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ABSTRACT

A spectrograph’s design, e.g. the opto-mechanicdes beginning at the entrance slit, and endirigeaback focal
plane position, directly impacts system level perfance parameters including the height of the Usemterture, spatial
and spectral resolving power, optical throughpfitieincy, and dynamic range. The efficiency anégnmity of both
spatial and spectral input image reproduction withie entire back focal plane area is frequenttgnaor granted
leading to unnecessary acceptance of sacrificadmsyevel performance. Examples of input imagekige the slit
apertured area of a scene captured by a cameralsimgyle optical fiber core located within thérance aperture area,
or a linear array of optical fiber cores stackezhglthe spatial height of the entrance apertura. afdis study evaluates
the spectral and spatial imaging performance oérshaberration corrected high reciprocal disperseiro-reflective
concentric, as well as aberration corrected Offmarging spectrographs which produce minimal degradaver a
large focal plane. Ray trace images and pixilated aaps demonstrating spatial and spectral reptiotiuaccuracy
over the entire back focal plane, as well as adwaments in sensor control functionality and sighedtighput efficiency
are presented.
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1. INTRODUCTION

Hyperspectral imaging is a high spatial resoluspactral imaging technique originally developedrfalitary airborne
and space applications. It is used to capture @Magth intensity map of a scene with high spatisblution. The
combination of spectral data and spatial detaiblsaanalysis of color, chemical content, unifogmiuality, and a host
of other spectrophotometric sensing applicatiom&se systems were designed to perform under amigktihg
conditions, such as available sun light, and tleeesfequired innovative design consideration orsisigity, efficiency
and dynamic range. Some non-commercial applicatibhyperspectral imaging include large area spéatapping of
mineral deposits, jungle canopy screening for cdtaga detection determined by the disappearantieeofiear infrared
auto-fluorescent chlorophyll band emitted by liedidge, and friend or foe paint signature idengifion. Lately,
applications have advanced into commercial andstiidu applications including food and agricultutissue scanning,
anti-counterfeiting, forensics, cancer detectidamedical microscopy applications, nano partickesech, hazardous
and explosive materials detection, and plastic evastting.

Within most agricultural applications, hyperspekinsagers are employed as a scanning “push-broamger. For each
moment in time, or camera frame capture, the sobserved by an objective lens is imaged onto asliakhperture. The
scene which fills the slit aperture is re-imagettigh the spectrometer with the wavelengths diggeby a diffraction
grating onto a 2D Focal Plane Array (FPA) camechsas a CCD. One axis of the FPA (spatial; pixelsp
corresponds to the imaged spatial positions albaglit height, preferably in a 1:1 relationshipeTsecond axis
(spectral; pixel columns) corresponds to spectealedength, which is preferably linearly dispersed.

Each 2D image (frame capture), is digitized byRR&\ into a 2D data-array corresponding to the falgiew imaged
through the slit. While scanning a wide scene, iplelt2D image frame captures are taken while sihagtepping
across the desired scene width, and these indiMduraes are stacked like a deck of cards to predudata file
commonly called a hyperspectral data cube. Eaatigisalue within this hyperspectral data cube regms the
wavelength calibrated spectral intensity of thaefs small field of view on the scene. Figure & graphical
representation of a hyperspectral data cube.



Image cube is built up a ‘slice at a time’ as
samples pass the image slit
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Fig. 1. Hyperspectral data cube (Source: AVIRI&gdm Cube)

The resultant three dimensional matrix of datalmaanalyzed wholly, or interrogated in several waysh as,

1. Vector: spectra at a position X, Y

2. Vector: X-profile at a particular wavelength

3. Vector: Y-profile at a particular wavelength

4. 2D Field: X, Y intensities at a particular wavel&émdike a notch-filtered image of any wavelength)

5. Processed into pseudo-color rendered picturesifdieigt regions where the intensities of a certaevelength
fall within prescribed parameters

6. Processed into pseudo-color rendered picturesifgieigt regions where a certain spectral signatspe¢tral-
waveform) fall within prescribed parameters

Figure 2 provides an example of the scanning agbroapush-broom scanning.
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Fig. 2. Push-broom scanning parameters

2. RELAVENCE OF SPECTROGRAPH IMAGING IN HYPERSPECTR AL SENSING

2.1 Situation

Hyperspectral imaging sensors require a uniqueldliyfor maintaining precise spatial and spectraggrity over a
wide “field of view” (FOV). For spectral imaging plications, this precision is necessary to maintaecorresponding
purity of data provided from each detector elenwerixel in the 2D array. For each individual imdggeme capture, the
actual scene area viewed corresponds to the wideiR®cene width, and covers a relatively narrostatice in the
scene travel direction. One dimension of the 2@lpixray divides the FOV width into hundreds orusends of
discrete spatial bands. Pixels located perpenditolthe spatial FOV detect the dispersed wavelesgial energy and
provide the spectral bands. Ultimately, many indiinal frames are captured covering the scene anateoést. Through
software, these frames are stitched together tn fohyperspectral data cube. This data can th@ndsented as a
recognizable 2D image of the scene, although wittird dimension of wavelength data. The scena ezpresented



within an individual pixel is referred to as “inataneous field of view” (IFOV). Therefore, duringetprocess of
collecting hyperspectral imaging data, it is catithat the optical system maintain precise spatdl spectral imaging
performance over the full 2D array area to minintgeass talk between each adjacent IFOV, as welimize spectral
contamination between each spectral band.

This quality of both the spectral and spatial injpuige reproduction at the spectrograph exit fptahe is frequently
taken for granted when selecting a hyperspectredaefor integration within an application. Variodispersive
instrument design approaches are used for thiytadeluding:

1. High throughput aberration corrected Offner spengter (Hyperspec™)

2. Aberration corrected high reciprocal dispersioma-géeflective concentric spectrograph (Raman Exqitt)

3. Research grade Czerny-Turner imaging (torroidatonimage compensation) f/4+ spectrometers

4. Axial transmissive designs incorporating complaxslassemblies and planar reflective or transmigwiigen-

grating-prism diffraction grating assemblies.

Since most commercially available objective lensssd today in hyperspectral imaging applicatiorerafe effectively
up to approximately /2.0, spectrometer systemtefakan this do not provide much benefit. Althoughe should
consider the throughput efficiency comparison betwan /2.0 versus an /4 design, as the f/2.0asillect and process
approximately 400% more light. This results in gigantly increased measurement speed and reddeettanic noise.

2.2 What is meant by “Spectral Image” within a Spetrograph

A useful set-up for evaluating a spectrometers inggbility is by placing an array of pin holesiodividual optical fibers
positioned linearly along the location of the ent& slit focal plane. Ideally, one would like tovbahe shape of the pin hole
or fiber core image remain constant after it haanbspectrally dispersed and refocused to the 2&y aletector aligned to the
back focal plane. When viewing a broadband disgespectra, it is difficult to visualize a discrégpectral image” of the
fiber core at one wavelength, though in fact tteeea continuum of images forming what appear®ta line. One discreet
“spectral image” of the fiber core is quantifiallben observing monochromatic spectra. llluminabgran appropriate
atomic emission source is an excellent methodhisr &is the extremely narrow spectral lines reprtetbe reimaged shape of
the fiber core for that discreet wavelength. Evaihgathe shape and position of these spectral isiageoss the full width of
the detector array demonstrates how accuratelfrdlogonal rays at different wavelength positions focused on their
intended pixel locations, and how much wavelengituption may occur when distorted rays fall upoimtended pixel
locations.

The ray trace images shown in Figure 3 provide ept@al examples of nominal spectral image distortimage A
represents a theoretical 50 um dia. image of umifimtensity at a specific wavelength. At varoiuatigd positions over a
focal plane, one would like to maintain this shagrethe shape observed in Image B as well as desgilihough, if a
spectrograph design perscription is not optimizdrrations distort the size and shape of the sgléstage causing rays
intended for that wavelength and spatial positmfatl on adjacent locations, thereby corrupting $pectral purity of the
measured results. Images C and D provide examplEmerging image distortions that are minimal ilatien to the extent
they can degrade in commonly accepted “ResearctieGspectrograph designs. As the data we colledéadonstrates, both
the Hyperspec™ and the Raman Explorer™ do an excgpbjob at maintaining high spatial and spedtrtdgrity similar to
Image B over the entire focal plane.
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Fig. 3. Conceptual ray trace example of speatnalge distortion



2.3 Examples of typical Spectrograph design distadns

2.3.1 Czerny-Turner

Fig. 4

Figure 4 shows a “white light” image taken from%0Imm focal length Czerny-Turner imaging spectrpgravhich
used a torroidal mirror for image correction. Th# $pectral band covered in this case was appratdiy 535 — 610 nm
over a distance of 25 mm. Two adjacent 50 um $ilverich are separated by the combined 20 um oflzigdand
buffer layer were isolated within an array. Note #patial broadening of the images as wavelengtieases left to
right. This broadening will cause inaccurate fracél ray blur on adjacent pixels in both the s@é&nd spatial
domains, and contaminate spectral and optical timput purity.

2.3.2 Single Element Aberration Corrected Concave fating

Fig. 5

Figure 5 shows an image taken from a single elemeatration corrected concave grating DiscoveryBtspgraph.
Several live 50 pm core fibers, seperated by feaddfibers each were illuminated with white lighhis illustration is a
good example of “keystone”, where you can notieedénter fiber image disperse parallel to arraysrand the closest
fiber image neighbors. Although, looking closelguycan see that as the image position moves awaytfie central
sweet spot of the entrance slit, the dispersed émagcome non-parallel. Ultimately, this limits tisable number of
individual fiber channels, and can increase noigénd readout. The total hieght of this image wasrm.

2.3.3 Axial Transmissive

Fig. 64

The top image in Figure 6 shows the resulting dumeaof a straight line entrance slit through aialkxansmissive
spectrograph. The entrance slit was illuminatedmatomic emission source. This is a well undestesult of short
focal length high numerical aperture spectrograggighs which employ planar gratings. An aberrasiach as this
decreases spectral resolving power, potential bign@ise performance, and creates a challengewatelength



calibration. Integrators of this type of spectrgrralesign often restrict the input image heightdmpensate for this
performance issue, resulting in sacrificed sigmgitare. Others, as demonstrated in the lower inmage&ure 6 have
compensated for this aberration by laser drillinrqustom entrance aperture in the reverse orientafithe parabolic
shaped aberrated displacement.

The typical axial transmissive prism-grating-priAGP) spectrograph design requires two high qutdjlet lenses,
one to collimate the light to the PGP element, twedsecond to focus the dispersed light to thectteteThese complex
lens designs are necessary to minimize several conaterrations. There is however a cost to perfocador this
correction. Use of refractive optics over a bropecsral bandwidth results in a loss of resolutioe ¢b chromatic
aberrations. When a beam of white light hits a |garsllel to the optical axis, the light is refregttdifferently according
to wavelength. The focal point of short wavelengtys is closer to the lens compared to the focaitpwd longer
wavelength light. This is referred to as longitwiohromatic aberration. The color dispersion caminimized through
the use of compound objectives, one with a higraotiize index, and the other with a low refractindex, although
optimizing this over a broad wavelength band ifidift. To minimize this effect, the multi-elemeenses are
constructed using several different glass matersh having a different refractive index. Thesiaiglar refractive
index of each bonded surface can not be matcheah lpoxy, resulting is reflective scattering arsbés. Oftentimes,
impurities are trapped at the bonding surface kysdrich can cause additional scattering or noneumifspectral
absorption over the surface area. All air to glagsfaces require an anti-reflective optical cogtiWithout this coating,
losses per surface can reach 4 — 10%. These optiatihgs are required to cover a very broad rasgecially in the
case of the SWIR sensor (900 — 2500 nm). Over auwoad range, multiple coating layers are requitesiresult of
which can cause a non-uniform transmission intgna# well as additional impurities which can cassatter. Optical
anti-reflection coatings only reduce reflectio®yt do not totally eliminate reflections. Typicarformance for broad-
band anti-reflective coatings are 0.5 — 1.0 % redideflectance. The remainder is subject to crghtest and scattering
affects. Additionally, each glass material hasididar expansion and shifts in refractive indexwithanges in
temperature.

Vignetting is also an important consideration onestifully analyze and understand within any desigra PGP design,
vignetting may occur when the mechanical lens mobidck the oblique beams causing the edges alengrtage
plane to be incompletely filled with the otherweailable light. This results in the reductionllinmination of the outer
parts of the images’ field of view. Vignetting mbg minimized by increasing the aperture of thedspalthough this
also increases size, weight, optical scatterind,cmst.

Fig. #. Vignetting and throughput comparison

An independent throughput comparison of an axatdmissive spectrograph (Kaiser Holospec™) vensabarration
corrected high reciprocal dispersion retro-refleeitoncentric spectrograph (Headwall Raman Expi¥)grerformed at
Vanderbilt University shows broadband quartz tuagstalogen lamp spectrum measured with both spgefpbs (each
normalized to maximum intensity). As displayed igute 7, throughput of the axial-transmissive desggsignificantly



wavelength dependent compared to the aberratiorated retro-reflective concentric design. To datee if the
throughput degradation was caused by vignettirggafierture stop of the internal collimating lenshie axial-
transmissive design was adjusted to /5.6, therestyicting the light path to the central areahef $pectrograph optics.
This resulting increase in efficiency at both staotl long wavelength extremes is attributed to efiting, with the
residual losses attributed to differences in diffien efficiency between the transmissive verstigctve diffraction
gratings used in each instrument. It is importamdte here that the comparisons shown on the graphormalized at
the peak intensity position. By reducing the apertf the HS to /5.6, the signal collection effiocy dramatically
drops, resulting in the RE aberration correctetbregflective concentric system having roughly 786%re signal
collection efficiency.

3. ADVANCED HYPERSPECTRAL IMAGING SPECTROMETERS

Innovative spectrometer designs directed towarg&ispectral imaging applications have continuealdance,
enabling high signal collection efficiency, as weedl spatial and spectral resolving power. The fatig data will
demonstrate recent advancements of several hiffidieat hyperspectral imaging spectrometer designs

3.1 Hyperspec™ aberration corrected concentric imagg performance

Headwall Photonics latest developments include bijbiency Hyperspec™ NIR (900 — 1700 nm) and SW1B00 —
2500 nm) spectrometer designs which emphasize tragal field accuracy and high signal efficienajth good
spectral resolution over a relatively wide spedbahdwidth. For application reference, hyperspéatraging sensors
are available with full spectral bandwidths covgriztd0 — 400 nm, 330 — 825 nm, 380 — 825 nm, 40000 hm, 600 —
1600 nm, 900 — 1700 nm, and 1000 — 2500 nm.

The patented Hyperspec™ is an all reflective altierraorrected Offner imaging spectrograph desigictv produce
minimal spatial and spectral degradation over geldocal plane. Proprietary developments have nuabled
differentiated peak efficiencies in the 90% ranigig).(10) for high throughput signal processingywadl as
athermalization for measurement stability.

This evaluation provides performance data of thestzhigh efficiency Hyperspec™ HE-NIR model. Thepérsed back
focal plane is accurately re-imaged over an 18 alhspatial height, and provides contiguous 5 necsgl bands over
900 — 1700 nm when using an array of 25 pm pixels.
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f/2.4 spectrograph was collected using an intedr@&eodrich SU640SDWH-1.7RT InGaAs camera with a $%0.2
array of 25 um square pixels.

As displayed in the nine point pixelated table (€ab), it is critical to maintain tight control ah input image when it is
refocused at intended wavelength position on tlok bacal plane. One measure of this is referrealstensquared
energy. The procedure used for measurement of ersgjenergy on the HE-NIR included installing actfmegraph
entrance aperture consisting of a linear arraysgi @ pinholes, thereby creating an entrance imaagtehrad to the 25
pm pixel pitch on the detector array. The illumioatsource was an Agilent Technologies 1550 nmhlenkser source.

Table 2. Pixel imsgy map

507 2558 | 484

895 12591 | 1527

303 1919 | 831

Fig. 11. 3 x 3, 25 um pixels

Figure 11 is an enlarged pixel intensity displafytbé array. Within the central 3 x 3 pixel are&%6of the light energy
launched from the 25 um pinhole at the entrancetageis contained within one 25 pm pixel pointblea2 shows the
relative intensity of each pixel. The spatial FWH@&&ults in 1.1 pixels, and the spectral FWHM resitl.2 pixels.

Spectral image data at 1310 nm and 1550 nm wascted for fourteen pinhole positions over 16 mrthefspatial
image height. As Figures 12 and 13 show, smile areds 0.16 pixels (4 um) for the total 16 mm spatialg;
demonstrating excellent spatial image tracking s&the spectral width. This accuracy reduces edidor complexity,

and enables increased spectral resolution if bqwnialtiple fibers along the spatial axis. Data ectiéd for one frame,
no averaging.
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This same spectral image data was used for inatigof keystone, or the accuracy of which ondiapsput image
tracks along one spectral pixel row throughoutiémgth of the full spectral band width. Negligildeystone distortion

of 0.04 pixels (1um) was measured. This level of ey greatly enhances wavelength precision andcesdu
calibration complexity.



3.2 Retro-reflective concentric imaging performance

The Headwall Photonics Raman Explorer™ spectronusigns emphasize angstrom level spectral resolotrer a
relatively moderate full spectral bandwidth. Thepdirsed back focal plane is accurately reimageda26 mm spectral
width, and an 8 mm tall spatial height. Therefamanulti-channel optical fiber sensing applicatiptie available linear
height to stack individual fiber channels is umtmaximum of 8 mm, or approximately one hundredytttiO um core
fibers having 10 um of cladding.

We have performed an evaluation of fine spectrdlsgratial imaging resolution capabilities and sigheoughput
characteristics of our Raman Explorer 785 (7855-8T) f/2.4 spectrograph over the area of an AlNl&ton camera
which included a 2048 x 512 array of 13.5 um squéxels. This evaluation was originally performeging a 1024 x
256 array of 24 um square pixels, although theltiagu horizontal, vertical, and FWHM imaging waixg limited.
The following is a summary of the 2048 x 512 amasults.

To enable imaging of narrow spectral lines, weradidja test fiber assembly to the entrance aperdrshown in Figure
8, the test fiber assembly consists of an array9dive 50/60/70 um fibers each separated by 5 fibatk.

Raman Explorer?

Large area precision focal plane
Fig. 8. Test fiber assembly configuration

This fiber assembly allows us to place live 50 porediber images over 6.5 mm of the available 6t @CD array
height at 360 um center to center distances. Nadmagon atomic line sources were used to illuneérgdectral
emission lines (images) across the full spectratiédth of the CCD. We then used the following neettio capture
meaninful spatial and spectral data points:

1. Focused the fiber images and adjustetighesource intensity and camera integration ttmgust reach, but stay
within saturation limits of brightesténWe then set integration time so that readoutsimetween channels was
minimized, set background subtractiom eaptured and stored the image.

2. Same conditions as above, except placing ani8lii over the ferrule face. Take and store image.

In order to provide a baseline illumination for quamison of throughput vs. integration time, an argen lamp was
inserted into a holder and adjusted so that the829dm line saturated a pixel within any of theikde fiber
input/image channels in approximately 0.80 sec.[&hg was then secured in this position.

Using proprietary image test and alignment analysfevare developed by Headwall (Figure 9), indistipixel A/D
counts were summed in spatial and spectral dineétioeach fiber image under test. The SUM isdid by the MAX
SUM and multiplied by ¥ (16 bit) to simulate an integration time which nsete saturation point of the register in a



binning application. The pixel A/D count of eachdi image under test was divided by the maximum édbnt within
that image and shown in a scale from 1 to 100 afat coded to depict image performance. The spatidlspectral
imaging resolution was plotted and the FHWM is nuead from the plots and reported.

Fig. 9. Headwall Image 9 software

Results of nine 50 um fiber image positions araxsshm Table 1. Three fiber positions along thetighaxis (1, 10, and
19) were selected to demonstrate imaging performanthe top, middle and bottom of the availabktigpheight, and
atomic line wavelength positions 794.82 nm, 8428 and 965.78 nm were selected along the spectimto
demonstrate spectral extremes. The color codesd piaps display the individual pixels’ relativeensity and spatial
area which covers >/= 50% (FWHM) of the hottesepialue at near saturation level for that wavelbngBach square
in the nine pixelated intensity maps shown repressene pixel, and therefore a perfect FWHM imaga 60 pm core
fiber would fill a 4 x 4 pixel area. The horizontgatial position across the full spectral bandwigieystone), and
vertical spectral position along the full spatialdht of the fiber array (smile), are held withipikel deviation, leading
to optimal fiber stacking, wavelength resolutiongdaalibration accuracy.



Table 1. Nine point pixelated fiber image map

Fiber Optic Tesgtrray, 50 um fiber core, 60 um diameter cladding

Wavelength = 794.82 nm Wavelength = 842.46 nm Welength = 965.78 nm
Resolution (FWHM) Resolution (FWHM) Resolution (FWHM)
Spectral Spatial Spectra Spatial Spectral ti8lpa
Fiber | Pix| nm| Pix| um Fiber| Pi nm  P|x dm Fibgr  Rixam | Pix| pm
1 3.7] 0.33 45 60. 1 50 045 48 6438 1 4.6 10.55| 74.3
10 3.5| 0.32] 3.4 48. 10 35 0.2 3.6 4B.4 1D 30632 | 4.2| 56.7
19 43| 0.39 4.5 60. 19 35 0.82 3.6 4B.9 19 40036 | 3.7 50.0

Fiber 1 Fiber 1
36 8

A" "N © P I =y

Fiber

Pixel Coloring Legend: Green = 50-70% of peak, IdMgl= 70-90% of peak, Red = 90-100% of peak




4. CONCLUSION

Two advanced hyperspectral imaging spectrograpiguatesvere evaluated to demonstrate their potebéakfits when
applied to spectral sensing applications. One whiophasizes angstrom level spectral resolutiorBamdn of spatial
input aperture height, and one which emphasizds 48 mm of spatial input aperture height and nagtemspectral
resolution. Each of these systems demonstrategtanal accuracy for 1:1 feature imaging, and pliralted keystone
and smile. These systems provide up to 90% difivactfficiency and operate at fast optical througisbetween /2.0
and f/2.4, providing an excellent opportunity fatimizing high throughput measurement results.
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