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TITLE OF THE INVENTION

OPTICAL MULTIPLEXER

BACKGROUND OF THE INVENTION

The invention relates to a device for multiplexing laser beams into a common output
beam. An important application of this kind of multiplexing is for coupling together

beams from a plurality of multimode laser diodes (LDs).

Figure 1 shows parameters of a typical multimode LD 1. The LD 1 has a stripe 2 of
length 100 um, and width 2 pm. The direction along the stripe is often called the slow
axis and the direction across the stripe the fast axis. In the figure, the fast axis
coincides with the Y-axis and the slow axis coincides with the X-axis. The output
beam from the LD 1 is characterised by waist sizes Wy and Wy . The output beam
diverges from the near field to the far field. The divergence is highly asymmetric,
resulting in a correspondingly asymmetric spatial distribution of optical radiation in
the far field, illustrated schematically in the figure by the far-field beam cross-section
3. The divergence across the fast axis is characterised by an angle 8 ~ 40° and is
almost diffraction limited. The divergence in the Y-direction is characterised by an
angle B, ~ 10°14°. To characterise spatial distribution of an optical beam it is

convenient to introduce the following parameter:
M2 = 7 (W/2) sin (8/2)/A (1)

which defines the degree of dissimilarity of a beam under consideration from a
diffraction-limited beam. From Eq.(1) one can find that for typical laser diode M, =
18 and M?, = 1.2. In other words, output radiation from a laser diode is almost
diffraction limited in the Y-direction (along the fast axis) and 18 times “worse” than

diffraction limited beam in the X-direction.
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The fact that output beam from LDs is essentially diffraction-limited in one direction
and non-diffraction limited in the orthogonal direction allows for efficient spatial
multiplexing when a number of beams are stacked in such a way that M? is
approximately equal in both directions. For example, if one stacks 15 beams along the
Y-axis then such a source will have M%, ~ M2, = 18 (since 15 x 1.2 = 18). In
applications where a single mode beam is not required, for example coupling light
into a circular multimode fibre, the coupling efficiency is determined by M? ey SO that
the coupling efficiency from a single stripe LD with M2, = 18 and sz =12 is
approximately the same as from a LD stack with M2, = sz = 18, but the coupled

optical power will be 10 times greater in the latter case.

This multiplexing or coupling principle was first used in 1968, as described in US
3,396,344 [1] in which beam combining is achieved by collimating the fast axis and
focusing by a cylindrical lens. More recent multiplexing designs are disclosed in US
5,319,528 [2] and US 6,075,912 [3].
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SUMMARY OF THE INVENTION

The invention provides an optical multiplexing device comprising: a plurality of n
optical sources that output respective beams with asymmetric spatial distributions; a
plurality of n collimators arranged adjacent to respective ones of the optical sources so
as to collimate their output beams; and at least n-1 beam deflectors, each associated
with one of the optical sources, and arranged so as to deflect the respective beams so
that after deflection the beams are combined to form a single composite beam

diverging from a common origin point.

In embodiments of the invention, the at least n-1 beam deflectors are positioned at
distance z from the origin point that are in far-field, far-field being defined as z > 7
w?y/A, where 2w, is the beam waist diameter and A is the operating wavelength,
Moreover, the at least n-1 beam deflectors are preferably arranged at an angle that
takes account of the z dependence of the angle of beam divergence. In some
embodiments of the invention there is only one beam deflector, In other embodiments
of the invention there are a plurality of beam deflectors, and the beam deflectors are
arranged staggered at different distances z from the origin point, and at different
angles to each other taking account of the z dependence of the angle of beam
divergence (in far field). The collimated output beams will generally be at an angle to

each other prior to deflection.

With the invention it is possible to arrange the at least n-1 beam deflectors such that
the deflected beams do not overlap and do not block deflected beams from other ones

of the beam deflectors, thereby avoiding loss of power during the beam combining.

In principle, the collimators could be complex multi-component arrangements, but
they are preferably single optical elements, for example a single microlens. The

collimators can be conveniently fixed by cementing to their respective optical sources.
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4.

The collimators are preferably arranged to achieve minimum beam divergence in far
field. This can be done during assembly by imaging onto a sheet of paper or other
imaging plane. The collimators are also preferably arranged so that their beam waists

are formed either on output facets of the optical sources, or within the optical sources.

The asymmetric spatial distributions of the output beams can be characterised by a
fast axis and a slow axis, and the collimators are preferably arranged to collimate the

output beams along their fast axes.

The optical sources can be lasers or non-laser sources. In the main embodiments

described below, the optical sources are multimode diode lasers.

The beam deflectors are mirrors in the main embodiments described below, but

prisms could also be used, or any other suitable optical elements.

Embodiments of the invention are expected to be most usually used to combine
perhaps 3 to 8 beams together, but any number of beams in the range 2-10 would not
be unusual. In principle higher numbers of beams could also be combined, for

example up to 20 or 30 beams.

The device may further comprise a focusing element, such as a lens or mirror,
arranged to focus the combined beam to a coupling region for coupling into an
entrance aperture of an external component such as an optical fibre or other type of

waveguide, e.g. a planar waveguide.

The packaged device could be used as a pump module for pumping a fibre laser or

fibre amplifier for example.

These and other features, advantages and aspects of the invention are listed as follows:
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Spatial beam combination is performed such that all the beams are combined
to have a common spatial image in space, or the waists of all the beams after

combination converge in space.

Spatial beam combining when each optical beam occupied such predetermined
by parameters « and Zp position that there is no spatial overlapping of the

combined beams.

Collimator is preferably arranged in such a way that the beam waists on fast

and slow axes are overlapped.
The combined beams are preferably Gaussian beams.

For Gaussian beams, the parameters o and Z, are preferably substantially

governed by the expression Z tg(c/2) =wo (1 + (2o A/(Two?))*)2

The parameters o and Z; are preferably substantially governed by the
expression /2 =gy = f(zy where f(z) determined by the spatial boundary of

the multiplexed optical beam.

The collimated beams prior to deflection are not parallel and the divergence of
optical axis of the collimated beams is chosen to achieve highest brightness of

the device.

The collimated beams prior to deflection do not lie in the same plane.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention and to show how the same may be carried

into effect reference is now made by way of example to the accompanying drawings.

Figure 1 shows general characteristics of a standard laser diode.

Figure 2 is a schematic perspective view of a laser diode and collimator combination

which forms a component of a device embodying the invention.
Figure 3 shows plan and side views of the component of Figure 2.

Figure 4 shows various alternative designs of collimator suitable for use in a device

embodying the invention.

Figure 5 shows aspects of collimator design shown at the bottom of Figure 4 in more

detail.

Figure 6 shows intensity distributions at different far field positions along the optical

axis of a single beam collimated according to the invention.

Figure 7 is a geometric ray trace diagram of a combination of two point sources, one

with deflector, one without.

Figure 8 is of the same general optical set-up as Figure 7, but shows laser diode

sources with finite beam waists instead of point sources.

Figure 9 shows an example commercial device embodying the invention in which
seven laser beams from seven laser diodes are multiplexed into a single combined

output beam by respective deflecting mirrors.
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Figure 10 illustrates design principles of the beam combination taught by the

invention.

Figure 11 is a schematic illustration of the design of US 6,075,912 [3] for comparison
with Figure 10.

Figure 12 shows a pump module according to an embodiment of the invention.
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DETAILED DESCRIPTION

An embodiment of the invention relating to multiplexing two or more non-
symmetrical laser beams from laser diodes is now described, where the beams are
multiplexed in the direction of the fast axes of the beams. There are two key features

of the multiplexing, namely:
1. collimation of the laser beams

2. deflection of the collimated beams (with possible exception of the first one which

need not be deflected).

Each of these features is now described in turn.

1. Collimation

In the collimation stage, one collimates each laser beam in the direction of the fast
axis only in such a way that the waist sizes Wy and W, are approximately equal to
each other and both waists are located at approximately the same position along the z-

axis.

Figures 2 and 3 show views of a laser diode and collimator combination that achieves
this result. Figure 2 is a perspective view, Figure 3 (upper) is a side view and Figure 3
(lower) is a plan view. The figures show a collimator in the form of a cylindrical lens
4 arranged adjacent to the output facet of a LD 1, wherein the cylindrical lens 4 has its
optical axis extending in the X-direction, i.e. aligned with the slow axis, so that the

output beam is collimated along the fast axis (Y-direction).

The cylindrical lens 4 is arranged such that the waist sizes Wy and W, are
approximately equal, i.e. square in cross-section (shown in Figure 2 by the dotted lines
5), where the waist Wy is the imaginary waist of the output beam after collimation and

the waist Wy 1is the natural waist at the laser diode output.
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A laser with such a collimated beam can be considered as a new light source with
approximately symmetrical near field, as illustrated in Figure 2 by the sketched square
cross-section 5 and highly asymmetrical far field, as illustrated in Figure 2 by the
sketched cross-section 6. It is noted that, since the slow axis waist coincides with
output facet of the laser diode (see Figure 3 - lower), the fast axis waist should be

positioned at the laser diode output facet as well (see Figure 3 - upper).

Figure 4 shows various different embodiments of the collimator 8 by way of example.
The focal point 7 at the beam waist is also shown. Other collimator designs could also
be used. In the upper drawing, the collimator is shown as a “black box”, i.e. a
multicomponent lens and/or mirror arrangement. In the next drawing, an aspherical
cylindrical lens 9 is the collimator element. In the next drawing, a cylindrical lens 10
with gradient refractive index profile is used. Finally, in the lowest drawing, a
cylindrical lens comprising two materials with different refractive indices 11, 12 is

used to provide a step refractive index profile.

Figure 5 shows the advantages of using a step index profile. The use of a complex
cylindrical lens 14, 15 allows for compensation of geometrical aberrations. By
suitable choice of the outer diameters d;4 and d;s of the cylinders 14 and 15, and their
refractive indices, one can achieve substantial compensation of geometrical

aberrations.

If a simple cylindrical lens 13 of outer diameter d;3 is used as shown on the upper left
drawing in Figure 5, then the larger the divergence of the incident beam the greater the
geometrical aberrations as shown on the upper right drawing in Figure 5. Those
geometrical aberrations result in a decrease in brightness of the optical system. The
use of complex lens comprising two cylinders 14, 15 with different refractive indices
such that the inner cylinder 14 has a lower refractive index than the outer cylinder 15

results in a significant reduction of geometrical aberrations as shown in lower right
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drawing in Figure 5, which in turn will result in an increase in brightness of the

optical system.

It is an important advantage of the design that only one component is needed for
optical beam collimation, i.e. from a practical point of view the collimator design is
relatively simple and straightforward. For assembly, the collimator lens can be

cemented to the laser diode in a conventional manner.

The optical beam after collimation could be Gaussian, near-Gaussian or arbitrary.

Figure 6 shows intensity distributions along the optical axis z of the collimated beam
at different distances away from the origin point. A beam of origin 7 is collimated by
a cylindrical lens 8 to form a fast axis waist of dimension Wy. Along the propagation
direction z, the beam continues to diverge in the Y-axis in far field. The figure shows
inset the intensity distributions plotted as intensity I against the Y-axis at three
different distances from the origin, namely z;, z; and zs, all of which lie in far field.
As illustrated, the collimated optical beam has a near field with low divergence and a
far field with constant divergence. If one considers intensity distribution in the Y-
direction then as is evident from the inset intensity distributions, at certain positions
light intensity is equal to zero. Those points can be characterised by an angle ¢ in

respect of the z-axis, and it is evident from Figure 6 that ¢ = ¢y (2).

2. Deflection

Deflection should satisfy two conditions:

1. A deflector (21, 26, 41-47) should deflect its incident beam in such a way that
all images of all deflected beams coincide in space (Figure 7). In other words,

the (imaginary) waists of all beams should overlap in space (Figure 8).
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2. The beams themselves should not overlap, i.e. each optical beam should
occupy its own specific space, otherwise some 6f the deflectors will block part
of the optical beam from other laser diodes. Figures 7 and 8 illustrate this
principle for two sources, one direct and the other deflected. Figure 7 deals
with point sources 19, 20. Deflector 21 is situated in far field and at equal
distance zo from both sources 19 and 20. Figure 8 shows application of this
principle in a case of laser diodes 24 and 25. It is important that the image of
either point source 20 or laser diode 25 overlaps with the position of the other
light source (point source 19 in Figure 7 or laser diode source 24 in Figure 8).
To avoid possible confusion, it is noted that in both examples, one of the

images is a virtual image so there is no overlap of the beams themselves,

Condition 2 can be met by proper choice of parameters « and Z,. For example, for

Gaussian beams, vand Zy should satisfy the following condition
Zo tg(0r2) 2w (1 + (2o M(mw2))*)"? -

where 2w, is the beam waist diameter and A is the operating wavelength. From this
expression it is clear that the greater Z, the smaller the o and this means that the for
high density “beam packaging” one should position the deflectors as far as possible

away from the (imaginary/virtual) source position 7.

In the case of an arbitrary (non-Gaussian) beam, as shown in Figure 6, the condition

(2) can be re-written as follows:
/2 2 = f{(zp) 3)

where function ¢ = f(z) defines the beam area which has to be multiplexed (for

example the area limited by the first zero intensity minima in Figure 6).
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Figure 9 shows a commercial device where 31-37 are laser diodes with their own
collimators, 41-47 are deflectors situated in the far field region of the laser diode
beams, and 51-57 are deflected beams (for simplicity only the principal axes of the
beams are shown). Reference numeral 30 indicates the common imaginary source
position of the multiplexed beams. An additional laser diode, with collimator, can be
placed at point 30 if desired (as in Figure 8 example). Such a laser diode would of

course not require a deflector.

It is important to note that the angles between adjacent beams are different and have
been chosen in accordance with Eq. 3. If o < oty then it will result in loss of
multiplexed output power because one or more deflectors would block optical power
from adjacent beams. On the other hand, if o> ot then loss of optical brightness of

the multiplexed beam will follow.

Figure 10 illustrates the beam combination principle of the invention. A key feature
here is that the multiplexed beams are not parallel and diverge from one common
(imaginary) point. This contrasts from all the prior art solutions referred to above in
which the multiplexed beams are all parallel to each other. Another important
distinction from the prior art solutions, is that in the proposed solution the
multiplexing occurs in far field, i.e. when Z > 7 w%)/A, whereas in all the prior art
solutions multiplexing has been done in the near field.

Figure 11, showing a prior art scheme, emphasises fundamental differences between
the prior art and the invention, since in the prior art design all the deflected elements
are situated in near field and all the multiplexed beams are parallel. This prior art does
not allow one to achieve highest brightness and efficiency of the multiplexer.
According to the teaching of the present invention it will thus be understood that, in
order to achieve highest brightness of the multiplexed beam, the angles of the
collimated beams need to be different and the collimated beams should not be parallel.
Moreover, the deflected beams should not parallel and do not even need to lie in the

same plane.
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3. Applications Example

Figure 12 shows a pump module contained in a housing 59 which incorporates a
multiplexer as described above for launching power from a plurality of laser diodes
LD, into an optical fibre 60. The laser diode outputs are collimated by collimating
lenses K, into collimated beams that are incident on respective deflecting mirrors M,
which combine the n beams to form a single composite beam diverging from a
common origin point (see converging dashed lines) as will be understood from the
foregoing description. Typically, n would be in the range 2-8. The composite beam is
then incident onto a focusing element in the form of a concave mirror 61 located in far
field in respect of the common origin point. The concave mirror 61 is arranged to
focus the combined beam generated by the deflecting mirrors M, to a coupling region
close to the housing wall for coupling the light into a component external to the
module. In this example the external component is an optical fibre 60 whose end face
forms an entrance aperture for the focused beam. The optical fibre 60 can be fixed to
the module in a convenient manner by providing a ferrule (not shown) integral with

the housing 59.

4. Variations

The embodiments described above concentrate on using mirrors as the deflectors. As

an alternative, prisms could be used as deflectors.

The embodiments use LDs as the laser sources. Other types of laser sources could be
used, for example solid state lasers, e.g. YAG, or gas lasers, e.g. CO, slabs. The
invention could also be applied to combining other kinds of (non-laser) optical beams

with asymmetric divergence properties, e.g. conventional or superfluorescent LEDs.
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Moreover, the optical sources could be waveguides, such as planar waveguides or
optical fibres. In the case of optical fibres these could be single mode or multimode.
The waveguides could be active or passive, i.e. they could be used passively for
relaying an optical signal generated from a remote light source or they could be active

devices with intrinsic gain, such as may be caused by doping with rare earth elements.
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CLAIMS
1. An optical multiplexing device comprising:

a plurality of n optical sources that output respective beams with asymmetric
spatial distributions;

a plurality of n collimators arranged adjacent to respective ones of the optical
sources so as to collimate their output beams; and

at least n-1 beam deflectors, each associated with one of the optical sources,
and arranged so as to deflect the respective beams so that after deflection the beams

are combined to form a single composite beam diverging from a common origin point.

2. The device of claim 1, wherein the at least n-1 beam deflectors are positioned
at distance z from the origin point that are in far-field, far-field being defined as z > 7

w?o/A, where 2w, is the beam waist diameter and A is the operating wavelength.

3. The device of claim 2, wherein the at least n-1 beam deflectors are arranged at

an angle that takes account of the z dependence of the angle of beam divergence.

4, The device of claim 2, wherein there are a plurality of beam deflectors, and the
beam deflectors are arranged staggered at different distances z from the origin point,

and at different angles to each other taking account of the z dependence of the angle of

beam divergence.

5. The device of any one of the preceding claims, wherein the collimated output

beams are at an angle to each other prior to deflection.

6. The device of any one of the preceding claims, wherein the at least n-1 beam
deflectors are arranged such that the deflected beams do not overlap and do not block

deflected beams from other ones of the beam deflectors.
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7. The device of any one of the preceding claims, wherein the collimators are
single optical elements.
8. The device of any one of the preceding claims, wherein the collimators are

cemented to their respective optical sources.

9. The device of any one of the preceding claims, wherein the collimators are

arranged to achieve minimum beam divergence in far field.

10.  The device of any one of the preceding claims, wherein the collimators are
arranged so that their beam waists are formed on output facets of the optical sources,

or within the optical sources.

11.  The device of any one of the preceding claims, wherein the output beams have
a fast axis and a slow axis, and the collimators are arranged to collimate the output

beams along their fast axes.

12.  The device of any one of the preceding claims, wherein the optical sources are

lasers.

13.  The device of any one of the preceding claims, wherein the lasers are diode

lasers.

14. The device of any one of claims 1 to 13, wherein the beam deflectors are

MIITors.

15.  The device of any one of claims 1 to 13, wherein the beam deflectors are

prisms.

16.  The device of any one of the preceding claims, wherein n is in the range 2-10.
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17.  The device of any one of the preceding claims, wherein n is in the range 3-8.
18.  The device of any one of the preceding claims, further comprising a focusing
element arranged to focus the combined beam to a coupling region for coupling into

an external component.

19.  The device of any one of the preceding claims, further comprising a waveguide

having an entrance aperture positioned to received the combined beam.

20.  The device of claims 17 and 18, wherein the entrance aperture is arranged at

the coupling region.

21.  The device of claim 18 or 19, wherein the waveguide is an optical fibre.

22.  The device of claim 18 or 19, wherein the waveguide is a planar waveguide.

23.  An optical multiplexing device substantially as hereinbefore described with

reference to Figures 1 to 10 of the accompanying drawings.

24. A pump module substantially as hereinbefore described with reference to

Figure 12 of the accompanying drawings.
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