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A conceptual dispersion imaging spectrometer (DIS) is proposed. It consists of a telescope, four prisms,
an imaging lens, and a detector. The first prism allows only the first set of wavelengths along the first
direction to pass and disperse. The second prism allows only the second set of wavelengths along the second
direction, which is perpendicular to the first. The third and fourth prisms are used to compensate for the
angular deviations from the optical axes of the first and second prisms, respectively. The proposed DIS
disperses the spectra of a target to form an L-shaped dispersion pattern (LDP). The theoretical calculation
and numerical simulation of the LDP are presented. The DIS can locate multiple targets based only on
data obtained from a single frame. It is suitable for detecting and locating energetic targets in real time.
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Real-time or near real-time detection and measurement
of energetic targets are becoming more important in mil-
itary and commercial applications, such as tactical or
strategic missile threat warning, battlefield characteriza-
tion (e.g., location of artillery threats), and small arms
or sniper fire detection and location. In all these cases,
threats or targets may be unscheduled or unannounced.
Other unknown energetic targets may also rapidly evolve
in time. Thus, simultaneous and rapid sampling of spec-
tral bands within the target spectra is important. Con-
ventional imaging spectrometers, such as scanned slit,
filter, and Fourier transform spectrometers!!=18, use
scanning techniques to multiplex the three-dimensional
(3D) spectral image (i.e., two spatial dimensions and one
spectral dimension) onto a two-dimensional (2D) detec-
tor. These spectrometers can characterize the spectral
signature of the target that is static in time. Given
that energetic targets rapidly evolve in time, conventional
techniques do not have enough time to scan. Further-
more, the location of the energetic target may be un-
known. Therefore, conventional imaging spectrometers
cannot detect and locate unannounced energetic targets
in real time.

The angularly multiplexed spectral imager proposed
by Mooney et al., based on a rotating direct-vision
prism, requires at least two frames of data to locate the
target!™ =24, Thus, it cannot locate energetic targets
in real time. Moreover, the significance of the data ob-
tained in two temporally separated frames is substan-
tially diminished when a target rapidly moves across the
field of view and changes, such that its spectral signature
differs between the first and second frames. Therefore,
this sensor cannot detect and locate unannounced ener-
getic targets in real time.

This letter reports a dispersion imaging spectrometer
(DIS) for detecting and locating energetic targets in real
time. Figure 1 shows the optical layout of the DIS, which
consists of a telescope, four prisms (prisms 1, 2, 3, and
4), an imaging lens, and a detector. The detector is lo-
cated in the focal plane of the imaging lens. The first
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prism (prism 1) disperses only the first set of wavelengths
(WL1) along the vertical direction. The second prism
(prism 2) disperses only the second set of wavelengths
(WL2) along the horizontal direction. Prism 3 compen-
sates for the angular deviation from the optical axis in
prism 1. Prism 4 compensates for the angular deviation
from the optical axis in prism 2.

The light emitted from a target and transmitted
through the telescope becomes the parallel beam. One
part of the parallel beam is dispersed by prism 1 along
the vertical direction, whereas the other part of the par-
allel beam is dispersed by prism 2 along the horizontal
direction. These dispersed wavelengths are mapped by
the imaging lens onto the detector to form an L-shaped
dispersion pattern (LDP). Each LDP is a snapshot of the
target spectra.

The y-axis coordinate y; of the imaging position
P;(x;,y;) of the dispersed wavelength \; within the first
wavelength set WL1 can be derived in the meridian plane
(Fig. 2). Points A, B, C, and D are the intersections of
the ray and surfaces 1, 2, 3, and 4, respectively. E is
the intersection of the ray and the lens. D’ is the image
point of point D with respect to the lens. hi, ho, and
h} are the y-axis coordinates of points D, E, and D',
respectively. d; is the distance between point D and the
lens, d) is the distance between point D’ and the lens,
and f is the focal length of the lens. 61, 62, 03, and 64
are the angles of refraction in the meridian plane of the
ray on surfaces 1, 2, 3, and 4, respectively. ¢ is the angle
of incidence in the meridian plane of the ray to prism 1.
« is the vertex angle of prism 1. - is the vertex angle
of prism 3. nj();) is the refractive index of prism 1 for
wavelength A;. n3();) is the refractive index of prism 3
for wavelength \;.

According to the geometrical relationship in Fig. 2 and
the imaging formula of the lens, we can obtain

ho — y; /
—_—_— = — 1
he— by d,’ (12)

© 2013 Chinese Optics Letters



COL 11(6), 061202(2013)

CHINESE OPTICS LETTERS

June 10, 2013

prism 1 prism 3
7

telescope | imaging lens WL
,,,,,,,,,,,,,,,,,,,,,, )
v 5'0‘42‘0?'0(/11“)
\
A ;é WL 1
_ 4 __¥_ VAR B A\~ (16%1)
) - 8:2
— L )/ '
NS o detector
prism 2 « prism 4

Fig. 1. Optical layout of the DIS.
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Fig. 2. Ray tracing in the meridian plane.
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Fig. 3. Ray tracing in the sagittal plane.
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hi  —dy
hz = hl + dl tan (94 - ’)/1) . (1d)

According to the law of refraction, we can obtain

sing = nq (\;) sin by, (2a)
ny (A;) sin (o — 01) = sin 0y, (2b)
sin (02 — «) = n3 (A;) sin 3, (2¢)
ng (A\;)sin (y1 — 63) = sin,. (2d)

Based on Egs. (1) and (2), the y-axis coordinate y; can
be expressed as

yi=f

Ai) (Sin%\/l — )2 —wcosvl) —tanwl\/l +n2(\) (w51n271\/1 — 2 —sin® —¢2cos271)

where 1) is

, (3a)
\/1 +nZ(\i) (¢ sin 2y14/1 — 2 — sin? 41 — 92 cos 271) + ns ( (smm\/l — 2 — g[Jcosz) tan y;
sin a cos ay/n? (\;) — sin? ¢ — cos? asin ¢
sina\/l + sin 2asin ¢y /n3 (\;) — sin? ¢ — n? (\;) sin? a — cos 2asin? ¢
The z-axis coordinate z; of the imaging position of the lo =11 + d;y tan . (4d)

dispersed wavelength \; within the first wavelength set
WL1 can be derived in the sagittal plane (Fig. 3). I3, l2,
and [} are the z-axis coordinates of points D, E, and D’,
respectively. ¢ is the angle of incidence in the sagittal
plane of the ray to prism 1.

According to the geometrical relationship in Fig. 3 and
the imaging formula of the lens, we can obtain

-l f
A 4
N1, (4a)
111
L 4b
& —d ] (4D)
! !
%:if (4c)

Therefore, the z-axis coordinate z; can be expressed
as

= ftan. (5)

Similarly, the y-axis coordinate y; of the imaging posi-
tion of the dispersed wavelength A; within the second
wavelength set WL2 can be expressed as

y; = [ftang. (6)
The z-axis coordinate x; of the imaging position of the

dispersed wavelength ); within the second wavelength
set WL2 can be expressed as

\/1+n3

(kV1 = KZsin 2y, — sin? v, — K2 cos 272) tanyz — ng (A;) (V1 — k2 sinyz — K cosy2)

, (Ta)

\/1+n3

(kV1 = KZsin 2y, — sin? v, — K2 cos 272) +n3 (X)) (V1 — k%sinys — Kk cosyz) tan v,
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where k is

< n3 (\;) — sin? @ sin 3 cos 8 + sin ¢ cos? 5)

R =

n3 (Aj)

\/1 —n3 (\;)sin® B — cos 23sin® ¢ — sin 23sin p4/n3 (\;) — sin® psin 4

nz (A;)

where na()\;) is the refractive index of prism 2 for wave-
length A;, n3();) is the refractive index of prism 4 for
wavelength \;, @ is the vertex angle of prism 2, and v,
is the vertex angle of prism 4.

When the DIS has no prism, the imaging location
of a target is called the non-dispersed imaging location
(NDIL).

Figure 4 shows a sketch map of imaging in the sagit-
tal plane of a distant target of the DIS without the four
prisms. f; is the focal length of the telescope objective,
f2 is the focal length of the telescope eyepiece, @, is the
angle of the ray emitted from a target and the optical
axis in the sagittal plane, ¢ is the angle of the emergent
ray from the telescope eyepiece and the optical axis in
the sagittal plane, and z( is the z-axis coordinate of the
NDIL. We can obtain

o = ftanp, (8)
fitan &1 = fotan . (9)

Similarly, the y-axis coordinate yo of the NDIL can be
expressed as

Yo = ftan¢, (10)
fitan @3 = fotan ¢, (11)

where ¢ is the angle of the emergent ray from the tele-
scope eyepiece and the optical axis in the meridian plane,
and @, is the angle of the ray emitted from a target and
the optical axis in the meridian plane.

If the wavelength sets WL1 and WL2 are the visible
range (from 0.4 to 0.8 pm) and infrared range (from 2.0
to 5.0 um), respectively (Fig. 1), the material for prism 1
may be zinc sulfide (ZnS), the material for prism 2 may
be sapphire (AloO3), and the suitable material for prisms
3 and 4 is calcium fluoride (CaFs).

’[Iz‘ge formula of refractive index for ZnS can be written
as
1.7396)2

A2 —0.2677%°

The formula of refractive index for AloO3 can be writ-
ten as(29]

n? —1=3.4175+ (12)

0.65054713)\2
A2 —(0.11932422

) 1.4313493)2
W21

A2 —0.07266312

5.3414021)\2

—_— 7 13
A2 — 18.0282512 (13)

The formula of refractive index for CaFs can be writ-
ten as(29]

: (7b)

0.4710914)2
A2 — 0.1003909%

9 0.5675888\?
m2_1=

A2 — 0.050263605°

3.8484723)\2
A2 — 34.649040%°

(14)

where the unit of wavelengths is micron (um).

According to Egs. (3), (5)—(7), and (12)—(14), the dis-
persion pattern is depicted in Fig. 5. The dispersed-
wavelength imaging positions form an LDP, and each
LDP is a snapshot of the target spectra.

According to Egs. (5), (6), (8), and (10), the point of
intersection of the two “arms” of the LDP is exactly the
NDIL, both of which are (f tan¢, ftan¢). Considering
that each NDIL corresponds to one target location, each
LDP position also corresponds to one target location.

The relation between the NDIL and LDP is depicted
in Fig. 6. It also indicates that the NDIL is exactly the
point of intersection of the two “arms” of the LDP.

Once the LDP is obtained, the NDIL can be obtained.
We can then estimate the target location using Eqgs. (8)—
(11).

When only one target is present in the field, only one
LDP is obtained at a time. The DIS can locate one target
based on only one LDP.
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Fig. 4. Ray tracing in the sagittal plane of the DIS without
the four prisms.
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Fig. 5. (Color online) LDP (o = 8 = ©/18, 1 = 7w/5.4,
v2 = /10, f = 50 mm, and ¢ = ¢ = 7/180).
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Fig. 6. (Color online) Relation between the NDIL and LDP
(a = g =7n/18, v1 = /54, v2 = ©/10, f=50 mm, and
¢ =@ =m/180).
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Fig. 7. (Color online) LDP of two targets (o« = 8 = 7/18,
v1 =m/5.4, 72 = w/10, and f=50 mm): target 1 (¢p1 = 1 =
m/180) and target 2 (¢2 = 7/120, w2 = w/150).

When two targets are present in the field, two LDPs
can be obtained at a time (Fig. 7). Two LDP positions
correspond to two target locations. The DIS can locate
two targets using only one frame of data.

The DIS may have a spectral resolution of 10 nm for
the visible range and 15 nm for the mid-wave infrared
range. If the material of the prism is known, two methods
can be used to improve the spectral resolution. The first
method increases the vertex angle of the prism, whereas
the second method increases the effective length of the
base of the prism.

The DIS has several advantages. Firstly, it can locate
multiple targets using only one frame of data. Therefore,
the DIS can locate multiple targets in real time with
its rapid data acquisition and processing. Secondly, the
DIS has a very broad spectral range (from 0.4 to 5.0
pm). Thirdly, the DIS has sub-pixel location accuracy
for measuring targets whose energy is present in the two
“arms” of the LDP. Fourthly, the DIS has no moving
parts.

In conclusion, a conceptual DIS is described. A target
is mapped onto the detector to form an LDP. Each LDP
is a snapshot of the target spectra. The formulas and
numerical simulation of the LDP are presented. The DIS

is suitable for detecting and locating energetic targets in
real time.
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