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Abstract—High brightness spectral beam combination of
two high-power vertical-external-cavity surface-emitting laser
(VECSEL) using volume Bragg grating in a photo-thermo-re-
fractive (PTR) glass is demonstrated. High efficiency beam
combination in excess of 90% is achieved, providing an efficient
method for power scaling of diffraction limited beam. The beam
quality of each starting lasers was 1.68 and 1.35, and that of
combined beam was 1.9. Scaling opportunities based on the
parameters of VECSELs and PTR Bragg gratings are discussed.

Index Terms—Semiconductor laser, spectral combination,
vertical-external-cavity surface-emitting laser (VECSEL), volume
Bragg grating (VBG).

THERE HAS been significant interest in ways to increase
the brightness of the laser output beam to multiple kilo-

watts levels. Semiconductor lasers are capable of providing
high brightness, compactness, wavelength tailoring capability,
and possibility of wavelength tuning. However, the difficulty is
to reach very high brightness, such as kilowatt-level power in
near-diffraction-limited beam. One of the approaches toward
the objective is to combine the output of multiple laser ele-
ments. Spectral beam combination allows simple and efficient
power scaling. Compared to an alternative approach, namely
a single laser giving diffraction-limited output with kilowatts
of output power, such a combination scheme can operate in
soft-failure mode, allowing the whole system to continue to
work when some of the laser elements fail. Further, the heat
dissipation requirement can be relieved as the sources of the
heat can be distributed. Unlike spatial beam combination,
spectral beam combination allows relative preservation of the
source laser beam qualities [1], [2].

For spectral combination schemes, a highly wavelength-de-
pendent combination device and tunable laser sources are
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necessary. Volume Bragg gratings (VBGs) in photo-thermo-re-
fractive (PTR) glass have narrow diffraction bandwidth
combined with high diffraction efficiency, low losses and
tolerance to high power laser radiation [3]. These gratings
were effectively used for spectral radiation combination of
high-power fiber lasers [4] where efficient combination of two
100-W beams exceeded 90%. Compared to conventional sur-
face diffraction gratings, VBG allows the diffraction angle and
wavelength to be independently tailored, giving flexibility in
configuration when cascading for multiple elements to increase
the number of channels. VBG devices can also be used to
control the operating wavelength of the vertical-external-cavity
surface-emitting lasers (VECSELs). We did not perform such
experiments as the VBGs did not have proper antireflection
(AR) coatings. In this report, we demonstrate the spectral beam
combination of two tunable VECSELs, using a VBG made of
PTR glass and discuss the scaling of combined power based on
the results.

We used a tunable VECSEL laser using a gain medium
similar to what is described elsewhere [5]. The “ -cavity” is
folded at the VECSEL chip to double-pass the gain and increase
the efficiency. The fold by a concave mirror ROC mm
yields flexibility in the resonator mode size by adjusting the dis-
tance between the flat-HR end mirror. The resonator mode size
is estimated to be 190- m radius in tangential (horizontal) and
210- m radius in sagittal (vertical) orientation. The VECSEL
chip was pumped with an 808-nm, 23-W, fiber-coupled diode
bar, emitting from a 100- m diameter, NA fiber. The
output facet of the fiber was imaged onto the VECSEL chip.
Without the birefringent filter, the laser had a threshold pump
power of 3.1 W with a heatsink temperature of 10 C. The
spatial mode of the laser output was TEM and the lasing
wavelength was 971.9 nm in this condition. A 2-mm-thick
quartz birefringent filter was inserted to allow the wavelength
of the laser to be tuned. Using a combination of heat-sink
temperature and modification of pump power, it was possible to
tune from 960 to 981 nm and maintain a spectral width around
0.22 0.25 nm. For this particular device, the maximum output
power is slightly greater than 4 W.

The tunable output from the VECSEL was used for the
spectral characterization of the VBG. The transmitting VBG
was designed for an incident angle of 18 at 975 nm and had
a narrow bandwidth so that another beam at the same angle
at 5 nm apart from the Bragg wavelength would be totally
transmitted. The VBG did not have an AR coating. The output
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Fig. 1. Diffraction and transmission spectrum.

beam of the VECSEL was collimated and expanded to 5-mm
diameter. This VECSEL had a narrow spectrum, relatively
low divergence, and was suitable for diffraction efficiency
characterization. The angle of the VBG was fixed and the wave-
length was scanned, measuring the diffracted, transmitted, and
reflected power at each wavelength. The reflected power varied
from below 4% to 8%, indicating that some of the reflection
from the output surface was diffracted back and not measured
in the direction of the reflection from the input surface.

Diffraction efficiency of VBG as a function of the wave-
length is shown in Fig. 1. The diffracted spectrum shows a
pattern resembling sinc pattern, a reasonable agreement with
the theory. The peak diffraction efficiency is 91% and comes
to a minimum at around 969 nm, close to its designed value.
No overmodulation of refractive index was observed from the
spectra.

The transmission almost compliments the diffraction, ex-
hibiting 90% transmission at diffraction minima. Considering
the 3.5%–4% of reflection per surface, the sum of diffraction
and material loss does not exceed 1%–2%. Therefore, a device
with proper AR coating will perform with transmission and
diffraction efficiencies 98%–99% at the optimum wavelengths.

We then evaluated the homogeneity of the VBG. The wave-
length was fixed at 975 nm, and the angle was adjusted to yield
the maximum diffraction efficiency. The VBG was translated
in the plane of the device over a 10.16-mm square area, while
diffracted power was measured. The result is shown in Fig. 2.
Greater than 90% diffraction efficiency was observed over a
translation of 1 3 mm. Considering the beam size of 5 mm,
the device has fair and sufficient homogeneity for beam com-
bining.

Beam combination was performed using two similar
VECSELs, one of which (Laser 1) was operating at a fixed
wavelength of 982 nm and an output power of 2 W. The other
laser (Laser 2) was operated at 2.1 W and was tuned to 975 nm.
The output beams from two lasers were individually collimated
to approximately 5-mm diameter, and directed to the VBG.
The angle of incidence onto the VBG was adjusted so that the
982-nm beam was diffracted, and we adjusted the wavelength

Fig. 2. Diffraction efficiency mapping of the VBG.

Fig. 3. Experimental schematic and far-field beam profile of the beams.

of the other laser for maximum transmission. With the total
4.1 W of incident power onto the VBG device, 3.7 W was
combined in a single beam, representing 90% combination
efficiency. The loss was mainly due to the reflection loss of the
VBG that was not AR coated. The value of the 982-nm
laser was 1.68, and that of 975-nm laser was 1.35. We measured
the of the combined beam to be 1.9. The slight increase
in the value for VECSELs could be attributed to the small
mismatch of collimation of the two input beams. The beam
patterns of the individual lasers and the combined beam are
shown in Fig. 3.

As can be seen in Fig. 1, the VBG devices have zero-diffrac-
tion wavelengths that are almost equally spaced. By set-
ting th VBG to be highly transmissive at wavelengths

, and highly diffractive at , all beams can
be combined into one beam, without significantly impacting
the brightness.

If we assume the transmission of the VBG to be , its
diffraction efficiency to be , and power from each laser to be

, combined power can be written as

(1)
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Fig. 4. Total combination efficiency as a function of loss in transmission (1�
� ).

Therefore, the total combination efficiency , the
fraction of the power from all source lasers that is transmitted
to the combined beam through VBGs is

(2)

We examine the effects of the diffraction loss and transmis-
sion loss to the total combination loss. It was found that the total
combination efficiency does not suffer much from the loss in
diffraction, maintaining fairly constant total combination effi-
ciency with increasing diffraction loss of up to a few percents.
On the other hand, as can be seen in Fig. 4, the total combination
efficiency is significantly affected by the transmission losses. In
this simulation, is assumed to be 0.98. This difference in
effects of the losses to the total efficiency is because the trans-
mission loss affects the throughput multiple times, particularly
for the output in the upstream in the combination chain.

From these calculations, it seems possible to combine tens of
lasers with 60%–80% combination efficiency.

Although the efficiency becomes lower, for the increased ,
the combined power can be increased to ,
and cannot be increased beyond it. For example, for the case
of and . To reach 50% of , com-
bination of 69 lasers would be needed to obtain a combined
beam that is 49 times the power of individual lasers. Wave-
length-tunable VECSEL similar to described here has been re-
ported with output power of greater than 10 W with similar spec-
tral characteristics, only limited by the available pump power

up to at least a few tens of watts of output power [6]. Assuming
TEM mode, 20-W, spectrally narrow output is available,
the combined output would approach the level of 1 kW. VBGs
with narrower bandwidths should be used to maintain the total
spectral width of the combined beam to a practical range. For
instance, a total spectral width of 140 nm and a 2-nm channel-
spacing would allow 70 beams to be combined, giving 1 kW of
total combined power with similar combination performances.
In this case, the total electrical-to-optical efficiency, excluding
the power needed for heat dissipation, would be around 9%,
given the 30% power efficiency of the fiber-coupled diode bars,
40% efficiency for the VECSEL [6], and 70% for the spectral
combination.

In summary, spectral beam combination of two VECSELs
emitting at 982 and 975 nm using PTR VBG was demonstrated.
The combination efficiency was 90%, giving 3.7-W output from
source lasers having 2 and 2.1 W. The efficiency is limited
mainly by the reflection at the uncoated surfaces of the VBG.
The quality of the combined beam is similar to that of each laser,
and suffers a very small increase in the value. Slight in-
crease in the value of the combined beam may be attributed
to the mismatch in collimation. Modeling of the combination of
multiple lasers has found that the transmission loss has signifi-
cant impact in total combination efficiency. From this model, we
have shown that near-diffraction-limited, kilowatt-level output
should be possible by combining tens of lasers each having tens
of watts, allowing soft-failure operation.
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