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ABSTRACT

We present a robust approach capable of generating ultrashort pulses in the visible (VIS) spectral range through second-harmonic generation
of broadened pulses centered at around 1030 nm. Tunable VIS pulses with durations as short as 10 fs, sub-20 fs, and sub-50 fs across the
420-600 nm range are achieved by spectrally broadening the 1030 nm output employing a dual-stage hollow-core fiber setup, followed by
frequency doubling in cascaded beta barium borate (§ — BaB,O4, BBO) crystals. The system delivers pulse energies ranging from a few to
above hundred microjoules at repetition rates ranging between 10 and 100 kHz, while maintaining excellent beam quality and power stability
over several hours of continuous operation. These characteristics make the source highly suitable for applications in ultrafast spectroscopy,
nonlinear optics, and strong-field physics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0278034

I. INTRODUCTION

The availability of ultrashort, high-intensity laser pulses oper-
ating at high repetition rates has opened new frontiers in ultrafast
science and advanced laser technologies. Ytterbium-doped laser
technology has gained significant attention due to its unprece-
dented levels of average power (kilowatt level), repetition rates, and
excellent stability over the past decade.' * Although Yb-based laser
systems typically exhibit longer pulse durations compared to Ti: sap-
phire lasers due to their limited gain bandwidth,” this drawback can
be effectively mitigated. Pulse post-compression techniques, such
as nonlinear spectral broadening via self-phase modulation (SPM),
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followed by phase compensation enable the generation of few-cycle
pulses from Yb systems. The phase compensation is commonly
achieved using chirped mirrors (CM). The first demonstration of
pulse compression through spectral broadening in a hollow-core
fiber (HCF) was reported in 1996.”° Since then, various pulse
post-compression schemes have been successfully implemented,
including guided mode propagation in HCFs, repetitive refocusing
according to a multi-pass cell (MPC) scheme, multiple thin plates,
and cascaded focusing and compression.”””' Among various com-
pression techniques, HCFs exhibit excellent scalability with both
peak and average power. Notable advancements in power scaling
include demonstrations of 70 mJ energy input at 1030 nm** and
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average powers reaching 580 W with 5.8 m] pulses.”” Recently, the
efficiency of 1.4 m] sub-two cycle compression employing a two
stage HCF setup has reached 70%.""

In addition to facilitating pulse compression, HCF sys-
tems offer compelling features for ultrafast nonlinear optics. The
extended interaction length, along with the flexibility to tailor the
nonlinear medium through gas type, pressure, and gradient pressure
techniques creates a versatile and controllable platform for advanced
nonlinear experiments. To name a few notable advancements, these
include sub-3 fs deep ultraviolet (UV) pulse generation via resonant
dispersive wave (RDW) emission,”* extreme self-compression based
on soliton dynamics,” intense few-cycle visible pulse generation
through nonlinear fiber mode mixing,”® optimized spectral phase
transfer in four-wave mixing,”’ and high-energy ultraviolet pulse
generation via four-wave mixing, achieving conversion efficiencies
approaching 50%.”"*’

Generation of intense ultrashort pulses within the visible spec-
tral range is relatively challenging and requires experimental efforts
due to the intrinsic difficulty in managing chromatic dispersion
and strong nonlinearities over broad bandwidths. Additional lim-
itations arise from the efficiency of frequency conversion. In an
influential study from the late 1980s, visible pulses at the nanojoule
level, with central wavelengths between 500 and 650 nm, were gen-
erated with durations as short as 6 fs. This was achieved using a
femtosecond dye laser, followed by further amplification and pulse
compression stages.”’ To date, few-cycle (sub-10 fs) visible pulse
generation has been demonstrated at the microjoule level primarily
through noncollinear optical parametric amplification (NOPA)’'
or optical parametric chirped pulse amplification (OPCPA).”® These
approaches that rely on more involved optical architecture are costly.
Alternative methods for generating visible pulses include spectral
filtering of continua generated in HCFs,” white-light continuum
generation via SPM,” resonant dispersive wave emission,” and
multidimensianl solitary states in gas-filled hollow core fiber for
visible pulse generation.”” However, these schemes are often com-
plex due to the involvement of multiple nonlinear effects, including
cross-phase modulation (XPM), self-focusing, stimulated Raman
scattering, and ionization, and generally require ultrashort input
pulses on the order of 30 fs. The interplay of these nonlinear-
ities significantly increases the complexity and sensitivity of the
experimental setup.

Here, we present a versatile method to generate ultrashort
visible pulses. Our approach employs frequency doubling of the
spectrally broadened industrial Yb-laser. The spectrally broaden-
ing occurs in a hollow-core fiber system and achieves a spectrum
that spans from 800 to 1200 nm. Details of the pump laser sys-
tem can be found in the supplementary material. From this start-
ing point, we generate the following: (1) tunable sub-50 fs pulses
across the 420-600 nm bandwidth, with hundreds microjoule of
energy per pulse. Tunability is achieved by tuning phase match-
ing of a single BBO crystal. (2) Tunable sub-20 fs visible pulses
with 1-6 uJ energy per pulse across 420-600 nm, and (3) 10 fs vis-
ible pulses centered at 530 nm with 3-6 uJ energy per pulse. The
shortest pulse duration is achieved using two BBO crystals placed
consequently and phase matching different parts of the pump spec-
trum. In all three cases above, no additional chirped compensation
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(compression) is required. Making a broadband pump pulse cen-
tered at 1030 nm allows us to use simple frequency doubling to
generate ultra-short visible pulses. This approach has reduced sev-
eral nonlinear steps, making it attractive compared to e.g., classical
NOPA schemes. The reduced complexity of generation of ultrashort
visible pulses will facilitate its integration into a versatile platform
for advanced nonlinear experiments.

Il. DISCUSSION AND COMPARISON

In this section, we would like to compare our approach to
other approaches, starting with the most widespread being OPCPA
or NOPA. In recent years, sub 7 fs were readily achieved with
these technologies by many groups*' and even commercialized with
multi-TW output powers.”” These developments, however, were
achieved typically at a near-infrared (NIR) wavelength not much
shorter than 800 nm. Transferring these concepts toward the visible
(VIS) faces challenges of (i) converting the pump wavelength to the
blue or UV region and (ii) and increasingly narrower phase match-
ing windows as the nonlinear crystals approach the bandgap. In this
regard, the pioneering work of generating 10 fs vis—-UV pulses by the
Riedle group’"”” some decades ago has not been topped, to the best
of our knowledge. In contrast to NOPAs, the HCF outputs a sym-
metric beam without spatial chirp, which is preserved in collinear
second-harmonic generation (SHG) geometry as is employed in the
current work. In terms of system complexity and efficiency, the post-
compression of Yb or Ti: Sa lasers, possibly CEP stabilized, clearly
possesses advantages over the NOPA route. Extremely broadband
OPCPAs are also not widely tunable since the phase matching is
engineered at the limit supported by the crystal‘s range, especially
when idler absorption becomes relevant.

On the other hand, very broadband frequency doubling had
been achieved via achromatic phase matching.”’ In comparison,
we believe the simple use of two subsequent BBOs without prism
based spectral spreading and recombination denotes a great deal of
simplification. A very flexible and powerful conversion employing
HCFs is four wave mixing (FWM).”**" In this case, yet another HCF
needs to be employed together with a multi-color pump-probe setup
as the input. Resonant dispersive wave (RDW) emission has also
attracted significant interest; however, its efficiency is lower com-
pared to direct SHG processes and its power scalability is limited
due to pulse shape distortion at very high peak powers during prop-
agation. Recently, pumping a hollow-core fiber with the frequency-
doubled output of a Ti: sapphire laser has demonstrated a promising
approach for generating visible pulses with durations as short as
28 fs. 10

lll. THEORY AND NUMERICAL SIMULATIONS

Use of HCF for the generation of the pump for visible light
generation allows us to make use of linear spectral phase of the
pump. Spectral broadening and the resulting spectral phase evo-
lution in HCFs are predominantly governed by SPM. When the
intensity of light propagating through a medium becomes suffi-
ciently high, the refractive index acquires an intensity-dependent
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term via the Kerr effect, a third-order nonlinear phenomenon. SPM
is a direct consequence of this effect: the instantaneous intensity
profile of an ultrashort pulse induces a time-dependent refractive
index change An = nyI(t), which imparts a nonlinear phase shift
@u(t) = “naI(t)L, across the pulse. Here, we demonstrate the spec-
tral broadening of a transform-limited (TL) 36 fs pulse (centered at
1030 nm peak power of 50 GW) by propagating it through a 1.2 m
long HCF filled with argon gas at 0.2 bar of absolute pressure. The
cross section area is a beam with a diameter of 300 ym. Figure 1(a)
represents the spectral broadening and corresponding spectral phase
evolution in frequency domains. In the sideband regions of the
broadened spectrum (regions I and II), the spectral phase is nearly
linear, corresponding to a temporal shift in the time domain. If one
were to isolate only this spectral part, close to transform-limited (TL)
pulses are to be expected. Upon frequency doubling such a linearly
spectrally chirped pulse, the resulting second harmonic inherits a
linear spectral phase with twice the slope of the fundamental. Conse-
quently, the second harmonic pulse remains close to TL too, making
it suitable for generating ultrashort pulses in the visible range with-
out the need for additional phase compensation (e.g., via chirped
mirrors). In the central region (region III), some phase fluctua-
tions are observed. However, after inverse Fourier transforming this
region and retrieving its temporal profile, the pulse duration still
approaches the transform limit, indicating that phase compensation
is unnecessary.

To analyze the temporal behavior, each spectral region was
isolated using a fifth-order super-Gaussian filter and subjected to
inverse Fourier transformation. As shown in Figs. 1(c) and 1(d), the
pulse durations for all three regions closely match the TL calculated
from their Gaussian spectral profiles.

This intrinsic ability of SPM to generate broad, linearly spec-
tral phase sidebands not only simplify frequency doubling but also
enables efficient difference-frequency generation (DFG) into the
mid-infrared with pump at 1030 nm, with the added benefit of
inherent carrier-envelope phase stability. "
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IV. EXPERIMENTAL SETUP
A. 8 fs pump generation

Figure 2 provides a depiction of the optical arrangement for
generating visible pulses. The output of a Yb: KGW regenerative

Argon 1 Bar

HCF1, ID=700pm, L= 2m

E@/; CARBIDE

2mJ, 80W 340fs

Argon 0.2 Bar

DM
-

Beam
Blocker

FIG. 2. Schematic of the experimental setup for visible pulse generation. The sys-
tem consists of a 2 mJ, 340 fs pulse duration Yb: KGW regenerative amplifier
(CARBIDE Light Conversion), a focusing lens (f1) for coupling into the first hollow-
core fiber (HCF1) for spectral broadening, and a second focusing lens (f2) for
coupling into the second-stage hollow-core fiber (HCF2). The output of HCF1 is
compressed down to 35-40 fs utilizing chirped mirrors (—2000 fs?, few-cycle Inc.),
while the output of HCF2 is further compressed down to 6-8 fs using additional
chirped mirrors (—58 fs?; each bounce, few-cycle Inc.) and 1.5 mm of fused silica.
After collimating the HCF2 output using a 1.5 m focusing mirror (f3), the beam is
then focused (f4 = 2 m-focusing mirror) onto two sequential 100 m thick type-I
BBO crystals, cut at 26°, for second harmonic generation. DM: dichroic mirror to
remove residual fundamental.
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amplifier (Carbide, Light Conversion) operating at 80 W average
power, 2 mJ, 40 kHz repetition rate, and 340 fs pulse duration was
coupled into the first hollow-core fiber (HCF1) (few-cycle Inc.) with
a core diameter of 700 ym. The laser beam was focused on having
~65% of the fiber’s inner diameter (ID) to achieve optimal coupling
efficiency in the fundamental mode. HCF1 was filled with argon gas
at a relative pressure of 1 bar (2 bars absolute). The output was
collimated with a lens and subsequently compressed using chirped
mirrors (CMs) with a total dispersion of —2000 £s2; (=200 fs%; per
bounce at 960-1100 nm, few-cycle Inc.). The fiber transmission effi-
ciency was ~90%, after losses of CMs and guiding optics compressed
pulse energy is ~1.7 m]. After compression with CMs, the pulse
duration was measured by SHG-FROG ( few-cycle Inc.) to be 35 fs,
which is almost 10-fold compression. By employing a 1.6 m long,
500 ym inner diameter (ID) HCE?2 filled with 0.2 bar of krypton gas
(relative pressure), the 35 fs pulse underwent spectral broadening
while maintaining a coupling efficiency of 70%. Phase compensa-
tion was achieved using four bounces on chirped mirrors (~58 fs%;
per bounce, few-cycle Inc.) and 1.5 mm of fused silica, resulting in an
approximately two-cycle pulse (~6-8 fs) centered at 1030 nm. Fur-
ther experimental details can be found in Ref. 14. The temporal and
spectral characterizations of the HCF2, HCF1 output and YD laser

-

are shown in Fig. 3.

V. RESULTS
A. Sub 50 fs tunable visible pulse generation

In this experimental scheme, the final set of CMs (-58 £s?) was
removed (Fig. 2) due to the intrinsic linear spectral phase of the
SPM process. The pulse was directed through a crystal with 220 yum
thickness, type I BBO cut at a 25° angle while being focused by a
2 m concave silver mirror. To prevent crystal damage (50 GW/cm?),
the BBO crystal was positioned 15 cm before the focal point. By
adjusting the crystal angle, visible light was generated, tunable in
a spectral range of 400-600 nm. After removing the fundamen-
tal beam using a combination of two dichroic mirrors, (DMLP650,
Thorlabs) and (103922, LAYERTECH, with low GVD), the average
power of the generated visible pulses was measured (S142C Thor-
labs) to be between 1-5 W at a 40 kHz repetition rate, corresponding
to a maximum pulse energy of ~125 yJ at 540 nm (~3 GW). For tem-
poral pulse characterization, Transient Grating FROG (TG-FROG,
few-cycle Inc.) was employed, revealing pulse durations ranging
from 28 to 48 fs. The conversion efficiency of visible pulse genera-
tion was measured (Thorlabs S425C-L) to be 6.4%-32%, based on
an input power of 15.5 W (before BBO crystal). The spectral tun-
ability of the generated visible pulses and temporal characterization
at 480 nm central wavelength using TG-FROG are illustrated in
supplementary material, Figs. S.1 and S.2, respectively.
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B. Sub-20 fs tunable visible pulse generation

Because the laser system was shared with another project
requiring 10 kHz operation, the results in the following are obtained
at the reduced repetition rate. In the case of the thick crystals of
Sec. V A, however, we compared operation between 10 and 40 kHz
and did not observe any beam modifications due to the increased
avg. power. The only observation was a slight phase matching angle
adjustment of few degrees. We expect this effect to be lesser in
the case of thinner crystals, which exhibit less absorption. In this
experimental scheme, the output of the second HCF2 compressed

Energy [ev]

>

o A > 5> AD O D
< S ¥ N

4?2 o o A APV Y %

1.0 ;

5

308

>

2

506

£

Eo.

&

£

(=}

2

500 520 540
Wavelength [nm]

FIG. 4. Represents the normalized spectral tunability within the (420-600) nm
range by adjusting the 100 mm BBO crystal angle while it was pumped by 8-10 fs
pulses.

0

Time Delay |15]

down to 8-10 fs using chirped mirrors. The compressed beam then
directed to a type I BBO crystal with a thickness of 100 um, cut at
26°. The frequency-doubled beam then characterized using the same
TG-FROG. The pulse duration of the visible pulse measured to be
15-19 fs, with tunability over the 420-600 nm range. The energy per
pulse was measured to be in the range of 1-6 uJ at 10 kHz repeti-
tion rage. The spectrum tunability is shown in Fig. 4. The measured
TG-FROG trace at 532 nm and reconstructions are shown in Fig. 5.
The conversion efficiency of visible pulse generation was measured
(Thorlabs S425C-L) to be 1.1%-6.7%, based on an input power of
0.9 W (before BBO crystal). The maximum achieved peak power was
measured to be 0.33 GW.

Although decreasing the crystal thickness increases the phase
matching bandwidth, it compromises the conversion efficiency of
the second harmonic generation process. A 50 ym thick, type I BBO
crystal was employed, resulting in the generation of 13 fs pulses with
a maximum energy of 1.9 uJ per pulse at a 10 kHz repetition rate.
This trade-off is due to the reduced interaction length in the crystal,
which limits the overall efficiency of the frequency doubling process.
In a perfect phase matching condition, the conversion efficiency as

2 12
wdej]L 1,

o 7
1, My €ochy,

function of crystal length is ¢ = &

C. 10 fs visible pulse generation

We adopted a strategy to overcome the limited phase-matching
bandwidth of the BBO crystal (220 ym) while maintaining high
conversion efficiency.*® The same experimental scheme as Sec. V B
utilized here. This was achieved by using two type-I BBO crystals
cut at 26°, each with a thickness of 100 ym, arranged sequen-
tially in what we refer to as a “twin” configuration. One crystal
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was phase-matched to the blue side of the spectrum, while the sec- 33.0 Power Stability Over 4.5 Hour
ond crystal was phase-matched to the red side of the spectrum. 32.5 (a) — Average Fower
The two crystals were placed 5 cm apart and 15 cm away from 5 ‘ Std = 0:30 mW | RSD = 0.96%
the focus spot of the compressed input beam. This arrangement 532'0' ‘ W |
effectively broadens the phase matching bandwidth while optimiz- £ 31,5 Rl e ;J o i ﬁ‘i —H—
ing the conversion efficiency across the entire spectral range. The H 31.0+ ' ‘1 l. 3 S 'L‘L__‘_
generated visible (VIS) pulse was spectrally characterized using ” el U L i [
TG-FROG, and the pulse duration was measured to be ~9.5 fs with o 30.51 [ [t A T
3.1 yJ energy per pulse at 10 kHz repetition rate which corresponds E 30.0
to 0.32 GW. The conversion efficiency of visible pulse genera- < 95
tion was measured (Thorlabs S425C-L) to be 3.4%, based on an 20.0

input power of 0.9 W (before BBO crystal). By applying the princi-
pal component generalized projections algorithm (PCGPA),””’ the
measured TG-FROG trace reconstructed, and its retrieved version
are illustrated in Fig. 6.

To evaluate the power stability of the generated visible pulses,
long-term power measurements were performed over a 4.5 h period
using a silicon-based photodiode power meter (S142CL, Thorlabs).
Although power stability was measured for different pulse durations,
we present here the results for the 9.5 fs visible pulses, as they are
the most susceptible to environmental conditions and optical setup
fluctuations. The recorded data showed a relative standard devia-
tion of 0.96% while the mean value of the average power measured
31.07 mW, which demonstrated excellent power stability. The power
stability is shown in Fig. 7(a). We chose to present the far-field
image of the beam profile, as it more clearly demonstrates the spatial
beam quality. Moreover, in many nonlinear optical applications that
involve beam focusing, assessing the spatial quality at the focus is
more relevant. The spatial beam profile (far-field) was characterized
by focusing it with a 1.5 m focal length lens onto a CCD camera. The
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FIG. 7. (a) Thermal stability during continuous running, showing a mean value of
31.07 mW with a relative standard deviation of 0.96%. (b) Far field profile at the
focus of a 1.5 m focal length lens. X and Y are 1/¢? values.
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resulting focal spot is shown in Fig. 7(b). The near-field beam profile
also appeared to be clean and approximately Gaussian.

VI. CONCLUSION

In this work, we have demonstrated the generation of high-
energy, ultrashort visible pulses with durations ranging from
9.5 to 50 fs and pulse energies spanning from a few to above hundred
microjoules. This was achieved by spectrally broadening the output
of a narrowband Yb-based laser system and subsequently employ-
ing second harmonic generation using single/twin BBO crystal
arrangement.

Compared to conventional techniques for visible ultrashort
pulse generation, our approach offers significant advantages in terms
of simplicity, efficiency, and scalability. The system exhibits excellent
long-term power stability, as well as high spatial and temporal beam
quality, making it a robust and versatile platform for a wide range of
applications in ultrafast science, nonlinear optics, and strong-field
physics.

Looking ahead, the availability of high-energy visible pulses
from this source paves the way for straightforward extension into the
ultraviolet (UV) regime through consequent frequency doubling.
This makes the system a promising candidate for future applica-
tions requiring intense UV pulses, such as ultrafast spectroscopy,
photoemission studies, and attosecond science.

SUPPLEMENTARY MATERIAL

The supplementary material provides the spectral tunability
of the generated sub 50 fs visible pulses (Sec. V A) and temporal
characterization at 480 nm central wavelength using TG-FROG.
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