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Structured ultrashort-pulse laser beams, and in particular eigenmodes of the paraxial Helmholtz equation, are
currently extensively studied for novel potential applications in various fields, e.g., laser plasma acceleration,
attosecond science, and fine micromachining. To extend these prospects further, in the present work we push
forward the advancement of such femtosecond structured laser sources into the 2-pm spectral region. Ultrashort-
pulse Hermite— and Laguerre—Gaussian laser modes both with a pulse duration around 100 fs are successfully
produced from a compact solid-state laser in combination with a simple single-cylindrical-lens converter. The
negligible beam astigmatism, the broad optical spectra, and the almost chirp-free pulses emphasize the high reli-
ability of this laser source. This work, as a proof of principle study, paves the way toward few-cycle pulse gen-
eration of optical vortices at 2 pm. The presented light source can enable new research in the fields of interaction

with organic materials, next generation optical detection, and optical vortex infrared supercontinuum.

Chinese Laser Press

https://doi.org/10.1364/PRJ.413276

© 2021

1. INTRODUCTION

The term structured laser beam (SLB) generally refers to beams
with spatially structured amplitude, phase, or polarization.
Solving the scalar paraxial Helmholtz equation in Cartesian
or cylindrical coordinates, one can derive the Hermite—
Gaussian (HG,,,,) and Laguerre—Gaussian LG, modes, re-
spectively  [1].  These eigenmodes, except for the
lowest-order TEMy mode, represent themselves SLBs capable
of synthesizing other more complex SLBs by coherent or inco-
herent superposition. Utilizing the longitudinal electric-field
component of a focused HG,,,, beam, acceleration of particles
is possible [2] and the trapping force in electron acceleration
can be even higher compared to the fundamental mode [3].
For LG, ; modes with a topological charge of / # 0, a singularity
point, ie., optical vortex, appears, associated with vanishing
amplitude and undefined phase. Such vortices with zero central
intensity carry orbital angular momentum of /A per photon [4]
and enable LG, ; beams to exert additional torques and forces
on particles in optical trapping and manipulation [5], expand
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transmission capacity by exploiting a new degree of freedom in
optical communications [6], break the diffraction resolution
barrier in fluorescence light microscopy in combination with
the stimulated emission depletion technique [7], and involve
multi-dimensional states in quantum entanglement [8].
Femtosecond pulse optical vortices exhibiting higher critical
power for self-focusing collapse compared to a conventional
flactop beam [9], are attractive for some novel applications such
as generation of attosecond vortices through high-order har-
monic generation (HHG) [10], control of light filamentation
for transporting and manipulating microwave radiation in air
[11], and fabrication of three-dimensional chiral microstruc-
tures [12]. So far, the pulse durations of pulsed optical vortices
in the 2-pm spectral region are much longer than 100 fs, thus
limiting some potential applications related not only to the spe-
cific advantages due to the driving wavelength, e.g., in HHG
or organic material processing, but also to the availability of
better nonlinear materials for frequency conversion to yet
longer (mid-IR) wavelengths.
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Common methods used for generation of femtosecond op-
tical vortices are based on transformation of a pre-existing ultra-
short-pulse TEM;, mode by conventional phase modulation
elements, including computer-generated holograms (CGHs)
[13,14], spiral phase plates (SPPs) [15,16], and spatial light
modulators (SLMs) [17]. Usually CGHs introduce extensive
angular dispersion which inevitably results in spatial intensity
distortion and temporal pulse broadening, so that complex 4 f°
[13,18] or 2f~2f[14] compressors with additional diffraction
gratings are required at the expense of conversion efficiency.
SPPs do not produce spatial chirp but introduce topological-
charge dispersion due to the high wavelength sensitivity
[15], and SLMs generally suffer from low laser damage thresh-
old and high cost [17]. Most importantly, all these methods are
not suitable for creating ultrashort-pulse optical vortices in the
2-pm spectral range either because of the lack of suitable ma-
terials or bandwidth limitations. Alternatively, HG,, ,, modes
can be transformed into LG, ; modes through rephasing their
decomposed terms using “z/2 converters,” e.g., single [19] or
double cylindrical lenses [20], or two spherical-concave mirrors
[21], which ensure a broadband operation range, high mode
purity, and high laser damage threshold at lower cost.

Femtosecond pulse HG,, ,, modes can be directly generated
from a mode-locked solid-state laser, as first observed in a Kerr-
lens mode-locked Ti:sapphire laser as early as 1991, but in the
form of a “mixed” spatial mode [22]. In 2009, pure high-order
HG,,, modes were generated from a picosecond self-mode-
locked Nd-laser and subsequently converted to LGy, modes
[23], and recently the pulse duration near 1 pm was shortened
to the 200-fs range employing an Yb-glass laser [24]. However,
in the 2-pm spectral range, the pulse durations of lasers with
HGy, and thus LGy, modes demonstrated so far were only in
the sub-picosecond range and the spectral extent was corre-
spondingly narrower [25,26].

Thus, the state of the art of ultrashort-pulse SLBs in the 2-
pm spectral range and their promising applications motivated
us to extend the studies to the femtosecond temporal regime.
Here, we demonstrate a tabletop laser source that produces ul-
trashort-pulse HG; and LG, modes both with pulse dura-
tions in the 100 fs range. The advantages of such a laser system
over the traditional methods for generation of ultrashort-pulse
SLBs are experimentally confirmed by characterizing the spatial
beam pattern as well as temporal and spectral features. This
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work paves the route toward few-cycle pulse generation of op-
tical vortices in the 2-pm spectral range. The generated pulsed
optical vortices with such a short duration and broad optical
spectrum will enable applications such as organic materials
machining, novel molecular spectroscopy, and optical vortex
infrared supercontinuum generation.

2. DESIGN AND METHOD

A standard, astigmatically compensated X-shape cavity was em-
ployed for producing the femtosecond HG,y beam through
off-axis pumping. The gain medium was a 3% (atomic fraction)
Tm?*-doped (LugsYg5),03, i.e., Tm:LuYO3 mixed ceramic
with dimensions of 3 mm x 3 mm x 3 mm, water-cooled to
14°C in a Cu-holder. Compositional disorder of the used mixed
ceramic enables broader and smoother gain spectra as compared
to the parent compounds, thus supporting ultrashort pulse gen-
eration. To circumvent the etalon effect, the polished but un-
coated ceramic sample was placed in the cavity at Brewster’s
angle which fixed the linear output polarization. As shown
in Fig. 1, the 795 nm pump beam emitted from a tunable con-
tinuous-wave (CW) Tisapphire laser was focused by a lens
(f =70 mm) to a beam radius of 30 pm in the ceramic.
M1 and M2 were two concave mirrors both with radius of
curvature (RoC) of -100 mm. The passive mode-locking
element was an uncoated GaSb-based semiconductor saturable
absorber mirror (SESAM) with two quantum wells and photo-
luminescence at 2.09 pm [27]. A concave chirped mirror
(CM1, RoC of -100 mm) was used to create a second beam
waist on the SESAM to achieve the required saturation regime.
Two additional plane chirped mirrors (CM2, CM3) providing
the same group delay dispersion (GDD) of -125 fs* per
bounce as CM1 served to manage the cavity dispersion.
Because of the negligible group velocity dispersion of LuYO;
[28], the total round-trip GDD was mainly dependent on the
CMs and amounted to -1200 fs* at 2.07 pm with four beam
bounces on CM2 and CM3 per round trip. The total optical
cavity length amounted to ~2 m. The output coupler (OC)
employed was a plane-wedged mirror with a transmission
of 0.5%.

Subsequently, the emitted HGy laser beam of the mode-
locked laser was externally converted into LGy 1; modes by
a simple single-cylindrical-lens (SCL) converter [19]. A lens

SESAM

Fig. 1. Schematic of the passively mode-locked femtosecond TEM, and HGy, laser using collinear and off-axis pumping (BM, bending mirror;

L, lens; CM1-CM3, chirped mirrors; OC, output coupler).
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of £ =100 mm was used to create a beam waist with a
Rayleigh range (Z3) of ~35 mm, followed by a cylindrical lens
with £, = 35 mm, placed exactly at Z» behind the waist (see
Section 3.C). The cylindrical lens was rotated by £45° in the
XY-plane to introduce a total Gouy-phase difference of AW
between the X- and Y-directions, where AY can be expressed
as [29]
AY = £[n/2 + arctan(Z /Z - 1)] F [arctan(Z [ Zx + 1)].
U]
If Z > Zp, the phase difference will tend to +7/2, thus
converting the femtosecond HGjy to LGyi; modes. A

CCD camera placed roughly 50 cm behind the cylindrical lens
was used to record the LG beam patterns.

3. RESULTS AND DISCUSSION

A. Mode-Locked Operation with a Fundamental
Gaussian Beam

Inidally, the passively mode-locked Tm:LuYOj ceramic laser
was operated in the fundamental Gaussian mode employing
collinear pumping. By slightly changing the separation between
M2 and the Tm:LuYOj ceramic, two mode-locking regimes
delivering femtosecond pulses of different durations were ob-
served, both self-starting and stable for hours. In the first femto-
second regime, an average output power of 88 mW was
obtained at 1.7 W of absorbed pump power, yielding a pulse
energy of ~1.2 nJ. The optical spectrum centered at 2067 nm
had an FWHM of 53 nm [see Fig. 2(a), dashed orange line],
and the measured pulse duration amounted to 92 fs giving a
time-bandwidth product (TBP) of 0.342. Slightly increasing
the separation between M2 and the ceramic by roughly
0.5 mm, a second mode-locking region emerged for the same
cavity configuration, with a lower output power of 51 mW but
shorter pulse duration of 55 fs (66 fs before external compres-
sion in a 3-mm thick ZnS plate [30]), i.e., eight optical cycles,
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confirmed by recording the fringe-resolved interferometric au-
tocorrelation function [see Fig. 2(b)]. In this case, the optical
spectrum was broader (FWHM: 82 nm [29]) and centered at
2048 nm [solid orange line in Fig. 2(a)]. The corresponding
TBP was calculated to be 0.322, very close to the value corre-
sponding to bandwidth-limited sech?-shaped pulses. Thus,
although a secondary peak near 2200 nm was observed in
the optical spectrum, presumably related to high-order
dispersion, whose visibility was further enhanced by the leakage
of the used OC [31], we believe that the second case represents
true soliton mode-locking [32] and thus the pulse duration (zp)
can be expressed as

7p & |GDD|/(6.Ep). (2

At constant round-trip GDD, the pulse duration depends
on the product of the intracavity pulse energy (£p) and the
self-phase modulation (SPM) coefficient (5;), where &; is
inversely proportional to the mode area on the ceramic. By
translating M2 from the first to the second femtosecond re-
gime, the estimated mode area reduced roughly 2 times, thus
leading to an enhancement of the SPM effect and further short-
ening of the pulse duration, very similar to previous observa-
tions in such mode-locked lasers [33,34]. The mode-area
change can be also estimated from Eq. (2) using the measured
output power and pulse duration in both cases. The result (a
factor of 2.4) is rather close and the deviation can be attributed
to nonlinear spatial effects such as self-focusing. Note that the
beam radius on the SESAM increased only slightly from 120 to
140 pm when moving from the first to the second mode-lock-
ing region, which is a further indication that SPM is the pri-
mary mechanism responsible for the pulse shortening, while
the SESAM, as a slow saturable absorber, initiates and stabilizes
the mode-locking process. Finally, laser operation in the fun-
damental Gaussian mode was confirmed by the measured beam
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Fig. 2.

(a) Optical spectra and (b), (c) interferometric autocorrelation traces of the mode-locked Tm : LuYOj; ceramic laser operating in TEM,

and HG;( modes. Insets of (b) and (c) show the corresponding far-field beam patterns (fs, femtosecond).
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pattern, as seen in the inset of Fig. 2(b), a typical TEM, mode
with negligible astigmatism.

B. Direct Generation of a Pulsed HG;, Mode in the
Femtosecond Regime

Slightly off-axis pumping, achieved by minor shift of the pump
beam along the X axis, supported the HGy mode as expected.
The latter originates from the laser threshold conditions,
Py min = min [Py, (HG,, )], derived by the mode overlap in-
tegral [35], since the HG;, mode exhibited the minimum
threshold and thus oscillated first. Similar to the fundamental
mode, mode-locking of the HG;; mode was also self-starting.
However, the spectral FWHM was considerably narrower due
to the weakened SPM effect resulting from the lower power and
the two-lobe beam intensity distribution. In the first mode-
locking region, an average output power of 48 mW was
measured and the spectral FWHM amounted to 26 nm [see
Fig. 2(a), dashed green line]. The pulse duration of 177 fs gave
a TBP of 0.321. The corresponding beam pattern is shown in
Fig. 3(b), a typical HG;, mode with two-lobe spatial intensity
distribution. No adjacent transverse modes were observed, and
the mode-locked operation was stable during the whole time of
the experiment. The slight astigmatism of the beam pattern
compared to that in the CW regime (a perfect HG, beam

Phase

(b) HG,; mode

) @

1st fs regime AY =1/2

(e) HG;, mode

2nd fs regime

profile) is attributed to the nonlinear astigmatism originating
from the intensity-dependent Kerr lens effect.

Subsequently, translating M2 to reach the second mode-
locking region, the beam pattern maintained the HG;, mode
but exhibited asymmetric intensity distribution of the two
lobes [see the inset of Fig. 2(c)]. The higher laser intensity of
the lobe that better overlapped with the pump spot enhanced
the SPM effect, thus leading to stronger nonlinear astigmatism
but also enhanced spectral broadening. In this case, the spectral
FWHM was 42 nm with a central wavelength at 2070 nm [see
the solid green line in Fig. 2(a)]. By fitting the interferometric
autocorrelation trace envelopes [see Fig. 2(c)] using a sech?
function for the pulse shape, a pulse duration of 109 fs was
obtained (TBP = 0.320). The exact 8:1 peak-to-background
ratio and the perfect fitting indicate chirp-free pulse generation
[36]. Mode-locking of yet higher-order HG,,; modes through
increasing the pump offset was not achieved because of the
inadequate spatial intensity distribution and the limited pump
power.

C. Transformation to a Femtosecond LGy; Mode

As shown in Fig. 3(a), the HGy output beam of the mode-
locked laser was transformed to LGy 4+, modes by a simple
SCL converter. The middle and bottom rows in Fig. 3 show

(f) LG mode, /= +1

Fig. 3. (a) Schematic of the SCL mode converter, and the recorded far-field (b), (¢) HG;( and (c), (d), (), (g) LGy 4+, beam patterns as the mode-

locked laser operated in the first (middle row) and second (bottom row) femtosecond regimes (/, topological charge).
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(a) Optical spectrum of the generated LG ;; modes and the corresponding interferometric autocorrelation traces in the (b) first and

(c) second femtosecond regimes; (d) and (e) are the RF spectra of the femtosecond (112 fs) LGy ;| beam in different span ranges. The inset in
(c) shows the noncollinear autocorrelation trace recorded on a long time scale (RBW, resolution bandwidth).

the measured HGy and LG 4, intensity patterns in the first
and second femtosecond regimes, respectively. The imperfect
circularity and the nonuniform spatial intensity distribution
of the transformed LG | modes [see Figs. 3(c), 3(d), 3(f), and
3(g)] were inherited from the HG;, mode. Nevertheless, the
LGy +; modes exhibited clean doughnut intensity profile with-
out other high-order or mixed transverse modes. After passing
through the converter, ~20% of the power was lost due to the
uncoated cylindrical lens, resulting in average powers of 40 and
18 mW for the above-mentioned two regimes, respectively.
Subsequently, we investigated the spectral and temporal fea-
tures of the femtosecond LGy 1; modes. No obvious difference
was observed between these two modes whose characteristics
are shown in Fig. 4. The spectra in the first and second femto-
second regimes exhibited no distortion or narrowing compared
to the HG;; mode [see Figs. 4(a) and 2(a)], emphasizing the
broadband conversion capability of the SCL converter used.
The corresponding autocorrelation traces shown in Figs. 4(b)
and 4(c), retained the sech? pulse profile with pulse durations
of 178 and 112 fs, respectively. The slight pulse broadening in
particular for the second femtosecond regime (from 109 to
112 fs), was caused by the negative GDD (~1000 fs*> at
2.07 pm) of the 9-mm thick substrate material of the SCL con-
verter. Nevertheless, the TBP in this case was 0.329, still very
close to that of bandwidth-limited sech?-shaped pulses. A clean
single-pulse operation of the converted LGy , | modes was con-
firmed by the noncollinear autocorrelation trace recorded on a

long (+7.5 ps) time scale [see the inset of Fig. 4(c)]. Finally, the
stability of the femtosecond vortex was characterized employing
a radio frequency (RF) spectrum analyzer. From Fig. 4(d), the
fundamental beat note with a high extinction ratio of 76 dBc
above the noise level is an indication of a highly stable mode-
locked regime. Moreover, the uniform harmonic beat notes free
of additional modulations in a 1 GHz band [see Fig. 4(c)]
are evidence of stable and clean pulsed LG mode without
Q-switching instability or other transverse modes.

4. CONCLUSION

In conclusion, structured laser beams including the HG}, and
LGy +1 modes were generated near 2 pm in the femtosecond
regime employing a mode-locked solid-state laser and a simple
SCL converter. No spatial chirp or topological-charge dispersion
was introduced in contrast to the commonly used methods for
producing ultrashort-pulse vortex beams [13—18]. The almost
chirp-free pulses with smooth and broad optical spectra are evi-
dence for the high reliability of the oscillator and the converter.
On one hand, this work demonstrates the shortest high-order
transverse mode pulses directly generated by a mode-locked
solid-state laser, and on the other it shows the first ~100 fs op-
tical vortices in the 2-pm spectral range. It confirms the unique
capability of such laser systems to generate ultrashort-pulse SLBs
with broad optical spectrum but without unwanted chirp. We
believe the present achievement paves the way for generating
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few-cycle pulse optical vortices at 2 pm, e.g., through enhancing
the SPM effect since 55 fs (eight optical cycles) has been already
achieved in the fundamental Gaussian mode in the present
cavity configuration. Finally, the stable femtosecond laser
vortices obtained near 2 pm can be employed to generate optical
vortex infrared supercontinuum, as a seed for straightforward
power scaling using novel single crystal fibers and HHG gener-
ation, special microstructuring of transparent materials,
and mid-IR vortex generation through nonlinear frequency
downconversion.
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