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A modified spectral beam combining (SBC) approach based on double asymmetrical filters was proposed. By
using this scheme, the high-order lateral modes at the edge of the far-field pattern can be suppressed in the
external cavity, and the beam quality in the slow-axis direction was improved from 16.1 to 13.4 compared
to the conventional SBC. In the meanwhile, the electrical-to-optical efficiency from the modified SBC was more
than 40% with an output power of 34.1 W, which is similar to that of the conventional SBC.

OCIS codes: 140.3298, 140.2010.
doi: 10.3788/COL201917.011401.

High-power laser sources with excellent beam quality are
desirable for diverse applications, including materials
processing, three-dimensional (3D) printing, and pumping
solid-state lasers™™ and fiber lasers®Z. Diode lasers with
small size, light weight, and high electrical-to-optical
efficiency (EOE) (>50%)¥ are a particularly attractive
source. Broad-area laser (BAL) diode arrays can produce
continuous-wave (CW) power in excess of 50 W2 and have
applied in many applications. However, these devices typ-
ically suffer from poor beam quality in the slow-axis direc-
tion due to the inherently large lateral dimension.

Spectral beam combining (SBC) with high EOE has
proven to be an effective technique to improve the beam
quality of BAL arrays®, whereas the beam quality
obtained by SBC is limited by that of a single emitter.
For further improving the beam quality of the beam com-
bining system, one approach is optimizing that of the laser
chip, including the reduction of the ridge waveguide
extent and introducing special microstructures in the
waveguide layer. Tapered™ and slab-coupled optical
waveguide diode lasers can provide excellent beam qual-
ity coherent emission due to a single-mode ridge structure.
However, the output power of these lasers remains limited
to the watt level®, In addition, the fabrication process of
these lasers is complicated and difficult.

The other approach for improving the beam quality of
the beam combining system is changing the configuration
of the external cavity of SBC to suppress the high-order
lateral modes of the BAL array. It has been demonstrated
that off-axis SBC, employing a sharp edge D-shaped mir-
ror and a spatial filter (SF), can improve the beam quality
of BAL arrays in excess of that of a single emitter .
However, this external cavity technique reduced the
EOE (~18%)"21Y due to the one lobe serving for feedback
and the geometrical mismatch between the gain and mode
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profiles. This approach is also unstable at a high injection
current. Therefore, developing a simple, stable, and high-
efficiency beam combining approach with high beam qual-
ity is crucial. Herein, we propose a modified SBC approach
with double asymmetrical intracavity SFs, which are used
to filter the higher-order lateral modes at the edge of the
beam spot. The beam quality of the BAL array has been
improved observably on the basis of this configuration. In
the meantime, compared to the conventional SBC, the
EOE of this modified SBC was not significantly reduced.

The BALSs with a wide waveguide tend to produce high-
order lateral modes, which is undesirable due to the for-
mation of a high-divergence, multiple lobe far-field profile
and poor lateral beam quality. This is the reason why the
BALSs have high output power. However, the beam quality
of these devices is unsatisfactory in practical applications.
Furthermore, for the BALs with SBC, the high-order lat-
eral mode still exists in the external cavity, because all of
the optical modes generated in the external cavity of SBC
are reflected back indiscriminately by the output coupler
(OC). In other words, the beam quality of the conven-
tional SBC is limited by the poor beam quality of the sin-
gle BAL. Double SFs are able to effectively suppress the
edged high-order modes in the semiconductor chip to im-
prove the beam quality of the output beam. Because of
the asymmetrical distribution of lateral modes, the double
SFs are nonparallel, requiring accurate and respective
adjustment. Comparing the SBC with a single SF, two-
fold higher-order lateral modes at the edge of the beam
spot can be suppressed by using double SF's in the external
cavity; meanwhile, the beam quality of the slow axis can
be further enhanced.

In this Letter, a novel off-axis SBC based on double
filters was proposed, and it demonstrated the high beam
quality beyond single emitters. By using this modified

© 2019 Chinese Optics Letters
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SBC scheme, the high beam quality and efficiency were
achieved. Compared with the conventional SBC, the output
power, EOE, and beam quality were further investigated.

A 976 nm high-power BAL array with 19 emitters and a
pitch of 500 pm was utilized in our experiment. The wave-
guide width of a single emitter is 100 pm. There is an anti-
reflection coating with a reflectivity of 5% on the front
facet and a high-reflection coating (>95%) on the rear
facet of the laser arrays. Figure 1(a) shows the schematic
of the experimental setup of a modified SBC with double
filters, including the fast and slow axes collimating struc-
tures, Fourier transform lens (FTL), reflection grating
(RG), double SFs, and OC. Collimation of the fast axis
was performed by a beam-transformation system (BTS),
which consists of a fast-axis collimation lens (FAC) with
a focal length of 365 pm and a diagonal lens array for ro-
tating the beams by 90°. The focal length of the slow-axis
collimation lens (SAC) is 22 mm. Subsequently, a plano-
convex FTL with a focal length of 400 mm was utilized
to image the collimated beams from each emitter onto
an 1800 lines/mm RG. The diffraction efficiency of the
first-order RG is approximately 86% at 980 nm. The emit-
ting beam from the center emitters of the laser array was
incident on the grating with an angle of approximately 53°.
Compared to the conventional SBC, two separated SF's
were employed in front of the OC. Figure 1(b) shows
the diagrammatic sketch of the beam spot function with
the double SFs. It can be seen that the double SFs were
nonparallel and asymmetrical due to asymmetrical distri-
bution of the beam spot. Two six-axis alignment stages
were utilized to adjust the position of double SFs. The
resolution of the manual stage alignment unit in the
T, y, z and 0, 0,, 0, directions is approximately 0.5 pm
and 33 in. for each scale, respectively. This manual stage
is satisfied with the requirement of the accuracy of the ad-
justment. The beam quality of the slow axis can be con-
trolled effectively by adjusting the degree of @, and the
y axis. If the accuracy of the adjustment is coarse, it will
have a significant influence on the beam quality in the
slow-axis direction and the output power. In our experi-
ment, the position of each SF was adjusted when the beam

FTL

RG
—=3
—J
Laser Bar
BTS
oc Double SFs
b
( ) SF, slow axis |
Y fast axis

SF,

Fig. 1. (a) Schematic of the SBC with double filters and (b) the
filtering schematic by nonparallel double SF's before combining.

quality in the slow-axis direction had the best value and
the external cavity could be locked stably. All of the optical
modes that transmit to the OC, including higher-order lat-
eral modes, were fed back to emitters in the conventional
SBC. Not all of the reflected modes contribute to the im-
provement of the beam quality. The OC that forms the
external cavity locking has a suitable reflectivity of 16%.

The main mechanism of this proposed SBC with double
SFs to control the lateral modes and improve the beam
quality is as follows. The BALs generally have a large
number of lateral modes, and the far-field profiles of
high-order lateral modes are with two lobes™. The diver-
gence and separation angles between two lobes increase
with the increase of the mode order. Many lateral modes
with different optical intensities form the far-field spot.
The high-order lateral modes with the highest allowed
mode order are located at the outermost edge of lateral
far-field pattern. When the double SFs were put in the
setup, the modes with a higher order will be filtered first.
The decrease of the mode order and number will improve
the divergence and beam quality. In addition, the output
beam generally presents a super or flat-top Gaussian
distribution, and the center area of the beam spot with
several-order modes has the largest optical intensity ™.
In contrast, the higher-order modes at the edge of the
beam spot have the relatively weak optical intensity
but significant impact on the beam quality. When these
higher-order modes were filtered by the double SFs, the
output power and EOE would not be reduced signifi-
cantly, but the beam quality can be obviously improved.

To clearly show the improvement of beam quality, the
far-field pattern is measured at a distance of 400 mm from
the OC. The far-field pattern of the conventional SBC was
shown in Fig. 2(a). The elliptical beam spot was approx-
imately 2 mm x 4.3 mm in the vertical and lateral direc-
tions. Compared with that of the modified SBC shown in
Fig. 2(b), the spot was narrowed in the slow-axis direction,
and the size was approximately 1.8 mm X 3.6 mm. The
nearly circular beam is beneficial to coupling into a fiber
with a low numerical aperture for applications?.

The beam quality of both of the external cavity configu-
rations was measured in accordance with ISO11146

(@ (b)

Fig. 2. Far-field spots of (a) the conventional SBC and (b) the
modified SBC.
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Fig. 3. M? factors of the BAL arrays with the conventional SBC
and the modified SBC in the (a) fast and (b) slow axes.

and plotted in Fig. 3 as a function of injection current. The
beam quality in the fast-axis direction is not noticeably
improved for the modified SBC, and the measured M? val-
ues in the fast axis are 1.7-2.7, as shown in Fig. 3(a).
It can be seen that the M? factors in the fast axis for both
of the external cavity configurations increase with the
current and show a weak current-dependent property.
Without double filters, the M? values in the slow axis
are 9.5-16, as shown in Fig. 3(b). Because of the strong
current-dependent property of the beam quality in the
slow-axis direction, the M? factors in the slow axis for both
of the cavity configurations degrade quickly with the
increase of the current. By using the double filters in
the external cavity, the M? values in the slow axis can
be improved from 16.1 to 13.4 at 50 A. Although the modi-
fied SBC shows a power loss of 3.4 W, the beam quality of
the slow axis was improved by 17% compared to that of
the conventional SBC cavity without double SFs. The M?
values in the slow axis are expected to achieve the beam
quality beyond that of the single device.

Figure 4 shows the light—current—voltage (L-I-V)
curves of the BAL array combined by the modified
SBC with double SFs. For comparison, the characteristics
of the BAL array combined by conventional SBC were
also measured and plotted in Fig. 4. All data received from
both of the SBC cavity configurations were measured
under the water-cooling system at the temperature of
25°C. As shown, the two cavities have the same threshold

40 424
—m—SBC
§ —&— SBC with double SFs
30F —v—Voltage 12,
5 >
= [
S 0L 118 &
B2 S
2 od S
3 vvvYWwW 415
g or LA L (000N
41.2
0 Il L L L
0 10 20 30 40 50 60

Current(A)

Fig. 4. L-I-V characteristics of the diode laser array combined
with off-axis SBC with selective feedback. The inset graph shows
the efficiency characteristics of the off-axis SBC.

current of approximately 4.5 A. At the injected current of
55 A, the measured maximum output powers from the
conventional SBC and the modified SBC are 38.1 and
34.1 W, respectively. Both the maximum output power
and the slope efficiency of the modified SBC decrease
by 10% compared with the conventional SBC.

Figure 5 shows the EOE curves of both external cavity
configurations. Both of the external cavity configurations
show similar trends for the measured EOE with the in-
crease of the injected current. At a high injection current
of 50 A, the EOEs of the conventional and modified SBCs
are approximately 45% and 41%, respectively. The EOE
of the modified SBC is in excess of 40%, which is slightly
lower than that of the conventional SBC. By increasing
the diffraction efficiency of the RG and decreasing the re-
flectivity of the OC, the EOEs were supposed to be further
improved. It can be seen that the SBC with double SF's has
an attractive efficiency for realistic applications.

An output spectrum from the modified SBC, measured
by Yokogawa AQ6370B at 50 A is shown in Fig. 6, which
is the same as that from the conventional SBC. It can be
observed that there are nineteen emission peaks in the
measured spectrum, and no crosstalk occurs between
the adjacent emission peaks?. The measured wavelength

0.6
0.5F
0.4} W,M‘

——SBC

0.2 —&— SBC with double SFs

0.1

0 10 20 30 40 50 60
Current(A)

0.0

Fig. 5. Electrical-to-optical efficiency nrop for both external
cavity configurations as a function of driving current.
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Fig. 6. Lasing spectrum of BAL array by modified SBC with
double SFs measured at 50 A.

space of the whole spectrum and the interval between the
adjacent emission peaks are about 7.7 and 0.43 nm, respec-
tively. The wavelength spread A1 and the wavelength
interval A4;; can be defined as?

(n—1)pA cos a

AL = 7 ; (1)
A

where n is the number of laser-array elements, p is the
pitch spacing between the adjacent elements, f is the focal
length of the FTL, A is the grating period, and «a is the
angle of incidence relative to the grating for the center
element. According to Egs. (1) and (2), the calculated
wavelength spread Al and the wavelength internal AZ;
are 7.5 and 0.42 nm, respectively, which are in agreement
with the measured values. Because the double filters just
suppress the high-order modes in the external cavity, it
has no effect on the output spectrum.

In summary, a simple and efficient SBC technique was
proposed to dramatically improve the beam quality pro-
duced from BAL arrays. By using the double SFs in
SBC, the high-order lateral modes with higher mode order
in the external cavity were suppressed. The beam quality
of the slow axis has been improved by 17%. This external
cavity configuration provides a possibility to exceed the
beam quality of a single emitter, and the output power
decreases by only a few watts compared to the conven-
tional SBC. In addition, the EOE of the modified SBC
was in excess of 40% and can be further improved via in-
creasing the diffraction efficiency of the RG. For diode
lasers, the output power can be easily increased by com-
bining more light-emitting units or laser arrays. Therefore,
it is possible to obtain a high-power diode laser source with

excellent beam quality by using the method demonstrated
in this Letter to combine more arrays.

This work was supported by the National Natural
Science Foundation of China (Nos. 61790584 and
617741s53).
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