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CTH:YAG : from laser medium to luminescent
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Palaiseau, France
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Abstract: This work presents what we believe is a new way to use a CTH:YAG crystal for
spontaneous emission instead of laser emission. The spontaneous emission is collected in
one main direction thanks to a luminescent concentrator configuration. The CTH:YAG is
indirectly LED-pumped by a Ce:YAG delivering 3.5 ms pulses at 10 Hz with an energy of 2 J
in the visible (550-650 nm). In a configuration optimized for light extraction, the CTH:YAG
luminescent concentrator provides a broadband emission between 1.8 um and 2.1 ym with a
unique combination of power (1 W) and brightness (21.2 W/cm?/sr) that could be useful for
short-wave infrared (SWIR) lighting applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cr,Tm,Ho:YAG (CTH:YAG) is an infrared laser medium known for many years [1,2]. Its emission
at 2.1 um is both in an atmospheric window and in the eye-safe region. This makes it attractive
for remote sensing applications such as airborne Lidar [3,4]. In addition, its emission wavelength
corresponds to a peak of water absorption, which is useful for medical applications. The ability
of CTH:YAG to cut and ablate tissues is further enhanced by its ability to be transmitted through
fused silica fibers. For example, CTH:YAG can be used for angioplasty, arthroscopy [5] or
laser-induced kidney stone destruction [6]. In CTH:YAG, Ho3* is responsible for laser emission
at 2.1 um, while Cr** and Tm?>* ions are used for pump absorption. Energy transfers from excited
chromium and thulium ions are used to bring holmium ions to the upper 515 level (Fig. 1(c)).
The emission spectrum of CTH:YAG is not limited to 2.1 um, but is broadband, between 1.7
pum and 2.15 um [2], due to a combination of thulium and holmium fluorescence. Its emission
covers much of the SWIR (Short Wavelength InfraRed) region, which is very useful for imaging
applications, machine vision, biomedical imaging, or security. Such applications are growing
with the advent of low-cost image sensors in the SWIR and require sources for illumination. To
our knowledge, this very broad spectral band of CTH:YAG has never been exploited.

The use of spontaneous emission is well known in the visible with “laser phosphors” [7,8]
using Ce doped crystals or ceramics pumped by blue laser diodes. In the near infrared, there
are only a few reports on Ti:sapphire using a single-crystal fiber [9] and a square waveguide
crystal [10], with output power limited to a few tens of mW in the near infrared. In the SWIR,
erbium-doped fibers [11] or thulium-doped fibers [12] are well known as amplified spontaneous
emission (ASE) sources. The output power can reach several hundred mW for a typical spectral
bandwidth of 100 nm (full width at half maximum). Higher output powers have been achieved,
but with reduced spectral bandwidth due to amplification by stimulated emission [13].

Apart fiber doped sources, spontaneous sources using SWIR “phosphors” are still under
development [14]. Bulk materials started recently to be used for spontaneous emission. An
Er:Yb:glass pumped by 64 LEDs at 940 nm emits a power of 980 mW with a brightness of
5 W/cm?/sr and a spectral bandwidth of 80 nm centered at 1550nm [15]. An Er:Cr:YSGG
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Fig. 1. a) Emission spectra of Ce:YAG concentrator (orange) and CTH:YAG absorption
coefficient (red). b) Ce:YAG concentrator pump pulse and CTH:YAG emission in the SWIR
pumped by the Ce:YAG. Comparison with an exponential decay of 8.5 ms corresponding
to the lifetime of CTH:YAG [2]. c) Optical energy transfer between Cr, Tm, and Ho
compositions of the CTH:YAG active medium. Cr and Tm absorb the flashlamp energy
(direct pumping). Photon energy is also transferred from Cr (2E level) to Tm with 90%
efficiency (indirect pumping).

indirectly LED-pumped by a Ce:YAG has produced a power of 350 mW with a brightness of 1.8
W/cm?/sr [16] with a broader spectral band of 200 nm centered at 1.6 um. Therefore compared
to the existing sources, the spontaneous emission CTH:YAG with a band of more than 300 nm
between 1.7 um and 2.15 um has an interesting potential to cover a large part of the SWIR band
with a single source.

In order to collect a maximum of spontaneous emission in one direction, we chose a luminescent
concentrator architecture. This configuration uses an optically pumped parallelepiped with
all its faces polished in order to trap and direct the spontaneous emission by total internal
reflections towards the output face. This geometry has been inspired by the luminescent solar
concentrators [17-20]. It has also been studied to generate new light sources in the visible with
Ce:YAG luminescent concentrators [21-23] and recently in the SWIR with Er:Yb:glass [15] and
Er:Cr:YSGG [16]. This paper report the use of a CTH: YAG as a luminescent concentrator for
the first time.

As a pump source, LEDs can be seen as an intermediate between flashlamps and laser diodes.
They are inexpensive and very robust, like flashlamps. They also benefit from the long lifetime
and stability of semiconductors. Recent advances in the lighting market make this pump source
very attractive. CTH: YAG has already been diode pumped at 780 nm due to the strong absorption
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band of Tm3* [2,24]. In most cases, CTH:YAG is pumped by flashlamps taking advantage of the
broad absorption of Cr3* in the visible [1,25,26].

According to the absorption spectrum of CTH:YAG (Fig. 1(a)), pumping by blue LED seems
to be possible due to the broad absorption of chromium ions. It could also be pumped by infrared
LED around 800 nm, which corresponds to the narrow absorption line of thulium ions. In order
to exploit the spontaneous emission of CTH:YAG, its spectroscopy must be taken into account.
In fact, the transitions *Hg in thulium and >Ig in holmium are thermally populated (Fig. 1(c)).
This results in a reabsorption loss coefficient of =10"" cm™! at 2.1 um for the classical doping
concentration (0.8 at. % for chromium, 6.0 at. % for thulium and 0.4 at. % for holmium) and
for a visible pumping with flashlamp [25]. Therefore, to be efficient, the average propagation
distance inside the CTH:YAG luminescent concentrator should be much smaller than é, namely
10cm. This means that the CTH: YAG dimensions should be in the order of a few centimeters.
With such a small size, a CTH: YAG luminescent concentrator could be directly pumped by a
few LEDs only. Since the power of a LED is in the order of one watt, the pump power would be
severely limited in the case of direct LED pumping.

To avoid this problem induced by the low irradiance of the LED, we propose to investigate
an indirect LED pumping by using a Ce:YAG luminescent concentrator as in [16]. In fact,
Ce:YAG emits in a broadband (550-650 nm) with a good spectral overlap with the absorption
of CTH:YAG (Fig. 1(a)). In addition, Ce:YAG luminescent concentrators pumped by blue
LEDs have demonstrated power up to the kW level on small surfaces (14 mm X 1 mm) in a
quasi-continuous wave regime [27]. Therefore, the architecture chosen for this investigation is a
cascade of luminescent concentrators: a LED-pumped Ce:YAG primary concentrator pumps
a CTH:YAG secondary concentrator. This configuration has already been studied for solar
harvesting [28].

After describing the experimental setup, the paper proposes original configurations of
luminescent concentrators for thermal management and for power extraction. Finally, it compares
the performance of the CTH:YAG luminescent concentrator with other incoherent sources
emitting in the SWIR.

2. Experimental setup

In this study, we use a 3 x 1 x 14 mm® CTH:YAG crystal polished on all faces. It is provided
by Electro-Optics Technology GmbH. Its concentration is holmium ions 0.36 at. %, chromium
ions 0.85 at. % and thulium ions 5.9 at. %. As pump source, we chose a Ce:YAG luminescent
concentrator pumped by blue LEDs. The Ce** concentration is 9.9.10'8 cm™ corresponding to
an average absorption coefficient of 18 cm™! over the LED emission spectrum. The blue LEDs
have an emission spectrum centered at 450 nm (LUXEON Z Royal Blue from Lumileds). At
a drive current of 1 A, each LED emits 900 mW over an area of 1 x 1 mm?. To avoid strong
thermal effects in the LED panels, the LEDs operate in a quasi-continuous wave regime at 10 Hz
with a pulse duration of 3.5 ms. This duration is limited by our electronic driver. Figure 1(b)
shows the SWIR emission of CTH:YAG recorded by a photodiode. We use 2240 LEDs arranged
in two panels of 1120 LEDs each with dimensions of 14 x 200 mm?. The concentrator consists
of three 1 x 14 x 100 mm?® Ce:YAG (from Crytur) polished on all sides and glued together by UV
curing adhesive (ref. VBB-1 from Vitralit) to form a 1 X 14 x 300 mm?> plate. This 300-mm-long
slab is chosen for space reasons between the mechanics of the pump head and the mounts of
the mirrors. The large faces of the concentrator are pumped by the LED panels (Fig. 2(a)). The
thickness of the Ce: YAG concentrator (1 mm) is sufficient to absorb all the blue light from the
LEDs and to ensure good mechanical handling of the assembly.

A dielectric mirror is placed on one of the 1 x 14mm? edges to collect more energy from the
opposite side, which is considered the output side. When the LEDs are driven at 1A (10 Hz
3.5 ms), we measure a peak power of 216 W and an energy of 756 mJ (Joule meter ref ES120C
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Fig. 2. a) LED-pumped CTH: YAG concentrator via a Ce:YAG luminescent concentrator.
b) Schematic diagram of the device for optically bonded crystal cooling on a CaF; plate.

from Thorlabs) at the output of the Ce:YAG in the air resulting in an optical/electrical efficiency
of 3.3%.

The CTH:YAG is bonded to the Ce:YAG at the center of its large area (14 X 3 mm?) with
UV-curing optical adhesive. Considering the refractive index of the adhesive (n=1.48), we
estimate that a peak power of Py, =566 W and an energy of 2 J are injected into the CTH: YAG.
Under these experimental conditions (Fig. 2(a)), we measured an absorption of Abs = 56% with
an integrating sphere. This low value can be attributed to the low doping concentration in
chromium ions. However, it is worth noting that it is much higher than the absorption of 1 mm
thick CTH:YAG placed in air. In fact, the light entering the CTH:YAG is Lambertian, so the
average path in the concentrator is much higher than the crystal thickness. In addition, since
Ce:YAG and CTH:YAG are bonded together (Fig. 2(a)), some of the light transmitted through
the Ce: YAG cannot escape into the air and is therefore trapped by total internal reflection on the
faces of the CTH:YAG. We have calculated that these trapped rays represent 63% of the light
coupled into the CTH:YAG and have a high probability of being absorbed into the CTH: YAG.

At full pump power and at 10 Hz, the average absorbed pump power reaches 11.2 W which
requires thermal management as discussed in the next section.

3. Thermal management by optical contact

We use a thermal camera to monitor the temperature of the CTH: YAG because the performance
of the CTH:YAG is highly sensitive to temperature [24]. With a simple pulsed air cooling on
the crystal, the temperature already reaches 160°C for a reduced pump pulse duration of 800 us
at 10Hz (average absorbed pump power of 2.6 W), with the risk of burning the adhesive. To
increase the average power, cooling with a heat sink is necessary. However, thermal contact is a
problem for a luminescent concentrator. As explained in [15], contact with a heat sink, even on a
small part of the surface, frustrates the total internal reflections and can decrease the efficiency
of the luminescent concentrator significantly (by 40% in the case of [15]). The following is
a solution for cooling without interfering with total internal reflection, thus maintaining light
confinement in the luminescent concentrator.

In order to understand how the light is confined in the CTH: YAG concentrator and to master the
frustration of total internal reflections, we propose a view in a planisphere [29], which represents
the escape cones on different surfaces of the structure (Fig. 3). An escape cone contains the rays
that are not trapped by total internal reflection at a given plane interface. Since the concentrator is
a parallelepiped, there are 6 faces and thus 6 escape cones. The size of the escape cone depends
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on the indices of the media at the interface: for an output in air (corresponding to the 4 disks in
Fig. 3), the apex angle of the cone is 33.7°. For an interface between CTH:YAG and adhesive
of n=1.48, the apex angle is 55.3° (the upper band in Fig. 3 is the representation of the escape
cone centred at $=90°, for the first largest face). For an interface between CTH:YAG and an
adhesive of n=1.34, the apex angle is 48° (the lower band in Fig. 3 is the representation of
the corresponding escape cone centred at 3=-90°, for the second largest face). Figure 3 shows
that the different cones do not intersect. This means that an output in air is not affected by the
frustration of total internal reflection induced by optical adhesive with a well-chosen refractive
index. Therefore, the idea here is to replace an uncontrolled mechanical interface used for cooling
with a well-controlled optical interface and to report the cooling to another interface in close
proximity. This is done by contacting a CaF, plate (dimension 1 x 20 x 100 mm?) with good
thermal conductivity (9.7 W/m/K) to the adhesive on the one side and to the mechanical cooler
on the other side via a thermal grease (Fig. 2(b)).

Angle 8

920°

Output CTH:YAG upper face (in glue n=1.48)

. Angle a
0 0° 90° 270° &

180°
CTH:YAG
[ Adhesive \j K‘/ K‘/ K/
Output CaF,
face

«

50° Output CTH:YAG lower face (in glue n=1.34)

Fig. 3. Representation of the escape cones of the concentrator in a planisphere. The green
disks correspond to CTH: YAG escape cones in air (33.7°)

Experimentally, we don’t see any difference in the output power with or without gluing the
CTH:YAG to the CaF, plate, as expected and explained with Fig. 3.

Figure 4 shows the temperature of the assembly for operation at 10 Hz, at full power and
maximum pulse duration (3.5 ms). Thanks to the CaF, cooling, the temperature rise of the
CTH:YAG is kept at an acceptable level of 110°C (Fig. 4(a)). One has to mention that the heating
of Ce:YAG by the LED pumping is very low, thanks to its excellent conversion efficiency from
the blue to the visible (88% [30]).

Despite the thermal management, the temperature remains high (> 100 °C) and may affect the
performance of the CTH: YAG concentrator. In order to investigate this point, we estimate the
loss coeflicient « inside the luminescent concentrator by measuring the output power emitted
from the output face with or without a gold mirror placed on the opposite face (see Fig. 2(a)).
The output pa) owers are denoted by P (without mirror) and P, (with a mirror). The ratio %
can be related to the loss coefficient ( [31]:

Py 1+Re™  ]—e 200 (] _T) W
P 1+(1-T)e o | —¢20kR(1-T)
with k = %, O7r is the apex angle of the escape cone in air (O7g = 33.7°), T is the

Fresnel transmission of the output interface taking all directions in the output escape cone and all
polarizations into account (T =0.91) and [ is the length of the concentrator (/=14 mm) and R is
the reflectivity of the gold mirror (R =97.5%).



Research Article Vol. 32, No. 8/8 Apr 2024 / Optics Express 14326 |
Optics EXPRESS A N \

b)
113
103 /\ -_ Red
Ce:YAG —» 03 Bhe
83
73

—»y

63

Température (°C)

53

CaF, i 43

CaF,

Heat sink
CTH:YAG

Aluminium 33
heat sink

23
] 20 40 60 80 100
Position (pixel)

Fig. 4. a) Thermal camera photo of CTH:YAG crystal at 3.5 ms. b) Longitudinal section
along the red line from the thermal camera photo.

We experimentally measure a ratio % = 1.5 with P=550 mW and P,,=850 mW, which leads
to a loss coefficient of @ =0.37cm™! (at maximum average pump power for a temperature
of 110°). This value is high compared to previous measurements (0.1 cm™! [25]) for similar
doping levels. We attributed this effect to the temperature since the lower levels of transitions in
thulium and holmium are thermally populated. This loss coefficient is very high compared to
other luminescent concentrators (for Ce:YAG @ < 10~2cm™! [32]). This imposes to keep the
propagation distance inside the CTH:YAG lower than 1/a.=2.7 cm. This justifies the dimensions
of this CTH:YAG luminescent concentrator.

The optical efficiency P[Tpmp is analysed experimentally and theoretically in the simplest case

ie. without a rear mirror. We measured a value PL =0.15%, which is quite low. To better
pump

understand this result, we use the formula giving the output power of the concentrator without
rear mirror [29].

P = WD Ty, 2 Abs =0 (1 )P ©)

All parameters are given and explained in Table 1 and are known except for the fluorescence
quantum yield n,. Since its value has not been found in the literature and is highly dependent
on the operating conditions of the CTH: YAG crystal, we decided to use it as a fitting parameter
to match calculation and measurement. We then find 7, = 17%. It is worth to note that this
parameter takes our pumping conditions in account.
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Table 1. CTH :YAG parameters

Parameters CTH :YAG (0.8 at. % chromium, Comments
6.0 at. % thulium et 0.4 at. % et
holmium)
Refractive index n=1.8 Given at 2 um
Pump wavelength (peak) Ap=580nm Mean wavelength of the Ce:YAG
Absorption (Abs) Abs =56% Measured with Ce :YAG spectrum
Emitted wavelength Aem=1927nm Mean wavelength of the CTH:YAG
Propagation losses a=037cm™!
Thickness t=1mm
Width w=3mm
Length =14 mm
Fresnel transmission T =091 Averaged over the two polarizations
Solid angle of exit cone in air Quir = 1.06 sr Q =27(1 = cosOriR)
Adhesive index Ngjye =1.48 Value specified by the manufacturer Vitralit
CPC index Nepe =1.52 Made of Schott B 270 glass
Solid angle of exit cone in the CPC Qcpc =2.71 sr Q =27(1 = cosOriR)

4. Light extraction

Figure 3 shows that only a small part of the spontaneous emission can be collected at the output:
typically equal to 8% for the escape cone in air (without propagation losses). With a mirror on
the opposite side, the fraction can be increased to 16% (without propagation losses). To improve
the performance of the CTH:YAG, a Compound Parabolic Concentrator (CPC#17-709 from
Edmund Optics, diameter; = 5.39 mm with an acceptance angle of 45° and diameter,= 2.5 mm)
is bonded to the output surface (Fig. 6(a)) in a reverse orientation, as in [33]. Figure 5 shows
that the adhesive (refractive index n = 1.48) between the CPC and the CTH:YAG allows a larger
escape cone (apex angle 55.3°) than an escape cone in air (apex angle 33.7°). Because the CPC
reduces the angle of the off-axis rays, the rays can escape through the output surface of the CPC.
The CPC has been chosen such that its maximum etendue E,,,« is larger than the beam etendue E
extracted from the CTH:YAG through the glue. The latter is E = n.nzlueAin, where Aj, is the
input area of the CPC (2.5 mm diameter). At the output of the CPC, the maximum etendue is
¢ Emax = M.Aqusin®a, where Aoy is the output area of the CPC (5.39 mm diameter) and « its

acceptance angle (45°). Here, the ratio -— E = ;Zj‘# has a value of 0.94 showing that the
CPC does not limit the extraction of rays commg from the CTH:YAG.

Considering the Fresnel losses at the various interfaces and the transmission of the CPC in
the SWIR band, and the imperfect overlap between the CPC surface (2.5 mm diameter) and the
output surface (1 x 3mm?), we expect an improvement factor of 2.19 in output power. The data
used for the theoretical values are given in the Table 1.

However, one must also take into account the rays that could leak in the Ce:YAG (area 1,
Fig. 5) and the rays that could leak in the CaF; (area 2, Fig. 5). It is possible to show that the rays
in area 1 are in total internal reflections on the Ce:YAG surfaces except for the surface glued
to the CTH: YAG. Consequently, these rays should return to the CTH:YAG. This was validated
experimentally by measuring the losses using the method described in section 3 (Eq. (1)). We
found exactly the same loss coefficient with or without gluing the Ce:YAG to the CTH:YAG
concentrator. The rays coupled in the CaF, (area 2) are lost due to the thermal grease, which

frustrates total internal reflections in the CaF,. By measuring the overlap between the cones,
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Fig. 5. Representation of the escape cones of the concentrator in a planisphere. The green
cones correspond to CTH:YAG escape cones in air (33.7°) The escape cone of the CPC is in
purple. The hatched area 1 corresponds to rays exiting the CTH: YAG through the upper face
towards the Ce:YAG. The hatched area 2 corresponds to rays exiting the CTH: YAG through
the lower face towards the CaF,.
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Fig. 6. Experimental set-up of the LED pumped CTH:YAG. View of the lower face
3 x 14mm?2. a) Straight configuration with glued CPC and a mirror at the back. b) Edge
configuration with glued CPC and mirrors on the sides.

as shown in [29], we find a loss of 6% induced by this contact, which reduces the theoretical
improvement by the CPC by a factor of 2.06 instead of 2.19.

Experimentally, the energy is measured with the Joulemeter and the temporal shape of the
signal is used to trace the peak power (Fig 1(c)). A peak output power of 1.04 W is obtained with
the CPC instead of 550 mW without (experiments done without the recycling gold mirror on
the opposite face), giving an improvement factor of 1.9. The difference from the experimental
value is partially due to the imperfect position of the CPC or an imperfect orientation of the CPC,
which could increase the area 2.

In the configuration shown in Fig. 6(a), we measure a peak power of 1.28 W and an output beam
diameter of 4 mm and a divergence of 80° (full width at half maximum). These characteristics are
confirmed by LightTools simulations. This results in a peak luminance of 7.85 W/sr/cm?, which
is already higher than that obtained in an Er:Yb luminescent concentrator (5.4 W/sr/cm?) [15].

To further improve the performance, we polish an edge of 1 x 1 mm? at 45° from the side
faces (Fig. 6(b)), which acts as a new output face. It has its own escape cone, which is different
from the other faces. This cone is imaged on the other sides faces in 3 multiple images that are
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superimposed. In this way it is possible to collect 4 cones instead of 2 with a mirror at the back,
as shown in Fig. 7. This configuration is called an “edge configuration” because we have added
a new edge face to the structure. The 45° angle is the one that minimizes the overlap with the exit
cones of the side faces.

4 cones
a) b) /‘\‘ f
[ ] 2 cones

7

Y 7

Fig. 7. Schematic diagram of cone collection for a) a conventional concentrator with two
images of the output cone and b) an edge face concentrator with four images of the exit cone.

The same CPC as above is bonded to the additional surface as shown in Fig. 6(b). On the
planisphere (Fig. 8) this corresponds to a new exit cone at 45° to the exit cones of the lateral faces
(represented by the four disks). Experimentally, we found a peak output power of 700 mW in
this configuration. This performance is lower than that of the Fig. 6(a) configuration for several
reasons. First, Fig. 8 shows a strong overlap between the output cone and these escape cones.
The calculation shows that it reaches 51%. In addition, the rays in this configuration travel a
longer average distance that can be calculated [29]:

Legge = (222~ 1) V21 3)

where f is the length of the edge face, here 1 mm.

Angle B

90°

Output CTH:YAG upper face (in glue n=1.48)

CTH:YAG

Angle a

l Extraction

v

-90° Output CTH:YAG lower face (in glue n=1.34)

Fig. 8. Representation of the escape cones of the concentrator in a planisphere. The green
cones correspond to CTH:YAG escape cones in air (33.7°) The escape cone of the CPC
bonded to the edge face is in purple. The hatched areas corresponds to rays exiting the
CTH:YAG through other faces.

In our case Legge = 3.6 cm that is larger than 1/0.. This leads to propagation losses of 45%.
To recover the power lost on the escape cones of the lateral surfaces, we add gold mirrors to all
the lateral surfaces. The power increases to 995 mW. This value is a little bit lower than expected
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from the overlapping of the cones. Theoretically, an improvement factor of 1.46 is found close to
the experimental value of 1.42. This can be explained by the imperfect recycling of the mirrors
and also by the propagation losses in the CTH:YAG. Using LightTools we estimated that the
output beam has a diameter of 2.8 mm and a divergence of 68° (full width at half maximum)
corresponding to the reduced output area (1 mm?) compared to the previous configuration
(Fig. 6(a)). The divergence was confirmed experimentally by scanning the different angles with a
photodiode. In summary, this edge-cut configuration demonstrated a peak luminance of 21.2
W/cm?/sr. The luminance is strongly improved compared to the previous configuration. This is
due to the light confinement in the three dimensions of space and to light recycling [32].

5. Discussion

Table 2 summarizes the performance achieved in the different configurations tested. It shows that
the light extracted from the CTH: YAG is far from the ideal case (ie 8% in configuration A and
16% in configuration B) because of the high losses in our material. It also shows the interest to
use a CPC for light extraction and an additional edge face for brightness enhancement. In all
configurations, the peak output power remains directly proportional to the peak pump power,
demonstrating that there is no sign of amplified spontaneous emission.

Table 2. Overview of the different configurations and their experimental performance.
The percentage of light extraction from the CTH :YAG corresponds to the percentage of
rays emitted by the CTH :YAG that are successfully extracted.

Configuration Percentage of Luminance Peak power
CTH:YAG light | (W/cm?/sr) (mW)
extraction

5.9% 5.36 550

9.7% 8.86 835

. I . 55 50

D 10.7% 21.2 995

The performance of our CTH:YAG luminescent concentrator in configuration D can be
compared with other sources. Table 3 compares this work with previously developed SWIR
luminescent concentrators (Er:Yb:glass and Er:Cr:YSGG). It can be seen that our CTH: YAG
concentrator achieves the best performance in terms of power and luminance.

Next, the performance of the CTH: YAG is compared to other SWIR emitting sources in terms
of spectral luminance and power (Fig. 9). The spectral luminance of the CTH:YAG is two orders
of magnitude better than commercial LEDs and then a black body at 1500 K. It remains far below
that of the Er-doped and Tm-doped fiber ASE sources. However, its peak power is 20 times
higher, and its emission band is much wider (300 nm FWHM).

The efficiency (ratio of the peak output power over the peak pump) of CTH:YAG as a
luminescent concentrator is 0.17%. This very low value must be compared with the efficiency of
the CTH:YAG laser under flashlamp pumping, which is typically about 1% [25].

As a first explanation, Fig. 1(b) shows that the real lifetime of the Ho* ions is well below
8.5 ms [2] at full pump power. The decay rate is five times higher than the fluorescence decay rate
related to the lifetime of CTH: YAG. This can be partly explained by a strong energy up-conversion
transfer involving both thulium and holmium: for Tm3* it is related to the conversion of two
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Table 3. Comparison of CTH:YAG performance with other SWIR luminescent
concentrators (peak emission wavelength is given in the first column)

Crystal Power Luminance Configuration

Er:Yb:glass [15] (1.55 pm) 850 mW 5 W/cm?/st I D

Er:Cr:YSGG [16] (1.6 um) 350 mW 2 W/em?/sr ‘

CTH:YAG [this work] (2 um) | 995mW | 21 W/em?/st

1E+05

1E+04 \,
/ \ ASE source?

ASE source \ Py =50 mW

1E+03 \
Pow=325mwW |

= =
m m
s &
= ~

CTH:YAG
1E-01 Laser-enhanced plasma’ Pacw =995 mW

Pow = 450 mW

Black body® T=1500K

Spectral Luminance (W/sr/cm?¥/nm)
m
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~N

Pow= 141 W
R e — S—
o P LES;" W == | EDs® LEDs 6 LEDs’
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1604 « Pew=2 mW Poow=6mW  Pay=10mwW
1E-05
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Fig. 9. State of the art of incoherent sources spectral luminance in the SWIR. P corresponds
to the average power for continuous sources and to the peak power for quasi-continuous
sources. The CTH:YAG experimental setup corresponds to the configuration D.

Tm3* in 3F4 to one H4 Tm3* and one ground state Tm3* (*Hg). In addition, the 3F4; Tm3* and
3T; Ho** pair is being converted to a Tm>* ground state and a >Is Ho>*. These effects play a
key role in the low value of 7, [2]. This is also confirmed by the strong heating of the crystal,
related with strong non radiative transitions. In contrast to laser operation, the efficiency of
the luminescent concentrator is directly proportional to the population of the upper state level.
Therefore, it is more sensitive than a CTH:YAG laser to the effects that limit the upper-state
population.

Although this laser crystal is certainly not optimized for a luminescence concentrator, we
show that it is manageable by appropriate thermal management, good choice of dimensions and
optimization of extraction.

For further optimization, one must deal with two limitations revealed in this work. The first
one comes from the upper level population, which is limited by up-conversion effects associated
with strong non-radiative transitions and hence strong heating. From Fig. 1(b) we can deduce
that the up-conversion rate is five times the spontaneous emission rate. The up-conversion can be
limited by reducing the pump power density with a larger Ce:YAG (3 mm instead of 1 mm) and
thus decreasing the population density of the upper state level. In addition, a lower concentration
of Tm and Ho could also reduce the up-conversion parameter. The second limitation comes from
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the losses induced by the thermally populated lower levels of the transitions, also a consequence
of the temperature rise. Lowering the temperature through better cooling (sapphire instead
of CaF,, thermo-electric cooler instead of air cooling) could limit the reabsorption losses. In
addition, a lower doping concentration in Tm and Ho could also help to reduce the reabsorption
losses. The potential here is to double the output power of the edge configuration. Therefore, an
optimized CTH:YAG could improve the performance by an order of magnitude.

In conclusion, this paper shows that a laser material like CTH: YAG can be efficiently redirected
as a luminescent concentrator. It shows original solutions for thermal management and luminance
enhancement associated with power extraction. It offers a unique combination of power (1 W)
and brightness (21.2 W/cm?/sr) that is the highest of any luminescent concentrator in the SWIR.
In addition, the indirect LED pumping by Ce:YAG provides high peak power and high luminance
with all the advantages of semiconductors (lifetime and stability) and flashlamps (robustness and
low cost). This kind of pumping could be a major key for robust, reliable SWIR sources for
lighting applications.
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