeled contour map of WFE performance at lowest operating temperature of 155 K over the full
field of view. Contour lines shown for every 10 nm WFE, with the boundary of 135.1 nm marked in red.

4.5 Prism WFE budget

The introduction of the Prism Assembly into the Roman WFI optical path must not induce a WFE greater than the 137.5
nm RMS (@ wavelength 1200 nm) without refocusing, because the Roman operations concept does not include refocusing
for each individual optical element in the Element Wheel Assembly.

The Prism error budget, shown in Table 3, is estimated to be conservative. The terms in the error budget for the Prism
cryogenic vacuum test include the Prism cooldown error from ambient to the coldest 155 K temperature, the contribution
from ambient, as well as alignment of Prism in both radial and axial directions. The design residual for the Optical
Telescope Assembly (OTA) is included. The Prism is designed to work in the telescope and to minimize the telescope
wavefront error plus prism wavefront error across the full field.

Optical coating strain is accounted for in the budget via the cool down term. An End Of Life (EOL) thermal degradation
of 2 nm is included in the budget, so that the budget is valid for Roman’s five year operation lifetime. To conservatively
account for uncertainties in the 175 K model, the budget includes twice the estimated uncertainty, for the most challenging
temperature of 155 K.

The uncertainty (19.4 nm), the EOL thermal degradation (2 nm), and the Test-to-Flight thermal condition (15 nm), which
are added in RSS (Residual Sum of Squares) to 24.6 nm. This needs to be RSS’ed to the measured WFE (reported at 1200
nm). It should be noted that the 15 nm allocated to the Test-to-Flight thermal condition is considered very conservative.
The WFE at the 90% field location is reported in the budget.
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Table 3. Prism error budget

Prism Error Budget WFE with EW shim

Based on worst field at 155 K [nm]
Prism Total (requirement 137.5 nm) 137.3
Prism test at 1200 nm w/OTA design residual 135.1

Radial alignment Included in measurement

Axial alignment Included in measurement

Prism cooldown Included in measurement

Prism ambient contribution Included in measurement
2 x uncertainty in Measurement—Model at 175K 19.4

End-Of-Life thermal degradation 2.0

Test to Flight thermal condition 15.0

The resulting expected performance for Prism is shown to be 137.3 nm, meeting the 137.5 nm requirement at 90% of the
field with a margin of 7.4 nm (RSS).

After testing was completed at the NASA Goddard Space Flight Center, the Prism Assembly was delivered to BAE
Systems (formerly Ball Aerospace, partner on Roman Space Telescope Wide Field Instrument) where the integration into
the Element Wheel Assembly (see Figure 23) took place. The entire Wide Field Instrument will be installed into the
Instrument Carrier (IC) under the telescope at NASA Goddard Space Flight Center, after undergoing thermal vacuum
optical performance tests at BAE Systems. The integration of the telescope, science instruments, and spacecraft takes
place at NASA Goddard Space Flight Center, forming the Roman Space Telescope Observatory. After testing has been
completed at GSFC, Roman will be launched from NASA Kennedy Space Center in Florida.

Figure 23. The Element Wheel with the Prism shown to the left of the top element (no spider mask).
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5. CONCLUSION

The Prism Flight Assembly has been successfully designed, manufactured, integrated, aligned and tested within
requirements levied on it based on Roman Space Telescope science goals. During the development, test and alignment
phase, there were several important lessons learned, particularly concerning the early sourcing, use, handling, process
control and management of CaF2. These lessons included the need for ample sparing, thorough screening, quantitative
testing of CaF2 stress birefringence, strict control of limited temperature change rates, and extremely smooth edge
polishing to obtain maximum bonding area and strength. In summary, the risks associated with CaF2 optics were addressed
with both technical and programmatic mitigations. Furthermore, continuous optimization of the model with the latest as-
built values has been an invaluable tool in achieving compliance to the challenging requirements. The optical performance
test results of the individual Prism optical elements, and the quality of their edges, determined the selection of the optical
elements for Flight. These were aligned and performance tested as an assembly at ambient and cryogenic operating
temperatures. The assembly met requirements and matched model expectations by achieving a 135.1 nm wave front error
over at least 90% of the field. Spectral calibration measurements included dispersion scale, dispersion clocking,
throughput, bandpass edge characterization and throughput. Their results also matched model expectations, and in some
cases exceeded requirements.
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