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ABSTRACT 

Trace detection and identification of hazardous volatile explosives has been a key challenge to the scientific 

community past many decades. Commercially available various analytical and spectroscopic techniques suffer 

from low sensitivity, swabbing of surfaces and low detection limit. Triacetone Triperoxide (TATP), used in 

improvised explosive devices IEDs vaporizes readily at room temperature and has a vapour signature. However, 

explosive trace detectors (ETDs) are incompetent to detect TATP due to absence of chromophoric groups. We 

have investigated the novel hollow core photonic crystal fibres (HC-PCFs) based Raman sensor for real time 

monitoring of such volatile explosives in airport security. Raman scattering, a powerful, non-destructive tool 

provides molecular fingerprinting and is a potential candidate for detection of trace explosives but suffer from 

weak signal strength. Simultaneous confinement of pumped light and gas in HCFs allows greater light gas 

interaction providing an excellent optical sensing platform. These sensors can be easily incorporated at the security 

terminals or baggage counters with the existing metal detection systems. This paper reports investigations carried 

out on the HC-PCF designed using COMSOL Multiphysics software. The Raman signal being dependent on its 

intensity and mode area, simulations were conducted to analyse PCF parameters like confinement losses and mode 

field diameter/ effective mode area and its associated wavelength dependency. Theoretical study carried out on 

the HC-PCF also revealed that mode field confinements within the hollow core can be modified to suit specific 

laser wavelengths and confinement losses can be reduced to achieve Raman signal enhancement by optimizing 

their geometrical parameters like air-hole size and pitch/ hole-to-hole distance. 
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1. INTRODUCTION 
Improvised explosive devices (IEDs) are homemade destructive bombs/ devices that have been employed in many 

bombings including 2015 Paris attacks, the 2016 Brussels Airport bombings, the 2017 concert bombing in 

Manchester UK, and recently the 2018 bombings in Surabaya, Indonesia. Peroxide based IEDs utilize Triacetone 

Triperoxide (TATP), DADP, HMTD and TNT as high-powered explosive1. TATP and DADP, cyclic peroxides 

prepared from easily available chemicals such as acetone and peroxide, are extremely sensitive to shock, friction, 

abrasion and static electricity2. Difficulty in handling and storage of TATP has been the obvious reason it is not 

used for commercial and military purposes3. The explosive power of TATP which is comparable to TNT and it 

has a characteristic chemical vapor signature. Since TATP and DADP does not possess any chromophoric group 

(example, nitro explosives such as RDX, TNT, PETN), metallic elements and aromaticity, general explosive trace 

detectors ETDs or fluorescent detectors are unable to detect them. Several sophisticated analytical techniques used 

for trace vapor detection are, solid phase extraction and liquid chromatography mass spectrometry, Dielectric 

Barrier Discharge Ionization-Mass Spectrometry (DBDIMS), ultraviolet femtosecond multiphoton ionization 

time-of-flight mass spectrometry, Ion mobility spectrometry (IMS) and metal oxide based conductometric 

sensors1,4–8. Chromatographic and spectrometric techniques require swabbing of surfaces, conductometric sensors 

have poor selectivity, whereas other techniques either require installation of bulky instrumentation or are time 

consuming and cannot be employed in fast moving venues. Furthermore, use of canines is another potential way 

TATP can be detected, however, the logistics, expensive costs for maintaining and training the dogs and handlers 

are probable issues encountered. Thus, no-swab sniffer techniques with nanosecond screening, high sensitivity 

and easy installation are desired at fast moving and high security venues such as airports and places of national 

security.  



Raman spectroscopy is an excellent technique for detection of various chemical entities based on their molecular 

structure and each molecule has a unique chemical signature9. Thus, molecular fingerprinting achieved by Raman 

scattering has opened avenues for its utilization in gas sensing platforms. Weak Raman scattering and low particle 

densities of the gases in the free space result in poor sensitivity9,10. Enhancement in Raman signal can be achieved 

by employing hollow core photonic crystal fibres that enable strong light-gas interaction over extended path 

length. HCF-Raman sensor is devised as an absorption cell with laser pumped from one end and travels throughout 

the HCF to the detector end. This system requires low analyte volume and fast response time and thus highly 

sensitive for trace volatile explosive detection. Thus, HC-PCF based Raman sensing for detection of trace volatile 

explosives, would allow fast remote sensing with much lower detection limits (ppm level). Hollow core photonic 

crystal fibres already have epitomized internet and telecommunication applications. HC-PCFs have great 

advantage in the field of optical sensing because of their compactness, remote sensing ability, multiplexing 

capability, rapid response time, sensitivity, electromagnetic compatibility freedom from corrosion and ability to 

operate in extreme environmental conditions11. They are often more flexible than normal optical fibres, as it is 

possible to manage their properties, leading to a freedom of design which is essential for sensing. HC-PCFs have 

low transmission efficiency and low bending losses due to the air core and enhanced sensitivity. However, 

interference due to Raman bands originating from the fused silica of the fibre material and fluorescence 

background can limit the sensitivity of the detection technique10. Thus, it is essential to tailor the performance of 

HC-PCFs as Raman signal is highly dependent on its intensity and mode area.  HC-PCFs12,13 have specialized 

geometrical structure (core air hole cladding) and unique properties such as their guiding mechanisms and modal 

characteristics. Propagation characteristics of PCFs can be tuned by altering different structural or physical 

parameters like core diameter (𝜌), cladding hole diameter (𝑑) and pitch (p)14. All these intrinsic properties of PCFs 

are being exploited for different sensing applications. Furthermore, these Raman based distributed fibre optic 

sensors achieves signal enhancement due to the length of the fibre as well. In this work, we have optimized HC-

PCF by varying above geometrical parameters using COMSOL Multiphysics software. This study will enable us 

to design a suitable HC-PCF based Raman system for sensing trace volatile explosives such as TATP, DADP, 

HMTD and even DNT, a volatile by-product of TNT. Such a sensing system would require puffer machines to 

sweep of any traces or vapours of these illicit explosives. This remote sensing sniffing device that is compact and 

electromagnetically compatible could be easily installed at the security terminal, baggage counters and baggage 

carousels at airports.  

 

2. THEORY 

PCFs are optical fibres with a complex refractive index profile that employs a microstructured arrangement of 

low-index material in a background material of higher refractive index15 . Normally the background materials 

used in PCFs are pure or undoped silica and the low index cladding region consists of many number of air voids 

also known as air holes16. Typically, photonic crystals are periodic optical (micro or nano) structures running 

axially along the length of the optical fibre, that affects the propagation characteristics of the electromagnetic 

waves travelling through its core17. In our past studies, we have reported modelling and simulation studies for 

FBG/ PCF-FBG sensors for various oil and gas sensing applications18–22. 

PCFs normally have two modes of operation based on their light guiding technique – index guiding and bandgap 

guiding23. Index guiding PCFs operates like conventional optical fibres wherein light is confined within the high 

index core by modified total internal reflection (M-TIR) principle24 . However, bandgap PCFs guides light in the 

low index core region by the reflection from photonic crystal cladding25 . In contrast to solid-core PCF, in which 

guidance is by step-index total internal reflection, in hollow core PCF light is confined due to photonic bandgap 

that arises from the regular 2-dimensional array of air holes in the cladding26. 

 



 

Figure 1:  Cross-section of hollow core PCF 

 

Figure 1 shows the cross-sectional view of the designed hollow core PCF with microstructured cladding. Effective 

mode area and confinement losses are important propagation characteristic of the PCF which can be tuned by 

altering its physical parameters like core diameter (ρ), cladding hole diameter (d) and pitch (𝑝) in combination 

with the choice of material refractive index and type of crystal lattice27,28. The Raman signal is normally dependent 

on its signal intensity.  Therefore, optimisation of the mode field area and light leakage losses would in turn 

enhance the Raman signal from the HC-PCF. 

Effective mode area (Aeff) is considered as the light carrying region of the PCF and is given by the equation29,30 : 
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[∬ |E(x, y)|2 dxdy

∞

−∞
]

2

∬ |E(x, y)|4 dxdy
∞

−∞
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Where, E(x, y) is the electric field distribution. 

Also, effective mode area is related to mode field diameter (MFD) by the equation31 [26]: 

Aeff = kn (
π

4
)  MFD2 = kn π w2 (2) 

where 𝑘𝑛 is the correction factor and spot size, w = MFD 2⁄ . 

Mode field diameter is approximated as, 

MFD ≈
2

√π
 √Aeff 

(3) 

Confinement or leakage loss (𝐿𝑐) is the light confinement ability of the PCF within its core and can be calculated 

from the imaginary part of its effective refractive index [32].  

𝐿𝑐 =

(
20̇

ln(10)
(2π))  Im(neff)

λ
 

(4) 

where Im( neff) is the imaginary part of effective refractive index, neff and λ is the propagating wavelength. 

Confinement loss depends on the transmission wavelength, PCF structure, size, shape, number of air holes and 

number of air hole rings. 

 

 



3. RESULTS AND DISCUSSION 

The HC-PCF was designed using COMSOL Multiphysics software, with an air core (refractive index of air, 

𝑛𝑎𝑖𝑟 = 1) and a four ring microstructured cladding of background material silica (refractive index of silica, 𝑛𝑠𝑖  =
1.45). Simulations were conducted on the designed HC-PCF to analyse fibre propagation characteristics like 

effective mode area, electric field intensity and its associated wavelength dependency.  

Figure 2 (a) and (b) show the electric field profile of the fundamental mode obtained for the designed HC-PCF at 

785 nm. The central core with red colour indicates the region of highest electric field. The geometrical parameters, 

pitch/ hole to hole centre distance, 𝑝 =  4.64 𝜇𝑚 and diameter of cladding air holes, 𝑑 =  4.176 𝜇𝑚.  

 

 
Figure 2: (a) Electric field mode profile of the HC-PCF, (b) Zoomed view of electric field mode profile in HC-PCF 

core (at 785 nm) 

 
Figure 3: 3D View of electric field mode profile of the HC-PCF (at 785 nm) 

 

Figure 3 depicts the three-dimensional (3D) view of the Gaussian electric field pattern obtained for the HC-PCF. 

At 785 nm, the effective mode area obtained for the electric field confinement = 63.8 𝜇𝑚2 and the corresponding 

mode field diameter calculated from effective area = 9.01 𝜇𝑚. 



 

Figure 4: (a) Effective Mode Area vs Wavelength for 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =
 4.176 𝜇𝑚,  𝑝2  =  4.64 𝜇𝑚 (b) Zoomed view of Effective Mode Area vs Wavelength for 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =

 4.64 𝜇𝑚 

Figure 4 (a) shows the variation in effective mode area with respect to wavelength (in nm) for the two simulations 

conducted on the HC-PCF with 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =  4.64 𝜇𝑚. It can 

be observed that the effective area increases with increasing values for the HC-PCF geometrical parameters like 

pitch (𝑝) and cladding air hole diameter (𝑑). From Figure 4 (b) it can be observed that effective mode area 

increases with wavelength.  

Table 1: Electric Field Intensity for various laser wavelengths 

Wavelength (nm) Electric Field Intensity (V/m) 

1064 0.772 × 106  

785 1.005 × 106 

532 1.425 × 106 

355 2.040 × 106 

266 2.645 × 106 

 

 
 

Figure 5: Electric Field Intensity vs Wavelength for 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =
 4.64 𝜇𝑚 



Theoretical study carried out on the HC-PCF revealed that mode field confinements within the hollow core can 

be modified to suit specific Raman laser wavelengths by optimizing their geometrical parameters like air-hole 

size and pitch/ hole-to-hole distance. Table 1 shows the electric field intensity value obtained through simulation 

for various laser wavelengths.  

Figure 5 depicts the changes in electric field intensity with respect to wavelength (in nm) for the simulations 

conducted on the HC-PCF with 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =  4.64 𝜇𝑚. From 

the graph shown in Figure 5 it can be observed that electric field intensity decreases with wavelength. Furthermore, 

the electric field intensity graph also experiences an upward shift with increasing values for cladding air hole 

diameter (𝑑) and pitch (𝑝). The various simulations conducted on the air core PCF also identified the possibilities 

of photonic bandgap optimisations through the PCF structural modifications. 

 

Figure 6: Confinement Loss vs Wavelength for 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =  4.64 𝜇𝑚 

 

Figure 6 shows the variation in confinement loss with respect to wavelength (in nm) for the simulations conducted 

on the HC-PCF with 𝑑1  =  2.088 𝜇𝑚,  𝑝1  =  2.32 𝜇𝑚 and 𝑑2  =  4.176 𝜇𝑚,  𝑝2  =  4.64 𝜇𝑚. From the graph 

shown in Figure 6 we can observe that confinement loss significantly reduces with increasing values for cladding 

air hole diameter (𝑑) and pitch (𝑝). 

The various simulations conducted on the designed HC-PCF identified the possibility of optimising their electric 

field intensity and confinement losses in order to enhance the Raman signal from the HC-PCF. 

4. CONCLUSION 

The computational study conducted on the HC-PCF designed using COMSOL Multiphysics software helped in 

analysing key PCF parameters like effective mode area, confinement losses, electric field intensity and its 

associated wavelength dependency. It was found that the HC-PCF modal properties are a strong function of its 

structural parameters such as, air hole size and spacing of the microstructured air holes in the cladding. Simulations 

conducted on the HC-PCF identified that the electric field intensity, effective mode area and leakage losses can 

be optimised through PCF geometrical modifications which are also important parameters for the Raman signal. 

Effective mode area and electric field intensity were found increasing with increasing values for air hole size and 

spacing. The effective mode area showed an enhancing trend with increasing wavelength; however, the electric 

field intensity showed a reducing trend with increasing wavelength.  These studies suggest that the Raman signal 

from the Raman-HCF based sensor can be improved by proper optimisation of the HC-PCF geometrical 

parameters. Furthermore, the theoretical study carried out on the HC-PCF also revealed that mode field 

confinements within the hollow core can be modified to suit specific Raman laser wavelengths by optimizing their 



geometrical parameters like air-hole size and pitch/ hole-to-hole distance. Furthermore, simultaneous confinement 

of laser pumped light and gas in the HC-PCF allows greater light-gas interaction, which in turn enhance their 

sensing capabilities. These theoretical optimization studies can be exploited in the future designs of highly 

sensitive remotely operated Raman-HCF based sensing sniffer devices for trace detection of volatile explosives 

used in IEDs.  
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