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We report the generation of 206.8 nm deep-ultraviolet (DUV) femtosecond pulses with an average power of 10.2 mW
at a repetition rate of 1.08 GHz. The DUV radiation is obtained via cascaded fifth-harmonic generation (FiHG) directly
driven by a Kerr-lens mode-locked (KLM) Yb:CaYAIO4 (Yb:CYA) oscillator, employing lithium triborate (LBO) and -
barium borate (BBO) crystals for successive second-, third-, and fifth-harmonic conversion. Maximum average powers of
2.32 W at 518.9 nm and 1.23 W at 345.2 nm are achieved, corresponding to conversion efficiencies of 33.7% and 18.6%,
respectively, while 10.2 mW is obtained at 206.8 nm with an overall efficiency of 0.148%. By intentionally employing thick
nonlinear crystals to reduce the phase-matching bandwidth, a narrow energy resolution of 2.75 meV is achieved. This is the
first demonstration of direct FiHG to 206.8 nm driven by a GHz femtosecond oscillator. This approach provides a practical
route toward compact DUV sources that simultaneously combine GHz repetition rate and meV-level energy resolution for

high-resolution ARPES.

Keywords: DUV femtosecond pulses, GHz repetition rate, narrow energy resolution, angle-resolved photoe-

mission spectroscopy (ARPES)
PACS: 42.65.Ky, 79.60.-, 79.60.—
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1. Introduction

DUV femtosecond lasers generated via high-order har-
monic conversion provide unique advantages due to their short
wavelength and high photon energy, enabling high spatial res-
olution, reduced diffraction, and cold material processing. [1-3]
These features have enabled broad applications in precision
manufacturing, spectroscopy, and biomedicine.[*~7! In partic-
ular, photons with energies around 6 eV are well suited for
probing electronic structures and molecular bonds, making
DUYV sources highly relevant for photoemission and imaging
applications. [®!

In addition to wavelength scaling, repetition rate plays
a critical role in practical performance. Compared with
conventional kHz-MHz systems, GHz-repetition-rate lasers
significantly improve processing efficiency, reduce ther-

mal damage, and enhance temporal resolution in ultrafast

TThese authors contributed equally to this work.
fCorresponding author. E-mail: baiging @sjtu.edu.cn

CSTR: 32038.14.CPB.ae8002

spectroscopy.'”~121 In ARPES, GHz sources are especially ad-
vantageous, as they suppress space-charge effects and enable
rapid data acquisition, which is essential for studying fragile
quantum materials with limited surface lifetimes.[!314]
Despite these advantages, realizing short-wavelength
DUV radiation at GHz repetition rates remains challeng-
ing. Conventional sources, such as fourth-harmonic genera-
tion by excimer lasers and Ti:sapphire lasers, are limited by
low repetition rates, poor beam quality, or low conversion

efficiency./1>-18]

Yb-based oscillators provide a promising
route toward GHz operation; however, their low pulse energy
(nJ—pJ level) makes high-order nonlinear conversion highly in-
efficient, particularly for FiHG in the DUV region.[!*2% Fur-
thermore, most ultrafast DUV sources prioritize short pulse
duration, resulting in broad spectral bandwidth that limits their

applicability in high-resolution ARPES. Achieving both high
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repetition rate and narrow energy bandwidth therefore remains
an open challenge. [*!]

Here, we address these challenges by combining GHz
femtosecond operation with phase-matching bandwidth en-
gineering. We demonstrate, for the first time, direct FiHG
to 206.8 nm (6 eV) from a GHz Kerr-lens mode-locked
Yb oscillator.[??! By intentionally employing thick nonlin-
ear crystals to suppress the phase-matching bandwidth, we
achieve meV-level energy resolution in the DUV output. This
work bridges the gap between short-wavelength DUV gener-
ation and GHz repetition-rate operation, providing a compact
and practical light source for high-resolution ARPES.

2. Experimental setup

Figure 1 shows the experimental setup for generating the
206.8 nm DUV laser. The system consists of three cascaded
frequency-conversion stages — second-, third-, and fifth-
harmonic generation (SHG, THG, and FiHG) — all driven
by a homemade GHz Kerr-lens mode-locked Yb:CYA oscil-
lator. The fundamental source delivers 121.5 fs pulses with
8.34 W average power at a repetition rate of 1.08 GHz, cen-
tered at 1037 nm with a full width at half maximum (FWHM)
of 10.9 nm. %!
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The fifth harmonic (5w) is generated using a cascaded
“2 4 3” sum-frequency scheme. The second harmonic (2w) is
first produced via SHG and then mixed with the fundamental
(w) to generate the third harmonic (3w) through THG. Subse-
quently, the 2@ and 3 beams are combined to generate the
S5 output. To achieve narrow spectral bandwidth, relatively
thick nonlinear crystals are deliberately employed in all con-
version stages to reduce the phase-matching bandwidth, en-
abling high energy resolution in the DUV output.

As shown in Fig. 1, the fundamental beam is focused into
a 5-mm-thick LBO (6 = 0°, ¢ = 13.5°) crystal for SHG, and
the generated 2@ beam is separated by dichroic mirrors, col-
limated, and polarization-adjusted before being recombined
with the fundamental beam for THG in a 5-mm-thick BBO
(6 = 32.5°) crystal. Temporal synchronization between the @
and 2w pulses is achieved using a quartz delay window in-
serted in the 2w path. For FiHG, the 3@ beam is separated
from the lower harmonics, while the 2w beam is redirected and
recombined with the 3@ beam. Both beams are collimated and
focused into a 7-mm-thick BBO (6 = 77.3°) crystal for sum-
frequency generation to 206.8 nm. The generated 5@ beam is
finally separated from the residual beams using a pair of fused
silica prisms.
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Fig. 1. The schematic diagram of the experimental setup for generating the 206.8 nm laser, consisting of three cascaded stages: SHG, THG and
FiHG. (A /2, half wave plate; TFP, thin-film polarizer; F1-F9, plane-convex lens; M, mirror; DM, dichroic mirror; W, window; P, silica equi-
lateral prisms. M1, HR coated at 1030 nm; DM1&DM2&DM3&DM6, HR coated at 515 nm and AR coated at 1030 nm; DM4&DM5&DM?7,
HR coated at 343 nm and AR coated at 1030 nm & 515 nm.) The inset shows the repetition rate of the fundamental laser.

3. Experimental results

This section summarizes the performance of the cascaded
frequency conversion processes, including SHG, THG, and
FiHG.

Figure 2(a) shows the spectrum of the SHG output cen-
tered at 518.9 nm with a FWHM of 2.65 nm, corresponding to
a Fourier-transform-limited pulse duration of 107 fs (assum-
ing a sech? profile). The inset of Fig. 2(a) shows that the
measured pulse duration is 156 fs (APE PulseCheck USB).

Figure 2(b) presents the THG spectrum centered at 345.2 nm
with a FWHM of 0.85 nm. As shown in Fig. 2(c), an SHG
output power of 2.32 W is obtained at a fundamental power of
6.88 W, corresponding to a conversion efficiency of 33.7%.
The efficiency is not saturated due to the relatively limited
peak intensity (18.2 GW/cm?) of the GHz source, and can be
further improved with higher input power. Tian et al. reported
that a conversion efficiency of 59% was achieved for SHG at
37 GW/cm? pump intensity based on a MHz-repetition-rate

oscillator with a pulse duration of 153 fs.[>*l As shown in
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Fig. 2(d), an output power of 1.23 W at 345.2 nm is achieved
under a 6.61 W fundamental pump, corresponding to an over-
all conversion efficiency of 18.6% from 1037 nm. Figure 2(e)
shows the 100-min free-running power fluctuation of the SHG

output, with an RMS of 0.219% at 2.32 W. The THG output
exhibits an RMS fluctuation of 0.588% at 1.196 W over the
same duration [Fig. 2(f)], indicating excellent operational sta-
bility.
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Fig. 2. Characterization of SHG and THG. (a) The spectrum and pulse duration of SHG. (b) The spectrum of THG. (c), (d) Output powers and
corresponding conversion efficiencies of SHG and THG versus fundamental power. (e), (f) Power stability of SHG and THG over 100 min.
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Fig. 3. Characterization of FiHG. (a) The spectrum of FiHG. (b) Beam quality and near-field beam spot. (c) Output power and corresponding
conversion efficiency versus fundamental power. (d) Power stability over 100 min.

The FiHG spectrum is shown in Fig. 3(a), centered at
206.8 nm. Due to the limited resolution of the spectrometer,
the spectral bandwidth is characterized via ARPES measure-
ments. Figure 3(b) presents the beam quality of the 206.8 nm
output, with M? values of 3.15 and 1.36 along the horizon-

tal and vertical directions, respectively. This anisotropy arises
from birefringent walk-off in the BBO crystal, which becomes
While
thicker crystals effectively reduce the phase-matching band-

more pronounced with increasing crystal thickness.

width, they also degrade beam quality due to accumulated spa-
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tial walk-off. At a fundamental power of 6.87 W, an output
power of 10.2 mW is obtained at 206.8 nm, corresponding to
an overall conversion efficiency of 0.148% [Fig. 3(c)]. The
long-term stability is shown in Fig. 3(d), with an RMS fluctu-
ation of 0.943% over 100 min at 9.95 mW.

The instrumental energy resolution is determined from
the energy distribution curve (EDC) acquired at the Fermi
edge of a polycrystalline gold sample measured at 10 K. By
fitting this single EDC trace with a convolution of a Gaus-
sian function and the Fermi—Dirac distribution, an energy res-
olution of 2.75 meV is obtained, corresponding to a spectral
bandwidth of 0.095 nm. For further improvement of the en-
ergy resolution, one can incorporate a narrowband filter into
the fundamental beam path to narrow its spectral linewidth, or
adopt type-II phase matching in the THG process to achieve a
narrower phase-matching bandwidth. The above approaches
will lead to reduced conversion efficiency and exacerbated
beam walk-off effect, respectively, which require comprehen-
sive consideration in practical implementation. Figure 4(b)
shows ARPES measurements of BipSes at the I point at 10 K,
demonstrating excellent energy and angular resolution. The

Fermi level surface is presented in the inset of Fig. 4(b).
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Fig. 4. Performance of the 6 eV laser in the ARPES measurements.
(a) EDC measured at the Fermi edge of polycrystalline gold, with the
corresponding fitting curve for energy resolution calibration. (b) Band
structure of BiySes at the I" point measured by 6 eV laser.

4. Conclusion

In conclusion, we have demonstrated 206.8 nm DUV
femtosecond pulses at a repetition rate of 1.08 GHz via di-
rect fifth-harmonic generation from a Kerr-lens mode-locked
Yb:CYA oscillator. By employing thick nonlinear crystals to
engineer the phase-matching bandwidth, a narrow energy res-
olution of 2.75 meV is achieved. This work establishes a prac-
tical approach to simultaneously realize GHz repetition rate
and meV-level energy resolution in DUV sources. The demon-
strated system is particularly attractive for ARPES, where high
repetition rate suppresses space-charge effects while narrow
bandwidth enables high-resolution measurements. Our results
highlight the importance of bandwidth engineering in ultrafast
nonlinear optics and provide a scalable route toward compact,
high-performance DUV light sources for quantum materials
research.
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