I *I Innovation, Sciences et Innovation, Science and CA 2868503 C 2019/09/03

Déeveloppement economique Canada Economic Development Canada
Office de |la Propriete Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 868 503
12y BREVET CANADIEN
CANADIAN PATENT
(13) C
(86) Date de depot PCT/PCT Filing Date: 2013/03/27 (51) Cl.Int./Int.Cl. HO1S 3/11 (2006.01),
e T _ HO01S 3/081 (2006.01), HO1S 3/094 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2013/10/03 HO1S 5/024 (2006.01). HO1S 5/04 (2006.01)
(45) Date de delivrance/lssue Date: 2019/09/03 HO01S 5/065 (2006.01), HO1S 5/14 (2006.01),
(85) Entree phase nationale/National Entry: 2014/09/25 HO01S 5/183 (2006.01)
(86) N° demande PCT/PCT Application No.: GB 2013/050800 (72) Inventeurs/inventors:
HAMILTON, CRAIG JAMES, GB;
(87) N° publication PCT/PCT Publication No.: 2013/144620 MALCOLM GRAEME PETER ALEXANDER GB:
(30) Priorite/Priority: 2012/03/29 (GB1205588.5) KORNASZEWSKI, LUKASZ, GB

(73) Propriéetaire/Owner:
SOLUS TECHNOLOGIES LIMITED, GB

(74) Agent: MERIZZ| RAMSBOTTOM & FORSTER

(54) Titre : LASER A DISQUE SEMI-CONDUCTEUR A AUTOBLOCAGE DE MODE
(54) Title: SELF MODE - LOCKING SEMICONDUCTOR DISK LASER

“4

(57) Abrege/Abstract:
The present invention describes a self mode locking laser and a method for self mode locking a laser. The laser (1) comprises a

resonator terminated by first (3) and second (4) mirrors and folded by a third mirror (5). The third mirror comprises a single

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



CA 2868503 C 2019/09/03

anen 2 868 503
(13) C

(57) Abrege(suite)/Abstract(continued):

distributed Bragg reflector (17) upon which is mounted a multilayer semiconductor gain medium (18) and which includes at |least
one quantum well layer and an optical Kerr lensing layer (22). Self mode locking may be achieved by configuring the laser
resonator such that the lensing effect of the Kerr lensing layer acts to reduce an astigmatism deliberately introduced to the cavity
mode. The self mode locking of the laser may be further enhanced by selecting the length of the resonator such that a round trip
time of a cavity mode Is matched with an upper- state lifetime of one or more semiconductor carriers located within the gain
medium.




WO 2013/144620 A1 [ BRI OOFR 00000 o O R

(43) International Publication Date

CA 02868503 2014-09-25

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burecau

WIPOIPCT

3 October 2013 (03.10.2013)

(10) International Publication Number

WO 2013/144620 Al

(1)

(21)

(22)

(25)

(26)
(30)

(71)

(72)

International Patent Classification:

HOI1S 3/11 (2006.01) HOILS 5/024 (2006.01)
HOILS 5/183 (2006.01) HOILS 3/094 (2006.01)
HO1S 5/14 (2006.01) HO0LS 5/04 (2006.01)
HOLS 5/065 (2006.01) HO01S 3/081 (2006.01)

International Application Number:
PCT/GB2013/050800

International Filing Date:

27 March 2013 (27.03.2013)
Filing Language: English
Publication Language: English
Priority Data:
1205588.5 29 March 2012 (29.03.2012) GB
Applicant: SOLUS TECHNOLOGIES LIMITED

|[GB/GB]; Venture Building, 1 Kelvin Campus, West of
Scotland Science Park, Maryhill Road, Glasgow, Central
Scotland G20 OSP (GB).

Inventors: HAMILTON, Craig James; c/o Solus Tech-
nologies Limited, Venture Building, 1 Kelvin Campus,
West of Scotland Science Park, Maryhill Road, Glasgow
G20 OSP (GB). MALCOLM, Graeme Peter Alexander;
c/o M Squared Lasers Limited, Venture Builiding, 1
Kelvin Campus, West of Scotland Science Park, Maryhill

(74)

(81)

(84)

Road, Glasgow G20 O0OSP (GB). KORNASZESKI,
Lukasz; c/o M Squared Lasers Limited, Venture Building,
1 Kelvin Campus, West of Scotland Science Park, Maryhill

Road, Glasgow G20 OSP (GB).

Agent: LINCOLN IP; 9 Victoria Street, Aberdeen, Aber-
deenshire, AB10 1XB (GB).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
/M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

[Continued on next page]

(54) Title: SELF MODE - LOCKING SEMICONDUCTOR DISK LASER

N
] | oo

-13

(57) Abstract: The present mvention describes a self mode
locking laser and a method for self mode locking a laser.
The laser (1) comprises a resonator terminated by first (3)
and second (4) mirrors and folded by a third mirror (5). The
third mirror comprises a single distributed Bragg reflector
(17) upon which 1s mounted a multilayer semiconductor
gain medium (18) and which includes at least one quantum
well layer and an optical Kerr lensing layer (22). Self mode
locking may be achieved by configuring the laser resonator
such that the lensing effect of the Kerr lensing layer acts to
reduce an astigmatism deliberately introduced to the cavity
mode. The self mode locking of the laser may be further en-
hanced by selecting the length of the resonator such that a
round trip time of a cavity mode 1s matched with an upper-
state lifetime of one or more semiconductor carriers located
within the gain medium.
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SELF MODE - LOCKING SEMICONDUCTOR DISK LASER

The present invention relates to the field of semiconductor lasers and in particular to a

semiconductor disc laser (SDL) configured to emit ultra short pulses of radiation.

It is noted that SDLs are also known in the art as Vertical External Cavity Emitting Lasers
(VECSELSs) or Optically Pumped Semiconductor Lasers (OPSLs). Therefore the term
semiconductor disc laser (SDL) when used throughout the present description is used to

refer to each of these systems.

The term “ultra short” pulses as used within the following description refers to pulses

having a duration from about 100 picoseconds (ps) down to a few femtoseconds (fs).

Ultra short pulses of optical radiation generated by laser sources are employed in a range
of scientific, instrumentation and nonlinear optics applications. One particular application
for these ultra short pulses is in the field of nonlinear microscopy for example Two-Photon
Excited Fluorescence (TPEF) microscopy or other similar multi-photon microscopy
techniques. Historically, Ti:sapphire laser sources have been employed to perform these
nonlinear microscopy technigues due to the inherent large tuneable ranges (700 nm to

1,000 nm) and peak powers available to such gain mediums. A Ti:sapphire laser system
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IS generally optically pumped at a wavelength in the green region of the spectrum and
therefore these systems are typically pumped with frequency-doubled solid state lasers
having a neodymium-doped gain medium such as neodymium-doped YAG (Nd:YAGQG) or
neodymium-doped yttrium orthovanadate (Nd:YVO,) wherein radiation having a
fundamental wavelength of about 1064 nm Is converted into radiation having a wavelength
of about 532 nm by frequency-doubling techniques. As a result, the above described solid
state ultrafast lasers are relatively complex, bulky, have high maintenance requirements

and most significantly are expensive to produce.

As an alternative to Ti:sapphire laser sources, it is known In the art to employ ultrafast
semiconductor saturable absorber mirrors (SESAM) for mode locking diode pumped solid
state-lasers. Compact designs have been realised by “folding” long cavities or by
INncreasing the repetition rate of the lasers which naturally allows for a shorter cavity length.
The main drawback of systems that employ SESAMs is that they are still relatively

complex to produce and maintain.

More recently compact ultrafast chromium-doped laser systems such as Cr:LICAF,
Cr:LiISAF, and Cr:LISGAF lasers have been developed and employed for nonlinear TPEF
microscopy. Although average powers of up to 500 mW have been demonstrated,
systems based on such materials are often limited in their ability to sufficiently scale their

average power.

Other alternative sources based on fibre lasers and semiconductor laser diode with
amplification schemes have also been successfully demonstrated as compact lasers for
nonlinear microscopy applications. Fibre lasers can be employed to generate very short
pulses via passive mode locking techniques. They are however limited to operating at
wavelengths around 1030 nm and 1550 nm and the second harmonics produced from
these fundamental wavelengths. Within semiconductor lasers with amplification schemes
e.g. gain —switched sources based on vertical cavity surfaces emitting lasers (VECSELS);
gain switched InGaAsP Distributed Feedback-Bragg (DFB), laser diode; and external
cavity mode-locked laser diode consisting of multiple quantum wells (AlGaAs), the
simplicity or compactness of the system is compromised as they all require several stages

to compress and or amplify the generated optical pulses.
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One key aspect of optimising a compact laser system for nonlinear microscopy
applications is the critical trade off between repetition rate of the laser and the multi-photon
signal strength generated. The signal strength in TPEF microscopy scales as the product
of the peak power times the average power (assuming image spot size, absorption,
sample, detection path, etc. remain constant). An example of an ultra short pulse mode-
locked SDL is described in US patent publication number US 2009/0290606. This
document describes optically pumping the SDL gain structure with optical pulses,
delivered at a pulse repetition frequency corresponding to a resonant frequency of the
laser resonator. The resonator additionally includes a passive mode locking arrangement
such as an optical element that exhibits a strong optical Kerr effect, a second harmonic
generating nonlinear crystal which acts in conjunction with the output coupler, or an output
coupler which comprises a semiconductor saturable absorber mirror (SESAM). Although
the described combination of optically pumping the gain structure with an optical pump
pulse source In conjunction with a passive mode locking scheme Is capable of generating
pulses ranging from 100 ps to ~100 fs, the incorporation of such elements adds to the

overall complexity and expense of the ultra short pulse source.
It Is therefore an object of an embodiment of the present invention to obviate or at least
mitigate the foregoing disadvantages of the ultra short pulse sources of radiation known In

the art.

It Is a further object of an embodiment of the present invention to provide a self-mode

locking semiconductor disc laser system.

Summary of Invention

According to a first aspect of the present invention there is provided a self mode locking
laser the laser comprising
a resonator terminated by first and second mirrors and folded by a third mirror, the third
mirror surmounted by a multilayer semiconductor gain medium including at least one
guantum well layer and an optical Kerr lensing layer,
wherein a length of the resonator is selected such that a round trip time of a cavity mode
corresponds with an upper-state lifetime of one or more semiconductor carriers |located

within the gain medium.
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The above configuration provides a laser which mode locks without requiring a dedicated

2 passive or active mode locking elements to be incorporated therein. By selecting the
3 length of the resonator to be comparable with an upper-state lifetime of one or more
4  semiconductor carriers located within the gain medium causes a small perturbation on the
5 Intensity of the output field of the laser which Is sufficient for the optical Kerr lensing layer
6 to Induce mode locking on the output field. This results in a semiconductor laser that Is
7  simpler to operate and maintain and which has reduced production costs compared with
8 those systems known iIn the art.
9
10  The second mirror may be partially reflective and partially transmissive at a fundamental
11 wavelength of the gain medium so as to act as an output coupler for the resonator.
12
13  Most preferably the optical Kerr lensing layer comprises a heat spreader mounted upon
14  the semiconductor gain medium. The heat spreader may comprise a layer of diamond
15  crystal.
16
17  The resonator may further comprise an aperture stop having an aperture located therein.
18  Preferably the aperture stop Is located adjacent to the second mirror. Alternatively the
19  aperture Is located adjacent to the first mirror.
20
21  The resonator may be additionally folded by a fourth mirror, the fourth mirror being located
22  between the second and third mirrors. The fourth mirror preferably has a concave radius
23  of curvature.
24
25 The resonator may be additionally folded by a fifth mirror, the fifth mirror being located
26  between the second and fourth mirrors. The fifth mirror is preferably planar.
21
28  The resonator may be additionally folded by a sixth mirror, the sixth mirror being located
29  between the second and fifth mirrors. The sixth mirror preferably has a concave radius of
30  curvature.
31
32 Optionally the laser comprises a continuous wave (cw) optical field source the output from
33  which is configured to pump the gain medium. The (cw) optical field source may comprise

34  afibre coupled laser diode system
35



O O 00 ~N OO O A W N =

W W W W W N DN N DN DN DN DN DN DN N Ao 22l A A a a a A -
A~ W N = O O 00 ~N OO OO0 B~ WU DN =~ O O 00 N OO O Pk oW DN -

CA 02868503 2014-09-25

WO 2013/144620 PCT/GB2013/050800

The resonator may further comprise an astigmatism controller that provides a means for

Introducing astigmatism to the cavity mode at the gain medium.

In this embodiment the resonator is preferably configured such that the Kerr lensing layer
acts to compensate for the astigmatism introduced to the cavity mode. By compensating
for the astigmatism introduced to the cavity mode the area of overlap between the cavity
mode and a pump spot at the gain medium is increased. As a result the self mode locking

nature of the laser 1s enhanced.

The astigmatism controller may comprise a mirror rotating means. The mirror rotating
means may be employed to rotate the fourth mirror so as to vary the angle of incidence of

a resonating field upon the fourth mirror.

Most preferably the laser provides an output field comprising ultra short pulses. The ultra

short pulses may have a pulse width in the range of 100 ps to 100 fs.

According to a second aspect of the present invention there Is provided a method of self
mode locking a laser the method comprising
- providing a resonator terminated by first and second mirrors and folded by a third
mirror, the third mirror surmounted by a multilayer semiconductor gain medium
INcluding at least one quantum well layer and an optical Kerr lensing layer; and
- selecting a length of the resonator such that a round trip time of a cavity mode
corresponds with an upper-state lifetime of one or more semiconductor carriers

located within the gain medium.

The method of self mode locking a laser may further comprise locating an aperture stop

having an aperture located within the resonator.

Preferably the aperture stop Is located adjacent to the second mirror. Alternatively the

aperture Is located adjacent to the first mirror.

The method of self mode locking a laser may further comprise folding the cavity by

providing a fourth mirror between the second and third mirrors.
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The method of self mode locking a laser may further comprise folding the cavity by

providing a fifth mirror between the second and fourth mirrors.

The method of self mode locking a laser may further comprise folding the cavity by

providing a sixth mirror between the second and fifth mirrors.

The method of self mode locking a laser may further comprise providing a continuous

wave (cw) optical field configured to pump the gain medium.

The method of self mode locking a laser may further comprise introducing astigmatism to

the cavity mode at the gain medium.

The astigmatism may be introduced to the cavity mode by rotating the fourth mirror so as

to Increase the angle of incidence of a resonating field upon the fourth mirror.

The method of self mode locking a laser may further comprise configuring the resonator
such that the Kerr lensing layer acts to compensate for the astigmatism introduced to the
cavity mode. In this way an area of overlap between the cavity mode and a pump spot at

the gain medium Is Increased.

Embodiments of the second aspect of the invention may comprise features to implement

the preferred or optional features of the first aspect of the invention or vice versa.

According to a third aspect of the present invention there 1s provided a self mode locking
laser the laser comprising

a resonator terminated by first and second mirrors and folded by a third mirror, the third
mirror surmounted by a multilayer semiconductor gain medium including at least one
guantum well layer and an optical Kerr lensing layer,

a continuous wave (cw) optical field source the output from which iIs configured to pump
the gain medium,

wherein a length of the resonator iIs selected such that a round trip time of a cavity mode
corresponds with an upper-state lifetime of one or more semiconductor carriers |located

within the gain medium.
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Embodiments of the third aspect of the invention may comprise features to implement the

preferred or optional features of the first or second aspects of the invention or vice versa.

According to a fourth aspect of the present invention there is provided a method of self
mode locking a laser the method comprising
- providing a resonator terminated by first and second mirrors and folded by a third
mirror, the third mirror surmounted by a multilayer semiconductor gain medium
INcluding at least one quantum well layer and an optical Kerr lensing layer;
- providing a continuous wave (cw) optical field configured to pump the gain medium;
and
- selecting a length of the resonator such that a round trip time of a cavity mode
corresponds with an upper-state lifetime of one or more semiconductor carriers

located within the gain medium.

Embodiments of the fourth aspect of the invention may comprise features to implement the

preferred or optional features of the first to third aspects of the invention or vice versa.

According to a fifth aspect of the present invention there Is provided a self mode locking
laser the laser comprising

a resonator terminated by first and second mirrors and folded by a third mirror, the third
mirror surmounted by a multilayer semiconductor gain medium including at least one
guantum well layer and an optical Kerr lensing layer,

an astigmatism controller that provides a means for introducing astigmatism to a cavity
mode at the gain medium,

wherein the resonator is configured such that the Kerr lensing layer acts to compensate for

the astigmatism introduced to the cavity mode.

By configuring the resonator such that the Kerr lensing layer acts to compensate for the
astigmatism introduced to the cavity mode the area of overlap between the cavity mode
and a pump spot at the gain medium Is increased. As a result the above configuration
provides a laser which mode locks without requiring a dedicated passive or active mode
locking elements to be incorporated therein. This results in a semiconductor laser that Is
simpler to operate and maintain and which has reduced production costs compared with

those systems known In the art.
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The second mirror may be partially reflective and partially transmissive at a fundamental

wavelength of the gain medium so as to act as an output coupler for the resonator.

Most preferably the optical Kerr lensing layer comprises a heat spreader mounted upon
the semiconductor gain medium. The heat spreader may comprise a layer of diamond

crystal.

The resonator may further comprise an aperture stop having an aperture located therein.
Preferably the aperture stop Is located adjacent to the second mirror. Alternatively the

aperture Is located adjacent to the first mirror.

The resonator may be additionally folded by a fourth mirror, the fourth mirror being located
between the second and third mirrors. The fourth mirror preferably has a concave radius

of curvature.

The resonator may be additionally folded by a fifth mirror, the fifth mirror being located

between the second and fourth mirrors. The fifth mirror is preferably planar.

The resonator may be additionally folded by a sixth mirror, the sixth mirror being located
between the second and fifth mirrors. The sixth mirror preferably has a concave radius of

curvature.

Optionally the laser comprises a continuous wave (cw) optical field source the output from
which Is configured to pump the gain medium. The (cw) optical field source may comprise

a fibre coupled laser diode system

The astigmatism controller may comprise a mirror rotating means.

The mirror rotating means may be employed for rotating the fourth mirror so as to vary the

angle of incidence of a resonating field upon the fourth mirror.

The length of the resonator may be selected such that a round trip time of a cavity mode
corresponds with an upper-state lifetime of one or more semiconductor carriers |located

within the gain medium.
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Most preferably the laser provides an output field comprising ultra short pulses. The ultra

short pulses may have a pulse width in the range of 100 ps to 100 fs.

Embodiments of the fifth aspect of the invention may comprise features to implement the

preferred or optional features of the first to fourth aspects of the invention or vice versa.

According to a sixth aspect of the present invention there Is provided a method of self
mode locking a laser the method comprising
- providing a resonator terminated by first and second mirrors and folded by a third
mirror, the third mirror surmounted by a multilayer semiconductor gain medium
INcluding at least one quantum well layer and an optical Kerr lensing layer;
- Introducing astigmatism to the cavity mode at the gain medium; and
- configuring the resonator such that the Kerr lensing layer acts to compensate for the

astigmatism introduced to the cavity mode.

The method of self mode locking a laser may further comprise locating an aperture stop

having an aperture located within the resonator.

Preferably the aperture stop Is located adjacent to the second mirror. Alternatively the

aperture i1s located adjacent to the first mirror.

The method of self mode locking a laser may further comprise folding the cavity by

providing a fourth mirror between the second and third mirrors.

The astigmatism may be introduced to the cavity mode by rotating the fourth mirror so as

to Increase the angle of incidence of a resonating field upon the fourth mirror.

The method of self mode locking a laser may further comprise folding the cavity by

providing a fifth mirror between the second and fourth mirrors.

The method of self mode locking a laser may further comprise folding the cavity by

providing a sixth mirror between the second and fifth mirrors.

The method of self mode locking a laser may further comprise providing a continuous

wave (cw) optical field configured to pump the gain medium.
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The method of self mode locking a laser may further comprise selecting a length of the
resonator such that a round trip time of a cavity mode corresponds with an upper-state

ifetime of one or more semiconductor carriers located within the gain medium.

Embodiments of the sixth aspect of the invention may comprise features to implement the

preferred or optional features of the first to fifth aspects of the invention or vice versa.

Brief Description of Drawings

Aspects and advantages of the present invention will become apparent upon reading the

following detailed description and upon reference to the following drawings in which:

Figure 1 presents a schematic representation of a self mode-locking, external-cavity
surface-emitting, semiconductor laser in accordance with an embodiment of the present

Invention;

Figure 2 presents a schematic representation of a semiconductor disk laser (SDL)

employed by the laser of Figure 1;

Figure 3 present a schematic representation of a cooling apparatus employed In

conjunction with the SDL of Figure 2;

Figure 4 presents a schematic representation of a cavity mode, a pump spot and a Kerr

Lens mode at the surface of the SDL of Figure 1;

Figure 5 presents a semiconductor laser in accordance with an alternative embodiment of

the present invention; and

Figure 6 presents a semiconductor laser In accordance with a further alternative

embodiment of the present invention.

In the description which follows, like parts are marked throughout the specification and

drawings with the same reference numerals. The drawings are not necessarily to scale
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and the proportions of certain parts have been exaggerated to better illustrate details and

2 features of embodiments of the invention.
3
4  Detailed Description
5
6 Referring initially to Figure 1, a schematic representation of a self mode-locking, external-
7  cavity surface-emitting, semiconductor laser 1 in accordance with an embodiment of the
8 present invention is shown. For clarity of understanding axes are provided within this
9 figure. The plane of the cavity referred to below Is the plane defined by the x and z axes.
10
11 The self mode-locking laser 1 can be seen to comprise a laser-resonator 2 formed
12  between a first 3 and a second mirror 4 and includes a multilayer, optically-pumped,
13  semiconductor disk laser (SDL) 5 further details of which are provided below with
14  reference to Figures 2 and 3. As can be seen the SDL 5 is arranged to function as a first
15  folding mirror for the resonator 2. Three further folding mirrors 6, 7 and 8 are included
16  within the resonator 2 and so the resonator 2 can be considered to be a four times folded
17  resonator.
18
19  The first mirror 3 and the three folding mirrors 6, 7 and 8 are arranged to be highly
20 reflective at the fundamental wavelength of the SDL 5 while the second mirror 4 is partially
21 reflective and partially transmissive at this fundamental wavelength and so acts as an
22  output coupler for the resonator 2. An aperture stop 9 comprising an aperture 10, such as
23  aslit aperture, may be located adjacent to the second mirror 4. The aperture may be
24  orientated in the plane of the cavity, In a plane perpendicular to the plane of the cavity or
25 Indeed comprise an iris and thus have a component in both planes.
26
27  The mirrors 3, 6, /7 and 8 may be mounted within piezo-electric controlled mirror mounts so
28  as to provide a means for fine adjusting the alignment of these components. Furthermore,
29  mirrors 3, 6 and 8 are concave mirrors while the mirrors 4 and 7 and the SDL 5 are
30 substantially planar reflecting elements such that the resonator 2 is optically stable and the
31 shape of the cavity mode at the SDL 5 can be controlled, as discussed in further detail
32  below.
33
34 A continuous wave (cw) optical pumping field 11 suitable for pumping the SDL 5 is

35 provided by employing a fibre coupled laser diode system 12. In the presently described
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embodiment the fibre coupled laser diode system 12 I1s configured to generate a cw optical
pumping field 11 at 808 nm. A DILAS® M1F4S22-808 30C-SS2.1 is an example of one

such suitable fibre coupled laser diode system 12.

In the presently described embodiment the fibre coupled laser diode system 12 Is
arranged to pump the gain medium 18 at an angle suitable for providing an elliptical pump
spot at the surface of the gain medium 18. |t will be appreciated by the skilled reader that
the present invention Is not so limited and that the fibre coupled laser diode system 12
could provide a pump field 11 that is perpendicular to the gain medium 18 so as to provide
a circular pump spot at the surface of the gain medium 18. The fibre coupled laser diode
system 12 may also be arranged to pump the gain medium 18 by pumping through the first

mirror 3.

In Figure 1 the Intra cavity resonating field is depicted generally by reference numeral 13
while the ultra short pulsed output field from the laser resonator 2 is depicted generally by

reference numeral 14.

A schematic representation of the SDL 5 is presented in Figure 2. The SDL 5 can be seen
to comprise a wafer structure 15 that is grown by a metal-organic chemical vapour
deposition (MOCVD) technique on a GaAs substrate 16. The deposition of the wafer
structure may be achieved by alternative techniques known In the art e.g. molecular beam
epitaxy (MBE) deposition techniques. The wafer structure 15 comprises a single
distributed Bragg reflector (DBR) region 17, a gain medium 18, a carrier confinement

potential barrier 19 and an oxidation prevention layer 20.

There are many variations of the wafer structures 15 incorporated within the SDLs known

to those skilled in the art and the present invention is not limited to use with any particular

DBR region 17 or gain medium 18 structure. In general, the gain medium 18 will comprise
multiple quantum wells equally spaced between half-wave structures that allow the SDL 5
to be optically pumped at a convenient pump wavelength while the DBR regions 17

generally comprise multiple pairs of quarter-wave layers that exhibit high reflectivities.

The presently described embodiments comprise a gain medium 18 comprising InGaAs
quantum wells equally spaced between half-wave GaAs structures that allow the SDL 5 to

be optically pumped at 808 nm while generating an output at 980nm. The DBR regions 17
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comprise thirty pairs of AlAs-GaAs quarter-wave layers that produce reflectivities greater
than 99.9% centred at 980 nm while the carrier confinement potential barrier 19 comprises
a single wavelength-thick AlysGag 7As layer. The oxidation prevention layer 20 may

comprise a thin GaAs cap.

Alternative gain mediums known to those skilled in the art that may alternatively be used
iInclude alternative gallium arsenide (GaAs) structures capable of generating output
wavelengths between 670 nm and 1300 nm; Indium Phosphide (InP) structures capable of
generating output wavelengths between 1350 nm and 1600 nm; and Gallium Antimonide
(GaSb) structures capable of generating output wavelengths between 1800 nm and

2700 nm. These gain mediums may be based on quantum wells or qguantum dots as

known to those skilled in the art.

For reasons as will be described In further detail below, the length of the resonator 2 may
be selected such that the round trip time of the cavity mode corresponds to the upper-state
ifetime of the semiconductor carriers located within the gain medium 18. |n the presently
described embodiment the lifetime of the semiconductor carries Iis around 5 ns, giving the

resonator a length of around 750 mm and a repetition rate of around 200 MHz.

This arrangement is counter intuitive to the teachings within the art where it is generally
desirable to make the length of a resonator as small as possible so as assist in the overall
miniaturisation of the system. The main restrictions on the minimum length of a resonator
IS the requirement to provide sufficient physical space for all of the optical components
required to be incorporated into the system and to allow for the the desired cavity mode
characteristics to be achieved. In systems known In the art the selected resonator lengths
result in a round trip time for the cavity mode that is much lower than the upper-state

ifetime of the associated gain medium, normally by several orders of magnitude.

Figure 3 presents further detail of a cooling apparatus 21 employed in order to improve the
operating characteristics of the SDL 5. |n particular, the cooling apparatus 21 comprises a
heat spreader 22 and a standard thermoelectric or water cooler 23. The heat spreader 22

comprises a single diamond crystal that comprises an external, wedged face 24.

A high performance anti-reflection coating may be deposited on the surface of the wedged
face 24.
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The single diamond crystal heat spreader 22 is bonded by optical contacting with the wafer
structure 15 so that the gain medium 18 Is located between the heat spreader 22 and the
DBR region 17. The wafer structure 15 and heat spreader 22 are then fixed on top of a

layer of iIndium foil 25 onto the thermoelectric or water cooler 23.

Single diamond crystal is well suited to be employed as the heat spreader 22 since it
exhibits comparable thermal conductivity levels as sapphire and silicon carbide. Thus, the
described arrangement allows the heat spreader 22 to iImmediately spread the heat
generated within the gain medium 18 by the pump field 11 to the cooling apparatus 21
after it has propagated only a limited distance into the gain medium 18. As a result the

overall efficiency of the SDL 5 is significantly increased.

In addition there is a further inherent advantage of employing the single diamond crystal as
the heat spreader 22. This resides In the fact that the single diamond crystal is a material
that exhibits an inherent optical Kerr effect. It is this effect that is exploited in order to
configure the semiconductor laser 1 so as to operate as a self mode locking system, as

will now be described In further detall with reference to Figure 4.

In particular, Figure 4 presents a schematic representation of a cavity mode 26, a pump
spot 27 and a Kerr Lens mode 28 at the surface of the SDL 5 of Figure 1. The laser is
configured such there is an overlap of the area of the cavity mode 26, the pump spot 27
and the Kerr Lens mode 28 at the surface of the SDL 5.

The area of the Kerr lens mode 28 at the SDL 5 is defined by the single diamond crystal
heat spreader 22 and In the presently described embodiment it exhibits an elliptical profile
with its major axis orientated along the x-axis. In a similar manner the pump spot 27 at the
SDL 5 is configured to have an elliptical profile with its major axis also orientated along the
x-axis. The major axis of the Kerr lens mode 28 In the presently described embodiment is

smaller than the major axis of the pump spot 27.

The concave folding mirror 6 I1s arranged so as to introduce astigmatism to the cavity mode
26. This Is achieved by rotating the concave folding mirror 6 about the y-axis so as to

Increase the angle of incidence of the resonating field 13 upon this mirror 6. As can be
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seen from Figure 4, this rotation results in the cavity mode 26 at the SDL 5 having an

elliptical profile with its major axis orientated along the y-axis.

In this configuration the semiconductor laser 1 begins to lase when the gain medium 18 Is
pumped by the pumping field 11 and the output field 14 is thus generated. Most significant
IS that the laser Is self mode locking such an ultra short output field at 980 nm is produced
l.e. pulse widths from 100 ps down to a few femtoseconds can be generated. This resultis
highly repeatable and the mode locking takes place without any requirement for further

INnput from the operator of the laser 1.

The inventors believe that there exist two independent mechanisms which contribute to
allow for self mode locking of the laser 1. In the presently described laser 1 these
mechanisms are acting in combination but they may alternatively be independently

exploited.

The first mechanism resides In the introduction of the astigmatism to the cavity mode 26 at
the surface of the SDL 5. Once the Kerr lensing effect of the heat spreader 22
commences the major axis of the cavity mode 26 Is effectively reduced thus causing a
greater overlap between the area of the cavity mode 26 and the pump spot 27. Thus, by
employing the Kerr lensing effect of the heat spreader 22 to overcome an induced

astigmatism a first means for self mode locking of the output field 14 is provided.

This process Is further assisted by the second mechanism which results from the fact that
length of the resonator 2 I1s selected such that the round trip time of the cavity mode 26 is
close to the upper-state lifetime of the semiconductor carriers located within the gain
medium 18. This introduces a small perturbation on the intensity of the output field 14
which Is sufficient for the small inherent optical Kerr effect of the single diamond crystal

heat spreader 22 to induce mode locking on the output field 14.

As will be appreciated by the skilled reader both of these mechanisms may be assisted by
the presence of the aperture stop 9 when the aperture 10 Is configured such that the lasing
mode of the resonator at the aperture 10 Is clipped and lasing I1s not possible In the
absence of the Kerr effect induced by the heat spreader 22. It will be further appreciated

that the aperture stop 9 could alternatively be located adjacent to the first mirror 3.
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Figure 5 presents a schematic representation of a self mode-locking, external-cavity
surface-emitting, semiconductor laser 29 in accordance with an alternative embodiment of
the present invention, similar to the laser 1 presented in Figure 1. In this embodiment
folding mirrors 8 has been replaced by the output coupler 4 such that the resonator 2b can

now be considered to be a three times folded resonator.

Figure ©6 presents a schematic representation of a self mode-locking, external-cavity
surface-emitting, semiconductor laser 30 In accordance with a further alternative
embodiment of the present invention, similar to the laser 1 presented in Figure 1. In this
embodiment folding mirrors 8 has been omitted and folding mirror 7 has been replaced by
the output coupler 4 such that the resonator 2c can now be considered to be a two times

folded resonator.

It will be appreciated that a number of alternatives may be incorporated into the above
described embodiments. For example the structure of the SDL 5 may be varied so as to
provided alternative output wavelengths as required by the particular application for which

the semiconductor laser Is to be employed.

Furthermore, the orientations of the cavity mode 26, the pump spot 27 and the Kerr Lens
mode 28 may be altered such that that the angles between the associated major axes vary
from the particular described embodiment. What Is important i1s that the resonator is
configured such that an astigmatism introduced to the cavity mode 26 by the configuration
of the resonator 2 Is reduced by the optical Kerr effect induced by the heat spreader 22
when the gain medium 18 Is pumped by the pumping field 11 such that the overlap area

between the cavity mode 26 and the pump spot 27 Is increased.

The heat spreader may alternatively comprise materials other than single diamond crystal
as long as the material employed exhibits the required heat spreading and optical Kerr
lensing properties. Sapphire (Al,O,) and silicon carbide (SiC) are examples of alternative

materials that may be employed to produce the heat spreader.

The described semiconductor lasers offer a number of advantages over those known In
the art. When compared to the previously described solid state ultrafast lasers the
presently described systems are significantly less complex, more compact, have reduced

maintenance requirements and are significantly less expensive to produce.
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The fact that the described semiconductor lasers are self mode locking also removes the
requirement for dedicated passive or active mode locking elements to be incorporated.
This again results in the presently described semiconductor lasers having a reduced

complexity, maintenance requirement and associated production costs.

The presently described semiconductor laser systems can be employed to generate
pulses having pulse widths ranging from 100 ps to ~100 fs, at wavelengths between

6/70nm and 2700 nm and with power outputs ranging from 100 m\W to 5 W.

The above factors make the described semiconductor lasers ideal for use within nonlinear
microscopy techniques e.g. Two-Photon Excited Fluorescence (TPEF) microscopy or
other similar multi-photon microscopy techniques. For example the short pulse widths
allow for significant depth profiling to be performed on Green Fluorescent Proteins (GFPs)
which exhibit excitation peaks at 395 nm and 475 nm or 496 nm depending on the

particular GFP employed.

The present invention describes a self mode locking laser and a method for self mode
locking a laser. The laser comprises a resonator terminated by first and second mirrors
and folded by a third mirror. The third mirror comprises a single distributed Bragg reflector
(DBR) upon which 1s mounted a multilayer semiconductor gain medium and which
iIncludes at least one quantum well layer and an optical Kerr lensing layer. Self mode
locking may be achieved by configuring the laser resonator such that the lensing effect of
the Kerr lensing layer acts to reduce an astigmatism deliberately introduced to the cavity
mode. The self mode locking of the laser may be further enhanced by selecting the length
of the resonator such that a round trip time of a cavity mode I1s matched with an upper-

state lifetime of one or more semiconductor carriers located within the gain medium.

The foregoing description of the invention has been presented for purposes of illustration
and description and is not intended to be exhaustive or to limit the invention to the precise
form disclosed. The described embodiments were chosen and described in order to best
explain the principles of the invention and its practical application to thereby enable others
skilled in the art to best utilise the invention In various embodiments and with various

modifications as are suited to the particular use contemplated. Therefore, further
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modifications or improvements may be incorporated without departing from the scope of

the Invention as defined by the appended claims.
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1 Claims

2

3 1) A self mode locking laser the laser comprising:

4 a resonator terminated by first and second mirrors and folded by a third mirror, the

5  third mirror surmounted by a multilayer semiconductor gain medium including at least one

6 quantum well layer and an optical Kerr lensing layer, and

7 an astigmatism controller that provides a means for introducing astigmatism to a

8 cavity mode at the gain medium,

g wherein the resonator is configured such that the Kerr lensing layer acts to
10 compensate for the astigmatism introduced to the cavity mode, causing mode locking of
11 an output field of the laser.

12

13 2) The self mode locking laser as claimed in claim 1 wherein the second mirror is
14 partially reflective and partially transmissive at a fundamental wavelength of the gain
15  medium so as to act as an output coupler for the resonator.

16

17  3) The self mode locking laser as claimed in claim 1 or claim 2 wherein the optical
18  Kerr lensing layer comprises a heat spreader mounted upon the semiconductor gain
19  medium.

20

21 4) The self mode locking laser as claimed in claim 3 wherein the heat spreader
22  comprises a layer of diamond crystal.

23

24  H) The self mode locking laser as claimed in any one of claims 1 to 4 wherein the
25  resonator further comprises an aperture stop having an aperture located therein.

26

27 6) The self mode locking laser as claimed in claim 5 wherein the aperture stop Is
28 located adjacent to the second mirror. ’

29

30 7) The self mode locking laser as claimed in claim 5 wherein the aperture is located
31 adjacent to the first mirror.

32

33 8) The self mode locking laser as claimed in any one of claims 1 to 7 wherein the
34 resonator is additionally folded by a fourth mirror, the fourth mirror being located between
35 the second and third mirrors.

CA 2868503 2018-04-11
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2 9) The self mode locking laser as claimed in claim 8 wherein the fourth mirror has a
3 concave radius of curvature.
4
5 10) The self mode locking laser as claimed in claim 8 or claim 9 wherein the resonator
6 is additionally folded by a fifth mirror, the fifth mirror being located between the second and
7  fourth mirrors. |
8
g 11) The self mode locking laser as claimed in claim 10 wherein the fifth mirror is planar.
10
11 12) The self mode locking laser as claimed in claim 10 or claim 11 wherein the
12  resonator is additionally folded by a sixth mirror, the sixth mirror being located between the
13  second and fifth mirrors.
14
15 13)  The self mode locking laser as claimed in claim 12 wherein the sixth mirror has a
16  concave radius of curvature.
17
18 14)  The self mode locking laser as claimed in any one of claims 1 to 13 wherein the
19 laser further comprises a continuous wave (cw) optical field source the output from which
20 is configured to pump the gain medium.
21
22 15) The self mode locking laser as claimed in claim 14 wherein the (cw) optical field
23  source comprises a fibre coupled laser diode system.
24
25 16) The self mode locking laser as claimed in any one of claims 1 to 15 wherein the
26  astigmatism controller comprises a mirror rotating means.
27
28 17) The self mode locking laser as claimed in any one of claims 8 to 15, wherein the
29  astigmatism controller comprises a mirror rotating means, and wherein the mirror rotating
30 means is employed for rotating the fourth mirror so as to vary an angle of incidence of a
31  resonating field upon the fourth mirror.
32
33 18) The self mode locking laser as claimed in any one of claims 1 to 17 wherein the
34 length of the resonator is selected such that a round ftrip time of a cavity mode

CA 2868503 2018-04-11
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corresponds with an upper-state lifetime of one or more semiconductor carriers located

within the gain medium.

19)  The self mode locking laser as claimed in any one of claims 1 to 18 wherein the
laser provides an output field comprising ultra short pulses having a pulse width in the

range of 100 ps to 100 fs.

20) A method of self mode locking a laser the method comprising:
- providing a resonator terminated by first and second mirrors and folded by a third
mirror, the third mirror surmounted by a multilayer semiconductor gain medium
including at least one quantum well layer and an optical Kerr lensing layer;
- introducing astigmatism to the cavity mode at the gain medium; and
- configuring the resonator such that the Kerr lensing layer acts to compensate for
the astigmatism introduced to the cavity mode, causing mode locking of an output

field of the laser.

21)  The method of self mode locking a laser as claimed in claim 20 wherein the
method further comprises locating an aperture stop having an aperture located therein

within the resonator.

22) The method of self mode locking a laser as claimed in claim 21 wherein the

aperture stop is located adjacent to the second mirror.

23) The method of self mode locking a laser as claimed in claim 21 wherein the

aperture is located adjacent to the first mirror.

24)  The method of self mode locking a laser as claimed in any one of claims 20 to 23
wherein the method further comprises folding the cavity by providing a fourth mirror

between the second and third mirrors.

25) The method of self mode locking a laser as claimed in claim 24 wherein the
astigmatism is introduced to the cavity mode by rotating the fourth mirror so as to increase

the angle of incidence of a resonating field upon the fourth mirror.

CA 2868503 2018-04-11
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1 26) The method of self mode locking a laser as claimed in claim 24 or claim 25 wherein
2 the method further comprises folding the cavity by providing a fifth mirror between the
3  second and fourth mirrors.
4
5 27) The method of self mode locking a laser as claimed in claim 26 wherein the
6 method further comprises folding the cavity by providing a sixth mirror between the second
7 and fifth mirrors.
8
9 28) The method of self mode locking a laser as claimed in any one of claims 20 to 27
10  wherein the method further comprises providing a continuous wave (cw) optical field
11 configured to pump the gain medium.
12
13  29) The method of self mode locking a laser as claimed in any one of claims 20 to 28
14  wherein the method further comprises selecting a length of the resonator such that a round
15  trip time of a cavity mode corresponds with an upper-state lifetime of one or more
16  semiconductor carriers located within the gain medium.

CA 2868503 2018-04;11



CA 02868503 2014-09-25

WO 2013/144620 PCT/GB2013/050800

L I D U U U U O U O

LR D U I U U U U U O

+
+*
+
+
+*
+
+
+*
+
+
+*

LR I I O

+ +*
+ +*
+* +*
+* +
* +
* +* +*
+*
*
+ +* + + +*
+* + +* + +* +*
* +* + +* + +* + 4
+* * + +* + + * +*
+* + +* + +
+* + *
+ +*
* +* + +
+* +* +
* +* +
* +*
+* +* +
* +* *
+*
* + +
+* *
* +*
* +
+*
+ +*
+* *
+* >
* *
+*
+* +*
+ +
+* +* +*
+*
+* +*
*
+
+ *
+* -
* +* +*
* *
+*
*
*
+* +*
+
* +*
+*
+* +*
+*
* +*
+* +
4 * *
+ * +*
+* *
+
& +
+* +* +* +*
+ +* “a
- & +
* * 4
+* + +* +*
+* +*
* H +*
+ + + * 4+ 4
* 4 +*
+* + *
H +*
-
+* 4
+* +* + +
+* * + *
* +*
4 +*
+ +* +* +*
+* +* + +* +
* +*
+* + 4
* * + 4+ +
* +* +* +
+* + + +* & +*
+* + *
+* + +* + 4
* +* + 4
+* + + +*
+* + + +*
+* +
+*
*
+ +* +* *
+ *
. >
‘4 + +* *
4 * +* +*
+ +*
4 +*
d
o +* +* 4
+* + 4 *Te
+* + H
+*
MR R R RN
+* + +*
+* +* +* +*
+* + +* +*
+* * + +*
+* +* +*
+*
+* + +*
+*
+* + +* +*
+*
+* +* +* +*
+* +* +* +*
MR EEE N EEEEE RN
+* +*
+* +*
+
+*
+* +*
+*
+* +*
+*
+*
+*
+*
+* +*
+* *
+* +* +
+
+* +
+*
+
+*
+*
+*
*
+*
+*
+* +
+* +*
+*
+*
+
+*
+*
+*
+*
+*
+*
+* +*
+
+
+*
+*
+*
*
+*
+* 4
+* +
*
+*
+*
+
+
+*
LB BN EEEEEEEE NN
+* + 4+
+ 4
+*
*
MR E NN N E R RN NN
+* 4
+* 4+
+
+
*
+*
+*
+*
+*
+*
*




WO 2013/144620

AR R

AN

+* 4 4+ &

*

+*

MR R R R R RN

LR R N R U I U I O O

* e

CA 02868503 2014-09-25

+*
+*

*

LR I B D I I I U I

+*

+*

AR RN E RN EEEE BB

L I I N I I I I O O O O

+*

AT A A e

LB EEEEEEEEEEEEEEEEEEEEEEEEIEEEIEIEIEEIEIEIEIEIN]

+*

AT A e e

LB BN EEEEEEEEEEEE BB

*

LR B N I I I I U I O I O B O U O U U U R U I N I O U O D U U

LR EEEEEEEEEEEEEEEEEEEEEEEEEEEIEEEIEIEIN

LR B I I N I I I U O O R U O I R

MEAAEE NN NN NN RN I I I I I I I I I I I I T I I I U U O I N U U U U U U O O O

MR R EEEEEEEEEEEIEIEN

LR B I I I I U I I O O D

L BN AR SRR AR RN R RN RN RN RN

-

S
SRR

T e B

+

+*
+*
+*
+
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*
+*

+*
+*
+*
+*
+*

LR NN NN

LI E NN RN RN

+*
+*
+*
+*
+*
+*
+*

LR N R AN

LR R R I I U O O O

*

MR AN NN EEEE R R I I I I I I I R

MR E RN RN NN RN EEEEEEEEEEEEIEIEIEIEBIEIEIIIBIBIEIBIBIBIBIEIBIBIBIBIIBIBIBIBIEIE I IBIBIBIBIBIRIBINININ

PCT/GB2013/050800



CA 02868503 2014-09-25

PCT/GB2013/050800

WO 2013/144620

+*
+* + +
+

+

+*
+*
*
+*
+*
*
+*
*
+*

*
+*
*
*
+*
*
*
+*
*
*
+*
*
*
+*
*
*

LRI L L I DR L R
LR U N N N U U U U D O

LR U U D I U L U D R U N U I




CA 02868503 2014-09-25

WO 2013/144620 PCT/GB2013/050800

+
+*
+
*
* +
*
+*
+* +*
*
+*
+* 4
+
+* *
+
* +
+
+*
+*
+
+* LR RN EEEEEEE RN
+*
+*
+*
+*
* 4+ e
+* +* +
+*
+*
+*
+* +* .
* +* *
* + +*
+*
+*
*
+* 4
+* + * -
- *
4
+* + +*
+* +*
+*
4
* +*
* +* + *
+* +* + +* +
+* +* *
+* + + +* + 4 +* +
+* +* +* +
* *
g
+ *
* +* *
* + +*
*
+ +* *
+ +*
+*
+ -
+* +*
*
+*
*
* +*
+*
*
+* + *
* +*
+ + +*
+* +* +*
+*
*
+ +*
+ *
+
+*
*
+* *
* + *
+
+
+*
+*
* + *
+* +
d +*
+* 4 *
+* * +* +
+* +
* + *
+ & +* + +*
+* -
+*
-
+* +
+* > +*
+* - +*
+* +
+*
+ * +*
+ + +*
H +* *
+* +
* + 4
* +* +
- +* +* +
* + & +* +*
+* +* +
* +* + +* +*
+* +* 4 * + 4
+* + + +
H +* * + +
+ * +
+* +*
& * +
+ +*
+
+*
- +*
> +* +*
* +* +*
+
+ +*
* *
+ * -
* +7 e
+* +
+* 4
+* +* *
+* +* +*
+* +* *
+* +* +*
LB RN NN RN R AN EEEEEE BB
+* +* +*
+* +* *
+* +* +*
+* +* +* +*
+
+* *

+
AT AN

AN NN NN NN NN NN
A U I I I I I I U I U U U O O




WO 2013/144620

CA 02868503 2014-09-25

LR B O

+*
+*
+
+*
*
+
+*
*
+*
* *
+ +* +
+* +* +
+* + +*
* + 4 * +
+* + *
+*
+* &
+
+
“a
*
+
-
+*
+* *
* +*
+
+
*
*
+*
*
+*
+*
-
-
+*
+*
-
+
+*
+*
+
+ +
+ +
+* +* +* +

+
+ +
+
s+ + .+
+ + +* + .
+ .+
+
+ +
+
+
+ +
+ -
+ -
+ +
+
+
3
+ e
+ ¥
+

* e
|

MR RN R RN

PCT/GB2013/050800

+*

10

+
+*

L I D U U L
* + 4
+* +
*
*

L I D U U U U O U O O O
+*







	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - abstract
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - abstract drawing

