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Stimulated brillouin scattering in double-clad
thulium-doped fiber amplifier

LIU Qing-min'?, SUN Hui-jie?, HOU Shang-lin'?*, LEI Jing-li?, WU Gang?, YAN Zu-yong’
(1. College of Electrical and Information Engineering, Lanzhou
University of Technology, Lanzhou 730050, China;
2. School of Science, Lanzhou University of Technology, Lanzhou 730050, China)
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Abstract: In this paper, the effect of Stimulated Brillouin Scattering(SBS) on the laser output performance in
a 2 um thulium-doped fiber amplifier was analyzed theoretically. The optical mode distribution, the effective
refractive index, the effective mode field area, and the normalized frequency of the double-clad thulium-
doped fiber at 793 nm pump wavelength and 1.9-2.1 pm laser waveband were studied. The stimulated Bril-
louin scattering characteristics, including the Brillouin frequency shift and the Brillouin gain spectrum, in the
double-clad thulium-doped fiber were numerically simulated in the laser waveband of 1.9-2.1 um. The influ-
ence of stimulated Brillouin scattering on the laser output performance of thulium-doped fiber amplifiers was
investigated using the theoretical model of stimulated Brillouin scattering in gain fibers. In the DTDF-10/130
double-clad thulium-doped fiber, a continuous wave with power of 100 W and wavelength of 793 nm is used
as a pump to amplify a continuous signal wave with wavelength of 2 um and power of 0.01 W. The maxim-
um output powers of the signal wave are 25.27 W, 31.08 W and 34.06 W when the pump power filling
factors are 0.01, 0.02 and 0.03, respectively. The corresponding optimal double-clad fiber lengths are 2.66 m,
2.02 m and 1.75 m. Additionally, the Stokes optical powers generated by the stimulated Brillouin scattering
are 1.68 W, 1.39 W and 1.14 W, respectively. The results show that the double-clad fiber with large pump
power filling factor in the thulium-doped fiber amplifier can effectively reduce the fiber length, thus to min-
imize the influence of stimulated Brillouin scattering on the output power of the signal laser. The numerical
model can optimize the fiber length of the fiber amplifier, which is of great significance to improve experi-

mental efficiency and reduce experimental costs.
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1 Introduction

Fiber lasers are one of the earliest types of real-
ized laser. Initially, most fiber lasers used a single-
clad fiber as the laser medium, but it is difficult to
effectively couple high power pump wave into the
fiber core due to the geometry of the fiber core.
Consequently, fiber lasers were formerly regarded
as a weak wave source with low output power!'. In
1988, Snitzer et al.l¥ reported a double-clad fiber, in
which, the pump wave is transmitted in the inner
cladding, providing a new solution for increasing
fiber laser output power, while successfully coup-
ling high-power pump waves into a single-mode
core. Double-clad fiber lasers are highly favored by
researchers due to their high efficiency, superior
mode quality, compact structure, and easy to dissip-
ate heat*],

In recent years, the performance requirements
of fiber lasers have increased with the development
of fiber optic communication technology. Currently,

researchers primarily focus on achieving high power

doi: 10.37188/CO.EN-2023-0011

output, narrow linewidth spectrum, and high beam
quality in fiber lasers®'®. Thulium-doped fiber las-
ers in the 2 pm band are widely used in laser medi-
cine!'"?, laser active remote sensing!*'* and milit-
ary science and technology® due to their advant-
ages including human eye safety and wide tunable
range. As a result, they have garnered significant at-
tention in the optical society. In recent years, there
has been a growing interest in ultrashort pulse and
multi-wavelength fiber laser light sources in the

1611 Tn addition, thulium-doped fiber lasers

2.0 um!
offer great advantages in terms of a narrow line-
width and high-power laser output®. To further
improve the laser output wave’s beam quality, a
Master Oscillation Power Amplification (MOPA)
structure is usually used®!. However, in the high-
power fiber amplifiers, the small core cross-section-
al area and high transmission power can easily cause
nonlinear effects. The Stimulated Brillouin Scatter-
ing (SBS) effect’®™ can convert part of the signal
wave in the amplifer into a Stokes wave, thus af-
fects the efficiency of the amplifier and leads to a

significant reduction in the output power®’l. There-
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fore, the suppression of SBS in fiber lasers or ampli-
fiersis a very important research topic. For ex-
ample, Yang L et al.”"! broadened the pump wave
by using white noise as the RF signal to reduce the
Brillouin scattering gain coefficient. As a result,
the SBS threshold was increased, and a continuous
laser output with an average power of 90 W was
achieved. Liu Y K et al.™! reduced the Brillouin
gain peak by broadening the linewidth of the seed
laser by using phase modulation to suppress SBS.
Harish et al.®% suppressed stimulated Brillouin scat-
tering in an erbium-doped optical fiber amplifier for
50-ns-long transform limited signal pulses by em-
ploying counter-directional pumping with a pulse
burst. Furthermore, the effect of SBS can be re-
duced by increasing the mode field area of the
fiber™ and increasing the doping concentration of
the gain fiber™,

Numerical modeling was conducted on the
double-clad thulium-doped fiber, with reference to
GB/T 28504.2-2021%%, An investigation was car-
ried out on the optical field distribution, Brillouin
gain coefficient, and Brillouin gain spectrum, along
with other characteristics of the double-clad thuli-

um-doped fiber at the pump wavelength of 793 nm

and the laser waveband of 1.9~2.1 pum. Subseq-
uently, the numeric solution for the laser output
characteristics of the thulium-doped fiber amplifier
is obtained, considering the effect of SBS on the
output power of the signal wave. The results show
that the effect of SBS on the signal laser output can
be reduced by choosing a shorter fiber in the fiber
amplifier, while a double-clad fiber with a larger
pump optical power filling factor can be used to

guarantee the laser output power.

2 Models and theory

A Double-Clad Thulium-Doped Fiber (DCT-
DF) has a four-layer structure. The core portion is
made of Tm?**-doped silica, with an inner cladding
layer of pure silica, an outer cladding layer of a low-
refractive index polymer, and a coating layer of a
common polymer®?”. For its geometry, optical prop-
erties, mechanical properties, and other parameters,
please refer to GB/T 28 504.2-2021. The DTDFs can
be categorized as DTDF-10/130 and DTDF-25/400
according to the size of their core and inner clad-
ding. Table 1 gives their respective geometry and

optical properties.

Tab.1 Geometry and optical properties of double-clad thulium-doped fibers

Properties Unit DTDF-10/130 DTDF-25/400
Core diameter pm 10.0+ 1.0 25.0+2.5

Diameter of inner cladding um 130.0+3.0 400.0 + 15.0

Concentricity error of core/internal cladding pum <20 <40

Diameter of coating layer pm 215.0+£10.0 550.0 +20

Operating wavelength nm 1900 ~ 2100 1900 ~ 2100

Core numerical aperture —_— 0.150 +0.010 0.090 £ 0.010

Numerical aperture of inner cladding R = 0.460 = 0.460

The refractive index of silica is determined us-

ing the Sellmeier equation””

0.696 166 3.2 .
22 —(0.068 404 3)*
0.407 942 6.2

+
22—(0.116 241 4)*

2 _
N0, =

0.897 47947

A2—(9.896 161)*
1

where 4 represents the wavelength in microns and
nsio, represents the refractive index of silica.

Figs. 1 and 2 depict the structure and refractive
index distribution of DTDF-10/130 and DTDF-
25/400 DCTDFs, respectively. In these diagrams,
ny, ny and n; represent the refractive indices of the

core, inner cladding, and outer cladding. It is worth
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noting that in both fibers, n, represents the refract-
ive index of silica, while #, and n; can be calculated
from the numerical apertures of the core and inner

cladding.

/°'\‘

10HM 430 ym
n, 215 um

n,

ny L

Fig. 1 Structure and refractive index distribution of DTDF-
10/130 double-clad thulium-doped fiber

H

25UM 400 um
n 550 ym

/N —— L

Fig. 2 Structure and refractive index distribution of DTDF-
25/400 double-clad thulium-doped fiber

3 Results and discussion

3.1 Analyses of optical properties of double-clad

thulium-doped fiber

Analytical calculations were performed using
the finite element method for both DTDF-10/130
and DTDF-25/400 DCTDFs. This study focuses on
the operating waveband of thulium-doped fiber
lasers at 1.9~2.1 um. The coupling intensity of the
optical wave in the Tm** doped region is quantitat-
ively expressed through the power filling factor

shown in the following equation®'-*%

[ 1EeyPdxdy
_ Tm* doped

[ B Pdxdy

ALL

L

where the integration region of the numerator term
is the doping region of Tm?*, while the integration
region of the denominator term covers the entire
fiber cross section, and k represents various optical
modes.

Figs. 3 and 4 show the optical field distribu-
tions of the two fibers for the signal wave with a
wavelength of 2 um. As the refractive index of the
core-doped region is greater than that of the inner
cladding, the signal wave at 2 um wavelength can
be effectively confined in the core-doped region.
Fig. 5 (color online) illustrates the normalized fre-
quencies of the two fibers within the signal wave
wavelength range of 1.9~2.1 pum. It can be seen
from Fig. 5 that the normalized frequency of DTDF-
25/400 DCTDF is consistently above 2.405 in this
range, indicating that it is a few-mode fiber allow-
ing LPy; and LP;; modes existence in the core. On
the other hand, the normalized frequency of DTDF-
10/130 DCTDF surpasses 2.405 only at wavelengths
lower than 1.96 um, suggesting that it maintains
single-mode transmission with only LPy; mode in

the core.

() (b)

Fig.3 Schematic diagrams of the (a) two-dimensional and
(b) three-dimensional optical field distributions of
the LPy,; mode of the DTDF-10/130 double-clad
thulium-doped fiber at 2 pm wavelength, respect-

ively

Figs. 6(a) and (b) (color online) demonstrate
the effective refractive index and effective mode
field area for LP,; mode of DTDF-10/130 DCTDF
and LP,; mode of DTDF-25/400 DCTDF in the
1.9~2.1 um signal wave. The plots clearly indicate a
positive correlation between the effective mode field
area and wavelength. When the signal wave has a

wavelength of 2 pm, the effective mode field area
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for LPy; mode in DTDF-10/130 DCTDF is 94.8 um?®.
For DTDF-25/400 DCTDF, the LPy, and LPy
modes have effective mode filed areas of 415.5 um?
and 677.4 um?, respectively. To calculate the power
filling factors for both fibers, equation (2) can be
used assuming that Tm*" is uniformly doped in the

core region. The results are shown in Fig. 7.

Fig.4 Optical field distribution of DTDF-25/400 double-
clad thulium-doped fiber at 2 um wavelength. (a)—

(c) Schematic diagrams of the two-dimensional op-
tical field distributions for LPy;, LP;; (o) and LPy;
(e); (d)—(f) schematic diagrams of three-dimension-
al optical field distributions for LPy;, LP;; (0) and
LPy; (e)

381

3.6 \
341

L 32T — DTDF-10/130
30 —— DTDF-25/400
2.8+
2.6+
2.4
22 1 1 1

1.90 1.95 2.00 2.05 2.10
Wavelength/um

Fig. 5 Schematic diagram of the normalized frequency
with signal wave wavelength for DTDF-10/130 and
DTDF-25/400 double-clad thulium-doped fibers

In DTDF-10/130 DCTDF, analysis is limited to
only the optical power filling factor of LP;; mode
due to the cutoff of LP;; mode for signal wave with
wavelength above 1.96 pm. As the wavelength in-
creases from 1.9 um to 2.1 um, the optical power
filling factor of LPy; mode decreases from 0.838 to
0.797. In DTDEF-25/400 DCTDEF, both LP,y and
LP;; modes exist within the 1.9~2.1 pum signal
waveband. As the wavelength increases from 1.9 um

to 2.1 um, the optical power filling factor of LPy,

mode decreases from 0.939 to 0.922, while that of
LP,; mode decreases from 0.815 to 0.754. It is
worth noting that the optical power filling factor of
LP,; mode remains consistently larger than that of
LP;; mode. Therefore, LPy; mode has a stronger
Tm*" doping gain capability than LP;; mode. This
advantages allowed LP,; mode to persevere in the

mode competition with LP;; mode.

x1071
10.2
1.444 | (a)
3 14) 10402
-E 1.443 ¢ 98 &
= =
S 1.442 + 9.6 ®
S 3
§ 10 04 B
Liant 2
3 9.2
% 1441 E}
1.440 9.0
1.440 s s s 8.8
1.90 1.95 2.00 2.05 2.10
Wavelength/um
-11
1.442 <10
(b) N OF LP, 4190
< ncﬁof LP“
S l4dly —— Ay 0fLP, 480 g
S A of LP,, 8
2 1440 — 1703
IS 3
5 160 &
g 14391 2
S 50 @
£ 1438 )
o — 140 ™
1.437 s s s 30

1.90 1.95 2.00 2.05 2.10
Wavelength/nm

Fig. 6 Effective refractive index and effective mode field
area of different optical wave modes in two fibers in
the 1.9~2.1 um band. (a) LPy; mode in DTDF-
10/130 double-clad thulium-doped fiber; (b) LPy,
and LP;; modes in DTDF-25/400 double-clad thuli-
um-doped fiber

The 793 nm pump wave can be transmitted in
the core and cladding. Hence, in this paper, the
coupling capability of the 793 nm pump wave in the
core region and its transmission characteristics in
the inner cladding of DTDF-10/130 and DTDF-
25/400 DCTDFs are numerically investigated.

The distribution of the optical modes with
higher power filling factors in both fibers at a pump
wave wavelength of 793 nm are shown in Fig. 8.

Power filling factors of optical modes correspond-
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ing to 8(a) to 8(d) are 5.11x107, 2.28x1073, 4.90x
107, and 3.11x1073, respectively, while those cor-
responding to 8(e) to 8(h) are 5.64x107*, 2.46x107,
5.17x107, and 7.90x107, respectively. These optic-
al modes are generally radially symmetric. The
number of optical modes which can be accommod-
ated in the inner cladding of the fiber is much great-
er than those found in Fig. 8. Additionally, optical
modes with lower power filling factor in DTDF-
10/130 DCTDF can be seen in Fig. 9, with optical
modes in Figs. 9(a) to (c) corresponding to power
filling factors of 8.98x10°, 6.84x1077, and 7.00x

10°%, respectively. These are over two orders of

(2) (b)

magnitude less than those shown in Fig. 8.

0.92 \
5
S 0.88f —— LP,, of DTDF-10/130
o —— LP,, of DTDF-25/400
=]
= —— LP,, of DTDF-25/400
= 0.84 L n
5 \
E_ 0.80 |

0.76 |

1.90 1.95 2.00 2.05 2.10

Wavelength/um

Fig. 7 Variation of power filling factor with wavelength in
double-clad thulium-doped fibers DTDF-10/130 and
DTDF-25/400

Fig. 8 Optical wave modes of 793 nm pump wave in different fibers. (a)-(d) DTDF-10/130; (e)-(h) DTDF-25/400 double-clad

thulium-doped fiber

@ ®) (©
O o
6 O

Fig. 9 Optical modes corresponding to small power filling

factor in the inner cladding at a wavelength of

793 nm for the pump wave

3.2 Stimulated Brillouin scattering in double-clad
thulium-doped fibers
In double-clad thulium-doped fiber application,
a 793 nm pump wave is pumped through the clad-
ding, while a laser with a wavelength of 2 um is
amplified and transmitted in the core. The Brillouin

scattering threshold is proportional to the effective

mode field area, the effective mode field area of the
pump wave transmitted in the cladding is signific-
antly greater than that of the laser transmitted in the
core. For example, the effective mode field area of
the optical wave corresponding to the 793 nm pump
wave, as shown in Fig. 8(a), is 8.11x10° m?, while
that of the LPy,; mode shown in Fig. 3 at a laser
wavelength of 2 pm transmitted in the core is only
9.48x10™"" m? Consequently, the effective mode
field area of the optical mode of the laser is two or-
ders of magnitude smaller than that of the pump
wave. Thus, the Brillouin threshold of the pump
wave is significantly higher than that of the laser. In
the proceeding discussion, we only consider the

SBS effect arising in the laser.
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The different Brillouin frequency shifts of the
two fibers in the laser waveband, ranging from 1.9
to 2.1 um, can be calculated by equation (2). Fig. 10
depicts a decrease in the Brillouin frequency shift of
LPgy;-LPy, intra-mode Brillouin scattering in DTDF-
10/130 DCTDF from 8.867 GHz to 8.176 GHz as
the laser wavelength increases from 1.9 pm to
2.1 um. The Brillouin frequency shifts for intra-
mode and inter-mode Brillouin scattering in DTDF-
25/40 DCTDF have decreased. Specially, the shifts
for LPy;-LPy; intra-mode were from 8.258 GHz
to 8.166 GHz, the shifts for LP,;-LP;; intra-mode
were from 8.251 GHz to 8.159 GHz, and the shifts
for LPy;-LP;, inter-mode were from 8.255 GHz to
8.162 GHz.

9.00
882 T

(O]
8.64 >
8.46 &

8.28
DTDF-10/130

POl_ 01
DTDF-25/400
LPy-LPy,
DTDF-25/400
LPy,-LPy,

1.90 1.94 198 202 206 210
Pump wavelength/um

Fig. 10 Schematic diagram of intra- and inter-mode Bril-
louin scattering of different optical wave modes
in two fibers operating at 1.9~2.1 pm laser wave

lengths

The Brillouin gain coefficients of LPy;,-LPy,; in-
tra-mode Brillouin scattering in DTDF-10/130
DCTDF, LPy-LPy intra-mode, LP;;-LP;; intra-
mode and LPy,-LP,; inter-mode Brillouin scattering
in DTDF-25/400 DCTDF at 1.9~2.1 pm signal
waveband are presented in Fig. 11 (color online).
The Brillouin gain coefficients in DTDF-10/130
DCTDF are greater than those in DTDF-25/400
DCTDF. While conducting experiments within
DTDF-25/400 DCTDF, the Brillouin gain coeffi-
cient exhibited the largest value for LP;-LPy,; intra-
mode Brillouin scattering, followed by LP;-LPy; in-
tra-mode Brillouin scattering, and ultimately LPg-
LP;; inter-mode Brillouin scattering, which is the

smallest gain coefficient among the three.

$17%
x10™%
R L
2 R ——
E 210}
E —— DTDF-10/130 LPy,-LP,,
2 2051 —— DTDF-25/400 LP,,-LP,,
£ 200} DTDF-25/400 LP,,-LP,,
8 —— DTDF-25/400 LP,,-LP
; 195 L 01 11
S
2190}
=]
2185}
© 1.80 ' ' '
1.90 1.95 2.00 2.05 2.10

Pump wavelength/um

Fig. 11 LPy-LPy, intra-mode Brillouin gain coefficient in
DTDF-10/130 double-clad thulium-doped fiber,
LPy,-LP,, intra-mode, LP,;-LP;, intra-mode and
LPy;-LP;; inter-mode Brillouin gain coefficients in
DTDF-25/400 double-clad thulium-doped fiber at

the 1.9~2.1 pm laser waveband

According to Fig. 5, it can be observed that
DTDF-10/130 DCTDF is a single-mode fiber at a
laser wavelength of 2 um, while DTDF-25/400
DCTDEF is a few-mode fiber. Therefore, only intra-
mode Brillouin scattering is present in DTDF-
10/130 DCTDF and its Brillouin gain spectrum is
shown in Fig. 12(a). The Brillouin frequency shift is
observed to be 8.595 GHz and the Brillouin gain
coefficient is determined to be 2.149x107"" m/W. In
DTDF-25/400 DCTDF, both LP,; and LP;; modes
exist, and intra-mode Brillouin scattering and inter-
mode Brillouin scattering can exist. The Brillouin
gain spectrum is shown in Fig. 12(b) (color online),
where the Brillouin frequency shifts and the Bril-
louin gain coefficients of LP,;-LPy, intra-mode,
LP,;-LP,; intra-mode and LPy,-LP,; inter-mode
Brillouin scattering are 8.583 GHz, 8.577 GHz and
8.580 GHz, and 2.129x10™"' m/W, 2.117x10™"' m/W,
and 1.8x107"' m/W, respectively.
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) 5><1O'11 3.3 Stimulated Brillouin scattering in thulium-
(b) —— LPy-LP,, doped fiber amplifiers
20+ —— LPy-LPy,

= LPy-LPy,

15¢

10t

05¢

Brillouin gain coefficient/(m-W-1)

854 856 858 860 862 864
BFS/GHz

Fig. 12 Brillouin gain spectra at laser wavelength of 2 um.
(a) Brillouin scattering within LPy;-LP,; mode in
DTDF-10/130 double-clad thulium-doped fiber;
(b) Brillouin scattering within LPgy;-LPy; mode,
LP,;-LP,;, mode and LPy-LP;; inter-mode in
DTDF-25/400 double-clad thulium-doped fiber

The laser in the 2 um band can be generated or
amplified by a DCTDF, which corresponds to a
thulium-doped fiber laser and an amplifier respect-
ively. In this paper, we mainly study the SBS in
DTDF-10/130 DCTDF amplifier, whose simulation
parameters are shown in Table 2077,

The effect of SBS on the output power of the
signal wave was simulated in a DCTDF amplifier
with pump wave power filling factors of 0.01, 0.02
and 0.03. The seed wave was a continuous wave
with a wavelength of 2 pym and a power of 0.01 W,
while the pump wave was a continuous wave with a
wavelength of 793 nm and a power of 100 W, re-

spectively.

Tab.2 Simulation parameters of thulium-doped fiber amplifier

Parameter Symbol Value Unit
Fiber core diameter a 10.0 um
Inner cladding diameter b 130.0 um
Tm?* doping concentration Ny 5.5x10% m™
Pump wavelength Jp 793 nm
Signal wave wavelength As 2 pm
Pump wave absorption cross section 04(4y) 8.5x107% m?
Pump wave emission cross section Go(4p) 8.9x10% m?
Signal wave absorption cross section 0.(2s) 0.1x10% m?
Signal wave emission cross section o) 6.2x107% m?
Stimulated Brillouin scattering gain 28 2.803x107" m/W
Brillouin noise Igps 3.350x1077 w
Pumped optical fiber loss a, 1.2x107 m’!
Signal optical fiber loss a 2.3x10°° m!
Pump optical power filling factor I, Influenced by the shape of the inner cladding -
Signal optical power filling factor I 0.817 -

The distribution of pump wave, signal wave,
and Stokes wave power along a 2.1 m DTDF-
10/130 DCTDF with a pump wave power filling

factor of 0.02 is shown in Fig. 13 (color online). The

direction of forward wave propagation is specified
as the direction of increasing fiber length. The pump
wave travels forward and is absorbed by the doped

Tm*" in the core, resulting in a gradual decrease in
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intensity as fiber length increases. This process ex-
cites the Tm*" to the upper energy level of the laser.
The signal wave is continuously amplified during
transimission process, and when the power of sig-
nal wave reaches the SBS threshold, a portion of its
energy can be converted into the backward transmit-
ted Stokes wave by SBS. As the SBS process con-
tinues, the backward transmitted Stokes wave un-
dergoes gradual amplification. As the transmission
direction of the Stokes wave is opposite to that of
the signal wave. Fig. 13 illustrates a gradual de-
crease in the power of the former Stokes wave as the
fiber length increases. To maintain optimal output
power of the signal wave, suppression of SBS in

thulium-doped fiber amplifiers is required.

Fiber location/m
0 0204060810121416 1820

s 1g8 ) = Pu'mp [')owe'r '
= 60 — Signal power
2 40t —]
a 20t
0
3
= 9 — Backward stokes power
3
=1t
[e]
0

0 0204060810121416 18 20
Fiber length/m

Fig. 13 Distribution of pump wave power, signal wave

power and Stokes wave power along the fiber

In this paper, we investigate how fiber length
affects the output power of a thulium-doped fiber
amplifier. First, the effect of fiber length on the
pump wave absorption is studied, and the results
are shown in Fig. 14 (color online). It can be seen
that as fiber length increases, the power of pump
wave which is not absorbed by Tm*" decreases
gradually. Therefore, a shorter fiber length is re-
quired to absorb the same power of pump wave for a
DCTDF with a larger power filling factor. For ex-
ample, when 80% of the pump wave is absorbed,
the lengths of DCTDFs with pump wave power
filling factors of 0.01, 0.02 and 0.03 need to be ap-
proximately about 3.6 m, 1.9 m and 1.3 m, respect-

ively.

100

80 |

60 |

40}t

Residual pump power/W

20+

0 1 2 3 4 5 6 7
Fiber length/m
Fig. 14 Residual pumping optical powers varying with
fiber length at different pump optical power filling

factors

As shown in Fig. 15 (color online), the 2 um
laser achieves a maximum output power of 25.27 W,
31.08 W and 34.06 W when the pump optical power
filling factors are 0.01, 0.02 and 0.03, respective-
ly. The corresponding fiber lengths are 2.66 m,
2.02 m and 1.75 m. The reverse transmitted Stokes
optical power caused by SBS is 1.68 W, 1.39 W and
1.14 W, respectively. The laser output power in-
creases and then decreases as the fiber length in-
creases, while the Stokes power for reverse trans-
mission continues to increase, as shown in the
figure 15. Therefore, effective laser amplification
can be realized by selecting a shorter fiber and
a DCTDF with a larger pump power filling factor
as the gain medium to suppress the SBS. To this
end, the pump power filling factor can be optimized
by the rational design of the inner cladding struc-

ture.

—— Output signal power
I — Reflected stokes power

Power/W

0 1 2 3 4 5 6 7
Fiber length/m
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45 of 1.9~2.1 pm. Only the SBS of the signal wave in
40} — Output signal power . . . .
45| — Reflected stokes power the core was investigated in both fibers since the
20l pump’s Brillouin threshold is considerably larger
2 25t than that of the signal wave. The study indicates the
% ig presence of both intra- and inter-mode Brillouin
10l scattering in DTDF-25/400 as the signal wavelength
increases from 1.9 pm to 2.1 pm. On the other hand,
®) only intra-mode Brillouin scattering is observed in

0 1 2 3 4 5

Fiber length/m DTDF-10/130. For DTDF-10/130 double-clad thuli-

40 um-doped fiber amplifier with varying pump wave

——Output signal power
35+ ——Reflected stokes power power filling factors of 0.01, 0.02 and 0.03, by us-
30r ing 100 W continuous wave with wavelength of 793
2 i nm as the pump wave and 0.01 W continuous wave
g ig wavelength of 2 pm as the signal wave, the maxim-
10l um output power of the signal wave is 25.27 W,
5] 31.08 W and 34.06 W, respectively. The optimal
0 - ) ©) double-clad fiber lengths are 2.66 m, 2.02 m and
0 ! Fiber Iength?}m 3 1.75 m, respectively. The Stokes optical power gen-
Fig. 15 Variation of laser output power and Stokes optical erated by stimulated Brillouin scattering is 1.68 W,

1.39 W and 1.14 W. The results show that using
double-clad fiber with a high pump power filling

power with fiber length when pump power filling
factors are (a) 0.01, (b) 0.02, and (c) 0.03, respect-

ively factor in the thulium-doped fiber amplifier can min-

imize the effects of stimulated Brillouin scattering

4 Conclusion

Compared to DTDF-25/400 double-clad thuli-
um-doped fiber, DTDF-10/130 double-clad thulium-

doped fiber can maintain single-mode transmission

on the signal laser output power by reducing the
fiber length. The numerical model presented in this
paper optimizes the fiber length of the fiber amplifi-
er. This optimization is significant in improving ex-

perimental efficiency and reducing experimental

at 793 nm pump wavelength in the laser waveband costs.
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