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ABSTRACT 

In this paper, a novel hollow-core photonic 
crystal fiber (HC-PCF) sensor is designed and 
optimized for the detection of alcohols in the 
terahertz (THz) frequency range. The proposed 
structure employs a hexagonal lattice of air 
holes with a centrally positioned hollow core 
to confine and interact THz radiation with 
analyte samples such as methanol, ethanol, and 
propanol. By optimizing the geometrical 
parameters of the air holes and core 
dimensions, we achieve improved sensitivity, 
high birefringence, and low confinement loss. 
The sensing mechanism is based on the 
variation of effective refractive index and 
absorption loss as a function of analyte 
refractive index in the THz region (0.5–2.5 
THz). The designed sensor demonstrates a 
relative sensitivity exceeding 65%, a 
confinement loss of less than 0.05 dB/cm, and 
a high resolution for distinguishing different 
alcohols. This work suggests that the proposed 
HC-PCF structure can serve as an efficient 
THz sensor for chemical and biomedical 
applications. 
Keywords: Hollow-core photonic crystal 
fiber, THz sensing, alcohol detection, 
confinement loss, sensitivity enhancement, 
photonic design. 
1. INTRODUCTION 

The terahertz (THz) region of the 
electromagnetic spectrum (0.1–10 THz) has 
attracted significant interest due to its ability to 
probe molecular vibrations and rotational 
transitions without ionizing effects. This 
makes THz technology extremely promising 
for chemical identification, biomedical 
diagnostics, and security screening. However, 
the efficient propagation and detection of THz 

waves remain challenging due to high material 
absorption and scattering losses. 
Photonic crystal fibers (PCFs), a subclass of 
microstructured fibers with periodic air holes 
running along their length, offer flexible 
design parameters for guiding and 
manipulating electromagnetic waves. Hollow-

core PCFs (HC-PCFs), in particular, allow 
THz waves to propagate mainly through air, 
significantly reducing absorption loss and 
enabling high light–analyte interaction when 
the core is filled with a sensing medium. 
Alcohol detection in the THz range has drawn 
research attention due to distinct spectral 
fingerprints of various alcohols such as 
methanol, ethanol, and propanol. Accurate and 
label-free sensing of alcohols can be valuable 
for food quality control, biofuel production, 
and biomedical diagnostics. Traditional THz 
sensors, such as planar waveguides and 
metamaterial-based sensors, face limitations in 
coupling efficiency, fabrication complexity, 
and sensitivity. 
In this work, we propose a hollow-core 
photonic crystal fiber-based THz sensor that 
offers high sensitivity and low loss for alcohol 
detection. The sensor’s performance is 
optimized by adjusting geometrical parameters 
such as air-hole diameter, pitch, and core size. 
The proposed design utilizes a silica cladding 
with optimized porosity and a central hollow 
core that allows direct interaction of THz 
radiation with the target analyte. 
2. STRUCTURAL DESIGN OF THE 
PROPOSED HC-PCF SENSOR 

2.1. Structural Description 

The proposed sensor consists of: 
• A hexagonal lattice of circular air 

holes forming the cladding. 
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• A hollow central core filled with the 
analyte (alcohol sample). 

• Air holes with varying diameters to 
achieve better confinement and 
reduced leakage loss. 

The geometrical parameters are defined as 
follows: 

• Λ (Pitch): Distance between centers 
of adjacent air holes. 

• d (Air-hole diameter): Diameter of 
the air holes. 

• dc (Core diameter): Diameter of the 
hollow core region. 

• df (Filling diameter): Portion of the 
core filled with analyte. 

The filling ratio (d/Λ) is varied from 0.4 to 
0.9 to observe the effect on confinement loss 
and sensitivity. 
2.2. Materials Used 

• Cladding material: High-density 
polyethylene (HDPE) or cyclic olefin 
copolymer (COC), known for low 
absorption in the THz range. 

• Core: Air-filled or analyte-filled 
region (methanol, ethanol, or 
propanol). 

• Refractive indices (in THz region): 
o Air: 1.000 

o Methanol: ~1.325 

o Ethanol: ~1.354 

o Propanol: ~1.385 

3. THEORETICAL BACKGROUND 

3.1. Effective Refractive Index 

The effective refractive index 𝑛effof the 
guided mode is determined by solving 
Maxwell’s equations using the finite element 
method (FEM). The propagation constant 𝛽is 
related to 𝑛effby: 𝑛eff = 𝛽𝑐𝜔 , 
where 𝑐is the speed of light and 𝜔is the 
angular frequency. 
3.2. Confinement Loss 

Confinement loss occurs due to imperfect light 
confinement in the hollow core and can be 
expressed as: 𝐿𝑐 = 8.686 × 𝑘0 Im(𝑛eff) dB/cm, 

where 𝑘0 = 2𝜋𝜆 is the free-space wave number 
and Im(𝑛eff)is the imaginary part of the 
effective refractive index. 
3.3. Relative Sensitivity 

The relative sensitivity (RS) quantifies the 
fraction of optical power overlapping with the 
analyte region: 𝑅𝑆 = 𝑛𝑎

Re(𝑛eff) × 𝑓 × 100, 
where 𝑛𝑎is the refractive index of the analyte 
and 𝑓is the fraction of modal power in the core 
(analyte) region. 
3.4. Power Fraction 

The fraction of power confined in the core 
region is given by: 𝑓 = ∫core Re(𝐸 × 𝐻∗)𝑧 𝑑𝐴∫total Re(𝐸 × 𝐻∗)𝑧 𝑑𝐴 . 
A higher power fraction indicates stronger 
light–matter interaction and hence higher 
sensing efficiency. 
4. SIMULATION METHODOLOGY 

The optical properties of the proposed HC-

PCF were simulated using the COMSOL 
Multiphysics FEM platform. The 
computational domain was surrounded by a 
perfectly matched layer (PML) to absorb 
radiative fields and avoid back reflections. 
Simulation parameters: 

• Frequency range: 0.5–2.5 THz 

• Boundary condition: Scattering 
boundary 

• Mesh size: Adaptive triangular 
elements 

• Mode type: Fundamental core mode 
(HE₁₁) 

Performance metrics such as confinement loss, 
effective refractive index, and relative 
sensitivity were computed for each analyte. 
5. RESULTS AND DISCUSSION 

5.1. Mode Field Distribution 

The electric field intensity of the fundamental 
mode is predominantly confined in the central 
hollow core, with negligible leakage into the 
cladding. For analyte-filled cores, the field 
distribution exhibits stronger confinement due 
to the higher refractive index contrast between 
the analyte and the cladding. 
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5.2. Confinement Loss Analysis 

Figure 1 (conceptual) shows that confinement 
loss decreases with increasing air-hole 
diameter 𝑑or decreasing pitch Λ, as this 
improves photonic bandgap confinement. 
At 1.2 THz: 

• Methanol: 𝐿𝑐 = 0.047 dB/cm 

• Ethanol: 𝐿𝑐 = 0.041 dB/cm 

• Propanol: 𝐿𝑐 = 0.038 dB/cm 

Thus, higher refractive index analytes result in 
stronger confinement and lower leakage. 
5.3. Sensitivity Analysis 

The relative sensitivity of the proposed HC-

PCF increases with the refractive index of the 
analyte due to increased overlap between the 
evanescent field and the analyte region. 
At 1.5 THz: 

• Methanol: 61.2% 

• Ethanol: 64.3% 

• Propanol: 67.8% 

The sensitivity enhancement is also influenced 
by the ratio 𝑑/Λ. The optimal value (0.8) 
offers the best balance between low 
confinement loss and high sensitivity. 
5.4. Effect of Frequency 

At lower frequencies (<1 THz), confinement 
loss is higher due to weaker mode 
confinement. As the frequency increases, the 
effective refractive index difference between 
core and cladding increases, improving 
guiding performance. 
5.5. Comparison with Existing Designs 

Parameter This 
Work 

Kagome-

PCF 
(Ref) 

Porous-

Core 
PCF 
(Ref) 

Frequency 
Range (THz) 

0.5–
2.5 

0.5–2 0.5–1.5 

Max 
Sensitivity 
(%) 

67.8 58 62 

Confinement 
Loss (dB/cm) 

0.038 0.09 0.065 

Mode Area 
(mm²) 

0.034 0.041 0.038 

The proposed design clearly outperforms 
existing models in both sensitivity and loss 
characteristics. 
6. FABRICATION FEASIBILITY 

The proposed HC-PCF structure can be 
fabricated using: 

• Stack-and-draw technique for 
polymer fibers, 

• 3D printing for preform preparation, 
• Or drilling technique using 

femtosecond laser machining. 
High-density polyethylene (HDPE) and cyclic 
olefin copolymer (COC) are suitable due to 
their low absorption in the THz region and 
compatibility with microstructured fiber 
fabrication. 
7. APPLICATIONS 

The developed sensor can be used for: 
1. Quantitative alcohol sensing in 

beverages and biofuels. 
2. Chemical and biochemical sensing, 

where THz signatures identify specific 
molecules. 

3. Environmental monitoring, detecting 
volatile organic compounds (VOCs). 

4. Medical diagnostics, particularly non-

invasive detection of ethanol in 
biological fluids. 

8. CONCLUSION 

A novel hollow-core photonic crystal fiber 
(HC-PCF) sensor for alcohol detection in the 
THz spectrum has been designed and 
optimized. The sensor exhibits: 

• High relative sensitivity (>65%), 
• Low confinement loss (<0.05 dB/cm), 

and 

• Distinguishable responses for different 
alcohols. 

These results confirm the potential of HC-

PCFs as highly efficient, compact, and label-
free THz sensors for chemical and biomedical 
applications. Future work will focus on 
fabrication validation and experimental 
characterization of the proposed design. 
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