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Abstract
The quantum defect (QD) is an important issue that demands prompt attention in high-power fiber lasers. A large QD
may aggravate the thermal load in the laser, which would impact the frequency, amplitude noise and mode stability, and
threaten the security of the high-power laser system. Here, we propose and demonstrate a cladding-pumped Raman fiber
laser (RFL) with QD of less than 1%. Using the Raman gain of the boson peak in a phosphorus-doped fiber to enable
the cladding pump, the QD is reduced to as low as 0.78% with a 23.7 W output power. To our knowledge, this is the
lowest QD ever reported in a cladding-pumped RFL. Furthermore, the output power can be scaled to 47.7 W with a QD
of 1.29%. This work not only offers a preliminary platform for the realization of high-power low-QD fiber lasers, but
also proves the great potential of low-QD fiber lasers in power scaling.

Keywords: cladding pumping; low quantum defect; phosphorus-doped fiber; Raman fiber laser

1. Introduction

Owing to their compact structure, high conversion efficiency
and robust operation, high-power fiber lasers have attracted
much research interest and have been widely employed in
many fields[1–4]. Rare-earth-doped fiber lasers, as a sig-
nificant mainstay of high-power fiber lasers[5–9], however,
are challenged by waste heat accumulation in the active
fiber[10], especially with the power increasing beyond kilo-
watt level[11–15]. The quantum defect (QD) is one of the
most important heat sources in the gain fiber, which could
result in serious thermal effects on fiber lasers, such as the
thermal lens effect, thermal mode instability and additional
noise[16–18].

Continuous efforts have been focused on reducing the
QD[19–23]. Benefiting from fast development of the high-
brightness pump source, Raman fiber lasers (RFLs) have
been rapidly developed and widely investigated in recent
years[24–27]. Surprisingly, fiber lasers based on stimulated
Raman scattering (SRS) show outstanding performance for
thermal management at the 1 µm band. Generally, the QD
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of RFLs is around 5%[27], which is half that of the common
laser diode (LD)-pumped Yb-doped fiber laser. Employing
tens of meters or even km-level passive fiber, RFLs can
effectively relieve the density of the thermal deposition.
Besides, the characteristic of non-photon-darkening enables
RFLs to maintain stable operation. Accordingly, the RFL is a
promising alternative for both high-power and low-QD fiber
lasers. Up to hundreds of watt-level high-power RFLs in all-
fiber formats have been demonstrated by several independent
groups[28–31]. By adopting a main-oscillator–power-amplifier
structure, up to 3 kW RFLs have been demonstrated[32,33].
Usually, the high-power fiber lasers aforementioned have
QDs of about 4%–5% based on the 13.2 THz frequency
shift. Note that a challenge in power scaling of RFLs has
also been revealed and observed very recently[34–37], where
further decreasing the QD of the RFL is one of the promising
solutions for power scaling.

Moreover, it has been reported that there is a gain peak
with a frequency shift of less than 4 THz, called the boson
peak in phosphorus-doped fiber (PDF), which may enable
RFLs to further reduce the QD[38]. Recently, up to 100-watt-
level core-pumped RFLs with less than 1% QD have been
demonstrated[39]. The results have indicated that the RFL
gained by the boson peak of the PDF has the ability to
realize low-QD output. Nevertheless, it is difficult to enhance
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the pump density for power scaling in conventional core-
pumped RFLs due to the limitations of the power handling
capacity and the small mode area of the core in a single-
mode fiber. One of the solutions to this challenge is cladding
pumping[2,5,8,40–44]. The pump light is guided in the cladding
of the fiber, which can significantly decrease the requirement
on the pump brightness. Since the first demonstration of the
cladding-pumped Raman regime[45], there has been growing
research interest, and significant advances in high-power
RFLs have been successfully achieved[46–48]. However, for
thermal management, the QDs of cladding-pumped RFLs
currently reported were almost more than 4%, and the
realization of a further reduced QD has been dilatory owing
to weak gain intensity with a tiny frequency shift of passive
fiber and low pump intensity in the fiber cladding, which
follows the intense gain competition and eliminates the
short signal wavelength. Should the QD of the cladding-
pumped RFL be further decreased, it would be a promising
solution for high-power fiber lasers because it combines
the advantages of RFLs, cladding pumping and low heat
production.

In this paper, we demonstrate a cladding-pumped RFL
with QD reduced to less than 1%, which is the lowest QD
ever achieved in a cladding-pumped RFL, to our knowledge.
Gained by the boson peak of the PDF, 0.78% QD with
output power of 23.7 W has been successfully achieved.
Furthermore, by optimizing the system parameters, such as
the output coupler (OC) reflectivity and the fiber length, the
Raman power can be scaled up to 47.7 W with a QD of
1.29%. This work experimentally verifies the feasibility and
potential of low-QD RFL.

2. Experimental setup

The experimental setup is a forward-pumped Raman oscil-
lator, as shown in Figure 1(a). A home-made amplified
spontaneous emission (ASE) source is used as the pump,
with a wavelength tuning range of 1050–1080 nm and 3-
dB bandwidth of 1.7 nm[49]. The usage of ASE as the pump
source instead of the classical fiber-cavity-based oscillator
has the advantages of low coherence and high temporal
stability, which could reduce the intensity noise and improve
the laser performances[50–52]. A fiber circulator with core
diameter of 20 µm is mounted after the ASE source, to
protect the pump from the potential backward laser and to
monitor the backward light from the following oscillator.
Port 2 of the circulator is spliced with a Raman oscillator,
which is constructed with a highly reflective fiber Bragg
grating (HR FBG), a section of PDF and an OC. The HR
FBG with approximately 99% reflectivity and the OC are
both located at 1086.5 nm, and are written on the used
PDF. All free ends are 8◦-cleaved to suppress the parasitic
reflection.

The PDF is a piece of triple-cladding fiber with core/inner
cladding diameter of 10/20 µm and numerical apertures
(NAs) of 0.07 and 0.14, respectively, as shown in Figure 1(b).
Figure 2 describes the schematics of laser transmission in
cladding pumping and core pumping. Compared with the
core pumping scheme in Figure 2(b), the pump light in
the cladding pumping scheme is coupled into the inner
cladding of the gain fiber, as depicted in Figure 2(a). Thus,
the refractive index from the core to the outer cladding is
designed to be decreased gradually, in order to ensure the

Figure 1. (a) The experimental setup of the low-QD RFL. (b) The structure of the PDF. (c) Properties of the Raman frequency shift of the PDF.
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Figure 2. Schematic diagrams of laser transmission in (a) cladding pumping and (b) core pumping.

Figure 3. Power evolutions of (a) the 1086.5 nm signal and (b) the residual pump, in two pump schemes. (c) The normalized intensity spectra as a function
of wavelength, with 55 W pump power.

total reflection inside the fiber. Properties of the Raman
frequency shift in the range of 0–15 THz of the PDF are
shown in Figure 1(c). The frequency shift of the boson peak
is located at approximately 3.6 THz. It should be noted that
the phosphorus only resided in the fiber core, which enables
the pump light to be converted into the signal in the core
through the small frequency shift of the boson peak, as the
pump propagates along the fiber.

To analyze the output properties of the cladding-pumped
RFL, a core-pumped RFL using the same experimental
structure is constructed as a comparison. The circulator in
the core-pumped RFL has the maximal optical power from
port 1 to port 2 of 100 W, and the core/cladding diameter of
the optical fiber is 10/125 µm.

3. Results and discussion

3.1. Verification of cladding-pumped low-QD operation

As the operation wavelength of the FBG pair is located at
1086.5 nm, we firstly tuned the central wavelength of the

ASE source to 1072.5 nm to match the boson peak with
a Raman frequency shift of approximately 3.6 THz, corre-
sponding to a QD of 1.29%. In this section, we realized the
cladding-pumped low-QD RFL and contrasted the properties
of cladding pumping and core pumping.

The output characteristics under the two pump schemes are
analyzed, with a 1 km PDF and OC with 10% reflectivity, as
shown in Figure 3. Figure 3(a) shows that the power of the
1086.5 nm signal laser depends on the pump power of the
two pump schemes. It can be measured that in core pumping
scheme, the lasing threshold is 21.8 W and the maximal
signal power is 20.5 W at a pump power of 64.7 W, with
a slope efficiency of 47.8%. Yet, in the cladding pumping
scheme, due to the larger area of inner cladding, the power
density of the pump with the same pump power is lower,
so that the Raman laser threshold is higher than that in the
core pumping scheme. In addition, with 76.0 W pump power,
the maximal power of the 1086.5 nm Raman laser obtained
from cladding pumping scheme reaches 26.6 W, with a slope
efficiency of 55.9%. However, the residual pump power in
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the cladding pumping scheme is higher than that in core
pumping scheme with the same pump power, as shown in
Figure 3(b). This could be attributed to the standard circle
shape of the inner cladding inside the used PDF, which
cannot suppress the spiral light propagating along the fiber
and can cause incomplete conversion of the pump power in
the cladding[53].

Figure 3(c) depicts the normalized intensity spectra of the
two pump schemes with 55 W pump power. It can be found
that with the same pump power, the spectral broadening
of the 1086.5 nm peak in the cladding pumping scheme
is weaker, which is caused by different distributions of the
signal propagating along the fiber core between the two
schemes. Under the same system condition, the pump power
in the cladding pumping scheme is converted closer to the
end of the fiber than that in the core pumping scheme, which
can suppress the spectral broadening to some extent during
the laser propagation[54]. Meanwhile, the signal light in the
cladding pumping scheme can propagate a shorter distance
before emitting from the fiber, causing the lower propagation
loss and higher slope efficiency (see Figure 3(a)). In the
cladding pumping scheme, the 1100.5 nm peak, which is
caused by the Raman-assisted three-wave mixing (RATWM)
effect[55], is 6.7 dB higher than that in the core pumping
scheme. This is because there is more residual pump power
in the cladding pumping scheme, which contributes to a
stronger three-wave mixing (TWM) effect. The Stokes light
of 1132 nm in the core pumping scheme is more conspic-
uous, and is converted from the pump wavelength through
14.7 THz silicon-based Raman gain. In the core pumping
scheme, the pump laser, which propagates inside the fiber
core, has higher power density than that in the cladding
pumping scheme, which imposes stronger gain on the Stokes
light of 1132 nm and limits the power scaling of the signal
(see Figure 3(a)).

3.2. Performance exploration of cladding-pumped low-QD
RFL

In this section, we optimized the parameters of the
cladding-pumped RFL with a QD of 1.29% to improve the

performance, and further explored the potential of the RFL
on QD of less than 1%.

To facilitate the consumption of pump power in the
cladding pumping scheme, OCs with 4%, 10% and 19%
reflectivity are spliced with the output end of a 1 km
PDF, respectively. The corresponding output properties
of the cladding-pumped RFL are displayed in Figure 4.
As the OC reflectivity increases, the feedback of the
1086.5 nm Raman laser is enhanced, which leads to a
lower generation threshold and higher output power with the
same pump power, as shown in Figure 4(a). With 19% OC
reflectivity, after the pump power exceeds the laser threshold
of 22.6 W, the power of the 1086.5 nm signal laser rises
rapidly and reaches the maximum of 28.4 W with 72.5 W
pump power. The corresponding slope efficiency is 56.9%.
Figure 4(b) depicts the residual pump power evolutions
with different OC reflectivities. With an increase in the
OC reflectivity, the power density of the signal laser is
more intense, which causes the pump power to be converted
more substantially. With 19% OC reflectivity, the residual
pump power increases to 10.5 W and then falls off until
2.1 W. Limited by the experimental conditions, low-QD
performances with higher OC reflectivity cannot be inves-
tigated presently. If the OC reflectivity increases further,
the high signal power density may enhance the silicon-
based Raman gain and promote the generation of 1132 nm
Stokes light, which may limit the power scaling of the
signal.

To further improve the performances of the cladding-
pumped RFL, PDFs at lengths of 300 m, 400 m, 500 m,
600 m and 1 km with 19% OC reflectivity are used in the
Raman oscillator, respectively. The performances are com-
pared in Figure 5. The power of the 1086.5 nm signal laser as
a function of pump power is depicted in Figure 5(a). It can be
found that the longer the fiber, the lower the laser threshold.
With 400 m PDF, the final power of the 1086.5 nm signal
achieves the highest value of 47.7 W with the maximal pump
power of 89.2 W, and the corresponding slope efficiency
is 87.2%. Figure 5(b) describes the residual pump power
evolutions related with the fiber length. Under the same
pump power, with longer fiber, the pump power is consumed

Figure 4. Power evolutions of (a) the 1086.5 nm signal and (b) the residual pump as functions of pump power, with different OC reflectivities.
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Figure 5. Power evolutions of (a) the 1086.5 nm signal and (b) the residual pump as functions of pump power, with different PDF lengths.

Figure 6. Power evolutions of (a) the 1086.5 nm signal and (b) the residual pump as functions of pump power, with different QD outputs.

and converted more completely, which results in the lower
laser threshold of 1086.5 nm. With 400 m PDF, the residual
pump power is 11.5 W under the maximal pump power.

To explore the potential on lower QD output (e.g., QD
<1%) of the cladding-pumped phosphorus-doped RFL,
we tuned the pump wavelength of the ASE source from
1072.5 nm to 1074, 1076 and 1078 nm, with corresponding
QDs of 1.29%, 1.15%, 0.97% and 0.78%, respectively.
Figure 6 describes the power evolutions of the 1086.5 nm
signal laser and the residual pump dependence on different
QD outputs, with 400 m PDF and 19% OC reflectivity. It
can be seen from Figure 6(a) that as the QD is reduced, the
generation threshold is higher and the signal power is lower,
due to the decreasing Raman gain with smaller frequency
shift in the PDF. With a QD of 0.78%, the Raman power
rises quickly and achieves 23.7 W with the maximal pump
power of 89.2 W. The corresponding slope efficiency is
77.0%. The increasing generation threshold can be addressed
by further optimizations of system parameters, such as
OC reflectivity. The low Raman gain provided by the
boson peak at a red-shift pump wavelength also causes
incomplete pump conversion, as shown in Figure 6(b).
After the signal is generated, it can be observed that with
the same pump power, the residual pump power is higher
with lower QD output. Besides, the low power density of
the signal, which is attributed to the weak reflectivity of
the OC and the gain fiber with inapposite length, makes a
contribution to the insufficient pump absorption. Limited by
the wavelength tunable range of the ASE source, the Raman
signal with a further reduced QD cannot be investigated in
this experiment.

Based on the comprehensive analysis, under the optimal
parameters including OC reflectivity of 19% and PDF length
of 400 m, with 1.29% QD, the maximal signal power
achieves 47.7 W with a slope efficiency of 87.2%, and
with 0.78% QD, the maximal signal power is 23.7 W with
a slope efficiency of 77.0%. The results affirm that the
cladding-pumped RFL based on the boson peak of PDF has
great ability on low heat production, which may improve
the potential on power scaling and thermal management of
RFLs.

4. Conclusion

In summary, based on the boson-peak-induced Raman gain
in PDF, we demonstrate the first cladding-pumped RFL with
QD reduced to less than 1%. Compared with core-pumped
RFLs, the cladding-pumped RFL has higher maximal signal
power and larger residual pump power. The practicability
and potential for the high-power and low-QD RFL are
experimentally assessed and proved. In future work, we
will continue to investigate the properties and improve the
performances of phosphorus-doped high-power and low-QD
RFLs.
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