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Abstract: The echelle grating spectrometer, with a wide spectral range and high-resolution spectral 

analysis, is one of the best tools for fine spectral measurement. Nevertheless, it suffers from exces-

sive residual aberrations and a large overall size. In this study, the design and implementation of a 

novel asymmetric Czerny–Turner ultra-wide spectral range achromatic echelle spectrometer are de-

scribed. The echelle spectrometer has three channels, and it uses an off-axis parabolic mirror to ob-

tain collimated light without aberrations. Three sets of gratings and dispersive prisms with different 

coatings are utilized as cross-dispersion elements to acquire two-dimensional images containing 

spectral information. Suitable detectors are selected according to the requirements of each channel, 

and three sets of coaxial focusing lenses are designed separately to minimize the aberration. The 

results of the simulation analysis by ZEMAX indicate that in the entire operating band (200–1100 

nm), the root mean square radius of the dispersion spots is ≤ 2.2 μm, all of which are located within 

the limited range of the size of the detector, thus ensuring that the system’s spectral resolution 

reaches 0.02 nm at 200 nm, 0.04 nm at 650 nm, and 0.1 nm at 1100 nm. 
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1. Introduction 

The method of identifying substances and determining their chemical composition 

and relative content according to a spectrum is called spectral analysis. It is widely used 

in fields such as astronomy, national defense, agriculture, and medicine [1–3]. Therefore, 

the manufacture of high-resolution, wide spectral range, compact, and speedy-response 

spectroscopic instruments is of immense significance for the promotion of the develop-

ment of science and technology. 

In 1949, Harrison analyzed the characteristics, design, and manufacturing methods 

of echelle gratings and described the common design problems associated with the echelle 

spectrometer [4]. The echelle spectrometer uses an echelle grating as the main dispersion 

element and is equipped with auxiliary dispersion elements such as prisms or gratings, en-

abling the simultaneous direct acquisition of high-resolution, broadband spectral infor-

mation without scanning. Given these advantages, the echelle spectrometer is one of the 

most effective tools for exploring the cosmos [5–9]. However, owing to the significant lim-

itations of the manufacturing capability of the area array detector elements (particularly 

the near-infrared InGaAs detector) and the residual aberrations at the edge wavelength 

[10,11], the conventional symmetric Czerny–Turner (C–T) echelle spectrometer has diffi-

culty meeting broad spectrum, high resolution, and high imaging quality requirements 

simultaneously [12,13]. Aberrations therefore need to be minimized to achieve the opti-

mum performance of the individual components. 

The main aberrations, common correction methods, and the advantages and disad-

vantages of the ordinary C–T spectrometer system structure are as follows: 
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(1) Spherical aberration: the field of view of the echelle spectrometer is generally small, 

and the influence of spherical aberrations can be reduced through optical design. 

There are two common solutions: first, according to the Rayleigh criterion, if the sys-

tem F-number is defined as �# = �� ∕ � and the relationship between the system fo-

cal length �� and the F-number �# satisfies �� ≤ 256�(�#)�, the spherical aberration 

has little influence [14]; second is the use of off-axis parabolic mirrors, which can focus 

collimated light without introducing spherical aberrations [15] at the expense of a 

worse coma for off-axis beams. 

(2) Coma: the most common method for eliminating coma in C–T spectrometers is the 

combination of collimating and focusing mirrors with the same curvature radius and 

opposite off-axis angles proposed by inventors Czerny and Turner. Later, the asym-

metric structure was developed, which can also eliminate the coma of a specific wave-

length when certain conditions are met [16]. However, these methods are limited to a 

single wavelength and the problem can only be partially offset in the rest of the wave-

length range by the collimating and focusing mirrors with the opposite sign of the 

coma. 

(3) Astigmatism: to eliminate the astigmatism of the C–T grating spectrometer, it is nec-

essary to add additional elements such as a lens [17], e.g., an aspherical or free-form 

cylindrical lens [18], and toroidal mirrors [19]. In addition, Wood and Lawler devised 

a method of rotating auxiliary dispersive elements [20]. However, the aforementioned 

methods impose high demands on optical processing and assembly, resulting in high 

costs and long cycles, which are not conducive to product industrialization. 

In addition, the collimating and focusing mirrors of the conventional C–T spectrom-

eter have the same curvature radius; thus, the optical system magnification ratio is 1:1. In 

other words, without considering the aberration, the size of the ideal slit spectral image 

corresponding to each wavelength on the detector is the same as the slit size. To achieve 

the best match between the spectral resolution and detector performance, the pixel size 

(after binning) must be equal to or slightly smaller than the slit size. 

Furthermore, the spectral resolution is also limited by the number of pixels, espe-

cially in the near-infrared (NIR) spectral range. The number of pixels in a conventional 

InGaAs NIR area array detector is 640 × 512. There is clearly a trade-off between a wide 

spectral range and high spectral resolution. 

In previous studies, the use of a spherical or parabolic reflector for focusing has been 

a common approach, and this has the advantages of a simple structure and no chromatic 

aberrations. However, with the increasing demand for ultraviolet (UV) to NIR broadband 

applications for atomic, molecular, and fluorescence spectroscopy, there are additional 

problems that need to be addressed for system optimization. First, the residual aberrations 

at the edge wavelengths of each order are particularly significant compared with those at 

the center wavelengths due to the lower aberration correction capability of individual 

mirrors. Second, the characteristics of high spectral resolution, wide wavelength range, 

and compact structure are difficult to satisfy simultaneously due to the detector perfor-

mance and size. In this study, the core indicators of the echelle spectrometer and its main 

influencing factors are analyzed, and a new type of asymmetric C–T ultra-wide spectrum 

achromatic high-resolution echelle spectrometer that uses an off-axis parabolic mirror for 

collimating and three sets of coaxial lens for focusing is proposed. The spectrometer min-

imizes aberrations, increases system robustness, reduces the requirements for detectors, 

and reduces the difficulty and cycle of processing and assembly while ensuring high res-

olution across a wide spectral range. The spectrometer operates at a wavelength of 200–

1100 nm, and the size of the ideal slit spectral image corresponding to each wavelength 

on the detector is slightly smaller than the pixel size of the detector (after binning). More-

over, the root mean square (RMS) radius of the dispersion spots over the entire spectral 

range is ≤ 2.2 μm. As a result, the aberrations have been corrected effectively, ensuring 

that the spectral resolution of the spectrometer reaches 0.02 nm at 200 nm, 0.04 nm at 650 

nm, and 0.1 nm at 1100 nm. 
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2. Optical Layout of the Echelle Spectrometer 

To realize the precise detection of multi-element spectral lines, the echelle grating 

spectrometer must meet the requirements of both a wide spectral range and high resolu-

tion. The specific design parameters are shown in Table 1. 

Table 1. Parameters of the designed system. 

Parameter Values 

Detection spectrum 200–1100 nm 

Spectral resolution <0.1 nm (entire spectrum) 

Slit size 25 × 25 μm 

Collimator focal length 200 mm 

Collimator aperture 25 mm 

Since the detection spectra of the instrument span from deep UV to NIR, and consid-

ering the limitations of component manufacturing capability, the coating process, and 

synchronous response capability, the optical path is designed with three channels. The 

optical train designed by ZEMAX is depicted in Figure 1. The spectrometer adopts an 

asymmetric C–T structure with a compact layout and consists of six main components: a 

slit plane, a parabolic collimator, three echelle gratings, three dispersive prisms, three 

camera optics, and three detector arrays. Channels 1, 2, and 3 all use coaxial optical sys-

tems. It is worth noting that channel 1 uses a Cassegrain system for focusing because there 

are few types of UV glass, and most of them are expensive. 

 

Figure 1. Optical path through the designed spectrometer. (a) Overall optical path of the spectrom-

eter, (b) UV channel (channel 1), (c) visible channel (channel 2), and (d) NIR channel (channel 3). 1: 

slit; 2: off-axis parabolic collimating mirror; 3, 6, and 10: folding mirror; 4 and 5: beam splitter; 7, 11, 

and 14: echelle grating; 8, 12, and 15: dispersive prism; 9, 13, and 16: camera. 
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3. Theory and Design Method 

3.1. Collimating Mirror 

The off-axis parabolic mirror allows perfect imaging of the on-axis field of view con-

jugated at a finite distance, and there are no monochromatic or chromatic aberrations. 

Nonetheless, the off-axis field of view suffers from significant coma aberrations. 

Although the echelle spectrometer designed in our study features a small field of 

view, the off-axis parabolic mirror is highly sophisticated in terms of its processing and 

detection technology, and it can be constructed quickly and at low cost. Therefore, an off-

axis parabolic mirror is used for collimation. To reduce the size of the optical machine, the 

focal length of the off-axis parabolic mirror is set to 200 mm, and the effective clear aper-

ture is 25 mm. 

3.2. Detector 

The main parameters of the detector are the spectral response characteristics, the 

number of saturated electrons, the quantum efficiency, the pixel size, and the number of 

pixels. 

The spectral response characteristics are generally selected depending on the task 

requirements. The detector performance improves with an increasing number of satu-

rated electrons and higher quantum efficiency. To achieve the same performance index, 

the smaller the pixel size p, the shorter the focal length of the corresponding optical sys-

tem, which can further reduce the size, weight, and cost of the entire instrument. How-

ever, the reduction in the pixel size decreases the sensitivity of the detector. In addition, it 

increases the Nyquist spatial frequency, causing a reduction in the modulation transfer 

function of the optical system. In particular, as the pixel size approaches the diffraction 

limit, the design, processing, and assembly become considerably more difficult. To ensure 

the imaging quality, the F-number must be reduced, which inevitably increases the size 

and weight of the instrument. Therefore, all of these characteristics must be considered in 

the selection of the detector pixel size to achieve the best performance. 

Suitable spectral resolution can be ensured on the basis of a sufficient number of pix-

els. For echelle spectrometers, the collection of the spectrum by the detector should com-

ply with the Nyquist sampling theorem, i.e., the spatial distribution frequency of pixels 

must be twice the frequency of the variation in spectral profile. In other words, if the spec-

tral resolution is r, the minimum center-to-center distance of the spots on the detector for 

adjacent spectra must satisfy Δ��� ≥ 2�. Furthermore, it was found that the lower the or-

der of the echelle grating, the larger the free spectral range. If the longest free spectral 

region corresponding to the lowest working level is Δ����, to meet the resolution require-

ment, the number of pixels on the long side of the detector (after binning) must satisfy the 

following: 

������ ≥ 2 ×
�����

�
. (1)

According to the calculation result of Equation (1), a GSENSE5130 detector with a 

pixel size of 4.25 μm × 4.25 μm and a pixel number of 5056 × 2968 was set for channels 1 

and 2. A GD6883-64015-MD NIR detector with a pixel size of 15 μm × 15 μm and a pixel 

number of 640 × 512 was set for channel 3. In this study, the pixels of the GSENSE5130 are 

merged (5 × 5 binning) to improve the performance of the instrument and ensure the fea-

sibility of its optical design, processing, and adjustment while maintaining the spectral 

resolution. After merging, the pixel size of channels 1 and 2 is 21.25 μm × 21.25 μm, and 

the number of pixels is 1011 × 593. 

3.3. Echelle Grating 

The echelle spectrometer generally utilizes a non-cross C–T structure, and the echelle 

functions under the conditions of a quasi-Littrow configuration with an off-axis angle 

from the incident light [21]. 
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3.3.1. Principles of Design or Selection 

When the echelle grating satisfies the quasi-Littrow condition, for a certain order m, 

the diffraction follows the following equation: 

�� = ���������� + ����������, (2)

where d is the groove spacing of the echelle grating, β0 is the blaze angle, β’ is the diffrac-

tion angle, and γ is the off-axis angle. In particular, for the central wavelength λcen, 

����� = �sin��cos� + �sin��cos� = 2�sin��cos�. (3)

The corresponding free spectral region Δλ of this order is defined as the interval 

where the adjacent order spectra almost overlap. This can be written as follows: 

�(� + ∆�) = (� + 1)�. (4)

Equation (4) can be simplified as: 

∆� =
����

�
. (5)

The angular dispersion of the echelle grating can be calculated using differentiating 

Equation (2): 

��

��
=

�

����������
. (6)

For a specific echelle grating, the wavelength, diffraction angle, free spectral region 

width, and dispersion ratios corresponding to each order of the echelle grating can be 

calculated according to Equations (2), (3), (5) and (6). For the same echelle grating, ������ 

is a constant. Therefore, when the wavelength is shorter, the working order is higher, the 

free spectral region is shorter, and the diffraction angle range is smaller. However, the 

angular dispersion is larger. Therefore, provided that the longest wavelength meets the 

spectral resolution requirements, a higher spectral resolution can be achieved in the short-

wave direction. 

3.3.2. Matching of Echelle Gratings and Detectors 

Assuming that the maximum number of effective pixels in a single row (or single 

column) of the detector is Hmax, regardless of the inclination and nonlinearity of the stripes, 

the largest free spectral region corresponding to the lowest order covering a single row 

(column) is used for calculation. According to Equation (1), the largest free spectral region 

should satisfy the following: 

∆���� ≤
����×�

�
. 

(7)

According to Equation (6), the minimum order of the echelle grating can be calcu-

lated from the upper limit of the detection wavelength: ���� ≥ �
����

∆����
�, where ⌈ ⌉ means 

round up. Combined with Equation (4), the grating constant and the blaze angle must 

satisfy �sin�� ≥
������������

�����
 to ensure the realization of full spectral resolution. 

3.3.3. Comparison of Dispersion Capability of Different Echelle Gratings 

Based on the parameters of the three different echelle gratings mentioned above, Fig-

ure 2 demonstrates the relationship between the diffraction angle and the angular disper-

sion corresponding to each wavelength under different working orders. 

The variation ranges of the echelle angular dispersion of channels 1, 2, and 3 are 

4.1426–10.3566, 5.2010–8.9672, and 2.5857–3.5461 mrad/nm, and the maximum diffraction 

angles are 2.2826°, 8.9313°, and 4.6398°, respectively. Among these, the echelle grating in 

channel 3 features a low working level and angular dispersion owing to the limited num-

ber of pixels. 
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Figure 2. Wavelength–diffraction angle–angular dispersion relationship of the echelle gratings. (a) 

Schematic of the three channels, (b) channel 3, (c) channel 2, and (d) channel 1. dβ/dλ is the angular 

dispersion, β’ is the diffraction angle, m is the order. 

3.4. Dispersive Prism 

The dispersion ability of a prism is evaluated based on the change in the refractive 

index in the medium at different wavelengths. The law of refractive index change with 

changing wavelength is most commonly expressed by the Sellmeier formula [22]: 

��
� = 1 +

����

�����
+

����

�����
+

����

�����
, (8)

where Ki and Li are the Sellmeier coefficients that can be obtained by fitting the measured 

data using the least squares method. 

Common prism materials include optical glass, such as BK7, and crystalline materi-

als, such as fused silica (F-Silica), CaF2, and LiF. At 20 °C and atmospheric pressure, the 

Sellmeier coefficients and wavelength–refractive index curves of the four materials are 

presented in Table 2 and Figure 3a, respectively. As shown in Figure 3a, the optical glass 

materials, such as BK7, are limited in the UV band. As a result, the requirements for a 

spectral range of 200–300 nm cannot be achieved. The refractive index changes of F-Silica, 

CaF2, and LiF at 200–1100 nm are 0.1014, 0.0669, and 0.0503, respectively. It is obvious that 

the refractive index span of fused silica material is larger in this spectral range. 
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Table 2. Sellmeier formula constants for common prism materials. 

Material K1 L1 K2 L2 K3 L3 

F-Silica 0.6837 0.0046 0.4203 0.0134 0.5850 64.4933 

CaF2 0.5676 0.00253 0.4711 0.01008 3.848 1200.56 

LiF 0.9255 0.00544 6.9675 1075.2 0 0 

BK7 1.040 0.006 0.2318 0.02002 1.0105 103.56 

 

Figure 3. (a) Index of refraction versus wavelength. (b) Angular dispersion corresponding to differ-

ent wavelengths and prism apex angles. 

According to Equation (8), the angular dispersion of the reflective dispersive prism 

is [23]: 

��

��
=

��(�)��� �����������
��� �

�(�)
�����������������

��� �

�(�)
���

��(�) ��� �

���(�)���� ��

�����(�)�����������
��� �

�(�)
��

, (9)

where i is the incident angle, α denotes the prism apex angle, and n(λ) is the refractive 

index at wavelength λ. 

Considering the incident angle of 33° as an example, the angular dispersion of F-

Silica, LiF, CaF2, and BK7 can be estimated based on Equation (9). Figure 3b shows the 

three-dimensional relationships between the angular dispersion, wavelength, and prism 

apex angle of these four materials. It is shown that angular dispersion increases with the 

apex angle of the prism at a constant wavelength for each of the materials. However, as 

the wavelength increases, the angular dispersion of the prism declines and tends to be 

uniform for a constant apex angle. This result suggests that the long-wave region features 

higher requirements for tolerance and image recognition. Comparing the angular disper-

sion of the four materials, it is worth noting that BK7 shows the highest angular dispersion 

at a constant wavelength in the spectral range of 320–1100 nm, followed by F-Silica. In 

fact, F-Silica shows the highest angular dispersion for the full spectral range of 200–1100 

nm. Furthermore, given its lower cost and small thermal expansion coefficient, F-Silica is 

the best choice for auxiliary dispersion components within the spectral range of 200–1100 

nm. 
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3.5. Focusing Lens 

The schematic of the single-channel echelle spectrometer is shown in Figure 4. 

l
focD

2

collD

collf

focf

 

Figure 4. Schematic of the echelle spectrometer. 

3.5.1. Determination of Focal Length 

The focal length of the focusing mirror is limited by the following factors. 

(1) The object–image relationship of the spectrometer: the incident slit of the spec-

trometer is used as an object. Light of different wavelengths passes through the dispersion 

system and forms the corresponding images on the same slit at different positions of the 

detector. The ratio of the size of the slit imaged by the detector to the original size ξ is as 

follows: 

��

�
=

��

�
=

����

�����
, (10)

where y and y’ are the height of the object and the image, respectively, and fcoll and ffoc are 

the focal lengths of the collimating mirror and focusing mirror, respectively. 

(2) Detector pixel size and spectral resolution: according to the Nyquist sampling 

theorem, the focal length of the focusing lens satisfies the following: 

���� ≥
�

������
� �

, (11)

where ��
�  is the instantaneous field of view of the focusing lens. 

Assuming that in critical cases, the number of detector pixels only just satisfies Equa-

tion (10), the upper and lower limits of the focal length of the focusing mirror can be cal-

culated as follows. 

(1) The upper limit of the focal length of the focusing mirror: the image size of the slit 

in the detector must be smaller than the size of a single pixel, thus � ≥ ��; substituted into 

Equation (10), ffoc can be calculated as: 

���� ≤
�

�
× �����. (12)

(2) The lower limit of the focal length of the focusing lens: according to the Nyquist 

sampling theorem, the wavelength corresponding to the adjacent ±1 pixel of the pixel 

where the central wavelength is located can be written as follows: 

�������
±� = ������� ±

�

�
. (13)

The diffraction angle �±�
�  corresponding to �������

±�  satisfies: 

��������
±� = � sin �� cos � + � sin �±�

� cos �. (14)
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If we let Δ�±�
� = �±�

� − �� and substitute it into Equation (11), the focal length is: 

���� ≥
�

������
� �

=
�

����������±�
� ��

. (15)

Combining Equations (12) and (15), the upper and lower limits of the focal length can 

be expressed as follows: 

�

����������±�
� ��

≤ ���� ≤
�

�
× �����. (16)

3.5.2. Determination of Field of View 

The angle between the diffracted light at the upper and lower edge wavelengths of 

the lowest working order of the echelle grating is the maximum field angle of the focusing 

lens. 

The center wavelength λcen-max corresponding to the lowest order mmin is determined 

by Equation (4) and can be expressed by the following equation: 

�������� =
�� ��� �� ��� �

����
. (17)

The diffraction angles corresponding to the upper and lower wavelengths of the free 

spectral region of this order are: 

�
���

� = ��� sin �
(������)���

� ��� �
− sin ��

�����
� = ��� sin �

���������

� ��� �
− sin ��

. (18)

Therefore, the field of view of the focusing lens can be estimated as: 

2� = ���
� − �����

� . (19)

3.5.3. Determination of Aperture Size 

For the focusing system, the aperture diaphragm is located in the echelle grating, the 

size of which is consistent with the effective clear aperture of the collimating lens. Even-

tually, as shown in Figure 4, the dimensions of the focusing lens can be determined as 

follows: 

���� = ����� + 2� tan �. (20)

4. Results and Discussion 

All the system parameters mentioned above are shown in Table 3, and the optical 

structure of the designed spectrometer is shown in Figure 1. The dimensions of the optical 

system in Figure 1 are approximately 600 mm × 280 mm × 130 mm. The performance in 

terms of resolution and image quality is analyzed in the following section. 

Table 3. Parameters of the echelle gratings. 

Parameter Channel 1 Channel 2 Channel 3 

Detection spectrum (nm) 200–500 450–850 800–1100 

Groove spacing (lines/mm) 54.5 79 42 

Blazing angle (°) 46 63.43 54.74 

Diffraction order 52–130 26–50 35–48 

Off-axis angle (°) 10 10 10 

Focusing lens 

Focal Length (mm) 103 ≤ ����� ≤ 170 91 ≤ ����� ≤ 170 116 ≤ ����� ≤ 120 

Field of view (°) 2.3 8.9 4.6 

Aperture size (mm) 34.8 66.1 43.0 
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4.1. Verification of Spectral Resolution 

The grating is used as the main dispersive element with a resolution of R = mN, where 

N is the total number of lines. However, the resolving power is a theoretical limit value, 

because the slit in the focal plane of the collimator is assumed to be infinitely small and 

the grating is considered to be an ideal parallel, equal-width, and equally spaced N slit 

array. In fact, with the incident slit width ξ, the systematic resolution of the grating spec-

trometer is [24]: 

�� = �
�×�×�

�×�×��� �
, (21)

where D and f are the aperture size and focal length of the collimator, respectively. 

According to the above parameters for the three channels, the edge and center wave-

length resolution capabilities were calculated, and the results are shown in Table 4. Based 

on the calculation of spectral resolution Δ� = � ∕ �, the instrument has a theoretical reso-

lution of better than 0.05 nm over the entire spectral range. The design scheme follows the 

Nyquist sampling theory and can meet the detection requirements with a resolution of 

better than 0.1 nm over the full spectral range. 

Table 4. Resolution of edge and center wavelengths. 

Channel m λ(nm) R � λ(nm) 

Channel 1 

130 200 180,299 16,319  0.012 

74 350 102,632 16,256 0.022 

52 500 72,120 16,319 0.031 

Channel 2 

50 450 156,110 31,791 0.014 

34 650 106,155 31,226 0.021 

26 850 81,177 31,226  0.027 

Channel 3 

48 800 61,734 22,350 0.036 

41 950 52,731 22,670 0.042 

35 1100 45,014 22,408 0.049 

4.2. Evaluation of Image Quality and Spectral Resolution 

The above analysis and calculations show that the completion of calculations for 

channel 3 are the most difficult. Therefore, if the design can meet the requirements of this 

channel, then channels 1 and 2 can definitely achieve better resolutions. Therefore, the 

evaluation of channel 3 is of primary importance. 

Figure 5a shows the different order fringes of the spectral signal on the detector of 

channel 3. In this case, the lowest order, m = 35, corresponds to the longest free spectral 

region of 31.3 nm. Regardless of the curvature and non-linearity of the fringes, a minimum 

of 625 pixels is required to achieve a resolution of 0.1 nm. Therefore, the long side of the 

detector should be almost parallel to the direction of the fringes during assembly. Figure 

5b displays the spot diagrams of the upper wavelength of 1100.0 nm ± 0.3 nm with a step 

size of 0.1 nm. The size of the corresponding image plane of a single square is 20 μm × 20 

μm, and the center distance between the adjacent dispersion spots is greater than 2p = 30 

μm, characteristics that satisfy the Nyquist sampling theorem and can achieve a spectral 

resolution of 0.1 nm. The spot diagram of the lower wavelength of 800.0 nm ± 0.3 nm with 

a step size of 0.1 nm is shown in Figure 5c. The size of a single square is 40 μm × 40 μm, 

so the center distance between the adjacent spots is approximately 40 μm, which is greater 

than the 30 μm corresponding to 1100.0 nm. This proves that when the focusing mirror is 

determined, if the spectral interval is fixed at 0.1 nm, the higher the order, the greater the 

distance between the centers of the adjacent spots. In other words, shorter wavelengths 

corresponding to higher orders can achieve improved spectral resolution under this con-

dition. Figure 5c,e show that the RMS radii of the spots corresponding to 1100 nm and 800 
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nm are 0.40 μm and 0.78 μm, respectively, which is considerably smaller than the size of 

a single pixel, thus ensuring a spectral resolution better than 0.1 nm. 

 

Figure 5. (a) Free spectrum of 14 orders on the 640 × 512 detector of channel 3. (b,c) Spot diagrams 

of the upper limit wavelength of 1100 nm and its vicinity. (d,e) Spot diagrams of the lower limit 

wavelength of 800 nm and its vicinity. 

To further verify the rationality of the design, seven equally spaced wavelengths in 

the free spectral regions corresponding to the highest, lowest, and center orders of channel 

3 were selected and simulated. The results are shown in Figure 6, and the size of a single 

square is 0.5 μm × 0.5 μm. Overall, the spot size of each order shows an increasing trend 

from the center wavelength to the edge wavelength. The reason is that the center wave-

length of each order corresponds to the on-axis field of view of the focusing lens, while 

the edge wavelength corresponds to the off-axis field of view. In addition, the RMS radius 

of the spot for all wavelengths is < 1.1 μm, which is considerably smaller than the size of 

a single pixel, thus proving that the aberrations of the optical system are significantly cor-

rected in the entire spectrum of 800–1100 nm. 

Finally, the spectral resolution calculations and image quality evaluation for the full 

spectral range of 200–1100 nm are displayed in Figures 7–9. The spectral resolutions of all 

orders of the three channels shown in Figure 7 are better than 0.1 nm, with the highest 

operating orders of channels 1, 2, and 3 being 130, 50, and 48, respectively, and the corre-

sponding optimal spectral resolutions reaching 0.024 nm at 200 nm, 0.035 nm at 450 nm, 

and 0.072 nm at 1100 nm, respectively. Based on this, we selected eight wavelengths at 

equal intervals in the respective spectral ranges of the three channels and traced the rays. 

Figure 8 shows the spot diagram corresponding to each wavelength. Figure 9 shows the 

RMS radius curve of the dispersion spot, and the corresponding size of the single square 

in Figure 8 is 1 μm × 1 μm. It is shown that, over the entire range of the spectrum (200–

1100 nm), the maximum RMS radius of the dispersion spot is 2.01 μm and the average 

RMS radius of the dispersion spot is 0.99 μm, both of which are significantly smaller than 

the detector pixel radii of 10.625 μm (channels 1 and 2) and 7.5 μm (channel 3). As a result, 

the aberrations over the entire spectral range can be considered as effectively corrected, 

which ensures the realization of spectral resolution. 

In addition, it is worth noting that the complexity of the system has been increased 

in order to correct for aberrations, so more attention would need to be paid to the detection 

of inaccuracies in processing and assembly. The most conventional and convenient 



Photonics 2022, 9, 841 12 of 15 
 

 

method would be to use a Zygo interferometer to detect any processing inaccuracies in 

individual components first, and then to measure the aberrations of the combined com-

ponents to ensure that the image quality of the entire optical system meets expectations. 

 

Figure 6. Spot diagrams of seven equally spaced wavelengths: (a) m = 48; (b) m = 40; (c) m = 35. 

 

Figure 7. Spectral resolution—order curve of three channels. 
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Figure 8. Spot diagrams of eight wavelength points on (a) channel 1, (b) channel 2, and (c) channel 

3. 

 

Figure 9. The curve of each spot size in Figure 8. 

5. Conclusions 

In this paper, a novel optical design of an ultra-wide band spectrometer with a com-

pact asymmetrical C–T structure is proposed. The principle of a high-performance echelle 

spectrometer design consisting of a slit plane, a parabolic collimator, three echelle grat-

ings, three dispersive prisms, three camera optics, and three detector arrays is presented 

in detail. The asymmetric design overcomes the limitations of the conventional spectrom-

eter for which the pixels and slits need to be strictly matched. Furthermore, residual aber-

rations are properly corrected by beneficial increases in the optimization variables. The 

results reveal that all the spots in the whole spectral range (200–1100 nm) are located 

within the limited range of the size of the detector. Thus, the spectral resolution of the 
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echelle spectrometer can reach the theoretical value of 0.024 nm at 200 nm, 0.04 nm at 650 

nm), and 0.1 nm at 1100 nm. Overall, the proposed high-performance, real-time, and port-

able spectrometer is suitable for a wide range of applications. 
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