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Heat generated by the quantum defect (QD) in optically pumped lasers can result in detrimental effects such as
mode instability, frequency noise, and even catastrophic damage. Previously, we demonstrated that boson-peak-
based Raman fiber lasers have great potential in low QD laser generation. But their power scalability and heat load
characteristics have yet to be investigated. Here, we demonstrate a boson-peak-based Raman fiber amplifier (RFA)
with 815 W output power and a QD of 1.3%. The low heat generation characteristics of this low QD RFA are
demonstrated. Both experimental and simulation results show that at this power level, the heat load of the low
QD RFA is significantly lower than that of the conventional RFA with a QD of 4.8%. Thanks to its low heat
generation characteristics, the proposed phosphosilicate-fiber-based low QD RFA provides an effective solution
for the intractable thermal issue in optically pumped lasers, which is of significance in reducing the laser’s noise,

improving the laser’s stability and safety, and solving the challenge of heat removing.
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1. INTRODUCTION

The boson peak, which refers to the vibrational modes exceed-
ing the Debye predictions in the THz frequency range, is
widely observed in thermal measurements, neutron scattering
spectra, and Raman scattering spectra of glasses [1—4]. In recent
years, the boson peak in vitreous glasses has been extensively
studied. Various models are proposed to explain its origin, in-
cluding phase transition, the Ioffe-Regel limit, the van Hove
singularity, shear-elastic heterogeneity, and quasi-localized vi-
bration model [5-9]. Meanwhile, experiments investigating
the influence of glass composition, and environment temper-
ature and pressure on the boson peak have been reported in
numerous papers [10—12]. While great efforts have been de-
voted to exploring the nature of the boson peak, the potential
applications of the boson peak have drawn little attention.
Especially, to the best of our knowledge, the boson peak has
rarely been reported for laser emission.

The quantum defect (QD), defined as the relative energy
difference between the pump and signal photons in the laser
gain process, has always been a troublesome issue in optically
pumped lasers. High QD not only limits the power conversion
efficiency, but more importantly, it will induce an extra heat
load thus degrading the laser’s performance. In optically
pumped lasers, especially fiber lasers with high power density,
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heat generated by QD will result in some detrimental effects,
such as transverse mode instability, frequency noise, and even
catastrophic damage [13-15], making it one of the main chal-
lenges that restricts further power scaling and application explo-
ration of fiber lasers [16-18]. Reviewing the power scaling of
fiber lasers from the 100 W level to 10 kW level, each momen-
tous power scaling step is accompanied with the dropping of
QD, which is gradually decreased from 18.3% to 4.86%
[19-21]. In the past two decades, many studies aiming at fur-
ther reducing the QD of fiber lasers have been reported, most
of which are based on rare-earth-doped fibers [22-24]. In
2014, Chang et al. realized 5.7 W laser output with a QD
of 1.9% through tandem pumping [25]. To further reduce the
QD of fiber lasers, AlYahyaei et 4l utilized ytterbium-doped
phosphate fiber as a gain medium and achieved 275 mW laser
output with a QD of 0.56% [26]. In recent years, fiber lasers
with ultra-low QD or even no QD have been demonstrated via
anti-Stokes fluorescence cooling, in which the material is
pumped at a photon energy that is lower than the average pho-
ton energy of the spontaneous emission [27]. However, this
method entails strict demands on the fiber composition and
fabrication process, and the power of the reported radiation-
balanced fiber lasers is so far limited within watt level [28,29].
In general, the maximum output power of rare-earth-doped
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fiber-based low QD (around 1%) lasers is limited at watt
level.

Recently, the exploration of the boson peak for laser gener-
ation with inherent low QD superiority has been proposed and
demonstrated by our group [30,31]. To that end, we have re-
ported hundred-watt-level low QD output in a boson-peak-
based core-pumped Raman fiber laser (RFL) [32]. Compared
to core-pumping, cladding-pumping allows for higher pump
power with low brightness, which is an efficient way to generate
high brightness laser beams [33]. And we have proved the fea-
sibility of cladding-pumped low QD RFL [34]. However, the
maximum signal output power is 47.7 W, which is limited by
the onset of emission at the conventional Raman gain peak.
Besides, the heat load and temperature increment characteris-
tics have not been analyzed.

In this paper, we successfully demonstrate a cladding-
pumped low QD Raman fiber amplifier (RFA) with 815 W
output power. To prove its advantage in low heat generation,
we compare the temperature increment of the low QD RFA
with a conventional RFA with a QD of 4.8% using the same
fiber. Both experimental and simulation results show that at
this power level, the heat load of the low QD RFA is signifi-
cantly lower than that of the conventional RFA. The low heat
generation characteristics is of significance in reducing the la-
ser’s noise, improving the laser’s stability and safety, and solving
the challenge of heat removing,.

2. PRINCIPLE AND EXPERIMENTAL SETUP

The Raman effect, in which the energy transfers between the
incident light and phonons in the scattering medium, has been
widely utilized in fiber lasers for the unique advantages of hav-
ing a broadband gain spectrum, no photon darkening, and flex-
ible wavelength tunability [35-38]. The Boson peak, as a kind
of transverse phonon, can be utilized to provide Raman gain.
The intensity of the boson peak differs in optical fibers with
different materials. It has been shown that phosphorus doping
can significantly enhance the intensity of the boson peak in
common silica fiber [12]. Hence, we chose phosphosilicate fi-
ber as the Raman gain medium. Figure 1 displays the measured
Raman gain spectrum of the phosphosilicate fiber we used.
Compared to the common silica fiber with a main Raman peak
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Fig. 1. Measured Raman gain spectrum of the utilized phosphosi-
licate fiber.

at around 13.2 THz, the phosphosilicate fiber has two extra
Raman peaks. One arises from vibrational modes of the phos-
phorus-oxygen double bond at a frequency shift of ~40 THz,
and it is useful for extending the wavelength range of RFLs
[39,40]. The other one is the boson peak at a frequency shift
of ~3.6 THz. By using this peak to provide Raman gain, we
built a cladding-pumped low QD RFA.

The schematic of the low QD RFA is shown in Fig. 2. It
consists of a 1080 nm seed laser, a circulator, two high power
pump sources, a combiner, and a section of phosphosilicate
fiber. The seed laser is a 1080 nm fiber oscillator with a 50 W
output power and a core diameter of 10 pm. To protect the
seed laser from backward scattered light, a high power circulator
with 10 pm core fiber pigtails is spliced after the seed laser. The
pump sources are two high power tunable ytterbium-doped fi-
ber lasers [41], which can deliver a total of 1.6 kW output
power over a tuning range of 1055-1075 nm. To match
the frequency shift of the boson peak, the pump wavelength
is set at 1066 nm. The output fibers of the two pump sources
have the same core diameter of 20 pm. The Raman gain fiber is
a length of specially designed triple-clad phosphosilicate fiber,
whose core, inner-cladding, and outer-cladding diameters are
29 pm, 56 pm, and 130 pm, respectively. The core area is
doped with phosphorus, which could induce a strong boson
peak in its Raman gain spectrum [12]. The inner-cladding area
is doped with germanium. The refractive index profile of the
phosphosilicate fiber is shown in the inset picture in Fig. 2. The
numerical apertures of the core and inner-cladding area are
0.08 and 0.17, respectively. The fiber is coiled on an aluminum
barrel with a radius of 14 cm, and the measured transmission
loss of the core is 1.4 dB/km at 1080 nm. The outputs from the
seed laser and pump sources are coupled into the phosphosi-
licate fiber through a specially designed (2 + 1) x 1 pump/sig-
nal combiner. The core/cladding diameters of the input signal
fiber are 10/125 pm, and the numerical apertures are 0.08/
0.46. The core/cladding diameters of the input pump fibers
are 20/130 pm, and the numerical apertures are 0.08/0.46.
The output fiber is the 29/26/130 triple-clad phosphosilicate
fiber we used. The signal coupling efficiency from the signal
port to the core area is 60%. The pump coupling efficiencies
of the two pump ports to the inner-cladding area are 98.2%
and 98.1%. The 1080 nm signal in the core area is amplified
by the Raman gain arising from the boson peak. The light from
the phosphosilicate fiber is exported by a homemade quartz
block head. The total output power is measured by a power
meter with power capacity of 5 kW. To precisely measure
the output spectrum, we use a piece of multimode fiber with
core diameter of 105 pm and numerical aperture of 0.22 to
collect the reflected light from the power meter and deliver
it to the optical spectrum analyzer [42].

3. EXPERIMENTAL RESULTS

To get higher output power, a cutback experiment was per-
formed by reducing the fiber length from 500 m to 100 m.
The maximum signal output power and the corresponding nor-
malized output spectra for different fiber lengths are displayed
in Fig. 3(a). To be noted, there is broadband amplified sponta-
neous noise in the spectral range of 1070-1100 nm, which
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Fig. 2.

Schematic of the high power low quantum defect Raman fiber amplifier. PF, phosphosilicate fiber; QBH, quartz block head; PM, power

meter; MMF, multimode fiber; OSA, optical spectrum analyzer. Inset, refractive index profile of the phosphosilicate fiber.

might originate from the spontaneous noise amplified by the
Raman gain in the phosphosilicate fiber. To properly analyze
the output power characteristics, we have subtracted the ampli-
fied spontaneous noise from the net signal value. As the fiber is
shortened, the signal power increases significantly, due to lower
transmission loss and higher threshold power for spontaneous
Raman generation at 13.2 THz. The highest output power of
815 W is achieved with a 150-m-long fiber. However, as the
fiber is shortened, more pump light remains unconverted. At
100 m, so much of the pump passes unconverted that we are
only able to achieve 523 W signal output power using all of the
available pump power. The spectral and power evolution char-
acteristics of this 150 m RFA are depicted in Figs. 3(b) and
3(c), respectively. At low pump power, much of the pump re-
mains unconverted in the RFA due to its relatively low inten-
sity, and the residual pump power exceeds the signal power. As
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the pump power increases, more of it is converted into
1080 nm signal undil, at 1235 W, the residual pump power
begins to decrease with increasing pump injection, and the
1080 nm signal dominates. When the pump power is increased
to 1568 W, the signal power reaches its maximum of 815 W,
the spontaneous Raman generation at 13.2 THz reaches
17.2 W, and 529 W pump power remains unconverted. The
corresponding optical conversion efficiency is 48.8%. Further
power scaling is restricted by the limited pump conversion ef-
ficiency and spontaneous Raman generation at 13.2 THz.
To demonstrate the low QD RFA’s advantage in low heat
generation, we measure the coating temperature of the gain fi-
ber with an infrared thermal imager and compare it with a con-
ventional RFA. The conventional RFA is built from the same
gain fiber and pump source. We only replace the 1080 nm
seed laser with a 1120 nm fiber oscillator, which has the same
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(a) Maximum output powers and corresponding output spectra at different fiber lengths. (b) Spectral evolution and (c) power evolution

characteristics of the low QD RFA under an optimized fiber length of 150 m. ASE, amplified spontaneous emission.
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Fig. 4.

(a) Highest temperature increment measured at the fiber coating of each RFA as a function of output power. (b) Thermal image of the gain

fiber in the low QD RFA at 815 W signal power. (c) Thermal image of the gain fiber in the conventional RFA at 813 W signal power.

structure and output power. And the QD between the
1066 nm pump source and 1120 nm Raman signal is 4.82%,
more than three times that of the low QD RFA. Figure 4(a)
shows the highest temperature increment measured at the fiber
coating of each RFA as a function of output power. When the
output power is below 400 W, the temperature difference be-
tween the two RFAs is negligible. Above 400 W, the temper-
ature increment in the low QD RFA is clearly lower than that
of the conventional RFA, for reasons which will be explained in
Section 4.B. At the low QD RFA’s maximum signal power of
815 W, the fiber coating temperature reaches a maximum of
5.4 K above ambient, whereas it reaches a maximum of 6.6 K
above ambient in the conventional RFA operating at the same
signal power. The corresponding thermal images of the two
RFAs are displayed in Figs. 4(b) and 4(c), respectively, with
the low QD RFA showing an 18% reduction of the temper-
ature increment. This result demonstrates the advantage of our
low QD RFA in reducing heat generation, which is further con-
firmed by our simulation results described in Section 4.B.

4. THEORETICAL ANALYSIS

A. Power Evolution Analysis

In RFA, propagation loss and the QD of the Raman conversion
process are the main sources of heat load. Consequently, we
must determine the power evolution characteristics along the
fiber length before we can calculate the heat distribution. In
order to calculate the power evolution characteristics in the
cladding-pumped low QD RFA, we employ a modified power
balanced model based on the one described in Ref. [43], where
the pump directly provides gain at both the 1080 nm signal
wavelength and the 1118.5 nm first order Stokes wavelength,
and the 1080 nm signal also provides gain at 1118.5 nm. The
power evolution process can then be written as

dr, Zro1 M Zro2 A2
=0 — g P, - Lpypr - —PyP,, 1
dZ %o Aclad /10 ot Aclad /10 02 ( )
dp, &gro1 Zri2 2
— = _a, P PP, - —= PPy, 2
dz “ 1+Aclad ot Acore )“1 2 ( )
dr
EZ =-mP,; +ALi;i PPy +ALiiZP0P2: ()

where the lower indices 0, 1, 2 refer to the pump, 1080 nm
signal, and 1118.5 nm Stokes spontaneous Raman generation,
respectively. P is the power, a is the attenuation coefficient, 4 is
the wavelength, g, and gg, are the Raman gain coefficients
at 1080 nm and 1118.5 nm, respectively, relative to the pump,
and gp,, is the Raman gain coefficient at 1118.5 nm relative to
the 1080 nm signal. A, and A4 are the effective mode areas
of the core and inner cladding, respectively.

The fiber parameters used in the numerical simulation are
summarized in Table 1. The fiber length is set to 150 m.
Considering the signal coupling efficiency of the coupler,
the input signal power at 1080 nm is set at 40 W with a
50 W seed laser injected. Considering the amplified spontane-
ous emission in the pump, the initial power of 1118.5 nm first
order Stokes light is set to be a millionth of the pump power at
1066 nm [41]. The calculated output power evolution results
are shown in Fig. 5(a). The black, red, blue, and green lines
represent the total output power, 1080 nm signal power,
residual pump power, and Stokes spontaneous Raman gener-
ation at 13.2 THz, respectively.

At maximum pump power of 1.6 kW, the signal power
reaches 958.6 W, the spontaneous Raman generation at
13.2 THz reaches 18.6 W, and 570.5 W of pump power re-
mains unconverted. The corresponding experimental results are
also displayed in the same figure. Since the broadband ampli-
fied spontaneous noise in the spectral range of 1070-1100 nm
is not considered in the simulation, the simulated power evo-
lution results differ from the experimental data. Figure 5(b)
shows the calculated longitudinal distribution of the laser
power in the low QD RFA at maximum pump power of
1.6 kW. The signal power does not begin to overtake the pump
power until the last fifth of the fiber, where most of the QD
heating is generated.

Table 1. Parameter Values in Power Evolution Analysis
Parameter Value

/10,11,12 1066, 1080, 1118.5 nm

Ay, Ay, Ay 1.48, 1.40, 1.22 dB/km

7x 107, 9.87x 1071, 8 x 10714 m/W
1065.35,3972.59 pm?

&Rro1>&R02>&R12

core> “1clad
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Fig. 5. (a) Calculated output power evolution characteristics in the
low QD RFA; the scattered points are the corresponding experimental
results. (b) Calculated longitudinal power distribution of the low QD
RFA at pump power of 1.6 kW.

In a cladding pumped Raman fiber amplifier, the seed power
and cladding-to-core area ratio of the fiber can influence the
power conversion efficiency [44,45]. To investigate the further
power scalability of the proposed low QD Raman fiber ampli-
fier, we simulate its output power characteristics at different
seed powers and cladding-to-core area ratios. First, we keep
the core and inner-cladding diameters unchanged and increase
the seed power from 30 W to 180 W. To be noted, the signal
power injected into the fiber core is 80% of the input seed
power considering the 80% signal coupling efficiency of the
combiner. Figure 6(a) displays the output power of the
Raman signal, residual pump, and spontaneous Raman gener-
ation at 13.2 THz under different seed powers. Increasing the
seed power will lead to less residual pump but more spontane-
ous Raman emission at 13.2 THz. The output Raman signal
power reaches the maximum of 1277.1 W with 150 W seed
power. Second, we keep the seed power at 50 W, and vary
the cladding-to-core area ratio. The core/cladding ratio of
the fiber is adjusted by reducing the inner-cladding diameter
from 60 pm to 44 pm while keeping the core diameter at
29 pum. The simulated results are shown in Fig. 6(b). Reducing
the inner-cladding diameter will lead to less residual pump but
more spontancous Raman emission at 13.2 THz. When the
inner-cladding diameter is reduced to 49 pm, the output
Raman signal power reaches the maximum of 1234.7 W.
The further power increase is limited by the spontaneous
Raman emission at 13.2 THz. In our experiment, the maxi-
mum output power of the seed laser is 50 W and the inner-
cladding diameter is 56 pm; the output signal power is mainly
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Fig.6. Output powers of Raman signal, residual pump, and sponta-
neous Raman generation at (a) different seed powers and (b) different
inner-cladding diameters.

limited by insufficient Raman conversion. In future work, we
will optimize the cladding-to-core area ratio of the Raman fiber
and build a seed laser with higher output power to further in-
crease the conversion efficiency and output power of the pro-

posed low QD Raman amplifier.

B. Heat Analysis

Using the calculated longitudinal power distribution as shown
in Fig. 5(b), we can reveal the heat load and temperature dis-
tribution characteristics of the two RFAs (see Appendix A for
more details). The fiber parameters used in our heat distribu-
tion analysis are summarized in Table 2 and the calculated re-
sults are shown in Fig. 7.

Figure 7(a) displays the longitudinal heat load distribution
in the two RFAs operating at the same signal power of 1 kW.
Near the input port of the fiber, much of the pump remains
unconverted and the heat load is mainly generated by the
propagation loss; due to the relatively higher pump power,
the heat load in the low QD RFA is slightly higher than that
of the conventional RFA. As the pump wave propagates along

Table 2. Parameter Values in Heat Analysis

Parameter Value

1,72, T3, T4 14.5, 28, 65, 125 pm

Ky, Ky, K30 Kq [46] 1.38, 1.38, 1.38, 0.2 W/(m - K)
Ty 298.15 K

h 100 W/(m? - K)
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(a) Longitudinal heat load distribution along the phosphosilicate fiber in the two RFAs. (b) Temperature increment distribution in the low

QD RFA and (c) conventional RFA operating at the same signal power of 1 kW.

the fiber, more of it is converted into the Raman signal and
QD-induced heat load increases sharply. As a result, the heat
load in the conventional RFA exceeds the low QD RFA due to
higher QD. In the low QD RFA, the heat load reaches a maxi-
mum of 0.64 W/m at a position of 113 m, whereas in the con-
ventional QD RFA, the maximum heat load is 0.86 W/m at a
position of 92 m. And the integrated heat load in the low QD
RFA is 91 W, 16% lower than the 108 W in the conventional
RFA. Figures 7(b) and 7(c) show the temperature increment
distributions along the phosphosilicate fiber in the two
RFAs operated at 1 kW signal power. Along the longitudinal
direction, the temperature variation exhibits a similar trend to
the heat load. In the low QD RFA, the core temperature incre-
ment varies from 4.67 K to 5.36 K, while in the conventional
RFA, the core temperature increment varies from 4.34 K to
7.19 K. Along the transverse direction, the temperature de-
creases with increasing radius. In the conventional RFA, the
maximum temperature difference between the core and clad-
ding is 0.39 K, whereas in the low QD RFA, the value is
0.28 K. The temperature increment in the low QD RFA is
clearly lower than that of the conventional RFA.

To better understand the low QD RFA’s advantage in reduc-
ing heat generation, we calculate the QD-induced heat load,
propagation-loss-induced heat load, and total heat load of
the two RFAs as functions of output power. The simulation
results are plotted in Fig. 8(a). The solid line and dashed line
represent the integrated heat load of the low QD RFA and the
conventional RFA, respectively. The red, green, and blue lines
represent the total heat load, propagation-loss-induced heat
load, and QD-induced heat load, respectively. In the low
QD RFA, its QD-induced heat load is always about one third
of the conventional RFA’s due to the low QD, whereas its
propagation-loss-induced heat load is slightly higher due to
the higher pump power. When the signal output power is be-
low 400 W, the total heat loads of the two RFAs are almost
the same.

Above 400 W, the total heat load of the conventional RFA
exceeds the low QD RFA due to the rapidly increased QD-
induced heat load. When the signal output power reaches
1 kW, the total heat load of the conventional RFA is 108 W,
whereas in the low QD RFA, it is 91 W. As signal power con-
tinues to increase, the heat load gap between the two RFAs
becomes larger. To further explore the low QD RFA’s potential
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Fig. 8. Integrated heat load in the two RFAs as a function of output
power with (a) 150 m and (b) 50 m Raman fiber. (The solid line and
dashed line represent the integrated heat load of the low QD RFA and
the conventional RFA, respectively. The red, green, and blue lines re-
present the total heat load, propagation-loss-induced heat load, and
QD-induced heat load, respectively.)

in low heat generation, we cut the fiber length into 50 m, where
up to 4 kW signal power can be obtained, and calculate the heat
loads of the two RFAs. The simulation results are shown in
Fig. 8(b). In the conventional RFA, QD-induced heat load be-
gins to dominate after the signal output power exceeds 1 kW,
while in the low QD RFA, the propagation-loss-induced heat
load is always the dominant source of heat due to the extremely
low QD. At 4 kW signal output power, the total heat load
in the low QD RFA is 161 W, about 41% lower than the
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274 W in the conventional RFA. If the propagation loss of the
phosphosilicate fiber can be reduced to the same level as
common silica fiber, about 1.2 dB/km [47], the total heat load
in the low QD RFA can be further reduced to 142 W.

5. CONCLUSION

In conclusion, we demonstrate 815 W laser output with a QD
of 1.3% in a boson-peak-based low QD RFA. At maximum
output power, the highest temperature increment in the low
QD RFA is 5.4 K, 18% lower than that of the conventional
RFA with a QD of 4.8%. The calculated integrated heat load at
1 kW output power is 91 W, 16% lower than that of the con-
ventional RFA. Further simulation reveals that the low QD
RFA’s advantage of low heat load becomes more prominent
with the increase of output power. At 4 kW output power,
the integrated heat load of the low QD RFA is 41% lower than
that of the conventional RFA. The successful demonstration
of the high power low QD laser output with low heat load
is of great significance in solving the intractable thermal issues
of high power lasers.

APPENDIX A: TEMPERATURE DISTRIBUTION
ANALYSIS

Due to the isotropic cylindrical structure, the temperature dis-
tribution in the fiber can be obtained from the steady heat
equation as follows [46]:

VZT—i—g:O, (A1)
K

where 7 is the temperature, Q is the generated heat density per
unit volume, and « is the thermal conductivity. As shown in
Fig. 9, in the triple-clad phosphosilicate fiber, power losses
originated from transmission loss in the inner-cladding area
and Raman conversion process in the core area will all be con-
verted into heat. Consequently, heat is generated in the core
and inner-cladding area, and the thermal conduction equations
in the triple-clad phosphosilicate fiber can be written as follows:
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Fig. 9. Cross section of the triple-clad phosphosilicate fiber.
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where 7 is the radius, and 77;(r) (j = 1,2, 3, 4) are the temper-
ature distribution functions in different layers. x; and k are the
thermal conductivity of the core and inner-cladding area, re-
spectively. Q; and Q, are the heat density generated in the core
and inner-cladding area, which can be calculated with the
power distribution data as follows:
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According to Fourier’s law of thermal conduction and
Newton’s law of cooling, the boundary conditions under steady
state can be expressed as follows:

Ti(r) = Tipy (),

K Ti(r;) = Kit1 T;+1(’z)’

i=12,3, (A8)
i=1,2,3, (A9)

Ty(rg) = g(To - T4(r4)), (A10)

where T is the coolant temperature, and 4 is the convective
heat transfer coefficient. Based on the heat conduction model
above, the temperature distribution along the fiber cross section
can be obtained:
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