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LED-pumped Er:Cr:YSGG light sources
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Université Paris-Saclay, Institut d’Optique Graduate School, Centre National de la Recherche Scientifique,
Laboramire Charles Fabry, 91127, Palaiseau, France
“lisa.lopez @institutoptique.fr

Abstract: For, what we believe is, the first time, an Er:Cr:YSGG crystal is pumped by LEDs
through a Ce:YAG luminescent concentrator. We demonstrate both laser emission at 2.79 ym
and strong spontaneous emission at 1.6 pm. The luminescent concentrator delivers 1.5 ms
pulses at 10 Hz in the visible (550-650 nm) to the Er:Cr:YSGG crystal, in a transverse pumping
configuration. The Er:Cr:YSGG laser produces up to 6.8 mJ at 2.79 um in a biconcave cavity.
The Er:Cr:YSGG also stands out as a bright broadband incoherent source around 1.6 um with a
unique combination of peak power (351 mW) and brightness (1.4 W/sr/cm?).

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Er:Cr:YSGG (erbium, chromium doped yttrium scandium gallium garnet) is a well-known crystal
with laser emission at 2.79 um [1], useful for medical applications, in particular for dental surgery
to cut soft tissue, bone, enamel and dentin [2,3] or to increase the surface hardness of dentin [4].
The energy transfer between Cr and Er allows this crystal to be pumped with flashlamps emitting
mainly in the visible spectral band. While many papers report investigations of Er:Yb:YSGG
studies on various dental treatments, very few results are devoted to the development of this laser
[5,6]. Research is more focused on diode-pumping of Er:YSGG around 970 nm [7-9]. In fact,
diode-pumping offers a better efficiency and the possibility to work on a small spot at a high
repetition rate (kHz). In dentistry, this is suitable for the selective removal of calculus [10] or
caries [11]. Although the efficiency of flashlamp-pumped laser systems is very low compared to
diode-pumped systems, flashlamps can deliver a high amount of energy at low cost for hundreds
of microseconds, which could be advantageous for rapid cutting or ablation. This certainly
explains why flashlamp Er:Cr:YSGG lasers are still widely used despite the age of flashlamp
technology. The maturity of this technology is clearly an important advantage, but it is still
interesting to explore alternative innovative technologies for pumping Er:Cr:YSGG.

With the recent development of LED, new opportunities for laser pumping are emerging,
especially with near-infrared LEDs adapted for pumping Nd-doped lasers [12—-14]. Considering
the absorption spectrum of Er:Cr:YSGG (Fig. 1), blue LEDs seem to be more suitable than
near-infrared LEDs. Direct pumping with blue LEDs has been investigated in [15] with a
co-doped Ce:Nd:YAG and could also be a solution for pumping the Er:Cr:YSGG. However, in
this configuration, the number of LEDs is limited by the size of the laser crystal and the size
of the pumping chamber. In addition, the pump power density is less than 100 W/cm?, which
makes it difficult to reach the oscillation threshold. For these reasons, we prefer to implement
indirect LED pumping using a Ce:YAG luminescent concentrator pumped by blue LEDs [16].

This configuration allows a massive collection of LEDs and delivers a pump beam in the range
of 1-10kW/cm? in the yellow-orange spectral band. LED-pumped Ce:YAG concentrators have
been used as pumped sources for lasers such as Nd:YVOy [16], alexandrite [17], Ti:sapphire
[18], and Cr:LiSAF [19]. At the output of the Ce:YAG luminescent concentrator, the available
pump energy can reach 270 mJ for a pulse duration of 260 us at a repetition rate of 10Hz [17].
So far, such lasers LED-pumped by luminescent concentrators have been only investigated in the
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Fig. 1. a) Energy level diagram for the trivalent erbium ion. The *Ig /2 level is populated

by energy transfer from 4A; of the Cr3* jon. b) Emission spectra of Ce:YAG (orange) and
Er:Cr:YSGG absorption coefficient (green).

near infrared. We propose, for the first time, to extend this technology to longer wavelengths of
interest. In this paper, we investigate LED-pumping of Er:Cr: YSGG using a Ce:YAG luminescent
concentrator. The entire emission spectrum of Er:Cr:YSGG is studied : at 2.79 um we explore
laser operation by inserting the crystal into a two-mirror cavity. At 1 um and 1.6 um, we study
the broadband spontaneous emission emitted by the Er:Cr:YSGG crystal considered as a second
luminescent concentrator in a cascade configuration.

2. LED-pumped laser

2.1. Experimental setup

The crystal used in this study is an Er:Cr:YSGG (from Crylink) with dimensions of 3 x 1x14
mm? polished on all faces. Its concentration is 30 at.% for erbium ions (3.7 x 10> cm™3, Er** in
dodecahedral site) and 2 at.% for chromium ions (1.7 x 102°cm™3, Cr3* in octahedral site). The
Er** concentration is optimized for laser emission around 2.7 um. Indeed, laser operation at the
*111/2 — *113)» transition (Fig.1a) is limited by the self-terminating “bottleneck” effect since the
lifetime of the upper laser level is shorter than that of the lower level. However, this effect can be
mitigated by energy transfer upconversion occurring at the *1;3 /2 level. This effect is favored by
increasing the doping concentration of Er** (>30 at.%) [20].

As pump source, we chose a Ce:YAG luminescent concentrator pumped by blue LEDs. Fig.1b
shows the spectral overlap between the Ce: YAG emission and the Er:Cr:YSGG absorption, mainly
due to Cr’** ions. Under experimental conditions (Fig. 2), we measured an absorption of 57%.
with an integrating sphere. It is worth noting that it is much higher than the absorption of 1 mm
thick Er:Cr:YSGG. In fact, the light entering the Er:Cr:YSGG is Lambertian, so the average path
in the concentrator is much higher than the crystal thickness. In addition, since Ce:YAG and
Er:Cr:YSGG are bonded together (Fig. 2), 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
Er:Cr:YSGG.
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Fig. 2. Experimental setup of the Er:Cr:YSGG laser at 2.79 um pumped by blue LEDs via
a Ce:YAG luminescent concentrator. The total peak power of the blue LEDs and the peak
power of Ce:YAG launched in the Er:Cr:YSGG are indicated.

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 mm2. To
avoid strong thermal effects, the LEDs operate in a quasi-continuous wave at 10 Hz with a pulse
duration of 1.5 ms, close to the *I;; /2 lifetime of Er:Cr:YSGG (1.4 ms [1]). 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 to form a 1 x 14 x 300 mm? plate. Due to the refractive index difference between
the adhesive (n = 1.48) and the YAG (n = 1.82), the Fresnel losses at each interface are only 1%.
This 300-mm-long slab is chosen for space reasons between the mechanics of the pump head
and the mounts of the cavity mirrors. The large faces of the concentrator are pumped by the
LED panels (Fig. 2). The thickness of the concentrator (1 mm) is sufficient to absorb all the blue
light from the LEDs and to ensure good mechanical handling of the assembly. A metal mirror
is placed on one of the 1 x 14mm? edges to collect more energy. The other 1 x 14mm? edge is
considered the output side. When the LEDs are driven at 1A (10Hz 1.5 ms), we measure an
energy of 324 mJ resulting in an LED/concentrator efficiency of 11%. (Joule meter ref ES120C
from Thorlabs).

The Er:Cr:YSGG 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), the
internal total reflection angle in Ce:YAG is increased from 33° (in air) to 54° (in adhesive).
Therefore, the energy coupled in the adhesive and thus in the Er:Cr:YSGG is more important
than the output energy in air. Taking into account the Fresnel reflections at the various interfaces,
we estimate the energy coupled into the Er:Cr:YSGG to be 850 mJ. At a repetition rate of 10 Hz,
the average power absorbed reaches 4 W. The crystal is simply cooled with pulsed air.

The cavity consists of two concave mirrors: a gold mirror (reflectivity of 98.3%) and an output
coupler as output mirror (transmission of 4.1% at 2785 nm). The radius of curvature are 250 mm
and 100 mm, respectively. The cavity length is reduced to 24 mm to limit losses due to water
absorption in air which are significant at 2.79 um (typically Sm~' at 2.79 um corresponding to
losses of 10% on a round trip in the cavity).

2.2. Performance

Figure 3(a) shows the pump signal (Ce:YAG) and the laser signal. Since the lifetime of Ce:YAG
is 70 ns, the pump signal can be considered as a square on the 100 ps scale. The laser starts 40 ps
after power-on. It exhibits many spikes characteristic of a free-running laser with a gain medium
whose upper state lifetime is much longer than the laser cavity lifetime. The laser decays after the
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Fig. 3. a) Laser and pump temporal profile. Inset: laser spectrum b) Laser output energy
versus luminescent concentrator pumping energy.

end of pumping, in accordance with the long upper-state lifetime of the T /2 level(1.4 ms [1]).
The measured spectrum is centered at 2785 nm with a spectral width of 20 nm (inset Fig.3a). The
laser output energy is plotted as a function of the pump energy from the luminescent concentrator
in Fig.3b. A maximum laser energy of 6.8 mJ is obtained. The optical efficiency is then 0.8%
with respect to the optical energy launched in the Er:Cr:YSGG crystal. This efficiency is similar
to the one of a flash-pumped Er:Cr:YSGG laser [1]. Even without mirrors, we observe laser
oscillations on the output faces of the Er:Cr:YSGG that are not antireflection coated. Given the
refractive index of the crystal (n = 1.92), the small signal gain is then greater to 10 per single pass
at the maximum pump energy. In the cavity, the losses induced by the two mirrors are only 6%
per round trip and as the cavity is very small the water absorption is low. This explains why the
oscillation threshold in the two-mirror cavity is so low.
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Fig. 4. Beam quality measurement (M2) of the laser beam at 2785 nm at maximum pump
energy. Insert: spatial profile of the laser at the focus point.
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The measured beam profile (with the MIR camera WinCamD-IR-BB from DataRay) shows a
spatially multimode laser (Fig. 4 inset). Indeed, the transverse pumping configuration together
with a low absorption provides a gain volume much larger than the fundamental gaussian mode
of the cavity (103 X 267 um?). The output laser beam has a spatial quality factor M? of 6 in the
largest dimension of the output face and 3 in the other dimension, as shown in Fig. 4. In fact, the
small size (1 mm) in this dimension acts as an aperture filter.

3. Er:Cr:YSGG as a luminescent concentrator

By scanning the emission of our Er:Cr:YSGG crystal with a spectrometer, we observe a strong
fluorescence signal at 1 um and at 1.6 um, corresponding to the 1 2= s /2 transition and
to the *I;3 2= s /2 transition respectively. Since our crystal is polished on all faces, it is
convenient to use it as a luminescent concentrator, directing part of the spontaneous emission
to the output face (1 X 3 mm?). Therefore, we investigate the performance of Er:Cr:YSGG as a
luminescent concentrator for a very broadband incoherent light emission in the SWIR (short-wave
infrared usually between 0.9-1.7 um) spectral band.

3.1.  Experimental set up

The experimental setup of the LED-pumped luminescent concentrator is shown in Fig. 5. The
setup is the same as previously except for the concave mirrors that have been replaced. Close
to the back side, we put a plane mirror (mid-infrared enhanced gold mirror from Thorlabs) in
order to recycle the rays emitted in the backward direction. On the output side, a compound
parabolic concentrator (CPC #17-709 from Edmund) is glued (UV-curing) to improve the light
extraction and to reduce the numerical aperture of the output beam as reported in a similar setup
[21]. In our case, the numerical aperture is reduced to 0.6 and the output beam after the CPC has
a diameter of 5 mm.

Back face

Glue
Glue Upper face
_ Er:Cr:YSGG
- "L /
. [-l
1mm
‘\ ‘- — >
Gold 3 mm
mirror
R=98,3%

Side view Front view

Fig. 5. Experimental set-up of the LED pumped Er:Cr:YSGG luminescent concentrator.
CPC: compound parabolic concentrator

3.2. Results

At maximum pump energy, we still observe a parasitic laser effect at 2.79 pm between the output
face of the CPC and the back mirror, corresponding to an energy of 540 uJ (detected after a
germanium window suppressing the emission below 2 pm WG91050 from Thorlabs). This effect
prevents us from exploiting the fluorescence around 2.7 um. In addition, it reduces the population
of the upper level *1;; /2 and thus the efficiency of the 1 um emission. However, it contributes to
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the population of the *1;3 /2 level, in addition to other excitation pathways such as cross relaxation
between the ground state and the *Io /2 level [1].

We start the characterization of the concentrator by measuring the output signal with a fast
photodiode (PDAVIJS8 from Thorlabs). The emission at 1.6 um is selected with a bandpass filter
(FB1750-50 from Thorlabs). Figure 6 shows the temporal profile of this emission. The decreasing
part of the curve is compared to the fluorescence decay only considering the lifetime of *1;3 2
(5.1 ms [1]). Figure 6 shows a strong difference between the two characteristic times, which can
be related to the upconversion taking place at the *1;3 /2 level. This effect is indeed favored by the
high Er doping level and clearly made to promote the 2.79 um emission. However, its drawback
is that it significantly reduces the emission at 1.6 pm.

1,2

—Er:Cr:YSGG

__ Exponential decay with
t=5.1ms
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Pump
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e e
B o

e
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Fig. 6. Temporal shape of the emission at 1.6 um. In dash line, fluorescence decrease
assuming a single exponential decrease with a lifetime of 5.1 ms corresponding to the lifetime
of the 4113/2.

An output energy of 900 uJ at 1.6 um has been measured, using a pyroelectric energy sensor
(ES120C from Thorlabs) in combination with the bandpass filter (FB 1750-500 from Thorlabs).
This corresponds to an optical conversion efficiency of 0.1% for the Er:Cr:YSGG. To understand
this low value, we estimate the propagation losses in the crystal. This is done by comparing the
output power with and without the gold back mirror [22]. The loss coeflicient is measured to be
0.77cm™" at 1.6 um. These losses are related to the thermal population of the *1;5 /2 and the high
erbium doping level (30%). Thus, the low efficiency has two main causes: upconversion, which
reduces the excited state population, and reabsorption losses, which reduce the emission at 1.6
pm.

The temporal shape of the emission at 1.6 um gives a peak power of 351 mW after the CPC.
The output spectrum is measured (using NIRQuest from Ocean Insight) over the 0.9 ym to 2 um
band. The spectral luminance at the output of the CPC reaches 0.14 W/cm?/sr/nm at 1.640 um
and 0.06 W/cm?/sr/nm at 1.014 um (Fig. 7).

To demonstrate the relevance of this Er:Cr:YSGG source of spontaneous emission, it is
interesting to compare its performance with that of other sources emitting in the SWIR (Fig. 7).
While the emission at 1 um is not particularly relevant, the spectral luminance of the Er:Cr:
YSGG at 1.6 um is 50 times better than commercial LEDs and 15 times better than a black body
at 1500 K. The spectral luminance remains far below that of an Er-doped fiber ASE source.
However, its spectral-emission bandwidth -of 200 nm FWHM- is much wider. Therefore, the
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Fig. 7. State of the art of incoherent sources spectral luminance in the SWIR. Pxxx
corresponds to the average powers for continuous sources and to the peak power for
quasi-continuous sources.

Er:Cr:YSGG luminescent concentrator is a broadband SWIR source with a unique combination
of power and brightness that is interesting for lighting applications.

4. Conclusion

This work presents the first laser emission of an LED-pumped Er:Cr: YSGG at 2.79 um, producing
6.8 mJ pulses in free-running mode at 10 Hz. The output power can be further optimized by
choosing a suitable output coupler or a more reflective dielectric back mirror, by antireflection
coating of the crystal faces, and by designing a cavity with better overlap between the pump beam
and the laser beam. This new laser represents an original proof of concept that LED-pumping is
an interesting and promising technology for the development of SWIR laser sources, combining
energy (10-100 mlJ), repetition rate (100 Hz) and robustness thanks to the ultra-long lifetime of
the LED.

This work also demonstrates for the first time that Er:Cr:YSGG can be used as a spontaneous
emission source at 1.6 um with unique properties. Its performance already exceeds that of
classical incoherent SWIR sources such as LEDs and black bodies. In our experiment, the Er
doping level (30%) was optimized for laser emission at 2.79 pm, but not for emission at 1.6 ym.
A doping level of 5%, which is suitable for emission at 1.6 pum [20], could have greatly reduced
the upconversion losses and the reabsorption losses. Therefore, there is considerable room for
improvement for this new light source in the SWIR that could address applications such as night
vision surveillance, optical communications, remote sensing, and biomedical imaging [23,24].
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