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The snapshot image mapping spectrometer (IMS) has advantages such as high temporal resolution, high throughput,
compact structure and simple reconstructed algorithm. In recent years, it has been utilized in biomedicine, remote sensing,
etc. However, the system errors and various factors can cause cross talk, image degradation and spectral distortion in the
system. In this research, a theoretical model is presented along with the point response function (PRF) for the IMS, and
the influence of the mirror tilt angle error of the image mapper and the prism apex angle error are analyzed based on the
model. The results indicate that the tilt angle error causes loss of light throughput and the prism apex angle error causes
spectral mixing between adjacent sub-images. The light intensity on the image plane is reduced to 95% when the mirror tilt
angle error is increased to 100" (= 0.028°). The prism apex error should be controlled within the range of 0-36" (0.01°)
to ensure the designed number of spectral bands, and avoid spectral mixing between adjacent images.
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1. Introduction

Imaging spectrometers can collect two-dimensional (2D)
spatial information and one-dimensional (1D) spectral in-
formation (called a three-dimensional (3D) datacube) of a
scene. It is a rapidly growing technology which has been uti-
lized in many fields including remote sensing,!'! security, !

341 environment monitoring,[s] and so on in re-

biomedicine,
cent decades. The image mapping spectrometer (IMS) is a
kind of snapshot imaging spectrometer which has no scanning
part and can obtain a 3D datacube of the objects in a single
integral time.[®! The IMS was presented by Rice University in
2009.71 Tt was developed from the integral field spectrometers
(IFSs) which have been used in astronomy for decades.[3-10]
Compared with the integral field unit (IFU) used in other types
of IFSs, the image mapper used in the IMS consists of multi-
ple narrow mirror facets and is carefully designed to ensure
that the system of IMS has much more compact structure and
higher spatial resolution than other IFSs.!7]

Gao et al. introduced the operation principle of the IMS
and developed the first prototype which can acquire a datacube
of 100x100x25.171 Then, the systems were improved to ac-
quire datacubes of 285x285x60 and 350x350x46, which
were utilized in hyperspectral microscopy,''®! spectral imag-
ing endoscope,!!'”) and remote sensing.!*’! These instruments
can be used for cell fluorophore discrimination,?!??! tissue

(23241 and gas detection. [25] Moreover, the

clinical diagnostics,
IMS can also be combined with the structured illumination and
optical coherence tomography technology for more applica-
tions in biomedicine.[?0-28] At the same time, some system

errors and various factors influence the system performance,
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such as the diffraction, scattering from the reflecting surfaces
and edges, surface form errors, surface roughness and width
variations, and “edge eating”, etc.[*’! In order to improve the
performance of the IMS, the errors of the image mapper were

30311 Kester et al. presented a model

explored and corrected. !
of the image mapper and analyzed the surface form errors of
the strip mirrors.[>!l They analyzed the light intensity distri-
bution on the pupil array plane. The results suggested that
the surface form error would contribute significantly to the
cross talk which causes spectral information to be distorted
and spectral images to be degraded. Based on the model, they
optimized the design of the image mapper to reduce the system
cross talk. However, they only modeled the image mapper for
its optimal design without considering the dispersion process
nor other factors of the entire spectral imaging system, and
the point response function (PRF) of IMS was not deduced.
As a result, the influence on the quality of the dataset from
some system issues mentioned above cannot be analyzed by
this model.

In this paper, we present a theoretical model of the IMS
including the light propagation from object plane to image
plane with the dispersion process based on scalar diffraction
theory. The rest of the present paper is organized as follows.
The system structure and operation principles of the IMS are
introduced in Section 2. The PRF for the light propagation
through the entire system is derived in Section 3. In Section 4,
simulation experiments are conducted to generate synthetic
spectral imaging data acquired by an IMS. In Section 5, the
influences of the mirror tilt angle error of the image mapper
and the prism apex angle error are analyzed based on the pre-
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sented model. Finally, some conclusions are drawn from the
present study and the future work is suggested in Section 6.

2. Principles of the snapshot image mapping
spectrometer

The snapshot IMS is constituted by a fore optical sys-
tem and an imaging spectrometer as illustrated in Fig. 1. The
fore optical system (named as the fore optics) is comprised of
an aperture and lens L1, which images an object to the image

mapper. The image mapper is an array of long strip mirrors ar-

ranged with 2D tilt angles as shown in Fig. 2. The fore optics
is telecentric in the image space, so the imaging principle rays
are parallel to the optical axis. In the imaging spectrometer,
the reflected light from each mirror is collimated by the lens
L2 and dispersed by a corresponding prism. Finally, the dis-
persion light is imaged onto the sensor by the lens L3 placed
behind the prism array. In the IMS, the image mapper divides
the primary image and reflects the incident light toward differ-
ent directions that are in accordance with the normal vectors
of the mirrors. And the dispersive prism and the imaging lens

L3 should be arranged in the array correspondingly.(!”)

fore optics

aperture stop

L1

| image mapper

Zo T fi

(%o; Yo) &m)
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xd/
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prism array

(x4, ya)

image with
prism array

Fig. 1. (color online) Schematic diagram of the IMS.
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Fig. 2. (color online) Schematic layout of the image mapper. We establish the O;—X;Y;Z; coordinate to illustrate the image\ mapper structure. The substrate
plane of the image mapper lies on the O;X;Y; plane. The O;Y; axis is parallel to the length of the strip mirror. Panel (a) shows a 3D model, which has only
eight strip mirrors for clarity (in a practical system, the image mapper usually contains hundreds of strip mirrors). The mirrors are grouped into two blocks
and each block contains four mirrors with different 2D tilt angles (¢, 8,), where m = 1, 2, and n = 1, 2. The mirror tilt variations are periodically repeated
in different blocks. Panel (b) shows an illustration of the definition of (a,,, ,,). Here, the vector n is introduced as the normal of a strip mirror. The tilt angle
between n and the ¥;0;Z; plane is represented by @y, and 3, is the tilt angle between m and the X;0;Z; plane.
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In order to analyze the light wave transmission from ob-
ject to image in the IMS, mathematical coordinates are needed
such as (xo,y,) for the object plane, (£, 1) for the plane of the
aperture stop, (x;,y;) for the image mapper, and (xg,yq) for the
sensor. As indicated in Fig. 1, z, is the distance from the ob-
ject to the aperture stop and z; is the image distance in the fore
optics. f1, f2, and f3 are the focal lengths for L1, L2, and L3,
respectively.

As a shift-variant incoherent imaging system, the
monochromatic image on the sensor of the IMS can be ex-
pressed as

Id (xdaydaz‘)
— // Io (%o,Y0, A) - PR (x4, a1 %o, o) diodyo, (1)

where I,(xo, Yo, A) is the spectral radiation of the object, and
PRF d" (xd, yd5 X0, Yo) is the spatial imaging point response
function (PRF) of the IMS at wavelength A.
the PRF is derived by using scalar diffraction theory.

In this paper,
[32]

3. Imaging model

In this section, the imaging model of IMS is derived based
on the following procedures. First, the object is imaged on
the image mapper through fore optics. Then, the strip mirrors
slice and reflect the image plane into the imaging spectrom-
eter. The sliced strips are dispersed and imaged through the
prism array and lens array. Since the image mapper position
variation caused by the tilt is controlled within the depth of
field range of the fore optics, the influence of tilt of the image

mapper is not included in the model.

3.1. Imaging model of the fore optics

Considering the fore optics in Fig. 1, the object denoted
by the coordinate (x,, yo) is imaged by a telecentric imaging
lens. The aperture generalizes the pupil function as Pape (&, 1),
and then the impulse response function (/RF) of the fore optics

is given as
h' (xi7yi;-x0uy0)
—exp(idPy) ik
= ﬁ/ duidvy -exp [2 (ul—i-vl)}
X exp [;k (xitey +yiVl)}
//dédn Pape (&, n)eXP{f (& +n? )}
1
X exp [126 (X0zi — Xo f1 +u1f1)]
fi
X exp {}277 (Yozi = Yo /i JFVlfl)} ) (2)
1

where k =27 /A, with A being the imaging wavelength, and
(u1,v1) is defined as the principal plane of L1 which is con-
sidered as a single thin lens for simplicity. And, ®; =

k[zi+ fi + (x2 +¥2) /220 + (32 +3?)/2z]. The details of the
derivations and the simplifications necessary to obtain Eq. (2)
are given in Appendix A.

Therefore, PRF of the fore optics is

PRF; (xi, Y3 %0, Yo) = | i (Xi, Y13 %0, Yo)|* - (3)

3.2. Slicing and reflecting model of the image mapper

The image mapper is comprised of long strip mirrors as
shown in Fig. 2(a). The coordinate system O;—X;Y;Z; is estab-
lished in Fig. 2(a) with the O;Y; axis along the strip length of
the mirror. The normal vector direction of the mirror is defined
as (@, Bn) as illustrated in Fig. 2(b), where m = 1,2,... .M
andn=1,2,...
to form a block also shown in Fig. 2(a). The mirror arrange-

,N, and the M x N mirrors are arranged orderly

ment is replicated in other blocks.

The reflection function of the image mapper is defined
[31]
as

fim (i, 1)
v
= r(x,y;) - rect (;‘,%)

5 o[ (25 280

m=1n=

N:/2 i _ _
<Y rect{xl je—[(n+(m—1)N 1)]b}, @
j=—NC/2 b

where (x;,y;) represents the coordinates on the image mapper,
[ and b are the length and the width of the image mapper re-
spectively, ¢ is the block width where ¢ = M X N x b, and w
is the width of the image mapper. The reflection coefficient of
the image mapper is r(x;,y;), which is assumed to be uniform
for all mirrors. The block number is N,.

Therefore, the IRF after the image mapper becomes

R (i, ¥i3 X0, Yo) = hi (Xi, Y13 X0, Yo) * tim (Xi, i) - (5)

3.3. Virtual aperture array

The aperture stop situated on the object space focal plane
of L1 forms a virtual aperture array on the image space focal
plane of L2. The basic configuration between the aperture stop
and the virtual aperture array can be treated as the system/*!]
shown in Fig. 3.

virtual aperture array

aperture stop image mapper

(5,

Fig. 3. (color online) Generation of the virtual aperture array.
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There are M x N virtual apertures coinciding with the di-

rection numbers of the image mapper. The plane of the virtual

aperture array is denoted as (§',1’) in Fig. 3, and (&, ,,; M)

are the coordinates of the aperture center, which are given by
,;w = fr-tan(2a,),
M = f2-tan (2,), (6)

where m = 1,2,....M, n = 1,2,...,N, and f, is the focal
length of L2. The distance between the centers of two adja-
cent apertures is given by

AE) = fr[tan (204, 1) —tan (2as,)]
AN, = f2[tan (2By41) — tan (28,)]- 7
Expanding Eq. (7):

Sin (20,11 — 204

A / = . == 1 2 e M_]
S =12 C0S 20l COS 20+ 1 B= T8 )
sin (28,41 —2B,)
An! = fp . ——70 P =12,... N—1 8
=12 cos2f,cos2f, (=12, ) @

we can define
AC = Q1 — O,
Aﬁ = ﬁrH»l - ﬁrp (9)
Since oty and B, (m=1,2,... . M,andn=1,2,...,N) are
extremely small angles, equation (9) can be simplified into
AE' =21, -Ac,
AN =2f-AB. (10)

Being the image of the aperture stop through L1 and L2,
the virtual aperture has the diameter dgyp,

£
fi

where Dy is the diameter of the aperture stop in the fore op-

dsup = 'Dape» (11)

tics. In order to avoid overlapping between adjacent virtual
apertures, we need to ensure that

Aél > dsuba

AN’ > dgyp. (12)

Substituting Eqgs. (10) and (11) into Eq. (12), we conclude that

D ape

2f1°
Dape

2f1°

3.4. Prism dispersing and spectral imaging

Ao >

AB > (13)

The dispersion process of the imaging spectrometer is
based on prism dispersion. An M x N prism array is placed
on the plane of the virtual aperture array as shown in Fig. 1, to
disperse the light reflected by the image mapper. Meanwhile,

an M x N lens array is placed behind the prism array to con-
verge the dispersed light to form spectral images on the sensor.
In order to simplify the model, a singlet prism array is imple-
mented. The prisms are the same and hypothetically thin, and
thus the light propagation in the prism is not considered. 3!
The lens L3 in the lens array is similarly premised. In prac-
tice, the singlet prism can be replaced by an Amici prism array
for better imaging and dispersing performance.

The strip images reflected by mirrors oriented at the same
angle are imaged again on the sensor through a certain virtual
aperture. In the spectral imaging system, the mirrors can be
taken as slits situated on the object space focal plane of L2 as
depicted in the schematic diagram in Fig. 4. The plane coor-
dinate is denoted by O4—X4Yy for the sensor, where 04Xy is
along the spectral direction. The spectral images of the slits
spread parallelly to 04Xy to form a subimage under the virtual
aperture. If A is the central wavelength in the range of [Amin,
Amax] and ¢ (o) is the deviation angle of the optical axis after
the prism, the dispersion near the intersecting position of the
optical axis with the sensor is given by

%{l = % “J3 (14)
where x; is the dispersion position of wavelength A to A, f3
is the focal length of L3, and d¢/dA is the prism angular dis-
persion:

d¢  2sin(§)  dm

dA 12 sin? (4) 427

where A is the apex angle and n, is the refractive index of the

as)

prism.
The dispersion spread x; can be deduced from Eq. (15)
and expressed as

2sin (A)
Amax ! 5 d
X :/ Spdr. (16)
A’min 2 2 A d;\,
1— i —
ny sin <2>

We let the distance between the adjacent slits be ¢, and
the overlap limitation for their spectral images on the sensor is
given by

< %c. a7

2

According to Fig. 1, M x N subimages will be formed
on the sensor plane to match the virtual aperture array as
shown in Fig. 5. Their centers, denoted as (xfn’n, yfmn) where
m=1,2,....M and n = 1,2,...,N, have the same values as
those of the virtual aperture array, so they are given by

x = fHrtan(2ay,),

m,n

Youn = fotan (2B,). (18)
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Fig. 4. (color online) Dispersing and reimaging after the image mapper. One sub-lens of the lens array L3 and one prism of the prism array are
depicted for clarity. Panel (a) illustrates the imaging direction, where the strip mirror is perpendicular to the X;0;Z; plane. Panel (b) illustrates
the spectral direction, where the strip mirror is parallel to the Y;O;Z; plane. Three strip mirrors are depicted for clarity; however, more mirrors
are used in a practical system. The L3 and sensor are both tilted for the tilt induced by prism dispersion.!’! Panel (c) shows the spectral data
collected on the sensor. x; represents the dispersion position at As and x; is the spectral spread from Ay, t0 Amax.-
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Fig. 5. (color online) Sensor coordinates and subimage central posi-
tions.

3.5. IRF of the imaging spectrometer

Considering the layout of the system in Fig. 1, the light
wave after the image mapper is imaged on the sensor after
passing through the L2, the prism and the L3. According to
the above equations, the IRF of the imaging spectrometer at

wavelength A is extended as follows:

hdl(xdayd;xoayo)
—exp(iD,) —ik /.2 2 }
= -_— +
)L3f22f3 mzl mzl |: 2f3 (é mn n m,n)

/ duzdvs - exp{zf (u3—|—v3)}

\/(”3 - élm,n)z +

dsub

xexp{—;—lz[ug (xd—élmn)—}—\q( nmn)]}
/ duydv, - exp{zf (u2+v2)}
—ik
X exp{—(u3u2+V3vz)}
g

/ dx;dyj - exp{zjlj (x —l—yl)}
—ik
x CXP{W (“2xi+v2yi)}

X hi (Xi, ¥i3%0,Yo) tim (Xi,)1) , 19)

(V3 - n/m,n) ?

X Circ

where @ = k[2f>+ f3+ (x5 +3)/2/f3]. In Appendix B, we
give the detail steps to obtain Eq. (19).

The PRF of the entire system at wavelength A is repre-
sented by PRF l, which is the squared modulus of h}”, SO we
acquire the PRF in Eq. (1) as follows:

2
PRE] (x4,Yd: %o, Y0) = |t (xa,Ya:%0,Y0)| - (20)

The result of the PRFd’l is a function of coordinates xq, yq,
Xo, and y,, which describes the light intensity distribution on
the image plane from a point source on the object plane, which
means that one point source on the object plane determines a
unique light intensity distribution on the image plane.

4. Simulation results

In this paper, the imaging simulation is performed by us-
ing MATLAB.*¥l The structure parameters are shown in Ta-
ble 1. The prism material is chosen to be SF6, and n, is deter-
mined by the Sellmeier formula. 3!
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Table 1. Structure parameters.

Fore optics Image Mapper Imaging spectrometer
PARMs Value PARMs Value PARMs Value
Zo 50 mm I, w, N. 16 mm, 16 mm, 4 f 100 mm
Zi 100 mm M,N 5,5 f3 28.125 mm
fi 50 mm r 1 dgup 4.8 mm
Dape 2.4 mm {0t} {-0.048, -0.024, 0, 0.024, 0.048 }rad prism A 29.9°
A 450 nm ~ 750 nm {B.} {-0.048,-0.024, 0, 0.024, 0.048 }rad ny, (600 nm) 1.8033

The parameters deduced from the Table 1 are listed in Ta-
ble 2.

Table 2. Deduced structure parameters.

PARMs Value
Ao 600 nm
b 0.16 mm
c 4 mm

According to Table 1 and Table 2, the amplification of the
fore optics is 1, and thus the object field is chosen as (/1) x
(w/1) = 16 mmx 16mm. Since the amplification of the imag-
ing spectrometer is 0.28125, the width of the spectral image

line on sensor is 0.16 mmx0.28125 = 45 um. As a result, the
pixel size of the sensor is chosen as 7.5 pm x 7.5 pum. In order
to obtain precise simulation results, we set the sampling pixel
size to be 1/3 of the sensor pixel size, so that each element size
of the image is 2.5 um for the simulation.

4.1. PRF, of the fore optics

The PRF of the fore optics is simulated by using Eq. (3)
as demonstrated in Fig. 6. Figures 6(a)-6(c) show the 2D dis-
tributions of the PRF for Ag 450 nm, 600 nm, and 750 nm,
respectively. Figures 6(d)—6(f) display the curve shapes of the
PRF for the results in panels (a)—(c), respectively.

0.030 Lo
= 0.015 0.8
g 0.6
2
% 0
< 0.4
>
—0.015 0.2
~0.030 0
—0.030 0 0.030 —0.030 0 0.030 —-0.030 0 0.030
X; axis/mm X; axis/mm X; axis/mm
1.0 1.0 1.0
> > >
i d
2 os O IS (1] = 0.8 (f)
g g g
£ 0.6 ‘E 0.6 E 0.6
£ 04 £ 04 204
e = e
<02 = 0.2 = 0.2
o v Q
~ 0 e 0 F 0
—0.05 0 0.05 —0.05 0 0.05 —0.05 0 0.05

X, axis/mm

X; axis/mm

X; axis/mm

Fig. 6. (color online) The PRF; of the fore optics at (a) 450 nm, (b) 600 nm, and (c) 750 nm, respectively; the PRF curves ((d), (e),

and (f)) for panels (a), (b), and (c), respectively.

The diameter of the PRF becomes larger as the wave-
length increases. Thus, the spatial resolution of the fore optics
is determined by the diameter of the PRF; at 750 nm, which
is approximately 38 um. It is much smaller than the width
160 pum of the strip mirror, which determines the spatial reso-
lution of the imaging spectrometer. The results indicates that
the spatial resolution of the IMS is determined by the width
of the strip mirror along with system parameters provided in
Table 1.

4.2. PRF of the IMS system

Based on the analysis in Subsection 3.4 and the parame-
ters listed in Table 1, there are 25 subimages on the sensor and
4 spectral images are included in each subimage at one wave-
length. The PRF's at A = 450 nm, 600 nm, and 750 nm are
shown in Fig. 7 respectively. Figure 8 shows the layout of the
subimages at A = 600 nm. Figure 9 shows the spectral images
at A = 450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm,
and 750 nm when the object is a uniform radiation plane.
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Fig. 7. (color online) The PRF's at (a) 450 nm, (b) 600 nm, and (c) 750 nm. Panels (d), (e), and (f) show the PRF curves of panels (a), (b), and (c),
respectively and the full width at half maximum (FWHM) of each curve.

The total spectral spread xg from 450 nm to 750 nm is

1.08 mm which is less than ¢(= 1.125 mm), and thus the spec-

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ tral images of adjacent slits will not overlap. The mean width
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ of each sliced image line at 600 nm shown in Fig. 9 is about
T 46.25 pm, so the number of spectrally resolvable bands can be

approximated as ¢/46.25 um=24.3. Therefore, the result is

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ § ‘ ‘ close to the 25 spectral bands, which is the designed value.

(a) (b)
Fig. 8. (color online) Raw monochromatic image at  — 600 nm; show- smaller than the spacing. As a result, the slices of object field
ing (a) all 25 subimages and (b) a close-up of a single subimage. of view can be imaged separately on the sensor.

The calculated center spacing between the adjacent subim-
ages is 4.8 mm both along O4X; direction and O4Yy direction.

Meanwhile, the width of a subimage is about 4.5 mm, which is

subimage central distance
zf,—zf; =4.8 mm

TR
Ll -
A=750 nm

IR
Lot 2o
2
JIEERRERRAAN
ITIRETFINRRHLN B R e v
Z
Ll I 202 s
LIARTERNIMRERLN T
0 10 20 30 40
by z (in pixels)
subimage width =4.5 mm 1.125 mm
(a) (b) (c)

Fig. 9. (color online) (a) Raw monochromatic images at wavelengths of 450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm, and 750 nm, respectively. (b)
A close-up of a single subimage. (c) The FWHM of the image line at 600 nm.
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4.3. Spectral imaging

As shown in Fig. 10(a), the hyperspectral data cube,
which is obtained by the push-broom hyperspectral imager
(PHI),13% is employed for simulation. The single spectral im-
age is defined as a size of 16 mmx 16 mm. For finely simu-
lation, we assume that it is sampled by a 1800x 1800 grid. In
addition, the spectrum range of the data cube is from 450 nm
to 750 nm, and 25 spectral bands are chosen for simulation.
Figure 10(b) shows the imaging data acquired by the IMS on
the sensor.

In Fig. 10(b), the long-wavelength spectral bands appear
brighter on the detector than the short-wavelength bands for
the nonlinear dispersion of the prism. The reconstructed spec-
tral images are obtained by the remapping algorithm!!”! which
establishes a one-to-one correspondence between each voxel
in the data cube and the pixel on the image plane through cal-
ibration. The results are shown in Fig. 11.

In order to verify the spectral imaging performance, the
spectra of different targets of the reconstructed data cube are

compared with the original spectra as shown in Figs. 12(b)-

472 nm

12(d). We can find that the spectra of the three points all ap-
pear to be lower across the short-wavelength bands and higher
across the long-wavelength bands than the original spectra ,
which is caused by the prism nonlinear dispersion. We con-
duct the gray scale calibration for the data cube, the calibrated

spectra of the three points are shown in Figs. 12(e)—12(g).

(a) (b)
Fig. 10. (color online) Imaging simulation, showing (a) the hyperspec-
tral data cube, in which the area in the red box is chosen as the object
data cube for simulation, and (b) the final spectral imaging data on the
sensor of the IMS.

547 nm 671 nm

(a) (b) (c)
Fig. 11. Reconstructed images of the (a) 472-nm, (b) 547-nm, and (c) 671-nm monochromatic images.
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Fig. 12. (color online) Spectral curves of the reconstructed images at points A, B, and C, respectively.
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The reconstructed images exhibit most features of the
original object shown in Fig. 11, and the calibrated recon-
structed spectra are close to the original spectra as shown in
Fig. 12. One hundred object points are chosen to evaluate the
spectral angle (SA) between the reconstructed spectral curve
and the original one, and the average result is about 0.003 rad.
Note that some details are blurred and there is some distor-
tions in the reconstructed spectra, which are mainly caused by
the spatial resolution degradations of the reconstructed spec-
tral images, about 1% cross talk between adjacent subimages
and the prism nonlinear dispersion.

5. Effects of errors

The image mapper and prism array are difficult to manu-
facture. The nonuniformity of the mirrors and the prism deteri-
orates the performance of the spectral imaging. In this section,
the effects of these errors are analyzed based on the presented
model.

5.1. Tilt angle error of the strip mirror

The image mapper is usually machined by the diamond
raster fly cutting method.!”! The common tilt angle error of
each facet is about +0.0005 rad (~ 100”) ~ £0.001 rad (=~
200").17-311 The actual tilt angles of the mirror are

0y, = Oy + 80y,

By = Bu+ B, (1)

where (8a,,,8,) are the angle errors. According to Eq. (6),
the reflection angle of the light from each strip mirror changes,
and thus the virtual aperture centers deviate from the designed
values. The deviations cause the pupils to be displaced in the
virtual apertures. As a result, the light throughput passing
through L3 may decrease and the light leaking into adjacent
lenses may increase. The light intensity variation on the L3
plane is calculated to evaluate the influence of the deviation on

the light throughput. The light intensity ratio (LIR) is given by

I/
LIR = <,
I

a

(22)

where 1, is the light intensity before L3 and I, is the light in-
tensity immediately after L3. The higher LIR means higher
light intensity on the image plane, which is useful to improve
the SNR of the system. 3738

The light that leaks from one lens on L3 to the neighbor-
ing lenses produces cross talk, which is caused by the diffrac-
tion of the image mapper and by some system errors, such as
the roughness and scattering on the mirror facets. The cross
talk degrades the reconstructed spectral images and causes
spectral information to mix between adjacent subimages.

In the simulation, (8a,,8f,) are assumed to be random
errors between 0 mrad and 0.97 mrad (=~ 200”). Therefore,
random values in the ranges of 0—0.097 mrad (=~ 20”), 0.097-
0.0193 mrad (= 40"), ..., and 0.873 (=~ 180")-0.97 mrad, re-
spectively, are implemented as the values of (80,,6f,) of
each strip mirror tilt angle. Then, the LIR and cross talk are
computed through simulations. The results are obtained by
calculating the mean value after 5 repetitions at A = 600 nm.

The results are illustrated in Fig. 13. It shows that the LIR
is about 95% and the cross talk is about 0.796% when no error
is considered. As the error added to the model increases, the
LIR decreases. The LIR of the 200" tilt error drops by about
10% compared with that of no error. This indicates that the
tilt error reduces the system light throughput. As illustrated
in Fig. 13(b), the cross talk also decreases when the tilt error
increases, which indicates that the tilt error has no contribu-
tion to the cross talk enhancement. Figure 13(c) shows the
cross-section of the same image on the sensor when different
tilt errors are considered. The image intensity decreases when
the tilt error increases, which fits the curve in Fig. 13(a). In
order to avoid reducing the light intensity more than 5%, the
tilt angle error should be less than 100”.

0.97 @) 0.800 1.0
0.96 (b) z

‘m 0.8
0.94 X 0.790 E

E 0.92 9 £ 0.6
< 0.90 5 0.780 o

o e O 04
0.88 l%

0.86 0.770 o 0.2
0.84 ~

0 40 80 120 160 200 0 40 80 120 160 200 0 5 15 25 35 45

Tilt error/s

Tilt error/s

X4 axis/in pixels

Fig. 13. (color online) (a) The LIR variation, (b) the cross talk between the adjacent lens, (c) the intensity of the same spectral image when different

tilt errors are considered.

5.2. Apex angle error of the prism

The error of the prism apex angle emerges from the man-

ufacturing process of the prism array. The prism apex angle is

expressed as
A =A+6A, 23)

where OA is the apex angle error. According to Egs. (15) and
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(16), the angular dispersion and spectral spread are affected by
this error. In particular, the variation of the spectral spread x;
may cause spectral mixing between adjacent spectral images.
The ideal apex angle of the prism is 29.9°, which is chosen
to fully utilize the void region between adjacent spectral im-
ages to acquire the spectrum from 450 nm to 750 nm. The
apex angle error 8A is assumed to be about 45", According
to Eq. (16), it is easy to see that x; becomes larger when 6A
varies from —45” to 45”. An angle error above zero would
cause spectral mixing between the adjacent spectral images as

illustrated in Fig. 14.

450-nm image line adjacent 750-nm image line

As the angle error increases, the mixing between the 450-
nm image line and the adjacent 750-nm image line becomes
significant. When a 445" angle error is added to the prism
apex angle, the adjacent 750-nm image line has a significant
influence on the intensity of the 450-nm one, which causes
the 450-nm spectral information to be inaccurate. Therefore,
8A should be below about 436" to avoid spectral mixing. In
conclusion, to ensure 25 resolvable spectral bands and avoid
spectral mixing simultaneously, the apex angle error should
be within the range of 0-36".

.deal apex angle .+ 18" angle error .+36" angle error \ .+45" angle error

>
s
g 1.0 1.0
£ 08450 n 750 nm| 08
= 0.6 0.6
2 04 I 0.4 [
e
E 02 [ 0.2 [
)
0 > >
~ —0.1 0 0.1 =51 0 o1
Xq4 axis/in pixels X4 axis/in pixels
(a) (b)

1.0 1.0

0.8 0.8

0.6 0.6 |

0.4 | 0.4 I

0.2 | 0.2 \
O==0T 0 o1 0==T 0 o1

X4 axis/in pixels X4 axis/in pixels

(c) (d)

Fig. 14. (color online) Variations of the mixing between the 450-nm image line and the adjacent 750-nm image line as the apex angle error increases.

6. Conclusions

In this research, we establish a theoretical model of the
IMS. Simulations based on this model are performed to gener-
ate the PRF's and spectral imaging data. Moreover, the mirror
tilt angle error and prism apex angle error are analyzed through
simulations. The results present the corresponding relation be-
tween the mirror facets tilt error and the light intensity varia-
tion of the system, which shows that the tilt angle error of the
mirror facets causes the light intensity to decrease on the im-
age plane. When manufacturing the image mapper, the mirror
tilt angle error should be below 100" to ensure 95% LIR in
theory. To avoid spectral mixing, the prism apex angle error
should be within a range of 0-36".

The presented model can be used to analyze influences of
other errors and various factors of the system on the LIR, cross
talk, reconstructed image quality and spectral information. 3]
In the future work, the roughness or scattering from the strip
mirror surfaces and edges can be added to the image mapper
reflection model as phase modulating coefficient. The assem-
bly errors of the image mapper and the prism array can be
included in the model. The aberration can be added to the
model as a modulating coefficient of the wave front.[*)) In ad-

dition, the sensor model can also be considered to evaluate the

influence of the sensor noise.

Appendix A: Derivation of the IRF formula of
the fore optics

In this appendix, we describe the procedure of the deriva-
tion of the IRF of the fore optics. Now, we consider the layout
of the IMS system shown in Fig. 1. According to the scalar
diffraction theory, the IRF of the wave propagation from the
object plane to L1 is given as

hl (ulavl.xoayo)

_ —exp(ikf1) //P
- ape

C Afize
cewp{ 3 (1€ +<n—yo>2}}

<en{ 5 [ =82+ -] pagan.
2fi
‘We then obtain the imaging IRF of the fore optics as

hi (xivyi;-anyO)

k
_ oxplikz) / hy (u1,v15%0,Y0)
idz

xexp[zf (ul—i-vl)]

040701-10



Chin. Phys. B Vol. 26, No. 4 (2017) 040701

X exp{zi? [(xi—ul)z—k(yi—w)z}}duldw. (A2)

Substitute Eq. (A1) into Eq. (A2) and apply the imaging
formula 1/f;= 1/(zo + f1) + 1/z;, then the above equation will
become Eq. (2).

Appendix B: Derivation of the IRF formula of
the imaging spectrometer

In this appendix, we describe the procedure of the deriva-
tion of the IRF of the entire system. Considering Fig. 1 and the
above derivations, the wave IRF passing onto lens L2 is given
by

h2 (u2av2;x07yo)

(ik
M/ I (55,345 X0, o)
iAf

X exp { 25 [(Mz —xi)%+ (v —yi)z} } dxidy;,  (BI)

where h{ is expressed in Eq. (5), and the (u2,v>) is the coordi-
nate of the L2. At the virtual aperture, the IRF is

hp (617 n/2x0a)’o)

k
_ exp(ikp) / W (u2,v2; X0, Yo )
llfg

X exp{2.f [(J;’ —u)’+(n'— vz)z} } dupdvy,  (B2)

where Iy (2, v2; Xo» Yo) = ha(ua, v2; Xo yo)tza(ua, v2),
t1p is the transmission function of L2, and #;5(up, v2) =
exp[(—ik/2f2)(u5 +13)].

Here, the wave propagation is confined by the following

pupil function:

(B3)

Z Z Clrc\/(é/ &) (M =)

m=1n= dsub

B (&'n

The lens array is assumed to be at the same plane as that
of the virtual aperture array, and thus the lens array L3 trans-

mission function is defined as

13 (u3,v3)

usz — érln,n)2 + (V3 - nr/n,n)2

m=1n=1 dsub

cep{ 3t [n =)+ Ga-m)] ) @9

Thus, the diameter of each lens in L3 is equal to the di-

ameter of the virtual aperture. The prism introduces dispersion
only and has no influence on the wave IRF, so the IRF deliv-

ered to the sensor is given by

ha(xd,yd:Xo,Yo)

exp(lkf;
- llf?, = ]m 1/ hpé n x07y0>
. \/(I’h - rln7n)2 + (V3 - nr/n,n)z
X CIrc

dsub

cowp{ 2 (1= 8"+ 02’

Xd — u3)2 + (Ya — V3)2
2f3

Substituting Eqgs. (B1)—(B4) into Eq. (B5), we obtain the
IRF of the entire system which is expressed in Eq. (19).

X exp ik( duzdvs. (BS)
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