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The dependence of Brillouin gain spectrum (BGS) characteristics, including the Brillouin frequency shift (BFS) and
the BGS bandwidth, on germanium concentration in large-mode-area Ge-doped passive fibers is investigated theoretically
and experimentally. The simulation results show that the BES is inversely proportional to GeO; concentration, and the BGS
bandwidth initially increases with the augment of GeO, concentration, and then decreases. The BGSs of four fibers with
core diameters of 10 pm and 20 um for different GeO, concentrations are compared experimentally. Experimental results
demonstrate that with the same core diameter, the variations of BFS and BGS bandwidths with GeO, concentration accord
with the simulation results. Additionally, the BGS characteristics of three large-mode-area passive fibers with diameters
of 10 um, 25 pm, and 30 um are measured, which confirm that the increasing of the fiber diameters will cause the BGS
bandwidth to broaden. We believe that these results can provide valuable references for modulating the high-power narrow-

linewidth fiber lasers and Brillouin fiber amplifiers.

Keywords: stimulated Brillouin scattering, Brillouin gain spectrum, large-mode-area fibers, fiber laser

PACS: 42.55.Wd, 42.65.Es, 42.65.-k

1. Introduction

The applications of high-power narrow-linewidth fiber
lasers to coherent beam combining and spectral beam com-
bining have attracted widespread attention in recent years.!-!
Stimulated Brillouin scattering (SBS) is the most limiting
effect in terms of power handling capacity in high-power
narrow-linewidth fiber lasers.!>*' Over the decades, a vari-
ety of techniques have been implemented in order to suppress
SBS,B! such as introducing nonuniformities by stressing the
optical fiber, ! reducing the overlap between the light wave
field and the sound wave field in the core by changing the

[7-10

doping composition and distribution in the core, | reduc-

ing effective fiber length,!'!! broadening spectral linewidth

[12-15] gpecifically,

of seed by pure phase modulation, efc.
white noise source (WNS)!!6-1°1 and pseudo-random binary
sequence (PRBS)[?*-23] phase modulation become the leading
linewidth broadening schemes for high power fiber amplifiers
which are required to balance the narrow-linewidth and the
output power. In the commonly used PRBS phase modulation
scheme, the SBS suppression capability can be determined by
the separation between the discrete adjacent sidebands lying
within the envelope, which should be appreciably more than

twice the Brillouin gain spectrum (BGS) bandwidth.['4! In this

DOI: 10.1088/1674-1056/abf7ab

scenario, the BGS characteristics become essential for design-
ing the PRBS phase modulation scheme.

As is well known, the core dimensions and GeO, concen-
tration of the fibers can dramatically affect the BGS character-
istics, especially the Brillouin frequency shift (BFS) and the
BGS bandwidth. Some efforts have devoted to studying the
BGS in single-mode fiber (SMF). Nikles et al. have studied the
influence of germanium concentration on BFS and BGS band-
widths, and they found that the change between BFS and GeO,
concentrations is —94 MHz/wt%, while the change between
BGS bandwidth and GeO, concentration is 1.4 MHz/wt%.*!
Li et al. reported the BFS is reduced by ~ 1 GHz and BGS
bandwidth is increased by ~ 2 MHz when the core diame-
ter decreases from 8.8 um to 3 pum.[>) It is noticed that the
germanium concentration of the fiber with a core diameter of
8.8 um in Ref. [25] is 4 wt%, while the germanium concen-
tration of the fiber with a core diameter of 3 um is 19 wt%,
showing the germanium concentrations of the fibers with dif-
ferent core diameters are different, and the BFS with GeO,
concentration is about —89 MHz/wt%.[%1 Li et al.

that core doping GeO; concentration has a greater influence

showed

on the BFS than the core diameter and reducing fiber core di-
ameter will result in a wider BGS bandwidth.[>>! The above
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results are based on the SMF reported. However, the depen-
dence of BGS characteristics on the GeO, concentration and
core diameter in large-mode-area (LMA) fibers have not yet
been studied in detail.

The purpose of this work is to examine the relationship
between the GeO, concentration and the Brillouin gain spec-
trum characteristics in the LMA fibers. We first numerically
simulate the dependence of BFS and BGS bandwidths on
GeO, concentration. Then we present the BGS bandwidth as
a function of single-pass gain to explain the BGS bandwidth
measured in this work under the condition of Brillouin gain
narrowing. Moreover, the BGSs are experimentally character-
ized in four types of fibers with different GeO, concentrations
and core diameters of 10 um and 20 um by using heterodyne
detection method, indicating the dependence of BFS and BGS
bandwidths on GeO, concentration under the same core diam-
eter fiber. Finally, the BGSs of three fibers with core diameters
of 10 pm, 25 pm, and 30 pm are tested to demonstrate the in-
fluence of the core diameter on the BGS bandwidth.

2. Theory

In the kinetics of spontaneous Brillouin scattering, the
BGS line is Lorentzian according to the exponential decay of
phonons.!?’! In a fiber system, spectral density function of the

Stokes radiation, S(®),!?8! can be defined as

GIs/2?” )
(etr) ] o

where h is the Planck’s constant, N is the mean number of

 4hoy(N+1)

S(w
(@) ncAlg

phonons per mode of acoustic field, w; is the Stokes frequency,
A is the effective cross-section area, and I is the phonon in-
tensity decay rate, o is the laser frequency, n is the effective
refractive index of the pump mode, c is the propagation speed
of light in vacuum. G is the single-pass gain, which can be
defined as

G = goLettP [Actr, 2

where g is the peak value of the Brillouin gain, L. is the ef-
fective length, A.g is the effective cross-sectional area of the
interaction region, and P is the incident laser power. The gain
factor g can be defined as

g0 = R /poncvalp, (3)

where ¥, is the electrostrictive constant of silica, pg is the mass
density, and vy is the acoustic velocity. As shown in Eq. (1),
the spectral shape of the Stokes light depends on the single-
pass gain G and the phonon intensity decay rate Ig. The BGS
bandwidth I' = I3 /(27x) is the full width at half maximum
(FWHM) of the BGS, which can be expressed as

1 10°°

= . 4
Is  2m(17.540.71 X @Geo,) @

According to Ref. [28], the refractive index »n of the medium,
the acoustic velocity va, and the mass density py vary with
GeO; concentration @ge [in unit wt%] and F concentration g
[in unit wt%] and can be expressed respectively as!*’!

n(@ge, wr) = 1.458(1+1.0 x 10> w360,

—33x103wp), (5)
VA (OGe, OF) = 5944(1 —7.2 x 102 @G0,

—2.7x10 % 0p), (6)
Po(@Ge, wF) = 2202(1+6.4 x 107> Wgeo,

—3.4x10 30p). @)

The BGS bandwidth Av narrows as single-pass gain increases,

which can be given by[?8-301

1/2
an] . ®)

AVF{
G

For small G (such as G < 5 Np), the shape of the Brillouin gain
spectrum is Lorentzian curve with a bandwidth of Av =1". On
the other hand, the Stokes spectrum bandwidth has almost no

obvious change for large G (such as G > 20 Np). 3!l
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Fig. 1. (a) Simulated BFS versus GeO, concentration, and (b) calculated
BGS bandwidth and tested bandwidth versus GeO, concentration for four
types of fibers.

The generated Stokes frequency depends on the optical

and acoustic properties of the propagation material as well as
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the pump wavelength. The BFS in an LMA fiber can be de-
fined as!*?!

2nva
VB = T

where A is the laser wavelength, and 0 is the scattering angle

cos(6/2), 9

of a mode. In the simulation, the influence of the scattering
angle on the BFS is ignored. The BFS and BGS bandwidths
as a function of GeO, concentration are shown in Figs. 1(a)
and 1(b). The parameters and the values used in the simula-
tion are shown in Table 1. Figure 1(a) shows that the BFS
is inversely proportional to GeO, concentration and the rela-
tionship is linear. Figure 1(b) shows that the BGS bandwidth
initially increases linearly and then decreases. The gain factor
and single-pass gain will increase when the germanium con-
centration exceeds 80%, thus causing the narrowed Brillouin
bandwidth to decrease. The red line is the linear fit with a
slope of 0.085.

Table 1. Parameters and values used in simulation.

Parameters Value Parameters Value
® 1.77 x 10" rad/s e 1.95
n 1.45 c 3% 108 m/s
A 1067 nm

The relationship between Brillouin gain factor gy and
GeO; concentration is obtained by substituting Eqgs. (4)—(7)
into Eq. (3), and the results are shown in Fig. 2(a). It is demon-
strated that as the GeO; concentration increases, Brillouin gain
factor decreases initially, and then increases when the GeO,
concertation exceeds 80%. Firstly, the phonon intensity at-
tenuation rate, the refractive index, and the medium density
increase faster than the sound velocity decreases, so the gain
factor is reduced. With the increase of germanium concen-
tration, the attenuation rate of the phonon intensity, the rate
of increase of refractive index, and the medium density are

lower than the rate of decrease of sound velocity, as a result,
the gain factor has a minimum value, and then gradually in-
creases. The single-pass gain dependence of BGS bandwidth
can be obtained based on Eq. (8), and is plotted in Fig. 2(b).
The results indicate that as the GeO, concentration increases,
Brillouin gain factor initially decreases, and then increases.
The Brillouin gain narrowing is shown in Fig. 2(b).

2.2
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Fig. 2. (a) Simulated Brillouin gain factor versus GeO, concentration, and
(b) calculated BGS bandwidth versus single-pass gain G and the experimen-
tal bandwidth of fibers with different core diameters.

3. Experimental setup

The BGSs of the LMA fibers are measured. The schema-
tic diagram of the setup is shown in Fig. 3.

2
seed @ n 80%

1067 nm coupler 1

laser diode amplifier

20%

circulator
MFA 1 F)\ 9 X
! test fiber
3 bundle
£
=
attenuator 50%

50% coupler 2

Fig. 3. Experimental setup of Brillouin gain spetrum measurement. MFA: mode field adapter; YDFA: Yb-doped fiber amplifier; PD: photode-

tector; RFA: radio frequency analyzer.

A 1067-nm, 60-mW, 3-kHz linewidth (the Rock, NP Pho-
tonics) single-frequency fiber laser is used as a light source.
The laser signal is amplified to 10 W by a Yb-doped fiber

amplifier (YDFA). The output laser is divided into two arms
by an 80/20 coupler (coupler 1), where 80% of the laser pass

through a circulator, and then connected to the input end of the
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fiber under test (FUT). All the fibers are in a temperature range
of 20 °C-22 °C and maintain the same bend radius to ensure
the same experimental conditions. The generated backward
Stokes light in the fiber is coupled into the 50/5 coupler (cou-
pler 2) through port 3 of the circulator. The MFAs here is used
to adapt the mode field. In the other arm, 20% of the laser
acts as the reference light, and the power is controlled by an
optical attenuator to maximize the visibility of the beat sig-
nal. The backward light and the reference light then beat in
coupler 2, and the beat signal is detected by a photodetector
(1014, Newport) with a maximum bandwidth of 46 GHz, and
analyzed by a radio frequency analyzer (RFA, DSOX4024A,

KEYSIGHT). The output end of the FUT is cleaved with 8° to
prevent feedback.

4. Results and discussion

Six passive fibers (I-VI) are investigated in the experi-
mental setup, of which the detailed parameters are listed in
Table 2. The input laser power is the output power of the am-
plifier when the beat frequency output power is 1 mW. The val-
ues of single-pass gain G for all the FUTs are much larger than
25, which means that all the Brillouin bandwidths we tested

are gain-narrowed.

Table 2. Experimental parameters and their values.

Parameter Units Fiber I Fiber 11 Fiber 111 Fiber IV Fiber V Fiber VI
GDF 10/125-PM 10/125 20/400-PM 20/400 25/250 30/250
Length m 96 50 36 147 65 42
Input laser power w 0.96 1.7 5.44 1.32 4.14 18.42
NA 0.075 0.075 0.065 0.065 0.065 0.062
20 x 1071 (m/W) 7.28 7.89 8.4 8.5 8.45 8.95
G 62.56 62.60 93.19 93.37 82.36 174.11
70t (a) 252; §I5i33§6 :222; %I intensity distribution results for the four fibers are shown in
. 60} Fig. 4. The x-ray signal intensity of each fiber is expressed
'é sol by averaging the x-ray signal intensities in the core. The x-
5:3 ray signal intensity can be used to characterize the germanium
% 401 doping concentration because it is positively correlated with
,tfo 30 I " the content of GeO; in fiber. Figures 4(a) and 4(b) show that
“ #i core diameter . . .. .
? 20 ‘_. 10 pm ._: the gf.:rmflnlum concentration of the p(.)larlzatlon-malntalnmg
s 10 W ! | fiber is higher than that of the unpolarized fiber, and the ger-
0 ; . I' manium concentration of the 10/125 fiber is higher than that
—10 -5 0 5 10 of the 20/400 fiber.
Position (pm) The BFS and BGS bandwidths for fibers I-IV are mea-
70 o) ?Eer T 35545+ fiber 1 sur.ed l?sing the experimental setup shown in Fig. 3. Gaussian
60 iber IV:137.725 _._fiber IV fitting is performed on the BGS of each fiber and the BFS and
z Brillouin bandwidth of each fiber are recorded as shown in
§ 50 Fig. 5. For fibers I and II as shown in Figs. 5(a) and 5(b), the
f 40 BFSs are 16.065 GHz and 16.102 GHz and the BGS band-
go 30 widths are 15.54 MHz and 12.31 MHz, respectively. This
1 00 difference in BFS can be explained by Eq. (9). The differ-
,f | ence in dopant concentration between the two fibers results
<10 in the differences in the acoustic velocity and the refractive

—15

—10

-5 0 5
Position (pm)

Fig. 4. X-ray signal intensity distribution for (a) fibers I and II and (b) fibers
III and IV.

For comparing the core germanium concentrations of
fibers with the same core diameter, we use the electron probe
microanalysis (EPMA) to test the x-ray signal intensity of Ge
doped in 10/125 and 20/400 polarization-maintaining and un-

polarized fibers (fibers I-IV). The cross-sectional x-ray signal

index. This difference in BGS bandwidth is explained as be-
ing due to the fact that the increasing of GeO, will result in
a decrease in phonon lifetime and an increase in bandwidth.
Although not each group of fibers is tested at the same length
and the same input power, it is clear that the output SBS power
is the same, and the product of the fiber length and the input
power in the polarization-maintaining fiber is larger, which is
the opposite to the influence of germanium concentration on
the bandwidth. The results indicate that in LMA fibers with
the same core diameter, the BFS decreases and the BGS band-
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width increases with the augment of doped germanium con-
centration in the core. This result is consistent with that of an
SMF.[>* The same conclusion is applicable to the fibers ITI—
IV as shown in Figs. 5(c) and 5(d). The BFSs are 16.123 GHz
and 16.134 GHz, respectively, and the BGS bandwidths are
15.54 MHz and 12.31 MHz, respectively. The BFS and BGS
bandwidth changes of the 10/125 fiber are greater than that of
20/400 fiber. The reason for this result is that the difference
in germanium concentration between the two 10/125 fibers is
higher than that between the two 20/400 fibers.

The tests of the BGS bandwidth for fibers I-IV are shown
in Fig. 1(b), which are compared with the simulations. The di-

fiber I
. L0r(a) ——fiber II
2
2 osf
g 16.065 GHz 16.102 GHz
< 0.6}
=
z 0.4}
@
o
g 0.2t
=
0
16.04 16.08 16.12
Brillouin frequency shift (GHz)

1.0F(¢) — fiber III
o~ —=— fiber IV
3
5 0.8}
: 16.123 GHz
"S 0.6L 16.134 GHz i
£
» 0.4}
@
=)
S o0.2f
= “

Brillouin frequency shift (GHz)

0 .
16.08 16.10 16.12 16.14 16.16 16.18

amond, square, circle, and the triangle symbols in Fig. 1(b)
indicate the tested BGS bandwidth of the fibers I, II, III, and
IV, respectively.

The measured fiber bandwidth is positively correlated
with the x-ray signal intensity, and the simulated bandwidth
is also proportional to the germanium concentration. That is,
as the doped germanium concentration in the core increases,
the BGS bandwidth increases. However, there is some ob-
vious departure between the tested value and the simulation
one. Besides the fact that the coefficients of Eqs. (4)—(6) are
not universal, the germanium concentration used in our fiber
is not an absolute concentration but the x-ray signal intensity.

16.05 16.08 16.11 16.14
1.0F(b) —fiber I |
— ——fiber II
2
Z 0.8}
5
5 0.6 | o1 = 15.54 Mz
= vy = 12.31 MH
» 04}
R7
o
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5 N
0 e
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2
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Brillouin frequency shift (GHz)

Fig. 5. Comparison of (a) BFS and (b) BGS bandwidth gain spectra between fibers I and II. Comparison of (c) BFS and (d) BGS bandwidth

gain spectra between fibers III and IV.

Figure 6(a) shows x-ray signal intensities of GeO, doped
in the core of three passive optical fibers with different core di-
ameters. The curves represent the x-ray signal intensity distri-
butions in the cross sections of the fibers. The x-ray signal in-
tensity at the core of each fiber is averaged to characterize the
core germanium concentration in each fiber. The average x-ray
signal intensity in the core of the fibers I, V, and VI are 43.568,
38.17, and 34.17, respectively. Result shows that the small-
core fiber has a higher germanium concentration. Figure 6(b)
shows the BGS measurement results of three fibers with dif-
ferent core diameters. The lengths of the different fibers range
from 20 m to 150 m. We find that the BGSs of three types of
fibers all exhibit a Gaussian distribution. The BFS for fibers I,
V, and VI are 16.102, 16.138, and 16.168 GHz, respectively,
and the BGS bandwidths are 12.31, 14.22, and 15.93 MHz re-

spectively. BGS bandwidth is increased by ~ 2 MHz when
the core diameter increases from 10 wm to 30 um. Fiber I
has a higher germanium concentration, but the bandwidth is
narrower than that of fiber VI, indicating that the core diame-
ter has a greater effect on the bandwidth than the germanium
concentration in the LMA fiber.

We also compare the numerical solution and measured
BGS bandwidth of the three fibers with different core diam-
eters, which is shown in Fig. 2(b). It should be noted that
single-pass gain G for each fiber is calculated under the con-
dition that the x-ray signal intensity is regarded as the germa-
nium concentration. The circle, square, and triangle symbols
indicate the measured BGS bandwidths of fibers I, V, and VI,
respectively. The reason for this difference may be that in an
LMA fiber, when pump light is coupled into the fiber, multi-
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ple conduction transverse modes can be excited. The Stokes
light generated by the inelastic collision of the optical photons
with the acoustic phonons in the optical fiber also excites mul-
tiple conduction modes. The superposition of multiple modes
of Stokes light will broaden the BGS bandwidth. Previous lit-
erature has reported®3! that the increasing of the number of
optical modes can lead the BGS bandwidth to broaden.

60 fiber I: 43.568 —e— fiber I
| fiber V: 38.17 —e— fiber V
5 fiber VI: 34.17 —— fiber VI
E 50F !
g (a) ‘ “I ||y| ‘
1 y |y 1}
2 a0f il ‘N‘l" o T
- | | “, | A
3 iy wir
5) 30F i
‘0
Z 20
b
<
104
0 N .
—20 —10 0 10 20
Position (um)
19k vp1 = 16.102 GHz dvp; =12.31 MHz —=— fiber 1
4T Upy=16.138 GHz dups = 14.22 MHz —e— fiber V
R vps = 16.168 GHz dvps = 15.93 MHz —— fiber VI
;g L
=i
=
e
-
R
>
i
7
=}
3]
=
=i
=

16.20
Brillouin frequency shift (GHz)

16.08 16.11 16 14 16. 17

Fig. 6. Comparison among (a) x-ray signal intensities for 10/125, 25/250,
and 30/250 fibers and (b) BGSs of fibers for different core diameters.

5. Conclusions

In this work, the dependence of BFS bandwidth and BGS
bandwidth on GeO, concentration are simulated. It is shown
that BGS bandwidth initially increases, then decreases and
BFS decreases as the GeO, concentration increases. We also
provide direct experimental evidence that BFS reduces and the
linewidth broadens with the increase of germanium concentra-
tion in LMA fiber. Moreover, it is demonstrated experimen-
tally that BGS bandwidth increases as the core diameter in-
creases, and that the BGS bandwidth broadening is because
the superposition of multiple transmission modes of Stokes
light in LMA fibers causes the entire Brillouin scattering spec-

trum to broaden. This work will provide reference for multi-
wavelength Brillouin lasers.
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