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(57) Abstract: A light source system com-
prising an optical system which is arranged
to project light from a light source into the
far-field. The light source comprises a mix-
ture of fluorescent materials which are sens-
itive to one of two wavebands in either the
UV or blue part of the spectrum. The com-
bination of the light emitted from both sets
of fluorescent materials combined such that
the resulting colour is perceived as white.
The light source isilluminated by aplurality
of laser emitters comprised of both emitters
(35) in the UV waveband and emitters (36)
in the blue waveband. The resultant light
emitted has an improved eye safety by the
reduction of laser light content.
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Description

Title of Invention: LASER AND PHOSPHOR BASED LIGHT

[0001]

[0002]

[0003]

[0004]

[0005]

SOURCE FOR IMPROVED SAFETY

Technical Field

The present invention relates to alight source for genera lighting in which the laser
safety of the emitted light must be considered for use in areas where extended exposure
of humans to the light is possible.

Background Art

The application of light sources to general lighting iswell known. The development
of light sources has led to sources with ever increasing luminance, in that there isan
increasing output from of light from adecreasing area into adecreasing angular dis-
tribution. This has led to development of light sources such ashigh intensity discharge
(HID) lamps based upon noble gases such as Xenon, or light emitting diodes (LED)
based upon a semiconductor blue light emitting chip and aphosphor for wavelength
conversion from blue to yellow light and the combination of the two wavebands to
form white light. Both of these light sources are well known and will not be described
further.

Laser based light sources have been developed that offer afurther advantage in terms
of luminance. The emission from alaser light source ishighly restricted in terms of
angular distribution and spatial extent, leading to avery high luminance light source.
Although the emission from alaser isamost monochromatic, the application of a
phosphor can alow conversion of the laser light to wavebands of longer wavelength
and broader spectrum. This may lead to awhite light source with abroad spectrum
from amuch more restricted area compared to that of an LED or other light sources.

The following background art describes the use of lasers and phosphors in white light
SOUrCes:

US 2008/0 116473 A 1 (Nichia, published 22 May 2008) ; an illustration of this patent
isshown in Figure 1. This patent proposes alight source 11 made from alight emitting
semiconductor element 12 which emits light towards atransparent member 13 which is
positioned in apenetrating opening 14 which has sloped sides. The transparent
member 13 can be composed of awavelength conversion material such as phosphor.
The transparent member 13 absorbs some of the light emitted from the light emitting
semiconductor element 12 and re-emits it at longer wavelength. It isproposed that the
light source 11 can comprise alaser diode which emits ultraviolet light and amix of
red, green and blue phosphors that when mixed forms white light. It is also proposed
that the light emitting semiconductor element 11 can also be alaser diode which can
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emit blue light, aportion of which is absorbed by the transparent member 13 which re-
emits yellow light, the combination of blue laser light and yellow phosphor light
resulting in white light. A similar device is aso proposed in US 7,943,945 B2 (CREE,
published as US 2006/0049416 on 9 March 2006) whereby the laser diode is replaced
by at least one LED which can emit light within the range of blue to UV and a
phosphor to down convert the light to provide white light.

US 201 /0175520 Al (Renaissance Lighting Inc., published 21 July 201 1); this
patent proposes the use of at least one solid state light source which emits light in a
first waveband of 460 nm or less, at least three phosphors which absorb light from the
at least one solid state light source and re-emit light of different wavebands, the
resultant colour of emission being white. The phosphors are located remotely from the
at least one solid state light source. A similar device is also proposed in US 7,902,560
B2 (Philips, 19 June 2008) whereby wavelength converting elements are illuminated
by aplurality of light emitting diode chips producing the same general colour and a
variation in wavelength of up to 50 nm. The resultant emission from the system is
white and the colour temperature can be controlled by changing the relative output
power from the chips.

US 2005/0057 145 Al (Nanya Plastics, published 17 March 2005); this patent
proposes the use of a semiconductor emitter being either an LED or laser diode
emitting in the ultraviolet (UV) or visible purple region defined as 360nm to 420nm.
The light from the semiconductor device excites a phosphor, causing emission of blue
light. This blue light in turn excites other phosphors which emit in either red, green or
yellow wavebands. The ratios of the phosphors may be mixed to form white light of
varying colour temperature.

US 201 1/0157865 Al (Sharp, published 30 June 201 1); an illustration of thisis
shown in Figure 2. This patent discloses improved safety for avehicle headlight 21
light source in which light of afirst waveband, disclosed as 405 nm, is emitted from a
laser irradiation device 22 and directed onto afluorescent substance 23 which converts
the first waveband to blue-green and red light, resulting in white light. A scattering
medium 24 and wavelength selective filter 25 are provided to improve the safety of the
device by reducing the directionality, coherence and intensity of the 405 nm laser light
which is not converted 26 by the fluorescent substance 23. The filter 25 can be
mounted on acover plate 27. By this arrangement apassive safety device is described
for use with a 405 nm laser based white light source.

US 2009/0224652 proposes awhite LED that comprises a "multi-chip excitation
source" and a phosphor mixture, for example atwo-chip source having a UV-emitting
LED and ablue-emitting LED with aphosphor mixture that contains a green phosphor
and an orange phosphor. In operation, part of the white light output is constituted by
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photoluminescence by the phosphors and part is constituted by the LED output
radiation.

JP 2006 344645 proposes awhite light emitting device having two light emitting
layers for emitting UV and blue light respectively. The device further includes two flu-
orescent powders, which are able to absorb light from both light emitting layers and
which emit light of different wavelengths to one another.

US 2006/0152140 proposes alight emitting device having two LED sources that emit
light with differing spectral outputs from one another and that illuminate a phosphor
material including one or more phosphors. The device isintended to provide ahigher
conversion efficiency colour rendering than prior devices.

US 2006/0197098 proposes alight emitting device having two LEDs that emit light
in the blue and green wavelength ranges. They illuminate aphosphor that contains a
yellow fluorescent member. It addresses the problem that conventional devices in
which asingle colour LED isused to eliminate aplurality of fluorescent materials has
alow emission efficiency.

US 2004/0256626 addresses the problem that alight source formed of red, green and
blue LEDs does not "reproduce atrue colourless light". It proposes the use of LEDs of
two different colours that illuminate aphosphor to provide an output that most closely
approaches that of "true natural white light". In one example, green and blue LEDs il-
luminate ared phosphorescent glue.

Citation List
Patent Literature

PTL 1: US2008/01 16473 (Nichia, 22 May 2008)

PTL 2: US 7943945 (CREE, 9 March 2006)
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Summary of Invention
Technical Problem

The example conventiona art as outlined above addresses the provision of white
light sources by excitation of fluorescent materials, such as phosphors, by light from
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semi-conductor devices, such as LEDs or laser diodes, such that white light is emitted.
The conventional art describes the use of UV, or purple, laser diodes to excite
phosphors in various configurations or blue laser diodes to illuminate phosphors of
various configurations, but both systems have complementary problems associated
with their employment. A white light source based upon aUV, or purple, laser diodeis
limited in efficiency due to the conversion of light from UV to white. Thereis alarge
Stokes shift from UV wavelengths to those associated with white light, being ap-
proximately within the range 430 nm to 750 nm. This Stokes shift results in aloss of
energy to heat within the fluorescent material, which isin addition to losses incurred
by the fundamental quantum efficiency of such fluorescent materials. Both these
factors limit the maximum efficiency of such awhite light source. The safety of such
devices is, on the other hand, good. The UV, or purple, light emitted from the laser
diode contributes only asmall part of the brightness of the white light as perceived by
ahuman eye. Therefore, the laser light can be filtered out from any emitted beam,
greatly reducing the possible human exposure to laser light that may beincurred and
thus improving eye related safety.

By contrast, alaser based white light source which utilises ablue laser diode has a
greater efficiency, due to both the reduced Stokes shift from blue wavelengths to white
light and the quantum efficiency of the phosphors associated with conversion of blue
light to longer wavelengths is generally higher than for phosphors associated with the
conversion of UV, or purple, light to longer wavelengths. Furthermore, the blue laser
light itself isused to form part of the white light spectrum, reducing the requirement to
convert al laser light to white light through the phosphors, thereby further enhancing
total efficiency. However, in terms of safety, as the provision of white light requires
that some of the blue laser light is emitted from the light source, some exposure of
humans to the laser light isinevitable. This will limit the maximum total output that
may be achieved by such alight source to be less than the equivalent UV, or purple,
laser based white light source.

In summary, aUV, or purple, laser based white light source is less efficient, but
safer, than the equivalent blue laser based white light source.

Solution to Problem

A first aspect of the present invention provides alight source system comprising: at
least one first light source for emitting light of afirst waveband; at least one second
light source for emitting light of a second waveband different from the first waveband;
a photoluminescent region including afirst photoluminescent material and a second
photoluminescent material, the first photoluminescent material for, when illuminated
by light of the first waveband, absorbing at least some of the light of the first
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waveband and emitting light in one or more wavebands of longer wavelength than the
first waveband, and the second photoluminescent material for, when illuminated by
light of the second waveband, absorbing at least some of the light of the second
waveband and emitting light in one or more wavebands of longer wavelength than the
second waveband; and an optical system for directing light emitted by the light source
system into the far-field; wherein, in use, light emitted from the first photoluminescent
material, light emitted from the second photoluminescent material, and light of the
second waveband that is not absorbed by the second photoluminescent material
combine to give alight output having adesired spectral characteristic; and wherein the
or each first light source and the or each second light source are each a semiconductor
laser.
Advantageous Effects of Invention

To the accomplishment of the foregoing and related ends, the invention, then,
comprises the features hereinafter fully described and particularly pointed out in the
claims. The following description and the annexed drawings set forth in detail certain
illustrative embodiments of the invention. These embodiments are indicative, however,
of but afew of the various ways in which the principles of the invention may be
employed. Other objects, advantages and novel features of the invention will become
apparent from the following detailed description of the invention when considered in
conjunction with the drawings.
Brief Description of Drawings
[fig. 1]Figure 1: example of laser based light source, constituting a conventional art.
[fig.2]Figure 2: example of alaser based light source in which afilter isincluded for
safety, constituting a conventional art.
[fig.3a]Figure 3a: overview of the main embodiment of the present invention,
[fig.3b] Figure 3b: illustration of the mechanism of operation of the light source and
optical system illustrated with enclosure.
[fig.3c] Figure 3c: plan view of the light source. Alternative spatial distribution of the
two light source constituent materials in atiled array.
[fig.3d] Figure 3d: plan view of the light source. Alternative spatial distribution of the
two light source constituent materials in anon-tiled array.
[fig.3e] Figure 3e: plan view of the light source. Alternative spatial distribution of the
two light source constituent materials in anon-regular array.
[fig.4a]Figure 4a: further embodiment of the present invention. Spatial separation of
the light source constituent materials.
[fig.4b]Figure 4b: plan view of the light source. Details of boundary region between
different constituent materials.
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[fig.5]Figure 5: further embodiment of the present invention. Formation of atwo tier
substrate for the light source.
[fig.6]Figure 6: further embodiment of the present invention. Alternative composition
of the light source constituent materials.
[fig.7]Figure 7: further embodiment of the present invention. Example of an optical
system including reflector and lens parts.
[fig.8]Figure 8: further embodiment of the present invention. Example of an optical
system comprising only areflector.
[fig.9]Figure 9: further embodiment of the present invention. Rotation of the light
source with respect to the optical axis of the optical system.
[fig. 10] Figure 10: incorporation of the optical system into aheadlight.
[fig. 11]Figure 11: system overview of the present invention.
Description of Embodiments

A preferred embodiment of the present invention is described herein and an overview
of the same is presented in Figures 3aand 3b. An array of laser emitters 31is arranged
to illuminate alight source 32 which is comprised by a mixture of fluorescent materials
33 which are deposited evenly over the entire face area 311 of a substrate 34. The
substrate 34 may comprise either an optically transparent material, such as, but not
limited to, clear glass, sapphire or plastic or areflective material such as, but not
limited to, metals such as auminium or silver. The choice of material is dependent on
application chosen at the time of design. The array of laser emitters 31is comprised of
amixture of laser emitters of light in the UV waveband 35, herein termed "UV laser
emitters' 35, and laser emitters of light in the blue waveband 36, herein termed "blue
laser emitters’ 36. The UV waveband is considered to be in the wavelength range of
360 nm to 425 nm (as noted above, the term "UV" isused herein isintended to include
wavebands that extend into, or that are in, the purple region of the spectrum as well as
wavebands solely in the UV region of the spectrum), and the blue waveband is
considered to be within the wavelength range 425 nm to 470 nm. The array of laser
emitters 31is considered to consist of at least one of each of the UV laser emitters 35
and blue laser emitters 36, but should not be limited to only one of each, nor limited to
equal numbers of each. The fluorescent material 33 is comprised of a mixture of two
sub-mixtures of phosphors in which one sub-mixture is comprised of two or more
phosphors which are UV absorbing phosphors and the other sub-mixture is comprised
of one or more phosphors which are blue absorbing phosphors. The UV absorbing
phosphor mixture may comprise two or more phosphors which, when illuminated by
light in the UV waveband, emit light in wavebands comprising one or more of red,
green, blue, orange or yellow. Similarly, the blue absorbing phosphor mixture may
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comprise one or more phosphors which, when illuminated by light of the blue
waveband, emit light in waveband comprising one or more of red, green, orange or
yellow. (It should be understood that areference to aphosphor that emits light of a
particular wavelength or wavelength range is not limited to a single phosphor that
emits light of that particular wavelength or wavelength range, but is also intended to
cover amixture of two or more phosphors that emit light of that wavelength or
wavelength range. Thus, the term "phosphor that emits red light", for example, covers
amixture of two or more different phosphors that emit red light aswell asasingle
phosphor that emits red light.) The colour balance of all of the combined wavebands
from the phosphor, and inclusive of that part of the light in the blue waveband emitted
by the blue laser emitters that is not absorbed by the second sub-mixture of the one or
more blue absorbing phosphors, is perceived as white, for example may fall inside a
shape superimposed upon the CIE 1931 standard colorimetric observer chart defined
by the coordinates (x, y) as follows: (0.310, 0.348), (0.453, 0.440), (0.500, 0.440),
(0.500, 0.382), (0.443, 0.382), (0.310, 0.283).

The combination of wavebands perceived as white isemitted from the light source
32 and passes through awavelength selective filter 37. The wavelength selective filter
37 isdesigned to remove light from the UV waveband only. This is defined as light
with awavelength less than 425 nm. The wavelength selective filter 37 ishighly
transmitting to wavelengths longer than 425 nm. This provides a passive safety
mechanism for the control of emission of laser light in the UV waveband.

An optical system 38isprovided to project the light from the light source 32 into the
far field. The optical system 38 isdepicted as aprimary lens 39 in this illustration,
however, it should not be limited to such and can comprise, but not be limited to,
optical elements such as reflectors, lenses, mirrors or diffraction optics.

The location of the light source 32 may bein the proximity of afocal point of the
optical system 38. This will allow good quality projection of the light from the light
source 32 into the far-field. However, it isnot required for this present invention that
the light source 32 islocated exactly at afocal point, and the light source 32 may be
removed by some distance from afocal point. In figure 3b and other figures the light
source 32 isdepicted asbeing located at afocal point, thisisfor clarity in the diagrams
- whilst locating the light source 32 in the proximity of afocal point of the optical
system 38ispreferred, itisnot anecessary requirement.

The entire system as depicted in Figure 3a should be enclosed such that light emitted
from the array of laser emitters 31 cannot exit the enclosure via aroute other than
through the exit aperture of the system. An example configuration is shown in Figure
3b, whereby the array of laser emitters 31, comprising both UV laser emitters 35 and
blue laser emitters 36, the light source 32 and the wavelength selective filter 37 are
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completely enclosed by an opaque enclosure 310 such that the only route for light to
escape the enclosure 310 isthrough the optical system 38 and the exit aperture 312.
Again the optical system 38isdepicted by aprimary lens 39. Light of the UV
waveband 313 and blue waveband 314 is emitted towards the light source. Multiple
waveband emission from the phosphor 315 is emitted from the light source 32 aong
with residua laser light of both the UV waveband 313 and blue waveband 314. The
multiple waveband emission from the phosphor 315 and light of the blue waveband
314 is permitted to exit the enclosure 310 via the exit aperture 312, whereas the light of
the UV waveband 313 isblocked by the wavelength selective filter 37.

The mixture of phosphors within the fluorescent material 33 of the light source 32
may be adjusted to optimise the balance of emission of laser light of the blue
waveband 314, such that predefined safety limits are not exceeded. The exact threshold
of the safety limit will depend on the intended usage of the light source, but may be
those aslaid out by the IEC 60825-1 Edition 2 (or later) "Safety of laser products - Part
1: Equipment classification and requirements’, or other mandatory safety docu-
mentation. The ratio of mixture of UV absorbing phosphors and blue absorbing
phosphors may be adjusted to optimise the efficiency and safety of the light source si-
multaneously. It isthis freedom of adjustment wherein lies the advantage of the present
invention.

The provision of white light from the light source as described isthe result of a com-
bination of light emitted from UV absorbing phosphors and blue absorbing phosphors.
As some of the UV absorbing phosphors will emit light in the blue waveband it is in-
evitable that this light will cause some excitation of blue absorbing phosphors.
Therefore, it isnecessary to balance the ratios of the mixture of phosphors to account
for this possible interaction between the two mixtures of phosphors. However, it is not
intended that this be the primary route to generating light from blue absorbing
phosphors, where possible this should only be achieved via excitation of light output
from the blue laser emitters.

Figure 3c illustrates an aternative arrangement of the UV absorbing phosphors 52
and blue absorbing phosphors 53. The light source 32 is shown in plan view. Instead of
auniform mixture of the two sets of phosphors as shown in previous figures, the two
sets of phosphors are distributed in atiled array 316. This arrangement may allow for a
simplified light source construction asthe correct ratio of mix of phosphors does not
need to be maintained over the entire light source 32. The array is shown asbeing a
four by four matrix for clarity, but the number of columns and rows can be greater or
smaller and should not be limited to the arrangement shown. Similarly the array is
shown asbeing rectilinear, but other shapes that can be tiled may also be considered,
for example, triangles or hexagons.
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Figure 3d illustrates another example configuration of the UV absorbing phosphors
52 and blue absorbing phosphors 53.The lights source 32 is shown in plan view.
Instead of auniform mixture of the two sets of phosphors as shown in previous figures,
the two sets of phosphors are distributed in anon-tiled array 317. In the example
shown, spots of the UV absorbing phosphors 52 are set within a background of the
blue absorbing phosphors 53. Asin the description of Figure 3c, the exact shape of the
spots may not need to be the shape shown and can take other shapes. However, in this
example, the shapes need not be limited to those that can betiled, and may be, by way
of example, circular. The filling fraction of the spots compared to the background may
be varied according to the desired ratio of phosphors within the light source. Fur-
thermore, the spots may constitute the blue absorbing phosphors within abackground
of UV absorbing phosphors, i.e. the inverse of that shown in Figure 3d.

Figure 3e shows another illustration of apossible arrangement of phosphors whereby
the spots of UV absorbing phosphor 52 are within abackground of blue absorbing
phosphors 53. The light source 32 is shown in plan view. The spots 52 are shown as
being an irregular shape and in anon-regular array 318, i.e. the location of each spot is
displaced from the position of aregular array by anon-specified distance and direction.
Asin the previous examples, the spot size and shape may differ from that shown and
the composition of the spots and background may be inverted.

In the preceding embodiments it isnot required that the UV absorbing phosphors 52
and the blue absorbing phosphors 53 are illuminated at an equal intensity by the UV
laser emitters 35 or the blue laser emitters 36 respectively. Indeed the UV laser
emitters 35 may be controllable independently from the blue laser emitters 36 so that
the intensity of the illumination may be reduced or increased relatively, thereby
changing the ratio of the contribution to the output light by either of the UV absorbing
phosphors 52 or the blue absorbing phosphors 53. This may be to the degree that the
light emitted iscomprised solely by that of the UV absorbing phosphors 52 or solely
by that of the blue absorbing phosphors 53 (and the unabsorbed light from the blue
laser emitters), if so desired.

Figure 4aillustrates afurther embodiment of the present invention whereby the light
source 32 isformed from afluorescent material whose constitution varies as afunction
of position relative to the focal point 51 of the optical system 38. The fluorescent
material closest to the focal point 51isformed from amixture of UV absorbing
phosphors 52. The fluorescent material furthest away from the focal point 51isformed
from amixture of blue absorbing phosphors 53. The particular mixtures of the different
types of phosphor are the same as outlined in the main embodiment, such that the
mixture of UV absorbing phosphors 52 closest to the focal point 51 absorbs light of the
UV waveband and emits light of multiple wavebands, of longer wavelengths, which
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combine to form acolour perceived aswhite, the light of the UV waveband then being
removed by awavelength selective filter 37, and the mixture of blue absorbing
phosphors 53 further from the focal point 51 absorbs light of the blue waveband and
emits light of multiple wavebands, of longer wavelengths, which combine with a
portion of the original laser light of the blue waveband to form acolour perceived as
white. (In this embodiment aviewer may see light that is either predominantly from
the UV absorbing phosphors 52 or predominantly from the blue absorbing phosphors
53, depending on their position. It istherefore advantageous if the light from the UV
absorbing phosphors 52 has a similar spectral characteristic to light from the blue
absorbing phosphors 53 so that the viewer perceives a spectral characteristic that does
not vary significantly with their location. The major difference in this embodiment to
previous embodiments is caused by variation in the mixtures of phosphor as afunction
of position relative to the focal point 51 of the optical system 38.

[0033] The light emitted from the mixtures of UV absorbing phosphors 52 is most strongly
collimated by the optical system 38, due to the proximity to the focal point 51. The
light emitted from the mixture of blue absorbing phosphors 53 is more divergent in
angle due to the greater distance from the focal point 51. According to laser safety reg-
ulations (e.g. IEC 60825-1), alight source with aconstant power and spatial extent
poses alower risk to the eye if the emitted light is more divergent in angle than the
same light source with anarrower angular distribution. Therefore, by causing the laser
light of the blue waveband to be emitted over awider angular distribution, the eye
safety of the system isenhanced. The reason for the variation in divergence of light as
afunction of position from the focal point 51 of the optical system 38 is the difference
in etendue of the two mixtures of phosphors. Etendue iswell known to someone
skilled in the art and will not be described herein, but in summary, the angular dis-
tribution of the light emitted from all points of the light source 32 isthe same, due to
the physical process of emission of light from aphosphor being constant across the
different wavebands present, but the area over which the different mixtures of
phosphor emit light is different. The light perceived aswhite generated from the UV
absorbing phosphors 52 isemitted from asmaller area, therefore it is more readily
collimated by an optical system 38 of agiven size. The light perceived as white which
isemitted from the blue absorbing phosphors 53 isemitted from alarger area.
Therefore, the same optical system 38 isless capable of collimating the light, resulting
in amore angularly divergent projected beam.

[0034] To facilitate the system characteristics outlined above, laser light of the UV
waveband 313 emitted from the UV laser emitters 35 is directed to the mixture of UV
absorbing phosphors 52 located close to the optical system 38 focal point 51 and laser
light of the blue waveband 314 emitted from the blue laser emitters 36 is directed to
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the mixture of blue absorbing phosphors 53 located further from the optical system 38
focal point 51.

The arrangement described in the above embodiment offers advantage in applications
of lighting such as automotive front lighting, whereby the headlight of the automobile
must provide strong illumination into anarrow cone with asmall angular range for
good visibility at along distance when driving in the dark, but aso provide awide illu-
mination pattern to sufficiently illuminate the sides of the road.

In principle, it would be possible for the UV laser emitters 35 to be controllable inde-
pendently of the blue laser emitters 36. It isnot arequirement of the present invention
that the different regions of UV absorbing phosphor 52 or blue absorbing phosphor 53
are illuminated constantly, or at equal intensity by the UV or blue laser emitters 35, 36.
To that end the emission from the different phosphors may be varied in intensity
relative to the other. It isalowed that one or other of the phosphors may have an illu-
mination that isreduced or increased compared to the other. Indeed, the illumination of
one or other of the phosphors may be reduced to zero, causing no emission from that
region. Moreover, this embodiment may provide, for example, alighting system that
can operate in either anarrow angle mode (if only the UV laser emitters 35 are il-
luminated) or awide angle mode (if the UV laser emitters 35 and the blue laser
emitters 36 are illuminated).

For clarity the distribution of the different mixtures of phosphors is shown in Figure
4a as having ahard and thin boundary 54 between the different mixtures. In areal
system it would not be possible to have such aperfectly thin boundary if the different
mixtures of UV absorbing phosphor 52 and blue absorbing phosphors 53 were
deposited on one substrate 34. Some mixing between the different kinds of phosphors
would occur in the boundary region 55, as shown in Figure 4b. Indeed, under some cir-
cumstances an extended boundary region 55 may be beneficial. An extended boundary
region 55 would enhance tolerance of the system to slight variations in the colour tem-
perature of the light perceived aswhite which isemitted from the different mixtures of
phosphors, by causing amore gentle transition from one colour temperature to the
other in the far-field beam spot generated by the optical system 38 as a function of
position within the beam spot.

The light source 32 and subsequent shapes of the different mixtures of the phosphors
is shown asbeing rectilinear polygons. The shape of the light source 32 and shapes of
the areas of different mixtures of phosphors upon the light source 32 should not be
limited to such ashape and may be other shapes including, but not be limited to,
circular, oval, square, triangular, pentagonal and shapes with ahigher number of sides,
bow tie, hour glass or other irregular shapes. Equally the shapes of the different regions
of the fluorescent materials may be such that the UV absorbing phosphor 52, blue
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absorbing phosphor 53 and the boundary region 55 each have different shapes which
may include, but not be limited to, those outlined above.

Figure 5 shows afurther embodiment of the present invention whereby the UV
absorbing phosphors 52 are deposited on araised central section 61 of the substrate 34
relative to the blue absorbing phosphors 53. The shape of the light source 32 as viewed
in plan view may be any of the same as outlined in the previous embodiment,
therefore, only the cross-section of the light source 32 is shown in Figure 5 to highlight
the raised central section 61. By this arrangement the surface of the raised central
section 61islocated coincident to the focal point 51 of the optical system. The optical
system is not shown in Figure 5to alow the source to be represented at a size large
enough to aid clarity of description. The surface of the outer section 62, which is aso
the location of the blue absorbing phosphors 53, is set back from the focal point 51 of
the optical system by some distance 63. Asin previous embodiments the substrate 34
may be made from atransparent or reflecting material. This arrangement in this em-
bodiment allow for amore simple construction of the light source 32, whereby the
boundary region between the phosphors absorbing to light of the UV waveband and
phosphors absorbing to light of the blue waveband may be sharpened by presence of
the discontinuity 64 in the substrate 34.

Figure 6 illustrates afurther embodiment of the present invention whereby the ratio
of the mixture of phosphors isdifferent to the first embodiment. For this reason the flu-
orescent material 41 on deposited on the substrate 34 in the light source 32 in Figure 6
isdenoted by adifferent numera (41). The fluorescent material 41is made from a
mixture of phosphors in which the UV absorbing phosphor isformed solely from a
phosphor (or phosphor mixture) which emits light in the blue waveband. The mixture
of blue absorbing phosphors is created asin the main embodiment. The resultant
mixture of both types of phosphor emits wavebands of different colours that when
combined form acolour perceived aswhite. However, in this embodiment the vast
majority of the light in the blue waveband forming the light perceived aswhite is
formed from the emission from the UV absorbing phosphor which emits in the blue
waveband, not the emission from the blue laser emitters which emit light in the blue
waveband 36. Asbefore, the UV laser light from the emitters 35 and of the UV
waveband isremoved by the wavelength selective filter 37, prior to exiting the system
through the optical system 38. The arrangement of the two sub-mixtures of UV
absorbing phosphors and blue absorbing phosphors may be as described in any of the
previous embodiments relating to Figures 3c, 3d and 3e, but not Figure 4aor 4b.

By this method the proportion of the light perceived as white which is constituted of
laser light in the blue waveband in greatly reduced, thereby enhancing the safety of the
light source 32 with regard to laser safety regulations (e.g. IEC 60825-1) and the ef-
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ficiency of the light source 32 is still improved over that of aUV laser emitter based
system alone.

Figure 7 illustrates afurther embodiment of the present invention whereby the optical
system 38isformed from an elliptical reflector 72 and aprimary lens 39. The light
source 32 islocated at the first focal point 73 of the elliptical reflector 72 and
orientated such that the optical axis 74 of the optical system 38 isnormal to the surface
75 of the light source 32. The primary lens 39 projects the light 76 from the light
source 32 passing through the second focal point 77 of the elliptical reflector 72 into
the far-field. The focal point of the primary lens 39 is preferably co-incident or sub-
stantially co-incident with the second focal point 77 of the elliptical reflector 72. The
light source 32 isilluminated by an array of laser emitters 31 comprising a mixture of
UV laser emitters 35 and blue laser emitters 36.

Figure 7 illustrates an optical system 38 based upon an elliptical reflector 72, but isit
possible to use reflectors with others conic forms including spherical, parabolic and
hyperbolic. Itisalso possible to use other aspheric reflector geometries, based upon
those disclosed above, whereby the basic form of the conic section is perturbed by
higher order contributions. This isdemonstrated in Equation 1:

[Math.I]

2
cr :
z= +> ar?

C1fT= (k)

Equation1

Where c isthe base curvature of the surface at the reflector vertex 78, r isthe radid
coordinate measured perpendicularly from the optical axis 74, k is the conic constant
and &r? are the higher order aspheric terms.

Figure 8illustrates another optical system 38 which isbased solely upon an elliptical
reflector 72, which isidentified by the presence of both afirst focal point 73 and a
second focal point 77. Asin the previous embodiment, the elliptical reflector 72 may
be formed from other conic sections and also conic sections perturbed by aspheric
terms as outlined in Equation 1. The light source 32, array of laser emitters 31, UV
laser emitters 35 and blue laser emitters 36 and emitted light 76 are shown for
reference.

Figure 9 illustrates afurther embodiment of the present invention whereby the light
source 32 isrotated about the first focal point 73 such that the optical axis 74 isno
longer normal to the surface 75 of the light source 32. By this arrangement the ar-
rangement of laser light emitters 31and light source 32 can be optimised to suit the
particular requirements of the optical system 38 design. The optical system 38 shown
isagain based upon an elliptical reflector 72, but it can equally constitute any of the
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configurations disclosed in previous embodiments.

Figure 10 shows the present invention applied to aprojection type automotive
headlight 101 which is capable of providing abeam spot on the road which avoids
glare to drivers of oncoming vehicles. The light source 32 islocated at the first focal
point 73 of the elliptical reflector 72. The array of laser emitters 31 islocated outside
of the elliptical reflector 72 and illuminates the light source 32 through apertures 102
in the eliptical reflector 72. The light 76 emitted from the light source 32 is directed to
the second focal point 77 and projected into the far-field by the primary lens 39. The
whole projector unit isenclosed in an enclosure 310 which prevents emission of laser
light other than through the exit aperture 312 of the enclosure 310. A light shield 103
may be located at the second focal point 77 and blocks part of the projected light beam
to generate abeam spot on the road which causes no glare to drivers of other vehicles.
This istermed the passing beam. The light shield 103 may also be omitted thereby
providing abeam spot on the road termed the driving beam. The light shield 103 may
also be controlled such that is can be moved in or out of the path of the light 76,
thereby switching between the driving and passing beams. The headlight unit 101 is
controlled by input from the driver of the vehicle by turning it on or off, or causing the
light shield 103 to be moved in or out of the path of the light 76. This is further il-
lustrated in Figure 11, which shows avehicle 112 having front headlights 111. Each of
the front headlights 111 may be constituted by aheadlight unit of the present
invention. For example two headlight units 101 of figure 10 may be configured as the
aforementioned headlights 111, which constitute the front lighting of the vehicle 112,
such that abeam spot 113 is generated on the road 114 which does not cause aglare
problem for drivers of other oncoming vehicles 115. The headlights are controlled by a
central control unit 116 which receives input from either the driver console 117 or an
automated input unit 118, for example a camera, which monitors the conditions of the
road 114 and regulates the headlight output accordingly.

Although the invention has been shown and described with respect to acertain em-
bodiment or embodiments, equivalent alterations and modifications may occur to
others skilled in the art upon the reading and understanding of this specification and
the annexed drawings. In particular regard to the various functions performed by the
above described elements (components, assemblies, devices, compositions, etc.), the
terms (including areference to a "means’) used to describe such elements are intended
to correspond, unless otherwise indicated, to any element which performs the specified
function of the described element (i.e., that is functionally equivalent), even though not
structurally equivalent to the disclosed structure which performs the function in the
herein exemplary embodiment or embodiments of the invention. In addition, while a
particular feature of the invention may have been described above with respect to only
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one or more of several embodiments, such feature may be combined with one or more
other features of the other embodiments, as may be desired and advantageous for any
given or particular application.

The present invention can alternatively be described asfollowing: this invention
addresses both the above-mentioned problems simultaneously by allowing for the si-
multaneous use of, for example, both UV (herein the term UV will be used to mean
both UV and purple wavelengths) and blue laser light sources and a mixture of
phosphors to create white light. The phosphor mixture will comprise multiple
phosphors, some of which are only excited by light in the UV waveband, herein termed
"UV absorbing phosphors’, and phosphors which are only excited by light in the blue
waveband, herein termed "blue absorbing phosphors'. In this configuration white light
is generated by two methods. Firstly, light in the UV waveband is converted to light of
multiple wavebands with longer wavelength by the part of the phosphor mixture
comprised only of UV absorbing phosphors. The light in the UV waveband is sub-
sequently blocked to prevent emission from the optical system. Secondly, the part of
the phosphor mixture comprised only of blue absorbing phosphors emits light in one or
more wavebands with longer wavelength. The light of the blue waveband is not
blocked and therefore, exits the optical system. The combination of the light from the
UV absorbing phosphors, the light from the blue absorbing phosphors, and the un-
absorbed part of the light in the blue waveband are mixed together so that an observer
perceives the output aswhite light. The invention thus provides awhite light source
with agreatly reduced laser light content (because some of the blue light is generated
by conversion of the light in the UV waveband, reducing the intensity needed for the
blue laser source) and enhanced safety, whilst aso having attributes of the more
efficient blue laser based white light source.

The prior art does not suggest the use of both UV (or purple), and blue laser diodes
simultaneously.

A laser based light unit may be provided which utilises illumination of awavelength
converting medium, such as a phosphor, by alaser emitter to convert light from the
first waveband of alaser emitter to light of a second or more wavebands, with longer
wavelength, and by such means provide awhite light source. The background art
discloses the use of various single waveband laser emitters and various wavelength
converting media to produce such white light sources. However, the prior art does not
allow for alight source which is comprised of multiple, single waveband laser
emitters, each emitting in a different waveband, which are utilised simultaneously with
wavelength converting media, which are sensitive only to one of the separate
wavebands and not sensitive to both wavebands, such that the combination of amost
all emitted and non-converted wavebands forms awhite light source, only the light
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which isnon-visible being prevented from exiting the light unit. Therefore, the
background art islimited in either terms of efficiency due to the large wavelength shift
required to make white light, or in terms of safety, due to the limitations set, by eye
safety regulations, upon the power of light that may be emitted by such a system.

afirst aspect of the invention isthe utilisation of agroup of multiple laser emitters
which is comprised of emitters in both the UV and blue wavebands. The group of
emitters creates an illumination on alight source comprised of a mixture of fluorescent
materials sensitive to one or other of the wavebands emitted from the lasers. These flu-
orescent materials may include phosphors. One set of the phosphors is sensitive to light
within the UV waveband but isnot sensitive to light within the blue waveband (and
may be sensitive only to light within the UV waveband), and upon illumination form
such, converts the light to wavebands with longer wavelengths. Two or more
phosphors are utilised which emit light in each of two or more wavebands, the
resulting combination of light isperceived aswhite. This white colour is created
without any contribution to the final spectrum from the original UV waveband emitted
from the laser. The second set of phosphors is sensitive to light within the blue
waveband but isnot sensitive to light within the UV waveband (and may be sensitive
only to light within the blue waveband), and upon illumination from such, converts the
light to wavebands with longer wavelengths. One or more phosphors are utilised which
emit light in one or more wavebands. The combination of the phosphor emitted light
and the non-converted laser emitted light mixes to create a colour perceived aswhite.
Therefore, the final spectrum isinclusive of the original blue laser light. By mixing all
of the phosphors together to form one light source and illuminating the entire light
source with both sets of lasers, it ispossible to generate white light with an efficiency
greater than possible with the use of UV lasers alone and a safety which isimproved
over the use of blue lasers alone. The remaining UV light isremoved from the emitted
beam, preventing apossible eye safety risk from that waveband. The light source is
then combined with an optical system to project the light into the far-field.

The laser based light source isenclosed within an enclosure which prevents the
emission of laser light other than through the predefined exit apertures of the
enclosure.

The arrangement of the phosphors may be such that the phosphors sensitive to
different laser wavelengths are spatially separated upon the surface of the light source.
The phosphors may be arranged into atiled array which alternative between UV
absorbing phosphors and blue absorbing phosphors.

The arrangement of the phosphors may be in the form of anon-tiled array.

The arrangement of the phosphors may be in the form of anon-regular array.

The arrangement of the phosphors may be such that the phosphors sensitive to
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different laser wavelengths are spatially separated upon the surface of the light source
in adistribution is defined by the optical system. The white light generated from the
UV laser emitters islocated closest to the focal point of the optical system and is
therefore most collimated. The white light generated from the blue laser emitters is
from phosphors located further away from the focal point of the optical system and is
therefore less well collimated. This leads to an improved safety of the light source
through the more divergent nature of the blue laser light caused by the larger area of
the blue emission.

There may be atransition region between the two different sets of phosphors wherein
the resulting mixture is neither formed purely from one set of phosphors or the other,
but acombination of both.

The substrate upon which the phosphors are deposited may have two tiers. The
mixture of phosphor sensitive to UV laser light may be on one tier, which is also
closest to the focal point of the optical system. The mixture of phosphors which is
sensitive to blue light is on the other tier, which is set back from the focal point of the
optical system.

The mixture of al of the phosphors may be changed in composition, such that the
phosphors sensitive to UV light may be entirely composed of phosphors which emit in
the blue waveband. The resulting emission from these phosphors will generate ablue
colour and the residual UV laser light isonce again removed. The composition of the
mixture of phosphors sensitive to blue laser light isunchanged. The light source is
configured such that the blue part of the emitted white light isformed from the
emission from the UV sensitive blue phosphor and not the blue laser light. By this
method the combination of all the emitted light is still perceived as white and has a
similarly reduced blue laser content, thereby improving eye safety further.

The light source may be formed within an optical system based upon an dlliptical,
hyperbolic, parabolic, spherical or other aspheric shape reflector and alens.

The light source may be formed within an optical system based upon an dlliptical,
hyperbolic, parabolic, spherical or other aspheric shape reflector only.

The light source may be rotated with respect to the optical axis of the optical system.

The optical system may comprise aheadlight for avehicle, configured to provide a
driving or passing beam spot on the road.

The present invention may also provide alight source system comprising: at least
one first light source for emitting light of afirst waveband; at least one second light
source for emitting light of a second waveband different from the first waveband; a
photoluminescent region including afirst photoluminescent material and a second pho-
toluminescent material, the first photoluminescent materia for, when illuminated by
light of the first waveband, absorbing at least some of the light of the first waveband
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and emitting light in one or more wavebands of longer wavelength than the first
waveband and the second photoluminescent material for, when illuminated by light of
the second waveband, absorbing at least some of the light of the second waveband and
emitting light in one or more wavebands of longer wavelength than the second
waveband; wherein, inuse, light emitted from the first photoluminescent material, light
emitted from the second photoluminescent material, and light of the second waveband
that is not absorbed by the second photoluminescent material combine to give alight
output having adesired spectral characteristic.

The photoluminescent materials may be fluorescent materials, such as fluorescent
phosphors or mixtures of two or more fluorescent phosphors.

For the avoidance of doubt, the term "phosphor” asused herein includes a
nanophosphor.

The light source system may further comprise afilter disposed in the path of light
from the first photoluminescent material for removing light of the first waveband that
isnot absorbed by the first photoluminescent material. This isof particular benefit
when the first light source(s) is/are laser sources.

The light output may have awhite light spectral characteristic.

The first photoluminescent material may emit, when illuminated by light of the first
waveband, light intwo or more different wavebands of longer wavelength than the first
waveband.

Light emitted by the first photoluminescent material in the two or more different
wavebands may combine to give light having awhite light spectral characteristic. Ad-
ditionally or aternatively, light emitted by the second photoluminescent material and
light of the second waveband that is not absorbed by the second photoluminescent
material may combine to give light having awhite light spectral characteristic. This
may be of particular benefit in embodiments in which the first and second photolu-
minescent materials are at different positions with respect to afoca point of the optical
system, so that at some viewing positions an observer may perceive light pre-
dominantly from the first photoluminescent material and at other viewing positions an
observer may perceive light predominantly from the second photoluminescent material
- if the first photoluminescent material emits white light, and the light from the second
photoluminescent material combines with the unabsorbed light of the second
waveband also to give white light, an observer will perceive white light at all viewing
positions.

The light source system may further comprise an optical system for imaging light
emitted by the light source system into the far-field.

The first photoluminescent material may be substantially non-absorbing for light in
the second waveband.
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The second photoluminescent material may be substantially non-absorbing for light
in the first waveband.

The first waveband may be within the wavelength range of from approximately
360nm to approximately 425nm, that isto say in the UV and/or purple regions of the
spectrum (as noted, this will be referred to as "UV" for simplicity). The first waveband
may cover the whole of the wavelength range of from approximately 360nm to ap-
proximately 425nm, or it may cover only part or parts of the wavelength range of from
approximately 360nm to approximately 425nm.

The first waveband may be within the wavelength range of from approximately
425nm to approximately 470nm, that isto say in the blue region of the spectrum. The
first waveband may cover the whole of the wavelength range of from approximately
425nm to approximately 470nm, or it may cover only part or parts of the wavelength
range of from approximately 425nm to approximately 470nm.

The first and second photoluminescent materials may be intermixed with one
another.

The photoluminescent region may comprise aregion in which the relative proportion
of the first photoluminescent materia and the second photoluminescent material varies
with position across the region. If the first photoluminescent material should generate
light having one spectral characteristic, and the second photoluminescent material and
the unabsorbed part of the second waveband should generate light having a different
spectral characteristic, an observer may perceive different outputs from the system at
different viewing positions. Providing such aregion of graded composition in the pho-
toluminescent region can prevent a sharp change in the output being perceivable by an
observer.

Alternatively the first and second photoluminescent materials may be spatially
separated from one another. As an example, the first and second photoluminescent
materials may be arranged as one or more regions of first photoluminescent material
and as one or more regions of second photoluminescent material (and the region(s) of
first photoluminescent materia and the region(s) of second photoluminescent material
may be disposed on a suitable substrate.

The second photoluminescent material may be disposed further from afocal point of
the optical system than the first photoluminescent materia (or, for example where the
first and second photoluminescent materials are intermixed with one another, the
relative proportion of the first photoluminescent material to the second photolu-
minescent material may vary with distance from the focal point of the optical system).

The second photoluminescent material may be disposed further from afocal point of
the optical system than the first photoluminescent material in adirection perpendicular
to the optical axis of the optical system or in adirection parallel to the optical axis of
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the optical system.
The light source system may comprise a substrate, a surface of the substrate may

have at least one first portion and at least one second portion non-co-planar with the or
each first portion, the first photoluminescent material may be disposed on the one or
more first regions of the surface and the second photoluminescent material may be
disposed on the one or more second regions of the surface. If the substrate is arranged
such that first photoluminescent material is coincident with the focal point of the
optical system, the differing thickness of the substrate will mean that the second photo-
luminescent material is spaced from the focal point. Also, the differing thickness of the
substrate will allow good delineation between aregion of the first photoluminescent
material and a neighbouring region of the second photoluminescent material.

The or each first light source may be a semiconductor laser. The or each second light
source may be a semiconductor laser.

A light-incident surface of the photoluminescent region (that is, a surface of the pho-
toluminescent region on which light from the light sources isincident) may be
disposed at an angle to the optical axis of the optical system.

A second aspect of the invention provides aheadlight for amotor vehicle comprising
alight source system of the first aspect.

A third aspect of the invention provides amotor vehicle comprising aheadlight of
the second aspect.

Industrial Applicability

The light source disclosed in the present invention may be utilised as alight source
for general lighting based upon laser emitters whereby safety and efficiency must be
optimised. Furthermore, it may be utilised in automotive lighting whereby the use
intense and directional projected light beams may fundamentally limit the light output
which may be generated by ablue laser emitter based system only.

Reference Signs List
11. light source (prior art 1)
12. light emitting semiconductor element (prior art 1)
13. transparent member (prior art 1)
14. penetrating opening (prior art 1)
21. vehicle headlight (prior art 2)
22. laser irradiation device (prior art 2)
23. fluorescent substance (prior art 2)
24. scattering medium (prior art 2)
25. wavelength selective filter (prior art 2)
26. light not converted by fluorescent substance (prior art 2)
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Claims

A light source system comprising:

at least one first light source for emitting light of afirst waveband;

at least one second light source for emitting light of a second waveband
different from the first waveband,

aphotoluminescent region including afirst photoluminescent material
and a second photoluminescent material, the first photoluminescent
material for, when illuminated by light of the first waveband, absorbing
at least some of the light of the first waveband and emitting light in one
or more wavebands of longer wavelength than the first waveband, and
the second photoluminescent material for, when illuminated by light of
the second waveband, absorbing at least some of the light of the second
waveband and emitting light in one or more wavebands of longer
wavelength than the second waveband; and

an optical system for directing light emitted by the light source system
into the far-field;

wherein, in use, light emitted from the first photoluminescent material,
light emitted from the second photoluminescent material, and light of
the second waveband that is not absorbed by the second photolu-
minescent material combine to give alight output having a desired
spectral characteristic;

and wherein the or each first light source and the or each second light
source are each a semiconductor |laser.

A light source system as claimed in claim 1 and further comprising a
filter disposed in the path of light from the first photoluminescent
material for removing light of the first waveband that is not absorbed
by the first photoluminescent material.

A light source system as claimed in clam 1or 2 wherein the light
output has awhite light spectral characteristic.

A light source system as claimed in claim 1, 2 or 3 wherein the first
photoluminescent material emits, when illuminated by light of the first
waveband, light in two or more different wavebands of longer
wavelength than the first waveband.

A light source system as claimed in claim 4 wherein light emitted by
the first photoluminescent material in the two or more different
wavebands combines to give light having awhite light spectral charac-
teristic.
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A light source system as claimed in any preceding claim wherein light
emitted by the second photoluminescent material and light of the
second waveband that is not absorbed by the second photoluminescent
material combine to give light having awhite light spectral charac-
teristic.

A light source system as claimed in any preceding claim wherein the
first photoluminescent material is substantially non-absorbing for light
in the second waveband.

A light source system as claimed in any preceding claim wherein the
second photoluminescent material is substantially non-absorbing for
light in the first waveband.

A light source system as claimed in any preceding claim wherein the
first waveband is within the wavelength range of from 360nm to
425nm.

A light source system as claimed in any one of claims 1to 8 wherein
the first waveband is within the wavelength range of from 425nm to
470nm.

A light source system as claimed in any preceding claim wherein the
first and second photoluminescent materials are intermixed with one
another.

A light source system as claimed in any one of claims 1to 10 wherein
the first and second photoluminescent materials are spatially separated
from one another.

A light source system as claimed in claim 11or 12 wherein the photo-
luminescent region comprises aregion in which the relative proportion
of the first photoluminescent material and the second photoluminescent
material varies with position across the region.

A light source system as claimed in clam 12 or 13 wherein the second
photoluminescent material is disposed further from afocal point of the
optical system than the first photoluminescent material.

A light source system as claimed in clam 14 wherein the second photo-
luminescent material is disposed further from afocal point of the
optical system than the first photoluminescent material in adirection
perpendicular to the optical axis of the optical system.

A light source system as claimed in clam 14 wherein the second photo-
luminescent material is disposed further from afocal point of the
optical system than the first photoluminescent material in adirection
parallel to the optical axis of the optical system.
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[Claim 17]

[Claim 18]

[Claim 19]

[Claim 20]
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A light source system as claimed in claim 14 or 16 and comprising a
substrate, a surface of the substrate having at least one first portion and
at least one second portion non-co-planar with the or each first portion,
wherein the first photoluminescent material is disposed on the one or
more first regions of the surface and the second photoluminescent
material is disposed on the one or more second regions of the surface
A light source system as claimed in any preceding claim wherein a
light-incident surface of the photoluminescent region is disposed at an
angle to the optical axis of the optical system.

A headlight for amotor vehicle comprising alight source system as
defined in any one of claims 1to 18.

A motor vehicle comprising aheadlight as defined in claim 19.
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