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Abstract.  We have studied for the first time the propagation of 
femtosecond pulses through an optical fibre with an air-filled hol-
low core and a cladding in the form of one ring of noncontacting 
cylindrical capillaries for high-power radiation transmission in the 
1.55-mm telecom range. Numerical analysis results demonstrate 
that the parameters of the fibre enable radiation transmission in the 
form of megawatt-power Raman solitons through up to a 25-m 
length of the fibre and tuning of the emission wavelength over 130 
nm. We have experimentally demonstrated femtosecond pulse 
transmission through fibres up to 5 m in length in the linear propa-
gation regime, without distortions of the pulse spectrum, with a 
dispersion-induced temporal pulse broadening within 20 %.
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1. Introduction

Hollow-core microstructured fibres offer unique possibilities 
for transmitting high-power femtosecond pulses over consid-
erable distances owing  to  the high degree of  localisation of 
their fundamental mode in their core. In optical fibres with a 
negative  curvature  of  their  core – cladding  interface,  the 
degree of localisation reaches 99.993 % [1]. The main nonlin-
ear medium that influences the shape and spectrum of femto-
second  pulses  is  the  gas  filling  the  fibre  core.  Hollow-core 
microstructured  fibres  can  ensure  light – gas  interaction 
lengths at which  the nonlinear properties of  the gas have a 
strong effect on the spectral and temporal characteristics of 
femtosecond pulses [2 – 7].

Optical fibres whose hollow core is filled with air at atmo-
spheric pressure are of particular  interest  for producing all-
fibre  systems  transmitting  high-power  femtosecond  pulses, 
because they require no complex gas filling procedures. The 
propagation  of  high-power  femtosecond  pulses  through  a 
photonic crystal fibre having a hollow core filled with atmo-
spheric air was studied by Ouzounov et al. [6]. The fibre had a 
transmission  band  from  1400  to  1550  nm  and  a  dispersion 
parameter D = 15.9 ps nm–1 km–1. When a 110-fs pulse of 
900-nJ  energy  at  a wavelength  of  1470  nm was  launched 
into a 3-m length of the fibre, the output pulse had a power of 

2.4 MW and its spectrum was shifted towards the long-wave-
length edge of the transmission band. Luan et al. [7] demon-
strated transmission of pulses at 800-nm wavelength in an air-
filled hollow-core photonic  crystal  fibre. Raman solitons at 
the output of a 5-m length of the fibre had 208-kW power and 
290-fs duration. The dispersion parameter of the fibre at the 
above wavelength was 140 ps nm–1 km–1. 

The relatively short pulse propagation distances obtained 
in those studies are mainly due to the large Raman shift of 
the soliton spectrum towards the long-wavelength edge of 
the  transmission  band,  where  solitons  are  strongly 
absorbed. The Raman shift is directly related to the disper-
sion  [8]  and  transmission  bandwidth.  In  connection with 
this,  there  is  special  interest  in  high-power  femtosecond 
pulse  transmission  through a hollow-core Kagome  lattice 
photonic  crystal  fibre  with  a  hypocycloid-shaped  core – 
cladding interface [9, 10].

Wang  et  al.  [9]  described  pulse  transmission  (1550  nm, 
105  mJ,  844  fs)  through  a  Kagome  lattice  fibre  with  a 
70-mm-diameter air  core. The  fibre had a very broad  trans-
mission  band,  from  1100  to  1750  nm  (with  a  loss  of  40  ± 
5 dB km–1), and a dispersion D = 2 ps nm–1 km–1 in the range 
1500 – 1600 nm. At the output of a 2.3-m length of the fibre, 
they  obtained  pulses  with  an  energy  of  78  mJ  (power  of 
240 MW) and duration of 300 fs on account of soliton com-
pression.

Debord et al. [10] reported a Kagome lattice fibre with a 
transmission  band  from  900  to  1300  nm  and  a  loss  of 
200 dB km–1 at a wavelength of 1030 nm. The fibre had a high 
degree of localisation of its fundamental mode. The fraction 
of light propagating through the glass was at a level of 2.8 ´ 
10–6, with a mode field diameter of 64 mm. The calculated dis-
persion at a wavelength of 1030 nm was b2 = – 0.45 ps2 km–1 
(D = 0.8 ps nm–1 km–1). When a 600-fs pulse of 800-mJ energy 
was launched into a 10-m length of the fibre, filled with ambi-
ent air, the output energy exceeded 350 mJ. In a 3-m length of 
an air-core fibre, the soliton regime was obtained, with a pulse 
energy above 100 mJ.

The type of fibre used by Wang et al. [9] and Debord et al. 
[10]  can  be  assigned  to  a  more  general  class:  hollow-core 
microstructured  fibres  with  a  negative  curvature  of  their 
core – cladding interface (the importance of a negative curva-
ture of the  interface for the guidance properties of the fibre 
was first pointed out by Pryamikov et al. [11]). This class also 
includes optical fibres with a cladding in the form of ice cream 
cones [12, 13] or a single ring of hollow capillaries [11], which 
were named  ‘revolver  fibres’  [14]. Compared  to  the hollow-
core Kagome  lattice  fibres with  a  hypocycloid-shaped  core 
boundary,  the  hollow-core  revolver  fibres  (HCRFs)  have  a 
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simpler  design,  which  allows  for  necessary  monitoring  of 
parameters  in  the  fibre  fabrication  process.  This  offers  the 
possibility  of  more  accurately  maintaining  relationships 
between the effective mode area, dispersion and transmission 
bandwidth  required  for  pulse  delivery.  Moreover,  in  the 
Kagome  lattice  fibres,  two  light  localisation  mechanisms 
coexist:  a  local  mechanism,  related  to  interaction  between 
hollow-core modes with some limited parts of the core – clad-
ding interface, and a nonlocal mechanism, related to interac-
tion of light with the core boundary as a whole. In the latter 
case, resonance coupling between modes of the hollow core 
and core – cladding interface is possible, which is determined 
by the type of rotational symmetry of the shape of the core 
boundary [15] and makes it necessary to increase the hollow-
core diameter in order to obtain a low total loss. An HCRF 
may  have  only  one  local  mechanism  of  light  localisation 
provided the cladding capillaries are separated by a distance 
comparable to the capillary radius. This type of HCRF was 
first  proposed  by  Kolyadin  et  al.  [16].  The  possibility  of 
obtaining  analogous  optical  characteristics  at  smaller  hol-
low-core diameters by placing cladding capillaries some dis-
tance apart is important for applications related to nonlin-
ear  effects  that  originate  from  the  propagation  of  laser 
pulses in hollow-core fibres.

The propagation of femtosecond pulses in an HCRF at a 
wavelength of 0.748 mm was demonstrated by Kolyadin et al. 
[17]. A fibre with eight noncontacting capillaries and a core 
diameter  of  21  mm  had  a  transmission  band  from  700  to 
800  nm.  Pulses  of  180-fs  duration  with  an  average  input 
power of 1.3 W and repetition rate of 76 MHz were passed 
through a 10-m length of the fibre without distortion of their 
spectrum,  with  a  twofold  dispersion-induced  temporal 
broadening, which corresponded  to a measured dispersion 
of 7.7 ps nm–1 km–1. The average output power was 100 mW.

In this paper, we examine the possibility of using an air-
core HCRF for transmitting high-power femtosecond pulses 
in the 1.55-mm telecom range, important for practical applica-
tion. To this end, the first HCRF with a broad transmission 
band in the 1.55-mm range has been fabricated. The propaga-
tion of high-power pulses through the fibre has been studied 
theoretically and experimentally in an insufficiently explored 
range  of  pulse  durations  (~100  fs),  for  which  the  spectral 
width  is  comparable  to  the  transmission  bandwidth  of  the 
fibre.  Numerical  analysis  shows  that,  in  the  case  of  100-fs 
pulses in the nonlinear regime, megawatt Raman solitons can 
propagate without broadening into a supercontinuum at fibre 
lengths  of  up  to  25 m. Our  experimental  data  confirm  the 
propagation of femtosecond pulses of kilowatt power in the 
linear regime without spectral distortions over fibre lengths of 
up to 5 m.

2. Numerical experiment

The propagation of femtosecond erbium fibre laser (1560 nm) 
pulses through an HCRF was studied for powers limited from 
above by the critical power for self-focusing in air (~10 GW). 
Numerical  simulation was  performed  for  100-fs  transform-
limited  Gaussian  pulses  propagating  in  a  fibre  filled  with 
atmospheric air at a pressure of 1 atm. The nonlinear and dis-
persion  characteristics  of  atmospheric  air  have  been  rather 
well  studied because  the propagation of high-power optical 
pulses  of  various  durations  through  the  atmosphere  has 
recently been the subject of intense research [18 – 25]. In par-
ticular,  it has been  shown  that,  at a pulse power below  the 

critical  power  for  self-focusing,  the  parameters  of  pulses 
propagating  through air are  influenced primarily by disper-
sion,  Kerr  nonlinearity  and  stimulated  Raman  scattering 
(SRS) by rotational transitions of nitrogen. The dispersion of 
air is low, b2 = 1.6 ´ 10–1 fs2 cm–1 [23], which allows Gaussian 
pulses with a full width at half maximum t = 100 fs to propa-
gate in air without dispersion-induced broadening over a dis-
tance Ld = t0

2 /b2 = 225 m (t0 = t/1.665).
In  the  case  of ~100-fs  pulses,  the Kerr  effect  and  SRS 

make  equal  contributions  to  the nonlinear  refractive  index: 
n2K = n2R = 3 ´ 10–23 m2 W–1 [19, 21 – 24]. The spectral width 
of  100-fs  pulses  (e–1  width  of Gaussian  pulses,  5.3  THz)  is 
comparable to the 2.25 THz frequency (75 cm–1) of the transi-
tion between the J = 8 and 6 levels of the N2 molecule in the 
vibrational  ground  state. This  results  in  highly  time-depen-
dent SRS conditions, under which the Raman gain coefficient 
and the dephasing time of the dipole moment of the excited 
rotational state are considerably smaller than those of steady-
state SRS. In the case of ~100-fs pulses, the Raman gain coef-
ficient in air is gR = 0.025 cm TW–1 and the dipole relaxation 
time of  the rotational  transition  in nitrogen  is tdip = 76.9 fs 
[22, 23].

In numerical analysis of the propagation of femtosecond 
pulses in a hollow-core fibre, we used a generalised nonlinear 
Schrödinger equation  for  the complex-valued spectral pulse 
envelope  ( , )A z wu  in the form [26]
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The  variation  of  the  variables  is  determined  by  ( , )A z w =l  
( , ) [ ( ) ]expA z L zw w-u t , where the dispersion-controlling  linear 

operator has the form

( ) { ( ) ( ) ( ) [ ]} ( ) /2iL 0 1 0 0w b w b w b w w w a w= - - - -t .

In  these  equations,  neff (w)  and  Aeff (w)  are  the  frequency-
dependent  effective  refractive  index and mode area,  respec-
tively; b(w0) and b1(w0) are the propagation constant and its 
derivative at the centre frequency of pump pulses; a(w) is the 
loss; n0 and n2 are the linear and nonlinear refractive indices, 
respectively; c is the speed of light; J and J 1-  denote the for-
ward and inverse Fourier transformations, respectively; and 
R(t)  is  the  nonlinear  response  function  of  atmospheric  air, 
which has  the  form R(t) =  (1  –  fR)d(t) +  fRhR(t). Here,  the 
former  term,  with  the  delta  function,  represents  the  Kerr 
effect and  the  latter  term represents  the contribution of  the 
Raman scattering response, which relaxes more slowly. The 
Raman response function has the form [22]

( ) exp sinh t t t
R s

dip s

2t t tW= -c m ,

where  s dip
2 2 2t tW = +- - ; ts = 1/wR; wR is the frequency of the 

transition  between  the  J  =  8  and  6  rotational  levels  of  the 
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nitrogen molecule; tdip = 1/G2; and G2 is the dephasing rate of 
the dipole moment of the J = 8 excited rotational state. In our 
calculations for ~100-fs pulses, we used fR = 0.5, wR = 1.6 ´ 
1013 s–1 and G2 = 1.3 ´ 1013 s–1 [23, 24].

Numerical analysis was carried out in the Matlab environ-
ment using built-in algorithms for performing the fast Fourier 
transform  and  solving  the  equation  by  the  fourth-order 
Runge – Kutta method. In the case of femtosecond pulses, the 
guidance  characteristics  of  fibre  may  strongly  depend  on 
wavelength, so in numerical analysis we took into account the 
spectral  dependences  of  the  effective  mode  area  Aeff (w), 
waveguiding  loss a(w) and effective  refractive  index neff (w). 
The guidance and dispersion characteristics of the fibre were 
calculated by the finite element method in the Femlab envi-
ronment.

3. Optical fibre

The inset in Fig. 1 shows the cross section of the HCRF fab-
ricated in this study, which has a transmission band in the 
1.56-mm  range.  The  fibre  has  eight  capillaries  with  a  wall 
thickness of 2.5 mm, a core diameter of 55 mm and an outer 
diameter of 140 mm. Figure 1 shows spectral dependences of 
quadratic dispersion and  losses obtained with  the parame-
ters  corresponding  to  the  third  transmission  band  of  the 
hollow-core  fibre  in  the wavelength  range  1.45 – 1.7 mm  in 
the ARROW model  [27]. At a wavelength of 1.56 mm, the 
dispersion  of  the  fibre  is  b2  =  – 1.42  ps2  km–1  (D  = 
1.1  ps  nm–1  km–1).  The  dispersion  broadening  length  for 
Gaussian pulses of duration t = 100 fs isLd = t0

2/b2 = 2.54 m. 
The loss at this wavelength is 0.175 dB m–1. The effective 
absorption  length,  over  which  pulse  propagation  with  a 
power  loss within  the e–1  level  is possible,  is Leff = 1/a » 
25  m. The calculated fundamental mode field diameter at a 
wavelength of 1.56 mm was determined to be 40 mm. The 
nonlinearity  coefficient  is  g  =  2pn2/(lAeff)  =  9.65  ´ 
10–8  m–1  W–1,  n2  =  n2K  =  3  ´  10–23  m2  W–1  and  Aeff  = 
1252  mm2. The nonlinear effects related to Kerr nonlinearity 
become significant at pulse powers P > 400 kW, where the 
nonlinear  length Lnl  =  1/(gP)  is  smaller  than  the  effective 
absorption length Leff.

4. Numerical analysis results and discussion

Figure  2  illustrates  the propagation of  a Gaussian pulse  of 
~100-fs duration through a fibre with an absorption length of 
25 m at a pulse power of 3 kW. At this power, the nonlinear 
length Lnl = 1/(gP) considerably exceeds the dispersion length 
Ld  and  absorption  length Leff,  so  nonlinear  effects  do  not 
manifest themselves and the pulse is influenced primarily by 
dispersion and losses. In particular, its spectral width is seen 
to remain unchanged (Fig. 2d), whereas its duration increases 
by a factor of 9.4 because of the dispersion (Fig. 2c). The out-
put pulse power, which is determined by a combined effect of 
dispersion  and  losses,  decreases  by  25  times  (Fig.  2b).  The 
stronger pulse broadening at  the  trailing  edge  is due  to  the 
lower propagation velocity of the longer wavelength compo-
nents  in  the  negative  dispersion  region  (the  zero-dispersion 
wavelength in the transmission band under consideration is 
l0 = 1.514 mm). Such behaviour is observed up to pulse pow-
ers two orders of magnitude above 3 kW.

At pulse powers above 300 kW, where Ld < Lnl < Leff, the 
nonlinearity  contribution  becomes  significant,  showing  up 
mainly as a gradual narrowing of the spectrum and a decrease 
in the degree of dispersion-induced broadening. The narrow-
ing of the spectrum of the Gaussian pulse in the negative dis-
persion region at Ld < Lnl is caused by the fact that the pulse 
phase is influenced differently by the dispersion, which has a 
parabolic  phase  profile  (linear  chirp)  throughout  the  pulse, 
and the Kerr nonlinearity, which has a parabolic phase pro-
file only in the central part of the pulse. At the pulse powers in 
question, there is only a slight modulation of the pulse spec-
trum and shape.

Figures  3  and  4  illustrate  the  propagation  of  pulses 
through the fibre at pulse powers such that Lnl < Ld. The data 
were obtained for a 10-MW pulse power (the Kerr nonlinear 
length  is  then  a  factor  of  2.5  smaller  than  the  dispersion 
length). The rainbow colour map demonstrates that the pulse 
spectrum is shifted by 54 nm to the Stokes region, where its 
structure is far less clearly pronounced than that in the anti-
Stokes region, which has several well-defined bands. Figure 3b 
shows the shift of the spectrum as a function of fibre length. 
The rate of the shift is largest over the first four metres of the 
fibre, where the spectrum experiences the strongest broaden-
ing due to self-phase modulation. The process of power trans-
fer to the Stokes region of the spectrum during pulse propaga-
tion through the fibre is illustrated in Fig. 4. It follows from 
Fig.  4b  that,  at  a  fibre  length of  2.5 m,  the  asymmetrically 
broadened  spectrum  overlaps  the  transmission  band  of  the 
fibre at a – 40 dB  level  relative  to  the maximum. The pulse 
spectrum  contains  eight  wavelengths  corresponding  to  cas-
cade  anti-Stokes  and  five  wavelengths  corresponding  to 
Stokes  shifts  (75  cm–1)  of  a  rotational  SRS  transition  in 
nitrogen with respect to the peak power wavelength ( lmax = 
1578 nm). It is seen that, in the short-wavelength part of the 
spectrum at the wavelengths corresponding to the anti-Stokes 
components,  the  spectrum  has  dips,  whereas  at  the  wave-
lengths  of  the  Stokes  components  there  are  maxima.  The 
strong asymmetry of the spectrum and pulse envelope is the 
result of the trailing edge self-steepening due to nonlinearity 
dispersion,  which  causes  the  spectral  components  near  the 
pulse peak to have higher velocity in comparison with the lon-
ger wavelength components at  the  trailing edge. Because of 
the rapid shift of the maximum, the spectrum is poorly struc-
tured  in  the  Stokes  region,  whereas  the  structuring  of  the 
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spectrum in the anti-Stokes region becomes more pronounced 
as the pulse travels along the fibre (Figs 4d, 4f). Note that the 
power transfer to the Stokes region is accompanied by a con-
siderable decrease in the power of the Stokes and anti-Stokes 
components in the pulse and a decrease in the rate of the shift 
of the spectral maximum. At a fibre length of 10 m, the spec-
trum  shows  three  anti-Stokes  and  two  Stokes  components 
with  respect  to  the  maximum,  which  is  shifted  by  43  nm 
( lmax  =  1603  nm).  The  spectrum  assumes  a  characteristic, 
asymmetric  shape,  with  a  fine  structure  in  the  short-wave-
length region. The temporal pulse envelope has a broadened 
leading edge. During further propagation of the pulse through 
the fibre, the shape of its spectrum and its temporal envelope 
remain unchanged, its duration increases, and the width of its 
spectrum decreases.

As  follows  from  Figs  3e  and  3f,  the  time – bandwidth 
product of the pulse and the ratio of the pulse energy at half 
maximum to the total energy are constant (to within 1 %) at 
fibre  lengths  from  8  to  25  m.  This  behaviour  of  the  pulse 
allows it to be thought of as a Raman soliton, which retains 
its  shape while propagating  through  the  fibre. At  the pulse 
power in question, the soliton order is N = 1.6. The rainbow 

colour maps in Fig. 3a and Figs 4d and 4f trace only the initial 
stage of the formation of a second soliton (at a –17 dB level) 
at a wavelength of 1546 nm.

Pulse  decay  into  two  Raman  solitons  is  illustrated  in 
Fig. 5, which shows rainbow colour maps for pulse evolution, 
temporal envelopes and the output spectrum of a 25-m length 
of the fibre at input pulse powers of 20 and 30 MW. In this 
case,  phase modulation  broadens  the  spectrum  beyond  the 
transmission band, and the shift of the spectrum of the first 
soliton  with  the  highest  energy  reaches  100  (Fig.  5a)  and 
120 nm (Fig. 5c). The pulse  loses  energy, because  the  long-
wavelength  part  of  its  spectrum  extends  beyond  the  band 
edge, and experiences a strong absorption.

Figure 6 shows different pulse parameters as functions of 
input pulse power at fibre  lengths of 5, 12.5 and 25 m. It  is 
seen in Fig. 6a that, at each of the fibre lengths under consid-
eration,  there  exists  a  maximum  output  power,  which 
decreases  with  increasing  fibre  length.  At  a  fibre  length  of 
5  m, the maximum output power Pout = 12.8 MW is reached 
at an input power Pin = 40 MW, with a transmission Pout/Pin 
= 0.31. At a fibre length of 12.5 m, the maximum value Pout = 
5 MW is obtained at Pin = 25 MW and Pout /Pin = 0.2. At a 
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fibre  length of 25 m, the maximum value Pout = 1.9 MW is 
reached at Pin = 20 MW (Pout /Pin = 0.1).

The presence of maxima in Pout(Pin) follows from Fig. 
6b, which shows how the emission wavelength varies with 
input pulse power. At a fibre length of 25 m, the maximum 
Stokes shift of 120 – 130 nm is reached at a power of 25 – 40 
MW.  At  this  shift,  the  maximum  in  the  spectrum  of  a 
Raman  soliton  is  located  at  the  edge  of  the  transmission 
band, where it experiences a strong absorption. At a fibre 
length of 5 m, the Stokes shift reaches the band edge at 
Pin = 50 MW.

Figure 6c shows the ratio of the pulse duration to its orig-
inal value vs. input pulse power. The minimum broadening of 

the pulse, 1.2, 1.7 and 2.4 at fibre lengths of 5, 12.5 and 25 m, 
respectively,  is  observed  at  powers  Pin  =  8 – 15  MW.  This 
power  range  corresponds  as  well  to  the  maximum  optical 
power transfer efficiency (Pout /Pin = 0.65, 0.31 and 0.14 at the 
above fibre lengths). At these input pulse powers, the broad-
ening of the spectrum due to self-phase modulation and the 
Stokes shift have optimal values with respect to the transmis-
sion bandwidth (Fig. 3).

Figure 6d demonstrates  that, at  input powers  from 8  to 
50 MW, the time – bandwidth product tDn of the pulse, which 
characterises  the  pulse  quality,  ranges  from  0.29  to  0.37. 
Therefore,  the  envelope  of  a  Gaussian  pulse  propagating 
through the fibre becomes nearly sech-shaped (tDn = 0.32).
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5. Experimental data on femtosecond pulse 
transmission in the linear propagation regime

To study the propagation of light in the HCRF, we used an 
erbium  fibre  laser  generating  133.6-fs  pulses  of  0.14-nJ 
energy at a wavelength of 1.56 mm [28]. The laser output was 
coupled  into  the  fibre  (Fig.  1)  up  to  5 m  in  length with  a 
coupling  efficiency  of  85 %.  Figure  7  shows  spectra  and 
autocorrelation  traces  of  pulses  at  the  fibre  output.  The 
pulse spectrum at the fibre input had a rather complex, par-
abolic  shape,  which  remained  unchanged  at  the  output 
(Fig.  7a).  The  pulse  duration  measured  after  the  pulse 
passed  2-  and 5-m  lengths of  the  fibre was  137  and 160  fs, 
respectively. The inset in Fig. 7b illustrates the evolution of the 

pulse  duration,  fitted  by  the  function  1 ( / )L Ld0
2t t= + , 

which corresponds to pulses with a Gaussian-shaped enve-
lope  without  frequency  modulation,  with  a  characteristic 
dispersion length Ld = 7.5 ± 0.2 m. The characteristic dis-
persion length Ld thus obtained allows us to estimate the 
effective dispersion of  the  fibre  at  a wavelength of  1560 
nm:  | b2|  =  8.6  ´  10–4  ps2 m–1  (|D|  =  0.67  ps  nm–1  km–1). 
Taking into account the complex shape of the spectrum and 
possible variations in dispersion along the length of the fibre 
due to the nonuniformity of its outer diameter, we conclude 
that  the  effective  dispersion  obtained  agrees well  with  the 
value calculated by the finite element method from the fibre 
cross  section  (Fig. 1). The experimental data on  femtosec-
ond pulse transmission through the HCRF are well consis-
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Figure 5. Formation of two Raman solitons over a length of 25 m during the propagation of a 100-fs transform-limited Gaussian pulse through an 
HCRF at pulse powers of (a, b) 20 and (c, d) 30 MW.
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tent with the numerical analysis results presented in Fig. 2 
for  kilowatt  powers.  In  the  case  of  the  erbium  fibre  laser 
pulse power used in our experiments (P = 1 kW), nonlinear 

effects  can be neglected  (Lnl = 5.2 km) and a major  role  in 
pulse propagation is played by waveguide dispersion, which 
increases the pulse width by 20 % for 5 m of the fibre.
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6. Conclusions

We have fabricated a microstructured fibre with an air-filled 
hollow core and a cladding formed by one ring of cylindrical 
capillaries. The fibre has a transmission bandwidth of 250 nm 
in the 1.55-mm telecom range. It has a very low negative dis-
persion at  a wavelength of 1.56 mm,  low  losses  and a  zero-
dispersion wavelength shifted  towards  the  short-wavelength 
edge of its transmission band. Numerical analysis of the prop-
agation of 100-fs pulses of various powers through this hol-
low-core fibre has allowed two propagation modes to be dis-
tinguished, linear and nonlinear, which differ in power char-
acteristics and potential practical applications.

The linear regime is limited by pulse powers of ~300 kW, 
at  which  Lnl  >  Leff  and  distortions  of  the  pulse  shape  are 
caused primarily by waveguide dispersion. It has been shown 
theoretically and experimentally that the dispersion length in 
the fibre allows ~100-fs transform-limited pulses to be trans-
mitted without distortions of their spectrum and with mini-
mum changes in their duration over fibre lengths of the order 
of several metres. In this power range, the fibre is potentially 
attractive  for  use  in  information  technologies  and  medical 
applications.

In  the nonlinear regime (Lnl < Leff),  the HCRF studied 
here allows a 160-fs pulse more than 12 MW in power (pulse 
energy  of  1.92 mJ)  to  be  obtained  at  the  output  of  a  5-m 
length  of  the  fibre  when  a  100-fs  pulse  of  40-MW  power 
(pulse energy of 4 mJ) is launched into the fibre. The highest 
power transfer efficiency (65 % at a fibre length of 5 m) was 
reached at input powers in the range 10 – 15 MW, at which 
the broadening of  the  spectrum due  to  self-phase modula-
tion and the Stokes shift have optimal values with respect to 
the transmission bandwidth. Radiation transmission in the 
form of megawatt Raman solitons, without broadening into 
a  supercontinuum,  is  possible  over  the  entire  effective 
absorption  length of 25 m. To  the best of our knowledge, 
these power characteristics exceed those reported to date for 
~100-fs  pulses  in  other  types  of  hollow  fibres  filled  with 
atmospheric air.

Numerical analysis results demonstrate that pulse propa-
gation in the hollow-core fibre differs significantly from that 
in a usual silica fibre, where soliton pulse propagation, with-
out broadening into a supercontinuum, is possible at powers 
many orders of magnitude lower than those considered in this 
study. At low losses in a wide spectral range, characteristic of 
standard  silica  fibres,  higher order dispersion  terms  lead  to 
the generation and amplification of dispersion waves  in  the 
positive dispersion region, provided the phase matching con-
dition is met. Along with higher order nonlinearities, this pro-
cess leads to instability of a multisoliton pulse, transforming 
its spectrum into a supercontinuum. The HCRF fabricated in 
this study has a relatively narrow transmission window, in the 
range  1450 – 1700  nm,  with  a  zero-dispersion  wavelength 
(1514 nm)  shifted  towards  the  short-wavelength  edge  of  its 
transmission band. In the case of a pulse at a wavelength of 
1560  nm,  phase  matching,  which  ensures  efficient  soliton 
energy transfer to dispersion waves, is possible at wavelengths 
beyond the transmission band, so they cannot be amplified. 
The dominant process forming the structure of the spectrum 
is SRS, which ensures a power-dependent  shift of  the  spec-
trum by up to 130 nm in this fibre.

It follows from numerical analysis results that the key fac-
tor limiting the power of ~100-fs megawatt pulses propagat-
ing through the fibre studied here is the Raman shift of their 

spectrum. Comparison of the present results with previous 
data obtained for Kagome lattice  fibres by Wang et al.  [9] 
and  Debord  et  al.  [10],  who  ensured  transmission  of  two 
orders  of magnitude more  intense  pulses  of  600-  to  800-s 
duration, leads us to conclude that the Raman shift, which 
varies  inversely with pulse duration, can significantly  limit 
the power of shorter pulses that can propagate through an 
air core.

The power characteristics obtained in the nonlinear prop-
agation regime demonstrate that the HCRF fabricated in this 
study and filled with atmospheric air can be used for efficient 
transmission  of  high-power ~100-fs  pulses  in  the  1.55-mm 
telecom range. Given its simple design, which requires neither 
filling of the fibre with gas under pressure nor vacuum pump-
ing,  the  HCRF  filled  with  atmospheric  air  is  potentially 
attractive for materials processing applications. The fibre can 
also  be  used  for  tuning  the  emission  wavelength  of  high-
power femtosecond pulses over 130 nm in the 1.55-mm tele-
com range.
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