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Abstract 

In our earlier works, we investigated a relationship between the formation of vortices in the 
transverse component of the Poynting vector of core modes and the regimes of strong localiza-
tion of these modes in solid core micro-structured optical fibers. In this paper, we consider the 
behavior of the orbital part of the Poynting vector of fundamental and high-order modes in hol-
low-core fibers, and make comparisons with similar fundamental core mode behavior in solid 
core micro- structured optical fibers. We then demonstrated the impact of the “negative” curva-
ture of the core-cladding boundary of a hollow-core fiber on the behavior of the orbital part of 
the Poynting vector of the air-core modes.  
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Introduction 

Until recently, micro-structured optical fibers (MOFs) 
have been studied mainly in terms of transmission and 
generation of OAM (orbital angular momentum) modes 
[1]. It is known that there is a huge increase in demand 
for data transmission capacity, which in turn prompts the 
search for effective methods to solve the problem of ca-
pacity crunch. The use of such multiple space channels as 
OAM modes provides a new degree of physical dimen-
sion for space division multiplexing [2]. In contrast to the 
spin angular momentum (SAM) of a core mode, which 
has the values of  ħ depending on left- and right-handed 
circularly polarized state, OAM of the core mode is relat-
ed to its helical phase factor exp( il) and has the values 
of lħ per photon [3]. 

Since the first demonstration of an air-core fiber capa-
ble of transmitting OAM modes with outstanding stability 
[4] at a distance of 13.4 km [5], various designs of MOFs 
capable of transmitting a significant number of OAM 
modes have been proposed. Among them were hollow-
core photonic crystal fibers [6, 7] operating in a wide spec-
tral range. Besides, a spatial division multiplexed optical 
transmission over a multi-ring-solid core OAM fiber with 
56 OAM mode channels over a 60 km span was demon-
strated in [8]. Another study, focusing on helically twisted 
photonic- crystal fibers that preserve the chirality of OAM 
modes of the same order for possible applications in OAM 
modes transmission, is also worth mentioning [9]. 

In the above examples, OAM modes were generated 
using spatial light modulators, spiral phase plates, fiber 
gratings and other devices. In this work, we demonstrate 
that vortex motions of the core mode energy flow in hol-
low-core MOFs can occur not only when using special de-
vices, but also under the leakage of the core mode energy. 

It should be noted that such MOFs as all solid band gap fi-
bers [10] and hollow-core fibers [11] are leaky wave-
guides, unlike step-index fibers used, for example, in tele-
communications. The propagation constants of the core 
modes of the leaky fibers are complex numbers, while for 
step-index fibers, the radiation propagates according to the 
principle of total internal reflection, with propagation con-
stants of the core modes being real numbers. 

In our previous works [12], we showed that the trans-
verse component of the Poynting vector of the fundamen-
tal core mode of both solid-core and hollow-core MOFs 
has a vortex structure with singularities located at points 
with coordinates given by the equation 
Px

 (x, y) = Py
 (x, y) = 0, where Px and Py are projections of 

the transverse component of the Poynting vector of the 
fundamental core mode [13]. These singularities can arise 
both on the axis of the micro- structured fiber and in its 
cladding. In addition, for all- solid MOFs, a relationship 
was found between the vortex structure of the orbital part 
of the transverse component of the Poynting vector of the 
fundamental core mode and the region of low losses that 
occurs in certain ranges of the MOF geometrical parame-
ters in certain spectral bands [14]. It was also demonstrat-
ed that it is in fact the orbital part of the transverse com-
ponent of the Poynitng vector that determines the leakage 
losses of the fundamental core mode in all-solid MOFs.  

In this paper, we consider the behavior of the orbital part 
of the transverse component of the Poynting vector, not only 
of the fundamental, but also of high-order mode of the hol-
low-core fiber. We show that the main deviation of the 
streamlines of the orbital part of the Poynting vector of the 
air-core modes from radial direction occurs at the boundaries 
of the cladding capillaries. In addition, for all solid MOFs, it 
is the orbital part of the Poynting vector that determines the 
level of waveguide losses of hollow-core MOFs.  
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1. Losses and orbital part of the Poynting vector  
of air-core modes for silica glass capillary 

As in the case of all solid dielectric pipes, the spin and 
orbital parts of the Poynting vector of fundamental air-
core mode of a silica glass capillary are determined by 
the same expressions as in [14]. The difference is that for 
a silica glass capillary, an effective refractive index of the 
air-core mode neff

 < 1 in the expressions for the electric 
and magnetic fields of the air-core mode 

   , i t zE E r e   
 

and    , i t zH H r e   
 

, where  is 
the circular frequency,  = 2neff

 / ( is a wavelength) 
and r, , z are cylindrical coordinates, respectively. The 
expressions for the axial components of the hybrid modes 
fields of the HE type of order n have the following form: 

   , ,z n t nE AJ k r F r a    (1) 

   ,z n t nH BJ k r F   (2) 

where a is the radius of the capillary air-core, 
2 2 2

0tk k   0 2 /k    , Jn is Bessel function of the 
first kind and Fn

 () is equal to cos (n) or sin (n) de-
pending on whether an even or odd air-core mode is con-
sidered. In the capillary wall, these expressions can be 
represented as: 

      (1) (2) , ,z n t n t nE CH k r DH k r F a r d      (3) 

      (1) (2) ,z n t n t nH GH k r KH k r F    (4) 

where d is a thickness of the capillary wall,  
2 2 2
tk k   2 /silicak n    and  1

nH ,  2
nH are Hankel 

functions of both kinds. Outside the capillary, the axial 
components of the air-core mode fields are equal: 

     2 , ,z n t nE LH k r F r d    (5) 

     2 ,z n t nH MH k r F   (6) 

where 2 2 2
0tk k   0 2 /k    . 

Based on the expressions obtained for the axial com-
ponents of the air-core mode fields, we can calculate all 
other field components in cylindrical coordinates [15] and 
corresponding expressions for the orbital and spin parts 
of the transverse component of the Poynting vector [16]: 

,spin orbit
transv transv transvP P P 
  

 (7) 

   2 *
0 / 4 Im ,spin

transvP c E E    
   

 (8) 

    2 *
0 / 2 Im ,orbit

transvP c E E   
   

 (9) 

where  * * * *
x x y y z zE E E E E E E E      

 
. 

In this work, we have studied a silica glass capillary 
with an air-core diameter of 40 μm and a wall thickness 
of 750 nm. Using the commercial packet COMSOL (fi-
nite element method) and Matlab, we calculated losses of 
HE11 air-core mode (fundamental mode) in the second 
transmission band for the silica glass capillary (Fig. 1a). 
In addition, we considered the dependences of the orbital 

part of the transverse component of the Poynting vector 
on wavelength for HE11 air-core mode for linear and cir-
cular polarization (Fig. 1a). The calculations showed that 
the orbital part of the transverse component of the Poyn-
ting vector of the fundamental air-core mode exactly 
matches the capillary loss curve, as in the case of an all 
solid dielectric pipe and all solid micro-structured fibers 
[14]. This means that for a capillary, it is the orbital part 
of the transverse component of the Poynting vector that 
determines the level and behavior of leakage losses. 

Fig. 1b shows the distribution of the orbital part of the 
transverse component of the Poynting vector of the HE11 
air-core mode for linear polarization at a wavelength of 1 
μm. As can be seen, the streamlines of the orbital part 
have the same direction as in the case of a dielectric all 
solid pipe and they are determined by its radial projection 
[14]. These findings for leaky waveguides with a round 
core can be confirmed by analytical calculations [14]. 
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Fig. 1. (a) The dependence of losses and the orbital part of the 

transverse component of the Poynting vector of the fundamental 
air-core mode on wavelength in the second transmission band 

for silica glass capillary described in the text (linear and 
circular polari-zation of the air-core mode was considered); (b) 

distribution of the orbital part of the transverse component of 
the Poynting vector of the fundamental air-core mode of the 
silica glass capillary for the case of linear polarization at a 

wavelength of 1 μm 

Another important issue is to consider similar distribu-
tions for high order air-core modes. For the silica glass capil-
lary, we calculated the distribution of the orbital part of the 
Poynting vector for the hybrid HE21 air-core mode which is 
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shown in Fig. 2 for both polarizations. It can be seen that for 
linear polarization of the HE21 air-core mode (Fig. 2a), the 
distribution of the orbital part of the transverse component of 
the Poynting vector has a structure similar to that of the or-
bital part of the fundamental air-core mode (Fig. 1b). More-
over, it can be seen from Fig. 2a that the structure of the 
orbital part of the Poynting vector is determined by the 
azimuthal dependence of the fields of the HE21 air-core 
mode in the form of cos (n) or sin (n). For circular 
polarization of the HE21 air-core mode, we can observe 
a vortex in distribution of the orbital part of the Poyn-
ting vector with a singularity on the axis of the capil-
lary. The topological charge of vortex is equal to 1, as 
follows from the conclusions of fiber singular optics 
[17]. It should be noted that the losses for both types of 
polarizations for the HE21 air-core mode were equal to 
30 dB/m at a wavelength of 1 μm. 
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Fig. 2. (a) Distribution of the orbital part of the transverse 

component of the Poynting vector of HE21 air-core mode of the 
silica glass capillary for the case of linear polarization at a 

wavelength of 1 μm; (b) distribution of the orbital part of the 
transverse component of the Poynting vector of HE21 air-core 

mode of the silica glass capillary for the case of circular 
polarization at a wavelength of 1 μm 

2. Losses and orbital part of the Poynting vector  
of air-core modes for silica glass hollow-core fiber  

Let us consider similar dependences and distributions 
of losses and orbital parts of the Poynting vector of air-
core modes of silica glass hollow-core fiber with a more 
complex cladding design [11] (Fig. 3). For this, a hollow-
core fiber with a cladding consisting of eight silica glass 
capillaries with a wall thickness of 750 nm was consid-
ered. The air-core diameter was 40 μm. 
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Fig. 3. (a) Distribution of the orbital part of the transverse 

component of the Poynting vector of HE11 air-core mode of the 
silica glass hollow-core fiber for the case of linear polarization 
at a wavelength of 1 μm; (b) distribution of the orbital part of 
the transverse component of the Poynting vector of HE11 air-
core mode of the silica glass hollow-core fiber for the case of 

circular polarization  at the same wavelength 

Fig. 3 shows the distributions of the orbital parts of 
the transverse components of the Poynting vector of the 
HE11 air-core mode (fundamental mode) for linear and 
circular polarizations at a wavelength of 1 μm. It can be 
seen that the structure of the orbital part of the Poynting 
vector is fundamentally different from the similar struc-
ture of the orbital part for the silica glass capillary 
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(Fig. 1b). A strong interaction is observed at the bounda-
ries of cladding capillaries for linear polarization of the 
HE11 air-core mode (Fig. 3a). For both polarizations, the 
distribution of the orbital part of the Poynting vector of the 
fundamental air-core mode has a much more complex vor-
tex structure at the core-cladding boundary in contrast to 
the same distributions for the silica glass capillary. The 
maximum deviation of the vector of the orbital part of the 
transverse component of the Poynting vector from the ra-
dial direction occurs precisely at the boundaries of the 
cladding capillaries, which is associated with the so-called 
“negative” curvature of the core-cladding boundary [11].  

However, the dependence of the orbital part of the 
Poynting vector on wavelength exactly coincides with the 
dependence of loss on wavelength for a hollow-core fiber 
(Fig. 4) as well as for the same dependence for the silica 
glass capillary (Fig. 1a). As in the case of solid-core 
MOFs [14], it can also be argued that the spin part of the 
Poynting vector of the air-core modes has a very small ef-
fect on the loss level and the shape of the loss curve of 
hollow-core fibers. It is the orbital part of the transverse 
component of the Poynting vector that plays a decisive 
role in the loss formation in the hollow-core fibers. 
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Fig. 4. The dependence of losses (solid curve) and the orbital 

part of the transverse component of the Poynting vector 
(squares and circles) of the fundamental air-core mode on 

wavelength in the second transmission band for silica hollow-
core fiber described in the text (linear and circular polarization 

of the air-core mode was considered) 

Fig. 5 shows the distributions of the orbital parts of 
HE21mode of the hollow-core fiber. Here, as in the case 
of HE11 mode, we can see a strong interaction of the or-
bital part of the transverse component of the Poynting 
vector with the cladding capillaries for linear polarization 
and a vortex structure of the orbital part for circular po-
larization with a singularity on the fiber axis. The losses 
for both types of polarizations for the HE21 air-core mode 
were equal to 0.075 dB/m at a wavelength of 1 μm. 

Conclusions 

In this work, we have considered the behavior of the 
orbital part of the transverse component of the Poynting 
vector of air-core modes in a silica glass capillary and in a 
silica glass hollow-core fiber with a cladding consisting of 

eight capillaries. It was demonstrated that the dependences 
of the orbital part of the Poynting vector of the air-core 
modes on wavelength are identical to the loss dependences 
on wavelength for these fibers. The same relationship was 
demonstrated for all solid micro-structured fibers in our 
earlier work [14]. As can be seen from Fig. 1a and Fig. 4, 
the loss level in a silica glass capillary is approximately 
1000 times greater than the one in a hollow-core fiber with 
a “negative” curvature of the core-cladding boundary. All 
parameters of the fibers were chosen to be the same, and 
the calculations were carried out for the same transmission 
band. There is a qualitative difference in the behavior of 
the orbital part of the transverse component of the Poyn-
ting vector of the air-core modes precisely at the core-
cladding boundary for both types of the hollow-core fibers. 
For a hollow-core fiber with eight capillaries in the clad-
ding, we can observe a strong vortex motion of the orbital 
part vector at the boundaries of the cladding capillaries, 
which, apparently, is directly related to a sharp decrease in 
the loss level in such hollow-core fibers. 
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Fig. 5. a) Distribution of the orbital part of the transverse 

component of the Poynting vector of HE21 air-core mode of the 
silica glass hollow-core fiber for the case of linear polarization 
at wavelength of 1 μm; (b) distribution of the orbital part of the 
transverse component of the Poynting vector of HE21 air-core 

mode of the silica glass hollow-core fiber for the case of 
circular polarization at the same wavelength 
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In our future work, we plan to carry out additional 
studies that will possibly allow us to find a mechanism 
for reducing losses in hollow-core fibers based on the 
complex vortex behavior of the transverse energy flow of 
the air-core modes. 
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