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Novel continuously tunable high spectral resolution optical filter
for two-dimensional imaging

Pritish Mukherjee,a) Shudong Chen,b) and Sarath Witanachchi
Laboratory for Advanced Materials Science and Technology (LAMSAT), Department of Physics,
University of South Florida, Tampa, Florida 33620

~Received 16 October 2000; accepted for publication 6 March 2001!

Despite the existence of a variety of optical filters for the separation of spectral components in a
multicolor image, a filter that is both continuously wavelength tunable and capable of high spectral
resolution while preserving the spatial integrity of a two-dimensional image is not currently
available. We present, in this article, the introduction of a novel optical filtering concept that permits
the development of such a system. Both the concept and its implementation in an optical-fiber-based
prototype that converts two-dimensional images to a one-dimensional array followed by
interconversion for image reconstruction are presented. The performance of the prototype is
analyzed using both a xenon arc lamp as a standard broadband illumination source as well as He–Ne
and Ar lasers as sources of coherent radiation. An unoptimized throughput efficiency of
approximately 30% and a bandwidth of 6 Å without spectral leakage or spatial crosstalk is obtained
over the entire investigated tuning range from 430 to 807 nm. Potential applications of such an
optical filtration system, with wavelength tunability on the angstrom scale and potential spatial
resolutions in the micrometer range, using suitable optical imaging are discussed. ©2001
American Institute of Physics.@DOI: 10.1063/1.1370562#
en
a

s

e
ed
bl
a
e

ctr
an
fo
n-
op
it

lu
o
e

on
u

ew
e-

ys-
at

ows
on
nce
and

at
al

rity
m-
he
ing
rat-
er-
age
n.
ly

rity
fter
ge

, so
ny

n-
ge

ma

3

I. INTRODUCTION

The spectral filtering of a multicolor image has be
widely studied.1 These studies have resulted in filters th
employ absorption,2–7 dispersion,7–11 selective
reflection,12–15 or spectrally selective transmission.1,16–22

Based on these general concepts, a variety of technique
currently available for spectral image filtering.1,23 These in-
clude, among others, dichroic coated filters,24–27holographic
filters,28–35 acousto-optic tunable filters,35 Fabry–Perot tun-
able filters,24,35–39 tunable birefringent filters,23,40–46 and
Lyot filters.23,47–49The filtration mechanisms vary from th
use of Bragg diffraction caused by periodically modulat
refractive indices in holographic and acousto-optic tuna
filters, to the use of selectivity in transmission by polariz
tion in Lyot filters. The basic underlying objective is th
absorption, transmission, or reflection of a selected spe
range. These techniques and their development to enh
the tunability and spectral sensitivity have been ongoing
several decades.50–52 Fiber spectroscopic systems using li
ear fiber arrays are in use in both the Optical Spectrosc
system at the UK Schmidt telescope and the Sloan Dig
Sky Survey system.

High sensitivity charge-coupled-device~CCD! cameras
can be combined with notch filters for high spectral reso
tion two-dimensional imaging, or with band pass filters f
broadband imaging. However, the dual requirements of fid
ity of two-dimensional spatial imaging and high resoluti
continuous spectral tunability are not available in such c
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rently existing systems. We present, in this article, a n
concept of optical filtering suitable for this purpose and d
scribe its implementation in a laboratory prototype. This s
tem is especially useful to study two-dimensional images
any desired wavelength. The optical arrangement that all
the implementation of this spectral filter and its fabricati
and characterization are discussed in detail. The performa
of the system is analyzed using both standard broadb
illumination and coherent laser sources.

II. NEW CONCEPT OF TWO-DIMENSIONAL, TUNABLE
SPECTRAL FILTERING

The basic objective is to fabricate an optical filter th
will separate an incident multifrequency two-dimension
image into spectral components while retaining the integ
of the two-dimensional image. When a two-dimensional i
age is incident on a diffraction grating, each point on t
image is angularly separated in different directions accord
to the spectral content of the image. The output of the g
ing, i.e., the angularly separated image, will result in an ov
lap of both spectral and spatial components of the im
which makes it impossible to obtain any useful informatio
The key to a solution for this problem is to use suitab
arranged optical fiber bundles to maintain image integ
while accurately redirecting the spectral components a
separation. By suitably arranging the fiber array, the ima
can be angularly and spatially separated without overlap
that it is possible to obtain the two-dimensional image at a
desired wavelength.

The concept of a filter that will analyze and display i
dividual spectral components of a two-dimensional ima

il:

1.
4 © 2001 American Institute of Physics
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FIG. 1. Block diagram of the continu-
ously tunable two-dimensional spec
tral filter.
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~henceforth referred to as the ‘‘object’’! in real time is illus-
trated in the block diagram in Fig. 1. It can be constructed
performing the sequence of procedures outlined below.

Step 1: Suitably imaging the two-dimensional multico
object on a two-dimensional array of optical fibers.

The two-dimensional image may either be~a! directly
imaged without magnification on to a two-dimensional arr
of optical fibers or~b! magnified~for higher spatial resolu-
tion imaging! or reduced~for greater field-of-view imaging!
prior to incidence on the two-dimensional array. The purp
of the two-dimensional array is to digitize the optical imag
The spatial resolution of the ultimate spectral image depe
on the resolution of the digitization. The diameter of ea
individual fiber as well as the density of the two-dimension
packing determines the resolution of the digitization. The
of presently available 10mm single-mode fibers with pos
sible interfiber spacings less than 20mm including cladding
can easily provide high spatial resolution. The combinat
of available fiber diameters and magnification of the ima
prior to incidence on the two-dimensional array allows s
tial resolutions of a micron or better, if needed.

Given a fiber diameter, the arrangement of the tw
dimensional fiber array depends upon the application.
example, a close-packed arrangement may be used for g
est resolution while a scattered sparse arrangement may
fice for site-specific multipoint imaging.

Step 2: Reshaping the output of the two-dimensiona
ber array into a linear array.

The other ends of the fiber constituting the tw
dimensional input array are shaped into a linear array to p
vide a linear image for subsequent spectral filtering. It
advantageous ~especially in a densely packed two
dimensional array! to arrange the linear array in such a w
that adjacent fibers in the linear array are connected at
two-dimensional end to spatially contiguous regions. T
kind of sequencing of the fibers in the one-dimensional ar
reduces errors in spatial fidelity in the ultimately obtain
spectral image.

Step 3: Spectrally filtering the resultant linear digitize
image to obtain the desired spectral component of the ima

The optical image of the one-dimensional input fiber
ray is then used as the object for a spectral filter~such as a
loaded 12 Jan 2011 to 131.247.244.186. Redistribution subject to AIP licen
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monochromator! to disperse its constituent spectral comp
nents. A desirable configuration is to image the on
dimensional input image 1:1 at the output of the monoch
mator. The narrow width of the input array~which
constitutes, in effect, the width of the input slit to the mon
chromator!, coupled with the achievable spectral dispersi
of typical triple grating monochromators permits angstro
level resolution of the output spectral image.

An identical one-dimensional fiber array constitutes t
output slit of the monochromator. Simply by adjusting t
grating of the monochromator the desired spectral com
nent of the linear image can be obtained on the output o
dimensional array. The process of this tunable spectral fil
ing thus analyzes the input light into its spectral compone
and permits the selection of any desired individual freque
component of the initial multicolor image while maintainin
the spatial integrity of the linear input image.

Step 4: Imaging the filtered linear output on a seco
linear fiber optic array.

By imaging the output of the spectral filtering on to a
identical one-dimensional fiber array there is a one-to-o
correlation between the spatial information contained in
two linear arrays. The light from each fiber in the input arr
to the monochromator is filtered and the results of the filt
tion obtained at the corresponding spatial counterpart at
output array.

Step 5: Reconstructing the desired two-dimensio
monochromatic spectral image by reshaping the output
the second fiber bundle into a two-dimensional array.

The light at the spatial location of each fiber of the ou
put linear array can be traced back to its corresponding or
in the initial two-dimensional array~prior to spectral filter-
ing!. Therefore, the other ends of the fibers constituting
output linear array can be reconstituted into the same c
figuration as the original two-dimensional array to obtain t
spectrally filtered two-dimensional image of the original o
ject at any desired wavelength.

Step 6: Detecting the two-dimensional spectral image
The final image can be detected using a camera~such as

a CCD camera! and then displayed real time on a vide
monitor. There are two possible modes of detection.

~a! If the original object is a dynamically evolving entit
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 2. Optical arrangement of the prototypical filte
system.
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~such as the fluorescence from an expanding laser-ab
plume!, a fast time-gated camera~such as an CCD camera!
can be used to capture transient two-dimensional spe
images. Currently, commercially available gate widths
such cameras permit attainable temporal resolutions for s
dynamic images in the 10 ns time scale.

~b! The other mode of detection is time-integrated det
tion of images where the dynamic characteristics are not
quired. No fast gating is required for this mode, which
particularly suitable for objects exhibiting extremely lo
light intensities.

III. PROTOTYPICAL IMPLEMENTATION OF THE TWO-
DIMENSIONAL SPECTRAL FILTRATION

A prototype of the proposed two-dimensional optical fi
ter was constructed to investigate the feasibility and per
mance of this technique. The optical arrangement is sc
matically illustrated in Fig. 2.

As shown in Fig. 2, the two-dimensional object is inc
dent on the input two-dimensional array so that the objec
digitized into many pixels. The light in each pixel propaga
inside each individual fiber and scatters out from the o
dimensional end of the fiber bundle. The construction of
two-dimensional to one-dimensional fiber array is discus
later in detail. This scattered light is collected by the fi
concave mirror, and sent to the grating as a collimated p
allel beam. The first order diffraction from the grating
incident on the second concave mirror. The image of
input one-dimensional array is formed in the focal plane
in. away from the second concave mirror, and it constitute
ribbon of color consisting of a series of horizontal col
lines. In each horizontal line, representing the image o
single pixel, the color varies from blue to red from one e
to the other. Each color line in the color ribbon is therefo
the image of a corresponding fiber in the one-dimensio
end of the input fiber bundle. The one-dimensional fiber
ray of the output fiber bundle is vertically aligned on t
loaded 12 Jan 2011 to 131.247.244.186. Redistribution subject to AIP licen
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desired spectral region of the band so that it can collect li
from the corresponding fibers in the input one-dimensio
array. The image is finally restored back to its tw
dimensional form through the two-dimensional array of t
output fiber bundle. After the output fiber bundle, either
gated CCD camera or optical multichannel analyzer~OMA!
system, as necessary for the specific experiment, is use
detect the filtered image.

A. Fiber arrays and their fabrication

The two fiber bundles used in our prototype need to
identical. One end of each fiber bundle had a tw
dimensional 10310 fiber array tapering off to a 100 fibe
element one-dimensional array at the other end of the bu
~Fig. 3!. The silica fibers had a 200mm core diameter and a
240 mm total diameter including the cladding. The tot
length of the one-dimensional array was 24 mm, and
individual fiber lengths for each fiber bundle were 40 c
The transmission range for the fibers used spans the vis
and infrared region of the spectrum from 400 to 1200 n
Either of these two fiber bundles could be used as the in
or output fiber bundle. The ends of all the fiber bundles w
polished to a surface roughness better than 1mm.

FIG. 3. Spatial arrangement of the fiber array in a bundle. The input
output bundles are identical.
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Since the input one-dimensional array was imaged w
unit magnification exactly on to the output one-dimensio
array, it was crucial that the two one-dimensional arrays h
exactly the same spatial structure including the same
croarrangement and spacing of each individual fiber e
Otherwise, a fiber in the output one-dimensional end wo
not be able to collect the light from its corresponding cou
terpart in the input one-dimensional fiber array or not be a
to collect light at the desired wavelength.

The two fiber bundles were fabricated from 100 fibe
each fiber being 80 cm in length. The most important p
during the fabrication was to make the two one-dimensio
arrays exactly the same. Two fibers were glued paralle
each other onto a glass slide. Another two small glass pie
were glued on top of the fibers. This created a narrow slo
hold fibers in a one-dimensional array~Fig. 4!. The 100 fi-
bers were inserted into the slot one by one next to each o
and the fibers and glass slide were glued together with
oxy. After the glue was completely dry, the whole piece w
cut apart along the dotted line~Fig. 4! using a diamond saw
Finally, both cut ends of each fiber bundle were mecha
cally polished to complete the fabrication of the two identic
one-dimensional arrays.

For the fibers in the two-dimensional array, fiber holde
were designed to hold the fibers. One hundred holes w
drilled in a 10310 square array~shown in Fig. 3! in two
plastic disks each of which was14 in. thick and 24 mm in
diameter. Each hole had a diameter of 508mm, and the
center-to-center distance between two consecutive holes
2 mm. Next, 200 hypodermic needles were inserted i
these 200 holes on the two disks. It was ensured that all
needles were inserted from one side of each disk,
reached the surface on the other side of the disk. Each ne
was 1.375 in. long with 250mm inner diameter and wa
glued perpendicular to the disk by epoxy. These long nee
provided better support to the fibers, as well as provid
holes of the right size to position the fibers. The third s
was to fit the disks inside glass tubes of the same inner
ameter and attach them together with epoxy. Last, the fib
were inserted into the needles, using a flat microslide pu
ing against all the fiber ends to ensure that all the fiber e
were in the same plane. The fibers were finally fixed in p
sition by mounting wax to form the two-dimensional array
the fiber bundle.

FIG. 4. One-fiber-high channel constructed to permit fabrication of the o
dimensional arrays of the fiber bundles.
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B. Optical configuration of the prototype

The monochromator, in our prototype, consisted o
single square plane reflection grating 1 in.31 in. in size,
with 1200 grooves per mm. It was mounted on a stage so
the grooves on the grating were vertically positioned~Fig. 2!.
The stage provided freedom of movement in three dim
sions, one for horizontal adjustment, one for vertical adju
ment, and one for rotation along a vertical axis. Though h
ing the maximum intensity, the zeroth order of diffractio
from the grating is not usable as there is no angular sep
tion between the spectral components of the image. Only
first order diffraction was collected by the concave mirror

The two mirrors were front reflection concave mirror
The mirror diameter was 6 in. with a focal length of 12 i
The advantage of choosing a mirror instead of a lens-ba
system was to eliminate chromatic aberration. The first c
cave mirror was positioned 12 in. away from the on
dimensional end of the input fiber bundle while the oth
concave mirror was similarly placed 12 in. away from t
one-dimensional end of the output fiber bundle, so that
two mirrors in effect form a telescope of unit magnificatio
This arrangement ensured that the beams incident onto
grating were parallel beams and allowed accurate one-to
imaging between the input and output one-dimensional
rays. The spectrum from the grating therefore avoided in
fiber spatial and spectral overlap, thereby ensuring the sm
est bandwidth and lowest crosstalk for our filter system.

IV. CHARACTERIZATION OF THE PERFORMANCE OF
THE TWO-DIMENSIONAL SPECTRAL IMAGER

A. Performance characterization using coherent
monochromatic radiation

The filter system was characterized using two kinds
light sources. The He–Ne laser was used first, because o
monochromaticity and directionality that allowed ease
alignment and calibration. A series of experiments were p
formed to assess a variety of characteristics of the fabrica
two-dimensional spectral imaging system.

1. One-to-one correspondence of the fiber array

The first figure of merit was to verify the one-to-on
correspondence between each fiber in the two-dimensi
input array and its counterpart in the two-dimensional out
array. The two-dimensional input fibers were all illuminat
by light from a He–Ne laser at 632.8 nm while the outp
image from the two-dimensional output fibers was monito
using a CCD camera. During this procedure, the He–
beam was expanded with a lens to allow coverage of all
fibers in the input two-dimensional array. The CCD image
the two-dimensional output is shown in Fig. 5. The tilt of th
10310 array in the image is due to a tilt in the orientation
the CCD camera. The variations in the spatial intensity p
file at each fiber output in the CCD image are due to va
tions in the intensity of the He–Ne laser on the input tw
dimensional fiber array. There were a few misalignments

-
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the two-dimensional output array of our prototype, notic
ably for fiber numbers 57, 68, and 77. This was due to m
positioning of the hypodermic needles and had no effect
the subsequent proof-of-principle data. It is important to e
phasize that the two one-dimensional arrays were exa
identical and the light from the input two-dimensional arr
was accurately routed to its counterpart in the output tw
dimensional array. The significant observation is that all
fibers in the output array were illuminated on tuning t
grating to the proper position for the He–Ne waveleng
Even a slight detuning extinguished the illumination co
pletely.

2. Investigation of crosstalk between fibers

An issue of concern is the spatial integrity of the tw
dimensional image after transmission through the filter.
example, if the image of each input one-dimensional fibe
much bigger than the actual size of the output o
dimensional fiber~as shown in Fig. 6!, it is possible for the
light from one input fiber to go into other uncorrespondi
fibers. This phenomena is referred to as spatial cross
Such spatial crosstalk, if it exists, could manifest itself
spatial as well as spectral diffusion and resultant distortion
the transmitted image.

Because of the structure of the fiber array~Fig. 3!, at the
output end of the fiber bundle, the first fiber to the tenth fib

FIG. 5. Output image of the filter system for He–Ne laser illumination of
the fibers of the two-dimensional input array. The last fiber at the lower r
corner~the 100th fiber! was accidentally broken during fabrication and th
exhibited no output. Such defects can easily be avoided in commercial
rication of these arrays.

FIG. 6. Diagrammatic representation of the possible origin of crossta
loaded 12 Jan 2011 to 131.247.244.186. Redistribution subject to AIP licen
-
-
n
-
ly

-
e

.
-

r
is
-

lk.

f

r

are successively horizontally adjacent to each other, the 1
to the 20th fiber are horizontally adjacent, and so on.
checked the crosstalk column by column for each of the
columns. An example of such a check is illustrated in Fig
for which only the second column, i.e., the ten input fibe
numbered 2,12,22,...,92 in Fig. 3 were exclusively illum
nated. For the image of each fiber in this column, there w
no illumination of adjacent columns on either side in t
output image on the CCD detector. Each column, from c
umn 1 to column 10, exhibited the same lack of crossta
Similar results were obtained on checking the illumination
isolated horizontal rows. These results are particularly s
nificant because adjacent fibers in the one-dimensional a
were placed in direct contact with each other, as discusse
a description of the fabrication process in Sec. III A.

3. Pattern recognition

In this filter system, the two-dimensional object is effe
tively digitized into pixels and rearranged into a on
dimensional image. Therefore, the system must eventu
have the ability to restore the two-dimensional image ac
rately. Different shapes for input illumination were used
check the ability of shape restoration of the filter syste
Figure 8 shows the results for a variety of input spatial p
terns. The results show the pattern restoration ability of
filter system as well as the spatial movements of the ou
image corresponding to movements of the input object. T
low spatial resolution of the two-dimensional images
caused by the sparseness of the input array in our protot
Since the purpose of these experiments was to illust
proof of principle, a limited number of fibers were used
the two-dimensional array. These fibers were separated
2 mm center-to-center distance between every two fibers
this spacing determined the low resolution of the result
image. This can be easily improved in a commercial syst
by arranging fibers in contact with each other, similar to t
array for a CCD detector.

4. Efficiency of the prototypical filter

We used an OMA, tuned to the 632.8 nm wavelength
the He–Ne laser, to measure the throughput efficiency of
filter system. The output efficiency was measured by co
paring the OMA signals at the input and output of the filt

l
t

b-

FIG. 7. Crosstalk check for column 2. The ten fibers, from top to botto
are number 2–92. No fibers on either side were observed to be illumina
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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system. The fiber detector for the OMA was covered b
310 mm diameter pinhole. The He–Ne spectral line was
tected using the OMA at the input end of the fiber bun
with a 3.3 neutral-density~ND! filter, and recorded a pea
reading of 304 609 counts@Fig. 9~a!#. At the final output end
of the filter system, the OMA showed a peak intensity re
ing of 91 454 counts@Fig. 9~c!# with a ND filter of 2.9. The
output efficiency (e), defined as the ratio of output intensi
to the input intensity, is therefore given by

e5
91 454

304 609
3

1023.3

1022.93S 310

200D
2

50.287529%. ~1!

The above calculation corrects for the difference between
core diameter of the fiber and the diameter of the pinh
covering the fiber connected to the OMA. This indicates
net loss of 71% of the light in going through our system.
this 71% loss, 9% was lost at the output of the first fib
bundle. At the end of the first fiber bundle, the peak out
intensity was recorded to be 115 314 counts@Fig. 9~b!#,
which is 90.95% of the input intensity. The internal tran
mission loss of the fiber itself is less than 1% especially
our fiber length of less than a meter. The rest of the;8%
loss can be attributed to increased reflectivity at the tw
dimensional input array due to the inadequacy of our m
chanical polishing combined with non-normal incidence
light onto the input two-dimensional array.

Beyond the first fiber bundle, the efficiency based on
spectra shown in Figs. 9~b! and 9~c! is calculated to be

e85
91 454

115 314
3

1023.3

1022.950.32532%. ~2!

This includes the net throughput of the dispersion and im
ing system in the filter as well as the final output optical fib
bundle.

These initial results have not been optimized to ma
mize the net efficiency of the system. The imaging syst
was constructed using components currently available in
laboratory. For example, the light output of the first on

FIG. 8. Output images when the input objects were a triangle and a ci
~a! The filter output when the input was a triangle.~b! The image when the
triangle was moved down and to the left side.~c! The filter output when the
input was a circle.~d! The image when the circle was moved up and to
left.
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dimensional fiber bundle incident onto the concave mir
has an oval shape with an approximate spot size of 3 cm
4 cm. The concave mirror reflects the light in a parallel be
to the grating, with a circular spot size approximately 4 c
in diameter. If the size of the grating is increased to 5
35 cm instead of only 2.5 cm32.5 cm, it would be able to
collect light more efficiently from the concave mirror, an
therefore improve the efficiency by a factor of 2.

B. Characterization using broadband illumination

As opposed to the monochromatic emission of t
He–Ne laser, a xenon arc lamp provides broadband l
covering a wide wavelength range, from 50 to 1500 nm. I
therefore an ideal light source to calibrate the spectral
sponse of our filter system.

e.

FIG. 9. Intensity of He–Ne laser at different positions of the filter syste
~a! Laser intensity at the input with a 3.3 ND filter.~b! Laser intensity at the
one-dimensional output of the input fiber bundle, with a 3.3 ND filter.~c!
Final laser intensity at the two-dimensional output of the filter system w
a 2.9 ND filter.
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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1. Investigation of spectral tunability

The wavelength range over which the filter is contin
ously tunable was tested by using the OMA system. A xen
arc lamp was used to illuminate the input two-dimensio
array while the fiber detector of the OMA system was plac
adjacent to a desired fiber of the output two-dimensio
array ~Fig. 2!. Simple angle tuning of the grating allowe
output frequency selectivity of the two-dimensional imag
Figure 10 demonstrates two examples of this continuous
ability spanning the range from 430 nm~the blue! to a wave-
length of 807 nm~beyond the visible spectrum!. Therefore,
the filter range is limited only by the wavelength that t
fiber can transmit. The transmission range of the fiber use
from 400 to 1200 nm, which determines the ultimate fun
tional range of our silica-based filter system.

2. Frequency selectivity of the spectral filter

When the filter system is tuned to a specific waveleng
other wavelengths should be efficiently rejected in the o
put. This lack of ‘‘spectral leakage’’ is demonstrated in F
11. When the filter was tuned to a wavelength in the gre
region of the visible spectrum (l5550 nm) a broad wave
length scan from 400 to 700 nm, covering the majority of t
visible spectrum, showed no evidence of emission at
other wavelengths. This was verified at other transmiss
wavelengths as well and there was no observable spe
leakage in our filter system.

3. Bandwidth of the spectral filter

The transmitted bandwidth can be obtained by high re
lution measurements of any spectral line detected by

FIG. 10. Two examples demonstrating the range of wavelengths tha
system can filter.~a! A representative spectrum in the short waveleng
range.~b! A representative spectrum in the long wavelength range.
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OMA. Figure 12 shows the bandwidth of the spectra d
picted in Fig. 10. The bandwidths~full width at half maxi-
mum! for both short and long wavelength ranges are arou
0.6 nm, which indicates a very uniform bandwidth throug
out the tunable range. The theoretical bandwidth, on the
sis of the resolution of our diffraction grating and the diam
eter and position of the fibers used in the one-dimensio
output array, is calculated to be 0.66 nm, which is consist
with our experimentally observed values. This calcula
value for bandwidth is obtained by considering the ratio
the spatial spread of the wavelength range in the plane of
band to the core diameter of the output one-dimensiona
ber. A factor of 2 was used to compensate for the finite s
of the one-dimensional input fiber.

4. Measurement of uniformity of spectral transmission
along the fiber array

If the position of a fiber in any of the one-dimension
arrays is off slightly relative to other fibers, the waveleng

he

FIG. 11. Typical output spectrum during the broad wavelength range s
to check for spectral leakage.

FIG. 12. Measurement of bandwidth for the filter system. Each pixel w
0.08 nm.~a! The measured bandwidth at the long wavelength range is 0.
nm. ~b! The measured bandwidth at the short wavelength range is 0.628
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selected will be different from that expected. We used
OMA to test fibers in column 5 for spectral uniformity alon
the fiber array. By choosing fibers in a column we ens
sampling of fibers that are evenly spaced in the o
dimensional array~refer to Fig. 3!. Further, sampling any
entire column affords data over a large range of the o
dimensional array and is thus truly representative of
maximum extent of the spectral nonuniformity. The wav
length of the peak value from each fiber was recorded fi
by fiber. These wavelengths are plotted in Fig. 13 a
showed a curvature. The largest deviation in wavelen
throughout the entire range is 0.6 and 0.54 nm for Figs. 13~a!
and 13~b!, respectively. This maximum variation is howev
within the 0.6 nm bandwidth discussed in the previous s
section and is therefore not a significant problem. Sim
results were obtained for fibers in other columns. This c
firms the high accuracy in positioning down the on
dimensional array in our prototype.

The observed curvature is due to off-axis reflectio
from the concave mirror. If the system filters a single fr
quency light source, such as the output of a He–Ne la
~632.8 nm!, the images of the first one-dimensional arr
fibers have a slight spatial curvature introduced by the
axis fibers. As a result, the second one-dimensional arra
fibers will pick up slightly disparate wavelengths in a mul
wavelength spectrum. Interestingly, from Fig. 13, the po
tions of the points are not random; they tend to form
smooth curve. This provides a remedy for alleviating t
slight problem of spectral nonuniformity. The solution is
match the spatial arrangement of the second one-dimens
array according to the curvature of the imaging mirror,
that all the fibers can image the exact wavelength selec
thereby resulting in better spectral uniformity.

5. Spectral signature-based pattern recognition
An essential function of the filter system is to allow sp

tial patterns of a selected wavelength to pass through

FIG. 13. Spectrum uniformity test using fibers in column five.~a! Spectrum
uniformity tested around a wavelength of 807.25 nm.~b! Spectrum unifor-
mity tested around a wavelength of 549.5 nm.
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order to test this function, two object images were projec
onto the input of the filter system simultaneously. One
these objects was a triangle at a wavelength of 450 nm, w
the other one was rectangular at a wavelength of 458
The wavelengths were generated using an Ar laser~458 nm!
and a Xe arc lamp with a commercial filter at 450 nm. B
appropriately tuning the angle of the grating, only the desi
pattern can be selected at the output of the filter system
recorded by a CCD camera~Fig. 14!. There is no observable
interference between the images at these two different
closely spaced wavelengths. In both cases, the output o
filtration system was identical to the shape and size of
corresponding spectral component in the dual-wavelength
put object.

V. DISCUSSION

The presented characterization of the performance of
laboratory prototype confirms the possibility of implemen
tion of the two-dimensional spectral filtering concept intr
duced in this article. Commercially fabricated fiber arra
with more precise positioning and better end-polishi
coupled with optimized light collection and dispersion of t
input light by a larger grating should lead to enhanced e
ciency. This will permit the analysis of a two-dimension
multiwavelength object into its spectral constituents with
potential wavelength resolution on the order of angstro
and micron~or better! spatial resolution. Gated viewing ca
provide the derivation of constituent monochromatic tw

FIG. 14. Pattern recognition based on spectral signatures.~a! The output
was a triangle when the wavelength of 450 nm was selected.~b! The output
was rectangular when a wavelength of 458 nm was selected.
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Down
dimensional images with temporal resolution of dynam
events on the 10 ns timescale. The proposed t
dimensional spectral imager is continuously tunable and
wavelength that can be transmitted by the optical fibers
dispersed by the monochromator will be available for vie
ing. Using 10mm diameter fibers, a 50350 two-dimensional
array resulting in a one-dimensional array 25 mm in length
practically feasible. Larger arrays are also possible by c
recting for off-axis aberrations in the correspondingly larg
linear arrays. Repositioning of the elements of the linear
ray to counteract systematic spherical aberrations is pos
based on the observation of trends such as those in Fig

There are numerous applications for this imager in
viewing of two-dimensional objects, in which the ability t
view the different spectral components while maintaini
spatial integrity is important. For example, CCD imaging h
been used in the imaging of laser-ablated plume dynamic
viewing the plume fluorescence.53–56 Our proposed filter is
particularly suitable for studying plume emission during t
laser ablation process for the growth of thin films. We a
currently exploring the use of the imager demonstrated
this article to provide species-resolved dynamic informat
about the spatial expansion and propagation of individ
atomic and molecular species in a multicomponent las
ablated plume. This should be possible as the demonstr
resolution and tunability of the spectral imager allows t
isolation of emission from any atomic or molecular spec
and two-dimensional display in real time.

Other potential applications include, but are not limit
to, plasma diagnostics, combustion diagnostics~such as
rocket plume imaging!, real time process monitoring fo
fluorescent processes, medical imaging~for example, the
fluorescent detection of cancer cells!, and sensing of spatia
temperature variations~via blackbody radiation detection us
ing a suitable fiber material!.
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