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A side-pumped Nd:YLF (yttrium lithium fluoride) laser is investigated to characterize dual-wavelength oscillation
and thermal lens effects. An improved method, which involves measuring the waist size and beam quality of the laser
under different pump powers and subsequently fitting the data using ABCD matrix propagation formalism, is proposed
to measure thermal lens effects in the Nd:YLF crystal for multimode lasers. For m-polarization at 1047 nm, the strong
negative thermal focal length along the a-axis severely limits its high-power output, while for o-polarization at 1053 nm,
wavelength selection is a dominant factor due to its relatively weak thermal lens effect. Based on this method, the resonator
stability of 1047 nm lasing is optimized, and the thermal lens limitation is mitigated by a compensating concave mirror.
A maximum single-wavelength oscillation power of 53 W at 1047 nm is achieved with an optical-to-optical conversion
efficiency of approximately 24%, which is comparable to that of single-wavelength oscillation at 1053 nm.
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1. Introduction

In recent years, the demand for high-power lasers
has grown rapidly across various fields, including military
applications, industrial manufacturing, scientific research,
medical treatments, telecommunications, and environmental
monitoring. !> Compared to other Nd** ion-doped gain crys-
tals, the unique properties of the Nd: YLF (yttrium lithium flu-
oride) crystal make it particularly promising for meeting the
requirements of high-power lasers. Its long fluorescence life-
time and high energy storage capability enable efficient han-
dling of high-power pumping, while its natural birefringence
ensures stable and high-quality laser output. Moreover, the
negative thermal lens effect of Nd: YLF renders it suitable for
high-power and high-energy lasers with repetition rates of sev-
eral kilohertz, as well as for high-efficiency conversion in var-
ious applications.[6-8]

In view of the wide range of applications and the grow-
ing demand for high-power lasers, the development of ef-
ficient and stable Nd:YLF laser systems is of great impor-
tance. Various pumping configurations have been developed

(9-111 Using two partially

to realize high-power Nd: YLF lasers.
end-pumped Nd:YLF slabs in one stable—unstable hybrid res-
onator, the system delivered a continuous-wave output of 74 W
at 1047 nm, and produced pulses of 24.2 mJ and 7.1 ns under
Q-switched operation at 1 kHz.['!l The utilization of slab ge-
ometries demands complex pump and resonator designs, and
Nd:YLF’s mechanical brittleness makes slab fabrication espe-

cially challenging. In contrast, side-pumped Nd:YLF mod-
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ules, where the crystal is surrounded by laser diodes, feature
a large gain volume that enables more uniform heat dissipa-
tion. This reduces peak thermal stress, thereby lowering the
risk of fracture and suppressing energy-transfer upconversion
processes. Furthermore, side-pumped modules can be cas-
caded to increase pumping and gain areas, enabling higher-
power pumping and the production of high-power lasers with
output powers of tens or hundreds of watts or more.

Many studies have been conducted on side-pumped
Nd:YLF crystals based on high-power 1053 nm operation,
and commercialized laser products have been brought to
market.l'>"15) A Nd:YLF laser was reported to produce
527 nm pulses exceeding 100 mJ at a 1 kHz repetition rate,
with a pulse width of 100 ns and a beam quality factor (M?) in
the range of 10-15.1"31 Two orthogonal Nd:YLF series struc-
tures, in which three diode bars were arranged at 120° angles
around the crystal, were employed to counteract the thermal
lens effect, producing an output of 110 W of continuous-wave
1053 nm laser or 51.1 W of pulsed 527 nm laser at repetition
rates of 1 kHz.!3!

However, reports of high-power side-pumped 1047 nm
lasers remain scarce, possibly attributable to strong thermal
astigmatism and susceptibility to stress-induced fracture under
high pump intensities. In 1992, a TEMyg polarized 40 W beam
at 1047 nm was obtained in a Nd:YLF laser by side-pumping
with a lamp at 7 kW input power, while the overall efficiency
was only 0.54%.111 A multi-pass slab (MPS) Nd:YLF laser
transversely pumped by an 863 nm laser diode (LD) in an
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astigmatic resonator achieved a maximum continuous-wave
output of 29 W in multi-mode operation or 23 W in TEMy
mode.[!7]

The output characteristics of a high-power side-pumped
Nd:YLF laser are investigated, and the thermal lens effects are
quantified by establishing a direct correlation between measur-
able multimode beam parameters. By identifying the thermal
lens along the g-axis as the primary limitation to 1047 nm op-
eration, we mitigate this effect through resonator optimization
and achieve a significant enhancement in output power.

2. Experimental setup

The schematic of the experimental setup is shown in
Fig. 1. The side-pumped module features an a-cut Nd:YLF
crystal rod with 0.8% doping concentration, 92 mm in length,
and 4 mm in diameter, assembled with five LD bars positioned
at a 72° angle. The c-axis of the crystal is vertical and orthog-
onal to the rod axis. Taking into account the thermal focal
length of the crystal rod, a flat-concave resonator cavity has
been designed to maintain stable operation. M1 has a curva-
ture of 1000 mm and exhibits high reflectivity at both 1053 nm
and 1047 nm. M2 is a plane mirror and is partially transmis-
sive at wavelengths of 1053 nm and 1047 nm, and the cav-
ity length is approximately 450 mm. A polarizer is used for
selecting polarized light. A polarizing beam splitter (PBS)
separates the two orthogonally polarized components of the
output laser. The component parallel to the c-axis is 7-light
(1047 nm), and the component perpendicular to the c-axis is
o-light (1053 nm). A power meter and a beam analyzer are
used to measure the power and beam quality of the output

lasers, respectively.

438
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-

ﬁ ﬁ ﬁ Polarizer

M1 M2

Fig. 1. Schematic of the experimental setup.

According to the absorption spectra of Nd:YLF with
0.8% doping concentration,'®! the crystal exhibits a broad ab-
sorption band around 796 nm with strong absorption coeffi-
cients for both 7- and o-polarized light. Given the commercial
availability of high-power, long-lifetime 796 nm laser diodes,
this wavelength was consequently selected for pumping.

Based on the relationship between laser output and cavity
parameters, the optimal output coupler transmittance is calcu-
lated to lie between 14% and 17%. Accordingly, two output
couplers with transmittances of 15% and 20% are employed in
the experiments.

3. Results and discussion

Initially, the polarizer is removed, allowing the cavity
to directly output a laser with an output coupler of 15% or
20%. The results are depicted in Fig. 2. The 1047 nm laser
preferably oscillates with a low threshold and quickly reaches
the peak value. Then, it begins to decrease rapidly as the
pump power increases. Meanwhile, the 1053 nm laser be-
gins oscillating and soon exceeds the 1047 nm laser, dominat-
ing the main portion of the output. This phenomenon, known
as dual-wavelength competition, has been observed in many
anisotropic gain media, such as Nd:YVO4, !9 Nd:GdVO,, 20!
Nd:LuVOy4, 211 Nd:YA103,22 Tm:LuYOs3.23! In our Nd: YLF
experiment, the 1047 nm and 1053 nm wavelengths are spec-
trally close and share similar spectroscopic properties. During
the dual-wavelength competition, any proportion of the two
wavelengths can be achieved by precisely aligning the cavity.
For instance, by adjusting the output coupler with a transmit-
tance of 20%, the power of 1047 nm can vary from nearly
zero to its maximum value within the pump power range of
120 W to 200 W, while the 1053 nm laser power correspond-
ingly varies from its maximum to nearly zero. Depending on
the pump power, the total power of the two wavelengths ap-
pears to be close to a given value. The ability to achieve any
ratio of two wavelengths in the dual-wavelength competition
through simple cavity adjustments could be very attractive for
terahertz (THz) generation.[24]
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Fig. 2. Output power with the optical coupling of T15% and T20%,
respectively.

To avoid fracture of Nd:YLF due to excessive thermal
stress under high-power pumping, it is essential to operate
within the crystal’s thermal limits. The stress fracture thresh-
old of Nd:YLF is approximately 40 MPa, 1024231 which cor-
responds to a maximum allowable absorbed pump power of
about 23.34 W per millimeter of crystal length. Therefore, we
set the total absorbed pump power to 243 W, well below the
fracture limit when distributed over the pumped volume.
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As shown in Fig. 2, because the stimulated emission cross
section is larger at 1047 nm, its oscillation has a lower thresh-
old for both 15% and 20% transmission output couplers. How-
ever, the output of 1047 nm rapidly declines to nearly zero
This is attributed to the in-
tense competition among ions in the upper level with the other

as the pump power increases.

wavelength, as well as a cavity mismatch caused by the strong
negative thermal focal length (discussed below). In contrast,
despite a higher threshold, the 1053 nm laser gradually domi-
nates the subsequent competition until its competitor drops to
zero. Additionally, the 1053 nm laser exhibits nearly linear
power scaling with no roll-off, indicating great potential for
high-power output.

In Fig. 2, it is obvious that the 15% output coupler per-
forms better than the 20% coupler in terms of laser output, in-
cluding laser threshold, conversion efficiency, and maximum
power, which is consistent with the theoretical calculation.
Therefore, the 15% output coupler is chosen for the follow-
ing experiments. The maximum laser power is 59.1 W under
the maximum pump power of 243 W, yielding an optical-to-
optical conversion efficiency of 24.3%.

In order to obtain single-wavelength oscillation in the
cavity, the polarization selector is typically inserted to select
either 7- or o-polarized light. In this case, a horizontal Brew-
ster polarizer is incorporated into the experimental setup near
the side-pumped module. The laser power of the selected o-
polarized light is shown in Fig. 3. Due to the insertion loss
of the polarizer and the higher threshold for 1053 nm, the
overall output power is initially lower, but eventually reaches
58.8 W, which is nearly equivalent to the output power ob-
served in the absence of the polarizer. The slope efficiency
of the 1053 nm laser power is 30.9%. The emission spec-
trum monitored by an optical spectrum analyzer (Ocean Op-
tics USB4000) is displayed in the inset of Fig. 3 and confirms
the absence of 1047 nm emission across the entire pump power
range, with only 1053 nm lasing observed.
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Fig. 3. Output power of 1053 nm with and without the horizonal polar-
izer. The inset shows the spectrum.
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Fig. 4. Output power of 1047 nm with and without the vertical polarizer.
The inset shows the spectrum.

When the polarizer is rotated into the vertical direction,
single-wavelength oscillation of the -polarized 1047 nm laser
is realized, with the power and spectrum shown in Fig. 4. The
difference in output power with and without the polarizer is
primarily attributed to the insertion loss of the polarizer. As the
pump power increases, the 1047 nm output power rises accord-
ingly but saturates at a maximum of 27.5 W when the absorbed
pump power reaches 154 W, after which it drops sharply. This
behavior indicates that, unlike the o-polarized 1053 nm line,
the w-polarized 1047 nm transition cannot sustain high-power
scaling in this configuration. Since only one wavelength is
oscillating, the dual-wavelength competition factor can be ex-
cluded, and the decline in laser power is mainly due to cavity
mismatch caused by the strong negative thermal focal length
of Nd:YLF crystals along the a-axis for m-polarized 1047 nm
operation.

The laser crystal can be regarded as being uniformly
pumped and subjected to a volume heat source. Therefore,

the thermal focal length can be expressed as2%)

KA |1 dn
f:? EE‘FOCCRW’%“F

aR(n,—1)]7"
—7 | > ()

where K is the thermal conductivity coefficient of the crystal,

A is the area of the cross section of the crystal 41 is the tem-

> dT
perature coefficient of the refractive index of the crystal, o is
the thermal expansion coefficient, R is the radius of the beam
waist, L is the length of the crystal, n, is the refractive index
of the crystal, P is the total heat load power in the crystal, and
C.¢ is the photo-elastic coefficient.

As stated in Eq. (1), the thermal focal length is mainly
composed of three components, namely, the refractive index
change caused by thermal stress, the photo-elastic effect, and
the focal length change caused by the bulging of the rod end
faces. This results in thermal lens astigmatism between the
c-axis and the a-axis, which leads to poor laser beam qual-
ity. The thermal focal length of the crystal could be obtained
by measuring the TEM(y mode waist size on the plane output
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coupler and then fitting it to the ideal waist calculated from the
resonant cavity. )

However, this method is not accurate for measuring mul-
timode lasers. Therefore, based on this approach, we propose
an improved method to measure the thermal focal length at
both 1053 nm and 1047 nm under multimode operation. The
method employs a beam analyzer (OPHIR, BSQ-SP920) to
simplify the measurement procedure and reduce experimental
uncertainty. At various pump powers, the beam waist radius
®p, and beam quality factor M? are measured separately along
the crystal’s g-axis and c-axis. Since the resonator is config-
ured as a plano—concave resonator, the beam waist is located
at the plane output coupler, making @y, also correspond to the
beam radius at this mirror.

As in the case of circular symmetry, the waist and beam
divergence of higher-order Gaussian lasers can be denoted as

follows: 28]

Wy =W X \/2p+1+1, )
0,1 =00 x \/2p+1+1, (3)

where p and [ are the transverse mode indices of higher-order
Gaussian laser modes along two axes, wy and 6y are the waist
radius and the half angle of divergence of the TEMyy mode,
@y and 0, are the waist radius and the half angle of diver-
gence of the higher-order mode, respectively.

Based on the equations above, we assume that the waist
and beam divergence of each higher-order mode degrade pro-

AN R

where R1 and R2 are the curvatures of mirrors M1 and M2,
respectively, L1 and L2 are the distances from mirrors M1 and
M2 to the crystal, respectively, and Lc and n are the length
and refractive index of the Nd:YLF crystal, respectively. The
Gaussian beam radius @, at mirror M2 is given by

A 2B
W= | (6)
4—(A+D)?

where A is the wavelength of the oscillating laser. Therefore,
the thermal focal length of the crystal f can be obtained by
fitting Egs. (5) and (6).

To improve measurement accuracy, the beam radius and
beam quality of the multimode laser are recorded in triplicate
at each pump power and subsequently averaged before fitting.
The fitting results, representing the thermal focal lengths of
the crystal along the g-axis and c-axis during 1047 nm (7-
polarization) and 1053 nm (o-polarization) lasing under dif-
ferent pump powers, are plotted in Fig. 6. Due to the sharp

portionally. Given that the beam quality factor M? of a mul-
timode laser is the weighted sum of all higher-order modes,
it follows that the weight of each higher-order mode in M?>
would be the same as that in the waist and beam divergence.
Therefore, we assume that the waist and beam divergence of a
multimode laser deteriorate in equal proportion. Specifically,
we introduce a virtual TEMyy mode in the cavity whose beam
waist @, satisfies

O
~— 4
v 4)

where @y, is the measured beam waist of the actual multimode
output, and M = V/MZ2. This virtual mode serves as a conve-
nient reference for applying Gaussian beam propagation to the
effective thermal lens in multimode operation.

(L1 LeR(\Le2 12|
\ { i | >

RI ! R2

Fig. 5. Equivalent cavity model incorporating the thermal lens.

Therefore, the value of f can be calculated by fitting the
waist size of the virtual TEMyg mode @, through ABCD ma-
trix propagation formalism. Figure 5 illustrates the equivalent
cavity model, in which the thermally induced lensing effect
is represented by a thin lens positioned at the center of the
Nd:YLF crystal. Taking the output coupler M2 as the refer-
ence plane, the round-trip matrix can be written as

01[1L1][1 L 1 01[1 4771 L2 1 0
IR S g e O

drop in laser power for m-polarization, thermal lens measure-
ments are discontinued when the pump power exceeds 170 W.
The thermal focal length of the mw-polarized 1047 nm laser
is strongly negative along the a-axis, reaching approximately
—1 m at 160 W pump power as shown in Table 1, while along
the c-axis it is less negative, reaching about —2.5 m. Extrapo-
lation suggests that the focal lengths would become more neg-
ative with higher pump powers. The anisotropy between the
two axes arises primarily from the intrinsic differences in the
thermo-optic and photo-elastic coefficients of Nd:YLF, which
govern the thermally induced refractive index changes under
heat loading.

For o-polarization at 1053 nm, the thermal focal length is
slightly negative along the c-axis, on the order of meters, even
when the pump power exceeds 200 W. However, the measured
variation of the waist size of the multimode @, along the a-
axis fails to exhibit a clear trend across different pump pow-
ers. The difficulty in distinguishing and quantifying thermal
effects may stem from their being obscured by the simulta-
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neous deterioration of beam quality. The thermal lens of the
o-polarized 1053 nm laser along the a-axis is reported to be
slightly positive in some studies,!'®>27-2° which predomi-
nantly contributes to the high-power output of 1053 nm.

In order to further study the thermal characteristics of the
Nd:YLF crystal and validate the proposed method, the curva-
ture of M1 is changed to 500 mm and 2000 mm, respectively,
to obtain higher output power at 1047 nm. The vertical polar-

izer is maintained in the cavity to ensure 7m-polarized oscilla-
tion. Figure 7 shows the output power of the 1047 nm laser
with different curvatures of M1. As can be seen, increasing
the curvature of M1 leads to a sharp decline in laser power.
With a radius of curvature (ROC) of 2000 mm, the power of
the 1047 nm laser drops as the pump power approaches 100 W,
at which point the thermal focal length along the a-axis is ap-
proximately 2.1 m as shown in Fig. 6.

Table 1. Measured parameters and fitted thermal focal length for m-polarization along the a-axis.

106 117 128 140 151 162 174
4.56 4.03 3.68 3.40 3.25 3.02 2.96
2118 2129 2139 2185 2174 2379 2490
496 530 557 592 603 684 724
—1.88

—1.52 —1.35 —1.21 —1.18 —1.03 —0.99

Power (W) 61 72 83 94
M? 544 521 5.02 473
20, (1m) 1990 2027 2049 2087
@, (um) 427 444 457 480
fa-m-polarization (m) —6.6 —4.2 —2.98 —2.24
0 T T T T
L //./.,.-l—-—"—""._' |
= |
~ —10F B
wn
=} L
2
w —15F B
3
S |
< —20F B
m -
g _—
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—30F 4
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Fig. 6. The thermal focal length for 7- and o-polarization along the a-
axis and the c-axis.
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Fig. 7. Laser output power of 1047 nm with different curvature of M1.

When the curvature of M1 is set to 500 mm, it assists in
maintaining the thermal stability of the cavity. Consequently, a
maximum output power of 53 W for the 7-polarized 1047 nm
laser is achieved at a pump power of 221 W. The conversion
and slope efficiencies of the 1047 nm laser are 24.0% and
30.6%, respectively. These values are comparable to those of

the 1053 nm laser with a ROC mirror of 1000 mm in Fig. 3.
Furthermore, we demonstrate that the same output power of
53 W at 1047 nm can be realized in the absence of the vertical
polarizer. This proves that the cavity curvature can serve as
a compensatory mechanism for the thermal effect. Maintain-
ing operation within the thermally governed stable region is
essential for single-wavelength lasing at 1047 nm.

4. Conclusion

In summary, this study investigates dual-wavelength op-
eration in high-power, side-pumped Nd:YLF lasers, showing
that the power scalability of the 1047 nm line (7-polarization)
is predominantly constrained by a strong negative thermal
lens along the g-axis. In contrast, the 1053 nm line (o-
polarization), with its comparatively weaker thermal lensing,
is governed by wavelength competition. To address this is-
sue, we developed an improved method for quantifying ther-
mal lensing in multimode lasers by linking the thermal focal
length to measurable beam parameters (waist size and beam
quality factor, M?) via an ABCD matrix. This method pro-
vides a practical approach for resonator design, enabling us
to achieve a high-power 53 W output at 1047 nm by imple-
menting a curvature-matched output coupler tailored to com-
pensate for its negative thermal lens. These results establish
a practical roadmap for optimizing thermal management and
enabling predictable power scaling not only in high-power
Nd:YLF lasers but also in other multimode solid-state laser
systems.
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