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Abstract: Rare-earth-doped optical fibers are one of the most promising solid-state lasers. In these fiber lasers, a
cladding-pumping scheme using large-mode-area double-clad fibers (DCFs) is utilized to increase the overall conversion
efficiency of pumping light and to overcome the restriction owing to the onset of stimulated Raman scattering. On the other hand,
it is extremely challenging to increase the fiber core size while retaining the excellent beam quality because fibers with large core
size allow propagation of several higher-order modes (HOMs), except for the fundamental mode (FM). In order to suppress
HOMs, DCFs are bent with a relatively small bend radius. Failures at bends in an optical fiber are caused by light leaking from
the core when the fiber is accidentally bent tightly with a high power input. For the DCFs with core radii of 10 and 20 pm, the
relationship between the bending induced temperature increases and the bend losses in the bent DCFs was investigated
theoretically by the explicit finite-difference method using the thermochemical SiO, production model. The temperature at the
boundary between the inner and outer cladding layers increased with increasing optical power P at 1.080 um and was a large
value higher than the softening temperature 7 of the silica glass when P =5 kW was entered to the bent DCF with a bend radius
R of 150 mm and a core radius of 10 pm. On the other hand, the temperature at the boundary was a small value lower than the 7}
when P =10 kW was entered to the bent DCF with a large R of 245-275 mm. Furthermore, it was found that the initiation of the
fiber fuse was fairly easy under a certain conditions where the temperature at the boundary was higher than the 7.
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relatively simple focusing systems for efficient coupling.

To overcome the restriction owing to the onset of
stimulated Raman scattering (SRS), large-mode-area (LMA)
fibers [8, 9] are utilized as DCFs. Typical LMA fibers used in
the CW laser operation have core diameters of 20-40 pm and
a numerical aperture (NA) of < 0.09 [10-14]. High output
power of > 200 W in the CW laser operation has been
reported using cladding-pumped Yb-doped and/or Nd-and
Yb-codoped LMA fibers [10-27].

On the other hand, it is extremely challenging to increase
the fiber core size while retaining the excellent beam quality
because fibers with large core size allow propagation of
several transversal modes, except for the fundamental mode
(FM). As a result, the beam quality of these fibers is
influenced by the existence of a higher-order mode (HOM).
It is well known as transverse mode instability (TMI) [28]
that the output beam profile in a Yb-doped optical fiber
fluctuates in a seemingly chaotic way between the FM and

1. Introduction

Rare-earth-doped optical fibers are one of the most
promising solid-state lasers for efficient diode-pumped high
power continuous-wave (CW) and fiber chirped-pulse
amplification (CPA) laser systems. The output power from the
ytterbium (Yb)-doped fiber lasers has abruptly increased over
the past decade [1-6]. The overall conversion efficiencies are
limited by the launch efficiency of the pump beam into the
single-mode fiber core. High conversion efficiencies from
pump light are obtained in Yb-doped silica fibers by using a
cladding-pumping scheme [7] to ensure that virtually all of
the incident pump power is absorbed in the doped fiber core.
The cladding-pumping scheme can be realized using
double-clad fibers (DCFs). In a double-clad configuration,
light focused into the inner cladding is absorbed by the
Yb-doped fiber core as the pump light proceeds down the
fiber. This allows the use of multimode pump sources and
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one (or more) HOM above threshold power. In order to
suppress HOMs, Jeong et al. controlled a bend radius of the
DCF and found that the bend loss of LP;; mode reached [l
dB/m for a bend radius of 12 cm, whereas that of LP,; mode
was less than [0.04 dB/m [14].

It is well known that failures at bends in an optical fiber
are caused by light leaking from the core when the fiber is
accidentally bent tightly with a high power input [29-37].
Two kinds of failure regimes have been classified by Sikora
et al., which they named regime 1 (R1) and regime 2 (R2)
failures [31]. Among them, R1 failure will lead to the
catastrophic failure of the fiber and burning of the coating
[32, 37]. As the transmittance of the coating material is not
100%, the leaked light is somewhat absorbed and heat occurs
in the coating. Heat generated in the coating material by
absorbing an optical power will be transferred to the
neighboring cladding (silica glass) layer. When the
temperature of the silica glass reaches higher than 1,100°C (=
1,373 K), the glass will soften and viscously deforming of the
glass will occur [31, 32]. The fiber at the heating part will
begin to kink sharply after the viscous deformation of the
glass and the catastrophic failure of the fiber will occur. In
the coating, the coating material is pyrolyzed at lower
temperature than 1,100°C and charred after burning at high
temperatures [32]. Furthermore, Kurokawa observed the
generation of a fiber fuse when the bend diameter was 13
mm in a conventional single-mode optical fiber when the
input power was 9 W at a wavelength of 1.48 pm [37].
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Figure 1. Refractive-index profile of the DCF.

An allowable curvature radius of the bent DCFs is not
clear to prevent the R1 failure and/or the generation of fiber
fuse phenomenon at the moment.

In this article, the relationship between the bending
induced temperature increases and the bend losses in the bent
DCFs was investigated in order to improve the reliability of
DCFs for high-power fiber lasers.

2. Characteristics of DCFs

The refractive-index profile of the DCFs used in the
calculation is shown in Figure 1. In this figure, ny, n;, and n,

are the refractive indices in the core, inner cladding, and
outer cladding, respectively.

The relative refractive-index differences A; and A, are
defined as

_ (13-nd) _ Gumno)
A= 2n? ny (1
_(3-nd) _ (e-m)
AZ_ Zn(% No (2)

The DCFs have a 20- and 40-pm-diameter Yb-doped silica
glass core, a 400-pum-diameter inner cladding, and a 500-pm-
diameter outer cladding consisting of a low-refractive-index
polymer [10, 13, 14, 38].

Table 1. Parameters of the DCFss.

Parameters Unit DCF10 DCF20
A % 0.030 0.030
JAYS % 5.50 5.50
a Um 10 20
r Hm 200 200
re Hm 250 250
Aty pm? 477 893

1.2 T T T T

a (um)

Figure 2. Normalized propagation constants of FM and HOMs of Yb-doped
DCF as a function of core radius with 4; = 0.030% and Ay = 1.08 Lim.

The parameters of the DCFs used in the calculation are
shown in Table 1. In the following, the DCFs with ¢ = 10 and
20 pm are referred to as DCF10 and DCF20, respectively.

Figure 2 shows the relationship between the core radius a
and the normalized propagation constant b of FM (LPy,
mode) and/or HOMs (LP;;, LPy, and LP,; modes) of a
Yb-doped DCF at Ay = 1.08 pm.

The normalized propagation constant b is defined as

ng— n%

b= G ®
where n, is the effective index of propagation constant in the
core. In Figure 2, the A; of the Yb-doped core and the
diameter of inner cladding were assumed to 0.030% and 400
Mm, respectively. As shown in Figure 2, only the FM (LPy,
mode) exists in the core when a = 10 pm and the FM and two
HOMs (LP;; and LPj, modes) exist mainly in the core when
a=20 umat A= 1.08 um.
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3. Bending Loss in DCFs

The bending loss problem in the slab waveguides and
optical fibers has been investigated by several research
institutes [39-47]. When a step-index profile DCF is
homogeneously curved with a bending raius R, as shown in
Figure 3, the bending loss occurs in the core and the optical
power losed in the core is emitted from the outer interface (or
boundary) between the inner cladding (silica glass) and outer
cladding (low-index polymer) layers.

——

Figure 3. Schematic view of a curved DCF.

The bending loss oOp formula for LP,, modes in a
step-index profile optical fibers is given by [47, 48]

VT u?

3
Suv?w2Kypq(W)Ky—1(W)VRa

4W3RA1]
3v2a

ag = exp [— @)

where s, = 2 for 4= 0 and s, = 1 for 4 # 0. K|, is a modified
Bessel function of order |, R is the radius of curvature, and a
is the core radius. Parameters of v, w, and u are given by

v=akyn—n (5
w =akynZ— ng (6)
u=akg+/n?— n2 @)

where ko (= 211/ Ay) is the wavenumber of light at the
wavelength A,.
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Figure 4. Bending loss of LPy; mode of DCF10 as a function of curvature
radius with Ag = 1.08 pm.
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The relationship between R and oy of the DCF10 and
DCF20 was investigated using Eq. (3). The calculated results
are shown in Figures 4 and 5. As shown in Figure 4, 0Op
decreases with increasing R. o reaches about 100 m™ at R
(150 mm, and it attains about 10 m at R (245 mm.

Figure 5 shows the relationship between R and Oy of the
DCF20 at Ay = 1.08 pum. In the DCF20, the FM (LP,; mode)
and two HOMs (LP;; and LPj, modes) exist mainly in the
core (see Figure 2). As shown in Figure 5, the 0y values of
all modes decrease with increasing R.
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Figure 5. Bending loss of LPy;, LP,;, and LPy; modes of DCF20 as a function
of curvature radius with Ag = 1.08 pm.

Table 2 shows the estimated R values of all modes of
DCF20 at ot = 100 m™ and 10 m™.

Table 2. R values of the DCF20.

Modes R (mm) at 100 m” R (mm) at 10 m"
LPy oo 0145
LPy 014s 019s
LPg, £195 275

As shown in Table 2, ag reaches about 100 m' at R =
110-195 mm, and it attains about 10 m™ at R = 145-275 mm.
The R values of the HOMs (LP;; and LPj, modes) are larger
than that of the FM (LP,; mode) in the DCF20.

In the following section, the unsteady-state thermal
conduction process in the DCFs is described theoretically by
the explicit finite-difference method on the basis of the
thermochemical SiOy production model [49].

4. Heat Conduction Calculation in DCFs

When a step-index profile DCF is homogeneously curved
with a bending radius R, light leaking from the core transmits
through the outer cladding (low-index polymer) layer. As the
transmittance of low-index polymer at Ay = 1.08 pm is
94-96% [50], the leaked light is somewhat absorbed in the
low-index polymer, and heat occurs in the polymer. Heat
generated in the outer cladding (low-index polymer) layer by
absorbing an optical power will be transferred to the
neighboring inner cladding (silica glass) layer, as shown in
Figure 6.
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Figure 6. Schematic view of heat conduction in a curved DCF.

The one-dimensional unsteady heat conduction equation
when a heat source is applied to the outer cladding
(low-index polymer) layer in the curved DCF is given by

or _ k o°T, 0

= gt he ®)
where K, p, and C, are the thermal conductivity, density, and
specific heat, respectively.
The heat source Q in Eq. (8) is the heat generation due to
light absorption and is given by

Q=ag(1—1t,)1 9)

where op is the bending loss and f, (= 96%) is the
transmittance of low-index polymer at Ag = 1.08 pm. / is the
optical power density of the core and can be calculated by
dividing the incident light power P by the effective
cross-sectional area A g of the DCF at Ay = 1.08 pm.

The temperature distribution of the core, inner cladding,
and outer cladding layers in the curved DCFs was
investigated with the explicit finite-difference method. It was
assumed that the DCF was in an atmosphere of 7' = 298 K
and r; of the DCF was 200 pm (see Table 1). The area in the
numerical calculation had a length of 2 mm in the radial (»)
direction. There was 4,000 division in the r direction and the
calculation time interval was set to 1 ns.

It is well known that UV-curable low-index polymer is
pyrolyzed at about 500°C [50] and charred at high
temperatures. Therefore, in the heat conduction calculation,
the following values of k (W m™ K™), p (kg m™), and G d
kg K') in each temperature range were used.

(1) Parameters of low-index polymer in the temperature

range from room temperature (298 K) to 773 K [51]:

C,=2,170
K=0.36
p=1,700.

(2) Parameters of coal for 7> 773 K [51]:
C,=1,260
K=0.28
p=1,350.
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Figure 7. Temperature field in the curved DCF10 after 100 is when P = 1-5
kW, ap = 100 m™, and Ag = 1.08 pm.

The temperature field of the core, inner cladding, and outer
cladding layers in the curved DCF10 along the r direction
was calculated at a time of 100 ps after the incidence of the
1-5 kW laser light when o = 100 m™'. The calculated result
is shown in Figure 7.

As shown in Figure 7, the heat generated in the outer
cladding layer is transferred to the neighboring cladding (silica
glass) layer when laser power P = 1-5 kW is entered into the
core of curved DCF10. The temperature at the boundary
between the inner and outer cladding layers increases with
increasing P and reaches 1,470 K when P =5 kW is entered to
the curved DCF10. This temperature (1,470 K) is higher than
the softening temperature 7, (= 1,373 K [31, 32]) of the silica
glass. When the temperature of the silica glass reaches higher
than Ty, the fiber at the heating part will begin to kink sharply
owing to the viscous deformation of the glass, and the
catastrophic failure of the fiber will occur. Therefore, the
curved DCFs with og = 100 m" cannot be utilized for
high-power laser systems with output powers of > 5 kW.

Next, the temperature field of the core, inner cladding, and
outer cladding layers in the curved DCF10 along the r
direction was calculated at a time of 100 ps after the
incidence of the 1-10 kW laser light when 0 = 10 m™. The
calculated result is shown in Figure 8.
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Figure 8. Temperature field in the curved DCF10 after 100 us when P = 1-10
kW, ag=10m", and Ag = 1.08 pm.
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As shown in Figure 8, the heat generated in the outer
cladding layer is slightly transferred to the inner cladding
layer when laser power P = 1-10 kW is entered into the core
of curved DCF10. The temperature at the boundary between
the inner and outer cladding layers increases with increasing
P and reaches 460 K when P = 10 kW is entered to the
curved DCF10. This temperature (460 K) is lower than the
softening temperature 7; (= 1,373 K) of the silica glass.
Therefore, the curved DCFs with ag = 10 m’! can be utilized
for high-power laser systems with output powers of 10 kW
and below.

When step-index profile DCFs are homogeneously curved
with a bending radius R, Oy reaches about 10 m' at R (45
mm (DCF10) or R = 145-275 mm (DCF20). From the result
described above, it is recommended that the operator must
pay much attention to keep a large R of > 245 mm (DCF10)
or 275 mm (DCF20) when the DCFs are curved to be stored
in the apparatus for high-power laser systems.

5. Fiber Fuse Generation in DCFs

When the temperature of the silica glass in a curved DCF
reaches higher than T, the fiber at the heating part will begin
to kink sharply owing to the viscous deformation of the glass,
as shown in Figure 9.

As the curvature radius Ry at a kink is smaller than the
original bending radius R, the bending loss 0y at the kink is
larger than that of the DCF curved with R. Heat generated at
the boundary between the inner and outer cladding layers by
absorbing the leaked light is directly proportional to Op, as
shown in Eq. (9). Therefore, a lot of heat will be generated at
the kinks and will be accumulated in the inner cladding and
core layers. If heat accumulated in the core layer is sufficient
for the generation and propagation of a fiber fuse, the fiber
fuse phenomenon will be observed in the curved DCF.

As shown in Figure 7, the temperature at the boundary
between the inner and outer cladding layers reaches 1,470 K
when P = 5 kW is entered to the DCF10 curved with R 150
mm. As this temperature (1,470 K) is higher than the
softening temperature 7 (= 1,373 K) of the silica glass, the
fiber at the heating part begins to kink sharply owing to the
viscous deformation of the glass.

Heating Part

20

8

Deformed q[ass
Kink Kink

X

Figure 9. Schematic view of deformation of glass in the curved DCF.
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Figure 10. Temperature field in the curved DCF10 after 100 Us when Ry =
126-130 mm, P =5 kW, and Ay = 1.08 pm.

The temperature field of the core, inner cladding, and outer
cladding layers in the curved DCF10 along the r direction
was investigated when the curvature radius Ry at the kink was
changed from 130 mm to 126 mm. The calculated result is
shown in Figure 10.

As shown in Figure 10, the heat generated in the outer
cladding layer is transferred to the neighboring cladding layer
when laser power P = 5 kW is entered into the core of curved
DCF10. The temperature near the boundary between the
inner and outer cladding layers reaches 2.7 x 10° K when Ry
= 130 mm. This temperature increases rapidly with
decreasing Ry and reaches about 1 x 10° K when R, =
126-128 mm. A high-temperature region is spread over the
whole inner cladding layer when Ry = 126 mm.

The temperature 7T, of core center reaches 5.4 x 10° K
when Ry = 126 mm. This temperature is higher than the
thermal decomposition temperature ([B,000 K) of the silica
glass. In order to initiate a fiber fuse, a high temperature of
2,900 K and above is needed [49]. Therefore, the fiber fuse
phenomenon will occur in the curved DCF10 with R, = 126
mm when P =15 kW and A, = 1.08 pm.

As this Ry (126 mm) at the kink is 0.84 times the original R
(= 150 mm), the initiation of the fiber fuse will be fairly easy
under a certain conditions where the temperature at the
boundary between the inner and outer cladding layers is
higher than the softening temperature 7 of the silica glass.

6. Conclusion

For the large-mode-area double-clad fibers (DCFs) with
core radii of 10 and 20 pm, the relationship between the
bending induced temperature increases and the bend losses in
the bent DCFs was investigated theoretically by the explicit
finite-difference method using the thermochemical SiOy
production model. The temperature at the boundary between
the inner and outer cladding layers increased with increasing
optical power P at 1.080 pm and was a large value higher than
the softening temperature 7 of the silica glass when P =5 kW
was entered to the bent DCF with a bend radius R of 150 mm
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and a core radius of 10 pm. On the other hand, the temperature
at the boundary was a small value lower than the 7; when P =
10 kW was entered to the bent DCF with a large R of 245-275
mm. Furthermore, it was found that the initiation of the fiber
fuse was fairly easy under a certain conditions where the
temperature at the boundary was higher than the 7.
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