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In this paper, a novel all-fiber online Raman sensor with 
significant signal enhancement via Fabry-Perot (FP) 
cavity is proposed and demonstrated. The FP cavity 
structure is formed by inserting a long-pass coated fiber 
and a gold-plated capillary into a silver-lined capillary 
with a gap. A corroded single mode fiber is inserted into 
the gold-plated capillary to guide the excitation light into 
the FP cavity. The multiple reflections of excitation light 
in the FP cavity have significantly increased the 
interaction volume between the light and the sample. 
Experiment results have demonstrated an enhancement 
factor of 5 times in the detected Raman signal for ethanol 
compared to that is measured using the silver-lined 
hollow-core fiber based Raman cell without FP cavity, or 
86 times compared with direct detection using bare fiber 
tip. The measurement results are in good agreements 
with theoretical analyses. This Raman sensor with signal 
enhancement via FP cavity has the potential to realize 
rapid sample replacement and online detection with high 
sensitivity and high accuracy for biochemical 
applications.  
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Raman spectroscopy has been widely exploited to detect the chemical components of samples, as it detects vibrational and rotational modes of a molecule, which are the unique fingerprint information of the sample [1, 2]. Due to the inherent weakness of Raman scattering signal [3], techniques to increase the strength of the Raman signal are highly desirable, including but not limited to surface enhanced Raman spectroscopy (SERS)[4, 5] , Cavity Enhanced Raman Spectroscopy(CERS)[6-8] and fiber enhanced Raman spectroscopy (FERS) [9]. SERS technique usually introduces metal nanoparticles to the solution or absorbing the sample molecules on the rough metal surface or by plasmonic nanostructures so that the monitored Raman signal can be greatly enhanced [10]. Due to high heterogeneity of the nanostructure and 

possible cross contamination, using SERS for fast detection with good reproducibility remains challenging [5]. CERS can largely enhance the interaction length with a very good sensitivity in gas detection [8]. However, the structural accuracy requirement of the cavity is relatively high, which is not easy to implement in portable application. On the other hand, FERS technique provides a feasible platform for realizing fast detection [11]. Hollow fibers including hollow core photonics crystal fibers (HCPCFs) or metal-lined hollow-core fibers (MLHCFs) are employed to bind the sample and Raman excitation light inside the aperture, thus increasing the volume of the interaction between light and matter [12]. However, HCPCFs suffer from several limitations, including limited numerical aperture (NA), low flow rate, bulky equipment, high pressure, optical loss due to evanescent field and the cladding modes, as well as requirement of precise laser coupling system, which restrict their usage for online detection[13, 14]. In comparison, MLHCFs offer more favorable performance, including good reflection from metal surface, large Raman shift, large NA, suppression of background noise, large hollow core diameter to facilitate fast sample exchange etc [15, 16]. In our previous report, a gold film coated optical fiber tip is inserted into the transmission port of a silver-lined capillary based Raman cell, which acts as a broadband reflector to reflect back the excitation light and Raman signal for Raman signal enhancement [16, 17].    

 Fig. 1. The 3D overview of our proposed Raman cell with a FP cavity for excitation light, while the Raman signal is guiding to right side.   To further enhance the performance, in this work, we report an improved Raman cell design based on a silver-lined capillary with a FP cavity structure, by introducing a long pass filter and a gold film reflector at both sides of cavity. The proposed Raman 



sensor has the advantages of repeatable detection, low sample demand, rapid sample replacement and analysis without sample pretreatment.  The structure of the proposed Raman sensor is shown in Fig. 1. It consists of a silver-lined capillary as the Raman cell where the sample is flowing through and interacting with the light. The interaction volume of light and sample is increased by reflecting the excitation light on the inner wall of the silver-lined capillary. The gold plated capillary which is inserted by a single mode fiber (SMF) can guide the excitation light into the Raman cell and act as a reflection surface for the Raman signals and the excitation light. The large core fiber coated with long pass film is inserted from the other side of the Raman cell to reflect the excitation light and to pass Raman signal for collection at the same time. This configuration allows multiple reflections of excitation light in the FP cavity, which greatly enhances the interaction distance between the excitation light and the sample.  The sectional view of this sensor structure is shown in Fig. 2. When the 785 nm excitation light is reflected back and forth in the FP cavity, the Raman signal intensity received by the Raman probe is a summation of the Raman signal generated by each round trip of the excitation light that interacts with the sample at all positions within the cavity. It should be noted that the cavity length in this work is not fulfilling the resonance requirement for forming interference. Instead, this paper considers the case of incoherent light scalar summation of the excitation light [18]. The loss of excitation light in the cavity mainly comes from two parts. The first one is the loss of incomplete reflection at the end face, including the gold film and the long-pass film. In order to allow the sample to efficiently flow into the capillary, the diameter of the large core fiber is 20  smaller than the inner diameter of the capillary. Therefore, the reflection loss is mainly caused by the diameter difference between capillary and fiber. The reflectivity of the two films in the FP cavity are denoted as R1 and R2 respectively. Secondly it is due to the transmission loss inside the silver-lined capillary with a loss factor of .   

 Fig. 2. The schematic diagram of excitation light reflecting back and forth in the cavity, while the total light intensity is their scalar summation.  When the excitation light propagates in the silver-lined capillary, a lot of reflections are generated in the silver-lined capillary. Since the number of reflections in each direction is different and random, the ratio of incident and outgoing excitation light intensity is measured to calculate the total loss coefficient. When the excitation light propagates from 0 to the position for the first time, the light intensity is attenuated from I0 to I1 with the relationship of ( ) = . When the excitation light is reflected by the end surface, the intensity of the reflected excitation light is regarded as 

the product of the original light intensity and reflectivity. As shown in Fig. 2, the excitation light has passed through the cavity length l, and the second time reaches the x position, the light intensity should be attenuated as ( , ) = ( ).  In our configuration, the excitation light is always reflected in the FP cavity, until the light intensity decays to zero. It can be seen that the above-mentioned light intensity expression is an infinite series, and we carry out a calculation of scalar summation to obtain the total light intensity at the x position in the cavity: ( , ) = ( ) ( , )  .                                   (1) At the same time, the light intensity without the gold film is also calculated. After the excitation light is incident, it is reflected only once on the long-pass film end-face . Since the gold film on the other reflective end is no longer present, the excitation light escapes out directly from the inner silver-lined capillary. The intensity at the position x is simply the summation of two beams of light. In this case, the light intensity at the position can be expressed as ( , ) = + . The intensity of Raman signal is directly proportional to the number of molecules per unit volume , the Raman scattering cross section of the molecule , the volume V and the intensity of excitation light . So it can be obtained as follows [15, 19]: 
 ∝  .      (2) Since the light intensity at different positions in the cavity is not the same, we calculate the Raman signal at each position in the cavity and integrate it according to the distance. In the process of Raman signal propagation, there are also losses caused by incomplete reflection and transmission losses. The Raman signal strength received by the end face is calculated as: = ( ( ) + ( ) ( , )   , (3) where the first item in parentheses is the Raman signal intensity at position  directly received by the probe through the large core fiber, and the second item is the Raman signal intensity received after reflection of the gold film. We substitute light intensity  into equation (3), then the expression can be rewritten as： = ( ) [ ( ) + ( )] ( , )  ,     (4) where D is the inner diameter of the silver-lined capillary, 320 . When the gold-plated capillary does not exist, the Raman signal will not be reflected by the gold film. During the interaction between the excitation light and the sample, the forward Raman signal propagated from 0 to length l and the backward Raman signal propagated from l to 2l can be collected by the large core fiber. Raman signal propagating backwards from 0 to length l and forwards from l to 2l will escape because there is no reflection from the gold film. So the expression can be rewritten as:   = ( ) ( ) ( , )  .                  (5) We use MATLAB to calculate the Raman signal intensity of the two cases. The calculated Raman signal intensity curve and the gain curve of the Raman signal are shown in Fig. 3. When the cavity length is 3.4 cm, the theoretical Raman signal gain multiplier is 5.5 times. It can be seen that with the increase of capillary length, the Raman signal gain effect of FP cavity structure will decrease. When the cavity length increases, the transmission loss of excitation light in the cavity will also increase, resulting in a decrease in the 
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