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Abstract: This study presents a compact, LED-side-pumped laser based on a hybrid Nd: YLF/Nd: YAG gain medi-
um that simultaneously generates output at 1 047, 1 053, 1 064 nm. Notably, this tri-wavelength operation is
achieved without any intracavity wavelength-selective elements. In quasi-continuous-wave (QCW ) mode at 20 Hz,
the laser yielded an average power of 5.7 W. When actively Q-switched at 1 kHz, it produced 192 ns pulses with a
peak power of 3. 125 kW and a beam quality factor (M?) of 5. 3. To our knowledge, this work is the first to utilize an
intracavity seeding injection technique to achieve multi-wavelength lasing, establishing a novel strategy for extending

LED-pumped solid-state laser emission to adjacent spectral regions.
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or alternately outputting multiple wavelengths, all-

Introduction
solid-state multi-wavelength lasers have a broader

Due to the unique advantage of simultaneously range of applications than single-wavelength lasers.
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They are particularly valuable in fields such as air
pollution detection, blood testing, medical applica-
tions, differential absorption lidar, and terahertz

PN
wave generation .

Currently, the main technical
approaches for tri-wavelength lasers include: nonlin-
ear frequency conversion (such as frequency dou-
bling and sum-frequency generation)"”, disordered
crystal gain media (such as Yb,Y: CaF,, Yb: YAB,
and other materials with broad emission spectra)w7
and cavity loss tuning techniques (where resonator
losses are adjusted to balance the gain competition
between different wavelengths)®. Each technique
has its advantages and disadvantages: nonlinear fre-
quency conversion offers high efficiency but results
in a complex system; disordered crystals have broad
spectral characteristics but suffer from significant re-
absorption losses; cavity loss tuning allows wave-
length tunability but has lower efficiency and re-
quires high precision in system design and adjust-
ment.

With the widespread application of LEDs in the
lighting and manufacturing industries, LEDs have
gradually become a strong alternative to laser diode
(LD) pump sources for all-solid-state lasers due to
their excellent emission characteristics, compact de-
sign, and long lifespan. In particular, compared to
LDs, LEDs have a broader emission spectrum, which
matches well with the absorption spectrum of laser
gain media, thereby improving pumping efficiency.
The pumping distribution of LEDs is more uniform,
reducing the thermal lensing effect caused by local-
ized heat accumulation. Furthermore, with advance-
ments in technology, the optical power of individual
LED chips has reached the wattage level, and pro-
duction costs have significantly decreased, driving
the rapid development of LEDs in laser applica-
tions. Up to the present, LED-based pumping has
been successfully applied to single-wavelength la-
sers such as Nd:YAG“'", Ce: Nd: YAG""™, Nd:
YLF™'™ and Nd:glass""".

tian emission characteristics of LEDs result in lower

However, the Lamber-

pumping density and larger radiation angles, making
it difficult to focus the optical flux into a small pump-

ing volume, especially when precisely coupled with

a laser resonator (such as in the TEMg, mode). As a
result, existing research has yet to fully explore the
potential of LEDs in multi-wavelength laser systems,
particularly in terms of spectral modulation and uni-
form distribution of pump power, where significant
limitations still exist.

To address the limitations of conventional multi-
wavelength lasers, such as low LED pumping effi-
ciency and high system complexity, this study dem-
onstrates an innovative actively Q-switched laser
based on a side-pumped dual-rod configuration with
Nd: YAG and Nd: YLF. The design incorporates
three key features. Firstly, the hybrid gain medium
produces a composite spectrum covering the 1 047
nm, 1 053 nm, and 1 064 nm transitions. The in-
tense 1 064 nm laser field generated from the Nd:
YAG rod interacts intracavity with the Nd: YLF rod,
seeding and rapidly bringing the 1 053 nm transition
to threshold. Secondly, the partially non-overlap-
ping gain profiles of the two media help suppress
mode competition. Each crystal predominantly am-
plifies its respective wavelength, thereby significant-
ly improving the stability of simultaneous multi-
wavelength operation. Finally, by optimizing the
pumping parameters and adopting a water-cooled
modular architecture, stable simultaneous tri-wave-

length laser output has been successfully achieved.

2 Experiment Setup

Fig. 1 illustrates the structure of an acousto-op-
tic (A—0) Q-switched all-solid-state narrow-pulse
multi-wavelength laser operating at 1 047 nm, 1 053
nm, and 1 064 nm. The laser resonator is construct-
ed with an LED side-pumped Nd:YLF module and
an Nd:YAG module arranged in series with a Q-
switch. Firstly, the gain modules share a similar de-
sign. The Nd:YLF rod ($6.2 mmx95 mm, 1. 0%
Nd**(at. )) and the Nd: YAG rod (¢5 mmx120 mm,
1.0% Nd* (at. ) ) are each housed in a dedicated
water-cooled chamber. The Nd:YLF module is
pumped by five rows of LED arrays (15 beads per ar-
ray), symmetrically arranged around the rod. Each
LED bead emits at a center wavelength of 810 nm
(FWHM: ~30 nm) with a 90° beam angle. Similarly,
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Fig.1 Experimental setup for the LED-pumped A—O tri-wavelength Q-switched laser

the Nd: YAG module is pumped by an array of 20
LED beads. Both the crystals and LED arrays are
actively cooled, with the crystal cooling water main-
tained at ~18 “C and the LED arrays embedded in
copper blocks held at ~5 “C to ensure stability. The
LEDs are driven in a QCW mode at 20 Hz with a 10
ms pulse width to optimize pumping efficiency and
uniformity while mitigating thermal effects. The
core advantage of this solution lies in reducing the
average input power to 20% of that in continuous-
wave drive, thereby significantly minimizing heat
generation at the source. Simultaneously, the ex-
tended 40-millisecond pulse interval provides ample
thermal relaxation time for the LED chip, allowing
heat to dissipate effectively through the heat sink be-
fore the next pulse arrives and preventing thermal
buildup. Secondly, the optical cavity, with a total
length of 430 mm, is defined by two mirrors. The
rear mirror (M1) has a high-reflectivity (HR) coat-
ing (R>99.9%) across the 1 045-1 065 nm band,
while the output coupler (M2) features a partial-
transmission coating with specified transmittances of
7.6%, 7.8%, and 10.2% within the same wave-
length range.
achieved using a 1 064 nm A—O Q-switch (I-
(0S027-5C4G, Gooch & Housego) positioned near
M2, which is driven by its dedicated RF (repetition

Finally, the pulsed operation is

frequency) generator at 27. 12 MHz and up to 50 W

of power.

3 Experimental Results and Discussions

This study theoretically investigates the feasi-
bility of achieving tri-wavelength output at 1 047,
1053, 1 064 nm from a series-integrated Nd : YLF/Nd:

YAG laser. We perform numerical simulations to as-
sess the intracavity intensity distribution and estab-
lish a comprehensive theoretical model that inte-
grates the key spectroscopic parameters of both me-
dia to characterize the laser system’ s threshold con-
dition.

dN
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in these Egs. (1), (2) and (3), we have defined the
rate equations. In Eq. (1), we present the upper-
level population inversion density. In Eqs. (2) and
(3), we give the photon densities corresponding to
the two spectral lines of Nd: YLF, respectively. The
physical meanings of the symbols in Egs. (1)
through (3) are defined as follows. The variable N,
denotes the population inversion density of the upper
laser level. The pump rate, R,(¢), represents the
number of particles excited to the upper level per
unit time and volume. The fluorescence lifetime of
the upper level is given by 7,;. The group velocity of
photons within the resonator cavity is v,. The optical
confinement factor, I'}, characterizes the overlap effi-
ciency between the laser mode volume and the physi-
cal volume of the gain medium. The gain coeffi-
cients for the respective laser transitions are g;and
2. The photon densities for the two spectral lines
are S; and S,. The coefficient W,, accounts for the
rate of nonlinear losses due to effects such as excit-
ed-state absorption or energy-transfer upconversion.

The photon lifetime within the cavity for the two
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wavelengths is 7, and 7,,. Finally, 8y and 3, are the
spontaneous emission factors, indicating the fraction
of spontaneous radiation coupled into the respective
laser modes. Based on the above set of rate equa-
tions, we derive the following Eqgs. to characterize
the parameters of a multi-wavelength laser. Based

on the rate equations above, we have derived Egs.

(4) and (5):

hv.V .
Py(ry) = max[n, = =S ()l (4)

hvV,
Ei(TF)=nexl%J‘Si(t:TF)dtv (5)
i

in these Eqs. (4) and (5), indices i = 0 and 1 corre-
spond to the emission wavelengths of 1 047 nm and
1 053 nm, respectively. P, ;(7;) represents peak
power of the Nd: YLF and Nd: YAG laser crystals;
E;(zy) represents pulse energy of the Nd: YLF and
Nd: YAG laser crystals; n.,represents output cou-
pling efficiency; h represents Planck constant, v; rep-
resents the frequency of the laser; V  represent effec-

tive mode volume; 7,; represents the fluorescence

p.i
lifetime of the upper laser level in Nd: YLF and Nd:
YAG laser crystals; S; represents the photon densi-
ty. By combining the rate equations, we can solve

for S;(t:7¢):

(0% .
o ;
Mo o r o (6)

1 1
=—In——, 7
“ni 9L R R, )

in these Eqs. (6) and (7), a,, represents output
coupling loss; L represents the length of cavity; R
represents reflectivity of the lens. These formulas
can demonstrate the trends of 1 047 nm, 1 053 nm,
and 1 064 nm as the pump width changes. The
above formulas demonstrate the trend of peak energy
variation with repetition rate for Nd: YLF and Nd:
YAG tri-wavelength lasers, with the results present-
ed in the Fig. 2.

The theoretical simulation results of the depen-
dence of laser peak energy on pulse repetition fre-
quency is presented in Fig. 2. To enhance the read-
ability of the data plots, we used the pump FWHM

(full width at half maximum) as the horizontal axis

(X-axis), since this parameter is directly proportional
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Fig.2 The peak power of Nd: YLF and Nd: YAG laser at var-
ious pump FWHM

to the frequency. The data reveal a distinct trend: as
the repetition rate increases, the peak energies at
1 047 nm and 1 053 nm decrease progressively,
whereas the 1 064 nm output remains comparatively
stable. This phenomenon can be explained by Eqs.
(4) and (5). A higher repetition rate reduces the
intracavity power density, to which the 1 047 nm and
1 053 nm transitions (originating from the Nd: YLF
gain medium) are highly sensitive. The 1 064 nm
line, however, benefits from a lower threshold in the
Nd: YAG medium, making its output more resilient
to such changes.

Fig. 3 presents the experimentally measured,
normalized emission spectra of the laser at different
drive frequencies, measured under a constant aver-
age current of 1.2 A using a spectrometer (Ocean
Optics HR4000, resolution: 0. 02 nm). The spectra
demonstrate that the output wavelengths are effectively

controlled by the pump and frequency modulation.
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Fig.3 The emission spectra of Nd: YLF and Nd: YAG double

rods in the QCW mode laser operation
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Simultaneous lasing at 1 046.47 nm, 1 052. 53 nm,
and 1 063. 68 nm is clearly observed at drive fre-
quencies between 10 Hz and 20 Hz. However, this
multi-wavelength operation becomes less distinct
above 30 Hz. This transition is attributed to the fa-
vorable conditions at lower frequencies, including re-
duced thermal lensing and weaker gain competition,
which collectively support concurrent oscillation at
multiple wavelengths. As the frequency increases,
the broader pump pulse width (FWHM) leads to a
decrease in the intensities of the 1 047 nm and
1 053 nm lines from Nd: YLF, a trend that is consis-
tent with the data presented in Fig. 2.

Fig. 4 presents the output power characteristics
of the multi-wavelength laser in QCW operation as a
function of the output coupler transmittance. The
system achieves a maximum output power of 5.7 W
at a coupling transmittance of 10. 2%, under a pump
power of 58.7 W and a repetition rate of 20 Hz.
This operating point corresponds to a maximum opti-
cal conversion efficiency of 10. 52% and a slope effi-
ciency of 12%. Notably, the laser output does not ex-
hibit saturation at this transmittance, indicating that
further optimization of the output coupler design and
its precise matching with the pump power can lead
to even higher conversion efficiency, as well as im-

proved system stability and reliability.
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Fig.4 Average output power of the tri-wavelength laser as a

function of pump power in the QCW regime

After testing the parameters of the laser in
QCW mode, we measured the pulse waveform of the
laser modulated by A—O @Q-switching. The tempo-
ral pulse profile is recorded using a fast photodiode

(Thorlabs PDA10A2) and a digital oscilloscope

(Tektronix MD0O3034). As shown in Fig. 5, both
the long-term pulse train and a single pulse from the
tri-wavelength (Q-switched laser are displayed. The
single pulse exhibits a characteristic double-peak
structure, a phenomenon attributed to the distinct up-
per-state lifetime of the Nd: YAG and Nd: YLF gain
media. Nd: YAG, with a shorter upper-state lifetime
of ~230 ws, releases its stored energy rapidly upon
the opening of the A—O Q-switch, forming the first
and stronger peak. In contrast, Nd: YLF, with a lon-
ger upper-state lifetime of ~480 s, releases its ener-
gy more slowly, resulting in a delayed and slightly
smaller second peak. Thus, the temporal separation
of the two peaks directly results from the different
energy release dynamics of the two gain media. Due
to the relatively low output power of the 1 053 nm la-
ser from the Nd: YLF crystal, only two peaks could
be detected on the oscilloscope.

1.000m: 1.120
A184.0n £0.000V )

Fig.5 (a)The separately pulse Q-switched tri-wavelength la-

ser. (b)The temporal profile of the pulse sequence

Fig. 6(a) and 6(b) summarize the average out-
put power and pulse width of the tri-wavelength Q-
switched laser as a function of modulation frequency
for an output coupler with T=7. 8%. As the frequen-
cy increases from 500 Hz to 10 kHz, the average output
power rises from 0.274 W to 2 W. In Q-switched
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Fig.6  (a)Average power and (b)pulse width in relation to pump power at various repetition frequencies with AO modulation

operation, a peak power of 3. 125 kW is achieved at
1 kHz, with a corresponding pulse energy of 0. 6 m]
and a pulse duration of 192 ns. This data underscores
the significant role of modulation frequency in shap-
ing pulse characteristics, illustrating that precise fre-
quency adjustment offers an effective means for pulse
compression and laser performance optimization.

Fig. 7 presents the spatial energy distribution
near the laser beam waist at medium output power
for (a) QCW and (b) Q-switched operation modes,
with the insets showing the corresponding transverse
mode patterns. The data, captured by a Cinogy

CMOS-1201 beam profiler at various positions, were
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used to determine the beam quality factors via least-
squares curve fitting. The M? factors for the QCW la-
serare 7.5 and 7. 2 in the x and y directions, respec-
tively, while those for the Q-switched laser are 5.3
and 5.5. The superior beam quality in Q-switched
mode is attributed to its short pulse duration, which
minimizes thermal accumulation and associated ef-
Conversely, in QCW

mode, the prolonged pulse width leads to significant

fects like thermal lensing.

heat buildup, particularly in the Nd: YLF crystal due
to its longer fluorescence lifetime and lower thermal
conductivity, thereby degrading beam quality and in-

ducing modal instability.
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Fig.7 Beam quality and 2-dimensional laser beam profiles of the laser beam for (a) QCW operation and (b)Q-switched operation

Fig. 8 depicts the average power stability of
the multi-wavelength laser in Q-switched operation,
quantified by the root mean square (RMS) stability
of below 3.5% over a 30 minute sampling period.
The observed power fluctuations are primarily attrib-
uted to the thermal dynamics of the system, which
can be analyzed from two perspectives. First, heat
generation from the LED pump source during pro-
longed operation causes a redshift in its emission

spectrum due to bandgap narrowing. This spectral

shift moves the peak wavelength away from the opti-
mal absorption band of the gain media, thereby re-
ducing pumping efficiency. Additionally, elevated
temperature enhances non-radiative recombination
in the LEDs, further decreasing their optical output
and introducing pump power instability. Second,
thermal effects within the solid-state gain media

The absorbed

pump energy that is converted to heat creates a tem-

themselves exacerbate the issue.

perature gradient, inducing thermal lensing. This
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2.0 1 053/1 064 nm) laser based on a hybrid Nd: YLF/
Lol ° RMS<3.5% Nd: YAG gain medium and LED side-pumping, all

. achieved without intracavity wavelength-selective el-
?g L2F ements. The innovative incorporation of intracavity
;: osl seeding within the dual-rod configuration was pivotal
3 in reducing the oscillation threshold and enhancing
0.4 Teateatetentttatteettetetee e the pump power density. The laser’ s performance
was validated through two operational modes: in

0% 5 0 15 20 25 30 QCW mode at 20 Hz, it delivered 5.7 W of average

t/min

Fig.8 Stability of the tri-wavelength Nd: YLF and Nd: YAG

power, and in Q-switched mode at 1 kHz, it pro-
duced 192 ns pulses with a peak power of 3. 125 kW

laser in -switching mode

and a beam quality factor of M?=5.3. To the best of

effect alters the refractive index, distorts the beam our knowledge, this represents the first implementa-

profile, and degrades mode matching within the reso- tion of an actively Q-switched, LED-pumped tri-

nator. Furthermore, thermal stress can induce changes wavelength laser utilizing this hybrid crystal ap-

in the physical cavity length, compromising resona- proach. This study thus establishes a new, cost-ef-

tor stability and leading to additional output power fective strategy for developing compact and efficient

variations. all-solid-state lasers operating at multiple wavelengths.

4 Conclusion Response Letter is available for this paper at: http://

In conclusion, this work successfully demon- cjl. lightpublishing. cn/thesisDetails#10.37188/CJL.
strates an actively Q-switched, tri-wavelength (1 047/ 20250288
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