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Abstract: Photodarkening (PD) effect in ytterbium-doped fiber (YDF) has a significant impact on the
high-power operational stability of fiber lasers, which seriously hinders the power scaling. In this
paper, the relationship between ytterbium ions uniformity and the photodarkening effect in the YDF
was investigated, and the fabrication process allowing improving the ytterbium ions uniformity in the
core of preforms for suppressing the photodarkening effect was developed. The Modified Chemical
Vapor Deposition (MCVD) method combined with Chelate Vapor Deposition (CVD) technology was
adopted for multi-layer fiber core deposition, and an all-gas-phase technical process was proposed
to improve the ytterbium ions uniformity in the Al/P co-doped glass matrix. The 25/400 um YDFs
obtained by this technology achieved stable 3.5 kW laser output power for 8 h with suppressed PD
and nonlinear effects.

Keywords: ytterbium-doped double-clad fiber; ytterbium ion uniformity; photodarkening effect;
multilayer gradient deposition

1. Introduction

Because of its high stability, high beam quality and slope efficiency, the ytterbium-
doped double-clad fiber laser has a wide range of applications in industrial processing,
advanced manufacturing and other fields [1,2]. However, as the operating time of high-
power fiber lasers extends, the output power decreases due to the increasing fiber loss, i.e.,
the photodarkening (PD) effect. The PD effect manifests an increase in loss in broadband
centered at visible wavelengths. The excess loss caused by the PD effect will influence
pumping absorption and emission in Yb-doped fibers. The PD effect reduces system
stability and shortens operating time, which limits the further development of ytterbium-
doped fiber lasers [3-7].

Many researchers are focused on revealing the PD mechanism. The oxygen deficiency
center (ODC), charge transfer absorption band and Tm impurities are three reasonable
explanations for the generation of PD [8-10].

PD can be suppressed at the point of its generation (i.e., active inhibition) or mitigated
after fiber fabrication (i.e., passive inhibition). Multiple fiber glass compositions have
been employed to suppress PD from the point of generation (Al, Ce, P, Na, Mg, Ca,
etc.) [11-21]. Differences in these doping systems have been analyzed. The photodarkening-
induced excess losses of Yb/Al/Ce co-doped fiber at chosen wavelengths were more than
double those of Yb/Al/P co-doped fiber [22]. Yb/Al-doped silica fibers with high Al
concentrations exhibited negligible photodarkening levels, even with significantly higher
Yb concentrations than those typically used in commercial Yb-doped silica fibers [23,24].
Furthermore, special fiber structure designs and fabrication methods can also suppress PD
from the point of generation [25-28].

The PD effect generated during fabrication can be mitigated by the subsequent pro-
cessing of the fiber. The processing methods include photobleaching [5,29], thermal bleach-
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ing [30], gas loading [31,32], etc. The purpose of these methods is to mitigate the impact of
PD on the properties of fibers. Nonetheless, the efficacy of these methods is often dictated
by the concentration and inhomogeneity of Yb ion.

In this paper, ytterbium-doped double-clad fiber was obtained by the MCVD method
combined with the CVD deposition process, and the doping uniformity of ytterbium ions
in the core of the fiber was effectively improved by fine-tuning the proportion of the core
glass components layer-by-layer through the technical process optimization. A 25/400 pm
ytterbium-doped double-clad fiber with a top-flatten refractive index profile (RIP) was
developed based on the fabricated fiber. The MOPA test system was built to achieve
3482 W laser output power under 4025 W pump power. No Raman effect was observed,
and the laser continued to work for 8 h without noticeable output power reduction. By
experimental study, it is proved that more attention should be paid to the uniformity of
ytterbium ions doping in the fiber core, and the technology plays an important role in
suppressing the PD effect, allowing for higher and stable output power.

2. Theory of the Effect of Core Doping Uniformity on Photodarkening

In order to suppress the nonlinear effect in a fiber laser, a high concentration of ytter-
bium ions is needed to achieve a ytterbium-doped fiber with high output power. However,
during the fabrication process, there is a risk of an uneven distribution of ytterbium ion
concentration in fibers fabricated via MCVD combined with either the solution-doping
method or the chelate vapor-doping method. The Yb/Al/P co-doped system was adopted
for its superior PD resistance and high threshold of transverse mode instability (TMI) [22].
The main reason for the non-uniformity of ytterbium ions’ distribution in the core can be
described as follows. After depositing and drying, the silica tube is sintered at 1800~2100 °C
and collapses at 2200~2300 °C. The main dopants in the fiber are P,Os, Al;O3 and Yb,Os.
Among these dopants, P,Os has the lowest volatilizing temperature, while Al;O3 and
Yb,0O3 have higher volatilizing temperatures. P,Os will volatilize because of the high tem-
perature at the point of collapse. In the silica network, chemical bonds form between P,0Os,
Al,O3 and Yb,03. As the P,Os5 volatilizes, the chemical bonds between P,O5, Al,O3 and
Yb,O3 break up. At the same time, some of the Al;O3 and Yb,O3 will be taken away, which
leads to non-uniformity in the concentration distribution. As a result, although Al and Yb
oxides are not volatile compounds, non-uniformity arises in the concentration distribution.

For fibers with non-uniform ytterbium ion distribution, there will be large concen-
tration differences between the areas with the highest and the lowest concentration. It is
easier for oxygen vacancy defects to form in local areas with relatively high concentrations
of ytterbium ions. In Yb-doped fibers, oxygen vacancy defects can lead to photodarkening
effects. As a result, the non-uniformity of ytterbium ion distribution causes photodarkening
in a Yb-doped fiber.

The ytterbium ion distribution influences both efficiency and the photodarkening
effect. It has been proven that the degree of population inversion of the ytterbium ion
has a strong influence on the photodarkening effect [33]. Higher population inversion
of the ytterbium ions causes higher excess loss of photodarkening induced in the same
pump time range, which means the output power decays more rapidly. According to the
fiber laser rate equation, under circumstances without strong spontaneous emission light
amplification, the degree of population inversion can be expressed as follows [34]:

Oapl
ny = T (1)
Oaply + Oeplp + 7

In the expression, n, represents the degree of population inversion; 0, and 0, represent
the absorption and emission cross-sections of the fiber, respectively; I, represents the
incident pump intensity and 7 represents the fluorescence lifetime. It can be seen from
the expression that the population inversion of ytterbium ions is related to the absorption
and emission cross-sections of the fiber for a constant pump intensity. The non-uniform
distribution results in a greater difference between the absorption and emission cross-
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sections and a higher degree of ytterbium ion population inversion, thus inducing a greater
photodarkening excess loss and a reduced laser output power.

In addition, the non-uniformity of the concentration distribution leads to a difference
in temperature distribution inside the fiber, which causes various degrees of thermal
expansion in the inner and outer layers of the material, resulting in different thermal
stresses in the radial, tangential and axial directions. We found that high laser efficiency,
kilowatt laser power and long-term output stabilization can be achieved using fiber with
high uniformity in the ytterbium ion distribution. On the contrary, for a fiber with low
doping uniformity, the laser efficiency of the fiber is relatively low and the output power
does not reach the kilowatt order.

3. Preform Fabrication and Test

With the capacity to preform optical fibers with good doping uniformity, MCVD com-
bined with the chelate vapor deposition process was adopted for fabrication in our experiment.

In order to improve the uniformity of Yb concentration distribution, a multi-layer
gradient deposition technique was adopted. According to the correspondence between the
refractive index distribution and concentrations of different elements in the core, and the
laws of diffusion and volatilization of different components in the core at high temperatures,
the doping flows of Al, P and other elements were fine-tuned layer by layer. The doping
uniformity was effectively improved by adjusting the flow, doping concentration and
deposition thickness, so as to control the refractive index distribution and the concentration
distribution of the core elements. After theoretical analyses and extensive experimental
studies, the final parameters of the multilayer deposition process of the 25/400 Yb-doped
double-clad fiber were determined, as shown in Table 1. Layer 1 is the first deposition layer,
which forms the boundary of the core, while Layer 7 is the last deposition layer which
forms the center of the core.

Table 1. Process parameters of multilayer deposition.

Flow

(scem) Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7

AlCl3 95 98 100 103 105 110 110

POCI; 80 80 85 90 95 100 105
Yb(thd); 400 400 400 405 408 410 412

The concentration inhomogeneity was suppressed by increasing the flow of AlCls,
POCl; and Yb(thd); layer by layer. The AICI; flow was increased layer by layer from
95 sccm to 110 scem with a 15% increment. The POCI; flow was increased layer by layer
from 80 sccm to 105 scem with a 31% increment. The high volatilizing ratio meant that the
flow of POCl3 showed the highest proportion of increase (~31%). The flow of Yb(thd); was
increased layer by layer from 400 sccm to 412 sccm, with a 3% increment.

It is obvious that AICl;, POCl; and Yb(thd); showed different increments of flow
from Layer 1 to Layer 7. The reasons for this are as follows: After the deposition of the
seven-layer core is completed, it is necessary to collapse the reaction tube with gaps in
the middle into a solid ytterbium-doped fiber preform, and the collapsing temperature
of the reaction tube generally needs to reach 2200 °C or above. At such a high collapsing
temperature, the volatilization of P,O5 caused by the reaction between POCl3 and O; in the
core layer of the preform will intensify, and the volatilization of P,Os in the inner core layer
will be more severe. So, the P,Os in the seventh layer will volatilize the most severely, and
that of the P,Os in the sixth layer will be the second most severe. Due to the blocking of the
inner core layers, the P,Os in the second and first core layers will hardly evaporate. During
deposition, the flow of SiCly will be constant at 175 sccm and the deposition temperature
will be 2050 °C in each layer. The temperatures of AICl; and Yb(thd)z will be 143 °C and
217 °C, respectively.
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The refractive index distribution of the preform was tested using PK2600 from the
United States PK Company. Then, the preform was cut on one end in order to obtain a
preform slice. The concentration distributions of Yb ions in the preform slices were tested
using the preform slice analyzer from OPHIR, Israel, and an electronic probe (EPMA-1720)
from Shimadzu, Japan.

4. Results and Discussion
4.1. Refractive Index and Concentration Distribution of Preform

Figure 1a,b show the refractive indices of the preform before optimization and after
optimization, respectively. It can be seen from the result that the difference between the
core-clad refractive indices was 0.0012, which corresponds to a numerical aperture (N.A.)
of 0.06.

0.0016 4
0.0016 -

0.0012 4 aoia

0.0008 + 0.0008

Rafractive index difference
Rafractive index difference

0.0004 - 0004

0.0000 T T r r T T T T T T

Radius (mm) Radius (mm)

(a) (b)

Figure 1. The refractive index difference of the preform: (a) before optimization and
(b) after optimization.

The core refractive index distribution of the preform after optimization showed less
fluctuation. There was a decline in the refractive index (~0.0004) in the center of the
preform core before optimization. Meanwhile, the refractive index was flat in the center
of the preform core after optimization, indicating the promotion of uniformity in the
distribution of the doped elements in the fiber core.

The distributions of the concentrations of Yb ions in the preform core before and
after optimization were tested using a preform slice analyzer, as shown in Figure 2. In
Figure 2a,c, the Yb ion concentration is labeled with colors. In Figure 2b,d, the scan line
passes through the core center, and the longitudinal axis represents the concentration of
Yb ions.

It can be seen from Figure 2a,b that there was a dip in the concentration in the core
center. In Figure 2¢,d, we can see no dip in the center. To get all the required information
and draw further conclusions, we need the contribution distribution of Al and P as well as
Yb. The concentration distributions of dopant elements (Yb, Al and P) in the preform core
before and after optimization were tested by EPMA, as shown in Figure 3.

Combining Figures 2 and 3, it is clear that in the sample before optimization, the con-
centrations of Yb, Al and P in the central area were lower than in the other areas in the fiber
core. In the sample after optimization, the concentration in the central area was equal to that
in other areas in the fiber core, indicating a substantial improvement in Yb, Al and P con-
centration distribution uniformity. We analyzed the reasons for this improvement. Before
the improvement process, during the fabrication of ytterbium-doped fiber preforms, the
deposition flow rates of each core layer were the same. This caused the severe volatilization
of P05 in the seventh and sixth core layers during high-temperature collapsing, resulting
in a decrease in the concentrations of Yb, Al and P in the center of the ytterbium-doped fiber
core. After the process of improvement, during the preparation of ytterbium-doped fiber
preforms, the deposition flow rate of each core layer was increased, as shown in Table 1.
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This allowed us to achieve a relatively uniform concentration distribution of Yb, Al and P
in the fiber core.

In order to analyze the concentration distribution quantitatively, the S-value of Yb ion
concentration is used here to evaluate uniformity. The line scanning results for a regular
preform slice measured by EPMA are shown in Figure 4.
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Figure 2. Concentration distribution of Yb (tested by preform slice analyzer): (a) surface scanning
result before optimization, (b) line scanning result before optimization, (c) surface scanning result
after optimization and (d) line scanning result after optimization.

The S-value of ytterbium ion concentration distribution refers to the standard deviation
of concentration along the scanning line. The expression for the S-value is as follows:

So =1/ 2 (xi—%)° @)
i=1

In the expression, Sy refers to the S-value in direction 6, n refers to the number of points
selected on the scanning line, x; refers to the concentration of point i and x refers to the
average concentration of the scanning line. A lower S-value represents the relatively better
uniformity of Yb ion distribution. Table 2 presents the S-values of five preform slices with
different concentration distributions (Sample 1 refers to the preform before optimization
and experiments were performed on Samples 2~5). Three line scans were performed on
each preform slice. The included angles of each line scanning direction were 120°. Sy, S129
and Sy refer to the S-values scanned at 0°, 120° and 240°, respectively. From the test data,
it is apparent that an improvement in the uniformity of Yb concentration distribution was
achieved in our experiment.

S|

Table 2. Comparison of ytterbium ion distribution in the fiber core.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
So 0.420 0.203 0.104 0.010 0.001
S120 0.448 0.295 0.122 0.008 0

Sou0 0.397 0.121 0.089 0.008 0
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Figure 3. Concentration distribution of dopant elements in the preform core (tested by EPMA):
(a) concentration distribution of Yb before optimization, (b) concentration distribution of Yb after
optimization, (c) concentration distribution of Al before optimization, (d) concentration distribution
of Al after optimization, (e) concentration distribution of P before optimization and (f) concentration
distribution of P after optimization.
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Figure 4. Line scanning result for a preform slice.
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4.2. Fiber Optic Performance Testing

This paper investigates the relationship between the uniformity of distribution of
various dopants and the PD effect via laser experiments. The preforms were drawn into
optical fibers after testing. The laser output powers were obtained using an 800 W laser
test platform, as shown in Figure 5.

Combiner CPS

N\
— - S

YDF
HR oC QBH

LD@976nm

Figure 5. Schematic of 800 W fiber laser platform.

The laser outputs of Samples 2 to 5 are shown in Figure 6. The laser output of Sample 1
is not shown in Figure 6 because the laser output was unstable. The output power of
Sample 2 declined rapidly after 500 W. The output power of Sample 3 declined rapidly
after about 1 h of continuous operation at 610 W. The output power of Sample 4 declined
slowly after about 3 h of continuous operation at 660 W. The output power of Sample 5
was stable for 10 h without a reduction at 680 W.
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Figure 6. The output power of fibers with different Yb concentration distributions.

As illustrated in Figure 6, Sample 5 demonstrated a consistent laser output power of
680 W over an extended duration, in contrast to the varying degrees of stability observed in
the power levels of other samples, which demonstrated a suppression of photodarkening.
This result could be explained by the promotion of homogeneity in the internal temperature
distribution. When the laser is generated in the fiber core, heat is generated at the same
time. With the promotion of homogeneity in the concentration distribution, the internal
temperature distribution became more uniform. As a result, the accumulation of thermal
effects was mitigated, and any subsequent photodarkening was suppressed.

Of note, the high degree of population inversion typically observed in high-concentration
areas within the core did not occur in this instance. This absence resulted in the suppression
of any excess loss of photodarkening, allowing the laser to maintain a stable output of 680 W.
These findings underscore the critical importance of uniform concentration distribution and
thermal management in optimizing the performance of such fibers.



Photonics 2024, 11, 565

8 of 13

The geometric dimensions and optical performance of Sample 5 were measured. The
end face of the optimized Yb-doped double-clad fiber prepared via the optimization method
is shown in Figure 7, with a core diameter of 24.6 pm and an inner cladding (side-to-side)
diameter of 401.1 um. The absorption coefficient of the Yb-doped double-clad fiber was
measured via the truncation cutoff method, and the results are shown in Figure 8, with a
cladding absorption coefficient of 2.45 dB/m at 976 nm.

fl100unf

Figure 7. The cross-section of the 25/400 um Yb-doped fiber.
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Figure 8. The cladding absorption of the Yb-doped fiber.

Since the core diameter of the Yb-doped double-clad fiber is 25 um, a laser designed
with a 3.5 kW output is widely used to test the high-power laser performance of such fibers.
Therefore, a 3.5 kW laser test platform with an MOPA structure was built, the schematic
diagram of which is shown in Figure 9. The wavelength of the pumping source was 976 nm.
In the experiment, the power of the 1080 nm seed light was 251 W, the length of gain of the
fiber in the amplification stage was optimized to 14 m and the peak value of signal light
increased with the increase in pump light power.
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Figure 9. Schematic of 3.5 kW fiber laser system.

Figure 10 shows the variation in output power with pump power. It can be seen from
the result that the output power increased linearly as the pump light power increased. The
slope efficiency was 82.6%. When the pump injection power of the amplification stage
reached 4025 W, the maximum laser output (3482 W) was obtained.

3500 n

\ .

2000 82. 6%
2500
2000 -

1500 +

Output power (W)

1000 ]

L
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Pump power (W)

Figure 10. Relationship between pump power and output power.

This slope efficiency was higher compared with the slope efficiency of fiber before
optimization (~79.8%). In order to explain the promotion of slope efficiency, the optical
fields and energy distributions of the fundamental mode and high-order mode have been
simulated (Figure 11). Through such simulation, we found that the transmission loss of
the high-order mode was 5~10 times higher than that of the fundamental mode. For the
laser generated in fibers with obvious dips in Yb ion concentration within the central
area (Figure 3a), the concentration distribution matches more closely with the optical field
of the high-order mode (Figure 11b) than the fundamental mode (Figure 11a). For the
laser generated in a fiber with homogeneous concentration distribution (Figure 3b), the
concentration distribution matches the optical field of the fundamental mode (Figure 11a).
As a result, energy in the optimized sample is more concentrated on the fundamental mode
with lower loss, which eventually leads to an increase in slope efficiency.
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(a) (b)

Figure 11. Optical fields and energy distributions of (a) fundamental mode and (b) higher-

order mode.

Figure 12 shows the spectrum of the output laser. The center wavelength of the output
laser was 1080.1 nm. The linewidth of the output laser spectrum was 0.32 nm. There is no
obvious intensity peak near the center wavelength, which demonstrates that no obvious
Raman laser was generated from the nonlinear effect. The reduction in the nonlinear effect
is because of the high nonlinear threshold. When the output power of the fiber is lower than
the nonlinear threshold, there will be no nonlinear effect. In fiber with homogeneous Yb ion
concentration distribution, the optical power distribution is uniform, and a homogeneous
internal temperature distribution is achieved, which mitigates the accumulation of thermal
effects and subsequent nonlinear effects. The stability of the 3.5 kW laser output power of a
ytterbium-doped fiber was tested, as shown in Figure 13. After 8 h of continuous operation,
the output power of the sample prepared in the experiment was maintained at 3480 W, and
the value of power fluctuation was about 38 W.

-50

-60 <

=70 4

Intensity (dBm)

1000 1050 1100 1150 1200

wavelength (nm)
Figure 12. The output laser spectrum at 3.5 kW.

The experimental results presented above prove that the photodarkening effect in
Yb-doped double-clad fiber operating at 3.5 kW was effectively suppressed. Combining
this finding with previous results, we can confirm the suppression of the photodarkening
effect when operating at both low output power and high output power in fiber with a
greater uniformity of concentration distribution.
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Figure 13. Power stability of 3.5 kW laser output in 8 h.

5. Conclusions

In this paper, ytterbium-doped double-clad fiber was obtained by the MCVD method
combined with the CVD deposition process, and the doping uniformity of ytterbium ions
in the core of the fiber was effectively improved by fine-tuning the proportion of the core
glass components layer-by-layer through the technical process optimization. A 25/400 pm
ytterbium-doped double-clad fiber with a top-flatten refractive index profile (RIP) was
developed based on the fabricated fiber. The MOPA test system was built to achieve
3482 W laser output power under 4025 W pump power. No Raman effect was observed,
and the laser continued to work for 8 h without noticeable output power reduction. By
experimental study, it is proved that more attention should be paid to the uniformity of
ytterbium ions doping in the fiber core, and the technology plays an important role in
suppressing the PD effect, allowing for higher and stable output power.
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