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Abstract: A design for efficient generation of mid-infrared pulses at 3.2 um is presented, which
is based on numerical simulations of the broadband-pumped dual-chirped optical parametric
amplification (DC-OPA) in LiNbO3 doped with 5 mol.% MgO (MgO:LiNbO3). The broadband
seed can be generated by difference frequency generation in KTA using spectrally-broadened
Ti:Sapphire lasers. The broad DC-OPA phase-matching bandwidth-spanning from 2.4 pum to 4.0
pum-is achieved by chirping both the broadband Ti:Sapphire pump pulses and the seed pulses in
such a way that the individual temporal slice of pump spectrum is able to phase match that of seed
spectrum. This phase matching scheme allows the use of longer crystals without gain narrowing
or loss of conversion efficiency. The theoretical conversion efficiency from the pump to the idler
reaches 19.1 %, enabling generation of a few hundred mJ of mid-IR energy with an available
large-aperture MgO:LiNbOj3 crystal. Furthermore, the commercially available acousto-optic
programmable dispersive filter (AOPDF) ensures compression of such a broad bandwidth down
to 20 fs (two optical cycles at 3.2 um).
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1. Introduction

Attosecond science, one of the fastest advancing frontiers in ultrafast laser research, has opened
a new era of understanding electron dynamics and correlations that occur on attosecond
timescales [1,2]. So far, isolated attosecond pulses as short as 67 as have been generated in an
extreme ultraviolet (XUV) wavelength range via high harmonic generation (HHG) driven by
spectrally-broadened Ti:Sapphire lasers at ~ 800nm [3]. The single atom cutoff photon energy of
HHG is 3.2U,, +1,,, where I, refers to the atom ionization potential and U, is the ponderomotive
potential that is proportional to the product of the driving laser intensity and wavelength squared.
It is evident that both an increase in the driving pulse intensity and its wavelength can lead to
cutoff extension. Since the maximum intensity that can be applied for HHG is limited by phase
matching and depletion of the neutral gas target, longer wavelength laser sources are needed to
extend the cutoff [4,5]. In addition, because an attosecond pulse is generated every half cycle of
the driving laser, few-cycle driving pulses are preferred in order to efficiently generate isolated
attosecond pulses with sub-cycle gating [6,7]. Rapid development of few-cycle and high-energy
driving lasers with center wavelengths varying from 1.6 pm to 2.1 pm in recent years has already
enabled the generation of the attosecond soft X-ray pulses in water-window region (280 to 530
eV) [8-10]. To significantly increase both center photon energy and bandwidth of attosecond
X-ray pulses, the development of high-energy few-cycle pulses further into mid-infrared (mid-IR)
region is in demand.

High-energy few-cycle infrared pulses are primarily enabled by optical parametric chirped
pulse amplification (OPCPA) pumped by few-picosecond (ps) lasers, which allows a trade-off
between the gain bandwidth and the damage threshold of the nonlinear crystals [11, 12]. Among
a number of few-cycle IR OPCPA sources that have been reported [13—19], only a few of them
yielded mJ-level near-octave pulses (two cycles and below) [15, 18, 19]. Recently, rapid progress
has been made on the generation of mid-IR laser sources around 5 um or above [20-24], among
which pJ-level 5-11 ym [23] and 4.5-9 um [24] laser pulses can be potentially amplified to achieve
mJ-level energy by OPCPA in ZGP pumped by a 2.0 um Ho: YAG laser [25]. The generation of
few-cycle pulses or the bandwidth needed for supporting few-cycle pulses near 3 um by optical
parametric amplification (OPA) [26-28] has also been reported. However, upscaling to mJ level
in those systems is difficult. OPCPA systems have yielded high energy but long pulses [29-32].
Thus, it has been a challenging task to generate high-energy few-cycle pulses around 3 um.

In this paper, we present a design for generating high-energy two-cycle pulses at 3.2 um using
broadband-pumped dual-chirped optical parametric amplification (DC-OPA) in LiNbO3 doped
with 5 mol.% MgO (MgO:LiNbO3). DC-OPA [33] is essentially an OPCPA pumped by chirped
pulses. While DC-OPA has been both numerically analyzed [33] and experimentally utilized
and analyzed [34, 35], it has not been studied from the perspective of phase matching between
the individual temporal slice of pump spectrum and that of seed spectrum, an approach that is
more intuitive. By analyzing the phase matching in a MgO:LiNbO3; DC-OPA, we have found
that a broadband Ti:Sapphire pump and a broadband seed (2.3-4.1 um) can phase match very
well in the temporal domain if their chirps are managed properly. Unlike the common few-cycle
OPCPA and DC-OPA, this broadband-pumped DC-OPA allows the use of longer crystals without
either gain narrowing or efficiency loss since phase matching occurs between the individual
temporal slice of pump spectrum and that of seed spectrum. A method is presented for the
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generation of carrier-envelope phase (CEP)-stable broadband seed pulses via difference frequency
generation (DFG) in KTA, allowing the separation of the idler beam from the signal beam
and amplification of the idler beam without introducing angular spatial chirp in the DC-OPA.
Furthermore, the choice of chirping material and the pulse compression method are provided.
This broadband-pumped DC-OPA has a great advantage over the narrowband-pumped OPCPA
with respect to the phase matching bandwidth, especially in the nondegenerate configuration
where the phase matching bandwidth is usually narrow; it also has advantages over frequency
domain optical parametric amplification (FOPA) [36] in that it can preserve the CEP of the seed
pulse and compress the pulse in a bulk material almost without loss of pulse energy, while FOPA
tends to deteriorate the CEP of the seed pulse if without an active feedback, as well as results in
loss of pulse energy because of compression using gratings.

2. Numerical model for three-wave mixing

To simulate DFG and DC-OPA, a one-dimensional three-wave mixing numerical model has been
developed by modifying the previously developed one in [37]: (1) the model includes the effects
of dispersion and nonlinear refractive index due to self phase modulation (SPM) and cross phase
modulation (XPM); (2) all three waves are assumed to be plane waves. The model uses standard
coupled differential equations with the slowly varying envelope approximation for three-wave
mixing [38]:

dA, _ 2deprwi

dz —]WA;A?, eXp(—jAkZ), (1)
dA 2d,pw? . )
d—; - ]%A]M exp(—jAkz) )
dAy  2dfrw; .
d—; = #AlAzeXp(JAkz), 3)

where Aj ;3 are the complex field amplitudes of the signal, idler, and pump waves, respectively,
d.yy is the second-order effective nonlinearity, w; is the angular frequency, k; is the wave vector,
Ak is the wave vector mismatch, and c is the speed of light in vacuum. The longitudinal coordinate
is denoted by z. To address the important temporal characteristics of this process, the complex
amplitude of the signal and pump pulses A; are represented in the time and frequency domain:
A;=A;(1)=F~'[A;(w)], including the corresponding amplitude and phase. While the coupled
differential equations for the three fields are expressed and integrated in the time domain, it is also
necessary to include dispersion, which is easily represented in the spectral domain. Dispersion is
included in the model using the usual split-step approach [39], by transforming the fields into the
spectral domain after each step of numerical integration in the time domain. The spectral phase
applied to the three fields at each step is

Ai(w) = A; (w) exp(jn; (w)w dz/c), “

where w is the angular frequency, and n(w) is the refractive index for the corresponding spectral
component w of wave A;. Self phase modulation and cross phase modulation are included in the
model by applying the temporally-dependent phase to each wave

Ai(t) = A1) exp(jny "M wi i (1) dz/c), )
A12(1) = As(0) exp(jny "M wili (1) dzfe), ©6)
where n5PM and nX*M are the nonlinear refractive indexes of SPM and XPM, respectively,

I; (1) is the instantaneous intensity at time ¢, and w; is the center frequency of wave A;. The XPM
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effects on the pump pulse can be neglected because of the low intensities of the signal and idler
pulses. The traveling frame of reference for the calculation is established in reference to the signal
wave A by applying the linear phase after each split step:

Ai(w) = A; (w) exp(jmi (w1)wy dz/c), @)
where nj(w1) is the refractive index for the signal wave at the signal center frequency w;.

3. Broadband seed generation via DFG in KTA

Difference frequency generation is a common approach to producing broadband seed pulses with
passive carrier-envelope phase stabilization [23,24,40,41]. Here we propose and numerically
simulate the generation of broadband seed from DFG in a KTA crystal. The KTA crystal is cut at
41.5° in the XZ plane. The spectra of the pump (700 nm) and signal (913 nm) are both super
Gaussian and have a FWHM bandwidth of 50 nm. Both the input pump and signal intensities are
200 GW/cm?. Different thicknesses of KTA crystals are considered in order to find a compromise
between bandwidth and conversion efficiency. Fig. 1 shows DFG spectra for three examples of
KTA thickness. The 0.1 mm KTA produces a broadest bandwidth-spanning from around 2.3
um to 4.5 um and has a conversion efficiency of 1.1 %, while the 0.15mm and 0.2 mm KTAs
produce narrower bandwidth but higher conversion efficiency-1.8 % and 2.4 %, respectively.
Since seed bandwidth is the primary concern, 0.1 mm KTA is chosen for seeding DC-OPA. The
proof-of-principle experiment for demonstrating this DFG process can be done with mJ level
broadened Ti:Sapphire spectrum in a hollow-core fiber (HCF) that typically ranges from 0.55 pm
to 0.95 um. This approach could generate a pJ-level CEP-stable broadband pulse for seeding the
broadband-pumped DC-OPA discussed in this paper.

T T T T T T T T T
1.0 .
I — 010 mmKTA |

S 08} — 015mmKTA -
o - —— 0.20 mm KTA
L 06
= I
§7
§ 0.4
p= I

0.2

0.0 ) . ) ,

" " 1 " "
2.0 25 3.0 3.5 40 45
Wavelength (um)

Fig. 1. DFG spectra in KTA crystals with different thicknesses, cut at 41.5° in the XZ plane.

4. Achieving broad gain bandwidth in DC-OPA

The phase matching bandwidth in OPA is given to the first order by Aw ~ 1/vg4-1/vg;, where
Vgs and vg; are the group velocities of the signal and idler, respectively. Thus, broadband
parametric gain can be achieved when the group velocities of signal and idler are matched [42].
As expected, broadband parametric gain occurs in the degenerate configuration, where signal
and idler have the same wavelength and polarization. For the generation of broadband 3 um
sources, the group-velocity matching condition in a nondegenerate OPA configuration has been
demonstrated, where the group velocity of signal wavelength around 1 um is close to that of the
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Fig. 2. The calculated phase-matching efficiency as a function of pump and idler wavelengths
for a noncollinear configuration (PM angle 6 = 44.4°, noncollinear angle & = 0.5°). The
black line represents the chirped signal pulse with its corresponding wavelengths marked by
the left axis and its temporal chirp marked by the top axis. (a) 2 mm MgO:LiNbOs; (b) 4
mm MgO:LiNbO3.

idler wavelength around 3 pm when pumped by a 800 nm Ti:Sapphire laser [26-28]. However,
the bandwidth generated in those OPAs is still not enough to support two-cycle or shorter pulses
near 3 um. Moreover, the OPCPA, which is needed to generate high-energy laser pulses, suffered
from loss of gain bandwidth [29-32].

By searching and studying the phase matching of nonlinear crystals, we have found that
MgO:LiNbOs3 has a broad gain bandwidth around 3 um when pumped by a broadband (0.74 nm -
0.84 nm) Ti:Sapphire laser, as shown in Fig. 2. Moreover, the phase matching condition can be
met in the temporal domain in the broadband-pumped DC-OPA when the chirps of the pump
pulse and the idler pulse are matched. Actually, the most critical aspect for realizing such a broad
parametric gain bandwidth in the DC-OPA is the dispersion management. With the pump pulse
being almost linearly stretched by using conventional grating pairs, the scheme of stretching
the idler pulse is important for phase matching. For stretching the idler pulses, gratings pairs
are not considered because of the CEP variation that requires active stabilization [43]. Here an
acousto-optic programmable dispersive filter (AOPDF) stretcher plus a bulk material compressor
are employed to take advantage of the adaptive phase control capability of the AOPDF and the
high throughput and compactness of the bulk material. Since the pulse-lengthening pre-chirp of
the AOPDF stretcher must be chosen to match the inflexible pulse-shortening de-chirp of the bulk
material, the choice of bulk materials is very important. Third-order dispersion (TOD) and other
higher order dispersions would contribute to a nonlinear chirp, leading to poor phase matching
between the idler and the pump in the temporal domain. Thus, in order to stretch the idler pulse
almost linearly with AOPDF, the corresponding ideal bulk material should have a high ratio
between the second-order dispersion (GDD) and higher-order dispersions, especially TOD. Table
1 shows dispersion properties of four typical infrared materials. Si is chosen for chirping idler
pulses because of its moderate bandgap, relatively large GDD, and a largest ratio between GDD
and TOD.

In Fig. 2, the phase matching efficiency, sinc?(AKL/2), is plotted as a function of the pump
(bottom axis) and idler wavelengths (left axis), where Ak represents phase mismatch and L is the
MgO:LiNbOs crystal length. The color contours represent the phase matching efficiency. The
black line demonstrates both the spectrum (left axis) and the group delay (top axis) of the idler
pulse chirped by the AOPDF. The pump spectrum is assumed to be linearly stretched and its
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Table 1. Dispersion of bulk material at 3 pm.

Materials (10 mm) GDD (fs>) TOD (fs’) FOD (fs%)

Si 4087 1695 —29667
Ge 15248 31689 39984
ZnS 608 4564 -17271
ZnSe 1609 4401 —7642

temporal information is also shown by top axis. Fig. 2 can completely reveal the phase matching
between the idler and the pump in both the temporal domain and spectral domain. For a 2 mm
crystal thickness, the black curve (Fig. 2(a)) can fit in the best phase matching region very well,
indicating excellent phase matching between the idler and pump over a broad bandwidth spanning
from 2.3 um to 4.0 pm. When the crystal thickness is doubled to 4 mm, the black curve (Fig. 2(b))
is still within the best phase matching region. Therefore, it is expected that the broadband-pumped
DC-OPA, which employs the design of phase matching in MgO:LiNbO3, allows the use of a
longer crystal without sacrificing either parametric gain or bandwidth, unlike typical few-cycle
narrowband-pumped OPCPA.

5. Simulation of DC-OPA

To further study the broad parametric gain bandwidth in the DC-OPA, two simulations were
performed for two different crystal length under different pump conditions. To characterize
and compare parametric interactions for different crystal length, it is necessary to calculate the
parametric gain, which is defined as [42]:

_ L) 1

G = = Jep QrLe), ®)

which grows exponentially with the crystal length L. and nonlinear coefficient I, given as

- 87r2d§ﬁlp ©
ningn, A; As€ocy’
where d.y is the effective nonlinearity, /,, is the pump intensity, n; s, , are the refractive indices
of the idler, signal, and pump wavelengths respectively, A; ¢ are the wavelengths of the idler and
signal, respectively, €q is the vacuum permittivity, and ¢ is the speed of light in vacuum. Thus,
the parametric gain grows exponentially with the crystal length and square root of intensities.

In both simulations, the input idler spectrum spanning from 2.4 um to 4.0 um is from the DFG
spectrum produced in a 0.1 mm KTA crystal. The pump spectrum spanning from 740 nm to 840
nm has a super Gaussian shape. MgO:LiNbOs is chosen as the DC-OPA crystal, which has a
type I configuration with a phase matching angle of 44.4 °. A small nonlinear angle of 0.5 ° is
introduced in order to separate the idler from the signal.

In the first simulation, the signal is negatively stretched to 1.0 ps (2.4 um to 4.0 um) by the
AOPDF with a chirp value equal to the opposite chirp induced by an 8 mm silicon. The pump is
positively linearly stretched to 1.79 ps (740 nm to 840 nm). The input idler and pump intensities
are 12 MW/cm? and 30 GW/cm?, respectively. MgO:LiNbO; has a high damage threshold and
can withstand 50 GW/cm? intensity from a 1.6 ps Yb:YAG thin disk laser [15]. Here we assume
that 30GW/cm? intensity from a chirped 1.79 ps Ti:Sapphire laser is below the damage threshold
of MgO:LiNbOs3. The optimized crystal thickness is 2.4 mm in order to obtain a maximum
conversion efficiency. The simulation results are shown in Fig 3. As shown in Fig 3(a), an initial
delay of 150 fs between the idler and the pump is introduced in order to compensate for the
temporal walkoff that can deteriorate the phase matching condition. As can be seen from Fig 3(c),
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the amplified idler spectrum spans from 2.4 um to 4.0 um, supporting a 20.4 fs transform-limited
pulse-two-cycle pulse at 3.2 um-shown in Fig 3(d). Moreover, the pump to idler conversion
efficiency reaches 19.1 %, resulting from the almost depleted pump over a broad bandwidth
shown in Fig 3(d). The idler gain of 954 is typical, amplifying a nJ level pulse to uJ level.

1.01(b

1.0}(@)
3 0.8} 3 0.8}
2 2
& 0.6+ & 06+
= =
% 04+t % 0.4
£ 0.2t £ 02

0.0 —Input pump 0.0

-10 -05 00 05 1.0 0.74 0.76 0.78 0.80 0.82 0.84
Time (ps) Wavelength (um)

1.0t(c)
;: 0.8} ] ;
2 £
& 06F 1 &
2 )
@ 0.4} _ @
g 02t —Input idler E

— Output idler
0.0
20 25 3.0 35 40 45
Wavelength (um) Time (fs)

Fig. 3. Simulation results of the broadband-pumped DC-OPA in a 2.4 mm MgO:LiNbOs3.

The energy scaling capability of common few-cycle OPCPA and DC-OPA is limited not only
by the available crystal aperture size, but also by the crystal length when gain bandwidth has
to be preserved. While the energy scaling capability of the two-cycle DC-OPA discussed here
is also limited by the available crystal size, it is not limited by the crystal length. The second
simulation aims to study the energy scaling capability of the DC-OPA with a doubled crystal
length, assuming that the aperture size and thus the beam size in the two simulations are same.
To get a gain similar to that in the first simulation, the second simulation used 7.5 GW/cm? pump
intensity, a quarter of the 30 GW/cm? used in the first simulation, since the parametric gain grows
exponentially with the crystal length and the square root of intensity, as shown in Equation (8) &
(9). Here we assume that the damage fluence scales with the root square of pulse duration [44].

In the second simulation, the signal is stretched to 16 ps, which is close to the maximum
chirping capability of the AOPDF in the idler spectral region, while the pump pulse duration is
optimized to 22.7 ps. Thus, the fluence of the pump in the second simulation is 3.17 times that
in the first simulation. This fluence is safe for the crystal according to fluence scaling law with
pulse duration, which indicates that 3.56 times the pump fluence in the first simulation can be
safely used in the second simulation.The input idler is set to 2.4 MW/cm? in order to maintain the
same ratio of the input idler energy to the pump energy as used in the first simulation. An initial
delay of 200 fs between the idler and the pump is introduced. The simulation results for 4.8 mm
crystal are shown in Fig. 4. As expected from the discussion in section 4, there is almost no loss
of parametric gain or bandwidth. The amplified spectrum is still similar, supporting a 20.8 fs
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Fig. 4. Simulation results of the broadband-pumped DC-OPA in a 4.8 mm MgO:LiNbO3.

transform-limited pulse. The pump to idler conversion efficiency reaches 18.7%. This further
confirms that the design of DC-OPA allows for the use of longer crystals without sacrificing either
gain bandwidth or efficiency. For the two simulations discussed here, about 3 times the idler
energy can be achieved by using 2 times the crystal thickness. Considering its high second-order
nonlinearity (4.2 V/pm) and commercially available large size (20 mm), MgO:LiNbOjs is able to
generate high-energy two-cycle pulses at 3.2 um via DC-OPA.

The optimum pulse duration ratio between the pump and the idler for best phase matching is
dependent on the MgO:LiNbO3 crystal length because of the temporal walkoff (~ 0.1 ps/mm)
between the pump and the idler in the crystal. In a fixed chirp design, the ratio increases when
the crystal is longer in order to compensate for the increased temporal walkoff. In addition, the
optimum ratio is more sensitive to the change of crystal length in a relatively small chirp design
such as 1 ps design in the first simulation, but is much less sensitive in a relatively large chirp
design such as the 16 ps design in the second simulation.

6. Design for a proof-of-principle experiment to demonstrate two-cycle pulses
at 3.2 um via DC-OPA

Here we propose a scheme to demonstrate two-cycle pulses at 3.2 um via the DC-OPA pumped by
a 30 mJ femtosecond Ti:Sapphire laser at 1 kHz. The layout is shown in Fig. 5. Nanojoule-level
oscillator pulses is boosted to 30 mJ (740 nm to 840 nm) in a CPA laser system. The output is
split into two beams. First, 28 mJ, compressed to around 1.79 ps, is used to pump a three-stage
DC-OPA. The remaining 2.0 mJ portion, compressed to 20 fs, is sent to a hollow-core fiber (HCF)
filled with neon for white light generation. The white light can be compressed to <7 fs using
chirped mirrors. A broadband IR (2.3-4.5 um) seed is proposed to be generated via DFG from the
white light in a 0.1 mm type-II KTA crystal (phase matching angle 6 = 41.5°). The seed is then
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Fig. 5. Schematic drawing for a proof-of-principle experiment for demonstrating DC-OPA.

stretched to 1.0 ps (2.4-4.0 um) using an AOPDF that has about 10 % throughput over such a
broadband. The idler pulse can be amplified in a three-stage DC-OPA in MgO:LiNbOs3. The pump
energies for the three stages are 0.5 mJ, 4.5 mJ, and 23 mJ, respectively, and the corresponding
conversion efficiencies are 19.2%, 18.5%, and 21.4%, respectively. Because the signal pulse is
chirped more than the pump pulse in the first-stage 2.4 mm MgO:LiNbO3 crystal, a 4 mm silicon
plate is inserted after the first stage in order to reoptimize the pulse duration ratio between the
signal and the pump pulses for both the second stage and the third stage. The amplified pulses
are compressed by silicon to near transform limit (20.4 fs-two cycles at 3.2 um) when the high
order phase errors are corrected by the AOPDF. In order to achieve ~19% conversion efficiency
in the simulation in which a square pulse shape and a square spatial beam are assumed, the
ideal spectrum (740 nm to 840 nm) and spatial beam should have a flat-top shape, which can
be done without much difficulty. Thus, a 5.8 mJ, two-cycle pulse at 3.2 um is expected with
28 mJ Ti:Sapphire pump energy and ~19% conversion efficiency. Moreover, hundreds of mJ
such pulses can be generated with a joule-level broadband 10 Hz Ti:Sapphire pump and can be
compressed with high-bandgap materials such as ZnS.

7. Conclusions

In summary, we provide, for the first time to the best of our knowledge, an approach for efficient
generation of mJ-level two-cycle pulses at 3.2 um based on the results of numerical simulations of
the broadband-pumped DC-OPA in MgO:LiNbOs3. The broad parametric gain bandwidth, 2.4 pm
to 4.0 um, is achieved by phase matching the individual slice of idler spectrum with the individual
slice of pump spectrum in the temporal domain. Unlike the phase matching of common few-cycle
OPCPA and DC-OPA, this technique of phase matching allows using longer crystals without
losing either gain bandwidth or conversion efficiency. The theoretical conversion efficiency,
19.1%, enables generation of hundreds of mJ two-cycle pulses at 3.2 um in the DC-OPA with a
20-mm-diameter MgO:LiNbO3 crystal as the parametric gain medium. Further experimental
demonstration of such a laser system will pave the way to the generation of a bright broadband
soft X-ray continuum, thus enabling attosecond pulses shorter than the atomic unit of time (24 as).
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