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Abstract.  The possibility of producing a single-frequency fibre 
laser using a new type of fibre made by sintering phosphate glass in 
a silica glass tube (composite fibre) is demonstrated. In a fibre of 
this type, photosensitivity to laser radiation with a wavelength of 
248 nm is detected. A fibre laser cavity is fabricated by writing fibre 
Bragg gratings directly in the core of the composite optical fibre 
activated by erbium ions. Stable single-frequency linearly polarised 
lasing regime is obtained at a wavelength of 1559.5 nm with a max-
imum output power of ~3 mW. 

Keywords: single-frequency fibre laser, composite optical fibre, 
photosensitivity, fibre Bragg gratings.

1. Introduction

Despite the fact that single-frequency fibre lasers have been a 
subject  of  research  and  development  for  several  decades, 
interest  in  this  topic  has  not  diminished  [1,  2].  Significant 
progress  in  the development of  single-frequency  fibre  lasers 
has been achieved using optical  fibres  entirely  consisting of 
phosphate glass  [3],  since  it allows the  introduction of rare-
earth ions with a high concentration. High concentrations of 
active rare-earth elements make  it possible  to obtain a high 
gain per unit length, which is important when making single-
frequency fibre lasers, the operation of which requires a small 
cavity length.

The  possibility  of  obtaining  high  generation  efficiency 
with a  rather  short  length of a new  type of active  fibre – a 
composite fibre made by sintering phosphate glass in a silica 
glass tube – was shown in [4 – 7]. Despite the fact that in the 
process  of  drawing  such  fibres,  the  phosphate  and  silica 
glasses cross-diffuse, because of which the composition of the 
glass in the core changes significantly, the concentrations of 
phosphorus oxide and active rare-earth  ions  in  the core are 
still  much  higher  than  in  fibres  usually  produced  by  silica 
glass  vapour  deposition.  The  high  concentration  of  active 

rare-earth ions in such fibres allows the development of sin-
gle-frequency fibre lasers based on them. Owing to the silica 
glass  cladding,  these  optical  fibres  are  preferable  to  optical 
fibres entirely consisting of phosphate glass. They are more 
resistant to environmental influences, they are easier to con-
nect to silica optical fibres, and the resulting junctions are reli-
able  due  to  the  absence  of  differences  in  physicochemical 
properties (unlike junctions of optical fibres made of different 
glasses).

In Ref. [8], we showed the possibility of manufacturing a 
single-frequency fibre laser, the cavity of which is formed by 
fibre Bragg gratings written directly in the core of an active 
composite fibre by radiation at a wavelength of 193 nm (ArF 
laser). However, the question arises: is it possible to inscribe 
Bragg gratings using  irradiation at a wavelength of 248 nm 
(KrF  laser)?  This  excimer  laser  is  the most  convenient  one 
and,  therefore,  it  is  the main  actual  tool  for writing Bragg 
gratings  in  optical  fibres. KrF  lasers  are  significantly more 
reliable,  easier  to operate,  and  their working mixture has  a 
much longer life compared to ArF lasers. In the present work, 
it was shown that the available photosensitivity of a compos-
ite fibre to radiation at a wavelength of 248 nm (KrF laser) 
allows  the  formation of a  cavity of  a  single-frequency  fibre 
laser. Using a composite fibre activated with erbium ions, a 
single-frequency fibre laser was manufactured operating at a 
wavelength of 1559.5 nm in a stable single-frequency linearly 
polarised regime. 

2. Optical fibre

The studied fibre was fabricated by sintering phosphate glass 
in a  silica glass  tube with subsequent drawing of an optical 
fibre [5, 8]. For the core to be manufactured, glass of the same 
composition  as  in  [5 – 7]  was  used.  This  composition  con-
tained 65 mol % P2O5, 7 mol % Al2O3, 12 mol % B2O3, 9 mol % 
Li2O  and  7 mol % Re2O3  [9].  The  concentration  of  erbium 
ions was 1.0 ́  1020  cm–3  (1.1 wt.% or 0.39 mol.% of  erbium 
oxide). The composition of  the glass also  included gadolin-
ium,  with  the  total  concentration  of  rare-earth  ions  being 
about  7  mol.%.  To  fabricate  a  fibre  from  bulk  phosphate 
glass, a cylinder with a diameter of about 4 mm was drilled 
using a hollow diamond drill, then the cylinder was inserted 
into a silica glass tube and the assembly was sintered at a tem-
perature  of  2000 °C  in  the  furnace  of  the  fibre-optic  fibre-
drawing machine. After redrawing the resulting preform into 
rods with a diameter of 1 mm and jacketing an additional sil-
ica glass tube, the optical fibre was drawn.

The diameter of the core of the manufactured fibre, esti-
mated using a photograph of the end of the fibre obtained by 
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means of an electron microscope, was approximately 4.5 mm. 
The diameter of the silica glass cladding was 125 mm.

As noted  in our  earlier papers, during  the drawing of a 
fibre with a phosphate glass  core and a  silica cladding,  sig-
nificant  mutual  diffusion  of  phosphate  and  silica  glasses 
occurs. To determine  the  degree  of mutual  diffusion  in  the 
obtained fibre, the concentration of phosphorus oxide in the 
core was estimated by X-ray microanalysis using a JSM-5910 
LV  scanning  electron  microscope  (JEOL)  and  an  INCA 
X-ray spectrometer (Oxford Instruments). The electron beam 
was directed to the centre of the fibre core, while the electron 
energy was selected so that the diameter of the X-ray genera-
tion region was about 3.5 mm, i.e., smaller than the diameter 
of  the  core.  According  to  estimates,  the  concentration  of 
phosphorus oxide in the core was about 24 mol.%. To assess 
the concentration of aluminum, lithium, boron, and gadolin-
ium oxides that make up the initial glass, we assumed that it 
decreases proportionally to the decrease in the concentration 
of phosphorus oxide in the core of the fibre compared to the 
original glass.

The mode composition of the obtained fibre at wavelengths 
near 1.55 mm was studied by observing the end image using an 
IR  camera.  Under  different  excitation  conditions,  only  the 
intensity distribution corresponding to the fundamental mode 
of  the fibre core was observed at  the output end of  the fibre 
under study. This indicates that the fabricated fibre was single-
mode in the near 1.55 mm. Using a fibre 2 m long, the cut-off 
wavelength of the first highest mode, which was measured by 
the bend reference technique, was 1.4 mm.

Figure  1  shows  the  absorption  spectra  of  the  obtained 
fibre near 980 and 1550 nm  in  the small-signal  regime. The 
maximum absorption at a wavelength of 980 nm is approxi-
mately 0.4 dB cm–1. Figure 2  shows  the  luminescence  spec-
trum measured upon excitation at a wavelength of 980 nm. 
The measured lifetime of the energy level 4I13/2 of erbium ions 
was 6.1 ms. Such a small value of the lifetime compared with 
that characteristic of optical fibres made by the deposition of 
silica glass from the gas phase is obviously due to the signifi-
cant content of hydroxyl groups in the initial phosphate glass.

Figure 3 shows the spectrum of optical losses beyond the 
absorption bands of erbium ions, measured by shortening the 
fibre  length.  The  minimum  optical  loss  in  this  region  is 
1 dB m–1 and is determined mainly by the degree of contami-
nation of phosphate glass during melting [10].

3. Laser

To form the laser cavity, fibre Bragg gratings were written 
directly  in  the  active  composite  fibre.  The  gratings  were 
written by radiation from a CL-5000 excimer KrF laser (248 
nm)  (OptoSystems)  through a uniform phase mask with a 
period Lm = 1072.03 nm and a length of 50 mm. To increase 
photosensitivity, the active composite fibre was loaded with 
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Figure 1. Absorption  spectra  of  the  composite  fibre  near  the  wave-
lengths of (a) 0.98 and (b) 1.55 mm.

1450 1500 1550 1600 1650
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Wavelength/nm

In
te

n
si

ty
 (

ar
b

. u
n

it
s)

Figure 2. Luminescence spectrum of a composite fibre. 
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Figure 3. Spectrum of optical loss.
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molecular hydrogen at a temperature of 100 °C and a pres-
sure of 110 atm. KrF laser radiation (pulse duration 10 ns, 
energy 24 mJ, repetition rate 50 Hz) was focused by a cylin-
drical lens onto the side surface of the fibre through a phase 
mask. 

Initially,  the  possibility  of  writing  Bragg  gratings 
directly in the core of a composite fibre was experimentally 
investigated.  For  this  purpose,  under  the  conditions 
described  above,  a  Bragg  grating  of  3.5  mm  length  was 
written. During the writing, the transmission spectra of the 
fibre were measured at various doses of UV radiation. The 
measurements  were  carried  out  using  an  ANDO  6317B 
spectrum  analyser  with  a  resolution  of  0.02  nm  and  a 
broadband luminescent source. Using the obtained dynam-
ics  of  the  reflection  coefficient  of  the  Bragg  grating  and 
applying the technique from [11], we calculated the depen-
dence of the induced change in the refractive index on the 
dose of UV radiation (Fig. 4). Comparison of this depen-
dence with similar data for the standard SMF28e telecom-
munication  fibre,  studied  under  conditions  close  to  the 
conditions of the present experiment [12], showed that the 
induced  refractive  index  is  comparable  for  two  types  of 
optical  fibres  at  doses  of  UV  irradiation  of  less  than 
4  kJ cm–2. At UV irradiation doses above 4 kJ cm–2 in the 
composite fibre under study, the growth rate of the induced 
refractive  index  slows  down  significantly, while  this  does 
not occur  in  the SMF28e fibre. Nevertheless, a change  in 
the refractive  index at  the  level of  (4 – 6) ́  10–4  induced  in 
the core of the composite fibre is sufficient to form a cavity 
of a single-frequency fibre laser.

The laser cavity was formed by two identical fibre Bragg 
gratings 23 mm long each. Between the gratings there was a 
portion of an unirradiated active fibre with a length of 4 mm. 
The cavity was written by scanning the UV laser beam along 
the axis of the fibre at a speed of 0.05 mm s–1 in two passes. 
After each pass, the transmission spectrum of the cavity was 
measured. The reflection coefficient of the gratings after the 
first pass was approximately 90 %.

The final transmission spectrum of the cavity, formed by 
two gratings, is shown in Fig. 5. The reflection coefficient of 
each grating is about 98 %; the width of the spectrum at half 
maximum is 0.16 nm. Since the studied pair of gratings is a 
Fabry – Perot interferometer with a high Q  factor, a narrow 
peak  is present  in  the  spectrum corresponding  to  the  trans-

mission band of the  interferometer. Based on the geometric 
parameters of the cavity and the measured reflection coeffi-
cient of the gratings, we can estimate the spectral width of the 
central  transmission  peak  in  the  reflection  spectrum  of  the 
Fabry – Perot  interferometer  [11]. According  to  the  calcula-
tions, the spectral peak width at half-maximum Dl (FWHM) 
is  0.003  nm. The  obtained  value  is  less  than  the maximum 
resolution  of  the  used  spectral  device  (0.01  nm);  therefore, 
this peak in Fig. 5 cannot be resolved.

Based on the parameters of the obtained cavity, it is pos-
sible  to  estimate  the  wavelength  difference  of  the  adjacent 
longitudinal modes of the cavity [13]. With a grating length of 
23 mm, a distance between gratings of 4 mm and a reflection 
coefficient of gratings of 98 %, the calculated wavelength dif-
ference  between  adjacent  longitudinal  cavity  modes  is 
0.065 nm (8 GHz). It should be noted that, in numerical esti-
mates,  the  grating  parameters  were  assumed  the  same. 
However, due to temperature changes during the writing of 
the gratings, their real parameters may differ. 

Figure 6  schematically  shows  the  setup  for  studying  the 
characteristics of  the obtained  fibre  laser. A  semiconductor 
laser diode with a wavelength of 976 nm was used as a source 
of pump  radiation. The  total  length of  the  active  fibre was 
approximately 70 mm: 50 mm per cavity, and 10 mm on each 
side of the cavity were necessary to connect the latter with the 
rest of the circuit. An active fibre was spliced on both sides to 
a specially manufactured fibre doped with germanium oxide. 
The diameters of the mode fields of the germanium and active 
fibres  almost  coincided  and  amounted  to  about  5 mm  at  a 
wavelength of 1550 nm.

The mode composition of the obtained laser operating in 
a stable single-frequency regime was studied using a confocal 
scanning Fabry – Perot  interferometer with a free dispersion 
region of 750 MHz. Due to the presence of a small birefrin-
gence in the cavity inherent in the active fibre, the laser oper-
ated in the regime with two orthogonal polarisations of radia-
tion  (Fig. 7a). The orthogonality of  the mode polarisations 
was determined using the polarisation controller installed at 
the output of the system and a polariser located in front of the 
entrance  to  the  Fabry – Perot  scanning  interferometer.  By 
bending the active fibre in a certain direction, it was possible 
to obtain a stable single-frequency regime with linear polari-
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sation (Fig. 7b). Apparently, the bending of the optical fibre 
led to an increase in birefringence inside the cavity and, con-
sequently, to an increase in the frequency difference between 
the  orthogonally  polarised modes.  The  width  of  the  lasing 
line, measured using a Fabry – Perot scanning interferometer, 

was smaller than the instrumental width of the interferometer 
(11 MHz).

A study of the temporal characteristics of a laser using a 
photodetector  with  a  bandwidth  of  2 GHz  and  an  oscillo-
scope (500 MHz) showed the absence of pulsing. At a pump 
power in the range of 90 – 320 mW (measured at the point Рр 
in Fig. 6), the laser signal was Fourier-transformed. The peak 
frequency  of  relaxation  oscillations  increased  from  220  to 
650  kHz  with  an  increase  in  the  pump  power  from  90  to 
320 mW. No other noise frequency components were detected.

The  laser emission spectrum, measured at pump powers 
of about 89, 183, and 320 mW with a resolution of 0.01 nm, is 
shown in Fig. 8. At the highest power, the lasing wavelength 
was 1559.5 nm. The change in the laser radiation wavelength 
with increasing pump power is due to the heating of the Bragg 
gratings.

Figure 9 shows the dependences of the laser power output 
from both sides (output 1 and output 2, Fig. 6) on the input 
pump power, measured in a linearly polarised laser oscillation 
regime  (with  bending).  The  oscillation  threshold  is  about 
70 mW. The launched pump power was measured at point Рр. 
The unabsorbed pump power at output 1 was about a third of 
the input, and the lasing efficiency was 1.2%. The laser power 
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at output 2 was approximately half that of output 1. This is 
obviously due to the difference in the reflection coefficients of 
the gratings making up the laser cavity, or to their slight mis-
match in wavelength. 

The bent of the laser cavity was implemented by fixing the 
germanium-doped  fibre sections on the laboratory bench (see 
Fig.  6)  without  using  any  special  devices.  A  change  in  the 
position of  the  active  fibre  significantly  affected  the output 
power  and  the  state  of  polarisation  of  the  laser  radiation. 
Thus,  the  amplitude  of  the  output  power  oscillations when 
the  spatial  position  of  the  fibre  laser  cavity  was  changed 
exceeded 50 %. However, at a certain position of the fibre, it 
was possible to obtain laser generation in a linearly polarised 
mode with a sufficiently stable output power (within 5 %) in 
time, which was sufficient for measurements. In this case, the 
lasing  efficiency  approximately  corresponded  to  the  depen-
dence shown in Fig. 9.

4. Conclusions

The possibility of writing fibre Bragg gratings in a composite 
optical fibre manufactured by sintering a phosphate glass in a 
silica glass tube using the radiation of a KrF laser at a wave-
length of 248 nm is demonstrated. For this purpose, a com-
posite fibre doped with erbium ions, single-mode near a wave-
length  of  1550  nm,  was  designed  and  manufactured.  In 
hydrogen-loaded samples of a composite fibre, photosensitiv-
ity to laser radiation with a wavelength of 248 nm was found, 
comparable with  the photosensitivity  of  a  hydrogen-loaded 
standard  telecommunication  fibre with a  core made of  ger-
manosilicate  glass. When writing Bragg  gratings  directly  in 
the core of an active composite fibre, the operation of a sin-
gle-frequency  laser  was  demonstrated.  The  fabricated  fibre 
laser generated radiation at a wavelength of 1559.5 nm in a 
stable single-frequency linearly polarised mode.
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Figure 9. Dependence  of  the  laser  output  power  on  the  input  pump 
power.




