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Enhancement of Laser Multiplexing Efficiency for
Solid State Lighting Through Photon Recycling

Ching-Cherng Sun , Shih-Kang Lin, Mao-Teng He, Chi-Shou Wu, Tsung-Hsun Yang , and Yeh-Wei Yu

Abstract—An optical design of a novel structure has been
proposed and demonstrated to perform photon recycling in a
transmission-type laser-pumping white light. The structure in-
cludes a hemisphere reflector and a phosphor plate located at the
center of a hemisphere reflector. The hemisphere reflector is not
only used for photon recycling to increase the energy efficiency
but also to keep the energy efficiency nearly unchanged when
the number of the multiplexing laser increases. The experimental
measurement shows that the photon recycling with the hemisphere
reflector can increase the energy efficiency from 36.2% to 53.3%
for on-axis incidence, and 35.2% to 55.7% for off-axis incidence.
Besides, the efficiency keeps the same up to three-laser multiplexing
in the experiment, and potentially can be extended to more than 10
in the simulation for various hole structures. The result is not only
on the efficiency enhancement but also on the enhanced exitance of
the laser white light and the unchanged etendue of the light source.
This property is an important advantage for lasers rather than
LEDs in a solid-state white light source.

Index Terms—Laser multiplexing, photon recycling, white light
lighting, phosphor model.

I. INTRODUCTION

SOLID-STATE lighting (SSL) with light-emitting diode
(LED) has been increasing its impact on human life by

penetrating general lighting, in both indoor and outdoor ap-
plications. The advantages of LED SSL include fast response,
high efficiency, wide color range, compact size, robust and
environmental benefits [1]–[9]. In general, a white-light LED is
a semiconductor light source of blue die covering with a yellow
phosphor [6], [10], [11]. Owing to Mie scattering in the phosphor
layer or volume, both blue and yellow lose their directionality
and the performed white light forms a Lambertian-like light
source [6], [12], [13], [14]. Even the intensity between the
blue light and yellow light is always different, several effective
ways have made the white light with higher angular uniformity
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[15]–[19]. The inherent Lambertian-like emission characteristic
makes the etendue [12], [20], [21] of the light source limited to
a certain big, and depends on the light source area which almost
equals the phosphor area. One of the shortages of the white light
LED is the exitance of the light source is not intense enough
to support high-intensity projection applied to a video projector,
long-range spotlight, or others. Even with a high-quality thermal
dissipation design, the low exitance cannot be compensated by
adding more LED dies. As a result, a size-limited optical system
cannot effectively collect those rays emitted from the outer area
based on the principle of Lagrange invariance [13], [20], [21].

In contrast to an LED, a laser diode (LD) is a light source
with high directionality [22], [23]. The etendue of an LD is
much smaller, but the exitance is similar to that of an LED. If
we apply an LD as the blue light source to pump yellow phosphor
[24], [25], the white light is similar to that of an LED die but
with a possible speckle pattern [26], [27] and larger angular
color deviation [27]. One of the important advantages of using
an LD is that the etendue of the LD is much smaller than that
of a phosphor plate or LED with the same area. It is, therefore,
possible to multiplex LDs to form a white light source with
enhanced exitance while keeping the etendue determined by
the phosphor layers. If we just illuminate the phosphor plate
from one side and collect the white light on the other side, the
so-called transmission type will waste the blue and yellow lights
which are scattered backward. In contrast, an effective way is
to illuminate the phosphor layer on a metal mirror so that all
the lights can be forced to the same side [24], [25]. This is the
reflective type of white light pumped by LD, and it behaves
higher efficiency than that in a transmission type. However, the
disadvantage of the reflection type is that the output white light
is at the same side of the pumping LD so that the mechanical
interference between the white light and the pumping light is not
avoidable. In this paper, we propose a novel design of white light
pumped by LDs in a transmission type. A hemisphere reflector
is proposed to recycle all the backward lights and serves as a
retroreflector. The proposed structure can enhance the exitance
with unchanged etendue, avoid mechanical interference, and
perform more freedom in pumping multiplexing.

II. DESIGN PRINCIPLE

Light scattering from a phosphor volume pumped by LD can
be illustrated in Fig. 1, where intense blue light and yellow light
are scattered or radiated forward and backward. The yellow light
could have more chance to propagate backward since the yellow
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Fig. 1. (a) A schematic diagram for light scattering and radiation forward and
backward from a phosphor plate illuminated by a blue laser. (b) The bright spot
was observed, which is the strong backward scattering and radiation.

Fig. 2. A schematic diagram for the definition of Pin and Pout, where Pin is
the power of incident light by a laser diode and Pout is the total output power
of the forward light after passing through the phosphor layer.

Fig. 3. The structure of the whole system. (a) The hemisphere reflector and
the phosphor plate; (b) the ray fans in the simulation.

light is by spontaneous emission so the radiation is isotropic, but
the blue light is through Mie scattering. The proposed design is
to recruit the backward lights to illuminate the phosphor again.
As shown in Fig. 2, the energy efficiency which is defined as
the ratio between Pin and Pout can then be enhanced through
photon recycling [28]–[30], where Pin is the power of incident
blue light and Pout is the total output power of the blue and
yellow light received after the phosphor layer. As shown in
Fig. 3, the recycling is made by using a hemisphere reflector
as a retroreflector. The phosphor plate (or layer) must be located
at the center of the hemisphere reflector. Then the scattering
lights from the phosphor plate are incident on the hemisphere
reflector and are reflected reversely to the phosphor plate. The
higher the reflectivity of the hemisphere is, the higher the energy
efficiency is in the whole system. To enlarge the exitance, there
are several holes on the hemisphere reflector so that multiple
LDs can illuminate the phosphor plate at the same time and
keeps the etendue unchanged.

The optimization of the proposed structure can be done by
considering several factors, including the phosphor plate area
vs. the radius of the hemisphere reflector, the number and the
location of the holes, and the other possible ways to reduce

Fig. 4. (a) The cross-section of the hemisphere reflector, where the different
ring means the different locations of the phosphor plate. (b) The figure for nor-
malized areal photon number at different area. The horizontal axis corresponds
to the locations in (a) for laser illumination, and the vertical axis corresponds to
the recycled photon number hitting at the specific region.

Fig. 5. A flowchart of phosphor model with laser light pumping.

energy loss. The phosphor plate area is a factor not only in
etendue but also in the photon recycling effect. A larger phosphor
area will cause more recycled light incident on a phosphor
location deviated from the center of the hemisphere reflector,
and the result is that the etendue is enlarged or the recycling
effect is reduced. Fig. 4 shows the simulation of recycling photon
number hitting the location of the phosphor plate when the
photons are one-time reflected from the hemisphere reflector.
When the region on the phosphor for laser incidence is within
0.5mm, more than 90% of recycling photons will hit the central
area (r<5mm). But when the phosphor plate area increases, the
hitting point by the LD could be far away from the central area.
Therefore, after several runs of recycling, the reflected photons
will be not recyclable. It also means that the larger the phosphor
is, the emitting area will be further enlarged or the recycling
effect is reduced. From the analysis, the phosphor area needs to
be as tightened as possible and to keep small etendue and higher
energy efficiency.

The second important optimization is the multiplexing num-
ber of the pumping LD. Before the simulation, we have to
build up a precise phosphor model with the LD. The phosphor
modeling procedure is shown in Fig. 5. The procedure is similar
to that for an LED die [31], [32] but easier because the pumping
wavelength does not overlap the emission wavelength. However,
the difficulty in modeling an LD is the speckle effect, which will
cause higher fluctuation of light intensity and obvious error in
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Fig. 6. The simulation of the corresponding measurement of the spectrum
when a laser was used to illuminate the phosphor plate with the hemisphere
reflector. (a) In the case of on-axis illumination, (b) in the case of off-axis
illumination; (c) the color coordinate for simulation and measurement in (a),
and (d) the color coordinate for simulation and measurement in (b).

flux measurement. With the degradation of spatial coherence,
we can increase the accuracy in an integrating sphere for flux
measurement. Fig. 6 shows simulation by the LD-phosphor
model and the corresponding measurements. The model is
shown accurate enough in optimization and in figuring out the
property of the proposed structure. The simulation parameters
for the optical system are as follows: the wavelength of the LD
is 448 nm; the dimensions of the YAG phosphor plate are 5 × 5
× 0.6 mm, and the concentration of the phosphor was 10%; the
radius of the hemisphere reflector was 20 mm; the reflectivity of
the reflector was set 80%; the emission flux of the LD was set
50 mW, where the thermal problem was neglected.

Before going to further experiments, we need to optimize the
size of the hemisphere reflector. In principle, the larger the radius
of the hemisphere reflector is, the more recycled photons will be.
However, the phosphor plate size is important to trade off among
the exitance, etendue, and thermal problem. The simulation was
made by setting fixed the radius of 5 mm for the phosphor
plate, and then changed the radius of the hemisphere reflector.
The simulation result is shown in Fig. 7, where the recycling
rate (the ratio of the one-time recycled photon number on the
phosphor plate and the backward scattering photon number)
almost reaches the maximum when the radius of the hemisphere
reflector is 4 times the phosphor plate size. Therefore, in the
experiment, the radius of the phosphor plate was determined
5 mm, while the radius of the hemisphere reflector was 20 mm.

III. SIMULATION AND EXPERIMENT

The property of the proposed photon recycling structure can
be figured out through the study on two issues: the first one
is the photon recycling effect through optimization of light
extraction on the phosphor plate, and the other is the benefit by
laser multiplexing. Thus we made a sample of the hemisphere
reflector, where the radius of the inner hemisphere reflector was
20 mm, and there were four holes with a diameter of 4 mm each,

Fig. 7. A simulation of the photon number by recycling as a function of the
radius of the hemisphere reflector while the size of the phosphor plate was set
5 mmx5 mm.

Fig. 8. (a) Front view and (b) back view of the hemisphere reflector.

Fig. 9. Four different structures of experimental setup, where the exit faces
are different : (a) phosphor is coated on a glass plate. (b) the glass plate is with
black coating and a hemisphere reflector is attached, (c) the glass plate is with
a reflective film and a hemisphere reflector is attached, (d) a silicone lens is
attached on the glass plate shown in (c).

as shown in Fig. 8. One of the holes was normal to the phosphor
plate, the other three holes were circular-symmetrically located
off-axis, and each location was designed to avoid facing the
direction of the specular reflection from the phosphor plate.

In the first part, the key issue is that the phosphor needs to be
attached to a transparent plate, which should be in high thermal
conductivity and low refractive index to reduce Fresnel loss. In
the experiment, we tried a general glass plate and a sapphire
plate, but the sapphire plate will induce higher Fresnel loss
because of the higher refractive index. Thus we adopted a general
glass plate as the support plate rather than a sapphire plate.
Fig. 9 shows four different structures that have been established
in our experiment. A phosphor plate attaches to the inner side
of the glass plate as shown in Fig. 9(a) is the basic structure.
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Fig. 10. Experimental setup for blue laser incidence on the hemisphere
reflector.

Fig. 11. In the case of on-axis illumination, the measurement results for output
light flux with/without the recycling structures in different ways.

In order to collect the output flux exactly from the effective
phosphor area in the integrating sphere, we need to block the
light coming from the other area. Thus, the area other than the
phosphor needed to be black, as shown in Fig. 9(b), or coated
with a reflection layer as shown in Fig. 9(c) which is aimed to
increase the efficiency for multiple-reflection recycling light.
Also, we designed a hemisphere lens as shown in Fig. 9(d)
to cover the phosphor area to reduce the Fresnel loss of the
glass. This approach is similar to the lens encapsulation in the
white LED package [11]. The experiment was done by using
an LD with a wavelength of 448nm, and the output flux was
100mW. The experimental setup is shown in Fig. 10, where all
the experimental data were measured by an integrating sphere
with a diameter of twelve inches. The energy efficiency was
measured and calculated. The measurement result for normal
incidence is shown in Fig. 11. The result shows that the energy
efficiency was only 36% without any retroreflector. With using
the proposed hemisphere reflector, the energy efficiency was
increased to 49% for a black plate and 50% for a reflection plate.
The highest energy efficiency was observed when a hemisphere
lens was attached to the glass, and the energy efficiency reached
53%. In comparison with the case without photon recycling,

Fig. 12. In the case of off-axis illumination, the measurement results for output
light flux with/without the recycling structures in different ways.

the energy efficiency increases to 147% by the final approach.
The luminous efficacy of the white light with photon recycling
reached 54.5 lm/W, which was measured in a small injection
power with no obvious thermal effect. Also, the associated CRIs
were calculated between 60 to 70, which are not as good as that
of a white LED owing to the narrow band of the blue light. It
should be noted that higher energy efficiency was achieved for
recruiting more yellow photons rather than blue photons, which
almost kept constant in different arrangements. The yellow light
performed more isotropic radiation by down-conversion of the
phosphor so that backward yellow photons could be recruited
through the proposed structure. Besides, the recruited blue light
kept pumping the phosphor and increasing the yellow light out-
put. Therefore, the higher energy efficiency means unavoidable
lower CCT, as illustrated in Fig. 11.

In the second experiment, we have to check the property of LD
multiplexing by the hemisphere reflector. The simulation shows
that the energy efficiency of the laser through the on-axis hole
was slightly lower than the off-axis holes because the normal
scattering light was more than that in the other direction so that
the leakage from the on-axis hole was larger. The experimental
measurement result is shown in Fig. 12, where the energy
efficiency by the hemisphere reflector for the off-axis laser was
higher than that by the on-axis laser, the luminous efficacy of
the white light with photon recycling reached 58 lm/W. Also,
the higher the energy efficiency was, the more yellow light was
observed. Therefore, more photon recycling could decrease the
CCT and change the CRI. The experimental measurement of
the light source by three LD multiplexing is shown in Fig. 13,
where the output flux, as well as the exitance, was almost 300%
enhanced through the proposed photon recycling structure. The
most important feature is that the etendue was kept the same.
Besides, owing to the heavy scattering of the blue light and
spontaneous emission of the yellow light, the far-field light
patterns are similar to each other.

In order to figure out the effect by the number of the laser-hole
pair, we made a simulation based on the LD-phosphor model.
The geometry of the hemisphere reflector is shown in Fig. 14,
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Fig. 13. The output flux of the laser lighting and the corresponding light
patterns for different conditions for laser multiplexing.

Fig. 14. The structures of the hemisphere reflector with symmetric or asym-
metric holes.

where the hole geometries are divided into two groups, one
is symmetry and the other is asymmetry. Fig. 15 shows the
simulation results with the cases of hole geometry including
location, diameter, and number. The simulation indicated that
the number of the holes and the hole diameter, or equivalently
the total hole area were the factors related to the recycling rate
and the energy efficiency. The asymmetry arrangement is better
than the symmetry arrangement, but the effect was not obvious.

IV. CONCLUSION

In this article, we have proposed a novel structure in a trans-
mission type of laser lighting to recruit the backward scattering
light. The photon recycling structure is formed by a hemisphere
reflector, and the phosphor plate is located at the center of
the hemisphere reflector. A precise phosphor model by laser
pumping has been made to optimize the whole system. The
photon recycling rate achieves stability when the radius of the
hemisphere reflector is four-time of the phosphor plate size.
Without the hemisphere reflector, the energy efficiency of the
white light source was measured 36% in the case at on-axis
incidence and 35% at off-axis incidence. With the hemisphere

Fig. 15. Simulation for the relative our flux for the hemisphere reflectors with
different hole structures.

reflector, the energy efficiency can be increased to 150.3%
at on-axis incidence and 152.7% at off-axis incidence. If we
add a hemisphere lens to extract the light from the phosphor,
the energy efficiency can be further increased to 153.3% at
on-axis incidence and 155.7% at off-axis incidence. Thus the
enhancement is 147.3% at on-axis incidence and 158.3% at
off-axis incidence were observed. The luminous efficacy of the
light source reached 58 lm/W based on small injection flux. The
enhancement is by photon recycling of the yellow light because
it is from spontaneous emission by the phosphor and radiates
isotropically. Besides, the recycled blue photons keep pumping
the phosphor. This conducts a fact that the higher the recycling
efficiency is, the lower CCT will be, and the related CRI also
changes. Another important benefit of using the proposed hemi-
sphere reflector is the possibility of laser multiplexing. This is
the essential point to increase the exitance but to keep the etendue
unchanged. Simulation and the corresponding experiment show
that the energy efficiency of the system almost keeps the same
with multiple laser incidences. In the experiment, three lasers
got near 300% enhancement. More enhancement needs a larger
hemisphere reflector to contain more holes on the reflector,
but heat dissipation will be another problem in the phosphor.
However, laser multiplexing is an advantage that LED cannot
afford. The further simulation shows that the hole geometry
and arrangement do not play an important role in deciding
the recycling effect, and it means that the proposed structure
is robust in the purpose of laser multiplexing for high-intense
light sources. This property is very helpful in high-intensity or
long-distance projection with a solid-state light source.
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