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Abstract: In this paper, the in-band amplified spontaneous emission (ASE) in the Yb-doped continuous-wave
(CW) fiber amplifier operating near 980 nm is experimentally studied for the first time, to the best of
our knowledge. A core-pumped single-mode Yb-doped fiber amplifier is fabricated and the effects
of pump power, seed power, and active fiber length on the in-band ASE are investigated in the
experiment. It is found that a strong in-band ASE around 980 nm can be observed even with no
obvious ASE around 1030 nm present. It is also found that with the increment of pump power, the
in-band ASE can be enhanced faster than the signal light. By studying the effects of seed power and
active fiber length, it is found that, although increasing the seed power and shortening the active
fiber can both suppress the in-band ASE, the latter method is less effective than the former one. The
theoretical study is also carried out in order to understand the difference between the in-band ASE
and 1030-nm ASE. The experimental observations are also discussed qualitatively with the theoretical
results. We believe that the pertinent results and discussions can provide significant guidance for
understanding the in-band ASE in the Yb-doped fiber amplifier operating near 980 nm.

Keywords: fiber amplifier; Yb-doped fiber; amplified spontaneous emission

1. Introduction

The Yb-doped fiber laser has attracted much attention because of its wide applications
in the fields of industrial cutting, material processing, optical communication, and so on. In
last two decades, the Yb-doped fiber experienced a rapid development [1-5], and a 20-kW
single-mode fiber laser has been demonstrated [5]. Nowadays, the majority of pertinent
studies are focused on wavelengths larger than 1 um, within the band of which, the gain of
a Yb-doped fiber can be most conveniently obtained [3]. However, besides the band larger
than 1 um, the Yb-doped fiber can also be utilized to generate an emission near 980 nm.
In recent years, the Yb-doped fiber laser operating near 980 nm also developed rapidly,
and has the advantages of high brightness, compactness, stability, and so on. It can not
only be applied as the high-brightness pump source for power up-scaling of Yb/Er-doped
fiber lasers [3,4], but can also be applied for pumping ultrafast solid-state and fiber lasers.
Furthermore, by means of frequency doubling and tripling, it can also be applied for
generating blue-green and ultraviolet emissions [6,7]. Therefore, the Yb-doped fiber laser
operating near 980 nm is becoming more and more attractive.

One well-known challenge for achieving high-power lasing around 980 nm is the
ASE around 1030 nm [8-11]. The reason is that lasing around 980 nm is produced by the
three-level transmission of Yb-ions, while the ASE around 1030 nm is produced by the
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four-level transmission of -Yb-ions. As a result, the ASE around 1030 nm has a lower pump
threshold and can be amplified more easily than lasing around 980 nm, and their gain
competition then becomes unavoidable. The issue of how to suppress the ASE around
1030 nm is considered a key in the designation of the fiber laser and amplifier around
980 nm.

Nowadays, the most widely used method to suppress the ASE around 1030 nm
is increasing the core-to-cladding ratio of the Yb-doped fiber [8]. A number of studies
have focused on the design of the Yb-doped fiber. In 2008, by using a large-core Yb-
doped photonic crystal fiber (PCF) (with core/cladding diameter of 80/200 pm), a 100-W
level 977-nm Yb-doped fiber oscillator was demonstrated with the 1030-nm ASE well
suppressed [12]. In 2019, by enlarging the loss of the 1030-nm ASE with the photonic
bandgap fiber (PBGF), a 151-W 978-nm all-fiber oscillator was demonstrated [13].

Besides the fiber oscillator, the fiber amplifier operating near 980 nm is also attractive
because of its important role in the power up-scaling of 980-nm lasing [14-24]. In recent
years, the high-power fiber amplifier has rapidly developed, and the kilo-Watt all-fiber am-
plifier has been demonstrated with the large-core Yb-doped fiber [19]. However, different
from the case of the fiber oscillator, it was found that the in-band ASE around 980 nm can
be more serious than the 1030-nm ASE in the high-power fiber amplifier, and can become
the key limitation of power up-scaling [19,20]. Additionally, with the amplified noise, such
ASE will also do harm to applications in the systems such as optical parameter amplifica-
tion [6,7], optical communication [25-30], etc. In fact, the in-band ASE around 980 nm can
be observed in some of the literatures, such as Refs. [17,21,31], but little attention has been
paid to it. In 2016, based on experimental observation, Ref. [22] called for the in-band ASE
to be paid attention to in the high-power Yb-doped fiber amplifier near 980 nm, but no
study was carried out on this. Later, in 2019, Ref. [32] revealed that the in-band ASE should
be induced by inhomogeneous spectral broadening around 980 nm. In the same year, by
studying the small-signal amplification near 976 nm in the double-cladding Yb-doped fiber,
Ref. [23] revealed that the in-band ASE should be weaker than the ASE around 1030 nm and
can be lowered by increasing the seed power. In 2021, Refs. [19,20] revealed that the in-band
ASE can be too strong to be well suppressed in the 500-W and kW-level fiber amplifier near
980 nm. However, although recent studies made the in-band ASE more notable, there has
still been no systematic study carried out on it, to the best of our knowledge.

Thus, in this paper, the in-band ASE is experimentally studied with a core-pumped
single-mode Yb-doped fiber amplifier near 980 nm. It is found that the in-band ASE can
still be present with the ASE around 1030 nm sufficiently suppressed. The effects of seed
power, pump power, and active fiber length on the in-band ASE are also investigated in the
experiment. Furthermore, in order to understand the difference between the 980-nm and
1030-nm ASEs, a theoretical study is also made.

2. Experimental Setup

The experimental setup is shown in Figure 1. Here, the single-mode Yb-doped fiber is
utilized as the active fiber (providing the gain for amplification) in order for all the emissions
to be operated in the fundamental mode, which can exclude the effect of transverse-mode
gain competition on the in-band ASE [33]. The core diameter is about 6 um and the cutoff
wavelength is around 825 nm, which can ensure that all the emissions generated in the
active fiber are single-mode. The active fiber is single-clad, and core-pumped with the laser
diode (LD). Here, the core-pumping scheme is used with the consideration of suppressing
the ASE around 1030 nm with sufficient pump absorption. It should be noted that the
core-pumping scheme can ensure the largest core-to-cladding ratio (equal to one), which
is most beneficial to the suppression of 1030-nm ASE. The peak core absorption of the
Yb-doped fiber is about 26 dB/m at 915 nm.
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Figure 1. The experimental setup.

The pump light is provided by two laser diodes (LDs) pig-tailed with the polarization-
maintaining single-mode fiber. The central wavelengths of two pump LDs are located
around 912.2 nm and 911.6 nm with the 20-dB bandwidths of about 1.2 nm and 1 nm,
respectively. Two pump light beams are combined and coupled into one single-mode
passive fiber (for delivering the light and emission with no Yb-ion doped) through a
polarization combiner, with the operating wavelength range from 905 nm to 925 nm and
the insertion loss of two pump ports of 0.46 dB and 0.64 dB, respectively. The seed light is
provided with a single-mode pig-tailed LD operated at 976.5 nm. Such a seed wavelength
is adopted because it is the typical one within the band near 980 nm and attractive in
the application of pumping Yb-doped fiber lasers and amplifiers [14-16,23,24,34]. The
signal and pump light are coupled into the core of the active fiber with a 915-nm/980-nm
wavelength division multiplexer (WDM, i.e., WDM IIl in Figure 1). The pass band of WDM
III is from 910 nm to 920 nm with insertion loss of 0.59 dB, while the reflection band is
from 975 nm to 985 nm with insertion loss of 0.36 dB. Then, about 160-mW seed light and
392-mW pump light can be coupled into the active fiber.

The other two WDMs (i.e., WDM I and WDM II) are the 915-nm/1030-nm and
980-nm/1030-nm ones, respectively, which are used to protect the pump LDs and seed
source by filtering out the counter-propagating ASE around 1030 nm. The WDM I has a
pass band from 905 nm to 925 nm with 0.3-dB insertion loss, and the WDM II has a pass
band from 960 nm to 990 nm with 0.27-dB insertion loss. Both of the two WDMs have reflec-
tion bands from 1020 nm to 1080 nm with insertion loss of 0.29 dB and 0.49 dB, respectively.
The unoccupied port of the active fiber is used as the output port which is angle-cleaved to
suppress the optical feedback. All the passive fibers used in the experiment are adopted to
match the active fiber.

3. Experimental Results
3.1. Effect of Pump Power

Firstly, the variation of the spectra with the pump power was measured, and the
pertinent results are given in Figure 2. Considering that the active fiber length should be
short enough to suppress the ASE around 1030 nm, the active fiber length was adopted
as 1.48 m in experiment. From Figure 2a, it can be found that no obvious ASE around
1030 nm can be observed, which means that the 1030-nm ASE should be well suppressed
with a 1.48-m active fiber. In spite of that, in Figure 2, the in-band ASE can be observed
with a band from 972 nm to 983 nm, which means that the strong in-band ASE can be
presented even with the 1030-nm ASE well suppressed. The observation also implied that
the suppression of in-band ASE should be more difficult than that of 1030-nm ASE.
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Figure 2. The variation of spectra with pump power. (b) The zoom-in spectra of (a). The seed power
is 41 mW.

Then, we examined the zoom-in spectra of in-band ASE, which are given in Figure 2b.
It can be found that the seed light is located around 976.5 nm with a 3-dB bandwidth
of 0.14 nm. Although the spectral profile of the seed light is not so stable, its central
wavelength and bandwidth is not changed too much with the increment of pump power.
From Figure 2b, it can also be seen that the in-band ASE is divided into two lobes because
of the spectral hole-burning effect (i.e., the decrement of spectral intensity of in-band ASE
around the signal light because of the gain competition between the in-band ASE and
signal light) induced by the signal light [32]. In spite of that, it can be found that the peak
wavelength of in-band ASE should be around 978.8 nm, which is also coincident with the
spectrum of 980-nm ASE reported in Refs. [31,35-38].

From Figure 2b, it can also be seen that both the signal light and in-band ASE increase
monotonously with the increment of pump power, which means that the in-band ASE
cannot be well suppressed by the seed light (about 41 mW in the experiment). In order to
reveal the enhancement of in-band ASE with the pump power, we calculated the power
ratio of the in-band ASE to the signal light by means of spectral integration. The pertinent
results are given in Figure 3. It can be found that the ratio increases monotonously with
the increment of pump power, which means that the enhancement of in-band ASE is even
faster than the signal light. Thus, the in-band ASE should be more dominant in the gain
competition with the signal light in the fiber amplifier.

0.5
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01}

0 100 200 300 400
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Figure 3. The variation of the power ratio of in-band ASE to signal power with the pump power.
The seed power is 41 mW. The in-band ASE is calculated within the ranges of 972~975.89 nm and
976.67~983 nm, and the signal power is calculated within the range of 975.89~976.67 nm.
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3.2. Effect of Seed Power

Considering the effect of seed power (i.e., the power of seed light launched into the
Yb-doped fiber) in the gain competition, we then examined the effect of seed power. The
results are given in Figure 4. It can be found that the whole profile of in-band ASE becomes
lowered with the increment of seed power. It means that the increment of seed power is
beneficial to the suppression of in-band ASE. The conclusion can also be verified by the
power ratio variation given in Figure 5. It can be found that with the increment of seed

power, the ratio also becomes lowered which means that the suppression of in-band ASE
becomes better.
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Figure 4. The variation of spectra with seed power. Pump power: (a) 146 mW; (b) 202 mW;
(c) 283 mW; (d) 339 mW. The noise in these figures is induced by the unavoidable background
noise in the measurement with intensity lower than —70 dBm (see also Figure 2b).
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Figure 5. The variation of the power ratio of in-band ASE to signal power with the seed power.
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These results can be understood with reference to the gain competition between the
seed light and in-band ASE. With the increment of seed power, the seed light with larger
power will consume more upper-level Yb-ions in its amplification, and then less upper-
level Yb-ions are left for the amplification of in-band ASE. Thus, the signal light with
larger power can be more dominant in the gain competition and the in-band ASE can be
better suppressed, although the gain within the band around 980 nm is inhomogeneously
broadened [32].

Furthermore, Figure 5 shows that with the increment of pump power, the reduction of
the power ratio of in-band ASE becomes more rapid, which means that the effect of seed
power on the in-band ASE suppression should be more effective with the larger pump
power. From Figure 5, it can also be found that more seed power is needed to suppress the
in-band ASE with the larger pump power, which is understandable because the stronger
in-band ASE can be produced by the larger pump power (see Figure 2b). Then, more seed
power is needed to suppress it. Additionally, it can also be seen that with the increment
of seed power, the reduction of the power ratio becomes slower, which implies that the
improvement of in-band ASE suppression becomes weaker. Especially when the pump
power is lowered to 65 mW, the improvement of in-band ASE suppression is very weak
(staying around 0.8%) with seed power larger than 82 mW. It means that although the
in-band ASE can be better suppressed, it cannot be totally eliminated by increasing the
seed power.

The variations in output powers (estimated by the spectral integration) with various
seed powers are also given in Figure 6. Here, two sorts of output powers are considered,
i.e., the output signal power and the total output power of signal light and in-band ASE.
It can be found that both of two output powers increase linearly with the pump power,
which means that the signal amplification should be in the saturation regime. It can also be
found that, with the increment of seed power, the output slope efficiency (no matter the
total output power or the signal power) is enlarged. This result can be understood as the
larger seed power being more dominant in the gain competition, and thus, being able to
obtain more gain for amplification, which makes the slope efficiency increased.

400 350
—_ A 41mw |49.1%
g 2300f &4 B2mW |59.6%
[ E 121 mW| 65°
-:-300 F =250 4 69.5%
[
% g 200
a o
= 200 .
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]
5 100
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2 3 50
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Pump power [mW] Pump power [mW]
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Figure 6. The variation of (a) total output power and (b) output signal power with pump power.
Pump thresholds with seed powers from 41 mW to 160 mW: 53.2 mW; 67.2 mW; 69.8 mW; 76.8 mW.

3.3. Effect of Active Fiber Length

Lastly, we examined the effect of the active fiber length. The pertinent results are given
in Figure 7. It can be found that with each active fiber length, the power ratio of in-band
ASE obeys a similar trend of variations with the seed and pump powers as mentioned
above. The difference is only that the power ratio of in-band ASE is generally increased
with the lengthening of the active fiber (see Figure 8). This result can be expected because
the longer active fiber can absorb more pump light and then provide more gain. As a result,
the in-band ASE can obtain more gain, which increases its power ratio. Thus, together with
the effect of pump power discussed above, it can be concluded that with the increment in
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the gain of the active fiber, the power ratio of in-band ASE will be enlarged, which implies
that the increment in in-band ASE power is faster than that of signal power.

0.25

0.2}

Power ratio

e
v

40 60 80 100 120 140 160 40 60 80 100 120 140 160
Seed power [mW] Seed power [mW]
(a) (b)
0.4
—A—§5 mW
—A— 146 mW
03 —4—202 mW
. —4—283 mW
—A— 339 mW

Power ratio

Power ratio
o
n

40 60 80 100 120 140 160 40 60 80 100 120 140 160

Seed power [mW] Seed power [mW]
(c) (d)

Figure 7. The variation in the power ratio of in-band ASE to signal power with the seed power
corresponding to various active fiber lengths. Active fiber length: (a) 1.1 m; (b) 1.2 m; (¢) 1.3 m;
(d) 1.4 m.
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Figure 8. The variation in power ratio with active fiber length.

On another view, from Figures 7 and 8§, it can also be concluded that shortening the
active fiber length makes the power ratio of in-band ASE lower, which should be beneficial
to the suppression of in-band ASE. However, by comparing the four figures in Figure 7, it
can also be found that such improvement is very limited. Then, considering the reduction
in pump absorption induced by the active fiber shortening, which will lower the pump
efficiency of the fiber amplifier, shortening the active fiber is not an effective way to suppress
the in-band ASE in the fiber amplifier.
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The variations in output powers with 1.1-m and 1.3-m active fibers are also given in
Figure 9. Together with Figure 6, it can also be found that the slope efficiency of the total
output power is lowered to some extent with the active fiber length shortening because
of the reduction of pump absorption. However, such lowering is only smaller than 9.7%
when the active fiber length shortened from 1.48 m to 1.1 m. The reason for this is that
the pump absorption (26 dB/m at 915 nm) of the Yb-doped fiber (with core-pumping
scheme) is large enough to make the 1.1-m active fiber able to provide the sufficient gain
for the amplification of signal light and in-band ASE. In fact, it can be found that the pump
threshold is smaller than 76.8 mW even with the 1.48-m active fiber, which means that the
signal amplification should be in the saturation regime. In spite of that, it can also be found
that the slope efficiency of signal power is not changed so much with the lengthening of
the active fiber (around 1.28%). The result is also consonant with the consideration of the
enhancement of in-band ASE with the lengthening of the active fiber discussed above.
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Figure 9. The variation in output power and signal power with pump power. Active fiber length:
(a,b) 1.3 m; (c,d) 1.1 m. Pump thresholds with seed powers from 41 mW to 160 mW: 1.3 m: (51.4 mW;
59.7 mW; 68.4 mW; 76.7 mW); 1.1 m: (43.6 mW; 53.4 mW; 58.9 mW; 64.1 mW).

4. Comparison with the ASE around 1030 nm

From the above discussions, it can be found that the in-band ASE around 980 nm is
different from the ASE around 1030 nm, and that the suppression of in-band ASE is more
difficult. However, the pertinent reason is still not so clear. In order to reveal the reason,
the gains of two ASEs will be theoretically studied in this section.

According to Ref. [8], the gain of ASE can be approximated by the gain of its central
wavelength G 4sg, which can be the function of the gain of signal light Gs and absorption
of pump light &, and can be given as:

Gase = C1 Gs—CoBap, 1)
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where the coefficients C; and C, are determined by the absorption and emission cross
sections (represented by ¢, and o, respectively) at the central wavelengths of the signal
light, pump light, and ASE, and can be given as:

e G A VA CAL AL @)

Cy, = (afSE/Uj—UfSE/Ug)/(Uf/UeS—Uf/C’Z), 3)

where B is approximately equal to the area ratio of inner cladding to core. Because the
active fiber is single-mode and core-pumped in our experiment, the value of 8 should be
about 1. Then, with the cross sections of Yb-doped fiber given in Ref. [39], we can obtain:

Godr = 0.93G{76 + 0.34Bag1, (4)
G130 = 0.26GJ76 + 0.71Bug1o. (5)

Here, the cross-section values given in Ref. [39] are used in our calculation because
with these values, the numerical prediction of the profile of in-band ASE (e.g., the peak
wavelength around 979 nm) given in Refs. [10,11,37] agree well with our experimental
observation (see Figures 2 and 4). It should be noted that the values of the cross section are
related to the core matrix (e.g., the phosphate fiber [15] or phosphosilicate fiber [40]). Then,
the values of coefficients C; and C;, will also be changed with a different core matrix. In
spite of that, the Formulas (2) and (3) should be applicable as long as the values of the cross
sections obtained accord to the core matrix of the active fiber.

By comparing the two formulas, some conclusions can be drawn. The first is that both
gains of the two ASE (represented by G°” and G!9%, respectively) vary monotonously
with the absorption of the pump light (see the second term). It should be noted that with a
given dopant concentration, the pump absorption is determined by the length of the active
fiber. This can be applied to understand the experimental observation that the in-band ASE
is weakened with the shorter active fiber. In spite of this, the variation of G!% with the
pump absorption should be faster than that of G°7° (because the coefficient value 0.71 is
larger). Thus, the gain of ASE around 1030 nm should be more sensitive to the active fiber
length than that of the in-band ASE. From Equations (4) and (5), it can also be found that
the effect of B (or the area ratio of inner cladding to core) is also related to the coefficient
value of C,. Therefore, the gain of ASE around 1030 nm should also be more sensitive to
the core-to-cladding area ratio than that of the in-band ASE. In other words, optimizing
the length and core-to-cladding ratio of the active fiber is more effective in suppressing the
ASE around 1030 nm.

The second conclusion is that with the increment in signal gain (i.e., G%7%), the incre-
ments of both G%? and G190 are slower than that of G*7¢ (because the two coefficients of
the first terms in Equations (4)—(5) are smaller than 1), which implies that the signal gain
G”76 can exceed G and G'%? as long as the pump power is large enough. However,
Equations (4)—(5) also show that to exceed G°” and G!9%, the signal gain G*7® should
be larger than 4.86Bx91 and 0.96Buag1,, respectively, which means that much more pump
power would be needed to exceed G?”°. This theoretical result can be applied to understand
our experimental observation that the in-band ASE grows faster than the signal light with
the increment in pump power. The reason is that the pump power is not large enough to
suppress the in-band ASE. Moreover, together with the less effectiveness of active fiber
optimization mentioned above, it is also implied that the suppression of in-band ASE is
much more difficult than that of the ASE around 1030 nm, which is the reason why the
strong in-band ASE can be observed with the ASE around 1030 nm well suppressed in
our experiment.

From Equation (4), it can be found that the gain G*”° can be enhanced by enlarging
the value of 8, which means that the gain of in-band ASE will be increased by reducing the
core-to-cladding ratio. Therefore, increasing the core-to-cladding ratio is also beneficial to
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the suppression of in-band ASE. Additionally, the signal gain threshold for suppressing the
in-band ASE (i.e., 4.86Bx91,) will also be increased by enlarging  or reducing the core-to-
cladding ratio. Thus, it can be known that compared with the core-pumping scheme, the
suppression of in-band ASE would be more difficult in the case of double-cladding fiber
with the cladding-pumping scheme. Although Equation (4) also shows that the gain of
in-band ASE can be lowered by reducing the pump absorption (i.e., a917), such a method
will also lower the pump efficiency of the fiber amplifier. Therefore, the question of how
to suppress the in-band ASE in the double-cladding Yb-doped fiber amplifier still needs
further investigation.

Lastly, it should be noted that the above discussions relate to a signal light of around
976 nm. If the signal wavelength varies, the profile of in-band ASE (e.g., the peak wave-
length and bandwidth) will also be varied correspondingly [11,31]. In spite of this, the
method of theoretical analysis presented above can also be applied for other signal wave-
lengths within the band near 980 nm, as long as the ASE wavelength and pertinent parame-
ter values can be adopted according the profile of in-band ASE.

5. Conclusions

In conclusion, the in-band ASE around 980 nm is experimentally studied with a
core-pumped single-mode Yb-doped fiber amplifier for the first time, to the best of our
knowledge. The effects of pump power, seed power, and active fiber length on the in-band
ASE are investigated. It is found, unexpectedly to some extent, that the strong in-band
ASE around 980 nm can be present even with the ASE around 1030 nm well suppressed,
and its enhancement is faster than the signal light with an increment in pump power. It
is also found that the in-band ASE can be weakened by increasing the seed power and
shortening the active fiber. However, the results imply that increasing the seed power
should be more effective in suppressing the in-band ASE, and more seed power is needed
with the increment in pump power. In comparison, shortening the active fiber is not so
effective at suppressing the in-band ASE, which is very different from the case of the ASE
around 1030 nm, which can be effectively suppressed by shorting the active fiber [8-10,37].

Furthermore, in order to better understand the difference between two ASEs, their
gains are theoretically analyzed with the gain competition theory given in Ref. [8]. It is
revealed that the suppression of in-band ASE is more difficult than that of the 1030-nm
ASE, which may also be the reason for the presence of the strong in-band ASE reported
in Refs. [19,20]. It is also implied that the in-band ASE will play a very important role in
the high-power Yb-doped fiber amplifier operating near 980 nm. Our study presented in
this paper should provide significant guidance for understanding the in-band ASE in the
high-power Yb-doped fiber amplifier near 980 nm and can also provide guidance on the
designation of systems involving the Yb-doped fiber amplifiers.
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