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Abstract.  A new method for manufacturing a two-mirror reflection 
fibre interferometer in a single-mode fibre consisting of an input 
mirror with an asymmetric reflection coefficients and a highly ref
lective end mirror is presented and experimentally demonstrated. 
The input mirror is based on a metal-dielectric diffraction structure 
in the form of an aperture in an aluminium film and a dielectric 
multilayer coating, which provides asymmetry of the reflection 
coefficient. The method includes the calculation of the energy coef-
ficients of the aluminium film with a hole, the determination of the 
optimal diameter of the hole, as well as making of the hole, the ent
rance mirror and the resonator with a short fibre base. A sample 
interferometer is demonstrated that has an increased (at least by 
two orders of magnitude) radiation resistance compared to variants 
based on a continuous metal film, namely, at least 100 mW of radi-
ation in a single-mode SMF-28e fibre at a wavelength of 1550 nm.

Keywords: reflection fibre interferometer, aluminium film with a 
hole, dielectric interference coating, diffraction.

1. Introduction

A reflection interferometer (RI) is a variant of a multiple-
beam two-mirror interferometer. The principal difference 
between the RI resonator and Fabry – Perot interferometers 
(FPIs) or Gires-Tournois interferometers is the presence of 
losses at the input mirror. This makes the reflection character-
istic of the RI similar to the FPI transmission function, which 
can be used for narrow-band filtering of radiation in reflection 
optical schemes. In addition, RIs have other properties of an 
FPI: the free spectral region (FSR) varies widely, the response 
function has high contrast; it is possible to rearrange the 
reflection peak quickly over the entire FSR. These and other 
properties allow the use of RIs for the selection of wave-
lengths in lasers [1]. For fibre optics, the fibre-optic RI is of 
particular value, making it possible to obtain single-frequency 
or multi-wavelength generation in fibre or waveguide lasers 
[2, 3] and to produce coherent wavelength-tunable sources in a 
wide spectral range. With proper development of technol-
ogy, as well as depending on the problems solved, fibre RI 

can compete with modern technologies for the selection of laser 
radiation, since it has flexible characteristics. For example, it 
can combine a degree of filtration in reflected light comparable 
to that of a fibre Bragg grating (FBG) [4], a wide range of radi-
ation tuning (up to 100 nm at a wavelength of 1550 nm), 
exceeding the maximum spectral range of a FBG (up to 50 nm), 
as well as a high scanning frequency (over 1 kHz). When the 
base length is increased in combination with FBG, it is possible 
to obtain compact reflectors with an ultra-small width of the 
reflection peak (less than 1 pm), which is practically difficult to 
achieve in FBG [5]. Based on reflection, RIs can be used in 
ultrashort (less than 1 mm) laser diode resonators to obtain 
single-frequency lasing with broadband fast spectral rearrange-
ment without the use of microlenses [6]. For fibre applications, 
the fibre RI design is simpler than systems based on ring micro-
resonators [7]. It is easier to control fibre RIs compared to mul-
tiresonator devices based on the Vernier effect [8], since there is 
only one controllable parameter (for example, voltage on a 
piezoceramic actuator) that changes the phase incursion (dis-
tance) between mirrors. In addition, the RI response function 
has high contrast throughout the entire FSR, which is unat-
tainable when using the Vernier method. In particular, this 
leads to the appearance of parasitic peaks, which can contain 
up to half the total energy.

To obtain a narrow peak in the reflected light, the input 
mirror of the fibre RI should have a large asymmetry of the 
reflection coefficients (the so-called asymmetric mirror) and 
finite transmission. This is achieved by introducing losses into 
the dielectric multilayer mirror using a thin metal film, metal 
or dielectric diffractive structure [5, 9, 10]. At the moment, for 
practical applications at an acceptable level, only a technol-
ogy based on a thin metal film has been developed, whose 
significant drawback is low radiation resistance (about 1 mW 
at a wavelength of 1550 nm [5, 11]). This makes it difficult to 
use films for the selection of laser modes with higher power. 
Calculations show that a significant increase in radiation res
istance requires the use of diffraction structures at the fibre 
end with characteristic dimensions of several micrometres 
and high manufacturing accuracy [9, 10]. For practical imple-
mentation, it is required to develop a technological method 
for manufacturing such scattering structures and to fabricate 
on their basis an asymmetric mirror of the RI [11].

The purpose of this work is to demonstrate a new method 
for manufacturing a fibre metal-diffraction reflection 
interferometer (FMDRI) for the spectral ranges S, C, and 
L (1460 – 1625 nm), which are especially important for optical 
communication. It was experimentally shown that the thresh-
old of the radiation resistance of the developed FMDRI 
exceeds 100 mW of continuous radiation at a wavelength of 
1550 nm. In this case, a component of an FMDRI is a mirror 
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asymmetrical with respect to reflection coefficients, based on 
an aluminium film with a hole and a matched dielectric mul-
tilayer coating.

2. Calculation part

The schematic of the proposed FMDRI is presented in Fig. 1. 
Its design is typical for all types of the fibre RI. The end mir-
ror M2 with a reflection coefficient close to unity is formed on 
one end of a single-mode fibre base. The input mirror M1 
located at the end of the left fibre has a more complex metal –
dielectric structure. It always includes an element that intro-
duces a loss, which is located on the side of light incidence 
before the dielectric multilayer coating. In the general case, 
this leads to the inequality (asymmetry) of the coefficients R1 
and R2 of reflection into the fundamental mode of the fibre 
(in particular, one can make R1 << R2). The dielectric coating 
layers of mirror M1 can have a quarter-wavelength optical 
thickness (as in a conventional high-reflection mirror [9]), 
which requires monitoring the sputtering process, i. e., deter-
mining the moment of the dielectric change by tracing the 
reflection from an additional fibre ‘witness mirror’. This con-
trol is complicated in sputtering systems with high spatial 
inhomogeneity, e. g., in a magnetron system. In this case, it is 
impossible to achieve full zeroing of the coefficient R1, alth
ough it can be made sufficiently small. For this reason, in the 
present work, we use another method of sputtering control 
based on measuring the reflection coefficient R1 directly from 
mirror M1. Then the dielectric layers are not quarter-wave-
length ones [2]; however, using this technique R1 can be alm
ost completely zeroed. In addition, this method does not 
require a ‘witness mirror’.

The large asymmetry of the reflection coefficients of mir-
ror M1 (R2 >> R1 ® 0, transmission coefficient T1 > 0) leads 
to the appearance of a ‘non-inverted’ spectral behaviour of 
the RI in reflected light, demonstrating narrow peaks on a 
dark background. For the proof, we consider the expression 
for the amplitude reflection coefficient r in the plane-wave 
approximation, which fairly well describes the spectral char-
acteristics of the FMDRI:
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where the amplitude coefficients of the mirrors rj = Rj

exp(iYj), tj = Tj exp(iFj), t1 º t2 ( j = 1, 2 for different sides 
of mirror M1, j = 3 for M2) are expressed in terms of the 
energy coefficients Rj and Tj of reflection and transmission 
into the fundamental mode of the fibre and their phases Yj 
and Fj; y = 2pLn/l; L is the length of the fibre segment 
between M1 and M2; and n is the effective refractive index for 
the fundamental mode of the fibre. From Eqn (1) it follows 
that when R1 ® 0, the reflection coefficient R = |r|2 tends to 
a function similar to the transmission function of the FPI, 
and when R1 > 0, the form of the response function becomes 
asymmetric if the combination of phases is Y1 + Y2 – 2F1 ¹ 
m p (m is an integer).

To increase the radiation resistance, it is necessary to use 
a diffraction structure instead of a continuous film in order to 
redistribute the major part of the loss from absorption to sca
ttering. The simplest structure for these purposes is a hole of 
a certain diameter centrally symmetric about the axis of sin-
gle-mode fibre in an opaque metal film on the end, on which 
a dielectric coating matched in wavelength is applied [9]. For 
SMF-28e type fibres, the characteristic hole diameters are 
6 – 7 mm; the film metal should be highly reflective at a wave-
length of 1550 nm (e. g., aluminum, silver, or gold). Since 
dielectric layers are applied on top of a film with a hole, the 
thickness of the metal layer should be as small as possible so 
that the displacement of the dielectric layers (see Fig. 1), lea
ding to a decrease in the reflectance R2 due to diffraction, is 
minimal.

A high reflection coefficient of the metal film is necessary 
to minimise the ohmic loss of light energy in the film. Thus, 
for an aluminium layer with a thickness of 30 nm, the absorp-
tion coefficient (at 1550 nm) for a travelling light wave is 
about 5 % according to Ref. [12], which is significantly lower 
than the absorption of a continuous thin nickel film com-
monly used in fibre optic with an absorbing film. For a free 
nickel film, ohmic losses are about 30 %, and in the structure 
of a highly reflective asymmetric mirror, they can exceed 
90 %. If the centre of the round hole coincides with the point 
of maximum intensity of the fundamental mode, then the des
cending wings of the mode intensity distribution fall on the 
area of the metal film. As a result, the radiation resistance of 
such a mirror may increase by several orders of magnitude.

There are several methods for making holes of several 
micrometres. The most accurate of them is laser and other 
types of lithography [13], capable of making holes of a given 
and regular shape, including non-circular ones. Using the 
femtosecond ablation method, which does not require chemi-
cal reagents, it is possible to make round holes [14]. The sim-
plest method is laser thermal evaporation [15], the main draw-
back of which is the formation of characteristic ‘collars’ of a 
melt or metal oxide around the perimeter of the hole, which can 
affect the operation of the RI. The method of thermal laser 
evaporation of aluminium was chosen because of its greatest 
practical availability and simplicity.

To estimate the optical parameters of the aluminium film 
and the degree of its coordination with the dielectric multi-
layer coating, we calculated before the experiments the opti-
cal parameters of the film according to the method [9]. The 
overlap integral of the field of the fundamental mode of the 
fibre with the spatial distribution of the reflection and trans-
mission coefficients of the mirror in the form of a metal (Al) 
film with a hole at the fibre end was calculated and the coef-
ficients of reflection R ,

Al
1 2  and transmission T

Al
1  of such a stru

cture for the fundamental mode of the fibre were found. 
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Figure 1.  FMDRI optical scheme: 	
R1, R2, and T1 are the coefficients of reflection and transmission to the 
fundamental mode of the fibre for mirror M1; R3 is the reflection coef-
ficient for mirror M2; L is fibre base length; h is the thickness of the 
metal film; d is the diameter of the hole.
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Figure 2 shows the calculated dependences of these coeffi-
cients for an aluminium film with a thickness of 30 nm at the 
end of the SMF-28e fibre on the hole diameter d at a wave-

length of 1550 nm. As d increases, the reflection coefficients 
decrease, and RAl

1  decreases to zero [dashed line (4 )] at d = 
10.3 mm, i. e., with the hole diameter almost equal to the diam-
eter of the fundamental mode (10.4 mm). Thus, by specifying 
the reflection coefficient RAl

1 , it is possible to determine with 
some accuracy the diameter of the hole needed to apply a 
matched dielectric coating and create an asymmetric mirror 
M1. In addition to the dependence of the transmittance T Al

1  
for the fundamental mode, Fig. 2 also shows the transmitta
nce T f

Al , which is integral over all modes, from which it is also 
possible to determine the hole diameter by measuring the fra
ction of light passed through the hole with a photodetector.

The vertical lines (1, 2, 3 ) in Fig. 2 indicate the diameters 
for which the behaviour of the energy coefficients R1, R2, and 
T1 of the mirror M1 (Fig. 3) is plotted during the deposition 
of dielectric films of oxides of titanium (TiO2) and silicon 
(SiO2) on the film with a hole. The change of dielectric was 
controlled by the extrema of R1, which do not always coincide 
with the extrema of T1. Figure 3a shows the case of optimal 
matching (d = 6 mm), when the coefficient R1 decreases with 
increasing thickness of the coating to negligibly small values 
(less than 10–4). In the case of an asymmetric mirror based on 
a continuous film, such a value of R1 corresponds to an opti-
mal nickel film thickness of about 10 nm [16]. If the hole dia
meter is less than optimal (d = 5.5 mm), R1 decreases and tends 
to a certain limit value (about 10–2); this corresponds to the 
thickness of the continuous nickel film exceeding the opti-
mum (10 – 20 nm). If the diameter d is larger than the opti-
mum one (6.65 mm, Fig. 3c), then the dependence of R1 on the 
coating thickness has a break at a certain point, after which it 
ceases to decrease (equivalent to the case of a thinner continu-
ous film, 5 – 10 nm). In all three cases, the transmittance T1 
falls, and R2 approaches unity; at the same time, the condition 
R1 << R2 is fulfilled; therefore, depending on the task, a cer-
tain finite range of diameters may be suitable near the optimal 
value.

3. Experimental implementation of the method

The method of manufacturing FMDRI can be divided into 
three stages. At the first stage, the ends of fibre ferrules with 
fibres fixed in them were polished and placed in a vacuum 
magnetron sputtering system, where an aluminium film about 
30 nm thick was deposited. The deposition was carried out in 
a voltage-stabilised pulse magnetron discharge with a 10 % fil
ling factor at a voltage of 1000 V, a current of 0.3 A, a pulse 
repetition rate of 29 kHz, and an argon pressure of 10–3 mm 
Hg.

At the second stage, holes were made in the films, and 
their radiation resistance was checked at the facility shown in 
Fig. 4a using a cw Er3+ fibre laser with a generation wave-
length of 1600 nm, specified by the FBG. The pump laser dio
de current increased in such a way that the resulting small 
aperture was in the spatial region near the maximum mode 
intensity. Unfortunately, noises of various nature (electronic, 
acoustic), affecting the stability of the intensity of the radia-
tion of a fibre laser, led to rapid and poorly controlled evapo-
ration of the film with the formation of a hole having a diam-
eter from 8 to 10 mm. Using a Coherent PowerMax PS10 
power meter (PD1 in Fig. 4a), the power of the radiation 
transmitted through the film and the transmittance TP1 of the 
film (corresponding to T f

Al  in Fig. 2) were determined, and 
using the Thorlabs S122B meter (PD2) the power of radiation 
reflected into the fundamental mode of the fibre and the ref
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Figure 2.  Dependence of the energy coefficients of the aluminium film 
at the fibre end on the hole diameter d at a wavelength of 1550 nm (film 
thickness is 30 nm). The vertical dashed lines correspond to d = ( 1 ) 5.5, 
( 2 ) 6, ( 3 ) 6.65 and ( 4 ) 10.3 mm.
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Figure 3.  Modelling the process of sputtering a dielectric multilayer 
coating on an aluminium film with a thickness of 30 nm for d = ( a ) 6, 
( b ) 5.5 and ( c ) 6.65 mm. The meander-shaped line shows the deposition 
areas of dielectrics with high (TiO2) and low (SiO2) refractive indices.
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lection coefficient RP2 (corresponding to R
Al
1  in Fig. 2) were 

measured.
Figure 4b shows the dependences of the coefficients TP1 and 

RP2 on the power of the Er3+ laser typical for all films. It can 
be seen that with the power increasing above 250 – 260 mW, the 
nature of the dependences significantly changes (most often 
due to the rapid evaporation of the film), but sometimes (in 
the power range 250 – 320 mW), they are observed to change 
slowly. In this case, a hole was formed with a small diameter 
(about 2 mm) (see Fig. 2). After the uncontrolled formation of 
a hole of larger diameter (more than 8 mm), it was possible to 
smoothly increase its diameter, raising the radiation power 
above 320 mW. However, this increased the area of the transi-
tion region around the hole consisting of light-scattering for-
mations of molten metal and/or its oxides, which is typical of 
the thermal evaporation method [15]. The diameter and shape 
of the holes was monitored using a microscope, the changed 
diameter values corresponded to the dependence RAl

1 (d ) 
shown in Fig. 2.

To make holes with diameters in the region near 6 mm, 
bounded by lines (1 ) and (3 ) (Fig. 2), it is necessary to reduce 
the diameter of the mode of incident radiation. For this pur-
pose, an ytterbium fibre laser with a wavelength of 1080 nm 
and XP1060 fibre (Nufern) with the fundamental mode diam-
eter (FMD) 6.3 mm were used. To ensure the axial symmetry 
of the hole in the film deposited on the end of the SMF-28e 
fibre, the scheme shown in Fig. 4c was exploited. In the air 

gap between the SMF-28e and XP1060 fibres (see inset), the 
fundamental Gaussian mode of free space propagated, the 
outgoing radiation beam expanded, and the spot size on the 
film could be precisely varied by changing the distance Lt bet
ween the fibre ends. The distance Lt was controlled with a 
Yokogawa AQ6370 optical spectrum analyser (OSA) measu
ring the spectrum of reflection from the XP1060 face illumi-
nated with a superluminescent diode (l = 1550 nm) and using 
the formula Lt = l2/(2D lt) = 18.4 mm, where D lt = 65.2 nm is 
the FSR (the distance between transmission peaks). The radi-
ation power at which the film burned out was about 200 mW. 
Thus, a hole with a diameter of 6.7 mm was obtained with a 
reflection coefficient RAl

1  = 0.1, which approximately corre-
sponds to line (3 ) in Fig. 2. To obtain the optimal hole diam-
eter (6 mm), it is necessary to reduce the diameter of the inci-
dent radiation mode, for example, replacing XP1060 fibre with 
780HP fibre (Thorlabs), whose FMD is 5.9 mm at 1080 nm, or 
any other one that has a smaller FMD. However, it is obvious 
that to achieve greater radiation resistance, it is more advan-
tageous to have a hole of larger diameter.

At the third stage, a dielectric coating was deposited on 
the fibre end. In this case, a dependence of R1 on the coating 
thickness was observed, corresponding to that calculated in 
Fig. 3c. At point S, the sputtering process was stopped. The 
measured reflection coefficient at this point R S

1  was 0.002 (the 
calculated value is approximately 10–2). The deposition pro-
cess was monitored at a wavelength of 1529.4 nm.

In a separate fibre ferrule, the FMDRI base was formed, 
consisting of a fibre segment of length L = 38 mm and mirror 
M2 deposited on the end face. The latter consisted of 13 quar-
ter-wavelength layers of TiO2 and SiO2. The maximum of the 
spectral reflection of mirror M2 was at 1529.4 nm, and its 
reflection coefficient R3 was taken to equal 0.99.

4. Experimental results

The reflection spectrum of the fabricated interferometer, mea
sured with an OSA with a spectral resolution of 20 pm, is 
shown in Fig. 5. The FSR of the interferometer is D l = 21.8 nm, 
the finesse is 30.2; hence, using Eqn (1) we obtain the reflec-
tion coefficient R S

2  = 0.82, which approximately corresponds 
to its calculated value of 0.88 (see Fig. 3). The maximum ref
lection coefficient was 0.5 near l » 1529.4 nm. In the region 
of longer wavelengths, the maximum value of R2 increases 
due to an increase in the reflection coefficient R1, and the 
asymmetry of the shape of the response function peaks inc
reases. At a wavelength of 1595 nm, ultralow (~ 10–5) reflec-
tion is achieved (it may be even smaller, but the spectrum is 
limited by the resolution of the OSA). In principle, the reflec-
tion coefficient may even be equal to zero due to the complete 
destructive interference of two waves [see Eqn (1)], which is 
impossible for an FPI in the transmission regime. Note that 
the minimum of the reflection coefficient corresponding to the 
optimal matching is shifted from the wavelength of 1529.4 nm 
to the shortwavelength region by several nanometres. This 
may be due to the fact that during the deposition of dielec-
trics, the surface of the end face contacts with the plasma of 
the magnetron gas discharge and its temperature in the near-
surface region can be hundreds of Celsius degrees. The influ-
ence of variation in the thickness of the applied dielectric lay-
ers cannot be excluded, too. The response function of the 
interferometer is quite broadband; such an interferometer can 
be used to select laser wavelengths at least in the spectral reg
ion of 1500 – 1600 nm (see Fig. 5).
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Figure 4.  Experimental implementation of the method of thermal evap-
oration of an aluminium film: ( a ) schematic of measuring the radiation 
resistance of the film [( LD ) pumping laser diode, ( OI ) optical isolator, 
( FC1 ) fibre coupler 99/1 ( 1550 nm ), ( PD1 ) and ( PD2 ) meters of pow-
ers P1 and P2]; ( b ) dependences of the coefficients of transmission TP1 
and reflection RP2 of the film on the laser radiation power (the arrows 
indicate the sequence of changes in the erbium laser power); ( c ) setup 
for making a hole in a film using a fibre Yb3+ laser ( 1080 nm ) [( SLD ) 
superluminescent diode ( 1550 nm ), ( FC2 ) fibre coupler 95/5 ( 1060 nm ), 
( OSA ) optical spectrum analyser].
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To record the reflection spectrum, a superluminescent 
diode with a wavelength of 1550 nm and an integrated power 
of 7.5 mW was used, which convincingly demonstrates a sig-
nificant increase in the radiation resistance of the FMDRI in 
comparison with thin metal film versions. The limiting radia-
tion resistance of the interferometer can be estimated using 
Fig. 4b, which shows that the aluminium film begins to melt 
at an incident power of 200 – 250 mW in the spectral range of 
1500 – 1600 nm.

5. Conclusions

A method for manufacturing a reflection fibre interferometer, 
made in a single-mode fibre, is described. The radiation resis-
tance of the FMDRI is at least 100 mW at a wavelength of 
1550 nm, which is by more than two orders of magnitude bet-
ter than in reflection interferometers based on a thin metal 
film. The design of the proposed interferometer includes an 
asymmetric reflectance mirror based on an opaque aluminium 
film with a hole and a dielectric multilayer coating. Methods 
for calculating and manufacturing holes in aluminium film, as 
well as asymmetric mirrors, are presented. We believe that the 
use of more highly reflective metals (silver, gold) or radiation 
in other spectral ranges, where metals have greater reflectiv-
ity, will further increase the radiation resistance of the inter-
ferometer to cw radiation.

This variant of the interferometer can be used for radia-
tion selection in fibre (waveguide) lasers, e. g., for single-fre-
quency or multiwave radiation selection in fibre continuous-
wave lasers with power up to 100 mW, which are of interest 
for interrogation systems of FBG-based quasi-distributed sen
sor lines or developing a compact laser spectrum analyser.

The results confirm the operability of the diffraction ver-
sion of a fibre reflection interferometer and provide confi-
dence in the possibility of producing an asymmetric mirror 
based on fully dielectric diffraction structures, although this 
seems to require the use of more complex methods of laser or 
electron beam lithography.
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Figure 5.  FMDRI reflection spectrum: D l is the FSR of the interferom-
eter; d l is the spectral FWHM of the reflection peak.




