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Introduction

ElectrcOptic systems often feature a requirement to combine a number of separate laser beams into

a single beam. Most commonly, the need is to providati-spectral content but the purstiof
extremely high power levels in industrial lasers and particularly in laser directed energy wémgsons
ledtol y Ay GSNBad Ay aaolflofSeé aeaisSvya 3S2YSUNARSa |
laser keams can be added together to realise overall power levels in the 10s or even 100s of kW
Needless to say, there are numerous ways of combining laser beams and some are better suited to a
given application than others; e.g. in the trivial case of a cooplbeams a simple beaisplitter
arrangement may suffice but there are limitations in this approach and it rapidly becomes impractical
as the number of constituent beams increasBsis technical note introduces some of the more novel
approaches to the prdbem, illustrated with example systems that have been developed to deal with
the issues posed by the extremes of large beam counts, high powers and wide spectral range.

Over the years we have had many occasions to manipulate and combine laser beamsitigaarse
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counter measure, and LDWasea damage weapons) applicatiors.y’ LJ- NI A Odzf I NJ 6 SQ@S
in corporate and national programmes to devebheery high power coherent beam combining systems

and high power multivavelength beams.

Thismaterial wasoriginally presented as a tutorial lecturan the Innovations Livesection of the
Photonex 2015 rade Show.

Basics

In the most elemental form of beancombiningwe might envisageusing some form of semi
transparent mirror(beamsplitter) which transmits one beam and reflects thier, as shown ithe
left hand side ofrigurel below:

Figurel: Elementalbeam combiningconcept ideal (left) and reality (right)
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Unfortunately, a momerf reflection (forgive the pun) on thisvealsthatthisa A YLIX A aGA O ARSI f
work (at least not efficiently) because you always lose half the total power that is avddaldaown

in the right hand side of the figure). For exam@e50:50 beamsplittewould lose 50% from each

beam and ay other spliting ratio would lose power from the beanmwoportionally (e.g.a 70:30
beamsplitter would lose 70% of one beam and 30% of the ¢tRertunately,as we shall se¢here

are various means @xploiting the properties of the light tallow the deal to berealised in practice.

Firstly though, it must be remembered that the beamsplitter is not just a single surface floating in
space, but rather is epating applied to a substra{&igure2).

Figure2: Multiple reflections in a beamsplitter substrate
The properties of this substrate (e.qg. its transmission/absorption, optical uniformity, thermal stability,
a0 NJzO G dzNJ £ & G NB yidpomant 8nplidatians f@ fary bedih eomiKningssheme that
may be devised. Generally, it will be essential to apply an effectiveeftéction coating to the back
of the substrate to frustrate ghost reflections that would otherwise compromise the system.

Dichroic Mirros
Perhaps the most commonly encountered beam combining element is thekm@Nn dichroianirror
(Figure3), which transmits one wavelength (@nge of wavelengths) whilst reflecting others.

Dichroic
Mirror

Figure3: Twin beam combination using a Dichroic Mirror

This has been used effively for many years and enables beams of different wavelengths to be
combined with high efficiency. Modern thitim coating technology can provide very sharply defined
transition edges (i.e. the spectral range between what wavelength is transmittedwdnrad is
reflected) such that beams of very similar wavelengths can be combined using this method.

Ultimately, quite complex combination schemes can be realigeghown in the somewhat arbitrary
schematic irFigure4, below.
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Figure4: Multiple beam combination using Dichroic Mirrors

The decision as to which wavelength(s) are reflected and which are transnnittieid sort of scheme

is usually governed by consideration of the transmission properties of the substrate. As systems
become more complex the requirements on the coatings generally become more demanding and an
increasing number of dichroic mir®rmplies a commensurate increasethe complexity of the
alignment process.

Polarizing Mirrors

If the beams are polarized, as with many laser systems, this property can be exploited to provide an
efficient combination method using a polarizing beamsplitter. Reflective polarizers reffetarized

light whilst transmitting the gpolarizationgFigure5).

Reflective
Polarizer

P-polarized
Output
Polarization

?
S-polarized

Figure5: Twin beam combining using a reflective polarizer

If the two beams are polarized, but are otherwise incoherent, then the resulting combined beam is
effectively randomly polarised. As such, it cannot be used in any further combirsaii@me based

on this principlcA ®S® (KS A0KSYS Aa y20 aalOlflofSéod

If, however, tle two beams are coherent then the combined beam will have a resultant identifiable
polarization, which can provide a scalable solution. Gener#ilg two beams will produce an
elliptically polarized beam, but if the phase difference between them can b&atted, and fixed at

/2, then the resultant will be plane polarized (and at 45° to the two input beams, if they are of the
same amplitude) and thus can be combined with other polarized beams in further stages.

Coherent Beam Combining with a Mirror

Coheent beams can also be combined courtesy of thghase change that results from reflection at

a higher index interface. By adjusting the relative phase of the two beams it is possible to obtain
destructive interference in amof the outputs and constructevinterference in the otheras shown in
Figure6 below. This can be a very efficient process and has been effectivelyin extremely high
power laser weapons systedemonstrators.



<~ LumOptica
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Figure6: Efficient combining of two phase matched coherent beams

Spectral Beam Combining using dispersive optical elements
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setups; firstly using dispersive optical elemeqt8 y (G KS o6 4A &8 GKI G GATF @2dz &
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of different wavelengths (thougtin practice, the difference can be quite small).
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of the Moorg, which featured a mtif similar to that depicted ifFigure?.

Figure7: Spectral beam combining (as envisaged by Pink Floyd)

Superficially, this suggests that if you can split colours with a prism then you can recombine them with

one too. This is indeed the case, though it will be appreciated that the way this is depicted in the
artwork A 3y QU |j dzkhelicBlound Ri#fgeél out of one prism yet converge into the other. |
remember, as a physics undergraduate, thinking about thisha time and was helped to the

conclusion that it was OK Ibiye discovery that a certain Isaac Newtoad already demonstrated the

fact some 300 years previousljs a historical asidefall K2 dzZ3K KA A& dahLIIAOlaé¢ 41 2
1704 Newton had demomrated the separation and subsequent recombination of colours by a prism

4
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during his 1666Annus Mirabiligsee Figure8). He had retired to the country to evade th@ague,
which freed up his time to develop calculus, experiment with dynamics and optics, and devise his
theory of gravitation (amongst other things).

“In the year 1666 ....

.. I procured me a triangular Glafs-Prifm, to try
therewith the celebrated Phaenomena of Colours.

.. all the Colours of the Prifm being made to
converge, and thereby, to be again mixed, as
they were in the Light before it was incident upon
the Prifm, reproduced Light, entirely and perfectly
White, ...

Figure8: The first reported instance of beam combining?

Returning now to thepracticalities ofbbeam combiningvith dispersive elementd;igure9 illustrates
the basics of usingefractive (prism) and diffractivegfating)elements

Refractive:

» Simple & Robust

* Needs well separated As

» Relation between & and A\

 Limited scalability

Diffractive:
* More complex

+ Small 8 possible (limits AL) M\ /m

» Usually in reflection
o orat
+ Surface relief gratings can
be cooled for high powers
+ Bragg gratings allow tailored
As, extremely small 81, low

scatter, and robust

Reasonably scalable

Figure9: Essential principles of beam combining with refractive (top) and diffractive (bottom) elements

Listed in the figura@re a number of issudbat should be appreciated with these two basic schemes.

In the case of the prism the dispmon (ability to separate wavelengths) is such that there needs to be

a reasonable separation between the wavelengths being combined (otherwise the system becomes
overly large as the beams need space in which to effectively separate). This also plamz®nssbn

the range of wavelengths covered and prism systems are thus best suited to the combination of a
small number of spectrally disparate beams. That being said, they can furnish simple, robust and
efficient designg as we shall see shortly in agatical example.
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Diffraction gratings offer more flexibility in design over the prism, in that their dispersion is dependent
on dimensional parameters (groove spacing) rather than the fundamental optical constants of the
substrate material. This providesnaeans for combining closely separated wavelengths. The use of
reflection gratings allows the substrate to be cooled, which facilitates their use in very high power
laser systems. Both these attributes have been comthi successfully in US laser weapon
demonstrator systems.

Practical example: Ulthaideband spectral beam combinipgsmatic

demonstrator

A practical example serves to illustrate some of the issues that influence dispersive beam combining
designs. Some time ago we undertookraof of principé investigationto assess the practicality of
combining a number of moderately powerful beagically, several Watt)distributed throughout

the spectrumfrom the UV through to the migdvave IR@as perTablel):

Tablel: Specified laser wavelengths

Spectral Band Specific Wavelength (nm
uv 355
Visible 532
Near IR 1064
Short Wave IR 1908
Medium Wave IR 4075

Since these various wavelengths are quite well separated it was detdesestigate gprismatic

design, which would provide a robust, simple and compact soluRatallingFigure9, the design

conceptis fundamemally very simple; a lens and a prism; the formeeeds to generate collimated

beams whose angular separation matches thapdisive properties of the latteiThe design variables

are: the quality(i.e. canplexity)of the collimatom G KS LINA & Y Y bhap® Blarientafion;i KS £ |
and the source positions.

From an optical design perspective this system is all about controlling the chromatic aberration;
ordinarily, something to be avoided but here atridute to be exploited. In essence, lateral chromatic
aberration in the collimator equates to an angular shift in the output beams, whilst longitudinal
chromatic aberration equates to a defocus. The physical size of source (e.g. fibre diameter) equates
to a finite waveband, and hence is also an implied aberration.

The eventual design comprised a simple achromatic doublet (sapphire and cdlooridef) with a

sapphire prism(Figure10). ¢ KS OKNR Yl GAO F0SNNIGA2ya B6SNB avYlyl
beams to be delivered by optical fibres that were positioned at various lateral and longitudinal
separationsn the collimator object planeThe fibres were held in place usingy S (i OKNGPR2 ASH
assembly, shown iRigurell. The left hangicture of this figure is a close up of the assembly, clearly

showtA y3 (KS @FNA2dza aadGlk3I3aISNBRE LlaArAdAzya 2F (KS -
mounted on an alignment stage during testing.

The finalpicture shows the prototype design being evaluated in the laboratory. The fibres can clearly
be seen etering the wgrooveblockin front of the collimator lens, whose mount is obscuring the
prism. Somewhat out of focus, in the distance, is a long focal length parabolic mirror which was used
to focus the beams down to facilitate measurement of their coltioraquality and relative angular
alignment.
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conceptid. 13X
Configurasion: All 7

FigurelQ: Optical design layout of prismatic wideband beam combiner demonstrator
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Figurel2: Prismatic beantombinercomponents during testing
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Ultimately, this exercise successfully demonstrated that the exacting design goals could be met with
a simple, robust optical system.

This work was reported €D Stace =/  { G OS X -bwoRdbant SpbidradBeantiCormhinkikl
{(LFYYyAy3d 208N ¢KNBS hOdF 98aé T-7209000) SR hLIiAO&AS +2

Tiled Aperture Beam Combining

¢Kdza FI NI 6S KI @S 0SSy RAaOdnlladeyuide ysimsiin whibki8he dza dzI f €
need is to ensure that each beam is not onlyatigned (i.e. going in the same direction) with the

others but is also caxial (i.e. concentric) witthem. The remainder of this articleill deal with what

' NE NBTSthNBpRrturgé2 d&adoSyaz gKAOK FFNB AYLRNIIFYyd Ay
optical communications and laser weapons). Here the beams aadigieed but there is no attempt

to make them ceaxial; instead the assumption is that at long range the natural diifva spreading

of the individual beams will ensure that they overlap (to all intents completat/shown ifrigurel3.

The tiledapproach provides increased fleHity, since the ceaxiality condition is not required, and

facilitates readily scalable systems. It is also not restricted to spectral combining, and is used in
numerous laser weapons programmes.

[ —
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Near Field

Far Field
(Incoherent Beams)

Figurel3: Principle of tiled aprture beam combining, showing fafield overlap of constituent beams

As with the previously discussddll aperture schemes, there are different approachés tiled
aperture beam combiningjepending on whetheor not the beams are coherenRReferring now to
Figurel4, in the ganeral case of incoherent beaniahether the beamsare of the same wavelength

or not) the far field intensity pattern is simply ¢hsum of the individual intensity patterijas perthe
previous illustratiof In this case the beam size is fundamentally limited by the diffraction spreading
characterisic of the individual aperturesdf however the beams are coherent, and their relatphase

can be controlled such that the wavefronts effectively form a sardus single larger wavefront
(ignore the jointdor the moment) as show in the lower part ofFigurel4, then the far field intensity
pattern is set by the diffraction limit of this physically larger wavefront. The consequence is that the
intensity of the beam increases, because the same power is contained within the reduced diffraction
spreadof the larger wavefror® h @S NI £ £ = F2NJ ayé o Stfofthe coérBnt A y (1 Sy a
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case, whereas it scales only as n for the incoherent ¢tasél be appreciated that for a large number
of beams the advantages of coherent combining canroéopnd.

Far Field
Intensity

Incoherent 1
Wavefronts —— || Intensities Add

Behaves like a
single wavefront

Coherent 1 : ‘\
Wavefronts —— | Amplitudes Add L/

Intensity oo (Amplitude)?

Figurel4: Difference between coherent and incoherent tiled aperture beam combining

In reality of course the wavefront is not continuous but has discontinuities, which may be significant
depending on the optical setp. ¢ KS SFFSOG 2F (KSaS RAAO2YyGAYdzA ()
structures on the far field pattern (which is the Fourier Transform of the near field pattern), which
GaYSIFENRBRE az2YS 27F (KS Eadbésbffthe anhirSbedrni? buntShede 2btlziare A y (1 2 &
generally small compared with the central beam.

It should also be appreciated that this simple description of a single flat wavefront being synthesised
out of a number of smaller ones does assume that the intensity profile of each beam is f&at. Thi
condition can be achieved by prior manipulation of the wavefront of each channel prior to the phase
alignment but, in general the beams will more or less Gaussian in-secisn and the resultant
wavefront will be norauniform. Without going into the dmiled mathematics it can be shown that
there is an optimal spacing between the beams (corresponding to the situation where they overlap at
their 1/e points) which results in a maximum intensity in the far field (and we shall see how this can
be achievedater).

Figure 15 (on page10) introduces some of the practicalities of tiled aperture coherent beam
combining.Conventionally generating mutually coherent beams is achieved by driving a number of

power amplifier stages from a single master oscillator, as shown. However, this mutual coherence is

not in itself sufficient to provide the constructive interference thall wield the i intensity increase;

the beams must also be brought into phase alignment. In the upper of thefigure the relative

LIKFasS 2F GKS o60SkFYa Aa YSFadiNBR 06SQftf RAaOdzaa K2
loop to control phae shifting elements that will bring the beams into phase alignment.

In the example shown here 4 beams, in a 2 x 2 square array, produce the far field pattern shown. This

exhibits the siddobe ringing alluded to earlier, but it should be noted that th&ensities of thae
sidellobes are much less than that of the central peak. The Ipaerof Figurel5illustrates the effect
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of switchingoff the phase controllingeledback; the far field pattern now averages out to the beam
size determined by the individual apertures.

Coherent:

Amplifier& Fan Phase
Out Stages Shifters

Collimation

Master
Oscillator

Phase Sense & Correct Far Field

Incoherent:

Figurel5: Typical derivation of phaséocked coherent beams in tiled aperture combining

Practical example: Tiled aperturg&d channel, high power coherent

beam combiner
Inthis section®@f f Ay dNRRdzOS &d42YS 2F (GKS LINI OGAOFtAGASaE
reference to an actual system that we have worked on.

The first requirement of these systems is thaetbeams must be pointing in the same direction to a
very high degree of accuracy. In a system intended to generate a beam size of only a few centimetres
at a range of several kilometres the need is to ensure that the beams align to an accuracgrdethe

of just a few microradiang-igue 16 illustrates one means by which this can be achieved, in this case
for a series of Gaussian profile beaddivered by monomode optical fibredVe previously alluded

to the fact that for bears of this type there is an optimal spacing such that they overlap at their 1/e
points; but how can this be achieved since the supporting structure of the collimating lenses of any
one beam will obviously encroach on the other beams?

This example shows amponent that wedeveloped to align a number (up to 19)®aussian beams

(each of which deliveresieverahundred Wats). In essence it comprises an array of fused silica plano
convex collimating lenses and a corresponding array of optical delivery fdares at the focgboint

ofits collimatinglenst KS f SyasSa FNBE 2LIGAOFff& GaéoNHzy3Ie G2 |
effectively held in place without any supporting structutfee(bond is formed by Van der Waals forces

of attraction, there is no adhesive of any kind in the optical pathd fused silica has negligible
absorption at the wavelength in question). Each lens therefore collimates its own beam, within the
1/e radius, and the remaining part of the beam is collected by the surrogniénses and directed

into a surrounding heasink. In order to achieve the required pointing accuracy the filmethis

10
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nnavations in |light

componentare individually positioned to an accuracy of 1 micron and are glued in place with an ultra
low shrinkage cement.

Hexagonal
Lens Array
Silica Block
Glue:E
Passive |
Fibres
\ Collimated

End Caps

Figure 16: Pure Silica monoblock lens assembly for multiple high power beam alignment

Figurel7illustrates thescheme whichwvas developed (in ass@tion with collaborators at QinetiQ) to

sense and corredhe phases of the various beams. In essence it involves bleeding off a small amount
of the highpower output beam via high reflectivity beamsplitter and comparing this with a reference
wavefront, derived from the master oscillator, in what is basically a Michelson interferometric
arrangement. The phase error is encoded as a fringe pattern which is detected and fed back to phase
shifting elements in each channel prior to the main amplificatiogesa

This work was reported ise |~ Y@K HKiyly St LK aS 201 SR FTAONB o6dzyRE S
J Turner ; Andrew M Scott ; Steven M Stone ; Roy G Clarke ; Christopher Stace ; Craig D Stacey, Proc
SPIE 7580, Fiber Lasers VII: Technology, Systerdspplications (February 17, 2010).
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Coherent Beam
Phase Locking:

Il

MasterOscullator |
7

Frequency Shifter }——/'\

! Phase Controller

Figurel7: Interferometric method of producing phasecked coherent beams

The final photographkigurel8, shows the practical implementation of the scheme just described in

a demonstrator system constructed largely out of COTS components. The laser delivery fibres are seen
entering the fused silica monoblock beam combiner & collimator on the left. t9etkis is the input

for the reference fibre (not connected in this picture). The bundle of yellow fibres delivers the optical
error signals from the interferometer out to a series of detectors for processing into the electrical
signals for controlling th phase shifting elements in the fibre laser amplifier chains. The three grey
boxes in this setip are cameras that monitor the near and-fagld of the beams to provide diagnostic
information and are otherwise not functionally important.

Figure18: COTS realisation of the high power mutthannel coherent beam combining system

12
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In Conclusion

So,which technique do you use for any given application? It is the usual story of choosing horses for
O2dzNESAT GKSNB I NB az2Y$S 3ISy Sohnmbrised htfleS dut thaieK | § & K 2
are likely to be various ways of achieving the ;aamd the optimal solution will depend upon the

specific requirements of performance, cost, waveband, power, etc. Certainly, it is advisable to look at

all the options athe outset.

Table2: Summary of beam combination methods available for spectral and power scaling

This article is based on material originally presented as a tutorial lecture limtreations Livesection
of thePhotonex2015Trade Show.

If youfound thisarticleinteresting andvould like to know morabout what we dothen contact us on
info@lumoptica.com
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