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The spectra of narrow linewidth fiber amplifiers are closely related to both the
stimulated Brillouin scattering (SBS) threshold in power scaling process and the
combining efficiency in coherent beam combining (CBC) system. In this
manuscript, the SBS thresholds of fiber amplifier with different spectral
distributions (Gaussian, sinc® and rectangular) have been compared under
the same spectral complex degree of coherence (CDC), which could
promise the same combining efficiency in CBC system. A SBS dynamic
model is established to analyze the SBS process in fiber amplifier and a
comparing experiment is also performed by measuring the SBS thresholds of
different spectra that have the same CDC set to be 0.96. The FWHM linewidths
of Gaussian, sinc? and rectangular spectra are adjusted to be 1.1 GHz, 0.5 GHz
and 1.06 GHz, respectively. The corresponding SBS thresholds are measured to
be 108 W, 77 W, and 135 W. By contrast, the rectangular spectra could have
most excellent capacity on improving SBS threshold in fiber amplifier under the
same combining efficiency in CBC system. Overall, it could provide a feasible
method on spectra designing in high power narrow linewidth fiber amplifiers
used in CBC system.

KEYWORDS
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Introduction

High power narrow linewidth fiber amplifiers based on master oscillator power
amplifier (MOPA) architecture are usually acted as the laser sources in coherent beam
combining (CBC) system to break the power limitation of monolithic fiber amplifier
[1-4]. For achieving higher power output, the power capacity of each combinable fiber
amplifier and the combining efficiency in CBC system are the two main factors to be
considered. Normally, fiber amplifiers with narrower linewidth could enable better
combining efficiency and wavefront predistortion in the presence of path length
mismatch in CBC system [5-7]. However, narrow linewidth operation would limit

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2022.1062533/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1062533/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1062533/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1062533/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1062533&domain=pdf&date_stamp=2022-11-03
mailto:shandapengfei@126.com
mailto:zhoupu203@163.com
https://doi.org/10.3389/fphy.2022.1062533
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1062533

Lai et al.

the output power of each combinable fiber amplifier due to
stimulated Brillouin scattering (SBS) effect [8-12] and transverse
mode instability (TMI) effect [13]. Therefore, it should balance
this trade-off between the output power and combining efficiency
of fiber amplifiers used in CBC system. The key point could be
concentrated on the spectra of coherently combined fiber
amplifiers.

As we know, in high power narrow linewidth fiber
amplifiers with MOPA structure, a single frequency seed
laser could be phase-modulated to broaden the spectral
linewidth for SBS suppression. To date, several modulating
signals have been proposed, including sine-wave signal [14,
15], white noise signal (WNS) [16-18], pseudo-random bit
sequence (PRBS) signal [19-22], multi-phase coded signal
(MPCS) [23], multi-objective nonlinear optimized signal
(MONOS) [24], piecewise parabolic signal (PPS) [25] and
other special modulating signals [26-30]. Among of them,
WNS and PRBS modulation have been usually applied on high
power narrow linewidth fiber amplifiers on experiment. For
example, by using WNS modulation, a 960 W polarization-
maintained (PM) fiber amplifier with Gaussian spectrum
could be obtained and the FWHM linewidth is about
6.5 GHz [18]. PRBS modulation could be used to generate
sinc® spectra and has been applied on fiber amplifiers to obtain
output power over 1 kW and FWHM linewidth under 3 GHz
[19, 20]. Besides, fiber amplifiers with MONOS or PPS
modulation would be equipped with rectangular spectra to
achieve high SBS threshold [24, 25]. However, such two
modulating techniques have not been realized on
experiment according to the public reports.

As we can see, there are so many modulating signals could be
selected for SBS suppressing. However, detailed studies
comparing the SBS threshold, in the presence of the same
combining efficiency in CBC system, have yet to be reported.
In the previous research, the beam combining performance of
two 150 W fiber amplifiers modulated by PRBS and WNS
respectively have been compared by measuring the visibility as
a function of path length mismatch [31]. It indicates that the
optimized PRBS modulation performs better due to its
recoherence effect. However, the SBS thresholds of PRBS and
WNS modulation schemes have not been compared under the
same visibility in CBC system.

In our previous work, it was found that the spectral
complex degree of coherence (CDC) of combinable fiber
amplifier was in direct proportion to the combining
efficiency in CBC system in the presence of determined
path length mismatch (or delay time) [32]. Additionally,
the CDC of fiber amplifiers could be calculated from the
measured spectra. Due to that the spectral linewidths have
different definitions including FWHM linewidth [15, 16],
power ration linewidth [25] and RMS linewidth [24], the
spectral CDC could act as a unified criterion to evaluate
the combining efficiency in CBC system. Therefore, by
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FIGURE 1

(A) theoretical spectra with rectangular, Gaussian and sinc?
shapes, (B) the FWHM linewidths under different CDC values at
0.1 ns delay time.

adjusting the modulating signals to obtain the same
spectral CDC, the SBS threshold of fiber amplifiers with
different spectral distributions could be compared under
the same combining efficiency in CBC system.

In this paper, fiber amplifiers with Gaussian, sinc®> and
rectangular spectra were designed to have the same spectral
CDC. The SBS thresholds have been calculated firstly based on
a SBS dynamical model. Then a high power fiber amplifier
system with MOPA structure was established to compare the
SBS thresholds of different spectra. By adjusting the
modulating parameters to promise identical spectral CDC
(and hence combining efficiency), it was found that the
rectangular spectra obtained by PPS modulation performed
best on suppressing SBS effect in fiber amplifiers.

Theoretical simulation

Firstly, as proved in previous research [32], just considering
the influence of spectral characteristics of each combinable fiber
amplifier on the combining efficiency in CBC system, the
relationship between the combining efficiency (1) and the
CDC (y(1)) could be described as.
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Equation. 1 indicates that the combining efficiency is directly
proportional to the real part of CDC. In other words, the higher
spectral CDC of coherently combined fiber amplifiers would
present more excellent combining performance in CBC system.
Besides, the spectral CDC could be described as [32].

y(1) = JO E() exp (j2mvr)dy (2)
Where 7 is the delay time between the combined fiber amplifiers
in CBC system, v is the frequency of signal laser and £(v) is the
normalized power spectrum. Eq. 2 means that the CDC value of
combined fiber amplifiers could be calculated from the spectra
when the delay time in CBC system is determined. Then the
combining performance of fiber amplifiers can be evaluated from
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Eq. 1. To make it convenient for analysis and without losing
generality, the delay time is set to be 0.1 ns here. The
corresponding optical path difference is about 3 cm which is
common in CBC system over long-distance propagation [33].
More importantly, when high combining efficiency is needed at
this delay time, the FWHM linewidth would be required to be
GHz level that have significant application in CBC system [1, 2].

It is worth noting that the same spectral CDC value does not
mean the same FWHM linewidth for different spectral
distributions. The latter is usually applied to evaluate the
spectral coherence of combined fiber amplifiers in CBC
system. Figure 1A shows three types of spectra with perfect
rectangular, Gaussian and sinc” shapes. As for different spectral
distributions, the FWHM linewidths under different CDC values
could be calculated according to Eq. 2. As we can see, when the
spectral CDC is required to be identical, the rectangular spectrum
would have wider FWHM linewidth. And when the CDC value is
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FIGURE 3
The reflectivity versus the output power of fiber amplifiers
with different spectra
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The dependence of SBS threshold on the spectral CDC under
0.1 ns delay time.

above 0.6 at 0.1 ns delay time, the FWHM linewidth of Gaussian
spectrum is larger than that of sinc® spectrum.

As a typical application of CDC in CBC system, the SBS
thresholds of combinable fiber amplifiers with different
spectral distributions could be compared under the same
CDC value. of
simulating the SBS dynamic process in fiber amplifier is

spectral Firstly, a theoretical model
introduced. It includes a series of triply coupled partial
differential that the
interaction of signal laser field, Stokes field and acoustic
phonon field [34, 35]. In this simulation, all fields in fiber

amplifier are regarded as time-harmonic monochromatic

equations present three-wave

plane waves and satisfy the following coupling equations [36].

0A; 1 0A; 1

g + rgs ? = E (gs - ‘xs)As + 1y, (|As|2 + 2|AB|2)A5 + iK1, ApQ

3
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0A 1 0Ap 1 .
_a_ZB a a_tB = E (93 - (XB)AB + 1y (|AB|2 + 2|As|2)AB
+ iKlBASQ* (4)
o o 1 K *
§+VA£: _EI‘BQ+1A7:OASAE +f (5)

In these equations, As Ap and Q represent the normalized
amplitudes of oscillations of the signal laser, Stokes, and acoustic
fields, respectively. v, and vz are the group speed of signal laser and
Stokes light, 74 is the acoustic velocity, «;s, k;5 and «, are coupling
coefficients of the signal laser, Stokes, and acoustic fields, respectively.
as and o are the attenuation of signal laser and Stokes light in active
fiber, y; is the nonlinear coefficient of signal laser, g, and gz are the
active gain of signal and Stokes light, which can be expressed as

gs = gB = (aus + Ges)NZ - aasN (6)

Here the active gain of signal and Stokes light is considered to be
identical due to the similar wavelength. o, and o, are the
absorption cross-section and emission cross-section of signal
laser in active fiber, N and N represent the number of doped Yb**
particles and excited Yb** particles at upper-energy state.

In Eq. 5, I's is the acoustic damping ratio and A,, is the
effective interaction area of the light field and the acoustic field, f
is the ignition of the SBS process from a Langevin noise source. It
is a Gaussian random variable with an average value of zero and
obeys the following equation [37].

(f@t)f (') = Nod(z - 2')8(t - ') )

Where Ng represent the strength of fluctuations. It can be
determined according to thermodynamics principle.

_ 2kT0p0rB

NQ - 'Vngeff (8)

Where k is Boltzmann Constant and p, is the density of fiber, T,
is the temperature and A is the effective mode area in the fiber.
Besides, the pumping light of amplifier and the number of Yb**
particles at upper-energy state can be calculated according to the
rate equations in fiber amplifier.

aP, 1 0P,
E‘Fa 7: —WPPP —FP[UQPN— (Jup+0€p)N2]Pp (9)
ON, N, T,
a_tz = _72 + ]’lCAC [gusN - (Oas + Ges)NZ] (Ps + PB)

A [04pN = (04p + 02y )N | P, (10)

Ptp

" heA,

Where Ps, Py and Pp represent the signal laser power, Stokes power

and pump power, I's and I'p are the overlapping factors with doped

area of signal light and pump light, respectively. o,, and o, are

absorption cross-section and emission cross-section of pump light in

active fiber. g is the group speed of pump light, 7 is the average

lifetime of Yb®* in upper-energy state, ¢ is the speed of light in
vacuum, / is Planck Constant and A, is the doped area.
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TABLE 1 The experimental parameters when the CDC value is controlled to be 0.96 at 0.1 ns delay time.

Modulating Spectral shape Output voltage Modulating amplitude Cut-off frequency FWHM linewidth
techniques after RF (GHz) (GHz)
v)
WNS Gaussian 15 3n 1 1.1
PRBS Sinc® 15 n 10 05
PPS Rectangular 10 2n 10 1.06

In the main amplifier, a signal laser with power of 10 W is
injected into an active 20/400 um Yb-doped fiber with a length of
10 m. The absorption efficient of active fiber is set to be 1.5 dB/m
at 976 nm pumping laser. Besides, considering the practical
experiment structure, 3 m delivery passive fiber follows behind
the amplifier in the simulation. The other parameters are
corresponding to that in [36].

Based on the theoretical model above, we compare the SBS
suppression effect of three typical modulation schemes including
PRBS modulation, WNS modulation and PPS modulation, which
could generate spectra with sinc’, Gaussian and rectangular
shapes, respectively. By adjusting the modulating frequency
and amplitude, the spectral CDC of spectral distribution is set
to be 0.96 at 0.1 ns delay time. The principle of PRBS and WNS
has been introduced in [31] and the PPS modulation has been
analyzed in detail in [25]. Figures 2A, C, E show the modulating
amplitude of WNS, PRBS, and PPS modulation on time domain,
respectively. And the corresponding Gaussian, sinc® and
rectangular spectra are shown in Figures 2B, D, F. In this
simulation, the PRBS is generated by selecting 2’-1 pattern
which is proved to have better SBS suppressing ability [31].
The FWHM linewidths are calculated to be 1.45GHz in
rectangular spectrum modulated by PPS, 094 GHz in
Gaussian spectrum modulated by WNS and 0.5 GHz in sinc®
spectrum modulated by PRBS, respectively.

Frontiers in Physics

Figure 3 shows the trend of reflectivity with increasing
output power. The reflectivity is defined as the ratio of
backward power to output power. When SBS occurs, the
reflectivity will increase nonlinearly because the energy
would be transferred from the signal light to the backward
stokes light [34, 36]. The threshold is marked with a red
dotted line where the reflectivity reaches to 0.02% and
increases dramatically with the output power. From
Figure 3, the calculated SBS threshold of fiber amplifier
with rectangular spectrum is about 136 W, which is higher
than those of the Gaussian spectrum (108 W) and sinc®
spectrum (59 W). Thus, it could be concluded that the
rectangular spectrum has more positive effect on SBS
suppression than Gaussian and sinc® spectrum in the
circumstance of identical CDC value.

Further, we calculate the SBS thresholds of such three
types of spectra when the CDC varies from 0.82 to 0.96 at
0.1 ns delay time. Each spectrum has a FWHM linewidth
below 5 GHz in the varying process according to Figure I.
The dependence of SBS threshold on spectral CDC are shown
in Figure 4. When the spectral CDC increases, the FWHM
linewidth of spectra would be narrowed. Therefore, the SBS
threshold in fiber amplifier would decrease. It is obvious that
rectangular spectrum always presents best performance on
suppressing SBS at any CDC values from 0.82 to 0.96. Besides,
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Gaussian spectrum has higher SBS threshold than sinc?
spectrum at the same spectral CDC value. Therefore, the
fiber amplifier with rectangular spectrum could present
excellent coherent combining capacity in CBC system due
to the highest SBS threshold in the case of determined CDC
value.
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Experimental demonstration

To further investigate the SBS suppressing ability of different
spectral distributions, a typical fiber amplifier system with
MOPA structure was established (as shown in Figure 5).
Specifically, the seed laser was a 1064.4 nm single frequency,
linear-polarized fiber oscillator with ultra-short cavity and
output power of 40 mW [38]. It was modulated by an electro-
optic phase modulator with bandwidth of 10 GHz and half-wave
voltage of 5 V, which was driven by a series of modulating voltage
signals. Here a white noise source was filtered to generate the
WNS and an arbitrary waveform generator (AWG) was
programmed to generate PRBS and PPS. The generated
modulating signals were amplified by radio-frequency
amplifier (RF Amp) and then were applied on the phase
modulator. Next, the modulated signal laser was injected to
the pre-amplifier and was boosted to about 10 W. A 99.9:
0.1 fiber coupler was used for transferring the pre-amplified
signal laser to the main amplifier and monitoring the backlight
from the main amplifier to judge the SBS threshold. In the main
amplifier, a 10 m Yb-doped active fiber with core/cladding
diameters of 20/400 um was employed as the gain fiber. At
the end of the main amplifier, a collimator was installed to
send the laser beam to free space. All the devices in fiber system

were polarization maintained. The output laser beam was split by
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a high-reflectance (99.9:0.1) mirror (HRM). The main part of
output laser was recorded by a power meter and the small part
was used for spectrum monitoring.

In this experiment, a Fabry-Perot interferometer (FPI) with a
free spectral range (FSR) of 4 GHz and optical spectral resolution
of 8 MHz was used to measure the output spectrum at the
spectrum monitor port. Then the spectral CDC value could be
calculated from the measured spectrum according to Eq. 2 [32].
As we described above, the signal laser modulated by PPS, PRBS
and WNS could have rectangular, sinc® and Gaussian spectra,
respectively. By adjusting the output voltage and operating
frequency of AWG and controlling the attenuation of WNS
source and the filtered frequency, the modulating frequency and
amplitude of PPS, PRBS and WNS could be tunable. Then the
spectra of signal laser and the corresponding spectral CDC values
could be controlled. It was worth mentioning that the modulating
amplitude of PPS in simulation was too large to be achieved on
experiment. Therefore, the amplitude of PPS was divided by 2n
and the remainder was leaved as the new modulating amplitude
which would not exceed 2.

In order to be identical with the simulation, the CDC of each
spectrum on experiment was controlled to be 0.96 at 0.1 ns delay
time. In this situation, Table 1 showed the experimental
parameters of different modulating techniques and the
corresponding FWHM linewidths of output laser. The spectra
of output laser were also shown in Figure 6. We could see that the
FWHM linewidths of output laser were measured to be 1.06 GHz
in rectangular spectrum, 1.1 GHz in Gaussian spectrum and
0.5GHz in sinc® spectrum, respectively. The experimental
results of Gaussian and sinc® spectra agreed well with those in
simulation. The rectangular spectrum on experiment with
FWHM linewidth of 1.06 GHz was obviously smaller than
that in simulation which was as broad as 1.45 GHz. It was
mainly due to that the top of generated rectangular spectrum
on experiment were not smooth enough.

As the output power increased, the varying trend of power
reflectivity was also measured and shown in Figure 7. The SBS
threshold was defined as the output power where the reflectivity
reached up to 0.02% and increased nonlinearly (as the dotted-line
indicates in Figure 7), which was also identical with that in
simulation. As we can see, the SBS threshold of fiber amplifier
was about 135W with rectangular spectrum, 108 W with
and 77W with
respectively. Thus, it could be concluded that the rectangular

Gaussian ~ spectrum sinc®  spectrum,
spectrum could suppress SBS more effectively than Gaussian and

sinc” spectra at the CDC value of 0.96.

Conclusion

In summary, the SBS process in high power fiber amplifier is
simulated when typical phase modulation techniques including
PPS, PRBS and WNS are applied. The generated spectra could
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have rectangular, sinc* and Gaussian envelopes, respectively. By
setting the spectral CDC value to be the same, the SBS threshold
of such three types of spectra are calculated and compared. Then
a high power fiber amplifier system with MOPA structure is
established to measure the SBS threshold of these spectra for
Both the
experimental results indicate that the rectangular spectrum
has highest SBS threshold under the same spectral CDC. Due
to that the spectral CDC is in direct proportion with the

experimental ~demonstration. theoretical and

combining efficiency in CBC system, it could provide an
effective method to select the modulating techniques and
design the corresponding spectra of high power narrow
linewidth fiber amplifier applied in CBC system.
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