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Raman spectroscopic detection for liquid and
solid targets using a spatial
heterodyne spectrometer
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Spatial heterodyne Raman spectroscopy (SHRS) is a new type of effective method for the analysis of structure and composition of
liquid and solid targets with the characteristics of no moving parts, high spectral resolution, high optical throughput and large
field of view. The technique is very suitable for detecting the targets from long distances or under the conditions with ambient
light, which is essential for the exploration of planetary surface. In order to have a better understanding of the ability of SHRS
for the detection of liquid and solid targets, a breadboard was designed, built and calibrated. Signal to noise was estimated at
different integration time or laser power for carbon tetrachloride. Pure materials or materials contained in bottles were both
tested. Themixture of organic liquids or inorganic solidswere tested. In order to test the detection ability for natural targets, some
composition-unknown rocks and pebbles were tested. The results have shown that SHRS can meet the requirements for the
detection of weak Raman signal scattered from artificial or natural targets. Standoff detection of sulfur from 5-m or 10-m distance
without using any telescope or collimation optics was also tried to test the high optical throughput of SHRS. The potential
feasibility of standoff detection has been proved. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Raman spectroscopy is an inelastic light scattering technique first
discovered by C. V. Raman in 1928.[1,15] Raman spectrum can reflect
the structure and composition of many liquid and solid materials in
the form of frequency shift, or Raman shift, relative to excitation
source, which means that it is invariant for a given target no matter
what the frequency of excitation source is. Raman spectroscopy has
already been applied to many fields, including chemistry,[2,3]

physics,[4,5] biology,[6,7] medicine[8,9] and geology.[10,11]

Because of its capability of detection for liquid and solid targets,
especially minerals and organic materials, Raman spectroscopy is
very suitable for the application of planetary exploration. Many pub-
lished results have proved that Raman spectroscopy has the poten-
tial feasibility to analyze the composition of minerals (especially
carbonates, sulfates, sulfides and silicates) and even has the proba-
bility of finding biomarkers (including amino acids, pigments and
other organic materials) on the surface of Mars[12–16] or Venus.[17–19]

Currently, most of the Raman detection systems are based on the
dispersive grating spectrometers, which have narrow entrance slits
to provide the required high resolution. However, the slits limit the
optical throughput of the systems, which ultimately affects the de-
tection sensitivity. Conventional step scanning Fourier transform
Raman spectrometers can avoid this problem,[20] but because of
their moving mirror, they are not compatible with gated detection
using pulsed lasers. Many published results[21–23] have proved that
gated detection is very essential for thework conditions with strong
ambient light or long-life fluorescence.

Spatial heterodyne Raman spectroscopy (SHRS) is a new type of
high spectral resolution Raman spectrum analysis technique which
J. Raman Spectrosc. 2016, 47, 289–298
combines SHS (the basic theory of SHS can be seen from John M.
Harlander’s PhD thesis[24]) and Raman spectroscopy, first published
by Nathaniel R. Gomer et al. in the University of South Carolina[25,26]

and T. A. Nathaniel et al. in the University of Surrey.[27] The tech-
nique has the advantages of high spectral resolution, large field
of view and high optical throughput. Spatial heterodyne Raman
spectrometer does not have moving parts and can be built with
rugged, compact package, making it extremely suitable for space
flight and mobile ground instrumentation. Most of the properties
are a Raman spectrometer which will work in a harsh environment,
particularly, the planetary surface, needed.

Conventional SHS has already been used to learn about the at-
mospheric environment of our Earth, including monitoring the
main greenhouse gases,[28–30] detecting the content of OH,[31,32]

measuring the speed of wind,[33,34] etc. Nathaniel R. Gomer and co-
workers have indicated that SHS can also be used for the detection
of Raman spectra, and they have built a setup of SHRS and achieved
Copyright © 2015 John Wiley & Sons, Ltd.
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some results of pure chemicals. But in their research, the SNR of
SHRS was not analyzed.
In order to have a better understanding of the properties and

detection ability of liquid and solid targets, a breadboard of SHRS
has been designed and built in our laboratory. In our breadboard,
a Nikon commercial imaging optics with better performance than
that used by Nathaniel R. Gomer et al. was used to improve the
imaging quality of the interferogram, and an Andor CCD with more
pixels (1024) along the spatial dimension was used to improve the
SNR. The laser power is also smaller than that used by Gomer et al.
The basic theory of SHRS is provided in the Section Theoretical. Then,
a detailed description of the breadboard and calibration results is
applied in the Section Experimental. Section Results and discussion
gives some results and discussion about the practical tests for
organic liquids, inorganics solids and natural targets.
Theoretical

Basic theory

Figure 1 is the schematic of basic SHRS. As we can see, the excita-
tion light from the laser is focused on the target. The Raman,
Rayleigh scattered light and fluorescence for some materials are
collected and collimated by the collimation lens. Collimated light
enters the 50/50 beam splitter and is split into two beams. The sep-
arated beams arrive at the diffraction gratings and are diffracted
back, re-enter the beam splitter and recombine. The Rayleigh
scattered light is filtered by a Raman edge filter or notch filter.
The recombined light produces an interference pattern located
on the surface of grating G1 or G2, which is the Fourier transform
of Raman spectrum. According to the basic SHS theory, supposing
that the Raman signal from target is R(σ), σ0 is the Littrow wave-
number, θ is the Littrow angle, the interference signal along the di-
rection of the grating diffraction, or the x direction, can bewritten in
Eqn (1)[24] and the spatial frequency is given by Eqn (2):

I xð Þ ¼ ∫
∞
0 R σð Þ 1þ cos 2π 4 σ � σ0ð Þx tan θð Þ½ �ð Þdσ (1)
Figure 1. The schematic of basic SHRS.

wileyonlinelibrary.com/journal/jrs Copyright © 2015 Joh
f x ¼ 4 σ � σ0ð Þtan θL (2)

After a one-dimensional Fourier transform, the Raman spectrum
can be recovered from the interferogram.

The resolution power R is given by Eqn (3), and the spectral
resolution in wavenumber is given by Eqn (4):

R ¼ 2GW (3)

δσ ¼ σ0
R

(4)

where G is the grating groove density, andW is the width of illumi-
nated grating.

The spectrum range that can be detected is determined by Eqn (5):

Δσ ¼ Nδσ
2

(5)

where N is the pixel numbers in the spectral dimension.
From Eqn (2), we can see that the wavenumbers of (σ0 ± σ) have

the same spatial frequency with opposite sign. If Littrow wavenum-
ber is set to the laser wavenumber, the recovered Raman Stokes
and Anti-Stokes spectra will be overlapped because of the fast
Fourier transform operation. In order to avoid this problem, a
long-pass (or short-pass) filter should be used to filter out the
Anti-Stokes Raman shift (or Stokes Raman shift). In some cases, the
Stokes and Anti-Stokes Raman shift are both needed. The Littrow
wavenumber can be set as (σL�Δσ/2) or (σL+Δσ/2) (σL is the
wavenumber of the laser) to detect the Stokes and Anti-Stokes
Raman shift simultaneously. A bandpass filter should be used to filter
out the light lower then (σL�Δσ/2) and higher than (σL+Δσ/2) in
wavenumber.
Calibration theory

The actual system performance parameters can be estimated using
Eqns (6)–(10).[35]

σ0 ¼ F2σ1 � F1σ2
F2 � F1

(6)

where σ0 is the actual Littrow wavenumber, σ1 and σ2 are the
known wavenumbers from the calibration source, F1 and F2 are
the measured fringes cycles across the detector width which can
be obtained from the fast Fourier transform of the interferogram.

θ ¼ arcsin
G

2σ0

� �
(7)

where θ is the Littrow angle and G is the grating grooves density.

W ¼ F1
4 σ0 � σ1ð ÞtanθL (8)

whereW is the width of the interferogram imaged on the detector.

δσ ¼ σ0
R

¼ σ0
2GW

(9)

where δσ is the actual spectral interval, R is the actual resolution
power.

σ Fð Þ ¼ σ0 1� F

2GW

� �
(10)

where F is a measured fringes cycles across the detector
width, and σ(F) is the wavenumber corresponding to the given
n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 289–298
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F. Equation (10) gives the wavenumber as a liner function of
measured fringes cycles.
Experimental

Breadboard

The key parameters of the components used in the experimental
breadboard (Fig. 2) are listed in Table 1. All components are com-
mercial off-the-shelf products. The active area of the two gratings
(Edmund Optics #64-402) was 14mm×14mm. The effective pixel
numbers of the charge coupled device (CCD, Andor, iKon-M) were
800×800. The laser power operated from 0 to 318mW (Laser:
Changchun Laser Optoelectronic Technology Co, Ltd. MW-ZGL-
532/300mW).
Figure 2. The layout of the experimental breadboard.

Table 1. The key parameters of the components used in the experi-
ment breadboard

Components Main parameters Performance index

Laser Wavelength 532 nm, CW

Spectral linewidth (nm) <0.1

Beam diameter (1/e2, mm) ~1

Beam divergence

(full angle, mrad)

<1.5

Gratings Groove density 150 groove/mm

Ruled area 25 × 25mm2

Beam splitter Size 25 × 25 × 25mm3

CCD Pixel numbers 1024 × 1024

Pixel size 13 × 13μm2

Collimation lens Diameter 50mm

Focal length 75mm

Imaging lens Diameter 62mm

Focal length 105mm

532-nm

long-pass

edge filter

Edge wavelength 533.3 nm

Transition width 90 cm�1

Blocking band ODabs> 6@532 nm

532-nm

notch filter

Notch bandwidth 17 nm

Blocking band ODabs> 6@532 nm

575-nm

short-pass filter

Edge wavelength 575 nm

Optical density ≥4

J. Raman Spectrosc. 2016, 47, 289–298 Copyright © 2015 John
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In the experiment, liquid samples in a quartz cuvette or solid
samples put on a paper plate were placed on the focus plane of
the collimation lens (Thorlabs, AC-508-075-A). The angle between
the laser and optical axis was about 135°. A 532-nm long-pass edge
filter (Semrock LP03-532RE-25) was used to filter out the Rayleigh
light, laser light, Anti-Stokes Raman shift bands and ambient light
lower than 532nm in wavelength. A 575-nm short-pass edge filter
(Edmund Optics #84-709) was used to filter out the ambient light
or fluorescence higher than 575nm in wavelength. In some results,
another 532-nm notch filter (Semrock NF-01-532U-25) was used to
filter out the strong laser backgroundwhen the Raman signal of the
target was weak. The cooled temperature of the CCD was set to
�50 °C, and the room temperature was about 25 °C. All lights were
turned off to decrease the ambient light.

According to Eqns (3)–(5), if the Littrow wavelength is set to
532nm, the theoretical spectral interval is 4.5 cm�1, the maximum
Raman shift that can be detected is 1800 cm�1 Stokes Raman shift
(Anti-Stokes Raman shift is filtered). Considering the transition
width of the 532-nm long-pass edge filter and the 575nm short-
pass edge filter, the actual Raman shift can be detected is
63–1308 cm�1. Additionally, we can get a higher resolution by
replacing the gratings with higher groove density.

Comparison of SNR of SHRS with conventional dispersive
spectrometer

The limiting field of view of SHRS, or Ωmax, is the same as that of the
conventional Fourier transform Raman spectrometers and is given
by Eqn (11):

Ωmax ¼ 2π=R (11)

For a dispersive spectrometer, the limiting field half-angle, or βDS,
can be expressed as Eqn (12):[36]

βDS ¼ arctan
Ws

2f ’

� �
(12)

where Ws is the width of the dispersive spectrometer’s slit and f′ is
the focus length of the dispersive spectrometer’s collimating lens
system.

If the slit has a height of h, the half-angle of the resulting ray
bundle in the direction normal to the plane of dispersion after
collimation, or βH, can be written as Eqn (13):[36]

βH ¼ arctan
h

2f ’

� �
(13)

To get an effective angle with which to calculate the approxi-
mate acceptance field of view, take the geometric mean of the
vertical and horizontal half-angular divergences:[36]

βeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
βHβDS

p
(14)

The field of view at some field half-angle β can be expressed as
Eqn (15):

Ω ¼ 2π 1� cos βð Þ
≈πβ2 for small βð Þ (15)

For a conventional Czerny Turner dispersive spectrometer, the
required width of the slit is given by Eqn (16):[37]
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Ws ¼ δλnWP

RSFΔλ
(16)

where δλ is the target spectral resolution in wavelength, Δλ is
the bandpass of the spectrometer, n is the number of detector
pixels, WP is the pixel width and RSF is the resolution factor
(assumed to be 1).
Therefore, to achieve the same spectral resolution and spectral

bandpass, assuming the same detector is used (n=1024), the in-
strument must have a slit of less of 33μm.
AssumingWs equals to 33μm, h equals to 5mm and f ′ equals to

75mm (equals to that of our SHRS), then we can get:

βeff ¼ 0:16∘

To our SHRS, the theoretical R equals to 4177, so:

βSHRS ¼ 1:25∘

The SNR of SHS can be predicted as (shot noise limited)
Eqn (17):[24]

SNRSHRS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εAΩ
2N

IδσT

r
(17)

where ε is the optical efficiency, A is the effective area of the system,
N is the number of samples (N=400 in our SHRS), I is the intensity of
the continuum in photons per second per unit area per steradian
per unit wavenumber (I is in proportion to the laser power for
Raman detection), δσ is the spectral resolution and T is the total
integration time.
Figure 3. (a) The raw interferogram of low pressure mercury lamp. (b) A cross s
A total of 800 lines recovered spectra can be obtained through the operations
transform for the raw interferogram. After an 800 lines average operation to th

wileyonlinelibrary.com/journal/jrs Copyright © 2015 Joh
The SNR of conventional dispersive spectrometer can be pre-
dicted as (shot noise limited):

SNRDS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εAΩ
N

IδσT

r
(18)

Therefore, from Eqns (11)–(18), assuming the same ε, A, N, I, δσ
and T are achieved, we can know that:

SNRSHRS
SNRDS

¼
ffiffiffi
1

2

r
θSHRS
θeff

¼ 5:5

Wehave tomention that our breadboard is a non-field-widened sys-
tem, if a field-widened system is used, β can be re-written as Eqn (19):

β ¼
ffiffiffiffiffiffiffiffi
2=R

p
cot α=2ð Þ (19)

where α is the apex angle of the field-widening prisms. The
value of β of a field-widened SHRS often can be about 10
times of that of a non-field-widened system; thus, a larger SNR
can be achieved. A detailed theory of field-widening can be seen
from References 24 and 31.

Calibration

A low pressuremercury lampwas used to be the calibration lamp be-
cause its three mercury emission lines of 546.075nm, 576.961nm
and 579.067nm are in the bandpass (no filter was added). The raw
interferogram (a), a cross section of the raw interferogram (b) and
the recovered spectrum (c) are shown in Fig. 3.
ection of the raw interferogram. (c) The recovered spectrum of mercury lines.
of flatfielding, zero filling (16 384 points), phase correction and fast Fourier
e 800 lines recovered spectra, the spectrum shown in (c) can be achieved.

n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 289–298
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According to Eqns (6)–(9), the Littrow wavenumber can be
estimated to 18840 cm�1 (530.79nm), the spectral interval can be
estimated to 4.3 cm�1 and the spectrum range can be estimated
to 1720 cm�1, which are all near to the theoretical values. The full
width at half maximum (FWHM) of 546.075 nm is about 10 cm�1,
which can be seen as the actual spectral resolution and is a little
more than the theoretical spectral interval. The main reasons caus-
ing the broadening of the spectral lines include the finite sampling
of the interferogram and the nonuniform illumination. The finite
sampling caused by the finite pixels of the detector can broaden
the FWHM of a spectral line to about 1.21 times than ideal FWHM.
The nonuniform illumination, which can be seen from the interfer-
ogram and cross section obviously, produces an envelope function
multiplied to the interferogram; this contributed a lot to the broad-
ening of the spectral lines.
Results and discussion

SNR analysis for CCl4

Figure 4 shows two raw interferograms at two different laser power
of 196mW (a) and 6mW (b) with an integration time of 30 s, two
interferogram cross sections (with flatfielding) (c) and two Raman
spectra (d) generated by taking one-dimensional fast Fourier trans-
form to the interferograms (with flatfielding, 16384-points zero fill-
ing and phase correction) for carbon tetrachloride (CCl4). The x label
of the Raman spectra is determined by Eqn (10). The arrows above
Figure 4. (a) The raw interferogram for CCl4 at the laser power of 196mW
interferogram cross sections. (d) Two recovered Raman spectra of CCl4.

J. Raman Spectrosc. 2016, 47, 289–298 Copyright © 2015 John
each spectrum refer to the appropriate intensity axis for that
spectrum.

From the Raman spectrum at 196mW, we can clearly recognize
the weak Raman shifts at 762 cm�1 and 790 cm�1. The 218 cm�1,
314 cm�1 and 459 cm�1 Stokes Raman shifts can be clearly recog-
nized at both laser power. At 6mW, although the interferogram is
badly influenced by the CCD noise and laser speckle and ambient
light passed through the filters, and nearly no interference informa-
tion can be seen from the cross-sections, after 800 lines average
operation to the recovered spectra of 800 lines cross sections, the
signal is high enough to identify the strong Raman peaks. It proves
that SHRS has an excellent sensitivity. But we can also see that
when the Raman scattered signal is weak, the recovered spectrum
has some noise peaks which will disturb the recognition of Raman
peaks.

A phenomenon we have to mention is that the intensity of
459 cm�1 is smaller than that published by some other re-
searchers, and it makes the intensities of 218 cm�1, 314 cm�1

and 762/790 cm�1 seem larger than the expected values. We
think the main reason causing the phenomenon is the polariza-
tion effect from the 135° observation direction.

The set of Raman active vibrational modes of CCl4 is given by:[38]

Γvib ¼ A1 þ E þ T1 þ T2 (20)

The meaning of Mulliken Symbols A1, E, T1 and T2 can be seen
from Reference 39.
. (b) The raw interferogram for CCl4 at the laser power of 6mW. (c) Two

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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The four (1 A1, 1 E, 1 T1 and 1 T2) normal modes of vibration are
assigned to the bands of 459 cm�1, 218 cm�1, 790 cm�1 and
314 cm�1 in the CCl4 spectrum, respectively. A fifth band at
762 cm�1 is assigned the combination mode T2 +A1.
Because the 459 cm�1 belongs to the totally symmetric A1 spe-

cies and contains the polarization information of the incident laser
light, the observed intensity is dependent to the observation direc-
tion. If an observation direction of 90° is used, the observed relative
Raman intensity of 459 cm�1 will decrease dramatically (not shown
in this article).
The noise is calculated bymeasuring the standard deviation in the

spectrum beyond 1000 cm�1 in the recovered spectrum for CCl4.
This value is then divided by the amplitude of 459 cm�1 Raman peak,
which resulting in ameasured SNR. Figure 5 gives themeasured SNR
at different integration timewith the same laser power of 196mW (a)
or at different laser power with the same integration time of 30 s (b).
From Fig. 5(a), we can see that when the integration time is shorter
than 20 s, the SNR grows rapidly with the increase of integration
time. However, when the integration time is longer than 20 s, the in-
crease of SNR is not obvious. From Fig. 5(b), we can see that when
the laser power is smaller than 250mW, the SNR appears to increase
linearly with laser power; when the laser power is larger than
250mW, the SNR nearly stops increasing. The SNR plot in Fig. 5(a)
is similar to a square-root function, which coincides with Eqn (17).
However, the SNR plot in Fig. 5(b) does not seem so. The thorough
reasons for this are not clear, but one of the reasons may be that
the noise at low laser powers is dominated by a constant factor, such
as detector dark current or ambient light, that is independent of the
Figure 5. (a) Themeasured SNR at different integration time with the same lase
same integration time of 30 s.

Figure 6. (a) Raman spectra of powder sulfur in a plastic bottle or in a plastic b
bubble wrap. (b) Raman spectra of pure potassium sulfate and potassium sulfa

wileyonlinelibrary.com/journal/jrs Copyright © 2015 Joh
laser power. In this case, the shot noise is not amajor limitation of the
system. When detecting different kinds of targets, different laser
powers and integration times are needed.
Artificial target detection

Figure 6(a) shows Raman spectra of pure powder sulfur contained
in a plastic bottle or in the plastic bottle packaged by two pieces
of plastic bubble wrap or four pieces of plastic bubble wrap. The
thickness of the plastics bottle is about 1mm and themain ingredi-
ent is white high density polyethylene. The first two spectra are
achieved at the laser power of 110mW and the integration time
of 1 s, and the third spectrum is achieved at the laser power of
196mW and the integration time of 5 s. There is nearly no spectral
resolution difference in the three spectra. However, obviously, the
SNR is lower, which is caused by the laser reflection light or fluores-
cence from the plastic bubble wrap. If more thick bottles or more
pieces of plastic bubble wrap are used, larger laser powers or longer
integration times are required. Figure 6(b) shows two Raman spec-
tra of pure potassium sulfate (K2SO4) and K2SO4 contained in a
transparent glass bottle. The thickness of the bottle is about
3mm. Both of the spectra are achieved at a laser power of
196mW and an integration time of 30 s. An obvious broadband
fluorescence background added to the Raman spectrum is de-
tected for the K2SO4 contained in the glass bottle, but the Raman
peaks are still strong enough to be recognized. From Fig. 6(a) and
6(b), we can see that SHRS has the ability to detect targets
contained in plastic or glass containers, which is very important to
r power of 196mW. (b) Themeasured SNR at different laser powers with the

ottle packaged by two pieces of plastic bubble wrap or four pieces of plastic
te contained in a glass bottle.

n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 289–298
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the practical applications, such as the detection of dangerous ex-
plosives or chemicals which contained in plastic or glass containers
that cannot be opened.

Figure 7(a) shows Raman spectra of four organic liquids, CCl4,
cyclohexane, acetone, ethyl alcohol and a mixture of the four
organic liquids. A 532-nm notch filter was added to remove the
strong Rayleigh scattered light relative to the weak Raman signal.
The black line represents the continuous spectrum response of an
integrating sphere with continuous white light; the wavy pattern
in the spectrum is caused by the shape of the filters’ transmission
curve and can be seen more clearly in Fig. 7(c). The red curve
represents the ideal transmission curve of the filters. The wavy
shake in the spectrum of white light quite coincides with that of
the transmission curve. When the targets with strong fluorescence
background are detected, the wavy shake can also appear in their
spectra (such as those being shown in Figs. 8 and 9). This interfer-
ence pattern can be avoided by using filters with more flat trans-
mission curves and careful radiometric calibration. In the spectra
of CCl4, cyclohexane and acetone, the main Raman peaks are well
detected. In the spectrum of ethyl alcohol, a strong broadband
Figure 7. (a) Raman spectra of organic liquids. (b) Raman spectra of inorganic s
curve and the continuous spectrum response of an integrating sphere with con

J. Raman Spectrosc. 2016, 47, 289–298 Copyright © 2015 John
fluorescence background influences the recognition of Raman
peaks, but strong Raman peaks can be clearly seen. Because of
the limitation of spectral resolution, the strong fluorescence of
ethyl alcohol and the intensity difference of different organic
materials, only the 314 cm�1 and 459 cm�1 of CCl4, 884 cm

�1 of
ethyl alcohol and 1029 cm�1 and 1267 cm�1 of cyclohexane can
be well distinguished in the spectrum of the mixture. The spectral
resolution of about 10 cm�1 cannot distinguish 786 cm�1 of ace-
tone, 790 cm�1 of CCl4 and 803 cm�1 of cyclohexane. The strong
fluorescence of ethyl alcohol has flooded the weak Raman peaks
of acetone. The strong Raman signal of CCl4 and cyclohexane
has nearly completely masked the Raman signal of ethyl alcohol
and acetone.

Figure 7(b) shows Raman spectra of four inorganic solids, K2SO4,
gypsum (CaSO4·2H2O), calcium carbonate (CaCO3), ammonium
nitrate (NH4NO3) and a mixture of the four solids. In the spectra of
pure solids, the main Raman peaks are well distinguished. Com-
pared to organic liquids, the inorganic solids bear a less influence
from strong fluorescence. The main Raman peaks of every pure
solids are well recognized in the spectrum of the mixture.
olids. Laser power: 196mW. Integration time: 30 s. (c) the filters’ transmission
tinuous white light.
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Figure 8. Raman spectra of three natural rocks. Rock 1: at the laser power of 196mW and the integration time of 10 s. Rock 2: at the laser power of 318mW
and the integration time of 30 s. Rock 3: at the laser power of 318mW and the integration time of 10 s.

Figure 9. Raman spectra of three natural pebbles.
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Natural target detection

In order to test the detection ability of natural targets, several
composition-unknown rocks and pebbles were tested. Figure 8 shows
Raman spectra of three rocks, every rock takes two sampling points. Al-
though the rocks look very different, we can judge that they all contain
carbonate from the Raman spectra. The sampling point 2 of every rock
is badly polluted by soil or some composition-unknown materials,
wileyonlinelibrary.com/journal/jrs Copyright © 2015 Joh
which produces a strong fluorescence background. The surface of
sampling point 1 of every rocks is removed, so the Raman spectra bear
a less influence of fluorescence. The fluorescence caused by the pollut-
ant covered in the surface of natural targets will be a great problem
that needs to be solved in the future research.

Figure 9 shows Raman spectra of three natural pebbles. The laser
power was 318mW, and the integration time was 10 s in all of the
three tests. The 464 cm�1 of quartz is detected in all of the three
pebbles. The strong background in the peddle spectra may come
from the fluorescence which is caused by the different kinds impu-
rities contained on the surfaces of the pebbles.
Anti-Stokes band detection

In order to test the anti-Stokes bands, a 532-nm notch filter was
used to replace the edge filter, and the Littrow wavenumber was
moved to one side away 532nm about �880 cm�1. Figure 10
shows Raman spectra of sulfur (a) and CCl4 (b). Because of the re-
strict of notch filter, the Stokes Raman shift below 280 cm�1 and
the anti-Stokes Raman shift below 325 cm�1 are filtered, so a wide
bandpass (about one third of the whole bandpass) is wasted. How-
ever, if a notch filter with better performance index applied, the
whole bandpass can be increased and the notch bandwidth will
have a little influence. Because of the strong back scattered light
of Rayleigh of powder sulfur, a strong laser line is detected. When
other solids with weak Raman scattering are detected, the strong
Rayleigh will be a serious problem. To solve this, another one or
two notch filters should be added. The back scattering of Rayleigh
of liquids is not as strong as solids, so the spectrum of CCl4 is not
influenced. The low pressure mercury lamp cannot be used as cal-
ibration lamp because its 576.961-nm and 579.067-nm lines are
out of the bandpass, so the Raman peaks of sulfur are used as
n Wiley & Sons, Ltd. J. Raman Spectrosc. 2016, 47, 289–298



Figure 10. (a) Raman spectra of sulfur. (b) Raman spectrum of carbon tetrachloride.
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calibration lines to determine the x label. Another phenomenon
that has to be considered is that the intensity ratios of anti-Stokes
versus Stokes Raman peaks are higher than the expected ratios
based on Boltzmann distribution. In theory, the ratio of 473 cm�1

equals to 0.10 and the ratio of 459 cm�1 equals to 0.11 at the tem-
perature of 25 °C. However, the ratios are 0.47 (pure sulfur), 0.50
(sulfur in container) and 0.53 (CCl4). The difference may be caused
by the decreased instrumental response at the Stokes band. The
Littrow wavenumber is set at the anti-Stokes band, so the interfer-
ograms of the Raman peaks in the anti-Stoke band have smaller
spatial frequencies than those in the Stokes band. Limited by the
modulation transfer function of imaging optics and poor adjust-
ments, the instrumental response will be decreased for the Stokes
band because of the larger spatial frequencies, so the detected
intensity of the Stokes band is smaller than the ideal values, which
results in the increase of the intensity ratios.

Standoff detection

Figure 11 shows the detected interferograms of sulfur contained in a
plastics bottle from a distance of about 5m (a) or 10m (b) and the
recovered spectra (c). Because the focus length of collimation lens
Figure 11. (a) The detected interferogram of sulfur contained in a plastics bottl
a distance of about 10m. (c) The recovered spectra from the left interferogram

J. Raman Spectrosc. 2016, 47, 289–298 Copyright © 2015 John
in Fig. 2 was too short relative to a 5-m or 10-m distance, the collima-
tion lens was removed and no telescope or collimation optics was
used in the test, so only a small solid angle is collected. Although
the whole gratings were still illuminated, only low intensity light
could arrive at the edge of the gratings, and only the central area
of the interferogram can be clearly seen. All lights were turned off
to decrease the ambient light. The diameter of the laser point was
7mm at the distance of 5m and the laser power was 196mW with
an integration time of 60 s, so the laser power density at the sample
was about 509mW/cm2, which was about 0.0204 time of the laser
power density in situ (196mWwith an integration time of 1 s). The di-
ameter of the laser point was 16mm at the distance of 10m and the
laser power was 318mWwith an integration time of 60 s, so the laser
power density at the sample was about 404mW/cm2, which was
about 0.016 time of the laser power density in situ. Even so, the
Raman signal could be detected with a relatively long integration
time and the strong Raman peaks could be recognized from the
spectra. We have to mention that the laser power density is still very
high to the detection of some light-degradation materials or
explosives, but if a telescope is used, the laser power density could
be decreased dramatically. The standoff SHRS using a telescope is
under building; some more detailed experimental results may be
e from a distance of about 5m. (b) The detected interferogram of sulfur from
s and a spectrum detected in situ.
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applied in our future research. The result shown at here is far away
from a practical standoff SHRS, but it can still prove that SHRS has a
good optical throughput and sensitivity, partially.

Impact of SHRS on health and safety

From the results shown above,we can find thatmost of the spectra are
achieved at a laser power higher than 100mW. It is dangerous for the
health and safety of operators and the public if no protectionmeasure
is used, especially in the situ detection. In situ, the laser point is only
about 1mm, so the laser power density is more than 10W/cm�1. Such
abig laser power densitywill cause a great harm if the laser light enters
our eyes directly. In the standoff detection, the laser power density is
lower, but still cannot satisfy the requirement of no harm to humans.
The most likely reason of requiring such a big laser power of our

SHRS is the poor sensitivity of CCD for Raman spectroscopic detection.
We plan to use an Intensified-CCD to replace the CCD used in the ar-
ticle if we can get enough financial support in the future research.
Another way that can decrease the laser power is using a field-

widened SHRS. As analyzed in the Section Experimental, we have
known that if a field-widened system is used, the value of field half-
angle β of a field-widened SHRS often can be about 10 times of that
of a non-field-widened system, so a lower laser power is needed.

Conclusion

A breadboard for Raman spectroscopic detection based on spatial
heterodyne spectroscopy has been designed and built to prove
the detection ability of SHS in liquid and solid targets. Although
the breadboard is not ideal because of the poor adjustment and ex-
periment conditions, the results have shown the excellent ability of
SHRS. From the experiment result, we can see that if the laser power
and integration time are set appropriately, a SNR more than 1000
can be achieved. Some results have also proved that SHRS has the
ability to detect the targets contained in plastic or glass bottles. In
situations where the containers cannot be opened, this is very im-
portant. In order to test the detection ability to mixed targets, the
mixture of organic liquids or inorganic solids was tested. In order
to test the detection ability of natural targets, some composition-
unknown rocks and pebbles were tested. The results prove that
SHRS has a good ability to detect artificial and natural targets. The
ability of SHRS to detect anti-Stokes also has been proved, but be-
cause of the wide notch bandwidth of the filter, a wide bandpass
(about one third of the whole bandpass) was wasted. The standoff
detection was also tried, and the Raman signal was detected with-
out the help of any telescope or collimation optics. The standoff
SHRS for planetary exploration will be the focus of a future study.
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