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Abstract 

Terahertz (THz) waves spanning a frequency range of 0.1 to 10 THz, typically, lie midway 

between microwaves and infrared waves in the broad electromagnetic spectrum. Many 

scientific and technological applications like imaging, sensing, spectroscopy, communication, 

etc. have emerged in the THz regime by continuous research and development in last few 

decades. Researchers are trying to design high power THz sources, THz linear and nonlinear 

devices, THz beam modulators, etc. In this thesis, we have studied theoretically, various 

designs of photonic crystal fibers (PCFs) and microstructured fibers for applications as efficient 

sources, compact devices for polarization splitting, wave modulation, and sensors for THz 

radiation.  

Varieties of linear characteristics like single-mode operation and near-zero dispersion 

guiding, large modal area, high birefringence, high numerical aperture, and low loss have been 

accomplished and demonstrated by designing suitable PCF structures. The microstructured 

configuration in a variant of teflon host possesses a combination of near core teflon inclusions 

and air holes in the first ring around the central core provides flexibility for acquiring desirable 

dispersion characteristics and suitability for high power propagation. Broadband THz 

propagation with nearly flat (near to zero) dispersion in the spectral range of ~153-221 µm 

(~1.35-1.96 THz) and bandwidth of ~78 µm (0.61 THz) is demonstrated using optimized 

photonic band gap (PBG) fiber. The designed polyethylene (PE) photonic crystal index guided 

fiber (PCIGF) offers the minimum dispersion values (~0.05 dB/m-µm)  around 1 THz at which, 

flat mode and high power propagation due to large modal area of are also achieved. Further, 

we have designed alternatively air-holes and material-inclusions rings around the single core 

teflon PCIGF to achieve THz supercontinuum with spectral range of 160-270µm (~1.1-1.878 

THz) and bandwidth of 110 µm (~0.8THz). Beyond the reported complicated and fragile 

structures in the literature, the polymer based PCFs are relatively simple and can be fabricated 

by using the standard stack and draw method. 

Polarization selective applications, instruments, and measurements have recently attracted 

attention for development. We observed an excellent potential for efficient polarization 

splitting using dual-core PCIGF which can be used to realize compact, very efficient, and low 

loss polarization splitter. We implemented two configurations in the dual-core PCIGF to lower 

the splitting length of the fiber, have high extinction ratio and low propagation and bending 

losses. In the first scheme, we have proposed a suitable configuration of the gradient in various 

pitches for air holes lattice in the two cores of polyethylene PCIGF, to reduce the splitting 
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length of 60 cm compared to the previously reported design by two orders and high extinction 

ratios i.e. 18 dB for y-polarization and 23 dB for x-polarization. Selective inclusion of teflon 

rods in the air holes configuration of both the cores further reduces the splitting length i.e. 

~2.1cm to 20cm at 0.4 to 1 THz frequencies, correspondingly. The extinction ratios for the x- 

and y-polarization have been found to be 70 dB and 40 dB, respectively which are very high. 

The confinement, propagation, and bending loss were found to be very low. 

We have also ideated a conventional PCF to modify its basis and innermost ring unit cells. 

It can sense toxic CS2 by using the supported two modes. The existing limitation of CS2 sensing 

is the absence of fingerprint spectral features in the THz frequency range. It has been mitigated 

by utilizing the time delay difference and differential loss of second-order mode-based criteria 

on the addition of the CS2 sensing material in the prescribed holes in the design. Thus, applying 

the Maxwell Garnett theory, we were able to monitor the concentration of CS2 under ambient 

conditions by finding the complex effective permittivity of the second mode for each CS2 

concentration in the prescribed air holes and then analyzing either the time delay difference 

between the two supported modes as the pulse forms or the second order propagation loss. For 

a 10 cm long variant of the designed PCF operating at 0.75 THz frequency, we observe a 

linearly increasing TDD variation from ~2 to 13 ps  due to change in CS2 concentration from 

17 to 50%. However, when the CS2 concentration exceeds the 50% range, we observe 

decreasing TDD characteristics. In this high concentration regime (>50%), we monitor CS2 by 

analyzing second mode loss (SML) variation due to concentration change (at 0.98 THz 

frequency), where SML increases upto ~30 dB for ~100% ambient CS2 concentration. Here, 

we achieve a high concentration sensitivity where a variation of 1.6 dB SML is observed with 

unit concentration change of CS2. 

Specialty microstructured fibers with customized transverse cross-section help realize an 

efficient source of THz radiation at ~9THz, which is highly suitable to fingerprint detection of 

neurotransmitters. We have considered three varieties of Teflon as either host material or rod-

like inclusions together with TiO2 doped polyethylene inclusions in the Teflon host for such 

fiber designs in our next study presented in the thesis. Teflon has a very high nonlinear 

coefficient (third-order nonlinearity) that helps to achieve efficient four-wave mixing inside 

the fiber. We have considered a fiber framework with teflon-1 as the cladding and teflon-2 as 

the core, within which a hexagonal lattice is embedded in the form of five alternate rings made 

of teflon-3 and TiO2 doped polyethylene as inclusions for high power THz generation by four-

wave mixing. The pump at 10.56 m can be taken from a CO2 laser, while input idler at variable 
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wavelength (~6.2-6.5 m) can be taken from a CO laser. THz frequency tunable output in the 

range of ~9.1-9.33 THz has been achieved by varying the pump power from 1 kW to 9 kW. 

We have observed large mode area and high modal overlap among the infrared input pump, 

infrared seed idler, and output THz waves. THz generation efficiency up to 13% at the 

optimized coherence length of ~6.7 m was possible.  

Nonlinear crystals such as ZnTe and LiNbO3 are among the most popular materials 

considered for generation of THz radiation by optical rectification of ultrashort NIR pulses in 

them. In the last study for the present thesis work, we have demonstrated broadband (~0.1-

4THz) beam shaping and steering during THz generation by optical rectification of NIR pulses 

in an electrically controlled (2)-modulated nonlinear crystal. We have considered different 

duty cycles of the periodic (2)-modulations in the crystal transverse to the direction of 

excitation beam propagation to achieve control on the beam shaping and steering.  A maximum 

angular steering of about 7.43° relative to the undeflected THz beam from otherwise a uniform 

(2) nonlinear crystal has been demonstrated in a 1 mm thick ZnTe crystal having modulation 

period of 0.1 cm such that 2 or more periods are present within the width of the crystal.  

The aforementioned studies have the potential to boost the contemporary THz photonics 

domain where the proposed linear and nonlinear configurations can facilitate a range of 

fascinating device applications viz. high power THz generation, broadband beam shaping and 

steering, polarization splitting, and chemical sensing. 
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सार 

टेराहट्ज़ (THz)  तरंगें 0.1 से 10 THz की आवृत्ति रेंज में फैली हुई हैं, आमतौर पर, व्यापक त्तवद्युत 

चुम्बकीय से्पक्ट्र म में माइक्रोवेव और अवरक्त तरंगो ंके बीच में होती हैं। त्तपछले कुछ दशको ंमें त्तिरंतर 

टेराहट्ज़ अिुसंधाि और त्तवकास द्वारा कई वैज्ञात्तिक और तकिीकी अिुप्रयोग जैसे इमेत्तजंग, सेंत्तसंग, 

से्पक्ट्र ोस्कोपी, संचार, आत्तद उभरे हैं। शोधकताज उच्च शक्तक्त वाले टेराहट्ज़ स्रोतो,ं टेराहट्ज़ रैक्तिक और 

गैर-रेिीय उपकरणो,ं टेराहट्ज़ बीम मॉडू्यलेटर आत्तद को त्तिजाइि करिे का प्रयास कर रहे हैं। इस 

थीत्तसस में, हमिे सैद्ांत्ततक रूप से, कुशल स्रोतो ंधु्रवीकरण त्तवभाजि के त्तलए उपकरण, तरंग मॉिुलि, 

त्तवत्तकरण के त्तलए टेराहट्ज़ सेंसर के रूप में अिुप्रयोगो ंके त्तलए फोटोत्तिक त्तक्रस्टल फाइबर (PCFs) और 

माइक्रोस्टर क्चर फाइबर के त्तवत्तभन्न त्तिजाइिो ंका अध्ययि त्तकया है।  

त्तसंगल-मोि ऑपरेशि और लगभग-शून्य पररके्षपण तरंग पररवहि, बडे मोिल के्षत्र, उच्च त्तद्वअपवतजि, उच्च 

संख्यात्मक एपचजर, और कम िुकसाि जैसी रैक्तिक त्तवशेषताओ ंकी त्तकस्ो ंको पूरा त्तकया गया है और 

उपयुक्त पीसीएफ संरचिाओ ंको त्तिजाइि करके प्रदत्तशजत त्तकया गया है। टेफ्लॉि होस्ट के एक प्रकार में 

माइक्रोस्टर क्चिज कॉक्तफ़िगरेशि में कें द्रीय कोर के चारो ंओर पहली ररंग में त्तिकट कोर टेफ्लॉि समावेशि 

और वायु त्तछद्रो ंका संयोजि होता है, जो वांछिीय फैलाव त्तवशेषताओ ंऔर उच्च शक्तक्त प्रसार के त्तलए 

उपयुक्तता प्राप्त करिे के त्तलए लचीलापि प्रदाि करता है। ~ 153-221 µm (~1.35-1.96 THz) की 

से्पक्ट्र ल रेंज में लगभग फै्लट (शून्य के करीब पररके्षपण के साथ ब्रॉिबैंि टेराहट्ज़ प्रसार ~ 78 µm (0.61 

THz) की बैंित्तवि्थ को अिुकूत्तलत फोटोत्तिक बैंि गैप (PBG) फाइबर का उपयोग करके प्रदत्तशजत त्तकया 

जाता है। त्ति़ाइि त्तकया गया पॉलीइथाइलीि (पीई) फोटोत्तिक त्तक्रस्टल इंिेक्स गाइिेि फाइबर 

(PCIGF) 1 THz आवृत्ति के पास नू्यितम पररके्षपण माि (~ 0.05 dB/m-µm) प्रदाि करता है, त्तजस पर, 

बडे मोिल के्षत्र के कारण फै्लट मोि और उच्च शक्तक्त प्रसार भी हात्तसल त्तकया जाता है। इसके अलावा, 

हमिे 160-270μm (~ 1.1-1.878 THz) की से्पक्ट्र ल रेंज और 110 माइक्रोि (~ 0.8THz) की बैंित्तवि्थ 

के साथ THz सुपरकॉक्तििम प्राप्त करिे के त्तलए त्तसंगल कोर टेफ्लॉि पीसीआईजीएफ के चारो ंओर 

वैकक्तिक रूप से एयर-होल और सामग्री-समावेश के छले्ल त्ति़ाइि त्तकए हैं । सात्तहत्य में ररपोटज की गई 

जत्तटल और िाजुक संरचिाओ ंसे परे, बहुलक आधाररत पीसीएफ अपेक्षाकृत सरल हैं और मािक सै्टक 

और िर ा त्तवत्तध का उपयोग करके गढे जा सकते हैं। 

धु्रवीकरण चयिात्मक अिुप्रयोगो,ं उपकरणो ंऔर मापो ंिे हाल ही में त्तवकास के त्तलए ध्याि आकत्तषजत 

त्तकया है। हमिे दोहरे कोर PCIGF का उपयोग करके कुशल धु्रवीकरण त्तवभाजि के त्तलए एक उतृ्कष्ट 

क्षमता देिी, त्तजसका उपयोग कॉमै्पक्ट्, बहुत कुशल और कम िुकसाि वाले धु्रवीकरण क्तलिटर को 
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महसूस करिे के त्तलए त्तकया जा सकता है। हमिे फाइबर की त्तवभाजि लंबाई को कम करिे के त्तलए दोहरे 

कोर पीसीआईजीएफ में दो कॉक्तफ़िगरेशि लागू त्तकए, उच्च त्तवलुप्त होिे का अिुपात और कम प्रसार और 

झुकिे वाले िुकसाि हैं। पहली योजिा में, हमिे पॉलीइथाइलीि पीसीआईजीएफ के दो कोर में एयर होल 

जाली के त्तलए त्तवत्तभन्न त्तपचो ंमें ढाल के उपयुक्त त्तवन्यास का प्रस्ताव त्तदया है, तात्तक दो ऑिजर द्वारा पहले 

की ररपोटज की गई त्तिजाइि की तुलिा में 60 सेमी की त्तवभाजि लंबाई को कम त्तकया जा सके और उच्च 

त्तवलुप्त होिे के अिुपात यािी y- धु्रवीकरण के त्तलए 18 िीबी और  x- धु्रवीकरण के त्तलए 23 िीबी प्राप्त त्तकया जा 

सके । दोिो ंकोर के एयर होल कॉक्तिगरेशि में टेफ्लॉि रॉि्स के चुत्तिंदा समावेश से त्तवभाजि की लंबाई 

कम हो जाती है यािी  ~ 0.4 से 1 THz आवृत्तियो ंपर 2.1 सेमी से 20 सेमी, तदिुसार । x- और y- धु्रवीकरण 

के त्तलए त्तवलुप्त होिे का अिुपात क्रमशः  70 dB और 40 dB पाया गया है, जो बहुत अत्तधक है । कारावास, 

प्रसार और झुकिे की हात्ति बहुत कम पाई गई। 

हमिे इसके आधार और अंतरतम ररंग यूत्तिट कक्ष को संशोत्तधत करिे के त्तलए एक पारंपररक पीसीएफ 

की भी कििा की है। यह समत्तथजत दो मोि का उपयोग करके त्तवषाक्त CS2 को महसूस कर सकता है। 

CS2 सेंत्तसंग की मौजूदा सीमा टेराहट्ज़ आवृत्ति रेंज में त्त़ंिगरत्तपं्रट वणजक्रमीय त्तवशेषताओ ंका अभाव है। 

त्तिजाइि में त्तिधाजररत त्तछद्रो ंमें CS2 सेंत्तसंग सामग्री को जोडिे पर समय त्तवलंब अंतर और दूसरे क्रम मोि-

आधाररत मािदंि के अंतर हात्ति का उपयोग करके इसे ित्म त्तकया गया है । इस प्रकार, मैक्सवेल गािेट 

त्तसद्ांत को लागू करते हुए, हम त्तिधाजररत हवा के त्तछद्रो ंमें प्रते्यक CS2 एकाग्रता के त्तलए जत्तटल प्रभावी 

पारगम्यता का पता लगाकर पररवेशी पररक्तलथत्ततयो ंमें की CS2 एकाग्रता की त्तिगरािी करिे में सक्षम थे क्ो ं

त्तक या तो समय की देरी के अंतर का त्तवशे्लषण कर रहे थे या सं्पद रूपो ंके हात्ति के रूप में दो समत्तथजत 

मोि का त्तवशे्लषण । 0.75 THz आवृत्ति पर संचात्तलत त्ति़ाइि त्तकए गए PCF के 10 सेमी लंबे संस्करण के 

त्तलए, हम CS 2 एकाग्रता में 17 से 50% तक पररवतजि के कारण ~ 2 से 13 ps तक रैक्तिक रूप से बढते 

TDD त्तभन्नता का त्तिरीक्षण करते हैं । हालााँत्तक, जब CS 2 की सांद्रता 50% सीमा से अत्तधक हो जाती है, तो 

हम TDD त्तवशेषताओ ंको कम करते हुए देिते हैं। इस उच्च सांद्रता शासि (> 50%) में, हम CS 2 एकाग्रता 

पररवतजि (0.98 THz आवृत्ति पर) के कारण दूसरे मोि हात्ति (SML) त्तभन्नता का त्तवशे्लषण करके की 

त्तिगरािी करते हैं, जहां SML ~ 100% पररवेश CS 2  एकाग्रता के त्तलए ~ 30 िीबी तक बढ जाता है।  यहां, 

हम एक  उच्च सांद्रता संवेदिशीलता प्राप्त करते हैं जहां CS2 की इकाई एकाग्रता पररवतजि के साथ 1.6 

िीबी MSL की त्तभन्नता देिी जाती है । 

अिुकूत्तलत अिुप्रलथ क्रॉस-सेक्शि के साथ त्तवशेष सूक्ष्म संरत्तचत फाइबर ~ 9THz त्तवत्तकरण के एक 

कुशल स्रोत का एहसास करिे में मदद करते हैं, जो यूरोटर ांसमीटर के त्तफंगरत्तपं्रट का पता लगािे के त्तलए 

अत्यत्तधक उपयुक्त है। थीत्तसस में प्रसु्तत हमारे अगले अध्ययि में हमिे टेफ्लॉि की तीि त्तकस्ो ंको या तो 
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मेजबाि सामग्री या रॉि-जैसे समावेशि के साथ-साथ टेफ्लॉि होस्ट में टीआईओ 2 िोपेि पॉलीइथाइलीि 

समावेशि के रूप में मािा है| टेफ्लॉि में एक बहुत ही उच्च गैर-रेिीय गुणांक (तीसरे क्रम की गैर-

रेिीयता) है जो फाइबर के अंदर कुशल चार-लहर त्तमश्रण प्राप्त करिे में मदद करता है। हमिे टेफ्लॉि -

1 के साथ एक फाइबर फे्रमवकज  को कै्लत्तिंग और टेफ्लॉि -2 को कोर के रूप में मािा है, त्तजसके भीतर 

एक हेक्सागोिल जाली टेफ्लॉि -3 और टीआईओ 2 िोपेि पॉलीइथाइलीि से बिे पांच वैकक्तिक ररंगो ं

के रूप में चार-लहर त्तमश्रण द्वारा उच्च शक्तक्त के त्तलए समावेशि के रूप में एमे्बिेि है। 10.56 µm पर पंप 

को CO2 लेजर से त्तलया जा सकता है , जबत्तक पररवतजिीय तरंगदैध्यज (~ µmइनपुट CO लेजर 

से त्तलया जा सकता है। ~9.1-9.33 THz की रेंज में THz फ़्रीक्वें सी टू्यि करिे योग्य आउटपुट के त्तलए पंप 

की शक्तक्त को 1 kW से 9 kW तक बदलकर प्राप्त त्तकया गया है । हमिे इफफ्रारेि इिपुट पंप, इंफ्रारेि 

सीि आइिलर और आउटपुट THz तरंगो ंके बीच बडे मोि के्षत्र और उच्च मोिल ओवरलैप को देिा 

है। ~ 6.7 मीटर की अिुकूत्तलत सुसंगतता लंबाई से 13% THz स्रोत की दक्षता संभव थी। 

ZnTe और LiNbO3 जैसे गैर-रेिीय त्तक्रस्टल सबसे लोकत्तप्रय पदाथों में से हैं, त्तजन्हें अल्ट्र ाशॉटज NIR 

सं्पदि के ऑत्तिकल सुधार द्वारा THz त्तवत्तकरण उत्पन्न करिे के त्तलए मािा जाता है । वतजमाि थीत्तसस कायज 

के त्तलए त्तपछले अध्ययि में, हमिे त्तवद्युत त्तियंत्तत्रत (2)मॉडू्यलेटेि िॉिलाइत्तियर त्तक्रस्टल में NIR सं्पदि 

के ऑत्तिकल सुधार द्वारा THz स्रोत के दौराि ब्रॉिबैंि (~ 0.1-4THz) बीम को आकार देिे और स्टीयररंग 

का प्रदशजि त्तकया है । हमिे बीम आकार देिे और स्टीयररंग पर त्तियंत्रण प्राप्त करिे के त्तलए उिेजिा बीम 

प्रसार की त्तदशा में त्तक्रस्टल अिुप्रलथ में आवत्तधक (2) -मॉडू्यलेशि के त्तवत्तभन्न कतजव्य चक्रो ंपर त्तवचार 

त्तकया है। अन्यथा एक समाि (2) िॉिलाइत्तियर त्तक्रस्टल से अपररवत्ततजत THz बीम के सापेक्ष लगभग 7.43° 

की अत्तधकतम कोणीय स्टीयररंग को 1 त्तममी मोटी ZnTe त्तक्रस्टल में 0.1 सेमी की मॉडू्यलेशि अवत्तध के 

साथ प्रदत्तशजत त्तकया गया है, जैसे त्तक 2 या अत्तधक अवत्तध मौजूद हैं।  

उपरोक्त अध्ययिो ंमें समकालीि THz फोटोत्तिक्स िोमेि को बढावा देिे की क्षमता है जहां प्रस्तात्तवत 

रैक्तिक और गैर-रेिीय त्तवन्यास आकषजक त्तिवाइस अिुप्रयोगो ंकी एक शंृ्रिला की सुत्तवधा प्रदाि कर 

सकते हैं जैसे त्तक, उच्च शक्तक्त THz स्रोत, ब्रॉिबैंि बीम आकार देिे और स्टीयररंग, धु्रवीकरण त्तवभाजि, 

और रासायत्तिक संवेदि। 
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Graphics 

(A) List of figures 

Fig. No. Figure Caption Page No. 

1.1 THz region in the entire electromagnetic spectrum. Frequency is 

given in Hz and wavelength in meter (m). The conversion among 

different units is also included.  

1 

1.2 Depiction of various applications of THz waves.  3 

1.3 (a) Spectral fingerprints of various explosives at THz range [48]. 

(b) Visible light-based image and (c) THz wave transmission 

image [12] of the sample depicts the written text which is hidden 

beneath the layer of black paint shown in (b). In (c), the text has 

been written using a charcoal pencil; it provides sufficient contrast 

for the transmission of the THz waves to seem a readable image. 

The image in (c) is around 2.5 cm square.  

4 

1.4 Illustration of various schemes of PCFs. (a) Solid core index 

guided fibers, (b) suspended core index guided fiber, (c) hollow-

core bandgap guided fiber, and (c) Kagome lattice fiber. All of the 

above fibers have been shown here with (i) the schematic sketch, 

(ii) scanning electron microscope image, (iii) modal profile, and  

(iv) transmission spectrum up to 1 m length [55]. 

6 

2.1 Various types of terahertz waveguides reported such as (a) 

Metallic waveguides, (b) Plasmon waveguide, (c) Step index 

fibers, (d) PCIGF, and (e-f) PBG fibers. The tailoring of 

dispersion, low loss, mode area, nonlinearity, etc. can be 

engineered using PCIGF and PBG fibers. 

25 

2.2 Polyethylene PBG fiber plane wave expansion procedures 

considering (a) real unit cell, (b) virtual (wave vector space, i.e., 

Brillouin zone) unit cell, (c) complete PBG fiber, (d) k vector space 

in the 3D visualization for clarity of the proposed procedure, (e) 

bandgap for normalized longitudinal propagation (kz = 10), and (f) 

29 
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bandgap map considering each bandgap region at various kz.  The 

intersection of the light line with the bandgap map as shown in the 

green strip provided the bandwidth for the propagation of the THz 

wave. Here, d is the diameter of air holes and Λ is the pitch. 

2.3 (a) Total propagation loss and (b) dispersion of the PE PBG fiber. 

The propagation loss is small in the spectral window of wavelength 

of 167.5 μm to 192.2 μm. The dispersion has normal characteristics 

below a wavelength of 174 μm and above it, it has anomalous 

dispersion. 

32 

2.4 Diatomic PBG fiber with polyethylene as background material. 

Here, Λ is the pitch, d1 is the small diameter, d2 is the large diameter 

and Rcore is the radius of the core. 

33 

2.5 Variation of dispersion with two sized diameter ratios for (a) 0° 

orientation and (b) 60° orientation. These dispersions are lower 

compared to the previous design. 

34 

2.6 (a) Structure of the honeycomb PBG with (b) a band scan and (c) 

variation of bandwidth with defect size. Here, pitch, Λ = 300 µm, 

the normal diameter, d = 0.92Λ/0.94Λ, the defect diameter, dhc = 

0.94Λ and the radius of the core, Rc = 2.84Λ. The elliptical region 

in (b) shows the bandwidth for PBG fiber for dhc/d = 1. This 

bandwidth increases with an increase in the defect diameter. 

36 

2.7 Design of (a) elliptical hole unit cell-based PCIGF, (b) two 

circular holes unit cell-based PCIGF with a  (c, d) comparison 

between their modal profiles at 1 THz frequency, (e) both unit 

cells, (f) birefringence and (f) PMD for from both the designs. 

Here, Λ is the pitch. The modal fields in the mentioned designs 

experience more birefringence characteristics if they can extend 

more to the cladding region. Therefore, the birefringence is high 

at lower frequency i.e. at a larger wavelength due to less 

confinement or more extension of the modal field in the cladding 

asymmetric refractive index profile. The fine gridding in the x-

direction of figure (g) has been shown to show the intersection 
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point of the two curves for PMD for unit cells consisting of one 

ellipse and two circle-based holes, respectively. 

2.8 (a) Design of deformed core PCIGF, (b) its scalar modal field, (c) 

birefringence variation, and (d) PMD variation. Here, pitch, Λ = 200 

μm, smaller diameter of air holes, d = 0.8Λ, larger diameter, d1 = 

0.95Λ. The birefringence increases with an increase in diameter of 

d1. 

40 

2.9 (a-d) Flexible dispersions for the designs of near-core configured 

PCIGFs. Here, pitch, Λ = 300 μm, R is the radius of holes. The 

yellow color inclusion represents the presence of teflon. The Violet 

color inclusion is for polyethylene and the white one is for air hole 

representation. Various designs provide various dispersion 

characteristics such as flat near-zero dispersion curve, tailored zero 

dispersion wavelength etc. 

41 

2.10 Schematic view of the special topology of air holes in the near core 

region of polyethylene PCIGF. Here, the pitch, Λ = 300 μm, the 

large air holes, d1 = 0.8Λ, and small air holes, d2 = 0.3Λ 

43 

2.11 Modal field profile for wavelength, λ = 400µm. 43 

2.12 Dispersion spectral characteristics for the proposed topology.   

2.13 Modal 1/e width fundamental mode of the fiber. Modal width is 

very large that can be used for high power THz transmission. 

44 

2.14 The spectrum of confinement loss of the proposed PCF. 45 

2.15 Bend loss variation with bend radius at λ = 300 μm. Bend loss is 

low and insensitive to a bend radius above the radius of 3 cm. 

45 

2.16 (a) Design of honeycomb lattice-based PCIGF, (b) its unit cell, and 

(c, d) dispersion variation of conventional and proposed PCF. The 

proposed PCF has two zero-dispersion wavelengths and a high 

tailoring sensitivity of zero-dispersion wavelengths compared to the 

conventional one. 

46 
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2.17 Schematics of (a) simple PCIGFs and (b) radial diatomic PCIGF. 

Here, radial diatomic PCIGF has alternate rings of teflon-2 (n2 = 

1.425) inclusions and air holes in the host material teflon-1 

(n1=1.44). 

47 

2.18 Spectral dispersion characteristics of (a) simple PCIGF and (d) 

radial diatomic topology with various diameters of inclusions by 

pitch ratios (d/Λ). Here, d is the diameter of the air hole and the 

pitch, Λ = 300 µm. The dispersion for the proposed radial diatomic 

PCIGF is lower compared to conventional fiber and also it consists 

of two zero-dispersion wavelengths for d/Λ = 0.8 to 0.9. 

48 

2.19 Spectral variation of (a) effective mode area of the radial diatomic 

topology fiber, (b) the nonlinear coefficient, and (c) angular 

frequency derivative of the nonlinear coefficient. 

50 

2.20 THz supercontinuum considering the d/Λ= 0.9. The spectral 

broadening at the small length of the fiber occurs due to Self-

phase modulation. Beyond some length, the Raman effects take 

place in a larger wavelength range to escalate the spectrum. The 

dispersive effects happen in the smaller wavelength range. 

52 

2.21 Fabrication of optical range PCF using stack and draw method, 

(a) creation of individual rods/capillaries/tubes (drawing using 

furnace), (b) preform formation (stacking), (c) drawing of 

intermediate preform consisting of stacked preform within a clad 

as cover (drawing using furnace) and (d) drawing a final PCF. 

54 

3.1 Schematic of the transverse cross-section of polyethylene PCF with 

magnified image of the two cores. Various pitches and diameters 

are marked, and their values are given as pitch Λ = 400 µm and 

diameter d = 340 µm in the cladding region; pitches Λ1 = 60µm, Λ2 

= 70µm, and Λ3 = 80 µm and diameter of air holes d1 = 40 µm and d2 

= 35 µm in the core regions. We have designed the gradience in the 

various pitches to get suitable spectral effective indices curves. 
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3.2 Cross-sectional views of (a) Fiber A and (b) Fiber B. Here, only the 

central region is shown for better visualization of corresponding 

sizes. 

68 

3.3 (a) Effective indices of x- and y-polarized modes of Fiber A and 

Fiber B; (b) effective indices of the first two modes for x- and y-

polarized fields in the combined proposed structure. The y-

polarized mode of the Fiber-A and Fiber-B are degenerate i.e. the 

effective indices for this mode are very close to each other in a 

broad range of 0.4 to 1 THz with a crossing frequency of 0.85THz 

as depicted in figure (a). The effective indices for x-polarized 

modes of the Fiber-A and Fiber-B are completely far different as 

shown in figure (a). The difference between the y-polarized modes 

in Fiber-AB decides the splitting length, which we discuss in the 

following text. 

69 

3.4 First and second modes for the x- and y-polarization in 

polyethylene PCF at the frequency of (a) 0.85 THz and (b) 0.66 

THz. One can observe that the y-polarization supermode has power 

in both the core in the complete fiber i.e. fiber-AB. 

70 

3.5 Required fiber length for polarization splitting at various THz 

frequencies. In our work [32], the splitting length is almost reduced 

by at least a factor of 2, compared to previous work reference of 

that is [31]. 

71 

3.6 Variation of extinction ratio with operational frequency for x- 

and y- polarized modes. The extinction ratio is very high for both 

of the polarization and is found to be very low sensitivity to the 

frequencies with their range of 0.6 to 1 THz. 

72 

3.7 (a) Transverse cross-sectional view of the polyethylene-based 

dual-core microstructured fiber (Fiber-AB). The cores have been 

identified as A and B. Magnified views of (b) the core A and (c) 

the core B regions of the fiber-containing air and teflon inclusions. 

Different pitch values (Λx) and diameters (d) of the teflon and air 

columns are indicated. All remaining pitches in the x-direction are 
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the same, i.e., Λ1 = 60 µm. There is a more suitable gradience in 

the pitches in both the cores compared to structure-1 discussed in 

previous section. Including teflon rods provides more suitability in 

providing almost zero difference between the neff values of y-

polarized modes in the individual cores (fiber-A and fiber-B) and 

shorter device lengths than our previously proposed structure [32]. 

3.8 Effective indices, neff for the x- and y-polarizations of (a) Fiber-A 

and Fiber-B, and (b) the dual-core fiber, Fiber-AB. The difference 

between the effective indices of modes for x-polarization in 

individual cores (Fiber-A and Fiber-B) is very high for 0.4 to 1 

THz frequency range. The difference between the effective indices 

of y-polarized modes in Fiber-A and Fiber-B is very small and a 

crossing frequency occurred where the effective indices are same 

for their spectrum. A magnified view around the crossing 

frequency at ~0.65 THz in (a) is shown. Also, we achieved a 

minimum difference frequency of 0.68 THz in the spectral 

variation curves of effective indices for y-polarized modes of 

combined fiber that is Fiber-AB. The magnified view to see the 

minimum difference frequency is also shown in (b). 

75 

3.9 First and second modes in the dual-core microstructured fiber 

(Fiber-AB) for the x- and y-polarizations at the frequency of (a) 0.6 

THz, (b) 0.7 THz, and 0.8 THz. 

76 

3.10 Spectral variation of the polarization splitting device length (Ls) 

(solid curve). The superimposed dashed curve (bifurcated at higher 

frequencies) is for the structure when two innermost air holes in the 

last row of core-A (see Fig. 3.7) are replaced with teflon rods. Inset: 

A comparison between the current results and those from Refs. [31, 

32]. 

77 

3.11 Spectral variation of the extinction ratio for (a) x-polarization and 

(b) y-polarization at different percentage deviations (ΔL) in the 

device length. The extinction ratio of x-polarization is sensitive to 

deviation in device length due to sinusoidal variation with the 
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length of y-polarization power in core-A due to coupling. The y-

polarization extinction ratios are sensitive to frequency instead of 

length deviation due to low x-polarization power in core-B at the 

output. 

3.12 Variation of confinement loss (left axis) and the total propagation 

loss (right axis) for the first structure [32] with frequency. The 

confinement as well as the propagation loss is low. 

78 

3.13 Variation of bend loss with bend radius for different THz signals 

for the first fiber [32]. It comes out be low and one can consider 

the bending radius above 3 cm for low losses. 

79 

3.14 (a) The frequency dependence of the confinement loss and the total 

propagation loss in the dual-core polyethylene microstructured 

second fiber [35] (Fiber-AB) and (b) The bending loss in dB/m 

calculated with variation in bend radius at various fixed THz 

frequencies. 

80 

4.1 Schematic of CS2 particles in ambiance to study Maxwell Garnett 

The circle represents the air hole and the red color represents the 

CS2 particles with the white color representing air. Theory and 

calculation for the effective permittivity of the mixture. 

90 

4.2 Schematic of the proposed configuration of THz sensing fiber 

(sensing of CS2), which consists of two interpenetrating hexagonal 

lattices of air holes and teflon columns, both having different 

diameters except for the first ring (two-unit cells still have 

different diameters for them in the first ring also). The designed 

PCIGF supports two modes. 
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4.3 The modal fields at wavelength λ = 350 μm (a) without the filing 

of CS2 and (b) with the filling of CS2 in the prescribed holes. The 

power of the second mode shifts towards CS2-filled air holes when 

CS2 is filled in the prescribed holes. This shift in second mode 

power compared to case of without CS2 filled leads to a change in 

the group velocity of the second mode, which causes a delay 
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between the pulses in the two modes changes; this change is 

measured as TDD. The same can be the reason for SML. 

4.4 Real parts of effective indices of the two supported modes either 

in the absence, or the presence of CS2 in the prescribed air holes, 

(b) group velocities for the pulses of various frequencies are 

shown, and (c) the spectral variation of SML is also plotted which 

have good potency for CS2 sensing. Here, ni and vg,i is the effective 

indices and group velocity of two modes. 
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4.5 TDD between two pulses in two modes on filling of CS2 (100% 

concentration) [32].  
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4.6 SML characteristics with two types of liquids (water vapor for CS2) 

are present in the prescribed air holes. The change in the absorption 

characteristics leads to the sensing phenomenon. 
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4.7 The variation of SML with CS2 concentration present in the 

ambiance. This SML-based concentration monitoring is suitable 

for concentration within the range of 50% to 100% (0.1 to 2.8 

dB/cm, exponentially increasing with concentration). 
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4.8 The sensitivity regarding SML with variation with CS2 

concentration. The sensitivity itself increases with concentration. 
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4.9 Spectral variation of TDD considering various CS2 fractions. By 

analyzing various calculated TDDs for 10cm fiber length, a probe 

wavelength of 400 µm (f = 0.75 THz) was found to be suitable for 

TDD-based monitoring. The wavelength of 400 µm (f = 0.75 THz) 

has been considered because TDDs are long and sensitive to 

various concentrations. 
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4.10 TDD between two pulses in two modes on filling of mixture 

(CS2+Ambiance) with various fractions of CS2. This TDD-based 

concentration monitoring is suitable for concentration within the 

range of 17% to 50% (linearly increasing 2.0 to 13.6 ps time-

sensitive) when one expects less severe to high severe regime based 

concentration-based monitoring. 
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4.11  Fractional modal intensity (FMI) plotted with variation in 

wavelength for two modes. The FMI for the second mode is very 

good (69% to 85%) for our detection of CS2 by our proposed 

structure. It shows how much power is present for CS2 filled air 

holes vs. other cross-sections based mode power. 
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4.12 Spectral variation of confinement loss for the fundamental mode is 

behaving similar to a loss curve for the PBG fiber case, where the 

mid frequencies have lower losses compared to extreme frequencies 

in the band. 
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4.13 Bend loss variation with bend radius for λ = 350 μm, the special 

characteristic is that bend loss decreases with decreasing bend 

radius in the calculated range of 1 to 10 cm. 
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5.1 (a) Cross-sectional schematic of proposed PCIGF. The refractive 

indices of various regions have been indicated in different colors.   

𝑛cl  = 1.40 is teflon-1,     𝑛c = 1.425 is teflon-2, 𝑛𝑡𝑓  = 1.44 is teflon-

3 and 𝑛𝑝𝑒 = 2.1 is TiO2 doped polyethylene. We have also 

considered the hexagonal pattern of higher index teflon rods and 

TiO2 doped polyethylene in the hexagonal lattice in an alternate ring 

form such that it increases the f value. The f values are the various 

overlaps between the waves, which are present in nonlinear coupled 

wave equations in four-wave mixing terms. (b) Fundamental mode 

of infrared pump wave in the microstructured fiber. It provides very 

large and flat modal fields leading to high overlap between the 

output THz modal fields and hence output power and efficiency.  

113 

5.2 Spectral dependence of dispersion coefficients, 𝛽2 and 𝛽4 around 

the pump wavelength for the proposed diatomic PCF. The proper 

design of the proposed fiber provided 𝛽2 and 𝛽4 such that required 

output THz wave generation can be achieved. 

115 

5.3 (a) Schematic of the four-wave mixing in diatomic PCF for THz 

signal generation. Degenerate pump fields at wavelength, 

λp=10.56 μm (frequency, 𝑓𝑝= 28.40 THz), input idler field, and 

generated output THz signal fields have been marked. (b) Tuning 
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of THz signal and idler frequencies by variable pump power. This 

tuning is found to be such that the output THz signal is a linear 

function of the input pump power. 

5.4 Normalized fundamental modal field variations in the radial (r) 

direction for the pump field amplitude Ap, idler field amplitude, 𝐴𝑖, 

and THz signal field amplitude 𝐴𝑠. The modal fields of pump, 

idler, and THz waves efficiently overlap with each other. 

117 

5.5 Pump, idler, and THz signal power dependence on the fiber length, 

L with the input pump power of (a) 1 kW and (b) 9 kW. The idler 

input power for both cases is kept fixed at 20 W. The coherence 

length, 𝐿𝑐, and the optimum THz signal frequency obtained from the 

phase-matching condition are 37.8 m and 9.14 THz for (a) and 6.5 

m and 9.33 THz for (b), respectively. Here nonlinear absorption has 

been ignored, α2𝑥 = 0, and the differences in the two cases are just 

due to the finite linear absorption. 
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5.6 Nonlinear absorption (𝛼2𝑥) dependent performance for THz signal 

generation and guidance in microstructured fibers. (a) Input pump 

power-dependent results for the optimized length (𝐿𝑜), source 

power amplification factor (SPAF), and efficiency (𝜂) at fixed 

input idler power 20 W. (b) Input idler power-dependent results 

for the same parameters at fixed input pump power 1 kW. The 

optimized length or the required fiber length becomes very low 

and the efficiency becomes high with increase in pump power. 
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5.7 (a) The THz signal modal field profiles for 9.14 THz at different 

bend radii. (b). Variation of bend loss coefficient (𝛼𝑏) with bend 

radius for the generated THz signal calculated by using the overlap 

vector integral method. Bend loss becomes very low beyond 4 cm 

bend radius. 
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6.1 Schematic of the setup considered with pulse profiles and 

spectrums for the input and the output have been shown. The input 

pulse is centered at a wavelength of 800 nm, and the pulse width 

is 0.1 ps. The input spectrum has a bandwidth of 4.4 THz. The 
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time duration of the output THz pulse is 0.2 ps, and its spectrum 

has a maximum at 2.3 THz. It has a bandwidth of 3.1 THz. 

6.2 Verification of the output spectrum considering various 

parameters comparing (a) reported spectra with (b) and (c) as 

calculated spectra. Here, considering the undepleted pump power 

case, we study the solution of the THz spectrum to verify the 

reported experimental work [22] using the numerically integral 

method (trapezoidal method). 
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6.3 (a) Periodic pattern of χ(2) susceptibility, crafted in the x-direction 

of whole width W of the nonlinear crystal in the transverse direction. 

The excitation beam is propagation along with the crystal thickness, 

i.e., the z-direction. Λ is the period, Δx is the extent of the positive 

(+) sign χ(2) susceptibility within a modulation period to describe a 

duty cycle, DC = Δx/Λ. (b) Proposal for developing the desired 

periodically χ(2)-modulated nonlinear crystal by using appropriate 

electrical biasing. (Please see the main text for details). (c) 

Schematic of the optical arrangement for developing THz beam 

generation, shaping, and angular steering through a nonlinear 

crystal that is periodically χ(2)-modulated in the transverse crystal. 

132 

6.4 Output THz electric field distributions (a1 and a2) for DCs of 0.4 

and 0.5, respectively obtained by using the Runge-Kutta method 

and these distributions (b1 and b2) using the integral method. The 

crystal width of W = 0.2 cm so that there are two periods of 

susceptibility modulations present in the transverse plane. It is clear 

that both the approaches for THz output from the χ(2)(x)-modulated 

nonlinear crystal produce solutions, which are quite similar in their 

nature that concern the main objectives of the current study. 

133 

6.5 Electric field amplitudes in (a) transverse wavevector kx-frequency 

plane and (b) x-frequency plane for uniform susceptibility case are 

displayed. 
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6.6 Output THz electric field amplitude distributions at the end facet 

of the nonlinear crystal are shown in real space for (a) and k-space 
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(b) for the duty cycles of 0.4, 0.5, and 0.6 duty as indicated. The 

crystal width of W = 0.2 cm is considered so that there are two 

periods of susceptibility modulations present in the transverse 

plane. The output THz beam is focused at one point with its 

electric field amplitude as the sinc function of x-direction. The 

beam shape gets shifted with change in the duty cycles. 

6.7 Output THz electric field amplitude distribution at the end facet of 

the nonlinear crystal is shown in real space for (a) and k-space (b) 

for the duty cycles of 0.4, 0.5, and 0.6 duty as indicated. The crystal 

width of W = 0.6 cm is considered so that there are six periods of 

susceptibility modulations present in the transverse plane. In 

transverse virtual space, the patterns are similar to the previous 

figure. The variation in the output beam pattern is seen whenever 

we change the spatial duty cycle of the periodic susceptibility. It 

also affects the variation of output amplitude vs. output k vector 

distribution. The behaviors (shifting and number of side lobes) of 

the output THz beam pattern were seen to be similar to the previous 

two periods based on crystal width behaviors for 0.6 and 0.4 duty 

cycles, except that they occur in three repetitions along the width of 

the crystal. 
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6.8 THz angular beam steering. One can easily see that the THz beam 

steered at 7.4 degrees. The angular distribution around the steered 

angle are shown for (a) 2 periods based crystal and (b) 6 periods 

based crystal. 
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6.9 

 

 

 

 

 

Output THz electric field distribution in real space ((a) and (c)) and 

k-space ((b) and (d)) where in ((a) and (b)) crystal thickness is a 

linear function of radial coordinates and ((c) and (d)) crystal 

thickness is a linear function of azimuthal angle.  
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7.1 Fabrication of optical range PCF using stack and draw method, 

(a) creation of individual rods/capillaries/tubes (drawing using 

furnace), (b) preform formation (stacking), (c) drawing of 
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intermediate preform consisting of stacked preform within a clad 

as cover (drawing using furnace) and (d) drawing a final PCF. 

A.1 Illustration of the plane wave expansion method. Here in the left 

portion, the photonic crystal unit cell (in green color) with real 

space wave vectors a1 and a2, their reciprocal unit cell (in blue 

color) with reciprocal wave vectors b1 and b2 and the common 

region inside the parallel lines as shown in right lower (in dark 

yellow color) in this reciprocal space represents the Brillouin zone. 

The algorithm for getting the Matrix of differential equations to get 

the permissible frequency wave vector is shown in the right 

portion. 

152 

A.2 Illustrations of the full vector beam propagation method. A 

schematic of the cross-sectional view/ refractive index profile of 

PCF and a considered input modal field similar to the usual fiber 

mode along with its convergence has been shown. One can see the 

algorithm on the right where the next z step-based modal field is 

calculated using the difference Helmholtz equation. 
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A.3 Illustrations of the finite element method. Here, in the left portion, 

the meshing of the cross-section of the designed fiber is depicted. 

An algorithm/ flow chart is shown in the right portion. The 

equation governing scheme i.e. Maxwell equation for the 

interpolation polynomials of the supposed electric field with 

consideration of boundary condition provides the global system of 

the equation to solve modal fields and effective indices. 
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A.3 Illustration of integration using Gauss quadrature method in 

MATLAB. 
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