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To improve the measurement accuracy of a solar-radiation observer instrument, aiming at the prob-
lem of multiorder-stray-light interference caused by the diffraction of the flat-field concave grating in 
the spectroscopic system, straylight suppression methods for different forms of optical traps are studied. 
According to the grating surface-scattering distribution-function model, the bidirectional scattering 
distribution function (BSDF) of a dust-polluted surface and the flat-field concave grating’s transition 
area of the spectroscopic system is calculated, and a Lyot stop with blade baffle is designed to suppress 
this kind of stray light. For diffraction multiorder stray light, based on the theory of light-energy trans-
mission, a design for precise positioning of the trench optical trap is proposed. The superiority of the 
method is verified through simulation and actual measurement. The simulation results show that in a 
spectroscopic system approximately 160 mm × 140 mm × 80 mm in size, the energy of the stray light is 
reduced by one order of magnitude by means of the trench optical trap and Lyot stop, and the number of 
beams is reduced from 5664 to 1040. The actual measurements show that the stray-light-suppression ef-
ficiency is about 69.4%, which is effective reduction of the amount of stray light.
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I. INTRODUCTION

The stray light of an optical system can be intuitively de-
fined as the harmful nontarget beam that is mixed into the 
target beam and received by the detector [1]. Most of the 
stray light in the spectroscopic system of a solar-radiation 
observer instrument comes from the multiorder diffracted 
light from the grating and the scattered light from the inner 
walls of the system. This seriously reduces the resolving 
power of the observer. Therefore, it is necessary to analyze 
and trace the stray light generated by the system, and use 
effective methods to suppress the stray light to improve the 
performance of the spectroscopic system.

At this stage, the research on stray light at home and 

abroad is mainly applied to various types of space optical 
equipment. The calculation, analysis, and suppression of 
stray light [2–10] have become relatively mature. For ex-
ample, at the Changchun Institute of Optics, Fine Mechan-
ics and Physics, Chinese Academy of Sciences, Lu et al. 
[11] used a three-ring secondary mirror hood structure to 
suppress stray light; Fernandez-Saldivar et al. [12] set up a 
plane to analyze stray light and track a high-resolution near-
infrared grating system; and Zhao [13] from the Beijing 
Institute of Technology optimized the aperture diaphragm 
and set up optical traps to suppress stray light in a miniature 
spectrometer.

However, there has not been much research on the stray 
light diffracted by a flat-field concave grating, and the scat-
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tered light generated by the system’s surface in the labora-
tory environment.

This paper conducts preliminary analysis and tracing of 
the changes in direction of scattered light under the influ-
ence of diffracted stray light and particulate pollutants in 
a spectroscopic system, and in-depth study of suppression 
methods for such stray light.

II. SPECTROSCOPIC SYSTEM OF A  
SOLAR-RADIATION OBSERVER INSTRUMENT 
BASED ON  A FLAT-FIELD CONCAVE GRATING

In this paper, the spectroscopic system of the solar radia-
tion observer instrument adopts the flat-field concave grat-
ing [14] structure, as shown in Fig. 1. The concave grating 
diffracts and focuses simultaneously. The system’s structure 
is simple and the energy of the flat-field concave grating 
system’s utilization rate is high, and it is more in line with 
the use environment of the solar-radiation observation in-

strument. The spectroscopic system’s index parameters are 
shown in Table 1.

Inside the slit device, a blackened stainless-steel slit 
sheet with a width of 100 μm and a slit length of 6 mm is 
fixed, and the incident optical fiber is fixed at the rear end. 
The flat-field concave grating is fixed by an optical clamp-
ing device, and the relative positions of detector and slit 
device are adjusted by a lifting platform, that is, the inci-
dent length and emergent length of the concave grating are 
adjusted to achieve the best light-splitting effect. According 
to the adjusted optical-path position, the mechanical struc-
ture shown in Fig. 2(a) is designed with a size of 160 mm × 
140 mm × 80 mm, and the interior is coated with extinction 
paint. The light-splitting effect is shown in Fig. 2(b).

III. CHARACTERISTICS OF THE  
STRAY-LIGHT DISTRIBUTION

The bidirectional scattering distribution function (BSDF) 
describes the scattering characteristics of a material’s sur-
face [15], that is, the ratio of the scattered radiance to the 
incident radiance when light is uniformly irradiated on a 
large enough uniform, isotropic material surface, as shown 
in Eq. (1):
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FIG. 1. Reflective structure of the light-splitting system.

TABLE 1. Parameters of the spectroscopic system

Parameter Value
Spectral range (nm) 300–1100
Detector size (mm2) 10 × 10 

Slit width (μm) 100
Grating constant 4.405

FIG. 2. The light-splitting system. (a) structural diagram of the light-splitting system, (b) diffraction spectrogram.

                     (a)                                          (b)
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In Eq. (1), Ls is the radiance of the scattering surface, 
Ei is the radiant illuminance received by the scattering 
surface, θ i and φi are respectively the angle of incidence 
and azimuthal angle of the incident light, and θ s and φs are 
respectively the scattering angle and azimuthal angle of the 
scattered light.

3.1.  Scattering Caused by the Transition Area of the 
Flat-field Concave Grating

The flat-field concave grating has multiple transition 
areas, as shown in Fig. 3, and due to the manufacturing pro-
cess there is no infinitely narrow transition area. The tran-
sition area usually has a higher surface roughness, which 
will increase the concave grating’s BSDF. The increase in 
BSDF of the concave grating caused by the scattering in the 
transition area can be obtained by Eq. (2):
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In Eq. (2), r is the radius of the flat-field concave grat-
ing, ri is the radius of the ith transition area, ω is the width 
of the transition area, and nis the number of transition areas.

Using Eq. (2), the scattering caused by the transition 
area of the grating can be quantified, the BSDF of the grat-
ing surface can be calculated, and the modeling accuracy 
for the concave grating can be improved.

3.2. Scattering Characteristics of the System’s Inner Walls
There is a certain number of pollutant particles on the 

inner walls of the spectroscopic system. These particles 
increase the surface BSDF and make the surface scattering 
more difficult to predict. According to the random rough 
surfaces of the inner walls of the system, the ABg function 
model (which describes the scattering characteristics of an 
optical surface with a fitting coefficient and space vector) is 
selected. Its expression is shown in Eq. (3) [16].
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In Eq. (3), β and β0 are the unit normal vectors of the 
surface of the mirror element and the scattering element re-
spectively, and A, B, and g are the fitting coefficients, with 
B and g determining the spatial distribution of light scatter-
ing. Typical values are B = 0.001 and g = 1.5. The fitting 
coefficient A determines the number of scattered beams, 
which is derived from the percentage of the surface area 

shielded by the particles on the inner wall surface, as shown 
in Eq. (4):
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In this Eq. CL is used to quantify the number of particles 
on the surface (the surface cleanliness); S is the particle 
distribution’s slope, which in the CC1246 standard [17] 
under a clean surface is defined as −0.926; and the value 
of K is −7.245. The above Eq. can be used to quantify the 
scattering-model BSDF for common surface materials in 
the laboratory environment, where the percentage of the 
system’s surface area that is shielded by particles is shown 
in Eq. (5):
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3.3. Transmission Characteristics of Stray Light
In the light-splitting process, the split light beam is scat-

tered throughout the inner surfaces of the instrument, and 
the scattered light beam will travel back and forth between 
the various structural surfaces. Part of the radiant energy 
will enter the detector in the form of stray light. The basic 
relationship of the transmission of light-radiation energy 
from one surface to another is shown in Eq. (6):
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In Eq. (6), dφc is the radiation energy transferred to a unit 
receiving surface; dAS and dAc are the areas of the source 
surface and receiving surface respectively; θ o and θ c are the 
angles between the normals of the source and receiving sur-
faces and the center of the two respectively; and Roc is the 
center distance between the source surface and receiving 
surface.

The mathematical transformation of Eq. (6) is shown in 
Eqs. (7) and (8):
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In Eq. (8), dφs is the emitted radiant flux from the source 
surface, and dΩoc is the solid angle of the projection from 
the source to the receiving surface. Therefore, from the 
bidirectional surface-scattering distribution function and 
the light-energy transmission theory, it can be seen that the 
beam energy after multiple scatterings is as shown in Eq. (9): 
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In Eq. (9) the variable n represents the number of scat-
terings that the split light beam incurs before reaching the FIG. 3. Schematic diagram of the grating’s transition area.
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detector.
In summary, the scattering characteristics of the surface 

material of the optical trap and the number of scatterings of 
the split beam are the main factors that determine the light 
energy and number of stray light beams reaching the detector.

IV. OPTICAL-TRAP DESIGN 

There are two main sources of stray light in this system: 
The first type is −2, 0, 1, and 2-order light diffracted by the 
flat-field concave grating, and the second is from abnormal 
propagation through the scattering of the structure’s sur-
face and the grating transition area in the optical path. The 
multiorder diffracted light follows the grating equation, and 
can be simulated by accurate modeling of the grating. The 
scattered stray light does not follow Snell’s law or the grat-
ing equation, and the angle relative to the surface normal is 
random.

4.1. Trench Optical Trap
The flat-field concave grating diffracts light to produce 

multiorder beams. This system uses the −1-order beam to 
detect solar radiation. Other useless beams undergo mul-
tiple reflections and scattering inside the system, and affect 
the final detection. The round-corner optical trap commonly 
used at this stage is shown in Fig. 4(a). The trap’s structure 
is simple, and it is difficult for stray light to enter the optical 
trap. It is impossible to increase the number of scatterings 
within a limited size. Based on the defects of the rounded-
corner optical trap, a trench optical trap with a wider input 
opening and a relatively narrow end is designed. It is diffi-
cult for stray light to escape, and this can increase the num-
ber of scatterings, as shown in Fig. 4(b).

4.2. Lyot Stop
The Lyot stop is a cylindrical diaphragm placed outside 

the detector, which is used to block incident stray light at a 
certain angle. This stray light is caused by the light from the 
inner wall of the spectroscopic system of the solar-observa-
tion radiometer and the flat-field concave grating’s transi-
tion area. The stray light’s angle is random. In this paper, 

a Lyot stop is placed outside the detector to suppress the 
above two types of stray light. Baffle blades with a certain 
inclination angle are set to reduce the energy of stray light 
by increasing the number of scatterings of incident stray 
light. The principle of stray-light suppression is shown in 
Fig. 5.

The blade slope of the edge baffle is directed toward 
the outside at the end closer to the light entrance aperture, 
so that the incident light is scattered out of the aperture. 
Reverse processing is performed for the blade-baffle slope 
direction closer to the detector. The edge-slope angle is cal-
culated using Eq. (10):
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In this Eq. D is the diameter of the Lyot stop, L is the 
length of the Lyot stop,d is the length of the detector, and z0 
is the distance between the blade baffle and the edge of the 
Lyot stop.

The baffle blade designed in this paper is shown in Fig. 6. 
The first baffle is placed on the outermost side of the Lyot 
stop, and the upper end of the detector creates a line 1 with 
the first baffle. Draw a line 2 from the lower end of the 
detector to the upper edge of the Lyot stop. A second blade 

FIG. 5. Schematic diagram of a Lyot stop suppressing light.

FIG. 4. Schematic diagrams of optical traps. (a) Round-corner optical trap, (b) trench optical trap.

                            (a)                                   (b)
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baffle is placed at the intersection of the two lines from the 
previous steps. Draw a straight line 3 between the lower 
edge of the first blade baffle and the edge of the second 
blade baffle. The intersection of line 3 and the upper end 
of the Lyot stop connects the lower end of the detector and 
creates line 4. A third blade baffle is placed at the intersec-
tion of lines 1 and 4. Repeat the above steps several times 
to set the baffle until the end of the Lyot stop. To reduce 
irregular scattering at the edges, the edges of the designed 
blades are treated with inclined planes.

V. SIMULATION AND  
EXPERIMENTAL TESTING

5.1. Simulation Modeling
To verify the elimination efficiency of the optical traps, 

TracePro is selected as a simulation tool in this paper, and 
combined with the ABg function model of surface-scatter-
ing characteristics, the surface-spatial-scattering character-
istics of various components in the spectroscopic system 
are modeled and simulated. The specific modeling process 
is as follows:

(1) Light source modeling: First, set mixed light of five 
different wavelengths (300, 350, 650, 700, and 750 nm) in 
the visible-light range. Second, for the design of the slit, 
the system transmits light energy through the optical fiber, 
and then the light enters the spectroscopic system through 
a 100-μm slit device. In the simulation software, the light 
source passing through the slit is regarded as a point source, 
the radius of which is set to 100 μm. Finally, set the field-
of-view angle; the field of view for this system is 5°.

(2) Flat-field concave grating modeling: In a spectro-
scopic system with a flat-field concave grating, the aber-
ration depends on the grating’s structure. After the solar 
radiation is split by the grating, it is focused on the image 
plane. Light beams of different wavelengths are arranged 
in a line along the dispersion direction, in order of wave-
length. Different wavelengths have different spectral image 
aberration. The flat-field concave grating shown in Fig. 7(a) 
is drawn up by modular design using ZEMAX software [9]; 
its parameters are shown in Table 1. According to the data 
in Table 1, Boolean operation is used in TracePro to estab-
lish a flat concave grating, as shown in Fig. 7(b).

(3) Mechanical shell modeling: Build a thin-walled shell 
with dimensions of 160 mm × 140 mm × 80 mm.

(4) The parameter values of the scattering characteristic 
function of the mechanical inner surfaces of the beam-split-
ting system can be calculated from Eq. (3), in which the 
three parameter values of the ABg function of the surface-
scattering characteristic are A = 0.03, B = 0.001, and g = 1.5.

(5) Trap modeling: The optical traps consisting of the 
Lyot stop, inner baffle blade, rounded corner, and trench are 
modeled by Solidworks and transmitted to TracePro.

(6) In modeling the spectroscopic system, the diffracted 
multilevel rays are tracked for many instances in the soft-
ware TracePro; the position where the diffracted rays ir-
radiate the inner shell is calibrated, the trench optical trap is 
iteratively optimized, and the best position is selected.FIG. 6. Design steps for the Lyot stop.

FIG. 7. The flat-field concave grating. (a) ZEMAX design results, (b) TracePro design results.

                                  (a)                                                (b)
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5.2. Analysis of Simulation Results
The four models are simulated respectively, and the 

simulation results and irradiation energy of the detection 
surface are shown in Fig. 8, while the measured results are 
shown in Table 2.

Figure 8. The diagram of image-plane irradiation for 
each optical trap detector. (a) Spectroscopic system trace, (b) 
Simulation results, (c) Round-corner optical trap trace, (d) 
Simulation results, (e) Trench optical trap trace, (f) Simula-
tion results, (g) Lyot stop trace, and (h) Simulation results.

In the diagrams of detection results, the five white spots 
are concave-grating -1-order diffracted light, and the other 

white spots are stray light that reaches the image plane after 
diffuse reflection from the inner walls of the system. The 
number of single-wavelength rays that reach the detector 
after splitting should be 500,000. The simulation results 
show that the energy ratio of stray light on the detector sur-
face of the beam-splitting system decreases by about one 
order of magnitude, and the amount of stray light caused by 
scattering is reduced by about 81.6%.

5.3. Test Results
The trench optical trap suppresses multiorder diffracted 

stray light, and the Lyot stop suppresses randomly scattered 

FIG. 8. The diagram of image-plane irradiation for each optical trap detector. (a) Spectroscopic system trace, (b) simulation results, 
(c) round-corner optical trap trace, (d) simulation results, (e) trench optical trap trace, (f) simulation results, (g) Lyot stop trace, and (h) 
simulation results (continued).

(a) (b)

(c) (d)
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light with a certain inclination angle. Based on the above 
requirements, the spectroscopic system without any extinc-
tion device (as shown in Fig. 2) and that with a trench opti-
cal trap and Lyot stop are measured and compared. The test 
setup is shown in Fig. 9.

The analysis of pixels collected by the detector contain-
ing the -1-order diffraction spectrum image is shown in Fig. 
10. It can be seen that the grayscale value corresponding to 
stray light has an obvious downward trend. Five columns of 
pixels are selected and their grayscale values integrated; the 
comparison of results is shown in Table 3.

TABLE 2. Detected surface data

Optical trap Luminous 
flux (W)

Stray-light 
energy ratio

Amount of 
stray light 
(number of 

beams)
Without trap 1366.6 1.38 × 10−3 5664
Round corner 1358.4 7.7 × 10−4 3345

Trench 1351.3 2.4 × 10−4 1257
Lyot stop 1350.8 2.1 × 10−4 1040

FIG. 8. The diagram of image-plane irradiation for each optical trap detector. (a) spectroscopic system trace, (b) simulation results, (c) 
round-corner optical trap trace, (d) simulation results, (e) trench optical trap trace, (f) simulation results, (g) Lyot stop trace, and (h) 
simulation results.

(e) (f)

(g) (h)
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In Fig. 10, the x-axis is 50 selected transverse pixels, the 
y-axis is 3036 vertical pixels, and the z axis represents the 
grayscale values of the corresponding pixels. The test re-
sults show that the efficiency of eliminating stray light in a 
given area is about 69.4% after installing the trench optical 
trap and Lyot stop.

VI. CONCLUSION

This paper analyzes the stray light generated by the spec-

troscopic system of a solar-radiation observer instrument, 
combines the two-way surface-scattering distribution func-
tion and light-energy transmission theory, and proposes that 
a trench optical trap increases the number of light scatter-
ings to suppress multiorder diffracted stray light. The Lyot 
stop of the baffle blade suppresses the stray light generated 
by the transition area of the grating and the inner walls of 
the system. By means of TracePro modeling simulation and 
actual measurements, the results show that the proportion 
of stray-light energy in the system decreases by one order 
of magnitude, from 5664 to 1040. The actual measured re-
sults show that the efficiency of stray-light suppression for 
the spectroscopic system is about 69.4% after the trap has 
been installed. This can effectively reduce the multilevel 
stray light produced by the diffraction from the flat-field 
concave grating.

ACKNOWLEDGMENT

The authors acknowledge financial support from the 
Research on Science and Technology of Education Depart-
ment of Jilin Province during the 13th Five-Year Plan (JJ-
KH20181133KJ).

FIG. 9. Diagram of the spectroscopic system test.

TABLE 3. Comparison of data before and after setting of the optical trap

Pixel column 1 2 3 4 5
Without trap 261194 262606 261202 262705 261055
Optical trap 79876 80754 79699 80755 79655
Ratio (%) 69.4 69.2 69.5 69.2 69.5

FIG. 10. Pixel grayscale-value maps. (a) Grayscale-value curve of the spectroscopic system, (b) Grayscale-value curve after setting 
the optical trap and Lyot stop.

                             (a)                                                (b)
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