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Quantum defects (QDs) have always been a key factor of the thermal effect in high-power fiber lasers. Much
research on low-QD fiber lasers has been reported in the past decades, but most of it is based on active fibers.
Besides, Raman fiber lasers based on the stimulated Raman scattering effect in passive fiber are also becoming an
important kind of high-power fiber laser for their unique advantages, such as their significantly broader wave-
length-tuning range and being free of photon darkening. In this paper, we demonstrate an ultralow-QD Raman
fiber laser based on phosphosilicate fiber. There is a strong boson peak located at a frequency shift of 3.65 THz in
the Raman gain spectrum of the phosphosilicate fiber we employed. By utilizing this boson peak to provide
Raman gain and adopting an amplified spontaneous emission source at 1066 nm as the pump source,
1080 nm Stokes light is generated, corresponding to a QD of 1.3%. The spectral purity at 1080 nm can be
up to 96.03%, and the output power is 12.5 W, corresponding to a conversion efficiency of 67.2%.
Moreover, by increasing the pump wavelength to 1072 nm, the QD is reduced to 0.74%, and the output power
at 1080 nm is 10.7 W, with a spectral purity of 82.82%. To the best of our knowledge, this is the lowest QD ever
reported for Raman fiber lasers. This work proposes a promising way of achieving high-power, high-efficiency
Raman fiber lasers. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.390950

1. INTRODUCTION

Quantum defects (QDs), defined asQD � 1 − λp∕λs (where λp
is the pump wavelength and λs is the lasing wavelength), have
always been a key parameter in high-power fiber lasers. High
QD will not only limit the conversion efficiency but also in-
crease the thermal load in fiber lasers. Heavy thermal load may
result in some tough issues, such as transverse mode instability
and fiber fusing, and thus restrict the power scaling of fiber
lasers [1,2]. Hence, much research on low-QD fiber lasers
has been reported in the past decades [3–6]. One of the most
common ways of reducing QD in fiber lasers is tandem pump-
ing [7–12]. In 2010, researchers from IPG Photonics reported a
10 kW fiber laser pumped at 1018 nm and emitted at
1070 nm, corresponding to a QD of about 4.86% [13]. In
2011, Wirth et al. demonstrated a 2.9 kW fiber laser operating
at 1071 nm that is tandem-pumped by a 1030 nm thin-disk
laser, and the corresponding QD is about 3.83% [14]. To fur-
ther reduce the QD of fiber lasers, some specially designed ac-
tive fibers are adopted [15–17]. For example, in 2018, Yu et al.
demonstrated fiber lasers with less than 1% QD via ytterbium-
doped multicomponent fluorosilicate fibers [18]. Above are the
reports of low-QD fiber laser based on active fibers. Besides,
Raman fiber lasers based on the stimulated Raman scattering

(SRS) effect in passive fiber are also becoming an important kind
of high-power fiber laser for their unique advantages, such as sig-
nificantly broader wavelength tuning range and being free of pho-
ton darkening [19–22]. Conventional high-power Raman fiber
lasers are generally based on pure silica fiber or germanium-doped
fiber [23,24], of which the lowest QD ever reported is 1.02%,
pumped at 1064 nm and emitted at 1075 nm [25]. However, as
the Raman gain in the pure silica fiber or germanium-doped fiber
is relatively low at such a small frequency shift, it is difficult to
realize high-power efficient Raman output with such low QD,
and the reported power of the Stokes light at 1075 nm in
Ref. [25] is 1.1 W under a pump power of 6.5 W at 1064 nm.

In contrast, the phosphosilicate-doped passive fiber, differ-
ent from traditional pure silica fiber or germanium-doped fiber,
has a strong boson peak and a Raman gain peak at a frequency
shift of ∼40 THz in its Raman gain spectrum. The Raman gain
peak at the frequency shift of ∼40 THz, which is related to the
asymmetric stretching vibrations supported by phosphorus-
oxygen double bond [26], has been widely adopted in
Raman fiber lasers for high-power generation [27], wavelength
extending [28–30], and dual-wavelength operation [31].
However, the boson peak in the phosphosilicate fiber, which
is typically ascribed to an excess density of vibrational states

Research Article Vol. 8, No. 7 / July 2020 / Photonics Research 1155

2327-9125/20/071155-06 Journal © 2020 Chinese Laser Press

https://orcid.org/0000-0002-6003-1402
https://orcid.org/0000-0002-6003-1402
https://orcid.org/0000-0002-6003-1402
https://orcid.org/0000-0003-3766-345X
https://orcid.org/0000-0003-3766-345X
https://orcid.org/0000-0003-3766-345X
https://orcid.org/0000-0002-4590-9707
https://orcid.org/0000-0002-4590-9707
https://orcid.org/0000-0002-4590-9707
https://orcid.org/0000-0002-3728-0224
https://orcid.org/0000-0002-3728-0224
https://orcid.org/0000-0002-3728-0224
mailto:jmxu1998@163.com
mailto:jmxu1998@163.com
mailto:zhoupu203@163.com
mailto:zhoupu203@163.com
https://doi.org/10.1364/PRJ.390950


[32], has not attracted much attention. From our perspective,
owing to the small frequency shift and high gain coefficient, the
boson peak in the phosphosilicate fiber could provide a prom-
ising solution for low-QD Raman fiber lasers.

Here we demonstrate a Raman fiber laser with an ultralow
QD of 1.3% based on phosphosilicate fiber. In the phospho-
silicate fiber we employed, there is a strong boson peak located
at the frequency shift of 3.65 THz in its Raman gain spectrum.
By utilizing this boson peak to provide Raman gain and adopt-
ing an amplified spontaneous emission (ASE) source centered
at 1066 nm as pump source, Stokes light at 1080 nm is gen-
erated, corresponding to a QD of 1.3%. When the pump
power reaches 18.6 W, the spectral purity of the 1080 nm
Stokes light component reaches a maximum of 96.03%, and
the output power is 12.5 W, corresponding to an optical-to-
optical conversion efficiency of 67.2%. Moreover, by increasing
the pump wavelength to 1072 nm, the QD is reduced to
0.74%, and the output power at 1080 nm is 10.7 W, with
a spectral purity of 82.82%. To the best of our knowledge, this
is the lowest QD ever reported for Raman fiber lasers.

2. PRINCIPLE AND EXPERIMENTAL SETUP

The Raman gain spectrum of typical phosphosilicate fiber is
shown in Fig. 1(a) [27]. Different from conventional silica fi-
ber, except for two Raman gain peaks at frequency shifts of
13.2 THz and 14.7 THz, there are two more Raman gain
peaks. One is the phosphorus-related Raman gain peak at a

frequency shift of 39.6 THz, and the other one is the boson
peak. In the past decades, the boson peak in vitreous glass
has been widely studied [33–37]. According to Shuker et al.,
the intensity of the boson peak in the Raman gain spectrum is
proportional to the density of vibrational states g�w�multiplied
by the light vibration coupling coefficient (Pockels’ coefficient)
C�w� [38]. The detailed expression of the intensity of the
boson peak as a function of frequency shift w is given by
the following equation:

I�w� � g�w�C�w� 1� n�w�
w

: (1)

Here [1� n�w�] is the Bose–Einstein occupation number for
the Stokes component. In 2004, Schroeder et al. studied the
influence of temperature and pressure on the Raman scattering
effect and boson peaks in different glasses [39]. Their results
showed that the intensity of the boson peak is closely linked
to the temperature, and the frequency shift of the boson peak
is related to the pressure effect, while the composition of glass
has a great influence on both the intensity and the frequency
shift of the boson peak. From the reports above, it can be in-
ferred that the frequency shift and intensity of the boson peak
might differ in different fibers (the distribution of the density of
vibrational states can be different).

Before the experiment, in order to find the accurate fre-
quency shift of the boson peak, the output of a laser source
operating at 1064 nm was injected into the phosphosilicate fi-
ber through a circulator, and the Raman output spectra were
monitored by an optical spectrum analyzer with a resolution of
0.02 nm. The Raman output spectra under different pump
power levels are shown in Fig. 1(b). As can be expected, except
for the two main Raman peaks at frequency shifts of 13.2 THz
and 14.7 THz, there is an apparent boson peak in the low-fre-
quency area, located at the frequency shift of 3.65 THz.
Besides, due to the relatively low Raman gain, the light com-
ponent at the frequency shift of 39.6 THz is very weak, and
only a small peak can be observed under a maximum pump
power of 21.7 W.

The experimental setup of our ultralow-QD Raman fiber
laser system is shown in Fig. 2; it consisted of a pump source,
a pair of fiber Bragg gratings (FBGs) operating at 1080 nm, and
a section of 500 m phosphosilicate fiber. The pump source is a
tunable ASE source with a tuning range of 1055–1075 nm
[40]. As a comparison, the Raman fiber laser is also pumped
by another fiber ring oscillator tunable from 1055 to
1075 nm [41]. Both pump sources are homemade. The output
port of the pump source is spliced with a highly reflective FBG
operating at 1080 nm, with a reflectivity of 99.2% and 3 dB
bandwidth of 1 nm. The core diameter and cladding diameter
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Fig. 1. (a) Typical Raman gain spectrum of phosphosilicate fiber
[27]. (b) The Raman output spectra of the phosphosilicate fiber we
used under different pump powers.

Fig. 2. Experimental setup of our low-quantum-defect Raman fiber
laser. ASE, amplified spontaneous emission; HR, highly reflective;
FBG, fiber Bragg grating; LR, low reflective.
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of the pigtail fiber of the FBG are 10 μm and 125 μm, respec-
tively. After the highly reflective FBG is a section of 500 m
phosphosilicate fiber, the core diameter and cladding diameter
of which are 5 μm and 125 μm, respectively. The phosphosi-
licate fiber has a numerical aperture of about 0.18, and the
transmission loss at 1080 nm is around 1.56 dB/km. A low
reflective FBG operating at 1080 nm with a reflectivity of
10% and 3 dB bandwidth of 0.5 nm is spliced with the output
port of the phosphosilicate fiber. The pigtail fiber of the low
reflective FBG has the same fiber size as the pigtail fiber of
the highly reflective FBG (10/125 μm). An oscillation cavity
is established between the highly reflective FBG and the low
reflective FBG. Due to the mismatch of the mode field diam-
eter, there is a small splicing loss between the pigtail fiber of the
FBG and phosphosilicate fiber, about 0.25 dB after splicing
optimization. Moreover, the output port of the Raman fiber
laser is 8° cleaved to suppress the Fresnel reflection.

3. RESULT AND DISCUSSION

First, the influence of the pump source on the output character-
istics of the 1080 nm Raman fiber laser is studied. The central
wavelengths of the oscillator and ASE source are both tuned to
1066 nm, corresponding to the 3.65 THz frequency shift of the
boson peak from 1080 nm. The spectral evolution of the
1080 nm Raman fiber laser pumped by the oscillator and
the ASE source is shown in Figs. 3(a) and 3(b), respectively.
For the oscillator-pumped Raman fiber laser, as the pump
power increases, the first-order Stokes light at 1080 nm, cor-
responding to the boson peak, is generated first. With the fur-
ther increase of pump power, light components at 1094, 1125,
and 1140 nm are generated subsequently. As a result, the spec-
tral purity at 1080 nm is no more than 90%. The generation of
the light component at 1094 nm is related to the Raman-
assisted three-wave mixing (RATWM) effect [42,43], while
light components at 1125 nm and 1140 nm are the result
of Raman gain peak at the frequency shift 14.7 THz, pumped
by light components at 1066 nm and 1080 nm, respectively. As
for the ASE source pumped ones, a similar RATWM phenome-
non can be observed, but under the same pump power level, no
other light component is observed and the spectral purity is
higher. The difference of the output characteristics between
the oscillator-pumped Raman fiber laser and ASE-pumped
ones is associated with the temporal characteristics of the
two pump sources. As has been reported, due to the ultrashort
response time of the SRS effect, the Raman conversion process
in a Raman fiber laser is closely related to the temporal behavior
of the pump source [44–47]. The temporal behaviors of the
oscillator and the ASE source are measured with an oscilloscope
of 1 GHz bandwidth under the same power level. Figure 3(c)
shows the time-domain measurement results in the time scale
of 4 μs. It is apparent that the output of the oscillator has bigger
temporal fluctuation than the ASE source, with a peak-to-peak
fluctuation of 102% and standard deviation of 12.6%. In stark
contrast, the peak-to-peak fluctuation of the ASE source is
18%, and the standard deviation is 1.9%. Under the same aver-
age power, a pump source with bigger temporal fluctuation has
higher peak power compared to a temporally stable laser source,
as a result of which, spontaneous Stokes components at the

frequency shift of 14.7 THz can be generated more easily
and the spectral purity at 1080 nm is decreased.

Figure 4(a) shows the total output, Raman output, and
residual pump power of the ASE-source-pumped Raman fiber
laser as a function of the pump power. When the pump power
exceeds 6 W, Stokes light at 1080 nm is generated. When the
pump power reaches 18.6 W, the output power at 1080 nm is
12.5 W, and the corresponding output spectrum is shown in
Fig. 4(b). The intensity of the 1080 nm Stokes light compo-
nent is 15.4 dB higher than the residual pump and 26.7 dB
higher than the RATWM-related light component at around
1094 nm, and the spectral purity of the 1080 nm Stokes
light component reaches a maximum of 96.03%. The inset
figure shows the corresponding output spectrum in linear scale.
Moreover, the optical-to-optical conversion efficiency is 67.2%,
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Fig. 3. (a) Spectral evolution of the oscillator-pumped Raman fiber
laser. (b) Spectral evolution of the ASE-source-pumped Raman fiber
laser. (c) Temporal behaviors of the oscillator and ASE source under
the same power level.
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and the slope efficiency is up to 99.2% (higher than the quan-
tum efficiency). The slope efficiency is defined as slope of the
curve obtained by plotting the output power versus the pump
power. As the SRS is a nonlinear process, when the pump
power is above the threshold, the residual pump will be con-
verted into the Stokes light more completely with the further
increase of the pump power, and thus the slope efficiency may
exceed the quantum efficiency. Considering a transmission loss
of 25% of this phosphosilicate fiber, the efficiency of our
Raman fiber laser is impressive. The further increase of output
power is limited by the RATWM effect, as the RATWM-effect-
generated 1094 nm light component may be injected into the
employed pump source and threaten the operating safety.
Compared to previously reported low-QD fiber laser based
on ytterbium-doped multicomponent fluorosilicate optical fi-
ber [18], which has a maximum output power of ∼0.4 W
and a maximum slope efficiency of 62.1% (limited by ASE
and background loss), our result shows significant improve-
ment in output power, and the efficiency is higher.

Next, we studied the influence of the ASE pump source’s
wavelength on the Raman fiber laser’s output characteristics.
Five different wavelengths (1056, 1061, 1066, 1069, and
1072 nm) are adopted, while the 3 dB linewidth of the
ASE pump source is fixed at 2 nm. Figure 5(a) shows the
threshold power and maximum Raman output power of the
1080 nm Raman fiber laser under different pump wavelengths.

It can be seen that when the pump wavelength is 1066 nm,
corresponding to a QD of 1.3%, the threshold power is the
lowest while the Raman output power is the highest; they
are 7.35 W and 12.5 W, respectively. The frequency shift be-
tween 1066 nm and 1080 nm is 3.65 THz, corresponding to
the boson peak of the phosphosilicate fiber we used, and thus
the Raman gain at 1080 nm is the highest under this pump
wavelength. Consequently, the threshold power is the lowest
and the output power is the highest. Figure 5(b) shows the
output spectra for different pump wavelengths under the same
pump power of 18.6 W. An obvious three-wave mixing
effect can be observed under pump wavelengths of 1061,
1066, 1069, and 1072 nm. Among these four, the RATWM-
related peak under a pump wavelength of 1066 nm is the
weakest. As we have not concluded a perfect explanation for
this phenomenon presently, we will carry out further research
to have a deeper understanding of the three-wave mixing
effect in Raman fiber lasers. Moreover, when the pump wave-
length is 1069 nm or 1072 nm, the Raman gain is not high
enough to suppress the Raman gain at the frequency shift of
14.7 THz, and an unwanted spontaneous Stokes light
component is generated with the further increasing of the
pump power; thus, the output power and spectral purity at
1080 nm are limited. When the pump wavelength is
1072 nm, the lowest QD of 0.74% is realized. The correspond-
ing maximum output power at 1080 nm is 10.7 W with a
spectral purity of 82.82%.
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4. CONCLUSION

In conclusion, we demonstrate a Raman fiber laser with an ul-
tralow QD of 1.3% based on a section of 500 m phosphosi-
licate fiber. There is a strong boson peak at frequency shift of
3.65 THz in the Raman gain spectrum of the phosphosilicate
fiber we employed. By utilizing this boson peak to provide
Raman gain and adopting a temporally stable ASE source op-
erating at 1066 nm as the pump source, Stokes light at
1080 nm is generated. When the pump power reaches
18.6 W, the spectral purity of the 1080 nm Stokes light com-
ponent can be up to 96.03% with an output power of 12.5 W.
The corresponding optical-to-optical conversion efficiency is
67.2%. Moreover, by increasing the pump wavelength to
1072 nm, the QD is reduced to 0.74%, and the output power
at 1080 nm is 10.7 W with a spectral purity of 82.82%. The
further power scaling is restricted by the spontaneous Stokes
light emission at the frequency shift of 14.7 THz. Owing to
the ultralow QD, the Raman fiber laser we proposed shows
great potential in achieving high-power, high-efficiency laser
output. In future work, we will optimize the operating param-
eters for higher output power.
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