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The combination of two spectrometers in dual-laser Raman devices without the need for moving 
parts represents a significant advancement. This study focuses on design and fabrication of a dual 
spectrometer with no moving components, allowing data to be gathered using a single detector. This 
instrument consists of two Czerny–Turner optical arrangements which is symmetrically merged. Dual 
spectrometer single detector has two light inputs, each of them, concentrating the light separately on 
a one linear charge-coupled device detector through two independent optical paths. In this innovative 
spectrometer design, no optical moving parts are used, and therefore, the wavelength displacement 
error in repeating the spectroscopic experiment is zero. The independent nature of the optical paths 
enables the optimization of each spectrometer arrangement without affecting the other. The final 
spectrometer has a spectral resolution of 4.6 and 6.11 cm− 1 for Full Width at Half Maximum across 
the wavelength ranges of 532 to 708 nm and 784.65 to 1100 nm, respectively. Switching between 
the two different acquisition setups can be done seamlessly and quickly, with the ability to record 
approximately 2000 spectra per second. Standard neon and mercury-argon lamps’ atomic radiation 
spectra, along with Raman scattering data from a cyclohexane standard sample, were successfully 
recorded using laser wavelengths of 532 nm and 784.65 nm.

The design and construction of spectrometers with unique capabilities and applications in various scientific 
fields such as biology, physics, and chemistry are important. Recent studies have focused on integrating 
multiple spectrometers into a single system, resulting in numerous benefits. These advantages include the 
ability to use portable systems for quick analysis1, lower manufacturing costs, fast and precise spectrometry2,3, 
and eliminating the need for repetitive wavelength calibration4,5. The integration of various molecular and 
elemental spectroscopy techniques is one of the key focuses in the design and construction of spectrometers6,7. 
Recent articles have discussed the combination of laser-induced breakdown spectroscopy (LIBS) and Raman 
methods in the Mars rover, resulting in a device capable of capturing a broad range of atomic and molecular 
data in a compact and lightweight design8,9. Additionally, NASA’s Super Cam instrument showcased in the Mars 
probe demonstrated the incorporation of four different remote sensing techniques10. Another area of research 
in specialized spectrometer design involves creating devices with optimized selection intervals for specific 
applications. In some studies, researchers have developed super-high spectral resolution optical spectrometers 
with zero coma aberration over a broad wavelength range by using multiple sub-gratings11–13.

In dual laser Raman systems, it is essential to use two spectrometers to efficiently record the Raman 
spectrum. Each spectrometer is dedicated to recording the distinct Raman spectrum produced by its respective 
laser source. The most expensive component of Raman spectrometers is the detector. By using a spectrometer 
that can record Raman spectra from both lasers with only one detector, cost-effective measures can be taken. 
Additionally, having a single detector enables easy comparisons of results from both spectrometers. Traditional 
systems typically use moving gratings to disperse light onto the detector. However, the process of shifting the 
grating is time-consuming and may lead to calibration errors, requiring frequent recalibrations14–17. By using a 
single spectrometer that covers both laser Raman ranges without any movable parts, the testing process can be 
significantly sped up. This also eliminates the need for frequent recalibrations, reducing the risk of calibration 
errors. Another solution for accommodating the required range for two Raman configurations without any 
moving parts is the Echelle setup. Research indicates that using the Echelle arrangement in Raman spectroscopy 
may lead to a lower signal-to-noise ratio18. Although concentrating the signal on one dimension of the detector 
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can somewhat improve the signal-to-noise ratio (SNR), it does not achieve optimal signal intensity. The inherent 
weakness of the Raman signal highlights the need for a highly sensitive spectrometer, which is why many 
researchers prefer theCzerny–Turner (C–T) arrangement in this field19,20.

To increase flexibility in adjusting the positioning and angle of optical elements, a system that combines two 
(C–T) configurations is used. This setup meets the need for spectral resolution in the specified range without 
introducing any additional aberrations21.

In this paper, two different spectrometer setups have been combined to record spectra in two different Raman 
ranges: 532 nm to 703 nm and 784.65 to 1100 nm. The developed spectrometer has two light entrance slits in 
two side-by-side arms. Light enters from each of these entrance slits and then passes into the corresponding 
C–T spectroscopic setup. After separating the wavelengths by a grating, the light is focused by the corresponding 
mirror onto a linear image sensor (CCD). Due to the importance of signal-to-noise ratio in Raman spectroscopy, 
there is no limit on cutting and reducing the dimensions of optical elements in the design. With suitable exposure 
dimensions, a sufficient signal to noise (SNR) ratio will be achieved.

Contrary to the problem and challenge in the design and optical adjustment of arrangements with moving 
elements, due to the independence of the two integrated spectrometers in Dual Spectrometer Single Detector 
(DSSD), there is no limitation in the adjustment of the optical arrangements. The optical adjustment of each 
spectrometer does not cause any disturbance to the adjustment of the other spectrometer. Each spectrometer 
is designed independently of each other so that the optical aberrations reach their minimum value and the 
maximum signal-to-noise is observed in the output.

The standard peaks of neon and mercury-argon lamps, as reported in the National Institute of Standards and 
Technology (NIST), are used for wavelength calibration22. The Raman spectra were recorded using both lasers 
by using the cyclohexane Raman standard sample23–26. The spectral resolution Full Width at Half Maximum 
(FWHM) is 0.17 nm for the 532 nm -setup and 0.44 nm for the 784 nm setup.

Method
The correlation between the degree of coma aberration and the orientations of the optical components is used 
to optimize the optical setup27,28. In Fig. 1, the angles formed by the incident light beam striking the grating and 
the angles at which it disperses are illustrated.

According to Eq. (1), these angles are related to the diffraction order and the density of the grating lines29.

	 d (sinθ i + sinθ d) = mλ � (1)

In this equation, λ represents the wavelength of the diffracted light. The angles of the incoming light and 
the diffracted light, denoted as θi and θd, correspond to their positions relative to the normal of the grating. 
Additionally, d indicates the width of the grooves, while m refers to the order of diffraction.

The new method presented in accurate wavelength calibration method for compact CCD spectrometer has 
been used30. In this research, noise reduction is done with the binomial method peaks31. The Local Maximum 
Method is used to identify peaks, and a Gaussian function is then fitted to these peaks.

Fig. 1.  The optical path along the surface of the grating.
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In order to remove unwanted background fluorescence from a Raman spectrum, the second derivative 
method is utilized to establish a polynomial function that effectively reduces this interference. By implementing 
this approach, the background is effectively subtracted from the Raman spectrum, enabling more precise 
identification of Raman peaks.

The initial wavelength range of 784.56 nm on the active area of the detector matches perfectly with the final 
wavelength range of 532 nm arrangement. Therefore, the data obtained from the 784.65 nm setup is inversely 
related to that from the 532 nm setup. Consequently, when transitioning between these two setups to collect 
data, the spectrum is presented in a mirrored fashion.

Experimental configuration
The Schematic illustration of the dual laser Raman setup is shown in Fig. 2. In this setup, the Raman spectra 
produced by both lasers are collected into optical fibers. The Raman spectrum generated by the 532 nm laser 
is passed through the optical fiber and fed into the input Slit. Similarly, the Raman spectrum produced by the 
784.65 nm laser is directed into the entrance slit port of its corresponding setup using another optical fiber. The 
lasers are individually activated, with only one laser directed towards the sample through the optical pathway 
at a time. The two C–T arrays are positioned symmetrically next to each other, with the detector placed directly 
in the center between them. The second mirror in each spectrometer is connected to a column holder to ensure 
that the central wavelength light focuses on the detector perpendicularly. By using vertically mounted mirrors 
on a column to concentrate the dispersed light from the gratings, the entire system was made more compact 
and efficient.

The optical plane includes points such as the central points of the mirrors, the diffraction grating, the midpoint 
of the slit, and the horizontal line that intersects the midpoint of the detector and is parallel to its length. The 
optical plane is tilted by 10 degrees around the axis that passes through the center of the detector pixel array. 
Both configurations of the spectrometer have a 10-degree angle, with the angles facing in opposite directions. 
This modification was made without adjusting the angles of the optical components in the spectrometer’s optical 
plane or affecting the second set of mirrors. In Fig. 3, the angle between the horizontal plane and the optical plane 
is shown. When looking at the detector from the front, the wavefront of the light beam input setup emitting from 
entrance slit of 532 nm setup is oriented downward, while the light input setup from entrance slit of 784.65 nm 
setup is oriented upward. When the rotation angle reaches zero degrees, the optical plane aligns perfectly with 
the horizontal plane, making the spectrometer comparable to traditional spectrometers.

The slit inputs in both Raman setups are 25 microns in size. Spherical mirrors with a diameter of 25 mm 
and a focal length of 100 mm are utilized. The gratings have a square shape measuring 25 × 25 mm. The Raman 
grating setups 532 nm and 784.65 nm have line densities of 1200 and 600 lines per millimeter, respectively. The 
Raman spectrum was recorded using the TCD1304DG sensor, known for its exceptional sensitivity and low 
dark current. This high-performance detector has 3648 pixels, each measuring 200 × 8 microns, arranged along 
a single dimension. The sensor can detect wavelengths from 400 nm to 1100 nm, covering the required range for 
dual laser Raman spectroscopy, specifically 532 nm to 708 nm and 784.65 nm to 1100 nm.

Fig. 2.  On the left side of the image is a schematic representation of the Raman setup, and the schematic of the 
DSSD setup is shown on the right side.
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Results and discussion
An operational prototype of a spectrometer has successfully been constructed, with precise measurements 
of 180 mm in length, 180 mm in width, and 122 mm in height. The emission spectra of mercury-argon and 
neon lamps that emit standard radiation were recorded using two different setups. One end of the optical 
fiber was connected to the light source, while the other end was connected to the selected input slit during the 
measurement. In Fig. 4, the radiation spectrum of standard lamps and the Raman spectrum of the standard 
sample of cyclohexane are illustrated. These spectra have been refined using the binomial smoothing method to 
reduce noise. Additionally, to further reduce noise, each Raman spectrum has been averaged five times, and each 
radiation spectrum from the standard lamp has been averaged 100 times. A second derivative method has been 
used to accurately analyze the Raman spectrum, eliminating background spectrum during the fitting process.

The spectrum illustrated in the Fig.  4a from 532  nm setup revealed closely positioned mercury lines at 
576.96 nm and 579.066 nm, as well as neon lines at 614.306 nm and 616.359 nm, which were distinctly separated 
without any overlapping. Additionally, upon closer analysis of the Raman spectrum of the cyclohexane standard 
sample using the 532 nm laser, distinct peaks were identified at 2923.8 and 2938.3 cm− 1. This Raman spectrum is 
shown in Fig. 4b. Similarly, as shown in Fig. 4c, the spectral lines recorded by the 784.65 nm setup, demonstrated 
the ability to distinguish closely located lines for neon and argon lamps at wavelengths of 841.843 nm, 840.82 nm, 
and 842.47 nm. Furthermore, the Raman spectrum of the cyclohexane sample, obtained using a 784.65 nm laser, 
exhibits peaks at 2923.8 cm⁻¹ and 2938.3 cm⁻¹, as illustrated in the spectrum shown in Fig. 4d.

To evaluate the effect of a 10-degree tilt in the optical plane on spectral resolution, we analyzed the 
experimental data collected from spectrometer and compared it with the theoretical predictions. The peaks in 
the experimental spectra were identified using the local maximum peaking method. Subsequently, these peaks 
were analyzed by fitting a Gaussian function to determine their widths. Our data analysis reveals an average 
resolution (FWHM) spectral width of 0.17 nm for the 532 nm configuration, and the 784.65 nm configuration 
yielded a width of 0.44 nm. The fitted Gaussian curves for the peaks corresponding to the neon and mercury 
lamps are illustrated in Fig. 5a and b, respectively. Notably, the peak for the neon lamp, located at a wavelength 
of 616.39 nm, represents the experimental outcome for the 532 nm setup, and the peak for the mercury lamp at 
912.37 nm reflects the experimental result for the 784.65 nm setup.

The determination of spectral resolution in a C–T spectrograph is conducted using (2). Initially, for 
theoretical calculations, it is assumed that the angle formed by the optical plane is zero. Subsequently, Eq. (2) is 
used to calculate the average spectral resolution across the entire spectral range32.

	
FWHM =

(
dl

dλ

)−1

MWS � (2)

In this equation, M represents the tangential magnification of the entrance slit, which is determined by the 
focal length F2 of the second concave mirror, divided by the focal length F1 of the first concave mirror33. This 
relationship can be expressed mathematically as M = F2

F1
= 1. Here, Ws denotes the width of the entrance slit 

and the term dl
dλ  signifies the linear dispersion of the spectrometer. The process outlined in deriving Eq. (1) 

provides a method for calculating this value.

	

dl

dλ
=

F2m

d
√
(1− sin2θ d)

� (3)

By substituting Eq. (3) into Eq. (2) and calculating θ d using Eq. (1), the spectral resolution determines using 
Eq. (4).

Fig. 3.  Associative angle between the horizontal plane and the optical plane in a DSSD configuration: (a) for 
the 532 nm arrangement and (b) for the 784.65 nm arrangement.
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According to the spectral resolution results presented in Table  1, creating a 10-degree angle for the optical 
plane has a negligible effect on the spectral resolution. Optical aberrations play a crucial role in degrading the 
spectral resolution of a spectrometer, leading to discrepancies between theoretical predictions and experimental 
measurements. Spherical mirrors inherently exhibit both spherical aberrations and astigmatism, which cannot 
be entirely eliminated; however, certain techniques can effectively reduce the impact of astigmatism28,34–38. Coma 
aberration, while somewhat manageable using Shaffer’s equation, can only be minimized at specific wavelengths, 
making it impossible to eliminate across the entire spectrum12,39,40.

According to the Lambert’s cosine law, the intensity level increased by a significant 10 degrees when taking 
into account the cosine coefficient41. This is approximately equivalent to 98.5% of the intensity level at a zero-
degree angle.

The relation of wavelength in terms of pixel number, which is obtained by fitting a 3rd degree polynomial 
function on the standard atomic peaks, shows the relationship between each pixel of the detector and the 
wavelength. This is expressed as an Eq. (5).

	 λ p = C + C1P + C2P
2 + C3P

3� (5)

where P represent the pixel number, λ signify the wavelength associated with pixel P, C denote the wavelength 
for pixel 0. The factors C1, C2 and C3 correspond to the first, second and third coefficients, respectively, and 
are measured in units of (nm/pixel), (nm/pixel2) and (nm/pixel3). The results of the third-degree polynomial 
regression are presented in Table 2. The R-squared value of 1 for the 532 nm setup and the R-squared value 

Fig. 4.  (a) and (b) represent the radiation spectrum of standard lamps and the Raman spectrum obtained from 
a cyclohexane sample using a 532 nm setup. Similarly, the spectra recorded with the 784.65 nm configuration 
are included in the (c) and (d).
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of 0.999999 for the 784.65  nm setup demonstrate the remarkable accuracy of the calibration method used. 
Additionally, the standard errors associated with the derived coefficients for the polynomial function are 
0.020038 for the 532 nm setup and 0.061712 for the 784.65 nm setup, respectively.

To determine the intensity value of the Raman spectrum, we use the signal-to-noise ratio. The signal is 
represented by the height of the peak at 801 cm− 1 in the Raman spectrum of the cyclohexane sample. In contrast, 
the noise is quantified by measuring the standard deviation from the baseline in a region of the Raman spectrum 
where no peaks are present. The ratio of these two measurements from two distinct Raman spectra illustrates 
the SNR relationship42,43. Based on this analysis, it was found that the SNR ratio for the setup using the 532 nm 
laser is 7145, while the ratio for the arrangement with the 784.65 nm laser is 40.

This unique setup can be used in both Fluorescence Correlation Spectroscopy (FCS) and Raman Correlation 
Spectroscopy (RCS) systems which can be considered in future researches44,45. Furthermore, using a two-
dimensional detector enables the simultaneous record of four Raman spectra.

Setup C C1 C2 C3 R square Standard error

532 524.2259 0.056006 − 1.3e−6 − 3.8e−11 1 0.020038

784.65 774.809 0.126404 − 2.9e−6 − 2e−11 0.999999 0.061712

Table 2.  Results of the third- degree polynomial regression. Significant values are in [bold]

 

Theoretical Theoretical  Experimental  Experimental

configuration 532 nm 784.65 nm 532 nm 784.65 nm

FWHM (nm) 0.16 0.36 0.17 0.44

FWHM (cm− 1) 4.29 4.95 4.60 6.11

Table 1.  Theoretical and experimental results of spectral resolution. Significant values are in [bold]

 

Fig. 5.  (a) Fitting peak 616.39 nm of neon spectrum, (b) Fitting peak 912.3 nm of argon spectrum.
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Conclusion
This paper describes the development of a spectrometer with two entrance slits for light, specifically designed 
for dual laser Raman spectroscopy device. The instrument uses two lasers with wavelengths of 532  nm and 
784.65 nm, covering Raman shift ranges of 0 to 4686 cm− 1 and 0 to 4386 cm− 1, respectively. By incorporating a 
10-degree angle in the optical setup, there is negligible impact on both the spectral resolution and intensity of 
the output spectrum. Switching between two selected modes for recording and displaying spectra is achieved 
in a fraction of a second. Importantly, the system does not have any optical moving parts, reducing the risk of 
wavelength errors during spectral measurements. With the dimensions of the optical components maintained, 
the spectrometer records a sufficient signal-to-noise ratio in the Raman spectrum. The average resolution 
(FWHM) of line spectra in the 532  nm Raman range is 0.17  nm (equivalent to 4.6  cm− 1), and the spectral 
resolution for the 784.65 nm Raman range is 0.44 nm (equivalent to 6.11 cm− 1). The integration time required 
for spectroscopy in this setup is 500 µs for both configurations.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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