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Abstract: The picosecond optical parametric chirped pulse amplifier (ps-OPCPA) with double BBO
arrangement can support the ultrabroad spectrum even under a relatively long pump pulse duration
(~100 ps). In this work, five-wave-coupled equations taking into consideration different phase
matching conditions between the parametric superfluorescence (PSF) and the signal are proposed
to investigate the temporal contrast in ps-OPCPA schemes. Both the temporal contrast and the
amplified spectrum are numerically analyzed in double BBO arrangements with four phase matching
conditions. Numerical results show that the high temporal contrast and ultrabroad spectrum can
be simultaneously realized by choosing the proper phase matching geometry in a double BBO
arrangement. The numerical investigation here relaxes the requirement of very short pump pulses in
ps-OPCPA, which can provide beneficial guidance for the design and construction of ps-OPCPA.

Keywords: ps-OPCPA; temporal contrast; parametric superfluorescence

1. Introduction

Optical parametric chirped pulse amplifiers pumped by picosecond pulses (ps-OPCPA)
have provided effective approaches for generating intense few-cycle laser pulses, which
can be widely applied to investigations of high-order harmonic generation (HHG) [1-3]
and particle acceleration [4-6].

There are two main types of ps-OPCPA schemes in terms of the duration of pump
lasers. On the one hand, OPCPAs pumped by very short pulses (<10 ps) are favorable
for three advantages [7]: (i) a small stretching and compression factor for seed pulses is
needed so that simple systems, such as bulk material and chirp mirrors, can be used for
stretching and compression; (ii) the amplification bandwidth can be very broad because of
its high pump intensity; (iii) the time window of temporal contrast is well controlled due to
the instantaneous interaction of the short-pulse OPCPA systems. A representative system
pumped by 0.8 ps Yb:YAG lasers [8] supported a Fourier-limited pulse duration below
6 fs, but 42 mJ, 7 fs pulses were finally obtained due to the high order dispersion. Besides,
a number of stringent requirements also need to be satisfied in the short-ps-pumped
systems. First of all, starting from the pump compressor, all parts of the systems have to
be located in a vacuum to reduce nonlinear distortions [8], which greatly increases the
cost. Although the slight increase of pump duration to 5ps mitigated this disadvantage [9],
short-pulse OPCPA is still difficult to design and construct because the CPA geometry is
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necessary for pump lasers to achieve high energy [10,11]. What is more, it poses challenges
to the synchronization technique in the parametric amplifying process because the timing
jitter between the pump and seed becomes more sensitive in short-ps-pumped systems.

On the other hand, multi-TW-level few-cycle systems pumped by long pulses (60120 ps)
have also been demonstrated [12-15]. In these systems, grisms [16,17] are usually used
to stretch few-cycle lasers to several tens of picoseconds, and bulk material and chirp
mirrors are used for compression [18]. In addition, acousto-optic programmable dispersive
filter (AOPDF) [19] are used to control the high order dispersion, so that almost Fourier-
limited pulses could be obtained. However, grisms and AOPDF have a low transmission
of around 10% which leads to the lower energy of input pulses. Therefore, seed pulses
with large energy and high contrast are generally required to overcome the energy loss
mentioned above. Regarding the amplification bandwidth, it can be improved by using
some techniques. For instance, as reported in [13], the seed pulses were stretched only 1/5th
of the pump pulse duration, which suppressed the spectrum narrowing and produced
15.5 mJ, 7.6 fs (<3 cycles) pulses. However, the small signal-pump ratio leads to a low
conversion efficiency. A two-color scheme with 355 nm and 532 nm pumps supported
the spectrum ranging from VIS to NIR range, and 75 m], 4.5 fs (<2 cycles) pulses were
obtained [14]. However, this approach might limit the repetition rate of the system because
of the UV pumping process. The SYLOS2 in the extreme light infrastructure attosecond
light pulse source (ELI-ALPS) adopted a compact double BBO arrangement, and 32 m],
6.6 fs (<2.3 cycles) pulses were generated [15]. In this arrangement, two cascaded BBO
crystals with different phase matching angle amplifies different parts of spectrum and thus
supporting broader spectrum. The similar arrangement was reported in [20,21]. It is very
attractive, but parametric superfluorescence (PSF) in this spectral multiplexing method is
likely to be amplified to a much higher level due to the longer interaction length, which
has not been studied in detail. For this reason, we theoretically investigate the temporal
contrast degraded by the incoherent PSF in double BBO arrangement. The remainder of
this paper is organized as follows.

Firstly, the numerical model is presented to investigate the broadband amplification
of signal pulses and PSF in Section 2. Secondly, based on this model, a 100-ps-pumped
OPCPA with traditional configuration is simulated in Section 3.1. PSF with different phase-
matching conditions is also compared conveniently. Thirdly, in Section 3.2 the temporal
contrast in the compact double BBO arrangement is mainly calculated to look into the
possibility of expanding the output bandwidth while keeping the high temporal contrast.
Besides, the optimal arrangement of two crystals is discussed.

2. Numerical Method

PSF originates from a quantum fluctuation effect first predicted by Louisell with the
quantum mechanical model [22]. It can be understood as the spontaneous splitting of pump
photons to signal and idler photons and then being amplified along the nonlinear crystal
together with seed pulses. As one main type of noise in OPCPA, PSF delivered to the target
before the arrival of the main pulse may radically change the conditions of the interactions,
so it has gained much attention in past decades [23-28].

In some work [28,29], PSF is assumed to propagate along the direction of the smallest
phase mismatch because in this case it is amplified most efficiently and becomes consider-
able noise in OPCPA. Compared to the common non-collinear OPCPA, which eliminates
the group velocity dispersion only at the specific wavelength—as depicted in Figure 1la—
PSF under the perfect phase-matching assumption (Ak = 0) has the feature of angular
dispersion—as depicted in Figure 1b. Specifically, the frequency-dependent angle
between signal fluorescence and pump pulses, and the angle () between signal fluores-



Appl. Sci. 2022,12,934

30f10

cence and idler fluorescence can be determined by solving the momentum conservation
relationships in non-collinear OPCPA geometry [30]:
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where kp, ki, ks are the wave numbers of the pump, signal and idler, respectively.
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Figure 1. (a) Phase-matching geometry of signal and (b) PSF. Signal can only be phase matched
perfectly at the specific wavelength due to the fixed «. Fluorescence represented by the dashed
line could have the feature of angular dispersion to meet the perfect phase-matching condition. We
assume that the signal propagates along the z axis, and only fluorescence in the diffraction limit of
signal is considered.

In addition, as shown in Figure 1b, «x} is the angle between signal fluorescence and

signal pulses and Q} is the angle between idler fluorescence and signal pulses, which can

be denoted by:
wp(ws, wi) = a — ap(ws, wp), ©)

Q_/f(wsfwi) = Qf<wsl wi) + “}(wslwi)‘ 4

It is worth mentioning that actually PSF may have more complicated spatial structures
as a result of its spontaneous generation. The assumptions that PSF has other phase-
matching conditions could be investigated by choosing the proper zx} and Q} For example,
when rx} equals to zero and Q} equals to (), it corresponds to the case that PSF has the
same phase mismatch with the signal. This condition and the perfect phase-matching
condition of PSF will both be considered in Section 3.1. This angle information is necessary
for simulating broadband parametric amplification in the frequency domain where the full
dispersion is taken into account [31]. Besides, based on the model in [31], we develop the
five-wave-coupled equations to include the amplification of PSF:
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where .7 {... } denotes the Fourier transform; p accounts for the pump walk-off; | = p,s,i,sf,if
stands for the signal, idler, pump, signal fluorescence and idler fluorescence. E;(z,t) are
their electric fields in the temporal domain; E;(z,w) are the Fourier transform of E;(z,t).
Esf(z =0,w) and Eif (z = 0,w) represent the independent fluctuations of the field [24].
The real and imaginary components of Esf (z = 0,w) and Eif(z = 0,w) are taken as
uncorrelated Gaussian distributions with a zero mean value [24,32] and their variance is
determined by the effective number of seed photons [33]:

n3
Neff = EACUT. (6)

This estimation is quite reliable because of the consistency with the latest experimental
research [34]. Thus, the initial energy of PSF is estimated to be about 2 x 10~!* J for the
temporal width of 100 ps and the spectrum ranging from 700 nm to 1250 nm. It is very
small compared to the seed pulse, so it is assumed that PSF does not contribute to the
depletion of the pump. However, the depletion of the pump due to the increase of signal
energy will influence the gain of PSE. The above five-wave-coupled equations can be solved
by the frequently used split-step Fourier-transform algorithm.

3. Results and Discussion
3.1. Temporal Contrast in the Traditional OPCPA Arrangement

The parametric amplification of signal pulses and PSF in a BBO crystal (type I,
a = 2.274°, phase matching angle 6 = 23.664°, pump wavelength A, = 532 nm) is simu-
lated here. The case in which PSF has a perfect phase-matching condition and the case
in which PSF has the same phase mismatch with the signal are also compared. In our
simulation, the pump pulse has a Gaussian temporal profile with a duration of 100 ps and
pulse energy of 20 m], focused to a pump intensity of about 10 GW/cm?. The seed pulse
has a super-Gaussian spectral profile with the energy of 1 uJ and it is stretched to 60 ps
with the second-order negative chirp.

Figure 2a describes the signal energy and PSF energy versus the crystal length.
Figure 2b describes the signal to noise energy ratio (SNR) versus the crystal length and
the initial SNR is 5 x 107 (50 times on average). For both cases, the signal to noise ratio
(SNR) decreases in the beginning of the amplification process because the idler grows from
a zero electric field, which slows the efficient amplification of the signal. After propagating
a short distance, the idler energy approaches the signal energy, and a slow increase of SNR
is seen due to the much higher signal energy than the PSF energy. At the crystal length of
3.5 mm corresponding to the signal energy of 3.3 m], the saturation effect shows up and
the SNR starts decreasing dramatically. When operated at this position, SNR is reduced
to 3.3 x 107 and 4.1 x 107 for the cases in which PSF has the perfect phase-matching con-
dition and the same phase-matching condition with the signal, respectively. The highest
achievable signal energy is 5 mJ at the crystal length of 4 mm. At the crystal length of 5 mm,
OPCPA moves into the oversaturated region, and the signal energy converts back to 2 m].
The corresponding SNR is 2.1 x 10° and 2.9 x 10° for the two phase-matching conditions
of PSF. The result shows that, although phase-matching properties have impacts on the
parametric amplification, the difference of the PSF energy between two phase-matching
cases is not significant in our simulation. The difference could be bigger for a longer crystal
length. In the following simulation, only PSF with perfect phase matching is considered.
The temporal profile of the signal and PSF is depicted in Figure 3a and the background
level is observed tobe 3 x 10711, 4 x 10711 and 5 x 10710 relative to the main pulse at
the crystal length of 3.5 mm, 4 mm and 5 mm, respectively. As expected, the temporal
contrast becomes worse as the crystal length increases. To ensure a better temporal contrast,
the crystal length of 3.5 mm is recommended and the corresponding output spectrum
expanding from 700 nm to 1100 nm is illustrated in Figure 3b for the comparison with the
spectrum in a double BBO arrangement as will be discussed in Section 3.2.
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Figure 2. (a) The signal energy and PSF energy versus the crystal length. The black line represents the
signal energy. The blue line represents the PSF energy assuming that it has the perfect phase-matching
condition. The red line represents the PSF energy assuming that it has the same phase mismatch with
signal. (b) The signal-to-noise energy ratio (SNR) versus the crystal length. The blue line represents
the case that PSF has perfect phase-matching condition. The red line represents the case that PSF has
the same phase mismatch with signal.
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Figure 3. (a) Temporal contrast by compressing the signal to the Fourier transform limited duration
at the crystal length of 3.5 mm, 4 mm and 5 mm; (b) Seed spectrum and the amplified signal spectrum
at the crystal length of 3.5 mm.

3.2. Temporal Contrast in the Compact Double BBO Arrangement

The compact double BBO arrangement is depicted in Figure 4. In this arrangement,
two same-cut crystals are placed closely and the idler will not be depleted in the process
of amplification. The pump and signal facilitate the same non-collinear angle in two
crystals but the phase matching angles are different by adjusting the orientation of crystals.
Consequently, different spectral components are amplified in series thereby supporting a
broader overall bandwidth. It would be particularly useful if it also maintains the high
temporal contrast of OPCPA as shown in Section 3.1.

In this section, we will calculate the temporal contrast in four types of double BBO
arrangements. Our goal is to achieve ultrabroad spectrum and high temporal contrast
simultaneously and look for the optimal design. For demonstration, the typical parameters
of the crystals in four schemes are listed in the Table 1. As we will see, Config 1.1 and
Config 1.2 amplify the short and long wavelength part of the signal spectrum separately
in the cascaded crystals. The difference of these two configurations is that the short
wavelength part is firstly amplified in Config 1.1, while the long wavelength part is firstly
amplified in Config 1.2. In Config 2.1 and Config 2.2, the central and outer part of the
spectrum is amplified respectively in two crystals. These two schemes also differ only with
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respect to the amplification order of the spectrum. The parameters of the pump and seed
are the same as those used in Section 3.1.

1%t Crystal 2" Crystal

Signal
Pump
Idler

Figure 4. Compact double BBO arrangement.

Table 1. Parameters of cascaded configurations.

Parameters Config 1.1 Config 1.1 Config 2.1 Config 2.2
Noncollinear angle (°) 2.304 2.304 2.079 2.079
Phase-matching angle of the 1st
BBO (°) 23.73 23.46 23.53 23.31
Length of the 1st BBO (mm) 3.5 37 3.5 3.7
Phase-matching angle of the
2nd BBO (°) 23.46 23.73 23.31 23.53
Length of the 2nd BBO (mm) 41 3.6 3.6 3.6
Output energy (m]) 4.4 4.2 4.3 3.9

Figure 5a,b illustrates the amplified spectrum in Config 1.1 and Config 1.2. In both
schemes, the bandwidth is successfully increased by 100 nm in the long wavelength region
than the bandwidth under the traditional configuration as shown in Figure 3. The spectral
oscillations in Figure 5 are caused by the recombination of the signal and idler [15]. The idler
generated in the first BBO would interact with the signal in the second BBO and produce
pump photons. In addition, this interaction is related to the huge phase mismatch, so
the spectral oscillations are produced. These oscillations can be reduced by lowering the
gain over the whole spectrum. What matters is that, even with a large gain, the temporal
contrast better than 2 x 10~ !! before the main pulse is preserved in Config 1.1, as shown
in Figure 6a. It indicates that the ultrabroad spectrum ranging from 700 nm to 1200 nm
and high temporal contrast can be simultaneously realized in Config 1.1. In addition,
the temporal contrast of 9 x 10! at approximately 20 ps before the main pulse is achieved
in Config 1.2. The deterioration of the temporal contrast in Config 1.2 could be understood
as below. In order to avoid the deep dip of the overall spectrum, the little overlap of the
two phase-matching spectrum in two crystals is inevitable. It follows that the PSF in the
overlapped spectral region (i.e., the region around 1060 nm in Config 1.1 and Config 1.2)
could gain much more energy after being amplified in the two crystals. This phenomenon
is more evident for the central temporal part of PSF because in this temporal part the
corresponding pump pulses have the highest pump intensity. In Config 1.1 the central
temporal region of pump has been consumed in the first BBO, while in Config 1.2 this part
of the pump has not been consumed in the first BBO but in the second BBO. As a result,
PSF in Config 1.2 will be amplified efficiently in both crystals, and thus PSF in Config 1.2
would have a larger gain.

The spectrum ranging from 700 nm to 1200 nm is also achieved in Config 2.1 and
Config 2.2, as illustrated in Figure 5c,d. As shown in Figure 6a, Config 2.1 has a better tem-
poral contrast of 2 x 10710 at 45 ps before the main pulse than Config 2.2 with the temporal
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contrast of 1 x 107 at 30 ps before the main pulse. Similar to the comparison between
Config 1.1 and Config 1.2, the difference of the temporal contrast between Config 2.1 and
Config 2.2 is because the former alignment consumes the central part of the pump in the
first crystal, while the latter alignment consumes the outer part of the pump in the first
crystal. However, although Config 2.1 is more preferred than Config 2.2, its level of the
pedestal is still one order of magnitude higher than the level in Config 1.1. It is possibly due
to the difference of two configurations. There are two spectral interacting regions between
the cascade crystals in Config.2.1 and only one spectral interacting region in Config 1.1.
As a result, the respective phase-matching spectrum of cascaded crystals in Config 2.1
needs to be closer to maintain the similar output energy compared with Config 1.1. It
enables PSF around 800 nm and 1100 nm has more potential to be amplified efficiently after
the two crystals in Config 2.1, which leads to the deterioration of the temporal contrast.

(a) 10 Config. 1.1 (b) 101 Config. 1.2
1 BBO 1 BBO
084 — 2"BBO 0.8 —— 2" BBO|
5 B
L“., 0.6 L“, 0.6
2 2
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[J] Q
E E
0.2 0.2
0.0+— T T T T T T 0.0+— T T T T T T
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Wavelength (nm) Wavelength (nm)
(c) "1 Config. 2.1 (d) "1 Config. 2.2
——1%BBO 1°'BBO
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5 e
\‘.'i 0.6+ 9'/ 0.6
2 2
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2 L
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Figure 5. (a) Cascaded spectrum in Config 1.1, (b) in Config 1.2, (c) in Config 2.1 and (d) in Con-
fig 2.2. The blue and red line represent the spectrum at the exit of the first and the second BBO
crystal respectively.

Among the above four discussed schemes, Config 1.1 performs best with the spectrum
ranging from 700 nm to 1200 nm and the background level of 2 x 10~!! to the main pulse.
The advantage of Config 1.1 is to consume the pump region with higher intensity in the
first BBO and avoid too much spectral overlap in two cascaded crystals. As shown in
Figure 6b, there is a negligible difference between the traditional single BBO arrangement
and the double BBO arrangement in terms of the incoherent background. However, the
inset of Figure 6b shows that Config 1.1 has a worse temporal contrast in the time window

of —1.7 ps to 1.7 ps, which may be caused by the spectral modulation in the double
BBO configuration.
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Figure 6. (a) Temporal contrast in Config 1.1 (blue), Config 1.2 (orange), Config 2.1 (purple) and
Config 2.2 (red). (b) Temporal contrast in traditional one BBO arrangement (pink) and Config
1.1 (blue).

A more realistic spectrum that is similar to the frontend output in [15] is also simu-
lated for the single crystal configuration and Config 1.1 while keeping other parameters
unchanged, as depicted in Figure 7. The result shows that the output temporal contrast
seeded by a more realistic spectrum does not have obvious change compared with seeding
an ideal spectrum discussed above.

1 T T 100
(a) s Seed (b) 4
——One BBO 4 ——One BBO
08 —Config. 1.1 ] 1034 ——Config. 1.1
= ER
3 3 '6
« 0.6 ; 10
= s
2 2
8041 g 107
£ 0]
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0 . L S 1 Sea i I !
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Figure 7. (a) A more realistic input spectrum (orange) and the amplified spectrum in the traditional
single BBO configuration (pink) and in Config 1.1 (blue); (b) Temporal contrast in the traditional
single BBO arrangement (pink) and Config 1.1 (blue) with a more realistic input spectrum.

4. Conclusions

Motivated by the promising applications of intense few-cycle laser pulses with high
temporal contrast, we are devoted to studying the ps-OPCPA schemes. Among the current
systems, short-pulse OPCPA has particular advantages especially for the ultrabroad band-
width and the high temporal contrast. However, it does pose great challenges for designing
and constructing pump lasers with the duration of approximately 1 ps. The compact
double BBO arrangement attracts us most because of its relative simplicity and potential
high-performance output ability. In this paper, we present the five-wave-coupled equations
to simulate the broadband amplification of signal and PSF. This numerical method is very
convenient for investigating the amplification of PSF with different phase-matching con-
ditions. It is found that the amplified energy of PSF with perfect phase-matching is little
higher than the case of PSF having the same phase mismatch with the signal. In addition,
much attention is paid to the calculation of the temporal contrast in the double BBO ar-
rangement. According to our simulation, it can be concluded that the temporal contrast
as high as 2 x 107! and the ultrabroad spectrum ranging from 700 nm to 1200 nm can
be simultaneously realized in the compact double BBO arrangement pumped by 100 ps
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pulses. Numerical investigation in this work provides the theoretical guide for designing
ps-OPCPA with the double BBO arrangement.
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