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Abstract

A new type of a direct vision dispersing component, the prism-grating-prism
(PGP), was invented by the author in 1991. This patented component allows
small, low-cost hyperspectral imaging spectrographs suitable for industrial and
research applications in the wavelength range from 320 nm to 2700 nm, limited
by the transmission of the grating material.

The PGP spectrograph optics and the design procedure are described. The
concept has been applied to many hyperspectral imaging spectrographs. The
potential of the PGP construction is shown by introducing four designs in detail.
1) The prototype of a low-cost airborne hyperspectral imaging spectrograph,
AISA, was the first application of the PGP concept. 2) A microscope imaging
UV-VISNIR spectrometer system for spectral measurement of micrometer-
sized objects such as wood fibers was developed. 3) A multiple-points PGP
spectrograph connected to optical fibre probes was designed for industrial
applications such as on-line colour and oil film thickness measurements. 4) The
PGP spectrograph design for a high-speed interrogation system for large-scale
fibre optic Bragg grating arrays is described.

The PGP concept and the results of the developement work were so promising,
that a company was founded in 1995 to commercialize, further develope and
manufacture PGP spectrograph technology. Today PGP spectrographs are used
world-wide for industrial machine vision and spectrd analysis, airborne remote
sensing and scientific applications in the form of standard products and
customized OEM components.
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List of symbols and abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

B: vertex angle of Prism 1in PGP

[ vertex angle of Prism 2 in PGP

£ strain = a materia fractional increase in physica length when
stressed = Al/I

0, angle of incidence on the grating for the Bragg wavelength, A, in

the prism materia

0, angle of incidence on the grating for the central wavelength,A_, in
the prism materia

0, diffraction angle from the grating for the Bragg wavelength, A, in
the prism material

0, diffraction angle from the grating for the central wavelength,A_, in
the prism material

0 Bragg anglein the air

0, output angle from the PGP

B(A).. output angle from the PGP for the wavelength A

A wavelength

As Bragg wavelength

Ac central wavelength of the spectrum

Acp the cut position, i.e. the wavelength at which the internal spectral
transmittance is T, = 0.50

AL longest wavelength of the spectrum

AMlaser laser wavelength
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OA

AN
ADy
AD,
Al
JAVY
Ay
Tj

Tipb

AgcAs
A-D
AlS
AISA
Ar
AVIRIS

the limit of the passband, above which the internal transmittance
will not fall below Ty,

shortest wavelength of the spectrum

the limit of the stopband: the wavelength below which the internal
spectral transmittance, Tig, iS NOt exeeded

change in Bragg wavelength

length of the spectrum expressed in nm, A —As

spectral bandpass or resolution

accuracy of the angular alignment for agrating

accuracy of the angular alignment for a prism

material increasein length

the centring accuracy of alaser spot on an alignment line
gpatia resolution

internal spectral transmittance

the minimum value for internal spectral transmittance in the
passband region

the maximum value for internal spectral transmittance in the
stopband region

frequency of the grating

assembly coefficient for the detector, which means the ratio of the
required length of the spectrum and H,,

coefficients of the optical glass for refractive index calculation
analog-digital

Airborne Imaging Spectrometer of the Jet Propulsion Laboratory
airborne hyperspectral imaging spectrograph of Specim Ltd
antireflection (coating)

Airborne Visble/Infrared Imaging Spectrometer of the Jet
Propulsion Laboratory
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B/W black and white

BK7 glass material of Schott

CCD Charge Coupled Device

CHRIS spaceborne imaging spectrometer for ESA’s PROBA satellite
CMOS Complementary Metal Oxide Semiconductor

Caols Coastal Ocean Imaging Spectrometer
CTIS Computed Tomography Imaging Spectrometer
D diameter of the aperture stop

d grating spacing

DCG dichromated gelatin

DE diffraction efficiency of a grating

EOS Earth Observing Satellite of NASA
ESA European Space Agency

f focd length

FBG Fibre Bragg Grating

FK5 glass material of Schott

FOV Field of View

FTIS Fourier transform imaging spectrometer

FWHM full width half maximum

GPS global positioning system

H, height of the detector in the spectral direction

Hx height of the detector in the spatial direction

HOE holographic optical e ement

IFOV Instantaneous Field of View

IR infrared

JPL Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, USA
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KOs Kaiser Optical Systems|Inc, USA
I length
LSPIM Land Surface Processes and I nteractions Mission Satellite of ESA

LVF linear-variable filter
mg integer that represents the Bragg diffraction order
MTF Modulation Transfer Function

MWIR mid wavelength infrared, 3-5 um

n refractive index of material

Ng refractive index of the material for the Bragg wavelength Ag
Nc refractive index of the material for the central wavelength Ac
Niaser refractive index of the material for the laser wavelength

ny refractive index of the materia for the current wavelength A,
Nmin minimum number of pixelsin adetector

NA numerical aperture

NEMO Naval EarthMap Observer Satellite of NASA

NIR near infrared wavelength range, 700-1000 nm
o.D optical density
OEM origina equipment manufacturer

OFS-12 the 12th Optical Fiber Sensors Conference
OFS-14 the 14th Optical Fiber Sensors Conference

OMI Ozone Monitoring Instrument of NASA

P; thickness of the first half of a PGP

P, thickness of the second half of a PGP

PC personal computer

PGP direct vision dispersing prism-grating-prism component invented by

the author in 1991
PRISM multispectral imager for LSPIM of ESA
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TNO-TPD
uv

wD

VIS
VNIR
VTT

optical resolution along the spectral axis
optical resolution along the spatial axis
red-green-blue

signal to noiseratio

short wavelength infrared, 1.0-3.0 um
transmission

Research Organization in the Netherlands
ultraviolet

working distance

visible wavelength range, 400700 nm
visible and near infrared wavelength range, 0.40-1.0 um
Technical Research Center of Finland

distance between a PGP and a screen in the alignment set-up for a
PGP
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1 Introduction

1.1 Motivation and background

The history of imaging specrometry begins with the Airborne Imaging
Spectrometer (AlS) developed in the early 1980's by the Jet Propulsion
Laboratory (JPL), Cadlifornia Institute of Technology, Pasadena, USA. The
instrument used a 32 x 32 element detector array. In 1983 JPL then proposed to
develope a hyperspectral imaging spectrometer caled the Airborne
Visible/Infrared Imaging Spectrometer, AVIRIS, which is the best-known
imaging spectrometer. Its first flight, measuring a spectrum from 400 nm to
2500 nm at 10 nmintervals, wasin 1987. AVIRIS has been the primary provider
of calibrated imaging spectrometer data for the research community (Goetz
1995).

These large, complicated and expensive airborne research instruments increased
our knowledge and understanding of the possibilities offered by imaging
spectroscopy. Other applications of hyperspectra imaging spectroscopy, such as
industrial inspection, process/quality control and medical inspection uses, started
to be studied. A need arose for a simple, small and inexpensive imaging
spectrometer suitable for industrial and research use. On the other hand the
development of the detector technology in the early 1990's improved both the
sensitivity and the available number of pixels in detector arrays while still
leaving them relatively economical. Computer technology has also improved the
processing capacity needed for the drastically increasing amount of data that can
be generated by imaging spectrometers utilizing the new, larger detector arrays.
Thetime was right for developing a small hyperspectral imaging spectrometer.
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1.2 Contribution of the thesis

In 1991 VTT Electronics designed its own hyperspectral imaging spectrograph
based on the direct vision dispersing prism-grating-prism (PGP) component
invented by the author (Aikio 1992, 1997a—e, 2000). The design allows a small,
low-cost spectrometer to be constructed that is suitable for industrial and
research use in the wavelength range from 320 nm to 2700 nm, limited by the
transmission of the grating materia. The advantages of the patented PGP
component and the form of the PGP spectrograph are that

» The PGP provides large, linear dispersion due to its diffraction grating, as
compared with adirect vision prism with small, non-linear dispersion.

» The PGP can be modified for different wavelength ranges quite freely by
changing the vertex angles of the two prisms, the materials of the prisms and
the grating period, contrary to the very limited grism construction.

e The grating is a volume phase transmission holographic optical element,
which is used for high diffraction efficiency (up to 70%) and has
polari zation-independent throughput.

 The direct vison property permits a unique tubular optomechanical
construction for the spectrograph, which makes it stable and small: D30mm
x L 110mm with /2.8 for a2/3" detector (Hyvérinen et al. 1998).

* The same tubular optomechanical construction can be used in spectrographs
with different kinds of PGP components designed for different wavelength
ranges.

The PGP concept has been applied to many hyperspectral imaging
spectrographs. The potential of this construction will be illustrated here by
introducing the following four designs in detail. The research and development
work was carried out during the period from 1991 to 1995 and again in 1999.
Thefirst application of the PGP concept was a prototype for a low-cost airborne
hyperspectral imaging spectrograph, AISA, which was introduced after test
flight experiments in 1993 by Braam et al. (1993a; 1993b), and is nowadays a
commercialy available instrument. Secondly, a microscope imaging UV-VIS-
NIR spectrometer system for pulp quality inspection is described (Johansson and
Pettersson 1997). Thirdly, a multiple points PGP spectrograph connected to
optical fibre probes was designed for industria applications such as on-line
colour and ail film thickness measurements (Herrala et a. 1994, Vaarda et a.
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1997). Finally, the latest PGP spectrograph design for a high-speed interrogation
system for large-scale fibre optic Bragg grating arrays is described (Aikio et al.
1997, Aikio et a. 2000, Christiansen et al. 2000).

The author's contributions to these spectrograph systems were the invention of
the PGP component, the design of the PGP components and the optics, the
layout of the mechanical design and the assembly and alignment work for the
opto-mechanical system, including test measurements but not the application
measurements presented here.

The PGP concept and the results of the developement work were so promising
that a company named Specim, Spectral Imaging Ltd, was founded in 1995 to
commerciaize and manufacture PGP spectrograph technology under licence
from VTT Electronics. Specim’s products include many versions of a small,
low-cost imaging spectrograph, ImSpector(], and the smallest commercial
airborne imaging spectrometer system, AISA.

Nowadays PGP spectrographs are used world-wide for industrial machine vision
and spectra analysis, airborne remote sensing and scientific applications in the
form of standard products and customized OEM components.

1.3 Structure of the thesis

The basic concept of hyperspectral imaging spectroscopy is described in Chapter
2, "Principle and status of hyperspectral imaging spectrographs'. The principle
of the optics is introduced and the current status of research and development
work related to imaging spectrographs (not generalizable to al imaging
spectrometers) is reported briefly.

Chapter 3, "Direct vision, dispersing prism-grating-prism component for an
imaging spectrograph”, introduces the PGP component and the spectrograph
optics based on it. The design of the component is described in detail following
the author’ s actual design process.

Chapter 4, "Imaging PGP spectrographs designed for imaging spectroscopy”,
shows two hyperspectral imaging spectrographs: the prototype of the AISA

17



Airborne Imaging Spectrometer and a unique microscope imaging UV-VIS-NIR
spectrometer system for pulp quality inspection. A commercialy available PGP
spectrograph is aso compared with two other low-cost spectrographs quoted
from Fisher et a. (1998).

Chapter 5, "Imaging PGP spectrographs designed for fibre optic applications”,
presents designs of an intelligent PGP spectrometer for use in multiple points
fibre optic remote spectroscopy and a PGP spectrograph for fibre optic Bragg
grating sensor network interrogation.

18



2 Principle and status of hyperspectral
imaging spectrographs

2.1 Hyperspectral imaging spectroscopy

2.1.1 Spectroscopy

Spectroscopy is used in the laboratory to investigate material properties via the
interaction of electromagnetic radiation with matter. It has been used to
investigate atomic structure, utilizing the spectral lines in emission and
absorption exhibited by various elements, and chemical analyses of innumerable
compounds and solutions by infrared spectroscopy. The use of colorimetry for
the investigation of cholesterol or blood sugar, for example, in medical
laboratories is a form of spectroscopy. It has aso been used for checking
automobile emissions, determining blood alcohol levels, and monitoring
smokestack pollution, for example (Wolfe, 1997).

2.1.2 Hyperspectral system

Every imaging system has its own spectral bandwidth, defined by either afilter,
detector or both. According to Willoughby et al. (1996), if only a single
waveband is used, the system is referred to as panchromatic. Multispectral
imagers make use of multiple filters (typically 3-12) asis the case in a 3-colour
RGB camera. Systems with a relative spectral resolution (an absolute spectral
resolution/a length of the spectrum) order of 0.1 are sometimes called as
ultraspectral. Hyperspectral systems are characterized by having tens or
hundreds of spectral bands and a relative spectral resolution order of 0.01
(Willoughby et al. 1996, Wolfe 1997). This classification of imaging systemsis
widely used, as can be seen from the proceedings of the latest Conference on
Imaging Spectrometry VI, 31th July — 2nd August, 2000 (Descour and Shen,
2000). Also, every image is a spectral image, in that it isformed by radiationin a
limited part of the entire eectromagnetic spectrum. In colorimetry three
categories are used to classify images. gray scale, trichromatic (for example
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RGB), and multispectral. An image generated by an imaging spectrometer is a
3D data set, which is discussed in the following section.

2.1.3 Imaging spectroscopy and definition of Data Cube

The concept of imaging spectroscopy is shown in Figure 1 with a spectrum
measured for each spatial e ement in an image (Green et a. 1998). According to
Willoughby el a. (1996) hyperspectral imaging spectrometers generate a two-
dimensiona spatial image as well as a third spectra dimension using a two-
dimensiona detector array. This 3D data set is called the data, image- or object
cube, which is defined by spatial x and y and wavelength A coordinates, see
Figure 2.
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Figure 1. The concept of imaging spectroscopy is shown with a spectrum
measured for each spatial element in an image. The spectra can be analyzed for
the purposes of science research or for applicationsto a range of disciplines
(Green et al. 1998).
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Most system designs either image the two spatial dimensions and temporally
sample the spectral dimension or image one spatial dimension and the spectra
dimension while temporally sampling the second spatial dimension. An example
of the first type is a filtered camera or any of the Fourier transform imaging
spectrometers (FT1S), such as those presented by Otten et al. (1995), Carter et al.
(1995) and Villemaire et al. (1998). The output of one image of afiltered camera
or FTIS, as shown in Figure 2, is a plate b, whose thickness, A\, is determined
by the spectral bandpass of the filtered camera. In a FTIS the plate corresponds
to an optica path difference in the interferometer (Descour & Dereniak 19954).
Scanning the spectral dimension means that the plate moves along the A axis.
Instruments of this kind have the fundamental drawback that the spectra for a
given pixel are not taken simultaneoudly. This can result in pixel-to-pixel
spectral mixing if the scene is moving while the spectra are being scanned
(Willoughby et a. 1996).

Figure 2. The data cube and data-acquisition modes characteristic of many
conventional spectrometer types (Descour & Dereniak 1995a).
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The second technique, a pushbroom scanner type of imaging spectrometer,
which is the topic of this thesis, will be described in detail in section 2.2
"Principle of hyperspectral imaging spectrograph”. It utilizes a field-limiting
entrance dit and an imaging spectrometer with a dispersive element to allow the
2D detector to sample the spectral dimension and one spatial dimension
simultaneoudy. The second spatia dimension, vy, is typicaly generated by
scanning or moving the instrument's field of view relative to the scene. The
instrument provides a 1D spectral image and produces information, which is
described by plate c of finite width Ay in Figure 2 (Descour & Dereniak 19953).
The disadvantage is that relative motion in the scene during the process of
generating the second spatial dimension, which can result in a distorted or
warped image (Willoughby et al. 1996).

Simultaneous collection of both spatial dimensions and the spectral dimension is
alowed by a Computed Tomography Imaging Spectrometer (CTIS) based on
three crossed gratings and proposed by Descour and Dereniak in 1995 (Descour
and Dereniak 1995a and 1995 b). CTIS can collect data on dynamic scenes at
high speed. In a demonstration the data cube was reconstructed with a spatial
resolution of 29 x 29 pixels and a spectral sampling interval of 10 nm between
420 nm and 710 nm (31 spectral bands). The image integration time was 16 ms,
but reconstruction of the data cube took a couple of minutes (Volin et al. 1998).
CTIS has been used in MWIR from 3.0 to 4.6 pum with 20 x 20 pixels spatial
resolution and a third generation CTIS device operates from 300 nm to 1200 nm
with 1024 x 1024 matrix camera (Volin et al. 1999, Schau et al. 2000). The latest
CTIS for fluorescence microscopy is able to resolve 75 x 75 spatia pixels with
30 spectral bands between 450750 nm (Ford et a. 2001). This technique has
limitations in terms of both the need for large enough area arrays to achieve
higher spatial and spectral resolution and the long time needed for processing the
data cube, but it will continue to evolve.

Also a non-imaging spectrometer employing a grating and linear array of
detectors that provides data on a column a, is shown within the data cube in
Figure 2. This is called a whiskbroom scanner when used as an imaging
spectrometer.
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2.1.4 The origin of imaging spectroscopy

According to Goetz (1995), the vision of imaging spectrometry originated from
the geological disciplines. Geologists who make maps have a direct need to
identify and plot the outlines of geological units characterized by a given
mineralogy, for example. In the olden days they had to walk out to the outcrops
and locate and identify them. Since this was a time-consuming activity, they
then started to use aerial photographs, but it soon became clear that the spatial
context of the photographs did not provide the key to mapping the geologica
units, nor was multispectral imaging in four 100200 nm wide spectral bands
obtained with the Landsat[] satellite ( Figure 3a) adequate to discriminate the
minerals. Fidd and laboratory measurements with spectrometers covering the
0.4-2.5 pm region performed in the 1970's showed that spectral reflectance
could be used to identify the mineralogy and that a spectral resolution of 20 nm
or less was necessary to identify individual minerals. Work on developing the
first imaging spectrometer for earth observation began at the Jet Propulsion
Laboratory (JPL), Pasadena, California, USA, in 1980. A pushbroom type of
Airborne Imaging Spectrometer, AlS, was built as a testbed for the first infrared
area arrays with 32 x 32 HgCdTe elements (see Figure 3d). In 1983, the JPL
proposed and developed their hyperspectral Airborne Visible/Infrared Imaging
Spectrometer, AVIRIS, which is the best-known instrument of its kind. Its
construction can be seen in Figure 4. It first measured spectral images in 1987
and was the first hyperspectra imaging spectrometer to measure the solar
reflectance spectrum from 400 nm to 2500 nm. This whiskbroom type of scanner
(see Figure 3c) had 224 channels at 10 nm intervals across the spectrum (Green
et d. 1998).
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Figure 3. Image acquisition techniques:a) Whiskbroom imaging with discrete
detector elements (e.g. Landsat TM), b) Pushbroom imaging with line detector

arrays, ¢) Whiskbroom imaging spectroscopy with line detector arrays (e.g.
AVIRIS) d) Pushbroom imaging spectroscopy with area detector arrays (e.g. AIS
and AlSA) (Goetz 1995).
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Figure 4. The AVIRIS Airborne Visible Infrared Imaging Spectrometer (Jet
Propulsion Lab 2001).

Four years later, in 1991, VTT Electronics developed its own type of
hyperspectral imaging spectrograph based on a patented invention, the prism-
grating-prism (PGP) direct vision dispersing component (Aikio 1992). The first
application of the PGP concept was the pushbroom airborne hyperspectra
imaging spectrograph AISA (see Figure 3d), introduced after test flight
experiments in 1993 by Braam et al. (1993a, 1993b), and which is nowadays a
commercialy available instrument.

A multispectral imager, with the acquisition technique shown in Figure 3b, can
be constructed using afilter called a wedge or linear-variable filter (LVF). Itisa
rectangular interference filter with linear-variable bandpass dong its vertical
direction and fixed bandpass along its horizontal direction. When LVF is placed
at the focal plane of a CCD camera, with LFV's vertical direction aligned to
sensor's vertical direction, it becomes an imaging spectrometer. The formed
image is from the same spatial area as that of aregular CCD camera (Mao et al.
1997).
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2.1.5 Applications

Aerospace remote sensing has been the most important application of
hyperspectral imaging spectroscopy, driven by a desire to satisfy a number of
earth observation mission objectives with the same instrument. Its potentia for
industrial applications is enormous, given the capabilities of this type of
instrument. Depending on their design, hyperspectral imagers allows great
flexibility in terms of the modification of spectral and spatial parameters. The
user can select only spectral bands of interest from the raw data cube, for
example, or create wider spectral channels by combining individual bands.
Spatial channels can be manipulated in the same manner. This is attractive for
industrial applications, since a single instrument can be used for widely varying
applications simply by programming the manipulation of the the data
(Willoughby et al. 1996).

In 1993, Battey and Sater introduced an imaging spectrograph connected to a
fibre optical probe for process control measurements based on Raman
spectroscopy. This was employed for on-line monitoring of the polymerization
of an acrylamide solution and for measuring the spectrum of aspirin (Battey and
Slater 1993, Battey et a. 1993). Vaarala et a. (1995), Astrand (1996) and
Hagman (1996) have studied the use of imaging spectroscopy for wood quality
inspection, and Borregaard (1997) for crop-weed discrimination. Willoughby et
a. (1996) demonstrated the capabilities of this technique for measuring the
spectra of magazine-quality newsprint.

The following PGP designs developed by VTT Electronics are described in
detail in this thesis: an airborne imaging spectrometer (Braam et al. 1993a), a
multiple points spectrograph using optical fibre probes for on-line industrial
applications such as colour and oil film thickness measurements (Herrala et al.
1994, Vaarda et a. 1997), a microscope imaging UV-VIS-NIR spectrometer
system for pulp quality inspection (Johansson and Pettersson 1997) and a high-
speed interrogation system for large-scale fibre optic Bragg grating arrays (Aikio
et a. 1997, Aikio et a. 2000, Christiansen et al. 2000).
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2.2 Principle of hyperspectral imaging spectrograph

A spectrograph is a system for delivering multiple images of an illuminated
entrance dlit onto a photosensitive surface. The location of the images is a
function of wavelength. It is normally characterized by an absence of moving
parts (Loewen and Popov 1997, p. 439).

The basic elements of a hyperspectral imaging spectrograph are shown in Figure
5. The light source, such as a halogen lamp or the sun, illuminates the object to
be measured, and the entrance optics, e.g. acameralens or microscope objective,
collects the radiation from the object and forms an image on the image plane
(Image Plane 1 in Figure 5), where the entrance dlit of the imaging spectrograph
is located. The dit acts as a field-stop to determine the instantaneous field of
view (IFOV) in spatial directions to alength of Ax and awidth of Ay, marked as
the measured area in Figure 5. Each point A in the spatial x-direction of the
measured area has itsimage A' on the entrance dlit. The radiation from the dit is
collimated by either a lens or a mirror and then dispersed by a dispersing
element, which is typically a prism or grating, so that the direction of
propagation of the radiation depends on its wavelength. It is then focused on
image plane 2 by the focusing optics, i.e. a lens or mirror. Every point A is
represented on image plane 2 by a series of monochromatic images forming a
continuous spectrum in the direction of the spectral axis, marked with different
sizes of A". The focused radiation is detected by a 2D detector array such as a
CCD or CMOS detector (Hutley 1990, p. 5-58, Willoughby et al. 1996).

The imaging spectrograph alows a 2D detector array to sample one spatial
dimension of length Ax and infinite width Ay and the spectral dimension of the
3D data cube simultaneously. The width Ay also defines the spectral resolution,
which can be seen as Ay" in the direction of the spectral axis in Figure 5. The
second spatial dimension of the object, y, is generated by scanning or moving
the FOV of the instrument relative to the scene, corresponding to the positions
yN, yN+1, yN+2 in Figure 5. (Descour & Dereniak 1995a)

According to Fisher et a. (1998), grating imaging spectrographs have certain
advantages over other hyperspectra technologies such as those incorporating
prism, wedge filter or interferometric techniques. The primary advantage is
simultaneity in the acquisition of alinearly dispersed spectrum without the need
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for post-processing other than correction of non-uniformities in the detector. The
main limitations that traditional grating-based systems have typically
encountered are correction for apertures faster than f/4 (reflection grating),
multiple diffraction orders and polarization effects (reflection grating).

Cube

Light source

Dispersing element I

Collimating optics

Entrance slit \

Figure 5. The basic elements of a hyper spectral imaging spectrograph, with the
entrance optics and generation of the 3D data cube: spatial (x and y) and
spectral dimensions.

The two main approaches adopted in grating spectrographs are reflective surface
relief gratings and transmission volume holographic gratings. Traditional
reflective mountings, such as the Czerny-Turner (Figure 6a) and Ebert (Figure
6b) types, have a limited flat field and large spot sizes. By varying the groove
density across the grating aperture, some degree of aberration correction can be
obtained with these mounts. An aberration-corrected concave grating in a
Rowland mount (Figure 6c) is a second improvement, but this still falls short of
the 8 to 25 um pitch of large CCDs according to Fisher et a (1998). The Offner
spectrograph with reflective convex grating (Figure 6d) offers significant
improvements in image quality (Fisher et al 1998). The author used an Offner
spectrograph in 1993 for the UV range in the UV-VIS-NIR microscope
spectrograph system introduced in Chapter 4.2. More information on Offner
spectrometers can be found in the works of Kwo et a. (1987), Mouroulis (1998),
Mouroulis and Thomas (1998), Fisher et a. (1998) and Mouroulis (1999), for
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example, and information on the Offner unit magnification system is given by
Korsch (1991).

Curvature of
Focusing Mirror

Figure 6. Mountings for areflective grating. a) Czerny-Turner, b) Ebert, c)
Rowland and d) Offner (a—c Loewen and Popov 1997 pp. 449, 450, 462; d
Fisher et al. 1998)
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Transmission volume holographic gratings are used in prism-grating-prism
spectrographs such as that shown in Figure 7, which form the topic of thisthesis.
Volume grating provides very high diffraction efficiency (DE) of up to 80-90%
across a narrow spectral range, but can also produce a good DE of 40-70%
across a broad spectral range, depending on the design parameters. A typical DE
curve for a volume holographic transmission grating is shown in Figure 8a. The
DE is practically independent of polarization, unlike the situation in a reflection
grating, which typically shows a polarization dependence of severa tens of
percent, as seen in Figure 8b. This is a benefit in reflectance measurements
(Hyvérinen et a. 1998). In spectrographs of this kind the image quality is
determined by the complexity of the collimating and focusing optics (Fisher et
al. 1998).

The problems associated with imaging spectrographs are change of dispersion
angle with field position (smile) and change of magnification with wavelength
(spectral keystone), see Figure 9 (Fisher et al. 1998).

a)
o O
i oS i
< 126 mm >
b)
: ] ""-.-_
; g
Entrance
dit Detector

Figure 7. A compact optical construction of a PGP spectrograph seen from a)
the spectral and b) the spatial direction.
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Figure 9. Definition of smile and keystone distortion (Fisher et al. 1998).
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2.3 Current status of hyperspectral imaging
spectrographs

The best-known airborne imaging specrometer system is AVIRIS, a world-class
instrument in the realm of Earth remote sensing developed by the Jet Propulsion
Laboratory (JPL) of the California Institute of Technology in Pasadena,
Cdlifornia. AVIRIS has been in active use ever since its first flight in
1987. The AVIRIS system has been upgraded and improved in a continuous
effort to meet the requirements of investigators (Green et al. 1998). It is aunique
optical sensor that delivers calibrated images of the upwelling spectral radiance
in 224 contiguous spectral channels with wavelengths from 400 to 2500 nm.
The instrument flies aboard a NASA ER-2 aeroplane approximately 20 km
above sealevel at about 730 km/h. AVIRIS has flown all across the US, Canada
and Europe (Jet Propulsion Lab 2001). The last specia journal issue related
to AVIRIS, with a long list of references, was written by Green et al.
(1998). Information can dso be found in the AVIRIS website
http://makalu.jpl.nasa.gov/aviris.html.

The technical development of hyperspectral imaging spectrographs is much
slower than that of consumer €eectronics such as mobile phones. VTT
Electronics designed its own type of hyperspectra imaging spectrograph in
1991, based on the direct vision dispersing PGP component (Aikio 1992). The
first publications regarding this airborne imaging spectrograph, caled AISA,
were produced in 1993 (Braam et al. 1993a; Braam et a. 1993b), and in the
same year Burns at JPL and Battey at Kaiser Optica Systems Inc (KOSI) also
introduced low-cost designs for imaging spectrographs based on a volume
transmission grating and off-the-shelf optical components (Burns et a. 1993;
Battey and Slater 1993; Battey et a. 1993). Two of these instruments, AISA
from Spectral Imaging Ltd (Specim) and Holospecd from KOS, are
commercially available nowadays as various versions suitable for many
applications. Their technicadl data can be found a the websites
http://www.kosi .com/raman/products/hol ospec.html and http://www.specim.fi/
(Specim 2001la; KOSI 2001). A comparison between Holospec[l and an
imaging PGP spectrograph, ImSpector[], based on the same optics as AISA is
presented in section 4.3 (Specim 2001b, Fisher et al. 1998).
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Development of the optics for hyperspectral imaging spectrograph has recently
been focused on the Offner construction, based on a convex reflection grating, as
shown in Figure 6d. The lack of an appropriate technology for grating
fabrication had earlier made the practical reaization of these designs difficult,
limiting the interest in Offner spectrometer. However, progress in electron-beam
lithography techniques has now permitted fabrication of the required high-
performance convex gratings (Mouroulis 1998). Mouroulis at JPL presented
several Offner spectrograph designs, showing that this flexible, al-reflective
form can satisfy the stringent requirements of imaging spectroscopy over a broad
spectral band from UV to thermal IR, reducing the spectral and spatial distortion
to a small fraction (~1%) of a pixel (Mouroulis 1998). The advantages of the
Offner specrograph are that a) it operates with a relatively low f-number (=f/2),
b) it accepts a long dit while maintaining compact size, ¢) it has very small
spectral and spatial distortion, d) it needs only three optical surfaces, and €) it
utilizes only spherica and centred surfaces (Mouroulis and Thomas 1998).
Mouroulis and Thomas (1998) also quoted experimental results obtained with an
Offner spectrograph for wavelengths of 400-1000 nm with 3 nm spectral
resolution, producing 750 spatial pixels and having a measured distortion of 2%
of a pixel. Fisher et a. (1998) and Davis et a. (1999) have reported on the
measured performance of a three-mirror Offner spectrograph, HyperSpecl VS
15, from American Holographic Inc. that has a wavelength range of 400-1000
nm and measured smile and keystone distortions of < 1 pixd (12 pm).

Mouroulis (1999), comparing the Offner construction with a high-speed Dyson
spectrograph  (Mertz 1962, 1977), concluded that both of these simple
spectrographs with only co-centric spherical surfaces can satisfy stringent
spectral and spatial uniformity requirements. The choice between them must be
based on the all-reflective nature of the Offner model as against the high speed
of the Dyson design. Another spectrometer, also based on the Offner relay
concept but using curved prisms as dispersing elements, has been proposed by
Lobb and patented by SIRA Electro-Optics Ltd, UK (Lobb 1998). The design is
used in the spaceborne imaging spectrometer CHRIS for ESA’s PROBA satellite
launched late in 2000. The CHRIS spectrometer provides 10 nm spectra
resolution over a range from 415 nm to 1050 nm (Cutter et a. 1999). The
addition of prisms to the Offner model is a considerable complication as
compared to a simple grating construction (Mouroulis and Thomas 1998).
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In addition to the instruments mentioned above, many unique hyperspectral
imagers have been reported. The TRW Imaging Spectrometer I11 (TRWIS 111),
for 380-2450 nm with 384 spectral channels divided between two spectrographs,
has been in use since 1996 and is a commercialy available airborne instrument
(Sandor-Leahy et al. 1998). The Naval EarthMap Observer (NEMO) Satellite
carries a Coastal Ocean Imaging Spectrometer (COIS) consisting of two Offner
spectrographs, VNIR for 0.4-1.0 um and SWIR for 1.0-2.5 pm, with a common
entrance dit (Wilson and Davis 1999). Labandibar et al. (1999) proposed a
multispectral imager, PRISM, for the Land Surface Processes and Interactions
Mission (LSPIM) Satellite of the European Space Agency (ESA). This consisted
of athermal imager with two spectral bands, 8.0-8.5 um and 8.6-9.1 um, and a
dual-channdl imaging spectrograph for 0.45-2.35 um. The spectrograph
employs Offner relay optics with prisms as dispersing elements. The large
wavelength range is divided between two detectors, VNIR for 0.45-1.0 um and
SWIR for 1.0-2.35 um, by a dichroic plate just before the focal plane of the

spectrograph.

One of these unique hyperspectral imagers is the Ozone Monitoring Instrument
(OMI) introduced by Laan et al. (2000). This is a new imaging spectrograph
system covering UV/VIS from 250 nm to 500 nm with 740 wavelength bands
(NASA 2001 b). The wavelength range is divided among three spectrographs:
UV-1 for 270-314 nm, UV-2 for 306-380 nm and VIS for 350-500 nm. Its
optical construction is seen in Figure 10. The OMI is one of the four instruments
which will be launched aboard NASA's third Earth Observing Satellite (EOS),
AURA, in June 2003. The EOS AURA mission is a component of the
international efforts to understand changes in the Earth's ozone layer, air qudity
and climate (NASA 2001). OMI is being developed by Finnish and Dutch
companies in close collaboration with the climate research and meteorological
community and under contracts from the Finnish Meteorological Institute and
the Netherlands Agency for Aerospace Programmes (Laan et al. 2000). The
contributing contractors are TNO-TPD in the Netherlands and Patria Finavitec
and VTT in Finland (NASA 2001b).



Telescope  White light source

Visible channel
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Figure 10. Optical construction of the ozone monitoring instrument, OMI, which
is hyperspectral imaging spectrograph system for 250-500 nm (NASA 2001b).
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3 Direct vision dispersing prism-grating-
prism component for an imaging
spectrograph

3.1 Principle of the prism-grating-prism component

The optical construction of the direct vision dispersing prism-grating-prism
(PGP) component is illustrated in Figure 11. It is composed of a specialy
designed volume transmission grating cemented between two identical or amost
identical prisms. Short and longpass filters are typically placed between the
grating and the prisms, cutting off unwanted wavebands and changing the
spectral response. When the filters are integrated in this way inside a PGP,
reflections from their surfaces can be avoided. The PGP often contains the
aperture stop of the spectrograph optics, which is located in contact with the
grating.

The operating principle of the PGP component and the effects of its parameters
on the throughput can be seen in Figure 11. A collimated light beam from the
collimating optics of the imaging spectrograph is refracted by Prism 1. Its vertex
angle, B4, is calculated so that the incidence angle of the refracted beam on the
grating is so called Bragg angle, 6, for a certain wavelength Ag, but not
necessarily for the central wavelength Ac of the spectrum from Asto A.. The
grating disperses the light in the diffraction order -1. The vertex angle, (3,, of
Prism 2 and the thickness, P,, of the second half of the PGP are optimized to
refract the spectrum so that the light spots of both ends of the spectrum on the
detector are at the same distance from the optica axis, i.e. the spectrum is
centred.
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Figure 11. Principle of the PGP component, effects of its parameters on the
throughput and symbols used in its design: As = shortest wavelength,Ac = central
wavelength, A = longest wavelength, P, and P, = central thicknesses of the
halves of the PGP; 3, and 3, = vertex angles of the prisms; 65 and 6,c = angles
of incidence on the grating for the Bragg, Ag,, and central, A¢ , wavelengthsin
the prism material; 6 and 6,c = output angles fromthe grating in the prism
material; G, = AA ) = OUtpUt angle fromthe PGP; d = groove spacing of the
grating; D = diameter of the aperture stop.

The Bragg condition: When monochromatic light, Ag, is incident on a volume
grating at the Bragg angle, 6z, the angle of incidence and the angle of diffraction
are equal, and the diffracted power gets a maximum, see Figure 12. When the
thickness of the grating is large enough, only two waves in the grating need be
taken into consideration, the incoming wave and the outgoing wave. The Bragg
condition is given by

Equation 1 mg (A, =20d &Ein(6,),
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where mg is an integer that represents the Bragg diffraction order, which is-1in
the case of a PGP, and d is the grating spacing. The terms “Bragg wavelength”
and “Bragg angle” are commonly used to describe the wavelength and angle that
exactly satisfy the Bragg condition. In reality there is an envelope about the
Bragg wavelength and Bragg angle in which there is significant diffracted light
energy, giving rise to a spectral bandwidth and angular bandwidth for the
volume phase grating (Arns et a. 1999; Hariharan 1996, p. 49; George and
Matthews 1966).

Figure 12. Light path at Bragg condition throuhg a transmission volume
grating.

The PGP concept has been applied to the wavelength range from 340 nm to
1750 nm. The applicable wavelength range of the used grating materia,
dichromated gelatin, is from about 320 nm to about 2700 nm, as can be seen in
Figure 13, where the transmittance of uniformly exposed and processed
dichromated gelatin with a 15 pm depth is shown. The transmittance of the BK7
substrate and surface reflection losses has been ratioed out (Barden et al. 2000).
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Figure 13. The transmittance of dichromated gelatin uniformly exposed and
processed with a 15 um depth. The transmittance of the BK7 substrate and
surface reflection losses were ratioed out (Barden et al. 2000).

The direct vision property, a straight optical axis, is the most important advance
in the PGP component. As an example the simple imaging spectrograph for
research and industrial use is presented in Figure 14: the imaging PGP
spectrograph optics can be easily assembled and adjusted between a standard
CCD camera lens and a B/W CCD camera with C-mount. The concept can be
modified for different wavelength ranges ssmply by changing the PGP, see
Figure 15. The author has designed and implemented three versions of the above
spectrograph optics in which the lenses and all the mechanics are the same and
only the PGP component has different designs for VIS (400-700 nm), VIS-NIR
(450-900nm) and NIR (700-1000 nm) wavelength ranges.

39



145 mm

< o
Standard ) Alignment for k
CCD camera ' Adjustment CCD ora ‘
lens | for spectrograph i ‘
T X \4 T ¥
L P
C-mount '\

Holes threaded
M6 for opticd table

Standard B/W CCD camera

Hole threaded for C-mount

camera stative

Figure 14. One version of an imaging PGP spectrograph. Drawing: the
spectrograph optics can be easily assembled between a standard CCD
camera lens and a B/W CCD camera with C mount. Photo: A
commercially available PGP spectrograph (Specim 2001b).



) Y
7 i i
a)
D H @;ﬁ% s
L
b)
\ J:B _1 r/\ A
|y i
c)

Figure 15. Imaging PGP spectrographs implemented on the basis of the same
optics and mechanics. Only the PGP has different designs for wavelength ranges
of a) 400—711 nm (measured), b) 450-900 nm (measured) and c) 712-1021 nm
(measured).
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3.2 Procedure for designing an imaging PGP
spectrograph

The purpose of this section is to look briefly at the procedure that the author
used for designing the optics for the prototypes of low-cost imaging PGP
spectrographs for different applications.

The first task in the design procedure is to choose the detector according to the
geometry of the matrix detector, i.e. the dimensions and the number of elements.
When two light spots on a discrete detector have to be resolved, four elements
are needed (Schlemmer and Mé&chler, 1985). If the shortest wavelength in the
range of the spectrograph is As, the longest A, and the spectral resolution AA, the
minimum number of pixels in the spectral direction of the detector can be
calculated by Ny, =4(A A5 )/AN, while the minimum number of elementsin the
spatial direction of the detector is four times the number of spatial channels.

As there are only limited number of sizes of detector commercially available
(number of elements in the horizontal and vertical directions) and customizing is
expensive, it quite often happens that there are too many elements in the detector
in either the spectral or the gpatia direction. In this situation neighbouring
elements can be summed together. If there are unused elements between two
spatia channdls, for example, these can be skipped when reading the detector or
storing the measured data.

The dimension of the detector in the spectral direction fixes the length of the
spectrum and thus scales the size of the whole spectrograph including the width
of the entrance dlit. That is because the field of view of the focusing optics is
limited to approximately +/-10°. The size of the element also determines the
optical resolution for the spectrograph optics. The optica resolution aong the
spectral axis is calculated from the formula Ry, = (A -Ag)/(AAaH,), where H, is
the height of the detector in the spectra direction and a is an assembly
coefficient for the detector, a = 1—-(2[0Jassembly margin)/H,, see Figure 16.
Assembly margins, typically 0.1-0.2 mm, are needed because there are no
transverse adjustments for the detector.
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Figure 16. The assembly coefficient, a, for the detector is defined asthe ratio of
the length of the required spectrum and the length of the detector,H,.

Once the wavelength range and dimensions of the detector are known, an
approximate value for the number of lines in the grating as a function of the
focd length, v(f), is calculated to choose the focal length. The PGP is optimized
for the selected focal length. The following equation, based on a smplified
model consisting of the grating, the focusing optics and the detector, can be used
(derived in Appendix A).

Equation 2

O
. e
Afel < Ha

where

OoOoO
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Q = aH—’\ and W = ; ,
of /1+aHA 1_l_aHA
2f 2f
f = thefocal length of the focusing optics,
AL = longest wavelength of the spectrum,
Ac = central wavelength of the spectrum,
H, = the height of the detector in the spectral direction,

a = an assembly coefficient for the detector = the ratio of the required length of
the spectrum and H,.

A calculation for the field of view, FOV, of the focusing lensis needed, too.

NHAZ"'HXZH
[ O
0 2f

O

Equation3 FOV =atan

where Hy = the height of the detector in the spatial direction.

A suitable focal length and line number will be selected taking into account
considerations such as the complexity of the optics, see Figure 17, the desired
size of the spectrograph, which depends on the focal length of the optics, and
possible specia application requirements.

The collimating and focusing optics are then designed. The aperture stop is
located outside the lens systems. The resolution requirement for the lens design
comes from the spectral or spatial resolution target, depending on which is more
stringent. Chromatic aberration must be efficiently corrected. In many
constructions the optics are identical, to save design work and reduce
manufacturing and assembly costs.
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Figure 17. Map of design types commonly used for various combinations of
aperture and field of view (Smith 1992).

The next phase is PGP component design, which is explained in detail in section
3.3. The PGP can easily be optimized in simple software using given equations.
The wavelength range gives the information for selecting the optical longpass
and shortpass filters and the prism material, while the selection of the Bragg
wavelength for the grating is influenced by the spectral sensitivity of the detector
and the emission spectrum of the light source.

After that, al the optical data are inserted into the optical design software to
achieve the final optimization of the whole spectrograph.
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3.3 Design of the PGP component

3.3.1 Diffraction grating

Since diffraction efficiency is one of the most important considerations for
holographic optical e ements (HOES), these are usually fabricated in a volume
phase material, as only volume phase HOEs can produce diffraction efficiencies
of nearly 100% (Chang and Leonard 1979). The thickness and refractive index
modulation of the grating material are two of the parameters that control the
diffraction efficiency of a grating. This material is dichromated gelatin (DCG),
which is an amost ideal recording material for volume phase HOEs (Hariharan
1996, p. 107). According to Chang and Leonard (1979), DCG had the highest
refractive index modulation capacity of all the materials available (at that time),
in that an index modulation of 0.08 with little scattering was achieved. DCG can
also be reprocessed (or redeveloped) to produce the desired refractive index
modulation, and the thickness of a DCG hologram can be controlled (increased
or reduced) either by varying the preprocessing parameters or by using
appropriate postprocessing trestments. DCG has low scattering and absorption
over the range from visible to NIR wavelengths, see Figure 13, a high resolution
capacity, greater than 5000 lines/mm, and a spatial frequency response that is
almost uniform over a broad range of spatial frequencies, from 100 line¥mm to
5000 lines/mm.

Typica diffraction efficiencies of volume-phase holographic transmission
gratings with a wide wavelength range (VIS 400-700 nm and VIS-NIR 450—
950 nm) are shown in Figure 18a. These gratings are independent of
polarization, as can be seen in Figure 8a where cases of paralel and
perpendicular polarization are shown (Hyvérinen et al. 1998).
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Figure 18. Typical diffraction efficiencies of VIS, 400-700 nm () and VIS-
NIR,450-950 nm (m) volume-phase holographic transmission gratings
(Hyvarinen et al. 1998).

Environmental stability with respect to humidity and temperature is an important
requirement for practical systems such as imaging spectrometers. HOEs
recorded in DCG are well known to be extremely sensitive to humidity, in that
high humidity causes a drastic decrease in diffraction efficiency, because the
swelling of gelatin reduces the refractive index modulation. This effect can be
eliminated by cementing a glass cover plate over the well-dried gelatin layer, see
Figure 19. The destructive tests performed on DCG HOEs by Chang and
Leonard also showed that if they are well dried and have a cover plate they will
be stable up to about +110°C but will degrade rapidly thereafter (Chang and
Leonard 1979). When the DCG gratings were purchased the manufacturer
guaranteed that they would remain stable for one hour in boiling water.
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Figure 19. Humidity protection of a dichromated gelatin grating (Arns et al.
1999).

The optical properties and environmental stability of DCG and the availability of
commercia sources of customized high-quality gratings led to the use of this
material in the PGP components. The fact that the grating is cemented between
the prisms also means that a volume type of transmission grating is needed.

3.3.2 Long and short pass filters

Short and longpass filters are typically placed between the grating and the
prisms to cut off unwanted wavebands and possibly change the spectra
transmission of the PGP component. When the filters are integrated in this way,
i.e. inside a PGP, reflections from their surfaces can be avoided.

The longpass filter in a PGP is usually an absorbing color glass filter. The
important properties to consider when selecting a filter are @) the cut position,
A, i.€. the wavelength at which the internal spectral transmittance is T; = 0.50;
b) the limit of the stopband, Ay, i.e. the wavelength below which the internal
spectral transmittance, Tig, iS not exeeded; c) the limit A, of the passband, above
which the internal transmittance will not fall below Ttiy,. According to the
"Optical Glass Filters' catalogue of Schott Glaswerke, longpass filter glasses can
have a very steep transmission edge and the interna spectral transmittance is
below 107 in the stopband for most glass types and above 0.99 in the passband.
For example, the values for glass type OG 590 are: thickness 3mm, Aq,(T; =0.50)
=590 NM, Ag(Tisy =10"°) = 540 NM, Agy(Tipp =0.99) = 640 nm (Schott 84, p. 19).
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3.3.3 Prisms

Equations for PGP component calculation are given in this section based on a
simple 2D model.

At first, a wavelength satisfying the Bragg condition, Ag, in the grating has to be
chosen, taking into account the wavelength response of the detector and the

emission spectrum of the light source, for example.

The refractive index as a function of wavelength is calculated from the Schott
dispersion formula:

Equation 4 n?= Ag+ A%+ AAZ+ AA™+ AAC+ AsA,
where A is the wavelength for which the refractive index is to be calculated and
Aqg-As are the coefficients of the optical glass, available in most manufacturers
catal ogues (Zemax 2000, p. 331).

The equations from Equation 5 to Equation 11 are based on Snéell’s law and the
grating equation. The angle of incidence 6,5 in the prism material at the grating
was calculated from

Equation 5 65 = arcsin[— (Ag V)/ 2ng],

where ng istherefractive index for Ag and v is the frequency of the grating.

The vertex angle of thefirst prism was calculated using the equation

Equation 6 B, = arctan{[ (tanBi)™* — (NesinBig) ] *}.

The angle of incidence at the grating for the central wavelength A¢ had to be

calculated taking into account the dispersion in the first prism. The equation was

Equation 7 B.c = B + [arcsin(sinBy/ ng) —arcsin(sinBy/ nc)],

where nc isthe refractive index of the prism material for Ac.
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The output angle from the grating for A¢ is then given by the equation

Equation 8 B¢ = arcsin(sinB;c + Acving).

The vertex angle of the second prism was cal cul ated

Equation 9 B, = arctan{[ (tanfyc) ™ — (NcsinByc)™] ™},

and the output angle from the PGP for wavelength A, using

Equation 10

Ao = B + arcsin[n,sin{arcsin(-A,nvdn, + sin[ By + arcsin(sin{-B.})])-3: 11,

where d is the grating period, mis the diffraction order (-1 in the PGP) and ny is
the refractive index of the prism material for the current wavelength A,,
calculated using Equation 4.

Two optical filters were selected for the PGP: a shortpass filter and, more
importantly, a longpass filter, cutting off the unwanted short (UV) wavelengths.
The mechanical dimensions of the PGP were then caculated. Since the optical
thicknesses of the prisms are linked together, the second prism was calculated
first, because its vertex angle 3, is larger. The central thickness P, consisted of
the thicknesses of the shortpass filter, the substrate of the transmission grating
and the central thickness of the second prism. The central thickness of the first
half of the PGP was calculated from

Equation 11 P, = Pytan(6x) / tan(| 6.g).

3.3.4 Aperture stop
The aperture stop for the whole spectrograph and for the focusing optics is

located in the centre of the PGP, as close as possible to the grating, see Figure 20
and Figure 11. In this way the aperture stops for both spatial and spectra
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directions are located at the same distance from the optics, which enables
telecentricity in the opticsto be acheived for both directions.

The aperture stop inside the PGP was implemented by grinding down the edge
of the filter in front of the grating to form the desired size of aperture, see Figure
11. After the PGP had been glued together, the ground surface was carefully
painted black.

Aperture

2D Detector

Entrance Slit
Array

NN /
B 2=
A\AN

axis

Figure 20 The aperture stop of a spectrograph islocated in the centre of the
PGP, as close as possible to the grating.

3.3.5 Alignment of a PGP component

The angular orientation of the three main components of a PGP, the two prisms
and the grating, is critical. The phases of the alignment method are shown in
Figure 21. The set-up requires a laser, a suitable holder for the components of
the PGP and a screen. In the first phase (number 1 in Figure 21) the position of
the laser spot without any optical component is marked on the screen and a
straight alignment line is drawn through it. Then, in the phase 2, the first prismis
placed in the holder and the spot is shifted downwards. The prism is turned
around the optical axisto adjust the spot on the alignment line. In the third phase
the grating isinserted in the holder, where it generates severa diffraction orders,
e.g. from +1to -2, asin Figure 21. The grating is then turned around the optical
axis so that al the existing spots lie on the alignment line. The zero order should
retain its position, because this is affected only by the first prism. The grating
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now has the correct orientation. In the fourth phase the second prism is placed in
the holder. This shifts the spots downwards. It is then adjusted so that al the
spots lie on the alignment line.

Laser spots on 3.2

o the alignment line \4_2
Y9 )

3-1
yp 1\ N t

I 24 3.0
\ \4. 0

341
SCREEN \4.+l

Figure 21. Process of alignment of a PGP component. Numbers 1-4 show the
phasesin the process. 1. laser spot on the screen without any optical component,
2. first prismin position, new location of the spot, 3. grating generates
diffraction orders from+1 to -2, of which the zero order (3.0) retainsits
position, 4. the second prism shifts the spots downwards.

The accuracy of the angular alignment, A®, depends on the distance between the
PGP and the screen, z, and on the method used to control the centring of a spot
on the alignment line, Ax, asfollows

Equation 12 A®D =arcs n%%
y

wherey isreplaced by yp

O
Equation13 yp=2z Dtan%rcsi ngﬂm sin[f, —arcsin
O

for aprism and by yg



. . [0 ApeM
Equation 14 yg = ztankarcsini- —q
[

for a grating, where the refractive index of the prism at the laser wavelength,
Alasers 1S Niaser @Nd the vertex angle is B;. The diffraction order is m and the period
of thegrating isd.

Typicaly a HeNe-laser is used, Ao = 632.8nm, with beam diameter of 2 mm
and the distance z = 2 m. The spot centring accuracy is Ax = 0.3 mm. If B, =
13.97°, the material of the prism is FK5 with nj.e = 1.486 and the grating has
460 linesfmm, so that the period isd = 2.174 um and a diffraction order m=-2is
used, thenA®, = 0.7 min and AP, = 4.3 min.

In practice there are often two more components in a PGP, low and high pass
filters. All the components are cemented together, avoiding air bubbles in the
cement layers.

3.4 Animaging PGP spectrograph

3.4.1 Adjustments

Four adjustments of the optics are needed during the basic construction of an
imaging PGP spectrograph; focus adjustments for both the collimation and
focusing optics and angular alignment around the optical axis for two of the
following three components: the entrance dit, the PGP component and the
detector.

The process of alignment of a spectrograph for the visible wavelength range, as
introduced in section 5.1, may be presented as an example. First the collimation
optics are adjusted using a collimator with a resolution reticle such as Siemens
Star. The set-up can be seenin Figure 22.
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Figure 22. Adjustment of the focus of the collimating optics using a collimator
and a microscope.

In this case all the optical and mechanical parts are then assembled and the PGP
component is fixed in the housing. The cooled CCD camera, which is the
detector inthe spectrograph system, is connected to a PC with image processing
software. The whole entrance dit is illuminated by a spectral lamp, see Figure
23. The focus of the focusing opticsis the point at which the spectral lines are at
their minimum width. To align the detector with the fixed PGP component, a
small part of the entrance dlit is illuminated with an optical fibre, for example,
and the detector is turned until the spectrum lies over the same vertical pixel line
(Figure 23, panel 2). The whole entrance dlit is illuminated again and is aigned
parallel with the horizontal pixel lines of the detector (Figure 23, panel 3).

An accurate adjustment unit equipped with micrometer screws was designed for
this particular spectrograph system, see Figure 24, and the mechanical
construction of the specrometer was designed so that the entrance dlit and the
camera could be adjusted externally. After each adjustment the part concerned
was fixed with locking screws.
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Figure 23. Adjustments made to an imaging PGP spectrograph for the visible
wavel ength range, with the image on a video screen before and after the
operation. The PGP component is fixed. The wavel engths used for adjustment
purposes are shown. 1. Focus adjustment for the focusing optics; 2. Angular
alignment of the detector; 3. Angular alignment of the entrance dlit.
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Figure 24. An adjustment unit equipped with micrometer screws was designed
for external spectrograph adjustments.

3.4.2 Ghostimage elimination

The construction developed to eliminate ghost images caused by reflections
from the surfaces of the field lens and the surroundings of the entrance dlit is
shown in Figure 25. The dlit was made in a 100 um thick chromium layer on a
glass substrate using laser ablation technology. The dlit was tilted 10° between
the two prisms. The light reflected from the AR-coated surface of the field lens
was reflected further by the chrome layer around the dit aperture onto the black-
painted baffle.
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Figure 25. The entrance dit with the construction devel oped to eliminate ghost
images caused by reflections from the surfaces of the field lens and the entrance
dlit.

3.4.3 Order-sorting filter

If the wavelength range is more than one order, grating spectrographs of this
kind experience the problem of spectral overlapping caused by second-order
diffraction. If the wavelength range is from 400 nm to 900 nm, for example, the
wavelengths of the second order between 400 nm and 450 nm will overlie the
spectral range of 800900 nm in the first order. The problem can be avoided by
an order-sorting filter construction as shown in Figure 26. This has been used in
an UV-VIS spectrograph for wavelengths from 340 nm to 700 nm.
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Figure 26. Principle of an order-sorting filter construction to remove spectral
overlapping in a spectrograph.
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4 Imaging PGP spectrographs designed for
imaging spectroscopy

Two imaging PGP spectrograph designs are presented here: an airborne imaging
spectrometer and an imaging UV-VIS-NIR microscope spectrograph system.
Also, a commercidly available PGP spectrograph is compared with two other
low-cost spectrographs, quoted from Fisher et al. (1998).

The first prototype of the Airborne Imaging Spectrometer for different
Applications (AISA) was evolved during the year 1992 for technology
demonstration, performance verification and agorithm development. The first
tests were performed at the end of the year and in the beginning of 1993.
Development of the second prototype was started in 1994, but then the project
was cancelled and the work continued only in 1996. The AISA was the first
imaging spectrograph designed by the author.

The microscope spectrograph system, implemented in 1993-1994, serves to
demonstrate the wide range of applications of imaging spectroscopy.

The author's contributions to these spectrographs were the optical design
including the PGP, the layouts of the mechanical designs and the assembly and
alignment work associated with the opto-mechanical systems, including some
test measurements.

4.1 Prototype of the AISA airborne imaging
spectrometer
4.1.1 Instrument overview
This section is based on Braam et al. (1993a) and Specim (20014).
AISA is a versatile programmable imaging spectrometer based on the
pushbroom imaging mode of operation. The instrument consists of two parts:

sensor head and a portable PC, see Figure 27. The front end contains the optics
and the CCD detector with related eectronics and a microcontroller for CCD

59



operation. The controller and data acquisition system were built around a
portable computer. The spectral range was chosen to be 430-900 nm, with a
spectral resolution of 1.56 nm. This choice was based on the requirements of the
potential users of the instrument and the technical limitations of the CCD and the
optics. The spatial resolution has been defined as 1 meter and 360 pixels per
swath using an aircraft flying at 50 m/s and 1000 meters above the ground.

DOWNWELLING  GPS ANTENNA
IRRADIANCE R D PORTAB 3

AISA

|
FRONT-END
TILT UNIT % DC POWER

STABILIZED SUPPLY
PLATFORM *)
*} optional

Figure 27. Block diagram of AlSA (Specim 2001a).

The data acquisition system uses the analogue CCD video, digital
synchronisation and sampling signals provided by the front end. The system
digitizes the analogue CCD video data into 12-bit pixels and stores the raw data
as packets of frames. Every packet contains a header, including auxiliary
information such as GPS data.

The instrument is flexibly programmable during flight and the features which
can be selected are given in Table 1. Operational use requires wide spatia
coverage and the collecting of spectral information that is specific to the desired
application. In research work it is often important to have full spectral coverage,
but achieving both of these goals with reasonably priced storage medium was
not possible at that time. Thisled to the implementation of 4 modes in which the
gpatia and spectral resolution could be selected quite freely (Table 2). Mode D,
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for example, is very useful for research work, as it enables full spectral
resolution to be attained for a large number of pixels. These channels are aso
very useful for the segmentation of homogeneous areas, which may then be
found to contain many full spectral samples.

Table 1. Selectable features of the first prototype of the AlSA.

* number of channels[l 286]

* wavelength [430-900 nml

* bandwidth [1.6-9.4 nm]

* gpectral, spatial or combined spectral and spatial modes
* rate of data storage

* integration time

* geometric resolution

* radiometric resolution.

Table 2. Description of the 4 AISA modes.

Mode | Description
A Complete CCD information is stored.

B A number of spectral channels are selected for storage, the width of
each being selected between 1.6-9.4 nm. The maximum number of
channels which can be used is a function of integration time,
channel spacing and the total sum of channel bandwidths.

C Full spectral information is stored on 47 equally spaced spatial
lines.
D The user can select a set of spatial channels and a set of views with

full spectral information within the limits of the data recorder.
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4.1.2 Spectrograph design

The optics of the first prototype of an airborne imaging spectrograph is shown in
Figure 28. The CCD in this prototype had 288 x 384 elements. The pixel size
was 23 um x 23 um, so that the dimensions of the sensitive area were 6.624 mm
X 8.823 mm. The optics were based on two triplets, f 40 mm, /2.8, from Melles-
Griot Inc, type 01 LAS 003. Thefield lensis also a catalogue lens: 01 LPX 047,
f 30.0 mm, f/2.56, and the wavelength range was 450-900 nm. The design of the
first AISA and its test results were reported by Braam et al. (1993a). The
laboratory and field tests were promising. The first test flight was carried out on
26th February 1993, leading to acquisition of the first image, shown in Figure 29
(Braam et al. 1993a).
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Figure 28. Optics of the first prototype for an airborne imaging spectrograph.
The longpass filter islocated in front of the aperture stop.
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Figure 29. Thefirst image acquired with the first AISA. The timber store of a
paper and saw mill. Altitude 1072 m, v = 50 nVs, wavelength 547.3-556.1 nm
(Braamet al. 1993a).

The optical construction of the second prototype can be seen in Figure 30. The
f/4 optics is basicaly the same as in the first AISA. The spectral range was
enlarged, being from 430 nm to 900 nm, and therefore the PGP was redesigned.
The longpass filter, a Hoya Colour Glass Sharp Cut Filter Y-42, was integrated
inside the PGP. This has Ag(T; =0.50) = 422 nm, A = 430 nm, and t; =0.84 with a
catal ogue thickness of 2.5mm. The aperture stop is located in front of the PGP,
because the idea of integrating the stop inside it came later.

The parameters of the PGP were as follows: the grating line number was 315
I/mm, the vertex angle of the first BK7 prism was 11.8° and that of the second
11.2°. According to the simulations, the on-axis centring of the spectrum was
good: the wavelength of 430 nm had a spot on the detector in a position 3.18 mm
below the optical axis and 900 nm had one 3.16 mm above it. The length of the
spectrum was 6.34 mm.

This spectrograph also suffered from the problem of spectral overlapping caused
by the second diffraction order. Wavelengths of the second order between 430
nm and 450 nm overlay the spectral range of 860900 nm in the first order. The
design task for the author did not include solving this problem. The problem can
be avoided by the filter construction shown in Figure 26.
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Figure 30. Optics of the second prototype of the airborne imaging spectrometer,
seen from the spatial and spectral directions and traced with three wavelengths.

Thefore optics consisted of a Schneider X enoplan 1.4/23 C-mount video camera
lens with a focd length of 22.5 mm and a maximum aperture of f/1.4 designed
for a wavelength range of 4001000 nm. The data available on this lens showed
excellent transmission over the whol e spectral range of 430-900 nm.

The entrance dlit was of width 23 um and length of 10 mm. The principle of the
construction around the entrance dit was as shown in Figure 25. The length of
the detector in a spatial direction was 8.8 mm, which set the field of view to 21°.
The width of the dit gave an IFOV of 1 mrad for the 384-column CCD. This
gave an across-track resolution of 1 meter at an atitude of 1000 meters.

The AISA Airborne Imaging Spectrometer system has been commercially
available since 1996. Papers published about it include an introduction by
Mékisara et a. (1993), a report on the development of a system for radiometric
and geometric correction of AISA data by Makisara et a. (1994), a description
of its application to the national forest inventory by Méakisara and Tomppo
(1996) and a discussion of its use for monitoring of inland and coastal waters by
Kutser et a. (1998).



4.2 Imaging UV-VIS-NIR microscope spectrograph
system for pulp quality inspection

The optical design of an imaging spectrometer system for microspectroscopy is
described in detail in this section. The author's contributions to the system were
the design of the imaging optics of the PGP spectrographs for VIS and NIR
(excluding illumination), the lay-out of the mechanical design and the assembly
and alignment of the opto-mechanical system for VIS and NIR spectrographs,
including some test measurements. The customer was supplied one year later
with an Offner-type UV spectrograph with relay optics for the UV channel
designed by the author and he has also specified the whole spectrograph based
on areflecting grating.

This system is the most complicated optical instrument, that the PGP concept is
applied to.

4.2.1 System overview

The imaging UV-VIS-NIR microscope spectrograph system was developed for
the spectral measurement of micrometer-sized objects such as wood fibers by
means of transmitted light over a broad wavelength range from ultraviolet to
NIR, i.e 250-975 nm. It can measure objects up to 900 um x 27 mm in size with
a spatial resolution better than 5 um x 5 um and a spectral resolution of 5 nm.

A schematic diagram of the spectrograph system is presented in Figure 31. The
system consisted of two light sources, a halogen lamp and a xenon lamp, a
motorized sample stage, the imaging optical system with three spectrographs and
CCD cameras. The stage and data acquisition were controlled by a PC and the
image processing and analysis were performed on a workstation.

65



2 ’ Monitor
z ‘
2 .
iy Je
. s Work- )
Y—M A station
R It k r
—F L TR= 3
X
Beam splitter Gr\\atlngs CCD arrays
Mirror Siit
Micrescope
objective
~

Beam _—

Halogn light source

Figure 31. Schematic diagram of the imaging UV-VIS-NIR spectrograph system.
The author has designed the optics (Johansson and Pettersson 1997).

4.2.2 Basic layout of the optical system

The optical requirements for an imaging UV-VIS-NIR spectrograph for
microspectroscopy were that the wavelength range should be very broad, from
250 nm to 975 nm, with a spectral resolution of 5 nm, the field of view on an
object should be 1.5 mm and the spatial resolution should be 5 um.

Since it was not possible to cover the broad wavelength range with 5 um spatial
resolution using a single imaging spectrograph, the range was divided into three
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parts: UV from 250 nm to 450 nm, VIS from 400 to 700 nm and NIR from 700
to 975 nm. A schematic layout of the imaging optics of the instrument is shown
in Figure 32.

A reflective microscope objective was used because of the broad spectral range.
This type of objective contains no refracting elements, thereby eliminating all
chromatic aberrations. The object to be measured was imaged on a system
entrance dit, called the main dlit, which was common to the three spectrographs
and ensured that they all measured excactly the same area on the object at the
same time.

The wavelength range was divided by dichroic beam splitters located after the
dit. This arrangement was possible because of the small numerical aperture of
the microscope objective in the image space.

An imaging PGP spectrograph design was employed for the visible and near-
infrared wavelength ranges, with the main dlit serving as an entrance dlit for
these spectrographs. In the UV part an image of the main dit was formed by a
relay lens system on the entrance dit, Slit 2, of an UV Offner spectrograph
module based on all reflective optics.

A removable folding mirror and an eyepiece were installed in the instrument for
visual inspection and focus adjustment. When the mirror was taken away from
the optical path, the objective and eyepiece formed a microscope. For focus
adjustment, a reticle in the eyepiece was located in the image plane of the
microscope objective. The same optical distance to the dit was achieved when
the mirror was switched in the optical path.
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Figure 32. Schematic layout of the optical systemfor the triple imaging
spectrograph for UV-VIS-NIR microspectroscopy.

4.2.3 Design of the optical system

4.2.3.1 Cameras for VIS, NIR and UV ranges

According to the requirements for spectral resolution, 60 spectral channels were
needed in the VIS range, 55 in the NIR range and 30 in the UV range. Each
channel consisted of at least two pixels. Thus the minimum number of pixelsin
the spectral direction was 120 for VIS, 110 for NIR and 60 for UV. The spatial
resolution was more demanding. When the field of view was 1.5 mm and the
spatia resolution 5 um, the spatial direction of the detector had to have at least

600 pixels.
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A standard 2/3" CCD matrix camera, Kappa CF 7, with 800 (H) x 582 (V) pixels
was selected for both the VIS and NIR ranges. The size of each pixel was 11um
(H) x 11.3 pm (V ) and the matrix 8.8 mm (H) x 6.6 mm (V). The relative
sensitivity of the detector in the VIS range was 0.2-0.3 between 400 nm and 500
nm and rose from 0.3 up to 0.8 from 500 nm to 700 nm. The detector had a good
response, over 0.8, in the NIR range of 700-1000 nm. When the field of view on
the object was 1.5 mm and the length of the detector in the spatia direction was
8.8 mm, a total magnification about 6x was needed, whereupon a 5 um object
was imaged on 2.7 pixels of the detector.

The camera for the UV region was also of the 2/3" CCD matrix type, the SBIG
ST-6V of the Santa Barbara Instrument Group. The 750 (H) x 242 (V) pixds
formed a 8.63 mm (H) x 6.53 mm (V) detector, which was thermoelectrically
cooled. The size of each pixedl was 23 um (H) x 27 um (V). The average
qguantum efficiency for UV light was acceptable, 26 %. The camera was used in
amode in which 2 pixels were added in the spectral direction for a higher signal
while still fulfilling the spectral resolution requirements for the system. It was
also possible to set the exposure time according to the light intensity level of the
object to be measured.

4.2.3.2 Reflecting microscope objective

On account of the broad spectral range, a reflecting microscope objective from
Ealing Electro-Optics was sdlected. The Schwarzschild design consisted of a
small primary convex mirror and a large secondary concave one and had
spherical, coma and astigmatic aberrations close to zero. This type of objective
has also zero chromatic aberration due to the absence of refractive optical
elements.

As atotal magnification of 6x was needed for the VIS and NIR spectrograph, the
lowest-power objective, 15x, was selected and 12x magnification was used
(Figure 33). The foca length was 13 mm. Since 6x magnification was shown in
an optical simulation to cause unacceptabl e image quality, the spectrographs had
to have a magnification of 0.5x in this instrument. When the optics were used for
12x magnification, the numerical aperture was 0.216 in the object space but only
0.018 in the image space. The working distance was long, 24.8 mm.
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Primary mirror Secondary mirror Image plane (main slit)

Object

Figure 33. A 15x reflecting microscope objective used for 12x magnification.

4.2.3.3 Main slit and dichroic beam splitters

The main dlit was located on the image plane of the microscope objective,
Figure 33. The width of the dit was selected to be 80 um, corresponding to a 6.7
pm width of the view on the object. The width also determines the spectra
resolution of the spectrographs. The dlit was an UV -transparent sapphire window
plated with chromium and copper. It was produced by an etching process to
provide less than 4% width variations.

The broad wavelength range was divided into three parts by two dichroic,
multilayer dielectric mirrors with a 45° angle of incidence, the first reflecting
UV and transmitting VIS and NIR and the second reflecting NIR (Figure 32).
According to measurements, the first mirror reflected wavelengths between
250 nm and 400 nm with an efficiency of over 90%, while the transmission for
wavel engths longer than 480 nm and up to 1100 nm was over 80%. For 440 nm
the transmission was 50%. The custom-designed mirror was made by Technical
Optics Limited, UK.

The second mirror, which transmitted VIS and reflected the NIR range, had a
transmission of 65% for 400 nm and varied from 70% to 90% for 450-680 nm.
The reflectance was 60% for 700 nm and over 90% for wavelengths longer than
750 nm.
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As can be seen in Figure 32, a vertical orientation was chosen for the main dlit,
because the dimension of the beam splitter along the optical axis would then be
smaller and it would thus be possible to assemble it between the main dit and
the collimating lens. The advantage of this solution can be seen in Figure 34a
and b.

4.2.3.4 Imaging PGP spectrographs for VIS and NIR

The imaging spectrographs for VIS and NIR had to have a magnification of
0.5x, which was the ratio of the focal length of the focusing lens to that of the
collimating lens. A focal length of 80 mm was chosen for the collimating lens
and 40 mm for the focusing lens. The optical arrangements and the components
of the VIS spectrograph can be seen in Figure 34, where a ray tracing of the
central wavelength is aso shown. The folding mirror was not taken into account
in the optical simulations.

Microscope Main Collimating Focusing
objective slit lens lens
\ NR
a) K I“L\i \ J H\ E-\u (E
=] v U 4

1]
UL

PGP Detector
splitter

Figure 34. Ray tracing of the VIS spectrograph seen from a) the top and b) the
side.

The NIR spectrograph was similar to the above except that the PGP component
was optimized for the NIR range, see Figure 35. A wedge was added to the
optics to compensate for the wavelength dependence of the back focal length, as
the triplets had been designed for visible light. This chromatic aberration
correction method worked here because, due to the small numerical aperture of
the instrument, the wavel engths were separated spatialy after the focusing lens.
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Figure 35. The last few components of the NIR spectrograph and a ray tracing
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Figure 36. Smulated spectral lines on the detectors (9.0 mm x 9.0 mm) of the
VIS and NIR spectrographs. The real sizes of both detectors were 8.8 mm x 6.6
mm. Location is expressed on the object to be measured.

The theoretical spectral resolution of the VIS and NIR spectrographs was
approximately 2 nm, because the width of the dit was 80 um. Simulated spectral
lines of some wavelengths in the VIS and NIR spectrographs are shown in the
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Figure 36. There were intentional overlaps between the three spectrographs to
permit internal sensitivity calibration of the system. This overlap was eliminated
by the data aquisition procedure.

4.2.3.5 Imaging Offner spectrograph for UV

The optical arrangement of the UV spectrograph differed from that of the VIS
and NIR spectrographs. The microscope objective, the main dit and the dichroic
beam splitter were the same for all three, but the most important part of the UV
optics was a custom-designed imaging Offner spectrograph module made by
Jobin Yvon and based on a convex reflection grating, as shown in Figure 37.
Because of the small numerical aperture of the system, the image quality of the
module was high even at the edges of the dlit.

Figure 37. Offner type of UV spectrograph module based on a reflection
holographic grating (top view).
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As the UV spectrograph module, forming a single mechanica unit, had its own
entrance dit, Slit 2, it was not possible to assembled it so that the main dit could
be used as its entrance dlit. Relay optics were needed to form an image of the
main dlit on Slit 2.

The magnification of the UV spectrograph had to be higher than that for the VIS
and NIR spectrographs in order to achieve equal spatia resolution, because the
pixel size in the spatial dimension is twice as large as in the UV detector. Two
pixels were needed to resolve a 5 um object point, which means a 46 pum spot
size on the detector. The microscope objective had 12x magnification and the
UV spectrograph module unit magnification. According to optical simulations
using two air-spaced UV f100 mm achromats made of lithium fluoride and
silica, the formation of a relay lens system with 0.8x magnification gave good
enough image quality and a large enough field of view (FOV): a 0.8-0.9 mm
line on the object. If the magnification was increased, the FOV became smaller.
This was more than sufficient for the practical measurement applications
planned, as the total magnification of the UV spectrograph was 9.6x. The front
optics and relay lens system for the UV part are shown in Figure 38. The optics
were so long that a folding mirror had to be added between the achromats. Spots
of three UV wavelengths 254 nm, 302 nm and 391 nm, imaged from the object
to Slit 2 are shown in Figure 39, where the chromatic aberration can be clearly
seen. In spite of this, the image quality was good, however: for 22 I[p/mm MTF >
0.3 up to 0.7 mm of FOV on the object and MTF >0.15 for 0.8 mm of FOV.

Relay optics

%
UV achromat uv ahromat

Main slit Beam splitter Folding mirror Slit 2

Figure 38. Front and relay optics for the UV spectrograph (side view).
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Figure 39. Smulated spot sizes for three wavelengths and combined spots on Sit
2 from different points on the object. Chromatic aberration can be clearly seen.

4.2.4 Test measurements performed with the optical system

Mercury and neon spectral calibration lamps were used for optical measurement
of the spectra resolutions and wavelength ranges of the spectrographs.
Transmission gratings of different line pitches etched in a metal layer on a glass
substrate were used for investigating the spatial resolution. The grating was
illuminated from underneath and the microscope objective focused on it. The 10
pm / 10 pm pitch (10 pm transparent line and 10 um metal stripe) was clearly
resolved for al wavelength ranges, as was the 4 um / 4 um pitch. Spatial
resolution at the shortest UV wavelength was not examined due to the lack of
UV-transparent gratings, but there was no physical reason why the resolution
should have been different in this region. The fidld of view was examined by
calculating the number of lines of the 10 um / 10 um pitch grating seen in each
spectrograph. The results are collected together in Table 3.
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Table 3. Results of the optical test measurements performed on the spectrograph

system.
Parameter Value Notice
NIR spectrograph PGP spectrograph
- gpectral resolution | better  than | Peaks 743.9 nmand 748.9 nm resolved, AA=5.0 nm
5.0 nm Peaks 748.9 nmand 753.6 nmresolved, AA=4.7 nm
- wavelength range | 672-976 nm
- gpatia resolution | 4 um 4 um/4 um pitch grating can be resolved
- field of view 1.42 mm 71 lines of 10 um /10um pitch grating can be seen
on the abject
V1S spectrograph PGP spectrograph
- gpectral resolution | better  than | Peaks 585.2 nmand 588.2 nm resolved, AA=3.0 nm
5.0 nm Peaks 667.8 nmand 671.7 nm resolved, AA=3.9 nm
- wavelength range | 390-693 nm
- gpatia resolution | 4 um 4 um/4 um pitch grating can be resolved
- field of view 1.42 mm 71 lines of 10 um /10um pitch grating can be seen
on the abject
UV spectrograph Offner spectrograph
- gpectral resolution | better  than | Peaks 296.7 nmand 302.2 nm resolved, AA=5.5 nm
5.0 nm Peaks 404.7 nmand 407.8 nmresolved AA=3.1 nm
- wavelength range | 251-458 nm
- gpatia resolution | 4 um 4 um/4 um pitch grating can be resolved
- field of view 0.9 mm 45 lines of 10 um /10pum pitch grating can be seen
on the object
Spectrograph
system
- gpectral resolution | <5.0 nm
- gpatial resolution | 4 um
- wavelength range | 251-976 nm
- field of view 0.9 mm uv
1.42 mm VISand NIR
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4.2.5 Application measurements

Johansson and Pettersson (1997) present the following results obtained with the
imaging UV-VIS-NIR microscope spectrograph system. Wood pulp fibres have
an average length of 2-4 mm and width of 20-40 um. A spectral image of such a
fibre is shown in the wavelength ranges of 280-285 nm and 880-885 nm in
Figure 40 a and b, respectively. The images were fairly sharp, especidly in the
UV range, where even 1 um details can be resolved.

a) 280 - 285 nm

Figure 40. (a) A spectral image from the wavelength band 280-285 nm showing
part of a soft wood pulp fibre of width varying between 20 um and 50 um. (b) A
corresponding spectral image from the wavelength band 880-885 nm
(Johansson and Pettersson 1997).
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4.3 Comparison of the imaging PGP spectrograph with
two other hyperspectral imaging spectrographs

Fisher et al. (1998) have compared three low-cost (<$100K.) hyperspectral
imaging spectrographs: a PGP spectrograph, ImSpector] V9 (Figure 41b), built
by Specim Ltd, HolospecOD (Figure 414), built by Kaiser Optical Systems Inc.,
both off-the-shelf spectrographs based on a transmission grating, and a custom-
designed all-reflective Offner spectrograph, called VS-15 (Figure 41c). The
specifications of the spectrographs are collected together in Table 4.

The principle of the optical construction of this PGP spectrograph is shown in
Figure 30, but the optics for ImSpectord (see Figure 14) have been re-designed
to be faster, f/2.8. The unique characteristics of the PGP spectrograph are its
small size (compare the sizesin Figure 41a and b), ease of mounting and straight
optical axis. The entrance dlit was 27 um x 8.8 mm. The degree of correction of
smile, keystone and image quality is determined by the complexity of the relay
optics.

The Holospec spectrometer consists of two Nikon f 75 mm lenses, a folding
mirror and a transmission grating, as seen in Figure 41a forming a simple but
large design with high performance imaging. The field is defined by a 12 pum x
12 mm dlit and the aperture stop determined by the grating aperture.

The Offner spectrograph, VS-15, was designed by the authors of the paper in
guestion, Fisher et al. (1998). The spectrograph without folding mirrors, as
shown in Figure 6d, is telecentric (entrance pupil at infinity). Telecentric
spectrographs do not match most available C-mount or photographic lenses,
which typically have their exit pupils located from 10 mm to 50 mm in front of
the image plane. The result is significant vignetting. The authors claim that some
modifications will be adopted in the next generation of systems to solve this
problem. The grating groove density was 150 |/mm, but the problem was to
make blazed gratings on a convex substrate while retaining low polarization and
scatter (Fisher et al. 1998).
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Figure 41. The spectrographs compared by Fisher et al. (1998).

The performance metrics were evaluated by imaging onto a 1024 x 1024 CCD
array with 12 um pixel size. A Schneider f 25 mm /1.4 C-mount lens was used
as the fore-optics, because of its low distortion and correction for the broad
spectral range from 400 nm to 1000 nm. The results are a convolution of the
properties of the fore-optics, the dlit, the spectrograph and the detector sampling,
and aso of the accuracy of the focusing and alignment of the camera, and not
just of the spectrograph alone (Fisher et a. 1998).

The specifications of the spectrographs and the measurements performed on
them are presented in Table 4. The measured keystone for the PGP spectrograph
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was 0.8%, with a 48 um spot size, which included a contribution from the 27 um
dlit in this particular spectrometer. Smile was 1.0%, due to the short focal length
of the spectrograph optics. Measurements performed on the Holospec
spectrograph showed a spot size of 3 pixels in spite of a dit height of 12 pum,
smile 0.2% and keystone 0.6%. Some field curvature across the spectra was
observed. The Offner spectrometer had a keystone of 48 um (4 pixels), which
was most likely due to aignment problems in the mirrors or in the grating
recording process. According to the ssimulation, the keystone should be 20 pm.
The smile was simulated to be <1 um, which agreed with the measured value of
<1 pixel, which is 12 um. The largest measured spot size was 2 pixels (Fisher et
al. 1998).

The PGP spectrograph is equd in performance to its competitors in this
comparison in spite of its very small size and easy mounting, both features that
enhance its usefulness.

Table 4. Summary of specifications and measurements (Fisher et al. 1998).

ImSpector O HolospecO VS15
Specifications
- Size (LXWxH) 135x70x60mm | 180x240mm 100 x100 mm
- Spectral range 430-900 nm 400-800 nm 400-1000 nm
- f-number /2.8 /2.2 fI2
- Slit dimensions 27umx 8.8mm | 12umx 12mm | 12umx 12 mm
- Spectral resolution | 7 nm 2.5nm 5nm
M easur ements
- Smile 1.0% 0.2 % <0.1%
- Keystone 0.8 % 0.6%* 0.8 %
- Measured spot size | 4 pixels 3 pixes 2 pixds

(*corrected according to the text in the publication. The origind table contained

the figure 0.4%)
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5 Imaging PGP spectrographs designed
for fibre optic applications

This chapter presents the designs for an intelligent PGP spectrometer for use in
multiple points fibre optic remote spectroscopy and a PGP spectrograph for fibre
optic Bragg grating sensor network interrogation.

The author's contributions to these spectrograph systems were the design of the
optics of the spectrographs, the lay-out of the mechanical design and the
assembly and alignment of the opto-mechanical system including test
measurements. The application measurements, which are presented here, were
done by Mr Tapio Vaaralaand Mr Pekka Suopgjérvi, Research Scientistsat VTT
Electronics.

5.1 An intelligent PGP spectrograph for on-line
industrial applications

5.1.1 Background

Industria process control and quality inspection based on spectral information
on materialsis accurate, but because it is mostly done off-line in a laboratory the
response time is long. The most effective way is to use on-line, real time
measurements made with imaging or multiple point spectrometers instead of
single point measurements. The advantages of such spectrometers are obvious,
i.e. rea time measurement, no scanning movement, resulting in smpler
mechanics, and simultaneous measurement over a line or multiple points, but
there are also disadvantages, namely the huge amounts of data that have to be
collected and processed on-line or stored for later processing. On-line
spectrograph systems also have to be mechanically robust, easy to assemble,
protected against dust and humidity and capable of being filled with nitrogen gas
if required.

The problem caused by the huge amount of data generated in imaging
spectroscopy can be overcome by using data reduction schemes in which only
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those wavelengths and spatial locations that are of specia interest are selected
for conversion into digital form. In this way the amount of data can be
effectively reduced, which will benefit later data processing (Herrala and
Okkonen 1996). This enabled a small PGP spectrograph and the programmable
detector electronics developed to be integrated into a single mechanical unit
forming an intelligent spectrometer.

5.1.2 Multiple points spectrograph

5.1.2.1 Optical requirements

The optical requirements and parameters for the fibre optic remote spectrograph
are summarized in Table 5. The wavelength range, from 400 nm to 800 nm, and
the spectral resolution of 5 nm are reasonable for many process control
applications and colour measurements. One channel is needed for a light source
reference and 15 channels for object point remote measurements. The idea for
the construction of the multi point spectrometer is shown in Figure 42. The
detector is a Texas Instruments TC277, ¥2' virtual phase CCD matrix. The
optical resolution along the A axisis calculated from the formula R, = (AL — As)/(
AhaH,), where a is an assembly coefficient for the detector and H, is the height
of the detector in the spectral direction, see Figure 16.

Table 5. Features of the fibre optic remote spectrograph.

Feature Symbol Value
Wavelength range [nm] AsAL 400-800
Wavelength resolution [nm] AA 5
Numerical aperture of spectrograph NA 0.125
Number of channels, i.e fibres 16
Numerical aperture of fibres 0.22
CCD matrix detector

- Number of pixels (A x spatia) 288 x 699

- Element size (A x spatial) [um] 16.8x 9.2

- Size (A x spatial) [mm] H, X Hy 4.83x 6.43

- Shortest working distance WD 10.0 mm
Optical resolution

- A-axis [Ip/mm] R\ 17

- Spatial axis [Ip/mm] Ry 25
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Figure 42. A CCD matrix camera and a specially designed imaging PGP
spectrograph connected to N optical fibres to form a multipoint spectrograph.

5.1.2.2 Focal length and the line number of the grating

Once the wavelength range and dimensions of the detector are known, an
approximate value for the grating frequency can be calculated from a ssimplified
system consisting of the grating, only one prism, the focusing optics and the
detector. In the present case Equation 2 is used to calculate the focal length as a
function of the line number of the grating, v(f). The length of the spectrum was
prefered to be 4.7 mm. The ratio of the length of the spectrum and the detector
gave value a = 0.973. The values mentioned above for Ac, A, a and H, were
used and values between 10 mm and 60 mm were given for the focal length. The
FOV was calculated using Equation 3. The results are shown in Figure 43. A
focal length of 22.5 mm was chosen, because the FOV of the focusing optics
was then +10.2°. The grating frequency was chosen 420 I/mm, but after the
design iteration 460 |/mm was sel ected.
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Figure 43. Line number of the grating and FOV of the focusing lens as a
function of the focal length of the focusing lens.

5.1.2.3 PGP component design

In this case Bragg wavelength Ag of 525 nm was chaosen. The prisms for the
visible wavelength range were made of FK5 (487704) because of the low
dispersion of this material, Abbe-value is 70.41. The optimized parameters for
the PGP are summarized in Table 6.



Table 6. Parameters of the PGP component.

Component Par ameter Symbol Value
First prism - vertex angle By 13.97°

- top edge 2.36 mm

- bottom edge 5.84 mm

- central thickness 4.10 mm

- material FK5

- diameter 14.0 mm
Second prism - vertex angle B2 17.75°

- top edge 1.00 mm

- bottom edge 5.48 mm

- central thickness 3.24 mm

- material FK5

- diameter 14.0 mm
Grating - line number v 460 I/mm

- angle of incidence 018 4.648°.

- Bragg wavelength As 525 nm

- substrate thickness 1.00 mm

- cover glass thickness 1.00 mm

- diameter 20.0 mm
UV filter - type GG375

- thickness 3.0mm

- diameter 14.0 mm
IR filter - type KG4

- thickness 2.0mm

- diameter 14.0 mm

5.1.2.4 Simulated optical properties

The focusing and collimating lens systems were designed to be identical. The
telecentric lens system consisted of four elements in two cemented doublets to
reduce the number of air-glass interfaces to a minimum. A broad band
antireflection coating was used on the lens surfaces and the measured average
reflection from 400 nm to 800 nm was below 0.5 %.
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The lens design was finalized by Prof. Wang MinQiang from Tsinghua
University, Beijing, China. The optical construction of the PGP spectrograph is
shown in Figure 44. The optics were symmetrical and 126 mm long. The
aperture stop composed of an UV filter can be seen in the PGP component.

a)
L—~1\'1 *. h ;’rxu_l‘x J =t I“‘I
O 7 o
< 126 mm >
b)
i uln
T A =
Entrance
slit Detector

Figure 44. Designed optical construction of the PGP spectrograph seen from a)
the spectral and b) the spatial direction.

An entrance dit was used, because when the fibres were disconnected and
reconnected, the spectrograph should keep its spectral calibration. A 50 pm
width of the dit gave the required spectral resolution of 5 nm. According to the
simulations of the whole optics, the spectrum from 400 nm to 800 nm was 4.50
mm long at the detector. The total wavelength range seen by the %2 CCD matrix
was 426 nm, and an optical resolution target of 17 Ip/mm for the spectrograph
was attained. The images of the dlit formed by the wavelengths 400 nm, 600 nm
and 800 nm on the surface of the detector are shown in Figure 45, where the
bending of the spectral lines can be seen. When the average linear dispersion on
the detector was 0.089 nm/um, the maximum simulated bending, expressed
using the unit of wavelength [nm], was 3.71 nm for 400 hm, 4.43 nm for 600 hm
and 5.47 nm for 800 nm.
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Figure 45. Smulated images of the dit formed by wavel engths of 400 nm, 600
nm and 800 nm on the surface of the detector, 7.00 mm x 7.00mm.

5.1.3 Optical measurements

The optics of the spectrometer were manufactured and installed into a set-up for
measuring optical parameters, as shown in Figure 46. Optical fibres were not
used in these measurements. The light sources were a halogen lamp, a HeNe-
laser 632,8 nm and HgAr and Ne spectral lamps. A 200 um dlit with a diffuser
was located on the focal plane of the collimating lens and Nikon f 50mm, /1.4,
and f 356mm, f/2, lenses were used as the collimating and focusing optics in the
set-up. For stray light measurements a notch filter for 633 nm from Kaiser
Optical Systems Inc. was used between the lenses. This had a 50% bandwidth of
18 nm and an O.D > 4.0. A cooled 2/3" CCD camera was used to measure the
optical parameters. The pixel size of this camera was 23 um x 27 um and it had
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375 pixels in the spectral direction and 242 in the spatial direction. The
dimensions of the detector were 6.53 mm x 8.63 mm. For transmission
measurement laser beams from HeCd 442 nm, HeNe 543.5 nm and HeNe 632.8
nm were directed through the spectrograph and the ingoing and outcoming
intensities were measured.

3 4 PGP Spectrograph
N []
12 : ccD-
{fﬂ ffffffff = Camera
I
| 4
| [«
f
1. Light sources 3. Collimation lens
- halogen lamp - Nikon f50 /1.4
- HeNe laser 4. Notch filter for 633 nm == :
- HgAr spectral lamp 5. Focusing lens Pz =
- Ne spectral lamp - Nikon f35 /2 i —
2. Slit 200 um PC
- Image processing

Figure 46. Set-up for measuring the optical properties of the PGP spectrograph.

The raw measured data from HgAr and Ne spectral lamps between detector
pixels nos. 50 and 300 are shown in Figure 47, where the spectral peaks used in
the analysis are also marked. Asthe pixel size of this camera was 23 um and the
final detector size will be 4.8 mm, only 209 pixels were used in the analysis of
the optical properties. The range selected was from pixel no. 60 to 269.

The linear dispersion at the blue end of the spectrum was calculated using the
Hg spectral peaks of 404.66 nm on pixel 71 and 435.87 nm on pixel 87, yielding
aresult of 1.95 nm/pixel. The dispersion for the NIR region was 2.42 nm/pixel
using the Ne peaks of 724.5 nm on pixel 229 and 753.58 on pixel 242. Using
these dispersion values, the wavelength range was calculated to lie between 383
nm (pixel 60) and 821 nm (pixel 269), covering 438 nm.
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The spectral resolution can be seen in Figure 47b in the two neon peaks, 608.5
nm and 614.3 nm, which gave a wavelength separation of 5.8 nm and were
clearly resolved. Even smaller separation, 3 nm, which existed between the
585.25 nm and 588.2 nm peaks, was below the spectral resolution in this
arrangement and could not be resolved.

The bending of the spectral lines, smile distortion, can be seen in Figure 47a,
where the pixel size was the same as the measured bending and the reading
accuracy was 0.5 pixel. Plotting of the spectra from spatia lines 1, 121 and 242
in the same figure allows the bending to be estimated. This was between 1.5 and
2 pixels for the spectral peak of 404.66 nm, corresponding to values of 2.9-3.9
nm. The bending in the middle area of the spectrum, at 614.3 nm, was a little
lessthan 2 pixels, and since the linear dispersion in that part of the spectrum was
2.2 nm/pixdl, it corresponded to < 4.4 nm. The bending for the 837.8 nm peak
was just over 2 pixels but less than 2.5, which means between 4.8 nm and
6.0 nm.

The transmissions measured for the three laser beams mentioned above were
T(442.0 nm) = 0.51, T(543.5 nm) = 0.47 and T(632.8 nm) = 0.52. The spectra
measured for the notch filter at 633 nm illuminated by a broad-band light source
and for aHeNe laser beam at 632.8 nm are shown in Figure 48. The dynamics of
the cut-off wave band of the notch filter were more than 1072 limited by the
width of the spectral resolution. The straylight in the spectrum of the HeNe laser
peak was very much smaller than 10 when measured farther than +15 nm from
the peak.
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Figure 47. (a) Measured spectra of HgAr and Ne lamps. The spectral axisis
shown horizontally and the spatial axis vertically. (b) Spectrum of spatial line
121. Some of the spectral peaks are marked on the spectrum.
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Figure 48. Spectra of a notch filter for 633 nmwith a broad-band light source
and a spectral peak of HeNe laser beam.

The simulated and measured optical properties are listed in Table 7. The
measured wavelength range was 12 nm greater than the simulated range,
corresponding to 5-6 pixels. The bending of the spectral lines was as simulated
within the measuring accuracy, and the spectral resolution was as calculated, i.e.
better than 6 nm. The transmission of the spectrograph was very high, but the
stray light level was expected to be somewhat lower, athough no comparisons
were made with other instruments of the same kind.

Table 7. Smulated and measured optical properties of the PGP spectrograph.

Property Simulated M easur ed
Wavelength range 387-813 nm, 383-821 nm,
A 426 nm A 438 nm
Bending of spectral lines, | 400 nm: 3.7nm 404.6 nm: 2.9-3.9 nm
smile distortion 600 nm: 4.4 nm 614.3 nm: < 4.4 nm
800 nm: 5.7nm 837.8 nm: 4.8-6.0 nm
Spectral resolution 5nm <6nm
Transmission - 442.0 nm: 51 %
543.5 nm: 47 %
632.8 nm: 52 %
Stray light 632.8 nm: < 10°
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5.1.4 Construction of the intelligent spectrometer

After the optical test measurements the optics were assembled into the designed
intelligent spectrometer unit, which is shown in Figure 49. This had a 32 bit, 16
MHz processor with a 265 kByte program and 1 MByte image memory, and was
connected to a PC for operation supervision and user interface via a RS-485/57.6
kBaud serial bus. When using this structure, only the useful wavelengths and
channels that are of special interest are selected in the operating mode, to be
converted into digital data. In this way the amount of data can be effectively
reduced, which will benefit later data processing.

A

Em—

TRAANL Ly,

ke

Figure 49. The intelligent spectrometer. A hermetically sealed CCD detector can
be seen in the centre of the photo.
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A hermetically sealed, temperature stabilized CCD detector can be seen in the
centre of the phatograph in Figure 49. The hermetic sealing between the window
and the can was achieved using a specialy developed glassmeta bond
technique. The optical housing was capable of being filled with nitrogen gas if
required. The three electronic boards were placed around the optics of the
spectrometer. The case of the instrument fulfils the P54 tightness requirements
and is suitable for a harsh environment. The dimensions were small: 25 cm x 9
cm x 9 cm. The main features of the intelligent spectrometer are summarized in
Table 8.

Table 8. Features of the intelligent spectrometer.

Feature Value(s)
Detector 1/2" CCD, 735x288 pixels
Detector package Hermetically sealed,

peltier temperature stabilisation
Integrati on/Exposure time 3-60 000 ms

Processor 32 bit, 16 MHz

Image memory 1 MByte

Program memory 256 kByte

A-D Conversion 12 bit, 3 units

Communications RS-485/57.6 kBaud Serial bus, 2 units
Case class P54

The measured raw data for 16 fibre optic channels can be seen as an example in
Figure 50. The data were measured using the intelligent PGP spectrograph unit
installed in an application test set-up. The light source was a white fluorescent
lamp, the spectrum of which had a few spectra peaks and broad-band
background emission. All the channels in these figures represent the reflection
from a sheet of white paper. The fibres were 200 um in active diameter and the
pitch was 330 um. The optical isolation between neighbouring channels was
10", The positioning error of the fibres on the optical measuring head did not
cause any problems because the location of each channel could be programmed
into the intelligent PGP spectrograph. As compared with the measurements
presented above, the detector has 735 x 288 pixels of 9.2 um x 16.8 um.
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Figure 50. Measured raw data for 16 fibre optic channels. The spectral line on
pixel row 240 is 435.87 nm for Hg.

5.1.5 System for oil film thickness measurement

This section is based on the paper of Vaarala et al. (1997).

Protective oils are used in cold rolling steel and aluminium mills. The surface is
coated with a thin layer of oil in order to repel corrosion during storage and
transportation. Also when manufacturing goods in pressforming lines the correct
thickness of the oil layer is critical to the quality of forming. Thus there is a need
for an on-line oil film thickness meter to supply feedback to the oiling machine.

The key requirements for an oil meter are ruggedness, reliability, ease of use and

flexibility. Flexibility in this context symbolises the ability to conform to any
change in production without a glitch. E.g., the protection oil and substrate may
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change, resulting in changes in the fluorescence spectrum, which means that the
instrument has to be recalibrated, or better till, it can detect the changes and
performs the recalibration automatically. In addition, the light source and optical
transfer function of the instrument can be included in the measurement data.
This enables us to use spectrally unstable light sources, because the instrument
records the momentary spectraand is able to compensate for any variation in the
source. In addition, it can be used to track the effects of dirt and ageing. The
PGP spectrograph in combination with an intelligent camera can provide a
solution to this.

A prototype version of an oil meter station was produced for evaluation
purposes. The basic set-up is presented in Figure 51. This unit consisted of a
special light source, a fibre optic bundle for light collection, the intelligent PGP

spectrograph and a computer with control and analysis software.

Fibre optics

PGP
L - Matrix
Reference _ " detector

I
Lamp [(®) j

Target

Figure 51 The measurement set-up for multipoint on-line oil and colour
measur ement.

The spectrograph was programmed to measure the spectraof 10 fibres with AA =
40 nm with an exposure time of 1 s. The accuracy achieved is of the order of
+0.3 g/m? with an ail quantity in the range 0-5 g/m2. A complete prototype and
application environment evaluation revealed the potential for up to a 10-fold
increase in performance. To be accepted for on-line use, at least one third of this
potential would have to be realised.
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5.2 PGP spectrograph for the interrogation of large
scale fibre optic Bragg grating arrays

5.2.1 Introduction

Fibre Bragg Gratings (FBG) are among the most promising types of fibre optic
sensors for many applications. The response of these sensors is a wavelength-
dependent signal when sensors are applied, for example, to strain, which means
a material fractional increase in physical length when stressed, € = Al/l. Figure
52 shows a diagram of a fibre grating reflector and the Bragg condition for
reflection, in which the grating reflects the wavelength, which is twice the
optical grating spacing (Dakin and Culshaw 1997).

kgreﬂected\ A— lgtltlnsmitted
4
—————————— A
Q 4—l— \ "
_______ 7[_.._ _..._____._...____\L./
-/ g
A Input — Spacmg = E

Figure 52. Diagram of Fiber Bragg Grating and the Bragg condition for
reflection (Dakin and Culshaw 1997, p. 263).

The strain sengitivity of the FBG results primarily from the change in grating
spacing when the fiber is stretched. However, a change in the axially polarized
refractive index, caused by the stretching, also results from the photoelastic
effect. The change in Bragg wavelength per unit wavelength is typically 74% of
the strain, that is

Equation 15 ONA=0.74A1/1=0.74 €.

The width of the reflected Bragg wavelength range is typically 0.2 nm (Dakin
and Culshaw 1997).

When using Bragg gratings for monitoring large structures, a network consisting

of tens of point sensors is usually needed for good coverage of the structure. In
these cases a wavelength multiplexed network interrogation device is needed in
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practical applications. There is a commercial instrument available for producing
a seria Bragg grating network of afew sensorsin asingle optical fibre. Chen et
a. (1997) published a digital spatial domain multiplexing method that involves
the measuring of several wavelength channels from a fibre network.

5.2.2 System overview

The idea of an imaging PGP spectrograph-based method for wavelength
multiplexed sensor network interrogation was presented at the 12th Optical Fiber
Sensors conference, OFS-12, by Aikio et a. (1997). This aroused interest in
developing a PGP spectrograph for the purpose. The resulting optical system
capable of monitoring 50 optical fibers, each with 14 FBGs (700 sensors), was
introduced at OFS-14 by Aikio et al. (2000). Christiansen et al. (2000) presented
a demonstration of this first high-speed (1.9 kHz sample rate) interrogation
system for large-scale fiber optic Bragg grating arrays.

The principle of the interrogation device is shown in Figure 53. The test system
consisted of up to 25 optical fibres, each with multiple Bragg gratings, a PGP
spectrograph, a CMOS detector and a computer for data acquisition and
processing. The optical source was a superluminescent diode with a spectrum
FWHM of 70 nm centred around 820 nm. The wavelength range of the
spectrograph was 70 nm between 780 nm and 850 nm with alinear dispersion of
0.14 nm/pixel.
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Figure 53. An interrogation device for a fiber optic Bragg grating sensor
network, based on an imaging PGP spectrograph (Aikio et al. 2000).

5.2.3 Optical design and simulations of the PGP spectrograph

The selected CM OS detector size was 6 x 6 mm? with 512 x 512 elements and a
pixel size of 12 x 12 um2. The PGP spectrograph design, with a wavelength
range of 780-850 nm, is shown in Figure 54. In order to achieve high enough
linear dispersion in the detector, 0.14 nm/pixel, and to keep the PGP component
constructable, the following combination of focal length, grating frequency and
prism angles was chosen. The triplet was designed for the NIR wavel ength range
with afocal length of 75 mm, the grating frequency was 963 |/mm, the vertex
angle of the first prism was 40.8° and that of the second prism 38.6° and the
prism material was BK7. No filters were needed in this application.

Simulated spots for three FBGs, 790 nm, 815 nm and 840 nm, in the on-axis and
three off-axis channels are shown in Figure 55. The energy clearly peaked in the
centres of the spots, even in the worst case, which enabled high-accuracy
spectral measurement. The precise central position of each spot can be enhanced
to sub-pixel level by calculating the centroid of each peak (Chen et al. 1997).
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Figure 54. The PGP spectrograph with a ray tracing of 815 nm.
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Figure 55. Smulated spot sizes for three FBG wavelengthsin the on-axis and

three off-axis channels.

The length of the spectrum, from 780 nm to 850 nm was 5.99 mm covering 512
pixels on the detector. A simulated 0.5 nm spectral shift from 815.0 nm to 815.5
nm launched from two fibres with a 10 um core diameter and 130 um pitch is
shown in Figure 56. The separation of the grid lines in the graph is 8 um and the
distance between the tops of the spectral peaks, taken from the simulation data,
is 43 um on the detector, corresponding to 3.6 pixels. The linear dispersion is
then 0.14 nm/pixel, which corresponds to 230 pe/pixel at a wavelength of
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800 nm. The simulated spot sizes were between 50 um and 100 pm, e.g. 4-8.5
pixels.

According to the simulations, up to 50 fibres can be inserted into the input dit of
the PGP spectrograph when the core diameter of the fibres is 10 um and the
centre-to-centre distance between neighbouring fibresis 120 pm.

815.5 nm
43}1m SUmn
dj

0.0 mm

Figure 56. Smulated 0.5 nm spectral shift from 815.0 nmto 815.5 nmin fibres
with a 10 um core diameter and 130 um spacing. The shift of the top is 43um,
corresponding to a linear dispersion of 0.012 nnyum (=0.14nnVpixdl).

5.2.4 Measurements

The measurements and calculations presented in this section were performed
mainly by Pekka Suopajarvi, Research Scientist at VTT Electronics, and were
published by Aikio et a. (2000), the paper which this discussion is based on.

The measured spectral width of the spectrograph was 73 nm, from 778 nm to

851 nm, so that the linear dispersion was as simulated, 0.14 nm/pixel, which
corresponds to 230 pe/pixel at awavelength of 800 nm.
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The resolution of the measurement system was determined in a load test in
which a single optical fiber with a 800 nm Bragg grating was loaded in pure
tension using small weights. Complete cycles of loading and unloading were
performed and the spot positions on the CMOS pixel row were measured. The
precise central position of each FBG peak was enhanced to sub-pixel level by
calculating the centroid of each peak. The width of 19 pixels (see Figure 57)
were used to calculate the centroid within the accuracy better than 0.02 pixels.
The strain accuracy, measured by calculating the standard deviation of the
measurement points, was 3.8 pe. If strain in 1 m length object is measured, the
accuracy is 3.8 um. If only the length of a Bragg grating, f.ex. 10 mm, is used
for the measurement, 38 nm loca accuracy is achieved. The results of loading
and unloading the FBG are presented in Figure 58.

The shape of the spot is dliptical, which can be seen in Figure 57, indicating that
the realized PGP spectrograph has larger aberration in the wavelength direction
than in the spatia direction contrary to simulations shown in Figure 55 and
Figure 56. Spot profiles and spot images without a PGP component and with two
different PGP components composed of gratings from two different batches of
gratings ("new" and "old") can be seen in Figure 59. The pure lens system
produced a spot size of 7 x 7 pixels. The optical quality of the gratings from
different batches varied and were not high enough. The measured spot sizes
ranged from 8 x 12 to 10 x 19 pixds. Christiansen et al. (2000) estimated the
noise level of the imager from the intensity profiles of the spots to be
approximately 8%, which is higher than typically for PGP spectrographs (see
Figure 48).

If the desired strain range is 2000 pe corresponding wavelength shift of 9 pixels
and the spot size is 19 pixels, each FBG will require 32 pixels in the spectral
direction including 2 pixels on both sides of the spot. Therefore, a single fiber
channel will be capable of accommodating 14 FBGs. The maximum image
width of each fibre in the spatial direction was 10 pixels and the distance
between two adjacent fibers was 20 pixels, which corresponds to 240 um. This
means that the number of fibersin theinput dlit could be increased from 25 to 50
without interference between the fiber channels. This is clearly visible in the
spot image (Figure 57) where the space between two adjacent spotsis wider than
the spots themselves. If up to 50 fibres can be inserted in the input dlit of the
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PGP spectrograph and each fibre has 14 FBGs, up to 700 FBGs can be
interrogated simultaneously.
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Figure 57. Spot profile and spot image from a CMOS detector when two FBGs
with the same central wavelength are connected in adjacent fibres, the spot size
is10x 19 pixels (Aikio et al. 2000).
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Figure 58. Wavel ength change in a Bragg grating when loading and unloading
thefibre (Aikio et al. 2000).
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Figure 59. Spot profiles and spot images: without any PGP component and with
two PGP components composed of gratings from two different batches of
gratings ("new" and "old").
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6 Summary

A new type of direct vision dispersing component, the prism-grating-prism
(PGP) concept was invented by the author in 1991. This patented PGP
component allows small, low-cost hyperspectral imaging spectrograph
constructions (Figure 60) suitable for industrial and research applications. It can
be used in the wavelength range from 320 nm to 2700 nm, limited by the
transmission of the grating material.
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Figure 60. Optical principle of the small PGP spectrograph.

The PGP spectrograph has the following properties:

» The direct-vision PGP provides a large, linear dispersion, by virtue of the
diffraction grating, as compared with a direct vision prism with small, non-
linear dispersion.

» The direct-vision PGP can be modified for different wavelength ranges by
changing the grating period and the vertex angles and materias of the two
prisms, contrary to the very limited grism construction.

* The PGP has a high diffraction efficiency (up to 70%) and a practically
polarization-independent  throughput, because of its volume phase
transmission holographic grating.
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* The direct-vision property of the PGP alows stable, small tubular
optomechanics in the spectrograph (e.g. diam. 30 mm x length 110 mm with
/2.8 for a2/3" detector).

e The same tubular optomechanics can be used with different PGP
components designed for different wavelength ranges.

This thesis introduces the PGP component and the spectrograph optics based on
it and describes the PGP design procedure. The potentiad of the PGP
construction is demonstrated by presenting the following four hyperspectra
imaging PGP spectrographsin detail.

1) The prototype for an airborne hyperspectral imaging spectrograph AISA,
designed in 1992, covering the wavelength range 430-900 nm with a spectral
resolution of 1.6 nm/pixel. The spatial resolution was 1 m x 1 m with 360 pixels
per swath using an aircraft flying 1000 metres above the ground at 50 m/s. AISA
is the smallest commercial airborne imaging spectrometer system currently
available.

2) The microscope imaging UV-VIS-NIR spectrometer system, developed in
1992-1993 for the spectral measurement of micrometer-sized objects such as
wood fibres by means of transmitted light over a broad wavelength range from
250 nm to 975 nm. The range was divided between three imaging spectrographs
by two dichroic plates: UV from 250 nm to 450 nm, VIS from 400 to 700 nm
and NIR from 700 to 975 nm. The instrument can measure objects up to 900 um
X 27 mm with a spatial resolution better than 5 um x 5 um and a spectral
resolution of 5 nm.

3) A telecentric PGP spectrograph connected with opticd fibre probes, designed
for industrial applications in 1994-1995. The wavelength range from 400 nm to
800 nm and the spectral resolution of 5 hm are reasonable for many process
control applications and colour measurements. The small design (Iength 126 mm
x diameter 30 mm) incorporates a highly advanced PGP component consisting
of long and short bandpass filters, the aperture stop for the whole optics, two
prisms and the grating. One fibre optic channel is used as a light source
reference and 15 channels for object point remote sensing. The system has been
used for on-line oil film thickness measurements.
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4) The latest PGP spectrograph design, from 1999, for the first high-speed
interrogation system for large-scale fibre optic Bragg grating arrays. The
measured spectral width of the spectrograph was 73 nm, from 778 nm to 851
nm, with a linear dispersion of 0.14 nm/pixel. This design has the largest
dispersion of any PGP component ever made, and therefore the largest prism
angle, 40°. The system can interrogate up to 700 Bragg gratings simultaneously
with asample rate of 1.9 kHz.

The measured properties of the spectrographs are summarized in Table 9.

Table 9. Measured properties of the hyperspectral imaging PGP spectrographs
presented in this work.

Spectral range | Spectral Spatial resolution

[nm] resolution
AlSA 430900 1.6 nm/pixel Im/FOV 384 m
Microscope | UV*: 251-458 | <5nm 4 um/ FOV 0.9 mm
imaging VIS: 390693 < 5nm 4 um/FOV 1.4 mm
spectrom. NIR: 672976 < 5nm 4um/FOV 1.4 mm
Multi point | 383-821 <6 nm 16 fiberglentrance dlit
Bragg 778851 0.14nm/pixe 50 fibers/entrance dlit

(* Offner spectrograph)

The author's contributions to these spectrograph systems were the invention of
the PGP component, the design of the PGP components and the spectrograph
optics, the lay-out of the mechanical design and the assembly and alignment of
the opto-mechanical system including test measurements.

The PGP concept and the results of the development work that commenced in
1991, as reported in this thesis, were so promising that a company was founded
in 1995 to commercialize, further develop and manufacture PGP spectrograph
technology under licence from VTT Electronics. Its products include the many
versions of the small, low-cost imaging spectrograph ImSpector] and aso the
smallest commercia airborne imaging spectrometer system, AISA.

PGP spectrographs are nowadays used world-wide for industrial machine vision

and spectral analysis, airborne remote sensing and scientific applications, in the
form of both standard products and customized OEM components.
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Appendix A

Line number of a grating as a function of a
focal length of focusing optics in a grating
spectrograph

The following derivation has been done by Janne Aikio, Research Scientist at
VTT Electronics.

When designing a PGP spectrograph (see Fig 1) the wavelength range from A; to
A, are given in the specifications. Then the detector is selected. Next a suitable
pair of a focal length of the focusing optics and the line number of a grating
should be chosen.

A2

o\ o )\1

PGP Focusing optics Detector

Fig 1. A part of a PGP spectrograph optics: a dispersing PGP component, a
focusing optics and a detector. A1 < A < Ao.

A rough approximation of the line number of the grating as a function of the
foca length can be calculated based on a simplified model consisting of a
grating instead of a PGP, a focusing optics and a detector (see Fig 2). The central
wavel ength of the spectrum is denoted as Ax. The grating equation is

sin@, = —% ~sin®,

)

Al



When the angle of incidence into the grating is set as 8; =0°, 8, is denoted as
0 and the diffraction order k = -1 is used, we get

. O
(2) 8(A) = arcsi nEihE

[ |

777777 f
n
nldl /

Grating

Fig 2. Asimplified model consists of a grating with period of d, a focusing optics
and a detector, which length is denoted as det. The refractive index of mediumis
n;.

From Fig 2 we can see, that

det _ e O A0 Oh, [
. > - ftan[e()\z) G(Ak)] = ftan%arcsnghg% arcsm%ﬁ%
0 arctan[det L arcsinDB—)\2 E— arc'sinDB—)\k E
Dt H thd0l tnd0l

Function arcsin can be expressed as follows.
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e =cosf +isinf =+1-sin?6 +isiné, (coss > 0)

06=-i In(\/l—sinze +isin6)= arcsin(sin@).

When wedenote sin@ =sin(x), we get

(49 6 =arcsin(x) =-i In(\/l— X2 + ix).

Similarly, we get for function arctan the following expression

®) afCtan(X)———ulnBﬂH__| EHXI E
_X||:| 1+X

When (4) and (5) areinserted in equation (3), we get

0 O O 0

014+ 08 o Ghz 1—E&gﬂ

0 'tefd o . Ond thdl O
O iInF———— i InG =
0, , foetd O B)\"+\/1—D)\kgg
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0
0t op - H = -FA (real part)
H nd ,d ,d

00
0
[b/\—k+ 1- A é s (imaginary part)
g nd ,d n,

All square roots are real, when the wavel engths are smaller than the period of the
grating in medium, A< n,d. From the equation of the imaginary part, we get

/\_Z—bA_k:a 1- A .
nd nd ,d

When both sides of the equation areraised to a power of 2, weget

0 B A gzmz %_Zb AZAKZ%AK gzaz_az A, g
thd ndH hd (n,d) n,d d
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Thus the period of the grating can be calculated
oot BRI B
afl  (na)’ O mag on

where

T S
l+d£ 1+d£
2f 2f

Equation (6) is valid for the wavelengths smaller than the period of the grating.

The line number of a grating is v = 1/d. An assembly coefficient, p, is the ratio
between the required length of the spectrum and the length of the detector in the
direction of the spectrum. It has typically a value between 0.95 to 1.0. From
eguation (6) we get equation (7) to calculate the line number of a grating as a
function of the focal length of focusing optics.

1
(M v(f)= :
o B
a (nla)2 na n,
where
_ pLdet 1 1

= and b=

2t 1+7pmet 1+ p Lolet
2f 2f
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List of symbols

n, = refractive index of medium

A = wavelength

A, = shortest wavelength of the spectrum

A, = the longest wavelength of the spectrum

A = central wavelength

0, = 6,(N\) = angle of incidence to the grating
0, = 6,(A\) =angle of departure from the grating
d = period of the grating

v = 1/d = line number of the grating

f = focd length of focusing optics

det = length of the detector in the direction of the spectrum

p = assembly coefficient, the ratio between the required length of the spectrum
and the length of the detector in the direction of the spectrum
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Example:

*  Waveength range: A1 =400 nm
Ak =600 nm
A, =800 nm
* Length of the detector
in the spectral direction : 4.83 mm
* Required length of the spectrum: 4.7 mm
e => assembly coefficient: p=0.97
* Focal length range: f=10 mm—-60 mm

The result is shown in the Fig 3: line number of a grating as a functioin of the

focal length of focusing optics.

730.717, 800

700

600

500

Vo ¢™M 400

300

Line number of grating [I/mm]

200

100

.180.663,

10 15 20 25 30 35 40 45 50 55 60

Ao, fO’t 60,

mm
Focal length [mm]

Fig 3. Line number of a grating as a function of the focal length of focusing
optics.
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