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ABSTRACT:

A novel hyperspectral imaging spectrometer controlling spatial and spectral resolution individually has been proposed.
This imaging spectrometer uses a zoom lens as a telescope and a focusing element. It can change the spatial resolution
fixing the spectral resolution or the spectral resolution fixing the spatial resolution. Here, we report the concept of the
hyperspectral imaging spectrometer with the novel zooming function and the optical design of a zoom lens as the
focusing element. By using lens module and third-order aberration theory, we have presented the initial design of four-
group zoom lens with external entrance pupil. And the optimized zoom lens with a focal length of 50 to 150 mm is
obtained from the initial design by the optical design software. As a result, the designed zoom lens shows satisfactory
performances in wavelength range of 450 to 900 nm as a focusing element in an imaging spectrometer. Furthermore, the
collimator lens of the imaging spectrometer is designed through the third-order aberration correction by using an

iterative process.
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1. INTRODUCTION

Since the mid-1980’s, much attention has been focused
on the imaging spectrometer for remote sensing.'* The
imaging spectrometer is the optical system to observe
two-dimensional spatial image and to measure the
spectrum of the light that is collected from each position
of the image at once. This spatial and spectral information
is used to determine the constituent composition through
the spectroscopy for scientific research, military purpose,
and others applications over the regional scale of the
image.>’

The imaging spectrometers are classified by the method
of acquiring the date cube.>’ Among theses classes, we
concentrate on the pushbroom scanning imaging
spectrometer with a dispersion element. Since the
approach using pushbroom scanning and a dispersion
element offers good signal-to-noise ratio performance,®’
it is widely used for many imaging spectrometers.'®"?

The Image Information Research Center of KAIST
(Korea Advanced Institute of Science and Technology) in
Korea has been developing the dispersive pushbroom
imaging spectrometers operated in the visible range for
military purpose and others applications since 2004. In
this paper, we present the dispersive pushbroom imaging
spectrometer individually controlling the spatial and the
spectral resolutions. To increase the discriminative power,
the imaging spectrometer with high spatial and spectral
resolutions is required. In conventional imaging

spectrometers, however, the high resolution can not help
suffering loss on the field of view (FOV) or the spectral
range. This problem can be overcome by adding the novel
zooming function on the imaging spectrometer. Moreover,
the present optical system can control the spatial
resolution with fixing the spectral resolution or the
spectral resolution with fixing the spatial resolution.
These functions will be useful for special purposes such
as detection or search on the imaging spectrometry. This
proposed imaging spectrometer uses zoom lenses as the
fore-optics and the focusing lens. The spectrometer using
the zoom lens as the focusing lens was reported
previously but it was constructed by using commercial
lenses."”

2. IMAGING SPECTROMETER WITH A NOVEL
ZOOMING FUNCTION

A typical dispersive pushbroom imaging spectrometer
consists of a scanner, a fore-optics, a slit, a collimator, a
dispersion element, and a focusing lens, as shown in
Figure 1." The fore-optics is used to image an observed
scene onto the slit that is the entrance to the spectrometer.
The light passing through the slit is collimated, dispersed
by the dispersion element, and re-imaged along one
dimension (spatial axis in Figure 1) of the detector array.
And the spectrum of each spatial pixel is dispersed along
the other dimension (spectral axis in Figure 1) of the

-213-



detector array. The second spatial dimension of the scene
is then constructed by scanning, so that it causes the
image projected on the slit to change continuously.
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Figure 1. Schematic diagram of a typical dispersive
pushbroom imaging spectrometer.

The dispersive pushbroom imaging spectrometer
controlling individually the spatial and the spectral
resolutions uses zoom lenses as the fore-optics and the
focusing lens. By varying the focal length, the focusing
lens controls both the spatial dimension and the spectral
dimension while the fore-optics controls only the spatial
dimension. Therefore, the spectral resolution and the
spectral range are affected by the zoom ratio of the
focusing lens, while the spatial resolution and an FOV are
affected by the multiplication of the zoom ratios between
the fore-optics and the focusing lens. Two kinds of zoom
lenses are arranged in various configurations, as
summarized in Table 1.

Confi Zoom ratioof Zoom ratio of Resulting
g Fore-optics Focusing lens specification
Al =450 nm,

Type 1 1x 1x FOV = 12°
Type 2 1x 3x A).F=ol‘§=04|‘1)m,
AA =150 nm,

Type 3 13x 3x FOV = 12°
Al =450 nm,

Type 4 3x Ix FOV = 4°

Table 1. The zoom ratios of the fore-optics and the
focusing lens, and the resulting wavelength range (AX)
and field of view (FOV) of the imaging spectrometer.

Operated thus, the spatial resolution and the spectral
resolution are controlled individually by zoom lenses as
the fore-optics and the focusing lens.

In this paper, the focusing lens and the collimator lens
for the imaging spectrometer with the novel zooming
function are designed. The zoom lens as a focusing lens
has the fixed entrance pupil diameter of 20 mm, a focal
" length of 50 mm varying to 150 mm, and the wavelength
range of 450 nm to 900 nm. In the imaging spectrometer,
the stop is located at a dispersion element, so that the stop
of the designed zoom lens is set apart from the first lens
element by 10 mm, considering the mounting
configuration. The image has sizes of about 10 mm in the
spatial dimension and about 7 mm in the spectral

dimension so that the total field of view is 12 degrees
when a focal length is 50 mm. The designed collimator
lens, on the other hand, represents an objective lens with
an aperture of F/2.5 and a focal length of 50 mm
operating in the wavelength range of 450 nm to 900 nm.
And the stop of the collimator lens is also set apart from
the first lens element by 5 mm.

Field of View
Entrance pupil
diameter
Focal length of
a focusing lens
Focal length of
a collimator lens

12° (4° when spatial zooming)

20 mm

50 mm (150 mm when zooming)

50 mm

10 mm (spatial dimension) x

Image size 7 mm (spectral dimension)
CCD Pixel size 12 pm x 12 pm
Spectral Coverage From 450 nm to 900 nm
Spectral 450 nm
Bandwidth (150 nm when spectral zooming)
Spectral Channel 150
Spectral Resolution 3 nm

(1nm when spectral zooming)

Table 2. The desired specification of the imaging
spectrometer.

The primary criteria to select the detector are the high
quantum efficiency, the large dynamic range, and the low
noise because the line image passing through the slit is
dispersed over the detector. Under the circumstances, the
backside-illuminated full-frame S100AB charge-coupled
device (CCD) of SITe® has been selected.!* The CCD has
the pixel size of 12 pm by 12 pm and very high quantum
efficiencies over 50% in the visible wavelength range.
When the S100AB CCD is used as the detector, the
expected specifications of the designed optical system are
summarized in Table 2. The imaging spectrometer with
the novel zooming function will have 150 spectral
channels and the spectral resolution of 3 nm (I nm
resolution in the case of the spectral zoom).

3. OPTICAL DESIGN
3.1 Collimator lens design

‘Considering required specifications, we have picked up
a Petzval lens as a basic configuration of the collimator
lens. We have configured the front and the rear group, as
a cemented triplet and doublet, respectively. From Tesar’s
catalog,” we have selected N-LaF2, NK5, SF4 of Schott
as the glasses of the triplet and N-BK7, SF4 as those of
the doublet. Fraunhofer C, d, and F lines are used to
calculate chromatic aberration in the initial design.

To design the collimator lens, we have used ‘the third-
order aberration correction by iterative process,’” recently
reported by our group.'® The desired optical system is
separated into each- group and, then, the aberrations of
each group are calculated iteratively under following
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conditions. Spherical aberration is corrected for each
group individually. Coma and astigmatism are calculated
iteratively to compensate for each other. Moreover,
chromatic aberration of the doublet is cancelled by the
triplet.

By iterative calculations, we have obtained the initial
design for the collimator lens. Since this optical system is
the Petzval lens type having positive-positive refracting
power, however, it is natural that Petzval curvature is very
large. In convention, Piazzi-Smyth field flattener is used
to correct the situation. The field flattener is a strongly
negative lens close to the focal plane, where it has little
effect on the focal length and most aberrations, but it
corrects the Petzval field curvature. Inserting the field
flattener of SF4 glass into the Petzval lens, we have
optimized the system by the optical design software,
CODE V.7 We have set the curvatures and distance
between the front group and rear group as variables for
optimization. Furthermore, we used three fields
corresponding to the half-image sizes of 0 mm, 3.5 mm,
and 5 mm and ten wavelengths with the interval of 50 nm
from 450 nm to 900 nm. In result, the optimized lens has
the modulated transfer function (MTF) of >0.4 at 50
cycles/mm, the root-mean-square spot size of < 13 um,
and the distortion of < 0.15 %.

3.2 Focusing lens design

The mechanically compensated zoom lens with an
external entrance pupil for the imaging spectrometer was
designed by the method using the lens modules, reported
by Park.' The lens module is the mathematical construct
that has the same first-order properties and the third-order
aberration characteristics as those of the lens group
composed of the thick lenses. We used the lens modules
to find the optimized initial design of the four-group front
focus zoom system satisfying specific requirements. By
the third-order aberration theory, then, real lenses were
numerically transformed from the lens module so as to
match the first-order quantities and the third-order
aberrations. And the optimized zoom lens with a focal
length range of 50 mm to 150 mm was attained by the
optical design software.

The four-group front focus zoom system is composed
of the fixed front lens group, the second lens group for
zooming, the third lens group for focusing, and the fixed
fourth lens group. To get an optimum configuration, the
prescriptions of the lens modules were optimized under
the constraints by the optical design software CODE V. In
transformation from the lens modules to real lens
elements, we used a cemented doublet as the front lens
group, a singlet plus a cemented doublet as the second
lens group, a cemented doublet plus a singlet as the third
lens group, and a cemented doublet as the fourth lens
group with all spherical surfaces. The curvatures and the
thicknesses- of the thick lenses in the group, both have
been numerically solved from the condition that the group
has the same effective focal length, back focal length,
front focal length, and third-order aberrations as those of

the lens modules. The arrangement of the glasses was
made in order of N-BK7 and SF4 as the first group, N-
LaF2, CaF2, and SF4 as the second group, SF4, CaF2,
and N-LaF2 as the third group, and SF4 and N-BK7 as
the fourth group. We have used Calcium Fluoride, CaF2,
to correct chromatic aberration, which occurs in the broad
wavelength range of 450 nm to 900 nm."

In optimized result, the root-mean-square spot sizes are
below 15 pum and the spot sizes encircled 100% energy
are under 50 pm for all fields at position 1, 2, and 3. The
optimized lens has the MTF over 0.36 at 41.6 cycles/mm,
Nyquist frequency of the detector. Furthermore, the
distortion is below +1% across the overall FOV for the
wavelength range. We have used this zoom lens as the
focusing lens for the imaging spectrometer.

3.3 Spectrometer design

We have used the transmission grating at the Littrow
mount as the dispersion element for the imaging
spectrometer. The diffraction angle of a grating with a
groove spacing 4 is obtained by the grating equation
mA =d(nsina +sin ) , where m is the diffraction order
and n is the refractive index of the grating at the
wavelength A . a and B are the incident and the
diffraction angles of the wavelength 1, respectively. Here,
the Littrow configuration corresponds to the case that
nsina equals to sin8 . When we consider the center
wavelength of 675 nm and the grating with 300 grooves
per mm, the diffraction angle at the Littrow mount is
given as 5.81 degrees at the first order diffraction. We
have configured the designed collimator lens and the
designed focusing lens symmetrically with respect to the
grating. The transmission grating of the Littrow
configuration is inserted in front of the focusing lens and
in back of the collimator lens. The stop is located at the
groove surface of the grating, which is set apart from the
first lens element by 5 mm. An FOV and the wavelength
range of each position are defined as followings: The
position 1 covers an FOV of 12.0 degrees and the spectral
range of 450 nm (from 450 nm to 900 nm). The position 2
covers an FOV of 5.9 degrees and the spectral range of
225 nm (from 562.5 nm to 787.5 nm). And the position 3
covers an FOV of 3.9 degrees and the spectral range of
150 nm (from 600 nm to 750 nm). If the zoom lens or the
transmission grating is rotated around the center of the
stop, the spectral ranges of position 2 and 3 are varied
from 450 nm to 900 nm. We have optimized once again
the zoom system at the defined FOV and wavelength.
Figure 2 presents the ray tracing of the optimized
spectrometer at position 1, 2, and 3. As a focal length of
the zoom lens is varied to 150 mm, the spatial and the
spectral resolutions are increased to 3 times, as the type 2
in Table 1. The limited wavelength ranges. of positions 2
and 3 are changed from 450 nm to 900 nm by rotating the
focusing lens about + 2 degrees at position 2 and + 2.6
degrees at position 3. When the object size is 10.0 mm,
the spatial and the spectral image sizes in the image plane
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are about 10.0 mm and 6.8 mm, respectively, as desired
requirements at position 1, 2, and 3. The RMS spot sizes
are smaller than 17 um. And the MTFs along the spatial
axis and the spectral axis are over 0.25 at Nyquist
frequency of the detector for all fields and all wavelengths,
although the zoom lens is rotated to vary the spectral
range of position 2 and 3.

Position 1

450 pm

~787.5 nm

Position 3

600 nm
~750 nm

Figure 2. Layout of the optimized spectrometer at
position 1, 2, and 3.

4. CONCLUSION

The concept of the imaging spectrometer controlling
the spatial and the spectral resolutions individually has
been reported at first. This imaging spectrometer uses
zoom lenses as the telescope and the focusing lens. It can
control the spatial resolution with fixing the spectral
resolution or the spectral resolution with fixing the spatial
resolution. We have reported the concept of the imaging
spectrometer with the novel zooming function and the
optical design of the zoom lens as the focusing lens and
the collimator lens, for the imaging spectrometer
operating in the wavelength range of 450 nm to 900 nm.

5. ACKNOWLEDGEMENTS

This research was supported by the Agency for
Defense Development, Korea, through the Image
Information Research Center at Korea Advanced Institute
of Science & Technology.

6. REFERENCES |

[1] A. F. H. Goetz, G. Vane, J. E. Solomon, and B. N.
Rock, “Imaging spectrometry for Earth remote sensmg,
Science 228, 1147-1153 (1985).

[2] A. F. H. Goetz, J. B. Wellman, and W. L. Barnes,
“Optical remote sensing of the Earth,” Proc. IEEE 73,
950-969 (1985). '
[3] R. O. Green, M. L. Eastwood, C. M Sarture, T. G.
Chrien, M. Aronsson, B. J. Chippendale, J. A. Faust, B. E.

Pavri, C. J. Chovit, M. Solis, M. R. Olah, and O.
Williams, “Imaging spectroscopy and the airborne
visible/infrared imaging spectrometer (AVIRIS),” Remote
Sens. Environ. 65, 227-248 (1998).

[4] C. T. Willoughby, M. A. Folkman, and M. A.
Figueroa, “Application of hyperspectral imaging
spectrometer systems to industrial inspection,” in Three-
Dimensional and Unconventional Imaging for Industrial
Inspection and Metrology, M. R. Descour, K. G. Harding,
D. J. Svetkoff, eds., Proc. SPIE 2599, 264-272 (1996).

{51 F. D. Van Der Meer and S. M. De Jong, Imaging
Spectrometry (Kluwer Academic Publishers, 2001).

[6] R. G. Sellar and G. D. Boreman, "Classification of
imaging spectrometers for remote sensing applications,"
Opt. Eng. 44, 013602 (2005).

[7] R. G. Sellar and G. D. Boreman, "Comparison of
relative signal-to-noise ratios of different classes of
imaging spectrometer," Appl. Opt. 44, 1614-1624 (2005).

[8] P. Mouroulis and M. M. McKems, “Pushbroom
imaging spectrometer with high spectroscopic data
fidelity: experimental demonstration,” Opt. Eng. 39, 808-
816 (2000).

[9] P. Mouroulis, R. O Green, and T. G. Chrien, “Design
of pushbroom imaging spectrometers for optimum
recovery of spectroscopic and spatial information,” Appl.
Opt. 39, 2210-2220 (2000).

[10] D. Lobb, “Design of a spectrometer system for
measurement on Earth atmosphere from geostationary
orbit,” in Optical Design and Engineering, L. Mazuray, P.
J. Rogers, and R. Wartmann, eds., Proc. SPIE 5249, 191-
202 (2004).

[11] C. Feng and A. Ahmad, “Design and modeling of a
compact imaging spectrometer,” Opt. Eng. 34, 3217-3220
(1995).

[12] T. Vaarala, M. Aikio, and H. Keranen, “Advanced
prism-grating-prism imaging spectrograph in online
industrial applications,” in New Image Processing
Techniques and Applications: Algorithms, Methods, and
Components II, P. Refregier and R.-J. Ahlers, eds., Proc.

SPIE 3101, 322-330 (1997).

[13] K. H. Elliott, “A novel zoom-lens spectrograph fora
small astronomical telescope,” Mon. Not. R. Astron. Soc.

281, 158-162 (1996).

[14] Scientific Imaging Technologies
http://www_site-inc.com.

[15] J. Tesar, “Using small glass catalogs,” Opt. Eng. 39, .
1816-1821 (2000).

{16] Jin Choi, T. H. Kim, H. J. Kong, and Jong Ung Lee,

“Third-order aberration correction by using an iterative

(SITe®),

-process and its application to a Petzval lens with an

external  entrance pupil,” to be published in J. Korean
Phys. Soc. (2005).

[17] CODE V' Reference Manual, Version 9.40 (Optical
Research Associates, Pasadena, Calif., 2003).

18] S. C. Park and R. R. Shannon, “Zoom lens design
using lens modules,” Opt. Eng. 35, 1668-1675 (1996).
[19] Y. Matsui, “Use of calcium fluoride for zoom lenses
of high quality for cinematography and television,”
Journal of the SMPTE 80, 22-24 (1971).

-216-



