
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



 

 

STIMULATED RAMAN DISPERSION 

SPECTROSCOPY WITH HOLLOW-CORE 

FIBER：FROM FUNDAMENTAL 

PRINCIPLES TO APPLICATIONS 

 

HAIHONG BAO 

 

PhD 

The Hong Kong Polytechnic University 

2020 

  



 

 

 

The Hong Kong Polytechnic University 

Department of Electrical Engineering 

 

 

Stimulated Raman dispersion spectroscopy 

with hollow-core fiber：From fundamental 

principles to applications 

Haihong Bao 

 

 

A thesis submitted in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy 

 

January 2020 

 

 



CERTIFICATE OF ORIGINALITY 

I hereby declare that this thesis is my own work and that, to the best of my knowledge and 

belief, it reproduces no material previously published or written, nor material that has 

been accepted for the award of any other degree or diploma, except where due 

acknowledgement has been made in the text. 

…………………………………………..  (Signed) 

……Haihong BAO………………………  (Name of student) 



 IV 

 

Abstract 

Identification and measurement of chemical substances with high sensitivity and good 

selectivity is of great importance for many practical applications, including pollutant 

analysis, industrial safety monitoring and health examination. Optical fiber-based laser 

absorption spectroscopy and its derivatives have been regarded as powerful techniques 

for sensitive detection. Measurements of absorptive gases (e.g., methane, acetylene and 

ammonia) have been extensively demonstrated using laser absorption spectroscopy and 

limit-of-detection from parts-per-million (ppm) to ppb parts-per-billion (ppb) levels has 

been achieved. However, these methods are not applicable to gases that have no 

absorption in the low-loss transmission window of optical fibers, which is in the 

near-infrared.  

Raman spectroscopy is a versatile technology which can detect Raman-active gases that 

do not necessarily have absorption in the near-IR. The recent employment of the 

hollow-core fiber for Raman spectroscopy has greatly enhances both the spontaneous 

and stimulated Raman signals compared with the free-space system. Sensitive gas 

detection (e.g., hydrogen, nitrogen and methane) has been achieved with detection limit 

down to a few hundreds of ppm using lock-in amplifier with 1s time constant at ambient 

condition. Such system uses pump source in visible band and need sophisticated process 

to couple light beams in to hollow-core fibers. 

Recently, our group has demonstrated all-fiber hydrogen gas sensors based on stimulated 

Raman gain spectroscopy with 15-m-long hollow-core photonic crystal fiber. The 

detection system operates in the telecom-wavelength-band (i.e., from 1530 to 1625 nm), 

where cost-effective fiber-optic components are available. The all-fiber systems avoid 

complex optical alignment, have the capability for remote detection, and are flexible for 

practical applications. Detection limit of ~140 ppm with 1 second lock-in time constant 
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is realized. However, further performance improvement is limited by the intensity 

fluctuation of the received signal at the photodetector, a problem common to the 

intensity-detection-based techniques  

In this thesis, we develop a new branch of Raman spectroscopy to sensitively detect 

hydrogen based on stimulated Raman dispersion spectroscopy with hollow-core 

photonic crystal fibers. Stimulated Raman dispersion spectroscopy monitors the 

refractive index change during the Raman scattering process by sensitive optical fiber 

interferometers in the vicinity of a stimulated Raman transition. It essentially has better 

immunity to the intensity noise and large dynamic range.  

The physical process of the stimulated Raman scattering induced dispersion involves 

two incident laser beams (i.e., a pump beam and a probe beam). The phase change of the 

probe beam can be modulated when the frequency difference between the pump and 

probe matches a Raman transition. For the first measurement of the Raman-induced 

dispersion change, a fiber Mach Zehnder interferometer with 7m-long hollow-core fiber 

is used to detect the accumulated phase change of the probe beam. The interferometer is 

stably operated at its quadrature point. By wavelength modulating the pump beam, 

measurement of the dispersion change with high signal-to-noise ratio is achieved. 

Applying the optimal modulation depth, this technique has been demonstrated for 

hydrogen detection with a normalized noise-equivalent concentration of 17.4 ppm/(m·W) 

at 3.5 bar and a dynamic range over 4 orders of magnitude. To our best knowledge, this 

is the first demonstration of the measurement of stimulated Raman scattering induced 

dispersion and its application for sensitive gas detection.   

To develop a compact hydrogen sensor with compact size and fast response time, a 

Fabry Perot interferometer based on hollow-core fiber is implemented. Different from 

the Mach Zehnder interferometer, the typical length of the hollow core fiber is several 
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centimeters, which makes it much faster for gas molecules to diffuse into the hollo core. 

The Fabry Perot interferometer-based hydrogen sensors show excellent long-term 

stability since the time delay of the two reflected probe beams are extremely short (i.e., 

<0.2nm).  Moreover, the single mode fibers connected to the hollow-core fiber are not 

parts of the interferometer, which ensures the environment perturbations imposed on the 

single mode fiber would not interfere the interferometer performance. With a 3.5 

cm-long how-core Fabry Perot interferometer, hydrogen detection with detection limit of 

0.42% using 1s integration time constant is demonstrated. Lower detection limit of 264 

ppm may be realized by conducting the Allan deviation analysis and applying the 

optimal integration time constant of ~1300s. 

The linewidth of hydrogen Raman transitions are quite narrow (i.e., typically a few 

hundred MHz). Though the Raman-induced refractive index change is small, the rapid 

variation of the refractive index change near Raman resonances can make considerable 

group refractive index change of the gas medium, which can be used to actively control 

the group velocity of optical pulses by adjusting the pump power level and gas pressure. 

Optical pulse delay as much as 1.42 ns with Raman gain of 10 dB in an 80-m-long 

hollow-core fiber filled with 2.5-bar hydrogen is achieved.  
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Chapter 1: Introduction 

1.1 Research background 

Sensitive gas detection with good selectivity is essential for numerous applications, 

including safety monitoring for industrial production, air-pollutant detection, and 

diseases diagnosis through breath analysis [1–7]. For disease diagnosis, analysis of the 

exhale gas components can be used for non-invasive disease diagnosis since certain 

volatile organic compounds within human breath have been identified as the products of 

the diseases-related physiological and pathophysiological process, e.g., liver failure and 

lung cancer [8–10]. Detection and identification of these gas compounds with high 

sensitivity and good selectivity are critical for a comprehensive understanding of the 

biomedical process.  

Various techniques have been developed for sensitive gas detection. Functional materials 

including sensitive coatings on optical fibers and electrochemical materials have been 

utilized for trace of gas components. When the gas molecules are attached to the sensing 

material, characteristics of the functional materials, e.g., the refractive index (RI), 

electric resistance and geometric size, will be modified and would induce change in the 

measured reflectance, absorbance, or optical path length. Though sensitive gas detection 

has been demonstrated, the sensing materials are highly sensitive to the contamination 

and this technology has limitations in selectivity, dynamic range and repeatability 

[11,12].  

Another widely used technology is the mass spectrometry (MS), which has been proved 

to be a highly sensitive gas detection method. Detection limit of parts per million (ppm) 

or parts per billion (ppb) level has been realized. However, its selectivity of different gas 
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types can be compromised due to the substantial overlap of the ratios of m/z from 

different types of gas molecules. Moreover, equipment required for MS is usually 

complicated and expensive, which needs to be operated by well-trained operators.  

1.2 Laser absorption spectroscopy 

Laser absorption spectroscopy (LAS) and its derivatives, including the direct absorption 

spectroscopy (DAS), photothermal spectroscopy (PTS), photoacoustic spectroscopy 

(PAS) and molecular dispersion spectroscopy (MDS), rely on the molecular “fingerprint” 

of the gas absorption lines. LAS shows overwhelming advantages of high sensitivity and 

selectivity for identification and detection of the gas components. With all-fiber based 

technologies, the capacity of LAS has been significantly expanded for applications in the 

harsh environment, remote and distributed sensing and wavelength multiplexing fiber 

networks.  

1.2.1 Direct absorption spectroscopy 

DAS measures the molecular absorption induced optical loss along the transmission path, 

which is described by the Beer-Lambert law. All-fiber based DAS was first 

demonstrated using optical fiber collimator pair (GRIN lenses) in an open gas absorption 

cell [13]. The one-way optical path is usually several centimeters long and the detection 

limit is limited to ppm-level. Recently, the hollow-core fiber-based gas cells greatly 

expand the absorption path length. Hollow-core photonic crystal fibers (HC-PCF) have 

most of their optical power confined within the air core (>95%) [14] and are ideal 

platform for strong light-matter interaction over long distance [15,16]. Compact all-fiber 

gas sensors can be realized by coiling the HC-PCF to small diameters without significant 

bending loss [17]. It has been demonstrated that various gases (acetylene, ammonia and 

methane) can be detected down to ppm level using DAS with ~1 to ~13m-long HC-PCF 
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[18–20]. The response time of the DAS with meters-long HC-PCF can be shortened to 

~3s by drilling multiple micro gas-filling channels using femtosecond laser [21,22].  

1.2.2 Photothermal spectroscopy  

The concepts of PTS in an HC-PCF can be explained using Fig. 1.1. When the 

wavelength of the pump laser is tuned to the molecular absorption line, the gas 

molecules absorb the energy from the modulated pump beam and induce localized 

heating, which changes the temperature through thermal relaxation. The modulated 

temperature distribution then induces density and pressure changes of the gases within 

the hollow core area, which modulates the RI of the gas medium. Among different 

approaches of measuring the RI change, photothermal interferometry (PTI) measures the 

RI change via the detection of the accumulated phase change along the absorption path. 

The magnitude of the PT phase change is proportional to gas concentration, the 

molecular absorption strength, the absorption path length and the pump power level 

Recently, an all-fiber PTI gas sensor based on 10-m-long HC-HCF has been 

demonstrated,  ultra-sensitive acetylene detection with a detection limit down to 2 ppb 

and an unprecedented dynamic range of nearly six orders of magnitude have been 

achieved [23]. The all-fiber based PTI is entirely compatible with existing optical fiber 

network. 
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Fig. 1.1 The basic physical process involved in the PT-induced RI and phase modulation in 

HC-PCF [23]. 

1.2.3 Photoacoustic spectroscopy 

The periodic absorption-induced heating would cause local gas pressure change. PAS 

detects the optical absorption by monitoring the generated acoustic pressure wave, 

which is a sensitive technique for gas detection with good selectivity [24–26]. Early PAS 

systems used mid-infrared pump laser sources and bulky photoacoustic cells [27]. A CO2 

laser was used as the pump source to excite the gas molecules for PA detection of carbon 

dioxide. However, the newly developed PAS systems use near-infrared semiconductor 

lasers as the pump source and compact photoacoustic cells with fiber pigtails [28,29]. A 

typical PAS gas detection system is depicted in Fig. 1.2. With pump power of ~750mW, 

detection of trace ammonia down to ppb level has been realized [29]. Acoustic 

resonators are used to enhance the magnitude of the detected photoacoustic signal. When 

the modulation frequency of the pump light matches the resonant frequency of the 
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well-designed acoustic resonator, the measured acoustic signal can be significantly 

amplified [30,31]. These acoustic signals are detected using electric capacitive 

microphones or piezoelectric transducers such as a quartz fork [32]. Recently, progress 

has been made in developing fiber-tip optical microphones [33–36] and applying them 

for PAS gas sensors. Using optical fiber to deliver the pump beam to sample gas and to 

detect the acoustic signal makes it possible to realize all-optical fiber PAS gas sensors 

with remote detection capability [37].  

 

Fig. 1.2 A typical PAS system for gas detection [26] 

1.2.4 Molecular dispersion spectroscopy 

MDS is a newly developed derivative technology of LAS, which detects the optical 

absorption induced RI change (i.e., dispersion) near the molecular absorption resonant 

wavelength. The magnitude of the dispersion change is directly proportional to the gas 

concentration and can be detected by measurement of the accumulated optical phase 

change using optical interferometers. This technology is essentially different from DAS 

and provides advantages of better immunity to the system intensity noise, 

calibration-free operation and larger dynamic range since the phase change is linearly 

proportional to the gas concentration over the range from 0-100%. Different 

measurement configurations such as Mach-Zehnder interferometer, chirped laser 

dispersion spectroscopy (CLaDS) and heterodyne phase-sensitive dispersion 
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spectroscopy (HPSDS) have been demonstrated for gas detection from ppm to ppb level 

with open-path gas cells. HPSDS has been applied for gas detection based on MDS both 

in NIR and MIR bands [38,39]. CLaDS is an alternative method for MDS is to measure 

the beating frequency induced by the dispersion [40–42], which has been applied for the 

field test of atmospheric methane concentration emitted from wetlands [43]. A typical 

CLaDS is shown in Fig. 1.3. 

 

Fig. 1.3 The principles of two typical CLaDS systems (a) CLaDS system with dual-wavelength 

beam generation. 3dB hybrid coupler is used to drive the modulator with two orthogonal signals; 

(b) CLaDS system with triple-wavelength beam generation. LD: laser diode; SG: signal generator; 

PC: polarization controller; PD: photodetector and OS: optical spectrum [42]. 

1.3 Raman spectroscopy 

Raman spectroscopy (RS) is a powerful technology which relies on the molecular 

structures for chemical compounds analysis and has excellent selectivity. RS can be used 

to detect chemical components with no or very weak absorptions as long as they are 

Raman-active. Different RS-based techniques have been developed, e.g., spontaneous 

and stimulated Raman spectroscopy, photoacoustic Raman spectroscopy (PARS),  

photothermal Raman spectroscopy (PTRS) and stimulated Raman gain (SRG) 

spectroscopy.  
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1.3.1 Photoacoustic Raman spectroscopy 

Photoacoustic Raman spectroscopy (PARS) combines the stimulated Raman 

scattering (SRS) spectroscopy with PAS, which is a sensitive technique for trace 

gas molecules [44–48]. The SRS process requires simultaneous illumination of 

the gas sample by two laser beams (pump and Stokes) and the frequency 

difference of the laser beams should match the Raman transition frequency. The 

pump laser excites the gas molecules to a higher energy level via SRS process. 

Then the excited gas molecules go back to the initial energy level and generate 

heating through thermal relaxation. At the same time, energy is transferred from 

the pump beam to the Stokes beam. If the pump beam is modulated, the periodic 

temperature modulation will generate the acoustic wave. The magnitude of the 

acoustic wave is proportional to the gas concentration and the product of the 

power levels of the pump and Stokes lasers. Since Raman scattering is an 

inefficient process of heat generation, typically high power pump sources are 

needed for sensitive gas detection. Trace gas detection of molecular hydrogen 

down to 4.6 ppm has been realized with pulsed lasers (35 mJ pulse energy at 532 

nm for pump, 45 mJ at 681-684 nm for Stokes, 6 ns pulse duration, 10 Hz 

repetition rate, and 256 s measurement time) [48]. A typical experimental setup 

for PARS is shown in Fig. 1.4. Similar to PAS, PARS systems use sensitive 

microphones, which have limited detection areas (i.e., mm to cm in diameter) 

and the detection sensitivity cannot be improved by increasing the path length of 

the gas cell.  



Chapter 1 

 8 

 

 

Fig. 1.4 A typical experimental setup of PARS for sensitive gas detection [48]. 

1.3.2 Photothermal Raman spectroscopy 

The generated heating during stimulated Raman scattering can also induce the RI 

change of the gas medium. Photothermal Raman spectroscopy (PTRS) detects 

the RI due to generated heating during the SRS process. Different techniques 

have been developed for PTRS detection. Thermal-lens PTRS was used for 

hydrogen detection and achieved detection limit of 9 ppm with 50 mJ pump at 

532.1 nm, 21 mJ Stokes at 683.2 nm, 6-ns pulse duration and 10-Hz repetition 

rate [49]. Thermal laser-induced gratings (LIGs) PTRS probes the LIG signal 

generated via two-photon stimulated Raman excitation of pure rotational Raman 

transitions of gas molecules, using a single broadband pump source. Dye laser 

with pulse duration of a few ns is used as the pump to efficiently excite the LIGs, 

which can cover a wide spectral range of ~400 cm-1. Several gases (e.g., N2, CO2, 

C3H8) at room temperature with gas pressures of 0.1-5 bar have been 

experimentally investigated [50].  

1.3.3 Stimulated Raman gain spectroscopy 

The stimulated Raman gain (SRG) spectroscopy is one powerful type of coherent 
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Raman spectroscopy. The detected Raman gain signal is linearly proportional to the gas 

concentration, which is convenient for measurement compared to the quadratic 

dependence on the gas concentration provided by the coherent anti-Stokes Raman 

spectroscopy (CARS). Direct SRG measurement has been demonstrated with a 

continuous wave (CW) pump source. The detection results show that background signals 

have been substantially suppressed. Detection limit comparable to or exceeding that 

realized by using CARS is realized [51]. It has been demonstrated that the use of 

HC-PCFs can enhance the sensitivity of gas detection systems by two to three orders of 

magnitude over the free-space systems for both spontaneous and stimulated RS [52–54]. 

With 1 to 4.5 meter long HC-PCFs, these systems have achieved detection limit of 

102-103 ppm for different gases (e.g., H2, N2, O2 and CO2) at ambient conditions. Under 

higher pressure (e.g., 20 bar) conditions, gas detection limit down to several ppm has 

been achieved using a meter-long HC-PCF (HC-580-02 from NKT Photonics) with 

pump laser power of 2W at 532 nm and Roper Scientific spectrometer (Model Acton 

2556) equipped with liquid-nitrogen-cooled CCD [55]. However, these methods require 

high power laser and complex detectors, which are not suitable for practical 

applications. 

Recently, our research group has demonstrated all-fiber hydrogen detection based on 

SRG with HC-PCF [56].The experimental setup is depicted in Fig. 1.5. Two lasers with 

wavelengths around 1532 and 1620 nm are used as the pump and the probe (Stokes) 

sources, respectively. Detection limit of ~140 ppm has been achieved for hydrogen 

detection with ~40 mW pump laser delivered to a 15-metre-long HC-PCF when the time 

constant of the lock-in amplifier is 1s. The performance of such system is mainly limited 

by the laser intensity fluctuation and residual mode interference of the HC-PCF since 

even the state-of-the-art HC-PCFs are not perfect single mode fibers and they support a 

few high-order modes.  
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Fig. 1.5 The experimental setup for all-fiber hydrogen detection based on SRG. PC: polarization 

controller; EDFA: erbium-doped fiber amplifier; TF: tunable filter and PD: photodetector. 

1.4 Research motivations 

Though RS is generally a powerful technique for gas detection, it is remained 

challenging to further improve detection sensitivity due to the need of very high pump 

power and ultra-long light-gas interaction length. Recently, there is a report on 

stimulated Raman dispersion spectroscopy (SRDS), which detects the anomalous 

dispersion induced phase shift in the vicinity of SRG lines and has been applied for high 

resolution biological imaging. Compared to the gain or intensity based detection, the 

phase-shift-based detection scheme is regarded as a more robust method to reduce 

intensity noise [57].  

SRS can also modify RI change in gases. However, to my knowledge, the study of 

SRDS in gases was not conducted before, not with open path optical systems, nor with 

optical fiber systems. In fact, due to the very small Raman scattering cross section and 

the limited light-gas interaction length, it is very difficult to demonstrate SRDS in gases 

with open-path optical systems and high-power pump laser is needed. Recently, HC-PCF 

has been proposed to enhance the SRS process [52–54]. HC-PCF can confine the optical 

mode in the hollow core area, which has nearly perfect overlap with gas molecules. The 

optical mode radius in HC-PCF small (e.g., hollow core radius of NKT HC-1550-06 
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fiber is ~5 µm), which dramatically increases the light intensity and enhances SRS 

process given the same laser power. It is easy to furtherly enhance SRS process with the 

employment of tens-meters-long HC-PCF. Such HC-PCF is compatible with the existed 

optical fiber networks and expands the capability of SRDS for remote sensing and 

applications under harsh environment.  

Here, I propose to study SRDS in gases with HC-PCF and use it for high sensitivity gas 

detection and optical pulse delay tuning. Similar to the MDS, the output signal of SRDS 

depends linearly on the gas concentration over a large dynamic range and SRDS has 

high immunity to the intensity fluctuations. The difference between MDS and SRDS is 

that the phase change of SRDS is induced by pump associated SRS process which can 

be easily modulated by modulating pump laser (e.g. intensity, wavelength and frequency 

modulation). The dispersion induced phase change of the probe beam can be extracted 

through stable fiber interferometer with high sensitivity. The development of such 

HC-PCF-based SRDS may benefit highly sensitive gas detection and can furtherly 

improve the detection limit of the existing Raman spectroscopy. 

The SRS induced RI variation near narrow Raman resonances in gases can significantly 

reduce the group velocity of signal pulses around Stokes wavelength and result in 

detectable pulse delay. Hence, we extend the application of the Raman-induced 

dispersion in gases for dynamically controlling the delay of optical pulses since it is 

important in optical communication, signal processing. Such Raman-induced dispersion 

can be dynamically manipulated by changing the wavelength and power level of the 

pump laser as well as the gas pressure, composition and concentration, which provides a 

highly flexible means of controlling light dispersion.  

1.5 Thesis outline 

This thesis is organized as follows: 
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Chapter 1 introduces the background of gas detection. Some widely used laser 

spectroscopy technologies, including laser absorption spectroscopy and Raman 

spectroscopy, are reviewed. And then the motivation of this work is presented followed 

by the thesis outline. 

 Chapter 2 reviews the theory describing the physical process of the stimulated 

Raman scattering. The physical origin and phenomena of the Raman gain and 

Raman-induced dispersion are well investigated. The physical concepts and processes 

discussed in this chapter is the basis for the techniques introduced in the following 

chapters. 

 Chapter 3 presents the theory of the stimulated Raman dispersion spectroscopy. 

The interferometric measurement of Raman-induced dispersion using wavelength 

modulation is proposed. The relationship between the harmonic signals and the 

wavelength-modulated Raman dispersion is revealed. The dependence of the harmonic 

signal amplitudes on the modulation depth is investigated too. The optimal modulation 

depths are calculated to acquire the largest harmonic signal amplitudes. This chapter 

provides theoretical guidance for optimization of the operation of the stimulated Raman 

dispersion spectroscopy systems. 

 Chapter 4 presents the experimental results of the measured stimulated Raman 

dispersion in hydrogen-filled HC-PCF and applications of that for sensitive hydrogen 

detection. The mathematical model derived in Chapter 3 is experimentally verified by 

measurement of the harmonic signals with different modulation depths. Noise 

performance of the detection system is also evaluated. 

Chapter 5 demonstrates a newly developed hydrogen sensor with stimulated 

Raman dispersion using Fabry Perot interferometer (FPI) for practical gas detection. 

Fabrication process and operation principles of the proposed FPI as the sensing head for 
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hydrogen detection are presented. Advantages of performances of the FPI is discussed. 

Long-term stability of the FPI hydrogen detection system is evaluated.  

Chapter 6 extends the application of the stimulated Raman dispersion to 

dynamically control the group velocity of optical pulses in hydrogen-filled optical fibers. 

SRS-induced RI change is experimentally measured and the group RI change near the 

Raman resonance is evaluated. Dynamically tuning of the optical pulse delay is 

demonstrated by changing the pump pulse power as well as the gas pressure. The 

experiment results are compared with the theoretic predictions. 

Chapter 7 summarizes the thesis and discusses future works.  
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Chapter 2: Theoretical background of Raman scattering 

In this chapter, I would review the theory of stimulated Raman scattering and introduce 

the origin of the Raman gain and dispersion. This is mainly based on the references 

[1,2]. 

2.1 Theory of Raman scattering 

In this section, the process of the Raman scattering would be treated using quantum 

mechanics theory. A Hamiltonian function H is introduced here to describe the whole 

physical system including the Raman-active molecules Hv, the laser field Hem and the 

interactions between the laser field and the molecules Hint.  

The full expression of Hamiltonian Hv may be expressed as: 

                        ( )2 2 2

0

1

2
v i i

i

H r r
m

= +                              (2.1) 

where integer i runs over all the molecules, m is the reduced mass, r is the relevant local 

coordinate and 
0  is the transition frequency of the molecules. Hv generally comprises 

two parts: the kinetic energy and the potential energy of the uncoupled molecules. 

The laser field Hem which contains the electric and magnetic energy may be expressed as: 
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where E is the electric field strength, B is the magnetic inductance,   is the relative 

permittivity and   is the relative permeability. The integration is operated over the 

whole interaction volume.  

The interaction Hamiltonian Hint describing the light-molecule interaction is directly 

responsible for the Raman scattering process, which can be treated with electric dipole 
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approximation and applying the Placzek model, the polarizability of the molecular 

system can be expanded as [3]: 

                             0 ...= r
r


 


+ +


                        (2.3) 

where 
0  is the polarizability of the molecular system without forced oscillation and is 

related to the Rayleigh scattering. The linear term of r which is important for the 

interaction Hamiltonian Hint is responsible for the coupling nucleus and electrons and 

may be expressed as: 
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where
iR  is the coordinate position of the ith molecule. The sum is carried out over the 

entire interaction volume. If we only consider the pump laser field and the first Stokes 

field (E=Ep+Es), the Hint responsible for the Stokes light generation is: 

                       int ( ) ( ) ( )i p i s i
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After second quantization of the laser fields, the Hamiltonians Hv, Hem and Hint may be 

rewritten as the follows: 
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where 
vkb+ , 

ka


+ ,
vkb and ka


are the creation and annihilation operators; Î  is the identity 
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operator; 
0N is the molecules number within the interaction volume V; 

sn  and pn  are 

the RI of the medium at the wavelength of the Stokes and pump lasers, respectively; 
s

and p  are the angular frequency of the Stokes and pump lasers, respectively; 
se  and 

pe  are the unit vectors representing the light polarization of the Stokes and pump laser 

and, 
sk , pk  and 

vk  are the wave vectors of the Stokes and pump lasers, and the 

molecular transitions. Similar to the treatment of direct electric dipole, the interaction 

Hamiltonian Hint  provides a resonant coupling between the incident laser fields and the 

molecular transitions. Equations 2.6-2.7 show that the whole system including laser 

fields and molecules can be described by models of harmonic oscillators.  

Following the Fermi’s golden rule, the steady state transition rate of Raman transition 

may be expressed as: 

                       
2

int2 /
i

W i H g  =                       (2.9) 

where 
i

  is the density of the final state i , g  is the initial state based on the 

two-level model which is depicted in Fig. 2.1. 

 

Fig. 2.1 The Raman scattering process based on the two-level model. 
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To simplify the analysis, we only consider the condition of discrete energy levels and 

define the initial state g  in terms of the occupation numbers of the Stokes field 
sN , 

molecules 
vN  and pump field pN . The initial state would be: , ,s v pg N N N= . 

Applying the selection rules of the creation and annihilation operators, there are only 

two possible final states for which W is non-zero: 
1 1, 1, 1,s v pi N N N= + + −  and 

2 1, 1, 1,s v pi N N N= + + − . The scattering process related to final state 
1i  

contributes to the generation of the Stokes photons ( 0p s  → + ) and the final 

state 
2i  contributes to the inverse process, in which the Stokes photons are attenuated 

to generate the pump photons ( 0 s p  + → ). Intuitively, the net rate of the Stokes 

photons is the difference between the two processes, which is expressed as: 

        

2 3
2

0 02

0

4
( ) (1 ) ( )

s

s s
p p s s v s p

kp s

dN
I N N

dt r n n mc

 
    



 
= + + − + 

 
 e e   (2.10) 

where 
0  is the molecule density; c is the light speed and pI  is the pump intensity 

which is defined as: 

                           /
p

p p p p

k

I c n V N=                       (2.11) 

Equation 2.10 describes both the spontaneous and stimulated Raman scattering process. 

When the presented number of the Stokes photon is negligible, 1sN , the first term of 

equation 2.10 describes the spontaneous Raman scattering. The second term is then 

responsible for the stimulated Raman scattering. When large Stokes photons are 

presented, the number of the Stokes photons increases dramatically. The third term is 

responsible for the parametric process of the interaction between the laser fields and 

molecules. However, such process can be neglected in many cases since generally, 
vN  
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is very small and is not much different from that at the thermal equilibrium.  

2.1.1 Spontaneous Raman scattering 

 Here, we assume the polarization of the Stokes laser is the same as the incident pump 

laser 1p s =e e  and 1sN  for spontaneous Raman scattering. Neglecting the 

parametric process, equation 2.9 is reduced to the follows: 

               

2 3

0 02

0

4
( )

s

s s
p s p

kp s

dN
I

dt r n n mc

 
    



 
= − + 

 
            (2.12) 

The spontaneously scattered Stokes light power into the solid angle   which has the 

same polarization of the incident pump laser is calculated to be: 

                                s
s s

dn
P

dt
=                           (2.13) 

                                 

2 4

0 4

02

s s
p

p

n
V I

r c m n






 
=  

 
        (2.14) 

The spontaneous Raman scattering cross section is introduced here: 

                           

2 4

4

02

s s

p

n

r c m n

 



  
=  

  
                   (2.15) 

The spontaneous Raman scattering cross section is typically small, which is on the order 

of 
3010−

cm2 within the visible band. Applying the perturbation theory, the physical 

system is perturbed by the incident electromagnetic wave 
intH E= −p . The spontaneous 

Stokes light power in equation 2.13 can be rewritten in term of electric dipole 

interaction: 

                          

2
2 2

0 34
s

t
P V

c




 
= 

p /
                    (2.16) 
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where p  is the electric dipole moment. And combine equation 2.13 and 2.16, we get: 

                        

1/2
2 2

0

2

2

s s

m t

r n E





    
=   

   

p /
                (2.17) 

The electric dipole moment may be calculated as [4]: 

    ( )exp
2

gl li gl li

i g p

l l g p l i p

p p p pE
g p i j t  

     

 
 = + − − −    − − − − 

p =  (2.18) 

where 0 0

gl g lp p =  is the dipole matrix elements of the unperturbed system and 

l is the intermediate state. Substitute equation 2.17 with equation 2.18, we get: 

               

1/2

0

3

gl li gl li

ls l g p l i p

p p p pm

r n



     

   
= +      − − − −     

          (2.19) 

2.1.2 Stimulated Raman scattering 

For the stimulated Raman scattering process, it is important to investigate the generation 

rate of the Stokes photon with wave vector 
sk : 

       

( )

2 3

0 22 2
0 0

( ) 4 /
(1 ( ))s s s

p s s

p s s p

dN
I N

dt r n n mc

  


   

  
= + 

  − + + 

k
k     (2.20) 

where   is the damping rate of the homogeneously broadened molecular transitions 

induced by a narrow-linewidth pump laser. Again, the polarization of the presented 

Stokes photons are the same as the incident pump laser. It is interesting to note that when 

the initial number of the Stokes photons is not large ( ) 1s sN k , it grows nonlinearly 

with the pump intensity. When the initial number of the Stokes photons presented is 

large ( ) 1s sN k , it will grow exponentially as the pump intensity increases:  
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                            ( ) exp( )s s R pN g I Lk                     (2.21) 

where L is the light-matter interaction length and 
Rg  is the Raman gain factor which is 

defined as: 

              

( )

2 2

0 22 2 2
0 0

4
( ) s

R s p

p s s p

g I
r n n mc

 
 

   

  
=  

  − + + 
        (2.22) 

And the Raman gain factor at Raman resonance would be: 

                      

2 2

0 2 2

0

4
( ) s

R s p

p s

g I
r n n mc

 
 



 
=  

  
                (2.23) 

Both the scattering cross section and the gain factor of the stimulated Raman scattering 

depends on the damping rate of the molecular transitions which is quite different from 

that of the spontaneous Raman scattering in equation 2.15. The stimulated Raman gain 

factor for several materials are listed in Table 2.1 [5]. 

2.2 Semiclassical theory of stimulated Raman scattering 

In section 2.1, the general theory of the stimulated Raman scattering based on quantum 

mechanics is introduced. The gain factor and scattering cross section are calculated in 

the steady state. However, information on the transient process and the individual 

molecular phase have not been explicitly revealed. In this section, the laser fields will be 

treated classically using semiclassical theory. The detailed process of the stimulated 

Raman scattering would be presented, and the time changed coherence of the excited 

Raman-active medium would be discussed.  

 

Table 2.1 Properties of stimulated Raman scattering for different materials 
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Substance Frequency 

shift 

(cm-1) 

Linewidth 

(cm-1) 

Gain 

Factor 

(G/Ip) 

O2(Liquid) 1552 0.117 145±40 

N2(Liquid) 2326.5 0.067 160±50 

Benzene 992 2.15 28 

CS2 655.6 0.5 240 

Nitrobenzene 1345 6.6 21 

Bromobenzene 1000 1.9 15 

Chlorobenzene 1002 1.6 19 

Toluene 1003 1.94 12 

NiNbO3 256 23 89 

LiTaO3 201 22 44 

 

Following the two-level system model depicted in Fig. 2.1, The system Hamiltonian can 

be written as the sum of the unperturbed system and the Raman interaction: 

                         
1

2
v i i i

i

H H r
r

 
= −  

 
 E E                    (2.24) 

The wave function representing the ith individual molecule is expressed as: 

                           ( ) ( )i i ia t i b t g = +                    (2.25) 

The density operator of the molecular system is : 

                             
0

10

1
ˆ

i i

i



  
 =

=                        (2.26) 

The time evolved density operator may be expressed as； 
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                                
ˆ

ˆ,
j

H
t





=


                       (2.27) 

where j is the imaginary unit. The expectation value of the vibrational coordinate would 

be: 

                       ˆ ˆ ˆ( )r Tr r g r g i r i  = = +                (2.28) 

The time evolved r  and the probability of the population occupying the upper state 

ii  can be expressed as: 

                       0

2

1
( )gi gi ig

r
r j r

t T
  


+ = −


                 (2.29) 

                    
2

1

1
( ) ( )

2

ii
ii ig gi ig

j
N r

t T r

 
  

 
+ − = −

 
E            (2.30) 

where N  is the mean value of the population occupying the upper state at thermal 

equilibrium. And two damping terms 
1T  and 

2T  are introduced, which are responsible 

for the relaxation related to the interaction between and within the molecules. 
1T  

reflects the lifetime of the upper excited state and the decay of the stored energy in the 

molecular system. 
2T  represents the dephasing process.  

Further, equations 2.29 and 2.30 can be rewritten by eliminating gi ig − : 

               

22

02

02

2

2
(1 2 )

ig

ii

rr r
r

t T t r

 
 

   
+ + = − 

   
EE           (2.31) 

                    ( ) 2

1 0

1 1

2

ii
ii

r
N E

t T r t

 




  
+ − =  

   
             (2.32) 

It is quite obvious that the motion of the molecular system is described a classical 

damped oscillator model. The driving force of the right term is related to the occupied 
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population of the upper state. The molecular element of igr  may be approximated as 

0/ 2igr m=  [6]. And if the propagating light field is treated using the classical 

electromagnetic theory based on Maxwell’s equation, the wave equation may be 

expressed as: 

                   

2 2 2
2

2 2 2

4 NLn
-

c t c t c t

     
 − = 

   

E E P
E                (2.33) 

where   is the absorption coefficient which is used to describe the linear loss of the 

system. 
NL

P  represents the nonlinear polarization contribution induced by the incident 

laser fields. The nonlinear polarization contribution comprises two parts: (a) interaction 

between the laser fields and the molecules through Raman scattering; (b) other 

off-resonant molecular transitions: 

                         0

NL NRr
r




 
=  

 
P E + P                   (2.34) 

It should be noted here that the Raman polarizability is treated as a scalar variable in 

equation 2.34 representing highly polarized Raman scattering. The scattered Stokes 

photons are polarized in the same direction to the incident laser fields. Polarization 

perpendicular to the incident laser fields is not contained.   

Equations 2.31-2.34 are a complete set of differential equations describing the 

stimulated Raman scattering process. Reasonable assumptions may be made based on 

experimental situation to simplify the calculation.  

2.2.1 Raman susceptibility 

The nonlinear polarizability of Raman scattering process can be described by expanding 

the polarization as functions of the incident electromagnetic wave. In this section, the 

interested polarization term is the third-order polarization which is proportional to E3: 
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(3) ( )NLP t= EEE                         (2.35) 

where 
(3) ( )t  represents the third-order susceptibility evolved in time. To describe the 

stimulated Raman scattering, it is convenient to express the nonlinear polarization in the 

frequency domain: 

            ( )(3)

, , ,

, ,
, ,

1
; , , ( ) ( ) ( )

8

NL

l l m n o m n o

m n o

      

  

       = −P E E E       (2.36) 

where the subscripts l, m, n, and represent the x, y, and z direction, and 

      = + + . Then the polarization component of ( )NL

l P  may be described 

as: 

          ( ) ( )(3)

, , ,

, ,

; , , ( ) ( ) ( )
4

NL

l l m n o m n o

m n o

D
               = −P E E E     (2.37) 

where D is the degenerate number, e.g., for all 3 different frequency components, D=6; 

for 2 different frequency components, D=3; and for all 3 identical frequency components, 

D=1. The corresponding nonlinear susceptibility can be expressed as: 

           ( ) ( )(3) (3)

, , , , , ,; , , ; , ,
4

l m n o l m n o

D
                − = −             (2.38) 

It holds for the nonlinear susceptibility when changing the order of the frequency 

components of ( )E , ( )E  and ( )E : 

   ( ) ( ) ( )(3) (3) (3)

, , , , , , , , ,; , , ; , , ; , ,l m n o l m n o l m n o                         − = − = −  (2.39) 

Due to the energy conservation, the Raman susceptibility describing the Raman 

scattering process which generates the Stokes photons can be described in the form of  

( ); , ,R s p p s    − − . 
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Actually, the full frequency dependence of the Raman susceptibility is complex and has 

been investigated in reference [7]. However, in this section, it is convenient to divide 

R  into two parts: (a) the resonant contribution which occurs when the difference of the 

p  and 
s  is close to the molecular transition 

0 . Near Raman resonance, the 

resonant Raman susceptibility 
res

R  is strongly frequency-dependent. (b) the 

non-resonant contribution which contains all the other molecular transitions tuned far 

away from the Raman resonance. The non-resonant Raman susceptibility 
NR

R  is 

weakly frequency-dependent. The total Raman susceptibility and the corresponding 

nonlinear polarization can be expressed as: 

                               
res NR

R R R  = +                       (2.40) 

                               
NL

res NR= +P P P                       (2.41) 

where  

                       
res

res R EEE=P  and 
NR

NR R EEE=P .             (2.42) 

In the following, the explicit form of the resonant Raman susceptibility is given to 

describe the Stokes photons generation. The nonlinear polarization and the Raman 

susceptibility may be rewritten as [2]: 

            ( ) *( ; , , ) ( ) ( ) ( )NL p s R s p p s p p p p s sP d d E E E          
+

−
− −     (2.43) 

     ( )
2

0

2 2

0 2

(1 2 )1
; , ,

4 ( ) ( ) /

NR

R s p p s R

p s p s

N

m r j T


     

    

− 
− − = + 

 − − + − 
 (2.44) 

The right term of equation 2.44 includes both the resonant and non-resonant contribution 

of Raman susceptibility. And the resonant part may be furtherly separated into real and 

imaginary parts as: 
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NR

R re im Rj   = + +                    (2.45) 

where  
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( ) ( )
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22
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0 2
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2 2
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4
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p s
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p s p s
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  
 

    

− − 
= − 

   − − + −
  

  (2.46) 
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2
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0 2
2 2

2 2

0 2

/1
(1 2 )

2
4 /

p s

im

p s p s

T
N

m r
T

 
 

    

− 
= − 

   − − + −
  

  (2.47) 

Fig. 2.2 depicts the different contributions to the Raman susceptibility and its frequency 

dependence.   
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Fig. 2.2 (a) The complex Raman susceptibility and its contributions. Where 
p s   = − is the 

frequency difference. (b) The frequency-dependent nonlinear susceptibility of the stimulated 

Raman scattering. 

From equations 2.46 and 2.47, it is importantly noted that the imaginary part of the 

Raman susceptibility is a negative imaginary which is responsible for the Raman gain. 

The amplitude of the Stokes light under slowly varying envelope condition along its 

propagating direction may be approximated as: 

                             s
s s

dE
g E

dz
= −                           (2.48) 

where 3 s
s im p

s

g j I
n c


= −  is the optical amplitude change coefficient. Since 

im  is 

pure negative imaginary, 
sg  is positive and the Stoke field would experience 

amplification. The real part of the Raman susceptibility determines the Raman-induced 

RI change. Such RI change may be expressed as: 
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                            ( )
1

2
R s re p

s

n I
n

  =                      (2.49) 

It is interestingly noted that at Raman resonance 0p s    = − = , the 

Raman-induced RI change disappears which is essentially different from those RI 

change modulated by other nonlinear processes, e.g., two photon resonances in 

third-harmonic generation [8]. If the frequency difference   is tuned from the 

negative side, the RI change is also negative. If the frequency difference   is tuned 

from the positive side, the RI change is also positive. It can be concluded that by tuning 

the frequency difference, both the magnitude and the sign of the induced RI change can 

be controlled. Near Raman resonance, the RI change can be very steep for Raman 

transitions with narrow linewidth. Though the magnitude of the RI is small, it can induce 

significant change of the group RI, which would lead to the modification of the group 

velocity of the optical pulses.  

2.2.2 Coherent Raman scattering with two laser fields 

In this section, the most extensively investigated coherent Raman scattering process with 

two incident laser fields p  and 
s  is introduced to experimentally study the 

characteristics of the Raman gain coefficient. Generally, when the frequency difference 

approaches the molecular transition, strong interactions between the incident laser fields 

and the molecular system occurs. Medium molecules can be strongly excited and 

persisted even after the laser fields are turned off. The incident Stokes light is amplified 

propagating in the medium with the pump light. Simultaneously, the phase of the Stokes 

light is also modified by the modulated medium RI induced by Raman scattering. One 

typical system is shown in Fig. 2.3. Two laser sources are used to generate the Raman 

scattering. One of them should be frequency-tunable to study the frequency-dependent 

Stokes amplification. 
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Fig. 2.3 Coherent Raman amplification with two incident laser fields 

First, we assume that the incident Stokes laser field is much weaker than the pump field. 

And the amplification is not too strong that the pump laser is not depleted along the 

propagation direction. Neglect the optical attenuation of the system, the Stokes light 

field evolved along the propagating direction can be expressed as: 

          

2 2

2 2

16 16
( ) (0)exp exps s

s s im p re p

p s p s

E z E I z I z
n n c n n c

   
 

   
= −   

      
          (2.50) 

where the first exponential term is related to the Stokes amplification and the second 

term describes the phase modulation of the Stokes light. And the output Stokes light is 

linearly proportional to the medium length and the incident pump intensity: 

                          ( ) (0)exps s R pI L I g I L =                      (2.51) 

The peak value of the gain coefficient and its spectral distribution can be determined by 

such coherent Raman amplification experimentally: 

                            
0

( )1
ln

( )

s
R

p

I L
g

I L I L

 
=  

 
                     (2.52) 

From equations 2.50 and 2.52, values of the 
im  and the Raman cross section are 

readily available. 

Now, the condition of saturating amplification would be discussed in the following part. 
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The depletion of the pump has to be taken into consideration when the conversion 

efficiency goes beyond 10%. Neglecting the optical absorption, the saturating Stokes 

amplification is determined by: 

                             
( )s

R s p

I z
g I I

z


=


                        (2.53) 

                            
( )p p

R s p

s

I z
g I I

z






= −


                     (2.54) 

Due to the energy conservation, each converted pump photon leads to a Stokes photon, 

which guarantees the total photon number is constant: 

                         
( ) (0)( ) (0)p ps s

p s p s

I z II z I

   
+ = +                  (2.55) 

Combine equation 2.53 with 2.55, it would yield: 
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 

    
+ +    

     
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  
+ +  

  

       (2.56) 

The maximum Stokes photon conversion efficiency is readily available from equation 

2.56: 

                           
( ) (0)

(0) (0)
= s s s

p p p

I z I

I I





 +                     (2.57) 

2.3 Rotational Raman scattering of the diatomic molecules 

Pure rotational Raman spectroscopy provides powerful means to determine the 

molecular structure and to detect gas molecules with high sensitivity and good 

selectivity. Gas molecules can be excited both vibrational motions and rotational 
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motions. Most of this section is reviewed based on reference [9]. The vibrational energy 

levels of the diatomic molecule without rotational motion can be approximated as: 

                  
2( ) ( 1/ 2) ( 1/ 2)e e eE v hc v hc x v = + − +                (2.58) 

where v is the quantum number of the vibrational states (v=0,1,2…); 
e  is the 

vibration frequency and 
ex  is the anharmonicity constant. The energy of the diatomic 

molecules may be given as: 

                    
2( ) ( 1) ( 1)v vE J hcB J J hcD J J= + − +                 (2.59) 

where J is the quantum number for vibrational energy levels; Bv and Dv are rotational 

constant for vibration state v and the centrifugal constant. The rotation constant is 

defined as: 

                              
2

1

8
v

v av

h
B

c I
=                       (2.60) 

where 
1

v av
I

 is the average value of the reciprocal of the inertial moment of the 

vibration states. The centrifugal constant is defined as: 

                                 
3

2

4 v
v

v

B
D


=                         (2.61) 

where ( ) 2v e e e e ex x   = − − . And for many cases, Dv can be neglected since it is 

much smaller than Bv. Hence the second term of the right part of equation 2.59 can be 

dropped when J is not large. It is clear from the theoretical SRS process stated in the 

previous section that the scattered Stokes light frequency is described as: 

                            
'( ) ( )

s p

E J E J

h
 

−
= −                   (2.62) 
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Given the selection rule ∆J=J-J'=±2, of which, Stokes lines take transition form of 

J→J+2 while anti-Stokes lines take transition form of J→J-2, Raman transition shift 

can be expressed as: 

                ( ) ( )( ) ( )
2

4 6 3 / 2 8 3 / 2v v vJ B D J D J = − + − +          (2.63) 

where J = 0,1,2… for the Stokes light generation and J = 2,3,4… for the anti-Stokes 

light generation. Since 
vD  is neglectable compared with 

vB , the frequency space of 

the different rotational Raman transitions is approximately to be 4 vB . The energy levels 

and the corresponding rotational Raman spectrum of diatomic molecules are depicted in 

Fig. 2.4. 
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Fig. 2.4 Diagram of Raman transition energy levels and rotational Raman spectrum. (a) The first 

8 energy levels involved in rotational Raman transitions where the application of selection rule 

J→J+2 for Stokes lines and J→J-2 for anti-Stokes lines. (b) The corresponding rotational 

Raman spectrum where ω is frequency of the scattered light and J is from 0 to 30. 

The intensity of the Raman spectrum lines is given as: 

                         ( )
( )

expn J

E J
I J D S

kT

 
 − 

 
                   (2.64) 

where k is Boltzmann’s constant; T is the absolute temperature; Dn is the nuclear 

degeneracy number and SJ =(J+1)(J+2)/(2J+1) for Stokes lines and SJ =J(J-1)/(2J-1) 

for anti-Stokes lines. To calculate the value of the nuclear degeneracy of different 

Raman transitions, a full investigation of the wave function of the molecular system are 

discussed in the following part. The total wave function of the diatomic molecule may 

be written as: 

                              
e v r n    =                         (2.65) 

where the subscripts e, v, r and n represent the electric, vibrational, rotational and 

nuclear wave function, respectively. Now, we consider imposing the nuclear interchange 

on the complete wave function which transfers the coordinates in the way of 
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( ) ( )ˆ , , , ,i x y z x y z   =   and î  is the interchange operator. It is demonstrated that 

molecular wave functions with electric states of 
g

+ , -

 , 
g
+  and 


−  are 

symmetric while with electric states of 
g

− , +

 , -

g  and +

  are antisymmetric 

[10]: 

                         ˆ ( ) ( )e g e gi  + +  =                          (2.66) 

                        ˆ ( ) ( )e g e gi  − −  = −                         (2.67) 

The vibrational wave function which depends on the bond distance is not affected by the 

interchange operator: 

                                ˆ
v vi  = −                          (2.68) 

The rotational wave functions are symmetric for the even J and antisymmetric for the 

odd J: 

                            ˆ ( ) ( )r even r eveni J J =                     (2.69) 

                            ˆ ( ) ( )r odd r oddi J J = −                    (2.70) 

The effect of the nuclear interchange may be demonstrated with a diatomic molecule 

with 1/2 spin. The spin eigenfunctions are S +
 and S −

, and the complete nuclear wave 

functions are [1]: 

                        ( )

( )

1 2
1

1 2
2

1 2 2 13

4
1 2 2 1

/ 2

/ 2

n

n

n

n

S S

S S

S S S S

S S S S









+ +

− −

+ − + −

+ − + −

 
   
 

 
  =  + 

 
     −

 

                 (2.71) 

and 
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1 1

2 2

3 3

4 4

=

n n

n n

n n

n n

i

 

 

 

 

   
   
   
   
   

−   

                       (2.72) 

For the 1/2 spin, three nuclear wave functions are symmetric and one nuclear wave 

function is antisymmetric. The number of different symmetric and antisymmetric 

nuclear wave functions that can be constructed for other nuclear spins depends on the 

nuclear spin.  

Based on the Pauli exclusion, impose the interchange operator on the total wave 

functions of the Bosons, in which case the molecules are integer spin, the total wave 

function would be unchanged. However, impose the interchange operator on the total 

wave functions of the fermions, in which case the molecules are half-integer spin, the 

total wave function would change the sign. Thus, the total wave function should obey 

the following principles: 

                               B Bi    =                           (2.73) 

                               F Fi    = −                         (2.74) 

For example, the diatomic molecules with 1/2 spin and the ground state of 
g

+ , the total 

wave functions can be constructed as: 

                             ( )
1

2

3

n

e v r odd n

n

J



    



 
 

=
 
  

                 (2.75) 

                              ( ) 4e v r even nJ    =                   (2.76) 

For Fermions, the total wave functions with odd J energy levels are combined with the 

symmetric nuclear wave functions and the total wave functions with even J energy 
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levels are combined with the antisymmetric nuclear wave functions. Contrarily, for 

Bosons, the total wave functions with odd J energy levels are combined with the 

antisymmetric nuclear wave functions and the total wave functions with even J energy 

levels are combined with the symmetric nuclear wave functions. As a result, the 

rotational Raman scattering is enhanced with a larger degenerate number, i.e., the 

rotational Raman scattering of the odd J levels are 3 times as strong as that originated 

from the even J levels for 1/2 spin molecules. Table 2.2 lists the degenerate number for 

molecules for different spin number and the molecular data for calculation of the 

rotational Raman lines. 

Table 2.2 Molecular data for different diatomic molecules [9] 

 

Molecule 
eB   

(cm-1) 

 
e

(cm-1) 

e ex

(cm-1) 

e
 

(cm-1) 
er  

(Å) 

 

Nuclea

r Spin 

 

evenJ

 

 

oddJ

 
1H2 60.8 4395 117 2.99 0.742 1/2 1 3 

2H2 30.43 3118 64.1 1.05 0.742 1 6 3 

14N2 2.010 2360 14.64 0.0187 1.094 1 6 3 

16O2 1.446 1580 12.07 0.0158 1.207 0 0 1 

19F2 0.86 892 -- -- 1.435 1/2 1 3 

35Cl2 0.2438 565 4 0.0017 1.988 3/2 6 10 

The rotational Raman lines of hydrogen are shown in Fig. 2.5. 
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Fig. 2.5 The calculated rotational Raman spectrum of the hydrogen molecules 

2.4 Summary 

In this chapter, the stimulated Raman scattering process of the light-molecule 

interactions are introduced based on quantum mechanics theory. Raman susceptibility 

and the coherent Raman amplification are investigated using semiclassical theory. And 

the rotational Raman scattering of the diatomic gas molecules are calculated based on 

the total wave functions of the quantum mechanics theory. The results provide 

theoretical guidance for developing rotational Raman spectroscopy aiming for sensitive 

gas detection.  
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Chapter 3: Theory of Stimulated Raman Dispersion 

Spectroscopy  

3.1 Introduction 

Laser absorption spectroscopy (LAS) and its derivatives (e.g. photothermal and 

photoacoustic spectroscopy) are powerful techniques for energy and safety applications 

[1–3]. Probing absorptions of laser beams tuned to the molecular “finger-print” 

absorption lines offer chemical detection with high sensitivity and selectivity. However, 

sensors based on LAS are not suitable for molecules that have no absorptions within the 

operating wavelength range of the available lasers. 

Stimulated Raman spectroscopy is a versatile technique for detecting trace chemicals 

that do not rely on the absorption lines of the targeted molecules. It has been widely 

applied for chemical identification and detection [4]. However, these reported works all 

investigated features of SRS using intensity-based measurement of the Raman gain. 

Information of molecules (e.g. concentration) is directly encoded in the amplitude of the 

received light, which is susceptible to light intensity fluctuation and hence 

fundamentally prevents the further improvement of the limit-of-detection (LOD).  

It has been reported previously that the laser absorption spectroscopy sensors based on 

molecular dispersion have better immunity to intensity noise as well as a larger dynamic 

range over the intensity-based measurement [5–7]. The SRS-induced dispersion based 

stimulated Raman spectroscopy, is expected to provide the same advantages. We name 

this technique as stimulated Raman dispersion spectroscopy (SRDS). The SRS-induced 

dispersion is retrieved by measurement of the accumulated phase change using a 

stabilized interferometer, which offers extra benefit: the SRS-induced dispersion can be 

modulated by modulating the pump beam, which allows the use of a fixed probe with a 
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stabilized fiber interferometer to minimize the system noise and fluctuations resulting 

from a modulated probe beam. In this chapter, fundamentals of SRDS are presented, 

including models for deriving spectral signals, details of system implementation and 

detection optimization.  

3.2 Theory  

A pump laser beam (w
pump

) and a weaker probe laser beam (w
probe

 ) are co-propagating 

in the gas medium. When the frequency difference between the two laser beams is in the 

near a molecular Raman transition ( w
0

 ) of gases, SRS induces a complex RI 

modulation of the gas material [8]:  

          Dn(w
probe

) = -i
cg

0
I
pump

2w
probe

1- i2 w
0
- w

pump
-w

probe( )é
ë

ù
û

/ G
R{ }

           

(3.1) 

where G / 2p  is the linewidth of the Raman resonance, c is light speed, g
0
is the peak 

gain coefficient that is proportional to gas concentration (C) and I
pump

 is the pump light 

intensity. The pump and probe beams interact with gas molecules, resulting in energy 

transfer from pump to probe and inducing a sharp RI (dispersion) change near the Stokes 

frequency, as illustrated in Fig. 3.1. The gain experienced by the probe beam is 

proportional to the imaginary part of Dn(w
probe

) , while the dispersion is related to the 

real part of Dn(w
probe

) . The steep variation of the Raman-induced dispersion illustrated 

in Fig. 3.1 can significantly modify the group RI of the probe beam and can effectively 

change the group velocity of the probe pulses near the Stokes wavelength. Optical pulses 

delay may be manipulated by tuning Raman-induced dispersion. Raman scattering in 

gases is extremely weak. However, the use of a HC-PCF enables tighter light field 

confinement, nearly perfect overlap of gas sample with light fields and long length for 
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light-gas interaction [4,9–11], which greatly enhances the Raman-induced dispersion. 

 

Fig. 3.1 The probe light experiences Raman gain ( DG ), RI change ( Dn ) and group RI change 

( Dn
g
) at the vicinity of Stokes frequency w

Stokes
. d = 2 w

0
- w

pump
-w

probe( )é
ë

ù
û
/ G

R
. The shaded 

pink area indicates the linewidth of Raman resonance, which corresponds to -1£d £1. 

 

Tuning of the laser induced dispersion with SRS in a gas-filled optical fiber has great 

flexibility. Firstly, the spectral location of the induced dispersion, being determined by

w
Stokes

= w
pump

-w
0
, can be tuned by varying the pump wavelength. The possibility of 

exciting multiple Raman transitions simultaneously in a hollow-core fiber filled with 

single or multiple gases with different concentration and by use of single or multiple 

pump sources would enable dispersion control at multiple spectral locations over a wide 

wavelength range. By using hollow-core fiber with wide transmission window (e.g., 

anti-resonant hollow-core fiber) covering multi-Raman transitions, highly sensitive 

multi-gases detection may be realized. Secondly, the Raman linewidth as well as the 

peak gain coefficient g
0
 are gas-pressure dependent, which provides another degree of 

freedom to control the magnitude and spectral range of the induced dispersion, giving us 

extra flexibility for dynamically tuning Raman-induced dispersion. The pump light 
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intensity as well as the length of gas-filled fiber can also be adjusted to control the 

magnitude of dispersion.  

3.3 Measurement of the Raman-induced Dispersion 

In traditional Raman spectroscopy, a pump beam is used to excite the sample, and the 

amplification of the probe light around Stokes wavelength is measured to extract 

molecular information. However, in SRDS, a pump beam is used to modify the RI of 

sample medium and induce the phase modulation of the probe beam. The accumulated 

phase change of the probe beam over length L can be expressed as: 

                 f
D
(d ) =

2p

l
probe

Re Dn(w
probe

)é
ë

ù
ûL =

d

1+d 2

æ

èç
ö

ø÷
Df ,              (3.2) 

where L is interaction length of pump beam, probe beam and sample medium; the 

( )02 /pump probe R    = − − 
  is the linewidth-normalized frequency detuning 

parameter and = / 2G is the peak phase change which is related to the accumulated 

gain 0 pumpG g I L= at the Raman resonance. 

3.3.1 Wavelength Modulation Method 

Wavelength modulation method with harmonic signal detection is a powerful technology 

and employed widely for weak signal detection with high sensitivity [12]. To improve 

the signal-to-noise-ratio (SNR) of the measurement of the Raman-induced dispersion, 

we use a wavelength-modulated pump light to modulate the probe beam phase. The 

pump beam wavelength is sinusoidally modulated at high frequency (e.g. 50 kHz) and at 

the same time slowly scanned so that the wavelength difference between the pump and 

probe beam is tuned across Raman transition of sample medium. This modulated phase 

of the probe beam includes harmonic components of the modulation frequency. The 



Chapter 3 

50 

 

phase modulation is then converted to intensity modulation by an optical interferometer. 

The harmonic components of the interferometer output, which is linearly proportional to 

the harmonic components of the probe light phase modulation, is lock-in detected and 

used as the system output.  

3.3.2 Modeling Harmonic Signal Spectra 

Wavelength modulating pump light with ( )= sin( )pump m mt t   + , where Dw
m

 is 

the amplitude and w
m

 the frequency of wavelength modulation. Then equation 3.2 can 

be rewritten as: 

                     
( )

2

cos( )
( , )

1 cos( )

m m
D

m m

t
t

t

  
  

  

 +
 = 
 + + 

                (3.3) 

where 2 /m m R =    is the linewidth-normalized wavelength modulation depth. 

To determine the detected harmonic signal spectra of the wavelength modulated SRDS, 

equation 3.3 can be expanded in  
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Fig.3.2 The illustration of the output signal of the interferometer as a function of the modulated 

phase signal. 

terms of Fourier series by Fourier transformation. For dilute trace chemical detection, 

due to the small molecular density, the Raman gain and the phase change may be very 

small with low pump light intensity (i.e.,G≪1 and ( ), 1D t  ). Assuming at the 

quadrature of the interferometer shown in Fig. 3.2, i.e., sin(f
D
(t,d )) »f

D
(t,d ) , the 

detected signal of the photodetector can be expressed as: 

                         i
PD

µ Df
d +d

m
cos(w

m
t)

1+ d +d
m

cos(w
m
t)( )

2

æ

è

ç
ç

ö

ø

÷
÷

               (3.4) 

To derive the harmonic components of equation 3.3 and 3.4, we first calculate the 

Fourier transform of the unmodulated phase change given in equation 3.2. Denoting the 

Fourier transform of ( )D   by ( )   and define it as： 

               
1

( ) ( )exp( ) exp( )
22

D i d i


       


+

−
= − = −  −        (3.5) 

wheret is the conjugate variable of d . Here, applying Fourier transform pair： 

                         
0 0( )exp( ) ( )f t i t F   −                    (3.6) 

and equation 3.5 to equation 3.3, the time-dependent of Fourier transform of the 

modulated phase change is given as: 

                         j(t ,t) =j(t )exp[id
m
t cos(w

m
t)]                 (3.7) 

Equation 3.7 can be expanded into a sum of harmonic signals of the pump wavelength 

modulation frequency using Jacobi-Anger formula: 
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0

0

( , ) (2 ) ( ) ( )cos( )n

n n m m

n

t i J n t       


=

= −             (3.8) 

where s
n0

is the Kronecker’s delta function (s
n0

= 0 if n ¹ 0 ;s
n0

= 1 if n = 0 .) and 

nJ  is the nth Bessel function. Inversely transform equation 3.8, the modulated 

SRS-induced phase change of equation 3.3 and the detected signal of equation 3.4 can 

be denoted as: 

                       
0

( , ) ( , )cos( )D n m m

n

t c n t     


=

=                 (3.9-a) 

                    
0

4 ( , )cos( )PD sig ref n m m

n

i E E c n t  


=

                (3.9-b) 

where ( , )n mc    is the nth Fourier coefficient of the modulated SRS-induced phase 

change: 

               
1

0

1
( , ) (2 ) exp( ) ( )

2

n

n m n n mc i J d      
+

+

−
= − − −            (3.10) 

Though equation 3.10 shares similar formality with nth Fourier coefficients for a 

Lorentzian absorption/gain line-shape function, the derivation procedure for an 

analytical expression is mathematically different. Following the derivation in reference 

[13], ( , )n mc    can be rewritten as: 

             
 1 2 2

,0
2 2

(1 ) (1 )
( , ) Re[(2 ) ]

(1 )

n
n

m

n m n
n

m m

i i i
c

i

  
  

  

+ − + − −
= − −

− +
       (3.11) 

However, equation 3.11 is in the form of complex which is not convenient for direct 

calculation. It is possible to derive the non-complex form of ( , )n mc    and use it for 

simulation and curve-fitting based on methods introduced in reference [13]. The 

( , )n mc   may be rewritten in the following form [13]: 
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                    ( , )
2

n n n
n m nn

m

A C S D S
c B

R
 


+ −+ 

= − + 
 

                 (3.12) 

where S
 are defined as S R M =  , and in turn, 

2 24R M = + and 

2 21 mM  = + − . Coefficients of 
nA , 

nB , 
nC  and 

nD  are defined as [13]: 

                                 
02n nA = −                         (3.13) 
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        (3.16) 

where coefficients 
maxa , 

minc ,
maxc ,

maxd , 
minf ,

maxf , 
ming  and 

maxg  are given in Table 

3.1 [13]: 

Table 3.1 Definitions of coefficients used in equations 3.14-3.16 

Coefficients Definitions a 

maxa  1

2

n
Int−

− 
 
 

 

minc  1

2

n b
Int+

+ − 
 
 

 

maxc  2

2

b
n a Int−

− 
− +  

 
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maxd  
2

n
Int −

 
 
 

 

minf  1

2

n e
Int+

+ + 
 
 

 

maxf  1

2

e
n d Int−

+ 
− +  

 
 

ming  
2

n e
Int+

+ 
 
 

 

maxg  
2

e
n d Int −

 
− +  

 
 

 

a Functions of ( )Int x  are defined as ( ) ( )sign x ceil x  and ( ) ( )sign x floor x , respectively, where 

( ) 1sign x = −  if 1x   and ( ) 1sign x =  if 1x  . ( )ceil x  and ( )floor x  extract the nearest integer of 

the variable x. 

For the convenience of the simulation, analytical results of 
nB , 

nC  and 
nD  to derive 

the first four Fourier coefficients ( , )n mc    are listed in Table 3.2. 

3.3.3 Optimization of Modulation Depth 

For wavelength modulated SRDS, only the first few harmonic signals are practical 

useful due to their larger signal amplitude. And among all these harmonic signals, the 

second harmonic (2f) has the largest SNR [12]. To briefly discussed the deduced 

harmonic components of the modulated dispersion signal, the first harmonic Fourier 

coefficient 
1( , )mc    is explicitly given as based on Equations 3.12-3.16: 
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Table 3.2 Expressions for the first 4 
nB , 

nC  and 
nD  coefficients 

 
nB  Definitions  

nC

   

Definitions 
nD  Definitions 

B1 1−  C1 1 D1 ( )sign    

B2 2  C2 4−  D2 
2 2( )( 2 2 )msign   − − − +  

B3 2 24 4m + −  C3 
2 24 3 12m − − +  D3 

2 3( )(12 3 4 )msign     − + −  

B4 2 324 4 8m   − − +  C4 
2 332 16 32m   + −  D4 

2 4

2 2 2 4

( )(8 8

48 8 8 )

m m

m

sign   

   

− + +

− − +
 

                           

                         1

2
( , )= 1

2
m

m

S S
c

R


 



+ − +
− 

 
                 (3.17) 

If the normalized frequency detuning is set to be 0 ( = 0), the value of 
1( =0, )mc    at 

Raman resonance can be written as： 

                          
1

2

2 1
( =0, )= 1

1+
m

m m

c  
 

 
 −
  

                 (3.18) 

From equation 3.18, the value of 
1( , )mc    at Raman resonance is a function of the 

phase modulation depth and reaches the maximum when 1 5 / 2m = +  1.27.  

Similarly, the maximal amplitudes can be determined for other harmonic Fourier 

coefficients with an optimal modulation depth. Here, we investigated the relationship 

between the modulation depth and the maximum value of ( , )n mc   . In Fig 3.3(a) and 

(b), the maximum values of the first four Fourier coefficients as functions of m  are 

depicted and the optimal modulation depth opt

m  can be extracted. The optimal 

modulation depths opt

m  are 1.27, 2.84, 3.15 and 4.44 for 
1c , 

2c , 
3c  and 

4c  

respectively.  
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Fig. 3.3 (a) The maximum value of the first and third Fourier coefficient 
1c  and 

3c  as a 

function of the normalized modulation depth m . The optimal modulation is extracted 

numerically as 1.27 and 3.15 respectively. (b) The maximum value of the second and fourth 

Fourier coefficient 
2c  and 

4c  as a function of the normalized modulation depth m . The 

optimal modulation is extracted numerically as 2.84 and 4.44 respectively. 

The line shapes of the first four Fourier coefficients as functions of the normalized 

detuning with the corresponding optimal modulation depth are depicted in Fig. 3.4 (a) 
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and (b). Odd Fourier coefficients are symmetric functions with maximum values locate 

at Raman resonance while even Fourier coefficients are anti-symmetric functions with 

maximum values locate shift from Raman resonance. Hence, the maximum value of the 

1f and 2f component of the Raman-induced phase change can be expressed as: 

      f
D

1 f (t)
max

= Dfc
1
(d = 0,d

m
=1.272)cos(w

m
t) = 0.6Dfcos(w

m
t)           (3.19) 

      f
D

2 f (t)
max

= Dfc
2
(d =1.792,d

m
= 2.84)cos(2w

m
t) = 0.33Dfcos(2w

m
t)      (3.20) 

Since the line shape of the 2f component is anti-symmetric to the Raman resonance, 

2 ( )f

D t  reaches its minimum value when 1.792, 2.84m = =  and giving: 

     f
D

2 f (t)
min

= Dfc
2
(d = -1.792,d

m
= 2.84)cos(2w

m
t) = -0.33Dfcos(2w

m
t)    (3.21) 

Note that the optimized modulation depth 2.84m =  obtained here for SRDS is nearly 

30% larger than that used for wavelength modulated LAS ( 2.2m = ), which is due to 

the different line shape function used for derivation of the nth Fourier coefficients. The 

Lorentz function ( f (x) =1/ (1+ x2)) is used for the wavelength modulated LAS, while 

the Lorentz function ( f (x) = x / (1+ x2) ) is used for the wavelength modulated SRDS.  
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Fig. 3.4 (a) The line shape of the first and third Fourier coefficient c
1
 and c

3
 as a function of 

the normalized frequency detuning   with corresponding optimal modulation of 1.27 and 3.15 

respectively. (b) The line shape of the first and third Fourier coefficient 
2c  and 

4c  as a function 

of the normalized frequency detuning   with corresponding optimal modulation of 2.84 and 
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4.44 respectively. 

3.4 Summary 

In this chapter, the general theory of SRDS and its applications for gas detection and 

tuning of optical pulse delay are presented. Theory of the SRD spectral signals measured 

using optical interferometers are developed. The mathematical descriptions of the 

harmonic signals with wavelength modulation is derived in detail. The dependence of 

the measured harmonic signals on modulation depth is calculated. Based on this 

calculation, optimal modulation depth is given to obtain the largest amplitude of the 

measured signal. This chapter offers useful theoretical understanding and guidance on 

SRDS optimization and modeling. 
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Chapter 4: Highly sensitive hydrogen detection with 

stimulated Raman dispersion spectroscopy  

4.1 Introduction 

In chapter 3, theory of the SRDS have been presented. Optimized modulation depth has 

been calculated to obtain the maximum amplitudes of the harmonic signals. In this 

chapter, I extend the SRDS for sensitive hydrogen detection. Firstly, I measured the 2f 

signal of the SRS-induced dispersion in hydrogen-filled HC-PCF and experimentally 

validated the relationship between the measured harmonic signal magnitude and 

modulation depth presented in chapter 3 using a stabilized optical fiber Mach-Zehnder 

interferometer (MZI). Secondly, with the all-fiber MZI, I demonstrate a highly sensitive 

hydrogen detection system. 

4.2 Preparation of the HC-PCF gas cell 

The Raman frequency shift of S0(0) rotational Raman transition of hydrogen is 
0

=354.36 cm-1 [1]. If the pump beam wavelength is near 1532nm, then probe beam at the 

Stokes wavelength is near 1620nm. The HC-PCF used here is NKT HC-1550-06. The 

fiber has a wide transmission window from 1480 to 1650 nm, which can cover both the 

pump and Stokes beams with low transmission loss. The transmission loss of the hollow 

core fiber is less than 20 dB/km from 1500 nm to 1700 nm. A ~7-m-long HC-PCF is 

coupled to single mode fibers (SMFs) with ceramic ferrules and sleeves to form a micro 

gas cell. The ends of the SMFs are 8°cleaved to minimize the Fresnel reflection shown 

in Fig. 4.1(a). Hydrogen molecules diffuse in and out the HC-PCF through the air gaps 

at the joint point. The transmission loss of the fabricated HC-PCF gas cell is evaluated 

by measurement of the transmitted power difference incident in and out the gas cell. Fig. 
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4.1(b) shows the transmission spectrum of the HC-PCF gas cell measured using Agilent 

8190a, a photonic all parameter analyzer. The measured insertion loss for the pump 

beam (~1532 nm) is ~ 4.5 dB and for the probe beam (~1620 nm) is ~5.6 dB. Fig. 4.1(c) 

shows the Fourier transform result of the transmission spectrum in Fig. 4(b). The 

fundamental core mode (LP01) and the surface mode are labeled out respectively. The 

coupling process is optimized with help of an optical microscope to suppress any higher 

order mode transmitting within HC-PCF. Over 25 dB surface mode suppression is 

achieved to minimize the interferometric fringes resulting from 

multi-modes-interferences which may deteriorate the performance of detection system.  
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Fig. 4.1 (a) Schematic drawing of a coupling point between HC-PCF and SMF. (b) The 

transmission spectrum of the fabricated HC-PCF gas cell. (c) The Fourier transform of the 

transmission spectrum with surface mode suppression over 25 dB compared with the LP01 mode.  
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4.3 Sensitive hydrogen sensing system with SRDS in HC-PCF 

4.3.1 2f signal measurement of the SRD 

Fig. 4.2(a) illustrates the experiment setup. Hydrogen and nitrogen mixtures with 

different ratios are filled into the fabricated HC-PCF gas cell through the gap between 

SMF and HC-PCF. The Raman frequency shift of the S0(0) rotational Raman transition 

of hydrogen is 
0 =354.36 cm-1 [1]. The pump laser is a distributed feedback (DFB) 

semiconductor laser and its wavelength is around 1532.1 nm. An Er-doped fiber 

amplifier (EDFA) is used to amplify the pump power. 

 

Fig. 4.2 (a) Experimental setup for laser-induced dispersion measurement. LPF: low-pass-filter; 

DAQ: data acquisition; PC: polarization controller; PZT: piezoelectric transducer to eliminate the 

phase fluctuation. Inset is the cross section image of the HC-PCF (HC-1550-06 fiber with hollow 

core radius of ~5.5 µm). Filter 1 is used to filter out the amplified spontaneous emission (ASE) 

noise of the EDFA. WDM 1&2: 1620nm/1530nm wavelength-division multiplexer.  

From equation 3.1, the Raman-induced dispersion is proportional to the accumulated 

phase change of the probe light, which can be detected by using an optical 



Chapter 4 

65 

 

interferometer (e.g., a Sagnac interferometer [2] or MZI [3]) powered by a probe beam 

tuned near the Stokes wavelength. Here we used an all-fiber MZI to measure the Raman 

dispersion in hydrogen-filled HC-PCF. The MZI is powered by an external cavity diode 

laser (ECDL) and its wavelength fixed at ~1620 nm. To make sure the measurement of 

the Raman-induced dispersion has high SNR, a technique similar to the wavelength 

modulation spectroscopy is used [3]: the pump wavelength is sinusoidally modulated at f 

= 51 kHz, and it is simultaneously scanned so that the wavelength difference between 

the pump and probe can be tuned across the S0(0) Raman transition of hydrogen. The 

Raman-induced dispersion modulates the probe beam phase. The modulated phase is 

then converted to an intensity change by the MZI stabilized at quadrature using a 

servo-loop feedback [3]. The 2f output of the MZI is demodulated by a lock-in amplifier.  

Firstly, the 2f component of the SRD in hydrogen-filled HC-PCF is measured when the 

modulation depth 
m  is changed. The measured 2f signal amplitude 

2 ( )ma   is a 

function of the modulation depth 
m  shown in blue dots in Fig. 4.3. The 2f signal 

reaches its maximum amplitude at the optimal modulation depth opt

m =2.84, giving 
2a = 

0.33 [4], which agrees with the calculation given in Chapter 3 depicted in a solid line in 

Fig. 4.3. 
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Fig. 4.3 The measured 2f signal amplitude of MZI output as a function of modulation depth. Blue 

dots are experiment results and the solid line is calculation based on formulas in Chapter 3. 

Fig. 4.4(a) shows the measured 2f signal for pure hydrogen when 3.5 bar hydrogen is 

filled inside the hollow core with a pump power of ~100 mW delivered to the HC-PCF.  

The corresponding peak pump intensity is estimated to be 0.314 MW/cm2 at the center 

of the hollow core. The numerically calculated 2f signal based on the formulations 

developed in Chapter 3 is compared with the measured 2f signal shown in Fig. 4.4 (b), 

and the measurement agrees well with the calculation.  
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Fig. 4.4 (a) Measured and (b), calculated 2f signal due to laser-induced dispersion near the S0(0) 

transition of hydrogen. Pure hydrogen is filled into the HC-PCF with a pressure of 3.5 bar. The 

modulation depth is set to be 2.84. 

The Raman-induced dispersion can be tuned in a linear way by changing gas 
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concentration. Fig. 4.5(a) depicts the detected 2f signal around the Raman transition with 

pump power of ~100 mW in HC-PCF for different hydrogen concentration of 4, 20 and 

100% at 3.5 bar. Peak-to-peak amplitude of the 2f signal has a linear relationship with 

gas concentration as depicted in Fig. 4.5(b). The magnitude of dispersion change can 

also be changed by adjusting pump laser power. The measured 2f signal for a 20% 

hydrogen balanced in nitrogen with four different pump power levels is depicted in Fig. 

4.5(c). Fig. 4.5(d) shows that the measured 2f signal is linearly proportional to the pump 

power, agreeing with the prediction from Chapter 3. Such an SRS-induced dispersion 

can be useful for a range of applications such as precision gas spectroscopy and optical 

pulse walk-off cancellation [5]. 
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Fig. 4.5 The measured results of actively tuning Raman-induced dispersion in HC-PCF. (a) and (b) 

are the results of adjusting SRS-induced dispersion by changing hydrogen concentration. (a) 

Measured 2f output signals when pump beam is scanned across the S0(0) Raman transition of 

hydrogen of different concentration. The 2f output signals for 4% and 20% hydrogen are scaled 

up 5 and 2 times respectively for better presentation; (b) The peak-to-peak value of 2f output 

signal as function of gas concentration. Error bars show the standard deviation from 10 

measurements and their magnitudes are scaled up 10 times for better clarity. (c) and (d) are 

results of controlling SRS-induced dispersion by changing pump power with 20% hydrogen; (c) 

The 2f output signal when pump wavelength is tuned across Raman transition line with different 

power levels and 20% hydrogen; (d) Peak-to-peak value of 2f output signal for 20% hydrogen 

and the standard deviation of noise as functions of pump power levels. Error bars show the 

standard deviation from 10 measurements. 

4.3.2 Noise performance of the detection system 

To furtherly extend the technique for high sensitivity hydrogen detection, we evaluated 

the system noise performance by tuning the pump wavelength away from the Raman 

resonance and fix the wavelength at 1531.956 nm. The standard deviation of noise for 
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different pump power levels in HC-PCF is shown in Fig. 4.5 (d) in red diamonds. For a 

pump power of～98.4 mW, the peak-to-peak 2f output signal for 20% hydrogen is ~2.2 

mV and the standard deviation of noise is 0.273 μV with 1s lock-in time constant, 

corresponding to a detection bandwidth of 0.094 Hz. This gives an SNR of 8059. The 

detection limit in terms of noise equivalent concentration (NEC) for an SNR of unity is 

then estimated to be 25 ppm or a normalized NEC (NNEC) of ~17.4 ppm/(m·W). The 

dynamic range of the system is estimated to be more than 4 orders of magnitude from 

the minimum detection level to 100% hydrogen. The largest phase modulation for 100% 

hydrogen is estimated to be ~10-3 rad, well within the linear region around the 

quadrature point of the MZI. From Fig. 4.5(d), the 2f signal increases approximately 

linearly with the pump power while the noise level remained relatively unchanged, 

indicating further improvement of detection limit is possible by simply increasing the 

pump power level.  

One of the most intuitive limiting factors of detection limit is the performance of the 

MZI system. The fiber MZI system used here is inherently sensitive to environmental 

fluctuation (e.g. acoustics and vibrations) and hence it will affect the system 

performance. In this experiment, the environmental disturbance is in time suppressed by 

a PZT phase compensator. The working point drift of MZI system may be determined by 

comparing the amplitude fluctuation of the output signal of a stabilized MZI with the 

interference fringes contrast of MZI without stabilization (i.e., the amplitude of the 

output signal periodically change from -1V to 1 V corresponding to the phase change of 

π). The standard deviation of the working point drift is measured to be 0.0432° depicted 

in Figure 4.6(a). The working point drift induced measurement error is defined by 

∆C/C=1- cos(0.0432°)=2.84×10-7. In the test of detection limit, for 20% hydrogen, the 

drift induced gas concentration uncertainty is 56.8 ppb, which is much lower than the 

system detection limit and hence the stability of the MZI working point has little impact 
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on the detection limit.  

However, the PZT servo-based phase compensator may introduce unwanted noise over a 

wide frequency range and these noise components may be large compared with the 

modulated phase signal shown in Figure 4.6 (b), which is measured by the electrical 

signal analyzer (ESA). Once the PZT is powered on, high frequency noise components 

emerge which is believed to be the contribution of electric noise. Those noise 

components fall into the detection band can not be separated from the SRD signal. Much 

effort has been made to optimize the voltage applied on the PZT and minimized the 

electric noise impact. To minimize the detection noise, we first analyze the noise 

spectrum of the interferometer output. Besides the detected harmonic signals at 51 kHz 

and 102 kHz, a strong mechanical interference is also observed, which may affect the 

detection performance. To suppress the mechanical interference, notch filters are 

adopted. By applying notch filters, 10 dB reduction of the noise floor is observed shown 

in Figure 4.6 (b). 
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Fig. 4.6 (a) Output phase fluctuation of the stabilized MZI at its quadrature point. (b) 

The signal spectrum of the MZI output as the pump light is wavelength modulated 

around S0(0) Raman transition of hydrogen. The noise floor induced by PZT is 

significantly suppressed by 9 dB with an optimized voltage applied on the PZT. 

4.4 Discussions 

In this chapter, experiments were conducted at room temperature in a lab environment, 

and no notable influence of temperature on the measured SRS induced dispersion (i.e., 

dispersion line-shape and magnitude) was observed. However, Raman resonances (i.e., 

amplitude, resonance frequency and linewidth) are temperature dependent and would 

affect the characteristics of Raman dispersion when temperature variation becomes large 

[6], [7]. A full investigation of the effect of temperature on Raman dispersion in 

gas-filled HC-PCFs should be conducted, particularly for high temperature applications.  

In our experiments, gas is filled into the HC-PCF through gaps between the HC-PCF and 
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SMF. It took long time (i.e., 1-2 hours) to achieve a uniform distribution of 

concentration and pressure along the 7-m-long HC-PCF, which is not suitable for 

practical applications. A faster response may be realized by drilling multiple 

micro-channels along the sensing HC-PCF by using femtosecond laser. With multiple 

micro-channels along a 2.3-m-long HC-PCF, gas diffusion process as short as ~40s at 

atmospheric condition has been demonstrated [8].  

For the current system, the limiting factor of the performance of gas detection in terms 

of NNEC is the instability of the MZI perturbated by environmental noise and mode 

interference noise of the HC-PCF, since the HC-PCF can support multiple guiding 

modes. Better vibration isolation and high-order mode suppression in the HC-PCF may 

be employed to reduce the system noise level. Other noise sources such as laser 

fluctuation and the instability of laser sources may also need to be addressed in our 

future work. The minimum detectable phase change at shot-noise limited system 

performance is estimated as[9]: 

                  min

2 probe

probe

h B

P





 = ,           (4.1) 

where h is the Planck constant, νprobe is probe light frequency. B is detection bandwidth. 

η is photodetector efficiency and Probe is probe light power received by photodetector. 

We consider probe light (~1620 nm) power received by photodetector is 120 µW, the 

detection bandwidth is 0.094 Hz and the photodetector efficiency is 0.765, then the 

minimum detectable phase change would be ~1×10-8 rad. In this experiment, 100% 

hydrogen with 7m-long HC-PCF is pumped by 100 mW pump light. the shot-noise 

limited NEC is 4 ppm, despite the deterioration of SNR by factor of 4 caused by 

wavelength modulation and 2f signal detection scheme[10]. The lowest detection limit of 

this experiment is ~7 times worse than shot-noise limited performance. Hence, it is 
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possible to further improve the sensitivity of measurement by further suppression system 

noise level, using higher pump power and longer HC-PCF. 

By using hollow-core fiber with a broadband transmission window, multi-gas detection 

may be performed. A straightforward configuration for multiple gases detection may be 

to use a fixed probe laser and a wavelength-tunable pump laser copropagating in the 

hollow-core fiber. The pump wavelength is continuously scanned so that the frequency 

difference between the probe and the pump can be tuned across multiple Raman 

transitions. With a fixed probe laser, the optical interferometer for phase detection can be 

fully stabilized, and the system noise can be minimized. Fig. 4.7 shows the calculated 

pump wavelengths and the magnitude of the rotational Raman process for oxygen, 

nitrogen and carbon dioxide, assuming that the probe wavelength is fixed to 1550 nm 

[11]–[13]. A tunable pump laser with wavelength from 1530 to 1550 nm would allow the 

detection of the multiple Raman lines of these gases. 

 

Fig. 4.7 Calculated rotational Raman transitions of oxygen, nitrogen and carbon dioxide. 
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4.5 Summary 

In this chapter, a stabilized all-fiber MZI is implemented to measure the Raman-induced 

dispersion of hydrogen in 7m-long HC-PCF. The 2f signal of the Raman-induced 

dispersion is measured, and its amplitude as a function of the modulation depth is 

experimentally verified. The detection system is extended for sensitive hydrogen 

detection and has achieved a normalized noise-equivalent concentration of 17.4 

ppm/(m·W) at 3.5 bar and a dynamic range over 4 orders of magnitude. The noise 

performance and the limiting factors of the detection system are discussed. With the 

development of hollow-core fibers with lower loss, broader transmission window and 

better mode quality [14], multi-gases detection using SRDS is achievable. 
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Chapter 5: Toward practical hydrogen sensors with 

Stimulated Raman Dispersion Spectroscopy 

5.1 Introduction 

In Chapter 4, Stimulated Raman dispersion spectroscopy has been applied for hydrogen 

detection with high sensitivity and good selectivity[1]. A pump-probe configuration is 

typically used to generate and detect the stimulated Raman dispersion when the 

frequency difference between the pump and probe beams matches Raman transition of 

the hydrogen molecules. An optical interferometer powered by the probe beam is used to 

measure the probe beam phase modulation resulted from SRD. With an MZI 

configuration, short-term noise-equivalent hydrogen concentration down to ppm level 

has been demonstrated 7 meters of HC-PCFs. However, the operation point of the MZI 

is not stable over a longer term (e.g., an hour) even with a servo-control loop, making 

the system difficult for practical gas detection. And using meters long HC-PCF makes it 

hard to reduce the time of filling gas.   

A low-finesse FPI can be formed by natural reflections at the joints between HC-HCF 

and single mode fibers (SMFs), as illustrated in Fig. 1. The Raman-induced dispersion is 

detected by the low-finesse FPI operating by the probe beam near the Stokes wavelength. 

The FPI detection scheme enables very compact sensing configuration as well as better 

immunity against environmental perturbation since the SMFs are merely used for light 

transmission and do not act as part of the interferometer. Low frequency external 

perturbation on the SMF has minimal effect on the phase detection since the reflected 

probe beams pass through the SMF almost at the same time (e.g., the time difference is 

less than 1 ns for 15 cm long sensing HC-PCF) and hence the two beams basically 

experience the same perturbation and hence the differential difference is insensitive to 



Chapter 5 

80 

 

the perturbation. And the short length of HC-PCF makes it possible to realize fast 

response time. 

In this chapter, I present a hollow-core fiber FPI hydrogen sensor based on stimulated 

Raman dispersion spectroscopy with simple, compact size, faster response time, good 

long-term stability and the potential for practical applications. 

5.2 Basics of FPI for hydrogen detection  

5.2.1 Theory of a hollow-core FPI 

A miniature hollow-core FPI is proposed in Fig. 5.1 for fast hydrogen detection. The FPI 

consist of a section of HC-PCF attached by two flat fiber end faces of two SMF pigtails, 

which forms a low finesse fiber Fabry-Perot cavity. The length of the FPI is typically 

several centimeters. Too short cavity length (<0.5 cm) leads to small signal magnitude 

and limits the sensitivity of the hydrogen sensor. Too long cavity length (>20 cm) causes 

narrow free space rage (FSR) of the FPI and mode interference (MI) fringes. Such 

interferometric fringes induce extra interference of the detected signal and hence reduce 

the SNR of the sensing system.   

 

Fig. 5.1 Schematic of the proposed FPI with HC-PCF fiber. 

The two flat end faces of the SMF and HC-PCF/SMF joints form a low finesse FPI 

shown in Fig. 5.1. Ideally, the coupling loss of each HC-PCF/SMF joint is neglected and 

the reflectivity of the two end faces of SMFs are considered to be equal to R ( 1), the 

reflected and transmitted light intensity out of the FPI may be as: 
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0 [1 exp( ) 2exp( / 2)cos ]RI I R G G = + +              (5.1) 

                        
0 0exp( ) 2 exp( / 2)cos-TI I G I R G =                 (5.2) 

with  

                            0=4 /eff proben L   +                        (5.3) 

where I0, IR and IT are the incident probe light, the reflected light and the transmitted light 

intensity, respectively; G is the Raman gain of the probe light near Stokes wavelength;  is 

the accumulated phase change experienced by the probe light; effn  is the effective RI of the 

gas medium; L is the length of the FPI, probe  is the probe light wavelength and 
0  is a 

constant phase bias. In equation 5.2, the higher power of R is ignored. Backward Raman 

scattering is not considered here for its weak effect compared with forward Raman 

scattering[2]. The minus before the second term of equation 5.2 is due to reflection phase 

change, indicating a phase shift of  between the reflected and the transmitted spectrums. 

When the frequency difference between the probe beam and a wavelength modulated pump 

beam matches a Raman transition of hydrogen molecules,   is modulated as : 

                              ( )= DC t  +                              (5.4) 

where 
DC  is the DC phase shift component and ( )t  is the Raman-induced phase 

modulation component, which is proportional to the hydrogen concentration. With properly 

selected the probe length wavelength, the FPI can be operated at quadrature point (i.e. 

( 0.5)DC m = + , where m is an integer). 

5.2.2 Fabrication of a hollow-core FPI 

The FPI shown in Fig. 5.1(a) is implemented by butt coupling one end with ceramic 

sleeve and ferrules depicted in Fig. 5.2 (a) and fixed with ultraviolet (UV) curing glue. 
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Both end faces of HC-PCF and SMF are cleaved to be flat. Gas may enter the FPI 

through a micro gap between HC-PCF and SMF by diffusion. As it is shown in Fig. 

5.2(c), with help of the microscope, a micro-channel with 1 μm width is left to allow gas 

molecules to diffuse into the hollow core fiber. The other end is joined by fusion one 

cleaved SMF end face with the cleaved HC-PCF. To fully exploit the advantages of 

HC-PCF, it is essential to join the SMF with HC-PCF with minimum coupling loss. 

However, due to the micro-hole structure, it is still challenging to splice HC-PCF to 

SMF. In this section, I will demonstrate a low-loss splicing method to join HC-PCF with 

SMF. The micro-hole collapse of HC-PCF during fusion process is the main factor that 

contributes to coupling loss. An effective method to avoid the collapse is to use low 

splicing current and shorten the fusion time. However, there is a tradeoff between the 

coupling loss and the mechanical strength of the joint point since lower splicing current 

causes lower coupling loss and weaker mechanical strength. Besides splicing current, the 

overlap distance should be considered. For butt coupling, HC-PCF and SMF merely 

touch each other. However, for splicing process, two fibers needed to be pushed further 

since they are softened by the discharge current. When using weaker fusion current, both 

fiber tips will not be softened enough, a suitable overlap distance needs to be applied to 

avoid misalignment resulting from large overlap distance.   
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   (c) 

    

Fig. 5.2 (a) Butt coupling of HC-PCF with SMF using ceramic sleeve and ceramic ferrules. (b) 

The screenshot of the fiber fusion splicer after the fusion process of the SMF and HC-PCF. The 

coupling loss of the splicing point is estimated to be 2dB. (c) The picture of the joint point of the 

hollow core fiber and single mode fiber with a 1 μm wide micro-channel.  

Based on the general principles introduced above, I experimentally demonstrated the 

low-coupling-loss splicing of SMF and HC-PCF (HC-1550-06, from NKT Photonics). 

The mode field diameters of HC-1550-06 and SMF are similar, which allows low-loss 

coupling. It is found that the HC-PCF is more readily to achieve the softening point than 

SMF. To obtain good mechanical strength of the splicing point, the overlap distance is 
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set to be 10  m. The collapse of the micro-holes of HC-PCF is sensitive to the fusion 

current. When the fusion current is set low, e.g., 9 mA with fixed fusion time of 0.3 s, 

most micro-holes remain unaffected by the heated discharge. Slightly increase the fusion 

current from 9 mA to 11 mA, the micro-holes gradually collapse from inner circles to 

outer circles corresponding to the thermal distribution induced by fusion current. The 

coupling loss is determined to increase as the micro-holes collapse[3]. The optical 

microscopy image of the spliced joint of HC-PCF and SMF is given in Fig. 5.2(b). The 

coupling loss of the splicing joint is estimated to be 2 dB.  

5.3 Evaluation of the hollow-core FPI performance 

5.3.1 Measurement of the FPI spectrum 

To evaluate the performance of the hollow core FPI, the reflected and transmitted 

spectrum of the FPI is measured using the experimental setup depicted in Fig. 5.3. Light 

emitted from a broadband source is launched into the “1” port of the circulator and 

reflected by the FPI via the “2” port. The reflected light is received by an optical 

spectrum analyzer (OSA) through port “3”. The transmitted spectrum is recorded by 

connecting the output SMF pigtail of the FPI to the OSA.  

 

Fig. 5.3 Experimental setup for measurement of the reflected and transmitted spectrum of FPI. 
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The measured spectrums are shown in Fig. 5.4 with the wavelength resolution and step 

are set to be 10 pm and 1 pm respectively. Based on the measured reflected spectrum, 

the FSR of the FPI is nearly 38 pm. Given the relationship between the cavity length L 

and the measured FSR: 

                            
2 / (2 )probeL FSR=                         (5.5) 

With the probe light wavelength 1620probe  nm and FSR=38 pm, the cavity length L is 

estimated to be 3.5 cm.  
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Fig. 5.4 (a) The measured reflected and transmitted spectrums of a 3.5 cm long FPI. (b) The 

Fourier transform of the FPI transmitted spectrum. 

The measured transmitted spectrum (red line) in Fig. 5.4 is  phase shifted compared 

with the reflected spectrum (blue line). Due to the coupling loss, the two transmitted 

light beams which experience higher coupling loss of the FPI, induce an interference 

pattern with much smaller visibility compared with the reflected spectrum. A periodic 

fringe with an FSR of 0.65 nm is superimposed on the FPI transmitted interference 

spectrum. The fast Fourier transform (FFT) of the FPI transmitted spectrum is shown in 

Fig. 5.4(b) with two interference peaks. One peak at the spatial frequency of 2/nm is 

identified as the interference between the fundamental core mode and the cladding 

modes of HC-CF with effective RI difference of 0.075[4]. Another peak at spatial 

frequency of 26/nm is identified as the FP interference. 
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5.3.2 Stabilization of the FPI 

For practical applications, the cavity length variation of a hollow-core fiber based FPI 

which is sensitive to environmental perturbations, i.e., vibrations and temperature 

variations, which induces fluctuations of the detected phase signal. The phase fluctuation 

would significantly limit the NEC of the sensing system. In this section, a 

piezo-mechanically actuated hollow-core fiber based FPI with feedback servo loop is 

introduced to eliminate the environment influence on the detected signal. The cavity 

length is locked to a stable probe laser so that probe  is fixed at the quadrature point of 

the FPI. As it is shown in Fig. 5.5(a), the FPI is mounted on a PZT (P-888.91, Physik 

Instrumente) with two fixing points on the HC-PCF using UV glue. The experimental 

setup shown in Fig. 5.5(b) is used to lock the FPI cavity length to a stable ECDL.   
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Fig. 5.5 (a) Diagram of the hollow-core based FPI mounted on a PZT. (b) Experimental setup to 

lock the FPI cavity length to the ECDL. The cutoff frequency of the LPF is set to be 320Hz. 

 

Fig. 5.6 The monitored signal with a triangular wave voltage (amplitude of 1V and frequency of 

20 Hz) applied on the PZT to actively stretch the FPI cavity length. 
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Light from ECDL is launched into the FPI. The reflected light via optical circulator is 

split into two beams. One is used to monitor the detected light intensity fluctuation 

caused by cavity length variation. The other beam is detected by a PD and filtered by a 

lowpass filter. The filtered signal is sent into a servo controller to stabilize the PTI length. 

A function generator is used to generate phase change by applying a triangular wave 

voltage with an amplitude of 1V and frequency of 20Hz on a PZT to linearly stretch the 

FPI cavity length. The monitored light intensity signal is given in Fig. 5.6. Gradually 

decreasing the amplitude of the applied triangular wave and tuning the DC voltage bias 

to ensure probe  is near the quadrature point of the FPI. Then turn on the servo 

controller to actively stretch the cavity length and furtherly decrease the amplitude of the 

triangular wave until it is 0. The environmental perturbations are eliminated and stable 

output of the FPI is detected which is shown in Fig. 5.7. At this moment, even if the 

triangular wave is applied on the PZT with larger amplitude (e.g., 3V), no fluctuation of 

the monitored light intensity is observed.  
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Fig. 5.7 The monitored signal when the servo controller is activated and the FPI cavity length is 

locked to a stable ECDL. 

The stability of the locked FPI cavity in terms of phase variations can be evaluated by 

comparing the fluctuations of the monitored signal with the signal amplitude shown in 

Fig. 5.6. The phase variation of the stabilized FPI output is shown in Fig. 5.8. The 

standard deviation of the detected phase fluctuation is about 0.13 . Such phase 

fluctuations can be converted into light intensity variation by FPI and deteriorate the 

lower hydrogen detection limit. For phase fluctuation of 0.13  around quadrature point, 

the slope change of the phase-to-intensity transfer function can be determined to be 

61 cos(0.13 ) 2.65 10−− =  . For gas detection of hydrogen concentration of 100%, the 

relative measurement uncertainty due to this slope variation would be 
62.65 10C − =   

(2.65 ppm), which is a fundamental limiting factor of the detection limit of our hydrogen 

detection system.  

 

Fig. 5.8 Output phase fluctuation of the stabilized FPI at its quadrature point. 
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5.4 Hydrogen detection based on a hollow-core FPI 

5.4.1 Experimental setup 

Fig. 5.9 depicts the experimental setup for hydrogen detection based on SRDS using a 

3.5 cm long hollow-core FPI. The FSR of the FPI is ~40 pm. The FPI is stabilized using 

a servo controller which actively stretches the PZT to minimize the environmental 

perturbation as described in the previous section. An ECDL is operated with a fixed 

wavelength of 1620.4 nm as the probe light and is locked to the quadrature point of the 

FPI. The pump laser used here is a DFB laser which is sinusoidally wavelength 

modulated around 1532.5 nm with a modulation frequency of 51 kHz. Simultaneously, 

the wavelength of the DFB laser is slowly scanned so that the frequency difference 

between the probe and pump light is tuned across the S0(0) hydrogen Raman transition. 

The reflection and transmission of the FPI is received by an auto-balanced detector 

(Nirvana, 2017). The 2f of the detected signal is demodulated by a lock-in amplifier 

(Stanford research systems, SR830). 

 

Fig. 5.9 Experimental setup for hydrogen detection with SRDS using a 3.5 cm long hollow-core 

FPI 
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5.4.2 Hydrogen detection results 

The hydrogen detection experiment is conducted using pure hydrogen at atmospheric 

pressure and room temperature. The sinusoidal modulation amplitude of the lock-in 

amplifier output is 56 mV. The time constant of the lock-in amplifier is 1s with filter 

slope of 18 dB/Oct. The demodulated 2f signals of the measured SRD with pump power 

ranging from 25 to 125 mW delivered in HC-PCF are shown in Fig. 5.10(a).  

 



Chapter 5 

93 

 

     

Fig. 5.10 (a) The measured 2f signal of the SRD when pump laser is slowly scanned across the 

S0(0) Raman transition with different pump power ranging from 25 to 125 mW delivered within 

the HC-PCF. (b) The peak-to-peak value of the demodulated 2f signal is linearly proportional to 

the pump power delivered within the HC-PCF and the standard deviation of the noise is as a 

function of the pump power. 

To evaluate the performance of the hydrogen detection system, the detection noise is 

measured by tuning the pump wavelength away from the Raman resonance to 1532.893 

nm. The standard deviation of noise for different pump power levels ranging from 25 to 

125 mW is shown in Fig. 5.10(b) as the red squares. For a pump power of 125 mW 

launched in the HC-PCF, the peak-to-peak value of the 2f output signal for 100% 

hydrogen is 26.5  V and the standard deviation of noise is 0.11 μV for 1s lock-in time 

constant, corresponding to the detection bandwidth of 0.094 Hz, which gives an SNR of 

240. The detection limit in terms of NEC for an SNR of unity is then estimated to be 

0.42%. The normalized detection limit of the Fabry Perot interferometer is 18.3 

ppm/(m ∙ W). The Fabry Perot interferometer has a similar performance to the 
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Mach-Zehnder interferometer. In Fig. 5.10(b), the peak-to-peak value of the 2f output 

signal increases approximately linearly with the pump power while the noise level 

remained relatively unchanged, indicating further improvement of detection limit is 

possible by simply increasing the pump power level. 

 

Fig. 5.11 Allan deviation plot calculated from a 3h-long period noise record with 125 mW pump 

light delivered within the HC-PCF. The optimal integration time is estimated to be 1300s. 

Allan deviation analysis is also conducted here to investigate the stability of the 

proposed hydrogen sensor based on SRDS using a hollow-core FPI [5], [6]. The stability 

of the detection system allows using longer time constant to average out white noise 

component, which can further improve the lower detection limit of the hydrogen 

detection system. The 2f output signal for 100% hydrogen is recorded for 3 hours when 

the pump light is tuned away from the Raman transition resonance and fixed at 1532.893 

nm with pump power of 125 mW in HC-PCF. The time constant of the lock-in amplifier 

is set to be 100ms. The Allan deviation plot calculated from the 3h-long noise record is 
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shown in Fig. 5.11. The optimal integration time t  is determined to be ~1300s. The 

noise after being averaged with the optimal Tau is estimated to be 
37 10− μV and the 

corresponding NEC for an SNR of unity is then estimated to be 264 ppm.   

 

Fig. 5.12 The 2f output signal as a function of time during hydrogen filling process. 

In this experiment, the gas chamber volume is nearly 1.25L (25  10  5 cm). The 

hydrogen filling process is monitored with the proposed hollow-core FPI. Since the 

relatively large volume of the gas chamber, it takes longer time (compared with the 

response time of the hydrogen sensor) for hydrogen concentration in the gas chamber to 

reach that of the source gas [7]. During the filling process, the pump is tuned to the 

wavelength where the 2f signal magnitude reaches its maximum. Fig. 5.12 shows the 

monitored 2f output signal change as 100% hydrogen is filled into the gas chamber with 

pump power of 125 mW delivered into the HC-PCF. The time constant of the lock-in 

amplifier is set to be 300 ms. The output signal starts increasing at ~40s and gradually 

becomes stable after 85s, giving a response time of 45s.  
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To evaluate the long-term performance of the proposed hydrogen sensor, the maximum 

value of the 2f output signal for 100% hydrogen is monitored for 6 hours with pump 

power of 125 mW in HC-PCF shown in Fig. 5.13. The time constant of the lock-in 

amplifier is set to be 1s. The amplitude of the 2f output signal fluctuation is about 0.12 

 V, giving a relative signal variation of 0.83%.  

 

Fig. 5.13 The monitored 2f output signal for 100% hydrogen with pump power of 125 mW 

 

5.4.3 Discussions 

Compared with the hydrogen detection scheme using an all-fiber MZI introduced in 

Chapter 4, measurement of the Raman-induced phase change using a hollow-core FPI is 

not affected by the background signal. In Chapter 4, the pump light and probe light are 

co-propagating within a section of SMF before entering the HC-PCF. The S0(0) Raman 
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transition of hydrogen is ~354.4 cm-1 which is located within the Raman gain spectrum 

of the SMF shown in Fig. 5.14 [8]. Since only the sensing arm of the MZI experience 

the SRS process of the SMF, the detected phase change would contain that phase 

modulation induced by SRS in SMF. Though the Raman gain coefficient of the SMF is 

nearly 
131 10−  m/W, which is nearly an order smaller than the Raman gain coefficient 

of hydrogen, it provides a strong enough background signal which may interfere the 

signal measurement. Additionally, copropagating with the strong power pump light, the 

probe light would be additionally phase-modulated through cross-phase modulation 

(XPM) effect in SMF since XPM in hollow-core fibers is significantly weaker[9]. 

Contributes of the XPM effect to the detected background signal[10]: 

                      22 2 /XPM probe pump SMFn I L   =                    (5.6) 

where 
2n  is the nonlinear-index coefficient and 

SMFL  is the length of SMF that probe 

light and pump light are co-propagating in the sensing arm of the MZI. However, for the 

hollow-core FPI, it only detects the phase difference between the two 

reflected/transmitted light which travel through the same SMF and no background signal 

because the Raman gain and XPM in air can be neglected [11], [12].  
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Fig. 5.14 The calculated normalized Raman gain spectrum  

 

Fig. 5.15 The measured background signal of the hydrogen sensor using hollow-core FPI with 

pump light power ranging from 25-125 mW. 
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To evaluate the background signal of the hydrogen detection system, the wavelength of 

the pump light is tuned away from the Raman transition resonance. Fig. 5.15 depicts the 

2f output signals when the pump light power is increased from 25 to 125 mW. The time 

constant of the lock-in amplifier is 1s. It is shown that the 2f output signals are remained 

stable and close to zero as the pump light power delivered within the HC-PCF increased, 

indicating that no significant background signal is measured using the hollow-core FPI.  

5.5 Summary 

In this chapter, a hydrogen sensor based on SRD using a hollow-core FPI is proposed. 

Compared with the detection scheme using all-fiber MZI, it has smaller size and faster 

response time. And due to the operation principle of the hollow-core FPI, the detected 

SRD of hydrogen is generally immunized from the background signals of the Raman 

and XPM effects in SMF. With a 3.5 cm-long how-core FPI, hydrogen detection with 

detection limit of 0.42% using 1s integration time constant is demonstrated in this 

chapter. Lower detection limit of 264 ppm may be realized by conducting the Allan 

deviation analysis and applying the optimal integration time constant of ~1300s. The 

demonstrated system shows a good long-term stability. 
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Chapter 6: Tuning of group delay with stimulated 

Raman scattering induced dispersion in hydrogen-filled 

HC-PCF 

6.1 Introduction 

In previous chapters, stimulated Raman induced RI change has been measured and applied for 

sensitive hydrogen detection. Though the RI change is small, it results in steep RI change near the 

S0(0) Raman transitions of hydrogen molecules due to its narrow linewidth. Such induced 

dispersion can, in principle, be dynamically adjusted by changing the pump laser wavelength and 

power level as well as the gas pressure, composition and concentration. Such method provides 

possibilities of controlling dispersion in HC-PCF with high flexibility. In this chapter, I report the 

first demonstration of dynamical group delay control by exploiting SRS induced dispersion in a 

hydrogen-filled HC-PCF. By varying the pump power level, the signal pulse delay can be tuned 

continuously in a linear fashion. Tuning of optical pulse delay on the scale of nanosecond is 

realized.  

6.2 Theory of SRS induced Group Delay 

When a pump beam ( pump ) and a signal beam ( signal ) are copropagating within Raman-active 

medium, and their frequency difference matches the Raman frequency shift (
0 ), i.e.,

0=pump signal  − , SRS induces Raman gain near the Stokes wavelength, which is 

associated with the imaginary part of the Raman susceptibility ( )R signal  of the gas 
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medium. SRS also induces a RI change related to the real part of ( )R signal  , which 

may be expressed as [1]: 
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where c is the speed of light, 
0g is the peak gain coefficient that is proportional to the gas 

concentration (C), pumpI  is the pump light intensity, ( )02 /signpump Ral    = − − 
  is the 

linewidth-normalized frequency detuning parameter and / 2R   is the Raman linewidth. Due 

to the narrow linewidth of Raman resonances of hydrogen, the rapid RI variation would 

lead to a considerable change of the group RI and hence appreciable change in the group 

velocity and pulse group delay. The relationship between the SRS-induced RI and group 

RI change near a Raman resonance is shown in Fig. 6.1.  
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Fig. 6.1 The signal pulses ( signal ) experience a Raman gain, Raman-induced RI change and 

group RI change near the Raman transition (
0 ).  

The group delay experienced by a signal pulse near Stokes wavelength over length L is 

established as[2]:  

                         Dt
g

=
L

v
g

=
G

G
R

1-d 2

1+d 2( )
2
                        (6.2) 

where 0 pumpG g I L= , gv  is the group velocity. As can be seen from Eq. (2), the group 

delay is proportional to the Raman gain at the Stokes wavelength ( 0 = ) over the 

Raman linewidth and can be dynamically tuned by varying pump power.  

The Raman linewidth of hydrogen is pressure dependent, which gives us another degree 

of freedom to control the signal pulse delay. Two pressure-dependent effects, i.e., 

molecular collisions (
C ) and fiber-wall collisions (

W ), contribute to the Raman 

linewidth:   

                              = CR W  +                           (6.3) 

Molecular collisions contribute a Lorentz broadening line-shape, which, for the S0(0) 

transition of hydrogen, may be expressed as[3]:  

                            / 2 1.876 / 84C P P = +                   (6.4) 

However, in the small hollow core (e.g. the core radius of HC-1550-06 fiber is ~5  m) 

of the HC-PCF, collisions between the inner wall of the hollow core and hydrogen 

molecules may contribute to the linewidth, which may be expressed as[4]:  

                             0

2

5.784
/ 2

( ) 1 6.8

W

D

l
r P

r





 =
 
+ 

 

              (6.5) 

where 
0D  is the molecular self-diffusion coefficient at the room temperature, r is the 

core radius of HC-PCF,  is the gas density which is proportional to gas pressure and 

l is the mean free path of hydrogen molecules. The calculated linewidth of the S0(0) 
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Raman resonance of hydrogen as a function of gas pressure in HC-1550-06 fiber is 

depicted in Fig. 6.2(a). The linewidth gradually decreases and then increases as the gas 

pressure increases from low pressure limit to the high pressure region. The narrowest 

linewidth of the S0(0) Raman resonance of hydrogen is estimated to be 95 MHz. The 

group delay with different hydrogen pressure when the Raman gain of the signal light is 

3dB at Raman resonance is given in Fig. 6.2(b). Given 3dB Raman gain, the maximum 

group delay is 1.15 ns when the hydrogen pressure is nearly 0.57 bar within the 

HC-PCF.  
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Fig. 6.2 (a) The linewidth of the S0(0) Raman transition as a function of hydrogen pressure within 

HC-PCF. The core radius of the HC-PCF is about 5.5  m. (b) The Raman-induced group delay 

as a function of gas pressure when the Raman gain of the signal light is 3 dB at Raman 

resonance.  

6.3 Determination of the SRS-induced group RI change 

To evaluate the magnitude of RI and group RI ( /g gn c v= ) change, we measured the 

laser-induced RI change around the S0(0) transition ( =354.36 cm-1) of hydrogen using 

an 80-m-long HC-PCF (NKT HC-1550-06) filled with pure hydrogen at the gas pressure 

of 4 bar. The experimental setup is shown in Fig. 6.3(a). The pump beam from a DFB 

laser with wavelength around 1532.1 nm is intensity-modulated sinusoidally at 50 kHz 

by an acoustic-optic modulator (AOM). A fiber MZI powered by a signal laser beam 

from an ECDL is used for the RI measurement.  The wavelength of the signal beam is 

fixed at the Stokes wavelength (1620.055 nm) and the SRS-induced RI change is 

determined by measuring the accumulated phase change of the signal light. The 
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accumulated phase change is related to the Raman induced RI change by: 

                02

2 1
( ) ( )

2 1
signal

signa

p

l

umpn L g I L
 

  
 

 
 =  =  

+ 
             (6.6)    

The SRS-induced group RI change is given by[5]: 

                       

( )

2
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2
2

1
( )
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R

cg I
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




−
 =

 +
                     (6.7) 

The first harmonic (1f) of the MZI output, which is linearly proportional to the induced 

phase change, is lock-in detected. The detected phase change is calibrated by comparing 

it with a reference phase modulation produced by a PZT phase modulator when the 

pump is off. The calibration phase modulator is also driven sinusoidally at 50 kHz, with 

the driven voltage increased slowly until a phase modulation amplitude of π rad is 

achieved. The output of the MZI is shown in Fig. 6.3(b). The amplitude of the phase 

modulation applied to the PZT is then reduced by a factor of 100π, i.e., the amplitude of 

the phase modulation is 0.01 rad. For a fiber MZI which is stabilized at its quadrature 

point, the output signal is linearly proportional to the phase modulation   since 

sin( )    . 

The magnitude of the lock-in detected phase change due to SRS-induced dispersion is 

compared with that generated from the calibration phase modulator by use of an ESA. 

The details about the calibration procedure can be found in Ref. [6]. The SRS-induced RI 

can then be recovered by using equation 6.6. The recovered RI change around the S0(0) 

Raman transition of hydrogen is shown in Fig. 6.3(c). A very sharp RI change is 

obtained near Raman resonance. The maximum RI change is 2.89*10-11 with ~25 mW 

pump power delivered into the HC-PCF, corresponding to a group RI change of 1.22*10 

-4 based on equation 6.7. The group RI change is nearly 7 orders of magnitude larger than 
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the RI change, which may be used to effectively reduce the group velocity of signal 

pulses around the Stokes wavelength. 
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Fig. 6.3 (a) Experimental setup for measurement of SRS-induced dispersion. (b) The MZI output 

with the phase modulation amplitude is π rad and modulation frequency is 50 kHz when pump 

light is off. (c) SRS-induced RI change measured with an 80-m-long HC-PCF filled with 4-bar 

hydrogen and recovered using equation 6.6. 

6.4 Measurement of the tunable pulse delay 

6.4.1 Experimental setup 

To demonstrate the tunable group delay of optical pulses with the hydrogen-filled 

HC-PCF, a stimulated Raman system operating at the S0(0) Raman transition of 

hydrogen is set up and shown in Fig. 6.4. The 3-ns-duration Gaussian signal pulses are 

generated by modulating the CW output of an ECDL and its wavelength is fixed at 

Stokes wavelength of 1620.38 nm. The 150-ns-duration rectangular pump pulses are 

generated by modulating the CW output of a DFB laser fixed at ~1532.39 nm. The pump 

pulses are amplified by an EDFA and combined with signal pulses via a WDM. Pump 

pulses and signal pulses are co-propagating and overlapping temporally within the 
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hydrogen-filled HC-PCF by delayed synchronization. 4-bar pure hydrogen is pressurized 

into the 80-m-long HC-PCF. At the output from the HC-PCF, the pump pulses are 

filtered out by the second WDM and the delayed signal pulses are recorded by an 

oscilloscope.  

6.4.2 Experiment results of tunable pulse delay 

The peak power level of the pump pulses is actively tuned to induce delay of signal 

pulses. Fig. 6.5(a) shows the measured signal pulses with 0 and 10 dB Raman 

amplification. The pulse delay is ~1 ns, giving a relative delay factor of 0.33 when the 

Raman gain is 10 dB. The peak power of the pump pulses and signal pulses delivered to 

the HC-PCF are estimated to be ~1.66 W and ~0.1 mW, respectively. Dynamically 

controlling of signal pulse delay from 0 to 1 ns can be achieved by tuning the power 

level of the pump pulses. Fig. 6.5(b) shows that the signal pulse delay varies linearly 

with increasing Raman gain from 0 to 10 dB. The Raman gain is determined by 

measuring the amplification of Stokes light propagating through the HC-PCF. The 

output signal pulses have broader duration than the input pulses. The pulse broadening 

factor is measured to be B=1.32 with B = t
out

/ t
in

, where t
in

 and t
out

 are the full 

width at half maximum (FWHM) of the input and output signal pulses at Stokes 

wavelength respectively. The maximum RI and group RI variation can be determined 

using equations 6.6 and 6.7. For the 10 dB Raman amplification, which gives maximum 

group delay of 1 ns, the group velocity reduction of signal pulses at Stokes wavelength 

is calculated to be 
61.12 10gv =   m/s. The change of RI and group RI are estimated 

to be =~10-9 and = 
-33.75 10 , respectively. By changing hydrogen pressure in HC-PCF, 

the normalized pulse delays are varied correspondingly. In Fig. 6.5(b), the slopes of the 

fitting lines infer normalized pulse delays of 0.142 ns/dB, 0.1ns/dB and 0.068 ns/dB 

with hydrogen pressure of 2.5, 4 and 5.5 bar, respectively. Given the normalized pulse 
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delay and based on equation 6.2, the linewidth of the S0(0) Raman resonance of 

hydrogen can be estimated to be 259, 368 and 540 MHz for 2.5, 4 and 5 bar hydrogen 

within HC-PCF, respectively. 

 

Fig. 6.4 Experimental setup of dynamically controlling laser-induced pulse delay with SRS in a 

hydrogen-filled HC-PCF. IM represents intensity modulator. 
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Fig. 6.5 (a) Observation of 1 ns signal pulse delay with Raman gain of 10 dB using 4 bar 

hydrogen-filled, 80m-long HC-PCF. (b) Demonstration of dynamically controlling signal pulse 

delay by varying Raman gain with different hydrogen pressure.  

To verify the theoretical relationship between the normalized pulse delay and hydrogen 

pressure within HC-PCF, the linewidth of S0(0) Raman resonance of hydrogen is 

measured using the experimental setup shown in Fig. 6.6. 

 

Fig. 6.6 Experiment setup for the measurement of Raman resonance linewidth with different 

hydrogen pressure within HC-PCF. 

The signal beam is from a CW ECDL laser while the pump beam is from a CW DFB 

laser and intensity-modulated at 100 kHz. The pump power level delivered to the 

HC-PCF is ~15 mW. The frequency difference between the pump and signal beams is 

tuned to match the S0(0) Raman transition of hydrogen. The Raman gain profile is 

lock-in detected when the pump wavelength is tuned across the Raman transition. In Fig. 

6.7(a), the measured Raman gain lines show various linewidth with 2.5, 4 and 5.5 bar 

hydrogen pressurized into the same 80-m-long HC-PCF. The corresponding Raman 

linewidth is estimated to be 230, 334 and 524 MHz. As it is shown in Fig. 6.7(b), the 

measured Raman linewidth agrees with the theory prediction. The corresponding group 

delays for optical pulses propagating in 80m-long HC-PCF filled with 2.5, 4 and 5.5 bar 
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hydrogen, are calculated and shown in Fig. 6.7(c) in blue line when Raman gain is kept 

as 10 dB. The measured pulse delay is also depicted in red squares, which agrees well 

with theory calculation. 
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Fig. 6.7 (a) The measured Raman resonance of the 80-m-long hydrogen-filled HC-PCF. The 

linewidth of the Raman resonance is estimated to be 230, 334 and 524 MHz for 2.5, 4 and 5.5 bar 

hydrogen, respectively. (b) The comparison between the calculated (blue line) and the measured 

(red squares) linewidth of Raman resonance. (c) The comparison between the calculated (blue 

line) and the measured (red squares) group delays for optical pulses propagating in 80m-long 

HC-PCF filled with 2.5, 4 and 5.5 bar hydrogen when Raman gain is set as 10 dB. 

Using SRS in gas-filled HC-PCF to control group delay has extra benefits. Gas-filled 

HC-PCF has a much higher damage threshold and can handle much higher pump power 

level than silica fibers[7]. Hence it potentially allows larger pulse delay by using a higher 

Raman gain. Relative delay factor surpasses 1 is possible with higher pump power level, 

which may be useful for a range of application in communication, signal processing and 

sensing systems. 
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6.5 Summary 

In this chapter, the dynamic control of group delay using SRS-induced dispersion in 

hydrogen-filled optical fibers is demonstrated. Small but rapid variation of 

Raman-induced RI, which leads to significant group velocity change of signal pulses at 

Stokes wavelength, is measured. We have achieved pulse delay as much as 1.42 ns with 

Raman gain of 10 dB in an 80-m-long HC-PCF filled with 2.5-bar hydrogen. The signal 

pulse delay is actively tuned by adjusting the pump power level and gas pressure inside 

the hollow core. This technology is compatible with the existing optical fiber system and 

would have the potential to be applied for optical communication systems with capacity 

of wavelength complexing. 
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Chapter 7: Conclusions and future work 

7.1 Conclusions 

In this thesis, I propose and studied the stimulated Raman dispersion spectroscopy in HC-PCF 

and applied it for sensitive gas detection and tuning of optical pulses. The contributions of this 

thesis are listed as follows: 

(1) Theory of the SRDS has been developed. We propose a highly sensitive interferometric 

detection method to measure the Raman-induced dispersion via wavelength modulation. 

The relationships between the measured harmonic signals and the Raman-induced 

dispersion is presented. The amplitude of the harmonic signals as functions of modulation 

depth is revealed and the optical modulation depth to acquire the largest harmonic signals 

have been calculated. 

(2) Laser-induced dispersion via SRS in gas-filled optical fibers is measured by using an 

all-fiber MZI system. The system is extended for demonstration of hydrogen detection 

with high sensitivity. Detection limit of a normalized noise-equivalent concentration of 

17.4 ppm/(m·W) at 3.5 bar and a dynamic range over 4 orders of magnitude using 

meters-long HC-PCF. The noise level of the system is evaluated, and the limiting factors 

of the system performance are discussed. 

(3) To develop a practical hydrogen sensor with compact size the high performance, a 

hydrogen sensor based on SRDS with a hollow-core FPI is proposed. Such sensor is 3.5 

centimeters long and is generally immunized from the background signals of the Raman 
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and XPM effects in SMF. Hydrogen detection limit of 264 ppm is achieved with an 

optimal integration time constant of ~1300s. The response time of the sensing head is 

estimated to be 45s. Such detection system also has good long-term stability, which can 

work stably for at least 6 hours. 

(4) I extend the SRDS in hydrogen for dynamical controlling of the group velocity of optical 

pulses. The theory for the group velocity control is presented. The sharp dispersion change 

around the S0(0) Raman resonances hydrogen is measured. Pulse delay as much as 1.42 ns with 

Raman gain of 10 dB in an 80-m-long HC-PCF filled with 4-bar hydrogen has been realized. 

Tuning of optical pulse delay is demonstrated by actively adjusting the pump power level and gas 

pressure inside the hollow core. 

7.2 Future work 

So far, I have investigated the principles and some applications of the stimulated Raman 

dispersion phenomena, including sensitive gas detection and optical pulse delay. There are 

several future works should be addressed: 

(1) Using hollow-core fibers with ultra-broad transmission window which may cover 

multiple Raman transition lines of gases, multi-gas detection system may be 

developed. 

(2) To investigate the effect of the Raman-induced dispersion on a high finesse optical 

cavity. By tuning the Raman-induced dispersion, the resonant condition of the optical 

cavity would be changed correspondently.  
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(3) To further improve the Raman scattering efficiency, it is valid to develop or use 

waveguide with much smaller mode field diameter, such as nano-bore fiber and slot 

waveguide. Improvement of the Raman scattering efficiency may benefit sensitive 

gas sensors. 

(4)  Other applications may be implemented based on the stimulated Raman dispersion 

spectroscopy, e.g., high contrast imaging by direct measurement of the Raman 

dispersion of the sample medium, which offers better signal-to-noise-ratio due to 

better immunity.  




