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Abstract—The remarkable evolution of ytterbium-doped fiber
(YDF) lasers and amplifiers is interrupted by a limiting thermo-
optical effect called transverse mode instability (TMI). Hereon,
we propose a Gaussian-shaped gain-dopant distributed (GSGDD)
YDF, which is fabricated by a modified chemical vapor deposition
(MCVD) process combined with solution doping technique (SDT).
By regulating the solution concentrations of soot layers, the content
of Yb*t ions presents Gaussian-shaped distribution in the trans-
verse direction while the refractive index profile (RIP) exhibits a
stepped profile. The laser performance of this fiber is verified by a
bidirectional pumped master oscillator power amplifier (MOPA).
Over 3 kW near-single-mode laser output is obtained with the slope
efficiency of 84.9%. At the highest power output, there are no
Stokes light components in the spectrum and the beam quality M?
factor is ~1.45 These results suggest that the GSGDD fiber owns
great potential to achieve high power output with excellent beam
quality.

Index Terms—Fiber lasers, doped fiber amplifiers. transverse
mode instability.

1. INTRODUCTION

B-DOPED fiber lasers have been widely applied to indus-
Y trial processing, medical treatment, 3D printing, and mil-
itary defense owing to the high conversion efficiency, efficient
heat dissipation, compactness, and good beam quality [1]-[7].
The output power of fiber lasers has been unprecedentedly
improved, however, nonlinear effects such as stimulated Raman
scattering (SRS) emerge when the peak power exceeds a certain
threshold, leading to energy transfer to other wavelengths [1].
By enlarging the mode field area of the gain fiber, the SRS
threshold is significantly improved. Nevertheless, in the large
mode area (LMA) fibers, more high order modes (HOMs) will
be bounded in the fiber core, which may trigger transverse mode
instability (TMI) [8] and result in beam quality deterioration.
Since the TMI phenomenon was discovered in 2010, it has
become the dominant limitation for further power scaling of
Yb-doped fiber lasers. TMI appears when the output power
exceeds a certain threshold, with beam profile transforming from
a stable fundamental mode (FM) into an unsteady mode [9]. The
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energy coupling between different modes on the time scale of
millisecond will lead to a sudden degradation in beam quality
[10]-[14]. The TMI threshold will be improved by reducing the
core V value [15], increasing the inner cladding diameter [16],
employing new fiber structures [17], and controlling the gain
dopant distribution in fiber core [18]-[20], etc.

Controlling the gain dopant distribution is an effective way
for fiber lasers to enlarge the output power and improve the
beam quality [21]-[25]. Confined-doped fiber, by confining the
Yb** ions doping within a smaller diameter in the center of
fiber core, makes FM obtain more gain while suppressing HOM
[21], [22]. In the early stage of TMI observation, confined
doping had been predicted as a possible way to improve the TMI
threshold, due to its preferential gain effect [9]. Soon, theoretical
simulations suggested that confined doping could efficiently
reduce the nonlinear coupling constants of LPO1 and LP11
modes and then mitigate TMI [12], [14]. Recently, researchers
calculated the TMI threshold of four fiber structures, including
confined-doped fiber, etc. The simulation results showed that the
TMI threshold of confined-doped fiber was ~ 1230 W with a core
diameter of 30 #m which was the highest among four fibers [26].
In terms of experimental investigations, confined-doped fiber
was utilized for a tandem-pump fiber amplifier, which realized
4 kW laser output with the beam quality M? factor of 1.59
[25]. Lately, a 33/400 pm confined-doped fiber was fabricated
with Yb’* ions doping diameter ratio of 70%, and it was
demonstrated that the TMI threshold of confined-doped fiber
was about 1250 W which was 1.74 times that of conventional
fiber [20].

In contrast with confined-doped fiber, the GSGDD fiber is
another novel type of controlling the gain dopant distribution,
whose gain dopant concentration always changes rather than
confining the doping region. The doping profile of Yb’* ions
presents Gaussian-shaped distribution, and the refractive index
profile (RIP) is still stepped [22]. Therefore, the gain dopant
profile is designed to more effectively overlap the FM gain
field. Originally, researchers calculated the differential-gain ra-
tio of GSGDD fiber with different Gaussian widths. The results
showed that Gaussian-shaped gain dopant distribution exhibited
similar advantages to confined doping, meanwhile possessing
high modal discrimination [23]. However, there is a lack of
experimental investigation on it. It is worthy to demonstrate the
laser properties such as TMI performance and beam quality of
GSGDD fiber in high power fiber laser system.

In this study, we propose a Gaussian-shaped gain-dopant dis-
tributed (GSGDD) fiber fabricated by MCVD process combined
with SDT for the first time, whose core and inner cladding
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Fig. 1. Designed Yb3+ ions distribution in GSGDD fiber core.

diameters are 32 ;m and 400 pm, respectively. The Yb** ions
present Gaussian distribution with a Gaussian width of 16.9 m,
owing to different gain dopant concentrations in each soot layer,
and simultaneously, RIP is still stepped. The laser performances,
especially TMI effect and beam quality, are investigated in
detail by constructing a bidirectional-pumping fiber amplifier.
Finally, we realize 3 kW near-single-mode laser output with-
out SRS, and the beam quality maintains stable in the whole
experiment.

II. FIBER DESIGN AND FABRICATION

Generally speaking, the difficulties in fabricating GSGDD
fiber were that, on the one hand, gain dopant distribution
presented Gaussian shape in the fiber core, on the other hand,
the RIP exhibited nearly stepped profile. To put it simply, we just
needed to dope different concentrations of Yb?* ions in each
soot layer, making it present Gaussian-shaped distribution, and
meanwhile, adjust the concentrations of other ions to ensure the
equal refractive index difference (RID). To make the distribution
of YB3 ions closer to Gaussian shape, in theory, the more soot
layers we deposited, the more precise Gaussian distribution
we could obtain. However, plenty of soot layers would greatly
increase the fabrication difficulties and cost. On the contrary,
a few soot layers deposition could also obtain Gaussian-shaped
gain-dopant distribution owing to ions diffusion effect. The
designed diagram of the GSGDD fiber core was shown in Fig. 1,
four soot layers were deposited, and the fitted Gaussian-shaped
curve was also exhibited in the solid red line. For sufficient
pump absorption while prevent excessive Yb’* concentration
resulting in Yb** clustering, the concentrations of YbyO3
increased from 0.05 mol% to 0.15 mol% along soot layers,
which were determined according to the Gaussian curve.
Moreover, AlsO3 was doped into the SiOs matrix, which ARt
ions were advantageous to improve the solubility of rare earth
ions and eliminate crystallization [27]. To effectively restrain
photodarkening (PD) effect, Ce** ions were co-doped into the
SiO4 matrix [28], and it could greatly improve the PD resistivity
without obvious disadvantageous influence on the laser
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performance [29]. The above elements had positive refractive in-
dex contributions and would increase numerical aperture (NA).
In order to appropriately decrease the fiber core NA, F~ ions were
doped into fiber core owing to its negative refractive index [30].
Further, the concentrations of several ions should be earnestly
discussed. The contributions of all the doped ions for refractive
index increment of GSGDD fiber core can be expressed as:

An x 10* = 67Cyp,0, + 23Ca1,0, + 67Cce,0, — 50CsiF, -

The NA of overall fiber core was designed to be ~0.06.
The concentrations of the doping components YbsOgs, Al5O3,
Ce, 03, and SiF, were carefully designed and specifically given
in Table 1. It could be found that Yb,Oj significantly increased
from soot layer 1 to soot layer 4, which made the gain dopant
profile as close to Gaussian shape as possible. The Al,O3 grad-
ually decreased to balance the RID. The contents of Ce2O3 and
SiF, were not high and they basically maintained constant along
the radial direction of the fiber core. Moreover, Al5O3 itself
was very high and properly regulating its solution concentration
could easily balance the RID.

The next step was the fabrication of GSGDD fiber preform
based on the above consideration, including deposition and
pre-sintering of soot layers, solution soaking, dehydration, vit-
rification and collapsing into preforms. After several techno-
logical explorations, we fabricated a preform that aligns with
our design parameters. As shown in Fig. 2(a), a flat refractive
index profile for fiber core without any center dip or peak
and an ideal index match were obtained. The RID and NA
of fiber core were 0.0012 and 0.061, respectively. After that,
the fabricated preform was milled into an octagonal shape, and
then drawn and coated with polymer coatings on a drawing
tower to form a double-clad fiber, whose cross-sectional mi-
croscopic image was also attached to Fig. 2(a). The octagonal
inner cladding was beneficial to improve pump absorption, while
the circular core was better to match the passive fiber. The
distributions of Yb3*, AI’t, Ce3t, and F across fiber core
were characterized by electron probe microanalysis (EPMA)
and shown in Fig. 2(b). On account of the diffusion of Yb3t
ions, the doping profile was nearly Gaussian type with a Gaus-
sian width of 16.9 um. The distribution of AI*T represented
the core diameter with 32 pm. Besides, the pump absorption
coefficient of GSGDD fiber was measured to be 1.07 dB/m
at 976 nm.

III. EXPERIMENTAL SETUP

The experimental setup of the master oscillator power
amplifier (MOPA) is depicted in Fig. 3. The MO consisted of
high reflectivity fiber Bragg grating (HR-FBG), active fiber, and
output coupler fiber Bragg grating (OC-FBG). The reflectivity
of HR-FBG and OC-FBG at 1080 nm were ~99% and ~10%,
respectively. The active fiber used a commercial 20/400 pm
Yb-doped double-clad fiber, with the core and cladding NA
of 0.065 and 0.46, respectively. Six laser diodes (LDs) with a
center wavelength of 976 nm were combined by a 7 x 1 pump
combiner (PC) and injected into the resonant cavity to generate
laser. After coupled output by OC-FBG and stripped by cladding
light stripper (CLS), the seed light with the center wavelength
of 1080.18 nm and output power of 100 W injected into the PA
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TABLE 1

THE DESIGNED CONCENTRATION OF YB2O3, ALO3, CEsO3 AND S1F, IN SOOT LAYER 1, 2, 3 AND 4

Soot layer C(Yb203) mol% C(Al,03) mol% C(Ce203) mol% C(SiF4) mol% A n (10%) Thickness (um)
1 0.05 0.73 0.02 0.19 ~1.2 4

2 0.064 0.69 0.02 0.19 ~1.2 4.8

3 0.085 0.63 0.02 0.19 ~1.2 6.2

4 0.15 0.41 0.03 0.19 ~1.2 15
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Fig. 2. (a) Refractive index profile and cross-sectional microscopic image; (b) Elemental distribution in GSGDD fiber core.
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Fig.3. Scheme of the experimental setup. LD: laser diode, PC: pump combiner, HR- and OC-FBG: high reflectivity- and output coupler fiber Bragg grating, YDF:
Yb-doped fiber, CLS: cladding light stripper, MFA: mode field adapter, PM: power meter, F- and B-PSC: forward- and backward- pump and signal combiners, PD:
photodetector, QBH: quartz block holder; OSA: optical spectrum analyzer.
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Fig. 4. Experimental results of co-pumping scheme. (a) Output powers at different pump powers; (b) Time and frequency domains at output power of 1598 W

and 1574 W.
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Fig. 5.
at output power of 2031 W and 2054 W.

after passing through mode field adapter (MFA). The signal fiber
core and cladding diameters of the co-pumping combiner were
25 pm and 250 pm, respectively, and the output fiber core and
cladding diameters were 25 pm and 400 pm, respectively. The
signal fiber core and cladding diameters of the counter-pumped
combiner were 30 um and 250 pm, respectively, and the output
fiber core and cladding diameters were 30 pym and 400 pm,
respectively. Each 976 nm LD could provide pump power
up to ~700 W. The above-mentioned fiber was coiled in a
water-cooled plate with minimum and maximum bending
diameter of 8.5 cm and 14.3 cm, respectively. On account of
the unstable pump wavelength, the fiber length of 28 m was
utilized for compensating the inadequate pump absorption.

Afterwards, the amplified laser propagated through CLS to
strip the cladding light, and the scattered light was received by
the photodetector (PD) to collect the time-domain signal and
monitor the TMI process. Finally, the laser exported through
the quartz block holder (QBH), and its output power, beam
quality, and spectrum were measured by a power meter (PM), a
beam quality analyzer, and an optical spectrum analyzer (OSA),
respectively. Besides, all fibers and heat-produced devices were
cooled by 20 °C water.

IV. RESULTS AND DISCUSSIONS

For a start, the pump light from co-pumping source was
injected to the amplification stage. The output power versus
pump power was shown in Fig. 4(a). And then, we linearly
fitted the output power, with the slope efficiency of 83.4%.
After output power reaches 1598 W, it began to drop along with
further improvement of pump power due to the TMI effect. To
determine the TMI threshold of the co-pumping structure, the
time and frequency domains at the output power of 1598 W and
1574 W were analyzed, as shown in Fig. 4(b). The fluctuations
in time and frequency domain indicated the onsets of TMI. The
results showed that the time-domain signal was stable at the
output power of 1598 W. However, with further enhancement
of pump power, a mass of fluctuations occurred in time and
frequency domains. Thus, we considered that the TMI threshold
of the co-pumping structure was about 1598 W, and further
power scaling was limited by TMI.

Then, the pump light from counter-pumping source was
injected to the amplification stage. The output power and

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

(b) 12
w
o 0.9
(2]
o~
£2
- o — Pump power:2273 W
o g 0.6 o Output power: 2031 W|
'g - 2 7| Pump power:2305 W

(=] 2 Output power: 2054 W
= > g
3 £
= 03 -
2

Jln 5 10 15 20 25
Frequency (kHz)
0.0 1 1 1
-0.2 -0.1 0.0 0.1 0.2
Time (s)

Experimental results of counter-pumping scheme. (a) Output powers and backward powers at different pump powers; (b) Time and frequency domains

backward power versus pump power are shown in Fig. 5(a). The
results showed that the slope efficiency of signal laser was 87%
and the remanent pump power monitored by PM was always
less than 15 W, indicating sufficient pump absorption. Fig. 5(b)
showed the time and frequency domains at the output power of
2031 W and 2054 W, which reflected some differences. When
the output power exceeded 2031 W, the signals of time and
frequency domains began to fluctuate. Therefore, the TMI
threshold of the counter-pumping scheme was about 2031 W at
this time, and further power scaling was limited by TMI.

Finally, the pump lights from co-pumping and counter-
pumping source were corporately injected to the amplifier stage.
The output power and backward power versus pump power were
shown in Fig. 6(a). In terms of the bidirectional pump, the output
power increased with the pump power. The slope efficiency was
linearly fitted to 84.9%, and the maximum backward optical
power did not exceed 15 W. The onsets of TMI were reflected
in a sharp increase of the standard deviations (STD). As shown
in Fig. 6(b), the values of STD at 2950 W and 3015 W 3048 W
were 0.0217 and 0.0216, 0.0777, respectively. Hence, the STD
value increased sharply during the output power enlarged from
3015 W to 3048 W. When the output power reached 3015 W,
the time-domain signal slightly fluctuated. After fast Fourier
transform (FFT) analysis, there was a mass of independent peaks
in its Fourier spectrum, as shown in Fig. 6(c). At this moment,
the TMI threshold was about 3015 W. The laser spectrums
at several output powers were shown in Fig. 6(d). The 3 dB
linewidth gradually widened from 0.7 nm of the seed light to
3.98 nm of 3015 W. No Stokes light components existed in
whole experiments.

The beam quality M? factors were also measured and shown
in Fig. 7, which almost remained constant. The beam qualities
at seed power of 83 W and output power of 3015 W were
specifically shown in Fig. 8(a) and (b), respectively. The beam
quality M? factor at seed power of 83 W was M, > = 1.436,
M,? = 1.452. At the output power of 3015 W, the M? factor was
M2 =1.481,M,? = 1.422. Due to the gradual increase of output
power, the focal distances of the imaging lens slightly changed,
resulting in an asymmetrical beam width curve. Hence, the beam
quality did not deteriorate and maintained near-single-mode
output despite a slight fluctuation in the time and frequency
domain at the output power of 3015 W.

The above results indicate that the GSGDD fiber has a great
performance in high power fiber lasers. The TMI threshold of the
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co-pumping scheme is about 1598 W, which is about 2.23 times
and 1.28 times as much as that of the conventional fiber and the
confined-doped fiber with the core and inner cladding diameter
of ~33 pym and 400 pum, respectively, experimentally reported in
Ref. [20]. Firstly, the Gaussian gain dopant profile better matches
the FM gain field, making FM easier to be dominant in transverse
mode competition and enlarging the gain difference between FM
and HOM [23]. Additionally, Ce** codoping effectively inhibits
the photodarkening effect [28],[29], which further mitigates
TMI [31]. Finally, lower pump absorption leads to the longer

fiber length, which is more beneficial to balance the distribution
of heat load [16]. The above points may be the reasons for the
high TMI threshold of GSGDD fiber. In terms of beam quality,
it may be advantageous for Gaussian-shaped gain dopant profile
to accommodate tighter coiling diameter such as 8.5 cm in
this experiment and maintain excellent beam quality in power
scaling, as predicted in Ref. [22]. Certainly, based on this fiber,
the output power and the beam quality we have achieved still
have the potential to be promoted. Further optimizing the fiber
designs and laser systems, higher power fiber lasers with better
beam quality is expected to be achieved. For instance, increasing
the number of soot layers to optimize the gain dopant profile,
undoped gain dopant near the edge of fiber core is beneficial to
reduce HOMs gain, and optimizing the pump wavelength and
the injection conditions.

V. CONCLUSION

To summarize, we have designed and successfully fabricated a
GSGDD fiber by MCVD process combined with SDT. The gain
dopant profile is well fitted to the Gaussian type, and the RIP is
approximate stepped. The core and inner cladding diameter of
GSGDD fiber are ~32 pm and ~400 pm, respectively, with a
Gaussian width of 16.9 pm. The laser performance of this fiber
was verified based on a bidirectional-pumping MOPA setup,
obtaining over 3 kW laser output with a slope efficiency of
84.9%. There is no SRS effect with the fiber length of 28 m
in the whole experiment. The M? factor of 3 kW is ~1.45, while
that of seed is ~1.44, invariably maintaining near-single-mode
output during power scaling. The results suggest that GSGDD
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fiber has great potential to achieve higher power output with
more excellent beam quality, through optimizing fiber design
and fabrication and promoting the beam quality of master
oscillator.
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