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Abstract: Raman spectroscopy is widely used for qualitative and quantitative analysis of trace com-
ponents in scientific fields such as food safety monitoring, drug testing, environmental monitoring,
etc. In addition to its demonstrated advantages of fast response, non-destructive, and non-polluting
characteristics, fast online Raman detection is drawing growing attention for development. To
achieve this desirable capability, hollow core optical fibers are employed as a common transmission
channel for light and fluid in the Raman sensor. By enhancing the interaction process between
light and matter, the detection sensitivity is improved. At the same time, the Raman spectroscopy
signal light collection efficiency is significantly improved. This article summarizes enhancement
techniques reported for Raman sensors, followed by a detailed review on fiber-based Raman sensor
techniques including theoretical analyses, fabrication, and application based on hollow core photonic
crystal fibers and capillary-based hollow core fibers. The prospects of using these fibers for Raman
spectroscopy are discussed.

Keywords: Raman spectroscopy; capillary-based hollow core fibers; hollow core photonic crystal
fiber; detection

1. Introduction

Rapid detection and identification of chemical substances are of utmost importance
in many fields, such as food safety, drug monitoring, industrial wastewater discharging,
etc. [1,2]. There are many detection methods which can achieve very accurate qualitative
and quantitative detection for their respective application scenarios [3,4]. However, due to
the large size of the instrument, the complicated detection process, and the long detection
time, these detection methods cannot meet the requirements of fast online detection. Raman
spectroscopy is considered as the ‘fingerprint spectrum’ of the matter, which can be used
as non-destructive testing and is very suitable for rapid liquid sample testing [5]. However,
the Raman signal itself is very weak [6]. This shortcoming limits the application of Raman
detection. Much effort has been made to enhance the Raman signal, such as surface-
enhanced Raman spectroscopy, tip-enhanced Raman spectroscopy;, etc., but these methods
are not suitable for fast detection. Moreover, multiple tests cannot be performed, which
leads to cross-contamination of the sample, and any impurities can seriously affect the
Raman scattering signal. The detection range is concentrated on the focal position of the
excitation light, and the interaction volume between the light and the sample is small.

The hollow core fiber (HCF) can confine the excitation light and the Raman signal in
the cavity to propagate at the same time. Through internal multiple reflections, the optical
path is lengthened, thereby increasing the volume of interaction between the light and
the sample and increasing the intensity of the Raman signal. At the same time, within the
fiber-enhanced Raman spectroscopy (FERS) structure, the diameter of the HCF used can
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reach hundreds of microns, which can perform liquid exchange faster, so as to achieve
rapid switching of test samples, which is more suitable for rapid test scenarios.

This paper presents a review of all-fiber online Raman sensors with hollow core
microstructured optical fibers. Firstly, the principle of Raman spectroscopy and the methods
for Raman signal enhancement are introduced in Section 2. Secondly, based on the overview
of Raman sensors with field enhancements, FERS is introduced with different types of
commonly used hollow core microstructured optical fibers in Section 3. The hollow core
can be used to guide light and sample flow simultaneously. Based on its enhancement
of interaction length, in Section 4, we theoretically analyze its enhancement mechanism.
Moreover, several in-fiber optical path modification methods are proposed to further
enhance the interaction length. Then, in Sections 5 and 6, we present a comprehensive
review of their applications in detail, focusing on hollow core photonic crystal fiber and
capillary-based hollow core fiber, respectively. In total, four kinds of optical fibers are
discussed and their applications are summarized. In Section 7, from the perspective of
testing samples, we also summarize the application cases of fiber-enhanced Raman sensors.
Finally, the prospects of using these hollow core microstructured optical fibers in Raman
spectroscopy are summarized and concluded.

2. Principle of Raman Spectroscopy and Overview of Raman Sensor
with Enhancement

2.1. Principle of Raman Spectroscopy

In 1928, Indian scientist C. V. Raman discovered a new scattering effect, known as the
Raman effect, when studying the liquid scattering of monochromatic light by a mercury
lamp [7]. The effect explains the wavelength shift of scattered light from a small fraction
of the molecules, which has a frequency different from that of the incident light, depend-
ing on the chemical structure of the corresponding molecule. Raman spectroscopy uses
scattered light to obtain information about molecular vibration, which can provide specific
information about structure, symmetry, molecular bonding, electronic environment, etc. [8].
Therefore, Raman spectroscopy can be applied to qualitative and quantitative analysis of
various compounds.

When light with a frequency interacts with matter, inelastic scattering will occur. The
wavelength of the scattered light of a small part of the molecule is shifted, and the photon
obtains vibration energy from the molecule. The energy of the scattered light is increased
and is called anti-Stokes Raman scattering, and on the contrary, the energy of the scattered
light is reduced to Stokes Raman scattering [9]. The energy level diagram is shown in
Figure 1. Since most of the molecules are in the ground state at room temperature, it
can be seen from the Boltzmann distribution that the Stokes scattering is much stronger
than the anti-Stokes scattering. Therefore, the Stokes scattering spectrum is usually used
when studying Raman scattering spectra. Raman spectroscopy uses scattered light to
obtain information about molecular vibration. As the vibrations of material molecules are
different, the Raman spectra are also different, so Raman spectroscopy is also called the
‘fingerprint spectrum’ of the object [5]. Using this characteristic of Raman spectroscopy, the
composition and concentration of the sample can be distinguished, and the qualitative and
quantitative analysis of the sample can be realized.
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Figure 1. Rayleigh scattering and Raman scattering energy level diagram. Reproduced with
permission [10].

2.2. Overview of Raman Sensor with Enhancement

As the Raman scattering signal is very weak, in recent years, many researchers have de-
voted themselves to researching methods to enhance the Raman signal with great progress.
They proposed enhancement methods include resonance Raman spectroscopy (RRS), co-
herent anti-Stokes Raman spectroscopy (CARS) [11], cavity-enhanced Raman spectroscopy
(CERS) [12], surface-enhanced Raman spectroscopy (SERS) [13], fiber-enhanced Raman
spectroscopy (FERS), etc.

Resonance Raman spectroscopy (RRS): In the 1950s, Shorygin et al. proposed that
when the excitation photon energy roughly matches the energy required for the electron
transition in the sample, the measured Raman spectrum intensity will increase signifi-
cantly. This method is called RRS, which can detect the Raman spectra of samples with
concentrations as low as 1078 mol/L. RRS has been widely used in the analysis of various
luminescent biological samples, such as enzymes. The excitation light can be adjusted to
the specific absorption band of the active part of the enzyme. Therefore, RRS can selectively
determine its structure [14]. In addition, using different wavelengths of excitation light, the
vibrational spectra of various parts of biomolecules can be obtained [15].

Coherent anti-Stokes Raman spectroscopy (CARS): In 1965, Maker et al. [16] first
reported the ‘three-wave mixing experiment’. In 1974, Begley et al. [11] called it CARS. This
technology realizes vibration imaging with high sensitivity, high spectral resolution, and
a three-dimensional slice function. CARS is a non-linear detection technology based on
inducing coherent Raman on the target molecule. Two lasers are detected by the third laser,
and a coherent signal with a blue shift of frequency is generated in the direction of phase
matching. CARS is an effective method to measure the temperature and main component
concentration in the reaction fluid [17], and it can detect different molecular bonds in
various biological systems. CARS based on nanosecond, picosecond, and femtosecond
lasers also has a wide range of applications in gas-phase reaction streams [18].

Cavity-enhanced Raman spectroscopy (CERS): Since the Raman signal and laser power
are linear, the problem of low sensitivity of spontaneous Raman scattering can be solved
by using a higher power laser. One method is to place the Raman cavity and the gain
medium together in the laser resonator, so as to utilize the efficient laser power in the
laser resonator (in-cavity laser Raman spectrometer) [12]. Another method is to use the
laser power accumulated in the external optical cavity. Its simplest form is composed of
two highly reflective mirrors with two parallel sides. If the laser frequency is stabilized at
the resonant frequency of the cavity, then light can be efficiently coupled into the cavity,
and the laser power can be enhanced by several orders of magnitude. This kind of power
accumulation in an optical cavity can be used to improve the efficiency of spontaneous
Raman scattering, which is called CERS [19]. In 2001, Taylor et al. [20] realized the specific
application of CERS for the first time. Through the electronic feedback mechanism, the 1 W,
532 nm laser was stabilized in a short linear cavity, and the Raman cavity was placed in
the optical cavity. The Raman signal of hydrogen is detected from the 90° direction, but
the Raman cavity window causes a lot of optical loss, resulting in the enhancement factor
being limited to about 50 times.
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Surface-enhanced Raman spectroscopy (SERS): In 1974, Fleischmann et al. [13] dis-
covered the phenomenon of SERS. SERS can be used to detect and identify very low-
concentration molecular species. This method is based on adsorbing the analyte to the
surface of a metal structure, usually gold, silver, or copper, and mainly uses the local
electromagnetic field generated by the assembly of nanostructured materials and the strong
field enhancement generated by the electromagnetic coupling between the nanoparticles,
which overcomes the obstacle of small scattering cross-section [21]. Compared with normal
Raman scattering, the Raman scattering cross-section of the analyte in the SERS detection
method is increased by up to 15 orders of magnitude, and the Raman signal of the target
molecule is also increased by several orders of magnitude, so that SERS can even detect
the Raman signal of a single molecule. In recent years, in order to improve the stability
and reproducibility of SERS substrates, and to further increase the enhancement rate of
SERS, metal nanoresonators with more controllable shapes and reproducible shapes have
been introduced on solid substrates, such as a metal film on a nanosphere substrate and
metal-coated alumina nanoparticles.

Tip-enhanced Raman spectroscopy (TERS): Like other pure optical techniques, the
spatial resolution of standard SERS measurements is limited by the Abbe diffraction limit
A/2, where A is the wavelength of the incident radiation. However, this diffraction limit
may be overcome. In 2000, Zenobi et al. [22] showed that it is possible to couple Raman
spectroscopy with scanning tunneling microscopes or atomic force microscopes to form
a new spectral microscope tool, the so-called tip-enhanced Raman spectroscopy. In TERS
detection, the sharp AFM (or STM) tip made of SERS active metal is moved toward the
sample to be tested and irradiated with a laser [23], and the Raman scattering generated
by the sample under the tip is enhanced. Neacsu et al. [24] achieved the tip-induced
Raman scattering enhancement in the experiment, reaching 5 x 109. In this way, TERS can
detect Raman spectra with high spatial resolution. The TERS detection method is relatively
complicated. The current research of TERS aims to improve the sensitivity of detection,
such as detecting the Raman signal of a single molecule.

Fiber-enhanced Raman spectroscopy (FERS): Compared with normal Raman scat-
tering, the Raman signal enhancement multiples obtained by SERS, TERS, CERS, and
other methods are as high as ten orders of magnitude, but in most cases, the volume of
light-object interaction is very small, and the volume is proportional to the intensity of
the Raman signal. In addition, the molecules adsorbed on the metal surface are difficult
to clean, and any tiny impurities or pollution on the metal surface will significantly affect
the Raman signal [25,26], so these methods are not suitable for online detection that needs
to be reused. Therefore, this article mainly introduces the method of FERS. The Raman
scattering spectrum of the sample is detected by injecting the sample into the HCF. This
method is simple to use and is suitable for online rapid Raman detection. FERS is discussed
in detail in subsequent sections.

3. Fiber-Enhanced Raman Spectroscopy (FERS)

FERS is based on confining light and substances in the hollow core channel of the HCF.
On one hand, the sample and the excitation light can be fully used, and on the other hand,
the fiber can enhance the Raman light collection effect, enhancing the Raman signal [27].
Traditional waveguide transmission is based on total internal reflection, requiring the
core layer to have a higher refractive index than the cladding layer. However, for HCF,
the core layer is air, and the refractive index is lower than that of the cladding layer,
which cannot meet the condition of total internal reflection. Therefore, other methods are
needed to realize the hollow core waveguide, such as leveraging the photonic band gap
effect or anti-resonance to achieve hollow core guidance, or forming a liquid core with a
higher refractive index than cladding to achieve total internal reflection, coating a highly
reflective metal layer on the inner wall or hollow core photonic crystal fiber, etc., so that
light can be transmitted in the hollow core. According to specific applications, the current
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studies on FERS are mainly divided into hollow core photonic crystal fibers (HCPCFs) and
capillary-based HCFs.

3.1. Hollow Core Photonic Crystal Fiber (HCPCF)

HCPCE is a special type of microstructured optical fiber. The current applications in
Raman detection mainly include two types of HCPCE, hollow core photonic band gap fiber
(HCPBGF) and hollow core anti-resonant photonic crystal fiber (HCARF). HCPCF has the
characteristics of hollow structure, small dispersion, small non-linear coefficient, and low
transmission loss. It has important application value and broad application prospects in
the interaction of light and gas, high-energy laser transmission, pulse compression, optical
fiber sensing, and next-generation optical communications [28].

For HCPBGEF, several capillaries are removed in the center to form the hollow core, and
the surrounding capillaries are arranged in a honeycomb structure to form a cladding, as
shown in Figure 2a. For the HCAREF, the cladding can be composed of several non-contact
thin-walled capillaries, and the beam is confined in the core by enhancing the reflection of
the incident light when it meets the thin wall of the cladding, as shown in Figure 2b.

(a) (b)
Figure 2. (a) Cross-section of HCPBGF. Reprinted with permission from [29]; © The Optical Society.

(b) Cross-section of HCAREF. Reprinted from [30], copyright (2019), with permission from Elsevier.

3.2. Capillary-Based Hollow Core Fiber (HCF)

Compared with HCPCF, capillary-based HCF has a large hollow core aperture, which
can increase the volume of light and confine the light while realizing rapid switching of
the sample, without requiring a large pressure to inject the sample. Capillary-based HCFs
have two main categories, namely metal-lined hollow core fiber (MLHCF) and liquid core
fiber (LOF).

For MLHCEF, the inner wall of the glass capillary tube is plated with metal to increase
the reflectivity to ensure the transmission of light in the core. Due to the high reflectivity
of the metal, the Raman signal can be bound in the capillary core to improve the signal
collection efficiency. In addition, the inner diameter of the inner aluminized capillary tube
is large, liquid can be injected directly under normal pressure, and cross-contamination is
small when changing the sample, which is suitable for fast and convenient online detection.
The hollow core aperture of the MLHCEF is generally several hundred microns. The sample
is injected into the fiber, the excitation light emitted by the laser is coupled into the hollow
core from one end of the inner MLHCF and is bound in the capillary under the action of
the metal layer [31], and the light interacts with the sample to generate Raman light. A part
of the Raman scattered light continues to propagate forward, and a part is reflected back to
the incident end [32,33]. Therefore, the receiving end of the Raman signal can be divided
into transmission Raman detection and reflection Raman detection.
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For LOE, its discovery originated in the mid-19th century, when people first conducted
scientific research on light guidance in liquids. It was not until 1970 that scientists began to
use LOFs as potential communication media [34,35]. The liquid core fiber is composed of
a small-diameter glass tube filled with high refractive index liquid, and has low loss in the
near-infrared band [34,36], which has obvious practical significance. Compared with tradi-
tional experimental equipment, LOF has great advantages in analog communication [37].
In spontaneous Raman spectroscopy, by limiting the excitation radiation and effectively
collecting Raman scattered light with a long interaction length, the liquid core fiber can
produce an enhancement factor that is 1000-3000 times higher than that of the traditional
fiber [38]. There are also huge advantages in the application of absorption spectroscopy [39]
and fluorescence spectroscopy [40].

In addition to the enhancement based on HCPCF and HCF, further enhancement can
be achieved by introducing optical path configurations, such as a Sagnac loop, capillary
with an inserted reflector, and capillary with an inserted FP cavity. The theoretical part of
the enhancement by the optical path configuration will be explained in Section 4.2, and the
experiment will be shown in Section 6.1.2.

4. Theoretical Analysis
4.1. Theoretical Analysis of FERS

The signal enhancement is mainly caused by the increased interaction length between
confined light and samples in the HCF, which provides high-efficiency Raman signal
collection. The Raman scattering signal can be described by the equation [41]:

P o« moVIy(vo — vi)*. 1)

In Equation (1), m is the number of molecules per unit volume, o is the Raman
scattering cross-section of each molecule, V is the sample volume that is irradiated by the
pump light, and the scattered light can be received. Iy, vo, and v, are the intensity of the
excitation light, Raman light frequency, and excitation light frequency, respectively. The
enhancement of the Raman signal can be obtained by increasing the intensity of excitation
light including selecting a high-power laser and optical focusing. However, the former
easily causes optical loss and thermal effect. Additionally, the latter reduces the volume of
the light object while increasing the intensity of light, which is only applicable to the case
of limited sample volume [42].

When the laser power is constant P}, if the power distribution of the excitation light
on the sample is uniform, the light intensity can be expressed as P}, /S, where S is the
cross-sectional area of the sample, L is the optical path length, and the volume can be
expressed as SL. Hence, the increase in optical path length could enhance the Raman light.

Another key consideration in increasing the Raman signal is the collection efficiency of
the signal. As shown in Figure 3a, in the case of beam focusing, only the Raman light at the
focal point in the lens numerical aperture (NA) can be accepted, and the collection efficiency
is N = Stoucush-Qopj/ 47 For the case of introducing the HCEF, as shown in Figure 3b, the
HCF can collect the Raman signal in the entire hollow core, which is a large-volume signal.
This enhancement mechanism is called volume-enhanced Raman scattering. At this time,
the collection efficiency ism = 1/2-SL-min (Qobj /QucE, 1). Qobi and Qycr are the solid
angles corresponding to the NA of the lens and the HCF, respectively. For the focusing
structure, only the samples in the excitation light focus volume S¢,.;s-h can be excited by
the excitation laser in the optical path to generate Raman signal (Sgocys is the focal area
and h is the depth of focus). In addition, the Raman scattered light diverges uniformly in
all directions, and only the Raman light within the solid angle Q) /47t corresponding to
the NA can be received by the lens. Compared with the lens, HCF is more advantageous
because of the large NA and the capacity for confining the Raman light within the entire
fiber. At the output end, if the NA of the lens is smaller than that of the HCF, then the
Raman optical coupling efficiency is Qqp; / Qncr-
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Figure 3. (a) The excitation light is focused on the object. (b) The excitation light is coupled into the
HCF and has a long acting distance. Reprinted with permission from [43] © The Optical Society.

4.2. Theoretical Calculation of Raman Signal Enhancement

Through theoretical calculations, the Raman signal strength can be estimated. Here,
we mainly discuss the calculation of Raman signal intensities in direct detection and the
structure with MLHCEF.

In the case of direct detection by the Raman probe, only the Raman light within the
focal volume of the probe lens can be received by the probe. The focus volumes of different
lenses are different, but the focus volume is very small compared to the hollow core volume
of the MLHCF. The Raman signal intensity Pprobe in the direct detection structure can
be expressed by Equation (2), the focal volume can be equivalent to a cylinder, and h
is the focal depth of the lens. Sg,qys is the cross-sectional area of the focus volume and
Nprobe = (dobj/ 47 is the receiving efficiency of the lens. Since the Raman light diverges in
all directions, only the Raman light within the solid angle corresponding to the NA of the
lens can be received by the probe.

h
Pprobe = /O 0—Insfocusnprc>be10 exp ( - Kll) eXP( - Kzl) dl 2

In the case of using the structure with MLHCE, gold and silver have high reflectance
for both 785 nm excitation light and its Raman light, so the MLHCF with gold or silver
inside can effectively confine the light. As shown in Figure 4b, the Raman probe is coupled
with the MLHCF through the optical fiber. The Raman light in the HCF with the same
transmission direction as the excitation light is called transmitted Raman light, and the
Raman signal propagating in the opposite direction is called reflected Raman light. Our
research group selected the Raman spectrometer from Bidatek, and the structure of the
Raman probe is shown in Figure 4a. The excitation light is irradiated onto the sample
through the band-pass filter, dichroic mirror, and lens. If the excited Raman light is within
the NA angle of the lens, it will be received by the lens, and will enter the receiving fiber
through the dichroic mirror, mirror, and long-pass filter for Raman signal analysis. Band-
pass filters and dichroic mirrors are used to prevent excitation light from entering the
excitation fiber and damaging the laser. The long-pass filter is used to prevent the stronger
excitation light from entering the receiving fiber.
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Figure 4. (a) Internal structure diagram of Bidatek Raman probe. (b) Detection principle diagram of
MLHCEF. Reproduced with permission [10].

When the excitation light is transmitted from the optical fiber to a position
with a distance 1 from the optical fiber, the excitation light intensity I will be atten-
uated to I« exp(—«il). The reflected Raman light excited here will be attenuated to
I+ exp(—«kil)*exp(—kzl). Considering that only the Raman light irradiated within
the core diameter of the optical fiber and within its maximum receiving angle range
can be received by the optical fiber, the receiving efficiency is
n = (d/D)? % (27(1 — cos ) /4) * (Qobj/ Qfiber), where d is the fiber core diameter, D
is the inner diameter of the HCF, « is the maximum acceptance angle of the fiber, Ogper
and Qp; are the solid angles corresponding to the NA of the lens and the fiber, respectively.
The intensity of the reflected Raman signal and transmitted Raman signal received by
the Raman probe in the structure of Figure 4b can be expressed by Equations (3) and (4).
Compared with the direct detection, the Raman signal can be significantly enhanced by
using the structure with MLHCE.

L D)2
PR:/ Grmt(z) Nl exp(—kql) exp(—kpl)dl 3)
0

L 2
PT:/O crmn<[2)> nIOeXp(—Kﬂ) eXP[_K2(2L_1)]dl 4)

Besides using MLHCE, there other structures which are used to enhance the interaction
length of light objects and the efficiency of collecting Raman light, including a Sagnac loop,
capillary with an inserted reflector, and capillary with an inserted FP cavity.

4.2.1. Sagnac Loop

As shown in Figure 5, the Sagnac loop allows the excitation light to enter and exit
from both ends of the HCF simultaneously. In this way, both the transmitted Raman light
and the reflected Raman light can be collected. The Raman light can be divided into four
parts: the transmission and reflection Raman signals generated by the excitation of the two
ends, respectively. The reflected Raman signal and the transmitted Raman signal output by
the excitation light I generated by the optical fiber 1 are:

2 L
Pr(L,) = 0’1’1’17'[(];) 1’]11/0 exp(—k1l) exp(—«pl)dl, 5)

2 L
Pr(L ;) = 0‘m7t<];)) nIl/O exp(—«il) exp[—kz(L —1)]dl. (6)
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Figure 5. Diagram of light propagation in the Sagnac loop. © (2018) IEEE. Reprinted, with permission,
from [32].

In the same way, Pr(L,I) and P(L,I;) can be obtained, so the total Raman optical
signal is:
Ptotal (L/ Il/ Il) = PR(L/ Il) + PT(L/ Il) + PR(L/ 12) + PT (L/ IZ) . (7)

Comparing the intensity of Raman detection before and after adding Fiber 2 to the
end, the Raman enhancement ratio of the structure of the Sagnac loop is:

P
_ total (8)

e Pr(L L)

Jin et al. reported that the Raman enhancement ratio of the structure is about four
times [44], which confirms that the all-fiber detection system with a Sagnac loop is a very
effective way to enhance the Raman signal.

4.2.2. Capillary with an Inserted Reflector

In the capillary with an inserted reflector structure, a metal reflective film is placed
on the other port opposite the laser in the HCF which can reflect the excitation light and
Raman light back to the probe, thereby increasing the distance of the light object and the
Raman light receiving efficiency. In this structure, the Raman signal is also divided into
four parts as Figure 6 shows, the reflected Raman light intensity P; and the transmitted
Raman light intensity P, generated by the excitation light transmitted to the HCF. After
passing through the cavity again, the reflected Raman light intensity P3 and the transmitted
Raman light intensity P, are generated. The formulas are as follows:

2
P, = GmTE([z)) nlp /OL exp(—k1l) exp(—«pl)dl, )
D\’ d\?* [t
P, = Gm7r<2> nIOR<D> /0 exp[—k1 (2L —1)] exp(—«kal)dl, (10)
P3; = O‘m7'[<2> nIOR<D> /O exp(—k1l) exp[—«kp (2L —1)]dl, (11)

D\’ d\* [t
P, = Gmn(z) nIOR(D) / exp[—k1(2L — D] exp[ — ko(2L —1)]dL. (12
0
Therefore, the total light intensity is:

Piotal = P1 + P2 + P3 4 P4. (13)
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Figure 6. Raman signal transmission diagram in the capillary with an inserted reflector.

The enhancement by the inserted reflector is Py, /P1 in comparison with a structure
without the inserted reflector. Chu et al. reported the enhanced Raman signal to be around
1.73 times using the capillary with an inserted gold surface reflector [45].

4.2.3. Capillary with an Inserted FP Cavity

In the capillary with an inserted FP cavity structure, a long-pass filter and a metal
reflector are introduced on both sides of the HCF cavity to confine the excitation light to
reflect back and forth in the cavity until the light intensity attenuates to zero, as shown in
Figure 7. It can be seen that the expression of light intensity is an infinite series, and we
calculate the sum of it and obtain the light intensity at position x in the cavity as:

_ L) +h(xD)

(1) = TR Rpe 201

(14)

Excitation
Light

1 \
— 1 Long Pass Film
+ 0t t
0 X

Figure 7. Schematic diagram of excitation light reflecting back and forth in the cavity, while the total
light intensity is their scalar summation. Reprinted with permission from [46] © The Optical Society.

From the calculation formula of the Raman signal, the Raman signal can be obtained as:

D\? [ femalion) 4 o xlix
P:Umn(5> T]/O [e (1) 4 gmallt )]Ie(x,l)dx. (15)

Yu et al. reported that in the comparison with the structure without an inserted FP
cavity, the enhancement ratio can reach about five times [46]. Here, we list the enhancement
ratios of the three structures above in Table 1, and the specific experiment details will be
described in Section 6.1.2.
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Table 1. Comparison of the enhancement ratios of three different optical path configurations.

Sagnac Capillary with an Inserted Capillary with an Inserted
Loop Reflector FP Cavity

Enhancement Ratio 4 [44] 1.73 [45] 5 [46]

5. Photonic Crystal Fiber for Raman Sensing
5.1. Hollow Core Photonic Band Gap Fibers (HCPBGFs)

For HCPBGE, several capillaries are removed in the center, and the surrounding
capillaries are arranged in a honeycomb structure to form a cladding [47]. The cladding is
composed of SiO; and periodic arrangement of air holes. The transmission characteristics
depend on the shape, size, and arrangement of air holes in the cladding. Different structures
result in different photonic band gaps. When the light wave is incident on the core-cladding
interface, the light wave is strongly scattered by periodic air holes in the cladding, and the
light wave with specific wavelength satisfying the Bragg condition will return to the core
by the photonic band gap effect [48]. Therefore, HCPBGF has strong wavelength selectivity
for light transmission [49]. Only the light within the band gap can be transmitted, and
the light beyond the band gap will leak into the cladding and redistribute in the cladding.
Therefore, when designing the Raman experiment, it is necessary to design the structure
of HCPBGF according to the Raman frequency shift range of the detected sample, so that
the excitation light and Raman light are in the band gap of the fiber, so as to realize the
desirable transmission of the signal. Only in this way can we strengthen the control of the
excitation light and Raman light, and increase the interaction between light and matter.

The transmission loss of HCPBGF is very low for sensing applications, e.g., 1 dB/km [50],
and the diameter of a hollow core hole is usually 5-30 pm. NA of HCPBGEF is 0.2 [9],
allowing transmission of a high-intensity laser in the hollow core for a long distance and
collection of a strong Raman signal, with the enhancement factor being up to three orders of
magnitude. Therefore, HCPBGF is very suitable for applications requiring high sensitivity
and a low detection limit.

The band gap range of an HCPBGF is related to factors such as air filling ratio, effective
refractive index, and air hole spacing. Based on the expression for the longitudinal wave
vector of the light wave, k, = 2)\@ [51], where a is the aperture of the air hole, it can be seen
that the shorter the wavelength, the smaller the aperture of the air hole that is needed. In
other words, the photonic band gap period becomes smaller. At present, the wavelength
in the photonic band gap of most HCPCFs is limited to the infrared communication band
(0.85-1.55 pm). Due to the small wavelength of the visible light band, the microstructure
size of the optical fiber needs to be greatly reduced compared with the transmission of
infrared wave band light waves [52], which brings a certain degree of difficulty to the
preparation of the optical fiber.

When the HCPBGEF is filled non-selectively with liquid in all the air holes, the band
gap of the photonic crystal fiber will move to a shorter wavelength due to the change in the
refractive index of the cladding and the core, and the spectral width of the band gap will
be narrow due to the decrease in the dielectric contrast, which limits the selection of the
excitation wavelength and the available range of the Raman spectrum. In order to solve the
problem of band gap narrowing caused by non-selective filling, it is necessary to selectively
fill the photonic crystal fiber, that is, only the sample enters the hollow core hole, and the air
holes in the cladding are not filled. One method is to use polymer to block the air holes of
the cladding, but polymer will produce a strong fluorescence background, so this method
is not suitable for FERS. Another method is to heat the cladding honeycomb structure to
make it collapse, while the hollow core with bigger pore size remains hollow, so that only
the sample is passed into the core, as shown in Figure 8. In this case, the HCPBGF can
realize light transmission by total internal reflection in the whole visible and near-infrared
spectrum range [53]. This novel fiber-enhanced method is used for the detection of the
commonly used broad-spectrum antibiotic moxifloxacin, in which only 4 nL of sample
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is required, and the detection limit is as low as 1.7 uM, making it possible to detect the
concentration of antibiotics in serum or other body fluids without damage and with high
sensitivity and rapid detection.

Liquid filled core
Micro-

structure
claddingd\

-

.

@) (b)

Figure 8. Raman detection principle diagram of hollow core photonic crystal fiber. (a) Raman light is
generated by the interaction between the substance and the laser in the HCPCE. The green represents
the laser transmitted in the central hole, and the red represents the Raman spectrum. (b) A cross-
sectional view of a hollow core photonic crystal fiber selectively filled with a central hole. Reprinted
with permission from [53]. Copyright (2017) American Chemical Society.

There are two kinds of loss in HCPBGEF: limiting loss and scattering loss [54]. The
limiting loss refers to the optical loss caused by the leakage of some conducted light from
the cladding during transmission. The limiting loss can be reduced by increasing the
number of air holes in the cladding [55]. Scattering loss refers to the loss due to surface
roughness induced by surface capillary wave inevitably due to thermodynamic reasons
during the pulling of HCPBGEF. The core wall can be designed to reduce the roughness of
the inner wall to reduce the scattering loss [56]. The lowest reported loss of HCPBGEF is
about 1 dB/km [50]. Hanf et al. measured the Raman spectrum of H; in the HCPBGEF, with
the equipment as shown in Figure 9a, and studied the influence of different hollow core
apertures (Figure 9b) on noise and SNR, and the result is shown in Figure 9c. The result
shows that in a certain range, the larger the pinhole size is, the greater the noise is and the
smaller the SNR is [57].
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Figure 9. (a) Schematic sketch of the experimental setup for HCPBGEF. (b) Electron microscopic
picture of the fiber end face. The circular areas marked by ‘1’, “2’, “3’, and ‘4’ are the collection areas
with pinholes sizes of 10, 15, 25, and 50 um in the focal plane. (¢) Raman spectrum of H; and the
background silica Raman signal of different fibers. Reprinted with permission from [57]. Copyright
(2015) American Chemical Society.

Khetani et al. [58] realized the detection of heparin concentration in bovine serum by
using HCPBGF, and the Raman signal intensity was more than 90 times stronger than that
of direct detection, and strong mode field overlap was achieved by non-selective filling.
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However, the hollow hole of the HCPBGEF is very small, which limits the speed of the
sample in and out, and the sample cannot be switched quickly. Therefore, this kind of fiber
is not suitable for high-throughput, online detection applications.

5.2. Hollow Core Anti-Resonant Fiber (HCARF)

The concept of anti-resonance comes from the anti-resonance planar waveguide pro-
posed by Duguay et al. in 1986 [59]. The optical guiding principle of HCARF can be
explained by the principle of an anti-resonant reflecting optical waveguide. The light that
can be constrained in the fiber is mainly determined by the thickness of the quartz wall in
the cladding. When the light is coupled in the core and transmitted to the interface between
the core and cladding, the light near the resonant frequency will leak, and other frequen-
cies of light can achieve low loss transmission in the core. That is, the light sandwiched
between the specific wavelengths meeting the resonance conditions can be transmitted in
the core region, so the region of anti-resonance wavelengths is very wide, which means
that the wavelength range transmitted in the core is wide. As the HCARF has a large
core and hole spacing, in addition to the advantage of a wide light guide band, it also
has low transmission loss, a high damage threshold, single-mode light guide, and other
advantages [60].

Due to the photon transmission in the air, the non-linear effect is greatly reduced in
HCAREF. In addition, HCAREF has the characteristics of low transmission loss in the mid-
infrared band and a flexible and controllable transmission spectrum [61,62], and is especially
suitable for mid-infrared fiber gas lasers. At present, there have been experiments using
HCAREF for trace detection of gases. In 2018, a high peak power mid-infrared Raman laser
output was reported based on a nodeless HCARF with a high-performance near-infrared
and mid-infrared broad spectrum light guide [63,64], as shown in Figure 10. Knebl et al.
successfully used HCARF for Raman gas sensing and demonstrated its application in
environmental science [41,65]. In addition, the research of measuring Raman scattering
spectra by HCAREF for trace detection is also being developed further [66].
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Figure 10. (a) Mid-infrared gas Raman laser device. (b) When the pressure of methane gas is 1.5 MPa
and the pumping power is 381 mW, the Raman spectra obtained are inset for the near field mode at
the wavelength of 1064, 1544, and 2812 nm. (c) Quantum conversion efficiencies versus the coupled
input power at first and second Stokes. Reprinted with permission from [64] © The Optical Society.
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6. Capillary-Based Hollow Core Fiber for Raman Sensing
6.1. Metal-Lined Hollow Core Fiber (MLHCF)

For application scenarios that require high time resolution and fast sample switching,
HCF with a large core diameter is more suitable. For example, MLHCF has a hollow core
aperture of several hundred microns, so there is no need to pressurize when injecting the
sample, and its cross-section is shown in Figure 11a. The choice of the plated metal is
based on the required transmission conditions. For infrared light waveband transmission,
it is preferable to choose a gold-plated film. Silver-plated film and aluminized film are
more suitable for visible light waveband transmission and ultraviolet light waveband
transmission, respectively [41]. The transmission of light is based on the high reflectance
of the metal film. The transmission principle is shown in Figure 11b. Due to multiple
reflections of light in the waveguide, the surface roughness or defects of the metal film
will cause high loss. The magnitude of the loss is related to the wavelength and the angle
of incidence. The shorter the wavelength and the smaller the incident angle, the smaller
the loss.

(b)

Figure 11. The structure and light guiding principle diagram of MLHCEF. (a) Structure diagram.

(b) Transmission mechanism of light in MLHCEF. Reproduced with permission [10].

Although the MLHCF has a larger transmission loss than the HCPBGE, it can enhance
the signal collection efficiency and significantly increase the Raman signal strength, and is
used in many detection scenarios. James et al. [67] used the internal silver-plated hollow
core fiber (SLHCF) to dynamically monitor trace gases, and realized the real-time detection
of various gases during the formation of HD by H; and D, under the action of a catalyst,
with a detection limit of 100 ppm. The device is equipped with metal caps at both ends
of the SLHCF to prevent laser light from entering the glass layer of the fiber and reduce
the fluorescent background. Pearman et al. [68] used multiple optical fibers to receive the
Raman light in the SLHCEF, and detected the concentration of Ny, CO,, and CHy, and the
device is shown in Figure 12a. Compared with the non-silver-plated HCF and the direct
detection with a Raman probe, it can be seen from Figure 12b that this method enhanced
the Raman signal of non-absorptive gases by 20 times.

In addition, the detection of Raman light in MLHCF needs to consider the effects
of fluorescence and background light. The laser optical components and HCF will pro-
duce fluorescence, which affects the shot noise of the background spectrum and reduces
the signal-to-noise ratio, thereby affecting the detection limit. The most straightforward
method can reduce the fluorescence by reducing the number of optical devices, while pre-
venting the spectrometer from receiving the fluorescence from the glass layer. In addition,
Okita et al. [69] covered the end face of the HCF, and Mullen et al. [70] coated the end
face of the HCF with a layer of silver, which not only prevented the laser from entering
the HCF from the end face, but also prevented the glass fluorescence from being received
by the spectrometer. In addition, the imperfect optical coupling and transmission loss of
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the optical fiber will cause background signals to be generated, causing great problems
for trace detection. Rupp et al. [71] studied how to improve the Raman detection limit
by reducing the fluorescent background of the MLHCEF. The longer the wavelength of
the excitation light, the smaller the fluorescence signal of the glass, and the noise can be
reduced by adjusting the window structure of the optical device and the Raman cavity in
the optical path.
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Figure 12. (a) Experimental setup for the collection of MCC Raman scatter. (b) Comparison of
experimental results of Hp in air and MCC. Reprinted with permission from [68] © The Optical Society.

6.1.1. Fabrication Method

The MLHCEF used in our studies is the SLHCF produced by Doko Engineering in
Japan [72]. The difficulty in manufacturing this kind of optical fiber lies in how to coat the
inner wall of the hollow core glass optical fiber with uniform and smooth metallic silver
and how to prevent the oxidation of the silver. The company’s production principle is
to use liquid deposition technology to form metal and dielectric coatings in silicon tubes.
Firstly, polyimide film is coated on the outside of the thin-walled silicon tube to enhance
the strength of the silicon tube. Secondly, the traditional electroless plating technique is
used to deposit a layer of silver in the silicon tube, which includes a mixed silver solution
and a retarding fluid. Finally, the dielectric film of silver iodide is formed by the iodine
flowing in the tube, that is, the metal and dielectric coatings are formed in the silicon tube.
The inner wall of the SLHCF manufactured by this method is smooth, with an average
roughness of only 0.04 um, and low transmission loss and bending loss. Using this method,
waveguides with hollow core apertures of 250, 320, 530, and 700 um and lengths of up to
6 m have been manufactured successfully. This method has simple production process, low
cost, and is suitable for mass production.

At the same time, our research group has a set of equipment for MLHCF based
on an evaporation method. We chose the VNANO/VZZ-300S high vacuum resistance
evaporation coating equipment of Beijing Wiener Vacuum Technology Co., Ltd. to make
the coating in house. This method can vapor-deposit the end surface of the part or the outer
wall of the glass tube by rotary evaporation. Using this method, after evaporating metal on
the outer wall of the glass tube, polyimide or ultraviolet glue is coated on the outside of
the metal, and finally hydrofluoric acid is used to corrode the inner glass and the unevenly
corroded parts at both ends are cut. With this method, we successfully manufactured
gold-plated and aluminized capillaries, but the coating was uneven and the transmission
loss was large.

To connect the capillary and the incident fiber (Fiber 1), there are two main methods:
free space coupling and inserting coupling [73,74]. In the free space coupling configuration,
as shown in Figure 13a, the incident laser is coupled by the convergence of the objective
lens. When using this method, the focus position has to be readjusted every time, and
the integration of the system is not optimal. In the inserting coupling configuration, as
shown in Figure 13b, the incident laser is directly inserted into the capillary, which forms
an all-fiber system with high integration. It should be noted that the difference between the
inner diameter of the incident fiber and the capillary should be small to minimize the light
leakage. Incident laser enters the capillary through Fiber 1 and interacts with the sample
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in the capillary to generate the Raman signal. The reflected Raman light is received and
detected by Fiber 1 [44].
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Figure 13. (a) The schematic diagram of free space coupling. (b) The schematic diagram of inserting
coupling [10].

6.1.2. Enhancement by Optical Path Configurations

In addition to the enhancement based on different types of optical fibers, further
enhancement can be achieved by optical path configurations. As the Raman signal is very
weak, MLHCF detection-based enhancement is not sufficient. Therefore, our research group
proposed to several optical path configurations, including the addition of a Sagnac loop,
capillary with an inserted reflector, and capillary with an inserted FP cavity to enhance the
detection of Raman signals in the MLHCE.

e  Sagnac Loop

In addition to the enhancement by MLHCEF to increase the interaction distance of the
light and object for improved Raman light collection efficiency, the Sagnac loop configura-
tion can also collect the reflected and transmitted Raman signals at the same time to further
improve the Raman light collection efficiency. The structure of the Sagnac loop is shown
in Figure 14a. Two large-core optical fibers are inserted into opposite ends of the SLHCF
to form a Raman cavity; the other ends of the optical fibers are tightly glued together to
form a Sagnac loop, which is coupled with the Raman probe. The structure diagram of
the SLHCEF is shown in Figure 14b. The thickness of the silver film is 200 nm, the hollow
core aperture is 320 um, and the outer diameter is 450 um. The large-core fiber structure is
shown in Figure 14c.
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Figure 14. Sagnac ring experimental device diagram. (a) Sagnac loop diagram. (b) Capillary diagram.
(c) Large-core diameter fiber after cutting. © (2018) IEEE. Reprinted, with the permission, from [32].

To demonstrate the enhancement by the Sagnac loop structure, a comparison of
detecting the Raman signal of isopropanol (ISO) from the Raman probe with and without
the Sagnac loop was performed. Firstly, the reflection Raman spectrum from the Raman
probe without the Sagnac loop is plotted as the blue line in Figure 15a. Only one fiber was
inserted into the capillary and only the reflection Raman spectrum was measured. Next,
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equal power was pumped into both fibers in the Sagnac loop structure and the overall
Raman spectrum consisting of both transmission and reflection Raman signals is plotted
as the yellow line in Figure 15a. The yellow line shows a clear amplification of 3.72 times
at 819 cm~! (C-C-O band) while the total excitation optical power doubled in the Sagnac
loop configuration [75]. The theoretical analysis suggested an increase of 3.99 times by the
Sagnac loop, which matched well with the experimental results. In addition, the device
was also demonstrated to detect samples with different concentrations, which proves that
the all-fiber Raman cavity has the prospect of realizing online, portable, and fast Raman
detection [69,70].
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Figure 15. Raman signal enhancement experiment results of different structures. (a) Raman spectrum
of ISO in Sagnac loop. © (2018) IEEE. Reprinted, with the permission, from [32]. (b) Raman spectrum
of ethanol in capillary with an inserted reflector. Reproduced with permission [10]. (c) Comparison
of Raman spectra for ethanol detected by SLHCF and direct detection [27]. (d) Raman spectrum of
ethanol in an inserted FP cavity. Reprinted with permission from [46] © The Optical Society.

e  Capillary with an inserted reflector

The second optical path configuration is the capillary with an inserted reflector as
shown in Figure 16a. The structure used in the experiment is an SLHCF and a gold-plated
glass fiber at the end. Two fibers were connected with the capillary by inserting coupling.
The experiment used a capillary length of 3 cm and a capillary diameter of 320 um. The
diameter of the gold-plated inserted reflector on the end surface was 275 pum, and the
attenuation coefficient was 23 m~!. The experimental parameters and results were used
in Formula (13) to calculate the theoretical enhancement ratio of the capillary with an
inserted reflector compared with that of the structure without the reflector. The theoretical
enhancement factor of 785 nm excitation light was 31.5 times when the cavity length was
3.1 cm. In order to verify the volume enhancement mechanism of the gold film reflection,
the experimental parameters remained unchanged. In the case of 785 nm excitation light
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power of 36.2 mW and integration time of 2 s, we measured the Raman spectra of ethanol
under four different conditions: the SLHCF with gold film reflection structure, the structure
after cleaning, the SLHCF without gold film reflection structure, and the free space. The
experimental results of the Raman spectrum are shown in Figure 15b.
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Figure 16. (a) Capillary with an inserted reflector structure diagram [10]. (b) Capillary with an
inserted FP cavity detection experimental device structure diagram. Reprinted with permission
from [46] © The Optical Society.

First of all, the Raman peak intensity at the Raman frequency shift of 881 cm~! (C-C-O
band) based on the SLHCF without the gold film structure was 28 times stronger than that
of direct detection in free space. Secondly, the intensity of the Raman peak at 881 cm ™!
of the gold reflection structure was 1.76 times stronger than that of the SLHCF structure
without gold film, so the total volume enhancement factor was 49.3 times. Next, the SLHCF
was rinsed with ethanol and deionized water, and subsequently the Raman detection was
performed. It can be seen that the sample was completely flushed out of the SLHCF without
any residue. In summary, the gold reflection Raman detection device with an inserted
reflector has several desirable properties. It can significantly enhance the collected Raman
signal compared to the direct detection method. The device can be reused. Furthermore,
both the sample entry and exit rates were also fast, which is very suitable for rapid detection
application scenarios.

e Capillary with an inserted FP cavity

The capillary with an inserted FP cavity detection is established on the basis of the
SLHCEF and the end surface reflection structure. The structure is presented in Figure 16b.
The FP cavity used a large-core diameter fiber with a gold-plated reflective surface and
a 792 nm long-pass coating at both ends. At the output end of the fiber, 46 layers of film were
plated on the end face of the large-core fiber with a thickness of 5300 nm, and multilayer
materials with different refractive indices separate light with different wavelengths, so as to
achieve the effect of separating excitation light and Raman light. The gold-plated reflective
surface can reflect the Raman light and the excitation light back into the cavity at the same
time, and the long-pass coating only allowed the Raman light whose wavelength is longer
relative to the excitation light to pass through, so that the Raman light directly went to the
detection unit. The excitation light was reflected back into the cavity, thereby increasing the
interaction distance between the light and the substance, and at the same time increasing
the collection efficiency of the detection signal.

In order to prove the enhancement effect of SLHCF on signal detection, the comparison
of signal strength between SLHCF and direct detection was verified by experiments, and
the results are shown in Figure 15¢ [27].

The experiment detected the Raman signal of ethanol liquid under the conditions of
20 mW excitation light and 10 s integration time. Three different conditions were measured:
the SLHCF with FP cavity structure, the SLHCF without FP cavity structure, and bare fiber
tip. The experimental results are shown in Figure 15d. The orange lines represent the
Raman signal intensity detected in the FP structure, while the blue lines represent no FP
cavity structure. The Raman characteristic peak with a bare fiber tip is represented by the
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green curve. Compared with the structure without FP cavity, the ethanol Raman signal of
the structure with FP cavity was increased by five times. Compared with bare fiber tip,
Raman light intensity of the structure with FP cavity was increased by 86 times, which had
a good gain effect [46].

6.2. Liquid Core Optical Fiber (LOF)

LOF is a new type of optical transmission element that uses liquid material as the core
material and polymer or quartz material as the sheath layer [76]. When the refractive index
of the core liquid is higher than the refractive index of the skin tube, the sample can be
confined in the waveguide to increase the interaction distance between the light and the
substance [77], and increase the optical sensitivity and the efficiency of spectrum collection.
LOF also has the advantages of large core diameter, large NA, wide spectrum transmission
range, and high light transmission efficiency.

When the cladding material is quartz or glass (the refractive index is about 1.46), the
refractive index of the liquid as the core must be greater than 1.46, which severely limits
the application of LOF [78]. The new polymer LOF can be designed with a low refractive
index cladding. At present, polytetrafluoroethylene (PTFE) material is commonly used as
the cladding in LOF. PTFE has excellent chemical stability and corrosion resistance. The
refractive index of the PTFE material (Teflon AF2400) produced by DuPont in the United
States can be as low as 1.29, and the refractive index of domestic PTFE material is 1.35 [79].

Altkoen et al. designed a tubular LOF entirely made of Teflon AF2400 to measure
the Raman spectra of low refractive index liquids [80], and demonstrated LOF filled with
water, methanol, ethanol, and acetonitrile. The optical loss was also affected by the defects
of the capillary wall and different sections of capillary. When the optical fiber was filled
with water, ethanol, and alcohol, the optical loss could be lower than 3 dB/m, 2 dB/m, and
1.9 dB/m, respectively. It was proven that Teflon AF fiber has great advantages in different
spectral applications and, even if the loss is high, it can significantly increase the intensity
of the Raman spectrum. In 2016, Chiara et al. used 3 m long LOF to measure the linear
relationship between ethanol concentration and Raman intensity, and demonstrated that
LOF can be used to detect liquid concentration [81], as shown in Figure 17.
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Figure 17. (a) Using LOF to measure the Raman spectra of ethanol at 0, 0.1, 0.2, 0.3, and 0.4 concen-
trations. The peaks at 2905, 2949, and 2994 cm~! correspond to ethanol. (b) Ethanol/water ratio
as a function of the true volume fraction of ethanol x. Errors on the score ratios are less than 1%.
Reproduced with permission [81].

Pelletier et al. used LOF made from Teflon AF to measure protein samples and proved
that the LOF Raman cavity has a sensitivity enhancement factor of 5009 in aqueous solution
under 532 nm excitation light [82]. At present, LOF has been successfully applied to fields
including UV curing, UV degradation, UV lithography, forensics, fluorescence detection,
UV medical treatment, spectral diagnosis and treatment, etc. [83,84]. Table 2 summarizes
the parametric characteristics of the four types of fiber.
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Table 2. Comparison of parameters of four optical fibers.

HCPBGF HCARF LOF MLHCF
Core diameter Small (5-30 pm) Medium (20-100 pm) [63] Large (300-1000 um) Large (300-1000 pm)
Bandwidth Narrow band [85] Narrow band All band [86] All band
Loss Low (1 dB/km) Low (50 dB/km) High (3 dB/m) [80] Medl“m[%f dB/m)
NA 0.12 0.03 0.54 [87] 0.22 [10]
Detection limit 4.7 ppm [57] 2 ppm [66] 6 ppm [88] 100 ppm [67]
Enhancement factor 10% [39] 10% [60] 103-10% [89] 10 [90]

7. HCF-based Raman Sensor Applications
7.1. Applications in Gas Detection

In recent years, the application research of gas Raman scattering in various fields
has achieved rapid development, and it has broad applications in the fields of sensing,
environmental monitoring, gas chemistry research, and medical treatment [91]. As HCF
technology becomes more mature, many types of optical fibers become suitable for gas
detection, and the performances of optical fibers are getting better. At present, the HCF-
based gas Raman light source has achieved multiwavelength Raman output, and the
wavelength range also covers the ultraviolet to the mid-infrared. The ultraviolet band
has reached 184 nm, and the mid-infrared band has expanded to 4.4 pm. Additionally,
distributed gas sensing using stimulated Raman scattering in hydrogen gas-filled HCPCFs
has been reported. The distributed Raman gain measurement approach is highly sensitive
with a large dynamic range, and both time and spatially resolved. Yang et al. investigated
label-free optical fiber distributed Raman hydrogen sensors operating based on stimulated
Raman spectroscopy, potentially allowing distributed chemical analysis in gas or liquid
phase with high sensitivity and selectivity [92]. Table 3 summarizes the research status of
Raman spectroscopy in gas detection in the research community.

Table 3. Examples of gas Raman spectroscopy with HCF.

Year Research Team Reference  Pump Wavelength Fiber Gas Core Diameter Enhance-
Type ment
Several

2008 National Energy [93] 514.5 nm HCPBGF Nz, Oz 49 um hundreds
Technology

2009 Laboratory [94] 1302-1637 nm MLHCF Coé %HS’ 300 pm N.A.

Leibniz Institute of

2014 Photonic Technology [57] 670 nm HCPCF H,, CHy 10, 20, 30 um N.A.

2014 University of Bath [95] 1064 nm HCPCF H, 53 um N.A.

o015  Fusion Science and [96] 532 nm MLHCF H, 1 mm 10
Technology

2016 Ocean University of [97] 532 nm HCF 0,, N, 500 um 60

China
The Hong Kong

2019 Polytechnic [93] 1532 nm HCPCF H, 10 pm N.A.
University

2021 Chongging [67] 532 nm HCARF  H,, CO, etc. 26 um 7

University
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7.2. Applications in Liquid Detection

At present, trace detection of liquids is of great significance in the fields of industry,
agriculture, and medical treatment, such as monitoring of industrial wastewater discharge,
pesticide residues in crops, food additives, body fluid components, pharmaceutical content,
etc. It plays a very critical role in maintaining public health and safety and ensuring
people’s quality of life. However, most of the current liquid detection instruments are
large and expensive, and are not suitable for fast and convenient online detection. The
volume enhancement effect of HCF can realize efficient and rapid detection of Raman
spectroscopy of substances. LOF, MLHCF, and HCPCF have all made progress in liquid
Raman spectroscopy detection, as summarized in Table 4.

Table 4. Examples of liquid Raman spectroscopy with HCF.

Pump . .o Core
Year Research Team Reference Wavelength Fiber Type Liquid Diameter Enhancement
Northwestern Water, methanol,
1997 University [80] 632.8 nm LOF ethanol, acetonitrile 250 pm N-A.
2001 Northwestern 82] 532 nm LOF Water protein 50 um 500
University
2011  University of Ottawa [58] 785 nm HCPCF Heparin 10.6 pm 90
Leibniz Institute of 532, 676,752
2017 Photonic Technology [53] nm HCPCF Ethanol 20 um 10
2020 Nanjing University [10] 785 nm MLHCF Ethanol 125 pm 4.83

7.3. Application in Medicine

Biological liquids provide a wealth of information about human health. The HCF-
based Raman detection technology for detection of biological liquids can achieve applica-
tions in immunity and biochemistry. In 2017, Qi et al. reported a method using LOF to
measure the chemical concentration in clinical serum and urine samples based on Raman
spectra and absorption spectra in the near-infrared region [98]. The experimental setup is
shown in Figure 18. The LOF used therein has a length of 30 cm and an inner and outer
diameter of 600 um and 800 um, so the total volume is less than 0.1 mL. The laser power
at the entrance of the LOF is about 160 mW. This method can automatically analyze the
samples and predict the concentration of most samples within the accuracy range of the
clinical reference analyzer, which has a huge potential in biochemical medicine. In 2019,
Xiao et al. designed a device for detecting bisphenol A in blood and environmental samples
using the superior physicochemical properties of the HCARF and the two-dimensional
material black phosphorus. The detection limit increased by more than two orders of
magnitude compared to traditional devices [99]. In addition, Azkune et al. used a 66 pm
LOF to achieve the quantitative detection of low-concentration glucose, with a detection
limit as low as 0.0186 mol/L, proving that this method is suitable for detecting clinically
relevant glucose concentrations and, in the treatment of SGLT?2 inhibitors, it has shown
great potential for urine glucose monitoring [100].
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Figure 18. The experimental device for detecting Raman spectra and absorption spectra using LOF.
Reprinted with permission from [98] © The Optical Society.

8. Prospect and Conclusions

This article summarizes the research of all-fiber online Raman sensors with hollow
core microstructured optical fibers. In comparison with other Raman signal enhancement
techniques, FERS has demonstrated attractive capabilities and great potential to achieve
rapid online Raman detection. Four different types of HCFs are reviewed in detail, showing
their configurations, theoretical analyses, fabrication, experimental results, and application
demonstrations for fast online Raman spectroscopy with significant signal enhancement.
The HCF detection method is used to make up for the weak Raman signal and the signal
enhancement is up to 10,000 times higher than that of direct detection. In addition, the
system can be used many times, is easy to clean and does not have residual crosstalk, and
the detection speed is as fast as a few seconds, so it is suitable for online real-time material
detection, such as for safety inspection, food detection, water quality detection, etc.

In the future, the all-fiber online Raman sensor with hollow core microstructured
optical fiber system has a lot of room for improvement in signal enhancement and usage
scenarios. In order to enhance the resolution of the Raman signal and reduce the back-
ground noise during detection, the hollow fiber detection technology can be combined
with other detection enhancement methods such as SERS, related Raman methods such as
stimulated Raman, and new fiber types. In terms of application scenarios, this technology
can be combined with microfluidic technology and installed in the detection part after sam-
ple pretreatment; it can also be combined with magnetic beads and external magnetic force
to achieve magnetic enrichment and purification. Combined with artificial intelligence and
machine learning to analyze spectral data, a complete set of sample detection procedures
can be realized.

Furthermore, recent innovations and continuous development of the laser technologies
with new wavelengths and time resolutions open up new opportunities for Raman sensors.
For example, UV Raman can effectively reduce the fluorescence interference in the Raman
signal. Nanosecond and picosecond lasers improve the time resolution of Raman spec-
troscopy and further expand the application range of Raman spectroscopy. In addition to
the qualitative and quantitative analysis of the substances mentioned in this article, Raman
spectroscopy technology has certain advantages in the fields of medical biology, molecular
microdynamics, archaeology, etc. Moving forward, with the further innovation and de-
velopment of experimental and theoretical methods, Raman spectroscopy technology will
become a powerful tool for biological and chemical technology and applications.
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