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Raman spectroscopy is widely used in many fields with the advantages of simultaneous
species detection and molecular fingerprint characteristics, but the low detection
sensitivity limits its further development, especially for highly scattering or turbid
mediums. In this consideration, a new method called quartz tube enhanced Raman
scattering spectroscopy was proposed for the first time in this paper. A quartz tube was
inserted into the powder sample to improve the coupling of light into the medium and
increase the interaction volume of the laser with the sample (“volume-excitation”), multiple
scattering of the light within the turbid medium resulted in an increased Raman signal. In
this paper, the effect of different sizes of quartz tubes on the sensitivity enhancement was
studied. The results show that the enhancement factor of the signal intensity was nearly
5.37 (the Raman signal of HCO3

−) compared to traditional Raman spectroscopy
technology. Furthermore, the method was successfully applied to improve the Raman
signal intensity of themixed sample (1:5, m (PO4

3−):m (HCO3
−)) and detect the baking soda

powder buried under a 6mm thick layer of potassium dihydrogen phosphate powder. The
results show that the technology will open a new way for the quantitative analysis and
detection of powder samples.
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1 INTRODUCTION

In recent years, laser spectroscopy technology has made great progress, and its application fields have
been continuously expanded [1–3]. With the most significant advantages such as simplicity, high
chemical specificity, multicomponent and nondestructive detection, spectroscopy has been used in
many fields [4], e.g., food adulteration [5], hazardous chemical detection [6], and drug analysis [7].
However, the Raman-scattering signal was very weak, which has an intensity lower than (10–6) that
of the excitation [8]. Therefore, approaches to enhance Raman scattering signals are always
important to improve and realize related detection techniques. At present, the methods to
improve the detection sensitivity mainly include UV resonance Raman spectroscopy (UV-RRS)
[9], surface-enhanced Raman scattering (SERS) [10, 11], and tip-Enhanced Raman Spectroscopy
(TERS) [12]. These methods were mainly developed for gas or liquid samples, and they are almost
useless for powder samples. Thus, it is meaningful to explore new methods to enhance the Raman
detection sensitivity for powder samples.

Many studies have been involved in approaches to improve the powder detection sensitivity of
Raman spectroscopy. Mastousek et al. [13] suggested using a dielectric filter to selectively return
reflected laser photons back to the samples. This technique provided a 6 times enhancement of the
Raman signal, but the signal-to-noise ratio was only 2 times for powder samples. Anupam K et al.
[14] suggested a simple procedure improving detection limits for micro-Raman by producing micro-
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cavity in a reflecting metal substrate. Peter J. Larkin et al. [15]
proposed increasing the path of action between the laser and the
sample by drilling a conical/cylindrical hole in the tablet, thereby
provided 3–5 times enhancement of Raman signal and 2 times
increase of the accuracy. Lohumi S et al. [16] proposed a mirror
was used to improve the detection sensitivity of Raman imaging
spectroscopy, which increased the Raman signal intensity of
powder samples by 2 times. Besides, it verified the feasibility
of the technique used for food adulteration in the paper. Lednev V
N et al. [17] suggested using a high-energy laser to act on the
powder sample to produce a laser crater. Furthermore, using
another low-energy laser to excite the Raman signal. The results
showed that the detection sensitivity could be enhanced nearly 14
times. Besides, this research group optimized the experimental
parameters, including laser wavelength, laser energy, particle size
distribution, etc [18]. From the above analysis, the last technique
was the better among those methods, but the high energy could
damage the samples. In addition, it was difficult to detect deep
target substances with the powder state for traditional Raman
spectroscopy, because of the ability limitation of light penetration
[19, 20]. At present, Transmission Raman spectroscopy (TRS)
[21] and Spatially-offset Raman spectroscopy (SORS) [22] were
representative and mature techniques, with commercial
instruments in pharmaceuticals and other industries to
chemically analyze powder samples. However, the TRS and
SORS may have some disadvantages in some applications.
Regarding SORS, the optimal spatial offset distance needs to
be found for every detection. Furthermore, the packaging is easily
damaged because of the high-power laser density. Regarding TRS,
the sample needs to be completely taken out before the detection.
In addition, the laser light source and detector have opposite
positions. it is inconvenient that the portable device was realized.

As mentioned above, some methods have been used to
improve the detection sensitivity for powder samples. To
further explore a simple but effective method, quartz tube
enhanced Raman spectroscopy was proposed in this paper.
The feasibility of the technique was demonstrated by
combining theoretical analysis and experimental research.
The advantages of this method can be briefly summarized.
First, the method has a simple structure and high signal
collection efficiency. Second, the depth and position of
detection can be flexibly changed according to
requirements by this technology. Third, it can easily be
extended to the fluorescence spectrum detection of powder
samples.

2 MTHODS AND EXPERIMENTS

The power emitted by a Raman line of powder material is given
by the product of the effective volume of light interacting with the
sample, the number density of the emitting molecules, the Raman
cross-section for that line, the laser intensity and the excited
volume, etc. this is given by [23]:

Ii � kΩ
›σ

›Ω
niVI0

Where k is the scattering coefficient, Ω is the solid angle of signal
collection, V is the effective volume of light interacting with the
sample, zσzΩ is the differential scattering cross-section, ni is the number
density of the emitting molecules, I0 is excitation light power. As
described above, the intensity of the Raman signal can be enhanced by
increasing the power of the excitation light, effective volume V of the
laser in the sample, and the collection solid angle Ω. About the
proposed method, the effective volume V (“volume-excitation”) was
increased compared with the traditional method.

Kubelka-Munk theory in a one-dimensional approximation
could be used to study the coupling of laser radiation into turbid
samples [19, 24]. For thicker samples with an infinitely wide slab
medium of thickness, only a small fraction of laser radiation will
reach the target layer buried deeply in turbid media. Therefore,
traditional Raman spectroscopy technology has lower detection
sensitivity. In addition, it is difficult to detect the information of
powder samples with deep layers and low concentrations for
traditional method. About the proposed methods was shown in
Figure 1A, a quartz tube was inserted into the powder sample to
improve the coupling of light into the medium and prevent light
energy loss, and multiple scattering of the light within the turbid
medium. It is obvious from Figure 1B that more photons interacts
with the sample and has a deeper penetration depth compared with
the traditional method. Therefore, it can improve the detection
sensitivity and detect deep-layer samples.

Quartz glass has a silicon dioxide content of up to 99.99%
and better optical properties than other materials. It has high
transmission in the wavelength range of 200–1,000 nm, which
involves ultraviolet to near-infrared light. It has excellent
physical properties, including high-temperature resistance
and good chemical stability [25]. Therefore, the quartz tube
was selected as a medium to guide the light in this study.
Figure 2 shows that the transmission of quartz is up to 93% in
our target wavelength range of 785–1,000 nm.

A quartz tube enhanced Raman spectroscopy detection setup was
built based on a 785 nm Raman probe (focal length of 7.5 mm). A
diode-pumped 785 nm laser with an average power of 300 mWwas
used as the excitation source. A spectrometer (OceanOptics-QEPro)
was used to collect the Raman signal, and the main specifications
were as follows: the spectral resolution is 0.91 nm, and the
wavelength range is 650–1,000 nm. A cuvette was used to hold
the sample; then, a quartz tube was inserted into the powder sample.
The experimental setup and schematic diagram of the method are
shown in Figure 3. Two groups of quartz tubes (a total of eight types)
were used in the experiment; the lengths were 10 and 20mm, and
the inner diameter and outer diameter were 0.6 × 0.9, 1 × 1.3, 1.65 ×
1.95, and 2 × 2.4 (mm) respectively. Baking soda powder (NaHCO3,
≥99%) and potassium dihydrogen phosphate powder (KH2PO4,
≥99.5%) were used as samples in the experiment.

To prove the signal enhancement effect and practicability of quartz
tube Raman spectroscopy technology for powder samples, three
experiments were performed in this study. First, the Raman signal
enhancement effect of the method for powder samples was studied
using eight different sizes of quartz tubes. Second, quartz enhanced
Raman spectroscopy technology was used to detectmixed powders. A
mixed sample of baking soda and potassium dihydrogen phosphate
powder (1:5, weight ratio) was detected by proposed method. Third,
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we verified the feasibility of this technology for detecting samples
buried under powder. The baking soda powder was placed under a
powder sample of potassium dihydrogen phosphate of approximately
6mm thickness and was detected by Raman probe with a quartz tube
(20 × 1.00 × 1.30mm).

3 RESULTS AND DISCUSSION

3.1 The Method of Spectral Processing
The first step of the data collection was to obtain the
background spectra; for the analysis, the dark spectra were
subtracted from the raw spectra. The spectral collection
parameters were set as follows: the exposure time was 3 s,
and the accumulated cycle time was 1. The Raman original
spectra of baking soda powder were obtained using traditional
Raman spectroscopy technology as shown in Figure 4A.
HCO3

− has three Raman peaks, at 689 cm−1, 1,043 cm−1 and
1,275 cm−1. The strongest intensity was located at 1,043 cm−1

among the three Raman peaks. Therefore, the Raman peak was

FIGURE 1 | (A) Diagram of two types of detection methods: traditional and Quartz tube enhanced Raman spectroscopy technology and (B) Image of scattering
from a powder sample acquired using a cell phone camera: traditional and Quartz tube enhanced Raman spectroscopy technology.

FIGURE 2 | Diagram of the transmittance curve of 10 mm thick
quartz [26].

FIGURE 3 | Schematic of the quartz tube enhanced Raman spectroscopy system. (A) Experimental setup; (B) Schematic diagram.
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used as a reference in the analysis. The Partial Least Squares,
(PLS) data processing method was used to eliminate the
influence of the baseline [27]. The spectrum range was
950–1,100 cm−1, as shown in Figure 4B.

3.2 The Raman Signal With Different Quartz
Tubes
The influence of different quartz tubes on the signal enhancement
effect was studied by comparing it with the traditional method.
The data processing method was identical to the aforementioned
method. The enhancement factors of different sizes of quartz

FIGURE 4 | Raman spectrum of baking soda. (A) original spectrum; (B) Raman spectrum of the baseline correction.

FIGURE 5 | Enhancement effect of different sizes of quartz tubes. (A) Raman spectrum of soda powder using different quartz tubes; (B) Enhancement factors of
different quartz tubes.

TABLE 1 | Enhancement effect of Raman signals with different sizes of quartz
tubes (mm).

Length Inner diameter Outter diameter Enhancement factor

10 0.60 0.90 3.89
1.00 1.30 5.37
1.65 1.95 3.50
2.00 2.40 2.01

20 0.60 0.90 2.14
1.00 1.30 2.89
1.65 1.95 3.40
2.00 2.40 1.84
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tubes are shown in Figure 5. The amplitude ratio of Raman bands
(1,043 cm−1 at HCO3

−) after background correction is defined as
enhancement factor.

The quartz tubes of different sizes have obvious
enhancements for powder samples as shown in Figure 5;
Table 1. Compared to traditional Raman spectroscopy, the
minimum enhancement factor was 1.84 (20*2.00*4.00 mm),
and the maximum factor was up to 5.37 (10*1.00*1.30 mm).
This result shows that quartz tube enhanced Raman
spectroscopy technology has obvious advantages in the
detection of powder samples and significantly improves the
sensitivity of Raman spectra. For quartz tubes with the same
length (10 or 20 mm), the signal enhancement factor does not
linearly increase with increasing core diameter. In addition,
the 20-mm-long quartz tube had a lower signal enhancement
factor than the 10-mm-long tube.

An explanation of the above experimental phenomenon can
be given as follows. The quartz tube enhanced Raman scattering
spectroscopy method can be decomposed into two processes.
First, the laser beam is coupled to the bottom of the quartz tube
and interacts with the sample to generate the Raman signal. Most
of the laser energy will be reflected during this process [24].
Second, the reflected laser interacts with the powder sample again
to generate a Raman signal during the propagation process and
collected by the device. This model of this method is similar to
transmission Raman spectroscopy technology [19]. About the
first process, it is obvious that the Raman signals generated by
quartz tubes of different lengths are the same. However, the loss
of the Raman signal of quartz tubes with a length of 20 mm more
than 10 mm in the propagation process. Regarding the second
process, the Raman signal intensity will first increase and then
decrease with increasing quartz tube length. Based on the above
analysis, it is easy to understand that the signal enhancement
factor of quartz tubes of each size with a length of 20 mm was
lower than that of tubes 10-mm-long.

3.3 The Ability of the Method to Detect the
Mixed Sample
To demonstrate the ability of quartz tube enhanced Raman
spectroscopy to detect the mixed samples, soda and potassium
dihydrogen phosphate powder at a ratio of 5:1 (weight ratio) was
prepared. A quartz tube (10 × 1 × 1.3 mm) was fully inserted into
the mixed powder sample; then, the Raman probe was used to
detect the Raman signals. Two methods were used to collect the
spectrum of the same sample, and the spectra in the range of
800–1,150 cm−1 were processed to eliminate the baseline. The
results are shown in Figure 6.

For the mixed sample, the Raman signal intensity using the
proposed method has significantly increased compared to the
traditional method from the above results. For traditional Raman
spectroscopy technology, it was difficult to identify the spectral
peaks because the signal intensity of PO4

3− (913 cm−1) was quite
low. However, for quartz tube enhanced Raman spectroscopy,
there was a significant enhancement of Raman signal intensity,
and the Raman signals of PO4

3− and HCO3
− were clear. In

addition, the two samples had different enhancement factors:
the HCO3

− enhancement factor was 2, but the Raman signal of
PO4

3− enhancement was nearly 4 times. The reason for this result
was that the different particle sizes, Raman scattering cross-
sections and compactness of the mixed sample cause different
enhancement factors. This result shows that quartz tube
enhanced Raman spectroscopy technology has obvious
advantages in the detection of mixed powder samples.

3.4 The Ability of the Method to Detect the
Buried Samples
To demonstrate the ability of the proposed method to detect
buried samples, a related experiment was performed. A cuvette
with dimensions of 10 × 10 × 50 mm was used to hold the sample

FIGURE 6 | Results comparison of quartz tube enhanced Raman
spectroscopy and traditional Raman spectroscopy for mixed samples (1:5, m
(PO4

3-):m (HCO3
−)).

FIGURE 7 | Results comparison of quartz tube enhanced Raman
spectroscopy and traditional Raman spectroscopy for powder samples with
deep layers.
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in the experiment. The depth of soda powder was
approximately 44 mm at the bottom, and the depth of
potassium dihydrogen phosphate powder was approximately
6 mm at the top. Two types of methods were used to detect the
prepared sample, and the experimental results were further
analyzed. A quartz tube (20 × 1 × 1.3 mm) was fully inserted
into the prepared powder sample; then, the Raman probe was
used to detect the Raman signals. The original spectra are
processed to eliminate the baseline (range: 750–1,150 cm−1),
and the results are shown in Figure 7.

The results show that it was impossible to detect the Raman
signal of HCO3

− at the bottom using traditional Raman
spectroscopy technology due to the limited laser penetration
ability in the powder sample. However, the Raman signal of
HCO3

− was clear using quartz tube enhanced Raman
spectroscopy, because the laser through the quartz tube
contacted the buried sample in the deep layer. Therefore, the
Raman signal of HCO3

− (1,043 cm−1) could be clearly observed,
and the Raman signal of PO4

3− was also enhanced. The
experimental results show that quartz enhanced Raman
spectroscopy technology has obvious effects on the detection
target powder with the deep layer.

4 CONCLUSION

In summary, quartz tube enhancement Raman spectroscopy
technology was reported for the first time in this paper. The
influence of different parameters of quartz tubes on Raman signal
enhancement was studied. The results show that compared with

traditional Raman spectroscopy technology, the maximum
enhancement factor of quartz enhancement technology could
reach 5.37-fold. In addition, the feasibility of the technology to
detect mixed powder and target samples buried in deep layers was
validated using related experiments. As a whole, this technology
will play an important role in food safety, hazardous chemical
detection, drug analysis, etc., expanding the further development
of Raman spectroscopy technology.
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