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Abstract.  We consider the use of a two-mirror multibeam reflection 
interferometer as a selector of linear-cavity single-mode fibre laser 
radiation and present experimental data on continuous wavelength 
tuning of an erbium-doped fibre laser. Conditions are found for 
single-longitudinal-mode operation of the fibre laser cavity using a 
reflection interferometer, with the possibility of broadband wave-
length tuning.

Keywords: multibeam reflection interferometer, fibre laser, mode 
selection, single-longitudinal-mode lasing.

1. Introduction

Multibeam  two-mirror  reflection  interferometers  (RIs) may 
probably  offer  a  record-high  degree  of  radiation  selection 
among conventional reflected-light spectral selectors, such as 
two-mirror  interferometers and diffraction gratings  [1]. The 
configuration  of  the  RI  cavity  is  identical  to  that  of  the 
Fabry – Perot  interferometer  (FPI):  two  mirrors  some  dis-
tance  apart. One  distinctive  feature  of  the RIs  is  that  their 
input mirror,  facing the  light source, contains a component 
that  causes  considerable  losses  in  a  travelling  light  wave. 
Owing to this, however, the reflected-light spectral character-
istics of the RIs can be very similar to the transmission char-
acteristics of the FPI. In contrast to that of the FPI, the spec-
tral profile of the response function of the RIs, determined by 
the  structure  of  their  input  mirror,  can  be  varied  to  some 
extent [2]. The RIs are easy to fabricate owing to the simple 
design  of  their  two-mirror  cavity:  an  RI  can  be  produced 
through vacuum deposition of  thin  layers on a substrate or 
fibre. There are several widely used state-of-the-art techniques 
for selecting the radiation of single-mode fibre lasers and laser 
diodes with a waveguide structure. One of them employs fibre 
Bragg gratings (FBGs) with a narrow spectral reflection peak 
[3]. However, the limited transverse spatial coherence of laser 
beams for FBG inscription adds complexity to the fabrication 
of gratings with a spectral width less than 0.1 nm. To achieve 
single-longitudinal-mode  lasing, use  is also made of distrib-
uted  feedback  cavities  [4].  These  methods,  however,  are 
unsuitable for rapid (over 102 Hz) wavelength scanning in a 
wide spectral range (about 100 nm).

Another  selection  technique  employs  a  fibre-optic  FPI 
together with an optical isolator in the cavity of a ring laser 
[5]. One  drawback  to  this  approach  is  that  it  is  difficult  to 
ensure a small cavity length, which influences the number of 
generated modes  in  the  spectral  range of  selection of  fibre-
optic FPIs. It  is worth mentioning a  four-mirror configura-
tion  [6], where  the  cavity of a  laser diode  is  ‘split’  into  two 
cavities  slightly  differing  in  length.  The  cavities  are  several 
microns apart. The difference in eigenfrequency between the 
cavities  is  such  that,  in  the  free  spectral  range of  the  entire 
system,  only  one  eigenmode  can  be  generated  within  the 
amplification line, which offers the possibility of rapidly tun-
ing the output wavelength over 15 nm.

Selection with an RI has the advantage of using reflected 
light, which allows one to simultaneously select only one cav-
ity frequency and have a broad spectral range and high speed 
of  radiation  tuning.  The main  purposes  of  this  study  is  to 
demonstrate radiation selection  in a  linear-cavity fibre  laser 
using an RI.

2.  Response function of the RI

To assess the degree of mode selection, it is necessary to con-
sider  the  response  function of  the RI  in  reflection, which  is 
more  complex  than  that  of  the  FPI.  The  properties  of  the 
fibre-integrated,  thin  metallic  film-based  RI  used  in  our 
experiments  (Fig.  1)  can  be  described  rather  accurately  by 
three-dimensional  theory  in  the  plane  wave  approximation 
[7].  In  the  light  reflected  from  the  interferometer,  the  ray 
reflected  from the  input mirror outside  the cavity  interferes 
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Figure 1. Schematic of the fibre-integrated RI: ( 1 ) SMF-28e fibre, ( 2 ) 
collimator (8-mm focal length), (M1) input mirror based on a thin me-
tallic film and multilayer dielectric coating (with reflectances R1 << R2 
and transmittance T1 > 0), (M2) end mirror (reflectance R3 = 1). LInt is 
the RI base length.



707Selection of linear-cavity fibre laser radiation

with the ray leaving the cavity. Generally, the response func-
tion can be written in the form
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where   andR T, ,1 2 1 2  are the reflectances and transmittances of 
mirror M1 (R2, inside the cavity; T1 = T2) and R3 is the reflec-
tance of mirror M2  (Fig.  1). Let Y1,2,3  and F1,2  be,  respec-
tively,  the  phases  of  the  reflection  and  transmission  coeffi-
cients of the mirrors (F1 = F2). We have  21 2 1J Y Y F= + - , 

2 / ( ) /2LInt 2 3pj l Y Y= - +   (where  j  is  the  phase  shift  per 
pass between the mirrors; LInt is the RI base length; and l is 
the wavelength of the light). For a clear analytical description 
of lasing conditions, relation (1) can be significantly simpli-
fied by using parameters of an asymmetric diffraction mir-
ror [8]:

0, 0, 0 1R R< <1 1 2Y= = ,

, (1 ) /2, /4T R, ,2 1 2 2 1 2p pY F= = - = , 

(2)

where the coefficients are taken only for zeroth-order diffrac-
tion.  Such a mirror has strong asymmetry in its reflectances 
(R1 << R2) and always causes losses in a travelling light wave 
because some of the light is scattered through diffraction (R2 

+ T2 < 1). The end mirror of the RI is highly reflective: R3 = 1, 
Y3 = p. Relation (1) then takes the form
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where Rmax is the maximum reflectance of the RI and H is its 
coefficient of finesse. Relation (3) is equivalent in structure to 
the transmitted-light response function of the FPI. The rela-
tion for Rmax shows that   ( ) 1R <ju  at any   1R <2 . For R2 ® 1, 
we have  ( ) 1R "ju , so it is more beneficial to use high-finesse 
cavities.  By  analogy  with  the  FPI,  the  interference  fringe 
finesse of the RI can readily be expressed through the coeffi-
cient of finesse:  /2F Hp= .

3. Radiation selection experiments

The  first  radiation  selection  experiments  with  the  use  of  a 
fibre  laser  RI  were  performed  in  a  linear  cavity  ytterbium 
fibre  laser  [9]. The  laser wavelength was  tuned  in a narrow 
range  (20 GHz, 0.1 nm at a wavelength of 1080 nm) corre-
sponding to a high reflectance of the cavity mirror – a fibre 
Bragg grating (an RI with a low-finesse cavity was used). The 
use of a fibre-integrated, thin metallic film-based RI (Fig. 1) 
having a high-finesse cavity allowed us to obtain considerably 
broader tuning ranges. In particular, in experiments with an 
erbium-doped  fibre  ring  laser  [7],  wavelength  tuning  over 
40 nm was demonstrated. However, the use of an RI for mode 
selection in a ring cavity has essentially no serious advantages 
over conventional selection techniques, e.g. with the use of a 

fibre-optic FPI placed  in  the  cavity of  a  ring  laser  together 
with a fibre-optic Faraday isolator for reflected-light suppres-
sion  [5].  Reflected-light  operation  of  the RI  seems  to  have 
advantages only in a linear-cavity configuration.

To demonstrate wavelength tuning with a fibre-integrated 
RI, we used a linear-cavity erbium-doped fibre laser operat-
ing near 1550 nm (telecom window). The spectral properties 
of the fibre-integrated RI in this range were studied at differ-
ent LInt  values  (Fig.  2).  The  interferometer was  exposed  to 
broadband spontaneous emission from the erbium fibre laser 
in  subthreshold  mode  through  a  fibre-optic  circulator. 
Reflection  spectra were measured at  the output port of  the 
circulator using a spectrum analyser. For continuous wave-
length tuning, we varied the RI base  length (the end mirror 
was scanned using piezoceramic). The tuning rate of the max-
imum reflectance of the RI in this configuration with nonfibre 
components  was  up  to  500  s–1.  The maximum  interference 
fringe finesse was determined to be F = 40, and the maximum 
reflectance was Rmax » 0.5. This points  to appreciable  light 
losses at the interface between the bulk components and fibre 
optics.  The  ratio  of  the maximum  to minimum  reflectance 
was Rmax/Rmin = 40. Reducing the mirror separation allowed 
us  to obtain a  free  spectral  range of up  to 120 nm (LInt » 
10–5 m). It can be broader and is limited by the spectral width 
of the reflectance of the mirrors, like in the case of the FPI. 
The lowest reflectance, determined by the reflection from the 
fibre end face (Fig. 1), was rather high (Rmin = 0.025) and had 
a significant effect on the spectral tuning range of the laser. 
The problem of contrast arises here because of the imperfect 
fabrication of  the  components of  the RI.  In  theory,  the RI 
may have perfect contrast, which is in principle unachievable 
with the FPI [1].

The  laser was pumped by a  single-mode  laser diode  ( 3 ) 
(980-nm wavelength,  150-mW maximum  power)  through  a 
wavelength-division  multiplexer  ( 4 )  located  in  the  cavity 
(Fig. 3). The  total cavity  length was 10 m, and  the erbium-
doped fibre length was 4.5 m ( 5 ). The passive section of the 
cavity was made of SMF-28e fibre. Since these fibres differ in 
fundamental-mode diameter,  the  fusion  splices  (denoted by 
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Figure 2. Normalised reflection spectra of the RI exposed to spontane-
ous emission  from a  laser  in  subthreshold mode at LInt = 12, 24 and 
60 mm.
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crosses)  always  caused  wavelength-dependent  losses  (about 
0.5  dB),  reducing  the  cavity  finesse.  The  loss  was  doubled 
when  the  laser  wavelength  was  stabilised  by  a  saturable 
absorber ( 2 ) in the form of an unpumped 12-cm-long active 
fibre. The beam was extracted from the cavity through a 80/20 
fibre coupler ( 6 ). A broadband mirror ( 8 ) with 70 % reflec-
tance  was  made  on  the  fibre  end  face.  Our  measurements 
showed  that  the  small-signal  absorption  in  the  active  fibre 
was  3  dB  m–1  (1530  nm)  and  the  pump  absorption  was 
4.3 dB m–1 (980 nm).

For  approximate  mathematical  modelling  of  lasing 
characteristics (power, lasing threshold and efficiency) in a 
model proposed by Barnard et al. [10], we used the spectral 
distributions of the pump and signal absorption and emis-
sion cross sections reported by Miniscalco [11] for an Al/P-
silica fibre. Those data were also used to calculate the spec-
tral dependences of  the pump and signal  saturation pow-
ers,  which  were  normalised  to  the  values  measured  at 
wavelengths  of  980  and  1547 nm. The  calculation  results 
agreed well with experimental data: the key characteristics 
of  the  laser  –  output  power,  slope  efficiency  and  tuning 
range – coincided to within one order of magnitude at the 
measured  losses  and  gain  medium,  scheme  and  pump 
parameters. This was interpreted as evidence that the the-
ory  could  be  used  to  calculate  the  characteristics  of  the 
selector  needed  for  single-longitudinal-mode  lasing  in  a 
short-cavity laser.

When the reflection peak of the RI ( 1 ) was tuned by more 
than  20  nm,  parasitic  lasing  occurred  near  the  peak  gain 
wavelength of the medium (1530 nm), which was due to the 
low contrast of the RI response function. Taking into account 
the  parasitic  lasing,  we  optimised  the  interferometer  base 
length so that the maximum tuning range and the degree of 
radiation  selection  corresponded  to  a  20-nm  free  spectral 
range (Fig. 2, lowermost spectrum). At this RI base length, a 
fringe finesse of 40 was reached, whereas at lower LInt values 
it dropped to 30.

The laser output was multimode because a large number 
of  longitudinal modes  fell  in  the  spectral  range  of  the  high 
reflectance of the RI. The number of generated modes can be 
estimated as

Nmod ~ Ln/(LIntF ),  (4)

where n is the reflective index of the fibre material and L is the 
cavity length. We obtained  Nmod~ 103, which leads to compe-
tition between longitudinal modes and temporal laser wave-
length instability, e.g. because of the spatial hole burning in 
the gain medium of the laser.

Figure  4  shows  laser  output  spectra  obtained  with  a 
Yokogawa  AQ  6370  spectrum  analyser  (Fig.  3)  in  three 
regions (1525.5, 1533 and 1542 nm) within the tuning range. 
There are two spectra in each region, which points to spectral 
lasing instability. Longitudinal modes were generated within 
0.1  nm. To  reduce  the  lasing  instability  due  to  spatial  hole 
burning  in  linear-cavity  lasers,  use  is  commonly made  of  a 
saturable absorber. In our case, this led to no significant nar-
rowing of the spectrum but improved temporal lasing stabil-
ity.  In  addition,  this  reduced  the  wavelength  tuning  range, 
output power and laser efficiency. The spectra in Fig. 4 were 
obtained with no saturable absorber. An individual mode is 
represented by a characteristic profile with a full width at half 
maximum  (FWHM) equal  to  the minimum spectral  resolu-
tion of  the spectrum analyser  (20 pm). Within  this  interval, 
few-mode lasing is possible.

The maximum  tuning  range with no  saturable  absorber 
was about 20 nm. The RI base length corresponding to this 
interval  (to  the  free  spectral  range)  was  60  mm,  and  the 
FWHM of the reflection band of the RI was 0.5 nm. We failed 
to obtain a broader tuning range because of the insufficient 
contrast  of  the  response  function  of  the  interferometer.  A 
broader tuning range can be achieved by controlling the cav-
ity  finesse  using  the  spectral  properties  of  the  mirror  ( 8 ), 
thereby  effectively  reducing  the  influence of  the  contrast of 
the maximum gain  profile  of  the  active medium within  the 
free spectral range of the RI. The highest slope efficiency of 
the laser was about 5 %. The output power per coupler port 
was up to 1 mW (depending on pump power).

The  linear  laser  configuration  (Fig.  3)  allows  one  to 
exclude  two optical  components  from  the  cavity:  the wave-
length-division  multiplexer  ( 4 )  and  fibre  coupler  ( 6 ).  The 
active fibre core is then pumped not in the cavity but outside, 
through the mirror, and the lasing output is extracted through 
a wavelength-division multiplexer (Fig. 5). This allows one to 
markedly  reduce  the  cavity  length  and  increase  the  mode 
spacing. If a selector possesses sufficient selection sharpness, 
it may ensure lasing at only one eigenfrequency of the cavity 
within the gain band of the fibre laser. It seems likely that the 
fibre-integrated RI  employed  in our  experiments  cannot be 
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Figure 3. Schematic of  a  linear-cavity  fibre  laser:  ( 1 )  fibre-integrated 
RI, ( 2 ) saturable absorber (0.12 m long), ( 3 ) single-mode pump diode 
(980 nm, 150 mW),  ( 4 ) wavelength-division multiplexer,  ( 5 )  erbium-
doped active fibre (4.5 m long), ( 6 ) fibre coupler (80/20 coupling ratio), 
( 7 ) optical spectrum analyser, ( 8 ) dielectric mirror (70 % reflectance).
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Figure 4. Laser output spectra in three regions (two spectra in each re-
gion).
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used in such a configuration because the cavity length cannot 
be made  smaller  than  the  focal  length of  the  collimator.  In 
such a configuration, a fibre-optic RI [12], which is thought to 
be  in  a  sense  a  fibre-optic  analogue  of  a multibeam  phase 
interferometer  [13, 14], can serve as a  selector. The spectral 
properties of mirrors M, M1 and M2 should ensure appropri-
ate lasing conditions. It is desirable that the mirrors be broad-
band  and  highly  reflective.  They  can  be made  as  thin-film 
coatings  on  the  fibre  end  faces  by  vacuum deposition. The 
fibre cavity of a variable-base-length RI can be fabricated by 
the same methods as are used to make fibre-optic Fabry – Perot 
cavities (see e.g. Refs [15, 16]).

4. Single-longitudinal-mode lasing conditions

Conditions  for  single-longitudinal-mode  operation  of  fibre 
lasers can be inferred from an analytical model proposed by 
Barnard et al. [10]. According to these conditions, within the 
gain  band  of  the  active  laser  medium  the  loss  level  for  all 
other modes should exceed their gain level, i.e. they should be 
in  the  subthreshold  regime.  In  the  case of gas  lasers with a 
small gain coefficient, even small mode discrimination accord-
ing to the loss level may ensure conditions for single-longitu-
dinal-mode lasing [17]. We apply this approach to solid-state 
lasers, which have a large gain coefficient in a broad spectral 
range. Conditions for the eigenfrequencies of the laser cavity 
(Fig. 5) can be derived from the equation of phase matching 
of light waves:

2
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where YM is the phase of reflection from mirror M; YInt is the 
phase of reflection from the RI, and m = 1, 2, 3, ... It follows 
from the theory of RIs [1] that the phase of the RI in case (2) 
can be written in the form
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where y = 2pnLInt/l. Consider in frequency space, n = c/l, two 
neighbouring longitudinal laser modes of order m and m + 1 
with frequencies  nm = n0 and nm+1 = n0 + dn, dn/ n0 <<1 (n0  is 
the resonance frequency of the RI and  is the frequency spac-
ing  between  the  laser  cavity modes).  Subtracting  the  corre-
sponding Eqns (5) from each other, expanding the difference 
in terms of the small parameter dn/n0 and retaining only the 
first-order terms, we obtain
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y

+ + - +
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where y0 = 2pnLIntn0/c = p is the resonance phase of the RI. 
Since LInt/L << 1,  let  us  expand  (7)  in  terms  of  this  small 
parameter:
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L
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1
1Int

2

.dn -
-
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Equation  (8)  shows  that  the  eigenfrequencies  are  concen-
trated around the resonance frequency of the selector (in con-
trast to the case of undisturbed cavities [17]), which is charac-
teristic as well of an FPI in a ring cavity. The degree of con-
centration  is  determined  by  the  relationship  between  the 
cavity length and RI fringe finesse, and conditions for lasing 
at one frequency within the free spectral range may have the 
following form:

1G T R Rmax maxr M
2 2 H ,

1G T R R <max r M
2 2

dn ,  (9)

1G R G R<max min min max
2 2 H ,

where Gmax, min are extrema in the spectral profile of the maxi-
mum gain within the free spectral range of the RI; RM is the 
reflectance  of  the  laser  cavity  mirror;  Tr  is  the  single-pass 
transmittance  of  the  cavity;  ( )R Rmax 0y= u   and  Rmin= 
( /2)R 0 py +u  are the maximum and minimum reflectances of 

the RI; Rdn =  ( )R 0 dy y+u ; and dy = 2pn /L cIntdn . Inequalities 
(9) impose limitations on characteristics of the response func-
tion. They are derived under the assumption that the R TM r

2  
product is wavelength-independent in the free spectral range 
of the RI.  The first inequality requires Rmax values as high as 
possible;  the  second  requires  a high degree of  selection,  i.e. 
high fringe finesse F; and the last requires high contrast.

For estimates in the LInt << L approximation, the eigen-
modes of the three-mirror cavity (Fig. 2) can be taken to be 
undisturbed, i.e.  (2 )c Ln 1dn = - . Then, from (9) we obtain a 
condition for the fringe finesse F:

F G T R
L
L1

> max r M

Int

2 2

p
- .  (10)

Under certain conditions, the square root in the numera-
tor in (10) can be less than unity and diminish requirements 
for F, which is characteristic of gas lasers with small gain coef-
ficients.  According  to  (10),  the  interference  fringe  finesse 
required  for  the  laser  configuration  under  consideration 
(Fig. 2) is F > 104. Calculations show that, in the case of the 
active  fibre  used,  in  the  short-cavity  configuration  (Fig.  5) 
with L = 0.1 m and LInt = 10–4 m, single-mode lasing can be 
obtained at  finesses  in  the  range 102 – 103. The  free  spectral 
range in silica fibre, i.e. the laser wavelength tuning range, will 
then  be  about  7.5  nm. The  use  of  fibres with  a  larger  gain 
coefficient  (for  example,  EDFC-980-HR;  80  dB  m–1  at 
1530 nm) or operation  in other  spectral  ranges, where gain 
coefficients much greater  than unity are possible, will allow 
one to further reduce the cavity length, diminish requirements 
for F and ensure a tuning range over 50 nm. The RI method is 
applicable  to  semiconductor  lasers with a  cavity  length  less 
than 1 mm. The finesse necessary for this is F < 102.

 M1 MM2 Er3+

LInt L

2

1

3

Figure 5. Schematic of a short linear cavity fibre laser: ( 1 ) pump beam, 
( 2 ) wavelength-division multiplexer, ( 3 ) laser output, (M) cavity mir-
ror, (M1) input mirror of the RI (asymmetric in its reflectances), (M2) 
highly reflective end mirror of the RI. L is the laser cavity length and 
LInt is the RI base length.
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In the case of a previously proposed fibre selector with a 
spatially symmetric structure [12], simultaneous lasing at two 
orthogonal  polarisations  is  possible.  The  fibre-optic  RI 
method makes it, in principle, possible to include a polarisa-
tion selector in the structure of the input mirror if one polari-
sation should be separated out.

5. Conclusions

A fibre-integrated, thin metallic film-based RI has been suc-
cessfully used to continuously tune the emission wavelength 
of a linear-cavity erbium-doped fibre laser. We have analyti-
cally examined the possibility of mode selection with an RI 
for achieving single-longitudinal-mode operation of a single-
mode fibre laser. We expect that using an all-fibre RI will con-
siderably  reduce  the  reflection  loss,  increase  the  contrast of 
the  response  function  and  improve  the  interference  fringe 
finesse. At the present stage, available processes for the fabri-
cation of fibre-optic thin metallic film-based RIs allow them 
to be used in low-power lasers (no more than 20 mW). Light 
absorption in the film may degrade the characteristics of the 
asymmetric  mirror  above  a  certain  incident  intensity.  The 
fibre-integrated RI schematised in Fig. 1 possesses a consider-
ably higher optical damage threshold (up to 200 mW), because 
the beam diameter in this configuration is two orders of mag-
nitude larger than that in the all-fibre configuration. The use 
of scattering dielectric structures  in  fibre  [12] will enable an 
increase in the  optical damage threshold of RIs.
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