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Abstract

:

This paper reveals special design features of the proposed highly nonlinear circular-lattice-silicon-core and silica-doped-with-fluorine (1%) cladding-composite photonic crystal fiber (PCF) in the Mid-infrared region of the spectrum. A region of small negative group velocity dispersion (GVD), managed higher order dispersions (HODs), and unique nonlinearity of silicon have been used to demonstrate a supercontinuum broadening from 1500 nm to 4700 nm with consumption of low input power of 400 W over short fiber distances. It will be also shown that the fiber’s high-level engineered structure finally results in a simple manufacturing process compared with other designed nano-sized silicon PCFs. The designed fiber could have massive potential in gas sensing, soliton effect pulse compression, spectroscopy, material processing, etc.
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1. Introduction


Photonic crystal fibers (PCFs) with different structures have received a great deal of consideration in recent years because of their far-reaching applications in the optical community, such as optical amplifiers, optical sensors, nonlinear optics, fiber optical communication, and other areas [1,2,3]. An extensive diversity of soft-glass and non-glass fibers have been weighed along the expansion of near- and middle-infrared wideband supercontinuum (NIR/Mid-IR WBSC) optical sources [2,3,4,5,6]. Supercontinuum generation (SCG) that uses non-conventional fibers, such as AS2S3 & AS2Se3 glasses, Bi2O3, tellurite, MgF2, and silicon, is still an ongoing topic among the optical scientists. Nowadays, silicon (Si) is one of the well-known applicable Mid-IR materials for manufacturing complicated optical devices [3,4]. Higher nonlinear refractive index of silicon material, which is about 100 times that of conventional silica (SiO2), could result in achieving valuable optical properties and, finally, in Mid-IR ultra-wideband (UWB) supercontinuum generation with lower consumption of energies [3]. By using silicon as the background material of PCFs, dispersion management becomes a major challenge as it allows deviations in the wavelengths selection of the supercontinuum (SC) pump. Another challenge in such cases is the fabrication processes of silicon PCFs [3,5,6,7].



Recently, silicon PCFs have been manufactured by a new method, called “magnesium thermic method”, with a unique ability to maintain the dimensions of the corresponding fibers. Furthermore, several fabrication methods for the plain and composite photonic crystal fibers have also been reported [3,7,8,9,10,11]. The review of the mentioned reports revealed a high cost of the design and fabrication of sub-micron PCFs because of their complicated manufacturing process. On the other hand, in spite of existing challenges relevant to the PCFs manufacturing process, their nonlinear applications, such as ultra-narrow femtosecond optical pulses generation, broadband spectrum generation, optical filters, etc. [3], have attracted many scientists because of the value PCFs bring to telecommunications, the medical industry, the military, etc. [3,12,13,14,15,16,17]. Multiple research associations have presented and proposed novel strategies, designs, and procedures to show the ultra-broadband (UBB) Mid-IR supercontinuum by using different kinds of PCFs so far [2,3,4,5,6,17,18,19,20,21,22,23]. For instance, recently, Ghanbari et al. numerically proposed a nano-sized silicon PCF exhibiting a broadband SCG in the wavelength range of 1400 nm to 5400 nm when pumped by a 100-fs laser input pulse at 2500 nm [3]. Ahmadian et al. introduced a novel structure of chalcogenide core-tellurite cladding composite PCF with a large birefringence property, efficient for SC generation in the Mid-IR region of the spectrum [1]. More recently, Ahmad et al. generated a broad supercontinuum of 8000 nm by using 10 kW input pump power in a novel chalcogenide PCF structure [5]. In 2019, Chauhan et al. numerically simulated ultra-wideband supercontinuum generation of 12,500 nm at the wavelength of 3100 nm in a novel designed PCF as a complementary example [6]. In 2017, a supercontinuum spectrum of 580 nm in the visible regime was generated by Ghanbari et al. using a MgF2 PCF [2]. In 2000, a 550 THz supercontinuum, extending from the violet to the infrared, was generated experimentally by propagating pulses of 100 fs through a conventional PCF [13]. Soon afterward, a 3.8 W continuum was generated from 1065 nm to 1375 nm by pumping in a honeycomb fiber by Avdokhin et al. [14]. Van et al. experimentally investigated supercontinuum generation of 550 nm in a carbon tetrachloride hollow-core photonic crystal fiber at 15,560 nm by using an input pulse of 90 fs [15]. The results were in good agreement with the numerical simulations. As a complimentary example, Gao et al. generated, both mathematically and experimentally, a 2650 nm supercontinuum by using a highly nonlinear fiber at the central wavelength of 1400 nm [16]. However, according to our investigation of all the above-mentioned instances, the missing point is giving special attention to simplifying the manufacturing process.



This paper describes in detail the origins of the PCF modeling for ultra-wideband supercontinua generation in the Mid-IR regime along with focusing on simplifying the manufacturing process. Our study also presents a new PCF design based on a quad-ring structure of air holes along the fiber. We propose generating ultra-wideband spectra in a negative GVD region of our proposed C-PCF by using the silicon material as the core of the fiber and silica doped with fluorine (1%) in the cladding, and by simultaneously optimizing the zero dispersion wavelengths (ZDWs) and fiber structural parameters. Our study will show that appropriately designed parameters of the proposed fiber result in significantly decreasing the complexities of the manufacturing process compared with other highly nonlinear PCFs with the same structure and different background materials.




2. The PCF Structure Analysis


The designed composite PCF (C-PCF) has a silicon core and silica doped with fluorine (1%) cladding with embedded four rings of air holes in a circular lattice. We used the below form of the Sellmeier equation [3,4] to find the relevant amounts of the refractive indexes of the selected materials in the core and cladding of the fibers such as silicon and fluorine (1%) doped silica [24]:


   n  sellmeier    λ  =   1 +   ∑   n = 1  N     A n   λ 2     λ 2  −  a n 2       



(1)




where    A n    and    a n    n = 1.2.3 … N     are the fitting variables which are relevant to the kind of the applied materials. The operational wavelength ranges are shown by the term of   λ  . The term of n(  λ )   on the left-hand side of the above equation is the refractive indexes of the selected materials as a function of different wavelengths [3,21,24]. The relevant coefficients for silicon material are    A 1  = 9.7  ,    A 2  = 0.936  ,    a 1  = 0.08 ×   10   − 6    ,    a 2  = 0.134 ×   10   − 6     [3,4] and also similar to the silicon, for silica doped with fluorine (1%), the relevant coefficients are,    A 1  = 0.691116  ,    A 2  = 0.399166  ,    A 3  = 0.890423   and    a 1  = 0.068227  ,    a 2  = 0.116460  ,    a 3  = 9.993707   [24]. Therefore, we can calculate the wavelength–dependent refractive indexes of silicon and silica doped with fluorine (1%) by using:


   n  si , co    λ  =   1 +   9.7  λ 2     λ 2  −     0.08 ×   10   − 6      2    +   0.936  λ 2     λ 2  −     0.134 ×   10   − 6      2       



(2)






   n  doped − silica , co    λ  =   1 +   0.691116  λ 2     λ 2  −     0.068227    2    +   0.399166  λ 2     λ 2  −     0.116460    2    +   0.890423  λ 2     λ 2  −     9.993707    2       



(3)







The designed parameters of PCFs are relevant to the terms of d,     Λ  , and    d c    which represent the hole diameter, hole pitch, and core diameter, respectively. The first proposed silica-doped-with-fluorine (1%) cladding PCF is a silicon core and silica-doped-fluorine (1%) cladding PCF, and the other one is an entirely background silicon PCF (S-PCF) with the same structure of core and lattice of air holes. The schematics of both the entirely silicon and composite PCFs (S & C-PCFs) are shown in Figure 1. The Mid-IR sensing behavior of both proposed C-PCF photonic crystal fibers can be characterized by sensitivity, effective area, and birefringence. These properties can be investigated by using Ref. [20]. For this purpose, the power fraction of the light in the proposed hybrid photonic crystal fiber can be given by:


  P =   ∬    E X   H Y  −  E Y   H X    d x    dy  C O R E     ∬    E X   H Y  −  E Y   H X    d x    dy  T O T A L      



(4)




where Ex, Ey, Hx, Hy refer to the electric and magnetic fields in x- and y-directions, respectively. The interaction of the light can be then used to estimate the relative sensitivity (Sr) as in Ref. [20], and it is introduced as the ratio of the product of refractive index of the core to the real part of the effective mode index of the proposed fiber. It is noteworthy that, in this study, the main focus is on the OCT application of the designed PCF; however, we have provided the relevant explanation in the text to show the other capabilities of the presented PCFs.




3. Results and Discussions


In order to generate supercontinuum, it is necessary to derive optical characteristics of the fibers that are directly involved in the wave equation. First, we calculated the propagation constant of the HE11 guided mode ( β ) by using the finite-difference time-domain (FDTD) method [3,25,26]; then, we extracted the relevant values of the effective refractive indexes (   n  eff    ); finally, we investigated the most important optical characteristics, such as effective area (   A  eff    ), nonlinear coefficient, total loss, and higher-order dispersions. In our theoretical analysis, we considered total internal reflection (TIR) as the case of mode confinement in the cores of both proposed PCFs. In the following, all of the above-mentioned parameters were optimized for efficient generation of ultra-broadband supercontinuum in the Mid-IR regime because of its valuable applications in several aspects, such as telecommunications [3,25], OCT applications [2], optical sensing [1,26,27,28], etc.



3.1. Dispersion Analyzing


The dispersion plays an important role in optical pulses propagation along the fiber as it causes the pulse broadening and, consequently, changes the phase velocity of the optical pulse’s components. On the other hand, fiber’s dispersions generally determine the phase-matching conditions. It determines the proficiency of nonlinear processes in photonic crystal fibers [26,27]. Total dispersion,     D t   λ   , including the material and waveguide dispersions, can be described by [3,6]:


   D t   λ  =   − λ  ∂ 2  Re    n  eff       c ∂  λ 2     



(5)




where  λ  is the operational wavelength and  c , is the light velocity. The waveguide, material, and total dispersions of the fiber are shown by the terms of    D w   ,    D m   , and    D t   , respectively. As stated,    n s    is the refractive index of the selected material in the core of the fiber and can be directly calculated by using the Sellmeier formula, and   Re      n  eff       is the real part of calculated effective refractive index. In our computations, both the material dispersions of the silicon and silica doped with fluorine (1%) have been taken into the calculations simultaneously. During our calculations, we had to gratify the material dispersion of both designed fibers by using the waveguide dispersion. This is because of the large material dispersion values of the silicon in the short-wave-infrared (SWIR) to middle-infrared (Mid-IR) regions of spectra.



The waveguide dispersion of the PCFs can be directly adjusted by changing the structural parameters such as pitch ( Λ ) and normalized hole diameter to pitch (   d Λ   ). In addition, me need to consider that during the propagation of the ultra-narrow femtosecond optical pulses, the second GVD and higher-order dispersions, will be of high magnitude and must be included in the account [2,3,29]. The HODs of the PCFs can be derived easily by using the following formula [3,29]:


   β n  =   ∂  β  n − 1     ∂ ω                   n = 2 , 3 , 4  



(6)




where the interdependence of the selected material in the core of the PCF has been also taken into the account. By applying the operational wavelength of 2500 nm through the laser source of     Cr   + 2   : ZnSe   [3,4] as the input pumping wavelength, the extracted dispersion coefficient curves and values are presented in Figure 2 and also listed in Table 1 for both the silicon core and silica-doped-with-fluorine (1%) cladding-composite PCF and the entirely silicon proposed PCF for   Λ = 2.5    μ m   ,     d Λ  = 0.8   and   Λ = 0.75    μ m   ,    d Λ  = 0.8  , respectively.



In the case of the designed S-PCF, we clearly see a large minimum negative GVD, which is centered at 2500 nm by choosing the nano-sized parameters of   Λ = 0.75    μ m    and d = 600 nm. A larger minimum negative GVD finally leads to achieving longer dispersion length. It can also minimize the effects of higher-order dispersions on the propagated pulses. It is also very important in supercontinuum generation process because wider supercontinua can be generated in smaller distances of the fiber when the dispersions factors take place in longer lengths of the fiber with minimum limiter effects. In contrast, our proposed C-PCF has lower negative GVD, which is appropriate for the cases with composite materials and one zero dispersion wavelength, which finally causes lower higher-order dispersions. However, the designed C-PCF has smaller dispersion lengths than the designed S-PCF, which means that supercontinua can appear in the longer distances with higher effects of dispersions on the propagated pulses. In addition, in the case of the designed S- PCF, we can see two zero dispersion wavelengths, one at 1800 nm and another one at 3100 nm, from NIR to Mid-IR region of the spectrum, which is a great point to generate ultra-stable supercontinua.



On the other hand, the designed C-PCF has only one ZDW centered at the wavelength of 2490 nm, which shows that the proposed C-PCF is specially designed for Mid-IR applications. The selected ZDW in the designed C-PCF has a low difference with the operational wavelength (2500 nm), which results in obtaining lower and more appropriate second- and higher-order dispersions for Mid-IR nonlinear applications. In spite of all the above-mentioned features in both designed PCFs, paying attention to the manufacturing process is of great importance and is known as a determinative factor. It is clear that in the case of silicon fiber, nano-sized parameters have been used, and it shows much better optical properties compared with the composite designed fiber. This is due to the small differences between the refractive indexes of the core and cladding of the entirely silicon PCFs. In these situations, we have to use sub-micron hole pitches ( Λ ) to cover the wavelength of 2500 nm. In contrast, because of the higher differences between the refractive indexes of the core and cladding of the mentioned composite PCF, we have to use larger hole pitch sizes (  ≥ 1    μ m   ) to meet the wavelength of 2500 nm. The larger the pitch size is, the easier the manufacturing process is. It means that lower accuracy and, finally, lower costs are needed for manufacturing such efficient composite PCFs in comparison with the silicon nano-sized PCFs.




3.2. Confinement Loss


The loss of the photonic crystal fibers may have several reasons, such as material absorptions, macro- or microbending losses, structural imperfection, and finally confinement loss [29,30]. The last one, confinement loss (CL), is due to the mode’s leakage and, also, the heterogeneous and incomplete structure of the PCFs. Depending on the number of the hole rings in the cladding, wavelength, and hole size, the modes will be guided with a loss which is dependent on the structure of the fiber [29,30,31]. The confinement loss can be calculated by [5]:


  C L =   40  π   Im     n  e f f       λ ln   10        



(7)




where  λ  is the operational wavelength. The imaginary part of the effective index of guided mode is shown by the term of   Im    n  e f f      .   C L   is presented by the structure of the PCF, especially the size and number of the air holes which are embedded in the cladding structure of the fibers [5,29]. As previously confirmed by several references [1,2,3,4,29], by enhancing the number of air hole rings, the   C L   decreases significantly. In our study, we used only 4 optimized rings of air holes in the cladding structure to further decrease the confinement loss. Based on our calculations, the selected number of rings is optimized, and implementation of further rings has no influence on the values of confinement loss. The total loss of the fibers can be derived by using the following equation [4,30,31,32],


   L t  =  L m  +  L c     



(8)




where    L c    is the confinement loss and    L m    is material loss strongly dependent on the kind of materials which are used in the core of the fiber and estimated to be   3     dB  m    at 2500 nm for a silicon material [3,4]. Figure 3 depicts the confinement loss for both PCFs as a function of wavelength. As we can see, the designed composite PCF presents a negligible confinement loss of   4.5 ×   10   − 3       dB  m   , which comes from the fact that the light is completely confined in the core of the composite fiber. In contrast, we have a large amount of   32 ×   10   − 3       dB  m    for confinement loss of silicon nano-sized PCF, which is approximately seven times that of the composite PCF. We realize that because of the sub-micron dimensions of the designed silicon PCF, the core of the fiber becomes narrower, so the complete confinement of the propagated light becomes limited in the core, and it leaks more in the cladding of the fiber with wavelength increasing. Obtaining lower confinement loss is an important key in manufacturing process of the fibers. Therefore, our proposed composite PCF shows a unique feature in this case.




3.3. Nonlinear Index and Effective Area


In the processes of nonlinear optics, one of the most important key factors in the proficiency of the nonlinear waveguide is nonlinear coefficient [4,31,32]. The nonlinear coefficient of the optical fibers can be calculated as [32]:


  γ =   2 π  n 2    λ  A  eff      



(9)




where    n 2    is nonlinear index of the fiber,    λ   is the operational wavelength, and    A  eff    , is the fiber core effective area which can be directly calculated by [3,4,32]:


   A  eff   =   ∫     I d A    2    ∫  I 2  d A    



(10)




where the term of  I  is the optical intensity. It is evident that the nonlinear coefficient of the fiber,     γ  , has a reverse relation with the effective area (  γ ∝  1   A  eff      ). Therefore, the smaller the effective area is, the larger the nonlinear coefficient is. The effective area and nonlinear coefficients of both designed fibers with the parameters of   Λ = 0.75    μ m   ,    d Λ  = 0.8   and   Λ = 2.5    μ m   ,    d Λ  = 0.8   are shown in Figure 4.



As shown in Figure 4, in both PCFs,    A  eff     increases when the nonlinear coefficient decreases as a function of wavelength. It is clear that highly nonlinear coefficients of   γ       ω . m     − 1   = 31   and   γ       ω . m     − 1   = 8.1   can be achieved in our proposed silicon and composite PCFs, respectively. These values are due to the calculated effective areas of   0.55      μ m   2    and   2.83      μ m   2    for the designed S-PCF and C-PCF, respectively. The values of the nonlinear coefficients are more than 27 to 100 times larger than a highly nonlinear silica-based regular photonic crystal fiber and, in one case, 1.5 orders of magnitude lower than that of a chalcogenide-based highly nonlinear photonic crystal fiber (HNL-PCF) [6]. The combined effect of rigid state confinement in a silicon core and an intense nonlinear index of   6 ×   10   − 18      1  ω . m     result in highly nonlinear coefficients in our designed PCFs. The designed fibers with such a massive nonlinearity, adjustable dispersions, and low attenuation can have many functional applications, such as sensing, wavelength conversion, material processing, etc.





4. Supercontinuum Generation (SCG)


4.1. Spectral Evolution


We employed nonlinear Schrodinger equation (NLSE) as a widely used formula in order to simulate the supercontinuum generation along the proposed PCFs [3,4,33]:


      ∂  ∂ z   U   z , t   =   −    α t   2  U   z , t   −    β 2    2 !      ∂ 2    ∂  t 2    U   z , t   +    β 3    3 !      ∂ 3    ∂  t 3    U   z , t   + ⋯ + i γ (  1 +  i   ω 0     ∂  ∂ t    ) [  U   z , t     ∫   − ∞  ∞  R (  t ′  )      U ( z , t −  t ′     2  ∂  t ′  ]      −    α  4 p a     2  A  eff  3        U   z , t      6  −    α  TPA     2 γ  A  eff         U   z , t      2  − 3 p a  ω      U   z , t      4  −  δ 2    1 + i μ    N c  U   z , t       



(11)




where   U   z , t     shows the envelope of the propagated optical pulse.  γ  states the nonlinear coefficient of the fiber and    1   ω 0      is responsible for the self- steepening.    α t  =  α m  +  α  cl   +  α  FCA    , is the total loss of the fiber, where    α m    and    α  cl     are the material and the confinement losses and    α  FCA     depicts the free carrier absorption of the silicon material and is calculated to be 66.8    m  − 1     [4]. The terms of   2   pa   and   3   pa   are two- and three-photon absorptions. It is noteworthy that in the silicon core PCFs, an additional term of loss with the name of two-photon absorption (TPA) shows itself in a way that it must be included in the wave equation. However, the mentioned destructive loss is zero for the wavelength of higher than 2300 nm [3,34]. The value of   3   pa   is estimated to be 0.025     cm  3    GW   − 2    .    α  4 pa     is the term of four-photon absorption and similar to the term of three-photon absorption, assumed to be 0.025     cm  3    GW   − 2     [4]. The factor of    N C   , is the maximum carrier density and  μ  and  δ  are the relevant constants with magnitude of free-carrier absorption (FCA) with the values of   8 ×   10   21      1   m 3     , 3.16 and   8.2 ×   10   − 21      1   m  − 2      , respectively [4]. In this paper, although the needed length of the fiber is in the order of millimeter and the effects of the losses are negligible, we included them into the account to achieve accurate results. In our calculations, we also assumed the following input secant hyperbolic pulse of:


  U   z = 0. t   =    P 0     sech     t   T 0       



(12)




where    T 0    is the width of the input pulse and is relevant to the term of full width at half maximum (   T  FWHM    ) through:


   T  FWHM   = 1.76  T 0   



(13)







As previously described,    β m    shows the higher-order dispersions and can be derived by using Equation (6).   R  t    and    h R   t    depict nonlinear response function and Raman function, respectively, and can be described as:


  R  t  =  f R   h R   t  +   1 −  f R    δ  t   



(14)






   h R   t  =    τ 1 2  +  τ 2 2     τ 1   τ 2 2    exp     − t    τ 2      sin    t   τ 1       



(15)




where    f R    is the Raman constant and it is related to contribution of the Raman respond and is changed by varying the kind of the core materials.    τ 1     &    τ 2   , are the Raman period and life time. The values of the mentioned parameters can be found in references [3] and [4], respectively.



In this paper, to theoretically simulate the supercontinuum spectra through the designed PCFs, we applied the widely used second-order split-step Fourier method (S-SSFM) [34,35,36,37,38,39,40]. We also used    T  FWHM   = 1.76   fs   and a low pulse input power of 400 W for both above-designed PCFs simultaneously. For pumping at wavelength of 2500 nm, we can use     Cr   + 2   : ZnSe   laser sources operating at   2 – 2.5    μ m    [3,5]. Simulation results demonstrated that by using    T  FWHM   = 1.76      T 0  = 100   fs     and low input pulse power of 400 W, the ultra-spectral broadening of 3700 nm and 3200 nm generated in the proposed S-PCF and C-PCF, respectively. They can be clearly seen in Figure 5.



The above-generated ultra-broadband spectrum of 3700 nm and 3200 nm by using the low power of 400 W is one of the positive points of this study. However, there are several technical topics in this regard to discuss.



Firstly, we can clearly see that the spectral broadening starting point of the proposed S-PCF is much shorter than the C-PCF. It is because the calculated dispersion length of the designed S-PCF is longer than the dispersion length of C-PCF (   L  D − SPCF     (     T 0 2     β  2 − SPCF      ) ≫  L  D − CPCF     (     T 0 2     β  2 − CPCF      )  ). This is due to the larger derived second-order dispersion in the designed S-PCF than the designed C-PCF. In these situations, the nonlinear effects in the designed S-PCF play a significant role and become dominant more than the designed C-PCF (   L  NL − CPCF     ≫  L  NL − SPCF    ). As a consequence, the evolution of broadening starts sooner in the designed S-PCF (   z  opt   = 0.58   mm )   than in C-PCF (   z  opt   = 2.2   mm  ).



Secondly, based on our previous explanations, we can see predictable differences, such as spectrum broadening values and also presence of spectral fluctuations in the output spectrum of the designed C-PCF compared with the S-PCF. The mentioned differences are due to the optimized calculations of the second- and higher-order dispersions in the proposed S-PCF and because the contribution of higher-order dispersions to the second-order dispersion in the designed S-PCF is lower than C-PCF. The influence of higher-order dispersions is more negligible compared with the C-PCF. However, it should be noted that although the optical characteristics of the designed S-PCF are ideal for nonlinear applications, our proposed C-PCF’s optical properties are also suitable and acceptable. This can be seen in the values of the pulse broadening in the proposed C-PCF compared with the other scientific outputs.



Thirdly, in this research, the main key factor in choosing the desired fiber for using in the nonlinear applications is the simplicity of its manufacturing process. The designed C-PCF has a bigger size than that of the proposed S-PCF (approximately 3.5 times that of S-PCF). Therefore, it is evident that our proposed C-PCF is much more ideal to use in the Mid-IR nonlinear applications because it includes both unique optical characteristics and a simplified manufacturing process simultaneously. It is due to the fact that the condensation of silica material with fluorine (1%) decreases the cladding refractive index of the proposed C-PCF and finally increases the V parameters of the fiber, which results in bigger required parameters for the design of such fibers.




4.2. An OCT Imaging Mid-IR Setup


By using optical coherence tomography (OCT) techniques, we can investigate objects in volumes with very high accuracy and resolution [2,33]. OCT uses the scattering characteristics of the light in a scattered medium. This technique is extensively used in the medical industry (especially medical imaging) and industrial nondestructive testing. Mid-IR OCT allows for higher permeation depths and increased quality compared with conventional NIR-OCT [33,34]. This is due to lower scattering loss at lower frequencies. In this section, we proposed a Mid-IR OCT imaging setup shown in Figure 6. As we can see from the figure, we dedicated our proposed PCF to the input part of the set up. This PCF is connected to the probe and optical source. It acts as a supercontinuum generator. The implemented part is an added section, which can be used in the OCT setups for achieving qualified images because it generates broaden spectra by using very low energies (we described the relevant reasons in the previous sections). This is the fact that distinguishes our proposed setup from the other published works [41,42,43]. The setup’s function can be described as follows: At first, the selected chromium doped Zinc Selenide (    Cr   + 2   : ZnSe  ) optical laser source generates and emits high-intensity optical pulses with femtosecond durations in the middle-infrared region of spectrum. The generated laser light then is propagated into our proposed silicon-core and silica-doped-with-fluorine (1%) cladding photonic crystal fiber which is attached to an imaging probe. It is notable that the main parts of the mentioned imaging probe (OCT imaging probe) include a splitter of beam, a reflecting prism, a system of mirrors and finally a discoverer. In this proposed setup, the observation of the relevant targets (samples and tissues) become easier by using two additional parts, including a camera and a LED ring for defining the OCT scanning area. In the following, the generated broadband spectrum from the mentioned optical source is divided into two beams, which are called pattern (sample) beam and reference beam. The beam splitter emits the spectrum to the reference mirror (reflecting prism) and to the sample through the mirrors and objective, respectively. Both beams then are mingled in the probe and emit to the photo tracer (detector). Photodetectors are used to convert the optical beams to the analog signals, and its parasite signals then can be removed by any kind of high and band pass relevant filters. For further reduction of the required sampling rate without removing the data of the signals, a demodulator can be used. The demodulator output signal shows an analog video. However, for further and deeper data processing purposes, it is urgent to convert the analog signals to the digital signals (data) by using a microcontroller. After an accurate data analysis and data processing, the received video from the main sample (such as a tissue) can be finally displayed on a screen.





5. Investigation on the Existing Challenges in the Manufacturing Process of the Proposed PCFs


Over the years, several manufacturing techniques such as drilling, capillary stacking, extrusion, and so on, have been applied to design various structures of PCFs. However, during the fabrication process, structural parameters of the PCFs, such as air-hole diameter, pitch, core diameter, and plasmonic metal layer thickness, can be changed [8]. This could either optimize or damage the sensing and other behaviors of the PCFs due to the structural parameters.



Presence of deformed air holes, emergence of additional holes, and perturbations of the structure’s symmetry are the main usual fabrication challenges in the PCFs manufacturing process. Although emergence of additional holes and perturbations of the structure’s symmetry are directly relevant to the selected method of fabrication and the utilized tools during the process, presence of deformed air holes is relevant to the selected parameters at the designing stage. It is also due to very small design of the air holes around the core of the fiber [3]. In this theoretical study, we tried to design a PCF with appropriate structural parameters to prevent air holes deformation under the assumption that the process is ideal. However, we must note that we designed a composite PCF (C-PCF) that cannot be made by using the usual existing techniques. We presented magnesium-thermic method as a novel method for fabricating silicon core PCFs [3]. This method works based on the process of converting silica to silicon by using complicated chemical interactions and specific tankers simultaneously. It must be combined with one of the above-mentioned usual techniques to make the proposed C-PCF. Many unwanted changes can happen, especially in the process of converting, so the deteriorations of the mentioned techniques for hybrid PCFs can be still an ongoing topic.




6. Comparison between the Optical Properties of the Designed PCFs with Other Works


In this section, extensive comparisons between the optical characteristics of our novel designed PCFs and other research findings are presented in Table 2. Comparing the parameters clearly shows that although the designed Silicon PCF displays more ideal optical characteristics, its manufacturing process needs complicated and accurate procedures. The relevant costs increase significantly. On the other hand, our designed C-PCF shows acceptable and competitive optical properties in addition to a much easier manufacturing process because of the optimized implemented structural parameters of the proposed C-PCF.




7. Conclusions


The design of a composite photonic crystal fiber based on silicon-core and silica-doped-with-fluorine (1%) cladding and adjusted dispersion for supercontinuum generation with input pump being located at the wavelength of 2500 nm has been reported. Numerical investigations showed the designed C-PCF as being a suitable PCF for middle-infrared (Mid-IR) supercontinuum generation, especially where only a 5 mm long composite PCF was desired to gain spectral broadening in an optical bandwidth of 3200 nm by using only the input power of 400 W. The major positive and advantageous point of our proposed C-PCF is the simplicity of its manufacturing process compared with other studies. With ultra-wideband SCG, the designed C-PCF has potential to be used in multiple nonlinear applications, especially in Mid-IR OCT. Following our previous assertion, we also proposed a simple imaging OCT-setup to further explain our designed C-PCF functionalities and applications. The proposed setup can be extensively used for ultra-precious imaging with very low consumption of energy.
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Abbreviations




	CL
	Confinement Loss



	C-PCF
	Composite-Photonic Crystal Fiber



	FCA
	Free-Carrier Absorption



	FDTD
	Finite-Difference Time-Domain



	fs
	Femtosecond



	GVD
	Group Velocity Dispersion



	HNL
	Highly Nonlinear



	HOD
	Higher-Order Dispersion



	Mid-IR
	Middle Infrared



	NIR
	Near Infrared



	NLSE
	Nonlinear Schrodinger Equation



	OCT
	Optical Coherent Tomography



	PCF
	Photonic Crystal Fiber



	ps
	Picosecond



	S-PCF
	Silicon-Photonic Crystal Fiber



	SWIR
	Short Wavelength Infrared



	TPA
	Two-photon absorption



	UBB
	Ultra-Broad Band



	UWB
	Ultra-Wide Band



	ZDW
	Zero Dispersion Wavelength
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Figure 1. The schematics of the proposed PCFs with (a) silicon core and fluorine (1%) doped silica cladding, (b) entirely silicon background. 
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Figure 2. Higher-order dispersions of (a) silicon PCF for   Λ = 0.75    μ m   ,      d Λ  = 0.8   and (b) C-PCF for   Λ = 2.5    μ m   ,    d Λ  = 0.8  . 
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Figure 3. Confinement losses of (a) the designed silicon PCF for   Λ = 0.75    μ m   ,      d Λ  = 0.8   and (b) the designed composite PCF for   Λ = 2.5    μ m   ,      d Λ  = 0.8   as a function of wavelengths. 
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Figure 4. Effective areas and nonlinear coefficients for (a,b) entirely silicon PCF and (c,d) silicon-core and silica-doped-with-fluorine (1%) cladding PCF with   Λ = 0.75    μ m   ,    d Λ  = 0.8   and   Λ = 2.5    μ m   ,    d Λ  = 0.8  , respectively. 
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Figure 5. Spectral evolution of broadening in (a) S-PCF and (b) C-PCF. 
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Figure 6. The proposed Mid-IR OCT-setup. 
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Table 1. The higher order dispersions coefficients of our proposed PCFs.
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	    Λ = 2.5    μ m      ,    d Λ  = 0.8    
	    Λ = 0.75    μ m    ,    d Λ  = 0.8    





	    β n       / Material .           ps  n    km       
	C-PCF
	S-PCF



	    β 2    
	–12.5
	–1400



	    β 3    
	3
	0



	    β 4    
	   − 1 ×   10   − 2     
	0.072



	    β 5    
	   1 ×   10   − 4     
	   − 2 ×   10   − 3     



	    β 6    
	   − 1 ×   10   − 6     
	   2.5 ×   10   − 5     



	    β 7    
	0
	   − 2 ×   10   − 7     



	    β 8    
	   − 1 ×   10   − 8     
	   0.7 ×   10   − 9     



	    β 9    
	   − 6 ×   10   − 10     
	   − 2.5 ×   10   − 12     



	    β  10     
	   − 1.1 ×   10   − 13     
	   4.3 ×   10   − 15     



	   λ     nm     
	2500
	2500



	ZDW (nm)
	2490
	1800 & 3100
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Table 2. Comparison between the results and other studies.
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	Parameters
	    β 2        p  s 2    km       
	    β 3        p  s 3    km       
	    β 4        p  s 4    km       
	    β 5        p  s 5    km       
	   γ       w . m     − 1     
	Spectral Broadening
	Power/Energy
	   λ     nm     
	   A  eff     ( μ  m 2   )
	   L  Fiber   ( cm  /  mm  )
	The PCF Type





	The first proposed work
	−12.5
	3
	   − 1 ×   10   − 2     
	   1 ×   10   − 4     
	8.1
	3200 nm
	400 W
	2500
	2.83
	2.2 mm
	C-PCF



	The second proposed work
	−1400
	0
	0.072
	   − 2 ×   10   − 3     
	31
	3700 nm
	400 W
	2500
	0.53
	0.58 mm
	Silicon-PCF



	Ref. [7]
	150
	−1
	0.0041
	   − 1.9 ×   10   − 5     
	0.29
	4400 nm
	3 nJ
	3000
	15
	15 mm
	Chalcogenide

PCF



	Ref. [6]
	−2.3
	0.049
	   4.4 ×   10   − 4     
	   − 1.69 ×   10   − 6     
	0.026
	2270 nm
	8000 W
	1300
	4.7
	37 cm
	Silica-PCF



	Ref. [31]
	−3.7
	0.15
	0.0012
	   1 ×   10   − 5     
	14.98
	5000 nm
	200 W
	20,000
	0.68
	10 cm
	C-PCF



	Ref. [21]
	−170
	Not listed
	Not listed
	Not listed
	1.9
	14,000 nm
	3500 W
	4000
	4.1
	6 mm
	As2Se3-

PCF



	Ref. [32]
	2.253
	   − 1.4 ×   10   − 2     
	   4 ×   10   − 5     
	   − 9.44 ×   10   − 11     
	3.4
	1500 nm
	10,000 W
	1250
	10.5
	15 cm
	C-PCF



	Ref. [41]
	−32
	0.0011
	   2 ×   10   − 4     
	   − 7 ×   10   − 7     
	0.3
	1200 nm
	184 pJ
	850
	0.81
	10 mm
	Silica-PCF



	Ref. [5]
	−0.0107
	0.00145
	   − 3.9 ×   10   − 6     
	   2.1 ×   10   − 8     
	2.3
	6600 nm
	10,000 W
	2500
	3.98
	5 mm
	As2S3-

PCF



	Ref. [44]
	−4.1
	Not listed
	Not listed
	Not listed
	0.189
	1200 nm
	16,000 W
	1030
	3591
	10 cm
	C2CL4-

PCF



	Ref. [45]
	−0.0041
	Not listed
	Not listed
	Not listed
	2.35
	6000 nm
	2500 W
	3250
	Not listed
	4 mm
	Al0.24Ga0.76As based PCF



	Ref. [46]
	−11.8
	   8.1 ×   10   − 2     
	   − 9.5 ×   10   − 5     
	   2.7 ×   10   − 7     
	0.11
	800 nm
	10,000 W
	835
	Not listed
	0.1 m
	Silica-PCF



	Ref. [47]
	−10.8
	3
	Not listed
	Not listed
	0.03
	1200 nm
	20,000 W
	1550 nm
	20
	0.3
	Nanowire
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