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Abstract: A field-widened spatial heterodyne Raman spectrometer with a mosaic grating
structure is developed for the simultaneous sensitivity enhancement and broadband
transmission Raman measurements. We optimize the etendue to maximize the signals
collected from the samples by using field-widening prisms and employ two mosaic gratings
to achieve broadband operation, covering 5638 cm™' with 2.865 cm™ spectral resolution. The
signal-to-noise ratios are improved by a factor of more than 11 and show a good stability and
fair repeatability. We investigate the effects of the sample thickness and outer layer depth and
observe liquids, solids, mixed targets, and anti-Stokes shifts. The instrument exhibits good
performance for wide-field, high-resolution broadband transmission Raman measurements.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Raman spectroscopy is an increasing popular technique in many fields, including physics
[1,2], chemistry [3,4], biology [5,6], medicine [7,8], geology [9,10] and semiconductor
technology [11,12]. For the instrumental simplicity and ease of use, most Raman
spectrometers are designed to observe in a backscatter arrangement. However, in this
arrangement, the Raman method is limited to yielding only Raman signals on the surface
layers of the sample and leads to errors if Raman signals originating from bulk content of
pharmaceutical tablets. Transmission Raman spectroscopy (TRS) is a particularly valuable
method for probing the bulk content of diffusely scattering samples, such as turbid or opaque
materials because it is rapid, requires no sample preparation, is non-destructive, non-invasive
and enables unique molecular identification of bulk components for heterogeneous samples.
Its benefits include the removal of the sub-sampling problem from which conventional
Raman spectroscopy suffers, and the effective suppression of fluorescence components
resulting from coating or capsule layers. Given these advantages, TRS has already been
applied in various areas of research, such as biological tissues [13], pharmaceutical
qualification and quantification [14,15], and process control applications [16,17].

In the transmission Raman geometry, the laser beam is incident upon one side of the
sample and the transmitted Raman light is collected from the opposite side. In this model, the
measured Raman signals can be strongly attenuated by a collection aperture, thus resulting in
a poor Raman collection efficiency. The lack of signal has hindered the development and
application of TRS in various domains. Increasing the collected Raman light throughput is a
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significant challenge for the signal enhancement in TRS measurements by the analyzing
spectrometer.

The spatial heterodyne Raman spectrometer (SHRS) has a larger entrance or wider field-
of-view (FoV; approximately 100 times) than that of a conventional grating spectrometer of
the same resolution. It also has high spectral resolution, a compact and rugged package
without moving parts, and is compatible with a pulsed laser and gated detectors under
ambient light conditions. All these characteristics together make the SHRS very suitable for
large collection areas and ideal for TRS. Strange et al used a non-filed widening SHRS for
TRS, the width of the area viewed was found to be seven to nine times that of a dispersive
spectrometer, but the signal-to-noise (SNR) was limited by the high levels of background
light [18]. Foster et al developed an SHRS that was designed to be fiber coupled for
transmission-Raman observations to test paracetamol tablet samples. However, the non-filed
widening SHS was limited by the fibre diameter since the larger diameter produces a larger
range of angles through the SHS [19]. Field widening is needed to increase the useable field
of view without sacrificing the resolving power. This allows larger fibre diameters to be used.
The conventional SHRS has the same limiting FoV as that of a Fabry-Perot or traditional
Fourier-transform system. Motivated by the fact that an SHRS could be field widened, that an
additional 100-fold improvement of the etendue can be achieved by inserting fixed prism in
each arm to meet the measurement requirements of a wider area without degrading the
spectral resolution. Consequently, the sensitivity of the system will be improved and the area
of coverage will be increased. Furthermore, a larger laser spot size or defocused excitation is
beneficial to avoid sample photodegradation and thermal degradation.

In a typical SHRS, there is an inverse relationship between the bandpass and spectral
resolution, a higher spectral resolution yielding a decrease in the spectral bandpass or vice
versa. This relationship makes it difficult to simultaneously satisfy the requirements of
broadband pass and high spectral resolution. However, according to the requirements of
Raman measurement, it’s necessary for the Raman spectrometer to be established to meet the
requirements of high spectral resolution and broadband coverage.

In this paper, a new field-widened Mosaic Grating SHRS (MGSHRS) for transmission
Raman spectroscopy is described and built, to fully exploit its inherent etendue advantage and
achieve a high spectral resolution over a large spectral range. The MGSHRS is based on a
Michelson interferometer that is modified by replacing the mirrors in each arm with
stationary mosaic gratings and selected prisms are inserted in the configuration of the device,
as shown in Fig. 1(a). The alternative mosaic grating is a mosaic of two different groove
density gratings that form an equivalent single grating, as shown in Fig. 1(b), and the field-
widening prisms are chosen, so that from a geometrical optics point of view the mosaic
gratings appear to be normal to the optical axis. In this study, the fundamental principles of a
field-widened MGSHRS is provided and the calibration results are given. We compared the
field-widened MGSHRS and the MGSHRS with the same instrumental parameters without
field widening, the improvement Raman intensity and the improvement SNRs are presented.
Some transmission Raman experimental results of targets contained in different plastic tubes
and samples of different thicknesses, in a mixture of organic liquids and for inorganic solids,
and anti-Stokes shifts are discussed in detail.

2. Theoretical
2.1 Basic theory

The field-widened MGSHRS is depicted in Fig. 1(a). Collimated transmission light enters the
MGSHRS and is incident on the beam splitter which transmits and reflects 50% of the
incident radiation down the two arms of the interferometer respectively. The light is then
incident on the mosaic gratings which are constructed from two adjacent gratings of different
groove densities. The gratings are tilted at a fixed angle (the Littrow angle) to the optical axis
so that light at the Littrow wavelength exits the interferometer parallel to the optical axis. A
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wavenumber dependent shear is produced between the two beams exiting the interferometer.
Light exiting the interferometer is collected with an imaging lens that is designed to image the
plane of the grating onto the CCD. In this configuration, a set of overlapping wavenumber
dependent Fizeau fringes are imaged onto the detector. Only light at the Littrow wavelength
will exit parallel to the optical axis, and the generation of y, which is the angle the outgoing
wavefronts make with the optical axis, is determined by the grating equation:

o(sin@, +sin(6, —y)) = mG,,. 1
Where o is the wavenumber of the incident light, m is the order of diffraction, 8 is the
Littrow angle of the grating, and G, are the grating groove densities of the two gratings. For
a small y, the generation of the spatial frequency of fringes is related to the wavenumber by
the equation:

f.=20siny=4(o—-o0,)tang,. 2)
For the axial rays in one dimensional (1-D) SHRS, the input spectral density of B(o) as a
function of position x is given by

I(x)= j: B(0){1+cos[27(4(c — 0, )xtan 8, )] }do. 3)

Where x is measured on the detector in the dispersion plane of the grating. The inverse
Fourier transform of the interferogram yielded the transmission Raman spectrum.

The symmetry of the cosine interferogram in Eq. (3) results in folded wavenumbers above
and below the Littrow wavenumbers (op £ Ac.) and the overlapped of anti-Stokes Raman
bands and Stokes bands. In our case, the two gratings G|, G, are operated at the 1st diffraction
order, and have the same Littrow angle; Vertically tilting one of the mosaic gratings by an
angle /2, the fringes that are generated by wavenumbers on either side of Littrow are rotated
in opposite directions. Therefore, the 2-D FFT of the interferogram in Eq. (4) allows the
complete separation of the wavenumbers, and the bandpass of 2-D SHRS is twice that of a 1-
D SHRS with the same instrumental parameters [20,21]. The 2-D interferogram can be
written as:

I(x,y)= j: B(0){1+cos[27(4(c — 0, )xtan b, + o ye)|}do. (4)

The maximum theoretical resolving power of the MGSHRS is determined by the mosaic
gratings, which is given by:

R= 52 = 4Wosind,. (5)
Where W is the width of the illuminated diffraction grating; and J, is the spectral
resolution.
In the SHRS configuration, the number of pixels on the detector limits the spectral range
of a general SHS due to Nyquist sampling theorem. If the detector has N pixels on the x-axis,
the spectral range can be expressed as:

Ao, =Né,. (6)
From Egs. (5) and (6), we can see that the spectral resolution is equal to 1/2W sinf;, and
the spectral range is determined by the number of pixels and the spectral resolution. For
Raman measurements which require a large band pass and high resolution, the mosaic grating
in our MGSHRS can be chosen with a multiplex of diffraction gratings. If the total number of
the different groove density gratings used in one mosaic grating is M (M=1) and each spectral
range is not overlapped or away from each other, the spectral range can be re-written as [20]:

Ac,, = MNG,. 7
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From Egs. (6) and (7), we can see that the MGSHRS can be designed with a spectral
range such that the two recovered transmission Raman spectra are adjacent or completely
separate, according to the requirements of the Raman measurements. Also, the total spectral
range could be improved by increasing the total number of the diffraction gratings contained
in one mosaic grating. If M is equal to 2, the Raman photons in one spectral region will be
diffracted by only one grating and received by the CCD, but the Raman photons fall on the
other grating part will not be received by the CCD. Thus, approximately half of the FoV will
be invalid. Increasing the number of mosaic gratings (M>2), the MGSHRS could be an array
of SHRS and the FoV of a single field-widened SHRS will be approximately decreased by a

factor of M.
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Fig. 1. (a) Spatial heterodyne Raman spectrometer system layout for transmission Raman
measurements. (b) Definition of the mosaic grating.

The FoV of the MGSHRS can be greatly increased by using the field widening prisms
shown in Fig. 1. In order to field widen the system, selected prisms in the arms of the
interferometer are placed appropriately, so the gratings appear normal to the optical axis. The
maximum FoV of the field-widened SHRS system can be achieved by minimizing the
quadratic dependence of the phase on the incident angle and use of the prism at minimum
deviation with angle of incidence y given by [20]:

2(n* —=1)tany =n’ tan 6, . 8)
Where n is the refractive index of the field widening prisms, and the relationship n
sin(0/2) = sin y determines the prism apex angle a. Setting the Littrow angle equal to 2.302°
and the refractive index is 1.527, the apex angle is calculated to be 2.661°.
For a field-widened MGSHRS, based on the theory of the conventional SHRS system
with a shot-noise limit, the SNR can be expressed as [20]:

sNR = |12 567, ©)
2N
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Where 7 is the optical efficiency, A4 is the effective area of the system, @ is the etendue of
the system, and / is the intensity of the continuum in photons per second per unit area per
steradian per unit wavenumber, which is proportional to the laser power for the
measurements. T is the total integration time.

2.2 Calibration theory

The MGSHRS breadboard instrument performance parameters can be estimated by a
calibration procedure. This procedure establishes the spectral response of the instrument
based on the spatial frequency respond from the known input of a calibration source, such as
a mercury lamp [22]. After the fringe frequencies of two known emission lines are measured,
the Littrow wavelength of MGSHRS can be acquired by Eq. (10), as follows:

b= fth (10)
a1 )=/ 1 4)
Where 1; is the Littrow wavenumber, 1; and A, are the known wavelengths from the
calibration source, and f; and f, are the measured fringe frequencies of the two known

emission lines. Based on the Eq. (1), the Littrow angle of the diffraction grating is given by
Eq. (11):

0 - . A, XG,
), = arc sm(T). (1)

According to Egs. (10) and (11), the width of the grating imaged on the detector can be
written as:

W= h . (12)
2(1/ A4, -1/ A)tan(6,)

After the grating width is acquired by Egs. (11) and (12), the total spectral range can be
calculated by Egs. (6) and (7).

3. Experimental
3.1 Breadboard

Mosaic -

Grating - Razor Edge:

Filter 40 NORIREo
/] Filter
< < £ ' "

Prisin - SHOBEPASS S8l ation
Eilter x Lens

Prism

Fig. 2. Layout of spatial heterodyne Raman spectrometer breadboard instrumentation.
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Table 1. Key Parameters of Components Used in the Experimental Breadboard

Components Parameters Performance index
Laser Wavelength 532 nm, CW
Beam diameter ~2.0 (1/e, mm)
Beam divergence <1.5(full angle, mrad)
Grating 1 Groove density 150 gr/mm
Ruled area 13.1 x 25 mm’
Littrow angle 2.302°
Grating 2 Groove density 130 gr/mm
Ruled area 13.1 x 25 mm’
Littrow angle 2.302°
Prisms Apex angle 2.661°
Beam splitter Size 50.8 x 50.8 x 50.8 mm’
CCD Pixel numbers 1024 x 1024
Sensor size 13.3 x 13.3 nm®
Pixel size 13 x 13 pm?
Laser clean-up Center wavelength 532 nm
filter FWHM Bandwidth 2.0 nm
532 nmlong-pass  Edge wavelength 536.4 nm
Razor edge Filter Transition width 186 cm™
Blocking band OD>6@532 nm
532 nm single- Notch band 17 nm
notch Filter Blocking band OD,ps>6@532 nm
700 nm Short pass  Cut-off wavelength 700 nm
Filter Optical density >4
Imaging optics Diameter 62 mm
Focal length 105 mm

Figure 2 shows the layout of the experimental breadboard. The key parameters of all the
commercially-available, off-the-shelf components used in the experiment breadboard are
listed in Table 1. The MGSHRS was constructed using a 50.8 x 50.8 x 50.8 mm3 cube beam
splitter (model no. 20BC17MB.1, Newport), two prisms where the apex angle was 2.661°
(Changchun UP Optotech (Holding) Co., Ltd)), two 150 grooves/mm diffraction gratings and
two 130 grooves/mm diffraction gratings (Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences). The power of the solid state 532-nm green laser
could be varied linearly from 0 to 400 mW (Changchun New Industries Optoelectronics Tech.
Co., Ltd).

In the experiments, the sample was placed on the focal plane of a 25-mm-diameter
collimation lens at a distance of approximately 30 mm. The ambient light and fluorescent
light at the wavelengths higher than 700 nm were filtered out using a 700-nm short-pass filter
(84-714, Edmund). In some cases, another 532-nm notch filter (NFO1-532U-25, Semrock)
was used for laser line rejection. A CCD detector with 1024 x 1024 13 um pixels (iKon-M
934, Andor) was used to record the fringe image. The CCD was cooled to —60°C to reduce
the thermal noise within the sensor chip. One mosaic grating was rotated by a small angle
about the x-axis. The apex angle of the prism was 2.661°, which was determined by Eq. (8).
The flat fielding correction was done in conjunction the calibration process [23] and the
Fourier transforms of the fringe images were performed using a 2-D fast Fourier transform
(FFT) function. The phase correction method was used for the Fourier-transform
spectroscopy [24]. The wavelet threshold de-noising function was then used to effectively
separate the signal from the noise [25,26].

3.2 Calibration

From Fig. 3(b) and 3(c), we see that the 576.964 nm line produced 844 fringes, the 579.588
nm line produced 822 fringes and the 668.616 nm produced 161 fringes. Based on Egs. (10)
and (11), the Littrow wavelength was calculated to be 535.587 nm, which corresponded to a
grating angle of 2.302°. The width of the grating that was imaged on the detector was
estimated to be 21.98 mm, and the spectral resolution was 2.865 cm™'. The spectral range was
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from —1593 cm™ to 4045 cm™' (see Section 4.5). The breadboard experimental results proved
that the calibration results were close to the designed MGSHRS performance. The full width
at half maximum (FWHM) at 576.964 nm was approximately 3.37 cm™'. This result was in
almost exact agreement with the theoretical spectral resolution.
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Fig. 3. (a) Interferogram of the mercury lamp. (b) Spatial frequency profile obtained from the
FFT. (c) Mercury lamp spectrum as measured after calibration; the absolute line positions are
576.961 nm, 579.067 nm and 668.617 nm.

4. Results and discussions
4.1 Raman spectral analysis of sulfur and SNR analysis

In Fig. 4(c), the thickness of the sulfur was 4.7 mm, and the recovered Raman spectra of
sulfur could be clearly identified. The Raman peaks observed at 153 cm™ and 218 cm™ were
assigned to the antisymmetric and symmetric bond-bending modes of the Sg molecule,
respectively. The symmetric bond-stretching mode of sulfur appeared at 473 cm™' and the
peak at 85 cm™' was that of the other vibrational mode [27]. There was nearly no difference in
the spectral resolution between the two spectra of sulfur.

To quantify the performance of the MGSHRS here, the SNR for the transmission Raman
measurements of the spectrum is defined as:

SNR = L poui signal . (13)
RMSNoise

Comparing the Raman measurement of sulfur with the wide-field measurement of sulfur
at the same laser power and same integration time, the intensity of the spectrum was
improved by a factor of approximately 3.01. The improvement factor was decreased slightly
with an integration times, as shown in Fig. 4(d), which were all nearly 3. The calculated
SNRs was also compared, the spectra increased with an integration time and the improvement
factor could be more than 11.

As shown in Figs. 5(a) and 5(b), we observed that the SNR plots increased rapidly with
the increase of the laser power and the integration time. Then the SNR was slow to change,
which was in accordance with Eq. (9). Because all the SNR plots showed the similar tendency
as that in Figs. 5(a) and 5(b), which shows a good stability and fair repeatability of the filed-
widened MGSHRS.

Where Ipea signal 1S the amplitude at the transmission Raman peak and RMSy,;. is the root-
mean-square (RMS) value of the noise in the spectrum. In our case, the noise was calculated
by measuring the RMS in the recovered spectrum of sulfur. Then, the RMS of the noise was
divided by the largest amplitude of the 218 cm™ Raman peak, which yielded the measured
SNR.
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widening versus integration times at the laser power of 50 mW.

2500 . . . . : . . 3000
2500 B
2000 —6— Integration Time: 4s| |
—6— Integration Time: 6s
—O— Integration Time: 8s 2000 b
1500 q —&— Laser Power: 25 mW
14 % 1500 —&— Laser Power: 50 mW
P4 — + 1
& ) Laser Power: 75 mW
1000 1
1000 B
500 q 500 B
|
0 . . . . . . . . 0 . . . . . .
0 50 100 150 200 250 300 350 400 450 0 5 10 15 20 25 30 35
Laser Power/mW Integration Time/s
(a) (b)
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4.2 Effects of the transmission Raman signal on the sample thickness and outer
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Fig. 6. (a) Recovered Raman spectral of sulfur contained in different-thickness plastic bags at
the laser power of 90 mW with an integration time of 8 s. (b) Recovered Raman spectral of
CCly contained in different-thickness airtight tubes at the laser power of 60 mW with an
integration time of 5 s. (c¢) Calculated transmission Raman intensities of sulfur versus surface
depth at the laser power of 40 mW with integration times of 2 s, 5 s and 8 s. Calculated
transmission Raman intensities of sulfur versus sample thickness with a laser power of 70 mW
with integration times of 3 s, 5 s and 8 s; the results are presented as linear (d)

In the transmission collection geometry, the laser photons migrated through the sample and
produced Raman photons that randomly migrated within the probed medium, which is
referred to as Raman photon migration. It is very important to have a good understanding
from where the detected Raman photos originated [15]. As the Raman generation is a
complex process, a straightforward and simplified way is to investigate the direct dependence
of the Raman signal intensity on the thickness of the samples and outer surface layers.
Interested in Raman photon migration, we performed a study of the dependence of the Raman
intensity on the sample thickness and artificial surface depth.

Under an artificial situation, the transmission Raman of sulfur was measured to
investigate the properties and behavior of the generating Raman light in sample contained in
artificial outer layers. Figure 6(a) shows the recovered Raman spectra of sulfur contained in
plastic bags with different thicknesses at the laser power of 90 mW with integration time of 8
s. The thicknesses of the plastic bags are shown in Table 2 and the main ingredient of the
plastic bags was white high density polyethylene. From the Raman spectral of sulfur, all the
Raman peaks of sulfur were visible including the weak band at 85 cm™'. In the field-widened
MGSHRS system, where lower laser powers or integration times are used, the fluorescence
was not observed but the Raman signals were apparently affected by the plastic bags. The
data in Fig. 6(c) shows that the collection of Raman signals gradually decreased with the
increasing thickness of the plastic bags and at a depth of 0.21 mm the Raman signals
originating from the sulfur were reduced by approximately three times of two-thirds from
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their original levels at a depth of 0.12 mm. However, the Raman spectra regarding the outer
layer at the front and back of the sample were obtained.

Figure 6(b) shows the recovered Raman spectra of CCl, contained in airtight tubes with
different thicknesses (see Table 2) at the laser power of 60 mW with an integration time of 5
s. The low energy band at 218 cm™ was attributed to the bending mode of E symmetry. The
degenerate deformation (73) and the symmetric stretching vibrational modes (4,) were clearly
visible at 314 cm™' and 459 cm™', respectively. The fourth band at 762 cm™' was assigned to
the combination mode 7> + A;. The fifth band at 790 cm™' was assigned to the mode 7, [28].
There was almost no spectral resolution difference among the three spectra. Owing to the
field-widened transmission system, lower laser powers or shorter integration times were
required, so fluorescence that may hamper the spectra by causing fluctuations in the spectral
baseline was not observed in the experiments. However, obviously, the SNR was lower
because thicker tubes were used.

Figure 6(d) show the collected Raman signals of sulfur with different thicknesses
presented as linear. The thicknesses of the sulfur were 2.6 mm, 4.7 mm, 7.0 mm, 9.0 mm,
11.0 mm and 14.0 mm. The positioning of the 2.6 mm lump of sulfur from the surface to a
depth of 14.0 mm reduced its intensity substantially. Therefore, the field-widened MGSHRS
for transmission measurements exhibited a dependence of the Raman signals on the thickness
of the sample. This is because the field-widened system is very sensitive to a change of the
Raman photons. The extra thickness of the sample made it difficult for the probe photons
migrate through the sample, thus its own Raman signal was lost at the entrance of the
detection system.

For transmission Raman measurements, the field-widened MGSHRS system revealed that
the increase of the sample thickness or outer layer resulted in a decrease of the Raman signal
detected. On the other hand, the results were able to reveal the presence of inner-sample
irrespective of whether it contained in an “impurity” in the outer layer or the high sensitivity
of the field-widened MGSHRS system to detect changes of Raman photons caused by the
sample thickness without the loss of spectral resolution.

Table 2. Plastic Bags and Airtight Tubes Used in the Experiment

Artificial outer Bag 1 Bag 2 Bag3 Tube 1 Tube 2 Tube 3
layer
Thickness/mm 0.12 0.16 0.21 0.50 0.80 1.10

4.3 Spectral analysis of solid sodium sulfate (Na,SO,) and potassium sulfate (K,SO,)

According to the Ty symmetry of the free anion SO,*, the v,(A) is the symmetric stretching
mode, the v,(E) and v4(F,) modes correspond to the bending vibration, and the v;(F,) is an
anti-symmetric stretching mode. Figure 7(a) shows the recovered Raman spectrum of solid
sodium sulfate at the laser power 75 mW with the integration time 5s. The main Raman peak
at 992 cm™! was assigned to the vi(A;) mode. The v, and v, modes were detected in the low
wavenumber region and the v; mode was in the high wavenumber region. For a clearer
observation in the spectrum, the Raman spectra in the range of 370 cm™ to 710 cm™ and
1080 cm ' to 1190 cm™ were represented on an enlarged scale. The weak Raman peaks of
Na,SO,, which corresponded to the v,, v3, v4 mode could be clearly seen in the spectrum [29].
Figure 7(b) shows the recovered Raman spectrum of solid potassium sulfate at the laser
power of 75 mW with an integration time of 5s. The v;(A;) vibration band centered at 983
em™' was specific to the sulfate anion. The v, mode appeared at approximately 449 cm™, the
vs mode was centered at about 616 cm™, and the triplet v; occurred between 1107 cm™' and
1145 cm™. The detection capabilities of the field-widened MGSHRS demonstrated in this
work are very promising for applications in geochemistry and environmental measurements.
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Fig. 7. Recovered Raman spectra of solid sodium (a) and potassium sulfates (b) at the laser
power 75 mW with the integration time 5 s.

4.4 Raman spectra analysis of a mixture of inorganic solids and organic liquids

Figure 8(a) shows the Raman spectra of sulfur, titanium dioxide, potassium sulfate and a
mixture of the three inorganic solids. In the Raman spectra of sulfur and potassium sulfate,
the Raman peaks mentioned above were clearly visible. In the transmission Raman spectra of
the titanium dioxide, the strong and sharp band at 143 cm™' was assigned to the E, mode. The
weak bands at 396 cm™' and 639 cm™' arose from the B;, mode. The weak peak at 516 cm™
was attributed to the 4,, and B,, modes. The mixing mass ratio of the mixture was 2:2:1. The
main Raman peaks at 153 cm™', 218 cm™ and 472 cm™ of the sulfur, the main peak at 143
em™' of titanium dioxide and the main peak at 983 cm™ of potassium sulfate were well
visualized in the Raman spectrum of the mixture of the three solids. The weak peak at 85
cm™' of sulfur, the weak peaks at 516 cm™' and 639 cm™ of titanium dioxide and the weak
peak at 449 cm™' of potassium sulfate were also observed in the Raman spectrum of the
compounds.
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Fig. 8. (a) Recovered Raman spectra of inorganic solids at the laser power of 60 mW with an
integration time of 15 s. (b) Recovered Raman spectra of organic liquids at the laser power of
90 mW with an integration time of 10 s.

Figure 8(b) shows the Raman spectra of acetone, cyclohexane, carbon tetrachloride and a
mixture of the three organic liquids. In the spectra of acetone, cyclohexane and carbon
tetrachloride, the main Raman peaks were well detected. The mixing volume ratio of the
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mixture was 2:1:1. Because of the different intensities of the three organic liquids, the 531
em™, 787 ecm™, 1222 cm™, 1710 cm™, and 2922 cm™' peaks of acetone, the 803 cm™, 1029
em™, 1267 cm™, 1444 cm™', 2854 cm™, 2927 cm™ and 2941 cm™ peaks of cyclohexane, and
the 218 cm™, 314 cm™', 459 cm™ and 789 cm™' peaks of carbon tetrachloride could be
distinguished in the Raman spectrum of the mixture of the three organic liquids.

Under the complex condition, the field-widened MGSHRS has the ability to identify the
mixtures with rapid analysis and response, though the spectrum of the mixture contained
more information than the pure analytes. The results demonstrate that the field-widened
MGSHRS has a high instrumental sensitivity to distinguish the weak Raman signals in the
spectrum of the mixture and a broad spectral range to meet the requirements of the Raman
detection. If a wider spectral coverage and high resolution of MGSHRS are needed for the
Raman detection, additional different groove density gratings can be mosaicked in the mosaic
grating. we also proved that the instrument is capable of identifying the potential interferences
by non-target compounds or contaminants under certain conditions.

4.5 Stokes and anti-Stokes Raman detection of carbon tetrachloride and sulfur

Figure 9 shows the Stokes and anti-Stokes Raman spectra of carbon tetrachloride (a) and
sulfur (b) that were recorded at room temperature. To test the anti-Stokes band, the edge filter
was replaced with a 532-nm notch filter to limit the pass band. In the Stokes region (green
spectra) and anti-Stokes region (purple spectra), the Raman shifts at 472 cm™' for sulfur and at
459 cm™" and 762/789 cm™ for CCl, could be clearly identified without overlap. The 58 cm
1153 cm™ and 218 cm ! bands of sulfur and the 218 cm™" and 314 cm ~! bands of CCl, were
filtered by the notch filter. The green spectrum and purple spectrum diffracted by grating 1,
and its spectral range was estimated to be —1593 cm™ to 1535 cm™. The blue spectrum
diffracted by grating 2, and its spectral rang was estimated to be 917 cm™' to 4045 cm™'. Thus,
the total spectral range was extended to 5638 cm™'.
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Fig. 9. (a) Stokes and anti-Stokes Raman spectra of carbon tetrachloride at the laser power of
60 mW with an integration time of 5 s. (b) Stokes and anti-Stokes Raman spectra of sulfur at
the laser power of 80 mW with an integration time of 4 s.

5. Summary

We have proposed a field-widened MGSHRS breadboard for broadband transmission Raman
measurements. The new MGSHRS has been constructed with two fixed field-widening prism
(apex angle: 2.661°) placed in the arms of the interferometer and a mosaic grating consisting
of a 130 gr/mm grating and a 150 gr/mm grating. The system performance and in particular
enhancement effect have been demonstrated in the transmission collection system.
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In the experiments, the Raman spectra of sulfur detected by the field-widened MGSHRS
and a MGSHRS with the same instrumental parameters without field widening were
compared. The transmission Raman signals can be enhanced by a factor of 3 without the loss
of spectral resolution and SNRs can be improved more than 11 times. The current optical
properties of the optics may limit the enhancement factor. We propose the enhancement
sensitivity factor can be further improved by coated prisms or a larger aperture of optics. We
demonstrated the field-widened MGSHRS exhibits a good stability and fair repeatability by
measuring the SNR with different integration times and laser powers, and the SNR can reach
approximately 3000 at a low laser power 75 mW with a short integration time 10 s. The field-
widened MGSHRS has an enhanced detection capability owing to factors such as high
sensitivity, fast response time, low laser power requirements, good stability and fair
repeatability, and all these advantages allow specifically for transmission Raman
spectroscopy.

Under the artificial condition, we performed a study of the Raman intensity on sample
thickness and outer layer depth that have direct effects of the Raman photon migration in the
transmission geometry. The results show that the Raman signal originates from the sample,
irrespective of whether it is coated by different plastic bags or different tubes. Raman signals
measured by the transmission Raman collection system largely depend on the thickness of the
sample and outer layer depth largely. On the other hand, the consequence of these results
shows that the sensitivity of the spectrometer is very high so that the changes of the
transmission Raman photons caused by the sample thickness can be detected without the loss
of spectral resolution and fluorescence was not observed. This analysis provides great insight
for the quality control in a pharmaceutical application.

Furthermore, we demonstrate that the spectrometer has not only a high instrument
sensitivity, which is able to separate targeted compounds by testing a mixture of organic
liquids or inorganic solids, but also has a broad spectral range. The results show that the field-
widened MGSHRS can easily meet the Raman requirements for identifying potential
interferences by non-target compounds or contaminants under an intended condition. Finally,
the anti-Stokes bands of sulfur and carbon tetrachloride were observed.

The wide-field and broadband transmission Raman detections do not require long
integration times or high laser powers, do not include a loss of sensitivity or spectral
resolution, and the transmission Raman signals and SNRs can be greatly enhanced by a larger
collection FoV. The system provides significant advantages to match the needs of
transmission Raman spectroscopy and is therefore very promising for a given application.
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