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We present a continuous wave (CW) single-longitudinal-mode (SLM) laser with a ring cavity based on efficient light-
emitting diodes (LEDs)-pumped Nd,Ce:YAG dual-rod laser modules. In the free-running regime, a maximum average
power of 4.27 W at 1064 nm is obtained, corresponding to the highest optical conversion efficiency of 5.1% and a slope
efficiency of 13.9%. When operating in SLM configuration, the laser maintains a stable CW output of 200 mW with beam
quality factors (M2) measuring 1.44 and 1.30 along orthogonal x- and y-axes respectively. Spectral analysis reveals an
emission linewidth of 70.76 MHz at maximum SLM output. This work represents, to the authors’ knowledge, both the
first successful implementation and the highest recorded performance characteristics for an LED-pumped Nd,Ce:YAG CW
SLM laser system utilizing ring cavity configuration.
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1. Introduction
All-solid-state CW SLM lasers demonstrate distinctive

advantages including low noise, narrow linewidth, superior
beam quality, and high operational stability, finding exten-
sive applications in precision measurement, ultra-fine spec-
troscopy, quantum communication, lidar systems, laser re-
mote sensing, and advanced material processing.[1–8] Numer-
ous strategies have been developed to achieve SLM operation
in all-solid-state lasers, including the use of FP etalon,[9,10]

twisted-mode cavity,[11,12] short-cavity,[13,14] travelling-wave
ring-cavity,[15,16] injection-seeding cavity.[17] Among these,
the traveling-wave ring cavity is particularly advantageous
for SLM generation, as it effectively mitigates spatial hole-
burning effects and supports stable unidirectional oscillation
through the incorporation of optical isolators.

While laser diodes (LDs) have traditionally dominated
as pumping sources for single-longitudinal-mode (SLM)
lasers.[18] Recent studies, however, have demonstrated that
high-power LEDs can effectively serve as alternative pump
sources for generating stabilized SLM lasers.[19–23] Compared
to LD systems, LEDs exhibit broader emission spectra that
enhance spectral overlap with the gain medium’s absorption
lines, thereby improving energy transfer efficiency. Further-

more, advancements in LED technology have significantly in-
creased the optical power of single LED chip to the watt level,
while by an order of magnitude over the past decade, en-
abling large-scale commercial applications of LEDs as pump
sources.[24,25] However, due to the Lambertian emission char-
acteristics of LEDs, their pumping efficiencies remain lower
than that of LDs. Additionally, high-power LED arrays oper-
ated in CW mode require careful consideration of thermal con-
straints and application-specific requirements. These factors
underscore the critical need for further exploration into LED-
pumped CW SLM lasers, especially in light of their potential
to provide a cost-effective, stable, and compact alternative to
conventional LD-based systems. In particular, the integration
of ring-cavity configurations with LED pumping provides a
promising path toward unidirectional oscillation and narrow-
linewidth operation, which are essential for high-precision op-
tical applications. Despite this promise, current literature on
such systems remains limited, especially for lasers operat-
ing directly at 1064 nm using efficient ring-cavity designs.
In this context, this work aims to demonstrate the feasibility
and performance of a novel LED-pumped CW SLM laser sys-
tem, thereby contributing to the development of cost-efficient
and high-stability laser sources suitable for emerging photonic
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technologies such as quantum metrology, precision naviga-
tion, and portable spectroscopy.

In this study, we address several critical challenges asso-
ciated with an LED-pumped Nd,Ce:YAG CW SLM laser sys-
tem through three principal innovations. First, a pentagonal
LED array configuration surrounding the laser rod achieves
sufficient pump density while necessitating enhanced heat dis-
sipation capabilities. Second, an LED-side-pumped dual-rod
Nd,Ce:YAG laser structure is developed to lower the laser os-
cillation threshold and enhance the pump power density within
the cavity. Third, systematic optimization of ring resonator
parameters enables high average power and conversion effi-
ciency in free-running operation for LED-pumped ring-cavity
lasers. Additionally, the design incorporates a polarizer to es-
tablish linear intracavity polarization and a Faraday isolator
assembly (comprising a TGG crystal, high-strength magnet,
and half-wave plate) to suppress counter-propagating waves
and ensure unidirectional CW SLM operation. In the end,
under the free-running operation, the laser system achieves a
maximum CW average output power of 4.27 W at 1064 nm,
with an optical conversion efficiency of 5.1% and a slope effi-
ciency of 13.9%. Moreover, in the SLM operation, the laser
system produces a maximum CW average output power of
200 mW with M2 values of 1.44 and 1.30 along the x and
y axes, respectively, accompanied by a spectral linewidth of
70.76 MHz.

2. Experimental setup
Figure 1(a) presents the experimental configuration of

the CW SLM laser system, featuring two LED side-pumping
modules integrated into a ring cavity. An Nd,Ce:YAG laser rod
(Dong Jun Crystal; 5-mm diameter × 120-mm length; Nd3+:
1.0 at.%, Ce3+: 0.05 at.%–0.1 at.%) undergoes active cool-
ing through 18 ◦C circulating water. Polished crystal surfaces
with controlled roughness ensure uniform pump light distri-
bution, while end-faces employ 1064-nm anti-reflection coat-
ings for enhanced transmission efficiency. Each LED array
consists of 20 LED beads (SST-10-IRD, 810 nm, 90◦ lens an-
gle) arranged in five rows, forming a side-pumping source uni-
formly surrounding the laser rod as shown in Fig. 1(b). This
geometry optimizes pump uniformity while mitigating ther-
mal gradients in the gain medium. Thermal management em-
ploys water-cooled copper blocks maintained at 3 ◦C to sta-
bilize LED operation. The figure-eight ring resonator (1970-
mm optical path length) incorporates two plane-concave mir-
rors (M3/M4: 300-mm curvature radius) and two planar mir-
rors (M1/M2). High-reflectivity coatings (1028 nm–1080 nm)
on M2–M4 contrast with M1’s output coupler characteristics
(1.5% and 3% transmittance at 1064 nm). Precision mirror
alignment ensures optimal beam quality. Unidirectional oper-
ation is enforced through a composite optical isolator contain-

ing a Faraday rotator, half-wave plate, and Brewster-angle po-
larizer. This configuration effectively suppresses spatial hole-
burning effects in the isotropic laser crystal, enabling stable
CW SLM operation despite competing longitudinal modes.

HWP

M2M3

M4

Nd,Ce:YAG

FR

M1

Brewster plate

FPI
LED array

(a) (b)

Fig. 1. (a) Schematic diagram of the CW SLM laser setup and (b) cross-
sectional schematic diagram of fivefold symmetric LED pump module.

3. Results and discussion
Figure 2(a) presents comparative measurements of aver-

age output power for the 1064-nm laser in free-running oper-
ation under two distinct output coupling transmittances. With
a T = 1.5% output coupler, the system achieves a maximum
average output power of 4.27 W, corresponding to 5.1% opti-
cal conversion efficiency and 13.9% slope efficiency. In con-
trast, the T = 3% configuration yields reduced performance
with 2.15-W maximum output power, 2.5% conversion effi-
ciency, and 10.8% slope efficiency. Notably, neither config-
uration exhibits output power saturation, suggesting potential
efficiency improvements through optimized pump power de-
livery and thermal management. Experimental data confirm
superior performance metrics for the T = 1.5% mirror, demon-
strating both lower lasing threshold and higher power output,
thus establishing its selection for subsequent CW SLM experi-
ments. Figure 2(b) details SLM operational characteristics, re-
vealing a maximum CW output power of 200 mW (T = 1.5%)
with 1.2% slope efficiency. The substantial efficiency reduc-
tion compared to free-running operation arises primarily from
intracavity losses induced by the Brewster polarizer, mirror
interfaces, and diffraction effects. To the authors’ knowledge,
this work constitutes the first successful implementation of an
LED-pumped Nd,Ce:YAG CW SLM laser in ring cavity con-
figuration while simultaneously achieving record performance
parameters for this laser architecture.

Figure 3 inset displays normalized spectral characteristics
of the LED-pumped Nd,Ce:YAG CW laser in ring cavity con-
figuration across both operational modes. Spectral measure-
ments conducted using an Ocean Optics HR4000 spectrom-
eter (resolution: 0.02 nm) reveal identical peak wavelengths
of 1063.68 nm under free-running and SLM conditions, both
exhibiting matching full width at half maximum (FWHM) val-
ues of 1.10 nm. This spectral consistency between operational
regimes confirms wavelength stability during mode transition
while maintaining equivalent linewidth characteristics.
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Fig. 2. The 1064-nm average output power versus LED incident power
in (a) the free-running operation and (b) the SLM operation.
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Fig. 3. The spectrum of (a) the free-running laser and (b) the SLM laser.

Figure 4 characterizes longitudinal mode behavior of
the free-running CW laser through measurements employing
a Fabry–Perot interferometer (FPI 801-1064, 2.5-GHz free
spectral range). After passing through the FPI, the laser signal
is detected by a fast photodiode (Thorlabs PDA10A2) con-
nected to a digital oscilloscope (Tektronix MDO3034). The
FPI spectrum at maximum output power reveals two distinct

traces: the blue waveform corresponds to the FPI controller’s
driving voltage, while the yellow trace displays longitudi-
nal mode signatures. Analysis demonstrates primary multi-
longitudinal-mode operation with pronounced mode competi-
tion, as evidenced by multiple oscillating peaks. This spectral
behavior underscores the inherent challenges in attaining sta-
ble SLM operation without dedicated mode selection compo-
nents.

Fig. 4. FPI longitudinal mode spectrum of the free-running CW laser.

Figure 5 characterizes operational features of the CW
SLM laser. Initially, figure 5(a) displays the FPI spectrum
at maximum output power. During the FPI scanning process,
nonlinear response times of the piezoelectric ceramic during
its reset phase may introduce measurement artifacts in pho-
todetector signals. To address this limitation, only data from
the rising edge of the FPI scanning sawtooth wave is consid-
ered for analysis. As shown in the scanning FPI spectrum, no
higher-order transverse modes are observed, confirming that
the CW laser operates in an SLM regime. Furthermore, fig-
ure 5(b) quantifies the temporal profile of a single FPI longi-
tudinal mode spectrum of the CW SLM laser. And the laser’s
linewidth can be calculated using the following formulas:

∆ν =
νFPI

τ
· τp, (1)

∆λ =
∆ν ·λ 2

c
=

νFPI · τp ·λ 2

τ · c
, (2)

where τ and τp represent the pulse period and individual
pulse width displayed on the oscilloscope, respectively, λ =

1063.68 nm and a free spectral range νFPI = 2.5 GHz be-
tween two pulse peaks. To minimize measurement errors, the
pulse period between two pulse peaks is measured at each ris-
ing edge and averaged. Similarly, the pulse width of a sin-
gle FPI longitudinal mode spectrum at each rising edge is
measured and averaged. After calculating τ = 14.75 ms and
τp = 417.5 µs. These derived averages are subsequently ap-
plied to Eqs. (1) and (2) for precise linewidth calculation. The
computed spectral linewidth resolves to ∆ν ≈ 70.76 MHz,
corresponding to a wavelength variation ∆λ ≈ 0.267 pm.
These quantitative results provide definitive confirmation of
stable SLM operation in the CW laser system. Notably,
the spectrometer-measured FWHM exceeds the FPI-derived
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linewidth by approximately two orders of magnitude. And
this discrepancy arises fundamentally from the Ocean Op-
tics HR4000 spectrometer’s inherent resolution limit, which
proves insufficient to resolve the narrow linewidth achieved
through FPI-based measurements. Ultimately, the compara-
tive analysis underscores the superior resolution capabilities
of the FPI technique for precise spectral characterization of
SLM lasers.

(a)

(b)

Fig. 5. (a) FPI longitudinal mode spectrum of the SLM laser. (b) Indi-
vidual FPI longitudinal mode spectra of the SLM laser.
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Fig. 6. Beam quality and two-dimensional laser beam profiles of the
CW SLM laser.

Figure 6 shows the spatial beam profile near the laser
beam waist for the CW SLM laser under moderate output
power conditions. The beam profiles of the SLM laser are
recorded at multiple positions using a beam analyzer (Cinogy
CMOS-1201). Through least-squares fitting, the M2 factors
are determined to be 1.44 and 1.30 in the x-and y-directions,
respectively. The inset in Fig. 6 presents the far-field beam
profile captured by a CCD camera, confirming that the CW
SLM laser operates in the TEM00 mode. At elevated pump
powers, notable thermal effects are observed in the laser crys-
tal, including increased thermal lensing, which alters the in-
ternal focusing conditions of the resonator. In the dual-rod
configuration, both crystals contribute to an effective thermal

lens, leading to cumulative focusing and enhanced sensitivity
to thermal variations.[26]

This results in pronounced fluctuations in the spot radius
at the crystal position, characterized by a reduced radial spot
radius and increased fluctuation amplitude. While the curved
vector spot radius remains less affected, overall fluctuations
intensify. These thermal effects disrupt cavity mode match-
ing and compromise resonator single-frequency stability. To
achieve high-power output and maintain stability in the ring
cavity laser, further optimization of crystal cooling or pump
power becomes essential to mitigate the thermal lens effect
and reduce spot radius fluctuations.

Figure 7 examines the temporal stability of the SLM laser
output by monitoring power fluctuations at 30-second inter-
vals. After an initial power decrease during the first 2 min-
utes of operation, periodic oscillations emerge, attributable
to thermal fluctuations in the active cooling system. Over a
20-minute observation window, the root mean square (RMS)
power variation remains below 1.6%, demonstrating excep-
tional long-term stability. This result aligns with the system’s
robust thermal management design and validates its opera-
tional reliability for precision applications requiring consistent
SLM performance.
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Fig. 7. Power fluctuations of the SLM laser over a twenty-minute period.

4. Conclusion
In conclusion, this study demonstrates successful

achievement of stable SLM operation in an LED-pumped
Nd,Ce:YAG CW laser employing a ring cavity configuration.
The investigation establishes a notable technological advance-
ment in infrared all-solid-state single-frequency laser devel-
opment. While conventional SLM lasers predominantly uti-
lize LD pumping architectures, this work establishes high-
power LEDs as viable alternative pumping sources for gen-
erating stabilized SLM output. The system achieves a max-
imum free-running output of 4.27 W at 1064 nm with 5.1%
optical conversion efficiency and 13.9% slope efficiency. In
SLM operation, the laser delivers 200-mW CW output power,
demonstrating beam quality factors of M2 = 1.44 (x-axis) and
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M2 = 1.30 (y-axis) respectively, with a spectral linewidth mea-
suring 70.76 MHz. To the authors’ knowledge, this repre-
sents both the first experimental realization and the highest re-
ported performance metrics for an LED-pumped Nd,Ce:YAG
CW SLM laser in ring cavity configuration. These achieve-
ments validate the effectiveness of ring cavity designs in LED-
pumped neodymium-doped crystal lasers for stable SLM gen-
eration. The research provides fundamental insights into LED-
based pumping methodologies for solid-state lasers, establish-
ing critical groundwork for future development and practical
implementation of this technology across precision optical ap-
plications.
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