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Beam combining techniques have become an important tool in design of high-power high-

brightness laser systems [1].  Maximum power that can be obtained from single high-power amplifiers is 
usually limited by thermal distortion of active medium and beam quality degradation in solid-state lasers 
or non-linear effects and active fiber damage in fiber lasers.  Beam combining offers an alternative 
solution to obtaining high-power high-brightness radiation.  Output beams of an array of lower-power 
laser sources operating at normal conditions can be combined by external optical elements, producing a 
single beam with increased power.  Assuming that combining elements have high energy throughput and 
introduce no significant beam distortion, brightness of the combined beam is increased by a factor equal 
to the number of combined channels.   
 

Two approaches to beam combining have been considered – coherent and incoherent.  Coherent 
beam combining requires that the sources are coherent and relative phases of combined beams are 
precisely controlled to a small fraction of the wavelength.  Incoherent combining techniques, including 
spectral beam combining (SBC), do not require phase control, allowing for a stable and robust system.  
Using SBC laser radiation from multiple sources can be combined into a single near-diffraction-limited 
beam, which results in increasing of energy brightness.  Spectrum of combined beam consists of multiple 
peaks corresponding to individual sources, such that spectral brightness is preserved.   
 

Power scaling of laser systems to multi-kW level requires high spectral density beam combining 
in order to combine radiation from a large number of channels within a limited bandwidth.  Available 
bandwidth is typically determined by the gain bandwidth of laser medium and application requirements.  
For example, consider a laser system operating within a 50 nm low-altitude atmosphere transparency 
window around 1040 nm.  With power per channel of 500 W, such system combining 200 channels with 
channel separation of 0.25 nm is capable of producing 100-kW-level near-diffraction-limited output.  The 
goal of our work is to demonstrate dispersive optical elements capable of multi-channel high-power SBC 
with high spectral density.  Using these elements to combine radiation from multiple emitters paves the 
way to laser systems with multi-kW spectrally-combined output. 
 

Initially, SBC was proposed on the basis of conventional surface gratings [2]; however, limited 
dispersion of surface diffraction gratings complicates system design for narrow spectral separation of 
channels.  In order for the combined beam to be near-diffraction-limited, input beams have to be incident 
on the grating with small angular separation.  Large-diameter input beams with small divergence are 
required and significant propagation distances are needed to spatially separate the individual emitters.  If 
spectral separation of channels < 1 nm is desired, tens of meters of propagation is required between 
emitters and grating.  Reflecting volume Bragg gratings (VBGs) are more suitable for SBC with small 
channel separation.  They can be designed with arbitrary deflection angle, usually close to 180° for any 
channel spacing.  Compact and rugged high spectral density beam combining system can be constructed 
using reflecting VBGs.  Additional advantage of reflecting VBGs in comparison with surface diffraction 
gratings is their polarization insensitivity. 
 

Technology of high-efficiency VBG in photo-thermo-refractive (PTR) glass has been developed 
[3].  While being photo-sensitive in the UV, PTR glass offers high transmittance in the near-IR and visible 
parts of spectrum with absorption comparable to the best available commercial optical glasses.  
Moreover, PTR glass has excellent thermo-mechanical properties with refractive index practically 
independent of temperature (dn/dT<10-8 K-1).  These features enable VBGs in PTR glass to withstand 
high-power laser radiation, making them ideal elements for high-power SBC.  
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SBC by means of volume Bragg gratings utilizes unique spectral response of VBGs: diffraction 
efficiency is close to unity when Bragg condition is satisfied and is close to zero at multiple points 
corresponding to particular wavelength offsets from Bragg condition [4].  Two beams with shifted 
wavelengths incident on a grating at conjugate angles emerge overlapped and collinear (Fig. 1) if 
wavelength of one (λ1) matches the Bragg condition (the beam is diffracted) and wavelength of the other 
(λ2) is offset to match one of the zeros (the beam is transmitted). 
   

 
Figure 1: Spectral beam combining of two beams with offset wavelengths using a reflecting volume Bragg 

grating. 
 

Five-channel high-density spectral beam combining by a stack of reflecting VBGs in PTR glass 
has recently been demonstrated for low-power beams in two spectral regions of interest (1064 nm and 
1550 nm) [5,6].  Fiber-pigtailed diode lasers terminated by high-quality collimators were used in these 
experiments.  Experiment schematic is shown in Fig. 2.  Spectral separation between channels was 0.43 
nm around 1064 nm and 0.51 nm around 1550 nm.  Both systems were demonstrated with absolute 
efficiency exceeding 92% and near-diffraction-limited output beam (M2 ~ 1.1).     
 

 

 
Figure 2: Spectral beam combining of five laser sources using a stack of identical reflecting volume Bragg 

gratings. VBGs are angle-tuned to diffract beams with corresponding wavelengths, while beams with 
other wavelengths are transmitted undisturbed. 

 
Behavior of narrow-band VBGs in PTR glass under high-power radiation has been studied [5,7].  

It was found that diffraction efficiency and spectral bandwidth of gratings are not changed under laser 
irradiation with power up to 570 W and no residual phenomena were revealed in gratings irradiated by 
laser beam with power density up to 5 kW/cm2.  The main effect of high power radiation was reversible 
thermal shift of grating resonance to a longer wavelength caused by absorption of laser radiation in PTR 
glass.  This shift can be accounted during grating manufacturing or compensated during alignment by 
adjusting source wavelength or angle of incidence. 
 

In this paper we report experimental demonstration of a multi-channel fiber laser system with kW-
level spectrally-combined output.  Five commercially-available Yb-doped fiber lasers (IPG Photonics 
model YLR-150-SF) were spectrally combined into a single near-diffraction-limited beam using narrow-
band reflecting volume Bragg gratings (VBGs).  Each laser provides randomly polarized beam with 6 mm 
diameter and CW power ~ 160 W.  Source wavelengths are offset by ~ 0.5 nm around 1064 nm such that 
output spectrum occupies 2-nm bandwidth and consists of 5 equally-spaced lines (Fig. 3).  Maximum 
output power of the system in a combined beam is 773 W and absolute system efficiency is 91.7%.   
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Figure 3: Spectrum of a spectrally-combined output beam with total power of 773 W. 
 

Four narrow-band reflecting VBGs with clear aperture up to 20 mm (manufactured at OptiGrate) 
are used in this experiment.  Gratings are designed to provide optimum system efficiency – grating 
thickness 3.5 mm, refractive index modulation 300 ppm (3×10-4).  Period of each grating was selected to 
match Bragg condition for wavelength of each laser at angle of incidence between 5-7°.  Each grating 
provides peak efficiency in excess of 99% for a collimated beam at specified wavelength.  Spectral 
selectivity of one of the gratings used in the SBC experiment is shown in Fig. 4.  Bragg wavelength of this 
grating is 1067 nm at normal incidence and 1063 nm at angle of incidence ~7.4°. A collimated Gaussian 
beam with 6 mm diameter is used for scanning.  Small difference between the measured spectral 
selectivity and theoretical plane-wave profile is due to finite beam divergence [8] and grating vector non-
uniformity across the aperture.    
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Figure 4: Spectral dependence of diffraction efficiency of a large-aperture narrow-band VBG used for 

dense high-power SBC. 
 

Experimental setup of SBC laser system is shown in Fig. 5.  Gratings are aligned by a tunable 
diode laser, terminated by a high-quality collimator pointing in reverse direction.  Gratings are not 
intentionally cooled during high-power operation.  Output of each fiber laser is terminated by 
collimator/isolator assembly that is mounted on the optical table.  High power beams are steered onto 
respective gratings by double-mirror assemblies.  System output is captured by a water-cooled detector 
or beam dump. 

 
The system is aligned to compensate for thermal shift of resonant wavelengths of the gratings 

under high power radiation.  After initial alignment, the system is extremely stable and requires no active 
adjustment.  Diffraction losses at maxima and minima, material losses (scattering and absorption) and 
reflection from AR coated surfaces are the main sources of system efficiency decrease.  Absolute system 
efficiency is unchanged from day to day and during many hours of operation, without re-alignment.  Long-
term output power stability is better then 1% at full power, roughly the same as temporal power stability of 
sources.  The system is insensitive to ambient temperature changes on the order of a few degrees.  
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Figure 5: Experimental setup of a fiber laser system with kW-level spectrally-combined output.  Five fiber 
lasers with offset wavelengths are combined using reflecting VBGs. 

 
To exclude an effect of high power beams quality on results of measurements, distortions of 

gratings in high-power SBC system are studied by measuring propagation properties of a high-quality test 
beam diffracted by the last grating located in a combined beam with total power up to 773 W and 
corresponding power density of 2.75 kW/cm2.  Peak diffraction efficiency and spectral selectivity of the 
gratings are unchanged under high-power operation.  Test beam diffracted by the grating operating in a 
combined beam with power of 773 W is near-diffraction-limited (Fig. 6) with M2 = 1.16, indicating no 
significant grating-induced beam distortion. 
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Figure 6: Caustic of a test beam around focal point of a test lens.  The test beam is diffracted by a VBG 

operating in a combined beam with total power of 773W.  Best fit yields M2 = 1.16. 
 

We show how laser systems can be power-scaled via spectral combination of multiple high-power 
lasers with offset wavelengths.  Volume Bragg gratings recorded in photo-thermo-refractive glass are 
ideal elements for high spectral density beam combining of high-power radiation due to narrow spectral 
selectivity, low absorption and excellent thermo-mechanical properties.  A laser system that combines five 
randomly polarized fiber lasers with 0.5 nm channel separation around 1064 nm using reflecting VBGs in 
PTR glass is demonstrated.  Output power of the system is 773 W and combining efficiency is 91.7%.  It 
is shown that VBGs introduce no significant beam distortions under high-power operation.  The system 
can be further scaled by increasing the number of channels and/or power per channel.  Large-channel-
count SBC of high-power laser sources with small spectral separation of channels provides a clear path 
to multi-kW laser systems with near-diffraction-limited output beam. 
 

This work is supported by DARPA/ADHELS (contract H0011-06-1-0010) and HEL-JTO (contract 
FA9451-06-D-0015) programs. 
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