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Abstract—The WFIRST coronagraphic instrument (CGI) will
demonstrate exoplanet spectroscopy using an integral field spec-
trograph (IFS). The CGI IFS, being designed and built at
Goddard Space Flight Center, has a spectral resolution of R50
and is designed to accommodate a 20% bandpass spanning 600-
970 nm. The IFS is principally targeting the abundance of
Methane features, with the primary coronagraph band being
centered around 770nm. Key to the performance estimates
are the achievable signal-to-noise (SNR) ratios and the stability
of the microspectra over the course of tens and hundreds of
hours. As a technology demonstration for CGI, the ability to
close a wavefront control loop around the IFS, maintain a stable
dark hole, and provide time resolved data that simultaneously
spans spatial and spectral dimensions are crucial demonstra-
tions for future observatories. The IFS is optimized both for
coronagraphs and science observations with a potential future
starshade. We highlight how the long duration observations,
and requirements for both starshades and coronagraphs drive
the IFS requirements and the calibrations required both on-
orbit and on the ground. We also provide further detail on
the optomechanical design, its stability based on thermal and
structural predictions, anticipated performance, and operations
concept of the CGI IFS. The impact of these performance met-
rics are projected into simulated data products, demonstrating
cube extraction of noisy images and the subsequent planet spec-
trum that can be extracted from them. These demonstrations
and performance predictions are key to future missions such
as LUVOIR and HabEx, whose principal science case relies on
efficient spectroscopy of exoplanets.
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1. INTRODUCTION

The Wide Field Infrared Survey Telescope (WFIRST) coron-
agraph instrument (CGI) will be the first high contrast imager
in space and is a key demonstration for future missions such
as the Habitable Exoplanet Surveyor (HabEx) and the Large
UV/Optical/IR (LUVOIR) Surveyor[1], [2]. CGI will include
a lenslet-based integral field spectrograph (IFS) as one of
the two back-end cameras to the coronagraph. The IFS is
designed to capture an instantaneous bandpass up to 20%
centered anywhere in the range 600 to 970nm. A lenslet-
based IFS has the ability to accommodate a large number
of spatial samples in a relatively compact design. An IFS,
shown schematically in Fig. 1, places a lenslet array at an
image plane within the instrument to sample the field and
compress the incident light into a grid of spots directly behind
the lenslet array. These spots act as the input to a traditional
spectrograph that collimates, disperses, and images onto a
detector. The spectra are then extracted from a 2-dimensional
image and reconstructed into a 3-dimensional data cube
X,¥,M).

The field of view (FOV) of the CGI IFS is ~ 2.1 arcseconds,
comparable to the field of view in current ground-based
extreme adaptive optics (ExAO) systems such as SCExXAO-
CHARIS at Subaru[3], [4], GPI at Gemini [5], and SPHERE
at the VLT[6]. To provide a clear example of what the
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Figure 1. The lenslet array of an IFS Nyquist samples the broadband (18%) image. The spectrograph optics interlace the
spectra on the final focal plane, and a data extraction algorithm is used to reconstruct the data cube.

Figure 2. The Shaped Pupil coronagraph (left) and
requirements (right) overlaid onto images of M5 and
HR8799 taken with SCExAO-CHARIS. The field of view of
the CGI IFS is comparable to current state of the art ExAO
IFS designs such as GPI and SCExAO-CHARIS.
(yellow-dashed) CGI IFS FOV. (green dashed) Coronagraph
OWA. (red dashed) Coronagraph IWA. (yellow band) range
of requirements definition.

CGI IFS will be able to capture within its field of view,
Fig. 2 shows the CGI IFS field of view and coronagraph
point spread function (PSF) overlaid onto images of M5 and
HR8799 taken with SCEXAO-CHARIS. The general perfor-
mance of the CGI IFS is in family with the state of the art
exoplanet IFS specifications being used on ExAO systems
today.

2. EXAMPLE OBSERVING SCENARIO AND
STABILTY REQUIREMENTS

The baseline operations plan for CGI, described fully in Krist
et al.[7], is to dig the dark hole and achieve high contrast
on a bright (Vmag ~ 2) star, then slew to the target (Vmag
~ b) star and execute a series of rolls and chops between
the reference and target. The target star is observed in two
different roll angles on a 2 hour cadence, while revisiting
the reference star every ten hours. Performance predictions
and raw contrast sensitivity analysis of these observations are
described in Zhou et al.[8]. One example simulation of CGI
IFS exposures given input simulations of the speckle field
is shown in Fig. 3. For all observations, the final image is
a series of ~ 100 second exposures which are co-added to
reach the final integration time. The exposure time is set
specifically to have an average of ~ 0.1 photons per frame
arrive at the detector to support the photon counting mode
that the detector is operated in. Thus, the set of frames
look like the image shown in Fig. 3(a) and when comparing

Fig. 3(b) to Fig. 3(c) we see that as they are co-added the
signal-to-noise ratios (SNR) of the dispersed coronagraphic
image will continue to improve. In this context, for the co-
adding method to provide the image shown in Fig. 3(c) the
IFS optics must remain stable to all disturbances since one
cannot simply shift and co-add individual frames in response
to drift of the micro-spectra on the detector. The need to
be highly stable over the period of hours as the observatory
chops between reference and target star is what drives the
optical and mechanical design of the CGI IFS. Much of the
work to date has been to define global stability requirements
for the instrument in response to the jitter environment of
CGI due to the reaction wheels, and thermal variation as the
spacecraft re-points to the two stars.

Using image plane motion at the lenslet and detector planes
as the parent requirement, we determine the boresight motion
as a function of all six degrees of freedom for each optical
element using ray tracing software. Making the conservative
assumption that their motions are uncorrelated we allocate a
tolerance to each element and combine their contributions to
bore sight motion via a root sum square (RSS). This allows
us to assign larger tolerances to more sensitive degrees of
freedom while keeping the RSS boresight stackup below
the required net deviation at the lenslet and detector planes.
This guides the optical and mechanical design presented in
Sec. 3 and Sec. 4, and provides clear performance metrics
for the thermal and structural analysis in Sec. 6 and Sec. 7.
Eventually the thermal and structural models will be fed back
into the optical model for a full stop analysis, and the RSS
boresight stackup provides a conservative estimate to judge
the performance of the IFS and iterate on the optomechanical
design.

3. OPTICAL DESIGN

The CGI IFS receives a 5mm collimated beam, and forms
an F/527 image onto a square-packed lenslet array with
a 174 pm pitch. The lenslet array and spectrograph re-
lay optics are F/8, forming the dispersed image onto a
1024x1024 EMCCD 201 sensor from Teledyne-E2V. Perfor-
mance predictions and performance estimates of the EMCCD
and requirements can be found in Morrisey et al.[9] and
Effinger et al.[10] The imaging group shown in Fig. 4 is a
reflective off-axis cassegrain design. The first optic is a fold
mirror, which only exists for packaging purposes within CGI.
The field points shown in Fig. 4 highlight the highly non-
telecentric image space at the lenslet array. The spectrograph
collimator, prism, and imaging groups shown in Fig. 5 are
all refractive elements. The collimator and camera optics
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Figure 3. Characteristic dispersed images as a function of
total exposure time. The extremely low signal drives a host
of strict stability requirements on the IFS.

are all spherical surfaces, and they compensate one another
to provide diffraction limited image quality at the final focal
plane over the entire field of view. Since the required total
bandpass is much less than a full harmonic and there are

large field angles within the spectrograph, the baseline design
of the system is refractive. This maintains good image
quality at the maximal field points without complicating the
packaging with a multi-element reflective system. Something
interesting to note is that the FOV of the IFS is nearly a
factor of two larger than what the shaped pupil coronagraph
provides. The detector size required for an IFS is a function
of the interlace chosen for the spectra, the instantaneous
bandpass that must be imaged, the spectral resolution, and
FOV. For the CGI IFS, we are constrained to a 1024x1024
EMCCD201. Regardless, Fig. 6 shows the detector size
required as a function of spectral resolution and FOV for the
required bandpass and interlace ratios of the CGI IFS. At
R50 and a coronagraphic FOV of ~ 1.1 arcseconds, there
is a very healthy margin for the IFS to accommodate the
FOV requirements. This alleviates ground-to-orbit alignment
variance, which is very important since tip-tilt offsets of the
pupil are highly magnified by the F/527 image formed on the
lenslet array.

The field of view and bandpass requirements are principally
driven by the possibility of a future starshade mission for
WFIRST. With the aforementioned margin on FOV, the driv-
ing design requirement imposed by the starshade is the 20%
instantaneous bandpass. Ultimately, this translates to limiting
the efficiency of packing on the detector, which we minimize
in order to mitigate the effect of cosmic rays and charge traps
on the noise budget for the IFS.

4. MECHANICAL DESIGN

The IFS optomechanics are purpose built first and foremost
to meet our tight alignment and stability requirements. The
alignment requirements are strict, but are within standard
capabilities. However, much like the rest of CGI, stability
is paramount. This is particularly true for the IFS, where
exposures can take hundreds of hours. A model of the IFS
optomechanics is shown in Fig. 7. Much of the precision
motion control is accommodated with a set of flexures. All
of the mounts are Titanium alloy, and will have a flexure-
based mounting scheme onto the carbon fiber CGI bench to
accommodate the survival temperature requirements of the
system. In all cases, the IFS relies on bench-level alignment
in the plane of the optical bench. Tip control is carried
internally to the mounts to simplify the alignment. Any height
corrections must be done via shims. The lenslet array is
mounted in a kinematic housing that allows it to be clocked
after the system has been aligned. The prism mount also has
clocking capability. We assume that the detector clocking will
be controlled by machine tolerance only, so these two degrees
of freedom are necessary to correctly orient the micro-spectra
on the detector and fine tune the interlacing of the spectra.

The strict stability requirements described in Sec. 2, com-
bined with an effort to reduce cost and schedule risk during
the integration and testing of the IFS have motivated a trade
study into testing and delivering the IFS to CGI as a single
integrated sub-bench, shown in Fig. 9. An architecture
where the IFS is developed, tested, and delivered as a pre-
aligned subsystem has strong heritage from other corona-
graph instruments at major ground observatories. Of these,
SCExAO+CHARIS at Subaru[3], [11] and GPI at Gemini-
south [12] are the most similar to how the integration and test
process will be done for the IFS on CGI. The use of a sub-
bench is particularly compelling for the CGI IFS as it must
be mounted on the back-side of the optical bench from the
rest of the coronagraph optics for packaging purposes.
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Figure 4. The IFS receives a 5mm collimated beam, and images onto the lenslet array by an off-axis Cassegrain. The ray
bundle shown is the chief ray of each field point in the image.

Compensator

IL1

Lenslet back

=" . IL3

",
=.
w2
S
/i
y

IL2
Detector assembly

Figure 5. The spectrograph optics after the lenslet array, utilizing a single field corrector and achromat doublet in both the
collimator and imaging subassemblies, and a two-element disperser for near-constant spectral resolution.
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Figure 6. The IFS field of view is approximately a factor of
two larger than the coronagraph field of view, providing
significant margin against ground-to-orbit misalignment.

5. INTERFACES

Interface control is crucial to the IFS sub-assembly. The IFS
must register the input collimated beam, and simultaneously
must maintain alignment with the final focal plane. At the
front end of the instrument we face the tip-tilt challenges
associated with an F/527 beam. At the back end the depth
of focus challenges with an F/8 beam challenge our re-
quirements. Below are details on the associated optical and

mechanical interfaces that derive from that.

Optical Interface
There are two primary optical interfaces for the IFS:

o Coronagraph to IFS

The direction, position, and orientation of the collimated
beam define the final alignment of the imaging mirrors. To
alleviate this challenge, we have chosen to provide that group
as an aligned sub-assembly.

« IFS to detector

The relatively fast F/# of the spectrograph optics and the
need to have well characterized lenslet PSFs for the data cube
reduction drives requirements on stability, repeatability, and
detector flatness. This is compounded by the necessity of a
fold mirror before the detector to allow for shielding against
cosmic rays.

Mechanical Interface

The baseline design for the relay mirrors is diamond turned
aluminum mirrors with a Titanium alloy sub-bench for the
three optics, necessitating a flexure-based kinematic mount-
ing to the carbon fiber bench. This produces a long thermal
path, but the alignment of the relay assembly will be deter-
ministic and repeatable. Degrees of freedom controlled at
the bench interface are X,Z translation and rotation about
Y using a removable alignment tool. The range of motion
is determined by oversized clearance holes for the bolted
interface and assumes the bench interface is raised, lapped
titanium pads located at the nominal position of each fastener.

The collimator and imaging mounts support vendor aligned



Figure 7. The end-to-end optomechanical layout of the CGI IFS. The optics are put together as major sub-assemblies for the
imaging mirror group, the lenslet array, the collimating lens group, prism group, and imaging lens group. This isolates critical
internal alignment tolerances from the end-to-end

Figure 8. Exploded view of the lenslet array mount, which
is held kinematically in the axial direction with a wave
washer to define the preload and a radial flexure to control
lateral stability of the mount.

lens tubes containing the three collimation optics, with the
interface mount made out of Titanium. Translation in the
vertical direction and rotation about vertical and optical axes
are all uncontrolled within the mount. Degrees of freedom
in the plane of the optical bench are controlled at the bench
interface using a removable alignment tool. Rotation about
the optical axis is unnecessary as the optics are spherical and
on-axis. The range of motion is determined by oversized
clearance holes for the bolted interface and, like the relay
bench, assumes the bench interface is raised, lapped titanium
pads located at the nominal position of each fastener.

In all cases these mounts must simultaneously meet require-
ments on survival temperature, first resonant mode, stability,
and repeatability. Survival temperature requirements drive
the mounted interface to be flexured, but those flexures will
be as stiff as possible to maintain stability and first resonant
mode requirements. Since we must be highly repeatable
through launch survival temperatures, the flexure designs
being considered are made via direct wire electron discharge
machining (EDM) into the mount. This eliminates more
interfaces and mitigates any issues with creep or stiction,
making the bolted interface to the CGI bench highly repeat-
able through thermal cycles.

6. THERMAL STABILITY

Being near the edge of the bench with two detector assemblies
nearby, there is a non-negligible spatial gradient that impacts
key modes (such as lenslet clocking stability). The IFS

thermal model is meshed with the rest of the CGI thermal
model to understand response to both dynamic variation and
physical gradients across the system. With the IFS being
highly stabilized and relatively tolerant to wavefront error
variation, the principal goal of the modeling is to estimate
boresight motion at the lenslet and detector planes over the
long periods of time between opportunities to recalibrate the
spectrograph. Thermal meshes of the IFS assemblies are
shown alongside mechanical models of the IFS optomechan-
ics in Fig. 10. These are integrated into the CGI thermal
model to better understand our true environment, but we also
track their response to the dynamics of a worst-case slew
between reference and target stars to understand maximum
deviations of the optics. The temperatures shown in Fig. 11
are, by design, small to maintain stability for all of CGI.
To demonstrate compliance with the RSS boresight motion
tolerances, the output from the thermal model is mapped onto
the structural mesh of the IFS to capture thermally induced
stresses (important for survival requirements) and strains.
Examples of the structural mesh are shown in Fig. 12 of
Sec. 7. It is worth noting that in the case of thermally induced
boresight motion the RSS stackup of the optical tolerances
is conservative. For example, if the bulk temperature rises by
1K all of the optical mounts and detector housing will expand
and contract together and the net alignment as seen by the
detector or lenslet array remain largely unchanged. Given that
CGI has closed loop thermal control to dynamically stabilize
the instrument, variation in physical gradients will be the
most significant deviation from common motion changes.

7. JITTER STABILITY

There are no active coolers on the observatory and the only
active mechanism during a CGI observation is the fast steer-
ing mirror (FSM), which is actively stabilizing the beam
within CGI[13]. The only source of jitter for the IFS is from
mechanical coupling of the observatory reaction wheels into
the CGI bench. CGI maintains a concept of operations that
limits the reaction wheel speeds to allow for good FSM cor-
rection and to mitigate the energy coupled into the CGI bench
post-FSM. For the IFS, we show that in this jitter environment
the individual optics remain within their assigned tolerances
that guarantee the boresight metric described in Sec. 2. The
structural mesh, examples of which are shown in Fig. 12,
are used for both the thermal and jitter analysis. To track
boresight deviation of each optic a node is placed at the center
of each meshed optic and the dynamic response of the optics



Figure 9. The CGI IFS in a conceptual carbon-fiber sub-bench. The sub-bench allows for a more straightforward verification
process of subsystem performance and interfaces. The goal is to reduce complexity and schedule risk during instrument-level

integration into CGI.
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Figure 11. (a) Thermal mesh of the IFS optomechanical
sub-assemblies, integrated into the CGI thermal model. (b)
Variance of the IFS optical temperatures in what is defined

as the worst case telescope slew between target and
reference stars

and their mounts are computed. Unlike the thermal case, the
RSS approach to setting the tolerance is likely much closer
to reality since we are less likely to see significant modal
coupling between mounts and the detector housing.

8. SUMMARY

The CGI IFS is designed to provide R50 spectra in 20%
bands between 600 and 1000nm. The key challenges in this
particular IFS are all related to the very long exposure times
in an L2 space environment. Throughput and stability are
paramount in a scenario where we must be able to co-add tens
of hours of exposure to produce over 2,000 microspectra that
achieve SNR=10 at 5 x 10~% contrast on a Vmag = 5 star.
Aditionally, we must close the wavefront control loop with
the IFS, which imposes stability and accuracy requirements
that must be calibrated and maintained during on-orbit oper-
ations to achieve such high contrast in the first place. The on-
orbit operations concept, supporting optical tolerances, and
performance predictions are used to demonstrate that the IFS
can in fact meet these stringent requirements and achieve
the highest contrast spectral measurements of exoplanets ever
taken.
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Figure 12. Structural mesh of some key elements of the IFS. These are used to evaluate first resonant modes, stability to
thermal variance and jitter, as well as survival through launch.
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