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Abstract Calibrating astronomical telescopes necessitates a broadband spectrum that extends into the mid-infrared region, as
well as pulse energy that attains magnitudes of tens of wJ while maintaining a stabilized carrier-envelope phase. To address these
challenges simultaneously, we introduce a novel and uncomplicated experimental setup that utilizes a specifically oriented type-I
bismuth borate crystal. This cost-effective architecture generates pulses that span from 450 to 3000 nm through the combined use
of intra-pulse difference frequency generation and optical parametric amplification. The octave-spanning pulses were automatically
carrier-envelope phase-stabilized due to self-cancellation of carrier-envelope phase fluctuation. The idler pulse energy achieved was
up to 30 wJ without extra amplification stages. By means of our theoretical simulation, this approach exhibits the potential to broaden
the spectrum up to 5 pm.

1 Introduction

In recently two decades, the emerging astrophotonics focuses on the development of astronomical instrumentation, including
fibers and photonic lanterns, fiber Bragg gratings, spectrographs and frequency references, coronagraphy, interferometry and high
angular resolution imaging, on ground and in space [1]. The availability of a broad wavelength range is one of the limits for these
applications in guiding, shaping, and manipulating the light coming from telescopes. For instance, solar spectroscopy covering from
200 to 2400 nm is frequently implemented to detect plasma dynamics through Doppler shift of spectral lines with well-calibrated
instruments [2]. High-resolution astronomical telescope spectrographs are crucial to multiple areas of astrophysics, enabling major
breakthroughs such as the discovery and detection of exoplanets similar to the Sun [3]. As the field of astronomy continues to
advance, there is an increasing demand for high-precision spectrographs that can provide accurate measurements of celestial objects
[4]. To meet this demand, a new generation of precision spectrographs, including CARMENES [5], ESPRESSO [6], and HIRES
[71, has been developed. These precision spectrographs are essential for upcoming experiments that are planned for the European
Extremely Large Telescope (E-ELT), the Very Large Telescope (VLT), and other projects [8]. These experiments require an absolute
calibration with an equivalent Doppler precision of ~2 cm/s, necessitating a highly stable wavelength reference for spectrograph
calibration [9]. Moreover, the high-resolution spectrograph apparatus in E-ELT requires an extremely stable wavelength reference
and a wavelength coverage from 350 to 2400 nm [10].

In the past, lamps were used for astronomical spectrograph calibration. In order to measure thousands of stellar lines simulta-
neously, a bandwidth of several hundred nanometers is necessary for astrophysical spectrographs [11]. Thus, owing to a limited
coverage, lamps are replaced by laser frequency combs, consisting of equal spacing laser modes in the frequency domain [12].
Frequency laser combs are highly stable and can provide a much larger number of uniformly-spaced, bright, and narrow lines [13].
This enables more accurate calibration of the spectrograph, resulting in higher precision measurements of celestial objects. Despite
their advantages, the development of astrocombs faces multiple technical challenges, including the need for comb-lines ranging
from 380 (Ca II H and K lines) to 2.4 wm (CO band at 2.3 wm). Wide spectral coverage is therefore a significant challenge for
astrocomb development. A laser frequency comb is a powerful tool that generates an enormous amount of narrow, equal-spacing
optical modes with frequencies given by fi,=mfrep + fcro, Where m is a large integer, frgp is the mode spacing and fcgo is a
carrier-envelope offset frequency [14]. Stabilization of both frgp and fcgo is crucial to provide a set of comb lines with well-known
frequencies that are traceable to primary standards. Achieving the necessary stability and accuracy of the comb lines requires a sta-
bilized carrier-envelope (CE) phase of the laser pulses [15]. Moreover, to ensure the accurate calibration of astronomical telescopes,
it is crucial that the pulse energy attains magnitudes of tens of pJ. For instance, the laser calibration required for the Wide Field
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view Cherenkov Telescope Array (WFCTA) of the Large High Altitude Air Shower Observatory (LHAASO) demands such high
pulse energies.[16].

Consequently, the development of an astrocomb laser source faces three key obstacles: achieving broad spectral coverage,
stabilizing laser frequency, and attaining pulse energies of approximately J. Multiple laser technologies have been proposed for
frequency comb stabilization, resulting in competing approaches. Here, we discuss the progress in laser technology development
for frequency comb stabilization.

1.1 Fiber laser combs

Fiber laser frequency combs have emerged as a compact and robust solution for a wide range of scientific and technological
applications. Several recent studies have focused on developing and optimizing these combs to achieve greater stability, precision,
and spectral bandwidth. One such study, conducted by Hartl et al., involved the development of a Fabry—Pérot cavity, passively
saturable absorber-mode-locked Yb-fiber femtosecond oscillator [17]. This device exhibited a broadened spectrum spanning from
1000 to 1070 nm, as well as a self-referenced f-2f fcgo stabilization mechanism. Another study, conducted by Chen et al., focused
on a fundamentally mode-locked, femtosecond (206 fs) Yb-fiber laser with an optical spectrum ranging from 1005 to 1045 nm
[18]. Xu et al. presented a fully stabilized, self-referenced Yb:fiber frequency comb without the need for additional amplifiers and
compressors [19]. The device achieved a maximal spectral bandwidth at the full-width-half-maximum (FWHM) that was close to
27 nm. Martinez et al. demonstrated self-starting, passively mode-locked laser operation in a fiber Fabry-Pérot laser configuration,
achieving a spectrum from 1575 to 1625 nm [20]. Wu et al. generated a broadband spectral coverage from 445 to 1450 nm that
covers full spectral range of the Keck Planet Finder (KPF) spectrograph [21].

1.2 Solid-state laser combs

Solid-state systems have become increasingly popular for their ability to generate shorter pulses and higher average powers directly
from the oscillator. Recent studies have focused on optimizing and stabilizing these systems to achieve greater precision and accuracy
in frequency comb generation. One of these studies, by McCracken et al., achieved fully stabilized combs from both the Ti:sapphire
laser and the optical parametric oscillator (OPO) with sub-MHz comb-tooth linewidths [22]. Endo et al. reported a Kerr-lens mode-
locked Yb:Lu;O3 ceramic laser that was optimized for comb-resolved broadband spectroscopy [23]. This was achieved by locking
both the repetition and offset frequencies, resulting in an optical spectrum spanning from 1000 to 1120 nm. Klenner et al. presented
the first stabilization of the frequency comb offset from a diode-pumped gigahertz solid-state laser oscillator [24]. This was achieved
through the generation of an octave-spanning supercontinuum from 1020 to 1100 nm in a highly nonlinear fiber. Zaugg et al.
presented a self-referenceable frequency comb from a vertical external-cavity surface-emitting laser passively mode-locked with a
semiconductor saturable absorber mirror [25]. The optical spectrum was centered at 1038 nm, with a bandwidth ranging from 1020
to 1050 nm. Johnson et al. demonstrate the generation of a supercontinuum spanning from 670 to 1750 nm with a pulse energy
of ~36 pJ using a diode-pumped ytterbium laser and a Yb:CaAlGdOy laser [26]. This represents an important step forward in the
development of high-performance frequency combs using solid-state systems.

1.3 Electro-optically modulated laser combs

Electro-optically modulated (EOM) frequency combs represent an alternative approach to achieving the optimal mode spacing
required for frequency comb generation. Recent studies have focused on investigating the characteristics and performance of these
systems. Ishizawa et al. conducted a study to investigate the phase-noise characteristics of both a phase/intensity-modulated laser
with 25-GHz mode spacing and a mode-locked fiber laser with carrier-envelope-offset (CEO) locking [27]. The experimental optical
spectrum of the resulting optical frequency comb spanned from 1540 to 1565 nm, demonstrating the potential for high-performance
frequency combs using EOM techniques. Beha et al. reported a method for measuring the frequency of continuous-wave laser light
using optical-phase modulation [28]. This electro-optic modulation frequency comb produces a supercontinuum with a bandwidth
of 20 nm. Kashiwagi et al. used electro-optic modulation and line-by-line pulse synthesis to generate the spectral broadening from
1040 to 1750 nm [29]. These studies represent important advances in the development and optimization of EOM frequency combs,
offering a promising alternative to traditional frequency comb generation techniques [30].

1.4 Chip-scale frequency laser combs

Microresonators are highly promising chip-scale devices that leverage the nonlinear Kerr effect in a dielectric medium to generate
multi-GHz line spacings without the need for filtering. Del’Haye et al. demonstrated f-2f self-referencing of a microresonator-based
optical frequency comb with an octave-spanning microcomb spectrum centered at a wavelength of 1.11 wm, with a resolution
bandwidth of 5 GHz [31]. Mayer et al. showed the first carrier-envelope-offset detection of a mode-locked laser based on supercon-
tinuum generation from 1000 to 1200 nm in a Si3zN4 waveguide [32]. Obrzud et al. used a ring-type silicon nitride microresonator
to provide lines from 1450 to 1700 nm resolved by the spectrometer [33]. These studies demonstrated the significant potential
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of microresonator-based frequency combs, offering a compact solution for spectrograph calibration. While high pulse energy is
desirable for astronomical telescope spectrograph calibration, there is a drawback in that it may not provide full spectral coverage.

1.5 Ancillary astrocomb

Astrocombs, which are critical for spectrograph calibration in astronomical telescopes, often require ancillary components to achieve
the desired spectral coverage and mode spacing. Ycas et al. described and characterized a 25 GHz laser frequency comb based on a
cavity-filtered erbium fiber mode-locked laser by Fabry—Pérot etalons [34]. The resulting comb provides a uniform array of optical
frequencies spanning from 1450 to 1700 nm. Tang et al. reported a thermally stabilized fiber Fabry—Pérot etalon as a wavelength
calibrator for high-precision spectroscopy from 650 to 900 nm [35]. Glenday et al. developed and successfully operated a green
astrocomb with 16 GHz spectral line spacing from 500 to 620 nm [36]. Gambetta et al. reported their work in manipulating
the supercontinuum and modifying the phase-matching angle in the nonlinear crystal to obtain broadly tunable idler pulses of a
difference-frequency-generation (DFG) process from 5000 to 12,000 nm [37]. However, the pulse energy was approximately 1 pJ,
which falls short of the requisite strength for effective telescope calibration. Boggio et al. proposed wavelength calibration based
on four-wave mixing between two lasers propagating in nonlinear fibers with a spectral range from 1350 to 1900 nm [38]. Cheng
et al. demonstrated an optical parametric oscillator-based astrocomb from 1150 to 1800 nm, covering the H and J bands for the
Extremely Large Telescope. An independent f-to-2f interferometer measurement of fcgo was applied, since the CE phase was not
passively-stabilized [39].

Although mid-infrared pulses can be generated through the DFG process via wave mixing of a supercontinuum, the pulse energy
is typically limited to the level of pJ or nJ. In such cases, the generation of mid-infrared typically involves the use of a type-II
BIBO or BBO crystal as the nonlinear medium. Notably, this process occurs without the amplification of the idler or signal. As a
result, these pulses are commonly employed as seeding pulses, which are then amplified through additional, complex amplification
stages. Previous works in this field have been limited in their spectral bandwidth, absence of passively stabilized CE phase, or
low pulse energy. In comparison to these earlier studies, we have constructed a simple experimental apparatus to investigate the
spectral broadening. Our approach involves a novel technique that utilizes a passive stabilization mechanisms to achieve the desired
spectral broadening. By optimizing the pulse energy and the CE phase, we were able to achieve a significant increase in the spectral
bandwidth. The octave-spanning mid-infrared pulses were initially generated by intra-pulse DFG in a BIBO crystal. Then, these
pulses were amplified in the same crystal by optical parametric amplification (OPA), yielding a pulse energy of ~30 wJ without
additional amplification stages. At the same time, a new signal was produced as well. Our simple scheme is capable of addressing
the spectrograph calibration wavelength coverage for astronomical telescopes, such as ELT. It has the ability to provide wavelengths
from near-UV to mid-infrared, including 450—-1000 nm (fiber system), 1000—1800 nm (OPA), 1800-3000 nm (DFG and OPA) with
passively-stabilized CE phase. Additionally, it can potentially deliver a spectrum spanning from 1800 to 5000 nm with a stable CE
phase according to our theoretical simulation.

2 Pulse broadening
2.1 Principle and setup

Supercontinuum generation is produced in a noble gas filled silica capillary (fiber) with a large diameter mode [40]. This novel
approach offers distinct advantages over traditional single-mode optical fibers [41], as the silica capillary fiber has a high-intensity
threshold for optical damaging, resulting in high-energy pulses of approximately millijoules. The spectral broadening observed in
this study is attributed to the self-phase modulation (SPM) and group velocity dispersion (GVD) that arise during the propagation
of laser pulses in the fiber. The selected fiber, provided by Molex LLC, is a polyimide-coated flexible fused-silica capillary tubing
with an inner diameter of approximately 500 wm, which is significantly larger than the optical wavelength centered at 800 nm from
a Ti:sapphire laser. The EH{; mode dominates in the fiber, with a radial intensity profile that is given by: Ip(r) = I 13(2.405r/a),
where Jg is the zero-order Bessel function, I is the peak intensity, and a is the capillary radius. With a Gaussian input intensity
profile Ii(r) = Ip exp(—2r2 / riz), the coupling efficiency of the EH;; mode is maximized under the condition of r; = 0.65a, where
ri and Ijo are the radius and intensity at the entrance of the fiber, respectively. Therefore, great cares were taken to choose the focal
length of CM1 as depicted in Fig. 1 to reduce the beam diameter to be ~325 pm.
The equation describing propagation of pulse amplitude A is expressed as [42]:
WU o« i, 93U 1, 93U

i 0
T i — —B— =iy PR| UPU + — —(UPU) |, 1
2z T2 SBrors — b =i o[ll woaT(|| )] )]
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Fig. 1 The schematic of the
spectral broadening and
compression setup. M1: dielectric
flat mirror; CM1 & CM2: DFG +——
plano-concave mirrors
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where « is the field attenuation constant, U(z, T) = A(z, T)/+/ Po, Po is the pulse peak power, T =t -z/vg, v is the group velocity

of the pulse, ,Bn:(dn—’s) (n =2, 3) and wy is the central frequency. The bandwidth of the pulse is then given by:
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where g(w) is the Fourier transform of U(T).

2.2 Results and discussion

In our experiment, a fiber with a length of two meters was filled with neon gas at 25 PSI. The fiber was stretched straight and
glued to a plastic piston at each end of a glass tube, as shown in Fig. 1. The piston was secured with glue and two anti-reflection
coated windows were used to seal the tube. Besides, gas and vacuum lines, along with a pressure gauge, were connected to the
glass tube. Two mechanical stages were employed to adjust the alignment of the fiber horizontally and vertically with respect to the
beam pointing. After propagation in the fiber, the outgoing beam was collimated using a plano-concave mirror (CM2). The spectral
broadening, ranging from 450 to 950 nm, as illustrated in Fig. 2, was achieved by carefully optimizing the parameters of fiber radius,
length, gas species, and pressure. This broadened spectrum supports a Fourier transform limited pulse duration of 2.75 fs, which is
very close to a single cycle.

In the experiment, a significant positive group-delay dispersion (GDD) was induced, as displayed in Fig. 3, after propagating a
beam in a fiber filled with gas. However, this GDD was later canceled out by utilizing four pairs of chirped mirrors with negative
dispersion. The ultra-broadband chirped mirrors, with multi-layer coatings, were able to provide adequate dispersion control over a
broad spectral range (450—1000 nm), as demonstrated in Fig. 4 [43]. One pair of chirped mirrors consisted of BK35 and BK38. Slight
overcompensation from the chirp mirrors was intentional, as the dispersion from the fiber and chirp mirrors cannot be precisely
canceled out. Consequently, a fused-silica wedge providing positive GDD was employed to perfectly eliminate the residual negative
GDD by varying its thickness, resulting in desirable pulse compression.

Following compression, the characterization of the pulse was carried out using Second Harmonic Generation Frequency Resolved
Optical Gating (SHG-FROG) [44]. The FROG measurement principle and configuration details can be found elsewhere [45]. To
automate the recording of the FROG trace, a LabVIEW program was developed. An iterative algorithm was then implemented to
retrieve the phase, spectrum, and pulse duration from the FROG trace, as depicted in Fig. 5. By reconstructing the temporal profile
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Fig. 3 The calculated spectral
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through the iterative process, a full width at half maximum (FWHM) of 3.8 fs was measured for the pulse duration, with a flat phase
indicating a self-consistent and robust result.

3 Generation of broadband mid-infrared

3.1 Principle of intra-pulse DFG

As one of the most crucial second-order nonlinear effects, DFG has emerged as an attractive and widely used approach for generating
infrared radiation due to its continuous wavelength tunability. In this approach, a pulse with an angular frequency of ), is mixed and
co-propagates with another pulse with an angular frequency of wg in a nonlinear crystal. This interaction results in the production
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of an optical wave with another angular frequency of wj, corresponding to the difference between wp and w;s. The suffixes p, s,
and i refer to the pump, signal, and idler pulses, respectively. As a result, the three angular frequencies are determined by the law
of conservation of energy, leading to the relation: w; = w,—ws. Moreover, the conservation of momentum must be intrinsically
satisfied under the phase-matching condition. The wave vector mismatch by the pump, signal, and idler pulses is expressed by:

Ak = kp — ks — ki, (3)
where k denotes the wave vector. Notably, the difference frequency mixing of the pump and signal pulses utilized in our experiment

originates from the same laser source, thereby qualifying it as an intra-pulse DFG. This approach confers several advantages,
including: (i) support for more than one octave phase-matching bandwidth; (ii) elimination of jitter between the pump and signal;
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Fig. 6 The pulses with different T _ 37
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v

(iii) automatic stabilization of the CE phase, which will be comprehensively discussed in the next session; and (iv) convenient
scaling up of pulse energy to the J level without requiring additional amplification stages.

3.2 Automatic CE phase stabilization

The stabilization of the CE phase is of paramount importance in laser-frequency-comb calibration for telescopes. One of the key
advantages of DFG is the automatic stabilization of the CE phase. The CE phase offset is defined as the relative position difference
between the peak of the optical oscillation and the envelope position, as illustrated in Fig. 6. This offset arises from chromatic
dispersion caused by a mismatch of the phase group velocity.

The instant electric field of pulse train in frequency domain associated with a fast sinusoidal oscillation (the carrier), and a more
slowly varying envelope can be written as [15]:

o0
= . Adce
E(@) = explig) Eo(w — we) ) 8w =2 (mf + —_= f), )
b4
m=0
where o is defined as 0= — A¢,,. fr/2m. Here, Ey is the amplitude of the electric field, w, is the carrier frequency, ¢y is the initial
phase, A¢ck is the CE phase, and f is the repetition rate. The optical comb frequency f, is then determined by:
fm=mfr +8=mf; — A, fr/27 5)

The shifted frequency comb is given in Fig. 7 [15].

Thus, the precise calibration of laser frequency combs necessitates the stabilization of the CE phase. The CE phases of the signal,
idler, and pump waves are interlinked through the parametric process via the expression: A¢cgi=A¢cgp — APcEs. If the pump and
signal pulses employed in the DFG process originate from the same light source and share the same CE phase (A¢cgp=A¢cgo +C1,
and A¢ces=Adcgo + C2), then the CE phase of the idler (A¢cgi) remains constant, as any fluctuations between the pump and
idler are automatically nullified. Consequently, the intra-pulse DFG scheme is well-suited for passive CE phase stabilization. In our
experiment, the pump and signal are simultaneously derived from short pulses, as shown in Fig. 5. This approach ensures that the
idler is CE phase stabilized in a passive and all-optical way.

3.3 Choice of crystals

In order to identify the optimal DFG crystal, several key characteristics must be considered. As a nonlinear crystal, the effective
optical coefficient is of utmost importance. The crystal must support broadband phase-matching to maximize the intensity of the
idler. Furthermore, the conversion efficiency is limited by the spatial walk-off effect that arises from the separation of pump and
signal pulses during propagation through the crystal. As such, crystals with a small non-collinear angle are preferred. Another
critical prerequisite for crystals is a large transparency range to prevent idler absorption, which could lead to a decline in parametric
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Table 1 Optical properties of Crystals BBO LBO BIBO
nonlinear crystals: BBO, LBO,
and BIBO NLO coefficient deff (pm/V) 22 0.85 32
Damaging threshold (GW/cm?) >7 >4.5 >4.5
Transparency range (nm) 190-3500 160-3200 286-2500
Point group Uniax._(3 m) Biax._(mm2) Biax. + (mm2)
Fig. 8 The experimental scheme BIBO Filter
of the intra-pulse DFG. CM3 is a
plano-concave mirror and DM is n Spectrometer &
a plano-convex mirror DM1 Energy meter
3.8 fs pul
s pulse } B
Fig. 9 A demonstration of two Pump
cascaded second-order nonlinear Idler .
amplification processes in BIBO BIBO New signal
crystal under phase-matching Pump
condition. The new signal was 6 Signal Idler Signal
generated by OPA process O N\ A A >
DFG OPA

amplification. Additionally, crystals should possess a high damaging threshold to facilitate pulse energy scaling, and exhibit low
hygroscopicity and a suitable size. Given these stringent requirements, the choices for candidate crystals are rather limited, with
only a few crystals, including BBO, BIBO, and LBO, meeting the necessary criteria. The optical properties of these borate crystals
are presented in Table 1, which were obtained from crystal manufacturers and references [46—49].

LBO, BBO, and BIBO exhibit a broad phase-matching bandwidth that extends into the near-infrared region, thereby satisfying
the aforementioned optical requirements. However, we give preference to BIBO due to its larger effective nonlinear coefficient dey.
Considerable attention was devoted to identifying the optimal cutting angle for phase matching. Ultimately, we selected a type I
BIBO crystal with a thickness of 1.5 mm and set the phase-matching angle to 10.7° in the XZ-plane, given that BIBO is a positive
biaxial crystal.

4 Experimental setup, results and discussion

The laser beam, with an energy of ~2 mJ, was focused into the fiber, giving rise to spectral broadening and the generation of an output
pulse with an energy of ~ 1.3 mJ. After compression, we employed a plano-concave mirror (CM3, f = 500 mm) and a plane-convex
mirror (DM1, f = 150 mm) to reduce the beam size without introducing dispersion, as demonstrated in Fig. 8.

In this study, two sequential second-order nonlinear processes occurred in a single BIBO crystal. In the first process, intra-pulse
DGF transpired between pulses with shorter (pump) and longer (signal) wavelengths generated by the fiber system. The BIBO
crystal was oriented appropriately for the phase-matching of the pump and signal pulses. The linearly polarized input pulse was
predominantly projected along the e axis, while a small fraction was projected along the o axis, as summarized in Fig. 9.

The principle of cascaded DFG and OPA processes is described in Fig. 10, which provides the conversion efficiency of a 1.5-mm
BIBO crystal under phase-matching conditions. This figure allows for the identification of the wavelengths at which DFG and OPA
processes occur. The calculation reveals a phase-matching bandwidth spanning from 1000 to 3000 nm, although there is substantial
absorption by BIBO beyond 2600 nm. An example demonstrating the signal, pump, and idler generated by intra-pulse DFG under
phase-matching conditions is presented below:

700.0 nm (e, pump) — 972.0 nm (o, signal) = 2500.0 nm (o, idler).

As shown by the left black arrow in Fig. 10, after initiation of intra-pulse DFG, the longer wavelength pulses from fiber will play
arole as a pump and thus the idler will be amplified significantly in the following second-order nonlinear process-OPA, while a new
signal is concurrently generated. An example of this process under phase-matching conditions, represented by the right black arrow
in Fig. 10, is provided below:
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Fig. 10 The numerical simulation 3.5 -1.0
for phase-matching efficiency f -0.8
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810.0 nm(e, pump) — 2500.0 nm(o, idler) = 1200 nm(o, signal).

The upper limit of the new signal generated by the OPA process is determined by the wave-mixing of a 900 nm pulse from the
fiber and an 1800 nm pulse from the DFG idler, under phase-matching conditions, according to the results in Fig. 10. To maximize
the conversion efficiency from pump to idler in the two cascaded processes, the BIBO crystal was carefully oriented, with its e
axis oriented at an angle of approximately 9° with respect to the polarization of the input pulses. Consequently, by utilizing an IR
spectrometer (C15511-1, Hamamatsu Inc.) with a uncertainty of less than 1%, we were able to observe a near-infrared spectrum
ranging from 1.1 pm to 1.8 pm, as measured in Fig. 11a. Furthermore, the octave-spanning spectrum (1.8-3.0 pm) depicted in
Fig. 11b originated from the idler in the intra-pulse DFG process, which was subsequently amplified by the cascaded OPA process.
Using a long-pass filter, we removed wavelengths less than 1800 nm and employed a pyroelectric energy meter (PE9-ES-C, Ophir
Photonics Inc.) to obtain a 30 pJ pulse with a uncertainty of 3%. With a higher pulse energy from the fiber and a larger BIBO crystal,
further scaling of the pulse energy is achievable.

In order to extend the idler to the mid-infrared domain, we conducted theoretical simulations. Our findings suggest that a thinner
BIBO crystal is capable of supporting a broader range of wavelengths with less walk-off effect. We propose a similar paradigm
for laser pulses at mid-infrared wavelengths in a single thin BIBO crystal, achieved via cascaded second-order nonlinear processes
of intra-pulse DFG and OPA, as illustrated in Fig. 13. The cutting angle for phase-matching was set at 10.6° in the XZ plane,
with a thickness of 0.3 mm. The pump pulse covered a spectral range from 400 to 950 nm, as plotted in Fig. 12. Our simulations
indicate that this approach can generate a pulse covering 1.8-5.0 pwm. We should emphasize that the wide spectrum generated in
the fiber, as recorded in Fig. 2, greatly benefits the mid-infrared pulses spanning to 5.0 pwm. This octave-spanning spectrum has
numerous potential applications, including laser calibration, astrocombs, and seeding few-cycle mid-infrared high-power lasers. The
estimated pulse energy is~5 pJ. This approach is versatile and can also be applied to produce mid-infrared pulses of pJ-level with
different wavelengths using other second-order nonlinear crystals, such as KTA, KNbO3, and LiNbO3, due to their relatively large
second-order nonlinearity and high damage threshold. These pulses are also expected to have stable CE phase. It is worth noting
that one should be mindful of the crystal orientation due to the distinct polarization of pump and signal pulses under phase-matching
conditions in different crystals.

Finally, we propose an overall diagram, depicted in Fig. 13. With a higher pulse energy from the laser, a beamsplitter is inserted
to divide the supercontinuum from the fiber into two beams: one is used for spectrograph calibration, while the other is utilized for
DFG and OPA processes. The output of near- or mid-infrared wavelengths is determined by the choice of the filter. This technique
promises full coverage, spanning from 0.45 pwm to 5 pwm in the future, with the help of a thinner crystal. Moreover, in an unambiguous
scheme, energy scaling of idler pulses to~mlJ level is expected via amplification through another, for example, 3-mm BIBO directly
pumped by the laser in Fig. 13.

5 Conclusions

A homemade capillary fiber system has successfully produced a supercontinuum spanning from 450 to 950 nm, yielding a 3.8 fs
pulse after compression. Through cascaded intra-pulse DFG and optical OPA in a single BIBO with CE phase stabilization, a 30 pnJ
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idler pulse spanning from 1800 to 3000 nm was generated, which is beneficial for laser-frequency-comb calibration. In addition,
a new signal pulse spanning from 1100 to 1800 nm was obtained via OPA. By using a thinner BIBO, the idler spectrum can be
further extended to 5.0 pm. Our methodology addresses three major challenges in astronomical telescope spectrograph calibration
simultaneously: achieving broad spectral coverage, stabilizing laser frequency, and attaining pulse energies of approximately pJ.
This approach can be implemented with other nonlinear crystals and lead to precise laser-frequency-comb calibration in the near-
and mid-infrared domains using a simple and low-cost (thousands of US dollars) setup. With interdisciplinary sciences such as
optics, material science, engineering, and physics, astrophotonics is poised to make significant contributions to telescopes and
next-generation astronomical instruments. This advancement in supercontinuum generation and frequency comb calibration has the
potential to provide high-precision and cost-effective solutions.

@ Springer



Eur. Phys. J. Plus (2023) 138:565

Page 11 of 13

565

Fig. 12 The simulated for
phase-matching efficiency
regarding to pump and idler
wavelengths in a 0.3-mm Type I
BIBO with a phase-matching
angle of 10.6° in the XZ plane

Fig. 13 The diagram proposed for
spectrograph calibration. BS is a
beamsplitter used to reflect a
fraction of the super continuum
from fiber. The dash line indicate
the choice of output spectrum by
different filters
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