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Abstract: We discuss the efficient generation of intense “water window” (0.28–0.54 keV) isolated
attosecond pulses (IAPs) using a mid-infrared (MIR) waveform synthesizer. Our numerical
simulations clearly indicate that not only a longer-wavelength driving laser but also a weak control
pulse in the waveform synthesizer helps extend the continuum cutoff region and reduce the temporal
chirp of IAPs in high-order harmonic generation (HHG). This insight indicates that a single-cycle laser
field is not an optimum waveform for generating the shortest IAP from the veiwpoints of reducing
the attochirp and increasing the efficiency of HHG. By combining a waveform synthesizer technology
and a 100 mJ MIR femtosecond pulse based on a dual-chirped optical parametric amplification
(DC-OPA) method, a gigawatt-scale IAP (55 as with 10 nJ order) in the water window region can be
generated even without attochirp compensation. The MIR waveform synthesizer is highly beneficial
for generating a shorter IAP duration in the soft X-ray region because there are no suitable transparent
dispersive materials that can be used for compressing the attochirp.

Keywords: synthesizer; attosecond; soft X-ray; high-order harmonic generation; infrared; high-energy

1. Introduction

Isolated attosecond pulses (IAPs) via high-order harmonic generation (HHG) have opened
up a new branch of ultrafast science called attosecond physics [1]. In the past two decades,
great advances have been made in attosecond physics, including the generation of IAPs with even
shorter duration [2,3] and the real-time observation of electronic dynamics in atoms, molecules, and
solids (see, for example, [4–7]). The first IAP source was demonstrated in the extreme ultraviolet (XUV)
region (10–124 eV) using a few-cycle Ti:sapphire laser system (λ = 0.8 µm) [8]. IAPs have been utilized
with absorption spectroscopy to trace the ultrafast electron/ion dynamics in atoms and molecules.
However, the efficient generation of IAPs driven by a Ti:sapphire laser has been limited to the XUV
region. This is mainly due to the phase mismatch induced by free electrons from plasma because a
high intensity greater than the ionization threshold of the medium is required for the generation of soft
X-ray harmonics by a 0.8 µm Ti:sapphire driving laser [9]. To extend the cutoff energy of HHG up to
the water window region [2,10–13], Takahashi and co-workers proposed and demonstrated the use of
a mid-infrared (MIR) laser for HHG in 2008 [14,15]. In contrast to the commonly used Ti:sapphire laser
in the near-infrared region, the longer-wavelength MIR driving laser enables the HHG in the soft X-ray
region with a neutral gas medium [14]. Then, the phase-matching technique [16–20] can be employed
and the output HHG yield in the soft X-ray region can be significantly improved by the energy-scaling
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method [21,22]. In addition, a longer-wavelength laser is advantageous for reducing the atto-chirp of
IAPs, which is given as ∝ λ−1 [23]. On the basis of these advantages, the wavelengths of driver
lasers for generating IAPs have been shifting towards MIR wavelengths region [24]. In recent years,
most HHG experiments with the aim of generating shorter IAPs in the soft X-ray region have employed
few-cycle MIR laser pulses [2,3,12,13]. Indeed, the IAP duration has reached 43 ± 1 as around the XUV
region [3] and 53 as in the soft X-ray region [2].

However, IAPs generated using an MIR pulse face two principle problems even though the pulse
duration was reached sub-50 as; one is the need for a method to compensate for attochirp, and the
other is the reduced conversion efficiency due to the longer driver wavelength [25]. To compensate
for the attochirp of HHG, a metal filter is generally employed [26]. We show the transmission and
group delay dispersion (GDD) of different types of filters with a thickness of 1000 Å in Figure 1.
From Figure 1b, it is clear that these metal filters are not helpful for compensating the attochirp of IAPs
owing to the low GDD values in the soft X-ray region. Moreover, it is difficult to use a thick filter to
increase the GDD owing to the low transmissivity. Even though super broadband continuum soft X-ray
harmonics that supports an IAP with a sub-10-as transform-limited (TL) duration can be generated by
a single-cycle MIR laser; unfortunately, the actual IAP duration increases to over few-tens-as owing to
the attochirp. Therefore, the reduction of the attochirp is extremely important to create an IAP with
short duration. In addition, the lower conversion efficiency for a longer laser wavelength is a serious
problem for generating an intense soft X-ray IAP. It has been demonstrated that the HHG efficiency is
scaled as λ−5–λ−6 with the driving laser wavelength λ [25,27]. Thus, the HHG yield is low usually
in the soft X-ray region, and the applications of soft X-ray IAPs have been generally demonstrated
by an IR/soft-X-ray cross-correlation method or single photon absorption process. It is clear that
the development of a high-energy MIR laser with a few-cycle duration is of paramount importance
for creating an intense soft X-ray IAP. Currently, numerous efforts have been devoted to develop a
carrier envelope phase (CEP)-stabilized MIR laser with a few-cycle duration from an optical parametric
amplifier (OPA) [28–30].

Figure 1. Transmission (a) and GDD (b) of various filters with thickness of 1000 Å. The transmission
and GDD values are adopted and calculated based on the data obtained from [31].

To tackle the problem of the soft X-ray IAPs with low photon flux which is driven by a MIR
pulse, in this work, we discuss and numerically demonstrate the efficient generation of intense soft
X-ray IAPs using an MIR waveform synthesizer [32]. This demonstration realizes not only efficient
cutoff-energy extension of the HHG, but also a reduction of the atto-chirp of IAPs. Our scheme is
based on the idea of sub-cycle waveform shaping by synthesizing coherent multicycle MIR pulses
with different wavelengths [33–36]. With the development of recent laser techniques, it has become
possible to precisely synthesize and control the output of multicolor coherent light sources from
different laser systems, such as fiber lasers [37] and OPA [38] and optical parametric chirp pulse
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amplifier (OPCPA) [39] systems. Indeed, a fully stabilized terawatt (TW)-scale multicolor waveform
synthesizer has been demonstrated by combining a Ti:sapphire laser and OPA [40]. By synthesizing a
near-IR waveform, an IAP with 2.6 GW peak power was demonstrated in the XUV region [34,36].

In this paper, we simulate IAP generation using an MIR waveform synthesizer. In a classical
calculation considering a single atom, we confirm that a longer wavelength not only helps extend the
cutoff energy of HHG, but also reduces the attochirp. By mixing weak control pulses to synthesize
the waveform, the cutoff can be further extended and the atto-chirp can be further reduced compared
with that for a single-color pump. This result indicates that a single-cycle laser field is not an optimum
waveform for generating the shortest IAP from the viewpoint of reducing the attochirp. In addition,
the conversion efficiency of HHG can be increased by manipulating a waveform using a weak
supplementary field. Our numerical simulations considering the propagation effect suggest that
an IAP with a duration of ∼55 as can be obtained in the water window region even without atto-chirp
compensation. Taking previous experimental results into account [14], therefore, we can expect to
generate a GW-scale water window IAP with a pulse energy of 10 nJ order by using a 100 mJ MIR
pump energy. On the basis of our simulation parameters, we present a designed experimental setup
with information on how to achieve a fully stabilized TW-scale 100 mJ MIR waveform synthesizer
based on a dual-chirped optical parametric amplification (DC-OPA) system.

The content of this paper is organized as follows: in Section 2, we first describe the advantages of
an MIR waveform synthesizer. Then, we perform numerical simulation of a water window IAP driven
by an MIR waveform synthesizer. In Section 3, a design for a water window IAP light source driven
by a TW-scale MIR waveform synthesizer is presented. Finally, we summarize the results and present
future prospects in Section 4.

2. Results and Discussion

2.1. Advantages of an MIR Waveform Synthesizer for Generating an Isolated Attosecond Pulse

The mechanism of HHG can be understood through the behaviour of an electron inside a strong
laser field using a three-step model [41], which involves tunnel ionization of the electron, acceleration
by the laser field, and a return to the parent ion with the release of the gained energy in the form of
a photon. Thus, following the three-step model, it is very helpful to analyze the attosecond pulse
generation in HHG by calculating the return kinetic energy (RKE) of electrons after ionization in a
classical manner. Then, the energy of the emitted photons in HHG can be calculated as the sum of
RKE and the ionization potential of the atom or molecules. In this classical calculation, an Ne atom is
selected, which has an ionization potential of 21.56 eV. As a simple example, we perform the calculation
using a single-cycle (FWHM) laser pulse. The electric field with a CEP of 0 and a Gaussian pulse
envelope is shown in Figure 2a. Figure 2b shows the calculation results for driving laser wavelengths of
λ and 2λ with the same intensity. Peak A and Peak B represent different cutoff energies when electrons
are ionized near each electric field peak in adjacent half cycles, which are indicated by ta and tb
in Figure 2a, respectively. The short and long trajectories result from different ionization times in
the same half cycle of the electric field peak. In an experiment, only one trajectory can be selected
by placing the gas medium before (long trajectory) or after (short trajectory) the laser focus. Thus,
a supercontinuum bandwidth, which determines the shortest attainable attosecond pulse duration
under a TL condition, is determined by the difference between the cutoff energies of Peak A and Peak
B. It is clear that the laser field with 2λ wavelength not only markedly increases the cutoff energy
(Ecutoff = Ip + 3.17 Up, where Up ∝ λ2 and Ip is the ionization potential) but also significantly extends
supercontinuum bandwidth, which is approximately four times (∝ λ2) that for the laser field at the
wavelength of λ. Hence, a longer driving laser wavelength is very helpful for obtaining a broader
supercontinuum spectrum with higher photon energy, which is further proved by the calculated
photon energy under different emission times (group delay (GD)) in Figure 2c under different driving
wavelengths. To examine the temporal chirp (called the attochirp) of the photons in Figure 2c under
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the same laser intensity but with different wavelengths, the GDD is calculated and shown in Figure 2d.
Short and long trajectories are positively and negatively chirped, respectively. The photon energies
with minimum chirps (minimum GDD values for short or long trajectories) are the photons with
approximately half of the cutoff energy, which are located in the plateau regions of high harmonics
(HH) spectra. Comparing the GDD values at the same photon energies below the cutoff region
(plateau region), short trajectories with less atto-chirp are obtained for shorter driving wavelengths.
However, the most important feature is that a longer driving laser wavelength not only markedly
increases the cutoff energy, but also significantly reduces attochirp at higher photon energies. It should
be noted that, by increasing laser intensity for a shorter wavelength driving laser, the cutoff energy can
also be extended with reduced attochip. However, the significantly increased ionization ruins phase
matching between driving laser and HHs, which generally should be avoided in HHG.

Figure 2. (a) electric field of a single cycle pulse; (b) classical calculation of photon energies with two
cutoffs occurring in two subsequent half cycles of electric field, for driving laser wavelengths of λ and
2λ; (c) classical calculation of photon energies under different wavelengths as a function of recollision
time (group delay); (d) GDD values calculated from (c).

Moreover, mixing a weak control pulse, i.e., synthesizing a waveform, is very helpful for reducing
attochirp [42,43]. The synthesized field in this paper is expressed as

E fs =
N

∑
i=1

Eie−2 ln 2((t−∆ti)/τi)
2

cos(ωi(t− ∆ti) + φi), (1)
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where the subscript denotes the field with i = 1 indicating the main driving pulse, E denotes the
amplitude of the electric field, τ denotes the pulse duration (FWHM), ∆t denotes the delay, ω denotes
the angular frequency, and φ denotes the CEP. First, we employ a single-color pulse at 1.95 µm with
a single-cycle pulse duration, an intensity of 2.9 × 1014 W/cm2, and a CEP of −π, which we call
“one color 1” (see Figure 3). The electric field (Ef1) is plotted as a black curve in Figure 3a. The GD and
GDD of the generated photons are given by black curves in Figure 3b,c, respectively. The cutoff energy
is 350 eV. The minimum absolute GDD (larger values indicate larger atto-chirp) in the plateau region
is ∼3000 as2 for both short and long trajectories. By mixing a weak control pulse at 1.356 µm with
an intensity of 5 × 1013 W/cm2 (17% of that of the main driving laser) and the same pulse duration,
a CEP of 0.5π, and a delay of −1.13 fs (quarter cycle of the control pulse), the electric field (Efs) is
modified as shown by the red curve in Figure 3a. Then, the cutoff energy is significantly increased
by approximately 1.5-fold to 530 eV as shown by the red curve in Figure 3b. More importantly,
the absolute GDD values are greatly reduced to ∼1500 as2, which is approximately half that in the
one-color case. For comparison, we also employ the same single-color pulse as that of Ef1 but with an
increased laser intensity of 4.44 × 1014 W/cm2 (Ef2), for which the electric field waveform is shown by
the blue curve (labelled by “one color 2”) in Figure 3a. The cutoff energy, as shown by the blue curve
in Figure 3b, is 530 eV, which is the same as that of the two-color field (Efs). However, the temporal
window of the emission (see the group delay) is larger than that for the two-color field, indicating
that the attochirp is also larger. The minimum absolute GDD is ∼1850 as2, which is much less than
that for the single-color field (Ef1) with a lower intensity, but still larger than that for the two-color
synthesized field (Efs). At the cutoff region, the GDD is even larger. Thus, a weak field employed
in a waveform synthesizer helps to reduce the attochirp compared with that for a single-color field,
making it helpful for generating short IAPs without chirp compensation. For example, for a TL
duration of 50 as (FWHM) at 280 eV (cutoff region) generated by a single-color field Ef1, the actual
duration of the IAP is ∼200 as owing to the attochirp. In the two-color synthesized field Efs, the actual
IAP duration is 120 as at 450 eV (cutoff region), for which the pulse duration is significantly reduced.
In the single-color field Ef2, the actual IAP duration is 150 as at 450 eV (cutoff region), which is also
longer than that for the two-color synthesized field. In fact, by constructing an optimum waveform
using a synthesizer, it is possible to obtain IAPs without any attochirp [44]. Moreover, using the above
electric fields, we calculate the HHG spectrum of a single Ne atom using the Lewenstein model [45]
as shown in Figure 4. The Ne medium is kept neutral with the ionization ratio maintained at less
than 1% for all the laser fields. The spectral modulation is due to interference between short and
long trajectories, where the trajectory can be selected by placing the medium after or before the laser
focus [46]. Comparing the HHs generated by the electric field Efs with Ef1 (one color 1), the cutoff is
markedly extended. For HHs with the same photon energies (below 350 eV), the conversion efficiency
(from the driving laser to the HHs) is one order higher. Compared with the HH generated by the
field Ef2 (one color 2), which generates the same cutoff as the two-color synthesizer, the conversion
efficiency is ∼2.5 times higher for Efs, which is due to the higher instantaneous ionization rate caused
by the increased electric field near −2.6 fs for Efs. From these results, it is clear that a single-cycle laser
field is not an optimum waveform for IAP generation from the viewpoints of reducing the attochirp
and increasing the conversion efficiency. In contrast, a waveform synthesizer is helpful for efficiently
generating shorter IAPs by decreasing the attochirp.
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Figure 3. Reducing attochirp using a waveform synthesizer. (a) Electric field of a single-color 1.95 µm
pulse (single cycle, CEP =−π) with intensities of 2.9× 1014 W/cm2 (black, Ef1) and 4.44× 1014 W/cm2

(blue, Ef2) and a two-color (red, Efs) synthesizer (Intensities are 2.9 × 1014 W/cm2 at 1.95 µm and
5 × 1013 W/cm2 at 1.356 µm); (b) photon energies under each group delay (emission time); (c) GDD
values calculated from (b).
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Figure 4. HHs spectra calculated for a single atom for each electric field in Figure 3a.

2.2. Generation of Water Window IAPs from an MIR Waveform Synthesizer

For IAP generation by a single-color pump, a driving laser with a few-cycle duration is generally
required. In contrast, a driving laser with much longer duration (multicycle) can be employed to
generate a significantly stronger IAP in a waveform synthesizer [33–36], where the central peak of
the pulse envelope is close to that of a subcycle pulse but with a modified/optimized electric field
waveform. In this section, we simulate the generation of IAPs in the water window region using a
multicycle MIR waveform synthesizer in a gas cell.

2.2.1. Simulation Method

The HHG in an atomic gases can be theoretically described by the response of a single atom and
the collective response of the macroscopic gas to the laser and harmonic fields. In our calculation,
we apply the strong-field approximation model (SFA) [45] to calculate the harmonic radiation.
The time-dependent dipole momentum is [45]
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dnl(t) = i
∫ t

−∞
dt′
[

π

ε + i(t− t′)/2

]3/2

×drec
[
pst(t′, t) + A(t)

]
dion

[
pst(t′, t) + A(t′)

]
× exp

[
−iSst(t′, t)

]
E(t′)g(t′) + c.c., (2)

where E(t) is the driving laser field, A(t) is the vector potential, and ε is a positive regularization
constant. drec and dion are the recombination and ionization matrix elements, respectively. pst and Sst

are the stationary momentum and quasiclassical action, respectively. g(t) represents the ground-state
amplitude, which is calculated by the Ammosov–Delone–Krainov (ADK) tunneling model [47].
Then, the harmonic spectrum is obtained as the Fourier transform of the time-dependent dipole
acceleration a(t),

aq =
1
T

∫ T

0
a(t) exp(−iqωt), (3)

where a(t) = ¨dnl(t), and T and ω are the duration and frequency of the driving pulse, respectively.
q is the harmonic order.

To simulate the collective response of the macroscopic gas, we separately numerically solve
the Maxwell wave equations for the fields of the laser pulse El and the harmonics Eh in a
cylindrical coordinate,

∇2El(r, z, t)− 1
c2

∂2El(r, z, t)
∂t2 =

ω2
p(r, z, t)

c2 El(r, z, t), (4)

∇2Eh(r, z, t)− 1
c2

∂2Eh(r, z, t)
∂t2 =

ω2
p(r, z, t)

c2 Eh(r, z, t) + µ0
∂2Pnl(r, z, t)

∂t2 , (5)

where ωp = [4πne(r, z, t)]1/2 is the plasma frequency, Pnl(r, z, t) = [n0 − ne(r, z, t)]dnl(r, z, t) is the

nonlinear polarization of the medium, n0 is the gas density, and ne(t) = n0

[
1− exp

(
−
∫ t
−∞ w(t′)dt′

)]
is the free-electron density in the gas, where w(t) is the electron ionization rate. The equations here
take into account both temporal plasma-induced phase modulation and the spatial plasma-lensing
effects on the driving field. Equations (4) and (5) can be numerically solved by the Crank–Nicholson
method as described in Refs. [48,49]. Finally, the high harmonics at the exit of the gas medium are
multiplied by the transmissivity of the gas [31].

2.2.2. Simulation Results

First, we employ a two-color waveform synthesizer, which contains a main driving pulse at
1.95 µm and a control pulse at 1.35 µm. Their intensities are 2.9 × 1014 W/cm2 and 5 × 1013 W/cm2,
respectively, and both have a pulse duration of 30 fs (FWHM). Their CEPs are−π and 1.5π, respectively,
and the time delay between the two pulses is 1.13 fs. Then, the intensity profile of the synthesized
electric field is shown by the orange shaded curve in Figure 5a. The intensity ratio between the main
peak and the second strongest side peak is similar to that of a 1.4-cycle laser at 1.7 µm (green solid).
Because HHG is very sensitive to the electric field strength, only the central electric field peak
contributes to the harmonic continuum in the cutoff region. Thus, even though we employ multicycle
laser pulses, the synthesized pulse is sufficient to generate supercontinuum HH spectra, that support
IAPs. The generated HH spectrum under a 32 torr pressure in a 60-mm-long Ne gas cell is shown
in Figure 5b, which is phase-matched near 320 eV. By increasing the Ne pressure to 101 torr in
a 70-mm-long cell, the supercontinuum is phase-matched to higher photon energies near 532 eV,
as shown in Figure 5c. Thus, we were able to generate HH supercontinua in the entire water window
region, which covers the k-edges of carbon (284 eV) to oxygen (543 eV). To extract these supercontinua



Appl. Sci. 2018, 8, 2451 8 of 16

from driving laser pulses from the viewpoint in an experiment, we employ a 1000-Å-thick Sn filter in
the simulation. Then, we calculate the IAP envelope of the HH supercontinua with a 1000 Å Sn filter
in Figure 5b. The result is shown in Figure 6a. An IAP with 63 as (FWHM) duration is obtained as
shown by the red solid curve. The TL duration is 27 as (FWHM). In addition, we calculate the IAP of
the supercontinuum in Figure 5c after a 1000-Å-thick Sn filter. Its pulse envelope with a duration of
66 as is shown in Figure 6b. The TL pulse is shown by the black curve and has a duration of 28 as.
Note that the filters are not helpful for compensating the chirp of IAPs owing to the low GDD values,
as discussed above.

Figure 5. (a) intensity (E2) of electric fields of a two-color synthesizer (orange shaded) and a 1.4-cycle
laser pulse at 1.7 µm (green). HH spectra obtained using 60-mm-long (b) and 70-mm-long (c) gas cells.
Transmission of Sn filters are plotted in (b,c).

Figure 6. (a,b) show IAPs calculated by the spectra in Figure 5b,c, respectively, generated by the
two-color synthesizer. Red curves indicate obtained IAP durations while black curves indicate
TL durations.

Next, we add one more control pulse to the waveform synthesizer. The wavelengths of the main
driving pulse and the first and second control pulses are 1.9 µm, 1.38 µm, and 0.8 µm, respectively.
The intensities are 2.5 × 1014 W/cm2, 5 × 1013 W/cm2, and 5 × 1012 W/cm2, respectively, with a
pulse duration of 30 fs (FWHM). The CEPs are −π, 1.5π and π, respectively. The delays of first
and second pulses are 1.13 fs and 0 fs, respectively. The electric field of the synthesizer is shown
in Figure 7a. It can be seen that, except for the central main peak, the electric field peaks are more
suppressed than those for the two-color case. Thus, the effective waveform for HHG is further
shortened, and is similar to a 0.99-cycle pulse at 1.73 µm (green), in terms of the intensity ratio between
the main and second-strongest side peaks. Employing the synthesized electric field to drive HHG, we
simulate HH spectra in an Ne gas cell. When the pressure is 32 torr in the 60-mm-long cell, an HH
continuum spectrum with a peak intensity at 350 eV is obtained, as shown in Figure 7b. By increasing
the pressure to 101 torr in the 70-mm-long cell, the HH continuum spectrum is phase-matched to
a higher photon energy near 480 eV, as shown in Figure 7c. The calculated IAP for the spectrum
in Figure 7b after a 1000-Å-thick Sn filter is shown by the red curve in Figure 8a and has a pulse
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duration of 55 as. The TL duration is 23 as, as shown by the black curve. A slightly longer IAP with a
duration of 71 as is obtained for the spectrum in Figure 7c, as shown in Figure 8b by the red curve.
Note that the attochirp limits the shortest pulse duration even though the broad supercontinuum
supports a TL duration of 22 as, which is shorter than one atomic unit (24 as).

Figure 7. (a) intensity (E2) of electric fields of three-color synthesizer (orange shaded) and a 0.99-cycle
laser pulse at 1.73 µm (green). HH spectra after 60-mm-long (b) and 70-mm-long (c) gas cells.
Transmission of Sn filters are plotted in (b,c).

Figure 8. (a,b) show IAPs calculated from spectra in Figure 7b,c, respectively, generated by the three
color synthesizer. Red curves indicate obtained IAP durations while black curves indicate TL durations.

3. Design for a TW-Scale MIR Waveform Synthesizer for Generating Water Window IAP

HHG experiments in the water window region have been demonstrated by many groups [2,12,50,51].
In 2008, we demonstrated the generation of a coherent water window X-ray by extending the
plateau region of high-order harmonics under a neutral-medium condition [14,15]. The conversion
efficiency of the HHG driven by a 1.65 µm laser in Ne was approximately 6.5 × 10−8 at 300 eV.
Considering our earlier experiment results, IAPs with pulse energy of 10 nJ order in the water window
region can be expected by using a 100-mJ-class MIR waveform synthesizer as a driver laser. To perform
the experiment, we design a TW-scale multicycle MIR waveform synthesizer with a 10 Hz repetition
rate in accordance with the simulation results in Section 2.

3.1. TW-Class MIR Laser Source Based on DC-OPA

In our recent work, we successfully generated an IR laser with 100-mJ-class energy, a TW-class
peak power IR laser, and a 10 Hz repetition rate [52] using a DC-OPA [53–57]. The nonlinear crystals
employed in the DC-OPA system were β-BaB2O4 (BBO) crystals. Using this laser source, laser pulses
with three colors, as shown in Figure 9, can be provided to construct a waveform synthesizer. The two
colors of the IR pulses labelled main pulse and control pulse 1 in the synthesizer are flexibly tunable in
the ranges of 1.6–2.4 µm and 1.2–1.6 µm (these two colors are generated in pairs, one is the same as the
seed used for DC-OPA, the other is obtained from difference frequency generation (DFG)), respectively,
which is very helpful for manipulating the waveform in the synthesizer by tuning the wavelength [33].
The third color, control pulse 2 is provided by a Ti:sapphire chirped pulse amplifier (CPA), which is



Appl. Sci. 2018, 8, 2451 10 of 16

also a pump source for the DC-OPA system. The duration of the compressed pulse with a stabilized
CEP is ∼28 fs (FWHM) [58]. However, the durations of the main pulse and control pulse 1 are 40–50 fs
(FWHM), which are longer than those in our simulation in Section 2, which required a pulse duration of
30 fs (FWHM).

Figure 9. Hundred millijoule and multi-TW-class MIR fs pulses generated by a BBO-crystal-based
DC-OPA system with flexible tunability in the range of 1.2–2.4 µm. Main pulse and control pulse 1
are generated in pairs in the DC-OPA system through parametric amplification. The pulse energy and
spectrum at each central wavelength are shown by red dots and shaded curves, respectively. The 0.8 µm
laser is from a CEP-stabilized Ti:sapphire laser system, which is also a pump source for DC-OPA.

We find that BiB3O6 (BiBO) [59,60] and LiB3O5 (LBO) crystals are suitable for generating TW-class
IR pulses by a DC-OPA system with shorter durations (shorter than five optical cycles) near 1.95 µm
and 1.35 µm. We calculate phase-matching results over a broad bandwidth which are shown in
Figure 10a,b as two-dimensional plots for BiBO and LBO crystals with cutting angles of θ = 11◦

(XZ plane) and φ = 15◦ (XY plane), respectively. A smaller phase mismatch indicates better phase
matching. For the BiBO crystal, the two designed phase-matching conditions (the designed signal chirp
is the same as that of the seed) in experiment are plotted as blue and red curves. For the LBO crystal,
the designed phase-matching condition (red) in the experiment follows the optimal phase-matching.
Thus, we can use both BiBO and LBO crystals for the DC-OPA system to create IR pulses for the
synthesizer. Because LBO has a much higher damage threshold as well as a very large aperture, it is
the preferred crystal for our DC-OPA system. When we employ a LBO crystal with a 30 mm aperture,
the durations of the pump and seed pulses are ∼2 ps. Moreover, in Figure 10, the chirp signs of the
pump and seed are opposite under an optimized phase-matching condition. Hence, we can employ
negative and positive chirps for the pump and seed pulses in the DC-OPA system, which are precisely
controlled by changing the grating separation and using an acousto-optic programmable dispersive
filter (AOPDF), respectively. Then, the DFG pulse is negatively chirped. With these chirp signs, we can
compress the pulses using bulk materials after the DC-OPA (e.g., fused silica for the main pulse and
SF10 for control pulses), which do not deteriorate the stability of CEPs.
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Figure 10. Calculated phase mismatch of a BiBO crystal (a) and an LBO crystal (b). The white region
indicates almost perfect phase matching. The solid curves show designed chirps for IR pulses to achieve
high conversion efficiency as well as a broad spectral bandwidth. For the BiBO crystal, the two cases of
chirp designs for the seed pulse are shown by blue and red curves. The horizontal axis indicates the
spectral range of the pump laser for the DC-OPA system.

On the basis of these considerations, we design the complete experimental setup shown in
Figure 11, which mainly consists of four parts: a 10 Hz Ti:sapphire laser with∼700 mJ energy and parts
for the generation of a TW IR laser by DC-OPA, the stabilization of the CEP of the Ti:sapphire laser
(thus stabilizing the CEPs of the main pulse, control pulse 1 and control pulse 2), and the stabilization of
the relative timing jitter and phase jitter in three-color pulses.

Figure 11. Schematic drawing of a TW-scale MIR waveform synthesizer for generating water
window IAPs. CPA, chirped pulse amplifier; SCG, supercontinuum generation; DM, dichroic mirror;
DL, delay line; BS, beam splitter; FS, fused silica; CM, chirp mirror; CC, concave mirror; BOC, balanced
optical cross-correlator; HWP, half-wave plate.

3.2. Stabilizing the Delay Jitter and Phase Jitter in the Synthesizer

Temporal synchronization between each color inside a synthesizer strongly affects the waveform;
thus, the temporal synchronization must be stabilized in order to maintain a stable waveform from
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shot to shot [36]. As shown in Figure 11, the synchronization can be achieved in two steps [40]. First,
by introducing a continuous wave (CW) laser (He-Ne) which passes through each beam path to
form an interferometer, the iming jitter between each beam path can be monitored and minimized by
introducing active feedback [36] to delay stages DL2 and DL3. Second, the timing jitter between the
main pulse and control pulse 2 can be monitored by a balanced optical cross-correlator (BOC) [61,62],
and thus can be minimized by introducing further active stabilization (feedback to DL1). Then,
the temporal synchronization between each color of the synthesizer is stabilized. Moreover, another
parameter that must be considered is the CEP stability. This is because the CEP shift results in
shot-to-shot changes in the intensity of IAPs, and multiple busts of IAPs appear at some CEP values [33].
Thus, to obtain a stable IAP for each laser shot, the CEP of each color must be stabilized. First, the seed
pulse for the DC-OPA system at ∼1.9 µm is generated through difference frequency generation in
a standard OPA system (see Figure 11). Thus, the CEP of seed as well as its amplification after the
DC-OPA system is passively stabilized. However, owing to timing jitter between the pump and
the white-light-generated seed in the standard OPA), the CEP of the seed slightly fluctuates. Thus,
feedback utilizing copropagating pump pulses is introduced to minimize the timing jitter (not shown
in Figure 11). After the CEP of the seed pulse is stabilized, it is necessary to stabilize the CEP of
the 10 Hz pump pulse for the DC-OPA system. In our previous experiment, we demonstrated the
stabilization of the CEP of each shot of a TW laser with a 10 Hz repetition rate [58,63] using an
indirect CEP stabilization method. In this setup, we employed the same method. Details are shown
in Figure 11. A reference pulse (∼1 mJ) with a repetition rate of 990 shots/s copropagates with a
high-energy (∼700 mJ) 10 Hz pulse to from a hybrid pulse train. Thus, these pulses experience exactly
the same CEP noises, which are induced by grating vibration in the compressor, temperature changes,
air turbulence, and beam-pointing fluctuation. Because the reference pulse energy is more than two
orders lower than the high-energy 10 Hz pulse, it does not contribute to amplification in DC-OPA.
After the two-stage DC-OPA, the hybrid pulse train is separated from the IR pulses. A small portion
(∼2 mJ) of the 10 Hz pulse is compressed by an approximately 10-cm-long SF10 bulk (when the
LBO crystal is employed in DC-OPA), and is utilized as control pulse 2 in the synthesizer. The main
portion of the reference pulse is split into two beams, one beam is used for monitoring the CEP of
high-energy 10 Hz pulses after compression by the SF10 bulk. The other beam, from which only the
reference pulse is selected by an optical chopper, is utilized for monitoring CEP jitter (after compression
by the SF10 bulk) at 500 Hz and as feedback to move the grating in the grating stretcher as a means of
stabilizing the CEP. Since we utilize fused silica and SF10 bulks to compress the durations of the main
pulse and control pulse 1, the CEPs are not deteriorated. Thus, the CEP of each color pulse is stabilized.
After stabilizing both the timing jitter and phase jitter, our TW-class IR waveform synthesizer is fully
stabilized and ready to generate IAPs through HHG. To obtain the same focus sizes of all the pulses in
the waveform synthesizer for HHG, the focus sizes of the control pulses are adjusted to be the same as
that of the main pulse by controlling their beam sizes.

4. Conclusions

We discussed the generation of an intense water window IAP using an MIR waveform synthesizer.
By synthesizing a three-color field in the MIR region, the intensity ratio between the central peak
and the highest side peak was 0.5, which was almost the same as that of a single-cycle laser. Thus,
a 100 mJ MIR three-color waveform synthesizer can generate a GW-scale peak power with a 10-nJ-order
energy supercontinuum in the water window region from an Ne gas medium, which supports IAPs of
∼50–70 as (FWHM) duration according to our simulation, even without chirp compensation. The weak
control pulses in the waveform synthesizer not only help to shorten the duration of the effective electric
field, but also extend the cutoff and reduce the attochirp. Moreover, the waveform synthesizer helps to
improve the conversion efficiency compared with that of a single-color pulse. The high-energy and
high peak-power water window IAP is expected to be significant for investigating single-shot imaging
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in the soft X-ray region, studying life sciences, and performing attosecond-pump-attosecond-probe
experiments to investigate the ultrafast dynamics of electrons, atoms, and molecules.
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