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Abstract.  We have studied second-harmonic generation (SHG) of a 
cw single-frequency ytterbium-doped fibre laser, using a periodi-
cally poled silica fibre as a nonlinear medium for frequency conver-
sion. All-fibre external cavity SHG has been investigated for the 
first time. A twofold increase in second-harmonic power in a fibre 
ring cavity has been demonstrated and possibilities of further opti-
mising the fibre scheme have been analysed.

Keywords: fibre laser, second-harmonic generation, periodically 
poled silica fibre, quasi-phase matching.

1. Introduction

Fibre lasers are stable and efficient light sources, a viable 
alternative to other types of lasers in many respects. The emis-
sion wavelength of ytterbium-doped fibre lasers (YFLs), 
which have a broad IR gain band, can be tuned over the range 
1.03 – 1.15 mm (see e.g. Akulov et al. [1] and references 
therein). The application field of such sources can be extended 
by increasing their spectral range, which can be achieved 
using nonlinear frequency conversion. One widely used 
approach for extending the spectral range of lasers is second-
harmonic generation (SHG).

The frequency doubling of fibre lasers can be achieved 
using single-pass (extracavity) and intracavity configurations 
with uniform (KTP and LBO) [1] and periodically poled 
(PPLN and PPKTP) nonlinear crystals [2]. However, the use 
of bulk components requires proper adjustments and 
increases the loss in the optical scheme. These drawbacks can 
be avoided by using all-fibre SHG with a periodically poled 
silica fibre (PPSF).

It is known that silica fibres initially do not have second-
order nonlinearity c(2), which can be induced by thermal poling 
[3, 4], and that the quasi-phase matching condition, which 
ensures efficient SHG, can be met by producing periodic  c(2)(z) 
modulation along the fibre [4]. Even though the second-order 
nonlinearity induced in silica glass ( ( )

max
2c  » 0.6 pm V–1 [3]) is 

one to two orders of magnitude lower than that in crystals 
(c(2) » 60 pm V–1 in LiNbO3 and ~27 pm V–1 in b-BaB2O4 
and KTiOPO4  [5]), all-fibre frequency doubling is a promis-
ing approach owing to the possibility of increasing the inter-
action length and integrating a nonlinear structure into a fibre 
scheme [6 – 8].

Frequency doubling of fibre laser sources in a PPSF with 
efficiency from 15 % to 45 % was demonstrated in pulsed 
mode at peak pump powers from 0.2 to 2 kW [7 – 9]. At the 
same time, a number of applications require compact cw vis-
ible light sources of relatively low power. In continuous mode, 
a PPSF was only used in a study of lasing in the yellow spec-
tral region through the frequency doubling of a bismuth-
doped fibre laser with a narrow spectrum (~0.1 nm) and 
~3-W output power [10]. The highest conversion efficiency 
was 1.4 ́  10–2 %. Compact, stable cw blue-green light sources 
capable of operating in both multi- and single-frequency 
modes are of great interest for biomedical applications. In 
particular, fibre lasers with frequency conversion in nonlinear 
crystals (see e.g. Dontsova et al. [11]) were successfully used in 
flow cytometry [12].

In this paper, we report the first experiments concerned 
with SHG in a PPSF placed in an external fibre cavity. We 
demonstrate that the efficiency of such an all-fibre cw blue-
green light source is twice that of extracavity, single-pass 
ytterbium-doped fibre laser SHG. The possibilities for further 
efficiency improvement are discussed.

2. Fabrication of a PPSF

For this study, we fabricated a specially designed germano-
silicate fibre with a core diameter of 8 mm and cutoff wave-
length lсut = 1.02 mm. The fibre cladding was made of GE214 
silica fibre, containing ~1 ppm of alkali metal impurities. The 
cladding had two holes parallel to the core and located asym-
metrically with respect to the core (Fig. 1, inset). The hole 
diameter was 50 mm and the edge-to-edge distance between 
the holes was 30 mm.

The refractive index profile of the fibre along the normal 
to the air holes is shown in Fig. 1. Using the index profile and 
OptiFiber 2.0 pack (Optiwave Software), we calculated guid-
ance characteristics of the fibre: the pump light (l1 = 
1030.5  nm) and second-harmonic (l2 = l1/2 = 515.25  nm) 
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mode field distributions (Fig. 2a) and the effective refractive 
index as a function of wavelength (Fig. 2b). Note that the 
spectral dependence of the refractive index can be calculated 
analytically using known formulas. To this end, one should 
take into account the index dispersion in silica fibres using the 
Sellmeier formula [13] and the waveguide contribution to the 
refractive index [14]. The analytical calculation results are 
also presented in Fig. 2b. Over the entire wavelength range 

examined, the effective refractive indices in the dispersion 
curves obtained by the two techniques differ by (4 – 6) ́  10–4.

In the fibre sample under study, 17 cm in length, second-
order nonlinearity was induced by thermal poling, a method 
described in detail elsewhere [3]. Metallic electrodes 32 mm in 
diameter were inserted into the holes in the fibre cladding 
(Fig. 3, inset) and a voltage of 8 – 9 kV was applied to the 
electrodes. The fibre, together with the electrodes, was then 
placed in a furnace maintained at ~220 °C. At elevated tem-
peratures, an applied electric field shifts alkali metal ions. 
After cooling and removal of the external field, the persisting 
charge distribution in the fibre produces a strong electric field 
EDC in the core region. The ‘frozen-in’ field makes the glass 
anisotropic and, as a result, the fibre can be thought of as a 
medium possessing a second-order nonlinear susceptibility:

3 E( ) (3)
DC

2c c= , where c(3) is the third-order nonlinear suscep-
tibility [4]. Given the properties of silica glass (c(3) = 2 ́  
10–22 m2 V2, breakdown field Eb » 109 V m–1), the upper limit 
of the second-order nonlinear susceptibility of silica glass can 
be estimated at (2)

maxc  » 0.6 pm V–1.
Phase matching necessary for efficient second-harmonic 

generation was ensured by periodic c(2)(z) modulation, which 
was produced by erasing the induced nonlinearity at equal spa-
tial intervals with a period L = 41.22 mm along the length of the 
fibre. The nonlinearity was erased by exposing the lateral fibre 
surface to UV radiation at a wavelength of 244 nm, by analogy 
with a procedure reported by Canagasabey et al. [7]. As a 
result, we obtained a periodically poled silica fibre sample.

The period of the nonlinear structure, L = 41.22 mm, was 
chosen based on the quasi-phase matching condition. For the 
PPSF sample, it has the form

( ) 2 0k Km2 1l b bD = - - = ,	 (1)

where ∆k(l) is a generalised wave vector mismatch; bi = 
2 n effi i

1pl-  is the propagation constant; n ieff is the effective 
refractive index; li is the wavelength of the ith harmonic; Km 
= 2pm/L is the wavenumber of the periodic structure; and m 
is the order of quasi-phase matching (m = 1 in this study).

It is worth noting that UV exposure in the PPSF fabrica-
tion process increases the optical loss in the visible spectral 
region. However, as shown earlier [15] this is not an obstacle 
to making blue-green lasers, because light in this range elimi-
nates the UV-induced loss in the PPSF.

3. Single-pass SHG in a PPSF

Figure 3 shows a schematic of the experimental setup used to 
investigate all-fibre extracavity (single-pass) SHG. A pump 
laser beam (l1 » 1.03 mm) passes through a fibre polarisation 
controller and enters a PPSF sample, which is single-mode at 
this wavelength (cutoff wavelength lcut = 1.02 mm). Next, the 
transmitted pump light and generated second harmonic are 
separated into two channels by a wavelength-division multi-
plexer (WDM) for spectral and power measurements.

As a pump source, we use a single-frequency cw ytter-
bium-doped fibre laser with a linearly polarised output. The 
laser configuration in this study is similar to that described by 
Nikulin et al. [16]. As a master oscillator, we use a single-fre-
quency distributed feedback (DFB) laser based on a phase-
shifted long fibre Bragg grating (FBG) written into an ytter-
bium-doped fibre. The output power of the single-frequency 
source reaches 1 W and its emission bandwidth is ~1 kHz. 
For spectral measurements, the wavelength of the fibre laser 
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Figure 1.  Transverse refractive index profile of the fibre at a wavelength 
of 0.63 mm along the normal to the air holes. Inset: cross-sectional elec-
tron-microscopic image of the fibre. 

–20 –10 0 10 20
0

0.05

0.10

0.15

0.20

0.4 0.6 0.8 1.0 1.2

1.45

1.46

1.47

E
le

ct
ri

c 
fi

el
d

 (
ar

b
. u

n
it

s)

Distance/mm

Wavelength/mm

E
ff

ec
ti

ve
 r

ef
ra

ct
iv

e 
in

d
ex

a

b

Figure 2.  (a) Fundamental mode (l1 = 1030.5 nm, solid line) and sec-
ond-harmonic (l2 = 515.25 nm, dashed line) field distributions; (b) dis-
persion of the effective refractive index of the fibre: computation with 
OptiFiber 2.0 (solid line) and analytical calculation by formulas from 
Refs [13, 14] (dashed line).
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can be tuned by varying the temperature of the FBG, which is 
placed in a separate thermostat.

SHG efficiency in PPSF samples was evaluated by mea-
suring quasi-phase matching curves, i.e. the second-harmonic 
power Р2 as a function of pump wavelength (Fig. 4). Note 
that, to maximise the efficiency, one should take into account 
the polarisation properties of the PPSF. A detailed study of 
the spectral and polarisation properties of SHG in PPSF sam-
ples was reported by Zhu et al. [17]. A similar study was car-
ried out by Dontsova et al. [18], using a self-sweeping fibre 
laser [19] as a pump source, which allowed quasi-phase match-
ing curves to be recorded with a resolution dl » 0.3 pm at 
different polarisations. 

The effect of light polarisation on SHG efficiency is deter-
mined by the symmetry of the c(2) tensor. Poled silica fibres 
have ∞mm symmetry and, as a consequence, their c(2) tensor 
has three nonzero components, ( )

XXX
2c , ( )

XYY
2c , and ( )

YXY
2c , which 

are in the ratio 3 : 1 : 1, respectively. (The orientation of the X 

and Y axes in the PPSF sample is indicated in the inset in 
Fig. 3.) The above symmetry properties of the c(2) tensor of 
poled silica fibres were confirmed experimentally by Zhu et al. 
[17]. Thus, to maximise SHG efficiency, not only should 
pump light have a certain wavelength, corresponding to the 
quasi-phase matching condition (1), but it should also be lin-
early polarised along the X axis of the PPSF sample.

In our external cavity SHG experiments in this study, we 
used a sample whose quasi-phase matching curve was mea-
sured previously [18] at the optimal pump polarisation 
(Fig. 4). The maximum measured normalised SHG efficiency 
was P2/P1

2 = 0.62 ́  10–3 % W–1.
For a theoretical description of quasi-phase matching 

curves, the SHG process should be considered with allowance 
for the guidance properties of the fibre. This issue was 
addressed in detail by Risk et al. [20]. Their results demon-
strate that, in the undepleted-pump regime, which was the 
case in our experiments, the second-harmonic power P2 at the 
output of a PPSF of length L is given by

( )
[ ]

sin cP
c n n

L
A
P kL

2 2

( )

eff eff
eff

OVL
2

0
3

1
2

2

2 2 2 2
1
2

2

e
w c D

= c m,	 (2)

where w is the fundamental frequency; e0 is the electric con-
stant; c is the speed of light;  sinc x = sin x/x; AOVL = 1/I  2OVL 
describes the mode overlap area at the pump and second-har-
monic frequencies;

( , ) ( , )

( , ) ( , )

d d d d

d d
I

F x y x y F x y x y

F x y F x y x y
/OVL

2
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; Eyy yy
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	 (3)

is the mode overlap integral at the pump and second-har-
monic frequencies; 

( , ) ( , )

( , ) ( , ) ( , )

d d

d d

F x y F x y x y

x y F x y F x y x y
( )

( )

eff
2

2 1
2

2
2 1

2

c
c

=
yy

yy
	 (4)

is the effective second-order nonlinearity averaged over the 
cross section of the fibre with allowance for its guidance prop-
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Figure 3.  Schematic of the experimental setup used to investigate SHG in a PPSF sample. Inset: fibre segment for writing a periodic nonlinear 
structure into the sample, with the direction of its axes indicated.
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Figure 4.  Normalised second-harmonic power P2/P1
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erties; and the function Fi (x, y) describes the mode field distri-
bution of the ith harmonic in the fibre.

Formula (2) allows one to evaluate eff
( )2c  in the PPSF sam-

ple under study from the measured normalised conversion 
efficiency (P2/P1

2 = 0.62 ́  10–3 % W–1) and the known guid-
ance parameters of the sample. It should be taken into account 
that the input and output ends of the PPSF sample were 
fusion-spliced to standard single-mode fibres and that the loss 
per fusion splice was 1.8 dB. With allowance for the splice 
loss, the maximum normalised SHG efficiency directly in the 
PPSF was [P2/P1

2]fiber = 2.15 ́  10–3  % W–1. The guidance 
parameters were calculated from the Fi(x, y) mode field distri-
butions (Fig. 2a) and dispersion curve (Fig. 2b): n1 = 1.45166 
(l1 = 1030.5 nm), n2 = 1.46416 (l2 = 515.25 nm) and AOVL = 
75.5 mm2. Thus, we find from (2) that eff

( )2c  = 0.005 pm V–1.
The shape of the quasi-phase matching curve can also be 

modelled using (2). Using the spectral dependences of the 
effective refractive index in Fig. 2, we calculated the wave vec-
tor mismatch ∆k(l) [see (1)] and the spectral dependence of 
the second-harmonic power normalised to the square of the 
pump power [see (2)]. Figure 4 presents, in addition to experi-
mental data, the calculated phase matching curve for the 
17-cm-long PPSF sample. In the calculation, we used the dis-
persion curve obtained with OptiFiber 2.0. It is worth noting 
that calculation with the use of the dispersion relationship 
and formulas from Refs [13, 14] gives similar results. It is seen 
in Fig. 4 that the experimental data are well represented by 
the theoretical curve. The slight relative shift of the peaks in 
the phase matching curves along the wavelength axis, by 
0.019 nm, can be accounted for in terms of uncertainty in 
refractive index profile measurements and small transverse 
and longitudinal refractive index nonuniformities. The mea-
sured spectral width (FWHM) of the quasi-phase matching 
curve is 0.115 nm, which differs from the theoretically pre-
dicted value by just 0.008 nm.

It should be noted that the parameter eff
( )2c  in (2) is assumed 

to be constant along the length of the fibre. However, the 
PPSF fabrication process is such that the second-order non-
linearity varies periodically along the length of the sample 
between zero and a maximum value 0

( )2c . Under the assump-
tion that the second-order nonlinearity varies stepwise along 
the length of the fibre (with a duty ratio of 50 %), it can be 
shown that eff0

( ) ( )2 2pc c= . Thus, the lower estimate of the maxi-
mum second-order nonlinearity in the PPSF sample under 
consideration is 0

( )2c  = 0.016 pm V–1. Even though this 0
( )2c  

value is a factor of 30 lower than the maximum possible 

value for silica glass ( max
( )2c  » 0.6 pm V–1), this PPSF sample 

can be used in comparative SHG experiments with different 
fibre configurations.

One way of improving SHG efficiency is by increasing the 
pump power. In the undepleted-pump regime, this causes the 
second-harmonic power to rise quadratically. In this study, to 
raise the power we used for the first time an external fibre cav-
ity, with a PPSF sample placed in it.

4. External cavity SHG in a PPSF

To study external cavity SHG, we used a ring cavity for pump 
light (Fig. 5). The cavity was formed by connecting ports of a 
50/50 fibre coupler and a wavelength-division multiplexing 
(WDM) coupler, which separated the pump light and second 
harmonic. The scheme contains two fibre polarisation con-
trollers for matching the pump polarisation at the input with 
that after a cavity round trip and for matching the pump 
polarisation with the direction of the principal axes of the 
PPSF. For phase sweeping, the cavity included a fibre seg-
ment that was cemented to a piezoceramic and allowed the 
cavity length to be varied. The fundamental and second-har-
monic powers were measured by photodetectors (PD1 and 
PD2) behind an empty output port of the WDM coupler, 
after the beams had been separated by mirrors.

Pump power enhancement in a ring cavity is known to be 
greatest when the optical loss in the input coupler, which ensures 
feedback, is equal to the total optical loss in the other compo-
nents of the cavity [20]. In our case, the measured total loss in the 
components of the cavity was 3.6 dB, so a 50/50 coupler (3-dB 
loss) was chosen as a nearly optimal input coupler.

When a sawtooth voltage was applied to the piezoceramic, 
the external ring cavity operated as a scanning interferometer. 
In our experiments, we measured transmission spectra of the 
cavity, i.e. the pump and second-harmonic powers as func-
tions of cavity length, which varied linearly with time (Fig. 6). 
The experimental data thus obtained are well represented by 
a theoretical dependence which can be described by the Airy 
formula for a ring resonator:

r

(1 ) 4 ( /2)sinP
P

TT TT
Tint

in 1 2
2

1 2
2

1h
d

= =
- +

,	 (5)

where h is the external cavity pump power enhancement fac-
tor; Рintr and Рin are the pump powers in the cavity and at the 
cavity input, respectively; T1 is the transmission of the input 
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Figure 5.  Schematic of the experimental setup used to investigate external cavity SHG in a PPSF. 
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coupler; T2 is the transmission of the rest of the cavity; and d 
is the cavity round trip phase shift.

The best fit cavity pump power enhancement factor h is 
1.8 (Fig. 6a). Note that the asymmetric broadening in the bot-
tom part of the measured spectrum in comparison with the 
theoretically predicted one can be accounted for by the effect 
of an additional polarisation mode. The relatively small pump 
power enhancement is associated with the high cavity loss 
(3.6 dB), which is contributed mainly by the loss in the fusion 
splices between the PPSF and the standard single-mode fibres. 
We believe that optimising the splice loss and reducing the 
cavity loss to a level of 0.5 dB will allow the fundamental 
power in the cavity to be raised by ten times.

The second-harmonic power measured at the output of 
the cavity varies quadratically with the pump power in the 
ring cavity. Figure 6b shows the normalised second-harmonic 
power P2w as a function of cavity length, which varies linearly 
with time. It is seen that the dependence, measured directly, is 
essentially identical to that of Pw

2 (Pw was evaluated from the 
IR transmission spectrum of the cavity). The noise contami-
nation in the dependence of the second-harmonic power on 
cavity length is caused by the low power level.

The use of an external cavity with a pump power enhance-
ment h = 1.8 should, in theory, ensure an increase in second-
harmonic power by h2 » 3.2. However, the experimentally 
determined increase in second-harmonic power was by about 
a factor of 2. In our experiments, we compared external cavity 
SHG in the PPSF and single-pass SHG with no 50/50 fibre 

coupler (Figs 5 and 3, respectively) at the same power of the 
fundamental single-frequency light (Pin » 600 mW in both 
cases). One possible reason for the smaller experimentally 
determined increase in second-harmonic power is that not all 
the pump light accumulated in the cavity is linearly polarised 
along the X axis in the PPSF. Pump light polarised along the 
Y axis of the PPSF is converted into the second harmonic 
with an efficiency a factor of ( / ) 9( ) ( )

XXX XYY
2 2 2c c =  lower than the 

conversion efficiency for pump light polarised along the X 
axis. In subsequent experiments, we will be able to eliminate 
this effect using polarisation-maintaining fibres.

5. Conclusions

We have studied frequency doubling of a cw single-frequency 
ytterbium-doped fibre laser directly in a periodically poled  
silica fibre. SHG in a fibre sample inserted into an external 
fibre cavity has been studied for the first time. The results 
demonstrate that the high level of losses in the PPSF at the 
fundamental frequency allows one to obtain a relatively small 
second-harmonic power enhancement (~2) in the external 
cavity scheme. Using polarisation-maintaining fibres and 
reducing the cavity loss to a level of 0.5 dB, one can increase 
the fundamental mode power in the cavity by about ten times 
and, accordingly, reach a second-harmonic power of several 
milliwatts at a pump power of ~1 W, with P2w scaling qua-
dratically with pump power Pw and/or eff

( )2c .
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