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Abstract

Endoscopy has become a very advantageous medical procedure particularly for
investigative and operational surgery for cancer. The preferred method over open
surgery, it offers the advantages of less invasion with shorter operation time, less
trauma to the patient and quicker recovery time. The method proves beneficial to the
patient as well as providing a cost saving to the NHS.
This study made possible through a collaboration between The University of South
Wales and the company partner, Cymtec Ltd. investigates the possibility of producing
a solid-state LED or laser pumped phosphor white light system. The overall aim was
to replace current xenon lamps, which have many unwanted characteristics with lower
cost, higher efficiency and more environmentally friendly solid state devices to improve
the benefits of endoscopic minimal invasive surgery even further.
Instruments used in the procedures are small for use in restrictive spaces, the
investigation therefore is focused on not just producing high power white light, but to
provide high power white light that can be coupled into a small diameter liquid light
guide (LLG), which can then be connected to endoscopic instruments. The etendue
of the light therefore becomes a critical factor of the investigation.
A patented light guide multiplexer technology designed by the company partner,
Cymtec Ltd. which multiplexes light from red, green and blue high-power LEDs with
relatively narrowband wavelengths is firstly reviewed. Following which development
of the technology is achieved through careful consideration of optical bonding to
increase efficiency whilst providing structural strength.

From this investigation

possible improvements to the system are identified and reviewed with a view to
increasing the overall luminous output.
As an alternative to multiplexing of blue, green and red LEDs to, phosphor technology
is also investigated. YAG:Ce powdered phosphor coated on float glass in varying
thicknesses is evaluated for suitability for pumping with high power LEDs and
potentially lasers. The review highlights the importance of material properties and
thermal dissipation in staying within the limits of the material. As a continuation,
phosphor with ceramic or single crystal structures are identified and evaluated. High
i

power blue lasers are used as the pumping source to overcome efficiency droop
experienced by LEDs to increase output. Experimental analysis found the single
crystal YAG:Ce option was deemed favourable due to the overall performance and
light generated, proving suitable to be multiplexed with additional blue and red LEDs
to produce white light. The combined light was then coupled into a Ø5mm liquid light
guide, typically used for endoscopic equipment, providing over 1700 lm of D65 white
light, a suitable alternative to xenon lamps for endoscopic procedures.
To overcome the etendue limitation to using multiple LEDs as with lighting
applications, a solution is designed to combine the output of multiple high power blue
LEDs to pump phosphor whilst keeping the overall emitting area and etendue
equivalent to that of the LED. The high reflective hollow light guide with internally
coated phosphor design is firstly modelled in Zemax optical studio to prove the
concept, using a suitable phosphor and binder combination. Bringing the concept to
reality is achieved with custom components and specifically designed jigs. Testing the
prototype proved the concept, with multi-LED phosphor converted light being
generated and exiting the light guide with the same aperture size as the original LEDs.
The output, found to be less than that modelled in the Zemax optical model is analysed
with improvements to the design highlighted and discussed.
Each method investigated proved to have advantages and disadvantages in
comparison to each other. The study showed however the methods have merit in
producing a soild-state based light engine to replace lamp based systems to provide
optical performance whilst adding the advantage of colour tuning and overcoming the
disadvantages and drawbacks of cost, lifetime and associated issues found with lamp
based systems.
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1.0 Introduction
This investigation is undertaken within a collaboration between the University of South
Wales, (USW) and Cymtec Ltd. with funding provided by Welsh Government
European Social Fund, ESF under the Knowledge Economy Skills Scholarships,
KESS 2 scheme.
The investigative study was focussed on White Light Endoscopy for Minimal Invasive
Surgery. Endoscopic surgery is a medical procedure that has become favourable over
open surgery due to the reduced trauma and recovery time for the patient and has the
possibility of investigative procedures for cancer among others, particularly with the
advantage of fluorescence endoscopy to help detect cancer more easily.
The study investigates the possibility of producing a solid-state LED or laser pumped
phosphor or combination of both white light system to replace current xenon lamp
systems that have many unwanted characteristics, to be used in endoscopic minimal
invasive surgery. The outcome of the project is the design and produce a prototype
LED light engine that has the characteristics required for the application of endoscopy
and eradicates the unwanted characteristics of current xenon lamp systems.
The application of endoscopy involves the insertion of instruments into the human
body for investigative and operational procedures, the instruments therefore are to be
as small as possible to reduce the incision size, reducing trauma and recovery time
for the patient. The investigation therefore is not just to produce high power white
light, but to provide high power white light that can be coupled into a small diameter
liquid light guide, LLG which can then be connected to endoscopic instruments. The
etendue of the light, taking into account the size of the aperture and the divergence
angle becomes an important factor of which the investigation is based around.
The research focus therefore is to investigate technology already available and
developments previously carried out in this area, evaluating the advantages and
disadvantages. Possible methods of achieving improvements within the application
are to be proposed and evaluated experimentally with a view to being commercially
as well as technically viable.
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Aims and objectives are provided following background information to provide
reasoning and focus. A technology review then follows exploring work previously
carried out and technology developed for other areas and applications that could be
transferred. Proposals of methods to reach the aims and objectives are explored with
experimental

evaluations

to

assess

their

effectiveness,

advantages

and

disadvantages and ultimately their merit in providing improvements in the application
of white light for endoscopy.

2.0 Project Background
2.1 Endoscopy
The practice of endoscopy has become increasingly important in minimally invasive
medical investigation and operation procedures over recent years, allowing
investigative and operational surgery to be carried out with minimal trauma to the
patient, drastically decreasing recovery time and helping patients to resume their life
as quickly as possible. Broadly, endoscopy is determined as procedures whereby
medical professionals view the inside of the human body with endoscope instruments
which are typically long and thin that consist of a light source and a camera (NHS,
2016). This allows the surgeon to view harder to reach places inside the human body
without needing to make deep extensive cuts, causing damage to deep tissue.
Diagrammatic examples of the technique are shown in Figure 1, an endoscopic
procedure for viewing the stomach with the endoscope inserted down the throat is
seen in (A) and a laparoscopic procedure where the scope enters through small
incisions in the stomach is shown in (B).
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Figure 1 - Examples of Endoscopy Procedures

The procedure can be used for investigation or surgery or to take a biopsy of a
suspected cancer tumour. The benefits when compared to traditional open surgery
operations where larger deeper cuts would be required are multiple. They firstly
reduce the risk to the patient as depending on where the area of investigation is, the
surgeon may need to create incisions through multiple layers of tissue, very often
passing vital organs that would be considered healthy and not requiring investigation.
Even with skill and experience of the surgeon, healthy organs and arteries in restrictive
paths have been unintentionally cut, causing unwanted bleeding and long term
damage to the organ resulting in decreased function, long term life limiting effects and
in some extreme cases death through extensive bleeding. When an open surgery
procedure is needed, the procedure will require a general anaesthetic for the time of
duration of the operation, firstly to put the patient under less stress but also to stop
unwanted movements making the procedure more difficult for the surgeon, this causes
further risk to the patient due to the stress to the organs caused by the anaesthetic.
The requirement for anaesthetic can make the operation impossible for some patients
with conditions meaning their organs would not be able to cope with the anaesthetic.
Following a successful operation, the general anaesthetic will also mean the patient
requires a period of recovery before and immediately after they awake during which
they are continuously monitored. The recovery time for the patient following the
operation can be long with a temporary reduction of function. The rehabilitation would
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require extensive care with multiple return visits to the hospital or home visits from
health professionals. The long healing and recovery time also increase the risk of
infection in the wound, potentially leading to further treatment being required.
Operating theatre resources would usually be extensive in terms of personnel and
equipment for open surgery therefore being a heavy financial burden.
Endoscopic procedures as an alternative to open surgery offer a reduction in risk to
the patient with less extensive incisions only required for the entry points of the light,
camera and surgical instruments, often described as keyhole surgery to describe the
small entry points required. Organs and arteries are bypassed by the instruments but
are not required to be repositioned in order to see beyond them as in open surgery,
meaning less chance of unintentional damage. An investigative endoscopic procedure
carried out through keyhole surgery typically would require just local anaesthetic
where the area of investigation is made numb, but the patient stays awake. Recovery
time for local anaesthetic both immediately following the operation and long term is
also much less. This means less observation is required by medical staff, the patient
can be returned to the ward more quickly providing more time and space for the next
patient and a quicker discharge time allowing the patient to return home sooner
promoting a more comfortable recovery and again freeing up hospital resources in
terms of space and personal care by doctors and nurses. Healing of the smaller
wounds would typically be much quicker with less stitching, reducing the risk of
infection and allowing the patient to return to their normal life much quicker.
Endoscopic procedures can vary in complexity an example of a less complicated
procedure would be accessing the inside of the body via human orifices as for example
in the case of a Gastroscopy. A camera and light source enter the body through the
mouth, to the stomach to look directly at the lining of the oesophagus, the stomach
and around the first bend of the small intestine, the duodenum. During a procedure
such as this, just a local anaesthetic is required to numb the throat to allow the light
source and camera to be passed without causing discomfort to the person, the patient
in this case would be able to walk back to the waiting area to wait for the local
anaesthetic effects to wear off (NHS, 2014). More complex procedures require the
small incisions in the skin to allow the light source and camera to be passed into the
body where it is not possible to use an orifice. Laparoscopy for an example is a
procedure where a thin tube called a laparoscope is inserted into the abdomen through
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a small incision, the tube has the light source and a camera which allows the surgeon
to view the intended area on a monitor and carry out the procedure with remote
instruments, inserted into the body through two other incisions. Investigations can last
from 30 to 90 minutes and following the procedure, the patient may experience some
grogginess for a few but has a good possibility of returning home following a few hours
being monitored (American Cancer Society, 2018). Without these minimally invasive
endoscopy techniques, investigation and surgery would require a more invasive
technique of open surgery would require a much longer recovery time with an
overnight stay likely to be required.
Endoscopic procedures have resulted in cost savings as an additional advantage,
reduced recovery time immediately following the procedure in hospital, results in a
reduction of drain on hospital resources, particularly in nursing time and taking up
valuable bed space. This continues in the longer term in recovery at home requiring
reduced nursing time and pain medication as well as helping the patient back to normal
life and back to work, potentially reducing strain on the wider economy.

In some

cases, the reduced complexity and therefore time for the procedure compared to more
invasive techniques also reduces theatre time meaning a substantial reduction in
hospital theatre and surgeon costs. (Paulo & Faintuch, 2014), (Hamill, et al., 2017),
(Hillel, et al., 2016), (Yamaguchi, et al., 2017).

2.2 Fluorescence Endoscopy

An additional advantage of endoscopy over open surgery for both investigative and
operational operations for the finding and removal of cancer tumours is fluorescence
endoscopy, where fluorophores and light of a corresponding excitation wavelength
result in cancer tumours appearing more visible than white light alone.

George

Gabriel Stokes explained fluorescence in 1852, in the journal Philosophical
Transactions (Ceredig, 2020), for which the Royal Society awarded him the Rumford
medal, although Sir John Herschel described the phenomenon earlier in 1845.
Fluorescence is a form of photoluminescence whereby matter emits light following
absorption of a photon, differing from phosphorescence by the lifetime or half-life being
of picoseconds (10-10 seconds) to hundreds of nanoseconds (10-7 seconds) in
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timescale, where phosphorescence is slower, from thousands of a second (10-3
seconds) to days or years.
Stokes found a solution of sulfate of quinine, a colourless liquid displayed a blue colour
on the surface when viewed by transmitted light. His following experiments, some
already carried out by Herschel and some of his own concluded in matter displaying
photoluminescence properties, light of a higher refrangibility could produce light of a
lower refrangibility, UV light passing through the solution resulted in light of a blue
colour being produced.
In the principle of fluorescence is shown in Figure 2, a photon from an external source
with an energy of hvEX is absorbed by the fluorophore and results in electrons gaining
energy leading to a raised energy state, from a lower energy state, S0 to a higher
energy state S1’. The excited state lasts for the lifetime stated previously, during which
time some of the energy gained is lost during interactions between molecules causing
the energy state to reduce from S1’ to S1. These interactions also mean the energy of
some molecules reduce even further back to their original state, through collisional
quenching or fluorescence resonance energy transfer (FRET). Following the lifetime
of the excited state, the electrons return to their original state, S0 and a photon with
the energy hvEM, the energy difference between energy states S1 and S0 is released.
This energy level denotes the wavelength of the emitted light and is longer than the
wavelength of the absorbed light due to the difference in energy levels. The difference
in energy between the absorption and emission stages, hvEX - hvEM is called Stokes
shift.
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Figure 2 - Process of Fluorescence

In endoscopy practices with the interest of detecting cancer, the principle of
fluorescence becomes very useful due to particular fluorophores also having chemical
properties resulting in them being attracted to certain cancer cells. This can vary
depending on the cancer cells meaning different fluorophores are used for detecting
different cancers. Examples of fluorophores with this advantageous property and
deemed suitable and safe to use in medical procedures are 5-aminolevulinic acid (5ALA) and indocyanine green (ICG).

2.2.1 UV – Blue Light Excitation of 5-ALA

Advancements in endoscopic surgery have also led to the improvement of
investigative and removal of cancer procedures with fluorescence endoscopy. In this
procedure a specific chemical marker or fluorophore is injected into the area of
investigation, which the molecules of which will attach to cancer cells if they are
present. When then illuminated by a light source of a specific wavelength, provided
by a light guide as described previously, the fluorophore will be excited by the light
and emit light of a different colour that can then be seen by the camera also present.
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The contrast of the cancer cells with the fluorophore now emitting light becomes much
greater when compared to the healthy skin cells around it, making it far easier to
distinguish. This reduces time and surgeon skill required to determine cancer cells in
a particular area as well as making it easier to distinguish cancer cells that may have
otherwise been missed.
A concern when conducting cancer removal operations is seeding of cancer cells. If
a tumour or cells are cut into during an operation it is possible for spurious cells to
disperse from the tumour to other parts of the body, spreading the cancer and causing
more problems. During a removal procedure therefore, the surgeon will endeavour to
cut around the tumour being careful not to cut into it. In this method, the risk of
spreading cancer cells is reduced but a significant amount of healthy tissue will also
need to be taken to ensure enough space is given not to cut into the tumour.
Depending on where the tumour is located, this could result in damage to otherwise
healthy organs, causing increased recovery time temporary or long term reduced
function or even extended long term life limiting effects. A great deal of experience
and skill of the surgeon is required to make a judgment on where the boundary of the
cancer cells and healthy tissue lies and also ensure all the cancer cells are removed
without causing other problems. When fluorescence endoscopy is used during the
removal procedure, the cancer cells appear much more distinguished from healthy
tissue meaning the surgeon can cut closer to the tumour taking less healthy tissue
whilst being sure the tumour is removed. This reduces the risk of seeding of the cancer
cells further making the area more apparent allowing the surgeon to see the difference
more clearly and avoid the area. It also allows the surgeon to cut closer to the tumour
without cutting into it taking away less healthy tissue and reducing the risk of causing
other long term health conditions as well as reducing the recovery time for the patient
so they can return to a normal life as quickly as possible.
Examples of where fluorescence endoscopy has been identified as being
advantageous is in the investigation and removal of cancer tumours in the bladder
(Kriegmair, et al., 2003) and also and with colon cancer (Hatakeyama, et al., 2013).
In this procedure 5-ALA is used as the chemical marker or fluorophore, an illustration
of the procedure is shown in Figure 3.
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Figure 3 - Fluorescence Endoscopy of the Bladder with 5-ALA and UV Light

The bladder is firstly drained of urine, 5-ALA chemical marker which has an absorption
and emission spectrum as shown in Figure 4 is injected into the area where it attaches
itself to any cancer cells present in the area.
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Figure 4 – Absorption and Emission Spectrum of 5-ALA Chemical Marker
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The remaining 5-ALA is removed before the area is illuminated with UV light with an
emission spectrum within the excitation spectrum bandwidth. If cancer cells are
present, the 5-ALA that has attached to them excites under the UV wavelength and
emits light of the emission spectrum. The camera also located into the area with the
light source is fitted with a dichroic filter that allows light of the emission spectrum to
pass and reflects the light of the excitation wavelength. This stops the camera from
being saturated by the UV source light so it can provide a clear image of the cancer
cells. The images can then either be used for analysis to determine the best course
of treatment, or removal can commence cutting away the affected area highlighted by
the 5-ALA fluorescence. The investigation conducted by (Kriegmair, et al., 2003)
states the procedure has proved to have a high sensitivity for detecting transitional cell
carcinoma, the most common form of bladder cancer. During endoscopy guided
transurethral resection, 67.3% of patients were found to be tumour free at a tumour
free prognostic value of <0.031 when conducted with 5-ALA fluorescence endoscopy
compared to 46.9% when conducted with white light only endoscopy.

An example of the technology in action is shown in Figure 5. In this example an image
seen with standard visualisation is shown in (A) and the corresponding image when
viewed with fluorescence endoscopy using 5-ALA is shown in (B). The benefits are
shown in the ability to distinguish the tumour with the fluorescence procedure
compared to visual inspection alone. In comparison, a significant tumour is seen
under standard visualisation as a brighter red circular area when compared to the
healthier tissue of the background. The tumour is visible, especially to a trained
surgeon so could be identified and removed under traditional techniques of cutting
around the affected area. The edges of the tumour become however become less
apparent and the contrast between the tumour and becomes less, making it difficult
for the surgeon to cut closely to the tumour without cutting into it causing spread and
seeding of the cancer calls.

The tumour is seen in more clarity under 5-ALA

fluorescence, with the boundary of the tumour more defined, making it easier for the
surgeon to get closer to the tumour to cut away taking as little healthy tissue as
possible. In addition, a second tumour in the area also, highlighted by a red circle in
Figure 5 (B) becomes obviously apparent. Under visual inspection it appears much
less visible to the point of possibly being missed completely and being left to grow to
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cause significant problems at a later stage, requiring a second operation, bringing with
it the disadvantages described, or worse still leading to greater spread and health
problems. With the fluorescence endoscopy procedure, the second tumour can be
seen and removed during the same operation, taking away the potential problems
without the need for a second operation.

(A)

(B)

Figure 5 – Cancer Investigation Using Standard Visualisation (A) and 5-ALA Fluorescence
Endoscopy (B)

2.2.2 IR Excitation of ICG

Another example of fluorescence endoscopy is with the use of the fluorophore or
chemical marker ICG, which has also been certified safe for use internal to the human
body and was been approved for use as a medical fluorescence marker for the use of
specific cancer investigative and operative procedures by the Food and Drugs
Administration (FDA) in 1959. A near infra-red (NIR) fluorescent agent it has an
excitation peak of 805 nm and an emission peak of 835 nm, with an excitation and
emission spectrum as shown in Figure 6.
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Figure 6 - Excitation and Emission Spectrum of ICG

The fluorescent agent has potential for a number of in vivo applications, all operating
in the NIR-I wavelength window of 700 – 900 nm such as lymphangiography,
intraoperative lymph node investigation, tumour imaging, superficial vascular imaging
and marking ischemic tissues (Starosolski, et al., 2017). A cancer tumour investigation
example would be the investigation of the neck and throat in otolaryngology, where it
is difficult to diagnose cancer due to the lack of symptoms and restricted access to
usually view successfully (Schmidt & Guntinas-Lichius, 2016). The technique has
proved successful to the point it is possible to view hypervascular neoplasms meaning
it is of interest when viewing benign changes such as laryngeal polyps and Reinke
edema. NIR light is also able to penetrate further into tissue than UV or visible light
(Das, et al., 2019) meaning advancements in deep tissue imaging have become
possible.
The process of NIR fluorescence imaging for in vivo techniques involves a triple video
imaging system, such as in the Fluorescence-Assisted Resection and Exploration
(FLARE) imaging system as shown in Figure 7. The system comprises a high power
white light and NIR light sources, a colour video camera with a video output in the
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visible wavelength region, a NIR camera with a peak sensitivity in the 700 nm region,
a NIR camera with peak sensitivity in the 800 nm region, light coupling optics and
dichroic filters. ICG fluorophore is added to the area for investigation where it bonds
itself to any present cancer tumour cells. Light from the light sources fill the area of
investigation whilst the colour, 700 nm and 800 nm cameras take real time images of
the same subject area at the same time. Each camera produce their own images, the
colour camera produces a standard real time full colour video image whilst the NIR
cameras takes real time images over their wavelength ranges, the 700 nm NIR camera
views the area flooded by the NIR light and the 800 nm NIR camera provides a
fluorescence image provided by the ICG is added to the area. The light coupling optics
increase the efficiency of the light captured by each camera and the dichroic filters
help to filter out unwanted spurious light from light not specific to their wavelength
sensitivity. The real time images from each camera are then overlaid on each other
producing a clear image with the fluorescence image highlighting the cancer tumour.
The colour camera provides an image of the whole area as they appear to the eye,
the 800 nm NIR camera captures the fluoresced light from the ICG fluorophore and
the 700 nm NIR camera takes a reference from the light added to the area so it can
be subtracted leaving just the light from the ICG. The combined real time image allows
identification of the tumour with clear boundaries, meaning the tumour can firstly be
identified clearly and the surgeon can cut away the tumour whilst avoiding proximal
tissues, nerves and blood vessels. An example of the image produced is shown in
Figure 8, the ICG attached to the tumour fluoresces green when illuminated with NIR
light.
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Figure 7 - FLARE NIR Fluorescence Imaging System

Figure 8 - Example of Imaging with ICG

Current xenon lamp based light engines for endoscopy have no function for
fluorescence endoscopy. A solid-state light engine would offer the opportunity to add
UV and IR wavelengths so fluorescence microscopy could be included in the system.
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2.3 Illumination Technology
Illumination in general terms aims to provide light to areas to be seen by the human
eye or camera systems to allow objects to be seen. Lighting provides an important
part in seeing colours as well as shapes of the objects. Light of various wavelengths
reflect from the object which can be seen by the human eye, therefore providing the
information to how we perceive the colour of the object. Understandably a wavelength
of light can only reflect from a surface if it is present in the light illuminating the object
in the first place. The broader the wavelength band of light available for illumination
therefore, the more accurate the perceived colour will be. A standard to benchmark
against would be sunlight which approximates a black body emitter and has a broad
wavelength range, as seen in Figure 9.

Figure 9 - Sunlight Wavelength Spectrum Outside the Atmosphere and at Sea Level (Mangold,
et al., 2013)

Whilst it would not be considered possible to accurately match the wavelength
spectrum of sunlight, as in Figure 9, it can be represented as closely as possible with
multiple LED sources producing a combined white light output.
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2.3.1 Perceived Colour of the Human Eye

White light used for general lighting applications can vary in colour quite considerably
depending on the relative intensities of various wavelengths within the total
wavelength spectrum. Variation can be from a cooler light with a higher proportion of
blue light to a warmer light with a higher proportion of wavelengths in the yellow and
amber range. The warm and cool naming in this instance are referred to perceived
colour of light rather than actual temperature.
To understand the variation in colour, it is important to understand how the human eye
views particular wavelengths of light. Wavelength variation has an effect on the
perceived level of light as well as the actual power or radiant flux. The amount of light
of a particular colour or wavelength seen by the human eye is due to our biological
make up, in particular the light receptors, rods and cones are cells that are found in
the retina of the eye (Lamb, 2016). Rod cells are responsible for the vision in low light
level, described as scotopic vision they are more abundant than cones and have a
high sensitivity over the whole wavelength range, not being particularly wavelength
sensitive, they do not mediate colour and have a low spatial acuity. This is the reason
colours are not apparent in low light levels such as moon light, with varying levels of
grey being perceived rather than colour. Cone cells respond to higher light levels,
described as photopic vision they mediate colour and have a high spatial acuity.
Varying in sensitivity depending on wavelength there are three types of cone cells,
each particularly sensitive in either the blue green or red wavelength ranges. They
are therefore denoted as blue cones, green cones or red cones, they cover the
wavelength spectrum and are responsible for how we perceive colour. The region
between scotopic and photopic vision regions is described as mesopic vision and is
covered by rods and cones. A depiction of how the light level range is covered by rods
and cones is shown in Figure 10 with the wavelength sensitivity range of rods and
cones shown in Figure 11.

16 | P a g e

Figure 10 - Light Level Sensitivity of Rod and Cone Cells

Figure 11 - Spectral Sensitivity of Rods and Cones

The blue, green, and red cones are responsible for how we perceive colour and the
amount of colour that is perceived. The variation in sensitivity to colour or wavelength
of light by the cones results in a varied photopic response. Due to the high sensitivity
of the green cone cells, the combined photopic response of the human eye has a peak
sensitivity at 555 nm meaning the human eye is more sensitive in the green range
resulting in green colours appearing brighter. The typical photopic response of the
human eye showing a peak sensitivity at 555 nm is shown in Figure 12. This leads to
light of a wavelength close to the peak 555 nm with a given radiant intensity on a
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surface will appear brighter to the human eye than light of the same radiant intensity
on the same surface but with a wavelength further from the peak 555 nm.

Figure 12 - Photopic Response of the Human Eye

2.3.2 Luminous Flux

The measurement of light output from a light source or system is usually either the
total output power or radiant flux, measured in Watts, W or in luminous flux, measured
in lumens, lm. Radiant flux is an absolute measurement of the optical power, relating
to energy as one Watt is equal to one Joule of energy per second, it has no reference
to the wavelength of the light that is being measured. Luminous flux alternatively
considers the photopic sensitivity of the human eye, as shown in Figure 12 with varying
wavelengths of light to provide a measurement of how much light will be seen by the
human eye. Light with a wavelength of 555 nm with a particular energy or radiant flux
for example would provide a higher luminous flux and appear brighter than light of a
different wavelength further away from 555 nm with exactly the same amount of
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energy or radiant flux. Luminous flux is considered the standard of measuring the
amount of light, particularly white light and can be described as the measure of
perceived power of light (Kumar & Choudhury, 2014).

White light consisting of a broad range of wavelengths can vary depending on the ratio
of wavelengths, whilst still being considered white light. In the same manner, white
light with a higher percentage of wavelengths of a higher photopic response will
appear brighter to the human eye and have a higher luminous flux.
Correlated Colour Temperature, CCT characterises the hue of the light source colour
appearance and is measured in Kelvin, K. For the range of determined white light,
this is considered to between 1500 K for warmer yellow orange wavelength content
variants to 27000 K for cooler high blue wavelength content variants.
White light consisting of a broad range of wavelengths is displayed and defined on a
CIE colour chart. Introduced by the International Commission on Illumination with the
French name, the Commission Internationale de l’eclairge (CIE), the CIE 1931, to give
the full name was the first defined quantitative link between distributions in the
electromagnetic visible spectrum and the colours perceived by the human eye.
To describe the variation of white light in terms of the wavelength content it is plotted
on a colour space chart. The 1931 CIE colour space chart maps the perceived colour
onto a x, y graph as shown in Figure 13. A Planckian locus shows the path an
incandescent black body radiator would take as the temperature varies from lower
temperatures emitting in the deep red range, through amber and yellow as the
temperature increases, through the white region to blue at high temperatures. The
CCT specified is the closest point on this Planckian locus.
As expected the scale of white light is located at the point where the individual colours
meet and is described by the correlated temperature curve Tc(K), ranging from 1500
K closer the red orange range providing a white light considered to warmer, to 10000
K closer to the blue range considered to be cooler.
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Figure 13 - 1931 CIE Colour Chromaticity Chart with Planckian Locus of an Incandescent black
body radiator

As discussed previously, the sensitivity of the blue, green and red cone cells of the
eye vary by wavelength resulting in some wavelengths or colours appearing more
intense than others. Each of the retinal cones is more sensitive to either blue, green
or red wavelengths as shown in Figure 11, suggesting the human eye is considered
to be trichromatic.
If the blue, green and red trichromatic responses of the retina are represented by X, Y
and Z, they relate to the x and y coordinates of any point on the CIE 1931 chromaticity
colour chart as
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𝑋 = ∫ 𝑥(𝜆)𝑃(𝜆)𝑑𝜆

(1)

𝜆

𝑌 = ∫ 𝑦(𝜆)𝑃(𝜆)𝑑𝜆

(2)

𝜆

𝑍 = ∫ 𝑧(𝜆)𝑃(𝜆)𝑑𝜆

(3)

𝜆

The coordinates can be calculated as
𝑥=

𝑋
𝑋+𝑌+𝑍

(4)

𝑦=

𝑌
𝑋+𝑌+𝑍

(5)

Wavelength variation of white light can change the perceived image of any object the
light falls on, as viewed by the human eye or a camera as shown by an example of
golden objects illuminated with light of varying CCT in the Royal Danish Collection
Figure 14 , (Chakrabarti, et al., 2015).

Figure 14 - Light of Varying CCT falling on Golden Objects (Chakrabarti, et al., 2015)

In this example light of a lower CCT makes the object appear more golden due to the
higher proportion of light in the yellow – amber range whilst light with a higher CCT
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appears more silver due to the lower proportion of light yellow – amber range and a
greater proportion in the blue wavelength range.

2.3.3 D65 White Light Standard

Given the perceived colour of objects can vary depending on the wavelength
composition of the light it is being illuminated by, a set standard is required to be able
to compare against to determine the accepted colour perception. Daylight provided
by the sun being a natural illumination and not influenced by artificial wavelength
addition is considered to be a standard that everyone is used to providing the natural
colour perception of objects. The CCT of daylight can vary depending on the weather,
from a clear blue sky to one that is completely overcast, the CCT range of daylight can
vary from 5600 K to 8000 K (Kosztyan & Schanada, 2013). The average natural
midday light in Western Europe provided by the sun has a correlated colour
temperature of 6504 K, with x and y coordinates of the CIE colour space chart of
0.3128 and 0.3290 respectively.

This has been determined by the International

Commission on Illumination as a standard illuminate providing natural colour.
Described as D65 due to being part of the determined D category of illuminates for the
variation of sunlight with a correlated colour temperature of 6504 K it is considered to
provide a true representation with determined contrasts between colour, it is used as
a reference for created artificial light in image specific lighting requirements. The value
for D65 was once as would be expected 6500 K, though due to a revision of the
constants in Planck’s Law in 1968, the Planckian locus, on which the CCT is based
was shifted (Janos, 2007). The second radiation constant, c2 was changed by the
International Practical Temperature Scale to 1.4388 mK from 1.438 mK resulting a
change of CCT to
𝐶𝐶𝑇𝐷65 =

1.4388
× 6500 = 6504 𝐾
1.438

(6)

For the application of endoscopy, the factors determined by how the eye interprets
light in terms of the amount of light perceived or luminous flux and the correlated colour
temperature and the effect on the perceived colour needs to be considered. A higher
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level of luminous flux helps the surgeon see the viewing field to clearly including the
detail required, whilst a true representation of colour ensures the area of interest is
viewed correctly with definitions between objects including surface texture be
apparent. With this in mind the D65 illuminate is considered to be a good reference
for white light correlated colour temperature for the typical person. The wavelength
spectrum for D65 daylight is shown in Figure 15.

Figure 15 - D65 Daylight Wavelength Spectrum

Whilst a true representation of D65 white light would be the broad wavelength
spectrum produced by sunlight, as in Figure 15 it can be achieved with a variation of
wavelength and amplitude thereof resulting in the same CCT. Gas based lamp
sources such as xenon for example can produce a white light wavelength spectrum
close to D65. It is also possible to produce white light by mixing the three primary
colours of light of blue, green and red, varying the intensity of each varies the CCT
allowing colour tuning. The determined accepted ratio of red : green : blue is 2.77 :
5.79 : 1 respectively, based on the cathode ray tube, CRT phosphor emission in
televisions. The ratio is usually approximated to 3 : 6 : 1

(Hooi, 2013). When
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individual wavelengths are mixed as in the case of LEDs, the ratio can vary depending
on the actual wavelength of each component. A change in the centre wavelength of
just the blue component from 465 nm to 476 nm for example can lead to a change in
the D65 red : green : blue ratio from 2.1 : 4.3 : 1 to 4.1 : 10.6 : 1.

2.4 Company Partner - Cymtec Ltd.
Cymtec Ltd. a small to medium enterprise (SME) located in Tredomen, in the borough
of Caerphilly in South Wales is the project partner for this study and are a company
focusing on photonic technologies, products and systems and sees the medical
instrument sector as a primary market.
Cymtec’s main focus is the development of high-power LED multiplexing systems for
endoscopy. A collaborative development partnership has been set up with Imperial
College London (ICL) and Karl Storz GmbH. ICL based at South Kensington, London
have interests in the natural sciences with much of their research being carried out
with Queen Mary’s Hospital London. They have the benefit of carrying out research
with direct input from clinicians and surgeons, to understand first-hand the
requirements from a surgical environment. Karl Storz, based in Tuttlingen, Germany
specialise in the production of medical equipment for both human and veterinary
medicine and provide surgical solutions to worldwide operating theatres. They provide
a range of equipment for endoscopy and laparoscopy ranging from the light engines
to the laparoscopes inserted into the body during an investigation. They have seen
success with their Xenon 300 model light engine being used in operating theatres
throughout the world. Based on xenon lamp technology it provides light in the region
of 6000 K but has the drawbacks of the technology as described previously.
Two funded projects are in place, the first to develop a LED multiplexed system for
red, green and blue combined to produce white light, with the addition of UV at 365
nm for use with the ALA fluorophore.

The second project is to develop a LED

multiplexed system for red, green and blue combined to provide white light with the
addition of IR at 780 nm for use with the ICG fluorophore. For these projects, Cymtec
is the designer and developer of the LED light engines, ICL provides the clinical
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research to provide Cymtec and carry out clinical trials and Karl Storz has been
identified as the end retailer to take the final developed project to market.
The first project has seen Cymtec develop their hollow multiplexer light guide,
combining light from three LEDs in the visible range, blue at a wavelength of 460 nm,
green at a wavelength of 525 nm and red at a wavelength of 625 nm and one LED of
395 nm for use with ALA. Light from the four LEDs is combined and homogenised
within the high reflective hollow light guide to produce a combined output of white light
plus IR. A developed prototype has been passed to ICL for evaluation and clinical
trials.
The second project saw ICL as the project leader, with a similar defined setup to the
first project. Cymtec would design and develop the LED multiplexing system, ICL
would carry out the clinical trials and Karl Storz would be the retailer to take the final
product to market. This project followed the redesigned solid glass first system and
saw the design and development of a solid glass multiplexer that would combine the
three visible wavelengths of 460 nm, 525 nm and 625 nm with an IR wavelength of
780 nm required for use with ICG.
Previous developments are currently being tested at ICL and are in the testing and
approval phase for use in medical procedures, with ethical approval trials likely to
follow afterwards. Whilst the concept of fluorescence in detecting highlighting cancer
cells is deemed to be very advantageous, the white light illumination is still
underperforming and they are however deemed not to be powerful enough to provide
a replacement to the clinicians who have been used to carrying out operations with
the high brightness lamp based systems.
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3.0 Aims and Objectives
Technological improvements of solid-state devices of LEDs and lasers, resulting in
advantages over lamp systems, particularly in extended lifetimes, vastly reduced
power consumptions and ecological safety, has meant an ever-increasing number of
applications have gradually converted from lamp technology to solid-state technology.
The lighting industry has adopted the developments well, taking advantage of
phosphor coated blue emitting LEDs to produce white light, particularly in being able
to adjust the correlated colour temperature depending on the application. Increased
luminosity of light in this case is achieved by increasing the emitting area of the LED
or combining multiple LEDs to provide more output with a larger total emitting area,
leading to an increased footprint of light. Whilst these improvements have been
received well in the lighting industry, the etendue restriction increases the challenge
for the application of endoscopy.
The overall aim of the investigation is to question whether the benefits of solid state
white light can be brought to the application of endoscopy to improve the procedure
and reduce cost to the NHS health service. The investigation therefore is intended to
devise and review potential improvements to white light generation specifically for the
etendue restricted application, with a view to replacing xenon lamps which have
unwanted characteristics.
The objectives of the investigation are therefore:
•

To review current white light generation technology in terms of the suitability for
etendue restrictive applications such as endoscopy.

•

To evaluate the limitations of each technology to understand challenges for use
in the application.

•

To review designs and technology currently in development, identifying the
limitations and also propose improvements.
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•

To experimentally investigate the merits of LED multiplexing and blue light
pumped phosphor for low etendue white light generation.

•

To evaluate the different forms of phosphor material in terms of the light
generation capabilities and stability with heat generation.

•

Devise a setup to pump phosphor with high power LED and or laser light,
collecting the generated light whilst managing the unwanted heat generation.
This will enable various forms of phosphor to be compared equally.

•

Introduce wavelength multiplexing with the preferred form of phosphor to
facilitate colour balancing. The combined white light can then be coupled into
a liquid light guide to allow endoscopy components to be used.

•

Devise a novel technique to combine the output from multiple LEDs in one low
etendue light path which can be coupled into a liquid light guide. Following an
optically modelled design, the concept can be experimentally built and
evaluated for the effectiveness in endoscopy.

•

To contribute research findings to enhance future possibilities of producing a
market ready solid state white light source to improve endoscopic applications
to help patients and reduce costs.

3.1 Considerations

Surgeons practising in endoscopic investigative and corrective surgery have become
used to typical xenon lamp systems currently available on the market. To provide a
solid-state LED or laser phosphor-based solution to overcome unwanted drawbacks
of xenon lamp technology and be accepted by users in the field, the output will need
to be comparative to that of a xenon lamp. The additional benefit would then be
providing technological advantages to the surgeon over and above the more
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commercially and ecologically focused advantages of longer lifetimes, lower power
consumption and reduction of harmful chemicals. Factors to be considered for the
surgeon will include luminous output, correlated colour temperature and the ability to
choose particular wavelengths and mix accordingly to achieve various wavelengths or
combination of wavelengths for the specific procedure. Investigated technologies and
methods are to be compared based on these criteria.
To be able to obtain a valid comparison between various technologies and methods
of creating white light for endoscopic applications, a particular set of basic standards
for which the measurements are to be obtained in relation to is to be applied. As the
fundamental part of the investigation is to measure and review the light at the point of
exit of a liquid light guide it is important to consider the characteristics of the light guide
itself to ensure each method is investigated with a view to coupling into the LLG to
ensure the comparison is valid.
For the methods to be comparable, the wavelength spectrum is to be compared as
well as the overall luminous output.

The following criteria for the LLG and

measurements out of the LLG has been chosen as the set conditions of which to
compare methods, based on a liquid light guide commonly used for endoscopic and
laparoscopic procedures.

Light Coupling Method

Ø5 mm diameter liquid light guide with a clear aperture of
Ø4.3 mm,
Numerical Aperture (NA) = 0.64

Spectral Composition

Broadband white light emission 400 nm to 700 nm,
equivalent to D65.

Measurements of light produced are to be taken with the same set of apparatus,
particularly the LCS-100 integrating sphere and spectrometer light measurement
system. Light the enters the integrating sphere and reflects from the high reflective
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diffusing surface of the internal walls, to achieve an homogenised distribution of light
within the sphere. A proportion of the light is captured by the spectrometer placed
within the sphere and measurements of optical power, luminous flux and wavelength
spectrum are determined based on algorithms within the measurement software. The
measurements are displayed in the accompanying software in a user-friendly way,
displaying the results of the measurements as well as a perceived value of CCT based
on the wavelength spectrum.
The results from each method investigated as well as the process of obtaining the light
are to be compared with a view to being recommended as a viable method which could
be commercialised as a product for the endoscopy market.

4.0 Technology Review
To understand the need for the investigation and the possibilities of what could be
achieved, the following investigates the history and technological advancements of the
endoscope and technologies used to produce the light required during the procedure.

4.1 Light Generating Technology for Endoscopy
The light technology used for endoscopy dates back to the early 19th century when
Philipp Bozzini (1815-1894), a German Physician born to an aristocratic Italian
developed an instrument then described as a “Lichtleiter” or light conductor, which he
demonstrated in 1806 to the Acedemy of Medicene of Vienna (Doglietto, et al., 2005),
(Morgenstern, 2005). The device used a candle as the light source to direct the light
with the aid of directional mirrors into a concentrated area through a tube, at the time
predominantly for the ear canal. Whilst the initial use provided a limited visualisation
and the instrumentation proved painful for the patient, Bozzini recognised the
advantage light provided to medical investigation and found a way of directing light to
the area of interest. His device is regarded in the industry as the underlying technology
on which all endoscopes are based. It was only in 1853 when the term endoscopy
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was first used by Antonin Jean Desormeaux (1815-1894), a urologist from Paris.
Extending on the work of Bozzini, he developed the design to use a gasogene lamp,
a lamp burning a mixture of turpentine and alcohol which provided a superior amount
of light to the candle. Desoemeaux presented his device to the French Academy of
Sciences in Paris in 1853 and went on to successfully use the device in surgical
investigative procedures on the bladder, rectum and pharynx. Max Nitz (1849-1906)
developed the technology even further constructing apparatus for direct illumination of
hollow organs which consisted of a number of lenses inside a metallic tube. Nitz is
credited with the invention that led to cystoscopy, whilst it was Christian Jacobaeus
(1879-1937) a professor of medicine in Stockholm who used a modified cystoscope to
perform the first endoscope guided laparoscopy in 1910 (Moulton, et al., 1998).
To increase the amount of light into the area of investigation, with the invention of
incandescent and gas discharge lamps, endoscope development continued to utilising
electrically powered lamps to increase the amount of light available to project into the
area, a technology still used in current endoscopes.

Flexible light guides were

introduced allowing the light to be directed more easily to the intended area. The lamp
sources chosen included tungsten, halogen, xenon and halide (DiMarinio, 2002). All
gas discharge lamps, each option has a different wavelength spectrum producing
various colour temperatures and therefore different spectral illumination of the subject
material. (DiMarinio, 2002) also states that xenon short arc lamps were generally
preferred when compared to the other gas discharge lamp options due to their higher
intensity output, being for example four to eight times brighter than tungsten. The
report continues however that whilst these lamps produce a broad wavelength
spectrum, due to the inefficiency of conversion of electrical energy to light, the lamps
become hot and require additional heat management to avoid catastrophic failure.
They also have a relatively short lifetime, reduced even further by increase in heat,
meaning they need to be replaced frequently, resulting in an increasing cost as the
systems are used. When used in a medical environment the cost increases due to the
time required to change the lamp, rendering the equipment and potentially operating
theatre out of action for that time. Further to this, the level of heat produced also
means the lamp system needs to be placed away from the distal end of the light guide
to stop the heat from transferring into the subject area which would mean a reduced
amount of time available for investigation, not to cause tissue damage. The heat
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exhausted from the systems into the operating theatre is also a consideration, as
temperature stability is critical during operations as a defence against bacteria and
also for the stability of the patient and the focus of the surgical team.

4.2 Current Endoscopy Light Engines
Typical endoscope systems utilise a ceramic xenon lamp as a light source to provide
white light to be viewed either by the human eye or a camera. A gas discharge lamp
technology, light is produced by passing electrical current between two tungsten
electrodes in the xenon gas at pressure. Ionisation of the gas results in interactions
of ions resulting in an energy transfer in the form of light. The output spectrum, shown
in Figure 16 is relatively even over visible spectrum range and produces white light at
a CCT of 6000 K, relatively close to the D65 daylight illuminate (Davidson, 2019),
(Zeiss, 1999).

Figure 16 - Typical Wavelength Spectrum of Xenon Lamp

A ceramic xenon arc lamp as used in endoscopy has a ceramic body to help dissipate
heat produced as a by-product in the ionisation process and an internal parabolic
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reflector as shown in Figure 17 to reflect rear emitting light in the forward direction. It
is considered the benchmark for medical illumination in endoscopy systems,
(Hermanowski, 2012).

Figure 17 - Typical Arrangement of a Xenon Lamp with Integrated reflector

There are however limitations to the xenon lamp technology that are yet to be
overcome without sacrificing performance. The lifetime of xenon lamps is relatively
short, typically <500 hours (Osram, 2017) and are also relatively expensive, costing
over $500 to replace each time (Endoscopy Support Services, 2017). Further cost
and disruption is also seen when a lamp reaches the end of its lifetime in the safety
and cleanliness regulations replacing the system in the operating theatre. As the
endoscopy system is mounted securely into the apparatus in the operating theatre,
the equipment needs to be removed from the theatre and the endoscopy light source
needs to be removed from the equipment housing before it can be taken apart to
replace the xenon lamp. The lamp is generally located deep inside the system with
optics and so requires an engineer to be called to carry out the replacement. Once
the replacement has been carried out, the equipment needs to be cleaned and
disinfected thoroughly before it can be relocated within the equipment racking and
moved back to the operating theatre.

The process means the equipment is

unavailable for use for during this time resulting in loss of time and increase in costs
for the hospital. The process becomes even more complicated if the lamp fails during
an operating procedure. The operation needs to be stopped, and the incisions made
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need to be stitched, the patient needs to be advanced to the recovery stage, without
the operation being completed. The procedure described needs to be carried out and
the patient is required to recover before the procedure can be booked and carried out
again.

This unfortunate occurrence results in additional time to discovering and

treating potentially life-threatening conditions as well causing additional trauma and
inconvenience as well as additional significant cost to the hospital. Advance warning
systems indicating low lifetime of the lamp help to provide sufficient warning to replace
the lamp before the end of the life, to avoid catastrophic failure during an operation.
Technology improvements have seen xenon lamps reach upwards of 1600 W
operating power, with those used in explorative endoscopy applications rated at 300
W of input power. Typical efficacies are 17 lm/W with optical luminous flux output of
5000 lm from 500 W of output radiant flux (Excelitas, 2017). The remaining power
not converted to optical output is lost as heat, meaning 250 W of heat is produced
during operation.

During a procedure in an operating theatre, this lost energy,

converted to heat is exhausted into the operating theatre. Operating theatres are kept
as cool as possible with additional heat increasing of risk of bacteria and germs thriving
as well as effects on the patient under anaesthetic. Heat is also considered unwanted
for the health and wellbeing of the medical staff performing and supporting the
operation. It has known to increase the risk of raising the core temperature resulting
in increased heart rate, thermal sensation and sweat loss potentially leading to an
impairment in manual dexterity, particularly in longer operations (Palejwala, et al.,
2019).

4.3 Solid-State Light Generation
The interest in high brightness efficient white light sources has increased in recent
years with numerous applications seeing conversions from lamp-based systems to
solid state technology. Developments in InGaN-based blue light emitting LEDs has
provided opportunity for conversion from incandescent and gas discharge lamps to
more efficient LED technology in applications such as automotive lighting (Beddar, et
al., 2020), street lighting (Sun, et al., 2017) and projection display, even in small microprojectors (Siwu, et al., 2018). With power saving upwards of 100 W, the technology
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has proved advantageous for non-etendue restrictive applications due to increasing
LED emitting area providing increased overall output to illuminate large areas.
LED technology is generally replacing lamp based technology in a variety of
applications due to their lower cost and increased lifetime, reaching upwards of 50000
hours (Luminus Devices, 2017), providing the advantage of less service intervals and
lower costs of replacements. Efficiency is also considered to be higher with typical
output of up to 140 lm/W, which would result in less energy loss in the form heat
generation. To date however, whilst white LEDs have been produced with high
luminous outputs, it has not been possible to generate the luminous output from a LED
endoscope system that is comparable to that of a xenon lamp.

4.3.1 Technology Progression
LEDs produce light through the principle of electroluminescence, where an electrical
energy applied to a material is converted to photonic radiation. The wavelength of
light produced varies depending on the chemical composition of the material and the
amount of light varies depending on the amount of current applied.
The process of photon emission in a LED material occurs due to energy differences
between conduction and valence bands within the structure. The basic principle is
common with the use of semiconductor material with added impurities or dopants
which leads to the characteristic of electroluminescence (Dutta Gupta & Agarwal,
2017). The dopants can be either n-type where they have a high number of valence
electrons, or p-type where elements have a high number of holes in the valence shell.
When an electric current is applied to a typical GaP substrate based LED material, it
flows across the diode in the direction of the p-side to the n-side, causing electrons in
turn to excite, providing them with enough energy to move from the n-side to the pside, crossing the energy band gap between the conduction and valence bands. The
electrons fall into the vacant spaces in the orbitals present in the p-type combining
with holes resulting in electron-hole paring. The energy of the orbital is now lower than
the energy of the electron causing an energy difference, the excess energy is
dissipated in the form of electromagnetic radiation and emitted as light.

The

wavelength of the emitted light is defined by the energy released and is related as
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∆𝐸 =

ℎ𝑐
𝜆

(7)

where ∆E is the change in energy of the electron, h is Planck’s constant which is equal
to 6.62607004 x 10-34 m2 kg s-1, c is the velocity of light, 3.0 x 108 ms-1 and λ is the
wavelength of emitted light in nm. A diagrammatic representation of the process is
shown in Figure 18.

Figure 18 - Process of Light Emission of a LED

The III-V compound semiconductor material, so called as Ga is from group III in the
periodic table and it is doped with elements from group V, provides the basis for the
LED. The p-n junctions and relating energy band gaps are formed during formation of
the material through epitaxial growth either through liquid phase epitaxy, LPE where
the substrate is grown gradually through deposition of liquid or melted droplets of the
doped material (Kravitz, et al., 1973) or vapour phase epitaxy, VPE where the process
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is similar but smaller deposition particles are achieved with vapour (Wright, 1977).
Pure GaP has an energy band gap of 2.26 eV resulting in a green emission with a
wavelength of 555 nm, although efficiency is typically low at ~0.1%. Zinc, nitrogen
and oxygen are typically used as dopants to increase the efficiency to a factor of 100
times. An increase in the wavelength of emission is brought about by the addition of
elements such as indium, aluminium and arsenic, where the amount of added element
atoms results in a variation of the physical properties leading to a variation in the
wavelength of light generated, producing outputs ranging from green to infra-red.
Examples include AlGaP with an energy band gap of 3.5 V and a corresponding
wavelength output of 550-570 nm, GaAsP with an energy band gap range of 1.8 - 2.2
eV with corresponding wavelengths of 585 – 660 nm, GaAs with an energy band gap
of 1.2 eV and a corresponding wavelength in the IR range of 850 -940 nm. The
developments led to increasing efficiencies and outputs with red, orange and yellow
devices being provided by AlGaInP. These developments saw red and green LEDs
using the material became commonplace in consumer electronics in the early 1970s,
primarily used for visual indication purposes. The structure however does not provide
the possibility to lower the wavelength, required for blue wavelength emission. Blue
emitting LEDs took longer to develop due to it being more difficult to utilise p-type to
n-type transitions that would be required for blue wavelength emission.

Further

development into materials however and the introduction of double heterostructure,
InGaN material, a III-N nitride doped semiconductor in 1995 made it possible for high
brightness blue and UV LEDs to be produced, (Nakamura, 2015).
A diagrammatic representation of the process of light emission is shown in Figure 19.
The difference compared to the typical operation seen in Figure 18 is the addition of
an active layer where electron hole pairing takes place. The active layer is sandwiched
between n-type and p-type layers, the n-type layer having an abundance of electrons
and the p-type layer having an abundance of empty positively charged holes. When
an electrical current is applied to the material, both the electrons and holes are excited
into the active layer from the n-type and p-type layers respectively, where they
combine.

The difference in energy between their original states and the lower

combined state is released in the emission of photons. The photon emission has the
energy related to the energy band gap of the active layer, which is smaller than the n
and p-type layers.

As with GaP LEDs, modifying the substrate with dopants varies
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the energy band gap, resulting in variations of the wavelengths in the blue range. The
energy band gap in this arrangement is typically 3.6 to 4.0 eV, providing radiant
emissions in the UV and blue wavelength ranges.

Figure 19 – Light Emission in a Double Heterostructure LED

The invention of the efficient blue laser diode was considered so high an achievement
and benefit to mankind due to the possibilities of producing white light for illumination
and lighting, the inventors Isamu Akasaki, Hiroshi Amano and Shuji Nakamura were
awarded the Nobel Prize in Physics in 2014 (Tsao, et al., 2015).

4.4 Solid State White Light Generation

By the definition as described, either in the original operation, shown by Figure 18 for
the generation of green to IR wavelengths or by the double heterostructure
arrangement shown in Figure 19 for the generation of UV and blue wavelengths, the
wavelength of the light generated is determined by the energy band gap between the
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conduction band and the valence band. Whilst there is some variation resulting in the
bandwidth of emitted light of a LED the wavelength is specific. It is currently not
possible to create a large wavelength bandwidth output as it would require a varying
energy band gap between the conduction and valence bands. As white light is made
up of a broad wavelength range of at least some proportion of blue, green and red
wavelengths, it is therefore not possible to produce a white LED directly by this
method.
The development of a relatively efficient blue LED however has opened up possibilities
for producing LED white light. The simplest method is by the combination of blue,
green and red emitting LED chips packaged closely into one device. The light of each
wavelength produced by each of the individual LED chips combines in free space to
produce white light, varying the output of each LED varies the CCT of the combined
light from cooler blue biased white light with a higher CCT, through to a warmer red
biased white light with a lower CCT. The method provides versatility in colour tuning
but becomes relatively expensive due to at least three LED chips being required, each
requiring their own electrical connections. The real estate required for these chips and
electrical connections is also relatively large due to elements required and the spacing
between them.
The second method of producing a white light emitting LED, made possible with the
development of high-power blue LED development is through wavelength conversion
by the excitation of photoluminescent phosphor material. In a similar operation to
electroluminescence, a material possessing photoluminescent properties luminesces,
emitting light when it absorbs a photon from an external source. The property has
also become known as Phosphorescence and is the term used to describe
luminescence from a phosphor material.
Luminescence is a phenomenon that has been reported on since 1605 when Francis
Bacon saw a “hard sugar being nimbly scrapped with a knife would afford a sparkling
light” and was seen as an interesting phenomenon. Robert Boyle then reported to the
Royal Society of London how he saw what would become known as phosphorescence
from a diamond in 1663 (Virk, 2015). The term luminescence was first used by Elihardt
Wiedemann in 1888, taken from Lumen, the Latin term for light.

Luminescent

materials or phosphors are the materials exhibiting the phenomenon, with the term
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phosphor meaning light bearer in Greek, and was first coined by Vincentinus, an Italian
alchemist.
A number of inorganic phosphors have been developed for use with blue emitting
LEDs and are essentially types of oxides, garnets, oxynitrides or oxysulfides, doped
with various transition or rare earth metals, which have good chemical and thermal
stability. The basis for most phosphors used in white light is a lattice of yttrium
aluminium garnet, YAG, typically with the chemical make up of Y3Al5O12. A dopant
found to be efficient with YAG is cerium, a metal with the symbol, Ce and the atomic
number of 58 in the periodic table. The second element in the lanthanide series or
rare earth metals, it is commonly found in its +3 oxidation state. Ce3+ doped yttrium
aluminium garnet, YAG:Ce3+ has been identified as a phosphor suitable for white
LEDs and is considered the basis for most phosphors used for LEDs (Tucureanu, et
al., 2015). YAG:Ce3+ phosphors have been available since the 1967 when discovered
by G Blasse and A Brill (Blasse & Brill, 1967) it was found to have a broad wavelength
emission, peaking at 550 nm with a decay time of 0.07-0.08 µs, it was initially intended
for flying-spot cathode ray tubes for colour television. It was first used as a phosphor
for white LEDs during the development of the blue LED at Nichia in 1996, showing
Nakamura and Nichia’s goal was always to produce white light LEDs as well as simply
develop the blue LED.
There are a number of popular methods available for the synthesis of YAG:Ce as with
other phosphors, including a solid-state reaction or combustion, (co) precipitation and
sol-gel (Tucureanu, et al., 2015). In each method, components are produced from
oxides or carbonates containing the required elements. Typically, Y2O3 or Y2(CO3) is
used for the source of the yttrium component, Al2O3 or Al2(CO)3 used for the source
of the aluminium component and Ce2(CO)3, Ce2O3 or CeO2 is used for the Ce3+ doping
ions. Each process has advantages and disadvantages, the solid state reaction
method for example is considered simple but requires high temperature (Gupta, et al.,
2011).

The (co) precipitation method requires a lower temperature, high purity

products, good homogeneity and uniform distribution but is considered more complex.
The sol-gel method offers easier composition control, good mixing of raw material,
improved homogeneity, a relatively low sintering temperature, but too has a number
of stages.
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4.4.1 Phosphor Encapsulation

Once the powder phosphor has been produced through one of the methods described,
it needs to be packaged with the blue LED in order to produce white light. Powder
phosphor itself is dry and not adhesive and so does not bond to the LED surface. To
complete the package, the powder phosphor is mixed with an encapsulant which
contains the phosphor and binds to the surfaces within the LED package.
Traditionally, a material is chosen which in addition to good bonding capabilities has
a high thermal stability. During operation, electrical energy not converted to blue light
output of the LED through electroluminescence is converted to heat which is
conducted through the LED package body. In addition, blue light absorbed by the
phosphor and not converted to yellow green light through phosphorescence and light
absorbed by the encapsulant itself increases the heat produced further.

The

encapsulant material is required to withstand the heat generated without breaking
down physically which would impede the output of the LED. To maximise the optical
efficiency as much as possible, a high refractive index, RI is also required (Mosley, et
al., 2014). When light travels from the GaN LED which has a RI of ~2.5 through an
encapsulant with a lower RI, total internal reflection, TIR can occur particularly for light
of higher angles, as shown in Figure 20.

Figure 20 - Effect of High Encapsulant RI

40 | P a g e

The difference in RI between the two interacting materials determines the degree of
refraction of the light, to the point it can be refracted beyond the acceptance angle of
the material and is lost. Increasing the RI of the encapsulant as high as possible to
reduce the RI difference reduces the degree of refraction meaning more light is
captured to provide photoluminescence of the phosphor. In addition, a mismatch in
RI between the encapsulant and the phosphor powder also has the same effect
resulting in further losses of light, reducing efficiency. Developments of chemical trials
have reported RIs of up to 1.7, improving output efficiencies by 5 – 10%, though they
have typically not performed well enough in thermal stability, bond strength, liquid
dispensing and manufacturing cost to provide an improved overall solution. Phenyl
(C6H5) substituents along the silicone polymer chain have been used to raise the RI of
silicone polymers from the range of 1.41 to 1.53 to the range of 1.53 to 1.57, though
again have not been successful due to reliability issues, heat resistance and reduction
in optical throughput. Methyl phenyl silicone thermosets have been regarded as the
typical industry standard for the application, having a RI of 1.41 to 1.53 whilst having
a good thermal stability, sufficient for providing a high flux output for a 50000 hours
LED lifetime.
In the typical form Y3-xAl5O12:Cex when pumped with blue light produces a cool white
light, due to the partial conversion of the blue light to green-yellow light, combined with
some unconverted blue light still present. The advancement and possibilities of solidstate lighting brought about by the development of blue LEDs due to the advantages
of smaller size and improved efficiency when compared to other lamp-based lighting
techniques has led to an increasing development of phosphors.

Co-doping or

substitution of the YAG:Ce can lead to a wavelength shift in the phosphor emission
(Tucureanu, et al., 2015). Substitution of the Y3+ ions with Ianthanide rare earth
elements Tb3+, Gd3+, Dy3+ causes an increase in wavelength with an emission with
more of a red component, producing a warmer white light, whilst substitution of the
Al3+ with Ga3+ or In3+ causes a lower wavelength shift with emission further towards
the blue range making the white light output even cooler.
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4.4.2 Processing of Phosphor Material

The silicone based encapsulants are manufactured and provided in liquid form, this
provides the property of allowing mixing with the phosphor powder to form a
suspension, providing even distribution of phosphor throughout the mixture. Curing is
then carried out through heating to form a solid structure, which retains the formed
shape. The liquid form also allows the mixture to be poured into the package of the
LED, firstly to bond the phosphor to the surface of the LED emitting face, but also
taking the desired shape of the output surface, therefore changing the aperture size
and radial output characteristics. The efficiency of various possibilities of designs
phosphor coating of LEDs has been investigated, (Sun, et al., 2014). Designs of flat,
square phosphor coatings were compared with hemispherical dome designs and filled
reflective cups.

Direct contact between the LED and phosphor and a remote

configuration were also considered.

The diversity of the liquid encapsulant also

extends further to coating the surface of typical bulb shapes to produce varied light
patterns for lighting, as shown in Figure 21 (ILS, 2019).

Figure 21 - 3D Remote Phosphor Examples

4.5 LED Efficiency Droop
Development of white light LEDs is driven from two angles, development of blue LEDs
to be more efficient, increasing the electroluminescent efficiency and development of
phosphor material, encapsulant and packaging configurations to increase the
photoluminescence efficiency.
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Since the invention of blue LEDs in 1995, they have developed considerably,
particularly driven by the requirement for efficient low-cost white light illumination. The
continuing goal is to increase the light produced from the GaN semiconductor device,
whilst typically increasing the drive current supplied to the LED does increase the
output, there is a limit to the achievements due to an effect that has been described
as efficiency droop (Ryu, et al., 2017). The phenomenon describes the characteristic
observed of the emission efficiency significantly reducing with increasing current
injection for LEDs with InGaN multiple-quantum-well (MQW) active layers, resulting in
limited efficiencies at higher current densities. The effect is typically seen at increasing
current densities above 10 A/cm2. Research is continuing to be carried out as to the
true determined cause of efficiency droop, but suggestions being made of multiple
origins causing the phenomenon and could be due to one or many of the possibilities
combined together. Auger recombination is an example of a process that is being
investigated an thought to be a major contributor (Romer & Witzigmann, 2014). The
excess energy from the electron hole recombination is transferred to electrons or holes
that are excited to higher energy states within the same band instead of emitting
photons of light, two electrons collide in the vicinity of a hole rather than the required
electron-hole, resulting in a loss of energy. Electron leakage into the p-layer under
high forward bias reduces the injection possibility of holes into the active region so
reduced electron hole pairing can occur has also been considered. A polarisation
induced internal electric field in InGaN MQW is also proposed to have some effect on
efficiency droop. The increase in strength of the electric field with increasing current,
electrons increasingly leak from the MWQs to the p-GaN layer causing the hole
injection into the MQW active region to become increasingly inefficient. The increase
in internal electric field is also thought to increase the Auger recombination rate, thus
further reducing the efficiency.

Whilst the phenomenon of efficiency droop continues to be investigated with the goal
to continue efficient light extraction from MQW InGaN LEDs at increasing current
densities, LEDs with increasing total output are manufactured. For broad area lighting
applications, the total output is increased by increasing the emitting area of the LED
and is typically achieved in the packaging of the LED. Multiple LED chips placed as
close to each other as possible and connected in series or parallel electrical
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connection, with the bond wiring arranged around the outer edges of the LED emitting
area can be arranged to create a large area array. Further packaging developments
provide the opportunity for chip on board (COB) devices, where the LED chip is placed
directly in contact with a substrate such as silicon carbide, SiC (James, 2020). This
arrangement increases the lumen density compared to multiple chips placed close to
each other by increasing the area of emission but taking away the need for multiple
external bond wires, keeping the overall area as low as possible. The higher number
of LEDs tightly packed also results in a more uniform light and reduces the footprint.
As an example, in a 10 mm x 10mm area, 9 two-pin through hole LEDs could be fitted,
which could be increased to 40 surface mount devices (SMD) LEDs and up to 342
COB LED chips, substantially increasing the LED density in the area. The single
connection arrangement also means only one set of electrical circuit contacts are
required for the 342 LEDs rather than 9 for the two leg through hole LEDs and 40 for
the surface mount devices. Packaging of SMD LEDs means a reduction in PCB
electrical connections would be possible for similar LED chips in an array within a SMD
package but would still require a total of 40 bond wire connections for the 10 x 10 mm
example. The individual connections to SMD do mean LED chips with different
wavelengths can be placed next to each other in one package and can be operated at
the same time meaning various wavelength combinations and even CCT of white light
can be achieved, making the devices more versatile. COB arrays only having one
connection only have the ability to produce light of a single wavelength but can
produce more output per unit area of that one wavelength. They are therefore ideal
for applications where one wavelength or CCT is required such as broad area lighting,
overcoming the issue of efficiency droop, and satisfying the requirement to produce
more light from the LED.

4.6 Liquid Light Guide Coupling
Unfortunately, whilst increasing the emitting area of a LED in either a multi-chip
package, or a COB array provides a solution to efficiency droop of blue LEDs for broad
area illumination, they do not provide a solution for applications such as endoscopy
where light is to be coupled into a liquid light guide. The characteristics of light that
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would be accepted into a LLG is defined by the numerical aperture, NA which is based
on the refraction of light as it enters the LLG and is determined by the optical properties
of the materials used for the construction.
The principle is based on the refraction of light as it crosses the boundary or surface
separation between two contacting surfaces and is defined by principles that follow
Snell’s Law (Encyclopedia Britannica, 2020).

Discovered in 1621 by Willebord

Snellius, a Dutch astronomer and mathematician, his mathematical derived theory was
first published in 1678 by Christian Huygens, also a Dutch astronomer and
mathematician, who founded the theory of how light propagates as waves. The theory
is also attributed however to René Descartes a Frenchman who independently
developed the theory, calling it “la loi de Descartes” putting it into circulation in 1637
(Kwan, et al., 2002).
The amount of refraction is ultimately due to the velocity at which light travels in a
medium, with varying materials causing a varying change in that velocity, resulting in
a bend in a ray of light. The degree at which this change in velocity causes a refraction
is denoted by the index of refraction otherwise known as the refractive index, n. The
refractive index of a material is defined as the ratio between the velocity of light of a
given wavelength in a vacuum, c and the velocity of light in the medium, v.

𝒄

𝒏=𝒗

(8)

For light travelling in a medium with a refractive index, n1 and passing to a second
medium with a refractive index, n2, the light will be refracted by an angle θr to the
perpendicular normal of the surface of interaction between the two mediums. This
refraction angle will vary depending on the angle of incidence, θi to the perpendicular
normal surface, representation of the relationship is shown in Figure 22.
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Figure 22 - Refraction of Light Passing Between Two Mediums

The Snell-Descartes law states the relationship between the ratio of n1 and n2 is equal
to the ratio of the sines of the angles, θi and θr, as stated in eqn.1. As the ratio of the
two refractive indices is constant for any given wavelength, the ratio of the two sines
is also constant for any angle. For light travelling to a medium with a higher refractive
index than that currently in, the light will be refracted towards the perpendicular normal.
For light travelling to a medium with a lower refractive index than that currently in, the
light will be refracted away from the perpendicular normal.

𝒏𝟐
𝒏𝟏

=

𝒔𝒊𝒏𝜽𝒓
𝒔𝒊𝒏𝜽𝒊

(9)

This equation can be arranged to:
𝑛1 sin 𝜃𝑖 = 𝑛2 sin 𝜃𝑟

(10)
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Numerical aperture, NA follows the principles of refraction and the Snell-Descartes law
and determines the criteria of the acceptance angle of incidence of light that can be
accepted by the object. It depends on the objective construction, working distance,
which defines the maximum acceptance angle of incidence, α and refractive index of
the immersion medium, n1, for a LLG in air, n =1 (Ascoli & Bezhanskaya, 2014). The
relationship is found through eqn. 5. Light with an angle of incidence, θi less than the
maximum angle, α will undergo refraction but still be accepted into the light guide,
whilst light with an angle of incidence, θi greater than the maximum angle will not be
accepted into the light guide but will be reflected away, as shown in Figure 23.

𝑁𝐴 = 𝑛1 × sin 𝛼

(11)

n1
n2
α
θi ≤ α
Liquid Light Guide

θi > α

Figure 23 - Acceptance Angle of Liquid Light Guide

The calculation for NA follows the Snell-Descartes law calculation whereby the angle
of incidence is replaced by the maximum acceptance angle of the light guide. The
maximum angle of acceptance, α is calculated from the NA, as
𝑁𝐴

𝛼 = sin−1 ( 𝑛 )

(12)
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4.7 Etendue
Being derived from the French word for extent or spread, etendue is alternatively
referred to as Geometrical Extent, G, Optical Extent and Optical Variant (Zhu &
Blackborow, 2011).

Etendue describes the property of light in terms of the area or

footprint of light and the solid angle of divergence or convergence. Etendue describes
the ability of a light source to emit light in terms of the optical properties and the ability
of an optical system to accept light. This makes it a very useful property of light for
designing optical systems, particularly for applications such as that in this
investigation, where coupling into LLG, which has a defined limiting entrance aperture
and NA is critical in achieving as maximum efficiency as possible.
The principle of etendue is also important as it describes the limit of an optical system
in that it follows the second law of thermodynamics, which states the entropy of any
isolated system never decreases. The etendue of a system also follows as whilst it is
possible to increase the etendue of an optical system, it is not possible to decrease it
(Wallace, 2014), (Markvart, 2007). An optical system typically consisting of a light
source, optical components and exit aperture, will have an etendue limited to the
largest point in the optical system. Increasing etendue is possible through increasing
an aperture size or angle of incidence, though the result will be a loss of energy as the
light will not be accepted by the optical component with the limiting etendue. For a
light source with an emitting aperture, A and a solid angle of divergence, dΩ, at an
angle of θ from the normal, as in Figure 24, the etendue, G is defined as in equation
(13) and has the units of m2Sr.
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Figure 24 - Solid Angle Divergence of Light

𝐺 = 𝑑𝐴 cos 𝜃 𝑑𝛺 (m2Sr)

(13)

Where the solid angle, creates a spherical surface, A’ at a distance, r, has the
relationship
𝐴′

𝛺 = 𝑟2

(14)

In spherical coordinates, the formula for the differential for the solid angle subtended
by a cone with apex angles of θ and ϕ in the horizontal and vertical directions
respectively is

𝑑𝛺 = sin 𝜃 𝑑𝜃𝑑𝜙

(15)

The spherical area follows as
𝜃

𝐴 = ∫0 2𝜋 (𝑟𝑠𝑖𝑛𝜙) × 𝑟𝑑𝜙

(16)

𝜃

= 2𝜋𝑟 2 ∫ sin 𝜙𝑑𝜙
0

= 2𝜋𝑟 2 (1 − cos 𝜃)
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With this principle of etendue and the fact that it cannot be reduced in mind, it should
be conserved as much as possible. The limiting component in terms of the etendue
will be the LLG, defined by the entrance aperture size and the solid acceptance angle,
determined by the NA cannot be changed. The LED source and optical coupling
system should be arranged to conserve this etendue as much as possible.
Increasing the amount of light produced by an LED by increasing the emitting area as
with COB LED devices developed for illumination purposes increases the etendue of
the emission of the LED which would translate through the optical system. With a
larger etendue than that of the LLG, the additional light would not be accepted into the
LLG and so would be lost. The loss of light would result would be a reduction in
efficiency rather than an increase in light output. The additional electrical energy
required to produce the additional light would create additional heat, meaning the
increase of generated light would in fact create more negative effects than positive
ones.
The total amount of light for etendue limited applications needs to increase without
increasing the emitting area and so relies more heavily on improvements in material
and LED efficacy to overcome the unwanted efficiency droop.

Japan’s national

development programme documents progression in the form of a blue LED coated in
YAG:Ce yellow phosphor, (Taguchi et al, 2004). The study documents the targets set
by the programme, firstly of a luminous efficacy of >60 lm/W by 2003 rising to 120
lm/W by 2010. Typical white LEDs today have seen developments, such as those from
the companies Luminus Devices and Cree have a luminous efficacy of over 140 lm/W
(Cree, 2017 and Luminus Devices, 2017). Dial, a manufacturer of high brightness
white LEDs, discussed the theoretical maximum luminous efficacy achievable (Dial
LED, 2016). Their theory is based on 60% of the 7 million receptors or cones in the
human eye are green receptors, with red and blue making up the remaining 40%,
meaning humans see green light (555 nm) as the brightest, even though the power
can be the same value. The efficacy of white light is therefore less than that achievable
at 555 nm. They believe it may be possible in the future to reach 200 to 250lm/W.
Whilst the published information highlights well the overall picture of market
technology, it does not however provide enough information on how the calculated
values are reached, therefore making it difficult to verify as valid.
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Due to the limited luminous efficacy as detailed above, an increased output from
YAG:Ce white LEDs is obtained by increasing the emitting area. Advancements from
the major LED high brightness manufacturers of Cree, Philips Lumileds and Luminus
Devices are discussed (Wright, 2013). As there is a limit to the size of a single chip
that can be produced, manufacturers of high brightness white LEDs are utilising chipon-board (COB) technology to create a large emitting area, whereby a number of
smaller individual chips are placed in an array as closely together as possible. Cree
for example have produced the CXA3590, intended to replace 250 W metal halide
sources, by delivering 16225 lm from a 30mm device (Cree, 2017). Philips Lumileds
have produced a range of COB LEDs ranging from 9mm to 15mm in size, producing
1000 lm to 7000 lm on a metal core substrate to provide increased thermal
performance (Lumileds, 2017). Luminus Devices have produced their Xnova range
which produce 350 lm to 10000 lm from a 6 mm to 26 mm size range (Luminus
Devices, 2017). Whilst the increased outputs provide good alternatives for lamps in
the lighting market, the technology does not necessarily lend itself to endoscopy
applications due to the etendue being too large to couple into a liquid light guide, LLG.

4.8 Solid-State Devices in Endoscopy
To move away from the lamp-based endoscopy systems, the idea of solid-state white
light generating techniques have been investigated to some extent. LEDs have been
placed at the distal end of a solid rod to be inserted into the body with camera and
surgical equipment (Lee et al, 2008). The need for etendue maintaining optics in this
case is less important as no coupling into light guiding apparatus is required. The
technique flooded the area with light, improving the image that could be seen with the
camera systems used. It provided a more uniform illumination with sharper shadows,
less flickering and better illumination for visual perception compared to the arc-lampbased system it was being compared against. The LED however became hot due to
efficiency levels of the electrical energy being converted to the blue light energy from
the pump LED and the conversion of that blue light to the yellow green spectrum by
the phosphor. This characteristic is undesirable when placing the probe inside the
human body during procedures due to the possibility of heat causing harm and
damage to the patient. The unwanted effect would mean only very short procedures
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could be carried out before the LED becomes too hot to stay close to human tissue,
or intervals would be needed to allow the LED to cool. The LED is also difficult to
clean without damage, meaning a number of LED assemblies could be required in a
single operation. To avoid the tip of the apparatus placed inside the human body
becoming too hot to perform the operation, the light source needs to be kept remotely
and the light carried to the human body by a light guide.
Various types of light sources for endoscopy have been compared, (Clancy et al,
2012), in their investigation they compare the illumination methods of xenon, LEDs,
laser/phosphor and supercontinuum laser. The report compares the output in terms
of the spectral radiance and the images acquired in a simulator with a miniature
camera. The conclusion from the study is the xenon light source, a Karl Storz Xenon
300 with a Ø5mm (Ø4.3 aperture) liquid light guide was considered the gold standard
for large area illumination, it was also ranked the highest by surgeons.

As an approach to producing high intensity low etendue white light through LED
multiplexing of blue, green and red wavelengths, with the possibility of adding an
option in the UV range, light containing structures have been investigated. US patent
US2011/0170313 Hollow Light Guide (Sommer, 2011) discusses an invention
whereby red, green and blue LEDs are combined using a hollow glass high reflective
system. The hollow light collecting, maintaining and guiding structure is made up of
rectangular pieces of glass coated with a high reflective metal coating on one side. A
number of these are bonded together by the edges along the longer side to form a
square or rectangular cross section with the high reflective coating on the inside to
form create the hollow light guide. Light from each LED source is firstly collimated
either through collimating lenses or by a square or rectangular cross sectioned tapered
hollow section, also internally coated with a high reflective metal coating. Light from
a red LED source, once collimated travels straight through a hollow section to the
output, with higher angle light being contained by reflecting off from the high reflective
inner walls. Light from the green and blue sources enter the light guide from the side
of the light guide following collimation and are reflected through 90° by dichroic coated
glass filters in the centre of the light guide, orientated at 45° to the incoming light. At
the green entry point the dichroic filter is designed to allow red wavelengths of light to
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pass and reflect green wavelengths. At the blue entry point the dichroic filter is
designed to allow red and green wavelengths of light to pass and reflect blue
wavelengths. Each of the green and blue wavelengths are added into the straight
hollow reflective section in turn, as dictated by the dichroic filters, to combine with the
red light. Further dichroic filters are used to ensure light of any wavelength is not
reflected back via the collimators to the LED sources. The resultant red, green and
blue light is homogenised in the straight reflective hollow section as it combines to
provide an even white light at the light guide exit. An illustration taken from patent
US2011/0170313 is provided in Figure 25.

Figure 25 - Illustration of Concept from Patent US2011/0170313

Benefits of the invention are multiple, the LED sources are effectively multiplexed with
the system performing multiplexing and homogenisation concurrently, rather than as
two separate functions that would incur additional losses. The system is also effective
in maintaining the etendue once light has entered into the system, the aperture is kept
constant by the hollow light guide and the angle of divergence is maintained reflecting
from the straight flat surface of the high reflective inner walls of the light guide, meaning
the light maintains its properties of how well it can be imaged. The design suggests
additional wavelengths can be added to the system by the addition of channels and
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dichroic filters with shifted pass and reflection characteristics. A high reflective coating
on the inner surfaces of the light guide keeps light within the inner space of the hollow
structure, it therefore allows the structure to be held on the outer surface to be fixed
mechanically without interfering with the light.
There are also unfortunately drawbacks of the design, the first is due to the proposed
construction of the light guide, made from a substantial number of flat pieces of
reflective glass.

Assembly through adhesion at the edges becomes critical in

maintaining the features of the design and ensuring optical losses at the joints are kept
as low as possible. The maintaining of etendue relies on reflection of light from the
high reflective inner surfaces as it travels through the light guide, whilst the applied
metal coating is deemed high reflective, there will be some loss, the optical
performance will depend heavily on the reflective coating design. Lastly the hollow
glass assembly also means it is fragile and susceptible to damage, particularly either
through assembly or fitting into a mechanical holder. The order of wavelengths of
LEDs as the light travels through the system is red first followed by the addition of
green and then lastly blue. The dichroic filters in the system are designed for this
order, being reflecting to light of the wavelength of that entering the system whilst
being transmissive to those already in the system. For the intention of producing white
light of D65, the order of LEDs arranged in the system is inefficient. The ratio of red
to green to blue light for producing D65 is typically 3 : 6 : 1 (Hooi, 2013) and it can be
achieved by varying the amount of light at the input depending on the amount emitted
at the output. As light is lost for every transition through an optical component in the
system, the wavelength that will experience the greatest loss will be the first to enter
the system as it passes through a greater number of dichroic filters, each causing a
loss and have more interactions with the high reflective side panels, also creating loss.
From the D65 ratio, a greater amount of red light is required than the blue, therefore
the loss experienced in the system should be considered in addition to the amount of
input when configuring the order of the LED inputs and the design of the dichroic filters.
Another proposed invention based on multiplexing of individual blue, green and red
LEDs is the international patent application WO2015 071643 (Copner, et al., 2015)
which describes an invention whereby light from multiple LEDs with different
wavelengths is multiplexed in a solid glass light guide, rather than a hollow system,
made up of solid glass triangular prisms at the entry points and straight rhomboid
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prisms between them. The design facilitates multiplexing of blue, green and red
wavelengths as well as the option for UV or IR wavelengths. Light from each LED
source is firstly optically collimated, either through collimating lenses or tapered
collimators. The collimated light of each LED is imaged onto an entry face of the solid
glass prisms, which are designed to be the same size ratio as the emitting area of the
LEDs. An illustration from patent WO2015 071643 is provided in Figure 26 and an
annotated example of the multiplexer is provided in Figure 27.

Figure 26 - Illustration of Concept from Patent WO2015 071643
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Figure 27 - Solid Glass Multiplexer

On entering the system, the light experiences refraction at the entry face due to the
difference in refractive index between the current medium, air and the glass. The
angle of incidence is set in relation to the rectangular face of the triangular prism to
result in a refracted angle directing light parallel to the first straight rhomboid prism.
Light from the first LED in the arrangement enters the system through a rectangular
face that has been optically coated with an anti-reflection coating to reduce reflection
and improve efficiency. Once inside the glass light guide, the light travels along the
solid light guide, with light of higher angles being maintained within the light guide
through total internal reflection (TIR). Light of succeeding wavelengths enter the
system through additional solid glass triangular prisms, with a dichroic coated entry
face to reflect light of that already in the system whilst allowing transmission of the
wavelength entering at that point.

Each dichroic coated triangular entry prism

introduces a change of direction of light already in the system by 120°. This ensures
the dichroic coated face has a glass to air interface and difference in refractive index
required to maintain the properties of the dichroic filter. Once entered into the system,
the three wavelengths are then combined and homogenised in the straight rhomboid
prisms producing combined white light at the exit. As with the hollow system described
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above, the design lends itself to additional wavelengths by the addition of further
triangular prisms with specified dichroic filters designed for the additional wavelength.
At the exit of the system the white light can be manipulated with external optics.
Etendue is maintained from the entry point to the exit due to the cross-sectional area
being constant and the angle of divergence being kept constant through TIR.
A large benefit of the system over the hollow system described above is the rigidity
and strength provided by the solid glass prisms and adhered construction. Greater
areas of bonding and a substantially reduced number of bonds result in a more robust
construction. The reduced number of components also reduces the complexity of the
construction leading to improved suitability for manufacturing. The alignment of the
prisms will however still be critical in ensuring as little light as possible is lost outside
of the system. As the propagation of light is through the property of total internal
reflection, the loss seen at the reflection surface is reduced even further than with the
high reflective coated surface.
Drawbacks of the design are those associated with transition of light into a different
medium. The difference in material results in the light guide having a NA, light from
the LED source with an angle of divergence outside of the depicted by the NA of the
light guide will not enter the system, instead being reflected and lost. Any light entering
into the system beyond the critical angle will also not be subject to TIR and will be lost
through the walls of the light guide. The glass material of the light guide should also
be chosen carefully, the absorption of light in a medium varies depending on material
and the wavelength of light but is higher than that of air. The total absorption in the
material increases with the length of the optical path. The length therefore should be
long enough to ensure homogenisation but as short as possible to reduce the
absorption. Whilst bonding of the glass prisms improves the robustness, the bonding
material is in the optical path. Depending on the bonding material, light will be lost
through absorption within the bonding material and the difference in refractive index
will introduce further refraction and possible loss. The bonding material should
therefore have good bond strength, be optically clear and transmissive to the
wavelengths in the system and have a refractive index close to the glass material of
the light guide. Alignment of the glass prims without a bonding material is considered,
in this case an air gap would also introduce additional refraction and the system would
require additional mechanical fixing with accurate alignment of the prisms. TIR within
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the light guide relies on the difference in refractive index between the light guide
material and the surrounding medium. Mechanical fixing of the components resulting
in contact with the glass will result in a change the refractive index ratio and reduce
reflection. Another potential drawback of this system is the increased cost of the highly
polished solid glass prisms, depending on the material chosen.
A consideration of the two above systems is the creation of white light through the
combining of individual LED wavelength sources. The combination of blue, green and
red wavelengths produces white light. The benefit of the method is individual blue,
green or red wavelengths can be chosen at one time, as well as UV or IR if they are
added to the system. It can also provide colour tuning of the white light throughout the
CCT range by varying the amount of light entered into the system of each individual
wavelength, increasing the ratio of the red component to create a warmer white light
with a lower CCT and increasing the ration of the blue component to create a cooler
white light with a higher CCT. Whilst the individual wavelength components produce
white light, they can provide what would be considered an approximation to the D65
standard as this is based on the broad spectrum of daylight. White light produced by
phosphor produces a broader wavelength spectrum and could be considered to
produce a D65 spectrum closer to that of daylight.
As white light phosphor LEDs are limited in their output due to efficiency droop and
phosphor conversion efficiency as described earlier, investigations to increase the
output of a phosphor whilst maintaining the emitting area and therefore etendue have
been considered. Patent application US2014/0347842 A1 (Copner & Rogers, 2013)
describes an invention to increase the output from a single photo luminescent LED
phosphor source by exciting the phosphor material from both sides. A high reflective
coated hollow glass system has been designed to capture the output from a phosphor
coated LED which is pumped from two sides rather than one as with typical white
LEDs.

A typical first LED with a blue emission pumps a green yellow emitting

phosphor coated on the LED surface and is located at one end of the high reflective
hollow system. The excited phosphor emits light in the green yellow range into the
system directed towards the output at the opposite end. A second LED source with a
direct blue emission different to that of the first LED but still within the absorption band
of the phosphor material is located at 90° to first LED. The blue emitted light from this
LED is coupled by a high reflective hollow section, which is tapered to reduce the
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emission angle towards the optical path of the first LED output. A dichroic filter
designed to reflect light of the second LED and transmit light produced by the phosphor
and first LED is situated in the optical path and orientated by 45° to both LEDs. Light
of the second LED is reflected through 90° towards the first LED where it pumps the
phosphor coating from the opposite side of the first LED. As phosphor emission is
360° some of the additional emitted light is in the direction of the optical path of the
first LED. The combined resultant output from the phosphor transmits through the
dichroic coated plate to the output of the system.
The benefit of the invention is that additional excitation of a single coating of phosphor
material is achieved via a second source with a slightly different wavelength to
increase output in the phosphor emission spectrum. This takes advantage of the
additional capacity of the phosphor material, not utilised by the first LED to increase
the overall light output. The possible limits of the design could be the saturation level
of the phosphor material whereby no increased emission will occur beyond a particular
level when blue light is absorbed.

The excess light from the second source in this

case will be lost, leading to increased heating of the phosphor and the first pumping
LED, resulting in a reduced efficiency of conversion and total light out. Another
limitation is in the loss of any light from the second source within the system that does
not reach and excite the phosphor. White light is produced by the green yellow
emission of the phosphor combined with the excess blue of the source LED. In the
case of second source LED, the excess from the source would not be reflected into
the exit light path but out of the system. As with the hollow multiplexing system
described previously, the high reflective coating will result in some losses through
transmission and absorption. The system is designed to increase overall output from
a single coating of phosphor, due to additional losses in the system it will result in an
overall increase in light output but reduce the overall efficiency.
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5.0 Experimental Investigation – R, G, B Multiplexing
The following sections describe the experimental investigations conducted to explore
the white light generation technology described in previous paragraphs, with the view
to improving the etendue restrictive application of endoscopy. The investigations
begin in this section by evaluating wavelength multiplexing of light from individual red,
green and blue LEDs. White light generation through conversion of phosphor then
follows with experimental investigations of phosphor in forms of coated powder in
section 6, solid ceramic in section 7 and single crystal in section 8. A unique concept
is also designed to couple the light from multiple LEDs into a single optical path without
increasing etendue in section 9. Each method is evaluated for the amount of light
generated and also the associated advantages and disadvantages for the application
of endoscopy.

5.1 R, G, B Multiplexing - Background
The investigations being conducted at Cymtec in conjunction with Imperial College
London are based around multiplexing of high-power red, green and blue LEDs to
produce a light engine for etendue restrictive applications such as endoscopy.
Investigations so far have firstly been with a version of a hollow high reflective glass
multiplexer, homogeniser and light guide as described by US patent US2011/0170313
Hollow Light Guide (Sommer, 2011), which was passed to Cymtec for their
investigations. Secondly the solid glass multiplexer, homogeniser and light guide, as
described in international patent application WO2015 071643 (Copner, et al., 2015)
which was filed by Cymtec Ltd. themselves and is the basis for the latest investigation
and developments.
In the hollow glass system, the light guide is configured to multiplex light from three
separate high-power LEDs in the blue, green and red visible wavelength range and a
fourth LED in either the UV or IR wavelength range. A diagrammatic representation
is shown in Figure 28 with a photograph of the multiplexer shown in Figure 29. Light
from each LED of the red, green, blue and UV LEDs is captured by the high reflective
tapered collimators, the high divergent light is reduced in divergence angle by the
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slope of the sides. The now less divergent light enters the high reflective combiner
where it is reflected through 90° by the dichroic filters, fixed directly above the LED at
a 45° angle to the path of light. Each dichroic filter is selected to be reflective to the
wavelength of light at that input point and transmissive to higher wavelengths already
in the high reflective combiner. The combined light travels along the high reflective
combiner, being homogenised at the same time until it exits the multiplexer.
Each high reflective coated hollow glass section is made up of four flat pieces of glass,
cut to the required size and shape. Assembly is carried out by bonding the edges of
the flat glass pieces to form a four-sided structure, with the aid of machined assembly
jigs, the dichroic filters are also bonded in place. Each four-sided structure is then
bonded in place and held mechanically with machined fixture jigs.

High
Reflective
Combiner

Dichroic Filters

Combined
Light Output

High
Reflective
Tapered
Collimators

Red
LED

Green
LED

Blue
LED

UV
LED

Figure 28 - Hollow Glass LED Multiplexer Diagrammatic Representation
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Figure 29 - Hollow Glass LED Multiplexer

Whilst Cymtec found the concept to be effective in producing white light with additional
UV light, they found the assembly process to be difficult due to the glass being fragile
and the bonding process needing to be precise. The amount of bonding agent needed
to be sufficient to give the structure strength but sufficiently little not to run onto the
high reflective glass coating which would contaminate the reflective surface, reducing
the performance.
In the solid glass light guide investigation, the light guide is again configured to
multiplex light from three separate high-power LEDs in the blue, green and red visible
wavelength range though has the option either a fourth LED in either the UV range or
the IR range.

The light from each LED is coupled into the optical system with an

imaging lens pair consisting of an achromatic lens and a double convex lens, their
objective to firstly collect the light from the LED emitter and reduce the angle of
divergence so it can be imaged onto the input face of the light guide and coupled into
the system, conforming to the NA of the input face. The input face and subsequently
the cross section of the system is manufactured to the size ratio of the LED emitter.
Once in the system, the light travels through each of the prisms by total TIR, whereby
light within an angle dictated by the properties of the light guide material travels along
the light pipe through reflection from the glass surface.
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A diagrammatic representation of the light path in the solid glass multiplexer is
provided in Figure 30 and is based on the principle shown in Figure 26. Multiplexing
of light into the same optical path is achieved using equilateral triangular prisms with
a dichroic coated external face that reflect light already in the system while being
transmissive to light entering the system. Blue light entering the system through
triangular prism 1 is reflected by prisms 2 and 3.

Green light entering through

triangular prism 2 combines with the blue light and is reflected by triangular prism 3.
Red light entering through triangular prism 3 combines with the blue and green, light
from the three sources homogenise in the straight prisms and exit as combined white
light.

Green Light
Entry
Triangular
Prism 2

Entry
Triangular
Prism 1
Blue Light

AR Coating

Green
Dichroic
Coating

Straight Homogenising
Prism 1

Straight
Homogenising Prism
2

Flat Exit
Glass
Combined Light

Red Dichroic
Coating
Red Light
Entry
Triangular
Prism 3

Tapered
Reducing Prism

AR Coating

Figure 30 - Diagrammatic representation of the Solid Glass Multiplexer Design

As the combined light travels through the system it is homogenised within the straight
prism sections of the light guide to produce an even distribution of white light. Figure
30 shows blue light entering the system through the AR coated external face of entry
triangular prism 1 and travels along straight homogenising prism 1. At entry triangular
prism 2 light from a green source enters the system through a dichroic face, which
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reflects the blue light already in the system through 120°, both blue and green
wavelengths of light are homogenised in straight homogenising prism 2. At entry
triangular prism 3, light from the red source enters the system through the external
dichroic coated face whilst blue and green wavelengths of light already in the system
are reflected through 120°. The three wavelengths of blue, green and red now in the
system are homogenised in the prism that follows to produce white light. In the case
of Figure 30, a tapered prism us used to reduce the exit size of the light guide to be
more suited to the LLG that it is to be coupled into. Following the rules of etendue, as
the aperture reduces, the divergence angle will increase. An alternative option is to
homogenise the light in a short homogenising prism and use coupling lenses to reduce
the optical footprint to couple into the LLG. The tapered reducing prism is too long to
fit in a coating machine for the end face to be AR coated. To reduce reflection from
the exit surface of the tapered reducing prism an AR coated flat piece of glass is
bonded to the end surface.
At the exit point of the light guide, two options are available to couple into the LLG
required to couple to the endoscopy instruments used during the operation. The same
lens setup used to couple light into the light guide but in the reverse arrangement could
be used to collect the light exiting the multiplexer and image it onto the input aperture
of the liquid light guide. Light exiting the multiplexer light guide has the same size and
divergence angles as those entering the system, having been maintained within the
light guide, the reverse arrangement of the lenses at the exit reduces the size down to
that suitable for the LLG. Light after the lenses with an angle of incidence within that
of the NA of the LLG will be enter into the LLG. In the option as described with Figure
30 above, the solid tapered glass prism is an extension of the light guide with a solid
glass prism that tapers down to an exit size compatible with the LLG meaning no exit
lenses are required. Light leaving the solid light guide with a NA that is within that of
the LLG will be accepted and travel through the medium to the output for where it can
be utilised by an endoscope.
For TIR to occur, light in the system must make interact with the outer faces of the
light guide with an angle of incidence, ϕi to the face of the light guide lower than the
critical angle, ϕc, which is the angle defined as the point where the light is reflected
back into the light guide rather than be refracted out of it.

The light then reflects from

the outer face of the light guide back into the optical path, continuing through the light
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guide, experiencing multiple reflections. Light with an angle of incidence to the outer
face greater than the critical angle will experience refraction and will exit through the
light guide face and lost into the surroundings. The principle is shown in Figure 31.

Figure 31 - TIR in Light Guide

The performance of the system relies heavily on light entering and being contained in
the system through total internal reflection, TIR, as shown above in Figure 31. The
defining critical angle can be found through Snell’s Law of refraction, equation 17,
which is based on the understanding that the ratio of the sine of the incident and
refracted angles is equal to the ratios of the refractive index of the medium of the light
guide and the surroundings. If, the angle of incidence, ϕi matches the critical angle, ϕc,
then,

𝑛

𝜙𝑖 = 𝜙𝑐 = sin−1 (𝑛2 )
1

(17)

From the equation, the higher the refractive index of the light guide material from the
equation, the higher the refractive index of the light guide material compared to the
refractive index of the surroundings, the greater the critical angle will be. The angle of
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light within the system will depend on the angle of light entering the system, shown
previously in Figure 23.
To ensure this as low as possible, the angle of incidence is defined based on the
refraction properties of the material. As the refraction angle and the critical angle
depends on the refractive index of the material, the material is first chosen based on
several factors before the angle of incidence of light into the system is chosen. The
RI is a very important property to achieve a higher critical angle and set the angle of
incidence and increase efficiency, keeping the light reflected in the system as high as
possible, though is just one of the properties to be considered. Once the light has
entered the light guide, the next consideration is the absorption within the material.
The light guide should be long enough to homogenise the multiple wavelengths of
light, though the longer the length, the more light will be lost through absorption. To
keep this to a minimum, the material is chosen to be as transmissive as possible to all
wavelengths. To provide white light through the multiplexing of light in the blue, green
and red wavelength ranges as well as allow the addition of UV in the range of 350 to
400 nm for the excitation of ALA and IR in the range of 750 to 810 nm for excitation of
ICG, the material should have a high a transmission as possible in the range of 350 to
810 nm. Light travelling through the material will also experience aberration resulting
in dispersion, the aberration property is specified as the abbe number and will vary
depending on the material. An increasing temperature of the material will alter the
optical and eventually physical properties of the material, the maximum operating
temperature also varies by material.
The variants of glass material used for optical systems has increased over the years,
with various materials being developed with varying optical properties including
refractive index, transmission properties by wavelength, abbe number, density and
chemical and thermal properties. Manufacturers from around the world produce glass
for optical systems with many offering options with the same material characteristics
and optical properties but with different trade names. Typical examples of materials
used for optics of UV fused silica, barium fluoride, calcium fluoride, magnesium
fluoride, sapphire, zinc selenide and borosilicate in example forms of N-BK7 and N-
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SF11. The transmission efficiency with wavelength as a percentage of the source
value for these materials is shown in Figure 32.
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Figure 32 - Optical Transmission Properties of Popular Optical Glass Material

For those materials, the refractive index at a considered industry standard wavelength
of 588 nm, and aberration, abbe, coefficient of thermal expansion and maximum
operating temperature are shown in Table 1 (Li, 1980)

Material
UV Fused Silica
N-BK7
BaF2
CaF2
MgF2
N-SF11
Sapphire
ZnSe
BOROFLOAT

RI
Abbe Density
(nd)
(Vd)
(g/cm3)
1.46 67.70
2.20
1.52 64.20
2.46
1.47 81.78
4.90
1.43 95.31
3.18
1.38 106.22
3.18
1.79 25.68
3.22
1.75 72.31
3.97
2.40 8.07
5.27
1.47 65.70
2.20

Coefficient of Thermal
Expansion (/°C)
5.5x10-7
7.10x10-6
1.84x10-5
1.89x10-5
1.37x10-5
8.50x10-6
5.30x10-6
7.10x10-6
3.25x10-6

Max Temp
(°C)
1000
557
1368
1418
1255
592
1800
1520
450

Table 1 - Glass Material Properties
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From Figure 32, the materials considered to have the highest transmission properties
for the wavelength range of 350 nm to 810 nm are UV fused silica, barium fluoride,
calcium fluoride and magnesium fluoride. N-BK7, known to be a popular optical glass
material has good transmission in the visible range so would be a good choice for
white light but reduces in transmission below 390 nm. The refractive index of a glass
material varies for the wavelength of light, which in turn leads to a varying level of
refraction depending on the wavelength of light. As light of multiple wavelengths is to
be used in the system, it would be advantageous to use a material with a RI as
consistent as possible over the wavelength range in order to keep optical
characteristics similar. The variance of the RI of the above materials is shown in
Figure 33.
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Figure 33 - Refractive Index of Materials with Wavelength

Of the materials with the greatest transmission over the wavelength range, barium
fluoride has the highest average refractive index and magnesium fluoride has the
lowest average, whilst fused silica has the greatest change over the stated wavelength
range and reaches the lowest overall refractive index at higher wavelengths. As the
wavelength range in the study is from 350 to 850 nm, Figure 34 shows how the
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refractive index varies over that range, with the maximum, minimum mean and
variance of each shown in Table 2.
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Figure 34 - Refractive Index of Materials over 350 to 850 nm Range

Material
Fused Silica
BaF₂
CaF₂
MgF₂

Maximum RI
1.48
1.49
1.45
1.39

Minimum RI
1.45
1.47
1.43
1.37

Mean RI
1.46
1.48
1.44
1.38

RI Variance
0.03
0.02
0.02
0.01

Table 2 - Refractive Index Maximum, Minimum and Variance

From the above comparisons, UV fused silica, barium fluoride, calcium fluoride and
magnesium fluoride have an RI ranging from 1.37 for magnesium fluoride to 1.48 for
barium fluoride over the selected wavelength range. Each material also has a
maximum operating temperature of >1000 °C, which would be considered suitable for
the operating conditions of the application, where high power LEDs are used. UV
fused silica has a lowest abbe number, suggesting less dispersion within the material
and a lower coefficient of thermal expansion, meaning the optical properties will not
vary as much with an increasing temperature. Fused silica also has a lower density
meaning the weight of the optical system will be less, reducing the physical stress on
the bonded faces. With these advantages taken into consideration fused silica has
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been chosen as the material to use for the application, the characteristics are
considered to be reasonable and the material is readily available.
Fused silica is the commonly known name for silicone dioxide, SiO2, otherwise known
as fused quartz and is available in various forms with variances of properties within
the fused silica range. It is generally available as either UV grade fused silica or IR
grade fused silica.

UV grade fused silica is manufactured synthetically through

oxidation of silicon through flame hydrolysis (Heraeus, 2014), provides high
transmission for wavelengths in the UV range, but has dips in transmission properties
at the higher wavelengths of 1.4 µm, 2.2 µm and 2.7 µm due to absorption from
hydroxide, OH- ion impurities formed during manufacture. IR grade fused silica which
is manufactured by melting, high purity quartz at >2000 °C, the SiO2 particles melt and
become fused together, does not see the OH- ion impurities and so has a high
transmission at higher wavelengths. Unlike other glasses, no impurities are added to
lower the melting point, making in optically clear with a low absorption and dispersion
and a high working temperature. Whilst generally maintaining the properties described
above, it is available in a number of forms depending on the quantity of the OH- ions
within the structure, formed during the manufacturing process. Well known glass
manufacturers producing fused silica products include Dow Corning, Heraeus and
Schott. Dow Corning offer their range of HPFS 7979 recommended for use with IR
wavelengths, HPFS 7980 recommended for UV wavelengths and HPFS 8665
recommended for a broader range of wavelengths from UV to IR. Heraeus offer their
Suprasil and range with the Suprasil 300 range recommended for high transmission
in the UV wavelengths and the Surpasil 3000 range for high transmission in the IR
wavelengths. Schott offer the Lithosil range, of Q0, Q1 and Q2, which are
recommended for high transmission in the UV, visible and low IR range but have the
dips in transmission as described earlier. As an alternative, fused silica products are
available from Chinese manufacturers, with JGS1 being an equivalent to the Dow
Corning HPFS 7980, Suprasil 300 and Schott Lithosil range. JGS3 is considered to be
a IR grade fused silica equivalent to the Dow Corning HPFS 7979 and Heraeus 3000
range.
As the wavelengths to be used in the solid glass multiplexer range from 350 nm to 850
nm, to work with the specified chemical markers of ALA and ICG, the transmission
dips at 1.4 µm 2.2 µm and 2.7 µm are of no consequence to this application. The
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higher transmission of the Dow Corning HPFS 7980, Heraeus Suprasil 300, Schott
Lithosol range and JGS1 equivalent would therefore be suitable.

5.2 Design Considerations
5.2.1 Multiplexer NA

The material of UV grade fused silica has been chosen for the material to manufacture
the solid glass multiplexing light guide. As with the LLG described above, the solid
glass multiplexer will have a numerical aperture, NAsgm that will determine the
acceptance angle, αsgm and the critical internal angle to achieve TIR, ϕcsgm within the
light guide. The NA can be found using the relationship between RI of the glass light
guide and the medium in which it is surrounded, in this case air, as in equation 18.
𝑁𝐴𝑠𝑔𝑚 = √𝑛𝑠𝑔𝑚 2 − 𝑛𝑎𝑖𝑟 2

(18)

Where nsgm is the RI for JGS1 fused silica and is equal to 1.48 and nair is equal to 1.
𝑁𝐴𝑠𝑔𝑚 = √1.482 − 12 = 1.09

(19)

The NA for the solid glass multiplexer is therefore equal to 1.09.
The critical acceptance angle for TIR to occur, αcsgm can therefore also be found from
modification of equation 12 stated previously as in equation 20.
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𝑛

𝛼𝑐𝑠𝑔𝑚 = sin−1 ( 𝑛 𝑎𝑖𝑟 )
𝑠𝑔𝑚

(20)

1

𝛼𝑐𝑠𝑔𝑚 = sin−1 ( 1.48) = 42.5°

Light with an angle of incidence of less than 42.5° to the entry surface will therefore be
accepted into the multiplexer and will experience TIR and be guided by the light guide
along the optical path.

5.2.2 Angle of Incidence into the Light Guide

The intension is for the light entering the system to travel along the light guide as
straight as possible to reduce the high angles of light an potential loss. Due to a
difference in RI between the material of the solid glass light guide and the surrounding
medium, the light will be refracted as it enters through the entry face of the triangular
prism. To achieve straight travel along the light guide, the angle of incidence can be
adjusted to account for the refraction.
From Snell’s Law, as stated previously in equation 9.
𝑛𝑠𝑔𝑚
𝑛𝑠𝑚

=

sin 𝜃𝑟
sin 𝜃𝑖

(9)

Due to the entry prism being triangular, the angle of the entry face is 60° to the straight
homogenising prisms. The required angle of refraction, θr therefore is also 60° to the
entry face, and as the RI of the surrounding medium (air) is equal to 1, the angle of
incidence, θi can be calculated from

sin 𝜃𝑖 =

sin 𝜃𝑟
𝑛𝑠𝑔𝑚

(21)
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sin 𝜃𝑖 =

𝜃𝑖 =

sin(60)
1.48

sin(60)
1.48

= 35.8°

5.2.3 Liquid Light Guide Entry

Ultimately, the light exiting the multiplexer is to be coupled into the LLG. An important
limiting factor will be how much of the light exiting the multiplexer will be coupled into
the LLG. The limitations in this case will be the area of the entrance aperture, A and
the acceptance angle, α. Light incident on the entrance aperture of an angle of
incidence within the acceptance angle will enter into the light guide, light of angles
greater than the acceptance angle will be reflected from the surface and lost into the
surroundings.

As previously described, with Figure 23, the acceptance angle is

described by the numerical aperture, NA in relation to the refractive index of the
surrounding medium, n in the following way.
𝑁𝐴

𝛼 = sin−1 ( 𝑛 )

(11)

For the liquid light guide with a numerical aperture of 0.64, and held in air, nair=1
𝛼𝐿𝐿𝐺 = sin−1 (

0.64
1

)

(22)

𝛼𝐿𝐿𝐺 = sin−1 0.64 = 39.79° = 0.70 𝑅𝑎𝑑𝑖𝑎𝑛𝑠

Light reaching the light guide with an angle of incidence >39.79° (0.70 Radians) will
not be accepted by the LLG and will be lost into the surroundings.
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5.2.4 Multiplexer System Etendue

When considering the requirement of the multiplexer output to couple into the liquid
light guide, the etendue describes the characteristics of the light in terms of the
aperture size at any point and the solid angle of incidence subtended. As it is a
property that cannot be reduced in an optical system and can be used to determine
the possibilities of those characteristics in the multiplexer design. Given the entry
acceptance criteria of the LLG is a limiting factor, the etendue at this point can also be
used as a limitation. Light from the multiplexer of a higher etendue will increases
losses in the system, therefore the etendue of the light throughout the multiplexer
system needs to be matched as closely as possible to that of the light guide.
Etendue, G is related to the area of the light, A, the deviation of the direction from the
normal, θ and the solid angle of light, Ω in the following way.
𝐺 = 𝐴 cos 𝜃 𝛺

(23)

The etendue of the Ø4.3 mm liquid light guide with an NA of 0.64 can be calculated
as follows
Entrance aperture area
𝐴 = 𝜋𝑟 2

(24)

4.3 2

𝐴𝐿𝐿𝐺 = 𝜋 × ( 2 ) = 14.52 𝑚𝑚2

The solid angle, Ω is related to the acceptance angle, α.
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𝛼𝐿𝐿𝐺

𝛺𝐿𝐿𝐺 = 4𝜋 sin2 (

39.79

𝛺𝐿𝐿𝐺 = 4𝜋 sin2 (

2

)

(25)

) = 1.45 𝑆𝑟

(26)

2

Etendue of the light guide therefore
𝐺𝐿𝐿𝐺 = 14.52 × 1.45 = 21.05 𝑚𝑚2

(27)

Light with an etendue of ≤ 21.05 mm2 can be considered for entry into the liquid light
guide.

5.2.5 LED Specification

Another limiting factor when considering etendue of the system is that of the LEDs,
the multiplexer system can be designed within reason to accommodate etendue as
much as possible, the etendue of the LEDs is the starting point and cannot be reduced
by the system, only maintained as much as possible.
To achieve a relatively high output of light from the multiplexer, LEDs are required with
a high starting output particularly as some loss is to be expected in the system.
Considering the study of LEDs in section 4.2, particularly the development of achieving
an increased output through increasing the emitting area, together with the
understanding of an increased area increasing the etendue, the choice of LED is
important therefore to maximise the luminous output per unit area of the LED emitter.
The LEDs chosen for this application due to their high intensity are Luminus Devices
PT-120 blue, green and red LEDs. With an emitting area dimensions of 4.6 mm x 2.6
mm, 11.96 mm2, output per unit area of the emitter are 71.9 lm/mm2, for the PT-120B blue LED, 434.78lm/mm2 for the PT-12-G green LED and 135.86 lm/mm2 for the PT120-R red LED. The emission of each LED has a Lambertian angular distribution,
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typical with most LEDs, as shown from the manufacturer’s data sheet in Figure 35, the
relationship compared to a cosine function is shown for reference. To calculate the

Normalised Intensity

etendue, the emitting angle is taken at the point of 1/e2 or 13.5% of the peak emission.

0.5
(FWHM)

0.135
(1/e2)

-75

-59

Figure 35 - Typical Angular Distribution of the Luminus Devices PT-120 LEDs

Table 3 details the wavelength, spectral bandwidth, radial flux and luminous flux for
each of the blue, green and red LEDs as displayed in the data sheet.

LED

Wavelength
/nm

Blue
Green
Red

450 - 468
516 - 540
619 - 630

Emitting
Area /mm2
11.96
11.96
11.96

Emitting
Angle
(FWHM) /°
118
118
118

Spectral
Bandwidth
(FWHM) /nm
20
19
19

Radial
Flux /W

Luminous
Flux /lm

14.0
7.0
5.3

720
3640
1485

Table 3 - Luminus Devices PT-120 LED Specification
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From the data sheet, if the LEDs are operated at their maximum operating current of
18At, their radial flux and luminous flux outputs individually and in total are shown in
Table 4.

LED
Blue
Green
Red
Total

Radiant Flux
/W
14.0
7.0
5.3
26.3

Luminous Flux
/lm
720
3640
1485
5845

Table 4 - Individual and combined radial flux, Watts and luminous flux, lumens

To obtain an understanding of the light that can be used from the LED, the etendue of
the light from the LED can be calculated in terms of the emitting area, A and the solid
angle of emission, Ω.
𝐺𝐿𝐸𝐷 = 𝐴𝐿𝐸𝐷 cos 𝜃 𝛺𝐿𝐸𝐷

(28)

Where, Ω is related to the divergence half angle of emission, ϕLED 1/2
𝛺𝐿𝐸𝐷 = 2𝜋(1 − cos 𝜙𝐿𝐸𝐷 1/2 )

(29)

𝐺𝐿𝐸𝐷 = 𝐴𝐿𝐸𝐷 × 2𝜋(1 − cos 𝜙𝐿𝐸𝐷 1/2 )

(30)

θ = 0, therefore

If the full divergence of the LED is considered,
𝐺𝐿𝐸𝐷 = 11.96 × 2𝜋(1 − cos 90) = 75.15𝑚𝑚2

As the output of the LED is Lambertian, the useable output can be better defined by
calculating the useable divergence and equating the light within that angle. To obtain
the useable divergence of the LED, the etendue is compared to that of the LLG.
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So, if

𝐺𝐿𝐸𝐷 = 𝐺𝐿𝐿𝐺 = 21.05

Then

cos−1 ( 1 − 2𝜋𝐴𝐿𝐸𝐷 ) = 𝜙𝐿𝐸𝐷 1/2 = 43.96°

𝐺

(31)

𝐿𝐸𝐷

The total flux in the hemisphere above the LED source, Φtotal is
𝜋
2

𝜋
2

2𝜋

𝛷𝑡𝑜𝑡𝑎𝑙 = ∫ ∫ cos 𝜙 × 𝐼𝑚𝑎𝑥 × sin 𝜙 𝑑𝜑𝑑𝜙 = 2𝜋 × 𝐼𝑚𝑎𝑥 ∫ sin 𝜙 × cos 𝜙 𝑑𝜙
0

0

0
2 𝜋/2

= 2𝜋 × 𝐼𝑚𝑎𝑥 ∗

(sin 𝜙)
|
2
0

(3)

Imax is the peak luminous intensity. As the output follows the Lambert Cosine law, the
relative useable output, within the calculated angle can be found through integrating
between the equated angles.
(sin 𝜙)2 |43.96
= 48.18%
0

(33)

The maximum luminous flux that can coupled into the light guide is therefore 48.18%
of the original output, or: Blue

= 860 x 48.18% = 414.35 lm

Green = 5200 x 48.18% = 2505.36 lm
Red

= 1625 x 48.18% = 782.93 lm

Total = 3702.64 lm
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5.2.6 Absorption of Materials

Once the light from the LEDs is captured into the optical system, there will be
absorption of the light in the material. Fused silica is chosen as the light guide material
due to its low absorption coefficient of 10 x 10-9 mm-1 across the wavelength range.
This would be considered negligible in short optical systems.
The liquid light guide will also absorb some of the light, a typical liquid light guide
chosen for performance in the visible range is the Lumatec 380 series which has a
transmission of 78% across the spectrum.
If the calculated values above were coupled into the proximal end of the liquid light
guide, the following would exit at the distal end: Blue

= 414.35 lm

x 0.78

= 323.19 lm

Green

= 2505.36 lm

x0.78

= 1954.18 lm

Red

= 782.93 lm

x0.78

= 610.69 lm

Total

= 3702 lm

x0.78

= 2888.05 lm

5.2.7 Colour Temperature D65

As discussed, to create light with a CCT of 6500K from RGB LEDs, a ratio of 4.1:10.6:1
for red, green and blue respectively is required (Hooi, 2013). From the above available
LED outputs, the limitation for this ratio will be the available red and the maximum
output for this ratio will be
Red

610.69 lm

Green

1578.86 lm

Blue

148.95 lm

Total

2338.5 lm
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5.2.8 Dichroic Coatings

The multiplexing principle of the solid glass multiplexer is through the combination of
light of different wavelengths being combined in one single optical path, where it is
contained within the solid light guide until the exit. The combination of the light of
different wavelengths is made possible with the dichroic thin film filter coatings on the
external face of the equilateral solid glass prisms. To work effectively, they need to
be highly transmissive for the wavelengths entering the system at the centre incident
angle of 35.8°, highly reflective to wavelengths already in the system at that point with
an angle of incidence of 60° and a maximum divergence angle form the TIR of 42.5°.
It should also have a transmission to reflection slope as steep as possible to ensure
as much of the light as possible is on the intended side of the slope. An example of
how the dichroic coatings coated on the external faces of the equilateral triangular
prisms are intended to work are shown in Figure 36.

Secondary
Wavelength
Principal
Wavelength

Dichroic
Coating

Multiplexed
Light

Figure 36 - Function of the dichroic coating
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The wavelength spectrum of each of the Luminus Devices PT-120-B, PT-120-G and
PT-120-R are shown in Figure 37. The coating on the first input triangular prism can
be a simple AR coating as no wavelength is reflected, it should however be designed
to be anti-reflective for the wavelength range of at least 425 nm to 500 nm for the
wavelength spectra of the PT-120-B.

The dichroic coating on the second input

triangular prism is required to have a reflection transmission slope between the
wavelength spectrums of the blue and green LEDs, ideally around 490 nm, to reflect
400 nm to 490 nm for the PT-120-B and be transmissive at 490 nm to 590 nm for the
PT-120-G LED. The coating on the third input triangular prism is required to have a
reflection transmission slope between the wavelength spectrums of the green and red
LEDs, ideally at 590 nm, to be reflective 400 nm to 590 nm for the PT-120-B and PT120-G LEDs and be transmissive at 590 nm to 675 nm for the PT-120-R LED. The
AR coating on the flat exit glass piece should be designed for the range of 400 nm to
675 nm for the transmission of all three LEDs. These requirements would also vary
depending on if a UV or IR wavelength LED were used for the fluorescence of 5-ALA
or ICG.

Figure 37 - Relative Wavelength Spectrum of Luminus PT-120 Blue, Green and Red LEDs

Dichroic filters are created based on the thin film interference optical coatings and are
mainly composed of many layers of metallic layers, each with a different refractive
index.
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Depending on the material make up, they can be low pass, LP filters being
transmissive to wavelengths below the transition slope and reflective to wavelengths
above the transition slope, high pass, HP filters being reflective to wavelengths below
the transition slope and transmissive to wavelengths above the transmission slope.
Cold mirrors are a particular set of dichroic filters which reflect light in the visible
spectrum whilst transmitting IR wavelengths, whilst hot mirrors transmit wavelengths
in the visible range whilst reflecting those of IR wavelengths. Band pass filters only
allow transmission of a particular range of wavelengths whilst reflecting those either
side whilst band blocking filters are reflective to a particular range of wavelengths
whilst being transmissive to wavelengths either side.
Since in this application, the wavelengths of light being added to the system increase
in order, each dichroic filter used is to be a high pass filters, reflecting the light of the
lower wavelengths already in the system whilst being transmissive to the higher
wavelengths being added.

The dichroic filter coatings are designed and produced by Vortex Optical Coatings Ltd.
As typical with optical coatings, the design is considered propriety. Made up of various
metallic thin film coatings, each in the nm to µm thickness range, coated one on top of
the other, the material of the coatings, order they are coated in and thickness are made
precise to achieve the desired effect. The design is created specifically depending on
the wavelengths to be reflected and transmitted and the incidence and divergence
angle of each.
Once designed and simulated using dichroic coating software, the filters are coated
on one face of the triangular glass prisms through vacuum deposition, where material
used for the coating is heated to the point of vaporisation where it deposits onto the
surface of the glass. Depending on the coating required, it is made up layers of various
materials deposited one on top of the other.
The AR and dichroic coatings as designed by Vortex Optical Coatings Ltd. are shown
in Figure 38, with the wavelength spectrum for each of the PT-120 LEDs. The AR
Blue dichroic has a high transmission across the whole wavelength range but has
been designed to be particularly high for the wavelength spectrum of the PT-120-B
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LED. The dichroic filter for entry of the green wavelength has high transmission for
the wavelength spectrum of the PT-120-G LED and high reflection for the wavelength
spectrum of the PT-120-B LED. The transmission is not as high or consistent in the
range of the wavelength spectrum of the PT-120-R LED but this is not a concern as
light from this LED does not meet this dichroic filter. The dichroic filter for entry of the
red wavelength has high transmission for the wavelength spectrum of the PT-120-R
LED and high reflection for the wavelength spectrum of the PT-120-B and PT-120-G
LEDs.

Figure 38 - Transmission Spectrum of AR, Green Dichroic and Red Dichroic Coatings with PT120 Spectrum for Reference

5.2.9 Optical Bonding of Prisms

Ideally, the solid glass light guide would be a single piece to avoid losses at the
interfaces, unfortunately it is not possible to create this shape from a single piece of
glass, so the individual pieces as described with Figure 30, which are more easily
manufactured are to be fixed together. The equilateral triangular prisms, straight
homogenising prisms, tapered prism and flat exit plate are bonded together, firstly to
create the solid structure and also to create a complete light guide with as little
interference as possible. Possible bonding techniques include optical bonding using
an optical adhesive and optical fusion where an interference bond is created without
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an adhesive. The optical bonding technique requires an adhesive with good bond
strength and a RI similar to that of the glass, 1.48 for fused silica. The bonding process
requires as thin layer of adhesive between the glass faces, free from bubbles which
could cause refraction of the light passing through. The adhesive remains liquid until
cured with a wavelength spectrum in the UV range, which allows adjustment before
fixing. The process would be tricky during production and would require mechanical
jigs to hold the glass pieces in alignment whilst they are adhered together. Curing
only through exposure with UV light would allow the alignment to be finely adjusted
before UV light is added to bond the glass pieces in place. During the fusion process,
the glass pieces are required to be held together under pressure following being
cleaned with alcohol and then heated to temperatures above 400 °C (Mayer, et al.,
2018). The high heat required during this process would prove not to be viable in a
production environment where multiple solid glass light guides were being made. An
optical bonding technique using adhesives was therefore chosen as the preferred
method.

5.2.10 Multiplexer Aperture Size

To achieve entry into the solid multiplexer, the angle of incidence must be within the
critical angle of the fused silica material, as found in equation 20 to be 42.5°. The
divergence angle of the light from the PT-120 LEDs, shown in Figure 35 is too great
to be accepted by the fused silica material. Ideally to eventually couple into a LLG,
the aperture size needs to be small and the emission angle within that specified by the
NA. To couple into the solid multiplexer, the rule of etendue and maintaining of
etendue can be used to calculate the aperture size based on the acceptance angle.
As the etendue of the LED is to be maintained, and as the angle of acceptance is
known, the aperture size can be calculated. From equation 30, etendue of the LED is
found to be 75.15 mm2, therefore the etendue of the solid glass multiplexer, G sgm is
found to be in relation to the aperture, Asgm and the critical angle of acceptance, αsgm,
which is calculated to be 42.5°
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𝐺𝑆𝐺𝑀 = 𝐺𝐿𝐸𝐷 = 𝐴𝑠𝑔𝑚 × 2𝜋(1 − cos 𝛼𝑠𝑔𝑚 )

(34)

𝐺𝑠𝑔𝑚

𝐴𝑠𝑔𝑚 = 2𝜋(1−cos 𝛼

𝑠𝑔𝑚 )

If the etendue of the solid glass multiplexer matches the etendue of the LLG, so G sgm
is equal to GLLG, equal to 21.06 mm2, then the smallest aperture is calculated to be
𝐴𝑠𝑔𝑚 =

75.15
2𝜋(1−cos 42.5)

= 45.5 mm2

5.2.11 LED Coupling Lenses

For the light to enter the multiplexer and travel through the system through the
mechanism of TIR, the optical footprint and angle of incidence is very important. The
Luminous Devices PT-120 LEDs have a divergence angle, shown by Figure 35 that
would be too great to be accepted by the system. To achieve efficient coupling, the
light from the LEDs is to be imaged into the system to firstly couple into the solid
multiplexer, the light from the LEDs can be manipulated by lenses to reduce the angle
of emission. In doing so the footprint of the light will increase, though it can be further
manipulated to image back down onto the solid.
To achieve optical coupling, an aspheric lens followed by and bi-convex lens are used
to create a lens system to collect the light form the LED and manipulate it to image
into the light guide. The aspheric lens has non-spherical surface to follow the varying
angles of the LED Lambertian distribution of the Luminus Devices PT-120 LEDs. The
varying slope of the lens refracts the rays from the LED, so they become more
converged, as depicted in Figure 39
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Figure 39 - Aspheric Lens Light Manipulation

The second lens of the lens pair is a bi-convex lens, which has two spherical convex
surfaces and collects light from the aspheric lens and refracts it further, increasing the
convergence so the light is imaged at an image plane, as shown in Figure 40

Aspheric
Lens

Bi-Convex
Lens

Image
Plane

LED

Lambertian LED
Rays

Imaged Rays

Figure 40 - Aspheric and Bi-Convex Lens Pair to Image the Light into the Multiplexer

5.3 Optical Modelling
The optical design of the multiplexer is produced using the non-sequential function of
Zemax Optic Studio optical modelling software and characterises the RGB solid glass
multiplexer at any point throughout the system. The model is built either through
defining parameters of components within the user interface of the software, or by
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importing components created in other computer aided design, CAD software such as
Solidworks in a compatible format. Optical coatings are created as information for a
wavelength range in a text format and can be added to surfaces of components
created within the software or imported from other software. The characteristics of
light sources are defined as a percentage value, either as a function of wavelength for
the spectrum or angle for the emission angle. Once the model is created, the software
performs calculations of the throughput of the system. Light from the sources is plotted
as individual rays, with the number of rays being specified by the user, the more rays
that are specified the more accurate the model will be. The optical path of each ray is
plotted during the calculation, detecting and calculating every angle deviation and
reflection or absorption from each surface it encounters. Detectors placed in the
system record the calculated parameters of the rays that hit the detecting surface.

The two dimensional representation form the Zemax CAD optical model is shown in
Figure 41 with the ray trace shown in Figure 42 and Figure 43. Light from each
Luminus Devices PT-120 LED is collected and imaged onto the entry face of the
triangular input prism using the pair of lenses. An aspheric lens captures light of wider
angles as well as those narrower and a bi-convex lens completes the pair to image
onto the face of an equilateral triangular prism. The entry face of each triangular prism
has an AR or dichroic coating applied, defined by a range of transmission and
reflection values for the corresponding wavelength. The coating reduces reflection for
the ray of light of the wavelength entering and reflects light rays of the previous
wavelength, a percentage of light rays are transmitted into system depending on the
values stated in the coating file. Once in the system light rays with a direction of travel
within the angle specified by the critical angle for TIR are reflected from the surface of
the rectangular prisms at the same angle as the angle of incidence and guided along
the light path where they are homogenised with other light rays. As the light rays travel
through the system a percentage is lost for every interaction with a surface, calculated
from the values defined in the setup files. Following entry of the last LED to enter the
system, the light rays travel down the solid tapered glass prism, used in this case to
reduce the size of the exit aperture for coupling to the liquid light guide. As the rays
meet the surface of the walls of the prism, unlike as with the straight prisms, they are
reflected by an angle of a varied amount depending on the angle of incidence and the
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tapered angle of the prism. If the new angle of travel is now higher than the critical
angle at the point of the next interaction, the light ray will exit the light guide and be
lost, rather than experience TIR. Whilst increasing interactions and bounces would be
considered advantageous in increasing homogeneity, the increased number of
bounces in this case will continue to alter the angle of travel until it is lost out of the
system. The light rays left in the system are recorded at a detector placed at the exit
of the light guide where the resultant output in terms of intensity and wavelength are
recorded, depending on the calculations during modelling.

Figure 41 illustrates the

components used in the modelled multiplexer system, whilst Figure 42 shows the
optical path of each wavelength shown by some rays added to the illustration. Light
from each LED enters the system at their triangular prism, and is guided by the light
guide, being reflected by the dichroic coating on each of the other triangular prisms
until it exits the system at the small end of the tapered prism, through the AR coated
exit plate. Figure 43 shows how the light from each LED is homogenised as it travels
through the system, some light rays can be seen to be reflected from the surfaces
towards other components which will be lost, reflected light rays that would not
eventually meet another component in the model are not shown.

Blue
LED
AR Coated
Triangular
Input Prism
(Blue)

Red
LED

Straight Prism
Aspheric and
Double Convex
Lenses

Green
LED

Dichroic Coated
Triangular Input
Prism (Red)

Dichroic Coated
Triangular Input
Prism (Green)

AR Coated Exit
Plate

Taped Prism

Multiplexer Exit

Figure 41 - Blue, Green and Red LED Solid Glass Multiplexer
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(A)

(B)

(C)

Figure 42 - Optical Ray Trace of Individual Blue (A), Green (B) and Red (C) Optical Paths

(A)

(B)

Figure 43 - Optical Ray Trace of BLue and Green Wavelengths Multiplexed (A) and Blue, Green
and Red Wavelengths Multiplexed

5.3.1 Optical Model Results

Modelled, calculated outputs are taken at a detector placed at the exit of the solid
glass multiplexer, following the AR coated exit plate. The detector size is defined by
a value inputted into the model and the resolution is defined by the number of pixels
defined within that area. Each ray meeting the detector at this point is recorded at the
pixel it hits, the more a pixel is hit by a ray, the higher the level is recorded. A false
colour image is produced for the incoherent illuminance based on the levels recorded
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at each pixel, where pixels with the least hits, displayed with a blue colour, ranging up
to pixels with the most hits displayed with a red colour, a legend is added to show the
intensity ranges. A photorealistic plot based on the wavelength of the light is also
produced with pixels with more hits and a greater intensity shown by a deeper colour.
Overall luminous flux, recorded on all of the pixels in the detector is also recorded,
taken over all pixels within the detector area.
The outputs of the multiplexer taken with each LED input individually and the combined
RGB are shown below in the form of the incoherent illuminance at the output, showing
a false colour map of the intensity over the area of the output and a photorealistic
output, showing the homogenisation. These outputs for the blue channel are shown
in Figure 44, the green channel in Figure 45 and the red channel shown in Figure 46.
The combined output is shown in Figure 47. In the pixels at the centre of the detector
have been hit by more light rays so record a higher value and are displayed with by a
colour in reference to the legend scale at the right-hand side. The intensity is also
provided as graphical format for the horizontal and vertical cross sections, this is
provided for the combined white light output in Figure 48
The calculated luminous output of each channel and the combined white light, taken

Y Axis Dimension /mm

Y Axis Dimension /mm

at the same exit detector is provided in Table 5

X Axis Dimension /mm

(A)

X Axis Dimension /mm

(B)

Figure 44 - Incoherent Illuminance (A) and Photorealistic Image (B) of Blue Channel Modelled
at Multiplexer Output
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Y Axis Dimension /mm

Y Axis Dimension /mm

X Axis Dimension /mm

X Axis Dimension /mm

(A)

(B)

Y Axis Dimension /mm

Y Axis Dimension /mm

Figure 45 - Incoherent Illuminance (A) and Photorealistic Image (B) of Green Channel Modelled
at Multiplexer Output

X Axis Dimension /mm

X Axis Dimension /mm

(A)

(B)

Y Axis Dimension /mm

Y Axis Dimension /mm

Figure 46 - Incoherent Illuminance (A) and Photorealistic Image (B) of Red Channel Modelled at
Multiplexer Output

X Axis Dimension /mm

(A)

X Axis Dimension /mm

(B)

Figure 47 - Incoherent Illuminance (A) and Photorealistic Image (B) of Combined White Light
Modelled at Multiplexer Output
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(A)

X Axis Dimension /mm

(B)

X Axis Dimension /mm

Figure 48 - Incoherent Illuminance of the Horizontal (A) and Vertical (B) Cross Sections at the
Multiplexer Output – Taken from Figure 44 (A)

Channel
Blue
Green
Red
Total

Luminous Output
/lm
305
1913
813
3021

Table 5 - Modelled Luminous Output, Recorded at the Multiplexer Output

Comparing the output of each LED and the combined total, as provided in Table 4,
and the modelled multiplexer outputs provided in Table 5, the efficiency of the
multiplexer for each wavelength channel is calculated. These efficiencies are shown
in Table 6.

Channel
Blue
Green
Red
Total

LED Luminous Output
/lm
720
3640
1485
5845

Multiplexer Luminous Output
/lm
305.6
1913
813
3031.6

Multiplexer Efficiency
/%
42.44
52.55
54.75
51.87

Table 6 - Multiplexer Efficiency

As suggested by the order of the LED wavelengths entering the system and the optical
path length of each, the blue channel is the least efficient at 42.44 % followed by the
green channel at 52.55 % with the red channel being the most efficient at 54.75 %.
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As light from the blue LED enters the system first, it has a longer optical path length
than light of the following wavelengths, meaning it sees more absorption. Light from
the blue channel is also reflected by more dichroic coatings and passes through more
optical surfaces which add further loss and therefore has a reduced efficiency.

5.3.2 CCT of Multiplexer Output

The modelled results are based on each of the LEDs being operated at their maximum
operating current of 18 A. It is intended produce as much light from the multiplexer as
possible but at the intended CCT of 6500 K or D65. The CCT can be calculated from
the predicted outputs by calculating the coordinates on the CIE 1931 colour space
chart. The values modelled for the red green and blue wavelengths can first be
converted to the CIE tristimulus values, X, Y and Z, using normalised values in the
following way
𝑋 = (−0.14282)(𝑅) + (1.54924)(𝐺) + (−0.95641)(𝐵)

(35)

𝑌 = (−0.32466)(𝑅) + (1.57837)(𝐺) + (−0.73191)(𝐵)

(36)

𝑍 = (−0.68202)(𝑅) + (0.77073)(𝐺) + (0.56332)(𝐵)

(37)

𝑋 = 2555.31
𝑌 = 2531.80
𝑍 = 1092.08
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The CIE 1931 x and y coordinates are then found as follows
𝑥 =
𝑦 =

𝑋
𝑋+𝑌+𝑍
𝑌
𝑋+𝑌+𝑍

(38)
(39)

𝑥 = 0.4135
𝑦 = 0.4097

The McCanny formula, proposed in 1991 can then be used to calculate CCT (Valencia,
et al., 2013),
𝐶𝐶𝑇 = 449𝑛3 + 3525𝑛2 + 6823𝑛 + 5520

(40)

Where,

𝑛 =

𝑥−0.3320
0.1858−𝑦

= -0.364

(41)

𝐶𝐶𝑇 = 3484 𝐾

From previous discussion, it is stated that light of D65 made up of light of blue, green
and red wavelengths should be of the ratio 1 : 6 : 3 for blue : green : red. From the
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modelled predictions, provided in Table 5, the ratio is calculated and provided in Table
7.

Channel
Blue
Green
Red

Modelled Output /lm
306
1913
813

Ratio
1.00
6.26
2.66

Table 7 - RGB Modelled Multiplexer Output and Ratio

The ratio of outputs for blue, green and red channels is found to be 1 : 6.26 : 2.66
respectively, to adjust the output to provide the intended ratio for D65, the luminous
outputs of the LEDs, and input to the multiplexer can be adjusted accordingly. The
ratio in Table 7 suggests the output of the red channel needs to increase to achieve
the desired output, as the LEDs are currently operating at their maximum operating
currents, producing their maximum output, this would not be possible. To therefore
achieve the desired ratio, the output of blue and green channel would need to be
reduced.

This would be achieved in reality by adjusting the operating current.

Y Axis Dimension /mm

Y Axis Dimension /mm

With the LED outputs adjusted, the new modelled output is shown in Figure 49.

X Axis Dimension /mm

(A)

X Axis Dimension /mm

(B)

Figure 49 – Incoherent Illuminance (A) and Photorealistic Image (B) Modelled Output Adjusted
for D65 White Light
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Comparing the photorealistic image, modelled with the LEDs operating at maximum
output, shown of Figure 47 (B) and that modelled with adjusted LED outputs, shown
in Figure 49, the adjusted model shows a white light output that whilst still appears to
have a proportion of blue appears warmer. (Copner & Rogers, 2012)
The total modelled luminous flux output of the multiplexer for this adjusted case is now
calculated to be 2679 lumens.
Whilst achieving as much light out of the multiplexer as possible is important,
maintaining of etendue is a big consideration as it will relates to the ability to couple
into a LLG. Given the possibility of efficient coupling is based on the light exiting the
multiplexer being within the determining characteristics of the LLG, the entrance
aperture size and the NA, the exit aperture and the emitting angle of the multiplexer
will show the possible relationship. The exit aperture is the physical dimensions of the
multiplexer exit, 3.0 mm x 3.0 mm, or 9.0 mm2. The emitting divergence angle of the
multiplexer is provided by the model calculations and is shown in Figure 50.

Figure 50 - Angle of Emission in X Axis (A) and Y Axis (B)

With a 3 mm x 3mm area, the exit of the solid glass light guide is within the area of the
Ø5 mm LLG meaning there is no overfill of the LLG where light would be lost. From
Figure 50, the half angle of emission, ΦSLG1/2 at FWHM is 86° in the X axis and 54° in
the Y axis. The angle of emission is higher in the X axis compared to the Y axis due
to the difference in the change of aperture size in each axis. The X axis reduces in
size by a greater amount than the Y axis along the length of the tapered prism. By the
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rules of etendue, if the aperture size decreases, the angle of divergence increases.
The aperture size of the X axis reduces more than the aperture size of the Y axis,
meaning the angle of divergence will increase by a greater amount.
The LLG has a NA stated to be 0.64 and from equation 4, the acceptance angle, α is
calculated to be 39.79°. All the light in the Y axis will therefore be accepted into the
LLG, though not all of the light in the X axis.
To optically model the coupling into the LLG, and the throughput, a representation is
added to the solid glass multiplexer the setup is shown in Figure 51.
Blue LED

AR Coated
Triangular
Prism

Red LED

Green LED
Dichroic Coated
Triangular Input
Prism
Dichroic Coated
Triangular Input
Prism
Homogenised
Light Output

Liquid Light Guide

Figure 51 - Solid Glass Multiplexer Output Coupled into LLG

The coupling from the exit of the solid glass multiplexer into the LLG is shown in Figure
52, the majority of the blue, green and red light rays are shown entering the LLG
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although some rays are seen leaving the side of the tapered prism and not entering
the LLG due to the increasing angle of incidence becoming too great to maintain TIR.

Taped Prism

Liquid Light
Guide

Figure 52 - Coupling from Solid Multiplexer to Liquid Light Guide

In this arrangement, a detector is placed at the distal end of the modelled LLG, Figure
53 shows the calculated projected output for the incoherent illuminance (A) and a
photorealistic (B) recorded at this detector, when the LEDs are run at the operating
current required to produce white light at D65. At this point the luminous output is
reduced to 2239 lm.
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Figure 53 - Modelled Output of the Liquid Light Guide

5.4 Solid Glass Multiplexer Build

Following optical modelling described above, the solid glass multiplexer was built and
tested to observe performance in reality.
The optical components as designed and used in the optical model are not available
as standard products and so are custom made by Span Optic Ltd. based in
Glenrothes, Fife, Scotland and owned by Gooch and Housgo. They are a company
specialising in precision made glass components, and were chosen due to their
capabilities, as precision becomes very important as the size and shape and quality
of polishing affects the reduction of loss of light from the system and the overall
efficiency The glass prisms are made from JGS1 UV fused silica and are ground and
polished to an optical flatness of λ/4, defined by the curved offset of fringes compared
to those straight when a defined optical flat is placed on the surface and λ is the
wavelength of the light source used in the test. A flatness of λ/4 would be considered
a precision optical grade. The surface is polished to be as flat and smooth as possible
as roughness will result in a refraction at the surface rather than TIR. The surface
quality is specified by a scratch dig of 60-40 and defines the surface quality in terms
of the number of scratches and digs or pitting. The scratch defines the number and
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type of scratches on an area of the surface as compared to an industry standard. The
dig defines the actual dig diameter, measured in microns and divided by 10. A high
surface quality is required as scratches and pits or digs will result in a varied reflection
or refraction angle leading to losses out of the system where TIR is not achieved. A
scratch dig specification of 60-40 is also considered a precision grade.
For an ideal throughput, the glass prisms would have pointed edges so all light in the
prism would pass to the succeeding prism. In practice, pointed edges of a glass prism
are very fragile, the low yield during production due to damage would make them very
expensive. Any that were successfully produced with pointed edges would be delicate
and would have a high chance of becoming damaged during build and bonding of the
multiplexer structure. To overcome this, a chamfer specified of 0.1 mm is added to
each edge, removing the sharp pointed edge, making them easier to produce and less
likely to be damaged during build. The chamfer is added to every edge of each optical
prism and so results in a loss for each of the six interfaces, then optically modelled,
the added 0.1 mm chamfer results in <1% loss in total output. Damage to the prisms
either during manufacture, build of the multiplexer would result in a higher loss as well
as adding cost to the manufacture price. The loss due to an added chamfer would
therefore be considered acceptable in order to allow a reduction in cost and an ease
of build to produce the system.
Mechanical fixtures are designed with a tolerance of 0.1mm. The mechanical fixtures
hold the optical components securely but also set the alignment, a large tolerance in
the mechanical parts could result in a misalignment of the optical path, the tolerances
can add up to result in a larger misalignment. Aluminium is chosen for the material of
the fixtures to be strong enough to hold the components in place, light to reduce the
weight for a system that is eventually to be portable and can be precisely machined to
suit the alignment requirements.
To hold the optical prisms securely to maintain alignment even when the system is
moved, the mechanical fixtures are required to firmly clamp them in place, requiring
contact between the surfaces of the aluminium mechanical fixtures and the glass
optical prisms. Since TIR within the glass prisms is based on the difference in the RI
of the fused silica material of the glass prisms and the surrounding air, contact with a
material with a different material with a different RI will result in a change in reflection
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angle or refraction resulting in optical losses. To limit the losses, thin high reflective
coated glass pieces are placed between the glass prism and the aluminium fixture. In
this method, there is still contact by a material with a higher RI to air, but light lost out
of the system through refraction will be reflected back from the high reflection coating.
The high reflection coated glass pieces are also made as small as possible, large
enough to be able to hold the fixture securely but small to keep the refraction as low
as possible.
Luminus Devices PT-120 LEDs have a maximum operating current, ILED of 18A, when
a potential difference or forward voltage, VLED, defined by the LED is applied. The
electrical power input, PLED input is calculated as
𝑃𝐿𝐸𝐷 = 𝐼𝐿𝐸𝐷 × 𝑉𝐿𝐸𝐷

(42)

The forward voltage and corresponding electrical power are provided in Table 8.

LED
PT-120-B
PT-120-G
PT-120-R

Operating Current /A
18
18
18

Forward Voltage /V
3.4
4.7
2.3

Electrical Power /W
61.2
84.6
41.4

Table 8 - Electrical specifications of PT-120 LEDs

The optical output power, or radiant flux, ΦLED stated for each LED is shown in table
Table 9 with the electrical input power. The wall plug efficiency is the comparison
between the input power and the radial output power and is calculated and also
provided in Table 9. Due to the efficiency of the electron hole recombination process
in each LED, defined by the materials, the PT-120-B has the highest wall plug
efficiency whilst the PT-120-G has the lowest.
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LED
PT-120-B
PT-120-G
PT-120-R

Electrical Power /W
61.2
84.6
41.4

Radiant Flux /W
14.0
7.0
5.2

Wall Plug Efficiency /%
22.88
8.27
12.56

Table 9 - Operating efficiency of PT-120 LEDs

The remaining electrical input power not converted to radiant flux is converted to heat,
which can if not dissipated correctly result in overheating of the LED and lead to a
reduction in efficiency, which leads to further heat generated, leading eventually to
catastrophic failure of the LED. From Table 9, this loss of energy is found to be 47.2
W for the PT-120-B LED, 77.6 W for the PT-120-G LED and 36.2 for the PT-120-R
LED.

To dissipate the heat generated from the LED operation, a thermal management
system is designed. To prove the concept for the prototype, a water-cooled system is
used to dissipate as much heat as possible, keeping the LEDs cool and at their
maximum efficiency. Each LED is attached to a copper heatsink, with the contact
faces coated with thermal transfer compound to fill any gaps caused by imperfections
in the surfaces, to create a good contact as possible to help transfer heat. Each copper
heatsink has hollow channels to allow water to pass through, the heat passed to the
copper heatsink is conducted to the water passing through which is pumped around
the system by electrically powered water pumps. The water travels from the heatsink
after collecting heat from the LED and travels through a radiator which have a series
of cooling fins that have air blown across them by a fan to cool the water inside. The
cooled water is then passed back around the system to the LEDs where it collects
more heat and the cycle is continued. As the intention ultimately is to produce a
commercial system to be used in operating theatres, other more compact thermal
management systems may need to be considered.
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5.4.1 Optical bonding of prisms

As discussed previously, the optical bonding of the glass prisms becomes important
in this solid glass method as the interfaces and bonding material is in the optical path
of the light within the system. Optical bonding materials considered are adhesives
which are considered to be optically clear and are cured by exposure to UV light.
A jig has been designed and built by Formagrind Ltd. to hold the glass prisms in place
whilst they are adhered together. A misalignment when adhered together will result in
light exiting a prism but missing entry to the next prism and being lost into the
surroundings.

The jig can be orientated to position the surfaces to be adhered

horizontally so the adhesive can be applied to one surface and allowed to settle before
the second surface is brought into contact. Faces to be bonded together are cleaned
with isopropyl alcohol, IPA to remove contamination, leaving a clean surface. When
applying the adhesive, it is important to apply enough adhesive to cover the entire
surface, but not too much so the adhesive spills over the edge, contaminating the outer
surfaces. Contamination of the outer surfaces with the adhesive of a matching RI will
result in light passing into the adhesive rather than being reflected from the inner
surface of the prism through TIR, the uneven outer surface of the adhesive will
introduce a refraction angle, resulting in light lost from the system. Any unwanted
spillage of adhesive onto the side faces of prisms can be removed with IPA and a
wooden cocktail stick to avoid scratching the glass and the glass polished.

The

assembly jig has cut outs at the location of adhesion to stop the prism structure being
adhered to jig. Cured bonded faces deemed not suitable due to bubbles in the
adhesive are unbonded by heating the adhered faces to beyond the thermal stability
of the adhesive. The residual cured adhesive is removed with IPA and the glass face
polished to be free from contamination before bonding is re-attempted.
For the application, once cured, the adhesive needs to have a good glass to glass
bond strength, with a high transparency to the wavelengths used in the system and a
RI close to that of fused silica, nfs=1.46. Even coverage with little or no bubbles is also
required to stop refraction of light passing through the material. The viscosity of the
adhesive is also important as it is required to flow across the surface of the prisms,
enough to provide an even coverage but not too much that it flows over the edge too
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quickly contaminating the sides of the prisms. The bonding adhesive needs to have
a viscosity to form a substantial bond but also be as thin as possible to limit the
absorption and refraction within the material. Viscosity is measured in centipoise, cps,
with 1 cps being equivalent to 1 millipascal second, mPas and is relatable to water
having a viscosity of 1 cps.

Examples from Norland Products, Dymax and

MyPolymers were evaluated for these properties, the results of which are provided in
Table 10.

Manufacturer
Norland
Dymax
MY Polymers
MY Polymers
MY Polymers

Part Number
13685
431
MY-142-C
PS-133
OF-136

RI
1.3685
1.5
1.419
1.33
1.369

Viscosity /cps
15
500
2200
60000
2200

Comments
Poor Adhesion
Poor Adhesion
Poor Adhesion
Poor Adhesion / Application
Good Adhesion / Application

Table 10 - Example of UV Adhesive Properties and Test Results

Examples from Norland and Dymax proved to be unsuitable due not having the
required bond strength required to bond the glass prisms together and hold under their
own weight. The Norland 13685 with a viscosity of just 15 cps was found to be tool
low, flowing too quickly over the surface of the prism, running down the sides of the
prisms, this also resulted in the bond not being strong enough to hold the prisms
together under their own weight. The PS-133 has a viscosity of 60000 cps, which was
found to be too viscose, not flowing over the surface effectively and creating a larger
gap between the surfaces of the prisms. Other examples with a viscosity in the range
of 2200 cps found to be easier to work with, flowing over the surface of the prism under
gravity but not too quickly to spill over the edge contaminating other parts of the prism.
Bubbles formed due to the presence of air in the adhesive, not discharged through
inversion of the syringe could be dissipated through bursting with a cocktail stick.
Given the properties investigated, the most suitable bonding adhesive was found to
be the OF-136 manufactured by MY Polymers, it was found to flow freely but
controllably over the surface of the prism and provided a solid bond, suitable to support
the full bonded structure under its own weight.
With the UV adhesive chosen, the light guide is bonded together with any overspill
residue cleaned using non-damaging wooden cocktail sticks and IPA. The completed
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structure is then fixed in place in the assembled mechanical jigs. The LEDs were
placed onto their thermal management system and aligned with the optics to image
the output onto the input faces of the corresponding triangular prisms.

5.5 Test and Measurement
Once assembled as described, the solid glass multiplexer system was operated, and
the output light of each individual wavelength and the combined white light is collected
and measured by a Sphere Optics lCS-100 integrating sphere and spectrometer
arrangement.

The measurement equipment was first calibrated with the setup

arranged to take the measurements, a calibration halogen lamp of a known spectral
output and power is operated inside the integrating sphere to perform the calibration.
With the LEDs operated with up to their maximum operating current, the output was
captured by the measurement system, the luminous flux measurements taken from
each channel are provided Table 11. These provided a combined white light output
of 1704 lm, with a wavelength spectrum as shown in Figure 54 providing at a CCT of
11506 K.

Channel
Blue
Green
Red
Total

Luminous Flux /lm
126.51
1092.89
485.40
1704.80

Table 11 - Luminous Flux Measurements out of Solid Multiplexer
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Figure 54 - Relative RGB wavelength Spectrum from Solid Glass Multiplexer

The entry end of a Karl Storz Ø5 mm LLG is offered to the output of the multiplexer
and the exit is placed at the entrance of the integrating sphere. The integrating sphere
measurement system is again calibrated to provide more accurate results with the
components in place. The output of each LED is then adjusted to provide a white light
output at D65, the measurements taken out of the LLG are provided in Table 12 and
the relative wavelength spectrum is shown in Figure 55, providing a CCT of 6307 K,
close to D65.

Channel
Blue
Green
Red
Total

Luminous Flux /lm
57.91
491.22
232.99
782.41

Table 12 - Luminous Flux Measurements out of Ø5mm Liquid Light Guide Close to D65
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Figure 55 - Relative RGB wavelength Spectrum from Ø5mm Liquid Light Guide Close to D65

This design has been used in the investigation of endoscopy and fluorescence
endoscopy at Imperial College London and has been published at the 2017
Conference on Lasers and Electro_Optics Pacific Rim (CLEO-PR). (Qi, et al., 2017)

5.6 Solid Glass Multiplexer Conclusion and Recommendations

The optical model calculated a predicted combined output of the solid glass multiplexer
of 2679 lm with all of the LEDs operated at their maximum operating current. Adjusting
the input values to produce white light with a colour temperature relating to D65, the
output of the multiplexer fell to 2679 lm. When coupled into a Ø5 mm liquid light guide,
the output was modelled to be 2239 lm. On building and testing the solid multiplexer,
the output of the LLG, adjusted to provide light of D65 was measured to be 782 lm.
This measurement was taken following a build of the multiplexer, ensuring good
alignment of prisms and adhesion of each face with little or no bubbles and no
contamination onto other faces. Losses in the system are attributed to light being
reflected from the system rather than entering into it, reduced by an AR coating,
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refraction and absorption by the optical adhesive holding the prisms together,
transmission and absorption by the dichroic coatings at each entry point for light
already in the system, and reflection for light entering the system.
The taper of the coupling optic reduces the size down to the liquid light guide which
increases the angle of reflection, possibly outside that of the acceptance angle. To
improve the design and reduce etendue this coupling optic can be optimised in terms
of size and refraction angle to preserve etendue further and be more efficient.

5.7 Potential Improvements

As the output of the solid glass multiplexer is lower than expected, potential ways of
improving the system have been evaluated.
Improvements to build process and alignment are potentially possible, the LEDs,
coupling lenses and LLG are fixed in the horizontal and vertical axis by the mechanical
fixtures, as is the distance between the aspheric and the bi-convex lens. There is
however some movement in the Z axis, allowing some adjustment. The vertical axis
of the glass multiplexer is also fixed by the mechanical fixtures though there is
adjustment in the other two axes, alignment is by visually aligning the edge of one of
the prisms with one of the edge of the mechanical fixings providing possible means of
error. Improvements could be made by adjusting the alignment of the solid light guide
whilst the system is turned on at a low level. A mechanical alignment fixture, made
with high reflective coated glass strips would provide a provide a reference point, but
could also reduce TIR.
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5.7.1 Addition of LED Wavelengths to Increase Output

The basis of the design, adding LED wavelengths in order of wavelength lends itself
to the possibility of adding additional LEDs of wavelengths not currently used. This
would fill in the gaps in the wavelength spectrum and increase the input and therefore
the output.

From the modelled outputs of the multiplexer, Table 5, and the measured outputs at
full power, Table 12, the red channel is low on output compared to the green and blue
channels, resulting in the blue and green channels being reduced to achieve a
combined white light output with a colour temperature equivalent to D65. The current
multiplexer utilises blue, green and red Luminus PT-120 LEDs, this particular range of
LEDs also includes red amber LED with a central wavelength of 613 nm. Being of the
same range as the other LEDs, the PT-120-RAX LED is of the same emitter size,
aspect ratio and divergence output and offers the possibility of easy fitment into the
system.

The design of the solid glass multiplexer in this case could be expanded to add the
RAX channel by simply adding a equilateral triangular prism with an input face and an
additional straight homogenising prism between the green and red channels, as shown
in Figure 56.
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Figure 56 - Multiplexer with Additional Red / Amber Channel

The performance of the dichroic coatings is a critical part of the function of the system,
they must be able to effectively transmit or reflect the wavelengths as required, with
as little loss as possible. In addition to the dichroic coatings required for the three
channel system, the entry point for the RAX channel as shown in Figure 56 would
require a dichroic that would allow transmission of the red RAX LED, centred at a
wavelength of 613 nm and reflect wavelengths from 400 nm to 580 nm to reflect the
blue and green wavelengths already in the system. The dichroic currently used for the
red channel would fit these criteria as the transmission band is wide enough to include
the red / amber wavelength band as well as the red spectrum of the red PT-120 LED.
This can be seen in Figure 57, showing the percentage of transmission of the dichroic
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filter in relation to the wavelength spectrum of the blue, green and RAX PT-120 LEDs,
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each plotted relative to their maximum value.

Figure 57 - Red / Amber Dichroic Requirements

This dichroic however could not then be used for the entry point of the red dichroic.
Whilst transmission and therefore entry of the light from the red LED would be
achieved, the light from the newly added RAX LED would also be transmitted and
would be lost out of the system. A new custom dichroic would need to be designed
that would allow transmission of the red wavelength spectrum but reflect the red /
amber wavelength spectrum as well as the blue and green. The characteristics of a
theoretic dichroic filter, provided by the dichroic filter manufacturer can be seen in
Figure 58.
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Figure 58 - Custom Dichroic to Combine Red / Amber and Red LEDs

The transition from reflection to transmission of a dichroic coating unfortunately is not
instant in terms of wavelength, current developments, as seen with the dichroic
coatings already designed for the system have a reflection to transmission slope of
typically ~30 nm. For a dichroic coating to be used effectively therefore, there should
be a difference of ≥30 nm between the wavelength band to be transmitted and that to
be reflected. In this case there is only a difference if 24 nm between the peak
wavelengths of the red / amber and red LEDs, which reduces to 0 nm at 35 % of their
peak output at 622 nm. The unwanted losses due to this becomes worse as the angle
of incidence on the dichroic coating varies. The performance characteristics of a
dichroic coating is limited by the capabilities of the manufacturer. The transmission
performance varies with angle of incidence, typically as shown in Figure 59. The
transmission of the dichroic filter is given as a percentage on the primary Y axis whilst
the intensity is shown relative to the maximum on the secondary axis.
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Figure 59 - Dichroic Coating Characteristic Variance with Angle of Incidence

As the angle of incidence varies away from the 45° centre wavelength, the transition
slope shifts along the wavelength spectrum. As the chart in Figure 59 shows, in this
case due to the closeness of the wavelength spectrum of the RAX and red LEDs, the
transition band moves into the wavelength bandwidth of the red / amber LED as the
angle of increases and into the wavelength band of the red LED as the angle of
incidence decreases. This effect will cause an unwanted loss of light from the red /
amber channel through transmission at the red LED coupling point and reduce the
amount of light from the red LED that can enter due to too much reflection. The result
of the unwanted loss will mean a reduction in efficiency from the system to the point
where the increase in light by adding an extra LED is lost through unwanted
transmission and reduction by the dichroic, meaning there would be no benefit. For
the system to benefit from the addition of a fourth LED, the wavelength of the additional
LED would need to be in the range of 550 nm to 600 nm, where there would be
sufficient bandwidth to accommodate the transition slope of the dichroic as well as the
variance of the angle of incidence. Unfortunately, a high-power LED with a wavelength
spectrum in this range is not currently available on the market. If either a UV or IR
channel were required for fluorescence endoscopy to be used with either ALA or ICG
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chemical markers, a fifth entry point would also be required, further adding another
degree of loss into the system.
It is therefore unfortunately concluded that the addition of a fourth wavelength channel
would not currently be a benefit as it would not increase the overall output of the
multiplexer system.

6.0 Experimental Investigation – Powdered YAG:Ce Phosphor
6.1 – Background
Whilst mixing of light from blue, green and red LEDs can produce white light and
varying the intensity of each wavelength can colour tune to produce the desired CCT,
the method only provides individual wavelength peaks with a relatively narrow
bandwidth.

As discussed previously, the wavelength spectrum of daylight is

broadband, containing every wavelength in the visible spectrum as well as some in
the UV and IR range, to some level. Phosphor material absorbs light of a wavelength
within the absorbance range and emits light of a broadband spectrum. Whilst the
emission of phosphor material is not as broadband as light provided by the sun during
daylight, it is a closer approximation than individual sources.
To evaluate the possibilities of using phosphor material to produce broadband white
light, the following investigates the well-known phosphor material of Cerium doped
Yttrium Aluminium Garnet, otherwise known as YAG:Ce.
Excitation of YAG:Ce to be in the range of 440nm to 500nm (FWHM) with the emission
in the range of 530 nm to 630 nm (FWHM) (Mirhosseini, 2009). The Luminus Devices
PT-120-B has an emission wavelength spectrum within the excitation range of the
YAG:Ce phosphor, shown by Figure 37 and so is suitable to be used as the pump
LED.
To investigate the characteristics of YAG:Ce when pumped with a high power LED
with an output within the excitation range, Scintacor Ltd., a company specialising in
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phosphor and scintillated materials have provided samples of powdered YAG:Ce
phosphor of various thicknesses bonded to borosilicate float glass, an example of
which is shown in Figure 60.

Figure 60 - YAG:Ce Coated Borosilicate Glass Substrate Example

The samples have a thicknesses ranging from 39 µm to 152 µm and are used to
evaluate the trend in relation to the amount of light emitted and the colour temperature
produced when pumped with a Luminus Devices PT-120-B LED at various operating
currents and therefore output power. Samples with a higher thickness of phosphor
are expected to absorb more light from the blue pump LED result in a higher excitation
and broadband emission in the green yellow range, resulting in a combined light output
of a warmer white light with a lower CCT. Samples with a lower thickness of phosphor
are expected to allow more light from the blue pump LED through, resulting in a cooler
white light of a higher CCT.
The samples are intended to provide a defined characterisation of the phosphor at
varying thickness to observe which is best suited to the application in terms of radiant
and luminous flux outputs as well as colour temperature.

The results of the

investigation can be used as a guide to firstly suggest the arrangement of phosphor
for future designs as well as evaluating the suitability of the phosphor and thickness
as a whole.
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6.2 Test and Measurement Procedure
The test setup is shown in Figure 61 and utilises the LCS-100 integrating sphere and
spectrometer light analysis system to perform the measurement of the light output
characteristics, as used with the evaluation of the solid glass multiplexer.

Each

phosphor sample is illuminated from the rear by a Luminus Devices PT-120-B LED, of
which the operating current is increased gradually, exciting the phosphor with an
increasing radiant flux, the increasing radiant flux with increasing operating current is
shown in Figure 62. The resulting white light, created by the emission of the phosphor
combined with the transmitted blue from the pump LED, emitted from the front of the
sample is collected by the Integrating Sphere and analysed for comparison. The
output intensity of the LED is increased gradually by increasing the operating current.
Output radiant flux, luminous flux and colour temperature from the phosphor is
analysed by the LCS-100 system spectrometer and displayed by the graphical user
interface of the software for the system. Since etendue is a large consideration and
as a result the emitting area and output intensity per unit area is important, the emitting
area is kept the same for each sample during the investigation.

To mount the

phosphor samples and keep consistency throughout the whole investigation an
aperture arrangement is used to measure, keeping emitting area consistent for each
sample. As a result, not all of the output from the LED is utilised, though this is
considered by observing the relative relation between the light propagating through
the aperture and a measurement of the full output of the LED. Given Cymtec Ltd. has
carried out research into double pumping phosphor, exciting phosphor from the rear
and front, with a common output optical path (Copner & Rogers, 2012), results can be
used to predict how a second LED could be used to pump the phosphor to increase
the output.
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Figure 61–YAG:Ce Phosphor Evaluation Measurement Setup
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Figure 62 - PT-120-B LED Output Radiant Flux with Increasing Operating Current

The characteristics of the PT-120-B radiant flux with operating current shows a linear trend,
the unevenness in the line can be considered to be due to tolerance in the measurements.

6.3 Test and Measurement Results
6.3.1 Characterisation of Thickness

The results below provide the measured characteristics for the samples with phosphor
thicknesses of 39 µm, 58 µm, 84 µm and 152 µm. The radiant flux output from the
sample is characterised with an increase in LED operating current and the efficacy is
considered from the radiant flux incident on the phosphor from the LED. Luminous
flux is also characterised in the same way and the wavelength spectrum and CCT is
reviewed.
Figure 63 shows the level of radiant flux, measured from the phosphor samples in the
above setup. The measurement consists of the combined output of the generated
light from the phosphor and also the blue light from the pump LED transmitted through
the phosphor sample. Measurements are shown as a function of increased current of

118 | P a g e

the LED. The characteristic trend is the thinner the sample of phosphor, the greater
amount of radiant flux measured.

Figure 63 - YAG:Ce Phosphor Evaluation - Radiant Flux Characteristics with Phosphor
Thickness

Figure 64 shows how the total output after the phosphor varies with phosphor
thickness as a function of the output power of the LED, therefore showing the
efficiency. The greatest amount of total radiant flux is achieved with the lowest
thickness of 39 µm.
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Figure 64 - YAG:Ce Phosphor Evaluation - Radiant Flux Efficiency of Phosphor

6.3.2 Luminous Flux

Figure 65 shows the relationship when the luminous flux is measured. The lower
thickness of phosphor provides the highest luminous flux output, though the difference
between the samples is less when compared to the output measurements for radiant
flux. This suggests the increased power seen in Figure 63 is due to more power from
the pump LED being transmitted through the phosphor. As discussed previously, a
lower luminous flux is produced at lower wavelengths, meaning blue light from the PT120-B LED transmitted through the phosphor provides a greater radiant flux but
contributes less to luminous flux than light of a wavelength closer to 550 nm.
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Figure 65 - YAG:Ce Phosphor Evaluation - Luminous Flux Characteristics with Phosphor
Thickness

The increasing radiant flux seen in Figure 63 and luminous flux as seen in Figure 65
up to and including the maximum pump level of the PT-120-B LED suggests there is
no thermal quenching of the phosphor and the phosphor material is within its operating
limits. The maximum conversion efficiency seen by the tests are with a phosphor
thickness of 39 µm, where 24 W of radiant flux, Φe(PT-120-B) from the blue pump LED
can produce 397 lm of luminous flux, Φv(phosphor) from the output of the phosphor. The
optical efficiency of the conversion is therefore

𝛷𝑣(𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟)

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝛷

𝑒(𝑃𝑇−120−𝐵)

397

= 7.44 = 53.36 𝑙𝑚/𝑊

(43)

The electrical luminous efficacy based on an LED operating voltage of 3.9 V an
operating current of 24 A and therefore an electrical operating power, P op(PT-120-B) of
93.6 W is found as
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𝛷𝑣(𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟)

𝐿𝑢𝑚𝑖𝑛𝑜𝑢𝑠 𝐸𝑓𝑓𝑖𝑐𝑎𝑐𝑦 = 𝑃

𝑜𝑝(𝑃𝑇−120−𝐵)

397

= 93.6 = 4.24 𝑙𝑚/𝑊

(44)

6.3.3 Colour Temperature

White light produced from the YAG:Ce phosphor samples consists of a broadband
emission from the phosphor in the range of 500 to 700 nm, combined with the
wavelength of the pump LED, 450 nm to 470 nm in this case. As shown by the
comparison with the radiant flux measurement of Figure 64 and the luminous flux
measurement of Figure 65, the thickness of the phosphor determines the amount of
the pump LED wavelength that can transmit. The amount of blue light transmitted also
has an effect on the spectral output and therefore the CCT of the white light produced.
Figure 66 and Figure 67 display the difference in spectral output measured for a
phosphor thickness of 39µm and 72 µm respectively when pumped with the same
LED. A greater amount of the 460 nm blue light transmits through the 39 µm sample,
as seen by the larger peak at 460 nm. This results in a lower colour temperature,
Figure 68 shows the relationship of phosphor thickness to colour temperature and the
variance with increased output of pump LED. The peaks seen in the IR range are
considered to be background interference and are not considered in the
measurements.

Emission from Pump
LED

Emission from
Phosphor

Figure 66 - Spectral Output Characteristics of a 39µm thick YAG:Ce Phosphor Sample when
Pumped with a 460 nm LED
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Figure 67 - Spectral Output Characteristics of a 84µm thick YAG:Ce Phosphor Sample when
Pumped with a 460 nm LED
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Figure 68 - YAG:Ce Phosphor Evaluation - Colour Temperature of Output of Phosphor with
Varying Thickness

The relationship of Figure 68 shows how the colour temperature increases as the
thickness of phosphor decreases, with the 58 µm sample providing the highest CCT
of up to 5141 K and the 152 µm sample providing the lowest CCT of down to 3001 K.
This is due to more blue light being able to pass through lower thicknesses of phosphor
to combine with the green yellow broadband spectrum produced by the phosphor. The
above chart does not show the colour temperature for the sample with a phosphor
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thickness of 39µm, this is because more light of 460nm was able to pass through the
sample, resulting in a combined light with X and Y coordinates on the CIE 1931 colour
map too far away from the Planckian locus and so outside of the white spectrum band.
The investigation suggests a sample thickness between 39 µm and 58 µm would
provide the 6500 K CCT for D65 required.

6.3.4 Phosphor/Binder Combination Resistance to Heat

During the evaluation, it was noticed following testing that samples showed signs of
the phosphor coating becoming damaged. The phosphor coating had lifted from the
borosilicate substrates was fragile.

Each sample showed signs of damage, an

example of this can be seen in Figure 69.

Figure 69 - YAG:Ce Phosphor Evaluation - Typical Example of Damage to the Phosphor
Sample

Yag:Ce3+ is suggested to withstand an incident power in excess of 5 Wmm-2, as the
output of the LED is just 0.62 Wmm-2-, (Van de Haar, et al., 2021), the damage is
believed to be due to the phosphor material becoming too hot due absorbing light from
the PT-120-B pump LED and breaking the bond with the substrate. During evaluation,
the output of the PT-120-B pump LED was increased by controlling the operating
current up to an output of 7.44 Watts at 8 A operating current, shown in Figure 62.
124 | P a g e

To understand the mechanism for the damage to the phosphor samples, the heat
possibly caused by the absorbed light is explored. The combined output radiant flux
from the phosphor sample, of the broadband green yellow light produced by the
phosphor and the blue light of the LED passed through captured by the integrating
sphere ranges from 0.7% for the 152 µm sample to 8.35% for the 39 µm sample, when
compared to the radiant flux from the LED onto the phosphor. This suggests 21.75 W
for the 39 µm sample and 23.5 W for the 152 µm sample is either lost into the
surroundings or absorbed by the phosphor producing heat. From the radiant flux
evaluation shown by Figure 63 and the luminous flux evaluation shown by Figure 65,
the output continues to increase as the operating current and therefore radiant flux
output of the PT-120-B LED is increased. This suggests the phosphor material is
continuing to absorb the blue pump light and emit the broadband green yellow light as
expected, it does not become thermally saturated suggesting there is no thermal
quenching and the powdered phosphor material is within the maximum operating
temperature even at the maximum level of this investigation. As the phosphor material
is still operating within the maximum temperature, the heat is therefore too high for the
phosphor binder to withstand resulting in the phosphor becoming delaminated from
the substrate.

6.4 Conclusions and Recommendations

The results seen from the characterisation show the thinner the phosphor coating, the
more radiant and luminous flux output is achievable as well as the higher the CCT
achievable. This is due to more of the 460nm blue light from the PT-120-B LED not
being absorbed by the phosphor material and instead passing through, resulting in a
higher the colour temperature. This is also shown in the comparison between the
radiant flux characteristics in Figure 64 and the luminous flux characteristics Figure
65, the difference between the radiant flux output for each sample thickness is greater
than the difference between the radiant flux output for each sample. Light with a
wavelength closer to 555 nm has a higher luminous flux per radiant flux than light in
the blue range, as with the PT-12-B LED, a greater amount of blue light therefore adds
to the radiant flux more than the luminous flux. The sample with a phosphor thickness
of 39µm provided the most combined output of radiant and luminous flux of 1.89 W
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and 397 lm, which would on its own be considered too low for application. The
combined colour is also too far from the Planckian locus to be considered as white
light and is particularly too far from the CCT required for D65. The 58µm thickness
sample provided a combined output with a CCT closer to D65 but still too low and had
a luminous flux output that would be too low for the application. The investigation
suggests a phosphor coating of between 39 µm and 58 µm would provide combined
blue and broadband green yellow light at a CCT of the 6500 K required for D65, but
would not provide enough output to be used in a system to couple into a Ø5 mm LLG.
On increasing the output power of the LED, the phosphor binding material broke down
resulting in delamination from the borosilicate substrate. Since the luminous flux
output achieved when pumped with the PT-120-B LED would be considered too low
to achieve the required output from a Ø5 mm LLG, especially following expected
losses. The phosphor would need to be pumped with a higher power, possibly by a
high-power laser since LED efficiency droop would limit the power from a LED. It
would therefore be expected the current setup of phosphor powder coated with an
organic material onto glass would not withstand excitation with a higher power density.
In order to progress this setup, the thermal performance of the binding material would
need to be improved, or the substrate and therefore binding material would need to be
kept cool. Discussions with the manufacturer suggest it may be possible to produce
an improved binding material that can better withstand the intensity, in this case a test
setup would be created to review the formulation options. Further improvement can
be through cooling methods to distribute the heat away from the binding material.
Since over heating is the cause of the binder breaking down, causing delamination
from the glass substrate, cooling of the substrate would help with dissipating the heat.
Thermal conductivity of glass is 0.8 Wm-1K-1, this would be considered to be low,
cooling of the glass substrate around the outside of the optical path would help cool
the substrate but still leave the central region in the optical with no cooling. Cooling
the central region would obstruct the optical path and stop the light passing through.
The limitation of the binding material can also be reduced through optical design. In
this case the light intensity on the phosphor could be reduced by distributing the light
over a larger area of phosphor whilst capturing the light produced in a high reflective
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optical system. This option also adds the option of integrating a multiplexer design to
increase the number of pump LEDs and therefore the light produced.
Introducing a spinning wheel with the phosphor coating would reduce the heat as a
section of phosphor would only be heated for short time before it moves out of the path
of the blue light, with the next section entering, keeping the output consistent. In this
case the wheel would need to be large enough to allow the phosphor to cool before it
is heated again as it returns into the optical path. The spinning wheel, being a
mechanical moving part would also introduce a mechanical mechanism for failure over
time as bearings become worn. This would potentially offset the lifetime advantages
of using a solid-state light source over a lamp-based system.

6.5 Combination of RGB Multiplexing and Phosphor Technology

On progression of the multiplexer and phosphor technology, the two methods could
be combined to provide one system with the advantages of the two technologies with
a view to overcoming the issues identified.
From the calculations, the limiting LED wavelength when obtaining D65 light is the red
channel due to the required ratio and the limited available output of the LED.
Companies such as Intematix Co. and Luming Technology Group Co. Ltd. produce
blue pumped red and amber emitting phosphor powder which could be used to replace
the red LED and produce a broader band spectrum in the red range. As found during
the investigation, thermal stability would provide an issue and would need to be
investigated further with a view to developing through coating methods on glass and
metal substrates and allow improvements in heat dissipation, which is key in achieving
stability. The phosphor thickness, density and composition can be specified to produce
the desired wavelength ranges which are not available from a standard LED. This
allows the output to be tailored in terms of the ideal wavelength range to fit with the
dichroic coatings meaning less light will be lost due to the slope of the transition.
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7.0 Experimental Investigation – Ceramic Phosphor
7.1 Background
Powdered phosphor as used in the investigation has traditionally been the most
common form of phosphor material used. More recent technologies of phosphor-inglass, (PiG), ceramics and phosphor crystals however potentially offer an
improvement over the powdered phosphor and binding agent combination.
The potential issues of a powdered phosphor and epoxy binding methods have been
discussed (Ji, 2015) explores the technology of using phosphor-in-glass as a way of
making phosphor materials more resistant in high intensity conditions.

The

investigation recognises the issues that occur with an epoxy bonding method of
applying phosphor to a surface and therefore discusses characteristics of using
YAG:Ce in a PiG encapsulation technology. The study investigates the luminous
output from various thicknesses of encapsulated phosphor when pumped with a 1 W
460 nm LED and the effect of temperature on the output. The level appears to saturate
at 500µm thickness with little increase over the lower 400 µm. The study unfortunately
fails to investigate the characteristics of using a higher power LED to see if the
increase is limited by the LED power available or whether it is due to thermal
quenching.
Luminous output and correlated colour temperature, (CCT) was monitored over a 0 °C
to 100 °C temperature range in order to review stability. The effect of heat causes a
reduction in luminous output of ~8% at 100 °C for the range of PiG. The CCT varies
by 160K whilst the powder varies by 226K, suggesting even the lowest thickness of
PiG tested has a higher stability than the powder epoxy formulation.
Ceramic phosphors have also been developed using nano-structured Ce:YAG
material. Nishiura, (2010) discusses how a glass ceramic phosphor synthesised from
oxide powder displaying excellent heat resistance when compared with polymers. The
study investigates various thickness of phosphor, with results displaying transmittance
of up to 80% at lower thickness, particularly for wavelengths greater than 500nm.
Luminous efficacy was measured between 32.1 – 73.5 lm/W depending on thickness,
with the higher being comparable to commercially produced LEDs.

The study
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therefore suggests performance is comparable to that of an epoxy bonded formulation
but resistance to heat is greater providing opportunity for pumping with a higher power
LED. This method provides the opportunity for increased efficiency and also to use
multiple pump sources to increase the optical output without damaging the phosphor.

7.2 Ceramic Phosphor Technology
From the investigations into the RGB solid glass multiplexer and the powdered
YAG:Ce phosphor, both evaluations showed some advantages, but also some
limitations.

The RGB solid glass multiplexer is limited by the technological

advancements in LEDs and particularly by the phenomenon of efficiency droop,
whereby the output power of the LED does not increase effectively with operating
current for the higher power that would be required. The shortfall in the radiant and
luminous flux unfortunately cannot be overcome with the technological advancements
of LEDs currently available on the market. Evaluation of powdered phosphor bonded
to a borosilicate suggested the radiant flux and luminous flux of the combined blue
light from the pump LED and broadband green yellow light from the phosphor was
found to have a relatively low efficiency and be limited by the level of blue pump light.
The binder material was also deemed to be unstable at the maximum pump level.
A method to overcome the issue of intensity of the blue pump light is through the use
of a high power blue lasers, which do not suffer as much from the phenomenon of
efficiency droop, with a threshold for efficiency droop of 25 kWcm-2 compared to just
3 kWcm-2 for LEDs (Wierer, et al., 2013) and can be imaged down to a smaller footprint
meaning a higher intensity can be reached. The scintillated powdered phosphor
bonded to a borosilicate substrate with an epoxy binder as used in the previous
investigation would be unsuitable for high power laser pumping due to the thermal
instability of the binding material. Ceramic phosphor or phosphor material as a single
crystal arrangement are reported to be more thermally stable and more suitable
materials for pumping with a high power laser source (Nishiura, et al., 2010). Typically
phosphor powder in organic binders have a thermal conductivity in the region of 0.1 –
0.4 Wm-1K-1 whilst PiG has been found to have a thermal conductivity in the region of
0.7 Wm-1K-1, this is improved further to 4 -5 Wm-1K-1 for ceramic variants (Li, et al.,
2016) suggesting a ceramic phosphor material would be able to dissipate the heat
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more rapidly and be more thermally stable. The ceramic phosphor also does not rely
on an organic binding material which was deemed to be the failing mechanism.
Ceramic phosphor refers to a non-metallic, non-amorphous man-made material that
is solid with a crystalline structure. Being made from material with phosphorous
properties. Ceramics in general have been used and available for thousands of years
for the use of producing solid articles which are strong under compression but brittle
under impact, making them suitable for building materials and producing ornaments.
Optical ceramics became available much later but have been developed for over half
a century and have been researched in a number of forms (Raukas, et al., 2013).
Claims of ceramic converters occurred in 2003 when W. Rossner filed a patent for a
light wavelength converter material with a complex matrix structure, (Rossner, 2003)
and developments have continued since (Li, et al., 2008). Optical ceramics are
polycrystalline materials that are highly transmitting to light and are typically wide band
gap insulators, if this band gap is larger than the optical light energy, the material will
be optically transparent. The lattice arrangement of the polycrystalline structure needs
to have a cubic lattice symmetry to achieve complete transparency, a degree of
scattering will be present for polycrystalline ceramics with non-cubic symmetry due to
random orientation of grains in the material.
The solid-state reaction method in the presence of a vacuum is a popular method of
producing ceramic phosphor. Phosphor powder such as YAG:Ce, produced through
methods described previously stays in powder state under room temperature and
pressure conditions, the particles remain unreactive to other particles. Heating under
pressure in a vacuum causes a reaction between the particles and bonds are formed,
resulting in a solid phosphor ceramic. This solid can then be ground to the size and
shape required and polished to achieve the desired finish.
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7.3 Ceramic Phosphor Test and Measurement

To investigate the properties and assess suitability for utilisation in a maintained
etendue system to couple into a LLG light guide, examples of YAG:Ce and LuAG:Ce
ceramic phosphor are tested with a high power blue pump laser to assess their optical
output characteristics (Liu, et al., 2014) describes their composition and manufacture
process.
Ceramic YAG:Ce and LuAG:Ce samples were provided by the Shanghai Institute of
Photonics and were produced by the solid state reaction method of vacuum sintering.
Under close microscopic inspection of the samples, all diffraction peaks of each
sample can be well indexed to Ia-3d (230) space and the XRD pattern matches the
well with the standard pattern (Li, et al., 2018). No other phases or impurities were
detected, indicating the doping of the Ce3+ ions did not generate any impurities or
induce significant changes in the host lattice that could make the samples less
transparent. A beehive-like structure is observed with an average grain size of ~10
µm. The samples are provided in Ø25 mm discs as shown in Figure 70, the sample
is placed on lined paper to show lines beneath the sample can be seen through the
sample, displaying the transparent characteristics, the thickness of each sample were
consistent at 1.03 mm.

Ø23 mm

Figure 70 - Ceramic Phosphor Sample
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The flat surfaces of the ceramic samples are made to be rough, increasing the
refraction angle of the light as it exits the structure. The materials have a refractive
index, as other optical materials and have a corresponding critical angle, within which
light would be reflected from the surface. A flat or polished surface increases the
chance of TIR within the sample, the result of which would lead to further absorption
within the material and a lower efficiency. A rough surface changes the angle of
incidence resulting in a refraction of light rather than reflection and a greater efficiency
of light emission from the sample.

Testing of the powdered phosphor found high-power LEDs were not powerful enough
to provide the luminous output required, therefore a high-power laser is chosen for use
in the investigation to pump the phosphor samples. The laser chosen is an LSA-20
445 nm laser device, popular for use in laser projectors such as the Casio XJ series,
typically used to pump a spinning phosphor wheel. The laser device consists of 24
individual Nichia NDB7412T laser emitters arranged as 8 emitters in the X axis and 3
emitters in the Y axis, each emitter is aligned with the same location in the Z axis.
Each emitter is also fixed to a single heat sink to facilitate cooling, keeping each emitter
at the same temperature. The output of each of the 24 laser sources are firstly
collimated and combined to one single output. The spacing between the emitters in
the Y axis is firstly reduced with a knife edge combination process. Small mirrors are
arranged to reflect each laser source by 45° angle in the X axis allowing the output
beams to be arranged closer to each other. A larger mirror also at 45° is then used to
reflect the individual beams to the output where they are collected by a large
collimating lens to converge the laser beams closer together.

The image of the laser

sources at the exit lens of the laser are shown in Figure 71. The perceived angle seen
in the photograph is due to camera angle, required due to limited space for taking the
photograph, the true output is straight in both axes.

132 | P a g e

Y

X

Figure 71 - Output of LSA-20 Laser

The thermal conductivity of ceramic YAG:Ce is 14.5 Wm -1K-1, whilst the thermal
conductivity of LuAg:Ce is 31 Wm-1K-1 meaning heat will be dissipated much quicker
than it would for a coated glass substrate. Heat dissipation however is still a concern
and the ceramic phosphor needed to be cooled, particularly with the use of a highpower laser imaged to a small footprint, resulting in a high energy density. With this
in consideration, an experimental setup was designed to be able to excite the ceramic
phosphor whilst cooling the area directly the illumination zone. The setup is illustrated
in Figure 72.
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Figure 72 - Ceramic Phosphor Experimental Setup

The components used in the setup are as follows: [1] – LSA 20 laser
[2] – Double Convex Lens
[3] – Diffusing Plate
[4] – Double Concave Lens
[5] – Dichroic Coated Mirror
[6] – Double Convex Lens
[7] – Phosphor Sample
[8] – Water Cooled Copper Block
[9] – Double Convex Lens
[10] – LCS100 Integrating Sphere
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The combined output of the laser [1] consisting of light from the 24 sources was
collected and manipulated by a double lens arrangement [2] and [4], a double convex
lens L1 with a focal length, fL1 of 25 [2] mm firstly converges the light from the outer
lasers to reduce the overall footprint size. L2, a double convex lens with a focal length,
fL2 of -10 mm [4] then collimates the combined laser sources to obtain a small footprint
with a small divergence angle. A diffusing plate [3], placed between lenses [2] and [4]
diffused the laser beam to reduce the speckle that is common with laser sources,
which would result in a reduction in uniformity at the surface of the phosphor. Figure
73 shows the difference between the uniformity of the combined raw laser output, (A)
and with added diffusing plate (B), as measured with a beam profiler. The diffusing
plate improves the homogenisation.

(A)

(B)

Figure 73 - Combined Laser Source Raw Output (A) and with Diffusing Plate (B)

The now collimated light passed through a dichroic coated mirror [5] which has a high
transmission at 443 nm for the light from the laser to pass through. A second double
convex lens, L3 [6] which has a shorter focal length, fL3 of just 3.8 mm converges the
light further onto the ceramic phosphor to a footprint diameter size of Ø3.0 mm at 1/e2.
The laser light excites the ceramic phosphor sample [7], which emits light in the
broadband green yellow range.

Whilst ceramic phosphors have an increased

resistance to heat compared to standard powdered phosphor, thermal quenching and
damage from heat generation are still high concerns. The ceramic phosphor sample
was placed on a water-cooled copper block [8] to help transfer any heat generated
during the absorption and light generation process. Heat generated through the
wavelength conversion process is conducted through the ceramic phosphor to the
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copper base plate and into the water within. The water carries the water away from
the copper plate to a large reservoir where it is cooled and pumped back around the
system, keeping the coper plate and therefore ceramic phosphor plate cool.
The green yellow light emitted from the phosphor is in all directions, light emitted from
the surface of first laser interaction travels in the opposite direction to the laser, light
travelling in the same direction of the laser emits from the rear of the phosphor where
a proportion is reflected by the copper heat dissipating block where it travels back
through the ceramic phosphor and emits from the front face, some light was absorbed
in the ceramic phosphor material. The combined light exiting the front face of the
ceramic sample has a Lambertian angular distribution, typical of light generation by
phosphor. This emitted light was collected by lens L3 [6] in the opposite direction to
the laser transmission, which reduces the angle of diversion. This light was then
reflected through 90° by the dichroic coated mirror [5], positioned at 45° to the optical
path and designed to be reflective in the green yellow wavelength range. Some blue
light from the laser, not converted by the phosphor is reflected back through the
system, though the majority is transmitted through the dichroic coated mirror which is
designed to be transmissive in this range. The green yellow light reflected by the
dichroic coated mirror was collected by a third double convex lens, L4 [9] to reduce
the angle of divergence further.
The optical wavelength spectrum, luminous flux and radiant flux characteristics were
measured by the LCS-100 spectrometer [10] after being captured in the integrating
sphere.
The LSA-20 445 nm laser, consists of 24 Nichia NDB7412T laser diodes, which are
Ø5.6 mm packaged semiconductor laser diodes, each with a typical specified output
power of 750 mW to 1 W. Operation is via a Thurlby Thandor laboratory bench top
power supply, chosen due to its maximum supply voltage of 30V, enough to provide
the voltage required to operate the laser. The output of the laser is then controlled by
varying the operating current. The Thurlby Thandor bench top power supply available
to carry out the measurements has a maximum operating current of 4 A, creating the
limit of the analysis, though luminous efficiency can still be evaluated based on the
response of the phosphor output at over that operating current range. The operating
characteristics of voltage as a function of the operating current are provided in Figure
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74 whilst the measured output radiant flux as a function of operating current are shown
in Figure 75. The relative wavelength spectrum is provided in Figure 76.
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Figure 74 - LSA-20 Blue Pump Laser Operating Voltage and Current Characteristics
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Figure 75 - LSA-20 Optical Output Characteristics

Measurement began at 0.9 A, which is the threshold current of the laser, operation of
the laser below this operating current results in not all of the individual laser sources
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operating, providing an output. The maximum radiant flux was found to be 15.2 W at
an operating current of 4 A. The relationship between operating current and output
radiant flux is relatively linear up to 3.2 A, after which the rate of increase reduces, the
uneven parts of the curve are due to tolerance errors in the measurements. Increasing
the operating current beyond 4 A resulted in a reduction of output radiant flux,
suggesting the heat generated by the laser was no longer being dissipated by the
heatsink at a rate quick enough to keep the laser within the operating temperature
range. The output radiant flux beyond 4 A is not shown in Figure 75 as it not perceived
to be a true representation of the output characteristics of the laser, the output would
vary at a constant current depending on the temperature.
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Figure 76 - LSA-20 Relative Wavelength Spectrum

The measured peak wavelength of the output of the LSA-20 laser was found to be 446
nm with a bandwidth of less than 3 nm and FWHM.
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7.3.1 Test Procedure

To achieve the optimum setup and the maximum output from the phosphor, the system
was firstly aligned with the position of optical components optimised.

The lens

arrangements are aligned using a mechanical fixture, from the Casio laser projector
based on their focal lengths. The phosphor sample reacts to the pump laser light in
the same way across the surface, alignment therefore is not critical as long as all of
the laser spot is on the surface of the phosphor plate. In the setup the laser can be
adjusted in the X, Y and Z axes to optimise the output from the phosphor sample. To
achieve this the laser is operated with an operating current of 0.9 A which is the
threshold current of the laser, providing 600 mW of radiant flux. Active alignment is
carried out by adjusting the position of the laser whilst monitoring the output from the
phosphor, as measured by the LCS-100 integrating sphere and spectrometer
measurement system. The optimised position for the laser was found to be at a
distance of 6.8mm from the first lens, at this position, the size of the laser spot on the
phosphor sample was found to be 3.3 mm x 2.4 mm.

With the system setup as in Figure 72, and the alignment optimised as described, laser
fan cooling and phosphor liquid cooling running the output of the laser was increased
gradually by increasing the operating current, the operating voltage increases as
required as the operating current increases. The light from the laser passes through
the system and is incident on the ceramic phosphor sample. Light generated from the
phosphor is directed through the system by the lenses and dichroic coated mirror until
it reaches the output where it is captured by the integrating sphere and measured by
the spectrometer of the LCS-100 system, at position [10] in Figure 72. A photograph
of the investigation on progress is shown in Figure 77. The optical characteristics
including luminous flux, radiant flux, wavelength spectrum and corresponding CCT if
applicable are outputted from the system and displayed in the software, as in Figure
78.
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Figure 77 - Ceramic Phosphor Investigation

Figure 78 - Displayed results from LCS-100 Software
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7.4 Test Measurements

7.4.1 YAG:Ce

With the test setup arranged as in in Figure 72, the YAG:Ce ceramic phosphor sample
was placed on the water cooled copper block in position [7] of the diagram. The laser
is operated, generating light which passes through the system onto the sample. The
operating current of the laser is increased steadily from 0 A to 4 A, increasing the
output power as in Figure 75. Green yellow light generated by absorption of the laser
light and emitted from the phosphor travels through the system and to the integrating
sphere and spectrum analyser at position [10] in Figure 72. The recorded luminous
flux output from the sample is shown in Figure 79. The radiant flux output of the laser
is included in the figure for reference for the output of the phosphor to be compared to
the input. The relative wavelength spectrum of the total light collected in the integrating
sphere and measured by the spectrometer of the LCS-100 is shown in Figure 80.

Figure 79 - Luminous Flux Output from YAG:Ce Ceramic Phosphor
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Figure 80 - YAG:Ce Ceramic Phosphor Relative Wavelength Spectrum

Figure 79 shows the luminous flux output with increasing laser optical power increased
following the trend of the laser input optical power to 969 lm at 4 A laser operating
current, 15.2 W radiant flux. The optical efficiency therefore is 63.75 lm/W with an
electrical lumen efficacy of 9.14 lm/W, based on the electrical operating characteristics
of the laser of 4 A at 26.5 V. The trend of the increasing luminous flux with laser
operating current follows that of the laser radiant flux, suggesting the ceramic
phosphor sample is converting light as expected and not experiencing thermal
quenching.
The wavelength spectrum of Figure 80 shows a narrow peak at 446 nm and a broad
peak with a centre wavelength of 552 nm and a bandwidth of 84 nm at FWHM. The
broadband peak is the green yellow light generated by the phosphor and the narrow
peak is that of the laser, suggesting even though the setup is designed to pass blue
light through the dichroic and not reflect it to the output, some light of this wavelength
is being reflected from the phosphor sample and directed through the system to the
output. Whilst the dichroic mirror used to reflect the light from the phosphor into the
path of the output is highly transparent to light in the blue wavelength range, it is not
perfect and some blue light is reflected.
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7.4.2 LuAg:Ce

With the system kept in the arrangement described, the ceramic YAG:Ce sample was
replaced with the ceramic LuAg sample in position [7] of Figure 72. The laser is
operated in the same way by increasing the operating current gradually, increasing
the output power and intensity of light onto the ceramic phosphor sample. As operating
pump laser operating current is increased, light generated from the phosphor again
travels through the same optical system and the output optical characteristics,
captured by the LCS-100 integrating sphere and spectrometer are recorded. The
recorded luminous output as a function of laser operating current is shown in Figure
81, the radiant flux output of the laser is again added for reference. The typical relative
wavelength distribution is shown in Figure 82.

Figure 81 - Luminous Output from Ceramic LuAg compared to Pump Radiant Flux
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Figure 82 - LuAg Ceramic Phosphor Relative Wavelength Spectrum

The maximum luminous flux generated by the ceramic LuAg:Ce phosphor, with the
LSA-20 blue pump laser operated at 4 A was found to be 1061 lm. At 4 A operating
current of the pump laser, the operating voltage is 26.5 V leading to an operating power
of 106 W and the optical radiant flux is 15.2 W. The luminous efficacy compared to
the electrical input power is therefore 10.01 lm/W and the luminous efficiency
compared to the optical radiant flux is 69.8 lm/W.
During the testing, the measured light output from the ceramic phosphor continued to
rise as the operating current of the laser increased, as shown in Figure 81. The rate
of increased continued to rise in an expected way until the limit of the laser was
reached. This shows no thermal quenching of the ceramic phosphor was observed.
The wavelength spectrum, shown in Figure 82 shows a broadband distribution in the
green yellow range with a peak wavelength of 532 nm and a bandwidth of 89 nm at
FWHM. The narrowband peak at 446 nm shows some blue light from the laser,
unconverted by the ceramic phosphor is reflected and travels through the system to
the point of measurement. The dichroic coated mirror at position [5] in Figure 72 does
not have 100% transmission in the blue wavelength range and so some light is
reflected to the output.
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7.5 YAG:Ce LuAg:Ce Comparison

Since the characterisation setup and procedure was the same for both the YAG:Ce
and LuAG:Ce samples, the findings of the two investigations can be directly compared.
The comparison between the luminous flux output of each sample as a function of the
pump laser operating current is shown in Figure 83 and the relative wavelength
spectrum of each is shown in Figure 84. Table 13 provides a comparison of measured
optical characteristics.
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Ceramic
Phosphor
Material
YAG:Ce
LuAG:Ce

Max Luminous
Output
/lm
969
1061

Optical Luminous
Efficiency
/lmW-1
63.75
69.01

Electrical Luminous
Efficacy
/lmW-1
9.14
10.08

CCT
/K
4369
5966

Table 13 - Ceramic Phosphor Material Properties

The luminous flux output comparison of Figure 83 shows how for each measurement
taken with increase of laser drive current, the luminous flux output was higher for the
LuAg:Ce sample than the YAG:Ce sample. Also for comparison, the optical efficiency
of the LuAg:Ce sample was found to be higher at 69.01 lmW-1 compared to 63.01 lmW1

for YAG:Ce, or 10.08 lmW-1 compared to 9.14 lmW-1 for the electrical luminous

efficacy. The wavelength spectrum produced by the YAG:Ce had a higher central
wavelength of 552 nm compared to 532 nm for the LuAg:Ce. The spectral bandwidths
for each material, at FWHM are somewhat similar at 84 nm for YAG:Ce compared to
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89 nm for LuAG:Ce. The wavelength spectrum produced by the YAG:Ce is closer to
the maximum photopic response of the human eye, Figure 12 and so would provide a
higher luminous output for the same optical power than that of the LuAG:Ce.

7.6 Ceramic Phosphor Improvement

Since light is emitted from the phosphor is at all angles, the setup relies on green
yellow light generated by the phosphor, emitted in the direction away from the intended
path being reflected and travelling back through the phosphor in the required direction.
The water-cooled copper block is a good thermal conductor of heat and is somewhat
reflective, reflecting light emitted from the rear of the phosphor back through to the
optical path. The setup can however be improved by increasing the reflection from
the rear of the ceramic phosphor. By the nature of the material, copper reacts with
moisture in the environment and corrodes, polishing the copper would help to remove
any corrosion and surface imperfections and reflect more light, as well as aid the
transfer of heat between the surfaces.

To increase reflection even further, the rear

surface of the ceramic phosphor sample can be optically coated with a high reflection
coating, which would take away the optical interface between the phosphor sample
and the copper block, which is crossed twice due to reflection back into the sample.
This also allows the option of adding thermal transfer compound between the
phosphor sample and the copper as this would no longer be in the optical path.
Since the LuAg provided the highest output during the experimental investigation,
particularly when the central wavelength is further from the highest photopic response
of the human eye, this sample is chosen to be coated with a thin film gold (Au) high
reflection coating. Using an Edwards Auto 306 Thermal Evaporator, the raw coating
material is located in a vacuum chamber along with the phosphor substrate. The
coating material is heated locally in a boat, named due to the shape where it first melts
to liquid form before being the increasing heat leads to evaporation under vacuum
conditions where it is contained within the chamber, vacuum conditions are required
to remove unwanted particles which could pollute the coating.

The evaporated

material is distributed around the chamber and condensates when it comes into
contact with the cooler surface of the phosphor substrate material, a process
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described as physical vapour deposition, PVD. The gaseous evaporation results in
an even coating as the particles condensate randomly on the surface of the phosphor
sample where it cools further and solidifies to a hard coating of an even thickness of
100 nm. The resultant high reflective coated phosphor sample is shown in Figure 85.

Figure 85 - High Reflection Au Coated Ceramic Phosphor Sample

In this instance the coating is unprotected as it can be taken from the coating chamber
straight to the experimental setup and treated carefully. When a metal coating is
applied in a production process and stored and shipped to a customer or used in a
harsher environment it can be protected with an oxide layer which makes it more
robust. The protective coating reduces the reflection capabilities of the coating and
so using unprotected where possible ensures the highest performance.
With the coating applied to the ceramic LuAg phosphor sample, the investigation was
repeated using the experimental setup as described in Figure 72. The operating
current of the laser is again increased gradually from 0 to 4 A steadily and the resultant
light is measured by the LCS-100 integrating sphere and spectrometer arrangement,
[10] of Figure 72. The phosphor emits green yellow light in the same way it did
previously, though in this setup light being emitted from the rear of the sample is
intended to reflect from the high reflection coating, back through the system to be
collected by the LCS-100 system in addition to the light collected previously. The
combined luminous flux output is shown in Figure 86. Once again, the radiant flux
output of the laser is included for reference.
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Figure 86 - High Reflection Au Coated LuAG Ceramic Phosphor Generated Light Compared to
Pump Laser Output Radiant Flux

The maximum luminous flux reached measured from the high reflected coated LuAg
sample at 4 A pump laser operating current, shown by Figure 86 was found to be 1558
lm. Compared to the maximum reached without the high reflection coating of 1061
lm. Coating the rear of the sample, reflecting light from emitted from the rear provides
a 46% increase. In this case, the luminous efficacy compared to the electrical input
power is therefore 14.7 lm/W and the luminous efficiency compared to the optical
radiant flux is 102 lm/W.

7.7 Ceramic Phosphor Conclusion

Samples of YAG:Ce and LuAg ceramic phosphor were pumped with a high power 15.2
W laser with a narrow band wavelength spectrum, centre wavelength of 446 nm and
spectral bandwidth of <3 nm at FWHM. Each of the samples generated light in the
green yellow range, which was in turn collected by the optical system and collected
and measured by an LCS-100 integrating sphere and spectrometer measurement
system. The YAG:Ce sample generated up to 969 lm when pumped with the full 15
W radiant flux of the laser, operated at 4 A, resulting in an optical efficiency of 63.75
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lm/W and an electrical wall plug efficiency of 9.14 lm/W. The LuAg sample performed
a little better, producing 1061 lm at the full 15.2 W laser pump power, delivering an
optical efficiency of 69.8 lm/W and an electrical wall plug efficiency of 10.01 lm/W. The
trend of increasing output followed that of the increasing radiant flux of the laser, up to
the maximum laser operating current of 4 A, suggesting no thermal quenching was
present for either of the samples. This was made possible through efficient dissipation
of heat generated in the sample by the interfacing with the water-cooled copper block.
Evaluation of both samples produced light in the green yellow range, with a broadband
wavelength spectrum. The YAG:Ce produced light with a wavelength spectrum with
a centre wavelength of 552 nm with a bandwidth of 84 nm, whilst the LuAg sample
produced light with a wavelength spectrum of centre wavelength 532 nm and a
bandwidth of 89 nm. When combined with added blue light with the intention to
produce white light therefore the LuAg ceramic would provide a combined cooler white
light with a higher CCT.
Some laser light was found to be present in evaluations of both samples suggesting
not all laser light was converted and instead reflected through the system to the point
of measurement. The luminous flux measurement of each sample followed the trend
of the radiant flux emission of the laser. This suggests the residual blue laser light is
due to reflections from the sample rather than the sample becoming thermally
quenched.
The blue pump laser was operated at up to 4 A maximum operating current during the
investigation. The trend of the increasing luminous output of each of the ceramic
samples follows the output of the laser, suggesting the point of thermal quenching was
not reached and each of the samples could have potentially been pumped with a
higher amount of blue light. The maximum operating current of the laser is 8 A though
the laser operating current was limited to 4 A due to the rate of increase of optical
output power of the laser reducing beyond this point. Improving the cooling of the
laser would allow the laser to be operated at a higher operating current, and reach a
higher optical pump power, producing a greater overall lumen output.
Our work on this method of producing light was presented at the 2017 IEEE High
Power Diode Lasers and Systems Conference (Li, et al., 2017) and published in IEEE
Photonics Technology Letters, (Li, et al., 2018).
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8.0 Experimental Investigation - Single Crystal Phosphor
8.1 Single Crystal Phosphor Technology
As an alternative to ceramic phosphor, where the polycrystalline structure is produced
by heat and pressure treatment of ceramic powders, single crystal examples also
provide a solid structure with phosphorescence properties. In this method, the solid
phosphor structure is produced by melting phosphorus material such as YAG:Ce at
high temperature and slowly extracting and cooling, solidifying gradually increasing
the size of the structure. The Czochralski method of growing crystals was invented in
1916 by Jan Czochralski, a chemist from Poland, when he was investigating the
crystallisation velocity of metals (Uecker, 2014). Czochralski invented apparatus for
carrying out the process which used a pulley system and silk thread to hold a glass
carrier that was coated with a metal film. The carrier was dipped into molten metal
and slowly drawn upwards with the pully system, which pulled up a small amount of
molten metal due to capillary forces which cooled and crystalized, growing the size of
the metal structure. Named “Kapillarkraft” it was firstly mistaken for a capillary within
the glass bead when adhesion was more the term Czochralski had in mind. During
the process, a variation in the pulling velocity of the glass bead carrier from the molten
material from the crystallization velocities, led to a variation in the diameter of the
crystalline structure before separation. The method was later used to obtain measured
characteristics of metals, particularly elastic constants, thermal expansion coefficients
and electrical conductivity.
The process remains the same for the production of single crystal phosphor, and is
shown in Figure 87 (Crytur, 2017). First, solid powder phosphor oxide of YAG:Ce is
melted at high temperature in a crucible, a seed crystal fixed to the end of a rod is
introduced to the molten material and slowly drawn upwards. As the seed crystal is
lifted out of the molten material, it draws with it some of the material under a capillary
action, the molten material cools as it is drawn upward, crystallising as it goes. The
larger mass of crystal now on the end of the rod is continued to be extracted from the
molten material and more molten material is pulled with it, again cooling and
crystallising. The process continues and the crystal grows in size as the increasing
size draws up more material, expanding further. The process ends when either there
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is no more material left to be drawn up, or the crystal is pulled at a higher rate to the
point the bond with the molten material is broken and the cooled crystal is released.
The result is a single solid ingot of the phosphor material, which can then be cut and
processed into desired shapes and sizes depending on the application. The process
to create the single crystal phosphor produces a solid with a continuous structure,
which is optically transmissive. An example of finished ingot is shown in Figure 88.

Process Stage
Figure 87 - Czochralski Growing Process of Single Crystal YAG:Ce (Crytur, 2017)
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Figure 88 - Photographic Representation of Single Crystal Phosphor Ingot (Crytur, 2017)

Investigations of light extractions from single crystal YAG:Ce phosphor have proven
successful with superior light generation compared to other forms of phosphor, with
measured luminous outputs of twice as much when compared to powdered phosphors
(Latynina, et al., 2013).

8.1.1 Processing of Single Crystal Phosphor

Crytur, a company based in Turnov in the Czech Republic and have a 75-year history
of specialising in synthetic crystal growth for the photonics industry, producing crystals
and scintillators for photonics applications. They grow single crystal solid ingots by the
method described above and shown in Figure 87. The preparation process of the
phosphor into useable size and shapes is shown in Figure 89. The ingot is cut into
slabs of specific thickness, typically of 200 µm thickness but customisable depending
on the requirement or application. The slabs are then diced to smaller sizes, again
depending on the requirement and application, and can be cut to include details such
as cut outs or pin holes. It is also possible to grind and shape if the application requires,
such as domes to be placed over LEDs for lighting applications.
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Figure 89 - Crytur Single Crystal Phosphor Processing (Crytur, 2017)

The method of melting the material results in new bonds between particles as the
structure increases with a repeating lattice structure. This structure has the added
advantage of a single optical threshold barrier to overcome between the substance
and the surrounding medium, in this case air. Powdered phosphor and ceramic
formations still have the threshold boundary of each particle, which requires energy to
overcome, as well as increased refraction and absorption. The structure of single
crystal leads to a benefit of a higher efficiency due to less refraction and absorption
when passing between particles.
Since the product is intended to be used with a high-power pump laser, heat
generation is still a concern. As with the ceramic phosphor examples, single crystal
phosphors have a high stability even with increasing heat, as the thermal energy is
distributed quickly through the structure. Single crystal phosphor due to the structure
also achieves a higher thermal dissipation due to not having to transfer the heat
between fused particles, but instead being transferred thorough the single structure
(Latynina, et al., 2013). The heat dissipation relates to the relative intensity as a
function of temperature and as a comparison with phosphor powder is shown in Figure
90.
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Figure 90 - Relative Intensity Function with Temperature of Single YAG:Ce Single Crystal
Phosphor Compared to Powdered Phosphor (Latynina, et al., 2013)

Crytur has also considered the issue of heat generation and provide a 200 µm thick
single crystal YAG:Ce sample in 3 x 3 mm and 5 x 5 mm sizes. They state the external
surface of the finished plates, which is the only boundary surface for the light to
overcome is designed to improve light extraction, reducing TIR which would lead to
further absorption. The single microcrystalline structure improves the heat distribution
and conduction within the solid itself as well as again reducing absorption. The plates
are then thermally bonded to a copper substrate as shown in Figure 91, which can be
mounted to a thermal cooling system to help dissipate the heat away from the
phosphor plate.
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Figure 91 - Thermal dissipation Setup of Crytur Single Crystal Phosphor (Crytur, 2017)

The material used for the high-performance permanent connection provides a good
thermal bond and also a reflection surface to reflect light emitted from the rear of the
phosphor plate.

8.2 Single Crystal Phosphor Evaluation

To investigate the properties of single crystal YAG:Ce phosphor for the potential
application of high brightness white light endoscopy, three samples of 5 mm x 5mm x
200 µm phosphor plates mounted on copper substrates as in Crytur’s heat dissipation
setup were acquired, an example of which is shown in Figure 92. The through holes
in the copper substrate allow the sample to be mounted to a thermal management
system.
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Figure 92 - Crytur Single Crystal YAG:Ce Samples

To perform the investigation, the same setup that was used for the ceramic phosphor
investigation, Figure 72 is again utilised.

8.2.1 Experimental Investigation

The performance of the single crystal phosphor samples was investigated in the same
way as that for the ceramic phosphor, described previously and shown in Figure 72.
Firstly, the system was aligned to optimise the luminous flux output from the phosphor.
The lens arrangements are aligned using a mechanical fixture, from the Casio laser
projector based on their focal lengths. The phosphor sample reacts to the pump laser
light in the same way across the surface, alignment therefore is not critical as long as
all of the laser spot is on the surface of the phosphor plate. In the setup the laser can
be adjusted in the X, Y and Z axes to optimise the output from the phosphor sample.
To achieve this the laser is operated with an operating current of 0.9 A which is the
threshold current of the laser, providing 600 mW of radiant flux. Active alignment is
carried out by adjusting the position of the laser whilst monitoring the output from the
phosphor, as measured by the LCS-100 integrating sphere and spectrometer
measurement system. The optimised position for the laser was found to be at a
distance 6.8 mm from the first lens, at this position, the size of the laser spot on the
phosphor sample was found to be 3.3 mm x 2.4 mm providing a total area of 7.92
mm2.
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With the system alignment optimised as described, laser fan cooling and phosphor
liquid cooling running the output of the laser is increased gradually by increasing he
operating current, the operating voltage increases as required as the operating current
increases. As in the ceramic phosphor investigation, the maximum operating current
is limited by the maximum current the Thurlby Thandor bench top power supply is able
to supply to the laser. The light from the laser passes through the system and is
incident on the ceramic phosphor sample. Light generated from the phosphor is
directed through the system by the lenses and dichroic coated mirror until it reaches
the output where it is captured by the integrating sphere and measured by the
spectrometer of the LCS-100 system, at position [10] in Figure 72. The optical
characteristics including luminous flux, radiant flux, wavelength spectrum and
corresponding CCT if applicable are outputted from the system and displayed in the
software, as in Figure 78.
As a comparison to the ceramic phosphor investigation, the luminous flux and
wavelength spectrum are considered. The luminous flux emitted from the phosphor,
which travels through the optical system and captured by the LCS-100 integrating
sphere and spectrometer light measurement system is shown in Figure 93. The
radiant flux output of the laser on the phosphor is also shown for reference. The
relative wavelength spectrum relative to the maximum is shown in Figure 94.
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Figure 93 - Single Crystal Phosphor Luminous Flux Output with Laser Radiant Flux for
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Figure 94 - Single Crystal YAG:Ce Phosphor Relative Wavelength Spectrum

Figure 93 shows the luminous flux output with increasing laser optical power increased
following the trend of the laser input optical power to 2268 lm at 4 A laser operating
current, 15.2 W radiant flux. The optical efficiency therefore is 149.2 lm/W with an
electrical lumen efficacy of 21.39 lm/W, based on the electrical operating
characteristics of the laser of 4 A at 26.5 V. The trend of the increasing luminous flux
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with laser operating current follows that of the laser radiant flux, suggesting the
ceramic phosphor sample is converting light as expected and not experiencing thermal
quenching.
The wavelength spectrum of Figure 94 again shows a narrow peak at 446 nm and a
broad peak with a centre wavelength of 537 nm and a bandwidth of 89 nm at FWHM.
The broadband peak is the green yellow light generated by the phosphor and the
narrow peak is that of the laser, suggesting once again even though the setup is
designed to pass blue light through the dichroic and not reflect it to the output, some
light of this wavelength is being reflected from the phosphor sample and directed
through the system to the output. To investigate how much blue laser light is present
in the total light measured at the exit of the system, comparing the luminous flux would
not provide a true measurement due to luminous flux measurements varying by
wavelength. Radiant flux is the total power and does not vary by wavelength and can
be used to compare the amount of light from the laser and that emitted from the
phosphor. Figure 95 shows how the radiant flux of the light from the laser and the
phosphor at the output compare to the total as operating current of the laser is
increased.
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Figure 95 - Radiant Flux Measurements of Laser and Phosphor Light Compared to the Total

Whilst the peak at 446 nm in Figure 94 is as large as the maximum level of the
broadband peak of the phosphor, the bandwidth is much smaller, resulting in a much
lower radiant flux level as shown in Figure 95. The maximum level of blue laser light
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present reaches 155 mW of the total 4.27 W, with the maximum percentage of the
total output reaching 9.6 % at low operating current levels. The low level of laser light
present also suggests the absorption limit of the phosphor is not reached within the 4
A laser operating current limit of the investigation. The relationship can be investigated
further by reviewing the luminous flux of the light from the phosphor as a function of
the radiant flux output of the pump laser, this is shown in Figure 96.
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Figure 96 - Single Crystal Luminous Flux Output with increasing Pump Laser Radiant Flux

The relationship of the luminous flux output of the phosphor and the radiant flux of the
pump laser shows an increasing trend all of the way to the maximum laser power of
15.2 W. This additionally shows the phosphor does not reach the point of thermal
quenching or absorption saturation within the operating conditions of the pump laser.
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8.3 Investigation Improvement

The luminous output from the phosphor increases with the increasing radiant flux
output of the laser all of the way to the maximum 4 A operating current of the laser,
shown by Figure 93 and Figure 96. This indicates increasing the radiant flux of the
pump laser further still will increase the luminous flux output of the phosphor. The
current system is limited by the operating current the Thurlby Thandor bench top
power supply is able to supply. To increase the operating current an alternative power
supply with a sufficient operating voltage and current range. The Elektro-Automatik
EA-PS 2042-20B has a maximum voltage of 42 V with a maximum current of 20 A,
with a maximum power rating of 320 W of electrical power, enough to power the laser
at the maximum rating.
As the laser can now be operated at a higher current and power, the radiant flux output
will increase but also the heat generated during due to the inefficiency. Figure 97
shows the laser as taken from Figure 72 component [1] with additional features shown.
The laser diodes are housed in a solid metal block which quickly dissipates the heat
generated from the laser diodes over the whole volume, cooling fins conduct the heat
and are cooled due to their larger surface area. Fans placed at the rear of the cooling
fins blow air over the surface of the fins to cool them, leading to additional heat being
conducted away from the metal block and in turn away from the laser diodes, reducing
their operating temperature and increasing the efficiency.

162 | P a g e

Fans
Laser
Diodes

Cooling
Fins
Metal
Block

[1]

Laser
Output

Figure 97 - Laser Cooling Arrangement

The metal block and cooling fins arrangement in ambient conditions are able to
dissipate heat at low levels of operating current. As the laser operating current
increases, a greater amount of electrical energy not converted to radiant flux results
in a generation of heat. Three cooling fans with a combined size similar to the cross
section of the cooling fins help cool the laser to dissipate this heat. Figure 98 shows
the affect increasing the cooling capacity with fans has on the output radiant flux of the
laser. The fans are operated with an operating voltage of 10 V to cool the laser so it
can operate effectively up to an operating current of 4.6 A, shown by the relatively
linear increase in output radiant flux with operating current. Beyond 4.6 A the rate of
increase of radiant flux output with operating current decreases as the heat generated
by the laser increases to the point it is not being cooled effectively by the fans.
Increasing the operating voltage of the fans to 12 V increases the airflow, staying within
the operating conditions of the fans. Beyond 4.6 A the rate of increase of radiant flux
output reduces more gradually than with the 10 V fans, showing the fans help dissipate
the heat more effectively so the laser diodes are kept cooler an operating more
effectively.
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Figure 98 - Radiant Flux Output of Blue Laser with 10V and 12V Cooling Fans

With the 10 V fan a maximum radiant flux output of laser reached 19.89 W at 6.4 A
whilst with when the 12 V fan was used, the radiant flux reached 20.42 W. The
performance was similar up to 4.6 A operating current with the 12 V fan performing
better beyond this point, showing the additional cooling is effective as more heat is
produced at higher operating currents.
Even with the additional cooling of the 12 V fan, the rate of increase of the laser output
power decreases as the operating current is increased, with the rate of increase
reducing substantially beyond 6 A. Beyond this point the rate of increase reduces to
the point of providing no further increase. The maximum operating current the laser
can be operated for during the uprated tests without concern the laser is overheating
is therefore 6.4 A.
The operating voltage characteristics as the operating current increases is shown in
Figure 99, the maximum voltage required to operate the laser at the maximum 6.4 A
operating current was recorded as 27.6 V, resulting in an electrical power consumption
of 176.64 W.
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Figure 99 - Voltage Current Characteristics of Pump Blue Laser

Given the light from the laser travels through an optical system as shown in Figure 72
and described previously, there will be a loss of light due to absorption and reflection
in the optical system. The radiant flux at the phosphor is measured to review the
amount of optical power that is available for conversion by the phosphor.

This

measured light after the collimation optics is shown in Figure 100.
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Figure 100 - Pump Laser Radiant Flux at Output and at Phosphor Comparison

The maximum radiant flux of the light from the laser at the phosphor, after the optical
system was found to be 14.70 W, compared to 20.42 W at the laser exit. The
collimating optical system is therefore 71.99 % efficient.
To investigate the response of the single crystal phosphor with a higher pump laser
radiant flux, the laser is operated with the 12 V fans operating to keep the laser diodes
as cool as possible. As conducted previously, the experimental setup is arranged as
in Figure 72 and optimisation is achieved by adjusting the position of the laser,
operated at 0.9 A operating current providing 600 mW of radiant flux onto the single
crystal phosphor sample, in relation to the collimating optics. The operating current of
the laser is increased gradually from 1 A to 6.4 A and the green yellow light generated
from the phosphor is captured and measured by the LCS-100 integrating sphere and
spectrometer. The measurements are displayed in Figure 101 which also shows the
radiant flux output of the laser for reference.
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Figure 101 - Single Crystal Phosphor Higher Current Luminous Flux Output with Laser Radiant
Flux for Reference

Figure 101 shows how the luminous output of the phosphor increased as the operating
current of the laser increased from 1 A to 6.4 A. The luminous flux measured increases
gradually up to 2666 lm at the laser operating current of 6.4 A. The increase is linear
from 1 A to 5 A, beyond which the rate of increase decreases, suggesting the phosphor
is not performing as well beyond this level. The trend of the increase however again
follows that of the radiant flux output of the laser, suggesting the laser pump power is
responsible for the reduction in performance of the system rather than the phosphor
reaching the point of thermal quenching or absorption saturation.

This can be

investigated further by reviewing the luminous flux output directly as a function of the
pump laser radiant flux, which is shown in Figure 102.
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Figure 102 - Single Crystal Phosphor Higher Current Luminous Flux Output with Pump Laser
Radiant Flux

At the maximum measured output of 2638 lm at 6.4 A and 20.42 W laser output radiant
flux meaning the system has an optical luminous efficiency of 129.18 lm/W. When
compared to the radiant flux of the laser light on the phosphor after it is collimated, of
14.70 W, the optical luminous efficiency is found to be 179.46 lm/W. When compared
to the electrical input power of the laser of 176.64 W, this equates to an electrical wall
plug luminous efficacy of 14.93 lm/W.
The trend of the luminous flux output with the pump laser radiant flux as shown in
Figure 102 is linear up to the maximum radiant flux input, further displaying the
phosphor does not reach thermal quenching or absorption saturation.
As in previous tests, some laser light is present in the measured output, due to
reflections within the system, seen by a peak at 446 nm in addition to the broadband
spectrum with a centre wavelength of 537 nm from the phosphor, as shown in Figure
103.
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Figure 103 - Single Crystal Phosphor Measured Wavelength Spectrum at 6.4 A Pump Laser
Current

To evaluate the amount of laser light present in the output, it is measured as a value
of the radiant flux and compared with the output of the phosphor and that emitted from
the Laser, shown in Figure 104.
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Figure 104 - Radiant Flux of Light Present in Measured Output
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The maximum radiant flux measured at the output was found to be 5.21 W, of which,
4.81 W was provided by the output of the phosphor, leaving 0.40 W of residual blue
laser light. The amount of blue light present in the output is therefore 7.68 % of the
total light measured at the output and 1.96 % of the light emitted from the laser.
During the investigation, the operating current of the laser is increased steadily from 1
A to 6.4 A with time taken between measurements to record the result. During this
time the temperature of the laser increases and the efficiency decreases. Whilst this
method is considered a truer representation of characteristics due to an increasing
laser temperature causing a reduction in performance, cooling the laser between
measurements provides a representation of the performance possible if the laser
heatsink could be cooled to the ambient temperature of the room, 22 °C. Figure 105
shows the performance of the system when the laser is allowed to cool between taking
measurements of the luminous flux produced by the system. The operating current of
the laser is set and the components are allowed to cool before the laser is turned on
at the operating current required for the measurement. The measurements taken
during the standard method of increasing the laser operating current gradually is also
shown for reference.
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Figure 105 - Effect of Cooling Between Measurements

When the laser was allowed to cool between taking measurements, Figure 105 shows
the results up to a laser operating current of 3.5 A are very similar to those taken by
increasing the operating current gradually, taking measurements at regular intervals,
illustrating the cooling system is very effective up to this operating current. Beyond an
operating current of 3.5 A, the luminous flux produced by the system when the laser
is allowed to cool is greater than when the current is increased gradually, suggesting
the cooling system is less effective and the laser is less efficient. The maximum
luminous flux reached by the system increased to 3191 lm, beyond which the rate of
increase of luminous flux reduced, showing the limit of the system even when the laser
heat sink was kept to ambient temperature. Whilst the luminous efficiency would not
increase due to the increase in luminous flux being due to an increase in laser radiant
flux, the electrical wall plug efficacy increase to 18.06 % based on the electrical
operating power of the laser of 176.64 W.
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8.4 Damage to Phosphor

During the latter stages of the investigation described above to find the maximum
luminous flux production possible, continuation of measurement taking, with some
adjustment to alignment resulted in lower measurements of luminous flux, with the
above measured values no longer achievable. To investigate the possible cause of
this reduction in luminous output, the phosphor sample was visually inspected for any
signs of change that may have occurred during the investigation. On visual inspection,
the single crystal phosphor plate appeared cracked, as shown in Figure 106.

Central
Damage

Single Crystal
Phosphor

Heat Sink
Substrate

Cracks

Figure 106 - Damage to Single Crystal Phosphor

The damage to the single crystal phosphor sample shows a central area of damage,
and surrounding cracks leading from this. Cracks to the phosphor firstly break the
crystal structure meaning the heat generated through absorption of pump laser light
will not be distributed evenly across the phosphor, causing increased heating of
specific areas, possibly leading to further damage and failure. Secondly, cracks in the
structure would suggest the crystal has moved away from the thermal bonding to the
heat sink substrate, meaning generated heat is not distributed to the substrate and
away from the phosphor by the cooling system, leading to further overheating and
failure.
Cracking such as that seen would suggest over heating of the phosphor sample from
laser pumping, with the area of central damage shown in Figure 106 being the point
of laser pumping, with the additional cracks spreading from that point.

The
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investigation carried out showed no signs of thermal quenching, which would have
been expected to be seen first before the point of cracking and failure. Communication
with Crytur, the manufacturers of the phosphor sample regarding the failure has
confirmed this expectation, suggesting the sample did not reach the maximum
temperature during the investigation.

8.4.1 Thermal Modelling

The thermal cooling system consisting of the copper heat sink substrate of the sample,
attached to a copper water cooled block with thermal paste, component [8] in Figure
72 was intended to adequately carry the heat generated during the investigation away
from the phosphor.

To further evaluate the effectiveness of this setup, the

configuration was modelled in Ansys CAD thermal modelling software.
To produce the model to represent the phosphor sample during the investigation
conditions, the geometric representation was first configured by producing a 3D model
of the phosphor, copper substrate and water-cooled copper heat sink block and
assigning material properties to each of the components. Each component is defined
by the material properties of thermal conductivity, k, which determines how quickly
heat can travel through the material, measured in Watts per metre Kelvin, W m-1 K-1
and specific heat capacity, cp, relating to the amount of energy required to raise the
temperature of one kg of mass by one Kelvin, measured in J kg -1 K-1. These specific
values as well as those such as mass, m, volume, v and surface area, A, are used
during the computer modelled with the volume and surface area calculations to model
how heat generated travels within the component. The modelled geometry of the
single crystal phosphor sample mounted on the water cooled copper block is shown
in Figure 107, with further detail of the single crystal mounted in the copper substrate
surround shown in Figure 108.
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Figure 107 - Thermal Modelling Geometry of Crytur Single Phosphor Attached to the WaterCooled Block
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Figure 108 - Single Crystal Phosphor Sample Thermal Modelling Geometry

The interfaces between the components become very important when considering the
transfer of heat between them. The single crystal phosphor is bonded to the copper
substrate surround by the manufacturer with a thermally conductive bonding solder
and the copper substrate surround is mounted to the copper water cooled block with
a thermal paste to fill any imperfections in either of the two component surfaces. The
arrangement is shown in Figure 109.
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Figure 109 - Thermal Modelling Component Interaction

The thermal conductivity and specific heat capacity values of each component material
required for the calculations is shown in Table 14.

Material
Copper
Single Crystal Phosphor
Phosphor Bonding Solder
Heat Transfer Compound

Thermal Conductivity
W/m.K
401
12
64
5

Specific Heat Capacity
J/Kg.K
385
590
226
800

Table 14 - Component Material Specification

Whilst the thermal conductivity of phosphor bonding solder and heat transfer
compound are lower than the copper, they ensure a good interface between the two
surfaces, any imperfections would result in trapped air, which would have a lower
thermal conductivity still and result in poor performance of heat transfer.
To perform the thermal calculations, a mesh is placed over the geometry, creating
smaller areas of which the computation is performed. Figure 110 shows a mesh
applied to each geometric component in the model, Figure 111 shows how a smaller
mesh is applied to smaller surface areas to provide greater details over those areas.
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The water-cooled heat sink is the largest component and believed to have the least
change over a small area of the component. The single crystal phosphor is the
smallest and is expected to have the largest degree of variance of temperature due to
this component being the location of production of heat.

The copper substrate

surround is the interface between the components with the greatest difference of heat
and so requires a relatively tight mesh with small areas of computation. Figure 110
shows the meshes placed over the complete model whilst Figure 111 shows the
smaller meshes over the smaller component areas with the greater degree of thermal
difference, requiring greater detail of computation.

Water Cooled
Copper Block

Crytur Single
Crystal Sample

Figure 110 - Mesh Required for Thermal modelling Calculations
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Figure 111 - Smaller Mesh Applied to Smaller Areas

Since the actual absorption of blue laser light and conversion to yellow green light by
the phosphor cannot be computed by the thermal modelling software, the input source
of heat is modelled from the power incident on the phosphor that does not get optically
converted but instead is converted to heat, Ph. The value of this power can be taken
as the radiant flux of the light emitted by the phosphor, Φp subtracted from the total
power of laser light incident on the phosphor, ΦL
𝑃ℎ = 𝛷𝐿 − 𝛷𝑝

(45)

The output of the phosphor can only be measured at 90° to the output when it has
travelled through the coupling lens, component [6] in Figure 72 and reflected from the
dichroic mirror, component [5]. The losses through inefficiencies of these components
will mean the radiant flux emitted by the phosphor is higher than that measured. Since
the energy producing the heat comes from the remaining power, the method provides
a worst-case scenario.
The highest total radiant flux of the laser incident on the phosphor was measured to
be 14.68 W, whilst the total radiant flux measured at the output was found to be 5.21
W.

𝑃ℎ = 14.68 − 5.21 = 9.47 𝑊

(46)
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As discussed previously, the output of the laser is from 24 laser diodes arranged in an
array of 8x3, shown in Figure 71. Following alignment and optical optimisation by
adjustment of the laser in the Z axis and the distance between the laser and the first
coupling lens, based on the resultant output from the phosphor, measured at the exit
of the system. The footprint of the laser on the phosphor in this setup measures 3.3
mm x 2.4 mm, an image of spot on the surface, seen through the coupling lenses is
shown in Figure 112.

Single
Crystal
Phosphor

Coupling
Lens
Laser
Spot

3.3 mm

2.4 mm
Figure 112 - Laser Spot on Single Crystal Phosphor, Seen through the Coupling Lenses

Running the thermal model with the input criteria described calculates the heat
generated within the model and the way it is conducted through the setup to be
dissipated by the water-cooled copper block. The model, run with a heat generation
of 9.47 W returned simulated calculations, displayed graphically as in Figure 113.
Greater detail of the thermal dissipation from the single crystal phosphor through the
copper substrate surround to the water-cooled heat sink is provided in Figure 114.
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Figure 113 - CAD Model Representation of Thermal Dissipation in the System
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Figure 114 - CAD Modelled Thermal Dissipation at the Crystal Phosphor through the Copper
Surround

A heat source of 9.47 W on the single crystal phosphor is simulated to produce a
maximum temperature of 106 °C. The mechanical setup of the phosphor sample and
the thermal management system keeps the temperature from increasing beyond this
by dissipating the heat generated through the system, with the temperature of each
component reducing gradually from the single crystal phosphor, through the copper
substrate surround to the water-cooled copper block.

The temperature of the
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phosphor copper surround at the edge of the single crystal phosphor is simulated to
be ~82 °C, which decreases to the outer edges and through to the water-cooled copper
block, which is kept at ambient room temperature by the circulating water.

The maximum operating temperature as stated by the manufacturer is 300 °C (Crytur,
2017), therefore the maximum temperature reached, modelled in the simulation should
not be enough to cause damage to the phosphor material.
To determine if the simulated model is correct, it can be validated experimentally by
attaching thermocouples to copper substrate surround of the phosphor sample. It is
not possible to mount the thermocouple directly on to the phosphor as it would restrict
the laser incident on the phosphor and falsify the result.

An optical infrared

thermometer has been considered but deemed not accurate enough due to the small
size of the phosphor.

A difference in temperature across the sample is also

considered as a failure mechanism as well as absolute temperature as too large a
variance could lead to differing rates of expansion of the phosphor material causing
the material to crack. Two thermocouples, T1 and T2 are positioned either side of the
sample as close as possible to the single crystal phosphor material without interfering
with the laser incident on the surface. This measures the difference across the sample
and also can be used to compare the measured values with that of the simulated
model. Thermal transfer compound is used to ensure a good contact with the copper
substrate and surround the thermocouple to achieve a more accurate measurement.
The thermocouples attached to the phosphor are shown in Figure 115, whilst
representations of the positions of the thermocouples in the Ansys CAD model are
provided in Figure 116.
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Figure 115 - Experimental Temperature Monitoring of Phosphor
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Figure 116 - Thermocouple Positions on Ansys CAD Model

The simulated model predicts the temperature at the point where the thermocouples
are attached would be 82 °C.
The experimental investigation is again carried out with the setup as described in
Figure 72.

The operating current of the Laser is increased gradually and the
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temperature at each thermocouple recorded. The temperature recordings during this
investigation are shown in Figure 117.
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Figure 117 - Temperature of T1 and T2 Thermocouples During Laser Pumping of Phosphor

During the investigation, the maximum temperature reached by T1 was found to be
81.24 °C whilst the maximum temperature of T2 was 70.56 °C. Since the comparison
between the thermally modelled temperature and the physically measured
temperature is relatively close, it can be taken that the thermal model is a good
representation of the physical case.
Since the maximum operating temperature of the single crystal phosphor is 300 °C, it
can be taken the phosphor is being used within the operating conditions, and
overheating is not the cause of the damage to the phosphor.
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8.4.2 Laser Spot Size Review

Shown in Figure 112 and described previously, the laser spot size on the single crystal
phosphor was found to be 3.3 mm x 2.4 mm, or an area, AP of 7.92 mm2 when the
setup is optimised to find the highest level of luminous output from the phosphor. With
a radiant flux, ΦL of 14.68 W the radiant power intensity incident on the phosphor, Ip is
found through

𝐼𝑝 =

𝐼𝑃 =

14.68
7.92

𝛷𝐿
𝐴𝐿

(47)

= 1.85 𝑊 𝑚𝑚−2

On adjustment of the position of the laser in relation to the collimating and coupling
lenses, the spot size on the phosphor varies. To see how much it varies by an
investigation is carried out to measure the spot size as the position of the laser is
varied.
To perform the investigation, the setup is arranged as in Figure 85, the laser is
positioned in the X and Y axis optimally to be aligned with the centre of the collimating
and coupling lenses of the lens setup, therefore producing the greatest amount of light
from the phosphor.

The phosphor sample is then removed from the setup and

replaced with a Thorlabs BC106N-VIS beam profiler.
The laser is positioned with the output directly in front of the first lens and gradually
moved along the Z axis away from the lens. Measurements of beam size at the
location of the phosphor are then taken at varying positions with the beam profiler.
Measurements taken by the beam profiler are displayed as a false colour interpretation
as a relative function of the maximum intensity, shown by a variance of colour ranging
from red for the highest intensity, down through orange and yellow to green and blue
colours for the lowest intensities. Graphical plot of intensity as a percentage of the
maximum for the X and Y axes cross sections are also provided. Images of the
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measurements taken with the laser at positions ranging from 0 mm to 13 mm from the
first coupling lens are provided in Figure 118.

(A) 0mm

(B) 2mm

(C) 5mm

(D) 7mm

(E) 10mm

(F) 12mm

(G) 13mm

Figure 118 - Laser Profile on Phosphor at distances of (A) 0 mm, (B) 2 mm, (C) 5 mm, (D) 7 mm,
(E) 10 mm, (F) 12 mm and (G) 13 mm from Coupling Lenses
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As the laser is moved further away from the first collimating lens, the footprint on the
phosphor becomes smaller. At distances up to 5 mm, the footprint is too large to fit
within the limits of the beam profiler window and so could not be measured. For the
distances providing laser footprints that did fit within the beam profiler window and
could be measured, the trend of footprint size with distance from the lenses for each
axis is shown in Figure 119
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Figure 119 - Laser Footprint Size on Phosphor with Distance from Lenses

The trend of the laser footprint size on the phosphor shown in Figure 119 is a reduction
in size in both x and y axis as the laser is moved further away from the input lenses.
The smallest the footprint becomes is 13 mm away from the lenses, resulting in a
footprint size of 0.47 mm x 0.54 mm, an area of 0.33 mm 2, also seen by image (G) in
Figure 118.
When the system is optimised, the laser is placed at 6.8 mm away from the lenses,
resulting in a footprint size of 3.3 mm 2.4 mm or 7.92 mm2. A laser power of 14.68 W
incident on the phosphor results in an intensity of 1.85 Wmm-2.
During alignment adjustment the laser is move in relation to the lenses and so it is
possible for the laser spot size on the phosphor to be as low 0.33 mm 2. In this
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instance, during alignment adjustment, the laser is operated at 0.9 A providing 600
mW of radiant flux.
At a laser distance from the lenses of 13 mm, resulting in a laser footprint of 0.33 mm 2,
the intensity of light on the phosphor, IP becomes
𝐼𝑝 =

𝛷𝐿

(48)

𝐴𝐿

0.6

𝐼𝑃 = 0.33 = 1.82 𝑊 𝑚𝑚−2

At 1.82 Wmm-2, the intensity is similar to that of the optimum position at the full radiant
flux of the laser during the conducted investigation and so is considered to be safe. If,
however the laser was operated at full power when in the position providing the
smallest footprint, the intensity of light on the phosphor would be calculated as

𝐼𝑃 =

14.68
0.33

= 44.48 𝑊 𝑚𝑚−2

(49)

The intensity of laser light onto the phosphor in this instance becomes 44.48 Wmm-2,
24 times greater than the intensity at the optimum position and that thermally modelled
and deemed to be safe within the single crystal phosphor operating range.
If this worst-case scenario of a laser footprint of 0.33 mm2 is modelled under the same
conditions of that modelled previously, with a resultant laser power converted to heat,
Ph of
𝑃ℎ = 14.68 − 5.21 = 9.47 𝑊

(50)
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Based on the incident power on the phosphor of 14.68 W and an emitted power from
the phosphor 9.47 W. The thermal model now returns the results shown in Figure
120.

Phosphor Copper
Surround

Single Crystal
Phosphor
Figure 120 - Ansys Thermal Modelling of Crytur Single Crystal Phosphor at 44.48 Wmm -2
Incident Laser Light

The temperature at the centre of the phosphor sample is modelled to be 384 °C which
cannot be dissipated quickly enough through the thermal management system to keep
the single crystal phosphor cool.
Since the maximum operating temperature of the phosphor is specified to be 300 °C
(Crytur, 2017), if operated in these conditions, the heat would be beyond the limits of
the phosphor and could result in catastrophic failure. Although the alignment setup is
conducted at a low laser operating current and power, if the laser were to be moved
when at full power or the laser was turned on at full power before alignment was set,
overheating could occur and the phosphor could be damaged.
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8.5 Multiplexing with Single Crystal Phosphor

On investigating the output from the single crystal phosphor when pumped with a highpower laser, the output has been deemed sufficient in the green-yellow wavelength
range. The overall investigation is to produce white light with the aim of providing
surgeons with illumination for operations. The green-yellow wavelength spectrum
therefore is to be combined with additional red and blue wavelengths required to
provide the missing components of white light.
Whilst some blue light is present in the output, the purpose of the blue laser light is to
be converted to the green-yellow light by the phosphor, the amount left at the output
is not enough to provide the blue light required to produce white light. As the intention
is a white light source for endoscopy, laser due to its high coherence can be
considered unwanted and not meet the approval of medical standards. To provide the
blue component therefore a blue LED in the form of a luminous devices PT-121 high
power LED is chosen. With an emitting area of 4 mm x 3mm and a current density of
up to 1.5 Amm-2 providing up to 720 lm with a wavelength spectrum of 460 nm
dominant wavelength and a bandwidth of 20 nm at FWHM, when operated at 18 A
(Luminus Devices, 2019), shown in Figure 121. The PT-121-TE is also available with
a wavelength spectrum of 613 nm centre wavelength and a bandwidth of 19 nm at
FWHM (Luminus Devices, 2019), which would be suitable for the red component. This
device also has and emitting area of 4 mm x 3mm, from which it produces 1485 lm
when operated at a maximum 18 A.
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Figure 121 - Relative Wavelength Spectrum of Luminus Devices PT-121-B and PT-121-R Blue
and Red LEDs

Integration of the blue and red LEDs require multiplexing into the same optical path as
the output stage of that from the Crytur single crystal phosphor. This can be achieved
with dichroic filters placed at a 45° angle to the light path to add the red and the blue
components allowing particular wavelengths to pass through whilst reflecting others
through 90°. The blue component can be added by utilising the dichroic mirror already
in place allowing the blue laser to pass through whilst reflecting the green yellow light
emitted by the phosphor, component [5] of Figure 72. Light from the red LED can be
introduced by a second dichroic mirror placed before the exit coupling lenses. The
modified experimental setup can be seen in Figure 122.
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Figure 122 - Experimental Setup of Single Crystal Phosphor Multiplexed with Blue and Red
LEDs

The components used in the setup are as follows: [1] – LSA 20 laser
[2] – Double Convex Lens
[3] – Diffusing Plate
[4] – Double Concave Lens
[5] – Dichroic Coated Mirror
[6] – Double Convex Lens
[7] – Phosphor Sample
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[8] – Water Cooled Copper Block
[9] – Double Convex Lens
[10] – LCS100 Integrating Sphere
[11] – PT-121-B LED
[12] – Blue LED Collimating Lenses
[13] – Blue LED Heatsink
[14] – PT-121-RAX LED
[15] – Red LED Collimating Lenses
[16] – Red LED Heatsink
[17] – Short Pass Dichroic Mirror
[18] – Combined White Light

In addition to the components used for the single crystal phosphor investigation, Figure
72, the Luminus Devices PT-121-B blue LED is added at position [11] with collimating
lenses [12]. The light from which passes straight through the system to the output,
utilising the pass band of the dichroic used for the laser and phosphor arrangement.
The red component provided by the Luminus Devices PT-121-RAX red LED position
[14] is collimated by the optics at [15]. The short pass dichroic mirror [17] has a high
transmission in the range of 390nm to 600nm and reflects light from the red LED
through 90° to combine with the optical path of the blue light from the blue LED and
the green-yellow light from the phosphor, which are transmitted through the dichroic.
The three components of light are combined in the same optical path following the
EO600 dichroic filter to produce white light at position [18].
The Luminus Devices PT-121-B and PT-121-RAX are considered to be high power
LEDs, emitting a radiant flux of 14 W and 5.3 W respectively when operated at a
current, IPT121B and IPT121RAX of 18 A.

With an operating voltage for the PT-121-B,

VPT121B of 3.4 V and 2.7 V for the PT-121-RAX, VPT121RAX, the electrical power, PPT121B
and PPT121RAX can be as much as
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𝑃𝑃𝑇121𝐵 = 𝐼𝑃𝑇121𝐵 × 𝑉𝑃𝑇121𝐵

(51)

𝑃𝑃𝑇121𝐵 = 18 × 3.4 = 61.2 𝑊
And
𝑃𝑃𝑇121𝑅𝐴𝑋 = 𝐼𝑃𝑇121𝑅𝐴𝑋 × 𝑉𝑃𝑇121𝑅𝐴𝑋

(52)

𝑃𝑃𝑇121𝑅𝐴𝑋 = 18 × 2.7 = 48.6 𝑊

The electrical wall plug efficiency of the PT-121-B is therefore 22.8 % and that of the
PT-121-RAX is 10.9 %, based on the emitted radiant flux of 14 W and 5.4 W
respectively. The remaining 47.2 W of the PT-121-B and 43.2 W of the PT-121-RAX
will be converted to heat, which could result in overheating of the silicone substrate
and a degradation in output. To avoid the occurrence of overheating, both PT-121-B
blur and PT-121-RAX LEDs are mounted to water cooled copper blocks, positions [13]
and [16] of Figure 122.

The low pass dichroic at position [117] of Figure 122 is required to allow the light from
the blue Luminus Devices PT-121-B blue LED and the Crytur single phosphor to pass
through whilst reflecting that of the Luminus Devices PT-121-RAX red LED. The
EO600 low pass dichroic from Edmumd Optics has a transmission reflection central
transition at 600 nm with a transition slope of 10 nm.

The spectral reflection

performance of this low pass dichroic filter is shown in Figure 123, the relative spectral
outputs of the PT-121-B, Crytur ceramic phosphor and PT-121-RAX are added for
reference.
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Figure 123 - EO600 Spectral Reflection with Relative PT-121-B Crytur Single Crystal Phosphor
and PT-121-RAX Spectral Outputs

The chart shows the EO600 low pass dichroic will allow light from the PT-121-B and
the Crytur single crystal phosphor to pass through whilst reflecting the light from the
PT-121-RAX LED.
A photograph of the experimental setup is shown in Figure 124 with the setup in
operation shown in Figure 125

Figure 124 - Single Crystal Phosphor Multiplexer Arrangement
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Figure 125 - Single Crystal Phosphor Multiplexer in Operation

Alignment was carried out firstly by aligning the blue laser in the single crystal
phosphor setup as described previously, based on the maximum output with the laser
operated at low power. The blue laser was switched off and the blue PT-121-B LED
is introduced, adjusting the position in the x, y and z planes within the physical limits
set by the components of the laser phosphor system until the maximum output is
measured. The EO600 dichroic filter is placed in position with the face at 45° to the
optical path of the phosphor and blue LED. The red PT-121-R LED was then placed
in position, at 90° to the optical path of the phosphor and blue LED and 45° to the
reflective face of the EO600 dichroic filter. The position of the red LED is adjusted in
the x, y and z planes within the physical limits of the system to achieve the greatest
output.
Measurements were taken individually for each of the blue, phosphor green yellow
and red wavelength channels as well as the combined white light at the exit point of
the system, position [16] of Figure 122.
When the operating current of each component is increased gradually from 0 A to the
maximum operating current, 18 A for the PT-121-B and PT-121-RAX LEDs and 6 A
for the blue laser and Crytur single crystal phosphor arrangement. The measured
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luminous flux at the point of combination following the EO600 dichroic filter are shown
below for the blue PT-121-B LED, Crytur Single Crystal Phosphor and red PT-121RAX LED in Figure 126, Figure 127 and Figure 128, respectively.
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Figure 126 - Blue PT-121-B LED Luminous Flux Measurements
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Figure 127 - Crytur Single Crystal Phosphor Luminous Flux Measurements
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Figure 128 - Red PT-121-RAX LED Luminous Flux Measurements

When operated at full power, the blue output reaches a measured value of 605 lm at
18 A drive current, the output of the single crystal phosphor reaches 2344 lm at 6 A
laser drive current and the red output was measured at 1751 lm at a drive current of 8
A.
The wavelength spectrum following the red dichroic is individually measured and
combined on a chart, shown in Figure 129. A photographic representation of the
system showing the resultant combined light into the integrating sphere is shown in
Figure 130
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Figure 129 - PT-121-B, Crytur Phosphor and PT-121-R Wavelength Spectrum Following EO600
Dichroic Filter
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Figure 130 - RGB Multiplexing White Light into Integrating Sphere
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The combined light at this point contains a large amount of blue light, shown by the
blue peak at 460 nm in Figure 129. The combined white whilst having a white
appearance has the CIE chromaticity coordinates of X = 0.2691, Y = 0.2212 and Z =
0.5295 and is shown in on the CIE colour chart in Figure 131, the coordinates of the
combined light are shown by the red dot. The location on the chart is considered to
be too far away from the Planckian locus and the region of white light, the light does
not register a correlated colour temperature.

Figure 131 - PT-121-B, Crytur Phosphor and PT-121-R Combined CIE Coordinates Following
EO600 Dichroic Filter

As blue and red wavelengths from the PT-121 series LEDs have been successfully
combined with the output from the phosphor, the combined light was coupled into a
Ø5 mm liquid light guide, which could then be attached to endoscopic instruments to
be used in investigative surgery.
The liquid light guide chosen for investigation was the LLG05-4H from Thorlabs which
has an aperture of Ø5 mm and is 1.2 m long (Thorlabs, 2018). It has a recommended
wavelength transmission range of 340 to 800 nm, an NA of 0.59 and an input
acceptance half angle of 36°.

The transmission properties over wavelength are

provided in Figure 132. The wavelength spectrum of the combined light into the light
guide, as in Figure 129 is added for reference.
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Figure 132 - LLG05-4H Transmission Properties with Wavelength

Absorption in the LLG is suggested to lead to a maximum transmission of ~80 % over
the wavelength range provided by the blue, green yellow and red sources. If a UV
source at 395 nm was added for the use of ALA, the transmission for that wavelength
would be ~75 % and if a 780 nm source was added for use with ICG, the transmission
at that wavelength would fall to ~62 %.
Coupling of the light following the EO600 dichroic into the LLG is achieved thorough a
lens arrangement consisting of a Ø50 mm double convex lens followed by an aspheric
lens. The Ø50 mm double convex lens collects the combined light following the EO600
dichroic filter, reducing the divergence angle. The aspheric lens collects light of
varying angle of divergence and reduces them further directing light to the centre of
the lens for entry into the LLG.

The output coupling lens setup added to the

experimental setup is shown in Figure 133.
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Figure 133 - Coupling Into Ø5mm Liquid Light Guide

Light was collected at the distal end of the LLG and is guided along the length exiting
at the proximal end. This light is captured by the LCS-100 integrating sphere and
spectrometer where it is measured in the same way as in previous investigations. The
increasing luminous flux measured out of the LLG, with increasing operating current
of the LEDs and phosphor pump laser of the individual components of blue from the
PT-121-B LED, green yellow of the Crytur single crystal phosphor and red PT-121RAX LED are shown in Figure 134, Figure 135 and Figure 136, respectively.
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Figure 134 - PT-121-B Component Luminous Flux at Output of the LLG
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Figure 135 - Crytur Phosphor Component Luminous Flux at Output of the LLG
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Figure 136 - PT-121-RAX Component Luminous Flux at Output of the LLG

The blue component output of the LLG reached 228.5 lm when operated at the
maximum 18 A of drive current, Figure 134, an efficiency of 37.3 % when compared
to the luminous flux at the entry point of the LLG. The green yellow component output
of the LLG reached 1135.73 lm when operated at the maximum 6 A of laser drive
current, Figure 135, an efficiency of 48.5 % when compared to the luminous flux at the
entry point of the LLG. The red component output of the LLG reached 744.7 lm when
operated at the maximum 18 A of drive current, Figure 136, an efficiency of 42.5 %
when compared to the luminous flux at the entry point of the LLG.

Photographic images of each component are shown in Figure 137, (A) is the blue
output when only the PT-121-B blue LED is operated, (B) is the green yellow output
when only the blue laser is operated, pumping the single crystal phosphor and (C) is
the red output when only the PT-121-RAX red LED is operated.
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Figure 137 - Individual Outputs from the LLG (A) Blue, (B) Green and (C) Red

When all three components are operated together, white light is produced at the exit,
as shown in the photographic image
The wavelength spectrum measured at the exit of the LLG is individually measured
and combined on a chart, shown in Figure 138.

200000
180000
160000

µW/nm

140000
120000
100000
80000
60000
40000
20000
0
400

450

500

550

600

650

700

Wavelength /nm
PT-121-B

Crytur Phosphor

PT-121-R

Figure 138 - PT-121-B, Crytur Phosphor and PT-121-RAX Wavelength Spectrum out of the LLG
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The position on the CIE colour chart at the exit of the LLG can be seen in Figure 139,
the position is again shown by a red dot. The combined light in this case has the CIE
chromaticity coordinates of X = 0.3015, Y = 0.2212 and Z = 0.4737, putting the location
closer to the Planckian locus, close enough to register as white light with a CCT of
13509 K. The difference in the CIE position when compared to that measured before
the light guide can be accounted for in the difference in efficiency, 37.3 % for the blue
light, 48.5 % for the green yellow light and 42.5 % for the red light. Transmission
through the LLG is relatively similar over the wavelength range of all three sources
and so the difference can be accounted for in the coupling of light into the LLG. The
combined total white light output in this case was measured to be 2002 lm. A
photographic image of the combined white light output of the LLG is shown in Figure
140.

Figure 139 - PT-121-B, Crytur Phosphor and PT-121-R Combined CIE Coordinates at Exit of
LLG
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Figure 140 - Multiplexed Light Output of the LLG at Maximum Operating Currents

Whilst the combined light appears white, as seen in Figure 140 now registers as white
light, with a CCT of 13509 K, the system would be to replace a xenon lamp system
and so a CCT of D65 or 6500 K is required. From Figure 139, the position shows the
blue light component is still too great compared to green and red, offsetting the position
towards the blue section of the plot, the bottom left hand corner. Decreasing the
operating current of the blue PT-121-B LED and that of the PT-121-RAX LED will move
the position back towards the Planckian locus and the D65 CCT, denoted by E in
Figure 139.
Being a three-component multiplexer, the design introduces the advantage over
standard lamp and blue laser pumped phosphor systems with a fixed wavelength
spectrum of colour tuning. To demonstrate the possibility, in addition to the three
individual colour outputs of Figure 137 and the combined white light output of Figure
140, operating any combination of the components produces a combined colour of
light, which is homogenised in the LLG. Figure 141 shows the output of the LLG when
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blue and red LEDs are operated (A), the red LED and blue laser pumped phosphor
(B) and the blue LED and blue laser pumped phosphor (C).

(A)

(B)

(C)

Figure 141 - LLG output of Combined Components Blue and Red (A), Green and Red (B) and
Blue and Green (C)

The resultant outputs shown in Figure 141 are when each component is operated at
the full operating current producing the maximum power.

Varying the operating

current of each component also produces a different ratio, producing varying
combined colour outputs, completing the possibilities of colour tuning.
By operating all three components but varying the operating current allows varying
colour temperatures of white light to be produced. By reducing the operating current
of the PT-121-B blue LED and PT-121-RAX LED, it is possible to produce white light
from the exit of the LLG of 6500 K or D65. The operating current of each component
to achieve this were found to be 13 A for the blue PT-121-B LED, 4 A operating current
of the blue laser to pump the single crystal phosphor and the full 18 A for the red PT121-RAX LED.

These operating currents related to outputs of the LLG when

measured separately of 190 lm of blue light, 880 lm of green light and 744 lm of red
light. The combined total in this case was measured to be 1753 lm with a recorded
colour temperature of 6578 K, with the CIE colour chart coordinates of x = 0.3247, y =
0.241 and z = 0.453.
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The combined output spectrum in this case is shown in Figure 142, in which the peaks
in the UV range of 360 nm to 400 nm are interference and not relevant to the
measurement. A photographic representation of the light out of the LLG is shown in
Figure 143 and the position on the CIE colour chart is shown in Figure 144.
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Figure 142 - Wavelength Spectrum of Multiplexed Light at D65

Figure 143 - Multiplexed Light Out of the LLG Configured for D65
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Figure 144 - Multiplexed Light Output of LLG Configured for D65 CIE Colour Chart Location

The limiting wavelength of the system appears to be the red component, to achieve
white light with a colour temperature close to 6500 K, relating to D65 required a
reduction in output of the blue PT-121-B LED and blue laser pumped single crystal
phosphor is required. Reducing the operating current to achieve light of D65 also
unfortunately results in a reduction in the overall luminous flux output of the light guide
from 2002 lm to 1753 lm.
Improvement in the coupling of the red component from the PT-121-RAX LED would
allow the blue PT-121-B LED and the blue laser to be operated at a higher current,
closer to the maximum 6 A, producing more light from the Crytur single phosphor,
resulting in a higher white light output at D65.

9.0 Experimental Investigation - Hollow Phosphor
As an alternative to laser pumped phosphor material, pumping with blue wavelength
LEDs was also considered and trialled experimentally. As discussed previously, the
technology of pumping phosphor material with blur light from LEDs has become
increasingly popular, especially in the lighting market. Whilst phosphor converted
LEDs have made advancements in recent years, the amount of white light output is
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limited by the input pump power of the LED, which decreases at higher levels of drive
current due to the phenomenon of efficiency droop. Development to overcome the
issue has mainly been based around the larger market of LED lighting, where etendue
is not considered such an important factor as a broad spread of light is preferred.
Whilst the technology is limited to the power per unit area of the blue LED, increasing
the number of LEDs used or the emitting area using chip on board (COB) arrays for
example is a suitable way of increasing the amount of light produces for these types
of applications. For etendue limited applications, such as that of this study, increasing
the LED emitting area is unfortunately not advantageous since the larger aperture
increases the etendue, meaning the additional light cannot be collected effectively.

9.1 Hollow Phosphor Design Concept

Since combining LEDs or enlarging the LED emitting area in the typical way used for
lighting applications increases the etendue, they would not be advantageous for
etendue restricted applications such as endoscopy. A concept has therefore been
devised as a novel way of combining the output of LEDs to pump phosphor material,
to increase overall output whilst maintaining the original etendue of the LED.
Utilising the technology of absorption and emission wavelengths of luminescent
phosphor material combined with wavelength dependent dichroic coatings, the
concept separates the blue LED and phosphor components to combine the phosphor
output. The concept based on combining the output from three LEDs is depicted in
Figure 145.
As proved in previous investigations, phosphor can become hot, experience thermal
quenching and breakdown when pumped with a high-power blue source due to some
absorbed light energy being converted to heat energy in the phosphor emission
process. To reduce the heat generated in the phosphor, the design spreads the light
from the LEDs over a larger area of the phosphor, therefore reducing the intensity and
the heat generated per unit area on the phosphor.
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Figure 145 – High Reflective Multi LED Phosphor Combining Concept

A four-sided high reflective glass light guide, [1] collects and homogenise light from all
inputs. Dichroic glass filters [2], [3] and [4] designed to allow light in the blue spectral
wavelength range to transmit whilst reflecting light in the yellow-green wavelength
range are used as entry points for the blue LED light. The dichroic filter [2] was coated
with phosphor [5] providing conversion from blue light to broadband green-yellow light
into the light guide. The phosphor is excited by light from blue LED 1 [8], forward
emission into the light guide is contained by the high reflective glass whilst rear
emission from the phosphor is reflected by the dichroic filter also back into the light
guide, collecting additional light that would originally have been lost.

Phosphor

coatings [6] and [7] are initially pumped by blue LED 2 [9] and blue LED 3 [10]
respectively and are coated on the opposite side of the light guide to the LEDs in order
to spread the output power from the LED to reduce the intensity and the possibility of
overheating the phosphor, as possible in these locations. The light emitted from the
phosphor has a Lambertian profile emitted in all directions. Emitted light travelling in
the forward direction is guided by the light guide whilst light travelling in other directions
is reflected until it does travel in the forward direction. The constructed light guide has
an aperture size equal to that of the emitter size of the LED, therefore maintaining the
etendue as required.
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9.2 Phosphor Selection

In addition to the amount of output and the wavelength spectrum, as the phosphor is
to be pumped with high power LEDs, an important factor is the stability of the phosphor
at higher temperatures. With this in mind, the phosphor chosen for the application
was the Green Aluminate (GAL) based phosphor from Intematix Co. based in
California USA. With a high thermal stability of 90% luminosity at 200 °C (Intematix,
2017) it is more thermally robust than standard YAG:Ce phosphor which falls to 70%
at 200 °C (Lakshmanan, 2011). A range of output wavelengths are available in the
GAL range, the GAL540 has been chosen in this case due to the peak emission being
close to the peak response of the human eye, relating to a higher luminous flux per
radiant flux. The output emission spectrum of which can be seen in Figure 146.

Figure 146 - Spectral Emission spectrum of GAL 540
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The phosphor material chosen is manufactured in powdered form, to bond the
particles together and also to the substrate, component {1} in Figure 145 a silicone
encapsulant is required. An encapsulant has been chosen in the form of Nusil LS21640 is used due to its characteristics of being optically clear and also stable at 200
°C.
To combine the phosphor and silicone so they can be applied to the glass substrate,
they are to be firstly mixed together, varying the ratio determines the amount of
phosphor distributed on the surface of the substrate.
Available in 8µm and 15µm particle size, the density of phosphor in the mixture will
also vary when mixing with the silicone. Variations in particle size and mixing ratio will
provide an understanding on the optimum mixture to provide the highest level of light
output.
Variations in phosphor particle size, amount of phosphor and amount of silicone are
first to be tested by producing samples on glass substrates and pumped with the blue
laser, as used in the single crystal phosphor investigation. The output resultant light
from the phosphor can then be captured by the LCS-100 integrating sphere and
analysed by the spectrometer to measure the luminous flux produced.
To provide an even coating on the samples, the phosphor silicone mixture was spun
coated whereby a droplet of the mixture is placed onto the glass substrate and spun
at high speed. The centrifugal force causes the solution to spread outwards from the
centre across the surface (Smith, et al., 2013). Spinning at a controlled speed results
in a uniform spread of the mixture, with any excess being forced off the substrate. On
spinning, removing the excess, the total thickness of the coating is defined by the ratio
of the mixture of phosphor to silicone. Once the mixture has been spun coated onto
the substrate, it is then to be heated to 150 °C for 1 minute to cure the silicone
encapsulant making the coating robust to be used for the tests.

9.2.1 Phosphor Sample Testing
Samples of various phosphor and encapsulant mixtures are tested as described and
the results recorded. The mixtures of phosphor to silicone encapsulant for each
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sample represented by mass is shown in Table 15. Figure 147 and Figure 148 show
the output of the most promising mixtures and demonstrate how the variation
translates into output efficiency and the corresponding spectral profile respectively.

Sample no.
1
2
3
4
5

GAL540 Phosphor /g
0.2
0.3
0.5
1.2
0.9

Nusil LS26140 /g
0.2
0.2
0.2
0.2
0.2

Table 15 - Phosphor to Encapsulant Mixture of Samples
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Figure 147 - Variation of Phosphor Output with Optical Pump Power
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Figure 148 - Variation of Phosphor Output Spectrum

The sample testing showed sample 5 consisting of GAL 540 with a particle size of 8µm
mixed in the ratio of 0.9g of phosphor to 0.2g of silicone encapsulant, providing an
overall thickness of 21µm provided the most output when pumped with a blue source.
The wavelength spectrum of Figure 148 shows the narrow band peak of the blue pump
laser at 446 nm and a broadband distribution with a peak at 525 nm. The higher
broadband peak of sample combined with the lower peak from the blue laser gives a
further indication sample 5 provides the most efficient conversion from blue to green
– yellow and the highest output.

9.3 Design Considerations
9.3.1 Light Guide High Reflection Coating

The efficiency of the hollow light guide depends greatly on the ability of the light guide
to contain the light generated from the phosphor and direct it along the cavity to the
output end. The coating on the inside of the light guide therefore needs to be as highly
reflective as possible particularly in the wavelength range of the emission wavelength
spectrum of the phosphor. With this in mind the Vis-99 high reflective coating from
214 | P a g e

Comar was chosen due a reflection of 98% in the wavelength range of 390 nm to 700
nm. The reflection response of the coating can be seen in Figure 149 for small angles
of 8° and wider angles of 45°, the wavelength spectrum of the phosphor output
combined with that of the blue LED is shown for reference. There is a shift in the
wavelength spectrum of reflection for incident angles of 8° compared to 45°, though it
does not affect the wavelength range of the light contained within.
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Figure 149 – Reflection Spectrum of the Vis-99 Coating at 8° and 45° Incident Angles

9.3.2 Light Guide Dichroic Filters

Whilst light is to be contained inside the light guide, light from the external blue LEDs
needs to enter to pump the phosphor coated on the inside. Windows in the light guide
are therefore required to let the blue light in without letting the green yellow phosphor
emission out. A low pass dichroic filter in the form of the EO 500 from Edmunds Optics
was chosen for the windows to let the blue light from the LEDs to pass into the light
guide whilst reflecting light in the broadband green-yellow spectral range to keep it
inside. The transmission curve of the chosen dichroic filter is shown in Figure 150, the
wavelength spectrum of the phosphor combined with the blue LED is again shown for
reference. The transition band of the dichroic filter from transmission to reflection is
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centred at 500 nm chosen due to the wavelength spectrum of the blue laser which
needs transmission and the phosphor emission which requires reflection.

120

Transmission /%

100

80

60

40

20

0
360

410

460

510

560

610

660

710

Wavelength /nm
EO 500nm Filter

PT-121-B

GAL540

Figure 150 - Dichroic coating curve showing transmission in the blue wavelength range and
reflection in the green-yellow range

9.3.3 Etendue of the Design

The novel characteristic of the system is the ability to maintain etendue keeping it as
low as possible whilst increasing the number of LEDs in the system, and ultimately the
output. The etendue of the chosen LED, PT-121-B is calculated as

𝐺𝐿𝐸𝐷 = 𝑛2 𝜋𝐴𝑠𝑖𝑛2 𝛼

(53)

𝐺𝐿𝐸𝐷 = 1 × 𝜋 × 12 × 𝑠𝑖𝑛2 75
𝐺𝐿𝐸𝐷 = 36.41 𝑚𝑚2
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When adding optical sources into a system which have varying characteristics such
as wavelength or polarisation, it is possible to multiplex them with specialist optical
filters.

To increase the number of LEDs with identical wavelengths and optical

characteristics, the system would usually require enlargement of the optical aperture,
which according to the above calculation would increase the etendue of the system
and reduce the amount of light that would be accepted into the liquid light guide.
The proposed design separates the light from the PT-121-B blue pump LED and
phosphor to enable multiple LEDs with the same specification and etendue to be
combined, increasing the power in the system without increasing the overall system
etendue.

9.3.4 Area of Phosphor Coating

Where possible the light from the blue pump LED is spread over as large an area as
possible to reduce the intensity on the phosphor and possibility of thermal quenching.
The phosphor located on the longer internal sides of the light guide is to be pumped
from the opposite side, a distance of 3mm away. The PT-121-B has an emitting area
of 4 mm x 3 mm and has a Lambertian output angle distribution, with a viewing angle,
θv of 60°, at this distance, the increase in footprint area of the light emitted from the
PT121-B LED, ΔAPT-121-B can be calculated from the increase in axis dimension, ΔXPT121-B,

where

tan 𝜃𝑣 =

∆𝑋𝑃𝑇−121−𝐵 (ℎ𝑎𝑙𝑓)
𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

∆𝑋𝑃𝑇−121−𝐵(ℎ𝑎𝑙𝑓) = tan 𝜃𝑣 × 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

(54)
(55)

∆𝑋𝑃𝑇−121−𝐵(ℎ𝑎𝑙𝑓) = tan 60 × 3 = 5.20 𝑚𝑚

The total width of the LED X axis, XPT-121-B would therefore be the change in length in
addition to the width of the LED active region.
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𝑋𝑃𝑇−121−𝐵 = (5.2 × 2) + 3 = 13.4𝑚𝑚

(56)

The total length of Y axis would therefore be
𝒀𝑷𝑻−𝟏𝟐𝟏−𝑩 = (𝟓. 𝟐 × 𝟐) + 𝟒 = 𝟏𝟒. 𝟒𝒎𝒎

(57)

The light in the Y axis would be larger than height of the light guide on the side opposite
side if the light was able to continue on the emitted path, to keep the etendue of the
system equal to that of the LED, the Y axis needs to stay constant. The emitted light
in this axis however will be reflected by the high reflective coating onto the phosphor
opposite. To ensure as much light as possible is utilised, the area of the phosphor to
be covered will be 14 mm x 3mm, as shown in Figure 151.
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14mm

Light
Rays

LED

Figure 151 – LED Light Distribution onto the opposite side of the light guide

9.4 Zemax Modelling

With the high reflection coating for the light guide and the dichroic coating for the entry
windows defined, to obtain an understanding of how the proposed system could
perform, it is optically modelled using Zemax Optic Studio. The optical model is
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arranged as in in Figure 145 with the details of the phosphor in terms of the excitation
and emission spectrum as well as the thickness used to define the phosphor
characteristics, coated on the inside of the high reflective surface. Each LED is
configured with the corresponding characteristics and an output detector is set up at
the exit to record the resulting output. Following simulation, the ray trace diagram (A),
spectral output (B) and photorealistic output (C) can be seen in Figure 152.

Figure 152 - Zemax Modelling, Optical Ray Trace (A), Spectral Output (B) and Photo Realistic
Output at Light Guide Exit

The modelled output at the exit aperture of the light guide returns a value of 5720
lumens.
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9.5 Experimental Investigation
9.5.1 Preparation of Light Guide

The light guide, with specific dimensions as well as high reflective and dichroic coating
requirements was not a commercially available component and had to be custom
made. The base of the structure is made from 4mm x 62mm x 1mm pieces of Vis-99
high reflective coated glass. Not commercially available in this size, 62mm x 62mm x
3mm pieces were ground down and cut to the correct size by Disco Hi-Tec Europe
GmbH based in Munich, Germany using their grinding and blade dicing technology.
The resultant ground and diced pieces are shown in Figure 153.

4mm

62mm

1mm

Figure 153 - Vis-99 High Reflective Coated Glass Ground and Cut by Disco Hi-Tec Europe GmbH

Once the high reflective glass pieces had been cut to size, the phosphor silicone
mixture as defined previously was spun coated onto the relevant areas of the high
reflective glass, as shown in Figure 154. Since the length of the phosphor area was
to be kept to 14 mm, the coated glass substrate was masked in the areas that are not
to be coated.
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Coated Glass
14mm

Phosphor
Coating
Figure 154 - Phosphor Coating on High Reflective Coated Glass Strip

To assemble the phosphor coated high reflective glass strips into a four sided light
guide an assembly jig is designed to hold the outside of the light guide in the desired
shape whilst it is glued in place, as shown in Figure 155. Dymax OP-29 Gel UV cured
optical adhesive is used to glue the edge of the light guide together at 90°. The
adhesive is specified as an optical adhesive to being optically clear with a refractive
index of 1.5. Whilst not being used in the optical path and so not required for its optical
properties, it also is deemed to have good bond strength when adhering glass. The
adhesive also has a viscosity of 20,000 cP, which is high enough to allow controlled
specific placement with little running or wicking.

The adhesive stays liquid until

activated with UV light meaning components can be placed and aligned before being
permanently fixed in place.
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Assembly Jig

Light Guide Assembly
Figure 155 - Hollow Light Guide Assembly

9.5.2 System Setup

To pump the phosphor inside the light guide, three Luminous PT-121-B high power
LEDs are used, an image of which is shown in Figure 156, which have a 458nm centre
wavelength and a bandwidth of 25nm at FWHM, shown previously in Figure 149. With
an electrical drive conditions of up to 3.4V operating forward voltage and up to 18A
operating current, they have a radiant flux, Φr output of 14W from a 4x3mm active
area.
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Figure 156 - Luminus Devices PT-121-B LED

The PT-121-B LEDs are known to have an efficiency, as calculated previously of
22.8%, meaning when operated at the full operating current of 18 A and operating
voltage of 3.4 V, producing 14 W of radiant flux, 47.2 W will be generated as heat.
Unless dissipated, the temperature of the LED will increase rapidly and could cause
catastrophic damage to the LED.
The maximum operating junction temperature of the LED, θ j is 130 °C and can be
monitored using the onboard Murata NCP18XH103J03RB thermistor, mounted on the
brass substrate of the LED, as shown in Figure 156. The resistance of the thermistor
can be read relates to the temperature by the following equation
1

1

𝑅 = 𝑅0 𝑒 𝐵 (𝑇 − 𝑇 )
0

(58)

Where
R = Resistance in Temperature, T (K)
R0 = Resistance in Ambient Temperature. T0 (K)
B = Thermistor Constant
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The chart of temperature as a function of the measured resistance of the
NCP18XH103J03RB thermistor is shown in Figure 157.
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Figure 157 - Murata NCP18XH103J03RB Resistance Temperature Characteristics

The junction temperature of the LED, θj is related to the temperature at the thermistor
by a thermal resistance, Rθth-j of 0.4 °C/W. At full power the LED has a maximum
operating voltage of 5.2V with an operating current of 18A. The maximum operating
power of the LED, Pmax and the difference in temperature at full operating power, θth-j
are therefore calculated as follows.
𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 = 18 × 5.2 = 93.6𝑊

(59)

𝜃𝑡ℎ−𝑗 = 𝑃𝑚𝑎𝑥 × 𝑅𝜃𝑡ℎ−𝑗 = 93.6 × 0.4 = 37.44 °𝐶

(60)

At full operating power, there would be a difference of 37.44 °C. To ensure the
maximum operating junction temperature, θj

max

of 130 °C is not exceeded, the

maximum operating temperature at the thermistor, θth max should be
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𝜃𝑡ℎ 𝑚𝑎𝑥 = 𝜃𝑗 𝑚𝑎𝑥 − 37.44 °𝐶

𝜃𝑡ℎ 𝑚𝑎𝑥 = 130 − 37.44 = 92.56 °𝐶

The output radiant flux, Φr is stated to be 14W at 18A operating current. With an
electrical input power of up to 93.6W and a radiant flux output of 14W, up to 79.6W
could be converted to heat. Increased heating of the LED causes an efficiency
reduction, and so heat needs to be dissipated. The LED chip is packaged mounted to
a copper base of 28 x 28 x 3.18 mm, to distribute the heat away from the LED chip,
this can then be mounted to a heat management system.
To transfer the heat away from the LED a heat management system is assembled. A
GM250 peltier cooler, manufactured by Adaptive Power Management, measuring 62
x 62 mm is used to cool the LED whilst a TDEX6015 and TH12G heatsink and fan
assembly from Thermoelectric devices dissipates the heat produced from the hot side
of the peltier cooler into the surroundings. In this arrangement alone, the peltier cooler
cannot cool the LED well enough due to the relatively small volume of the LED
package, shown in Figure 158. The temperature measured at the thermistor reaches
83 °C at 14A and shows a trend that would exceed the maximum thermistor
temperature, θth before reaching an operating current of 16A.
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Figure 158 - θth Temperature as a variance of LED operating current

To overcome this a copper heat spreader plate is added between the peltier cooler
and the LED to distribute the heat through a 62 x 62 x 12 mm volume, shown in Figure
159, with the complete heat management system shown in Figure 160. Keeping the
temperature gradient more consistent, the effect of the copper spreader plate can be
seen in Figure 161. Measured separately and individually, the temperature and output
radiant flux relationship with operating current is shown for each of three LEDs is
shown. In this arrangement, the temperature of the LED is kept well within the
maximum operating temperature of the LED, shown by the dotted red horizontal line,
showing the effectiveness of the copper heat distribution plate. The slightly higher
operating temperature and lower radiant flux output of LED 2 illustrates the relationship
of a reduced efficiency with increased temperature. This could be due to a less
efficient LED, or a less efficient heat transfer mechanism between the LED and the
heat management system.
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Figure 159 - Luminus PT-121 LED mounted to copper
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Figure 160 - LED Heat Management System
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Figure 161 - θth Temperature and Radiant flux Characteristics with Operating Current with
addition of Copper Heat Distribution Plate

9.6 Experimental Setup

To complete the system setup, three Luminus Devices PT-121-B LEDs were
assembled onto their heat management system as in Figure 160.

The three

assemblies were then placed around the assembled light guide, ensuring careful
lateral alignment of the LEDs and light guide entry windows as in Figure 162.
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Figure 162 - Top View of System Setup - LEDs and Heat Management Systems Aligned with
Light Guide Entry Windows

With the LEDs aligned with the entry windows to the light guide as in Figure 162,
vertical height adjustment is achieved by a variable height mount. The light guide is
supported by the mount, whilst the height of the mount is adjusted by screws through
threaded holes in the system base plate, as shown in Figure 163.
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Figure 163 - System Front View - Light Guide Height Adjustable Mount

Photographs of the system are shown in Figure 164, Figure 165 and Figure 166.
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Figure 164 – Multi-pumped Phosphor System
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Figure 165 - Multi-Pumped Phosphor System

Light
Guide
Exit
Light
Guide
Mount
Height
Adjustment

Figure 166 - Multi-Pumped Phosphor System
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9.7 Test Measurements

Measurements were taken at the exit of the hollow light guide where they are recorded
by the LabSphere LCS-100 Integrating Sphere system. Calibration of the system was
firstly carried out by setting up the physical arrangement of the system with the multi
pumped phosphor light guide assembly in place. A calibrated halogen bulb with a
broadband spectrum is turned on inside the integrating sphere and allowed to warm
up before calibration is performed in relation to a known calibration file. This ensures
outside influences such as ambient light is taken into consideration whilst taking the
measurements.
The output of the light guide is seen as a white light combination of emission from the
phosphor combined with unconverted blue light from the LEDs.

The resultant

spectrum of the light output can be seen in Figure 167.

Figure 167 - Resultant Output Spectrum

Characterising the system, the operating current of each LED is increased at the same
rate whilst recording the output. Figure 168 shows the relation between the output of
the multi pumped phosphor light guide with relation to increasing operating current of
the blue pump LEDs, the output of the LEDs is also displayed for reference.
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Figure 168 – Multi Pumped Phosphor Light Guide Output with LED Operating Current
Referenced with LED Radiant Flux

The output of the system increases with the increasing LED operating current until 9A,
when the rate of increase falls and does not increase further. This appears to be the
limit of the system where increasing the operating current of the blue pump LEDs does
not result in an increase of the combined light output, the system has reached
saturation. Two possible occurrences accounting for the saturation of the system
could be the overheating of the LEDs resulting in a reduction of efficiency, or the
phosphor coating becoming too hot and exhibiting thermal quenching.
Independent measurements of the LEDs as seen in Figure 161 show the LEDs
function below the maximum temperature up to the maximum operating current of 18A.
When all three LEDs are operated in the system however, they can potentially run
warmer due to less air flow, heating of the air from neighbouring LEDs and absorption
of light escaping from the system. Figure 169 shows the variation of each LED
operating temperature when operated in the system, both individually and when all
LEDs are operated at the same time. The measurements taken when situated in the
system only reach 8A to avoid damage to the system. The measurements show when
operated in the system the LED temperature is higher compared to when they are
operated separately away from the system. In this case reduced air flow due to
additional components in close proximity and reflection of light back onto the LED are
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potentially likely causes. The measurements also show the temperature of each LED
increases further when all three LEDs are operated together. Radiated heat from each
device and absorbed stray light from neighbouring LEDs are possible likely causes of
the elevated operating temperatures in this case.

Whilst the LED operating

temperatures of the LEDs when operated in the system either individually or all
together are elevated compared to when operated separately away from the system,
for corresponding operating currents, the temperature is still far enough below the
maximum temperature. The tests were stopped at 8A to avoid potential damage to
the system, though the trend shows if the operating current was allowed to increase
to the full 18A, whilst the temperature would be higher than operated away from the
system it would still be lower than the maximum operating temperature. These
measurements show the LEDs would still be operating well within their operating range
and so is an unlikely reason to the fall in efficiency of the output of the light guide.
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Figure 169 – LED Temperature Whilst in the System Compared to External Operation
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9.8 Potential Improvements

As the increased temperature of the LEDs has likely been ruled out as the cause of
the reduction in efficiency of the output of the light guide, the cause could be due to
the temperature of the phosphor increasing to the point of thermal quenching.
Currently the light guide sits on a plastic block of room temperature. To reduce the
temperature of the light guide and therefore the phosphor coating, it is possible to
mount the light guide on a copper block which could then be cooled using a peltier
cooler. The peltier cooler could be mounted on a water-cooled plate to dissipate the
heat produced. A setup such as this is illustrated in Figure 170.
End View
Cooled LED
Arrangement

Copper
Stand
Peltier
Cooler

Cooled
Heatsink
Figure 170 - Potential Cooling of the Hollow Light Guide

Our investigation into this method of producing light has been published in Optical
Engineering (Price, et al., 2021).
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10.0 Conclusion and recommendations
The project set out to explore the possibility of utilising advancements in technology
recent to the market to improve the white light source used for endoscopic applications
for minimal invasive exploratory and surgical operations. The goal of the investigation
was to provide an alternative to xenon lamps, which have many unwanted
characteristics including short lifetime, residual heat and toxic material at the end of
life. The proposed solid-state devices in comparison have long lifetimes, low energy
consumption and more environmentally friendly.
Due to the small apertures of the endoscopic devices, typical technology used for solid
state lighting is not suitable. The critical part of the investigation therefore was to not
only investigate and produce a white light source but one that maintains etendue as
much as possible for increased efficiency in coupling into a liquid light guide and other
endoscopic equipment. In line with the goal, various methods of producing white light
using solid state technology, including wavelength multiplexing of individual sources,
high power LED and laser pumping of phosphor and combining the output of multiple
LEDs have been investigated.

10.1 RGB LED Multiplexing
Cymtec Ltd. specialised in LED multiplexing for light engines, predominantly for the
applications of endoscopy and RGB cinema projection systems. As a base for the
investigation, their current light multiplexing systems were investigated, particularly
their solid glass multiplexer, which multiplexes light from multiple LEDs and
homogenises it at the same time, for which a patent had been published.
Many factors were considered critical, from the optical design and coupling methods
to transfer light from the LEDs to the multiplexer to the materials used for efficient
throughput. The critical parts are the design of the multiplexer which utilises the
novelty of turning the path of light through 120° in order to provide a glass to air
interface for the dichroic coatings to work correctly, which are themselves custom
designed for the chosen wavelengths. Due to the complex shape and the fact the
dichroic coatings are coated directly on the outer faces of the glass prisms, the prisms
236 | P a g e

are bonded together, matching the refractive index of the bonding agent to that of the
glass results in a more seamless transition as the light passes from one prism to
another, reducing refraction and keeping efficiency as high as possible.
Investigations, firstly with Zemax Optical Studio optical modelling software suggested
a combined blue, green and red white light output of 3021 lm and combined efficiency
of 51.87% and a CCT of 3484 when all LEDs are operated at their full operating
current. When adjusted for D65 and coupled into the Ø5 mm LLG, the output form
the distal end of the LLG was predicted to reduce to 2239 lm.
A physical experimental investigation saw the build of the solid glass multiplexer
system with multiple iterations to achieve a good bond between prisms that was also
clear and free from bubbles and other imperfections. The assembled light was built
into the mechanical mounting arrangement, with the LEDs fixed to their thermal
dissipation arrangement. Measurements were taken using the LCS-100 integrating
sphere and spectrometer measurement equipment, which measured an output of the
solid glass multiplexer of 1704 lm when all LEDs were operated at their maximum
operating current. When adjusted for D65 and coupled into the Ø5 mm LLG, the output
form the distal end of the LLG was predicted to reduce to 782 lm.

The measured output is less than that predicted by the optical model, some variation
is to be expected since the optical model considers perfect conditions, which are not
always possible in real world conditions.

Potential improvements to the system

however have been considered. The mechanical alignment setup allows for some
alignment compensation in some axes but not others, additional alignment could
provide an improvement in the throughput efficiency. The bonding is considered to be
perfect in the optical model, this too could be non-perfect in practice even though care
and multiple iterations are carried out to achieve a good bond. Additional practice with
additional jigs could potentially improve the bonds and alignment of the prisms.
The design of the multiplexer introduces light from an LED into the same optical path,
adding LEDs of other varying wavelengths is possible by simply adding straight and
triangular prisms with corresponding dichroic coatings. The additional light could add
to the overall light output and provide a more even wavelength distribution with an
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increased number of peaks over the range. The possibility of this approach depends
on the wavelengths available in high power LEDs and the performance of the dichroic
coatings. From the plots of the dichroic coatings used, a separation of at least 30 nm
is required, a separation of less than this will result in some light being lost through
transmission or reflection. Adding additional prisms increases the optical path length
for some wavelengths and introduces further losses through absorption in the material
and refraction at interfaces of the prisms.

10.2 Blue Light Pumping of Powdered Phosphor
As an alternative to RGB LED combination to produce white light, generation through
blue light pumping of phosphor material has been considered. Typical powdered
YAG:Ce phosphor material was firstly investigated for suitability by pumping various
thicknesses of the material coated onto glass substrates. Scintacor Ltd. provided
samples of YAG:Ce powder of various thicknesses, ranging from 39 µm to 152 µm,
coated onto borosilicate glass substrates.

A high-power PT-120-B LED from

Luminous Devices was used to pump the phosphor form behind, resulting in converted
green yellow emission from the opposite side. The light from the phosphor was
collected in the integrating sphere of the LCS-100 measurement system and analysed
by the integrated spectrometer, returning measured values for the radiant flux,
luminous flux and colour temperature, along with the wavelength spectrum and CIE
coordinates and position on the colour chart.
The phosphor samples produced a broadband spectrum of light of 520 nm to 630 nm
at FWHM, along with some residual blue light from the LED. The level of output
measured showed a trend of a greater radiant flux for thinner coatings of phosphor,
with the output from the 39 µm thickness providing 1.89 W of output when the blue
pump LED was operated at the maximum 25 A of operating current, over ten times
more radiant flux than the 39 µm. The lower thickness means more blue light from the
PT-120-B LED could pass through, adding more radiant flux. The luminous flux
recorded however also followed the same trend with the luminous flux output of the 39
µm was measured to be 397.6 lm of output when the blue pump LED was operated at
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the maximum 25 A of operating current, 5.5 times greater than that measured with the
152 µm, meaning some additional blue light was measured in the radiant flux
measurement but the lower thickness still provided more luminous flux output. The
colour temperature of the light produced from the 39 µm sample was too far from the
Planckian Locus to be measured, the next higher thickness sample, of 58 µm
produced light measured to be over 5000 K, compared to 3000 K for the higher 152
µm thickness. The trend found from testing of the samples provided suggested a
thickness of the phosphor between 39 µm and 58 µm could provide an output with a
colour temperature closer to the required D65.
During testing however, the samples became damaged, with the phosphor material
becoming detached from the borosilicate glass substrates. It is believed the material
bonding the phosphor powder to the glass broke down with increased optical pump
power and increased heat, given the phosphor powder itself is rated to temperatures
of over 150 °C. Whilst the initial phosphor testing therefore was considered promising
in producing broadband green yellow light with a view to producing white light, the
method of bonding phosphor powder to the glass substrate, required to make the
phosphor useable was deemed unsuitable for the high power pumping of blue light
required for the application.
It is recommended therefore the use of phosphor material is viable, but the application
is unfortunately not. Since the maximum output measure is deemed not high enough
for the application, pumping with a single high power is considered to not be enough,
higher power pump light sources would also be required. Other techniques and
technologies using phosphor to produce white light are therefore investigated.

10.3 Ceramic phosphor

Developments in phosphor technology has led to alternative ways of providing
phosphor in forms deemed to be more useable in applications. Ceramic phosphor is
produced by fusing together phosphor powder particles through a process of heating
under pressure, where no bonding agent is required. The result is a crystalline
structure which has a higher resistance to heat than the phosphor and bonding agent
combination.
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Ceramic YAG:Ce and LuAg:Ce with thermal conductivities of 14.5 Wm-1K-1 and 31
Wm-1K-1 respectively, supplied by Shanghai Institute of Photonics were therefore
investigated. The output measured from pumping phosphor with a high-power LED
was deemed not enough to provide the output required, the higher resistance of the
ceramic phosphor would allow a laser with a higher power intensity to be used. A 445
nm laser from a Casio XJ series projector, made up of 24 laser diodes to provide up
to 20 W of optical power is used to pump the phosphor following optical combining
and collimation.
To improve heat dissipation, the samples are fixed to a water cooled heatsink, so
collection of light is that returned in the direction of the pump source rather than from
the opposite side. An optical setup facilitated by a dichroic filter allows the blue light
to pass but reflect the green yellow light from the phosphor to be collected by the LCS100 integrating sphere and spectrometer.
Measurements are taken with a laser operating current of up to 4 A , relating to 15.2
W of optical blue pump power, at which point the YAG:Ce sample returned 969 lm of
light with a wavelength peak of 552 nm and a FWHM bandwidth of 84 nm. The
luminous efficiency was therefore 64.6 lm/W, with a wall plug luminous efficacy of 9.3
lm/W based on a laser electrical operating power of 104 W. No thermal quenching
was observed during testing, suggesting the method of heat dissipation was sufficient.
The LuAg:Ce sample, tested in the same way returned a luminous flux of 1061 lm at
4 A laser operating current, with a peak wavelength of 532 nm and a bandwidth at
FWHM of 89 nm. The luminous efficiency was therefore 69.8 lm/W, with a wall plug
luminous efficacy of 10.01 lm/W based on a laser electrical operating power of 104 W.
Again, no thermal quenching was observed.

In comparison the LuAG:Ce sample provided a higher luminous output and a greater
efficiency thean the YAG:Ce when tested in the same way, though the YAG:Ce
provided light with a wavelength spectrum of 552 nm, closer to the peak response of
the human eye of 555 nm, compared to the 532 nm provided by the LuAG:Ce sample.
Since the output from the phosphor is in all directions, coating the sample with a high
reflective coating reflects light emitted in the opposite direction to that being captured,
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back into the required optical path. Performing the experimental investigation again
with a high reflection coated LuAg:Ce sample, the luminous flux output was measured
to be 1558 lm at 4 A laser operating current, an increase of 46% over the uncoated
sample. The optical efficiency in this case rose to 102 lm/W, with an electrical luminous
efficacy of 14.7 lm/W. Thermal quenching was still not observed suggesting the
phosphor sample was still being operated within its limits. The limitation in these
experiments was therefore determined to be the optical output power of the laser. As
the laser was not being operated at the maximum operating current, being limited by
the heat generated, improving the heat dissipation of this device would allow a greater
output to be achieved.

10.4 Single Crystal Phosphor

An alternative option to ceramic phosphor is single crystal. In this case rather than
particles of phosphor being fused together under pressure and heat, the phosphor
powder is melted under high temperature in a crucible. Grown by the Czochralski
method, the molten material is pulled from crucible by a starting seed crystal, where it
cools, forming one crystalline structure. Once extracted from the molten material, the
cooled solid structure can be cut to size and shape. The single crystal structure results
in just two thresholds for the light to overcome rather than multiple as in powdered or
ceramic form. The process also helps with heat distribution in the material with a
thermal conductivity of 12 Wm-1K-1.
A single crystal YAG:Ce phosphor sample obtained from Crytur Spol. S.R.O based in
Czech Republic is produced with high power laser pumping in mind, with the sample
thermally bonded in a copper substrate which can be attached to an additional thermal
dissipation setup.
The single crystal sample is experimentally investigated in the same way and using
the same equipment and setup as the ceramic samples, so they can be compared.
The single crystal phosphor sample is fixed to the water cooled heatsink and pumped
with the multi laser device from the Casio XJ series projector, operated with a drive
current of up to 4 A producing 15.2 W of optical pump power. The light generated by
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the phosphor is reflected through 90° where it is captured in the integrating sphere of
the LCS-100 measurement system and measured with the spectrometer. At 4 A laser
operating current, luminous flux output was measured to be 2268 lm, meaning an
optical efficiency of 149.2 lm/W with an electrical lumen efficacy of 21.39 lm/W. The
luminous flux output increased in line with the increasing optical radiant flux of the
pump laser up to the maximum operating current in this experiment, suggesting the
conversion in the phosphor did not reach thermal quenching and was within its
operating conditions. The recorded wavelength spectrum displayed a broadband
spectrum in the green yellow range, with a peak at 537 nm and a bandwidth of 89 nm
at FWHM. The single crystal phosphor therefore was deemed to be more efficient
than the ceramic options.
To investigate the possibilities of single crystal phosphor further, the potential output
of the pump laser was increased by obtaining a higher rated power supply. The fans
cooling the laser were also uprated to help keep the laser within its operating
temperature range. The changes now meant the laser could be operated up to 6.4 A,
providing 20.42 W of radiant flux output at an electrical operating power of 176.64 W.
On conducting the experimental investigation with the uprated laser, the output
luminous flux from the phosphor was found to be 2666 lm, an optical luminous
efficiency of 130 lm/W and an electrical luminous efficacy of 15.09 lm/W. The optical
luminous efficiency was found to be a little lower than with the lower power
investigation suggesting some efficiency is lost likely through increased temperature,
but the electrical luminous efficacy decreased by 30 % due to the efficiency of the
laser decreasing. It was found if the laser was left to cool between measurements
rather than increasing gradually, taking measurement progressively, the luminous flux
measured increased to 3191 lm. This measured value relates to an optical luminous
efficiency of 156.27 lm/W and an electrical luminous efficacy of 18.07 lm/W.
Even though the efficiency reduced it was still found to be higher than the ceramic
options and a greater overall luminous output was achieved, this option was therefore
chosen to progress to the multiplexing with blue and red light to produce white light.
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10.4.1 Damage to Single Crystal Phosphor

During experimental investigation, the single crystal phosphor sample became
damaged, resulting in a reduction in performance, gradually becoming worse as the
investigation. Inspection found cracking of the phosphor material, and a dislocation
away from the bonded substrate, an unexpected occurrence given the specifications
of the material.

Thermal CAD modelling of the system and measurements of

temperature in the system where possible suggested the single crystal operated in the
setup and experimental investigation would likely reach ~106 °C and so was within the
operating conditions of the single crystal phosphor material.

During setup and

alignment, the laser footprint size could reduce significantly, increasing the intensity of
laser radiant flux per unit area. Even though setup and alignment were carried with
great care and at low laser outputs, investigation of the possible scenarios of the laser
intensity found in the worst case scenario if the laser was accidently operated at full
power, CAD modelling suggests the temperature could reach 384 °C, which could
result in catastrophic failure of the single crystal phosphor. When operated under
normal conditions, within the specification, the performance fell due to the phosphor
no longer being sufficiently bonded to the substrate meaning the heat generated is not
sufficiently dissipated, leading to thermal quenching. A replacement sample from the
manufacture meant investigations could continue.

10.4.2 Multiplexing for White Light

Since the output of the phosphor was in the green yellow range, blue and red light is
required to produce white light. The blue light present in the output from the pump
laser was not sufficient to produce white light, so additional blue light is provided by a
Luminous Devices PT-121-B high power LED. Light in the red wavelength is also
provided by a PT-121 high power LED in the form of the PT-121-RAX variant. The
blue LED takes a direct path through the optics already in place to the output, including
through the dichroic filter used to extract the green yellow light from the phosphor,
designed to be transmissive to the blue laser light.

Light from the red LED is

multiplexed into the light path with a EO600 dichroic filter from Edmund Optics,
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designed to be reflective in the red spectrum and transmissive in the blue and green
yellow wavelength spectrum. Light from both the blue PT-121-B and red PT-121-RAX
LEDs is guided by collimating lenses placed in front of the emitting LED.
Aligning each component at low power and increasing the operating current gradually
up to the maximum 18 A for each LED and 6 A for the laser pumped phosphor. The
measured luminous flux at the output was found to be 605 lm, an electrical luminous
efficacy of 9.88 lm/W based on an LED operating power of 61.2 W. The green yellow
light from the single crystal phosphor was found to be 2344 lm, an electrical luminous
efficacy of 85 lm/W and the red measured 1751 lm, an electrical luminous efficacy of
36.03 lm/W based on an LED operating power of 48.6 W.
The wavelength spectrum of the combined sources has a relatively large peak
provided by the blue LED and as a result shifts the combined output too far from the
Plackian Locus to register a colour temperature for white light.
Since the aim was to provide white light out of the end of a liquid light guide, the
combined light is coupled into a Ø5 mm diameter LLG05-4H liquid light guide from
Thor Labs using coupling lenses consisting of a Ø50 mm diameter double convex lens
to collect the light and reduce the divergence angle and followed by Ø25 mm diameter
aspheric lens to converge the light into the Ø5 mm diameter aperture.
Carrying out the investigation with the LLG in place, with the exit end pointing into the
integrating sphere of the LCS-100 measurement system, measurements of each
source and combined white light were taken.
The blue light measured out of the LLG was found to be 228.5 lm when operated at
the maximum 18 A of drive current, an efficiency of 37.3 % when compared to the
luminous flux at the entry point of the LLG. The green yellow component output of the
LLG reached 1135.73 lm when operated at the maximum 6 A of laser drive current,
an efficiency of 48.5 % when compared to the luminous flux at the entry point of the
LLG. The red component output of the LLG reached 744.7 lm when operated at the
maximum 18 A of drive current, an efficiency of 42.5 % when compared to the
luminous flux at the entry point of the LLG. The efficiency of the blue light being lower
than that of the green yellow and red light is deemed to be due to a greater path length
and losses through additional optical components.
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The combined white light output of the LLG measured 2002 lm. The wavelength
spectrum in this case was close enough to the Planckian Locus to register as white
light, with the colour temperature recorded to be 13509 K, the difference when
compared to at the input of the LLG due to the difference in efficiency of each
wavelength channel.
The 13509 K white light is too far away from the D65 with a colour temperature close
to 6500 K required. The design however provides flexibility of channels so they can
be operated individually, or a combination of two producing mixed colours and even
colour tuning by variation of operating current of each wavelength channel. Adjusting
each channel to the required level produces white light close to 6500 K, the blue PT121-B LED is reduced to 13 A operating current, the blue phosphor pump laser is
reduced to 4 A operating current, whilst the red PT-121-RAX is still operated at the full
18 A. With these settings, the colour temperature was recorded as 6578 K with CIE
colour coordinates of x = 0.3247, y = 0.241 and z = 0.453. Since the operating current
of the blue LED and phosphor pump laser was reduced however, the combined output
of the LLG was reduced to 1753 lm.

10.4.3 Recommendations

Since the limiting component in the setup was the light of red wavelength, increasing
the efficiency specifically of this component would allow the output from the phosphor
to be increased as well as the blue LED to increase the overall output. Since the
dichroic filter has a reflection efficiency of 98 % at the wavelength range, the largest
inefficiency of 42.5 % is in the coupling into the LLG, further investigation into the
coupling optics could possibly increase this coupling efficiency to provide an overall
increase in output of white light at D65.
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10.5 Hollow Phosphor
As an alternative to pumping phosphor material with a high power laser, a concept has
been designed to overcome the effect of efficiency droop in LEDs to increase the
number of LEDs and emitting surface area as in lighting applications, without
increasing etendue, so the light can be coupled into a liquid light guide.
A rectangular cross sectioned hollow light guide is high reflection coated on the inner
faces. Three high power Luminus Devices PT-121-B LEDs are placed around the light
guide with entry of light facilitated by dichroic coated glass windows transmissive to
light in the blue wavelength range and reflective to light in the green yellow wavelength
range. Sections of phosphor, created by mixing gallium aluminate (GAL) phosphor
powder from Intematix Co. with LS-21640 silicone encapsulant from Nusil to create a
suspension which is spun coated on the glass surface to provide an even coating and
heat cured to create a solid, are arranged opposite the LEDs. The phosphor powder
and silicone encapsulant were chosen due to their high thermal stability at 200 °C.
Light from the blue LEDs enters the light guide through the dichroic windows and
pumps the phosphor, the light generated from which is contained within the hollow
light guide by the high reflection coating, dichroic coated windows and even TIR. The
rectangular cross section of the light guide is designed to be the same dimensions as
the pump LEDs, which along with a Lambertian distribution maintains the etendue of
the LED.
Zemax CAD modelling of the concept suggested an output of up to 3720 lm of green
yellow light from the exit of the light guide relating to an optical efficiency of 89 lm/W.
Experimental investigation saw the coating of the phosphor as described and the light
guide built using a custom designed assembly jig. LEDs are mounted to individual
copper blocks with thermal compound interface material to help transfer heat
generated during operation. Peltier coolers are used to cool the copper blocks with
fan cooled heatsinks to transfer the heat produced by the peltier coolers.

The

temperature of each LED is monitored with onboard thermistors to ensure the LEDs
are operating within their specified temperature range.
With each component assembled and the LEDs aligned around the light guide, the
LED operating current is increased gradually, and the output of the light guide captured
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by the LCS-100 integrating sphere and measured. The output at the exit of the light
guide reached 748 lm at an operating current of 9.5 A for each LED, an optical
efficiency of 27.7 lm/W based on a combined optical output from the LEDs of 27 W at
this operating current. The output produced white light with a blue peak at 458 nm,
from the PT-121-B LED and a green yellow broadband spectrum from the phosphor
with a peak of 540 nm. The resulting CCT from the combined light output was
measured to be 1200 K.
Whilst the LEDs had a maximum operating current of 18 A, 9 A was found to be the
limit of the system, beyond which saturation was reached and the output decreased.
Two possible reasons for the 9 A LED operating current limit were identified, the LEDs
could be overheating due to less air flow when operated in the system, or the phosphor
could have overheated, resulting in thermal quenching. Characterisation of the LEDs
run individually and together in the system showed each LED operated within the
specified operating temperature range and so deemed not to be the cause of the limit.
It is therefore concluded the phosphor itself, is becoming heated to the point of thermal
quenching.
In addition to the phosphor becoming overheated, the efficiency of the system is
significantly less than that predicted by the Zemax model and can be accounted for by
several factors.

The Zemax model expects a perfect mechanical alignment between

the edges of the glass pieces resulting in little loss. In reality an ideal perfect alignment
was not possible, with some loss likely to have occurred between joints.
Improvements could be possible through precisely machined assembly jigs or a less
rigid material used for the substrate.
To overcome the overheating issue, a potential form of heat dissipation has been
designed. The design of the system allows additional cooling of the light guide and
therefore the phosphor coated within. The high reflective coated inner surface from
which light is reflected means any contact with the outside of the light guide would not
result in a loss of light from the system. Additional heat dissipation could therefore be
added in the form of a copper shroud, which in turn could be fixed to a water cooled
plate or other heat dissipation arrangements which would transfer the heat away from
the phosphor and keep it within the specified operating range. The operating current
of the pump LEDs could then be increased to provide an increased luminous output.
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The colour temperature of the light at the exit was measured to 1200 K rather than the
required 6500 K for D65, this could however be compensated for by varying the
amount phosphor coated within the light guide. Increasing the area covered with
phosphor would result in more blue light being converted that in the green-yellow
range, reducing the colour temperature.
Whilst the system did not perform as expected, the design is believed to have merit
and the investigation has been accepted by the industry and published in SPIE Optical
Engineering (Price, et al., 2021).

10.6 Summary
During the complete investigation several methods of generating white light by solidstate devices were investigated, considering LEDs and laser pumped phosphor and a
combination of both. Each method investigated proved to have merit, providing white
light from solid-state devices which provide the benefits over bulb technology of longer
lifetimes, lower power consumption and flexibility of colour adjustment as well as being
cheaper and friendlier to the environment.
The solid glass multiplexer developed by Cymtec provided efficient multiplexing of red,
green and blue LEDs provided individual colour adjustment and maintained etendue
once light entered the multiplexer and required thermal dissipation of just the LEDs.
Utilising just LED technology the concept is however limited by efficiency droop.
Powdered YAG:Ce phosphor provided an initial investigation into phosphor and
generated green – yellow light when pumping with a blue LED but proved to be
vulnerable to overheating and became damaged.

Ceramic and single crystal

phosphor variants proved to be much more resilient to heat and withstood being
pumped with a high-power laser to overcome efficiency droop experienced by LEDs.
Multiplexing with blue and red LEDs produced white light but was limited in this
investigation by coupling into the liquid light guide and required thermal dissipation of
the heat generated by absorption in the phosphor as well as that of the laser source.
Multi-pumping phosphor with multiple LEDs, maintaining etendue with a custom
optical design potentially overcomes the issue of efficiency droop but was found to
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have other limitations in leakage of light from the system and overheating.
Suggestions of ways to overcome these issues have been identified and suggested
as a way of progression in producing a more efficient system. The possibility therefore
suggests a solid-state light engine could be produced to replace lamp-based systems
for the application of endoscopy.
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