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A coma-free super-high resolution
optical spectrometer using 44 high
dispersion sub-gratings

Hua-Tian Tu?, An-Qing Jiang'?, Jian-Ke Chen?, Wei-Jie Lu, Kai-Yan Zang?, Hao-Qi Tang?,
Osamu Yoshie?, Xiao-Dong Xiang?, Young-Pak Lee*, Hai-Bin Zhao?, Yu-Xiang Zheng?,
Song-You Wang?, Junpeng Guo®, Rong-Jun Zhang?, Jing Li%, Yue-MeiYang?, W. D. Lynch® &
Liang-Yao Chen'*

Unlike the single grating Czerny-Turner configuration spectrometers, a super-high spectral resolution
optical spectrometer with zero coma aberration is first experimentally demonstrated by using a
compound integrated diffraction grating module consisting of 44 high dispersion sub-gratings and a
two-dimensional backside-illuminated charge-coupled device array photodetector. The demonstrated
super-high resolution spectrometer gives 0.005 nm (5 pm) spectral resolution in ultra-violet range

and 0.01 nm spectral resolution in the visible range, as well as a uniform efficiency of diffractionin a
broad 200 nm to 1000 nm wavelength region. Our new zero-off-axis spectrometer configuration has
the unique merit that enables it to be used for a wide range of spectral sensing and measurement
applications.

Super-high resolution optical spectrometers are significantly important for a wide range of applications in bio-
chemical analysis, remote sensing, astronomy, and etc.. Since the beginning of last century, many studies had
been reported trying to solve the issue of astigmatic aberrations that occur as a result of reflection or refraction
at a spherical surface, shifting the incident light beam obliquely off of the homocentric axis® In optical systems,
especially in high-precision optical instruments, astigmatic aberrations affect seriously the performance of the
system. Moreover, these problems, which induce substantial measurement errors in a wide spectral range due to
the strongly correlated restriction of the optical element arrangement in the system design, are difficult to solve.
To date, the typical Czerny-Turner (C-T) configuration®, which consists of two spherical mirrors and a plane
grating as shown in Fig. 1, is the most common configuration for spectroscopic analyses'. In the C-T configura-
tion, the astigmatic aberrations, called the coma effect is an intrinsic issue that makes the spectral image out of
focus at the focal plane of the diffracted light reflected from the mirror"*-15.

For the Czerny-Turner configuration shown in Fig. 1, the coma width in the image A along the diffraction
direction x can be evaluated as follows®®:
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Hereafter, two main approaches are studied to reduce the coma effect. (1) The coma effect can be reduced
by decreasing the grating width w, since A is proportional to w? however, using a low numerical aperture and
compensation limits the spectral resolution, which is usually less than or equal to 0.1 nm in applications*®. (2)
The coma effect can be avoided by satisfying the condition A =0, which reduces Eq. (1) to the following form®'*:
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where the spectrometer parameters «, 3, R; and R, can be optimized and fixed. However, the incidence angle
0; and diffraction angle 6, with respect to the axis normal to the plane of the grating must nonlinearly scan the
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Figure 1. A typical configuration of a Czerny-Turner spectrometer, where G is the plane grating with a width
of w; M1 and M2 are two spherical mirrors with radiuses of R, and R,, respectively; S1 is the entering slit of the
light beam; and S2 (or D) is the exit slit (or photon detector) located at the focal plane of the diffracted light
reflected by M2. With respect to lines L1 and L2, which are normal to the surfaces of M1 and M2, respectively,
the entering and diffracted light beams are obliquely incident to M1 and M2 at off-angles of & and 3 from the
homocentric axis, respectively. With respect to line L3, which is normal to the grating surface, 6; and 0, are the
incidence and diffraction angles of the light beams onto and out of the grating, respectively.

entire spectral region with the variable values depending on the individual groove density g of the grating and
the wavelength A to perform the measurement on a variety of objectives, as shown by Eq. (3) 1°.

sinf; —sinfy =m-g- 4, (3)

where m is the order of the grating diffraction and g is specified by the density of grooves of the grating (lines
per mm). Therefore, according to Egs. (2) and (3), the coma effect can be conditionally removed only at some
specifically designed wavelength positions restricted within a relatively narrow spectral region.

Continuous researches are being made to make the feasibility and precision of spectrometers be improved in
many different configurations and applications'*~*. To exploit the usefulness and simplicity of a spectrometer in
the C-T configuration while suppressing the corresponding intrinsic weaknesses arising from the coma effect, we
propose a new spectrometer in an attempt to completely eliminate the root cause of the coma effect by making
the off-axis angles & and 8 equal to 0, i.e., setting a= =0 in Eq. (1).

A two-dimensional (2D) advanced charge-coupled device (CCD) array detector was used in the entire
200-1000 nm wavelength region with a 2048 x 2048 pixel density and 13.5 x 13.5 um? pixel size®. A compound
integrated module of the grating composed by 44 sub-gratings was designed and fulfilled to produce a spec-
trometer capable of identifying atoms based on their unique spectral “fingerprints”'® with ultrahigh resolution.
Diffraction efficiency is relatively uniform over a broad wavelength region. Individual sub-gratings with high
efficiency (order of m=1) are used to make the spectra be multiply folded and imaged simultaneously on the focal
plane of the photon detector. These sub-gratings can be chosen and arranged optimally at the blazed-wavelength
Ay, according to the requirement of the system design without any moving part?*3+*.

In tests with a dual-element Hg-Ar lamp (Hg-Ar lamp (model HG-1), https://www.oceaninsight.com/produ
cts/light-sources/), the spectrometer shows the spectral data density evaluated by the highest k number, which is
about 2.1x10% 2.9x 10% and 2.7 x 10, in the 200-305 nm, 305-593 nm and 593-1000 nm wavelength regions,
respectively. Note that k = (total wavelength range)/(pixel resolution), which corresponds to a one-dimensional
total of approximately 7.7 x 10* wavelength data points measured once in the entire 200-1000 nm spectral region.

Experimental results
By using a dual-element Hg—Ar lamp to test the astigmatic aberration of the spectrometer, the coma aberration
has been successfully eliminated in the system with an integrated module of the grating composed by 44 sub-
gratings in the zero-off-axis C-T configuration, as shown in Fig. 2. This figure presents typical images of the
triple lines of the Hg atom at ultrahigh resolution. These line structures occurred at 365.015 nm, 365.484 nm and
366.328 nm wavelengths, respectively, arise from excited emissions of the Hg atom and intrinsically are related
to the electron transitions from the 6d;D;, 6d;D, and 6d, D, states to the 6p;P, state®. It can be recognized that
there is a very weak satellite line located at 366.288 nm, approximately 0.04 nm apart from the line at 366.328
nm'. The number of pixels An between the lines at 365.015 nm and 366.328 nm wavelengths is 134, giving the
dispersion of AA/An=0.0098 nm/pixel, which is in agreement with the designed value of the system.

The software for quick spectrum acquisition was designed, including the procedures of data measurement
and calibration. To test the performance of the spectrometer, the Hg—Ar lamp with wavelength “fingerprints” of
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Figure 2. The image of the triple spectral lines of the Hg atom, obtained with ultrahigh resolution by CCD
camera with elimination of the coma aberration in the zero-off-axis C-T configuration. These line structures
occurred at 365.015 nm, 365.484 nm and 366.328 nm wavelengths, respectively, arise from excited emissions of
the Hg atom and are intrinsically related to the electron transitions from the 6d;D;, 6d;D, and 6d, D, states to the
6p;P; state. A very weak satellite line is clearly located at 366.288 nm, approximately 0.04 nm apart from the line

at 366.328 nm.

25000 r T T . T T T r T r T
A eL313nm 81=92.078, 4n=6473 ——l
L =1 ! Mon= 810369
253.652 An=134 750,337"53 0.014nm/pixel 811.531
s an/an = 546.074 71465 sazacs
20000 | 0.0098nm/pixel ; (c) ot 826.452 ‘ .
801.479
772.376 \ |
L ,
= 15000 - 3645 3650 3655 3660 366.5 750 775 800 825 a0 -
8A=2.106
< ‘.-An=129 —.[
- r 435.833 576.960 579.066
=
AA/An=
2 10000 [ 0.092nm/pixel 810.369 -
8 811.531
c L 404.656 (b) 763511 912.297
-— 407.783 - -
365.015 576 577 578 579 580 842.465
5000 296.728 365.484 576.960 -
312,567 3¢6.328 578.966 696.543
+ 313.180 | 965.779 4
ol il l [ A Lol T |
K 1 . 1 R 1 1 1 R 1 R 1 .
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 3. The spectrum of dual-element Hg-Ar light source which was applied to measure the wavelength lines
in the 200-1000 nm spectral region, wherein the insets show magnified views of the well-resolved triple and
twin spectral lines of elemental Hg and other spectral lines of elemental Ar.

Hg and Ar atoms in the 200-1000 nm spectral range was applied. The detailed results are presented in Fig. 3, in
which insets (a) and (b) give magnified structures of the featured triple and twin (corresponding to the transitions
from the 6d;D, and 6d,D, states to the 6p, P, state, respectively*®) wavelength lines of elemental Hg and inset (c)
shows magnified views of the elemental Ar lines in the 740-850 nm wavelength range.

The characteristic wavelength lines of the Hg and Ar atoms were evaluated to show the spectral resolution
of the system. Figure 3 shows that these triple and twin line structures and the other atomic line structures can
be finely recognized without ambiguity and are in consistency with the ones in expectation. By virtue of the
implemented design considerations, the main feature line of 253.652 nm in the ultraviolet range for the Hg atom
shows a higher strength due to the sub-gratings that were optimally arranged in the spectral positions.

The wavelength resolution AX is measured in experiment by the full width at half maximum (FWHM) of the
wavelength line structure, and will be not equal to the resolution per pixel acting as the individual output slit
located at the 2D focal image plane of the detector. Some weak satellite lines arise from multiple isotopes occurred
in the Hg and Ar atoms and will make lines be broadened, resulting in error of measurement. As shown in Fig. 3,
thus, lines of the structures occurred at 296.728 nm, 312.567 nm and 763.511 nm of Hg and Ar elements with
the relatively fine and clean features were applied, respectively, to evaluate the spectral resolution with the results
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Figure 4. The spectra of fine wavelength lines of 296.728 nm and 312.567 nm for Hg atom, and as well as
763.511 nm for Ar atom were applied to test the resolution of the system, showing that the resolution per
pixel (ANFWHM) =36\ <3A\,,,,) is better than 0.005 nm/pixel, 0.010 nm/pixel and 0.015 nm/pixel in the
200-300 nm (g=3600 lines/mm), 300-600 nm (g=1800 lines/mm) and 600-1000 nm (g= 1200 lines/mm)
wavelength regions, respectively, which is consistent with the design expectations.

shown in Fig. 4. It at least needs 3 pixels, corresponding to 3 fixed slits of beam-exit, to cover the AA(FWHM) of
a spectral line. In terms of the spectral analysis, the values of AA(FWHM) measured at 296.728 nm, 312.567 nm
and 763.511 nm were determined to be approximately 0.013 nm, 0.026 nm and 0.035 nm, respectively. Hence,
the resolution per pixel (AA(FWHM) =381 <3AA,,,,) will be higher than 0.005 nm/pixel, 0.010 nm/pixel and
0.015 nm/pixel in the 200-305 nm (g = 3600 lines/mm), 305-593 nm (g = 1800 lines/mm) and 593-1000 nm
(g=1200 lines/mm) wavelength regions, respectively, which is consistent with the design expectations.

Discussions

Arising from side effects, the measurement efficiency in optics in the ultraviolet and infrared regions usually
will be poorer than that in the visible range. The intensity of light close to the center of the beam will be higher
than the intensity that at the position of edge since the intensity of light is distributed non-uniformly in the fiber
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Figure 5. Schematic illustration of the high-resolution coma-free spectrometer. (a) The system configuration.
S indicates a light beam slit, and Gx is the integrated module composed by 44 sub-gratings. The incident light
enters along path L1 through a hole centered between gratings 22 and 23. The light along path L2 becomes
parallel after reflected by spherical mirror M1 and then enters module Gx with an off-axis angle of «=0. The
grating-diffracted light along path L3 is then focused at the 2D focal plane of the CCD detector along path L4
after reflected by toroidal mirror M2 with an off-axis angle of $=0. F is the set of filters applied to cut off the
high order (m>2) of the diffracted light effectively in each sub-spectral range. (b) The camera with the 2D
BSI-CCD array detector was placed on top of the grating module with a small off-axis tilt of approximately 6°
in the direction perpendicular to the diffraction plane without the coma effect [The image of (b) was taken by
the camera of iPhone-x with the background removed by the software of Pro_KnockOut_v3.2 (www.godimage.
mobi)].

exit core area. In the configuration and design of the system, thus, the sub-gratings assembled in the integrated
grating module Gx can be arranged flexibly. Those sub-gratings working in shorter (200-305 nm) and longer
(593-1000 nm) wavelength ranges are put in the positions closer to the center of the light beam, as shown in Fig. 5
and Table 1. Each sub-grating is 70 mm long in the directions parallel to the incident plane of light, and is 2.9 mm
high in the directions perpendicular to the incident plane of light (Optometrics, https://www.optometrics.com).

Based on the coma-free configuration in which the off-axis angles o and f3 are equal to zero, the fixed angle
0, of each grating listed in column 6 of Table 1 can be simply and precisely calculated with respect to the dif-

fraction direction by using Eq. (4).
A
6, = sin~! <i), (4)

where the groove width d=1/gand A, is the center wavelength of the grating specified in Table 1.
In experiment, two neighboring pixels can be used to resolve two wavelengths according to the following
maximum wavelength resolution:

dw  dwcosf
Almax = 7 > ?) (5)

where d, fand 0 are, respectively, the groove width, the focal length of the system and the diffraction angle, and
w is the photon sensor width equaling to 13.5 um for the CCD array detector used in the experiment. When
gratings with groove densities of 3600 lines/mm, 1800 lines/mm and 1200 lines/mm are used, d is approximately
278 nm, 556 nm and 833 nm with calculated AA,,,, values of approximately 0.005 nm, 0.010 nm and 0.015 nm in
the 200-305 nm, 305-593 nm and 593-1000 nm wavelength regions, respectively. Hence, a theoretical resolution
greater than 0.005 nm/pixel, 0.010 nm/pixel and 0.015 nm/pixel in the specified subwavelength regions will be
obtained for the spectrometer. The experimentally measured data shown in Figs. 3 and 4 are in good agreement
with the design prediction. Therefore, according to the theoretical expectations, a high k data density factor
characterized for a high spectral performance of the spectrometer can be realized. The k factor is the ratio of the
total wavelength range and the spectral range of each pixel of the photodetector array, i.e., k= (total wavelength
range)/(pixel resolution). From our measurements, the k factor is 2.1x 10% 2.9 x 10%, and 2.7 x 10* in the wave-
length range of 200-305 nm, 305-593 nm and 593-1000 nm, respectively, resulting in a one-dimensional total
of approximately 7.7 x 10* wavelength data points measured at once in the entire 200-1000 nm spectral region
without any moving element.

To ensure higher diffraction efficiency, UV-enhanced gratings are chosen for the 200 to 397 nm wavelength
region, and gratings with blaze wavelengths of 500 nm, 750 nm and 1000 nm are chosen to operate in the
397-699 nm, 699-903 nm and 903-1000 nm wavelength ranges, respectively. As seen in Fig. 5, there is a set
of filter E, in which an empty window in the 200-379 nm wavelength range is designed, and three other filters
have cut-off wavelengths of 350 nm, 490 nm and 640 nm to eliminate the high order (m >2) of diffracted light
effectively in the 379-593 nm, 593-802 nm and 802-1000 nm wavelength ranges, respectively.

As shown in the data listed in columns 7 and 8 of Table 1, there is a certain redundant wavelength region
with a pixel number greater than that required for each grating in the design. Therefore, the wavelength ranges
between two neighboring gratings can be seamlessly connected through the whole spectral region without error
in practical applications.
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5. Spectral 7. Designed 8. Redundant
2. Start wavelength | 3. End wavelength | 4. Center wavelength | dispersion (nm/ 6. Grating angle wavelength range wavelength range
1. GratingNo | (A;, nm) (A5, nm) (A, nm) pixel) 6y, °) (nm) (nm)
1 469.4 487.3 478.35 0.00950 25.500 17.9 19.46
2 451.4 469.4 460.4 0.00955 24.479 18 19.56
3 433.3 451.4 442.35 0.00959 23.460 18.1 19.65
4 415.2 433.3 424.25 0.00963 22.447 18.1 19.73
5 397 415.2 406.1 0.00967 21.438 18.2 19.81
6 378.8 397 387.9 0.00971 20.433 18.2 19.88
7 360.5 378.8 369.65 0.00974 19.432 18.3 19.94
8 3422 360.5 351.35 0.00977 18.434 18.3 20.00
9 323.8 342.2 333 0.00979 17.439 18.4 20.05
10 305.4 323.8 314.6 0.00981 16.448 18.4 20.10
11 296.9 305.4 301.15 0.00453 32.824 8.5 9.29
12 288.3 296.9 292.6 0.00457 31.781 8.6 9.36
13 279.7 288.3 284 0.00460 30.744 8.6 9.43
14 271 279.7 275.35 0.00464 29.711 8.7 9.49
15 262.3 271 266.65 0.00467 28.683 8.7 9.56
16 253.5 262.3 257.9 0.00470 27.660 8.8 9.62
17 2447 253.5 249.1 0.00472 26.640 8.8 9.67
18 235.8 244.7 240.25 0.00475 25.623 8.9 9.72
19 226.9 235.8 231.35 0.00477 24.609 8.9 9.77
20 218 226.9 222.45 0.00479 23.604 8.9 9.82
21 209 218 2135 0.00481 22.600 9 9.86
22 200 209 204.5 0.00483 21.598 9 9.90
23 977.1 1001.6 989.35 0.01320 36.414 24.5 27.03
24 952.6 977.1 964.85 0.01332 35.374 24.5 27.28
25 927.6 952.6 940.1 0.01344 34.337 25 27.52
26 902.6 927.6 915.1 0.01355 33.303 25 27.75
27 877.6 902.6 890.1 0.01366 32.280 25 27.97
28 852.6 877.6 865.1 0.01376 31.269 25 28.18
29 827.1 852.6 839.85 0.01386 30.259 25.5 28.38
30 801.6 827.1 814.35 0.01395 29.249 255 28.57
31 776.1 801.6 788.85 0.01404 28.249 25.5 28.75
32 750.6 776.1 763.35 0.01412 27.259 25.5 2891
33 724.6 750.6 737.6 0.01420 26.267 26 29.07
34 698.6 724.6 711.6 0.01427 25.275 26 29.22
35 672.1 698.6 685.35 0.01434 24.281 26.5 29.36
36 645.6 672.1 658.85 0.01440 23.285 26.5 29.49
37 619.1 645.6 632.35 0.01446 22.297 26.5 29.62
38 592.6 619.1 605.85 0.01452 21.316 26.5 29.73
39 575.3 592.6 583.95 0.00914 31.705 17.3 18.73
40 557.9 575.3 566.6 0.00921 30.660 17.4 18.87
41 540.4 557.9 549.15 0.00928 29.619 17.5 19.00
42 522.8 540.4 531.6 0.00934 28.583 17.6 19.13
43 505.1 522.8 513.95 0.00940 27.552 17.7 19.24
44 487.3 505.1 496.2 0.00945 26.524 17.8 19.36

Table 1. Configuration of the grating module Gx with the dispersion features in each sub-spectral region for
all 44 gratings arranged in the 200-1000 wavelength region.

The computer-aided software and computer-assisted machining were used to design and produce in high-
precision for all mechanical and optical parts of the spectrometer, including the integrated grating module Gx
with each fixed sub-angle to mount 44 sub-gratings as shown in Fig. 5. To ensure the long-term stability of the
system, afterwards, all parts of the spectrometer were fixed with optical glue.

In the conventional off-axis configuration of a C-T spectrometer, the image of the input slit of the spec-
trometer will be slightly distorted on the focal plane of the 2D array detector, which is a phenomenon called
spectral curvature (or the “smile” effect)’”**, which will reduce both the spectral resolution and the accuracy of
the spectral measurement. By means of using a zero-off-axis configuration for a C-T spectrometer, the error
arising from the “smile” aberration has been effectively overcome in the data calibration procedure. Therefore,
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the concept of the zero-off-axis configuration presented in this work has unique merit that enables it to be used
in many other types of spectrometers for a broad range of applications.

Summary

In summary, a super-high resolution optical spectrometer with zero off-axis angles was experimentally dem-
onstrated. The new spectrometer configuration completely eliminates the root cause of the coma aberration. In
terms of using a 2D array CCD with a 2048 x 2048 pixel density and 13.5x 13.5 um? pixel size, a single grating-
integrated module consisting of 44 sub-gratings in an optimal arrangement was constructed for the spectrometer
to identify the unique spectral “fingerprints” of elements with ultrahigh resolution in a broad wavelength region.
By measuring the 44-fold spectra in the 200-1000 nm wavelength region, the physical size of the photoelectron
detection area was one-dimensionally extended by a factor of 44, reaching about 1216 mm with more than
9 x 10* pixels along the diffraction direction on the focal plane of the array detector. Hence, the design satis-
fies the seamless connection requirement between two neighboring sub-spectral regions without any missing
wavelengths throughout the entire wavelength range. In tests by a dual-element Hg—Ar light source, the system
shows the performance evaluated by the highest spectral data density of the k parameter achieved to date, which
is about 2.1 x 104 2.9 x 10% and 2.7 x 10%, in the 200-305 nm, 305-593 nm and 593-1000 nm wavelength regions,
respectively. Note that k = (total wavelength range)/(pixel resolution), which corresponds to a one-dimensional
total of approximately 7.7 x 10* wavelength data points measured at once in the entire 200-1000 nm spectral
region without any moving element. The experimentally measured data have verified that the resolution of the
spectrometer is greater than 0.005 nm/pixel, 0.010 nm/pixel and 0.015 nm/pixel in the 200-305 nm, 305-593 nm
and 593-1000 nm wavelength regions, respectively, which is in good agreement with the theoretically expected
values in the design. Therefore, by using the advanced 2D array detectors and multiple-grating modules, the
concept of the zero-off-axis configuration proposed in this work has unique merit that enables it to be used in
many other types of spectrometers for a broad range of applications in the future.

Methods

The spectrometer with a coma-free configuration and a compound integrated grating module is schematically
illustrated in Fig. 5, in which the system is designed with zero off-axis angles, « and . The module of grating Gx
consists of 44 sub-gratings which are in parallel arranged in the direction perpendicular to the incident plane
of light. By coupling of the fiber to the slit S with a size of 10 um (width) and 0.6 mm (height), the light signal
is input to the system. The incident light will enter along path L1 through a hole centered between gratings 22
and 23, as shown in Table 1, and then be reflected along path L2 by spherical mirror M1 having a focal length
of 750 mm.

The collimated light enters the grating module Gx with a zero off-axis angle of a =0, referring to the con-
ventional C-T configuration shown in Fig. 1. The first order (m=1) of diffraction, which has higher efficiency
for all gratings, was applied. The set of filter F was applied to cut off the high order (m > 2) of the diffracted light
effectively in each sub-spectral range. The light diffracted by the grating module Gx will travel along path L3 and
be reflected by toroidal mirror M2, which has two focal lengths, i.e., one is 750 mm in the direction parallel to
the incident plane of light, and the other is 915 mm in the direction perpendicular to the incident plane of light.
The diffracted light was reflected by mirror M2 along path L4 with a zero off-axis angle of =0 at the 2D focal
plane of the CCD detector (PIXIS-2048-BUVcamera) (https://www.princetoninstruments.com/products/pixis
-family), which has dimensions of 2048 x 2048 pixels with a pixel size of 13.5x 13.5 um? and a SiO, transparent
window to work in the 200-1000 nm spectral range with higher sensitivity in the 200-375 nm range. Thus, the
integrated spectra of 44 gratings will be imaged with a size <27.6 mm at the 750 mm focal position in the direc-
tions perpendicular to the incident plane of light and be filled entirely to the focal plane of the CCD detector.
By measuring the 44-fold spectra in the 200-1000 nm wavelength region, the physical size of the photoelectron
detection area is one-dimensionally extended by a factor of 44, reaching about 1216 mm with greater than 9x 10*
pixels along the diffraction direction at the focal plane of the array detector.

As shown in Fig. 5b, the camera with the 2D BSI-CCD array detector was placed on the top of the grating
module with a small oft-axis tilt angle of approximately 6° in the direction perpendicular to the diffraction plane
without the coma effect. Thus, every sub-spectral region, each with dimensions of approximately 46 x 2048 pixels,
has a light-detecting area of about 0.62 mm x 27.6 mm at the 2D focal plane of the detector in the directions
perpendicular and parallel to the incident plane of light, respectively.

Given the arrangement of 44 gratings with the parameters listed in Table 1, gratings 11-22 with g=3600
lines/mm and dispersion greater than 0.005 nm/pixel work in the 200-305 nm spectral range, gratings 1-10
and 39-44 with g=1800 lines/mm and dispersion greater than 0.010 nm/pixel work in the 305-593 nm spec-
tral range, and gratings 23-38 with g=1200 lines/mm and dispersion greater than 0.015 nm/pixel work in the
593-1000 nm spectral range.

Received: 15 July 2020; Accepted: 18 December 2020
Published online: 13 January 2021

References

. Savage, N. Spectrometers. Nat. Photon. 3, 601-602 (2009).

. Drude P. The Theory of Optics, Ch. 111, translated by A. A. Michelson in 1902 (Dover publications, Inc. New York, 1900).

. Czerny, M. & Turner, A. F. On the astigmatism of mirror spectrometers. Z. Phys. 61, 792-797 (1930).

. Kingslake, R. The diffraction structure of the elementary coma image. Proc. Phys. Soc. 61, 147-158 (1948).

. Rosendahl, G. R. Contributions to the optics of mirror systems and gratings with oblique incidence. III. Some applications. J. Opt.
Soc. Am. 52, 412-415 (1962).

G W N =

Scientific Reports |

(2021) 11:1093 | https://doi.org/10.1038/s41598-020-80307-z nature research


https://www.princetoninstruments.com/products/pixis-family
https://www.princetoninstruments.com/products/pixis-family

www.nature.com/scientificreports/

[=INeREe RN o)}

—

11.
12.
. Born, M. & Wolf, E. Principles of Optics 6th edn. (Pergamon Press, Oxford, 1993).
14.
15.
16.

17.

25.

26.
27.

28.
29.
30.
31.
32.

33.
34.

35.
36.
37.

38.

. Shafer, A. B., Megil, L. R. & Droppleman, L. Optimization of the Czerny-Turner spectrometer. J. Opt. Soc. Am. 54, 879-887 (1964).
. Dalton, M. L. Jr. Astigmatism compensation in the Czerny-Turner spectrometer. Appl. Opt. 5, 1121-1123 (1966).

. Shafer, A. B. Correcting for astigmatism in the Czerny-Turner spectrometer and spectrograph. Appl. Opt. 6, 159-160 (1967).

. Allemand, C. D. Coma Correction in Czerny-Turner spectrographs. J. Opt. Soc. Am. 58, 159-163 (1968).

. Reader, J. Optimizing Czerny-Turner spectrographs: A comparison between analytic theory and ray tracing. J. Opt. Soc. Am. 59,

1189-1196 (1969).

Bates, B., McDowell, M. & Newton, A. C. Correction of astigmatism in a Czerny-Turner spectrograph using a plane grating in
divergent illumination. J. Phys. E 3, 206-210 (1970).

McDowell, M. Design of Czerny-Turner spectrographs using divergent grating illumination. Opt. Acta 22, 473-475 (1975).

Goto, M. & Morita, S. Spatial distribution measurement of atomic radiation with an astigmatism-corrected Czerny-Turner-type
spectrometer in the Large Helical Device. Rev. Sci. Instrum. 77, 10F124 (2006).

Austin, D. R., Witting, T. & Walmsley, I. A. Broadband astigmatism-free Czerny-Turner imaging spectrometer using spherical
mirrors. Appl. Opt. 48, 3846-3853 (2009).

Lee, K. S., Thompson, K. P. & Rolland, J. P. Broadband astigmatism-corrected Czerny-Turner spectrometer. Opt. Express 18,
23378-23384 (2010).

Chen, T. A, Tang, Y., Zhang, L. J., Chang, Y. E. & Zheng, C. Correction of astigmatism and coma using analytic theory of aberra-
tions in imaging spectrometer based on concentric off-axis dual reflector system. Appl. Opt. 53, 565-576 (2014).

. Xia, G. et al. Astigmatism-free Czerny-Turner compact spectrometer with cylindrical mirrors. Appl. Opt. 56, 9069-9073 (2017).
. Haynes, W. M. Atomic, molecular, and optical physics. In CRC Handbook of Chemistry and Physics, 95th edition, Sec.10, (CRC

press, Boca Raton, 2015).

. Malara, P. et al. A self-operating broadband spectrometer on a Droplet. Nat. Commun. 11, 1-5 (2020).

. Cheng, R. et al. Broadband on-chip single-photon spectrometer. Nat. Commun. 10, 1-7 (2019).

. Faraji-Dana, M. et al. Compact folded metasurface spectrometer. Nat. Commun. 9, 1-8 (2018).

. Jiang, A.-Q. et al. Ultrahigh-resolution spectrometer based on 19 integrated gratings. Sci. Rep. 9, 1-7 (2019).

. Fercher, A. E, Hitzenberger, C. K., Kamp, G. & El-Zaiat, S. Y. Measurement of intraocular distances by backscattering spectral

interferometry. Opt. Commun. 117, 43-48 (1995).

Bacon, C. P, Mattley, Y. & Defrece, R. Miniature spectroscopic instrumentation: Applications to biology and chemistry. Rev. Sci.
Instrum. 75, 1-16 (2004).

Rolland, J. P. et al. Gabor-based fusion technique for optical coherence microscopy. Opt. Express 18, 3632-3642 (2010).

Wryatt, A. S., Walmsley, I. A, Stibenz, G. & Steinmeyer, G. Sub-10 fs pulse characterization using spatially encoded arrangement
for spectral phase interferometry for direct electric field reconstruction. Opt. Lett. 31, 1914-1916 (2006).

Koshelev, A. et al. Combination of a spectrometer-on-chip and an array of young’s interferometers for laser spectrum monitoring.
Opt. Lett. 39, 5645 (2014).

Wan, Y. et al. Compact characterization of liquid absorption and emission spectra using linear variable filters integrated with a
cmos imaging camera. Sci. Rep. 6,29117 (2016).

Das, A. J., Akshat, W,, Ishan, K. & Ramesh, R. Ultra-portable, wireless smartphone spectrometer for rapid, non-destructive testing
of fruit ripeness. Sci. Rep. 6, 32504 (2016).

Jia, S. et al. Evaluation of hyperspectral lidar for monitoring rice leaf nitrogen by comparison with multispectral lidar and passive
spectrometer. Sci. Rep. 7, 40362 (2017).

Mashiko, H. et al. Characterizing inner-shell with spectral phase interferometry for direct electric-field reconstruction. Nat Com-
mun. 16, 5599 (2014).

Harnly, J. M. & Fields, R. E. Solid-state array detectors for analytical spectrometry. Appl. Spectrosc. 51, 334A-351A (1997).

Chen, Y. R. et al. Densely folded spectral images of the ccd spectrometer working in the full 200-1000 nm wavelength range with
high resolution. Opt. Express 13, 10049-10054 (2005).

Liu, M. H. et al. Path-folded infrared spectrometer consisting of 10 sub-gratings and a two-dimensional InGaAs detector. Opt.
Express 17, 14956 (2009).

Longwell, J., Burns, K. & Adams, K. B. Interference measurements in the spectra of neon and natural mercury. J. Opt. Soc. Am. 40,
339-344 (1950).

Blechinger, E,, Harnisch, B. & Kunkel, B. Optical concepts for high resolution imaging spectrometers. Proc. SPIE 2480, 165-179
(1995).

Mouroulis, P., Green, R. O. & Chrien, T. G. Design of pushbroom imaging spectrometers for optimum recovery of spectroscopic
and spatial information. Appl. Opt. 39, 2210-2220 (2000).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Nos. 61427815 and 61274054).

Author contributions

L.Y.C. conceived the idea for the spectrometer and supervised the project. L.Y.C., Y.X.Z., H.B.Z. and S.Y.W.
designed the spectrometer and confirmed the parameters. H.T.T., A.Q.J., ].K.C., W.J.L. K.Y.Z. and H.Q.T. were
responsible for the system construction, programming and testing of the spectrometer. YM.Y. assisted in the
preparation of the components. L.Y.C, H.T.T. and A.Q.J. wrote the manuscript including figures. L.Y.C., O.Y.,
X.DX, YPL,HB.Z, YX.Z, SYW, ]P. G, RJ. Z, J.L. and W.D.L. discussed the results and manuscript. All
authors edited and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.-Y.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:1093 | https://doi.org/10.1038/s41598-020-80307-z nature research


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:1093 | https://doi.org/10.1038/s41598-020-80307-z natureresearch


http://creativecommons.org/licenses/by/4.0/

	A coma-free super-high resolution optical spectrometer using 44 high dispersion sub-gratings
	Experimental results
	Discussions
	Summary
	Methods
	References
	Acknowledgements


