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Abstract.  We report the first silica-based hollow-core microstruc-
tured fibre for the UV spectral range, with a reflective cladding 
formed by a single ring of capillaries. The optical loss in the fibre at 
a wavelength of 250 nm is 3 dB m–1. We demonstrate distinctions 
between the propagation of high-order modes and the fundamental 
mode of the hollow core of a ‘revolver’ fibre with noncontacting 
cladding capillaries and examine the effect of multimode excitation 
on the transmission bandwidth of the fibre. Based on experimental 
data and numerical simulation results, we formulate recommenda-
tions how to reduce the level of losses and extend transmission 
bands in a hollow-core revolver fibre in the UV spectral range.

Keywords: hollow-core fibre, microstructured fibre.

1. Introduction

‘Revolver’  fibres (RFs) are a class of microstructured fibres 
that  allow  electromagnetic  radiation  to  propagate  in  their 
gas-filled hollow core. There are currently several main types 
of hollow-core microstructured fibre (HCMF), in which the 
light  localisation  mechanism  is  determined  by  the  optical 
properties of their microstructured cladding [1 – 3]. The term 
‘localisation’ is here taken to mean mode field confinement in 
the hollow core. Effective light localisation in the HCMF core 
is due to the constructive interference of the propagating light 
when it is reflected from microstructured cladding elements. 
Various physical mechanisms can be responsible for the local-
isation. Currently,  the best known and best  studied mecha-
nism is light localisation based on photonic bandgaps in pho-
tonic-crystal fibres (PCFs) [1]. This mechanism is operative, 
for  example,  in HCMFs with a  two-dimensional hexagonal 
photonic-crystal  cladding.  The  degree  of  light  localisation 
(the  percentage  of  light  propagating  in  the  core)  in  such 
microstructures  in  the  near-IR  region  can  be  very  high  [4]. 
The linear dimensions of the main elements in the structure of 
the HCMF cladding  are  proportional  to  the wavelength of 
light. Because of  this, HCMFs  for  the UV region are more 
difficult to fabricate, which limits their potential applications. 
The shortest wavelength transmission band obtained in such 
HCMFs lies around l = 850 nm [5]. One type of hollow-core 
fibre is fibre with a Kagome lattice microstructured cladding 

[2]. Such a cladding has a low spectral density of eigenmodes, 
and the modes of the hollow core are weakly coupled to them 
(small overlap integral) because their spatial distributions dif-
fer drastically. For this reason, the transmission bandwidth of 
such  fibres considerably exceeds  that of PCFs. At  the same 
time, losses in the HCMFs with a Kagome lattice cladding are 
considerably higher than those in the PCFs [2]. This and the 
fact that Kagome lattice claddings are more difficult to repro-
duce and fabricate at shorter wavelengths also impede the use 
of such fibres in the UV region.

Recently  demonstrated  silica  HCMFs  with  a  negative 
curvature of their core – cladding boundary are a new type 
of hollow-core  fibre  that allows  for electromagnetic  radia-
tion  transmission  in  the  mid-  to  near-IR  spectral  region 
[6 – 8].  Note  that  the  transmission  bandwidth  of  such 
HCMFs  exceeds  that  of  the  PCFs  and  their  fundamental 
air-core modes have a considerably higher degree of locali-
sation. The cladding of the HCMFs with a negative curva-
ture  of  their  core – cladding boundary has  a much  simpler 
structure  than does  that of  the HCMFs considered above. 
For example, the cladding of a revolver fibre is formed by a 
single  ring  of  capillaries  located  on  the  inner  surface  of  a 
substrate tube [6, 8].

In this paper, we examine the possibility of transmitting 
UV  light  through  revolver HCMFs. The ability  to produce 
such waveguides is of key importance for many applications 
in medicine,  lithography,  photochemistry  and  sensing  tech-
nology [9 – 12].

All-glass  fibres  are  ineffective  in  UV  light  transmission 
because  the  material  optical  loss  in  such  fibres  rapidly 
increases with decreasing wavelength. The air in the HCMF 
core has a much broader transmission window than does sil-
ica glass (but with Schumann – Runge absorption bands [13]). 
Because of this, hollow-core fibres are among the most attrac-
tive  candidates  for  use  as  a waveguiding  structure  for  light 
transmission in a wide wavelength range (exceeding the trans-
mission window of silica glass).

Figure 1 shows measured losses  in the different types of 
HCMF described above. It is seen that, even with the current, 
imperfect technology, HCMFs made of silica glass have good 
guidance  properties  in  the  mid-IR  region.  Light  at  wave-
lengths of up to l = 8000 nm was transmitted using HCMFs 
with  a  negative  curvature  of  their  core – cladding boundary 
[Fig. 1, curve ( 4 )]. Note that it is RFs that ensured waveguid-
ing  in  the  spectral  range where  silica  glass  has  high  losses. 
Near l = 3000 nm, RFs [point ( 5 )] and HCMFs with para-
chute-shaped  cladding  elements  [points  ( 8 )]  have  roughly 
equal  losses  (30 – 50 dB km–1). Near l = 1500 nm, photonic 
bandgap-based  HCMFs  have  the  lowest  measured  loss 
[points ( 6 )]. Much less data have been reported on the char-
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acteristics  of  hollow-core microstructured  fibres  in  the UV 
region [point ( 11 ), curves ( 14 )].

In this paper, we examine the feasibility of UV light trans-
mission through hollow-core RFs. To this end, we have fabri-
cated a  specially designed  silica  fibre  intended  for UV  light 
transmission (RF1) and measured its optical losses in the vis-
ible and UV ranges. Due to some specific features of the fibre 
fabrication  process,  the  geometric  dimensions  of RF1  vary 
along its  length (with a spread of several percent). With the 
aim of further improving the fibre design and analysing mech-
anisms  that  influence  the  guidance  properties  of  fibres,  we 
performed  mathematical  modelling  of  light  propagation 
through  an  idealised  fibre  with  cross-sectional  parameters 
obtained by averaging parameters measured in different cross 
sections  of  RF1.  The  modelling  results  were  compared  to 
experimental data.

2. Optical fibre

The key parameters  determining  light  propagation  through 
RFs include the ratio of the wavelength l of the light to the 
core diameter Dcore (l/Dcore) and the ratio of the thickness t of 
the capillary wall in the fibre cladding to the wavelength (t/l). 
As  shown  earlier  [8],  an  RF  having  a  reflective  cladding 
formed by eight capillaries, Dcore = 119 mm and t = 6 mm offers 
a  satisfactory  performance  in  the  wavelength  range  l  = 
2000 – 8000  nm.  Therefore,  in  the  range  l  =  200 – 500  nm 
(about  one  order  of  magnitude  shorter  wavelengths)  use 
should be made of fibre having an order of magnitude smaller 
core  diameter  and  capillary  wall  thickness.  Such  fibre  was 
fabricated in this study. Its cross section is presented in Fig. 2. 
The fibre fabrication process was similar to that described else-
where  [8, 24]. The capillary wall  thickness was 590 – 630 nm 
and the core diameter was 15 mm. To ensure the possibility of 
handling the fibre (impart to it appropriate mechanical prop-
erties), the thickness of its outer silica tube was increased so 
that its outer diameter after fibre drawing exceeded 70 mm (it 
was determined to be 73 mm).

The optical loss spectrum of the RF1 fibre [Fig. 3, curve 
( 1 )] was measured by the cut-back technique. We used RF1 
segments shorter than 1 m, and the light source used was an 
Ocean Optics DH-2000 deuterium lamp. Its light was coupled 

into RF1 using a lens. The optical loss spectrum thus obtained 
in the wavelength range 250 – 600 nm demonstrates that this 
range contains four transmission bands, with minimum losses 
of 3.25, 1.9, 1.55 and 1.62 dB m–1 at l = 258, 310, 393 and 
540 nm,  respectively.  It  is  seen  in Fig.  1  that,  in  the visible 
range, the loss in RF1 substantially exceeds that in pure silica 
glass. At the same time, silica glass and RF1 have comparable 
losses in the UV region (near l = 250 nm).

Given that the measured dispersion in the RF agrees well 
with calculation results [25], here we restrict ourselves to cal-
culating dispersion as a function of wavelength for the RF1 
fibre  [Fig.  3,  curve  ( 7 )]. The RF1  fibre has  low dispersion, 
which  slightly  exceeds  5  ps  nm–1  km–1  in  the middle  of  the 
transmission bands. Taking into account the low nonlinearity 
level of RFs  (the mass density of  the HCMF core  is  about 
three orders of magnitude lower than that of solids), the low 
dispersion in the RFs and their inherent stability to UV and 
ionising  radiation exposure,  it  is already clear  that  the RFs 
have a number of advantages over pure silica fibres for appli-
cations in the UV region.
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Figure 1. ( 1 – 3 ) Optical losses in pure silica glass (F300, Heraeus) and 
( 4 – 15 ) minimum optical  losses  obtained  to  date  in  various  types  of 
silica-based HCMF.

Figure 2. Cross-sectional SEM image of the RF1 fibre (outer diameter, 
73 mm).
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Figure 3. Measured optical loss spectrum of RF1 ( 1 ), calculated total 
loss for the fundamental ( 2 ) and high-order ( 3 – 6 ) air-core modes of an 
idealised HCMF and calculated group velocity dispersion D as a func-
tion of wavelength for RF1 ( 7 ).
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3. Analysis of the spectral dependences  
of the total loss in revolver HCMFs  
in the UV spectral range

For the numerical simulation and analysis of spectral depen-
dences of  losses  in RF1  (Fig.  2), we used an  idealised  fibre 
having a similar geometric structure. Its characteristic dimen-
sions were as  follows: hollow-core diameter Dcore = 15 mm, 
capillary wall thickness t = 0.62 mm and inner capillary diam-
eter d = 4.36 mm. Loss calculation for the fundamental mode 
of  the  hollow  core  showed  that  there  was  good  agreement 
between  the calculated and measured positions of  the  long-
wavelength  edges  of  the  transmission  bands  of  the HCMF 
under consideration [Fig. 3, curve ( 2 )]. Comparison of exper-
imental  data  and  calculation  results  demonstrates  a  signifi-
cant  discrepancy  between  the  positions  of  the  short-wave-
length  edges  of  the  experimentally  measured  transmission 
bands and the short-wavelength edges of the calculated trans-
mission bands for the fundamental air-core mode (Fig. 3). In 
addition, the calculated position of the optical loss minimum 
for higher order modes in each transmission band is shifted to 
longer wavelengths  from the centre of  the band. Moreover, 
there is a significant discrepancy between the calculated total 
loss for the fundamental mode and the experimentally mea-
sured loss. Comparison of the experimental data and calcula-
tion results suggests some evidence that, under the experimen-
tal conditions of this study, not only the fundamental mode 
but  also  a  few  higher  order  modes  were  excited  in  short 
(~1  m) pieces of  the  fibre. Note  that  the measured  level  of 
optical  losses  corresponds  to  some  average  value  for  a  few 
excited modes and that the shift of the measured position of 
the absorption minimum in each transmission band to longer 
wavelengths corresponds to the analogous shift in the optical 
loss spectra of higher order modes in the RF1 fibre.

It  is known that revolver HCMFs are currently classed 
with hollow-core antiresonant fibres [26, 27]. Light localisa-
tion in such fibres is due to the effective antiresonant reflec-
tion of the light propagating through their hollow core from 
cladding elements,  in particular from the capillary walls  in 
our case. If the resonance condition is met at a given wave-
length, ktt = pm  [where  k kt

2 2b= -   is  the magnitude of 
the transverse wave vector; k  is the magnitude of the wave 
vector of the light in the medium (air or glass); b is the mode 
propagation constant of the hollow core; and m  is an inte-
ger],  the  loss rises sharply, and this determines the edge of 
the transmission band of the fibre. It  is seen  in Fig. 3 that 
this is indeed so for the fundamental and the first few modes 
of the hollow core. At the same time, the short-wavelength 
edge of the transmission bands of several higher order modes 
is  shifted.  The  higher  the  hollow  core  mode  number,  the 
larger is the shift of the short-wavelength edge of the corre-
sponding transmission band with respect to the wavelength 
that determines resonance in the capillary wall.

Multimode  light  propagation  through  the  hollow  core 
(with a relatively small difference in loss between the modes) 
is observed  in HCMFs of  the RF1  type, which have  some  
spacing between the capillaries [28]. Waveguiding loss calcu-
lation for an HCMF having a cladding formed by eight con-
tacting capillaries with the same wall thickness as above and 
having  the  same  hollow-core  diameter  indicates  (Fig.  4a) 
that  in  this  case  light  propagates  in  the  few-mode  regime 
(the difference in optical loss between the modes is consider-
ably larger). Note that, as the spacing between the capillar-
ies in cross sections of fibres similar to that shown in Fig. 2 

is continuously reduced to zero,  the optical  loss spectra of 
the  fibres  transform,  also  continuously,  from  those  pre-
sented in Fig. 3 to the loss spectra in Fig. 4a. In the case of 
the RF design under consideration, purely single-mode light 
propagation  appears  to  be  difficult  to  ensure,  because  the 
loss  for  the  fundamental  mode  of  the  hollow  core,  even 
though being lower than that for the first higher order mode 
(of  the  LP11  type),  is  always  comparable  to  it  and  differs 
from it by only a few times (as distinct from the losses for 
higher order modes).

Figure  4b  shows  spectral  dependences  of  the  loss  for 
modes of the hollow core of a waveguide with an octagonal 
core – cladding  boundary  (with  no  negative  curvature).  The 
thickness  of  the  core – cladding  boundary  and  the  effective 
fundamental mode field area in the hollow core were the same 
as in the idealised HCMF with a cladding formed by noncon-
tacting  capillaries.  The  fundamental  air-core  modes  in  the 
HCMF with contacting cladding capillaries and in the octag-
onal microstructure differ in the level of losses (Fig. 4). The 
loss  spectrum  of  the  fundamental  mode  of  the  octagonal 
waveguide has a resonance nature owing to the excitation of 
core – cladding  boundary modes with  large  azimuthal  num-
bers [29]. Nevertheless, in both cases we observe light propa-
gation through the hollow core in the few-mode regime. The 
higher  order  modes  are  strongly  coupled  to  hollow-core 
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Figure 4. Spectral  dependences  of  the  waveguiding  loss  for  air-core 
modes (a) in a revolver HCMF with contacting cladding capillaries and 
(b) in a waveguide with an octagonal cross section and the same thick-
ness of the core – cladding boundary as above: ( 1 ) experimentally mea-
sured loss; ( 2 ) loss for the fundamental mode. The solid squares repre-
sent the loss for the higher order modes.
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core – cladding boundary modes and are very leaky. This sug-
gests that the mechanism of high-order mode localisation in 
the  HCMF  having  eight  contacting  cladding  capillaries  is 
similar  to  that  in  the octagonal waveguide. We believe  that 
this  is  due  to  the  effective  coupling between  core – cladding 
boundary modes with a particular type of rotational symme-
try and high-order air-core modes [28].

It is also seen in Fig. 4 that, in the cases under consider-
ation,  there  is  no  shift  of  the  short-wavelength  edge  of  the 
transmission bands  for  the high-order modes of  the hollow 
core. It is therefore reasonable to conclude that the main con-
tribution to the increase in the number of high-order modes in 
the HCMF (Fig.  2)  is made by  the  free  spaces between  the 
capillaries. As distinct from the fundamental air-core mode, 
the light of high-order modes penetrates the spaces between 
the  capillaries,  thereby  increasing  the  effective  area  of  the 
interaction of the light with the capillary wall and the holes in 
the capillaries. In contrast to the revolver HCMF with con-
tacting cladding capillaries, in this case there is no interac-
tion  of  air-core  modes  with  modes  of  the  core – cladding 
boundary as a whole, and each capillary can be thought of as 
an individual scatterer. As a result, there is no effective cou-
pling of the core – cladding boundary modes to the high-order 
air-core modes.

Figure 5 presents examples of energy flux density distribu-
tions across an  idealised HCMF for  two high-order modes. 
Since the shift of the short-wavelength edge of the transmis-
sion band for these air-core modes cannot be related to reso-
nance in the capillary wall, there is resonance light leakage to 
the holes of the capillaries and the spaces between them.

Thus,  higher  order mode  excitation  in  short  pieces  of  a 
revolver HCMF (Fig. 2) in the UV spectral range leads to a 
high  level of  total measurable  losses and a  reduction  in  the 
transmission bandwidth of the HCMF. It seems likely that, if 
excitation  of  only  the  fundamental  mode  in  the  RF1  fibre 
were ensured, the measured optical loss would be related to 
only  the fundamental mode and, hence, would be  lower. In 
our case,  the measured optical  loss  in  the RF1 fibre can be 
thought of as the upper boundary of the optical loss for the 
fundamental  mode.  It  is  worth  noting,  however,  that  high 

measured losses may also originate from a longitudinal non-
uniformity  in  the  geometric  parameters  of  the  fibre,  which 
was left out of consideration in the mathematical modelling in 
this study.

4. Conclusions

A hollow-core revolver fibre having transmission bands in the 
UV spectral range and losses of the order of a few decibels per 
metre has been studied for the first time. The measured losses 
and  transmission  bandwidths  were  determined  by  specific 
features of the loss spectra for some of the high-order air-core 
modes. Nearly single-mode light propagation in the RF, with 
increased optical losses for the high-order modes in compari-
son with the fundamental mode, can be ensured by optimising 
the  spacing  between  the  cladding  capillaries  or  varying  the 
number of capillaries. We believe that, with improvements in 
the RF fabrication process, revolver HCMFs may have great 
potential for use in the UV spectral range.
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