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(57) Abstract: This invention relates to a phosphor as-

22 sembly with a phosphor element (1) for converting pump
light into converted light, and an optical system (2) for
6 23 24 / transmitting converted light and/or pump light. Therein, a

tween the phosphor element (1) and the optical system
| | | (2), wherein an excess of immersion material (23) enables

a continuous exchange of the material in the gap (6) and
— 21 thus provides a cooling.

‘ liquid immersion material is provided in a gap (6) be-
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Description

Phosphor assembly with phosphor element and optical sys-

tem

Field of the invention

This invention relates to a phosphor assembly comprising
a phosphor element for converting pump light into con-
verted light, and an optical system for transmitting at
least a part of the converted light and/or of the pump
light.

Background of the invention

In applications that wvary from projection systems to op-
tical fiber coupled illumination in endoscopy, there is
an increasing need for high brightness illumination
sources. Therein, bright discharge lamps are the state of
the art broadly used today. The latest developments are
combining light sources having a high power density, e.g.
a LASER source (for example a laser diode), with 1light
(here also encompassing invisible ultraviolet and infra-
red radiation) converting phosphor elements remote from
the exciting light source. In this way, typically ultra-
violet or blue pump light can be converted to light hav-
ing a longer wavelength by the phosphor (down conver-

sion) .

It is an object of the present invention to provide an

improved phosphor assembly for converting pump light.
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Summary of the invention

It is an object of the present invention to provide a a
phosphor assembly with a phosphor element and an optical
system for transmitting pump light and/or converted
light, wherein a liquid immersion material can be pro-
vided between the phosphor element and the optical sys-
tem. Therein, the total volume of the liquid immersion
material is adapted for an excess during phosphor assem-
bly operation such that at a time not more than 50 %,

preferably not more than 45 %, 40 %, 35 %, 30 %, 25 %, 20

A

5, 15 %, 10 %, 5 %, 0.5 %, 0.05 % of this total volume
are penetrated by the light, which is transmitted by the
optical system towards the phosphor element (pump light)
and/or away from the phosphor element (converted light).
Thus, these percentages relate to that part of the volume
between the phosphor element and the optical system,
which is penetrated by pump light having been guided by
the optical system and/or by converted light, which will
be guided by the optical system, and is referred to as
"gap" 1in the context of this application. In case the
volumes defined by the converted light and the pump light

differ, the larger one is referred to.

By providing a liguid immersion material between the op-
tical system and the phosphor element, an air gap in the
optical path can be avoided. Thus, Fresnel losses, which
occur between media having different refractive indices,
can be reduced initially. Further, 1light is refracted
away from the optical axis at a transition from a medium
having a higher refractive index to air, which causes ad-
ditional losses. By providing an immersion material,

these refractive losses can be reduced or even be de-
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creased to zero, for instance 1f the refractive index of
the immersion material is chosen between those of the
phosphor element n, and the optical system n.,. For opti-
mum results, the refractive index of the immersion mate-
rial can for example be chosen equal to the square root
of the product of the indices n, and n.,. As a result, the
light collection efficiency of the phosphor assembly can

be improved.

According to the invention, an excess of immersion mate-
rial 1s provided, namely more immersion material than
needed to fill the gap between the optical system and the
phosphor element. In this way, a continuous exchange of
immersion material in use (converting light) is possible,
most simply by convection. The inventors found that the
exchange of immersion material dissipates heat, which can
be generated within the phosphor element due to the
stokes shift and a possible parasitic absorption of the
phosphor, which can for example be caused by lattice de-
fects or auxiliary crystallographic phases. Thus, the ex-
cess immersion material has a cooling effect; the diffu-
sion and thus the cooling can for instance increase with
an increasing temperature gradient, which is self-
regulating. Besides the convection mechanism, the excess
immersion material can also act as a heat capacity or

heat sink in general.

Further, the inventors observed an aging of the liquid
immersion material at increased temperatures and for high
radiant intensities. Therefore, the excess of immersion
material can advantageously reduce an average damaging
thereof and thus increase the lifetime of the whole as-

sembly.
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In this context, the invention is also directed to a
method for converting light, wherein a liquid immersion
material 1is provided between a phosphor element and an
optical system, and is continuously exchanged during the

pump light conversion.

In general, the optical system can have a double function
and be provided for collecting and guiding converted
light and/or for guiding pump light. Therein, the optical
system can be or comprise a non-imaging optical element,
for example a hollow light pipe having a reflective coat-
ing at its inner surface or a dielectric 1light guide,
which guides the 1light by total internal reflection
within a core having a higher refractive index than a
cladding or a surrounding medium, as for example air.
Likewise, the optical system can be or comprise an imag-

ing optical element, for example a lens or lens system.

The phosphor element absorbs at least part of the pump
light and emits converted 1light having a longer wave-
length, wherein a spontaneous emission is dominant. Phos-
phor types illustrating, though not limiting the present
invention, are garnet type phosphors of the form A,
B,C,Al1:0.», (A, B, C from Y, Al, Lu, Ga etc.), for instance
Ce doped YAG (Yttrium Aluminum Garnet), Orthosilicates
that can contain Sr, Ba, Ca etc., for example Eu doped
Strontium Orthosilicate, Silicone-Aluminum-Oxy-Nitrides,

or pure Nitridic phosphors.

Preferred embodiments appear from the dependent claims
and the following description, wherein the details refer
to all aspects of the invention and are considered as

disclosed individually; the invention is not restricted
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to the apparatus category, but also disclosed in terms of

a method or a use.

In a first embodiment, at least a part of the optical
system co-defines a volume sealingly, which volume con-
tains the liquid immersion material. "Co-defining”™ means
that the phosphor element defines an outer surface of the
volume together with further bordering means, as for ex-
ample a wall portion. Hence, the immersion material can
be put in direct contact to the optical system such that
preferably no interlayer or glue requiring an additional

index matching is needed.

According to a further embodiment, a volume containing
the ligquid immersion material is provided, which wvolume
contains either the phosphor element or 1is co-defined
sealingly by at least a part of the phosphor element. In
the former case, the phosphor element is provided inside
the volume and defines an inner surface thereof, whereas
it defines an outer surface in the latter case. In this
way, a direct contact between the immersion material and
the phosphor element can for instance be ensured, which

results in a good heat transport.

In a preferred embodiment, at least 5 %, further pre-
ferred at least 10 %, 15 %, 20 %, 25 %, 30 %, 35 %
45 %, 50 %, 55 %, 60 %, ©5 %, 70 %, 75 %, 80 %, 85 %, 90

~
W~
(@]
o\°
~

%, 95 %, of the volume are filled with liquid immersion
material. As a matter of course, the volume can also be
completely filled with ligquid immersion material, namely
to 100 %. The liquid immersion material can for example

be an immersion o0il, for instance Immersol® 518 F or Im-
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available from the company Carl Zeiss.

According to a further embodiment, the assembly comprises
a reservoir and a channel, wherein the liquid immersion
material can be fed from the reservoir through the chan-
nel to the phosphor element. Feeding the immersion mate-
rial actively can either support the exchange, if the
phosphor element is covered by liquid anyway, or provide
a wetting to a phosphor element being not constantly
dipped into immersion material, so being not constantly

covered.

The channel can be provided within the optical system it-
self, for example as a through hole leading to the gap,

or alternatively adjacent to it.

In a further preferred embodiment, the assembly 1is
adapted to transport liguid immersion material to the
phosphor element, and to collect liquid immersion mate-
rial draining off the phosphor element for recirculating
it to the phosphor element. Preferably, the phosphor ele-
ment 1is provided in or co-defines a sealed volume, in
which the liquid immersion material is collected after

flowing along the phosphor element by gravitation.

In a further embodiment, the optical system and the phos-
phor element are moveable with respect to each other.
Likewise, a focal spot of the pump light can be displaced
on the phosphor element, which reduces the average time
of pump light interaction. The inventors observed an in-
creased lifetime for phosphor elements in a moveable

setup, particularly for red phosphor types, which have a
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sion and thus suffer from an intense heating.

Advantageously, the immersion material provided in excess
allows a continuous wetting, even though the phosphor
element and the optical system are moved against each
other; on the other hand, this movement supports the con-

tinuous exchange of the immersion material in the gap.

Further preferred, the phosphor element is mounted ro-
tatably and can be moved on a circle around a rotational
axis. Therein, the phosphor element can for instance be
provided in a wheel-like setup, namely on a disk- or a
ring-shaped substrate or as a monolithic phosphor wheel.
A motor for driving the rotation can for example be pro-
vided outside of the volume containing the liquid immer-
sion material, wherein either a shaft can be sealed

against the volume or a magnetic clutch be applied.

Preferably, the motor is provided inside the sealed vol-
ume. Likewise, neither a turning shaft has to be sealed
nor a magnetic clutch to be applied, which simplifies the
setup. Advantageously, an immersion o0il provided for the

index matching can additionally act as a lubricant.

With the motor provided in the sealed volume being pref-
erably a brushless motor, an abrasion of carbon elec-
trodes, which can lead to a contamination of the immer-

sion material, can be avoided.

In a further embodiment, a passageway for liquid immer-
sion material is provided at the rotatable phosphor ele-
ment radially inside the circular path to enable a flow

of immersion material along the rotational axis. Thus,
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the phosphor element is for example not provided on a
disk without through holes; instead, the phosphor element
can for instance be spaced by spokes to the rotational
axis, wherein ©passageways are provided between the
spokes. Likewise, frictional forces between the wheel and
the immersion liquid as well as turbulences, which can

affect the optical transmission, can be reduced.

Further preferred, guiding means are provided at these
passageways for guiding the flow of immersion material.
Thus, the flow can be adapted to a specific application,
wherein increasing the flow rate around the phosphor ele-
ment will improve the cooling, whereas reducing the flow
rate can avoid turbulences and thus stabilizes the opti-

cal output.

The invention is also directed to a light source unit,
which comprises a phosphor assembly according to the in-
vention, and a pump light source for an emission of pump

light, for instance a LASER or LED device.

Further, the invention is also directed to a use of a re-
spective light source or of a phosphor assembly according
to the invention for a fiber optical illumination or an

application in a data projection system.

Brief description of the drawings

Fig. 1 illustrates a state of the art phosphor assembly
with a phosphor element and a non-imaging optical

system.

Fig. 2 shows a phosphor assembly with a volume containing

liquid immersion material sealingly.
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Fig. 3 illustrates a non-imaging optical system inte-
grated into a side wall of a container for liquid

immersion material.

Fig. 4 shows a setup as the one of figure 3 with an imag-

ing optical system.

Fig. 5 shows a setup according to figure 2 in combination

with a phosphor wheel mounted rotatably.

Fig. 6 shows a top view of a phosphor wheel in use.

Fig. 7 illustrates a phosphor wheel with spokes in top

view.

Fig. 8 shows a phosphor wheel in combination with a tube
for feeding liquid immersion material to the gap
between the phosphor element and the optical sys-

tem.

Fig. 9 illustrates a non-imaging optical element with an

integrated channel structure.

Preferred embodiments of the invention

Figure 1 shows a state of the art phosphor assembly with
a phosphor element 1 and an optical system 2, which is
made of optical glass, preferably gquartz glass or BK7
having an refractive index of 1.46 and 1.52 in the wvisi-
ble spectral range. Thus, light entering the optical sys-
tem 2 at one of the faces 3, 4 is guided by total inter-
nal reflexion at its side walls 5 to the respective oppo-

site face 4, 3.
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Therein, only the converted light rays lying inside the
acceptance angle of the optical system 2 can be col-
lected; rays missing the face 3 are lost. Therefore, the
side walls 5 are not formed linearly but as Bezier curves
(cross-sectional side view), whereby the acceptance angle
at the face 3 is increased. In general, acceptance losses
are increasing with an increasing gap 6 between the phos-

phor element 1 and the optical system 2.

The phosphor element 1 is provided on a heat sink 7 and
is operated in reflection mode; the non-imaging optical
system 2 guides pump light to the phosphor element 1 and
also collects the converted light from it for guiding it

in an opposite direction for further use.

Figure 2a shows a phosphor assembly with a phosphor ele-
ment 1, a non-imaging optical system 2, and a heat sink
7; therein, the optical system 2 co-defines a volume to-
gether with wall portions 21 of a container 22, which is

filled with immersion o1l 23 and sealed with a 1lid 24.

Thereto, the non-imaging optical system 2 is fitted into
a recess in the right sidewall 21 such that the face 4 of
the optical system 2 is even with the outer surface of
the wall portion 21. Alternatively, the exit face 4 could
be attached to the inner surface of a translucent wall
portion 21 (and the optical system would still define an
outer surface of the volume for the liquid and thus be

"co-defining" it), for instance by an index matched glue.

The immersion 01l has a refractive index of 1.63, which
is the optimum for a non-imaging optical system 2 made of
quartz glass (ngs = 1.46) and a garnet type phosphor ele-

ment 1 having a refractive index of n, = 1.83; thus,
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Fresnel and refraction losses are reduced. For Nitridic
phosphors having a refractive index of about 2.1, an op-
timum refractive index of the immersion o0il would for in-
stance be about 1.75 (referring in the whole paragraph to

the visible spectral range).

During operation, only the immersion o0il in the gap 6 is
penetrated by 1light, which has been transmitted (pump
light, see Figure 2b) or will be transmitted by the opti-
cal system 2 (converted light, see Figure 2c). Since the
phosphor element 1 is a Lambertian source emitting into a
hemisphere, the converted light can usually not be col-
lected entirely. Nevertheless, the gap ©6 will typically
be the region of the liquid immersion material 23, which
has the highest 1light power density such that for in-
stance more than 90 % of the total light power are ob-
served in the gap 6. An excess of immersion material 23
is provided to enable a convection driven continuous ex-

change of the immersion o0il in the gap and thus a convec-

tive cooling.

Figure 2b shows a propagation of pump light 27 through
the optical system 2 and the gap 6 to the phosphor ele-
ment 1, wherein rays 27 defining the 1light beam are

drawn.

Figure 2c¢ shows converted light being emitted from the
phosphor element 1 and collected by the optical system 2.
Therein, only the converted light rays 28, which lie in-
side the acceptance angle of the optical system 2 can be
collected. The rays 29 missing the face 3 are lost. The
gap 6 defined by the converted light rays collected 28

can for instance have a volume of about 0.002 mm® to 7
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mm?®, assuming a distance between the phosphor element 1
and the optical system 2 of about 50 pm to 0.5 mm and a
diameter of the emitting region of about 0.25 mm to 4 mm.
The container 22 has a volume of about 4500 mm® to 15000
mm?® such that the ratio of the total immersion oil volume
to the volume of the gap 6 can lie between 600:1 and
7,500,000:1, depending on the specific setup and the per-
centage filling of the container 22 (100 % assumed in

this case).

Figure 3 shows a setup with a container 22 for liquid im-
mersion oil 23, wherein the recess in the right wall por-
tion 21 is adapted for receiving the phosphor-sided end
of the optical system 2 such that its face 3 is even with
the inner surface of the wall portion 21. Also the volume
for containing the immersion o0il is reduced in this way,
approximately to 2000 mm?®, there is still a significant
excess of oil. In this case, the ratio of the total im-
mersion o0il volume to the wvolume of the gap can lie be-

tween 285:1 to 1,000,000:1.

Figure 4 shows a setup similar to the one of figure 3,
wherein the optical system 2 is an imaging lens system
comprising a primary lens 41 and a secondary lens 42,
which focus the pump 1light and collimate the converted
light. The primary lens 41 is provided in a recess of the
wall portion 21 and 1is even with the inner surface
thereof. Alternatively, the 1lens 41 could also be at-
tached to an inner or outer surface of a translucent wall

portion 21, for instance by an index matched glue.

Figure 5 shows a container 22 as explained along figure

2, wherein the phosphor element is not provided on a
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static heat sink 7 but on a wheel 51, which is mounted
rotatably. A brushless motor 52 is provided inside the
immersion o0il 23, whereby only the stationary (in terms
of non-moving) cables 53 need to be sealed against the
lid 24. The rotating shaft 53 is inside the immersion oil

23, which also acts as a lubricant.

The phosphor element has a ring-like shape, wherein only
the section being in a focus point of the optical system
2 converts light; the section converting respectively is

altered by turning the wheel 51.

Figure 6 shows a top view of a respective ring-shaped
phosphor element 1, which is provided on a disc 62 made
of aluminum. The focus point 61 of the pump beam is ar-
ranged in the lower part and thus inside the immersion
0il 23. This setup illustrates that the container 22 is
not necesgssarily completely filled with immersion oil;
since the optical system 2 and thus the focal point 61
are arranged in the lower part, a wetting of the gap 6 is

ensured nevertheless.

Figure 7 shows an alternative phosphor wheel, wherein the
ring-shaped phosphor element 1 is spaced to the rota-
tional axis 71 by spokes 72. In this way, frictional
forces between the immersion oil and the wheel are re-

duced.

The spokes' structure can for instance be punched out of
an aluminum disc. Therein, blades 73 can be left at the
spokes and be put into a shape for adjusting the flow of

immersion o0il 23 with respect to the phosphor element 1.
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Figure 8 shows a setup with a phosphor wheel 51 and a
ring-shaped phosphor element 1 thereon. Therein, the im-
mersion o0il can be fed from a reservoir through a tube 81
and be dispensed to the gap 6 by a nozzle. The supply of
immersion material is driven by an electric pump, the op-
eration of which can be set on simultaneously to the ro-
tation of the phosphor wheel 51. Besides improving the
optical properties, the immersion o0il 23 can also act as
a lubricant. The setup can for instance be provided in a

container 22 as explained for figure 2.

Figure 9 illustrates a similar setup, wherein the channel
91 for feeding immersion o0il 23 to the phosphor element 1
is provided as a through-hole in the non-imaging optical
system 2. The immersion oil 23 is fed to the gap 6, flows
along the phosphor element 1, and is collected at the
bottom of the container 22 after draining off the phos-
phor element 1. The pump 92 is in fluid connection with
this reservoir and reclaims and pumps (i.e. recycles) the

immersion o0il 23 to the phosphor element 1.
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Claims

A phosphor assembly comprising:

a phosphor element (1) for converting pump light into
converted light,

an optical system (2) for transmitting at least a
part of at least one of said converted light and said
pump light,

a liquid immersion material (23), which can be pro-
vided between said phosphor element (1) and said op-
tical system (2),

wherein said assembly and the total wvolume of gsaid
liquid immersion material (23) are adapted for an ex-
cess of immersion material (23) to enable an exchange
of immersion material (23) during phosphor assembly
operation,

such that not more than 50 % of said total volume are
penetrated by said light transmitted by said optical
system (2).

The assembly according to claim 1, wherein at least a
part of said optical system (2) co-defines a volume
sealingly, said volume containing said liquid immer-

sion material (23).

The phosphor assembly according to claim 1 or 2, hav-
ing a volume containing said ligquid immersion mate-
rial (23), wherein said volume is one of containing
said phosphor element (1) and being co-defined seal-
ingly by at least a part of said phosphor element
(1) .
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The phosphor assembly according to claim 2 or 3,

wherein at least 5 % of said volume are filled with

said liquid immersion material (23).

The phosphor assembly according to one of the preced-
ing claims having a reservoir and a channel (81, 91),
wherein said ligquid immersion material (23) can be
fed from said reservoir through said channel (81, 91)

to said phosphor element (1).

The phosphor assembly according to c¢laim 5 being
adapted to transport liquid immersion material (23)
from said reservoir to said phosphor element (1),
said ligquid immersion material (23) flowing along
said phosphor element (1) by gravitation or forced
convection and being recirculated thereafter, pref-
erably within a sealed volume containing said liguid

immersion material (23).

The phosphor assembly according to one of the preced-
ing claims, wherein said optical system (2) and said
phosphor element (1) are moveable with respect to

each other.

The phosphor assembly according to claim 7, wherein
said phosphor element (1) is mounted rotatably for a
movement on a circular path around a rotational axis

(71) .

The phosphor assembly according to claim 8, wherein a

motor (52) for driving said rotational movement,
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preferably a brushless motor, is provided inside a
volume containing said liquid immersion material (23)

sealingly.

The phosphor assembly according to claim 8 or 9,
wherein a passageway for ligquid immersion material
(23) 1s provided at said phosphor element (1) ra-
dially inside said circular path for enabling a flow
of liquid immersion material (23) along said rota-

tional axis (71).

The phosphor assembly according to claim 10, wherein
a guiding means (73) 1is provided at said passageway
for guiding said flow of said liquid immersion mate-

rial (23) with respect to said phosphor element (1).

A light source unit comprising a phosphor assembly
according to one of the preceding claims and a pump

light source for an emission of pump light.

A method for converting light, comprising:

providing a phosphor element (1) and converting pump
light into converted light thereby,

providing an optical system (2) and transmitting at
least a part of at least one of said converted light
and said pump light thereby,

providing a liquid immersion material (23) Dbetween
said phosphor element (1) and said optical system
(2),

continuously exchanging said liquid immersion mate-
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rial (23) between said phosphor element (1) and said

optical system (2) during said conversion.

Use of a phosphor assembly according to one of claims
1 to 11 or of a light source unit according to claim
12 for a fiber-optical illumination or an application

in a data projection system.
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