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Spectroscopy enables critical diagnostic measurements
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-Three materials are detected
-Three minerals are identified based on molecular absorption characteristics
-The expressed concentration of the three minerals may be derived
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Imaging Spectroscopy
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Imaging spectroscopy reveals the composition and condition of the Earth’s surface

Material ientification Hazards and episodic events Vegetation health and productivity

Imaging spectrometers in the solar system:

VIMS (Saturn), Omega, CRISM (Mars), M3, HySI (Moon), VIRTIS
Imaging spectrometers orbiting Earth:

Hyperion, MERIS, Artemis, HICO (plus several airborne systems)
Current Earth-orbiting imaging spectrometer systems are severely limited in spatial
coverage and overall capability compared with available state of the art.

Future: PACE, HyspIRI?



JPL Imaging spectroscopy vs. Hyperspectral imaging

desert soil

vegetation

pixel size

Vegetation is not resolved spatially (not imaged) but it can be resolved spectrally.
Requirement for resolving spectral mixtures is very tight, ~1% or as small as possible.

Imaging spectroscopy: Identification through spectroscopy of spatially resolved or
unresolved features, together with a map of their location.

“Hyperspectral imaging” implies a spatially resolved image with too many spectral
bands.

Not mere semantics: Spatial resolution requirements are different if imaging is
paramount (critical vs. > Nyquist)
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Airborne Visible/Infrared Imaging Spectrometer

AVIRIS is designed with 200 um detectors and F/1
optics. Itis hard to imagine larger detectors or
faster optics.

First flight 1987, has flown every year since 1989.

Vane et al, Rem. Sens. Environment 44, 1993
Green et al, Rem. Sens. Environment 65, 1998



JPL AVIRIS SNR through the years

2000
51500 | —2001
5 1994
21000
=
<!

G

S 500

=
0

400 700 1000 1300 1600 1900 2200 2500
Wavelength (nm)

Continuous improvements and upgrades have kept AVIRIS at the forefront
of airborne science.
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COMPACT INSTRUMENTS ENABLED BY PUSHBROOM
ARCHITECTURE

WHISKBROOM PUSHBROOM
Inherently uniform Rotating Mirror | Linear array Inherently non-uniform — but can be Sy Area array
(all spectra acquired by same detector Y E made uniform by careful design and i
array) implementation 5
Platform and Sensor I"-I-“I

7 Platform and Sensor

Easier to calibrate

Harder to calibrate Flight Difei@l/
(linear detector array) Flight Direction -

(area detector array)

Inherently large /I Inherently small
(requires large aperture to make up for (takes advantage of longer integration
short integration time) time)

Requires scan mirror No moving parts

Scan Direction

By integrating hundreds/thousands of simultaneous spectrometers on a single
FPA, the pushbroom architecture achieves great size reduction, but requires also
significant technology development and effort to achieve the same spectral purity.
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Concentric spectrometer forms are ideally suited to pushbroom architectures

slit and slit %\
Offner mage %%é/

grating

Offner Dyson

All reflective (broad High throughput
band, athermalization)

Can reach high Miniature size
spectral resolution

No detector ghosts Easiest alignment
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* High Signal-to-noise ratio

What is needed in the instrument/measurement:

required for molecular spectroscopy  Uniformity is required for
0o spectroscopy in the image domain
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Green, Appl. Opt. 37, 1998 Geometric aspects of uniformity

Mouroulis & McKerns, Opt. Eng. 39, 2000



= Non-geometric aspects of uniformity

» Spectral uniformity against spatial field: all “spectrometers” have the same
calibration in terms of spectral response shape and width

» Spatial uniformity against wavelength: all colors arise from same patch on
the ground

Even if detailed calibration is attempted, data extraction and correction
algorithms become extremely complicated by having to account for different
calibration for every pixel.

Variation of the response function shape and width causes similar effects as
the variation in centroid location.

Full characterization accounts for any variation of light spilling outside the pixel.
If response functions are well approximated by Gaussians or similar forms,

variation can be characterized in terms of first and second moments, or
centroid and FWHM.

Green, Appl. Opt. 37, 1998
Mouroulis, Green & Chrien, Appl. Opt. 39, 2000
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Response function computation and assessment

Slit decouples telescope from spectrometer in one direction:

This means (to a first approximation):
» Along-track spatial response function (ARF) depends on front optic only

» Cross-track spatial response function (CRF) depends on the complete system
(coherent coupling of front optics and spectrometer aberrations)

» Spectral response function (SRF) depends on the spectrometer only
First approximation means incoherent approximation that ignores slit diffraction.

Slit causes incident light to be diffracted outside the spectrometer aperture. This is
ignored in raytrace models and in all raytrace-based wavefront models.

Partially coherent computation accounts for slit diffraction but is labor and resource
intensive.

Incoherent approximation is generally good to <~15% in absolute terms, and
significantly better in relative terms (e.g. determining difference between similar
systems, different field points in the same system, etc.)

Mielenz, J. Opt. Soc. Am. 57, 1967
Mouroulis & Green, Proc. SPIE 6667, 2007



= R Response Function Computation

ARF = rect(y,) O LSF+(y) O rect(y,)
CRF = LSF(x) O DET(x)

SRF =rect(yy) O LSF,(y) © GR(y) O DET(y)

Incoherent approximation equivalent:

In ARF computation, the spectrometer is ignored. Equivalent to placing a large
detector immediately behind the slit (collects all light).

In CRF computation, front optics and spectrometer aberrations are added as
phase terms without considering the wavefront clipping by the silit.

In SRF computation, the front optic is ignored. Equivalent to illuminating the
slit with an integrating sphere (no aperture present before the slit).
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System analysis and verification through ARF, CRF, SRF

These functions are measured directly at the full system level as follows:

ARF: scan a white-light illuminated subpixel wide slit (several pixels long)
parallel to the instrument slit.

CRF: scan a white light illuminated subpixel wide slit (several pixels long)
perpendicular to the instrument slit.

SRF: flood-illuminate the front-optic (or overfill the aperture and the slit
width) with the light from a monochromator, and scan the wavelength.

The focal plane is adjusted to achieve the best balance among SRF and
CRF

The front optic focus is adjusted to achieve best balance between ARF
and CRF

Tolerancing and analysis methods that account for these procedures must
be employed.
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These design and assembly/alignment techniques lead to high uniformity

High uniformity through wavelength of
cross-track spatial response example

CRF of Field pixels 38«»43, with 10 Spectral pixels averaged.
Centered @ A's=/949/751/629/451nm Filename: "crf m14p4deg 178fps Omm"
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JPL Electron-beam lithography techniques for curved substrate gratings

e Surface broken into
equal-height slices

* Annular patterns
exposed sequentially
with corrections for
focus, deflector gain,
and rotation

Thin film of E-beam resist on substrate

50/100 keV

electrons

Dwell Time
l.." @0°- goc-georc-

After resist development

[ L —1——1—1L— ]

After reflective coating (if required)

- |
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90% typical blaze efficiency
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GRATING FABRICATION BY E-BEAM LITHOGRAPHY

Single Blaze Area Weighted Concentric Blaze  Uniform Facet Blaze Structured Groove
Hyperion Blaze, CRISM MaRS Blaze, UCIS

CWIS GRATING
@ 12 cm
Largest to date




JPL Offner imaging spectrometer system development at JPL

o 2006: MaRS (airborne)

e 2008: M3 (Moon orbit)

« 2011: Next Generation Imaging Spectrometer (airborne)
CAO, NEON, AVIRISNg

e 2012: MSS (airborne)

« 2012: Ultra-compact Imaging Spectrometer (in-situ or orbit)
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MaRS 2-FPA design _ _ _ _
Radiometric calibration >97%

Installation

Simi et al, Proc. SPIE 7457, 2009



JPL The Moon Mineralogy Mapper (M3) on Chandrayaan |

8 kg mass, 24 month build

* 430-3000 nm band
* 10 nm sampling
* 600 cross track pixels

m° Spectra o

Plagioclase -~
(anorthosite) _,--“'"-

Fold Mirror

Secondary '\
Mirror

Reflectance
“-%.

Offner
Mirror

f Pyroxene ?
Features

in2&4

1000 2000 3000
Wavelength (nm)

1-FPA, 4-mirror telescope Pieters et al, Science 326, 2009
Green et al, J. Geophys. Res. Planets 116, 2011
Mouroulis et al, Opt. Engineering 46, 2007



Next Generation Airborne Imaging Spectrometer

1.23 waves P-V 55 waves P-V 1.26 waves P-V/

Alignment techniques to achieve
high uniformity

“Smile”

—1551.6 Laser

o 64 128 192 256 320 384 448 512 576 640
Cross-Track Sample (#)

“Keystone”

spatial p

Bender et al, Proc. SPIE 7812, 2010
Bender et al, Proc. SPIE 8158, 2011




JPL Offner imaging spectrometer system development at JPL
Ultra-compact Imaging Spectrometer (UCIS) for in-situ mineralogy

Miniaturized full-range (500-2600 Optical bench
nm) spectrometer system

UGS Mars Yard
—— Busk Measurement

Reflect

On tripod for scanning
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Van Gorp et al, Proc. SPIE 8158, 2011
Van Gorp et al, J. Appl. Rem. Sens. 8, 2014



JPL REFLECTANCE MICROSPECTROSCOPY
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Flexibility of Offner design

Grating can be rotated ngh SpeCtral reSOIUtion LItthW mOde
fiber input
fiber input
spectrum
grating
grating 20 mm
SWIR shift of fiber Bragg grating wavelength with stress
3500
D I
3000 +—— — — —
UV-VNIR z =T / / / —
20 mm § 2500 / /// ] o
\W /| e
% 2000 m i // *Eé
spectrum 1500
1000
830.0 830.5 831.0 8315 832.0 8325 833.0

wavelength {(nm)

Mouroulis, SPIE Proc. 4767, 2002



JPL Dyson imaging spectrometer development at JPL

Dyson design offers even more compact size, higher throughput, and low
polarization sensitivity.

Size comparison between Offner and Dyson
with the same specifications (@F/1.6)

Complete assembly of Dyson
spectrometer optics (400-1700 nm,
F/1.8, 640 spatial elements)

proposed %
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Mouroulis, SPIE Proc. 7298, 2009



JPL HyTES: Hyperspectral Thermal Emission Spectrometer

¢ 7.5-12 um

« 50° FOV

512 spatial elements
* 256 spectral channels
 F/1.6 aperture

Miniature optical design
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Bands 150 (10.08 pm), 100 (8.17 pym), 58 (8.41 pm}, displayed at RGB each image is 485 x 512 pixels

Measured emission

Johnson et al, Proc. SPIE 7457, 2009 spectrum of quartz

Hulley et al, Atmos. Meas. Tech., 9, 2016



_JIFL. Portable Remote Imaging Spectrometer (PRISM)
Coastal Ocean Sensor

Fast and compact optical design that
supports high uniformity and low
polarization sensitivity

R =0.05, 459 solar zenith

350 as0 550 650 750 850 950 1050
wavelength (nm)

High Signal to Noise for dark targets _
00175 Spectral image cube from Lake Tahoe

0.0150
0.0125

0.0100

0.0075

Ry (sr)

Excellent agreement between
PRISM and in-situ measured
spectra

~ PRISM Data
— Field Data

0.0050
0.0025

0.0000
400 500 600 700 800
Wavelength (nm)

Mouroulis, Green & Wilson, Opt. Express 16, 2008
Mouroulis et al, Appl. Opt. 53, 2014



JPL$ome results from PRISM Campaign Florida Keys, 2014
H. Dierssen, U. Connecticut PI

Floating vegetation and carbon transport
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Floating seagrass wrack mapping with PRISM demonstrates
required spatial scale.

PRISM currently on CORAL campaign



JPL Maximum throughput, wide field spectrometer

« Two axially centered conics
« Tolerant to misalignment

Two-mirror design, F/1.4, 33° FOV

slit adjustment
\ baffle assembly

wi - telescope body

lor mounting bracket

Mouroulis et al, Proc. SPIE 8032, 2011
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GRATING FABRICATION BY X-RAY LITHOGRAPHY

scanned pem transparent triangles
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[ 4d 4

_> |
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—
i direction of motion o
photoresist High groove quality

» Grating exposed in a
single linear scan

*  Exposure proportional to
triangle height

 Mask size equal to £ o
substrate diameter o

400 BOO 800 1000 1200 1400 1600

wavelength (nm)

Broadband efficiency achieved
with bilinear groove

Simple mask

Mask for bilinear groove profile Mouroulis et al, Opt. Express 11, 2003
Mouroulis et al, Proc. SPIE 8032, 2011



JPL Snow and Water Imaging Spectrometer
(SWIS)

» A CubeSat—compatible imaging
spectrometer (6U)

* High SNR

* High dynamic range

* On-board calibration

» More frequent/regular sampling relative to
airborne instruments

» |Intermediate to high resolution relative to
global or flagship missions

» Relatively low-cost alternative

Addresses coastal waters and snow/ice
cover applications

SWIS CubeSat artlst S concept



PL swis research and applications

Coastal science: Complex spectral signatures from the coastal environment

demonstrate that heritage multi-spectral sensors are inadequate

« High temporal variability makes consistent airborne monitoring costly
» High spatial variability requires higher resolution than heritage sensors

rwaniw Coral, algae, élé.ratium furca bloom - Submerged aquatic Floating aquatic
., "::_T*_' and sand at o o B vegetation 2w vegetation
H we1n  different water i MCRLEr ey Bay s !
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Coastal ocean
spectral signatures
mainly below 900
nm

Snow cover: Spectral signatures of snow in various states demonstrate the
utility of spectroscopy in understanding energy transfer and hydrology
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features in 1000-
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el SWIS instrument specifications

Spectrometer and telescope inside 6U

Cu beSat frame Spectral range 350-1700 nm, single
FPA
\ Spectral sampling 5.7 nm
AN Cross-track spatial 600 (+40 monitor)
elements
Dyson A )
= (o]
spectrometer Cross-track FOV 10
Resolution 0.3 mrad
double TIR
prism Detector pixel size 30 um
detector
and filter jslit Focal length 100 mm
M a7~ F-no 1.8
// l x{ \ ‘ Uniformity 95%

Signal to Noise Ratio: Summation to One Spatial Pixel
1200 +

1000 + - .
Single Integration: 5.00 msec

Number of reads d: 4

TMA telescope a0 &

Radiance: 0.05 refl, 20° zenith

grating < > % 600 |
10 cm oo |
200 +

Mouroulis et al, Proc. SPIE 9222, (2014) S S I B LN

Wavelength [nm]




APl
SWIS 6U CubeSat configuration concept

Components identified and designed specifically to fit within a standard 6U satellite
dispenser.

i)
A Solar Panels

S-Band Transmitter
C&DH Board

Instrument
Calibration Slit

=

-
Payload EEecth ic

Sun Sensar—> 6U CubeSat Structure

SWIS Instrument

S-Band
Patch Antenna

GPS Sensor
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The Compact Wide and the Advanced Land Imaging
Spectrometer (CWIS and ALIS)

« Landsat swath and resolution
challenging even for multispectral
instruments (~6300 pixels cross
track)

 Thematic Mapper (whiskbroom)
finally abandoned in Landsat 8

» OLI replaces Thematic Mapper,
pushbroom plus discrete filters

15cm

* Imaging spectrometer solution
offers simultaneity of spectral bands
and enhanced science capabilities

Van Gorp et al, Proc. SPIE 9222, 2014

* Increase in number of spectral
bands by an order of magnitude

« Challenging design, must be high CWIS: 1600 x 30 pm pixels
SNR ALIS: 3200 x 18 um pixels



=0 ALIS SPECIFICATIONS

Scan type Pushbroom
Cross-track spatial elements 6400 (2 x 3200)
Telescope focal length 420 mm
F-number 1.8

Telescope FOV 16° x 1.3°
Spectrometer magnification -1

Detector pixel size 18 um square
Slit length (one spectrometer) 57.6 mm
Spectral range 380 — 2510 nm
Spectral sampling 6.8 nm per 18 um pixel
SNR See Fig. 5
Spectral uniformity 90%

Spectral IFOV uniformity 90%



JPL ALIS SNR
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Mouroulis et al, Opt. Eng. 55, 2016 N ! &
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ALIS Design and optical performance

Enclosed energy in 18 um width

380 0.94 0.95
| 630 0.89 0.90
( 1200 0.85 0.88
\ 2500 0.88 0.94
‘ 200 mm
380 0.96 0.97
630 0.93 0.94
_ 1200 0.92 0.94
Two-mirror telescope allows

simple folding. 2500 0.89 0.95

TMA telescope also designed. spectrometer

Mouroulis et al, Opt. Eng. 55, 2016
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ALIS Response Function Assessment

Distance from SRF FWHM SRF FWHM SRF FWHM SRF FWHM
center of slit @380 nm (pixel | @800 nm (pixel | @1600 nm (pixel | @2500 nm (pixel
(mm) fraction) fraction) fraction) fraction)

0 1.31 1.33 1.35 1.42
11.25 1.32 1.35 1.36 1.4
18 1.33 1.38 1.37 1.39
22.5 1.33 1.39 1.38 1.39
28.8 1.33 1.39 1.37 1.44
380 nm 1.12 1.13 1.26
800 nm 1.14 1.13 1.12 1.18
1600 nm 1.12 1.11 1.13 1.22
ARF FWHM at &

380 nm 1.17 1.15 1.25 1.24
800 nm 1.2 1.17 1.27 1.23
1600 nm 1.19 1.16 1.21 1.22

2500 nm 1.25 1.18 1.18 1.33
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Signal quality in imaging spectrometers is improving to where even good or
excellent grating performance becomes the limiting factor.

Stray light suppression and correction algorithms are under development and
showing promise.



!ﬂ Unique combination of techniques and technologies
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JPL Conclusions

Imaging spectroscopy is a powerful technique for revealing surface composition

Several applications range from mineral identification to ecosystem monitoring,
ocean productivity, vegetation health, hazards monitoring and more

Utilizing the potential of imaging spectroscopy requires uncommon
performance levels to be extracted from the instrument

Concentric imaging spectrometer forms have been advanced to very high
levels of performance and are serving a large range of applications

Advances in the state of the art in imaging spectrometer development through
a combination of technologies and design/implementation techniques are still
required to achieve demanding and evolving science requirements for Earth
and planetary missions
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