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a b s t r a c t

The Sagnac interference imaging spectrometer with a variable optical path difference (OPD) is proposed in this
paper, which employs two wedge prisms coupled with a modified Sagnac interferometer, and produces a variable
OPD through the moving wedge prism. Compared with the conventional imaging spectrometer, the Sagnac
interference imaging spectrometer shows its advantages of miniaturization and insensitive to the non-uniform
variation of the moving speed and the environment vibration. The exact expression of the OPD as a function of
different parameters is derived, and the influences of the moving displacement, wedge angle and acute angles
on the OPD are analyzed and discussed within the scope of engineering design. This study provides an important
theoretical and practical guidance for the engineering of the Sagnac interference imaging spectrometer.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, people have developed a keen interest in the spec-
troscopic, multispectral or hyperspectral imaging spectrometer, which
is widely used in astronomy, ballistic, fluorescent microscopy, remote
sensing of the earth, and upper atmospheric winds and so on [1–5].

The most common interference imaging spectrometer has two
categories: the temporarily modulated type and spatially modulated
type. The temporarily modulated interference imaging spectrometer [6]
is based on two-beam interference Michelson interferometer which
changes the position of the system moving mirror to produce the OPD,
thereby the time series of the interference data of the object can be
obtained [7]. Due to the limit of the system slit, it is necessary for
the temporarily modulated interference imaging spectrometer time to
push a complete field of view to obtain the entire interferogram of the
detection area [8,9].

To overcome the low real-time performance, the spatially modulated
interference imaging spectrometer [10] is encouraged to be developed:
one is based on the birefringent crystal as a spectrographic compo-
nent [11–13]; another is based on the Sagnac interferometer [14,15].
These devices use a divided mirror to change the OPD and obtain
simultaneously the interferogram of a list of object [16]. Nonetheless,
the field of view and optical flux are still not enough, and the signal to
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noise ratio is not high, which means that the image quality needs to be
improved [17]. Afterward, the tempo-spatially modulated polarization
imaging interferometer is produced, which has the advantages of simple
structure, large field of view, high flux and high resolution, and has an
extremely broad application prospect [18–20].

The spectrometer based on the Sagnac interferometer can attain a
high spectral resolution, but its OPD is not enough large [15]. This
paper proposes the Sagnac interference imaging spectrometer as a novel
device, whose core component is a modified Sagnac interferometer
with a variable optical path difference (MSIVOPD). The MSIVOPD
can achieve a larger OPD by the moving wedge prism, which is not
so sensitive to the non-uniform variation of the moving velocity and
environmental vibrations by choosing properly parameters. Besides,
the construction and split-beam principle of the Sagnac interference
imaging spectrometer are described in detail. The mathematical cal-
culation and computer simulation are performed to demonstrate its
characteristics and performances.

2. Principle of the Sagnac interference imaging spectrometer

The configuration of the Sagnac interference imaging spectrometer
is depicted in Fig. 1, and its core component is the modified Sagnac
interferometer with a variable OPD (MSIVOPD).
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Fig. 1. The optical configuration of the Sagnac interference imaging spectrometer.

Fig. 2. The coordinate system of the MSIVOPD.

The MSIVOPD is composed of two right-angled trapezoid reflectors
with the same refractive index, denoted by 𝐼 and 𝐼𝐼 , respectively,
together with one stationary wedge prism (SWP) and one moving wedge
prism (MWP), as shown in Fig. 2.

The right reflector drops a certain distance from the left along the
cement surface coated with a semi-reflective multilayer, and the top and
side of the left reflector are coated with the total reflection film as well
as the sides of the right glass and the MWP. Besides, the SWP and MWP
having the same wedge angle 𝜔 are made from the same material with
refractive index 𝑛, and the long right angle side of the SWP is equal to
the transverse length of the right reflector while the short right angle
side is the same as the dislocation between 𝐼 and 𝐼𝐼 .

A bundle of light from the object is changed as the parallel beam
by the collimating lens 𝐿1 and vertically arrives at the incident surface
of the MSIVOPD, and then one beam is split into two beams (one
transmitted beam and one reflected beam) with the same intensity at
the cement surface of the left–right reflectors. The transmitted beam
passes through the SWP and MWP, then hits the total reflection mirror
where it is reflected, after that, travels back to the right reflector, finally,
goes through the exiting surface, while the reflected beam going out of
the exiting surface by two reflections and one transmission. At the focal
plane of the imaging lens 𝐿2, these two components are reunited and
an interference pattern can be generated by the overlapping collimating
wavefronts. The image and interferogram of the object are recorded by
the CCD detector, and then the spectral information can be obtained by
the Fourier transform method.

3. Theoretical calculation of the OPD

When the MWP shifts along the direction of the right angle side or
hypotenuse with equal displacement, different OPD can be produced,

and the theoretical expression of the OPD is calculated and analyzed in
the following parts.

3.1. MWP shifts along its right angle side

If the MWP shifts along its right angle side, the OPD introduced by
the MSIVOPD is changed. Assume that the OPD is zero when the MWP
is located at the position 0 denoted by the red solid line, and the OPD
increases when the MWP being located at the position 1 indicated by
the blue dashed line, as shown in Fig. 3(a).

Where 𝑎 and 𝑏 are the transverse lengths of 𝐼 and 𝐼𝐼 , and 𝑐 is the
dislocation between them; the acute angles of the left–right reflectors
are 𝛽1 and 𝛽2, respectively.

According to the geometrical relationship 𝐶1𝐷′
1 = 𝐼 ′1𝐽

′
1 and 𝐸′

1𝐹
′
1 =

𝐹 ′
1𝐺

′
1 in Fig. 3(a), if the MWP shifts from the position 0 to the position

1 and the moving distance is 𝑙, the OPD between the transmitted beam
and reflected beam can be expressed as:
𝛥1 =

(

𝐴1𝐵1 + 𝐵1𝐶1
)
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When the MWP is located at the position 0, the following condition
is obtained:
(
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)
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Letting 𝐿1𝑁1 parallel to 𝑀1𝑀 ′′
1 , and 𝐿′′

1𝑁
′
1 parallel to 𝐽 ′

1𝐽1, and
taking Eq. (2) in to Eq. (1), the OPD is rewritten as:

𝛥1 = −2𝐷′
1𝐷1 +

(

𝐺′
1𝐻

′
1 − 𝐺1𝐻1 +𝐻 ′

1𝐼
′
1 −𝐻1𝐼1 +𝐷′

1𝐸
′
1

−𝐷1𝐸1 + 𝐿′′
1𝑁1 − 𝐿1𝑁

′
1
)

𝑛. (3)

On the basis of the sine theorem, the following results are obtained
from Fig. 3:
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where 𝑠 is the vertical distance between the hypotenuse at the
positions 0 and 1, respectively, and 𝑠 = 𝑙 sin𝜔.

In the MWP and SWP, the following equations are satisfied:
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In the triangles 𝐿1𝐿′′
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has
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Fig. 3. The ray tracing of the MSIVOPD, where (a) the MWP shifting along its right angle side and (b) along its hypotenuse.

Substituting Eqs. (4)–(10) into Eq. (3), and using the relationship
𝐿′′
1𝑁

′
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1𝐽1, the OPD is changed as:
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3.2. MWP shifts along its hypotenuse

When the MWP shifts from the position 0 to the position 2 along
the hypotenuse, the OPD increases, and two positions are denoted by
the red solid line and the green dash line, respectively, as shown in Fig.
3(b).

Similarly, when the MWP shifts the distance 𝑙′ from the position 0
to the position 2, based on the geometrical relationship of Fig. 3(b), the
OPD between the transmitted beam and reflected beam can be given by:
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Correspondingly, the following conditions can be obtained from Fig.
4:
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here 𝑠′ is the vertical distance between the right angle side at the
positions 0 and 2, respectively, and 𝑠′ = 𝑙′ sin𝜔.

Besides, the following equations are satisfied:
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Substituting Eqs. (13)–(17) into Eq. (12), and using the relationship
𝐿′′
1𝑁

′
1 = 𝐽 ′

1𝐽1, the OPD is changed as:
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3.3. Comparison of the OPDs along different directions

If the moving wedge prism make a displacement 𝑙, and it can be
represented by 𝑙 = 𝜐𝑡, based on Eq. (11) and (18), the corresponding
OPD is respectively written as:

𝛥1 = 𝐺1𝜐𝑡, (19)

𝛥2 = 𝐺2𝜐𝑡. (20)

Here 𝐺1 and 𝐺2 are the weights of the OPD along the right angle side
and hypotenuse, respectively, while 𝜐 and 𝑡 represent the moving speed
and time for the moving wedge prism.

So, the exact expressions of the weights for different OPD can be
obtained:
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Fig. 4. The variations of the OPDs 𝛥1 and 𝛥2 changing with the wedge angle 𝜔 and moving displacement 𝑙 for 𝛽1 = 40◦ and 𝛽2 = 50◦.

Fig. 5. The variations of the OPDs 𝛥1 and 𝛥2 changing with the wedge angle 𝜔 and moving displacement 𝑙 for 𝛽1 = 𝛽2 = 45◦.

Fig. 6. The variations of the OPDs 𝛥1 and 𝛥2 changing with the wedge angle 𝜔 and moving displacement 𝑙 for 𝛽1 = 50◦ and 𝛽2 = 40◦.
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From Eq. (21) and (22), it can be seen that different OPDs are
produced due to different weights.

4. Computer simulation

In this part, the influences of different parameters on the OPD are
demonstrated by a design example. Here, the MSIVOPD is provided with
K9 glass, and its refractive index 𝑛 = 1.5148 at a wavelength of 630 nm.
During the simulation process, only two parameters are variable while
other parameters keeping a constant.

4.1. Influences of the wedge angle and moving displacement on the OPD

Substituting the above parameters into Eqs. (11) and (18), the three-
dimensional surfaces of the OPDs 𝛥1 and 𝛥2 changing with the wedge
angle 𝜔 and moving displacement 𝑙 are shown in Figs. 4–6, respectively.
From Figs. 4–6, the distributions of the OPDs 𝛥1 and 𝛥2 are even
symmetric to the axis 𝑙 = 0, and the influence of the same moving
displacement 𝑙 on the OPD 𝛥2 is larger than that of 𝑙 on 𝛥1, that is to
say, the Sagnac interference imaging spectrometer can produce a larger
OPD along the hypotenuse. With 𝛽1 = 50◦ and 𝛽2 = 40◦, the OPDs
𝛥1 and 𝛥2 have the maximum 8.394mm and 28.540mm, respectively,
while 𝛥1 and 𝛥2 have the maximum 7.111mm and 13.420mm when
𝛽1 = 40◦ and 𝛽2 = 50◦. If the moving displacement 𝑙 remains a constant,
𝛥1 first increases rapidly then decreases slowly with the increasing
of 𝜔 while the variation of 𝛥2 changing with 𝜔 is just the opposite.
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Fig. 7. The OPD 𝛥1 as a function of the acute angles 𝛽1 and 𝛽2, where (a) 𝜔 = 10◦, (b) 𝜔 = 20◦, (c) 𝜔 = 30◦ and 𝜔 = 40◦, respectively.

Fig. 8. The OPD 𝛥2 as a function of the acute angles 𝛽1 and 𝛽2, where (a) 𝜔 = 10◦, (b) 𝜔 = 20◦, (c) 𝜔 = 30◦ and 𝜔 = 40◦, respectively.

In other words, choose an appropriate value for the wedge angle 𝜔
to make the instrument produce variable OPDs along two different
directions. Besides, the increasing range of the OPD 𝛥 with the moving
displacement 𝑙 is larger than that of 𝛥 with the wedge angle 𝜔, namely,
the influence of the moving displacement on the OPD is more obvious.

4.2. Influences of the acute angles on the OPD

Assuming that the moving displacement 𝑙 = 4mm and the wedge an-
gle 𝜔 is set as 10◦, 20◦, 30◦ and 40◦, respectively, the three-dimensional
plots of the OPDs 𝛥1 and 𝛥2 as a function of the acute angles 𝛽1 and
𝛽2 are displayed in Figs. 7 and 8. Where the horizontal axis and vertical
axis represent 𝛽1 and 𝛽2, respectively, while the color distribution stands
for the OPD values.

From Figs. 7 and 8, the variations of the OPDs have strong regularity
and little clutter. The OPD 𝛥1 decreases with the increasing of 𝛽2 while
it has little change with the various 𝛽1. When the wedge angle increases,
the variation of 𝛥1 changing with 𝛽1 is slower and slower. However, the
OPD 𝛥2 has almost no change with the increasing 𝛽2, and it can arrive
at the maximum when 𝛽1 takes a certain value no matter what the value
of 𝛽2 is.

In order to further study the effects of the acute angles 𝛽1 and 𝛽2
on the OPD, a two-dimensional simulation is performed for the case
𝑙 = 4 mm and 𝜔 = 10◦. According to Fig. 9, it is seen that, the distribution
of 𝛥1 in the upper boundary first increases rapidly, then changes slowly
and reaches a maximum; the value of 𝛥1 in the lower boundary decreases
almost linearly with the increase of 𝛽1 while its value in the middle part
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Fig. 9. The OPDs 𝛥1 and 𝛥2 as a function of the acute angle 𝛽1 when 𝛽2 keeps a constant.

Fig. 10. The OPDs 𝛥1 and 𝛥2 as a function of the acute angle 𝛽2 when 𝛽1 keeps a constant.

has very little change; for the OPD 𝛥2, it arrives at its maximum 76.28mm
when 𝛽1 = 48.68◦.

On the basis of Fig. 10, the distribution of the OPD 𝛥1 in the upper
boundary decreases with the increase of 𝛽2. However, in the lower
boundary, the value of 𝛥1 first decreases slowly for 𝛽2 ∈ [40◦, 46.25◦),
then decreases rapidly for 𝛽2 ∈ (46.25◦, 50◦] and reaches a minimum
7.6mm. The OPD 𝛥2 varies very little with 𝛽2, and the difference between
the maximum and minimum is less than 1.57mm, that is to say, the
influence on the OPD 𝛥2 mainly comes from 𝛽1.

According to the above analysis, the acute angle 𝛽2 has a larger
influence on 𝛥1 and has no effect on 𝛥2 when 𝛽1 varying in the vicinity
of 45 ◦. So, in order to design a symmetric MSIVOPD, the acute angles
can be chosen as 𝛽1 = 𝛽2 = 45◦.

4.3. Influences of the wedge angle and refractive index on the weight

According to Eq. (21) and (22), the weights 𝐺1 and 𝐺2 as a function
of the wedge angle 𝜔 and refractive index 𝑛 are plotted in Figs. 11
and 12, respectively. Based on Fig. 11, the weight 𝐺1 linearly increases
approximately with the refractive index 𝑛, while the weight 𝐺2 first
increases slowly for 𝑛 ≤ 1.41 and arrives at a maximum, afterward, it
decreases drastically for 𝑛 > 1.41 and reaches a stable state, thus the
refractive index cannot be exceed this scope during designing stage.
From Fig. 12, the weight 𝐺1 decreases with the wedge angle 𝜔 of
[0◦, 3.67◦] and [3.70◦, 40◦], and achieves a maximum and minimum when
𝜔 = 3.68◦ and 3.69◦, respectively. The weight 𝐺2 linearly decreases with
the wedge angle 𝜔 when 𝜔 < 5.14◦, but increases when 𝜔 > 6.17◦, and
it remains unchanged for 𝜔 ∈ [5.14◦, 6.17◦]. In addition, the weights 𝐺1
and 𝐺2 is equal when 𝜔 = 10.34◦, and the larger weight can be obtained
by choosing properly the values of 𝜔 and 𝑛.

4.4. Influence of the moving displacement on the intensity

Assuming that the wedged prisms are made from the glass K9 with
its refractive index 𝑛 = 1.41 at a wavelength of 630 nm, and the wedge
angle is 𝜔 = 10◦. The intensities 𝐼1 and 𝐼2 as a function of the moving
displacement 𝑙 are represented in Figs. 12–14. As can be seen, the
intensities 𝐼1 and 𝐼2 varies drastically with the displacement 𝑙 in the
case of 𝛽1 = 40◦ and 𝛽2 = 50◦, especially when 𝛽1 = 50◦ and 𝛽2 = 40◦,
the intensity 𝐼1 changes more drastically. However, for 𝛽1 = 𝛽2 =
45◦, the intensities 𝐼1 and 𝐼2 varies slowly with the displacement 𝑙,
namely, the sampling interferogram of the Sagnac interference imaging
spectrometer is not so sensitive to the non-uniform variation of the
moving speed and the environment vibration if the acute angles are
designed as 𝛽1 = 𝛽2 = 45◦.

5. Conclusion

A novel Sagnac interference imaging spectrometer based on the
MSIVOPD is proposed in this paper, which utilizes low cost and readily
available optical components to achieve variable OPD. By shifting the
MWP along its right angle side and hypotenuse with the same displace-
ment, different OPDs can be produced, and the exact expressions of the
OPD as a function of different parameters are obtained. The influences
of the moving displacement, wedge angle and acute angles on the OPD
are analyzed and discussed by computer simulations, and the variable
quality of 𝛥2 is larger than that of 𝛥1 for the same increment of 𝑙. Besides,
the weights 𝐺1 and 𝐺2 is equal in the case of 𝜔 = 10.34◦, and the larger
weight can be obtained by choosing properly the values of 𝜔 and 𝑛. In
order to make the sampling interferogram not so sensitive to the non-
uniform variation of the moving speed and the environment vibration,
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Fig. 11. The weights 𝐺1 and 𝐺2 as a function of the refractive index 𝑛 and wedge angle 𝜔 for (a) 𝜔 = 10◦ and (b) 𝑛 = 1.5148.

Fig. 12. The intensities 𝐼1 and 𝐼2 as a function of the moving displacement 𝑙 for 𝛽1 = 40◦ and 𝛽2 = 50◦.

Fig. 13. The intensities 𝐼1 and 𝐼2 as a function of the moving displacement 𝑙 for 𝛽1 = 𝛽2 = 45◦.

Fig. 14. The intensities 𝐼1 and 𝐼2 as a function of the moving displacement 𝑙 for 𝛽1 = 50◦ and 𝛽2 = 40◦.
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the acute angles of the Sagnac interference imaging spectrometer are
designed as 𝛽1 = 𝛽2 = 45◦.
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