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In order to meet the high-resolution and wide spectrum range of the backscattering Raman system, this paper designs
and builds a Raman test system based on the echelle spectrometer. In the optical splitting system, compared with the
ordinary planar grating spectrometer, the use of the echelle improves the resolution of the system without increasing
the volume of the system. The use of intensified charge-coupled device (ICCD) in the detection system improves the
signal-to-noise ratio (SNR) and the detection limit of weak spectrum. Finally, the Raman system was spectrally cali-
brated. The broadband backscattering Raman experimental results are given and discussed. The experimental results
show that the system has an excellent application prospect for broadband and high-resolution Raman spectrum meas-
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urement.
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In 1928, Raman spectrum was first discovered by Indian
scientist Raman!'l. The Raman scattering spectra can
fully reflect the structure and functional group infor-
mation of the substance. The Raman scattering system
has low requirements for sample preparation, which can
be used to test various forms of samples (solid, gas, lig-
uid)[2'4]. Moreover, it has the characteristics of remote,
non-contact, non-destructive measurement, and has irre-
placeable advantages in the detection of some dangerous
substances and expensive substances”®. Therefore, Ra-
man spectroscopy is widely used in medical, chemical,
industrial, environmental detection and other fields!*?..

The Raman system is mainly composed of excitation
system, optical splitting system, and receiving sys-
tem!"™'". Among them, the optical splitting system di-
rectly affects the resolution and spectral range of the en-
tire system, which determines the fineness and compre-
hensiveness of element analysis!'?. Therefore, the urgent
need for Raman measurement systems is mainly to study
optical splitting system with high resolution and wide
spectral detection range. In addition, due to the nature of
Raman scattering light, the intensity of the Raman spec-
tra is generally weak. However, the energy of the laser
excitation source cannot be set too high, if it is set too
high, it will cause thermal and photochemical damage to
the sample. Therefore, the signal-to-noise ratio (SNR)
measured by Raman system is generally low.

As a grating dispersive spectrometer, the echelle spec-
trometer mainly uses the echelle as the main dispersive
element, which has the advantages of high resolution,
high dispersion rate, high diffraction efficiency, full
spectrum transient direct reading and so on!"*'>). There-
fore, compared with the general planar grating spectrom-
eter and concave grating spectrometer, the echelle spec-
trometer has a better balance between the band range and
the spectral resolution. In addition, the use of intensified
charge-coupled device (ICCD), which has refrigeration
function, makes the whole spectrometer have high SNR
and high sensitivity, which can well alleviate the prob-
lem of weak spectral signal intensity and low SNR of
Raman system. In summary, it has certain advantages to
use the echelle spectrometer as the optical splitting sys-
tem of Raman system.

In view of this, this paper studies the backscattering
Raman spectroscopy detection system based on the
echelle spectrometer. First of all, according to the re-
quirements of Raman spectroscopy for high resolution
and broadband range, the optical splitting system with
echelle grating as the main dispersive element was de-
signed and developed. Then, according to the character-
istics of the weak Raman intensity, the ICCD with better
signal-to-noise performance is selected as the signal de-
tector. The detector has high sensitivity to weak signal,
which can improve the receiving ability of the whole
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system. In the process of Raman spectrum detection, the
backscattering light path can be used to measure the Ra-
man spectra of samples without light transmittance.
Therefore, we choose the way of receiving backscattered
light to study the Raman spectrum detection system
based on the echelle grating spectrometer, and complete
the spectral calibration of the whole system. Through
experiments, a variety of samples were tested to com-
plete the characteristic spectrum identification of the
characteristic elements in the samples, and the detection
of broadband backscattered Raman spectroscopy was
realized.

The structure of the backscattering Raman spectrum
detection system is shown in Fig.1.
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Fig.1 Structure of the backscattering Raman spec-
trum detection system

The Raman system is composed of three parts: excita-
tion system, optical splitting system, and spectrum detec-
tion system. In the excitation system, the single wave-
length laser (MSLFN-532, Changchun New Industries
Optoelectronics Technology Co., Ltd.) with 532 nm
wavelength is selected as the excitation source, and the
tunable attenuator is placed at the back-end to make the
laser energy adjustable in the range from 0 to 400 mW.
After adjusting the intensity of light, the incident laser is
purified by narrow-band filter, and then converged on the
sample surface by the focusing system. The Raman
spectra from the sample surface are collected in the opti-
cal splitting system by the focusing system after the
Rayleigh scattering light is eliminated by the notch filter.
The optical splitting system is mainly composed of the
echelle grating and wedge prism. As the main dispersive
element, the echelle has high resolution and high diffrac-
tion rate, which can ensure the resolution of the optical
splitting system. As a cross-dispersion element, the prism
eliminates the problem of spectral order overlap caused
by the echelle. In order to make the spectra diffracted by
echelle incident to the next optical element completely,
the echelle is placed in the echelle spectrometer with a
certain offset angle. The diffraction equation can be ex-
pressed as:

mA

=d(sina+sin f), (N
cos @

Optoelectron. Lett. Vol.17 No.11

where d is the groove spacing, a is the incidence angle of
the echelle, £ is the diffraction angle of the echelle, ¢ is
the grating offset angle, m is the grating diffraction order,
and 4 is the incident light wavelength.

In order to eliminate the serious spectral overlap after
passing through the echelle, the wedge prism with the
dispersion direction perpendicular to the dispersion di-
rection of the echelle is placed at the back of the echelle.
The refractive index of prism for different wavelengths is
different. The overlapping spectral orders can be pulled
perpendicular to the grating dispersion direction. There-
fore, the main function of prism as a transverse disper-
sion element is to separate all levels of spectrum which
are seriously overlapped after dispersion of echelle. Its
dispersion capability has no effect on the resolution of
the whole instrument. Therefore, the resolution of the
optical splitting system is mainly determined by the re-
solving power of the echelle. When the echelle works
under the condition of quasi littrow, the theoretical reso-
lution is:

_ L(sina +sin B)cosgp
A

where L is the width of the grating, R is the theoretical
resolution of the echelle, N is the total number of echelle,
and m is the diffraction order. Therefore, the echelle
working at high diffraction order and large diffraction
angle can achieve high spectral resolution.

Finally, a two-dimensional spectrum is formed on the
image surface after two dispersive elements are placed
perpendicular to each other. Therefore, the spectral de-
tection system uses two-dimensional array detector. Be-
cause of the weak signal intensity of Raman spectra, the
SNR is low. In particular, ICCD (iKon-M 934, Andor)
with refrigeration noise reduction and spectral signal
enhancement function is selected as the receiver to im-
prove the spectral reception efficiency.

Based on the backscattering Raman spectra system of
the echelle spectrometer, the spectrum received by the
spectrum detection system is a complex two-dimensional
spectrum. From this spectrum, only the light intensity at
the corresponding image plane position can be obtained,
and the corresponding light wavelength at that position
cannot be directly obtained. Therefore, it is necessary to
establish a spectrum reduction model according to the
transmission characteristics of light in each optical ele-
ment, and determine corresponding wavelength value of
each coordinate position of the image surface. Then, the
obtained two-dimensional spectrogram is reduced to
one-dimensional spectrogram which can reflect the rela-
tionship between wavelength and light intensity.

First, the echelle is assumed to be dispersive in Y di-
rection. Prism is dispersive in X direction. Differential
Eq.(1) can be used to calculate the angular dispersion of
echelle.
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The wavelength range of each diffraction order of the
echelle can be expressed as

Al = A . 4
m
The dispersion angle of each wavelength can be cal-

culated by combining Eq.(3) and Eq.(4) as
A

== 5
d cos fFcos @ ©)

I
According to the dispersion angle of each wavelength
and the structural parameters of the optical splitting sys-
tem, the Y coordinate of each wavelength corresponding
to the image plane can be obtained.
Similarly, according to the dispersion characteristics of
the prism, the light passing through the prism satisfies

e=arcsin {n(1)sin|]20—sin"'O/n(1)|}, (6)

where ¢ is the exit angle of the prism, n(2) is the refrac-
tive index of the prism, ¢ is the apex angle of the prism,
and 6 is the incident angle of the prism. According to the
prism exit angle, the dispersion angle of each wavelength
in the prism dispersion direction can be uniquely deter-
mined, and then the X coordinate of each wavelength
corresponding to the image plane can be determined.

Based on the above theoretical analysis, a spectral re-
duction model is established to determine the image
plane position coordinates corresponding to different
wavelengths of incident light. Furthermore, the relation-
ship between the wavelength and the intensity of the in-
cident light at different positions is obtained.

A standard mercury lamp with known wavelength was
used to calibrate the Raman system. To reduce the inter-
ference of ambient light, turn off all other lighting
sources. The wavelength calibration of the system is
completed by adjusting the parameters of the model and
matching the calculated results with the experimental
results. Finally, the two-dimensional spectrum of the
mercury lamp actually photographed by the system is
shown in Fig.2(a), and the corresponding relationship
between the wavelength of the incident light and the light
intensity after calibration is shown in Fig.2(b).

After calibration, the system accurately recognizes the
characteristic wavelengths of mercury lamps at
546.075 nm, 576.961 nm, 579.067 nm and so on.

The calibrated Raman system is used to test the solid
samples and analyze whether the characteristic peaks of
molecules in the samples can be accurately detected.

When the sample receives the laser energy, the laser
interacts with the molecules in the sample. After the in-
teraction, if the laser energy does not change, Rayleigh
scattering will occur. If the molecule absorbs the laser
energy, the molecule will be excited from the low energy
state to the high energy state, the laser frequency will
decrease, and Stokes scattering will occur. If the laser
absorbs the molecular vibration and rotation energy, the
molecule will jump from the high energy state to the low
energy state, the laser frequency will increase, and an-
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ti-stokes scattering will occur. Anti-stokes scattering and
Stokes scattering will be symmetrically distributed on
both sides of Rayleigh scattering. However, there are
more molecules in ground state and less in excited state.
Therefore, we usually only focus on Stokes lines with
higher energy. The characteristic line position of Raman
spectra is generally expressed by the Raman displace-
ment (wavenumber relative to the incident laser wave-
length).
1

1
R hift = ———, 7
aman shift PN @)

0 i

where /y is the wavelength of the incident laser light and
A; is all the wavelengths in the spectral band of the spec-
trometer.
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Fig.2 Schematic of mercury lamp spectrum: (a)
Two-dimensional spectrum; (b) One-dimensional
spectrum

The laser with 532 nm wavelength is used to irradiate
the diamond sample, and the Raman spectrum of the
diamond is shown in Fig.3. The first-order Raman char-
acteristic peak of single crystal diamond is located at
1332 cm™. At present, this peak has been recognized as
the characteristic peak of diamond crystal derived from
sp3 bond. The common impurity in diamond, sp2
non-diamond carbon, also has strong Raman activity.
The D peak caused by its disorder and the G peak caused
by the E,, vibration mode are located near 1350 cm
and 1580 cm™, respectively. Among them, the ratio of
the peak intensity of G peak to the peak intensity of dia-
mond is also an important basis for evaluating the quality
and purity of diamond. According to the systematic test
results of this article, the diamonds used are of extremely
high purity, and no D and G peaks caused by impurities
are found.

Fig.4 shows the Raman spectra of sulfur powder in the
range of 50—550 cm™ at different integration times
when the experimental laser power is constant. The
characteristic peaks of sulfur at 84 em!, 219 em™,
247 cm’!, 436 cm™!, and 472 cm™ were clearly detected.
Among them, 219 cm™ and 472 cm™ have higher spectral
intensity. This is because the elemental sulfur structure in
the sulfur sample is a sawtooth ring structure composed
of eight atoms in a closed ring. The characteristic peak at
219 cm™ is generated by the bending vibration of the Sg
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ring. The symmetric stretching vibration of the Sg ring
produces a characteristic peak at 472 cm™. The charater-
istic peak at 84 cm™ is generated by other vibration
modes of the Sg ring. The integration time gradually
changes from 0.01 s to 5 s. With the increase of integra-
tion time, the intensity of the feature spectrum detected
by the system increases, which makes it easier to identify
the feature peaks with relatively weak intensity.
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The Raman spectra of potassium sulfate (K,SO,4) were
tested under different integration times. K,SO, is an in-
organic salt composed of sulfate ions and potassium ions.
It is usually a colorless or white powder. It is often used
in the preparation of fertilizers and glass. The Raman
characteristic lines generated by different lattice vibra-
tion modes of potassium sulfate powder are shown in
Fig.5. The free sulfate ion (SO,”) has Td symmetry, and
the characteristic lines generated by the internal vibration
mode of the ion appear above 400 cm™. The characteris-
tic spectrum of 449 cm™ is generated by double degener-
ate vibration mode E (v,). The characteristic spectral line
at the position of 619 cm™ corresponds to the triple de-
generate vibration mode F, (v4). The spectrum of fully
symmetric vibration mode A; (v,) is located at 983 cm™.

Under the same conditions and different integration
times, the characteristic peak of S-O symmetric stretch-
ing vibration in sodium sulfate (Na,SO,) is located at
993 cm™, which has good peak type and high intensity. It
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is often used to characterize the Raman characteristic
peak of Na,SO,.
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Fig.5 Raman spectra of K;SO, at various integration
times
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Fig.6 Raman spectra of Na.SO, at various integration
times

Mix the K,SO,4 and Na,SO, evenly in a mass ratio of
1:1. The characteristic peak position of K,SO, differs
from that of Na,SO, by only 10 cm’. After testing, the
characteristic spectral lines of the two samples can be
clearly identified. Therefore, the Raman system based on
the echelle spectrometer can identify the spectral lines
with relatively close peak positions and clearly distin-
guish the different substances contained in the sample.
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Fig.7 Raman spectrum of K,SO4 and Na;SO4 mixture
with integration time of 10
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The potassium carbonate (K,COs) solid powder was
also tested. The Raman characteristic peak of K,COs is
generated by the free carbonate ion (COs>) at 1 058 cm™,
which vibrates in a completely symmetrical way A; (v;).
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Fig.8 Raman spectra of K,CO;

K,CO; and K,SO4 were evenly mixed at a mass ratio
of 1:1, and the test was conducted under an integration
time of 10s. The characteristic peaks at 983 cm™ and
1 058 cm™ of the sample can be clearly identified.

x10*
45F
l
4.0 ‘
3 | |
& ‘\ l
35 “ “
5 ‘\ (|
el il |
I NN M
ol ol IV A
/\\/\/\;"“ Py
\r'. X . X \\\ )
950 1000 1050 1100 1150

Wavenumber (cm™)

Fig.9 Raman spectrum of Na,;SO4 and K>CO; mixture
with integration time of 10 s

Through the above experimental analysis, the
backscattering Raman system based on the echelle spec-
trometer developed in this paper has successfully ana-
lysed the characteristic Raman spectrum lines of the
characteristic elements contained in the sample. Without
any moving parts, the calibration of the Raman system
and the measurement of the Raman spectra are complet-
ed. The detection of different samples by Raman spec-
troscopy is realized. The backscattering Raman spectrum
system based on the echelle spectrometer has the ad-
vantages of no moving parts and non-contact spectra
detection, which is very suitable for the detection of
dangerous explosives and industrial application fields.
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