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A high-performance LED-side-pumped two-rod Nd,Ce:YAG laser with continuous-wave (CW) and acousto—optical
(A-O) Q-switched operation is demonstrated in this work. A symmetrically shaped flat—flat cavity with two identical LED-
side-pumped laser modules is employed for power scalability. In the CW regime, the maximum output average power of
laser at 1064 nm is 4.41 W, corresponding to a maximum optical conversion efficiency of 5.3% and a slope efficiency is
12.4%. In the active Q-switched regime, the pulse energy of laser reaches as high as 0.89 mJ at a repetition rate of 800 Hz
with a pulse width of 457.2 ns, the corresponding highest peak output power is 1.94 kW and the M? factor is measured to
be about 8.8. To the best of the authors’ knowledge, this is the first demonstration and the highest performance of a CW
LED-side-pumped two-rod laser Nd,Ce:YAG with Watt-level output reported so far.

Keywords: Watt-level, LED-pumped, CW, Nd,Ce:YAG, actively Q-switched operation

PACS: 42.55.—, 42.55.Ye, 42.55.Xi, 42.60.Gd

1. Introduction

In recent years, the radiant intensity of commercial light-
emitting diodes (LEDs) has been elevated to the Watt level
per spherical degree (W/Sr), while the application cost has
decreased with the development of the lighting and display
industries. Meanwhile, in a typical single-color LED, the ra-
diation spectrum has meticulously designed to excite various
solid-state media within narrow absorption bands, bringing ex-
ceptional performance of high average power and high beam
quality to LED-pumped laser oscillators.!!-%] The latest re-
search has successfully demonstrated the operational efficacy
of LED-array-pumped solid-state lasers, presenting significant
advancements in this field. Particularly, Nd**-doped materials
were directly pumped by NIR LEDs at different peak wave-
lengths, including 750 nm,!”! 810 nm,®* and 850 nm.[10]
And based on the absorption band of Ce3* centred at 460 nm,
Nd,Ce:YAG!' and Ce:YAG!'?! were pumped by blue LEDs.
In addition, passive!!>'* and active Q-switched!!>!] laser
demonstrations were also available. However, due to the lim-
itation of LED Lambertian emission, as a pump source, the
work efficiency is still inefficient compared with laser diodes
(LDs).
mal constraints and application features when operating high-

Additionally, it is imperative to consider the ther-

power LED arrays in a quasi-continuous wave (QCW) oper-
ation, rather than in a CW mode, to achieve the desired high
average power LED-pumped solid-state lasers. Therefore, ob-
taining CW laser output and large mode size lasers using high-
power CW LED pumping has been a significant challenge.
Until now, no relevant scientific researches and technical
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schemes have reported the CW operation of an Watt-level ac-
tively Q-switched LED-pumped Nd,Ce: YAG / Nd:YAG mod-
ule. Only a very few scientific achievements have reported
LED-pumped Nd:YAG slab CW laser with a maximum out-
put power of 0.37 W by using a thermal-isolated and light-
guided experimental configuration,!!”l which means that fur-
ther research and development are required to overcome these
limitations and explore the full potential of LED-pumped CW
solid-state lasers.

In this work, we are to elucidate a multitude of the issues
involved with high-power CW LED pumping laser system.
Firstly, LED arrays with a pentagonal shape around the rod are
utilized to obtain a sufficient pumping power density, which
significantly increases the requirement for the heat dissipation
capacity of the heat sink. Secondly, an LED-side-pumped two-
rod Nd,Ce: YAG laser structure is designed to reduce the oscil-
lating laser threshold and increase the cavity pump power den-
sity. Thirdly, a combination of fine-tuning pump structures, ef-
ficient cooling solutions, and laser-gain media characteristics
are continuously improved to achieve CW operation of LED-
pumped lasers with high average power and high conversion
efficiency. Finally, in the CW regime, a maximum average
power of 441 W at 1064 nm is obtained, corresponding to
the highest optical conversion efficiency of 5.3% and a slope
efficiency of 12.4%. Furthermore, in the active Q-switched
regime, the pulse energy of laser reaches as high as 0.89 mJ at
a repetition rate of 800 Hz with a pulse width of 457.2 ns, its
corresponding highest peak output power is 1.94 kW and the
M? factor is measured to be about 8.8.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experiments setup

The CW LED-side-pumped two-rod Nd,Ce:YAG laser

experimental configuration is shown schematically in
Fig. 1(a).

employing two identical side-pumped modules was utilized

Firstly, a symmetrically shaped flat—flat cavity

to achieve CW laser power scalability. Secondly, in each
pump module, five rows of LED stacked arrays (20 LEDs in
each stacked array) were devised in a pentagonal arrangement
around the quartz tube to homogenize the pumping distri-
bution and reduce the thermal effect of the crystal rod as
shown in Fig. 1(c). An Nd,Ce:YAG rod (Jing Jiu crystal,
5-mm diameter, 120-mm length, Nd3*:1.0 at.%, Ce3*:0.05—
0.1 at.%) and an Nd:YAG rod (Dong Jun crystal, 5-mm di-
ameter, 120-mm length, Nd3+:1.0 at.%) were installed in a
flow tube with 20-°C cooling-water to provide a suitable envi-
ronment for 1064-nm excitation contrast experiment. Thirdly,
figure 1(b) shows the construction of the 1064-nm all-solid-
state laser for Q-switched operation, in which the system
consists of two LED-side-pumped Nd,Ce:YAG modules con-
nected in series, an A-O Q-switch and the resonant cavity. A
1064-nm A-O Q-switch (Gooch & Housego. I-QS027-5C4G)
was positioned near the output mirror M2. It was driven
by a radio frequency (RF) generator (QSD5027) operating at
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Fig. 1. (a) Experimental setup of CW LED-pumped two-rod

Nd,Ce:YAG laser oscillator with L = 340 mm, (b) setup for the A-O
Q-switched operation with L = 400 mm, (c) cross-sectional schematic
diagram of fivefold symmetric LED pump module.

a center frequency of 27.12 MHz and providing a maximum
value of RF power of 50 W, thereby generating laser pulses.
After that, the resonant cavity was formed by a rear mirror
M1 (R > 99.9% @1064 nm) and an output plane coupler M2
(T =1.5%, 3%, and 5% @1064 nm). The overall CW LED-
side-pumped two-rod Nd,Ce:YAG cavity length was approx-
imately 340 mm and the Q-switched laser cavity length was
about 400 mm. In the end, a programmable power supply
(MH150-30DM-II) with dual channel outputs was employed
to ensure that the power supply parameters of both modules
were identical and triggered simultaneously. Due to the fact
that the sustained operation at absolute maximum currents can
result in the excessive junction temperatures and a reduction
of device lifetime, the total input current was set to 3 A for
each parallel LED stack array corresponding to a maximum
value of pumping power of 84 W. Each LED array had a sep-
arate heat sink with an internal coolant temperature of 5 °C
to ensure that the spectral emission peak of the LED array is
shifted to 808 nm, thus improving pumping efficiency. It worth
noting that a thermally-electrically separated copper substrate
with a higher thermal conductivity (380 W/mK) has replaced
the original aluminum substrate in order to optimize the heat
dissipation of the insulation layer.

3. Results and discussion

The spectral overlap of the blue LED (Luminus, SST-20-
B-450 nm), NIR LED (Luminus, SST-10-NIR-810 nm) and
the laser with the normalized transmission of the Nd,Ce:YAG
rod are shown in Fig. 2, in which the peak wavelength
of the laser exhibits a slight red-shift from 1063.68 nm to
1063.92 nm with the increase of input power. During the con-
trasting experiment using different pump LEDs emitting either
at 450 nm or 810 nm, the single module achieves its maxi-
mum output power and optical efficiency under 810 nm pump-
ing, with the Nd,Ce:YAG rod operating at a repetition rate of
100 Hz with a pump duration of 2 ms, as illustrated in Fig. 3.
Firstly, due to the full-width-half-maximum (FWHM) of the
810-nm LED emission spectrum with a width of 30 nm, a
good match with the transmission spectrum of the Nd,Ce: YAG
reduces the quantum defects and increases conversion effi-
ciency. Secondly, based on the good sensitization of Nd>* by
Ce3t doped into the YAG crystal, the Nd,Ce: YAG has stronger
emission in the near infrared band by 795-nm excitations, cor-
responding to the range of 810-nm LED emission spectrum,
and the energy can be absorbed by Nd** through the lumines-
cence effect of spontaneous radiation.!'8! Thirdly, due to the
large divergence (lens angle = 120°) and the low optical power
of the blue LED, the laser performance pumping at 450 nm is
inferior to that pumping at 810 nm in the QCW regime. In the
end, single-module with Nd,Ce:YAG and Nd:YAG rod using
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different pump LEDs emitting either at 450 nm or 810 nm can-
not achieve CW laser operation due to the high laser oscillating
threshold and the low electro—optical conversion efficiency.
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Fig. 2. Spectral overlap of both the LED emission and the laser at
1063.92 nm superimposed on the measured normalized transmission
of the Nd,Ce:YAG rod.
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Fig. 3. Comparison of output power between Nd,Ce:YAG and Nd:YAG
with a single module under 810 nm and 450 nm in the QCW regime.

According to previous single-module QCW laser per-
formance test data, a CW LED-side-pumped two-rod
Nd,Ce: YAG laser structure is designed to reduce the laser os-
cillating threshold and increase the cavity pump power den-
sity. Figure 4 shows the plots of the output power versus input
power of the CW laser at 1064 nm for three coupling transmis-
sivities with two identical LED-side-pumped laser modules.
Limited by the CW operation of the LED, the coupling output
mirror with low transmittance obtains a higher output power.
According to the data in Fig. 4, in multi-mode operation, the
maximum output power achieved at T = 1.5%@1064 nm is
4.41 W, corresponding to an optical conversion efficiency of
5.3% and a slope efficiency of 12.4%.
power for CW operation is 50.4 W, with an incident current of
1.8 A, which is significantly higher than the 5.2-W threshold
for QCW operation. The CW laser output power is not yet
saturated at various transmissivities, which means that higher

The threshold pump

transmittance output coupling lenses with more intense pump-
ing can be tried to further improve conversion efficiency by

combining effective optimization design of the power supply
parameters and cooling structure. In a word, we have achieved
the highest average output power and optical conversion ef-
ficiency in CW operation at 1064 nm, exceeding all reported
LED-pumped CW solid-state laser oscillators.

4+ —w—T=1.5%
——T=3%
—A—T=5%

Output power (W)
o
T

50 55 60 65 70 75 80 85
Input power (W)

Fig. 4. Plots of 1064-nm output power versus incident power under CW
operation.

In comparative experiments with different repetition
rates, as the frequency increases, the maximum output aver-
age power of the laser increases from 0.15 W to 2.7 W, and
the pulse width increases from 406.8 ns to 860.8 ns, while the
corresponding peak power significantly decreases, as shown in

Fig. 5.
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Fig. 5. Plots of (a) average power versus incident pump power at dif-
ferent repetition frequencies A-O modulation and (b) peak power and
pulse width versus repetition frequencies.

The optimal output peak power of 1.94 kW for Q-
switched operation is obtained at a repetition rate of 800 Hz,
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corresponding to a single pulse energy of 0.89 mJ with a dura-
tion of 457.2 ns. And the maximum average power of 2.7 W
is obtained at 10 kHz, corresponding to a single pulse energy
of 0.27 mJ with a duration of 860.8 ns. Due to the fact that the
pump power density on the cross section of the gain medium
is less than 10.7 W/cm? (0.42 W x5/0.06257% cm?), increasing
the pump power density can further compress the pulse width
and reduce insertion loss.

At e e o o A 7 e 0 A b et
|

Fig. 6. Single laser pulse at 1064 nm after Q-switch, (b) temporal pro-
file of the pulse sequence at 800 Hz.

Figure 6 displays the measured individual laser pulse and
pulse sequences in multi-mode operation at a repetition rate
of 800 Hz, which are determined by a high-speed photodiode
(Thorlabs. PDA10A2). And the peak-to-peak fluctuation is
less than 20%, where the output power oscillations and the
amplitude fluctuations are also accompanied by temperature
fluctuations during each cooling cycle in this experiment. Fig-
ure 7 shows the beam quality measured near the beam waist
and far-field energy distribution for CW (see Fig. 7(a)) op-
eration and Q-switched operation (see Fig. 7(b)), which are
recorded by the beam analyzer (Cinogy, CMOS-1201). The
inserts in Fig. 7 show the intensity profile of the laser beam at
the laser waist. The M? factor is measured to be about 9.9 for
CW operation and 8.8 for Q-switched operation at the highest
output power through least-squares curve fitting by the Origin
software, respectively.

Figure 8 illustrates the fluctuations of laser output in CW
operation, in which the average power data are counted in
steps of 0.5 min. After a significant attenuation before the
4-min mark, the output power oscillations are accompanied
by temperature fluctuations during each cooling cycle. These
fluctuations progressively diminishes after running for 4 min,
in which the output power stability root mean square (RMS)
is less than 15.7% through the 20-min experiment of stability.
And the main influencing factors are that in the peak wave-
length of the LED chips emerges the red-shift phenomenon

with temperature rising, which can remarkably reduce the
pumping efficiency and thus influence the output power sta-
bility of CW operation.

2.2

2.0-'
1.8
1.6
1.4
1.2
1.0
0.8
0.6

0 4 1 1 1 1 1
40 60 80 100 120 140 160

Z-distance (mm)

(a) = Horizontal
® Verical

®

Beam diameter (mm)

M2=10.5
M2=9.4

2.2
2.0
1.8
1.6
1.4

(b) = Horizontal
® Verical

1.2
1.0
0.8
0.6

0.4 n 1 n 1 n 1 n 1 n 1 n
40 60 80 100 120 140 160

Z-distance (mm)

M2= 9.0
M2= 8.5

Beam diameter (mm)

Fig. 7. Beam quality and two-dimensional laser beam profiles of (a)
CW and (b) Q-switched operation.
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Fig. 8. Stability of laser output in CW operation with medium power in
20 min.

According to the previous output power stability and the
beam quality factors of CW operation, the spectral character-
istics of the NIR LED with accompanying temporal changes
need re-studying and analyzing. Figure 9 shows the superpo-
sition of spectra recorded every 10 s for a single LED array
driven by QCW current and CW current for 4 min at an initial
coolant temperature of 5 °C. Firstly, in both operating modes,
the central wavelengths of the LED chips exhibit a red-shift
phenomenon simultaneously. As evidenced by the comparison
of luminous intensity between Figs. 9(a) and 9(b), CW oper-
ation of the LED array generates more waste heat than QCW
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operation under the same pump operating conditions, leading
to thermally induced spatial variation of the refractive index
to increase and the crystal rod to act as a lens with a variable
focal length. Secondly, thermal lens dispersion and spherical
aberration can cause the stable region of the laser on the merid-
ian plane of the laser resonant cavity to separate from the arc
sagittal plane, seriously affecting the output power stability
and the beam quality factor of CW operation. The experimen-
tal results in Figs. 7 and 8 confirm that the previous theoretical
analyses are very good. Finally, with the passage of operating
time, due to the intervention of the strong cooling cycles, the
phenomena of radiation intensity attenuation and the red shift
of peak wavelengths eventually become relatively stable, and
the stable range of CW laser operation is in a relatively stable
state.

(a)

808.2nm
~

s\
7

/4

7€ I0.311}<
d \

\
venc:aa -

(b)
807.8nm
~

‘/'
/"808.‘)\kgm

Fig. 9. Superposition of spectra recorded every 10 s during 4-min op-
eration of a single LED array driven by (a) QCW current and (b) CW
current respectively.

We estimate the fundamental mode spot radius @y in
the primary plane of a single rod through using round-trip
ABCD transmission matrix simulations, where the second-
order matrix defines the spot radius @,y approximated as
(2p + |m| +1)'/2 times @y with p and m being the radial and
angular indices, respectively, as shown in Fig. 10. The radius
of higher-order mode, measured in front of the output mirror,
is about 2 mm, which is basically consistent with the calcula-
tion result. Subsequently, an He—Ne laser beam is collimated
to the diameter near the Nd, Ce:YAG rod and injected into
the laser rod pumped by the LEDs, as shown in the insert of
Fig. 10. The thermal lens focal length can be achieved by mea-
suring the focus point position of the He—Ne laser. And the
experimentally measured thermal focal length value is greater
than 3 m. Combined with the measured thermal focal length
value and theoretical analyses of laser cavity mode, it can

be concluded that the marked ranges a and b correspond to
the power-stable region and mode-stable region within LED-
pumped CW solid-state laser’s optimal working stability zone,
while the marked mode-stable region ¢ and power-stable re-
gion d within the traditional LD-pumped CW solid-state laser
are optima work stability zone.!'®>23! Due to the thermal
accumulation from LED CW pumping, the temperature dif-
ference between the crystal’s interior and thermal distortion
gradually increase, resulting in a transition from range a to
range b in the laser stable area. Moreover, the value of ther-
mal focal length gradually becomes smaller, and the value of
the fundamental mode spot radius @y and mode volume also
decreases accordingly. Therefore the LED-pumped CW laser
output power will be limited and cannot be further improved.
According to the experimental measurement data, observa-
tional phenomena, and previous theoretical analyses, it is al-
most certain that the value of the fundamental mode spot ra-
dius @y under LED-pumped CW solid-state laser is 1.5 times
or more than that of the conventional LD pumped solid-state
cavity structure, which means that the theoretical system of the
solid laser cavity mode and the resonant cavity design scheme
are further improved and optimized.

4.0 L T T T

3.5
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2.5F oy M

20F

Spot radius (mm)

1.5F

1.0

0 0.001 0.002 0.003

Dioptra (mm~1)

0.004

Fig. 10. Spot radius versus diopter in main plane of an equivalent ther-
mal lens in a single module resonator, with insert showing the diagram
of single rod construction.

4. Discussion and conclusion

In summary, we have demonstrated a high-performance
LED-side-pumped two-rod Nd,Ce:YAG laser with CW oper-
ation and Q-switched operation. In the CW regime, the laser
achieves a maximum value of output average power of 4.41 W
at 1064 nm, corresponding to the highest optical conversion
efficiency of 5.3% and a slope efficiency of 12.4%. In the ac-
tive Q-switched operation, the pulse energy of laser is as high
as 0.89 mJ at a repetition rate of 800 Hz with a pulse width of
457.2 ns, corresponding to the highest peak output power of
1.94 kW, and the M? factor is measured to be about 8.8. And
the main influencing factors are that in the peak wavelength
of the LED chips emerges the red-shift phenomenon with a
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rise of temperature, which remarkably reduces the pumping
efficiency, and thus influencing the output power stability of
CW operation. Combined with the measured thermal focal
length values and theoretical analyses of laser cavity mode, it
is almost certain that the value of the fundamental mode spot
radius @y within LED-pumped CW solid-state laser is almost
1.5 times or more than that of the conventional LD pumped
solid-state cavity structure. The LED lighting is a dynamic
and rapidly evolving field, continuously enhancing the perfor-
mance of LEDs. We anticipate that LED pumping may rival
LD bar pumping in the future.
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