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Abstract

This paper presents an investigation of the secondary saturation characteristics of a Hf Te»
saturable absorber. Pulse energies of 5.85 mJ and 7.4 mJ were demonstrated with a high-
order Hermite-Gaussian (HG) laser and a vortex laser, respectively, using Alexandrite as the
gain medium. To the best of our knowledge, these are the highest pulse energies directly
generated with HG and vortex lasers. To broaden the applications of high-energy pulsed HG

and vortex lasers, wavelength tuning over a range of 40 nm was achieved using an etalon.
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1. Introduction

The intensity and phase distributions of high-order Hermite-Gaussian (HG) beams allow them to
transmit more information than Gaussian beams, and so they have important applications in field
such as laser capacity communications, optical measurement, and optical manipulation !4, In
addition, high-order HG beams can be transformed into vortex beams carrying an orbital angular
momentum of /4 (with / the quantum number and # the reduced Planck constant), further
broadening their applicability 7!, Structured light field generated by high-energy high-order HG

8-121 However, high-order HG lasers

lasers have a great deal of benefits over unstructured light [
have thus far primarily been confined to a low energy range, owing to the limitations imposed by
the damage threshold, and the efficiency of existing generation techniques. The extra-cavity
generation method for structured light field relies on phase modulation, which has proven to be
inadequate for producing a stably propagating high-order HG mode laser. This limitation stems
from the fact that such extra-cavity implementations merely execute the user-programmed
photonic design without demonstrating intrinsic evolutionary capabilities, thereby failing to
achieve the dynamic characteristics necessary of an active system. Additionally, the converters
employed for this method are not sufficiently robust to withstand the impact of a high-energy laser
[13.14] The intra-cavity method primarily achieves vortex laser generation by adjusting the gain of
different modes. However, etching spot-defects on the input mirror has not yet succeeded in

producing high-order HG lasers, and this technique typically reduces the utilization efficiency of

the pump laser [!5°], Consequently, it is essential to develop a method that can generate high-order
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HG lasers with stable propagation and high efficiency, while remaining unaffected by damage
threshold limitations. In 2024, Tao et al. [?Y) theoretically demonstrated that high-order HG lasers
with low loss characteristics can be generated using a segmented mirror. This indicates that etching
stripes of various shapes and dimensions onto the output mirror is a feasible method for the
generation of high-order HG lasers, without affecting the incidence efficiency of the pump laser.
Suitable gain media and laser regulation methods are indispensable for the production of high-
energy pulsed lasers. Within the visible spectrum, Alexandrite (Cr’":BeAl>O4) is regarded as an
exceptional medium for creating a high-energy pulsed laser, as a result of its superior thermal
conductivity, high saturation energy density, robust damage threshold, and long fluorescence
lifetime 2231, Furthermore, the effective gain cross-section of Alexandrite crystals increases with
temperature, facilitating efficient high-power pumping. In 2023, Liang et al. ** successfully
obtained a high-energy pulse of 2.6 mJ in Alexandrite using acousto-optic Q-switching,
highlighting the potential of this method for high-energy operation. Passive Q-switching (PQS) is
an effective technique for producing pulsed lasers, offering the advantages of a compact design
which does not need an external driver. However, PQS typically struggles to achieve high pulse
energies, owing to the low saturable fluence of saturable absorbers (SAs), particularly when using
two-dimensional (2D) SAs 23?71 It is worth noting that light absorption by excited state energy
levels causes the transmittance of specific 2D materials to decrease only under excitation by
extremely high-intensity light. This phenomenon is known as reverse saturable absorption 2],
Nevertheless, excited state absorption in 2D materials can also reach saturation, in a condition
referred to as secondary saturation. Compared with ground state absorption saturation, a
significantly higher excitation intensity is required to achieve this condition in an excited state.

Therefore, SAs with secondary saturation characteristics typically exhibit a higher saturable
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fluence, which may alleviate the challenges of generating high-energy pulsed lasers through the
PQS method.

In this paper, the secondary saturation characteristics of a high quality, custom-made HfTe>
SA, which has a high damage threshold, were demonstrated using the open aperture Z-scan
method. By employing a defected output mirror and a reverse saturable absorber (RSA) HfTe>,
high-order HG pulsed lasers of various orders with a maximal single pulse energy of 5.85 mJ, and
a vortex laser with a single pulse energy of 7.4 mJ, were obtained in Alexandrite. The repetition
rates of these lasers were 262 Hz and 196 Hz, respectively. To expand the applications of high-
energy structured lasers, wavelength tuning within the range 747-787 nm was successfully

accomplished using an etalon.

2. Experimental setup
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Figure 1. Schematic diagram of the generation of high-energy Hermite-Gauss laser. LD: laser diode; CL:
collimating lens; FL: focusing lens; IC: input coupling; OC: output coupling. Inset: defected stripes at OC and

crystal structure of HfTe;.
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A schematic diagram of the high-energy HG Alexandrite laser is shown in Fig. 1. The pump laser
is a laser diode (LD) with an emission wavelength of 638 nm, offering higher quantum efficiency
compared to other pump wavelengths. Owing to the polarization-dependent absorption properties
of Alexandrite, the pump laser is directed through a polarization beam splitter to enhance the
pumping efficiency. The coupling system consists of a collimating lens (CL) and a focusing lens
(FL), with focal lengths of 100 mm and 50 mm, respectively. The pump laser is focused through
a coupling system, generating a circular spot with a diameter of 200 um within the crystal. Both
the input coupling (IC) and the output coupling (OC) are implemented using plane mirrors to
maintain the beam quality of the output laser. The Alexandrite crystal, with a Cr*" doping

concentration of 0.2%, was precision-cut to dimensions of 3 X 3 X 8 mm? and finely polished. The

optical path surfaces are coated with a high transmittance for a 755 nm laser. The transmittance of
the OC is fixed at 3% and defect stripes of diverse widths and shapes were introduced, as shown
in Fig. 1, in order to permit the laser to pass through without being reflected, such that only the
laser modes that overlap with the non-defected area can be effectively amplified. The output laser
is directed through a bandpass filter to obtain high-purity HG modes, free from interference with
the pump laser. The HfTe, absorber was coated onto the OC to achieve Q-switching and to

minimize resonant cavity loss.
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Figure 2. (a) Light transmittance of HfTe; in the wavelength range of 350-1100 nm; Inset: energy band
structure and density of states of HfTe»; (b) Saturation absorption and reverse saturation absorption results of
HfTe, based on open aperture Z-scan; Inset: the principle of saturation absorption and reverse saturation
absorption process; (¢) Surface microstructure of HfTe, by SEM; (d) Thickness of single-layer HfTe,
nanosheets by AFM; Inset: the AFM height image in the area of 30 X 30 um?. (¢) Raman spectrum of HfTe;
Inset: the EDS element analysis; (f) XRD patterns of HfTe,.

The optical transmittance of HfTe; across the wavelength range 350-1100 nm is shown in Fig.
2(a), demonstrating its strong absorption of visible and near-infrared light. The band energy
structure and electron density of HfTe; are depicted in the inset of Fig. 2(a), revealing its zero-
bandgap structure. Upon incidence of a laser on HfTe», electrons in the pristine state are excited
to the excited state (Absorption I). Increasing the incident laser power causes a greater number of
electrons to populate the excited state. Due to Pauli blocking, which limits the electron occupation
in this state, Absorption I reaches saturation and the material ceases to absorb additional laser

energy. However, under excitation from a stronger laser, electrons in the excited state will
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transition to a higher energy state (Absorption II). This process is known as reverse saturation
absorption. With further increases in incident laser intensity, the higher energy state may also
become saturated as a result of electron accumulation and the wide energy band gap, which
impedes the relaxation process from the higher state back to the excited state, thereby ceasing
further laser absorption. The characteristics of saturable absorption and reverse saturation
absorption under high-energy excitation are demonstrated in Fig. 2(b) via the open aperture Z-scan
method with an 800 nm femtosecond laser, confirming that HfTe, exhibits reverse saturation
absorption properties. Figure 2(c) presents the surface microstructure of HfTe, as examined by
scanning electron microscopy (SEM), clearly showing its layered structure. The height of a single-
layer HfTe> nanosheet obtained by mechanical exfoliation, and measured by atomic force
microscopy (AFM), was 16 nm, as shown in Fig. 2(d). The purity of HfTe, was analyzed by Raman
spectroscopy and an Energy Dispersive Spectrometer (EDS), as shown in Fig. 2(e) and the inset.
The peaks of the Raman spectrum are located at 123.3 cm™, 142.0 cm™!, and 401.3 cm™,
corresponding to the characteristic Raman peaks of HfTe>. The EDS results indicate that the
composition consists of 35.6% Hf and 64.4% Te, with no other elements detected. The growth
direction of Hf Te, was characterized by X-ray diffraction (XRD), with diffraction peaks observed
at 20 angles of 13.4°, 26.8°, 40.8°, and 55.4°, corresponding to the (1, 0, -1), (2, -1, -1), (2, 0, -2),

and (3, 0, -3) growth directions, respectively, as shown in Fig. 2(f).

3. Characteristics of high-energy Structured light field
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Figure 3. (a) The far-field intensity distribution of Hermite-Gauss laser of different orders and vortex laser; (b)
The corresponding defected areas on the output coupling mirror.

The far-field intensity patterns of HG lasers of different orders and their corresponding defects on
the OC are shown, respectively, in Fig. 3(a) and Fig. 3(b). The defects, introduced by mechanical
etching, allow the laser to pass through without undergoing oscillation. The etched defects are
placed on a red-light source and observed under a microscope. The red light can pass through the
defects, appearing as bright areas, while the non-defect regions remain dark due to reflection from
the film, as illustrated in Fig. 3(b). The intensity distribution of the HG laser is recorded by a CCD
at a distance of 5 m in the far-field, with the corresponding laser divergence angle less than 5 mrad.
With etched straight lines with a width of 20 um in the vertical and horizontal directions, the laser
is capable of generating HG1o and HGo1 modes, respectively. As the defect width is increased to
60 um, HG2o and Ho2 modes can be excited. Through the orthogonal cross-etching of two defect
stripes, the laser is optimized to produce the HG11 mode. In addition, by etching a circular hole in
the OC, the laser can produce a ring-shaped vortex laser. However, due to spot size limitations,
wider defects inhibit efficient laser oscillation, preventing the generation of higher order HG

modes.
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Figure 4. (a) Output characteristics of high-energy HG1o, HG2o laser and vortex laser; Transition state pulse of
HG laser at (b) 10 ps; (c) 5 ms; (d) 200 ps scale.

The output pulse characteristics of the HG and vortex laser at different modes are shown in
Fig. 4. Since the HG1o and HGo1, HG20 and HGoz, as well as HG11 and vortex modes exhibit similar
output power, repetition rate and pulse width, this work only presents the laser characteristics of
the HG10, HG20, and vortex modes. The vortex laser operates in two stable states characterized by
a high repetition rate state (>10 kHz) and a low repetition rate state (<300 Hz), as well as an
unstable transition state, as described in Fig. 4(a). The threshold absorbed pump power is 3.0 W,
and it operates in the high repetition rate state until the absorbed pump power exceeds 6.0 W. As
the absorbed pump power increases, the repetition rate increases and the pulse width decreases

gradually within the high repetition rate state. For the HG1p mode, the maximum repetition rate

reaches 44 kHz with a pulse width of 1.9 us at 6.0 W of absorbed pump power, as shown in Fig.
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4(a). As the absorbed pump power exceeds 6.0 W, Absorption I reaches a supersaturated state,
resulting in high repetition rate pulses, and the laser enters an unstable transition state. During the
transition state, while emitting high-energy, high repetition rate pulses, Absorption II also
consumes the excited state electrons, causing Absorption I to no longer remain saturated.
Consequently, the high repetition rate pulses reappear, as shown in Fig. 4(a). As the pump power
increases, excited state is populated more rapidly, effectively sustaining a continuous saturation
state, which results in the disappearance of the high repetition rate pulses. The low repetition rate
pulse interval in the transition state is 24 ms, corresponding to a repetition rate of 42 Hz, with a
pulse width of 820 ns, as depicted in Fig. 4(b). The high repetition rate pulses in this state have a
repetition rate of 31 kHz and a pulse width of 2.6 ps. Notably, the repetition rate of the high
repetition rate pulses in the unstable transition state is lower than that in the high repetition rate
state. This reduction is due to Absorption II decreasing the transmittance of the SA during the
modulation of the high repetition rate pulse. The repetition rate of the low repetition rate pulse in
the unstable transition state is also lower than that in the low repetition rate state, because the high
repetition rate pulse consumes electrons in the excited state. When the absorbed pump power
exceeds 6.2 W, Absorption I remains in a supersaturated state, and pulse generation depends
exclusively on modulation by Absorption II, leading to low repetition rate pulses. Figure 4(a)
illustrates a typical low repetition rate pulse with a repetition rate of 177 Hz and a pulse width of
480 ns, demonstrating superior stability in both pulse repetition and intensity compared to the high

repetition rate pulses.

10

https://doi.org/10.1017/hpl.2025.34 Published online by Cambridge University Press


https://doi.org/10.1017/hpl.2025.34

Accepted Manuscript

8]

260 | (b) ] 750 4 (C) | 585 (d) L(e)

I 700 | I B
i 650 |- L i
- = 600 | ® ' -1 -

Y
W
S

I

v

%

S

|

N}
S
S

I

o

)
W
=
T
®.

[3%]

[35)

(=]
\
wn W
N ~
W f=]
I I

oo

o

550

Pulse width (ns)

Repetition rate (Hz)
Pulse energy (mJ)
T

Peak power (kW)

500

210 E | 50 | j » E 7 t |

760 770 7 8 8

;]
[
EN]
[}

Wavelength (nm) Absorbed pump power (W)
6 (2

- | 1cA
262 Hz 454 ns

N

50 ms/div 1| us/diy

Figure 5. (a) Spectrum; (b) Repetition rate; (c) Pulse width; (d) Pulse energy; (e) Peak power of HG 1o mode
versus absorbed pump power at low repetition rate state; (f) Typical Q-switched pulse train and (g) temporal

pulse shape of HGp mode at maximum average output power.

The low repetition rate state pulse laser characteristics of the HG1o mode are presented in Fig.
5. Figure 5(a) shows the spectrum of the Q-switched pulse laser, with a central wavelength at
762 nm and a full width at half maximum (FWHM) of 3 nm at the maximum absorbed pump power
of 8.15 W. As the absorbed pump power increases, the repetition rate increases while the pulse
width decreases gradually. When the absorbed pump power was 8.15 W, the maximum repetition
rate and the narrowest pulse width were 262 Hz and 454 ns, respectively, as depicted in Figs. 5(f)
and (g). The single pulse energy and peak power also increased gradually with the absorbed pump
power, and the maximum pulse energy reached 5.85 mlJ, corresponding to a peak power of 11.6
kW. The single pulse energy density and peak power density in the gain medium were 12.2 J/mm?

and 24.3 MW/mm?, respectively. Notably, the performance of the HfTe> SA is not compromised
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by the impact of such a high-energy pulse. Typical pulse trains and temporal pulse profile are
displayed in Figs. 5(f) and (g) in the time ranges of 0.5 s and 4 us. Figure 5(f) demonstrates that
the pulse train has good repeatability and relatively consistent peak intensity. The remarkable pulse
stability originates from two key aspects. Firstly, the high saturation intensity of the excited state
absorption process increases the cavity loss, which promotes the generation of stable pulses and
provides substantial fault tolerance. Secondly, the intrinsic stability of the material structure

combined with its well-defined energy level structure, ensures consistent laser performance.
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Figure 6. (a) Repetition rate; (b) Pulse energy; (c) Pulse width; (d) Peak power of HG2o and

vortex mode laser versus absorbed pump power.
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The laser characteristics of the HG2o and vortex modes are shown in Fig. 6. Figure 6(a)
illustrates the variation of the repetition rate with absorbed pump power in both the high and low
repetition rate states. In the high repetition rate state, the highest repetition rates were 24 kHz for
the HG2o mode and 28 kHz for the vortex mode, respectively, while these rates dropped sharply to
185 Hz and 196 Hz in the low repetition rate mode. The corresponding pulse energy also increased
from 24.8 pJ to 6.92 mJ for the HG20 mode and from 24.6 uJ to 7.40 mJ for the vortex mode,
respectively, as depicted in Fig. 6(b), proving that Absorption II has a higher saturation flux and
can accommodate more electrons due to its wider energy band. As shown in Fig. 6(c), the pulse
width of both the HG»o and vortex modes decreased slowly with increasing absorbed pump power,
even across different states. The narrowest pulse widths reached 550 ns for the HG2o mode and
502 ns for the vortex mode at the maximum absorbed pump power of 8.15 W.

Table 1. Comparative Characteristics of Q-switched high-order HG and Vortex mode laser

Mode Wavelength  Gain medium (SA)  Output power Pulse energy Reference

HG 1064 nm Nd:YAG (Cr:YAG) 132 W 22 ) [29]
HG 1079 nm Nd:LYSO (Cr:YAG) 1.96 W 63 [30]
HG 1064 nm Nd:YAG (Cr:YAG) 780 mW 3w [31]
HG 20183 nm  Tm:LuYAG (Active) 870 mW 1.51 mJ [32]
Vortex 607 nm Pr:YLF (Co:ASL) 139 mW 0.89 uJ [33]
Vortex 639 nm Pr:YLF (Co:ASL) 1.35W 25w [34]
Vortex 1064 nm Nd:YAG (Ag:LNOI) 130 mW 23.4n] [35]
Vortex 1064 nm Nd:YAG (Cr:YAG) 760 mW 18w [36]
Vortex 1063 nm Nd:GdVOs4 (Active) 938 W 469 nJ [37]
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Vortex 1647.7nm  Er:LuYAG (Active) 940 mW 660 wJ [38]
Vortex 19379 nm  Tm:YAP (Self) 83 mW 1.1 W [39]
Vortex 2 um Tm:YALO3 (Self) 4.8 W 38.8 wJ [40]
HG 762 nm Alexandrite (HfTe2) 1.52W 5.85ml] This work
Vortex 762 nm Alexandrite (HfTe;) 1.48 W 7.40 mJ This work

Table 1 summarizes the characteristics of typical Q-switched high-order HG and vortex lasers.
It can be seen that our experimental approach yields the highest pulse energy compared with other
gain media and modulation methods. Nonetheless, it is particularly appropriate for the generation

of high-energy HG pulses at short wavelength.

4. Wavelength tuning characteristics

Since a 750-785 nm laser corresponds to the absorption peak of Rb atoms, and has a deeper
penetration depth in biological tissues, this wavelength range has a wide range of applications

4501 In particular, the 780 nm

including laser medical treatment, cold atoms, and laser pumping |
vortex laser has indispensable applications such as cold atomic clocks, hot atomic steam, and cold
atom storage, but it can only be produced through extra-cavity modulation *>*!. To expand the

utility of high-energy HG and vortex lasers, an etalon was employed for wavelength tuning based

on an Alexandrite crystal, which has a wide emission spectrum, as shown in Fig. 7(b).
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Figure 7. (a) Schematic diagram of wavelength tunable Q-switched vortex laser based on etalon; (b)
Fluorescence spectrum of Alexandrite excited by 638 nm pump laser; (c) Laser spectra and relative intensities
at different wavelengths within the Alexandrite wavelength tuning range; (d) Repetition rate and Pulse width;

(e) Pulse energy and Peak power of passive Q-switching vortex laser versus wavelength.

The schematic diagram of a wavelength-tunable Q-switched vortex Alexandrite laser is
depicted in Fig. 7(a). By utilizing a 0.2 mm thick etalon rotated within a tilt angle of 10°,
continuous wavelength tuning can be achieved across the range of 747-787 nm. The relative
intensity and full width at half maximum (FWHM) at different wavelengths are shown in Fig. 7(c).
The FWHM of the spectrum is 3 nm at a central wavelength of 763 nm, while it narrows to 1 nm
at the wavelengths of 747 nm and 787 nm due to the optical filtering effect of the etalon.

Additionally, Figure 7 (d) presents the corresponding repetition rates and pulse widths at various
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wavelengths at an absorbed pump power of 8.15 W. As the intra-cavity power diminishes, the
repetition rate decreases and the pulse width increases. The repetition rate and pulse width of the
747 nm pulsed vortex laser were 134 Hz and 708 ns, respectively, while those of the 787 nm pulsed
vortex laser were 147 Hz and 760 ns, respectively. The pulse energy and peak power show a
dependence on the gain during the process of wavelength tuning. As shown in Fig. 7(e), the pulse
energy and peak power of the 747 nm pulsed vortex laser were 6.15 mJ and 8.69 kW, respectively.
Meanwhile, for the 787 nm pulsed vortex laser, the pulse energy and peak power were 6.42 mJ
and 8.44 kW, respectively. The wavelength tuning range was restricted by the coating constraints

of the resonant cavity mirrors.

n

(b)\VOr’cex laser
g Reflective mirror
; Focusing lens
* Aperture

y, Collimating lens

.‘rf;;,.«/:?/
g ‘)’ =1 4 )

""" Splitter o=

Reflective mirror

),

Intensity (a.u.)
E &5 &

>
)

=
=

-0.4 -02 0.0 0.2 0.4
Normalized radius (/o)

Figure 8. (a) The typical intensity profile of the high-energy vortex pulse laser; (b) The Mach-

Zehnder interferometer for characterizing the topological charge of the optical vortex; (c) Beam
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profiles interference patterns for vortex laser; (d) Experimentally measured transverse intensity
profile and its theoretical fit.

As illustrated in Fig. 8(a), the typical intensity profile of the high-energy vortex pulse laser
displays a distinctive annular light intensity pattern. To characterize the phase distribution and
orbital angular momentum (OAM) carried by the output vortex laser, a custom-built Mach-
Zehnder interferometer device was employed. The output intensity distribution was collected and
analyzed using a CCD, as depicted in Fig. 8(b). Figure 8(c) shows the interference pattern of the
vortex laser. The typical fork-shape stripe indicates that the vortex laser has a negative helical
direction with a topological charge of -1. To verify the purity of the vortex mode laser, the
transverse intensity profile of the vortex mode along the x-axis was measured, as shown in

Fig. 8(d). The experimentally measured intensity curve is theoretically fitted by using a first-order

I 2r? r2 I
. —=A—exp (—— — . . . . . .
vortex function & g P ( wé) , where Io is the normalized intensity, A is a constant, and wo is

the beam waist. The transverse intensity profile closely matches the theoretical fit based on the

first-order vortex function, indicating excellent mode purity.

5. Conclusion

This paper has presented the first successful generation of high-energy pulsed HG and vortex lasers,
using the mechanical etching defect method in conjunction with RSA HfTe;. At an absorbed pump
power of 8.15 W, the single pulse energy of the HG1o laser reached 5.85 mJ with an average output
power of 1.52 W. The single pulse energy of the vortex laser was 7.4 mJ, with an average output
power of 1.48 W and a low repetition rate of 196 Hz. To the best of our knowledge, this is the
highest single pulse energy obtained by the intra-cavity generation method. In addition, our work

analyzes and verifies the advantages of the reverse saturable absorption effect in the generation of
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high-energy pulses. Using an etalon, vortex pulse lasers with a tunable wavelength range of 747-
787 nm were realized, thereby expanding the potential applications of high-energy HG and vortex

lasers.
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