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Abstract.  We consider the evolution of the spectrum of a medium-
power input telecom laser pulse during propagation in a longitudi-
nally inhomogeneous flattened dispersion silica fibre. Using model-
ling results, we find an optimal longitudinal fibre diameter profile 
ensuring transfer of more than 60 % of the input pulse energy to a 
subpicosecond pulse in the range 2.2 – 2.3 mm.

Keywords: light generation in the 2 mm range, longitudinally inho-
mogeneous optical fibre, supercontinuum generation.

1. Introduction

The development of  laser sources of an optical supercon-
tinuum  is  one  of  the major  challenges  in  nonlinear  fibre 
optics [1 – 3]. It is worth noting that most effort in this area 
of research has been concentrated on broadband lasing in 
the visible and near-IR spectral regions. At the same time, 
applications in tomography, spectroscopy and atmosphere 
analysis  require  broadband  light  at  wavelengths  above  2 
mm [4, 5]. Direct pulse generation in this range is possible 
with mode-locked holmium [6] or thulium [7] fibre  lasers. 
In  the  latter  case,  to  reach  a wavelength  above  2 mm  the 
generated femtosecond pulses should be Raman-shifted by 
100 nm or more in the output amplifier. Practical applica-
tion of such configurations is limited by the fact that spe-
cialised  fibre-optic  components  (isolators,  lenses,  multi-
plexers, SESAM semiconductor mirrors and others) oper-
ating in the range 1.9 – 2.3 mm are less available and more 
expensive  than  standard  components  of  the  same quality 
for the telecom range.

Configurations  based  on  subpicosecond  erbium  fibre 
lasers and amplifiers operating  in  the  range 1550 – 1580 nm 
are free from these drawbacks. Output pulses of such sources 
are  launched  into  optical  fibre  where  SRS  increases  their 
wavelength to give a broadband supercontinuum. As a rule, 
specialised fibres are used for supercontinuum generation in 
the spectral region of interest, e.g. microstructured fibre based 
on multicomponent oxide glass [5] or ZBLAN fibre [8]. One 
drawback to this approach is poor compatibility of the spe-

cialised  fibres with  light  sources based on standard  telecom 
fibre.

Kamynin et al. [4] and Kurkov et al. [9] investigated super-
continuum generation in the 2 mm range in standard telecom 
silica  fibres  and  optimised  the  fibre  length.  An  interesting 
approach was demonstrated by Anashkina et al. [10]: femto-
second pulses from an erbium fibre source were launched into 
GeO2-doped silica fibre to form Raman-shifted fundamental 
solitons. A distinctive feature of their work was the use of an 
additional,  output  fibre  with  a  higher  GeO2  concentration 
and a lower anomalous dispersion in the fundamental soliton 
propagation  spectrum.  The  change  in  dispersion  allowed 
them to use soliton compression and demonstrate broadband 
supercontinuum generation in the range 1.6 – 2.5 mm.

Another fibre-optic ‘tool’, not yet studied in full detail for 
resolving the problem in question, is longitudinally inhomo-
geneous  fibre  with  a  diameter  varying  along  its  length. 
Investigation of supercontinuum generation in longitudinally 
inhomogeneous fibre was begun as early as the 1990s [11] and 
was  long  limited  to  anomalous  dispersion  decreasing  fibre 
and generation of as broad and  flat  a  spectrum as possible 
[1, 12 – 14]. Interesting results were obtained in a study of laser 
pulse compression in normal dispersion increasing fibre [15].

Modern optical  fibre drawing  technologies allow one  to 
produce essentially arbitrary (e.g., periodic [16]) longitudinal 
profiles of dispersion parameters. In such fibres, possibilities 
of supercontinuum generation can be substantially enriched. 
For example, it is possible to generate polychromatic disper-
sive radiation in a specially designed fibre with a longitudinal 
variation in zero dispersion wavelength (ZDW) correspond-
ing  to a Raman  redshift  of  a  soliton pump pulse  [17] or  in 
fibre with an axially oscillating profile that allows a generat-
ing soliton pulse to repeatedly approach the ZDW [18]. The 
conditions  thus  created  lead  to  the  multiplication  of  reso-
nance generation points throughout the fibre length and are 
favourable  for an  essentially  complete pulse  energy  conver-
sion to light with a broad dispersion spectrum.

This  paper  presents  a  continuation  of  our  studies  con-
cerned with the transformation of  the spectrum of an  input 
telecom pulse in fibres with different variations in their longi-
tudinal dispersion profile with the aim of transforming it and 
bringing it to the preset range of 2 – 2.5 mm, while maintaining 
the pulsed character of the radiation.

2. Model

The purpose of  this work  is  to study how a medium-power 
laser  pulse  launched  into  fibre  in  its  anomalous  dispersion 
range propagates further at a fairly arbitrary variation in dis-
persion  along  the  length  of  the  fibre.  First,  we  restrict  our 
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consideration to so-called  flattened dispersion fibres, whose 
characteristic  feature  is  that  their  third-order  dispersion 
(TOD)  is  small  in magnitude and changes  sign. Such  fibres 
can be produced by varying  their outer diameter  [19] using 
both photonic crystal fibres with a broad transmission spec-
trum (300 – 2500 nm, depending on fibre structure) and stan-
dard telecom W-profile silica fibre preforms. The latter type 
was chosen as model fibre. Figure 1 shows dispersion curves 
of W-profile fibres at several outer cladding diameters. It can 
be seen that the spectral range of anomalous dispersion in this 
type of fibre is bounded by two zero dispersion points.

Light propagation through fibre was modelled using the 
generalised nonlinear Schrödinger  equation  (NLSE)  for  the 
A(z, t) field amplitude, taking into account both higher order 
dispersion terms (up to the seventh order: k £ 7) and higher 
order  nonlinear  factors,  namely,  SRS  and  nonlinearity  dis-
persion [1]:
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Here w0 is the carrier frequency corresponding to the wave-
length l = 1.55 mm and

. ( .( ) ) exp sin ( )R t t t t t0 82 0 18
1 2
2

1
2

2
2

2 1
d

t t
t t

t t Q= +
+

-b bl l  

is  the Raman response  function, where  the parameters t1 = 
12.2 fs and t2 = 32 fs correspond to the response of silica fibre; 
Q(t) is the Heaviside function; and d(t) is the delta function. 
The dispersion parameters bk(z)  [where b2  is  group velocity 
dispersion (GVD); b3 is TOD; etc.; k £ 7] are determined by 
the longitudinal cladding diameter profile, d(z). Their values 
at the diameters indicated in Fig. 1 were obtained by fitting 
dispersion curves and taken as references (for example, at d = 
115 mm we have b2 = –2.963 ps2 km–1, b3 = 0.04275 ps3 km–1, 
b4  =  1.882 ́  10–4  ps4  km–1,  b5  =  –2.69 ́  10–6  ps5  km–1,  b6  = 

1.928 ́  10–8 ps6 km–1 and b7 = –6.287 ́  10–11 ps7 km–1). For 
the other d(z) values, dispersion parameters can be evaluated 
using quadratic  interpolation. The Kerr nonlinearity coeffi-
cient g is a weak function of outer cladding diameter. In the 
approximation taken here, it is constant along the length of 
the fibre (g = 6 W km–1).

The  key  physical  effect  determining  the  formation  of  a 
supercontinuum in optical fibre is the generation of resonance 
dispersive  radiation. A  condition  for  low-amplitude  disper-
sive  wave  generation  at  frequency wDW  is  phase  matching 
between  the  generating  soliton  and  dispersive  radiation: 
bs(wDW) = bDW (wDW), where bs and bDW are the soliton and 
dispersive wave propagation constants. This condition can be 
represented in the form [13, 17]
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where bs1(ws) is the inverse group velocity of the soliton at its 
frequency ws and P is the soliton pulse peak power. In Fig. 2, 
the generation condition is illustrated for two cases: (1) ls = 
1.6 mm and the soliton is located in a fibre section of diameter 
d = 120 mm;  (2) ls = 1.75 mm and d = 115 mm. Let a pulse 
propagate  through  a  fibre with  a monotonically  decreasing 
diameter  [for  simplicity,  the  peak  power  P  is  taken  to  be 
500 W in both cases and the pulse duration is ts = (| b2| /gP)1/2 
» 100 fs], undergoing a Raman redshift from an initial carrier 
wavelength l = 1.55 mm. In  the  former case,  there are  then 
conditions  for  the generation of resonance dispersive radia-
tion with lDW » 1.2 mm and a spectral intensity proportional 
to the intensity in the spectrum of the soliton at this frequency: 
µ  ( )sech s DW s

2 p w w t-6 @ [20]. For  a  transform-limited  soliton 
with ts = 100 fs, the intensity of the dispersive radiation gener-
ated at 1.2 mm is estimated at about –20 dB of the peak power 
in the spectrum of the soliton (another intersection, beyond 
Fig.  2,  corresponds  to  generation  of  negligible  intensity 
because of the large frequency difference). In the latter case, 
the generation of two resonance radiation bands, with lDW » 

1.2 1.5 1.8 2.1

–20

–10

0

10

20

d 
= 1

10
 m

m

l 
=

 1
.5

5 
mm

Wavelength/mm

D
is

p
er

si
o

n
/p

s2
 k

m
–1

–10 0

0

10
Preform radius/mm

–0.01

0.01

Dn

11
2 
mm

120 mm

123 mm

11
5 
mm

Normal dispersion

Anomalous dispersion

Figure 1. Calculated dispersion curves of flattened dispersion fibres at 
several outer cladding diameters d. Inset: refractive index profile of the 
preform used to fabricate the flattened dispersion fibres.
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Figure 2. Schematic of dispersive radiation generation by a soliton at 
two carrier wavelengths ls  in  fibre sections differing  in diameter. The 
solid and dashed  lines  represent  the bDW(l) and bs(l) data. The  filled 
circles represent the points where the phase matching condition (2)  is 
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1.1 mm (beyond Fig. 2) and lDW » 2.2 mm, is also possible, 
and the intensity of the latter band is considerably higher. As 
a result, it would be expected that pulse propagation in a fibre 
of decreasing diameter would be accompanied by the excita-
tion of  two resonance radiation bands of variable  intensity, 
connected to the two zero dispersion points: inflection points 
in the bDW(l) curves.

It follows from the above that the problem formulated by 
us is to examine the transformation of the spectrum of a laser 
pulse launched into optical fibre and optimise the longitudi-
nal profile d(z) of the fibre so as to ensure sufficient intensity 
of the transformed spectrum in the desired spectral range.

3. Generation of soliton pulses with a carrier 
wavelength above 2 mm

The problem formulated above can be concretised as follows: 
we try to find longitudinal fibre diameter profiles, d(z), that 
allow soliton pulses forming when an input telecom signal is 
launched into the fibre to be Raman-shifted to the wavelength 
range l > 2 mm, while minimising the soliton energy loss. An 
obvious consequence is that the soliton propagation spectrum 
should  have  anomalous  dispersion.  From  the  well-known 
relation  for  the  rate  of  the Raman  shift  of  the  soliton  fre-
quency  [21], dW/dz µ  / s2

4b t ,  the  rate of  the Raman  shift  in 
dispersion  varying  fibre  can  easily  be  estimated.  Assuming 
that  soliton  parameters  vary  adiabatically,  remaining  con-
nected  to  each  other,  | | / /2D Est g=   (where E  is  the  soliton 
energy), we obtain
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This relation refers to dispersion D  (ps2 km–1)  ‘local’  in fre-
quency,  i.e.  it  takes  into account  changes  in dispersion due 
not  only  to  the  variation  in  diameter,  d(z),  but  also  to  the 
variation  in  carrier  frequency  during  pulse  propagation 
through d(z) = const fibre (Fig. 1).

At first glance, it might be inferred from the relation dW /dz µ 
D–3 that, to ensure a large Raman shift, it would be sufficient 
to launch a pulse into a low anomalous dispersion fibre and 
then find a d(z) profile such that the Raman shift of the soli-
ton  would  not  lead  to  a  rise  in  dispersion.  Thus,  one  can 
obtain a flat-dispersion tapered fibre. Consider the following 
example: A transform-limited Gaussian pulse at a wavelength 
of 1550 nm of duration t0 = 0.3 ps and 250 W peak power is 
launched  into  fibre  with  an  initial  diameter  d  =  115.5  mm 
(Fig. 3). The fibre has a constant diameter d(z) = 115.5 mm 
and  anomalous  dispersion  b2 =  –3.7  ps2  km–1  over  its  first 
20 m. In this section, the input pulse breaks up into a funda-
mental soliton with the maximum peak power and a Raman 
redshift and residual radiation near the pump frequency (its 
peak power is considerably lower, so the Raman shift is neg-
ligible).  In  addition,  in  this  section  the  soliton  shifts  to  the 
right and passes through a minimum in the dispersion curve 
(Fig. 1). Then, the fibre diameter increases so that the disper-
sion of the fibre at the fundamental soliton frequency ws,
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remains constant. Since this condition is fulfilled in the fibre 
of increasing diameter, the spectrum of the fundamental soli-
ton evolves at a constant distance from the second, ‘red’ zero 

dispersion wavelength ZDW2 (Fig. 3). Because the resonance 
generation point  is  steadily red-shifted with  increasing  fibre 
diameter,  the  intensity of  the  soliton  spectrum at  this point 
remains insignificant throughout the length of the fibre and 
there is no appreciable soliton energy conversion to the dis-
persion spectrum in the longer wavelength normal dispersion 
region (to the right of ZDW2).

Owing to the constant dispersion at the carrier frequency 
of  the  soliton,  its  spectral width  remains unchanged during 
propagation  and  its  peak  power  varies  insignificantly. 
However,  the  small amount of dispersion  in  the  input  fibre 
segment creates good conditions for resonance radiation gen-
eration  in  the  shorter wavelength  normal  dispersion  region 
(to the left of ZDW1). Even in the input fibre segment, with 
input pulse compression before  fundamental  soliton  forma-
tion, we notice dispersive radiation generation, and the high 
peak  power  of  the  compressed  pulse  leads  to  considerable 
energy removal from the input pulse, owing to which the rate 
of its Raman shift also decreases [see relation (3)]. As a result, 
at a fibre length of the order of hundreds of metres it is essen-
tially  impossible  to obtain a pulse with a wavelength above 
2 mm by the method in question. The resultant spectrum has 
the form of a band nonuniform in intensity between 1.3 and 
2 mm.

We propose a slightly different configuration for efficient 
pulse generation at wavelengths above 2 mm. The input fibre 
segment  should  have  a  larger  diameter  and,  accordingly, 
higher anomalous dispersion. This will make it possible, first, 
to avoid short-wavelength resonance generation in the initial 
stage and,  second,  to produce a higher energy  fundamental 
soliton because the soliton order of the input pulse meets the 
relation N µ  /

2
1 2b -  [22], so the higher the initial dispersion, 

the higher the fraction of the input pulse energy transferred to 
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the fundamental soliton. In this case, however, after passing 
the input fibre segment the soliton is located to the left of the 
minimum in the dispersion curve for a given initial diameter 
(Fig.  1). After  this  segment,  the  fibre  diameter  should  first 
decrease (to avoid a rise in anomalous dispersion and prevent 
a reduction in soliton peak power) and then increase, by anal-
ogy  with  the  case  considered  above,  in  order  to  maintain 
roughly  constant  dispersion  at  the  carrier  frequency  of  the 
soliton.

Figure 4 presents a model implementation of this configu-
ration. The input pulse is the same as in the above example: 
transform-limited Gaussian pulse of duration t0 = 0.3 ps with 
a  250 W  peak  power.  In  the  input  fibre  segment  11  m  in 
length, with d = 128.5 mm ( b2 » –17 ps2 km–1), a fundamental 
soliton separates from it. Note that there is no resonance gen-
eration in this case. In the next fibre segment, about 100 m in 
length, the fibre diameter decreases.

In this case, the fibre diameter profile is such that the soli-
ton  peak  power  remains  roughly  constant  upon  a  Raman 
shift.  It  is  important  that,  in  this  segment,  the  soliton  sur-
mount the frequency minimum in the dispersion curve while 
red-shifting. After a short transition zone, the fibre diameter 
gradually rises in the next segment, ensuring constant disper-
sion at the carrier wavelength of the soliton. It is worth noting 
that, as in the above example, the soliton peak power is approx-
imately  constant  in  this  segment.  As  a  result,  a  450-m-long 
fibre has a spectrum with more than 60 % of its energy lying in 
the range 2.2 – 2.3 mm. An important point is that, as distinct 
from a number of converters [4, 8 – 10, 23] that transform the 
spectrum of a pump pulse into a broad supercontinuum in the 
range  1.6 – 2.5  mm,  which  contains,  among  other  things,  a 

broadband dispersive component, in the proposed configura-
tion  such  energy,  concentrated  in  the  desired  range,  is 
accounted for by a single subpicosecond pulse (about 120 fs in 
duration, with a peak power P = 440 W), which is potentially 
attractive for a number of applications.

Note  also  that,  if  necessary,  the  longitudinal  profile  of 
fibre can be modified for converting an output soliton pulse 
to spectrally flat dispersive radiation. To this end, one should 
merely butt-join an about 10-m length of fibre with a mono-
tonically  decreasing  diameter  to  the  fibre  under  consider-
ation. The decrease  in diameter should be such  that disper-
sion  at  the  pulse  carrier  frequency  changes  sign.  Crossing 
ZDW2 during propagation through such an output fibre seg-
ment,  a  soliton pulse  transforms  into broadband dispersive 
radiation [17]. The present modelling results indicate that the 
resultant  subpicosecond  pulse  converts  into  spectrally  flat 
radiation in the range 2 – 2.4 mm.

A drawback to the proposed method is that fibre with a 
specially  calculated  longitudinal  profile  is  only  suitable  for 
one type of input pulse (in the above example, the fibre profile 
corresponds to a transform-limited Gaussian pulse of speci-
fied power and duration). At the same time, in the case of a 
configuration comprising one telecom pulse source and fibre 
with  an  appropriate  longitudinal  profile,  this  drawback 
should not  restrict  the application  field of  this approach  to 
the generation of subpicosecond pulses in the 2 mm range.

4. Conclusions

We  have  considered  the  evolution  of  the  spectrum  of  a 
medium-power input telecom laser pulse during propagation 
in a longitudinally inhomogeneous flattened dispersion silica 
fibre. Using modelling results, we have found an optimal lon-
gitudinal fibre diameter profile ensuring transfer of more than 
60 % of the input pulse energy to a subpicosecond pulse in the 
range  2.2 – 2.3 mm.  The  resultant  soliton  pulse  is  spectrally 
well separated from the other components and can readily be 
filtered off for direct use in applications or further amplifica-
tion using holmium or thulium fibre amplifier systems. In the 
near future, we plan to fabricate several optical fibres with the 
above configuration and experimentally verify the proposed 
method.
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