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A B S T R A C T   

This paper describes a Parallel-Double-Grating Spectrometer (PDGS) with ultrahigh resolution. Two plane 
reflection gratings are placed in parallel and staggered to form a dispersive component, through which the light 
passes multiple times, which greatly improves the dispersion capability of the spectrometer, and therefore the 
resolution. The diffraction characteristics of the dispersive component and the mathematical model of the PDGS 
are studied. The results of simulation show that using two reflection gratings with a groove density of 168 gr/ 
mm, combined with spectral splicing technology, the PDGS can achieve a measurement waveband from 450 nm 
to 610 nm with a resolution better than 30.88 pm. Modifying the structural parameters of the PDGS extends the 
applicability of the optical path structure to spectral bands from ultraviolet to infrared.   

Introduction 

Spectrometers can obtain the spectral characteristic information of 
substances, so they play an important role in analyzing the components 
and the physical and chemical properties of many substances. Higher 
spectral resolution means that the spectrometer can acquire finer spec
tral peaks [1], which in turn improves the spectrometer’s ability to 
distinguish different substances. For example, in the field of astronomy, 
the high spectral resolution allows Doppler separation of spectral lines in 
a planet’s atmosphere from those in the Earth’s, enabling the detection 
and measurement of secondary and isotopic components in the planet’s 
atmosphere [2–4]. In the field of biomedicine, high-resolution spec
trometers are required to identify Brillouin frequency shifts to obtain 
viscoelastic properties of biological tissues [5,6]. In the field of optical 
fiber communication, density wavelength-division multiplexing 
(DWDM) optical communication systems have nano- or sub-nano- 
spaced channels in the infrared range; a high-resolution spectrometer 
is required to accurately measure the optical signal-to-noise ratio of the 
DWDM system [7]. In addition, high-resolution spectroscopy technology 
[8–12] is widely used in the characterization and evaluation of optical 
frequency comb sources [13,14], characterizing the narrow linewidth 
laser source, [15,16] and other research fields. 

According to the classification of spectral information acquisition, 
spectrometers can be divided into three types: dispersive [17], 

interference [18], and filter [19]. The diffractive optical elements of 
dispersive spectrometers are usually prisms and gratings [20]. 
Compared with prisms, grating’s dispersion capacity is stronger. In most 
optical path designs of grating spectrometers, the detected light passes 
through the grating only once—only one dispersion of the measured 
light is performed[21]. And grating’s resolving power is restricted by the 
product of the total number of grating lines and the diffraction order 
used [22]. In this case, the grating usually provides resolving power 
from 1,000 to 100,000 [23]. For example, the Czerny-Turner spec
trometer adopts a reflective off-axis structure which usually provides 
nanoscale-level or sub nanoscale-level resolution [23,24]. To further 
improve the spectral resolution of spectrometers, in terms of the classic 
design method, optical devices with large apertures and long focal 
lengths are required as well as higher groove densities and larger grat
ings. Another way to obtain higher resolution is to disperse the signal 
light multiple times [25–27], possibly by connecting two or three 
spectrometers in series [28]; the cascaded spectrometer system is not 
only large and complicated but also expensive. 

In this study, we developed a spectrometer design that uses two flat 
reflection gratings with the same groove density to achieve ultra-high 
resolution. The proposed spectrometer has a compact structure, of 
which the main component is the parallel double gratings named PDG. 
In this system, the light to be measured is diffracted back and forth 
between two parallel plane reflection gratings to acquire N-fold 
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dispersions, where N could be more than 10, realizing ultra-high spectral 
resolution. We studied the dispersive principle of the PDG and devel
oped suggestions for appropriate parameter selections for the PDG. After 
this, detailed numerical simulation analyses were performed to show the 
characteristics of our design. The conclusions are summarized at the end 
of this report. 

System and principle 

The structure of the Parallel-Double-Grating Spectrometer (PDGS) is 
demonstrated in Fig. 1. The spectrometer has a simple structure, 
employing lenses as collimating and focusing elements and using grat
ings as dispersing element. The most distinctive optical device in the 
proposed spectrometer is PDG, which possesses an uncomplicated 
structure and provides large angular dispersion. The PDG is composed of 
two reflective gratings with the same groove density, placed parallel to 
each other, and the directions of the lines are the same. The signal light 
is incident on the main section of the grating and diffracted with a 
specific diffraction order. 

A point light source provides the signal light of PDGS. A collimating 
lens collects the measured light emitted from the point light source and 
then collimates it. After entering the PDG through the reserved incident 
area, the measured light repeatedly passes through the two reflective 
gratings. Because of the diffraction effect, dispersion occurs every time 
the signal light passes through the grating. In the end, the light will 
undergo dispersion a total of N times and then leave the PDG. The N-fold 
dispersed light is focused on the detector with a focusing lens to obtain 
spectral data. 

As shown in Fig. 2, two reflective gratings constituting the PDG are 
placed in parallel and staggered, leaving enough space so that the 
measured light can arrive at grating 1 without hindrance. The included 
angle between the two gratings and z-axis is i. Fig. 2 also depicts the 
propagation path and angle settings of the measurement light between 
the two gratings. First, the collimated light reaches grating 1, with the 
incident angle set to i1. Due to the geometric relationship of the com
ponents, the incident angle i1 is equal to the inclination angle of the PDG 
(i1 = i). Then the diffracted signal light leaves grating 1 at the diffraction 
angle θ1. Considering the diffracted light to have an order of m, the 
incident angle i1 and the diffraction angle θ1 can be described by the 
following grating equation: 

d(sini1 − sinθ1) = mλ (1)  

where d represents the distance between adjacent grooves on the grating 
surface, λ indicates the wavelength. The incident and diffracted light are 
on the opposite side of the normal to the grating. The result, |i1| < |θ1|, is 
easily derived from the conditions that m = − 1. Subsequently, the dif
fracted light emitted by grating 1 arrives at grating 2 at an incident angle 
i2. Because the two gratings are parallel, the incident angle i2 is equal to 
the diffraction angle θ1. By the same reasoning, the diffracted light with 
an order of − 1 with an incident angle of i2 on grating 2 will exit at a 
diffraction angle θ2, satisfying the relationship |i2| < |θ2|. The diffracted 
light emitted from grating 2 will reach grating 1 again, and then grating 
2, which means that the incident light will repeat the above process after 
entering the PDG. After a finite number of diffractions specified as N, the 
signal light will leave the dispersion component. The PDG has a strong 
angular dispersion ability arising from the dispersion of the same beam 
continuously N times. 

Angular resolution 

An important indicator for evaluating the performance of a spec
trometer is angular dispersion, which refers to the angular spacing be
tween two spectral lines within a unit wavelength interval. For a 
traditional plane reflection grating, the angular dispersion can be 
calculated according to the grating equation (Eq. (1)): 

Γ =
dθ
dλ

=
m

dcosθ1
(2) 

In the PDG designed in our research, light is diffracted back and forth 
between two reflective gratings. From a mathematical point of view, this 
continuous diffraction process is described by repeated iterations of Eq. 
(1). The diffraction number of beams is N, and the light propagation in 

Fig. 1. The schematic of the PDGS.  
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Fig. 2. PDG’s light path and theoretical principle.  
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the PDG can be described by the following equations: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

d(sini1 − sinθ1) = mλ
d(sini2 − sinθ2) = mλ
d(sini3 − sinθ3) = mλ

⋮
d(siniN − sinθN) = mλ

iN = θN− 1

(3) 

Simplifying Eq. (3), the dispersion equation of the PDG can be ob
tained as: 

d(sini1 − sinθN) = Nmλ (4)  

where i1 is the initial incident angle, which is determined by the 
included angle i between the gratings and z-axis, and θN is the final 
diffraction angle of light after diffraction for N times. 

Based on the definition of the grating angular dispersion, the 
expression of PDG’s angular dispersion is: 

ΓN =
dθN

dλ
=

Nm
dcosθN

(5) 

The angular dispersion capability has a positive correlation with the 
diffraction number N. In addition, the larger the final diffraction angle 
θN, the smaller the cosine value and the stronger the angular dispersion 
capability of the component. Comparing Eqs. (2) and (5) shows that the 
angular dispersion capability of the PDG is much larger than that of the 
plane grating; the ratio Q is: 

Q =
ΓN

Γ
=

Ncosθ1

cosθN
(6) 

Because of m = − 1, we get the result that θ < θN which means that 
compared with the dispersion power of the plane grating, that of the 
PDG is increased more than N-fold. Such a characteristic significantly 
improves the angular dispersion power of the grating. 

Parameter selection of the PDG 

The PDG is composed of two reflective plane diffraction gratings 
with almost the same parameters. The main parameters of plane grating 

are its length, width, and groove density. Set the distance between the 
two gratings as t and the staggering distance as h (the parameter settings 
are shown in Fig. 3). The grating width is relatively easy to determine 
because it only needs to be larger than the incident light spot. Before 
studying the relationship of the grating size parameters, it is necessary to 
ensure that the incident light can completely enter the PDG, conforming 
to Eq. (7): 

t × tan(|i1| + |θ1|)⩽h⩽
t

tan|θ1|
(7) 

The value of the grating length L is related to factors such as spot size, 
diffraction number N, groove density d, incident angle i1, and grating 
spacing distance t. If the spot diameter of incident light is D, for grating 
1, the grating length L1 should be determined by: 

L1⩾
D

cosi1
+ t × (tan|θ1| + tan|θ2| + tan|θ3| + ⋯ + tan|θ2(x− 1)|) (8)  

where x is the total number of diffractions by which the incident light is 
dispersed on grating 1. For grating 2, the grating length L2 can be 
calculated by: 

L2⩾
D

cosi1
+ t × (tan|θ2| + tan|θ3| + tan|θ4| + ⋯ + tan

⃒
⃒θ2(y− 1)+1

⃒
⃒
)

(9)  

where y is the total number of diffractions by which the incident light is 
dispersed on grating 2. Furthermore, the two parameters x and y are 
both positive integers that fulfill the equations x + y = N and | x – y | ≤ 1. 
Considering Eq. (4), the relationship between d and θ in Eqs. (8) and (9) 
is given by: 

d =
2(x − 1)mλ

sini1 − sinθ2(x− 1)
(10)  

The spectral resolution 

The spectral resolution is an important metric to evaluate the per
formance of spectrometers, which will be affected by various factors 
such as the grating dispersion capability, the size of the detector pixel, 
and the focal length of the imaging lens. To meet the resolution re
quirements, it is necessary to select the appropriate detector. The reso
lution capability of the detector can be expressed as: 

r =
kpdcosθN

Nmf
(11)  

where p is the pixel size, f is the focal length, and k is the number of 
pixels. The sampling process of the spectral intensity profile should 
conform to the Nyquist sampling theorem, that is, each spectral point 
imaged on the detector image surface occupies at least two pixels, so the 
minimum value of k is 2. Eq. (11) points out that the resolution of the 
detector is inversely proportional to the pixel size p. Therefore, the 
smaller the pixel size, the higher the resolution the system can achieve. 

Assuming the full width at half maximum of the spectral intensity 
profile is n pixels, the resolving power R can be calculated using the 
following equation: 

R =
λ

Δλ
=

f (sini1 + sinθN)

npcosθN
(12)  

where Δλ refers to the minimum wavelength difference that the 
dispersive element can distinguish. 

Due to Ep. 4, the PDG can be regarded as a special grating with 
diffraction order Nm. And considering the propagation path of signal 
light in the PDG, the light passes through the grating N times in total. So, 
in the ideal case, the equivalent grating line number A can be expressed 
as: 

t

h

Fig. 3. Structural parameters of the PDG.  

J. Chen et al.                                                                                                                                                                                                                                     



Results in Physics 45 (2023) 106258

4

A =
ND

dcosi1
(13)  

where D/cosi1 is the projected width of incident light on grating 1. The 
resolution limit of a grating is the product of the grating line number and 
the diffraction order. Therefore, the resolution limit of the PDG is: 

Rlim =
N2Dm
dcosi1

(14)  

Calibration 

Because the actual detector has a specific size, which limits the 
working range of spectrometers, it is necessary to explore the coordinate 
position distribution of each diffracted beam on the detector. Fig. 4 
depicts a schematic diagram of the optical path of the light measured 
from the PDG through the focusing lens to the detector plane. The signal 
light with a wavelength of λr enters the PDG, leaves at a diffraction angle 
θN(λr) after N diffractions, and then converges on the detector plane 
through the focusing lens. Assuming that y(λr) is the y-axis coordinate of 
the light λr on the detector, the coordinate of the light λi on the y-axis of 
the detector is specified to be 0, and θN(λi) is the final diffraction angle of 
the artificially-set starting wavelength λi. Relying on the characteristics 
of the lenses, geometry, and the law of refraction, the equation to find 
the y-axis coordinate on the detector plane can be calculated: 

y(λr) = f × tan(θN(λr) − θN(λi)) (15) 

Combined with Eq. (4), Eq. (13) can be written as: 

y(λr) = f × tan(sin− 1(
Nmλr

d
+ sini1) − sin− 1(

Nmλi

d
+ sini1)) (16)  

The problem of diffracted light of other orders 

The use of low-groove-density gratings inevitably introduces the 
problem of generating diffracted light of multiple diffraction orders. The 
problem can be solved by applying blazed gratings. However, the PDG 
itself is well able to eliminate the influence of multi-order diffracted 
light. Taking a light with a wavelength of λ as an example, the influence 
of multi-order beams on PDG is discussed. Basing on Eq. (3), the 
diffraction orders of light on the PDG are m1, m2, m3 … mN. The final 
diffraction exit angle θλN of λ can be simplified as follows: 

θλN = sin− 1(sini1 −
M ′λ

d
) (17)  

M′

= m1 +m2 +⋯+mN (18)  

where M’ is the sum of the individual diffraction orders. The condition 
that m1, m2, m3 … mN are all equal to − 1 applies to the propagation 
mode of the desired light (green light in Fig. 5). The desired exit angle θN 
can be calculated with the following equation due to Eq. (4): 

θN = sin− 1(sini1 −
Nmλ

d
) (19) 

We will consider five separate cases for the value of M’.  

(1) M’ >0. In this case, compared with the desired exit angle θN, the 
final exit angle θλN will be much smaller (see Fig. 5 red light). 
There is even an instance in which the component of the optical 
propagation vector contains the -z-direction (gray light in Fig. 5).  

(2) M’ = 0. Under this circumstance, the total dispersion of the signal 
light is 0, and the exit direction is parallel to the incident light 
(blue light in Fig. 5).  

(3) Nm < M’ <0. In this instance, the exit angle θλN will also decrease 
(brown light in Fig. 5), but not as much as in case (1). Assuming 
the propagation distance between focal lens and detector is f, the 
distance between the light beams with different diffraction orders 
(M’ and Nm respectively) on the detector is P. Taking the light 
with the diffraction angle θN as the reference ray, P can be 
described as: 

P = f × |tan(θλN − θN)| (20) 

Calculations using the data thus obtained (i1 = 6̊, λ = 532 nm, M’ =
− 9, Nm = − 10, d = 1/(168 gr/mm), f = 150 mm) reveal that P is about 
5.85 cm. When M’ decreases, P will be increased. Commonly used de
tectors are less than 5 cm in length and width and the diffracted light of 
other orders is unable to arrive upon the detector.  

(4) M’ = Nm, but m1, m2 ⋅⋅⋅ mN are not equal. In the case where m2 =

− 3, m3 = 1, and the remaining diffraction order is − 1. The 
calculated θλN=2 is larger than θN=2 according to diffraction the
ory. As a result, when the light is subjected to the third diffrac
tion, the distance between the incident point of the two beams is 
ξ, and remains unchanged until the beams leave the PDG. How
ever, the ξ does not interfere with the results of the detection 
because the final exit angle does not change.  

(5) M’ < Nm. At this point, θλN should be greater than θN. However, 
θN is close to 90◦, and the diffraction order can only take integer 
values, which means M’λ cannot change continuously, and its 
value can be only an integer multiple of λ. As a result, θλN is 
greater than 90◦, which is impossible in line with diffraction 
theory. Therefore, the beam cannot diffract N times, and the 
diffraction order can only be 0 when the light does not meet the 
diffraction conditions (purple light in Fig. 5). The exit angle θλN is 
equal to the incident angle of the last diffraction, which is very 
different from θN. In summary, the detection result cannot 

N i

=0

r

N r

Fig. 4. Diagram of the wavelength calibration principle.  

i

Fig. 5. The propagation process of multi-order diffracted light in PDG.  
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possibly be affected by the multi-order diffracted light because 
these rays cannot impinge upon the detector. 

Simulation analysis and discussion 

Based on the mathematical model above, various parameters of the 
PDGS were calculated and optimized. The specific structure of the 
designed spectrometer is illustrated in Fig. 1, and the system parameters 
used are listed in Table 1. For convenience of discussion, the effect of 
aberrations is not considered. 

In Table 1, f1 represents the focal length of the collimating lens, and 
f2 represents the focal length of the imaging lens; d is the grating groove 
density, where the groove density of the two gratings is the same; i is the 
incident angle of the signal light, that is, the inclined angle between the 
PDG and y-axis; m is the diffraction order of the grating; t is the distance 

between the two gratings; and L1 and L2 represent the lengths of grating 
1 and grating 2, respectively. 

In accordance with the data in Table 1, the calculated angular res
olution of the PDG is plotted in Fig. 6 (solid line), and that of a plane 
grating with the same structural parameters is also shown in Fig. 6 
(dotted line). These two curves reveal the substantial difference in the 
power of angular dispersion between the PDG and the plane grating; the 
gap increases rapidly as the wavelength increases. At 528.48 nm, the 
angular dispersion of the PDG and the plane grating are respectively 
0.0136 rad/nm and 1.7123×10− 4 rad/nm, and the ratio of the two 
reaches 79.6; at 532.88 nm, the angular dispersion of the PDG is the 
strongest, measuring up to 0.0778 rad/nm. And the ratio reaches 454.3. 

From Eq. (16), the y-axis coordinate of different wavelengths on the 
detector plane is shown in Fig. 7. The angular resolution of the disper
sive element is an essential factor affecting the spectral resolution. The 
larger the angular resolution, the higher the spectral resolution. There
fore, in the long-wavelength band, the distance between the light per 
unit wavelength difference on the detector plane is greater than that of 
the short-wavelength wavelength band. 

The spectral resolution of the PDGS was calculated, and the results 
are displayed in Fig. 8. The green solid line denotes the spectral reso
lution of the spectrometer using PDG, and the magenta dashed line 
represents the spectral resolution of a single-grating spectrometer with 
one diffraction. When the incident wavelength is 528.48 nm, the spec
tral resolution of the PDGS is 18.34 pm; as the wavelength increases, the 
spectral resolution is improved, just like the angular resolution of the 
PDG. And at 532.88 nm, the resolution is 3.22 pm. The spectral reso
lution of the single-diffraction spectrometer is much larger, about 1.46 
nm. Compare to the plane grating, a 79.6-fold increase in resolution is 
easily acquired by employing the PDG. 

From the perspective of spectral performance, the detection range of 
the spectrometer designed in this paper is 528.48–532.88 nm and its 
spectral resolution is ≤18.34 pm. Although the spectrometer has an 
ultra-high spectral resolution, its bandwidth is 4.4 nm, which limits the 
scope of applications. However, by rotating the PDG, the measurement 
bandwidth of the spectrometer can be greatly expanded. When the 
structural parameters of the PDGS are fixed, the wavelength range that 

Table 1 
Simulation Parameters.  

Parameter f1 f2 d i m t L1 L2 Array size Pixel size 

Value 150 mm 100 mm 168 gr/mm 6◦
− 1 10 mm 90 mm 70 mm 2048×512 5×5 μm  

Fig. 6. Comparison of the angular dispersion capability between the PDG and a 
plane grating. 

Fig. 7. The y-axis coordinate of different wavelengths on the detector plane.  

Fig. 8. Comparison of spectral resolution between the PDGS and single grating 
spectrometer with only one diffraction (theoretical calculation value). 

J. Chen et al.                                                                                                                                                                                                                                     



Results in Physics 45 (2023) 106258

6

the detector can receive is able to be calculated using Eq. (16). It is 
obvious that the position where signal beams are imaged at the detector 
is related to the initial incident angle i1, which is equal to i, the incli
nation angle of the PDG. Therefore, the measurement band can be 
changed by adjusting i. Fig. 9 shows the effect of rotating the PDG on the 
detection band range and spectral resolution, where Fig. 9(a) illustrates 
the waveband that the PDGS can detect and its corresponding spectral 
resolution under different values of i; and Fig. 9(b) further reveals the 
relationship between dip angle and detection band. It can be found that 
the value of i plays a vital role in the spectral performance of PDGS. Light 
in the range of 450 nm to 610 nm can be received by the detector when 
the angle i changes in a range of 2◦-10◦, with spectral resolution fluc
tuating from 2.93 pm to 30.88 pm. When i is equal to 2◦, the detectable 
bandwidth is 8.61 nm; when i increases to 10◦, the bandwidth decreases 
to 0.86 nm, hence they have negative correlations. The relationship 
between spectral resolution and i is just the opposite, which is a positive 
correlation. When i is 2◦, the lowest and highest resolutions of PDGS are 
30.88 pm and 14.64 pm, respectively; when i equals 10◦, they are 7.38 
pm and 2.93 pm, respectively. The main influence of rotating the PDG is 
to expand the measurement bandwidth from 4.4 nm to 160 nm. 

Then diffraction efficiency is discussed since it affects the signal 
output intensity of spectrometers. PDGS utilizes multiple diffractions to 
obtain a high spectral resolution, but this is a trade-off between reso
lution and diffraction efficiency. To maximize the diffraction efficiency, 
the PDG consists of two blazed gratings. The energy of the blazed grating 
is mainly concentrated at a specific diffraction order, and its diffraction 
efficiency changes slowly with the incidence angle. Taking the blazed 
grating with a groove density of 168 g/mm and a blazed angle of 9.54◦

as an example, the efficiency of each diffraction in PDG at 450 nm, 530 
nm, and 610 nm is calculated based on Rigorous Coupled Wave Analysis 
[29]. The initial angle of incidence is 2◦ for 450 nm, 6◦ for 530 nm, and 

10◦ for 610 nm. The calculated results are shown in Table 2. After ten 
diffractions, the total diffraction efficiencies of the PDG for the three 
selected wavelengths are 5.41 %, 7.15 %, and 3.29 %, respectively, and 
the average efficiency is about 5.3 %. For those practical applications 
with relatively relaxed spectral resolution requirements, the value of N 
can be reduced accordingly to obtain higher output energy. For example, 
when N is 5, the spectral resolution is lowered by a factor of 1.7 at 530 
nm compared to N = 10, while the diffraction efficiency is increased by 
6.7 times, reaching 47.67 %. 

Conclusion 

This paper describes a spectrometer using two gratings with a simple 
parallel structure, which causes the signal light to undergo dispersion N 
times, realizing pm-level spectral resolution. The number of diffractions 
N can be customized according to resolution requirements and can be 
greater than 10. The principle of the spectrometer is analyzed in detail. 
The research investigates the relationship between performance and 
structural parameters. The numerical simulation results of a model 
spectrometer are given, for which the main optical elements called PDG 
are two plane reflection gratings with the same groove density and 
different lengths. Compared with the resolution of a single-grating 
spectrometer, which has the same grating parameters but only one 
diffraction, that of the PDGS is improved by a factor of 79.6. Changing 
the tilt angle of the PDG can effectively broaden the measurement 
bandwidth, enabling detection in a wavelength range of 450–610 nm 
while maintaining a resolution better than 30.88 pm. The proposed 
optical path structure is also applicable in the range from ultraviolet to 
infrared bands by altering the structural parameters appropriately based 
on the mathematical model. The PDGS has a compact structure, ultra
high resolution, and wide measurement bandwidth, which promises a 
variety of applications in the field of high-resolution spectral detection. 
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Fig. 9. The effect of rotating the PDG on spectral performance. (a) The influence of tilt angle change on spectral resolution and wavelength range that the PDGS can 
detect；(b) Further presentation of the relationship between the dip angle and the measurement band. 

Table 2 
Theoretical Diffraction Efficiency.  

Incident 
angle of 
450 nm 
(deg) 

Efficiency 
(%) 

Incident 
angle of 
530 nm 
(deg) 

Efficiency 
(%) 

Incident 
angle of 
610 nm 
(deg) 

Efficiency 
(%) 

2.0000  88.8422 6.0000  88.0190 10.0000  86.0091 
6.3312  91.8890 11.0907  86.4246 15.8210  80.0399 
10.6627  84.8127 16.1923  86.9499 21.6927  82.2021 
14.9943  81.7464 21.2939  84.5565 27.5643  83.3658 
19.3258  79.1148 26.3955  85.5876 33.4360  82.3335 
23.6574  79.2473 31.4971  83.0046 39.3077  86.9741 
27.9890  75.5316 36.5987  78.9309 45.1793  76.9246 
32.3205  66.2367 41.7004  69.7788 51.0510  70.7014 
36.6521  59.0649 46.8020  62.5675 56.9227  58.2117 
40.9836  51.6150 51.9036  52.2252 62.7944  30.8060 
Total  5.4124 Total  7.1506 Total  3.2948  
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