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Abstract. Experimental results are described from a pushbroom imag-
ing spectrometer module demonstrating very low spectral and spatial
distortion (a few percent of a pixel) and similarly small variation in spec-
tral response function with field position. These spectrometer properties
significantly facilitate the extraction of accurate spectroscopic informa-
tion. The spectrometer can achieve high performance despite relaxed
tolerances in fabrication and alignment. A quick and effective alignment
method is described that permits the spectrometer to approximate its
design performance. The implications of the results for the calibration
techniques of pushbroom imaging spectrometers are also discussed.
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1 Introduction

Pushbroom imaging spectrometers are a desirable form
Earth observations from space, since they can achiev
higher signal-to-noise ratio than their whiskbroom count
parts. At the same time, they carry the penalty of increa
calibration difficulty. While in a whiskbroom spectromet
all pixels have their spectra recorded by a single lin
photodetector array, for a pushbroom spectrometer w
700 to 1000 spatial pixels there are effectively that ma
different linear arrays or spectrometers in need of calib
tion.

The need for accurate calibration of Earth-looking h
perspectral sensors has been recently recognized.1 The lo-
cation of the peak of the spectral response function~SRF!
and its half-width~as well as shape! must be known to
within a small fraction of the nominal pixel bandwidth
typically less than a few percent. Translated into pu
broom spectrometer terms, this requirement means tha
calibrated distortion along the spatial direction~called
smile! as well as the spatial variation of the optical PS
must be kept to a minimum, typically a small fraction of
pixel. Smile is defined here as the deviation from straig
ness of the monochromatic image of the slit~Fig. 1!.

Even if errors induced by the above factors can be c
rected by calibration, minimizing the errors will decrea
substantially the computational complexity of data red
tion. Another practical reason for insisting on field indepe
dence of the SRF peak location has to do with calibrati
Measurement of the peak location of the SRF for a pu
broom sensor is complicated because it requires an a
rately calibrated monochromator. Such calibration is p
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sible only over a small part of the monochromator slit~es-
sentially a point!, because available monochromators suf
from considerable smile, thus causing an uncertainty in
absolute wavelength. Translation of the monochromator
and down the slit of the test spectrometer is a laborio
experimental procedure of doubtful accuracy. Therefore
is easier to rely on an independent smile measurement f
which the SRF peak locations can be inferred. Ideally, s
measurement would show lack of smile, hence allowing
same SRF peak location to be used independently of sp
position. Even if the SRF shape is not spatially invariant,
relative shape can be measured with much greater ease
the absolute peak location. Hence simple methods of red
ing as well as measuring smile are of importance.

In addition to the above-noted restrictions on the S
variation, it is also desirable to reduce the distortion alo
the spectral direction~called keystone!. Keystone is the
variation of slit magnification with wavelength, but it i
measured here as an absolute length value~or fraction of a
pixel—see Fig. 1!. This error means that the amount
mixing of the spectra from spatially adjacent pixels w
vary with wavelength. This affects the recovered spectr
of pixels located close to sharp boundaries in the image
of targets that are less than a few pixels large. A gene
keystone tolerance is difficult to give, as the effect of t
error will depend~at least! on the form of the spectra an
the optical point spread function~PSF!. A simulation using
two different types of vegetation and an ideal PSF revea
that the keystone error must be controlled to a small fr
tion of a pixel, although a more relaxed tolerance of le
than about 0.1 pixel can apply here.2

This paper contains the description and performa
tests of an imaging spectrometer module, which was
signed and built in order to verify that small distortion ca
be achieved in practice, and in order to develop the te
.00 © 2000 Society of Photo-Optical Instrumentation Engineers
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Mouroulis and McKerns: Pushbroom imaging spectrometer . . .
niques for doing so. It is shown that high performance c
be achieved with a simple and compact optical design.
prototype approaches 2% in smile and'8% keystone~lim-
ited by measurement accuracy!. It may be worth repeating
that these percentages refer to the pixel size and not to
total field size, as is more common in optical design. To
knowledge, this is the first time that a system is dem
strated to achieve these low levels of error in practice.
example, an evaluation of commercial spectrometers
well as a specially designed unit3 similar to the one de-
scribed here revealed smile and keystone errors on the
der of one pixel. We are concerned here with a furth
reduction of these errors by one to two orders of mag
tude.

2 Spectrometer Design

The spectrometer is of the Offner form,4–6 which has been
used previously in space applications.7,8 The full potential
of the Offner form is now being realized thanks to rece
developments in convex-grating fabrication by electro
beam ~EB! lithography.9 Alternative Offner spectromete
forms utilizing prisms have been proposed,10 but a grating-
based all-reflective system is simpler and more robust i
efficient and low-scattering convex grating can be h
Several design forms have been described that achiev
theory low levels of distortion.11 A preliminary report on
the spectrometer described here has also appeared.12 In this
paper, we expand the preliminary results of Ref. 12 to
compass both smile and keystone, provide full experim
tal results of the spectrometer performance, and discus
detail the alignment technique that enables the high leve
performance to be easily achieved in practice.

Fig. 1 Schematic of the spectrum produced by a pushbroom imag-
ing spectrometer. On the left, the lines for blue(B), green(G), and
red(R) are all straight, parallel, and aligned with the detector array.
Also, the magnification is independent of wavelength. On the right,
the B column exhibits smile, which is measured as the sag of the B
line. Also, the magnification depends on wavelength, causing the G
and R lines to be shorter than the B line. The amount of keystone is
given by the difference in length between the B and R lines.

Table 1 Spectrometer specifications.

f number 2.8

Pixel size (spatial3spectral) 12313.7mm2

Spatial pixels 754

Spectral pixels 185 (0.4–1 mm, 480 available)

Slit magnification 21

Spectral sampling 3.2 nm
e

-

n

n
f

2.1 Specification and Prescription Data

The basic specifications are given in Table 1. The sp
trometer was originally designed as an f/2.8 system wit
'1-cm slit ~nominal 1024 spatial pixels of 10-mm size!. A
compromise CID focal-plane array~CIDTEC 3710D! was
used, mostly for budgetary reasons. Pixel dimensions
shown in Table 1.

The design schematic is shown in Fig. 2~a! ~y-z view!
and Fig. 2~b! ~x-z view!. The design prescription is give
in Table 2. The slit is displaced by 33.24 mm from th
system axis. All mirrors are spherical and with a comm
axis of symmetry. Primary and tertiary have also be
made concentric, which facilitates alignment. No tilts
decenters are used in the design. All design and evalua
was done using ZEMAX.13

Fig. 2 (a) Schematic of the spectrometer in the y-z plane. The slit is
perpendicular to the plane of the paper. The long-wavelength end of
the spectrum is at the top. (b) Schematic of the spectrometer in the
x-z plane. The slit and its image are coincident in this projection.

Table 2 Prescription data.

Surface Type
Radius
(mm)

Thickness
(mm) Glass

OBJ ` 136.0869

1 Standard 2135.839 67.22123 Mirror

STO Diff. grating 268.415 61.48648 Mirror

3 Standard 2130.1043 2130.21365 Mirror

IMA `
809Optical Engineering, Vol. 39 No. 3, March 2000
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Mouroulis and McKerns: Pushbroom imaging spectrometer . . .
Grating characteristics are given in Table 3. The grat
is a single-blaze design, with the blaze peak at around
nm. Detailed efficiency tests were not performed on
grating, but several similar gratings have been made c
sistently with.87% peak first-order relative efficiency.9 In
any case, the efficiency itself is of no importance for th
paper. A rather more critical characteristic of the grating
that the blaze angle remains constant across its extent~rela-
tive to the local surface normal!. This characteristic, en
abled by the EB fabrication technique, combines with
small variation of incidence angles that is inherent in
design to produce a grating that has approximately cons
diffraction efficiency across its entire aperture. This mea
that the grating can be modeled in a simple manner, w
out the need for introducing complicated waveleng
dependent apodization factors.

2.2 Design Performance

Since the design has nearly diffraction-limited perfo
mance, we must use diffraction-based metrics. The var
performance parameters are summarized in Table 4.
smile is measured as the maximum difference in thex co-
ordinate of the PSF centroids. Other parameters are
explanatory. This performance is achieved without the n
for aberration correction in the grating.

3 Fabrication and Alignment

3.1 Tolerancing and Component Tests

Tolerance analysis of the initial design revealed that two
the three curvatures could be fitted to manufacture
testplates~primary, grating!. The curvature of the tertiary
and the spacings were then used as variables to reopti
performance. This resulted in an increase in smile fr
practically zero to the above-quoted 2% of pixel size. T
tolerance of the tertiary radius was set at 0.1%. Other m
rors were toleranced at 2 fringes power and 0.5 fringe
regularity. Those tolerances have a negligible effect on p
formance~change in merit function by a few percent, usin
the final distance as compensator!.

Table 3 Grating characteristics.

Order 11

Pitch 16.2 mm

Clear aperture 25 mm

Sag 1.1 mm
810 Optical Engineering, Vol. 39 No. 3, March 2000
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The primary and tertiary had less than 0.1-wave p-v
ror over the beam footprint. An interferogram of the grati
was very hard to obtain in the zero order because of
minuscule amount of light remaining in that order—the i
terferometer could not acquire the fringes for automa
analysis. However, sufficient fringe contrast was obtain
to ascertain the surface quality visually. Again, the surfa
irregularity was estimated to be,0.1 wave. An interfero-
gram in the first order was easy to obtain, but it sho
considerable off-axis astigmatism as expected. The z
order ~rather than the first-order! result is representative o
what the grating substrate contributes to the overall Off
error, since the astigmatism is at least partly compensa
by the rest of the optics.

3.2 Optics Alignment

The following optics alignment method has been dev
oped. The complete method is specific to Offner spectro
eters with either a combined primary-tertiary or separ
but concentric primary and tertiary~both spherical!. How-
ever, several of the steps apply in more general case
well. It is noted that the Offner design often allows th
mirrors to be concentric without any serious penalty a
that the use of tilts or decenters in the design is rar
justified. Thus the designer should strive to achieve conc
tricity, which will permit easier alignment of the primar
and tertiary and may allow them to be easily manufactu
as a monolithic block.

First, the primary and tertiary were coarsely positione
Fine positioning was achieved interferometrically. Using
fast focusing lens at the interferometer, both mirrors
illuminated simultaneously and the zero-fringe position
determined for the portion of the wavefront returned
each mirror. When less than half a fringe is seen on b
halves, the mirrors are concentric to that accuracy. T
adjustment is done manually, and its accuracy is more t
adequate.

With the primary and tertiary thus fixed, and with th
interferometer focus at their common center of curvatu
the entire spectrometer is translated laterally by the amo
dictated by the prescription in order to bring the interfe
ometer focus to the middle of the hypothetical slit. At th
point, the actual slit may be positioned so as to let
interferometer beam pass without any vignetting. If the
location is not coincident with the common center of cu
vature~in terms of itsz-coordinate value!, then translation
alongz will also be needed. Generally, the tolerance for s
defocus is not tight, so the nominal accuracy of a man
micrometer-driven stage suffices for this last adjustmen
Table 4 Spectrometer design performance. The range of values given in some columns indicates
worst to best case as a function of field location. MTF (tan.) is along the spectral direction, and MTF
(sag.) along the spatial direction, at the Nyquist frequency of the detector array.

l
(nm) Strehl

PSF energy
in pixel

(%)
MTF
(tan.)

MTF
(sag.)

Smile
(% of
pixel
size)

Keystone
(% of
pixel
size)

400 0.43–0.84 .94 0.86–0.93 0.93–0.95 1.8
1

1000 0.85–0.90 .90 0.83–0.86 0.84–0.85 1.5
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Mouroulis and McKerns: Pushbroom imaging spectrometer . . .
The interferometer focus is now at the middle of the s
location. The grating is then coarsely positioned. A retu
concave mirror is used to test the entire Offner in dou
pass. First, the grating is clocked~rotated aboutz! in an
approximate way by looking at the image of the diffract
orders and making those nominally horizontal. The corr
order is identified for returning with the mirror.

A series of interferograms of the complete system
double pass are then taken while adjusting the grating
sition and tilt. The aim is to reduce the wavefront error
the minimum possible, depending on individual mirror su
face quality. The grating position thus determined is not
final, but only an intermediate one. It has been found t
the grating tilt and decenter control the amount of com
while thez location controls the astigmatism. Thus the gr
ing alignment is best achieved by first minimizing com
using grating tilt or decenter adjustment only, and then
minimizing astigmatism using thez translation.

The minimum peak-to-valley~p-v! error that was
achieved was 0.24 wave and was consistent with the mi
quality and individual mirror interferograms. The residu
amount of coma and astigmatism was down to about
wave.

At this point, the optical design software is used in ord
to simulate the minimum-wavefront-error configuration f
a point at the center of the slit. This is done by mere
varying thez position of the grating through the softwar
This minimum-error location is not the final one, becau
the spectrometer has been optimized for minimum dis
tion as well as for balanced image quality over all fie
points. The position of the grating determined by the so
ware is then compared with the final design prescripti
The grating is finally translated along thez axis by the
difference between the two locations~or better, by observ-
ing the amount of astigmatism induced and arriving at
desired value according to the prescription data!. In the
case at hand, the required motion was in the range of 3
40 mm, resulting in an increase in astigmatism to 0.4 wa
which was close to the design value for the f number us
The necessity of determining the minimum-wavefront-er
position arises from the fact that a given amount of as
matism can be induced by a forward as well as backw
movement of the grating from that position. The above p
cedure removes this ambiguity.

The resulting interferogram is shown in Fig. 3. A
wavefront errors in this section refer to an f number of 3
~rather than the minimum design f number of 2.8!, which

Fig. 3 Measured wavefront from the spectrometer at 633 nm and
for the center of the slit. The main aberration is astigmatism. The
middle bump is due to mirror figure. The p-v error is 0.51l.
-

r

.

was determined by the interferometer. The p-v error is 0
wave. The corresponding wavefront generated
ZEMAX for these conditions is shown in Fig. 4 as havin
an almost purely astigmatic p-v error of 0.5 wave, and c
be compared with the wavefront shown in Fig. 3. Th
middle bump seen in Fig. 3 is due to mirror surface irreg
larity.

Next, the slit was aligned to vertical. This was accom
plished by translating the entire spectrometer vertically a
ensuring that the focused spot from the interferome
passed through the slit unvignetted during the entire tra
Two more interferograms were taken at the edges of
slit. The resulting wavefronts differed by'0.1 wave p-v
from the expected values. These two interferograms c
firmed that the spectrometer has better image quality~less
astigmatism! at the edges of the slit than at the center,
was expected from the design data.

The focal plane was then aligned by observing the ima
of the slit illuminated with various spectral lamps, as di
cussed in Sec. 4.2 below. The optics alignment was t
complete except for precise grating rotational alignme
~clocking!. It is imperative that this adjustment be achieve
without disturbing the previous alignment, and the equ
ment needs to be designed so as to permit that. Otherw
a movement of the grating necessitates realignment us
the interferometer.

This alignment method has been found quick and repe
able. It was possible to realign the entire spectrometer~with
the exception of the focal plane! within a few hours, start-
ing from near-arbitrary mirror positions. The method a
lows us to achieve a specified wavefront error rather tha
minimum error, and thus determine the minimum distorti
position without actually measuring the distortion.

4 Tests

4.1 Dispersion Test

The extra spectral pixels of the camera permitted record
of the zero order, which provided a convenient referen
point. ZEMAX was used to determine the expected d
tance between the zero order and various spectral lin
This distance was then converted into pixels, and gav
predicted pixel location for any one wavelength. Using
argon spectral lamp, the positions of five spectral lines
served in the range 690 to 850 nm were compared w
their expected values. The agreement between obse
and expected values was within a half pixel.

Fig. 4 Predicted wavefront at 633 nm and f/3.2 for the center of the
slit, using the design prescription data. The p-v error is 0.5l.
811Optical Engineering, Vol. 39 No. 3, March 2000
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Fig. 5 Measurement of smile for the 546.1-nm Hg line. The abscissa is the column number, and the
ordinate is the location of the centroid for each column, given in fractional pixel units. The fitted lines
are first- and second-degree least-squares curves.
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4.2 Smile Measurement

The method for measuring smile is simple. A slit is imag
on the focal plane and illuminated by various spect
lamps at specified wavelengths. The spectral lamp was
tical, and a lens was used to image the lamp onto the sl
a nominal 1:1 magnification. With this arrangement, it w
found that the measured smile and even line rotation
pended on the illumination~focus, lamp tilt, etc.!, implying
a less than uniform illumination of the slit, even across
width. A diffuser was then inserted near the lens, ab
equidistant from the slit and the lamp. This was found
eliminate the dependence on the illumination and made
measurement possible. However, the light level was s
that only a few strong lines could be recorded.

A high-quality slit is needed. Ours was fabricated by E
lithography. Commercially purchased ruled slits were t
irregular or not sufficiently straight. The slit used was
pixels wide. It was also found that only isolated spect
lines could be used reliably. In other words, at least t
noise pixels~preferably three or four! are needed before th
next spectral line starts.

The monochromatic image of the slit was recorded
the array~along a row!. A simple centroiding calculation
was then performed along each column, over appro
mately ten pixels, spanning the image of the line. The
sulting centroids~approximately 750, the same in numb
as the spatial pixels of the array! were then plotted with
appropriate trendlines. A straight nonhorizontal line in
cates net rotation. A curved line indicates smile or simi
distortion. This method is used also to align the array ro
tionally with respect to the slit.

Figures 5 and 6 show the results achieved for two d
ferent spectral lines: the 546.1-nm Hg line and t
912.3-nm Ar line. Taking the smile to be the differen
between the two fitted lines~quadratic and linear!, we de-
termine a smile of'2% of pixel, consistent with the desig
value. But the agreement is not perfect, because accor
neering, Vol. 39 No. 3, March 2000
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to the design data, the smile is not supposed to turn in
frown at the long-wavelength end. Two more lines we
recorded, a 435-nm Hg and a 760-nm Kr. Those lines a
showed a smile level of less than 2%, but the net slope
not always consistent, varying between11% and 21%.
The reason for the discrepancy between measurement
theory is not obvious. It is possibly caused by the mirr
figure error and residual small misalignment from the d
sign positions, or it may represent a limitation of the me
surement method and equipment. Of course one sho
keep in mind that we are attempting to measure extrem
small values of smile and rotation~1% of a pixel is 0.13
mm, across a field of 750 pixels or 9 mm!.

The results of Figs. 5 and 6 represent the average of
frames in order to reduce noise. Background frame subt
tion was tried but was found not to be useful, as it increa
the noise. It seemed preferable to shield the stray ligh
much as possible in a darkened room. Also, pixel sensi
ity calibration was not performed. This was not deem
necessary because of the large number of pixels that
involved in the centroiding and the trendline calculation.
any case, the results were found to be independent of
location of the spectral line on the array, and repeated m
surements over the same area did not reveal substa
systematic errors.

4.3 Keystone Measurement

Keystone is measured by imaging a pinhole that is illum
nated by a nominally white source~a tungsten-halogen
bulb, which was imaged at'1:1 on the pinhole!. This re-
sults in a spectrum that forms a line along a column of
focal plane. Centroiding can be performed in a way simi
to that described in the previous section, but in the ortho
nal direction. Fitted trend lines can then be compared
tilt or curvature when the pinhole is located at various p
sitions along the slit. The following conditions were need
for a successful measurement.



Mouroulis and McKerns: Pushbroom imaging spectrometer . . .
Fig. 6 Measurement of smile for the 912.3-nm Ar line.
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1. A flattening spectral filter~CVI EQ-232! was found
useful. This filter is specifically tailored to equaliz
the combined response of a CCD and a tungs
source. Use of the filter increases the number of
able pixels by effectively increasing the dynam
range of the camera.

2. The optimum size of the pinhole was found to be
or below the diffraction limit of the system. A sma
pinhole eliminates any errors caused by the pinh
shape as well as the illumination. The penalty is
duced light level and increased noise, but it is som
what ameliorated by the fact that no diffuser
needed if the pinhole is so small.
3. The last few pixels at the blue and IR ends of t
spectrum cause unreliable results because of the
low signal level. Only the central 150 pixels out o
the 180 total spectral pixels were counted; hence
keystone from one end of the spectrum to the ot
could be expected to be greater by'20% of the mea-
sured value.

4. A fourteen-frame average was taken within appro
mately 2 s. The resulting reduction in scatter w
significant.

The results are shown in Figs. 7 and 8. Figure 7 sho
the spectra obtained for four approximately equispaced
Fig. 7 Spectrum orientation for four different locations along the slit. The average overall tilt of the
interpolated lines represents imperfect grating clocking (rotational) alignment. The difference between
the lines is indicative of keystone.
813Optical Engineering, Vol. 39 No. 3, March 2000
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Fig. 8 Net keystone error, obtained as the maximum difference between any two data sets of Fig. 7.
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hole locations spanning the entire slit. The figure sho
that the clocking of the grating is not the best possib
since there is an average rotation of 0.10 to 0.12 pixel fr
end to end. Two of the four trendlines are practically ide
tical, but the other two show significant difference.

The precision of the grating clocking is limited by th
keystone error. Figure 8 shows the net keystone as
maximum difference between any two data sets from F
7. This is net keystone in the sense that if one of the t
data sets is perfectly oriented along the array, the other
show the indicated amount of slope. This way of display
the data removes the effect of the imperfect grating clo
ing. Figure 8 shows a net keystone error of just under 7
which can be extrapolated to'8.4% in order to include the
previously excluded pixels at the ends of the spectrum.

According to the design, the keystone error is symme
about the middle of the slit, so it should be measured as
difference between the spectra corresponding to the top
bottom of the slit~see also Fig. 1!. However, the maximum
slope difference between the various trendlines of Fig
does not occur between the two ends of the slit, but
tween an intermediate position and one end. This disc
ancy between design and experimental data cannot be
explained by residual mirror figure or misalignment erro
and we conclude that the experimental technique is pa
responsible. It should be appreciated that when one is
ing to measure the lack of an effect, as is the case for b
smile and keystone, the accuracy of the experimental ap
ratus and method will necessarily always be the limiti
factor. We believe that the keystone measurements w
ultimately limited by stray light, since we achieved a co
sistent reduction of the measured values with improv
shielding. A better baffle and light shield design could
implemented in a field or flight instrument, but our prot
type was limited by the use of standard laboratory opti
mounts. Stray light may have been more detrimental in
experiment because the imaging light level was lower th
it was during the smile measurement. Also, the detec
response at the two ends of the spectrum is very low. T
neering, Vol. 39 No. 3, March 2000
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stray light of middle wavelengths will have a disproportio
ate effect if it is incident on pixels that record imaging lig
of either short or long wavelengths. This effect was larg
absent from the smile measurement, since only the st
gest lines of the spectral lamps were used there. It can
be avoided in a flight instrument by the use of a line
variable bandpass filter over the focal plane.14

5 Estimation of the SRF Variation

The SRF of a pixel is normally measured by varying t
input wavelength while recording the response of a spec
pixel under test.15 This results in the image of the slit mov
ing along the focal plane from one end of the pixel to t
other. The procedure can be described as a convolutio
the slit image with the pixel response. The slit image
itself a convolution of the slit~a rectangle function! with
the optical line spread function~LSF!. For the convolution
to be valid, we need to assume that the LSF is invari
over the limited range of wavelengths that excite any o
pixel, a condition that is sufficiently satisfied here. Ev
though the pixel response can be nonuniform,16 our aim
here is not to calibrate the spectrometer as if it were a fli
instrument, but merely to show whether there is any va
tion in SRF caused by the optical design itself. Hence
have chosen to compute the SRF through the above co
lution process by taking the pixel response function to
another rect function of equal width to the slit.

From the interferometric data obtained during alignme
of the spectrometer, we can determine the actual spectr
eter LSF and use that in place of design data. From
three interferometer images that were obtained, we ch
the two that give the maximum difference~worst case!. The
corresponding LSFs are then convolved with the rect fu
tions as above.

Figure 9 compares the SRF computed using the de
LSF data with that computed through the measured LSF
the middle of the slit~which gives the worst LSF and wid
est SRF!. It can be seen that the difference is very sma
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The experimental and design computed SRFs for the e
of the slit are practically identical and hence not show
here.

For the purposes of this paper, we are concerned w
the maximum SRF variation with field position, rather th
the absolute SRF shape or width. In this sense, both de
and experimental data predict a half-width variation of t
SRF of less than 3% for the 633-nm wavelength and f/
aperture. But the maximum variation occurs at the sho
wavelength end, where the aberrations are more signific
The close agreement shown in Fig. 9 allows us to use
sign data in order to calculate this maximum variation. T
result is shown in Fig. 10, for the maximum spectrome
aperture, f/2.8. It can be seen that the two curves are
slightly different shape, and hence their difference is n
easily characterized through the change in half-width alo
If we take the latter as sufficient description, we may no
that it is less than 5%, and thus would provide appro
mately the same data accuracy as the smile of 2%.1 In any
case, the difference between the two SRFs is sufficie
small to be detectable only with very accurate calibrati
techniques.

6 Conclusions

The experimental results have demonstrated a pushbr
sensor with very small amounts of smile~'2% of pixel
size! and keystone~,10% of pixel size!, and good SRF
uniformity, within a few percent half-width variation. Th
Offner spectrometer can achieve these low levels of sm
and keystone with comfortable fabrication tolerances.
quick and reliable alignment method has been developed
flight instrument with these characteristics would achie
unprecedented spectroscopic data fidelity from a pu
broom sensor.

Techniques for measuring smile and keystone to sm
fractions of a pixel were demonstrated. The smile measu
ment was more accurate than the keystone, due to its hi

Fig. 9 Experimentally derived (squares) and design SRF (triangles)
for the center of the slit and 633-nm wavelength. Both curves refer
to the test f number of 3.2.
e

n

t.
-

f

.

-

l
-
r

and more uniform light level, as well as the larger numb
of pixels involved in the calculation. The discrepancy b
tween design and experimental values is similar to the m
sured smile. This discrepancy could be partly caused
residual misalignment or mirror figure errors and partly
measurement inaccuracy. The discrepancy between de
and measured keystone values is greater than that for sm
The greater part of the measured keystone of'8.4% is
probably due to measurement limitations rather than fa
cation and alignment residuals.

Although it may be possible to develop alternative, mo
accurate methods for measuring smile and keystone,
methods described here are simple and have the advan
of utilizing the focal plane for which the spectrometer w
designed. Therefore, they can also provide the basis fo
onboard calibration system that would serve to ensure
curate calibration of a spectrometer throughout the lifeti
of a mission. They would also be sufficiently accurate
the planned pushbroom Offner sensors by NASA and ot
agencies, insofar as one can ascertain the expected lev
performance of such sensors from current design data.

Referring to the calibration problems mentioned in t
Introduction, the following spectral calibration steps for
pushbroom spectrometer would seem reasonable, base
the current results:

1. Obtain the SRF of a single row of pixels as acc
rately as possible. This would include knowledge
the absolute location of the peak of the SRF to t
specified accuracy.

2. Perform independent smile measurements. Such m
surements may be more accurate if an array w
smaller pixel size than the flight focal plane array c

Fig. 10 SRFs for 400 nm and f/2.8 obtained from design data. The
outer curve is the SRF for the middle of the field (worst LSF), and
the inner curve is for the field location that gives the best LSF (ap-
proximately 85% of full field). The difference between these two
curves represents the maximum SRF variation with field expected
from the spectrometer.
815Optical Engineering, Vol. 39 No. 3, March 2000
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be used, but this is not necessary unless one ne
even greater accuracy than demonstrated here.

3. Accept that the knowledge of the SRF peak locat
will be limited in accuracy by the measured smile,
use the measured smile to predict the peak locatio
the SRF if the smile measurement accuracy can
relied upon.

4. Calibrate other rows for SRF bandwidth only. Th
does not require knowledge of absolute wavelen
with high accuracy.

Acknowledgments

This research was performed at the Jet Propulsion Lab
tory, California Institute of Technology, under a contra
with the National Aeronautics and Space Administratio
We thank Paul Maker, Dan Wilson, and Rich Muller of th
JPL Microdevices Laboratory for providing us with th
grating and the slits used in this prototype. We also tha
David Thomas, Rob Green, Tom Chrien, Jeff Simmon
and Valerie Duval for technical assistance and the m
discussions that culminated in the specifications of this p
totype. The support of Jeff Simmonds, Barbara Wilson, a
Gregg Vane was crucial for the completion of this proje

References
1. R. O. Green, ‘‘Spectral calibration requirement for Earth-looking i

aging spectrometers in the solar-reflected spectrum,’’Appl. Opt.37,
683–690~1998!.

2. P. Mouroulis, D. A. Thomas, T. G. Chrien, V. Duval, R. O. Green
J. Simmonds, and A. H. Vaughan, ‘‘Trade studies in mu
hyperspectral imaging systems: final report,’’ NASA Code Y Intern
Report, available at http://ntpio.nasa.gov/esto.html~1998!.

3. J. Fisher, M. Baumback, J. Bowles, J. Grossmann, and J. Antonia
‘‘Comparision of low-cost hyperspectral sensors,’’ inImaging Spec-
trometry IV, M. R. Descour and S. S. Shen, Eds.,Proc. SPIE3438,
23–30~1998!.

4. A. Offner, ‘‘Unit power imaging catoptric anastigmat,’’ U.S. Pate
No. 3,748,015~1973!.

5. L. Mertz, ‘‘Concentric spectrographs,’’Appl. Opt. 16, 3122–3124
~1977!.

6. D. Kwo, G. Lawrence, and M. Chrisp, ‘‘Design of a grating spectro
eter from a 1 : 1 Offner mirror system,’’ inCurrent Developments in
Optical Engineering II, R. E. Fischer and W. J. Smith, Eds.,Proc.
SPIE818, 275–278~1987!.

7. F. Reininger, M. Dami, R. Paolinetti, S. Pieri, and S. Falugiani, ‘‘V
ible infrared mapping spectrometer visible channel~VIMS-V !,’’ in
Instrumentation in Astronomy VIII, Proc. SPIE 2198, 239–250
~1994!.

8. F. Reininger et al., ‘‘VIRTIS: visible infrared thermal imaging spe
trometer for the Rosetta mission,’’ inImaging Spectrometry II, M. R.
Descour and J. M. Mooney, Eds.,Proc. SPIE2819, 66–77~1996!.
816 Optical Engineering, Vol. 39 No. 3, March 2000
s

f

-

,

9. P. Mouroulis, D. W. Wilson, P. D. Maker, and R. E. Muller, ‘‘Conve
grating types for concentric imaging spectrometers,’’Appl. Opt.37,
7200–7208~1998!.

10. D. R. Lobb, ‘‘Imaging spectrometers using concentric optics,’’ inIm-
aging Spectrometry III, Proc. SPIE3118, 339–347~1997!.

11. P. Mouroulis, ‘‘Low-distortion imaging spectrometer designs utilizi
convex gratings,’’ inInternational Optical Design Conference 1998,
L. R. Gardner and K. P. Thompson, Eds.,Proc. SPIE3842, 594–601
~1998!.

12. P. Mouroulis and D. A. Thomas, ‘‘Compact, low-distortion imagin
spectrometer for remote sensing,’’ inImaging Spectrometry IV, M. R.
Descour and S. S. Shen, Eds.,Proc. SPIE3438, 31–37~1998!.

13. ZEMAX Optical Design Program, available from Focus Softwa
Inc., Tucson, AZ.

14. C. C. La Baw: ‘‘Integrated filter and detector array for spectral ima
ing,’’ U.S. Patent No. 5,159,199~1992!.

15. T. G. Chrien, R. O. Green, and M. L. Eastwood, ‘‘Accuracy of t
spectral and radiometric laboratory calibration of the Airbor
Visible/Infrared Imaging Spectrometer~AVIRIS!,’’ in Imaging Spec-
troscopy of the Terrestrial Environment, Proc. SPIE1298, 37–49
~1990!.

16. D. Kavaldjiev and Z. Ninkov, ‘‘Subpixel sensitivity map for a charg
coupled device sensor,’’Opt. Eng.37, 948–954~1998!.

Pantazis Mouroulis is currently principal
optical engineer at the Jet Propulsion
Laboratory, California Institute of Technol-
ogy. Formerly he was an associate profes-
sor at the Center for Imaging Science,
Rochester Institute of Technology. He re-
ceived the BS degree in physics from the
University of Athens, and the PhD degree
in optics from the University of Reading. He
has worked and published in areas of opti-
cal design, fiber optics, holographic materi-

als, and imaging spectroscopy. He is also coauthor (with J. Mac-
donald) of Geometrical Optics and Optical Design, published by
Oxford University Press, and editor of Visual Instrumentation: Opti-
cal Design and Engineering Principles, published by McGraw-Hill.

Michael M. McKerns is an astrophysics in-
structor and PhD candidate at the Depart-
ment of Physics, University of Alabama Bir-
mingham. His dissertation research is in
the areas of computational physics and
nonlinear optical materials. He received the
BS degree in applied physics in 1994 from
the University of Notre Dame, and the MS
in physics in 1997 from the University of
Alabama Birmingham. He has worked as a
research assistant for the Conducting Poly-

mers Division, Wright Laboratory, Wright Patterson Air Force Base,
and as a research associate for the Imaging and Spectroscopy Sys-
tems Technology Section, Jet Propulsion Laboratory, California In-
stitute of Technology.


