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Abstract Key words 
     Photonic crystal fiber interferometers are widely used for sensing 

applications. In this work, solid core-Photonic crystal fiber based on 

Mach-Zehnder modal interferometer for sensing refractive index was 

presented. The general structure of sensor applied by splicing short 

lengths of PCF in both sides with conventional single mode fiber 

(SMF-28). To apply modal interferometer theory; collapsing 

technique based on fusion splicing used to excite higher order modes 

(LP01 and LP11). Laser diode (1550 nm) has been used as a pump 

light source. Where a high sensitive optical spectrum analyzer (OSA) 

was used to monitor and record the transmitted. The experimental 

work shows that the interference spectrum of Photonic crystal fiber 

interferometer exhibits good sensitivity to refractive index variations. 

The response of the PCFI is observed for a range of refractive index 

values from (1.33 to 1.38), the position of the interference peaks is 

found to be shifted to longer wavelength with refractive index 

increasing. A different length of PCFs (2, 3, 4) cm were used, and the 

maximum refractive index sensitivity of (7.5 pm / RIU) is achieved 

with a PCF length of 4 cm. This refractive index sensor has 

distinguished properties as that it small size, high sensitivity, fast 

response time, design flexibility, and immunity to electromagnetic 

interference.  
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 ذو القلب الصلبليف بصري بلوري المقياس التداخل  المستند علىبناء متحسس لمعامل الانكسار 

 حنان جعفر طاهرو نورس علً سلمان  

   انهَضس نهذسعاث انعهَا، جايعت بغذاديعھذ       

 الخلاصة

في هزا انبحث تى . اعخخذيج يقاٍَظ حذاخلاث الانَاف انبهوسٍت انفوحوََت بشكم واعع نخطبَقاث انخحغظ     

اصتخذاو الانياف انبهىسيت انفىتىنيت رو انمهب انصهب انًضتنذة عهى يمياس تذاخم ياخزنذس اننًطي نتحضش يعايم 

تضًن انتشكيب الاصاصي نهًتحضش لطع صغيشة ين الانياف انبهىسيت انفىتىنيت رو انمهب انصهب ي. الانكضاس

نتطبيك اننظشيت اننًطيت نًمياس (. SMF-28) نَذٍت راث انًُط انًُفشديشتبطت بكلا الاتجاهين بالانياف انتك

تى اصتخذو (. LP01و (LP11 نعانيت تى تحفيز الانًاط ا. تمنيت الاصتذلاق وبالاصتناد عهى انهحاو انًنصهش:انتذاخم

و كزنك حى اعخخذاو يحهم طَفٌ بصشً عانٌ  .نانىيتش( 0551)يصذس دايىد نيزس كًصذس ضىئي بطىل يىجي 

طَف يقَاط انخذاخم نهَف انبصشً  اوضحج انخجاسب باٌ .انخحغظ اعخخذو نًخابعت وحغجَم الاطَاف انُافزة

انبهوسً انفوحوٌَ ابذى ححغغَت عانَت نًقذاس انخغَش نًعايم الاَكغاس واعخجابت هزا انًقَاط كاَج ضًٍ يذى 

وكزنك صحضحت نًوقع قًى انخذاخم َحو الاطوال انًوجَت انطوٍهت   (1.38-1.33)نًعايلاث الاَكغاس ٍخشاوح بٍَ 

، عى )4, 3, 2)فٌ هزا انعًم حى اعخخذاو اطوال يخخهفت يٍ نهَف انبهوسً انفوحوٌَ  .يع حضاٍذ يعايلاث الاَكغاس

يخحغظ  (.عى 4)بيكىيتش نكم وحذة ين يعايم الانكضاس عنذ انطىل  7.5وقذ اعخحصم اعهي يقذاس نهحغاعَت 

يشوَت فٌ انخصًَى  ,صيٍ اعخجابت عشٍع، حغاعَت عانَت ,يعايم الاَكغاس نه عذة خصائص يًَضة حجًه صغَش

 .ويُاعخت نهخذاخم انكھشويغُاطَغٌ
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Introduction 

     Refractive index is one of the main 

properties of a material Hence, its 

accurate measuring is crucial in many 

applications such as industrial 

processing and analysis of different 

biological or chemical specimens [1]. 

Liquid refractive index measurement 

based on optical method, has two 

method optical path measurement 

method and optical fiber measurement 

method. Method optical path 

measurement is a prevalent method but 

optical path structure is complex and 

not stable. The structure of optical 

fiber measurement is simple and is the 

main method for refractive index 

measurement. The optical fiber sensor 

based on Mach-Zehnder interferometer 

has advantages of fabrication simple 

and measuring proper. In 2008, Tain 

proposed single mode fiber Mach-

Zehnder interferometer it has  

advantages of simple fabrication and 

low cost but the refractive index 

sensitivity is low [2].                      .                                                                                                                             

     In recent years, Photonic crystal 

fibers (PCFs), which are also called 

microstructured optical fibers or holey 

fiber. The appearance of photonic 

crystal fibers (PCFs) in 1996 was a 

breakthrough in fiber optic technology 

given that these fibers not only had 

unprecedented properties as they could 

overcome many limitations intrinsic to 

standard optical fibers Photonic crystal 

fiber geometry is characterized by a 

periodic arrangement of air holes 

running along the entire length of the 

fiber, centered on a solid or hollow 

core. a solid silica core surrounded by 

air–silica cladding, where the light 

guiding mechanism is provided by 

means of a Modified Total Internal 

Reflection (MTIR), or a hollow core 

surrounded by air–silica cladding, 

where the light-guiding  mechanism  is 

 

 

 

 

based on the Photonic Band Gap  

(PBG) [3, 4]. The interferometers use a 

pair of collapsed zones separated by a 

few centimeters is suitable for sensing 

applications for they offer many 

advantages such as robustness, low 

insertion losses and relatively simple 

fabrication. The operation principle of 

the PCF interferometers built via 

micro-holes collapsing is based on the 

excitation and recombination of two 

modes [5]. In this paper we proposed 

and study a kind of Mach- Zehnder 

interferometer refractive index sensor 

which based on splicing a short length 

solid –core photonic crystal fiber 

between two single –mode fiber. This 

form a transmission – type PCFI. The 

research show that the sensitivity 

sensor structure is with good linearity 

and repeatability.   

                                                                                                                

Experimental 

     The fabrication of the refractive 

index sensor, PCF (LMA-10) with 

different lengths of this fiber (2, 3 and 4) 

cm used in this experiment spliced with 

two conventional optical fiber in both 

sides using   fiber splicer FSM- 60S. The  

PCF (LMA-10) as a sensor head 

(fabricated in NKT Photonics) 

consisting of a solid core surrounded by 

four ring of air holes arranged in a 

hexagonal pattern around a solid silica 

core, as shown in Fig.1, the fiber has a 

core size diameter of (10 μm), air-holes 

with an average diameter of (3.1 μm), 

the average separation between the voids 

is (6.6 μm) and outer diameter of           

(125 μm) dimensions of the PCF (LMA-

10) alignment and splicing with the 

SMF with a splicing machine, and due 

to mode-field diameter mismatch  

compared to other PCFs, the loss was 

minimize [6, 7].                           
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Fig. 1: Cross section of PCF (LMA-10). 

 

     During the splicing process and due 

to surface tension, the air- holes of the 

PCF collapse with in microscopic 

length was ~300µm, as shown in 

Fig.2. The fully collapsed air holes of 

the PCF at the first splicing point 

allow the coupling of PCF core and 

cladding modes propagate through 

same wave guided and then they are 

subsequently recombined by second 

splicing point that makes a Mach-

Zehnder interferometer [8]. Fig.3 

shows the setup of the refractive index 

sensor based on PCFI, laser source 

(1550 nm) is connected to PCFI, and 

light that transmitted through optical 

spectrum analyzer (OSA) was used as 

a recorder of the transmission spectra.                                                              

 

Fig. 2:  Microscope image of the splice zone between PCF (LMA-10), on the right, and the 

SMF, on the left the collapsed length ~300µm.  

                                                  

     In our experiments the 

concentration of NaCl solution was 

(0%, 5%, 10%, 15%, 20% and 25%) 

respectively, are used as solution to 

evaluate the sensitivity of our sensor. 

Different lengths of Photonic crystal 

fiber used to show the sensitivity 

dependence.                                                                                        

The specific experimental operations 

are as follows: 

1- Connecting the light source diode 

laser (1550 nm) -optical fiber 

sensing head- optical spectrum 

analyzer (OSA). 

2- The spectrum of fiber sensing head 

in the (air) is measured and saved 

as a reference spectrum. 

3- The distilled water is injected in to 

tube with syringe, and then 

measured and saved the spectrum. 

4- Liquid is removed from tube and 

drying tube with compressed air, 

until the spectra the same as the 

reference spectra in the air. 

5- The interference spectra of NaCl 

solution with different refractive 

index measurement (1.34, 1.35, 

1.36, 1.37 and 1.38) by previous 

steps.                         
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Fig. 3: Schematic of direct splicing SMF-PCF-SMF structure MZI. 

 

Results and discussion 

     The ability of PCF interferometer to 

detect change in the surrounding 

solution was studied. Different 

concentrations (0%, 5%, 10%, 15%, 

20% and 25%)    of   these  

 

 

solution were used to show the 

minimum detection of the refractive 

index, the values of the liquids have 

shown in Table 1. 

              .                                                                    

Table 1: Refractive indices of different concentrations of NaCL solution (λ= 1500nm). 

25 20 15 10 5 0 Concentration% 

1.38 1.37 1.36 1.35 1.34 1.33 Refractive index 

  

     The fully collapsed air- holes of 

PCF allow the splitting between core 

and cladding modes that makes a 

mach-zehnder interferometer. The core 

mode is guided by core-cladding 

interface of the fiber; therefore, its 

propagation is insensitive to the 

refractive index of the surrounding.                                         

But the cladding mode is guided         

by cladding-ambient interface; 

therefore it is directly exposed to the 

surrounding, the adsorption of our 

liquids changes the effective refractive 

index of the cladding modes in the 

sensor head, and effective refractive 

index of photonic crystal fiber core 

unaffected do with surrounding 

refractive index, Δn is the variation of 

effective refractive index of photonic 

crystal fiber cladding along with 

surrounding refractive index changing 

can be expressed as[2].   

                                                                                                            

Δneff =neff
core _ 

neff
cladding                                  

(1) 

where Δneff is the difference between 

effective refractive index of fiber core 

and cladding   (  neff
core

 ˃ neff
cladding 

).                             

The interaction of the cladding mode 

with external refractive index change 

Δneff Thus, by depositing a liquid on the 

PCF surface. Consequently causes a 

change in the phase difference giving 

rise to a shift of the interference 

pattern. The phase difference    can be 

expressed as [2]. 

  
           

 
                                                     (2)                     

 

where L is optical length of the 

interferometer,    is light wave length, 

Δneff is the difference between effective 

refractive index of fiber core and 

cladding.                                                                                                       

As a result, the position of the 

interference peaks and change, or 

equivalently the interference pattern 

shifts [2].                                               

   
          

 
                                                    (3)     
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Figs. 4, 5 and 6 show the transmission 

spectra of different length of PCF 

interferometer (2, 3, 4) cm for sensing 

with different refractive index. 

                                                                       

 

Fig. 4: Transmission spectra of 2 cm PCF interferometer for sensing with different 

refractive index.                                                                                  

 

 

Fig. 5: Transmission spectra of 3cm PCF interferometer for sensing with different 

rertactive index.  

 

 

Fig. 6: Transmission spectra of 4cm PCF interferometer for sensing with different 

refractive index.   
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     The experimental results shown that 

interference spectrum central 

wavelength will emerge A red shift as 

the surrounding refractive index 

increasing. In refractive index range 

(1.33-1.38), the sensitivity of refractive 

index will be increased with increase 

of photonic crystal fiber length. The 

sensitivity when PCF length of 4 cm 

has sensitivity of 7.4 pm /RIU. The 

reason of this behaviour is due to  for a 

longer PCF length, the available length 

for interaction between the adsorbed of 

solution with the cladding mode is 

longer which leads to that phase 

difference obtained between the 

interfering modes will be longer and 

leads to the interference pattern shifts 

therefore sensitivity of  refractive 

index will be increased. 

 

Fig.7: Measuring sensitivity of direct splicing SMF-PCF-SMF Mach- Zehnder 

interferometer at different PCF Length. 

                                                       

     From the previous Fig.7 the 

sensitivity of refractive index sensor 

calculated from linear fitting of 

different refractive index versus 

wavelength shift at different photonic 

crystal fiber length and the slope 

represents refractive index 

measurement sensitivity. When 

photonic crystal fiber length is (2, 3 

and 4) cm, the refractive index 

measurement sensitivity is (3.14, 6.22 

and 7.4) pm/RIU respectively and the 

corresponding fitting degree (R
2
) is 

0.969, 0.9174, and 0.9899.                                                                                                             

 

Conclusions 

     The paper proposed and studied         

a type of Mach-Zehnder mode 

interferometric refractive index sensor 

which is   based on by direct splicing 

short pieces of solid core photonic 

crystal fiber (LMA-10) between two 

section of standard single-mode fibers 

(SMF-28). The interferometers were 

completed by making two collapsing 

points in PCFs. In this paper, relations 

between refractive index measurement 

sensitivity and photonic crystal fiber 

length and are studied through 

experiments. The interference 

spectrum central wavelength will 

emerge red shift as the surrounding 

refractive index increasing in refractive 

index range (1.33-1.38). The 

sensitivity will be increase with the 

increase of photonic crystal fiber 

length the maximum sensitivity of the 

sensor with photonic crystal fiber 

length of 4cm was 7.4 pm/RIU. The 

minimum sensitivity of the sensor with 

photonic crystal fiber length of 2cm 

was 3.4 pm/RIU.                                                                               
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