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Numerical study of LED-pumped Nd:KGW laser
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In this study, we conducted a numerical analysis of LED-pumped solid-state lasers. We developed
a simulation model for LED-pumped Nd:KGW and Nd:YAG lasers, incorporating a “five-way”
pumping module. The spectral and laser characteristics of Nd:KGW were analyzed. Our results
indicate that Nd:KGW crystals may be more suitable for LED pumping compared to the widely
used Nd:YAG, as evidenced by their comparative performance. LED pumped Nd:KGW laser
showed higher slope efficiency. We provide estimates for the laser output and absorption distribu-
tion. The study explores the influence of Nd concentration levels within Nd:KGW on laser outputs
when employing LED pumping, while also addressing thermal considerations in Nd:KGW rods.

Keywords: LEDs, LED-pumped lasers, Nd:KGW, Nd:YAG.

1. Introduction

Light-emitting diodes (LEDs) are promising light sources. The first LED-pumped laser
system was demonstrated in 1964 using a Dy:CaF, crystal [1]. In the 1970s, LEDs were
used as pumping sources for several laser crystals [2-6]. However, the concept of
LED pumping encountered stagnation, partly due to the advent of high-efficiency laser
diodes with more appealing characteristics. Recently, the rapid development of
LED lighting has renewed interest in LED pumping. Nowadays, LEDs are considered
promising pumping sources due to their high electrical-to-optical efficiency, low cost,
compact design, and long operating lifetimes. LEDs are less sensitive to electrostatic
discharges and have a longer lifetime, making them competitive with laser diodes.
However, despite improvements in LED performance since the 1970s, LED-pumped
lasers are still in the early stages of development due to several issues such as low over-
all power-to-power efficiency, technical issues, complexities in pumping schemes, and
fundamental issues related to the spectral properties of the gain materials.

To date, various LED-pumped laser media have been reported, including poly-
mers [7], fibers [8], semiconductors [9], and several dielectric laser crystals [10-18],
mainly with YAG matrix [12-14, 17-18]. However, many other solid-state media that
could be suitable for LED pumping have not been investigated yet, such as different
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ion-doped matrices. Restrictions such as the requirement for active ions in matrices
with an absorption band in the visible range of the spectrum, as well as difficulties re-
lated to spectral overlapping and accounting for optical parameters (emission cross-sec-
tion, lifetime, concentration of active ions, absorption coefficient, etc.), may pose
obstacles to the progress of LED-pumped solid-state lasers. In this vein, crystals doped
with neodymium have the most optimal parameters in the near-infrared range of the
spectrum.

The availability of many suitable matrices (YAG, YLF, YVO,, efc.) for neodymium
ions creates more opportunities for LED pumping. In the case of neodymium, its pos-
sibilities with other potential matrices for LED pumping have not yet been fully stud-
ied. One such prospective matrix for neodymium is KGW, due to its high emission
cross-section compared with other widely used and studied LED-pumping Nd**-doped
laser crystals such as Nd:YAG and Nd:YVO,. According to [19], flashlamp-pumped
Nd:KGW lasers are more than twice as efficient as the corresponding Nd:YAG lasers
and can compete with them under diode-pumped conditions [20]. An experimental
study on Nd:KGW lasers pumped by LEDs has also been reported [21]. This study,
which came to our attention during the later stages of manuscript preparation, found that
the energy conversion efficiency of Nd:KGW was higher than that of Nd:YAG due to
increased spectral overlap between LEDs and Nd:KGW.

The aim of the present study is to evaluate the performance of LED-pumped
Nd:KGW lasers in comparison to Nd: YAG lasers using numerical simulations. While
our study overlaps with previous research on Nd:KGW, we investigated the Nd:KGW
crystal for LED pumping under different and new schematic conditions. Therefore, it
provides additional insights and contributes to the existing literature. In this compar-
ative study, to ensure identical pumping conditions for Nd:KGW and Nd:YAG lasers,
a “five-way module,” similar to the one experimentally used in a recent study on
LED-pumped lasers, where the active medium was an Nd:YAG crystal, was used as
a reference [18].

2. Laser characteristics of Nd:KGW crystal

A neodymium-doped potassium gadolinium tungstate crystal (Nd:KGW) is a prospec-
tive active medium for solid-state laser systems in the infrared region due to its wider
absorption bandwidth at 808 nm and higher stimulated emission cross-section. The la-
ser emission in an Nd-doped host crystal occurs at the *F;,,—*1;;, transition [22].
Nd:YAG and Nd:YLF laser systems are commercially available and have been intro-
duced into various applications in science and technology due to their convenient ther-
mal, physical, and spectroscopic properties. However, the absorption peak in Nd-doped
YAG and YLF is narrow around 808 nm due to their internal crystal structures. Because
of the mismatched sizes of the active Nd** ions replacing the Y>* ions in YAG and
YLF host crystals, the concentration of active ions cannot be enhanced in these matri-
ces. The ionic radius of gadolinium (Gd) is slightly larger than that of yttrium (Y) [23].
This difference in ionic radii allows for a higher concentration of neodymium (Nd) ions
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Fig. 1. Absorption spectra of Nd:KGW and Nd:YAG with emission spectrum of NIR LED.

in the Nd:KGW crystal, and the higher concentration of Nd ions ensures a significantly
higher absorption peak (Fig. 1).

However, increasing the concentration of Nd ions shortens the fluorescence lifetime
of the laser level, which can lead to a drop in the efficiency of the laser system [19].
While pump absorption increases linearly with Nd concentration, the radiative lifetime
of the lasing transition decreases. Based on the data presented in Table 1, we can see
that Nd:KGW could be a better alternative for developing compact and efficient
LED-pumped lasers than Nd: YAG.

According to the conclusions of an experimental study [20], there are a few draw-
backs associated with KGW as a host crystal for Nd ions. One drawback is that the
thermal conductivity of KGW is much lower than that of YAG (12—14 W/mK). The ther-
mal conductivity of KGW is 2.6-3.8 W/mK. This might lead to heat-load problems in

Table 1. Laser parameters of Nd:YAG and Nd:KGW [20].

Parameters Nd:YAG Nd:KGW
Nd dopant concentration 1 at.% 3 at.%
Fluorescence lifetime 230 pus 130 pus
Stimulated emission cross-section 3.5 x 107" ecm? 3.7 x 107" em?
Emission wavelength 1064 nm 1067 nm
Refractive index 1.8 n,=1.978
n,=2.014
n, =2.049
Active ion concentration 1.38 x 102 cm 3 1.91 x 102 ecm 3
Quantum yield 0.9-0.95 0.757 [24]
Thermal conductivity 12-14 W/mK K,=2.6 WmK
Ky =3.8 W/mK

K,=3.4 W/mK
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the lasing material [25], which can impact the overall efficiency of LED-pumped laser
systems.

3. Simulation model

We used the Monte Carlo photon tracing method because of its flexibility and reliability
in taking into account specific LED characteristics such as complex radiation patterns
and spectral parameters, which require precise control. Photon tracing can be perceived
as a modified ray tracing method that uses Monte Carlo techniques to control random
processes. Our previous studies have demonstrated the versatility of photon tracing for
modeling solar lasers [26-29]. For more details about Monte Carlo photon tracing, we
suggest the following reference [30].

We developed a simulation model based on an experimental study in which a five
-way pumping module was used to pump an Nd:YAG rod (5 mm in diameter, 110 mm in
length). This construction, with a total of 80 LEDs, was designed with an intention of
achieving uniform pumping and obtain a high-quality beam. The crystal was installed
in the middle of a glass tube (with a refractive index of 1.5), and water (with a refractive
index of 1.33) was used to cool the laser crystal (Fig. 2). Additionally, a reflectance
with a coefficient of 0.9 for the cavity walls was introduced into the model. In Fig. 2(b),
to ensure consistency with the laws of reflection and refraction at the boundary of two
media, the normal for each photon passage is indicated.

It should be noted that according to the established algorithm, each photon emitted
by the LED has only one chance of absorption, and each photon can reach the laser
medium only if it undergoes refraction at the air—glass and glass—water boundaries. In
cases where a photon is reflected at these boundaries, it automatically leaves the tracing
system, as the chance of absorption for such photons is too small. Likewise, there is
no accounting for photons passing through the water—glass interface after interacting
with (but not being absorbed by) the active medium.

In the present model, the initial coordinates (x, y, z) are generated uniformly across
the emitting surface of the LED, taking into account its geometric dimensions. The di-
rection cosine components a, = sinf cos ¢, a, = sinfsing, a, = cos 0 are initialized ac-

(b)

LED arrays glass tube
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Fig. 2. General (a) and cross-sectional (b) views of the modeled pumping chamber with parameter spec-
ifications (c).
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Fig. 3. Emission pattern of LUMINUS SST-10-IRD-B90H-S810: (a) from datasheet; (b) sampled § with
10° photons statistics using Monte-Carlo technique; (c) 3D propagation model.

cording to the radiation pattern of the commercial LED (LUMINUS SST-10-IRD
-B90H-S810). Specifically, the azimuthal angle is determined as ¢ = 2n ¢, where is
a random variable uniformly distributed in the interval [0, 1]. The elevation angle is
sampled from the radiation pattern provided in the datasheet (Fig. 3(a)). Figure 3(b)
illustrates the emission spectrum generated via Monte Carlo simulation with a statistics
of 10° photons.

The wavelength of emitted photons is sampled from the spectrum given in Fig. 1
and their respective absorption length. Absorption of a photon by the medium is one
of the key features directly influencing the pumping process. It is known that not all
propagated photons within the medium might be absorbed. The probability of photon
annihilation (absorption) is linked to the absorption spectrum of the active medium.
In the Monte Carlo photon tracing method, this process is governed by the inverse dis-
tribution and the Beer—Lambert law / = —In¢/y, where / is the absorption length, ¢ is
a random number, and # is the absorption coefficient for the given wavelength. In this
case, the absorption length, which is the distance the photon travels until it is absorbed,
is limited by the length of the active medium. After the photon annihilation in the me-
dium, the absorbed energy can contribute to raising the temperature of the medium or
be sufficient to “creation” a new photon with a new wavelength from the emission spec-
trum of the active medium. The absorption point of the old photon is used as the co-
ordinates for initiating the newly generated photon.

In the simulation model, we entered a distance of 4.5 mm between the laser rod
surface and the LEDs luminescence center, a coolant tube outer diameter of 9 mm, and
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a thickness of 1 mm. (Fig. 2(c)). Regarding the choice of 4.5 mm, we explored dis-
tances ranging from 3.7 mm (where the LED lens touches the coolant tube) to 6 mm.
As this distance increases, the efficiency of pumping and absorption decreases. The de-
veloped simulation model showed consistent and realistic behavior. The model can be
valuable for comparing the output characteristics of laser systems based on Nd:KGW
and Nd:YAG under identical pumping conditions. Full validation of the model is not pro-
vided here, primarily because the applicability of the Monte Carlo photon tracing method
has been repeatedly demonstrated and validated through experimental studies [26-30].
Furthermore, the current work is considered a comparative study.

4. Results and discussions

The main goal of the developed simulation model was to evaluate the potential of
Nd:KGW as an active medium for LED pumping compared to the widely used
Nd:YAG medium. Based on initial data derived from the simulation model, we ob-
served that the absorption efficiency of Nd:KGW significantly surpassed that of
Nd:YAG. The absorption distributions and relative color bar shown in Fig. 4 illustrate
the pumping efficiencies, uniformity, and heterogeneity of the absorbed power distri-
bution. These factors play a crucial role in influencing laser beam quality. The distri-
bution was computed with statistics from 10 million photons emitted by each LED,
and the values in the color panel correspond to the number of absorbed photons in each

Nd:KGW
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Fig. 4. Absorption distribution.
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volumetric cell (the laser crystal is divided into 50x50%200 cells along the x, y, and
z axes). In subsequent evaluations of laser performance, this absorption distribution
will be normalized.

This outcome was anticipated due to the higher concentration of active neodymium
ions and the greater spectral overlap in the KGW matrix. The absorption efficiency
estimated from simulations demonstrates the superiority of Nd:KGW (66.2%) over
Nd:YAG (37.1%) in terms of absorbed photon percentage (3% and 1%, respectively).

We initially assessed the influence of Nd concentration levels within Nd:KGW on
laser properties. This interest was triggered by previous studies [19, 32-34], which
highlighted significant performance variations associated with different concentration
levels. While studies on Nd:KGW crystals with concentrations ranging from 1% to
10% exist, comprehensive information regarding laser rods was absent, making it chal-
lenging to model all variations. Therefore, we focused on two specific Nd:KGW laser
rods with doping concentrations of 3% and 5%. We incorporated the spectral and phys-
ical attributes of these Nd:KGW rods into the model, allowing us to calculate both
pumping efficiencies and their corresponding distributions. Key parameters and model
specifications are listed in Table 2 for comparative analysis.

Table 2. Laser parameters of Nd:KGW depending on concentration of active ions.

Nd dopant concentration 3 at.% 5 at.%

Active ion concentration 1.9x10%° cm™ [20] 3.2x10% cm™ [35]
Fluorescence lifetime 130 ps [20] 120 ps [36]

Stimulated emission cross-section ~ 3.7x 107" cm? [20] 3.3x107'% cm? [36]

Quantum yield 0.757 [24]

Pumping efficiency 0.66 (estimated by the model)  0.71 (estimated by the model)

Since absorption distributions are not uniform, we had to use space dependent rate
equations [28, 29]:

o = o[ [t DA 0

2

Niviie (1+f)+Vi(pcorlul?)
Here, the output power is then defined as P, = ko, where k= hvy,c/2L, is the
proportionality coefficient (y, is an output mirror transmission, L. — the cavity length,
h — Plank constant, v — laser frequency, ¢ — speed of the light), which depends on res-
onator parameters (length of cavity =150 mm, output coupler = 95%, internal
losses = 0.002 cm™"). In our calculations, we used the parameters of Nd*" doped ma-
trices listed in Table 1 and Table 2. The obtained results are plotted in Fig. 5.

The performance of the 5% Nd:KGW stands out as superior to the other two var-
iants, albeit it closely resembles the performance of the 3% Nd:KGW. Henceforth, our
focus in the remainder of this study is the comparative analysis between 3% Nd:KGW
and 1% Nd:YAG (Fig. 6).
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Fig. 6. Input—output power relationship (Nd:KGW vs. Nd:YAG).

Due to its superior absorption efficiency, Nd:KGW outperforms Nd:YAG, exhib-
iting higher slope efficiencies (17.9% and 12.1%, respectively). As anticipated from
the properties of Nd:KGW, namely shorter fluorescence lifetime and lower quantum
yield, it demonstrates a higher threshold power; however, this value remains relatively
close to that of Nd:YAG. As an initial conclusion, the attainment of a high-power
LED-pumped laser using Nd:KGW appears feasible.

4.1. Influence of thermal load on LED pumped Nd:KGW laser performance

Several studies [19-20,37-39] highlight the suboptimal thermal properties of Nd:KGW
for laser operations as a primary limitation. For instance, the study referenced in [20]
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reports that under pump powers reaching 6 W, laser rods with Nd doping concentra-
tions of 4% and 8% experience fractures primarily due to differences in thermal ex-
pansion along orthogonal refractive index axes. As mentioned earlier, the results in
Figs. 5 and 6, simulated under “optimal” cooling conditions, demonstrate the superior
performance of Nd:KGW compared to Nd: YAG, especially within the achievable op-
tical power range of up to 300 W, which is easily feasible with today’s LED capa-
bilities in the quasi-continuous wave (QCW) regime. According to LED specifications,
LEDs can generate up to 2 W in continuous wave (CW) mode, totaling up to 160 W.
Previous experimental studies [12,18] on LED-pumped lasers have shown that
LED power can be significantly scaled up in quasi-CW regimes. However, this raises
an important question: Does the consideration of thermal loading significantly modify
these outcomes? To explore this, our initial step involved computing the temperature
distribution of the laser rods at varying pumping powers, while taking into account the
corresponding physical properties of the rods. This computation is performed using
the heat equation and parameters estimated by our model. Within the developed model,
we have calculated the portion of pumping power that contributes to heating the me-
dium using the following expression:

Moot = z he __hc /Z ilhc @)

i i
i A absorbed A laser i absorbed

So, the estimated heat contributing coefficients are 7ho,' *% = 0.1267 and n}ii}KGW =

heat
= 0.3174. These values are expected, primarily due to differences in spectral overlap
between the pump and absorption spectra of the two rods. Concerning thermal conduc-
tivity, we chose the worst-case scenario, opting for the minimum value of 2.6 W/Km
from the three options listed in Table 1. Additionally, we considered other crucial pa-
rameters: coolant flow rate (150 cm?/s), heat transfer coefficient (h = 0.75 W/ecm?K),
and the initial fluid temperature entering the cavity (7, = 20°C). The temperature dis-
tributions calculated for Nd:YAG and Nd:KGW at varying pumping powers are illus-
trated in Fig. 7.

Nd:YAG exhibits minimal heating at both 300 and 600 W, maintaining a temper-
ature difference between the crystal’s center and edge below 5 degrees. In contrast,
Nd:KGW displays a notable divergence, showing a temperature rise of 90 degrees at
the higher power of 600 W, accompanied by a temperature gradient (difference be-
tween center and edge) of approximately 30 degrees. Employing a faster coolant flow
rate could potentially alleviate this gradient, especially considering a side-pumping
scheme similar to the one used in our model.

In this case, how can one interpret the earlier observed significant thermal issues
with Nd:KGW [20] and the subsequent underperformance of Nd:KGW lasers? These
negative thermal impacts on laser performance can be attributed to several factors: for
laser diode-pumped configurations (end pumping), the temperature distribution becomes
less uniform than depicted in Fig. 7, potentially leading to fractures. On the other hand,
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Fig. 7. Temperature distributions.

lamp-pumped sources exhibit significantly different spectral overlaps between the pump
and absorption spectra compared to our present case. Hence, substantial heat problems
are anticipated for lamp-based systems as well. However, we believe that the thermal
challenges associated with Nd:KGW are not substantial when utilizing LED-pumped
sources, as reasoned in our results. Additionally, the majority of LED-pumped lasers to
date utilize pulsed pumping (quasi-CW), intended to increase optical power from LEDs,
consequently further alleviating thermal concerns. Therefore, regarding the earlier
question posed, thermal considerations should not alter the outcomes depicted in Fig. 6,
which showcase the superior performance of Nd:KGW over traditional Nd:YAG.

Our findings generally agree with earlier published experimental results [21] on
KGW lasers, suggesting that Nd:KGW can outperform Nd:YAG. However, there are
some discrepancies. In our study using rods, the slope efficiencies were 17.9% and 12.1%
for Nd:KGW and Nd:YAG lasers with direct LED pumping, respectively, compared
to 18.3% and 5.5% reported in the aforementioned work with rectangular crystals.

5. Conclusions

In summary, our study focused on analyzing the lasing properties and performance of
LED-pumped Nd:KGW lasers compared to Nd:YAG lasers using numerical simula-
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tions. To achieve this, we developed a simulation model for an LED-based laser featuring
a five-way pumping module comprising a total of 80 LEDs. The developed model fa-
cilitated an in-depth analysis of the pumping process, providing estimations of various
critical parameters such as absorption efficiencies and distributions essential for as-
sessing laser performance.

We conducted a comparative analysis involving two Nd:KGW laser rods, specifi-
cally targeting doping concentrations of 3% and 5%, to determine the optimal doping
level. Additionally, our investigation addressed thermal concerns associated with
Nd:KGW, a significant issue observed in this crystal. Our findings suggest that
Nd:KGW crystals might be more suitable for LED-based pumping compared to the
widely utilized Nd:YAG. This potential could pave the way for high-power lasers uti-
lizing LED-based pumping technologies.
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