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1. Introduction

The objective of this effort was to develop an operating breadboard prototype of a two-
dimensional visible and near-infrared (0.4-2.51um) imaging spectrometer, to demonstrate
proof of concept for a new class of spectrometer design, for future NASA deep space
planetary missions.

The desired scientific objective of this new class of spectrometer is to acquire high-quality
hyperspectral maps of planetary objects during spacecraft encounters (orbital or fly-by).
Maps of this type will contain sufficient spectral information to define surface composition
at a high enough spatial resolution to aide in studying the nature and evolution of planetary
objects individually and as part of the solar system overall.

The key design requirement for such a spectrometer is to measure all spectral channels
simultaneously. This requirement is necs:ssary to accommodate the temporally transient
instantaneous field of view (IFOV) of the ground footprint of an instrument mounted on a
moving spacecraft platform. Additional design requirements are: a sufficiently wide FOV
to allow wide areal coverage in mapping applications, sufficiently high signal-to-noisc ratio
(SNR) to allow detection and identificaticn of weak spectral features, and sufficient spec ral
resolution to allow discrimination of close and potentially overlapping spectral features
significant to the end mission. The final design requirements of small volume, low mass,
reliable and automated remote operation, as well as low costruction and operating costs, are
necessitated by the end application on a spacecraft.

1.1. Background: Imaging Spectrometry

Spectrometry has been used as an effective method of determining and mapping
compositional units on solar system objects for decades, ever since the development of
efficient optical detectors. It has been long recognized that the reflectance and/or emittance
spectra of the rocks. minerals, condensates, and gases composing or covering planetary
surfaces provide information about the chemical and physical makeup of those materials,
and that this information can be used to test theories about the nature and evolution of the
bodies themselves. Pictures of the surface providing only spatial information do not
provide direct information on the materials themselves. The spectral domain must be
investigated to get that information.

Imaging spectrometry is the direction in which the technique of spectrometric remote
sensing has developed in recent years. In this is approach. the spectral flux from an object
under study is measured at most or all spatial elements (pixels) in each acquired image. At
first, this was done using single detector instruments by measuring the flux in each spectral
channel sequentially for a single pixel and then scanning to the next pixel and repeating the
process until the entire field of view was mapped. Currently, linear array detectors are
used to measure many or all spectral channels simultaneously at each pixel, as the active
pixel is scanned over the surface of the object. The optimum instrument will measure all
spectral channels and many spatial channels simultaneously, and this is the approach under
development at SETS Technology and proposed in this project.



PIDDP Final Report 1 May 1996

NASA has flown imaging spectrometers on nearly every deep space mission since
Voyager: Galileo carries one now, and CRAF, Cassini and Mars Observer each have one
in their payloads. The French have flown one successfully to Mars (Phobos Mission) and
are preparing to fly an improved version to Mars again (Mars '94 mission). Most mission
candidates are being planned with imaging spectrometers in their strawman payloads:
Lunar Observer, Near Earth Asteroid Mission (NEAR), and others. NASA's Earth
Observation Program has developed and is flying airborne versions of these instruments in
preparation for developing a space version. The Department of Defense is also exploiting
the technology. Astronomers have used the technique on ground-based telescopes for
nearly a century, using photographic detectors. They now use electronic detectors and do
true two-dimensional imaging spectrometry in a few cases.

1.2.  Project Objective

The objective of this effort was to develop an operating breadboard prototype of a true two-
dimensional imaging spectrometer for potential use on orbiting and fly-by spacecraft This
involved testing and utilizing such technologies as holographic gratings with partial
aberration-correction, two-dimensional detectors, figured linear step filters, miniaturization,
and automation.

The key requirement for the instrument design is that all spectral elements be measured
simultaneously; otherwise the spectral information becomes confused as the instantaneous
field of view moves with respect to the sensor entrance aperture during image acquisition.
This requirement excludes theframing camera approach, because the time required to
sequentially measure several dozen or several hundred frames (each at a different spectral
channel) is too great for the scene to be held stable from an orbiting spacecraft. The second
key requirement is that a line of spatial elements (pixels) be imaged simultaneously, so that
a wide swath can be mapped while the spacecraft flies by, i.e.while the spacecraft footprint
moves over the surface of the object below the orbit of the spacecraft. A push-broom
approach is thus indicated. The third key requirement is that the signal-to-noise ratio be
high enough (minimally > 100:1 and preferably > 300:1) to clearly identify important weak
spectral features and to separate overlapping features. Finally, the instrument must be
small, low mass, reliable, and inexpensive to build and operate.

The purpose of the effort was to have available a credible and low-risk design option for an
imaging spectrometer for future NASA deep space missions. At the inception of this
effort, imaging spectrometers for NASA deep space applications were not modern and the
instruments were very heavy and complex, and they did not deliver the area coverage rates
and signal-to-noise ratios desired. This effort proposed to build on technologies and
design approaches under development at SETS Technology, Inc. to correct for these
deficiencies.
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1.3.  Approach

This project's design approach was to build on prior research done at SETS Technology,
Inc. utilizing, as much as possible, existing in-house designs, components and expertise
developed under previous instrument development projects. The goal was to provide a new
class of imaging spectrometer designs as options for future NASA deep space missions,
such as Lunar Observer and NEAR. Available resources from previous projects included
two-dimensional array detectors (Si-CCD and HgCdTe), a doubly blazed holographic
grating, and point detector test systems.

SETS has prepared designs, acquired key components, and built operating prototypes for
for imaging spectrometers in the visible (0.435 pm to 0.835 pm) and shortwave infrared
(1.0-2.5 pm) spectral ranges, using a novel design approach which greatly reduces the
number of optical elements and thus greatly reduces the size and mass of the instrument.
This was done while maintaining the optical throughput of the instrument by using two
dimensional array detectors. SETS felt that this design approach met the objectives stated
above and demonstrated, through tests of key optical elements, that these designs would
produce the desired performance.

Using this design approach, SETS developed a breadboard prototype optimized for the
upcoming NASA deep space missions which makes this approach credible for space
applications.

The engineering effort utilized:

- Existing engineering designs, developed under previous NASA and
other agency funding.

» The experience with the one operating 1.0 - 2.5 um prototype built
so far.

e Results from SETS tests of key optical elements, developed by
optical manufacturers with SETS design help.

*  Other existing parts and detectors.
Techniques of special concern and effort were:

* Holographic blazed gratings.

¢ Abermration-compensated/corrected optics.

* Figured linear step filters.

* Two-dimensional VIS and IR detectors.

* Miniaturization of the instrument.

 Design for automated adaptive operation.

These are techniques SETS has used extensively in past efforts to develop electro-optical
instrumentation, and imaging spectrometers in particular.
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2.

2.1

Summary of Work Accomplished

Year 1 (October 1992 through September 1993)

During the first year, the following tasks were completed:

Reviewed project goals and objectives.

Reviewed overall design approaches.

Reviewed design specifications.

Reviewed design/performance of existing prototype VNIR instrument at telescope.
Performed detailed survey of available IR array detectors.

Selected NICMOS3 HgCdTe 256 x 256 array as baseline VNIR detector.
Completed science review of specifications.

Finalized system specifications.

Completed baseline design of electronics to control VIS/VNIR arrays.

Obtained detailed specifications and operational information from manufacturer on
selected VNIR detector.

Developed preliminary optical design and layout of optics and dewar optical bench.
Developed preliminary grating design with manufacturer.
Surveyed available guider cameras and selected baseline camera.

Developed agreement in principle to cooperate with German Space Group (DLR) in
applying electronics microminiaturization technology to this project, at no additional
cost to NASA.

During this period, the following tasks were started:

Survey available VIS/VNIR detector arrays.

Develop detailed design for manufacture of grating.

Prepare detailed mechanical design and shop drawings for mechanical subsystem.
Implement electronics design with DLR of Germany.

The system design parameters shown in Tables I and 2were defined to meet the following
design requirements:

Simuitaneous collection of spectral channel measurements.

Broad spectral coverage with 0.5% to 1% spectral resolution.

High signal-to-noise (S/N), preferably 300:1.

Broad area coverage.

Low mass, small size, low power, inexpensive.

Versatility to acquire and handle data in several modes, using automated control.
Mechanical stability.
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Table 1. System Design Parameters

Spectral Range 0.35-2.50um
Range 1 0.35-1.05pm
Range 2 0.95-2.50pum
Spectral Resoiution 1%
Range 1 5.5 nm/pixel
Range 2 12.1 nm/pixel
Number of Spectral Channels 128 (Range 1)
128 (Range 2)
Signal to Noise Ratio > 300:1
[FOV 0.5 mrad
Number of Spatial Channels 256 (across track, without
scanning)
Platform Spacecraft
Cooling Scheme Passive (LN2)
Estimated Volume 14,400cm’ (30 x 30 X 16 cm)
Estimated Mass 18 kg
Table 2. Subsystem Specifications.
Foreoptics
Type All Reflective Cassegrain
Aperture 5 cm diameter
Focal Length 50 cm
Focal Ratio /10
Spectrometer
Slit Size

50 pm wide x 12.8 mm long

Dispersion Technique Holographic Concave Grating, double blazed
Groove Frequency Range 1: Range 2:
165 arooves/mm 68 orooves/mm
Dispersion Efficiency 12%~50%
Input Focal Ratio /10
Qutput Focal Ratio f/3 (Range 1). f/8 (Range 2)
Detector Range | Range 2
Material Si CCD UV Enhanced HgCdTe
Array Dimensions 256 x 256 256 x 256
Pixel Size 15 um 40 pm
Quantum Efficiency >20% 0.35-1.05 um >50% 1-2.51um
Operating Temperature 290K 7K
Read Noise 70 e- 400 e- )
Dark Current/Full Well 1 e-fsec @ 290K / 3x107 e- | 5 e-fsec @ 77K /2-4x10" e-
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2.2 Year 2 (October 1993 through September 1994)

During the second year, effort concentrated on the following tasks:
e Development of designs for preliminary holographic optical element.
e Evaluation of performance of preliminary holographic optical element designs.
e Preparation of additional optical and mechanical designs.

2.2.1 Problems encountered

Problems were identified with the dual-blazed, single holographic optical element design.
This design had been selected over a more classical design (i.e. one with separate gratings
for the VIS and VNIR arms) for the advantages of reduced mass and cost, fewer optical
elements and increased ruggedness. Unfortunately, with current technological constraints,
the single holographic optical element design failed to meet the optical performance
specifications for spectrai and spatial resolution at a focal ratio required to achieve the
desired system SNR. Figure 1 shows the proposed optical system layout for the single
holographic element design. Figure 2 shows the geometrical spot sizes achieved at the
spectrometer focal plane for an f/4 system of this design. Although the on-axis spot size of
84um (spatial) x 18pum (spectral) is minimally acceptable, the edge-of-field spot size
increases to 350pm x 195pm, far too large for the 40um x 40um pixel size of the FPA
detector elements.

Another major problem with this design is the overlapping of orders from the two arms
(visible and shortwave infrared.) The duai-blazed concept is an attempt to maximize
spectrometer optical efficiency by using two coincident gratings ruled on one optical
surface. Such a design would use a single optical train to disperse and image two spectrally
distinct beams of light. In this case, we wish to image light in the VIS/NIR and SWIR
bands. But higher orders (e.g. the third order) of the visible light, diffracting from the
infrared grating, were found to be precisely coincident at the output focal plane with the
first order of the infrared range. This would be an advantage (increasing the efficiency of
the spectrometer) except that these higher-order images are highly aberrated, and the
additional light, while increasing the throughput of the system, also enlarges the spot size
and so degrades the spatial resolution of the system. Attempts to reduce the aberrations,
and/or move the higher-order images, were unsucessful. So, after much design effort, the
dual-blazed approach was abandoned.

2.2.2 Solutions proposed

In order to meet the desired optical performance specifications, the following alternate
optical designs were proposed.

2221 Two-arm dual-grating design

A classic two-arm dual-grating design offers increased assurance of meeting the optical and
noise performance specifications demanded by the science requirements. This design
increases the number of optical elements (above the number required for the dual-blazed
design) complicating the mechanical and optical design, and thus increases mass. volume.
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and cost. However, this design also provides more parameters for adjustment during the
design process, helping to ensure the problem is not overconstrained.

The layout for this design is shown in Figure 3. The design features separate optical paths
beyond the input slit for the visible and near-infrared regions of the spectrum, with separate
holographic gratings as well as a separate detector array for each spectral region.

2.2.2.2 Dichroic beamsplitter design

A dichroic beamsplitter design avoids the problem of overlapping orders which plagued the
original dual-grating design, and still offers the advantage of a single holographic optical
element to collimate, disperse and focus the beams in both spectral regions. This design
adds the complexity of a dichroic filter and prism assembly, in effect creating a pair of slits,
one for the visible light and the other for the infrared light.

The layout of this design is shown in Figure 4.

2.2.23 Dual-grating “sandwich” design

A dual-grating “sandwich” design is an innovative but more risky design approach which
removes overlapping orders by layering a visible grating on the top surface of a silicon
wafer with an infrared grating on the back surface. In this design, the silicon wafer
substrate acts as a reflector and blocking filter for the visible light, allowing only the
infrared light to reach the back infrared grating. So the infrared grating never gets the
chance to scatter visible light onto the output focal plane.

The layout of this design is shown in Figure 5.

2224 Transmissive optical element design

A transmissive optical element design improves the optical quality and greatly reduces spot
size by allowing near-on-axis focal plane imaging. In this design, a positive power plano-
convex or meniscus lens, with a superposed holographic grating surface, performs all the
necessary optical functions of collimating, focusing and dispersion. The near-on-axis
design improves the spot size for both the visible and infrared spectral regions.

The layout of this design is shown in Figure 6.

2.3 Year 3 (October 1994 through September 1995)

During the third year, effort concentrated on the following tasks:
o Evaluating alternative designs and selecting the one most appropriate.
¢ Implementating final design.
¢ Testing and evaluating implemented design.
¢ Recommending additional designs for other related applications.
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3. Recommendations and Conclusions

A key design goal of this project was to use a double blazed holographic grating to reduce
the number of components required to cover the entire 0.4 um to 2.5 pum spectral range.
Several different double blazed grating configurations were tried during the optical design
phase of this project, but none ever produced the required aberration performance, due to
superposition of higher order spectra on top of the desired spectra. These higher order
spectra always turned out to have large aberration which would degrade the otherwise
excellent optical performance of the design. Since the higher order spectra were covering
the same wavelength interval as the prime order spectra, these parasitic spectral orders
could not be removed with wavelength selective filters in the instrument's focal planes.
This this problem was insurmountable using this design approach.

So in practice we chose to advocate a classical dual-arm design, using a dichroic
beamsplitter to separate the incoming beam into two broad bands, the visible (0.4 to 0.9
pm) band and the shortwave infrared (0.8 to 2:5-um) band. This classical approach thus
consists of variations of two SETS imaging spectrometers (the AAHIS and DLR
spectrometers) integrated into a new instrument, sharing the same foreoptics, slit, and
chassis. In the fully developed version of this integrated instrument, both the visible and
infrared focal plane arrays would be controlled by one set of electronics hardware and
software, producing a compact, broadband hyperspectral imaging spectrometer suitable for
further development into a space qualified system.

Despite this negative conclusion, SETS recommends that the dual grating approach be
pursued, with the addition of a filter layer between the two grating surfaces which would
allow the infrared grating to be illuminated only by infrared light. This would eliminate the
superposition of higher order visible light spectra (produced by diffraction of visible light
from the infrared grating) onto the fundamental order visible spectra produced by the
visible light gratin. In practice, such a dual grating could be produced by etching a dual
holographic grating onto the two surfaces of a thin silicon wafer (or onto both surfaces of a
thin layer of silicon deposited onto a suitable substrate). In operation, the outer (front)
surface of this sandwich structure would scatter both visible and infared light into the
desired spectra, and the buried (back) surface would scatter only infrared light, since only
the infrared portion of the beam would be transmitted through the silicon layer to reach the
second grating. In effect, this design places the wavelength separating filter, not in the
input beam nor at the focal plane, but at the grating (i.e. in one of the system's pupil
planes). This would eliminate the highly aberrated parasitic orders and restore the optical
performance of this simple, yet broadband, single component optical system.

Appendix

The Appendix presents three concept designs for this imaging spectrometer, along with_
analyses of their optical performance and a drawing of a representative holographic grating
to be used in these designs.
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CONCEPT 1. DESCRIPTION

1

The first technique (Concept 1) employs a single concave holographic
diffraction grating operating in an over/under low stray light geometry and
a custom dichroic beam splitting fitter to separate the first order IR spectra
from the second order VIS spectra. The over/under or Eagle geometry
achieves excellent imaging over the wavebands of interest. American
Holographic has several commercie! instruments designed using this concept
and the addition of some field flatiening through aberration correction.

The use of a single grating p3ts some constraints on the spectral
dispersion that can be used, the two spectra are interrelated. The
preliminary grating design for this concept is designated 490.101. The focal
plane positions are shown in Figures 2 and 3 for the IR and VIS detectors.
If the primary spectra is considered the IR detector and wavelengths then
the VIS detector should operate inthe second order in order to come close to
the requested spectral dispersion. The IR detector wants 1000nm to
2500nm or effectively 1500 nm spread over 7.44mm. or an average of 201.6
nm/mm. The VIS specification asks for 350-1050nm or 700nm spread over
the same 7.44mm for a reciprocal Enear dispersion of 94nm/mm. A single
grating cannot achieve both these requirements simultaneously. By using
the second order visible spectra, htwever, a reciprocal linear dispersion of
100.8 nm/mm is achieved in nearlz the same focal positions as the IR
detector. This focal position is impartant because all aberration corrections
and imaging are related to mA (m being the order). Thus if the design
provides good imaging in the first order at 1500nm it will also have the
same imaging in the second order 1t 750nm. Because the dispersion is not
exactly what was requested the 350-1050 nm spectra is spread along oniy
6.94mm. If SETS would like to cheage the VIS spectrum to accomodate the
IR specifications, the only requirement is that the reciprocal linear
dispersion (RLD) be half of the IR spectra for the VIS spectra (e.g.
200nm/mm IR to 100nm/mm VIS



r.
EFFICIENCY

The use of a single grating to cover a large spectral range always léads
{0 a trade-off with respect to the wavelength of spectral region }hat has _the
highest diffractive efficiency. In fact, the actual efficiency requirement is
usually a system specification due to the source irradiance apq/or the
detector sensitivity. Not knowing the system requirements it 1§ assu med
that the IR spectrum dominates and the nominal design is peaked at thg
specified 1700nm. Figure 4 shows the expected efficiency for a sinusoidal
groove profile peaked at 1700nm. This profile has a groove depth of 4900
Angstroms and yields the typical scalar first order efficiency of 3.3.'8%. thv
this grating is used in the second order visible (Figure 5 ), the efficiency is
much fower and actually soes through two zero efficiency points. (These

zero efficiency values really don't occur in practice because the grating ——

efficiency is different across the actual blank and averages the effect for a
given wavelength.) Figures 6 and 7 show similar eff iciency }ab{es for a
stightly shallower groove depth. The VIS low efficiency region is nOW closer
to the peak in the solar spectrum with only slightly lower IR efficiency. The
shallower groove profile coupled with the enhanced performanc? {roq the
eventual ion milling of the grating should provide acceptable efficiencies
greater than 40% over most of the spectral range.

GRATING SIZE

The standard American Holographic blank size is spoyn .in the
enclosed AH Drawing # A-900131 (Figure 8). The material is fine annealed
pyrex and we have several blanks currently in stock. The 80 mm clear

aperture and 152 mm entrance distance length vield approximately F 1.9 for
system collection solid angle.

GRATING SPECIFICATION: 490.101

Groove Frequency 32.4gr/mm

Diffraction Order 1 for IR 1000nm-2500nm
2 for VIS 350nm-1050nm

Radius of Curvature 152.4 mm

Blank Diameter 85.0 mm

Entrance Slit Distance 152.2 mm

Focal Positions See Figures 2 & 3

Groove Depth 4000 Angstroms



FIGURE 1

SINGLE GRATING MULTI-SPECTRUM CONCEPTS
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FIGURE 2

GRATING FILE DESCRIFTION

WAVELENGTH (nm)
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10OQ0 00
1100 ,00
1150 .00
1250 ,00
1300 .00
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FIGURE 3

'GBRATING FILE DESCRIFTION-———————rmmmm e Ef 490,101
WAVELEMGTH (nm) DIFF AMGLE FETA (deq) FOCAL LEMGTH LE(mm)
350,00 -0 .33 192.71
375 .00 - ,22 152.73
400, OO0 -0 14 . 152.74
425 00 -0, 08 192.76
450,00 0,0 192.77
47%.00 0.14° {52.78
SO0 N 0,22 152.79
25,00 n.32 152.80
oSS0, (0 .42 192.81
S75.00 n,S 152.83
L0000 0,60 52.84
625 .00 0,70 152.8%
LS50 00 0,72 152.86
675 .00 0,en 152.86
700 .00 0,97 152.87
725 .00 1.07 S2.e8
TEA L OO 1.16 152.8%9
2s 152.90
1.2% 152.60
o 1.44 152.91
250, 00 1.53 152.92
875 .00 1.42 152.92
00 .00 1.72 152.93
925 .00 1.8t 152.93
S0, 00 . 1.90 152.94
975 .00 2,00 152.94
1000 .00 2,07 152.95
1025.00 2.18 152.9%
1050 ,00 2.27 152,93
LENGTH OF SFECTRA £.527707
LAMBDAL = 350 LAMEDNZ= 1050
1 GRATIMG FILE DESCRIFTIQH-———==m———m—e=m By 490.101
2 GROOVE FREQUEMCY (or-/mm)- _— -N 32.4
3 DIFFRACTION ORDER-----— -—=- m 2
4 RADIUS OF CURVATURE (mm) ————====—===== R 152.4
- ENTRANCE SLIT DISTAMCE (mm)-———-——=—= La 32.2

ANGLE OF INCIDEMCE (dmpQ)-—-—=——=——- Alpha 1.625




FIGURE 4
GRATING DESCR
. - WAVELEMGTH

N W) -

o

1000, 00
1050, 00
1100 ,00
1150.,00
1200 ,00
1300 .00
13%0,00
1450 ,00
150000
1550 .00
1600 ,00
1450.00
750,00
1800 .00
18950 .00
1200 .00
1950 ,00
200000
2050 .00
TN 00y

_ZD0 00

220,00
230000
2350.00
2800 .00
ZAS0 .00

2500 , 00

frim)

IFTION—-

7o

SCALAR Zfficiency (%)

.94
13.0%
16.82
20,12
23.06
25.61

e —]q

“loei

30.72
32.01
232.81
33.36
33.567
33.24
33.24
33.70
33.45
33.11
32.70
22.23
3.7

31.16
30.28
27.98
27.2

28.74
28.11
27.18
26.85%
26.23

o582

_aleilL

SRATING DESCRIFTIMmmmmmmmmmmmm e =t
START WAVELENGTH fnm)--———==————= i |
END WAVELENGTH (nm)-————————————- L2

WAVELENGTH STEF ([io1+a 12mbda)- — L3

B U m

GROOVE DEFTH,

AR, 101
| (AL}
2500
O

{

4500




FICURE 5

GRATING DESCRIFTION--- 430,101
"WAVELENGTH (nm) SCALAR Efficiency (%)

350,00 0.7

375 .00 0.32

400,00 3.1

42%.00 7.5

450,00 2.7

475 .00 .38

SO0.00 7.32

S25.00 ' oa.s8

550,00 2.12

S75.00 0,92

00 00 D00

625 .00 0,52

650,00 1.90

675,00 3.91

700,00 6.28

725,00 8.82

750 .00 11.35

775.00 13.7%

800,00 15.94

a2%.00 17.8%

30,00 19.48

75,00 20,82

90000 21.87

925 .00 22.6%

950,00 23.20

275.00 23.%2

1000, 00 23.64

102500 23,63
1 GRATING [ESCRIFTIOH-——=m=mmmw=mm=- BY 470.101
2 START WAVELENGTH (nm)-—=m======= L1 330
3 END WAVELENSTH (Am? —=—=—=—===-—- 2 1049
4 WAVELENGTH STEF (Dielta 1ambda)~ —— L3 2%
K ORDER-====————— - —memm e mmmemm m 2

CROOQVE [EFTH, AMGZTROMS---=———=-- h 4500

~p—




FIGURE 6
GRATING DESCRIFTION-——

WAYELEMGTH

N & WHY:

o

1100 00
1150, 00
1250, 00
1300 ,00
1350 .00
1400 .00
1450 .00

1500, 00
1550, 00
1600.,00
16%0.,00

175000
1800 Q)
1850, 00
1300, 00
1950 .00
2000 ,00
050,00
2100 ,00
215000
2200 ,00
2290.00
2300 .00
230,00

—~rc, ) ‘:".‘

(nm)

490, 104

SCALAR Efficiency (%)

24.38
27.20
27.44
21.14
32.35
33.18
33.64
' 23.8%
33.31
23.58
23.20
32.71
32.13
31.48
20.7
30,05
27.30
28.53
27.76
26.9%
2£.23
25.448
24.75
24.03
23.32
22.64
21.7
21.33
2071
20.10
1 [ e}

GRATING DESCRIFTION--——-—=-—-===

START WAVELEMS
END WAVELEMGTH

TH (nm) ~—————————m L
(AM) —————————————

VAVELENGTH STEF (et ta lambda)- -- L3

ORDER-————mmm e m e m e mom e m

GROOVE DEFTH,

490.101
{1 Q00
2700
0

1

4000




FIGURE 7

GRATING DESCRIFTION---

WAVELEMGTH (nm)

425,00
450,00
475,00
500,00
25 .00
SS90.,00
S7%.00
600 .00
62%.00
£7T.00
700,00
725,00
790,40
77%.00
800,00
82%.00
B7S .00
F00 .00
2%5.00
GS0 00
7% .00
1000, 00
1025.00

497,101

SCALAR Efficiency ()

7.98
.83
8.2°9
S.06
2.02
.27
0,14
v 1.45
3.79

ADD

PSR

?.84
12.87
15.63
17.79
19.21
21.49
22.48
23.19
23.56
23.67
23.%4
23.23
22.77
22.20
21.%4
20.82
20.06
19.28

GRATING DESCRIFTION-———————m————m
ITART WAVELEMGSTH (nm)-————————=mn- L
END WAVELEMGTH (nm}——————————emm
WAVELENGTH STEF(Delta 1ambda)- —— L
ORDER-———————mm e e m e m

GROOVE DEFTH,

49,101
350
1049

~e
<
2

~

4006

-
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' CONCEPT 2

In an attempt to separate the IR and VIS detectors and eliminate the
need for the dichroic beamsplitter American Holographic has investigated
the possibility of using diffracted orders on opposite sides of the zero order
in Concept 2. Keeping the system symmetrical (convenient but not required
for the design) the angle of incidence in this design (490.99) was selected to
be zero. The IR spectrum focal positions are shown in Figure 9. The detector
position is between 1.85 and 4.63 degrees from the entrance slit at a
distance of about 152.5 mm from the grating. The detector is nearly
perpendicular to the grating normal.

Figure 10 shows the minus one visible spectrum. Again the
dispersion is too small to fill the detector and the better dispersion is found
'n the minus two order (Figure 11). The same discussion as to the relative
aispersion applies to this design as that of Concept 1. Thus, the second
order spectra goes 350nm-1100nm over 7.42 mm. Notice also that this
spectra is closer to the grating and inclined toward grating center. It will

also exhibit more curvature because it is the opposite order that was
designed with the flatter fieid.

OVERLAPPING SPECTRA

The largest problem with the Concept 2 design is that each detector
must be made blind to the nther detector's spectra. Because of the selection
of the two dispersions VIS and IR are symmetrical with respect to the
opposite diffracted angles, the plus two visible spectra will overiap the
desired plus one IR spectra (note: this will always happen and is the basis
for Concept 1). Also the minus one IR spectra will overiap the desired minus
two VIS spectra. These may or may not be major constraints but will
depend upon the sensitivity of each of the chosen detectors and the use of
order sorting or color glass filters to correct any overlapping regions.




g

EFFICIENCY : !

The only impact upon efficiency of the Concept 2 from the discussions
in Concept 1 is that it is probably unikely that the grating can be blazed for
hoth sides of the normal. Thus one spectra can be made over 40% but the-
other spectra will probably decrease as the other one increases. The scalar
sinsoidal efficiency will still be applicable for either side of the normal as the
plus and minus orders have equal efficiencies in the non-blazed case.

GRATING SPECIFICATION: 490.99

Groove Frequency 323gr/mm
Diffraction Order 1 for IR 1000nm-2500nm
-2 fee VIS 350nm-1100nm
Radius of Curvature 1924 mm
- Blank Diameter 850 mm
Entrance Slit Distance 1527 mm
Tocal Positions See Figures9 & 11

uroove Depth 4007 Angstroms



GRATING FILE DESCRIFTION

WAVELENCGTH (nm) DIFF AMGLE EETN

1OS0 00
1100, 00
1150 .00
1250 .00
130000
120,00
1400, 00
1450, 00
LS00, 00
1SS0 00
1600, 00
100,100
1700, 00
1800 .00
850,00

2100 ,00
218000
220000
23250.00
2300 ,00
<350 00

BREATRNNATY

LENGTH ¢ SFECTRA

LAMEBDAL=

PO =" 0 T O B

m

1.65
1.4
2.01
2.13

- am
[y PR

2.3t
2.4

:n] ;D
NI « T R

oS- TR WS B 8]

W r) -
N o -4

4.4%
3.54

4.43

7.424886

1000 LAMEDN =

(deq)

---------------- EY 450.99

2459.7

152.5
152.60
152.62
192.64
152.6¢
152.67
S2.69
1sz.7

alam o ¢

152.72

- B 6t
152.7
152.76

1527

152.79
152.81
152.82

52.84

152.8%

152.86
152.88
192.89
152.90
152.51
152.93
152.94
192,95
152.56
152.97
152.98
152.99
153.00

S3.01

3

GRATING FILE DESCRIFTION-———-———mmmm=—— Bt
GROOVE FREOQUENHCY (g1 /mm) ———————————=—=m H
DIFFRACTION QFDER-——=-m——==——m————— o m
RADIUS OF CURVATURE (mm)——-—=——====-—=== R
EMTRANCE SLIT DISTANCE (mm) —-==——==—= La
ANGLE OF INCIDENCE 'deg)-----—==--- Alpha

FOCAL LENGTH LE(mm)

470,99
32.3
1.

2.4

1:»‘\ =

atal 0

)]

~—




FIGURE 190

BRATING FILE CESCRIFTION-----cmmoommmmm Et 470,5%
HAUELEHGTH  am) DIFF &IGLE EETY (dsod FOCAL LENGTH LECmm)
330. -0 L% 151.50
'4-U“ 0. o% 151.68
400.00 -0.7 151.37
4z3.00 -0, 7 151,25
450.00 -0.,2? 151.24
473.00 -0, €2 151.82
=An .00 -0.57 151.50
525,00 -n,e7 151.7%
350.00 -0z 151.77
R -1 .04 151,76
£00.00 -1.11 151.74
£2% .00 -1.14 151,72
A50, 00 -1.20 151,71
L7500 -1.2% 151.6%
no.L.oo -1.20 151 .67
TZS.N) -1.74d 15) .44
730 .t -1zt 151 .44
TTS.00 -1.4% 151,62
800 .00 -1.4% 151 .61
225,00 -1.52 151.3°
£50.00 -1{.57 151.57
873.00 -1.£2 1S .55
£00.00 -1.47 151,54
S2T.00 1.7 151.52
: -1.7s 151,50
-r.en - 151.49
-0 -1.8% 151.4
212500 -1.,50 151 .45
10sn.00 . -1.5 151.42
17<.00 -1.°° 151,41
LENGTH OF SFECTRA 5 =mengt
LetIEDGaL = 250 LAHED 2= 1075
1 BRATING FILE LESTTIPTION~~-mmmmmmmm oo E$ 490,57
2 FROMVE FREDUENICY 7 af /mm) —--============ 1 22,3
H UIFFRACTION OPDERF-===m=m—=m=——mme———= == mo -t
4 FADIUS OF CUFATURE(mMmY —mm————— e m———— £ 2,9
S EMTRAMCE SLIT DISTANCE (mmr—==—====== La 2.7

AtGLE OF ICIDENICE fdeqy-——-mm=————= Alpha 0




FIGURE 11

BRATING FILE CESCRIFTIOM-—-mmmmmmmm—m— Bt 4%0.5%

WALVELELGTH C(nm} DIFF ANGLE EETA (deq) FOCAL LEMGTH LB/mm)
2€0.00 -1.2% 1S51.467
TS.00 -t1,3: 151.44
400,00 -1.4% 151.41
425,00 -1.57 151.57
450,00 -1.£7 151.54
475,00 -{,74 51,50
500,00 -1.89 151.47
52%.00 -1.%% 151.472
950.10 -2.04 151,49
S75.00 -2.1% 151.28
400.00 -2.22 151.32
429,00 -2.71 151.2%
£S0.00 -z, 151.2%
£79.00 -2.50 151.21
700.00 -2.8% 181,17
725.00 -7, 42 191.17
TE0.00 -2.72 151.0%
77500 -2.€7 151,05

a0 2,54 151.01
2 -2.04& 190.%7
Sidad -2.1% 150.%3
27%.00 2,74 150.¢¢
00,00 -3,27 150,89
F25.90 -2,47 150.21
£50.00 -2.%2 150.7
$7S.00 -2.41 150.7°2
1onn .00 -2.70 150.48
125,00 -3,en 150,44
100,00 -3, e% 150.5%
107,00 -3,%7 150.5%
1100,00 -4.07 190.59
LEHIGTH OF <FECTFA IR B3 IS
11RDA = 350 LANfa2= 1099, 59¢
! GPATIMG FILE DEZCHIFTIMl-mmmmmm e oo = Be AFn, ¥
= GRODVE FREQUENCY Qe mmi———==-==-======= ftonz.2
: DIFFRACTION ORDEF--—-==——m=omm=mm=o= = m e
4 FADIUS OF CURUATURE(mm ) ——===—==m==—=== P ‘32.3
S EMTRANCE SLIT DISTANCE rmm)-—=-==m—== La  152.0

AMGLE OF IHMCIDENE fdegy—===m-==="" Alphs 0

-




CONCFPT 3

1

In order to maximize the design capability of th? holographic
diffraction grating it would helpful if the two optical spectra could be created
by two individual gratings. With the SETS desire to keep only one entrance
slit for each spectra there is a little known, but employed in certain
commercial instruments, technique of placing two different holographic
exposures upon one grating substrate. The gratings are simifar in concept to
tri-partite gratings in that the grooves are not meant to be in phase. The
common technique of sharing the grating aperture with either top half or
bottom half being different gratings can be supplemented with either a
random mask arrangement or even two complete exposures over the entire
substrate. There are moire and sum/difference spectra if the groove
frequencies are oo close to each other. The advantage to the SETS
instrument is that both gratings could be designed to operate in the first

.rder and each could be optimized for the highest efficiency in its spectral
range.

This Concept allows the designer a great deal of freedom in the
selection of the individual grating design. There is one system suggestion
that American Holographic would like to suggest to the SETS design group. If
the VIS CCD can be made larger for selected larger), then the spectra can be
spread over a greater angle and there can be a situation with no overlap
with the IR detector region. In effect, the first order IR spectra is completely
contained within the zero order to 350nm UV spectral region. By slightly
inclining the IR grating grooves with respect to the VIS grating grooves the
IR higher order spectra can be separated from the first order VIS detector.

Such a grating combination is described in Figure 12 and Figure 13 designs
490.102A and 490.102B respectively.

The 490.102A design operates in the minus one order {note: the
American Holographic convention is that the angle of incidence is always
positive and negative angles are always on the opposite side of the grating
normal from the entrance slit). The 7.43 mm spectra is spread over
diffraction angles from -7.53 to -10.29 degrees. The 490.102B grating
design spreads the 350 to 1050 nm spectra from -10.97 to -21.86 degrees of
over 31.48 mm. Thus, the spectra do not physically overlap and the
detectors do not have to be hutted together. The penalty, of course, is the



need for a larger CCD detector. A 2D of a about the right size is availal?le
from EG&G Reticon ( RA1200] Se: Appendix A).

Additional designs could be generated for smaller CCD sizes, t?ut the IR
spectra would have to be used in “1e plus one order (on the other side of the

normal) and the CCD would have t: be insensitive to the minus order IR’
spectrum.

EFFICIENCY

The efficiency for each expsure can be optimized for the spectral
region of use. In a shared aperturz approach the area assigned to eact}
grating can also be used to adjust tystem throughput. If the grating diffracts
only to one side of the normal thet ion beam milling will enhance both
spectra to that side of the normal. Figures 14 and 15 show the expected

sinusoidal groove efficiency for bah IR and VIS optimized first order
designs.

GRATING SPECIFICATION: 490.112A&B

410.102A 490.102B
Groove Frequency 317 260 gr/mm
Diffraction Order R -1
Radius of Curvature 52.4mm 152.4 mm
Blank Diameter 35.0mm 85.0mm
Entrance Slit Distance '52.2 mm 152.2 mm
Angle of Incidence 5.7 deg _ 5.7 deg
Focal Positions Foure 12 Figure 13

Groove Depth {500 Ang 1400 Ang




FIGURE 12
GRATING FILE DESCRIFTIOH-==~—==-==—=—==ES 4901020

WAVELENGTH nim) CIFF ANGLE PETA dea: FOCAL LEMNS TN LE (mm)

1000, 00

7.50 152,018
10E0 a0 -7k 182.0%
1100 ,00 =700 192.1%
115000 -7.90 152,11
1200 G0 —-7 .7 192.18
LaZo. oo T tSz.on
1300, 00 -5, 152,24
1250, 00 -2, 152.3%
1400, (0 -8,04 152.31
1450, 00 -g. 152.238
1500, 00 -B,4% 15Z.42
LS50, 00 -2, 152,44
1600 00 5,602 152 .50
1650, 00 -R.7z 192.54
1704 .06 -8.61 T2.5E
1750, 00 -g.20 152,61
1940 00 -7, 00 152,65
1850 .00 -g .07 S2.6%7
1200, 00 -%.12 152.72
19%0, 00 -g,o7 192.7
2000, a6 -0.,724 152.80
ZOEG 00 -2,k 192.83
2100 ,00 -9 .59 s2.87
~LE0 L 00 -3 .4} 152,70
o -7 152.94
L) -%.872 152.97
300,00 -2.,372 153.01

2290 .00 -0, 153.04
2400 100 —10L T 153.08
2450 00 -10,17 {52.11
200,00 -10.,27 . 153.14
LEHGTH ¢ SFECTRA 7120124
LAMBDAL= 1000 LAMPLG 2= 2499 ,99%

GRATINR FILE LESCRIFTION-——-——-—=m—=———= BEY 470.102A
GROOVE FREQUENCY ‘ar/mm)-—-——====-=--== LS )
DIFFRACTION QRDER--—----- -n -
RADIUS OF CURVATUCE fmm) —-—-=======--== Ro122.4

ENTRANCE SLIT DISTANCE (mmi~-———==——"= La 152.2

=lal e

b ANGLE OF INCIDENTE (deq!--————-==-= Alpha  T.7

= b

-




GRiTIN: FICE DESTRIPTION - e e e g ATh,INZE

UEUSLENGTH Cnmo CIFF &HBLE ESTA (deq) FOCAL LEMSTH LECmm)

PEO N0
IR0

-10,97 154.0%
ITTLO0N -1]. 3= 154,41

400,90 -11.72 154.74

425,00 -12.11 157,04
450,00 ~12.,4% 157.22
475,00 -12.87 157.70
S00 ., 00 17,24 152,02
S25.00 -1z, 4d 152,322
SS0. 00 -t4.0: 152.44
S7S.00 -14., 4} 158, 7%
&R0.00 -14.7% 159.25
£29.00 -15.12 {5¢.259
&S50 .00 -15.5¢ 19¢.25
L7500 -15.7% 140,15
SO0 -1£,24 140,44
T2<.00 -14,7t 1£0.72
TS0, a0 {71z 141 .02
775,00 -17.51 161,21
SO, 00 -{7.%0 141.5%
L0 -2, 2% 141.27
30,00 -1&,4% 142,195
270,00 -1e.0% 142.42
S L o0 -1%.47 162.70
225,00 -{& 27 1£2.57
F90.00 -20.24 142,23
e7s.00 -Z20, 44 142,51
1000 .00 -3l .n& 1£3.7%2
102S,00 -71 .44 144,05
10S0 .00 -21.,22 144,21

LENGTH OF SPECTPA TSN zT

- o ULy

LAMEDAL = 250 LAME 2= 1050

GRATING FILE CESCRIRTION~—mcmmmmmmm o= gt A0, 10ZE
BRODVE FREQUENCY © or. mm)-=—-—=—-—======= 11240
CIFFRFACTION ORQEF--—mmmmmmmmmmmmmmmm— m -1
FADINS OF CURMTURE mm) —————=——m——————- F 15z.2
ENTRANCE SLIT CISTANTE fmm)---=--===== Lz 1522
ANGLE OF IMCIDENCE @ deg)———mm=m==m= Moha 5.7

DGR ) B




FIGURE 14

GRATUIG DESCRIFTION-—- A0, 100
WANVELENGTH (nm) SCALON Efficiency %)

O T 15,04
105D 00 19.70
1100, 00 ' o2.54
11S0, 00 e |
1200, 00 T8.01
1250 .00 z7.8%
1300,00 31.29
12350, 00 2,036
1400, 00 22011
1450, 00 2,50
LS00 00 3.81
LSS0, 00 2.8%
1600, 00 3.73
L&SD, 00 2,47

1700 00
79O 00
1800 00
1850, 00
1900, 00

L0
559
A3

JSh

L L) YD G St WD

) ba LI

30 .98
S0 30,20
.00 29.63
050,00 7Q.%4
210:0.,00 28.28
2150 ,00 27.52
2200,00 76,51
2250 ,00 6.23
230000 25.5

Py

2350 .00 21 .51

2800 ,00 24.27
ZAS0 L 00 23.83
2500 00 22,02

GRATING LESCRIFTIOH -———mmmmmemm Bt 430,102
START VAVELEHGTH (rm:——————————— L1 A
END WAVELENGTH (nmt ———m=—————m—= L2 2500
WMAVELEMGTH STEF (Del*a lamhdai- —- L3 50
ORDER===—=—=—mmmmm oo m o mm e m 1
GROOVE DEFTH. ANGTTROMSR-———————v h 4500

N

b

——




FIGURE

15

BRATING TESCRIFTION-—-

WAYELEMGTH

(VW OF Bl o

i~

7500

sl
S50 00
qﬁl_‘

625 .00
L5000
&7 .00
T O
TET 00
IO O
70,00
775 .00
B0 (s
~C N
2%, N0
850, 00
BTS00

PO, 00

Q2% .0
50,00
EERARERNTY
Y]
L1000

LOS0 00

(nm)

GRATING [ESCR1
START WAVELENS
END WAVELENGTH
WAVELENGTH STE
ORDER---—-—~~-
GROOVE DEFTH,

ATOLO0E

SCALAR Efficienzy )

24.32
=2.23

30,7

- v ==

- A

FTION -———mm e mm o ey
TH (nm) = ———mmm Lt

(AMm) ——===m—=————— L2
FiDalta Jamhdar- -- L3
____________________ m

a7, 107E
350

10y

e

1
14000

Lale
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PRELIMINARY
1 - RA1200J
\’ ", o
x Full Frame CCD Imager
|
-
Ge icial Description oealfl A “l) Ozce
e - Oy i1 ofl @yca
he .. ~1200Jis afull fraive CCD sensor designed s dically Cca lf> “! Orcs
!ut. - Iy astronomy. spuctioscopy and tulatixd @ cnatthe Ouwcalls _ | Oun
e g appheations  Hs combmation ol very Lea sioeie and x'g‘: : : : g'm
lov. 1uk cunent make it ideal for low ight feved. tugh dynamic NT : L 4 T «fl V::):
rar. v and high resolution applications D) ofl Vsus
- » ) Own ({* - «tl Vours
he e is structured in a senal pacalled senad conligura Ou ] Q- ») Vss
tior. :..; charge pad&els (imaging data) in the verbical (paraliet) Oy (] 2 ' ull ¥ros
req .iciscanbe shy!ludeilhet up or down (not sinmitlangonsty) vg‘“ s 8’ : : I 3““
ot wlanhcal hqnzomal (senal) shiftivgisters. Oneis atthe v,,::‘: ‘: ] sl u(:.
1op u d another is at the botlom of the array  Four phase ves (] 5; ) O.p
clo . ure needed to duve both verlical and borizoontat shift Vouta L s P Os
req. s Veus (| »|) Oz
Vooa {ji »f) NT
Tlm 11y 15 available in a 48 pin ceranuc package as shown Osaa (e Hoe
n Fr.oce 1. Package dunensicos are shown in Cigue 71t g'm: : : ll‘:)':.
isav. Alble with a guadz window or unwindowed I device oz: s of) °:c:
isinc.t .fuenl to its orientation in a circtit due to the symmaetry BOyca (| il Oyc
of th. jinout (see Table { lor complute pinout dustription) Opca f{¢ o} Ozca

Feaites

1).000 picture eteients (pixels) in a 400 x 1200 contigu-
iton

. jun square pixels
. 1ed channel process

' chip output amplifier for low naise and lugh speed
te Lot .
I atvdynanuc range: over 103 d8 at -110 C (183 K)

-1 parailal senal configuranon tor sclectatie bidirec:
ol readout
* U atle spectral 1esponse hhom 450 nm o 1050 nm
- coter than 5% of peak responsivity)

.

M1’ Operation

A 1qe source of dark cutrent iy devices such as this
orne +.iles in sutface states at the Si Si0O interface A vique
des .. and process enablys the A1200J 1o be nm in
the l.l-hi Pinned Phase™ or MPP niode of operation. This
hely:. «lminate dark current gencration n the nerface
suit.a.c states. By holding the verticat clocks at negative
poter.il dunng integration and horizontal signal ieadout. the
sutl.. colthe sensing areais inverted. Asaresult e sutlace
wilt i1 e depleted and surlace states wilk not gencrate dark
coread Dark cutrent densities of less than 0 1 va-cny have
beci achieved using the MPP modu ol operation, resuliing

nank: jeon imes ol more than 30 sccondds at ' om
ten. -« slure.

Figure 1. Pinout Cunfiguration

Functional Description
Imaging Area

The imaging arca is an aay ol 1200 columns (vertical CCD
shift segrsters) which arg wolited hom each othier by 5 pm
channel stop regons.  Each column has 400 picture ele-
ments. The pixcd size s 27 i x 27 pme. The imaging areans
divided into iwo sections of 200 x 1200 pixels. Each section
can be operated indupundunily with its own four phase verti-
cal clock. 1 both sections share (he sama clocks, the device
operates as a full hame 4100 x 1200 imager. Typical spectral
response as a lunction of wavedength is shown in Figure 2.

in the vestical dicection, cach pixed corresponds to one stage
{tour electiodus) of the slhalt register. The tour-electrode
groups are driven by four phase clocks brought in from both
edges of the array for improving response ime.

Charge packels (imaging dinta) in the vertical registers can be
shifted either up or down 1o the lop or bottom horizontal
registers by inlcrchanging two ul the four phases (0, ando )
See Figue 3 tor functionat diageam.
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