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There are several reasons why combining laser beams makes sense: (1) some lasers, such as
fiber lasers, have good beam quality but limited output power, (2) it allows for graceful
degradation, (3) it makes the overall system more modular, and (4) it distributes the cooling load.
This book summarizes and describes all the known methods for combining laser beams from
low-power lasers into one high-power beam on target.
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makes sense to combine the outputs of multiple small lasers to create a single, larger power
output. This often increases the reliability of a high-power laser because the use of multiple
lasers produces graceful degradation. In other words, the loss of one laser only reduces the
output power slightly but doesn’t make the overall laser system quit working. Using multiple
lasers may also make thermal management easier.Some lasers, such as fiber lasers, have
limited output power; therefore, combining outputs is the only way to dramatically increase the
output power. Because of these reasons there has been a considerable amount of research
conducted in this area in the last 15 years.In this book, I summarize and categorize all this
published information and describe mathematically how the beam combining methods works. I
also comment on the advantages and disadvantages of each of these methods.To read and
understand this book you should have an adequate understanding of laser and optical physics—
an undergraduate level in Engineering or Physics should suffice. If you need a better
understanding of fiber lasers and optics, try my books: A Student’s Guide to Fiber Lasers and
Fourier Optics for the age of Lasers and Computers. Both can be purchased on Ebook Tops
at .Finally, because this book is published in paperback and electronic format, the equations
must have no text or punctuation on the same line with them. Therefore, any punctuation
associated with an equation will be on the next line that contains text unless the next line is a
new paragraph, section, or chapter. If an equation has a reference number associated with it,
this number is printed alone on the line after the equation and enclosed in
parentheses.DefinitionsI categorize beam combining (BC) techniques as coherent beam
combining (CBC), incoherent beam combining (IBC), or hybrid approaches that employ both
techniques. Some authors define an additional category called spectral beam combining (SBC)
where each of the combined beams have separate frequencies. I consider SBC a subcategory
of IBC.I categorize the output apertures for all combining techniques as either tiled or filled
aperture architectures (see Figure 1 below for illustration). Tiled apertures are those that consist



of several small, non-overlapping subapertures that make up one large aperture. In this case, the
beams are combined only in the far field. Apertures for which all the individual beams (beamlets)
are overlaid at the output aperture are called filled-apertures. In this case the beams are
combined in both the near and far fields. For tiled apertures, each beamlet is associated with a
subaperture. These subapertures are arranged into one large monolithic, composite, or overall
aperture.In this book, I use the term beamlet for an individual subaperture output and beam for
the composite or combined output. Some beam-combining techniques work well with tiled-
apertures while others work better with filled apertures. Some combining techniques can use
either aperture architecture.Figure 1. Images of a filled aperture and a 3-subaperture tiled
aperture. The overall aperture size is defined as the smallest circle that circumscribes all
subapertures.In a separate book with title Understanding and Simulating Free-space Laser
Beam Propagation, I use wave-optics propagation codes to compare these architectures for
coherent and incoherent beams based on power in the target bucket (PIB). To standardize the
comparisons, I use the diffraction-limited far-field spot—sometimes referred to as the far-field
central lobe—as the target bucket size. This far-field spot is defined by the diffraction cone of a
uniformly-illuminated aperture the size of the overall aperture.Coherent Beam CombiningFor
beamlets to be combined coherently, they must have co-linear polarization, the same phase,
and they must overlap either at the target, or at both the aperture and target. Coherent beam
combining (CBC) methods are typically divided into those that use active techniques for forcing
common phase (coherence) of the individual beamlets and those that use passive techniques
for forcing coherence. Here I describe five active and two passive CBC techniques that have
been published before the year 2015.Active Coherent Beam CombiningAll active CBC methods
use a common seed laser as the initial optical source, separate optical amplifiers for each
beamlet, and a phase controller to maintain equal optical path lengths for each of the amplifiers.
Typically, the output uses a tiled aperture. For this method to work, the seed laser must have a
narrow linewidth so that the coherence length is longer than the path length difference between
the individual amplifiers. In other words, the linewidth (in Hz) must be less than the speed of light
in the fiber divided by the optical path length difference. If this is not the case, the phase
controller will not be able to force all beamlets into a common phase.When using fiber lasers,
the requirement for narrow linewidth lowers the intensity threshold for stimulated Brillouin
scattering (SBS) to occur. This then reduces the maximum power output of each fiber, requiring
more fibers to be combined.Here I describe five ways to actively combine fiber laser outputs
coherently. These are (1) tiled-aperture CBC using a master oscillator power amplifier (MOPA),
(2) tilled-aperture CBC using a reimaging waveguide, (3) tilled-aperture CBC using fiber mode
coupling, (4) filled-aperture CBC using a diffractive optical element (DOE), and (5) polarization
coherent beam combining.Coherent Beam Combining with a Master Oscillator Power
AmplifierActive CBC uses electronic feedback to control the phases of the individual fiber
amplifiers so they are all in phase at the output of the laser system or at the target. In Figure 2, I
show a heterodyne active coherent beam-combination technique that can be used with a tiled-



aperture output beam where beamlets interfere only in the far field.[1] A polarized, narrowband
master oscillator (seed laser) output is split to feed multiple power amplifiers, ensuring that all
the power amplifier inputs are the same frequency and coherent. The beamlet polarization is
maintained by these power amplifiers or by a feedback control loop. The phases of the individual
input beamlets are adjusted so that all the beamlets are in phase either at the output aperture or
at the target.If the target is not too far away, it may be beneficial to sample the beam at the target.
When done this way, the phase corrections also correct for some of the atmospheric turbulence
effects. This is often called target-in-the-loop phase adjustment. However, there is a limit to how
far the target can be from the source for this to be effective. If the round-trip time for light from the
laser to the target and back is larger than about one millisecond then the phase aberrations
caused by atmospheric turbulence may have changed before the phase controller has time to
compensate.Figure 2. This is a simplified functional diagram of a MOPA, tiled-aperture CBC
technique that uses RF heterodyne phase correction.To use this heterodyne phase correction
technique, each beam must be modulated at a unique radio frequency (RF) using individual
phase modulators.[2] This technique allows a single detector to be used for determining the
phase error of each beamlet; otherwise, a separate detector for each fiber amplifier is required.
The signals are separated at the output of the detector using RF filters; therefore, this technique
separates the signals from the various amplifiers spectrally versus spatially. Theoretically, many
optical amplifier outputs can be locked in phase using this single-detector technique.Tiled-
aperture coherent beamlets are combined only at the target. When the beamlets are properly
phased, one small high-irradiance peak (central lobe) will be produced at the target with side
lobes surrounding the central lobe. The amount of power in the side lobes depends on the
aperture’s fill factor, where fill factor is defined as the proportion of the overall aperture area that
contains active laser output. Large fill factors produce less power in the side lobes.The size of
the central lobe is defined by the overall aperture size per the following equation:(1)where λ is
the light wavelength, R is the range to the target, doa is the diameter of the overall aperture and
dt is the diameter of the central lobe on target. The following image demonstrates a 19-beamlet
aperture with truncated-Gaussian beamlets and its far-field irradiance. You should note two
things from this image: (1) low fill factors produce less power in the central lobe and more in the
side lobes, and (2) small overall apertures produce larger central lobe spots on target.Figure 3.
A 19-beamlet, coherent, truncated-Gaussian array (left) and its far-field irradiance pattern (right).
The top aperture has low fill factor and the bottom has higher fill factor.A stochastic hill-climbing
routine can also be used to lock the phases on target.[3] This method uses a single detector at
the focus of a telescope that is pointed at the target. A computer algorithm then uses trial-and-
error to find the phase adjustments that maximize the return irradiance on the detector. The
computer applies small random phase changes to the beamlets, checks to see if the changes
increased the integrated irradiance based on feedback from the detector, and keeps the
changes if they do.If the hill-climbing routine works faster than the phases are changing, then it
eventually optimizes the output as much as is possible with the limited number of subapertures.



It can also be used to adjust tip/tilt of the beamlets so that higher-order phase aberrations can
be compensated for, and it can be used to control polarization of the individual lasers. The
drawback to this method is that the round-trip-time for the beam must be less than about one
microsecond to allow up to one-thousand iterations before atmospheric turbulence changes
significantly. This limits the effective range.Researchers in France[4] conducted an experiment to
demonstrate target-in-the-loop phase adjustments using the RF heterodyne technique. Also, the
US Army Research Laboratory has demonstrated CBC on target using the hill-climbing
algorithm technique.3The electronic phase controllers employed by these CBC techniques, for
tiled arrays of beamlets, can also be used to electronically steer the output beam over small
angles. For example, if the lower beamlet’s phase is delayed by 0.1 waves, the combined output
beam will be steered down. Delaying one beam slightly, then, is the same as changing the angle
or tilt of the overall wavefront. Changing the angle of the wavefront changes the direction of
propagation. Another way to describe this is that changing the phase of one beam changes the
interference pattern in the far field so that the peak intensity occurs in a different location. With
the addition of tip/tilt control, the output beam can be steered over larger angles.A disadvantage
of the MOPA tiled-aperture architecture is the difficulty of achieving 100% fill-factor at the output
aperture. If the fill-factor is less than 100%, side lobes will be produced in the far-field irradiance
pattern, thereby significantly reducing the amount of power in the central lobe or far-field
diffraction-limited spot. Even the high-fill-factor example in the last image places only 53% of the
laser power in the central lobe.To get 100% fill factor there must be no space between
subapertures and the beamlets must have uniform illumination (top hat or flat top beamlets).
Single mode and large mode area fiber lasers produce near-Gaussian outputs; therefore, these
non-uniform amplitudes cannot easily produce flat-top beamlet profiles in tiled-aperture
architectures and produce less power in the central lobe.A MOPA Coherent Array with Increased
Fill-FactorOne way to increase the fill-factor for these MOPA coherent arrays is to use hexagonal
or semi-hexagonal beamlets as shown in the following image.[5]Figure 4. Performance of CBC
for two arrays with seven subapertures: 7SH-MFF (center top insert), solid curves; and 7C-LFF
(right bottom insert), dashed curves. The distance between fiber tips is 37 mm; the lens diameter
for array 7C-LFF is 33 mm. The lens diameter for array 7SH-MFF before lens shaping is 50 mm.
Top right insert: the far-field intensity distribution in CBC mode at distance of 2 km.This semi-
hexagonal array can place more than 73% of power in the target’s central lobe.These arrays can
be expanded with more beamlets as I show in the next image along with its far-field irradiance
pattern.Figure 5. A semi-hexagonal array of beamlets (left) and its far-field pattern (right) with
79% of its power in the diffraction-limited spot.This array, which does not have its outer ring of
beamlets truncated, can place 79% of its power in the far-field diffraction-limited spot. This type
of array may make MOPA coherent arrays feasible.Coherent Beam Combining with a Re-
Imaging WaveguideIn a square or rectangular waveguide with high index contrast, an input
beam cross-section profile reproduces itself after traveling a length defined as the Talbot length,
or(2)where n is the refractive index inside the waveguide, h is the internal dimension of the



waveguide (assumed to be square in this case) and λ is the wavelength of the single-frequency
light.[6] Since the waveguide is optically reversible, if the waveguide is cut where multiple beams
are created, and these beams are replaced by coherent beamlets that are output from multiple
fibers, this waveguide can be used to combine the beamlets into a single beam at the output.
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Shopper56, “Laser Beam Combining methods. This book provides a great introduction to laser
beam combining methods and concepts. It covers the basics ranging from spectral beam
combining to coherent beam combining. The book is intended to be an overview of this much
researched area and it does a very good job of introducing the reader to the various methods
and techniques constructed and tested with laser diodes, fiber lasers and even CO2 lasers. The
reader should have completed at least second year college level course work on the basics of
lasers, laser beam propagation, and wave theory to get the most out of this book. This is a great
starting point for a researcher to get an understanding of the various methods that have been
tested and developed over the past 35 years.”
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