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An external cavity feedback structure based on volume Bragg grating is introduced to realize the spectral stabilization and linewidth narrowing of a
diode laser with a central wavelength of 968.668 nm and a spectral linewidth of 0.405 nm. A diode laser source producing 1.443 kW power from an
output fiber with a core diameter of 1000 μm is achieved by using a spatial beam, combining, and polarization multiplexing technologies. The
external cavity feedback and fiber coupling efficiencies exceed 93% and 90%, respectively. Such a high-power narrow-linewidth diode laser can be
applied in Yb: YAG pumping efficiently and stably. © 2022 The Japan Society of Applied Physics

With the development of high-efficiency laser
diode (LD) and LD array technology, diode-
pumped solid-state lasers (DPSSLs) have been

developed rapidly.1–3) DPSSLs have many advantages, such
as high-efficiency, high-power output, compactness, long
operation lifetime, and excellent beam quality, which demon-
strates their superiority to lamp-pumped solid-state lasers.4,5)

In 1965, L. F. Johnson from Bell Laboratories realized Yb:
YAG laser operation for the first time by using flash lamp
pumping at a temperature of 77 K.6) However, the optical-to-
optical conversion was inefficient due to the inefficient
matching between the Yb3+ absorption spectrum and the
pumping spectrum of the flash lamp. Therefore, Yb: YAG
crystals were ignored at that time. In the early 1990s, InGaAs
LD appeared and developed rapidly, which makes high-
power diode laser a stable pumping source, and Yb3+-doped
crystal material attracted the attention of researchers due to its
excellent laser properties, such as simple energy level
structure, high quantum efficiency, and long fluorescence
lifetime.7–9) At present, diode laser-pumped Yb: YAG laser
can achieve kilowatt class output power, which has an
important value in laser cutting, welding, milling, and
medical applications.10–14)

Figure 1 shows the absorption and emission spectra of Yb:
YAG crystal.15) Yb: YAG crystal has two absorption bands,
which are located around 940 and 969 nm, respectively. The
absorption linewidth of 940 nm is relatively wide, so the
requirements for the linewidth and central wavelength of the
pumping source are not strict. However, the absorption
linewidth of 969 nm is narrow, so the central wavelength
should be controlled within 969 nm ± 0.5 nm, and the
spectral linewidth should be controlled less than 1 nm. The
diode laser as the pumping source has the typical spectral
linewidth of 2 nm to 5 nm, which is wide to pump Yb: YAG
at 969 nm. The drift of the central wavelength with
temperature is remarkable, so the pump and absorption
spectra cannot be strictly matched. Thus, the spectral line-
width must be narrowed, and the central wavelength should
be locked strictly by technical means. At present, the main
method is to use a diode laser at 940 nm to pump Yb: YAG
gain medium. Shinki Nakamura et al. reported a diode-end-
pumped high-efficiency high-power Yb: YAG ceramic laser.
A 940 nm fiber-coupled diode laser was used as a pumping
source, the core diameter of the fiber was 200 μm, and the
numerical aperture (NA) was 0.22. When the pumping power

of the diode laser was 13.8 W, a 6.8 W CW output power was
obtained with a slope efficiency of 72%.16) Gangfei Ma et al.
reported a compact CW yellow laser source at 578 nm by
using doubly resonant with a folded overlapped cavity and
intracavity sum-frequency mixing of thin-disk Yb: YAG
laser and Nd: YAG laser with lithium triborate crystal. A
diode laser emitting at the wavelength of 940 nm with an
output power of 13.2 W was used to pump Yb: YAG disk
crystal for 1030 nm oscillation.17) Fengjiang Zhuang et al.
used a fiber-coupled diode laser with a wavelength of 940 nm
for the longitudinal pumping of the Yb: YAG laser rod. The
output of the laser diode was not polarized, delivering a
maximum optical pump power of about 21 W at 940 nm after
going through a pair of coupling lenses. The average output
power reached 3.55 W at the maximum pump power of 21 W
at 15 °C of a thermoelectric cooler.18)

Pumping Yb: YAG gain medium at 969 nm has obvious
technical advantages. The emission wavelength is 1030 nm
when Yb: YAG gain medium is stimulated. In the process of
pumping Yb: YAG, a quantum defect occurs, and the lost
energy produces heat directly, which affects the stable
operation of the laser. On the basis of the laser principle,
the quantum defect q can be expressed as Eq. (1), where 1l
represents the absorption wavelength, and 2l represents the
emission wavelength. The quantum defect is about 8.7%
when pumping at 940 nm, whereas it is only 5.9% when
pumping at 969 nm. No upper energy state absorption and
upper energy level conversion occur because of the level of
Yb3+ with a simple structure, and quantum defect is mostly
the reason for heat production. Therefore, pumping Yb: YAG
through a diode laser at 969 nm with a narrow-linewidth and
stable spectrum has obvious advantages in the generation of
10 kw class or higher power-level lasers, which is a new
direction worthy of further research.

q 1 . 11

2
( )l

l
= -

In this study, a diode laser pumping source at the locked
wavelength of 968.668 nm with a narrow-linewidth of 0.405
nm is investigated and designed by using the external cavity
feedback technology of volume Bragg grating (VBG).19,20) A
diode laser source producing 1.443 kW power from a fiber
with a core diameter of 1000 μm and NA of 0.22 is realized.
A related previous work has been performed this year. We
reported a high-power narrow-linewidth 780 nm diode laser
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based on the external cavity feedback technology of VBG.21)

However, the object in the previous study is a diode laser bar,
and the one VBG is used to feedback 19 emitters. The object
of the present study is a single emitter, and the one VBG is
used to feedback one single emitter. This setting achieves a
better external cavity feedback effect than the previous work.
The results show a high-power narrow-linewidth diode laser
with higher external cavity feedback and fiber coupling
efficiencies by combining polarization multiplexing and fiber
coupling technologies. These techniques have not been used
in previous work. This work demonstrates a reasonable
means for Yb: YAG pumping.
In this study, a single emitter diode laser is used as a unit

device, and its typical parameters are shown in Table I. High-
power laser output can be obtained by beam shaping and
beam combination technology. The external cavity feedback
technology based on VBG is used to select the mode of the
multimode diode laser, and then the spectra narrowing and
wavelength locking can be realized. Compared with the
linear array and stack structure, the single emitter diode laser
structure has no influence on thermal crosstalk. Therefore, the
operation reliability can be guaranteed, and the quality of
cooling water is not required. The linear array and stack
structure have multiple single emitters in a single bar. Hence,
the “smile” effect occurs, which has a great influence on the
external cavity feedback for spectral locking.22) The single
emitter diode laser can obtain a better spectral locking effect
by single VBG, which can avoid this problem effectively.

Figure 2 presents the schematic of beam shaping and
spectrum control. The pumping laser system consists of
single emitter diode lasers packaged in a chip on a submount
structure, fast axis collimations (FACs) and slow axis
collimations (SACs) as the beam collimation element,
VBGs as a wavelength-selective element, mirrors for spatial
beam combining, a half-wave plate and a polarized beam
splitter (PBS) for beam polarization multiplexing, and an
antireflection mirror (900–980 nm antireflection coating and
1020–1100 nm reflection coating) to protect the 1030 nm
emission laser back into the laser cavity.
The divergence angle in the fast axis is usually 30°–60°,

and the slow axis is 8°–12°. Therefore, the use of FAC and
SAC is necessary to reduce the laser divergence angle for
facilitating the subsequent spatial beam combining and beam
polarization multiplexing. The FAC adopts an aspheric
column lens with a focal length of 0.3 mm. The divergence
angle in the slow axis is relatively small, and the SAC adopts
a spherical cylindrical lens with a focal length of 20 mm. A
simulation is conducted on Zemax software, and the simula-
tion results are shown in Fig. 3. The simulated divergence
angle of the single emitter laser after beam shaping is 4 mrad
(FWHM) in the fast axis and 10 mrad (FWHM) in the slow
axis, respectively. The corresponding spot sizes are 0.36 mm
(Y-coordinate value) and 4 mm (X-coordinate value).
Several single emitter lasers are combined by using spatial

beam combining and beam polarization multiplexing to scale
laser power.23,24) Ten single emitter lasers are used as a
group, and the beams are stacked in the fast axis direction
with a step spacing of 0.4 mm. The beam sizes in the fast and
slow axes are 4 mm after spatial beam combining, as shown
in Fig. 4. The combination of half-wave plate and PBS is
adopted to integrate the laser beam of another 10 single
emitter lasers through beam polarization multiplexing tech-
nology. The power density is doubled while maintaining the
beam quality. The output power of the unit module is
theoretically greater than 240 W.
Figure 5 shows the structure diagram of the external cavity

feedback of the single emitter diode laser. The approximate
formula of spectral locking by VBG can be obtained by using
the rate equation to understand the mode competition process
between the VBG diffraction efficiency and the facet
reflectivity of the laser chip front facet,25) which can be
expressed as

r r g gexp 2 L , 2g3 2 0{ [ ( ) ( )] } ( ) l lG -

where r1 is the reflectivity of the rear cavity surface of the
diode laser chip, r2 is the facet reflectivity of the laser chip
front facet, r3 is the diffraction efficiency of VBG, and G is
the confinement factor of the diode gain region. g( )l is the
gain as a function of wavelength, 0l and gl are the free-
running and VBG locking wavelengths, and the resonant
cavity length in the active region and the outer cavity length
are represented by l and L, respectively.
However, catastrophic optical mirror damage (COMD) can

easily occur in the external cavity feedback structure when
the laser output power is high. The low reflectivity of the
front facet of the laser chip r2 likely leads to an increase in the
laser power density at the local position of the front facet and
then accelerates the damage to the front facet. The diffraction
efficiency r3 of VBG must be increased to satisfy the

Fig. 1. (Color online) Absorption and calculated emission cross section for
Yb: YAG.

Table I. Typical parameters of single emitter laser.

Parameters Unit Specifications

Central wavelength nm 969
Central wavelength tolerance nm ±3
Spectral width (FWHM) nm <3
Output power W 12
Operating current A ⩽12
Operating voltage V <1.9
Emitter width μm 200
Vertical far field 95% PIB deg ⩽60
Lateral far field 95% PIB deg ⩽12
Polarization / TE
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equation relation when using the laser chip with high
reflectivity of r .2 However, increasing the diffraction effi-
ciency of VBG may cause peaks of laser power on the cavity
surface and result in COMD.26) To sum up, the reflectivity of
the front facet and the diffraction efficiency of VBG should
be selected properly to obtain fine reliability and spectral

locking effect. In this study, the reflectivity of the front facet
of the laser chip r2 is set to 2%–3%. The size of VBG with a
central wavelength of 968.7 nm ± 0.2 nm is 4.6 mm× 3
mm× 1 mm, and the diffraction efficiency is set to 10%±3%.
A laser module composed of 20 single emitter diode lasers

with narrow-linewidth and stable wavelength is developed.
Eight laser modules are used to obtain the laser output with
high-power of kilowatt class and narrowing linewidth by
using spatial beam combining and high-efficiency fiber
coupling technologies. The principle of the optical path
diagram is shown in Fig. 6. Two layers with four laser
modules are used in each layer. The laser modules in each
layer are spatially combined into small square spots through a
small laser mirror. The laser spots of the lower layer are
reflected to the upper layer through a large laser mirror. The
combined laser beam of two layers is coupled into a fiber
with a core diameter of 1000 μm and NA of 0.22 through an
aspheric focusing lens with a diameter of 35 mm and a focal
length of 75 mm. The corresponding beam quality is about
110 mm·mrad. The output power of a laser module under
free-running and wavelength locking as a function of

Fig. 2. (Color online) Schematic of beam shaping and spectrum control.

(a) (b)

(c) (d)

Fig. 3. (Color online) Divergence angle of single emitter laser in the (a) fast axis and (b) slow axis after collimation. Beam size of single emitter laser in the
(c) fast axis and (d) slow axis after collimation.

Fig. 4. (Color online) Simulation diagram of laser beam combination.
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operating current is shown in Fig. 7. When the water cooling
temperature is 22 °C and the operating current is 12 A, the
total output power of the 20 single emitters measured by an
Ophir power meter is 245.4 W. The test power is 219.2 W
with an optical-optical efficiency of 89.32% after the beam
collimation, spatial beam combining, and polarization multi-
plexing. The external cavity feedback efficiency is defined as
the ratio of VBG external cavity locking power to free-
running power. The locking output power is 205.7 W with an
external cavity feedback efficiency of 93.84% after the
wavelength locking by VBGs. The output power is lower
than the theoretical calculation power due to four conditions:
(1) In the spatial beam combining process, the edge laser
beam is blocked more or less by optical mirrors in the actual
installation and adjustment process. (2) The lenses in the
optical path are coated with antireflective film, and the
transmissivity is approximately 99%–99.8%. The optical
mirrors are coated with reflective film, and the reflectivity
is 99%–99.8%. Therefore, a certain power loss occurs during
laser transmission. (3) The linear polarization degree of the
high-power diode laser chip itself cannot reach 100%
transverse electric (TE) polarization or transverse magnetic™
polarization, but is usually 92%–98%. (4) In the process of
polarization multiplexing based on PBS, the laser with TE
polarization or TM polarization occurs at an angle of 45°.
Compared with the ideal condition at the Brewster angle, a
certain angle error causes the transmissivity loss of the lens.
When the above losses are accumulated, the actual output
power is lower than the ideal situation.
The kilowatt class high-power and narrow-linewidth diode

laser pumping source is developed on the basis of the above
eight laser modules. The physical image of the laser is shown
in Fig. 8. When the water cooling temperature is 22 °C and
the operating current is 12 A, the total output power of eight
laser modules is 1.66 kW. The test power is 1.594 kW with

Fig. 5. (Color online) Schematic of external cavity diode laser.

Fig. 6. (Color online) Optical path diagram of high-power narrow-linewidth diode laser.

Fig. 7. (Color online) Output power and external cavity feedback
efficiency as a function of operating current.

Fig. 8. (Color online) Photograph of high-power narrow-linewidth diode
laser.
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3.98% power loss after beam combination. The combined
beam is coupled into the fiber through the focusing lens. The
experimental results show that the power from the fiber is
1.443 kW with a fiber coupling efficiency of 90.53% and
electro-optical efficiency of 42.9%, as shown in Fig. 9.
An Ando AQ6317B fiber spectrometer is used for spectral

measurement. The central wavelength and spectral linewidth
of the free-running diode laser and the wavelength locking
diode laser are compared under the operating current of 12 A,
as shown in Fig. 10(a). The central wavelength and spectral
linewidth of the free-running diode laser are 970.2 and 3.2

nm, respectively, which cannot meet the pumping require-
ments of Yb: YAG. The central wavelength and spectral
linewidth after wavelength locking by VBG are 968.668 and
0.405 nm, which can meet the high-efficiency pumping
requirements of Yb: YAG. The central wavelength and
spectral linewidth after wavelength locking as a function of
operating current are shown in Fig. 10(b). The spectral
linewidth does not change remarkably with the increase in
operating current, whereas the central wavelength increases
linearly under the same operating conditions, which is
consistent with the temperature drift characteristics of
VBG. The laser output power increases with the increase in
current, so the VBG after laser irradiation produces more
heat. The experimental results show that the locked central
wavelength shift as a function of the operating current is

approximately at the rate of 0.03 nm A−1.
The wavelength locking effect is also closely related to the

working temperature. When the working temperature of
cooling water is 14 °C, 22 °C, and 30 °C, and the operating
current is 12 A, the central wavelengths are 968.666,
968.668, and 968.669 nm, respectively. Changing the
working temperature of the cooling water has minimal effect
on the central wavelength of the external cavity feedback
diode laser. However, the working temperature affects the
wavelength of the free-running laser and causes the self-
excitation effect of the emitting laser after external cavity
feedback, which can influence the pumping efficiency of Yb:
YAG, as shown in Fig. 11.
The high-power diode laser should have stable output and

spectral characteristics for the efficient pumping of Yb: YAG.
The output power and spectral characteristics cannot have a
large shift, especially when working for a long time. The
output power and spectral characteristics are measured for 2 h
of operation time at an operating current of 12 A. The results
are shown in Figs. 12(a) and 12(b). The experimental results
show that the laser has good output power stabilization and
spectral stabilization, which can meet the high-efficiency
pumping requirements of Yb: YAG for a long operation time.
An external cavity feedback structure based on VBG is

employed to obtain a high-power narrow-linewidth diode
laser with a central wavelength of 968.668 nm and a spectral
linewidth of 0.405 nm. A CW power of 1.443 kW from an
optical fiber with 1000 μm core diameter and 0.22 NA is

Fig. 9. (Color online) Output power and fiber coupling efficiency as a
function of operating current.

Fig. 10. (Color online) (a) Spectrum of free-running and VBG locking diode laser under 12 A of operating current (b) central wavelength and linewidth after
VBG locking as a function operating current.

Fig. 11. (Color online) Spectrum of VBG locking diode laser under
different working temperature.
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realized by using spatial beam combining and polarization
multiplexing technologies. The external cavity feedback and
fiber coupling efficiencies exceed 93% and 90%, respec-
tively. This laser source with a quantum defect of 5.9% can
be used to pump Yb: YAG efficiently and stably. In this
study, the central wavelength of the output laser cannot be
tuned. Further research is needed to tune the central
wavelength by controlling the temperature of VBG.
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