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Continue 9 Optical Parametric Amplifiers and Oscillators

9.9 Optical parametric chirped-pulse amplification (OPCPA)
9.9.1 Temporal optimization of ultrabroadband high-energy OPCPA

9.10 Passive CEP-stabilization in parametric amplifiers

9.10.1 Active versus passive CEP-locking

9.10.2 Generation of CEP-stable pulses from an OPA:

- CEP-stable IR pulses from hybrid type-ll OPCPA/filamentation system
- OPCPA of a 2-uym seed pulse obtained by intrapulse DFG

- Dual-chirped infrared optical parametric amplification (DC-OPA)

- Parametric sub-cycle optical waveform synthesizers



9.9 Optical parametric chirped-pulse amplification
(OPCPA)
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advantages over stimulated emission based amplifier systems:
+  gain bandwidth can be ‘engineered’ — other wavelengths

(nonlinear crystal, interaction geometry)
+ large single-pass gain (10%-107 in millimeters of gain crystals)
+  preserves carrier-envelope phase (CEP),
+
+

passive CEP stabilization (G. Cerullo et al., Laser & Photonics Rev. 5, 323 (2011))
transitions between virtual states
— no energy storage — thermal loading not a problem

+ good energy-scalability and repetition-rate scalability (“next-generation fs
sources”)

- no pump-energy accumulation (high intensity pump required)
- precise pump-signal synchronization required



200 TW 45 fs laser based on OPCPA
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Fig. 1. Scheme of 200TW laser system based on OPAs,

V. V. Lozhkarev et al., Opt. Express 14, 446 (20006)



1 PW OPCPA using 100 mm LBO (SIOM, 2014)

SULF (Shanghai Superintense Ultrafast Laser Facility)

slide by Ruxin Li (SIOM)
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Next-generation high-rep-rate attoscience driver sources
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9.9.1 Temporal optimization of ultrabroadband
high-energy OPCPA

avoid/suppress parametric superfuorescence buildup in amplification chain

simultaneous optimization of conversion efficiency, signal bandwidth,
and signal-to-noise ratio (SNR)

rule of thumb:  At/At, ranging between 0.2 to ~0.6

noise amplification leads to gain quenching

“case study” by J. Moses et al., Opt. Express 17, 5540 (2009):

spatio-temporal variation of the small-signal gain
g(I,(t), Ak(t))
Ak(t) = ky — kg(t) — k(1)



To gauge the maximum possible conversion efficiency of the amplifier, the
concept of the temporal region of significant gain of the pump pulse 1s use-
ful. Consider parametric amplification of a seed pulse with spectrum centered
at signal frequency ws by a pump pulse with center frequency w, such that
wp = ws + w;. If the idler 1s unseeded, prior to significant pump depletion
the gain obeys the relation G = I (L)/I (0) = 1 + (I'2/4?)sinh*(~L), where
v = \/lﬂ2 (Ak/2)2, and I? = 2w,w;d’¢ I,/ngn; ﬂPEuCE If the gain 1s reason-
ably large, 1e., 'L > 1,

G~ %exp (2 T2 - (Ak/2)2]"/? L) ? (0.49)

which, in the case of perfect phase matching, can be recast in the form

1
G ~ 7O%P (2I'L) . (9.50)

In this case, since 1" ~ \/IT_,J.T the gain 1s time-dependent and follows the pump
pulse intensity profile: G(t) ~ exp[\/[,(t)]. G(t) is plotted in Fig. 9.26(a)
alongside I,(t) for a Gaussian pump pulse and unchirped, phase-matched seed.
The peak gain 1s 100 and the plotted gain profile i1s normalized to 1. Significant
gain will only be possible for a seed pulse overlapped with the pump pulse
within a central region around ¢ = 0. The shaded interval of Fig. 9.26(a)

corresponds to the region t < |t,| where G(t) > ¢ 'Gy, with peak gain G =
G(t=0).
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Figure 9.25: Signal gain, G, versus propagation length, L, for a phase-matched
(Ak = 0) parametric amplifier that has a peak gain Gy = 5 x 10%, calculated by
solution of the coupled nonlinear wave equations describing parametric amplification
for monochromatic plane waves. L is the length at which the gain curve peaks with
an initial pump intensity [,(0), i.e., the length at which the pump is fully depleted
and before backconversion occurs. In (a), gain curves corresponding to lower pump
intensity are also shown (representing, for example, the amplification that occurs
along the wings of a pump pulse relative to its peak). In (b), the effect of increasing
Ak is shown, with an initial pump intensity /,(0) for all curves. Ak is the wavevector

mismatch that reduces the gain at Lo by 1/e. [15] o
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Figure 9.26: (a) Normalized Gaussian pump pulse profile (black, solid) and corre-
sponding temporal gain profile (red, dashed) of an unchirped phase-matched para-
metric amplifier with a peak gain (Gp = 100. The shaded region indicates the region
of the pump pulse where gain is > e 1Gj. A suitable seed pulse is also indicated.
(b) The equivalent of (a) but assuming a seed spectrum extending from ws — dwy
to ws + dwy, and chirped such that frequencies wg £ dwy just fit within the region
of significant gain corresponding to (a). (¢) Normalized pump intensity profile and
corresponding gain profiles for various values of the peak gain for an unchirped
phase-matched amplifier. [15]



Let us calculate the centroid bounds, +t,, corresponding to a gain G(t,) =
e 1Gy, in the case of perfect phase matching. If we define the small-signal gain

g(t) =2I'(t)L and gy = g(0), we obtain

g0 Ip (0) g0

For a Gaussian pump pulse, described by [,(t) = Iy-exp(—(t/m9)?) with FWHM
duration At, = 279 - VIn 2, we may rearrange Eq. (9.51) to find

g(t,) Ly(ty) _go—1 (9.51)

At
t, = L —2In |1 —1/1In(4Go)|. 9.52
Since pump depletion will typically occur only where there 1s significant
signal gain, t, thus gives a measure of the maximum possible energy extraction
from the pump. Note that ¢, 1s a function of the peak gain G, and that a power

ampliﬁcation stage with low Gy will have a la.rger gain centroid width than a

pre-amplification stage with hieh (. Thus., the power amplier can extract

more energy from the pump pulse, resulting in a higher maximum conversion

efficiency. Figure 9.26(c) plots the temporal gain profile of an amplhifier with
unchirped signal pulse for several values of Gy, each curve normalized to 1,
and Table 9.1 tabulates the pump centroid width. The difference in ¢, for pre-
and power amplifiers implies that a different seed pulse chirp will optimize
amplification at each stage. For example, a power amplifier stage with Gy =
10% has 1.5x wider a region of significant gain than a preamplifier stage with

Gy = 10°.

10



Table 9.1: Width of temporal region of significant gain versus peak gain

Gy 10 107 10° 10* 10° 10° 107
2t,/At, 0955 0.725 0.609 0.534 0483 0443 0412
2t,/At, 0.726 0571 0483 0425 0.385 0.353 0.335

For an OPCPA, we need to include also the temporally-varying wavevector
mismatch, Ak(f). According to Eq. (9.49), wavevector mismatch leads to a
reduction m the gain at the wings of the signal pulse if phase-matched at
the center of the pulse. In Fig. 9.26(b), the red (dashed) curve represents
the gain profile of the unchirped signal pulse of Fig. 9.26(a), while the green
(dot-dashed) curve includes the effects of the temporally-varying wavevector
mismatch and the resulting decrease in the small-signal gain. The signal pulse
18 linearly chirped such that the edges of the phase-matching bandwidth, w —
ws = 0wy, where G(ws+wy) = e G (ws), are mapped to coordinates t = +t,.
The new temporal region of significant gain, —t! < t < ¢/ where G(t)) =
e "G, 1s narrower.

In principle, as the signal chirp is increased, the region —t, <t < t, will
on average contain signal frequencies that are closer to the phase-matched fre-
quency; Ak remains small across the bounds and ] tends to t;, increasing
the maximum possible conversion efliciency. However, the larger the chirp,
the smaller the portion of the signal bandwidth that will fit within the region
—t, <t < t;, and thus the smaller the effective amphfier bandwidth. In the
other limiting case of vanishingly small chirp, all the seed colors see approxi-
mately the peak pump intensity; m this case, t/ is determined solely by phase
matching, and t; < t,. The bandwidth approaches the full phase-matching
bandwidth, but the energy extraction 1s mited since only a small temporal
window of the pump can be depleted.

11



trade-off between conversion efficiency and bandwidth
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Figure 9.27: (solid lines) Efficiency-bandwidth products, nAwv, obtainable from the
OPCPA for different values of the seed chirp (GDD) and peak gains of 102, 10* and
10%. (dashed curve) Total noise gain subtracted by total signal gain for G = 106.
Curves are calculated for 1.047-pm pump and 2.094-pm signal and idler mixing in
3 mm of PPSLT. The pump is 9-ps long. [15]

chirping seed influences Ak(t)

optimum chirp depends on G, (different in each stage!)
12



analysis of Eq. (9.49). Figure 9.27 plots the efficiency-bandwidth product
calculated from Eq. (9.49) for given values of the peak gain GG, varying the seed
chirp and thus influencing the corresponding mismatch function Ak(¢). For
later comparison, we consider the amplifier materials and geometry that will
be discussed in section 3, and operate at degeneracy (1.e., ws = w; = w,/2). We
approximate the wave-vector mismatch for the broadband amplifier to second-
order (with first-order term vanishing due to the matched signal and idler

group velocities) by Ak(w) = —(w — w,)?Ba(w;), where By(w,) = 0%k/0w?|,,
1s the material group-velocity dispersion (GVD) evaluated at central signal
frequency ws. The chirp 1s linear and each component w 1s mapped at t =
(w — ws)/GDD (with group-delay dispersion, GDD). Since significant energy
extraction from the pump occurs only where there 1s significant signal gain,
efficiency was calculated as the fraction of pump energy included in the bounds
—t, < t < t,, and the bandwidth corresponds to 20w, /27, where we define
ws & 0w, as the frequencies mapped to t = :I:t’g. Figure 9.27 demonstrates a

clear optimum chirp for each value of G, as expected, since efficiency 1ncreases

and bandwidth decreases with increasing chirp. In order to compare the gain
width of the unchirped, phase-matched amphfier to that of the chirped-pulse
amplifier optimized for maximum efficiency-bandwidth product, the values of
t’g corresponding to the optimum chirp at each G are tabulated 1n the second
line of Table 1. The parameters 2t,/At, and 2t] /At,, exhibit the same behavior
as Gy 1s varlied: larger peak gains result in narrower regions of significant gain.
Consistently, ¢, < .

13



SNR degradation due to superfluorescence buildup

amplifier seeded by both signal and quantum noise
signal gain = noise gain

initial quantum noise is stationary, i.e., seed fluctuations of all
frequencies are present at all times

— phase-matched quantum noise is available at all times

noise gain profile is like the signal gain profile of an unchirped,
phase-matched amplifier, with Ak = 0, at all times

local gain of signal and noise photons are different

noise temporal gain profile is determined solely by local pump
intensity, while signal temporal gain profile is determined

by both local pump intensity and Ak(t)

14
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The chirp of the
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J. Moses et al., Opt. Express 17, 5540 (2009) (details in manuscript)
modelling of 2.1-um OPCPA in

J. Moses et al., Opt. Lett. 34, 1639 (2009) (discussed later!)

amplifier is pumped by a 9-ps FWHM Gaussian pulse at 1.047 pm and seeded
by a broadband pulse at 2.094 pm, for operation around degeneracy. The
interaction was calculated i a 3-mm long periodically-poled stoichiometric
lithium tantalate (PPSLT) crystal. The seed had a super-Gaussian spectrum
(I (w) ~ exp[—(w—w,)?]) with FWHM bandwidth of 69 THz, which well
matches the 15-fs (~2-optical-cycle) phase-matching bandwidth of the ampl-
fier. These mput parameters are close to the experimental conditions of Ref.

17
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Figure 9.29: Efficiency (a) and bandwidth (b) of the OPCPA process for various
seed durations and pump peak intensities, for the case E,/FE; = 10%. Squares of
panel (a) highlight the highest efficiency, 7,42, obtainable for a given seed duration;
the corresponding bandwidths, Av, are indicated as filled squares in panel (b). [15]

(i) amplified bandwidth decreases with increasing seed pulse duration, due to the
progressively lower gain experienced by the wings of the spectrum

(i) for each seed pulse duration there is an optimum peak intensity that guarantees the
highest efficiency [squares in (a)] (higher intensities induce back-conversion at the
peak of the pump pulse that exceeds additional conversion at the wings)

(iii) as seed duration is increased, the maximum possible conversion efficiency increases

(iv) for a given seed duration, as the amplifier reaches maximum conversion the bandwidth
increases with intensity due to saturation of gain at the center of the pulse and
preferential amplification at the wings. 18
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Figure 9.30: Best gain-bandwidth products obtainable from the OPCPA for var-
ious seed durations and pump-to-signal energy ratios of E,/E; = 102 (circles),
E,/Es; = 10* (filled squares) and E,/Es; = 10° (open squares). The seed dura-
tions corresponding to the best performances at the three operating regimes are

shown. The increase in noise relative to signal during amplification is shown for the
data points of the E,/Es = 10° curve (triangles). [15]

(At,/AL),, ~ a.\/—an 1—1/In(2E,/E,)]. (9.55)

where a = 2.1, and therefore (At,),,: ~ 1.7(2t;). The extra factor of 1.7 can
be attributed to the mcrease mn temporal gain profile width due to amplhfier
saturation: gain at the peak of the pump pulse saturates before gain at the
wings does, which pushes out the wings of the gamn profile. Even with the
effects of saturation, however, the simple non-pump-depletion-regime analysis
in the previous section still recovers the scaling of (At,/At,)., with E,/FE..

19
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Figure 9.30: Best gain-bandwidth products obtainable from the OPCPA for var-
ious seed durations and pump-to-signal energy ratios of E,/E; = 102 (circles),
E,/Es; = 10* (filled squares) and E,/Es; = 10° (open squares). The seed dura-
tions corresponding to the best performances at the three operating regimes are

shown. The increase in noise relative to signal during amplification is shown for the
data points of the E,/Es = 10° curve (triangles). [15]

Figure 9.30 plots the calculated degradation of SNR as a function of seed chirp
(triangles). As predicted, the SNR performance improves significantly as the
seed chirp increases, leveling off at close to the same value that maximizes the
efficiency-bandwidth product. This completes the confirmation of a general
conclusion of the previous section regarding OPCPA optimization: a small

sacrifice in amplifier bandwidth relative to the full phase-matching bandwidth

of the amplhfier simultaneously allows optimal efﬁcienc}r—ba.ndwizlth product

and good robustness of SNR.

20



numerical result experiment
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Figure 9.32: Comparison between numerical simulations [(a),(c)] and experiments
[((b),(d)] for a 3-mm long, 9-ps pumped, PPSLT-based amplifier. (a)-(b) Best ef-
ficiencies and bandwidths as a function of seed chirps. (c)-(d) Amplified spectra
corresponding to the maximum efficiencies for the three given seed chirps. [15] 21



Conclusions:

1. simultaneous amplification of signal and background superfluorescence
can be treated as simultaneous chirped-pulse and non-chirped-pulse
amplification, respectively. Instantaneous signal amplification is sensitive
both to the local pump intensity and instantaneous wavevector mismatch,
whereas the instantaneous noise amplification is sensitive to only the local
pump intensity.

2. crucially important parameter: At /At as
seed chirp increases, the maximum conversion efficiency increases, the
amplifier bandwidth decreases, and the SNR increases. A small sacrifice in
effective amplifier bandwidth relative to the full phase-matching bandwidth of
the amplifier can significantly improve the SNR

3. optimal optimum Af/At, depends on gain.

22



Practical consequences for OPCPA design:

high-gain parametric amplifier is often split into two or more stages:
pre-amplification: high gain

power (‘booster’) ampilification: relatively low gain

as peak gain decreases, both maximum achievable conversion efficiency and
maximum achievable efficiency-bandwidth product increase. Therefore, by
placing most of the gain in a pre-amplifier stage, and only 102 gain or lower in
the final stage, the final peak power of the amplifier can be maximized.

optimize the signal chirp in each stage!!!

N A N
(a) ocDD=a Prgﬂa:.ﬁ:gger ﬁ“

Power amplifier Compressor:
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T ol X
E_/y/‘ —/\-.
Stretcher / A
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(b) Power amplifier Compressor:
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Figure 9.33: Schematics of two-stage OPCPA system designs. In (a), the signal chirp
in pre- and power amplifiers must be the same. In (b), a third dispersive element 4
allows independent optimization of At;/At, at each stage. [15]



9.10 Passive CEP-stabilization in parametric
amplifiers
9.10.1 Active versus passive CEP-locking

Active carrier-envelope phase locking
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Active CEP-stabilization of chirped-pulse amplifier

Oscillator Pulse picker
Fu mp - @ vV —h—+ v* +le s - Ampllﬁer —}+}
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Nonlinear

Nonlinear
Slow interferometer

Fast interferometer
Loop

Figure 9.34: Scheme for active CEP stabilization: i and ¢* are the target values

of vorpo and @, respectively. From [3]

1. Measure vy by a nonlinear interferometer
2. Stabilize v g by an active high-bandwidth feedback on the laser oscillator

(fast loop) to v*ceo

3. Pick pulses at the integer fraction of v*sgq

4. After amplification, measure CEP ¢ of pulses by a single-shot nonlinear
interferometer and use an additional feedback loop (slow loop) to correct for
fluctuations induced by the amplification process (and optionally external
spectral broadening, e.g., in a hollow-core fiber compressor) and lock CEP to ¢*.

25



E(b),

E()

detector memory

[{@)] (),
frequency comb single-shot
gy O Y 9
Oceoz ... Mceo,1
|H ‘ ‘ Hﬂ T Peeez
LR | A 1™ . ( )= . e ( 1
0 ), 20, w 0 ), 20, o)
(), (),
-2 Oceor L, 0—20 Dee 4
OJCEOﬁEL’ _
T Mg,
||||.|-l|‘|l‘.l'HJ.HH H|I'|--. . . . ,
0 W, 20, w 0 W, 20, )

Figure 9.35: Overview of w-2w self-referencing technique in the case of a mode-
locked pulse train and an individual laser pulse. (a,b) show a pulse train for two
different values of the pulse-to-pulse CEP slip, A¢. (e,d) power spectra of Fourier
transforms shown. respectively. for a pulse train "memorized” by the detector and
for a single isolated pulse. (e.f) w-2w self-referencing in the overlap region between
the fundamental and SF spectra for a frequency comb and a single laser shot. [2]
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Figure 9.36: (a) f-to-2f interferometer setup for measuring the CE frequency from
a femtosecond laser oscillator; (b) Inline f-to-2f interferometer for measuring the

single-shot CEP drift. [2]

[(w) = Irp(w) + Isg (w) + 2/ Ipp(w)Ish(w) cos(wT + &) (9.63)
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Phase sum rules of nonlinear processes

three coupled equations i the absence of absorption

[ 0A,
0z
dAs
0z
0As
. Oz

= —jﬁlﬂgﬂgf’.j&kz

= —j03A1AQE’._jé‘kz

where o; are the nonlinear coupling coefficients, and Ak = kg — ko — ky 1s

the phase mismatch.

Introducing A; = B;exp(jy;), where B; = |A;| are

the amplitudes and ; are the phases of the respective waves, the real and
mmaginary parts of Eq. (9.65) are transformed to:

f

\

ﬁ == JlBng sin W
0z
0B
a—; — 9B Bssin U
OB, (9.66)
—_ = —U’gBlBQ sin W
0z
o By B B Bs B, Bs
pr— &L: 1 I |‘ ‘II
R + (crl B, + a9 By a3 B, COS

where U = 3 — w9 — o1 + Akz 1s the so-called generalized phase. Assuming
perfect phase matching, Akz = 0, system (9.66) leads to simple solutions for
different boundary conditions. In the following, we discuss the phase sum rules
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Let’s first consider the case of sum-frequency generation (SFG), 1.e., the
generation of a field at wy = wy + wse: assuming the boundary condition
B3(z = 0) = 0, the value of the generalized phase that maximizes the right-
hand side in the third equation in (9.66) 1s ¥ = —x /2, which corresponds to
the SFG phase pspa = @3 = @1 + o — 7/2 (see Fig. 9.37(a)). For the case of
SHG of a field at the fundamental frequency (FF), which is a degenerate SFG
process with wy = wy = wyp and wy = wsy = 2w, We get wgy = 2ppp — T/2.
Let’s now consider the case of difference-frequency generation (DFG), which
1s equivalent to the process of idler generation in an OPA, 1.e., wy = wy — wy:
assuming the boundary condition By(z = 0) = 0, the value of the generalized
phase that maximizes the right-hand side term in the second equation in (9.66)
becomes ¥ = 7 /2. Consequently, vprc = w2 = @3 — 1 — 7/2 (Fig. 9.37(b)).
A very similar effect occurs in the third-order nonlinear process of four-wave
mixing (FWM), in which four waves at frequencies wy, ws, wy and wy, with

29



Wy = wp — wo + w3, are coupled mm a third-order nonlimear medium. The
CEPs of the waves are linked by the relationship: ¢4 = @1 — @9 + 3 — 7/2
(Fig. 9.37(c)). Self-phase modulation (SPM), i.e., spectral broadening due
to the instantaneous intensity-dependent variations of index of refraction in
a KKerr medium, can be regarded as a special case of FWM, 1in which a new
frequency wsgpy 18 generated starting from three frequencies wy, wo and wy, all
belonging to the pulse spectrum, by the FWM process wspy = Wy — Wa + ws.
These new frequencies in turn contribute to subsequent FWNM processes, caus-
Ing a progressive broadening of the pulse spectrum as 1t propagates through
the nonlinear medium. If we now consider that the mixing frequencies belong
to the same beam and hence share the same CEP 1 = s = 3 = , then the
SPM pulse will have the CEP @wgpy = 01 — w9 + o3 — /2 = ¢ — w/2. This
demonstrates that, net 7/2, the newly added frequency components of the
broadened SPM spectrum inherit the original value of the CEP of the driving
pulse. The SPM/FWM process is the dominant nonlinear interaction behind
the spectral broadening in gas-filled hollow waveguides and in gas filaments
and white-light continuum (WLC) generation in bulk materials.
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Figure 9.37: Frequency and phase summation rules for (a) sum-frequency generation
(SFG), (b) difference-frequency generation (DFG), equivalent to the generation of
the idler wave in an OPA, and (c¢) four-wave mixing (FWM) process. From [2]
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Passive stabilization of the CEP

The passive method 1s an alternative all-optical approach for the generation of
CEP-stable pulses. If a DFG process wpp = ws — wy occurs between two pulses
with the same shot-to-shot CEP fluctuations , so that ¢1 = p and @y = p+c,
then ppp = 9 — ¢y — /2 = ¢ — /2 = const., i.e., the fluctuations of ¢ are
automatically cancelled. Passive CEP stabilization has some clear advantages
with respect to the active one: (1) being an all-optical technique, it does not
require any electronic feedback circuits imposing bandwidth limitations; (i1)
1t directly produces a train of CEP-stable pulses, avoiding the need to pick

pulses at a fraction of vcoge.
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Passive stabilization of the CEP
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Figure 9.38: Comparison of (a) inter-pulse and (b) intra-pulse stabilization schemes.
Lower panels provide the evolution of both intensity and phase in the frequency
domain; ¢ is the absolute phase, ¢ denotes fluctuations of the CEP. From [3]



Passive stabilization of the CEP

(1,

W,=0W- 0,

Figure 9.39: Cartoon illustrating passive CEP-stabilization of the idler: if the seed
of the OPA is obtained by SPM from the pump pulses, any shot-to-shot phase
fluctuations in the pump and signal pulses cancel out in the idler, yielding shot-to-
shot reproducible phase-stable idler pulses. From [2]
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9.10.2 Generation of CEP-stable pulses from an OPA
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Figure 9.40: Schematics of three OPA configurations. For clarity, the seed and the
pump beams are shown to intersect non-collinearly in the crystal. However. the
conclusions are also valid for the collinear beam arrangement. From [2]
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One 1mportant note of caution: As can bee seen from the equation sys-
tem (9.66), from the standpoint of the passive CEP-stabilization technique
discussed here, we note that pre-existence of an mput field (seed) at the de-
sired DFG (idler) frequency wy = w3 — wy has to be strictly avoided! On the
one hand, 1t changes the value of the phase lag. More sigmificantly, 1t cor-
responds to the opening of a competing channel (the case of double seeding)
which would result in the generation of an 1dler wave at the signal frequency
wq causing unintended mterference with the seed at wy.

The above considerations are valid when the OPA 1s seeded by WLC, which
inherits the CEP of the driving pulse. For parametric superfluorescence (PSF),
which 1s mitiated by vacuum fluctuations or quantum noise, one expects that
the CEP link between the pump and the PSF pulses 1s completely lost; this
has indeed been verified, both numerically and experimentally, in [20]. For
this reason, an OPA seeded by PSF cannot be used in any passive CEP-
stabilization scheme. It should be noted that, for a multi-stage OPA driven by
a sufficiently intense pump, efficient amplification of PSF with random CEP
takes place even 1n the absence of a seed beam. This mechanism can compete
with the amplification of the WLC seed causing extra CEP jitter and even
excessive amplitude noise. Therefore, to suppress the parasitic amplhfication

of PSF', the pump intensity and the gain of each OPA stage should be carefully
optimized.
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CEP-stable pulses from a visible NOPA
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Figure 9.41: Schematic of experimental setup for CEP self-stabilization measure-
ment. (a) NOPA and three-beam interferometer. OMA: Optical Multichannel Ana-
lyzer. (b) Output spectra of the NOPA. Note the spectral overlap between the idler
and its SH around 790 nm. [2]

A. Baltuska, T. Fuji, and T. Kobayashi, Phys. Rev. Lett. 88, 133901 (2002) 37
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Figure 9.42: Experimental results of CEP self-stabilization measurement. (a.b)
Overlapped spectral portions of the residual fundamental, idler, and idler-SH beams.
(c.d) Solid curves show interference pattern averaged over 1000 shots, whereas dotted
curves represent single-shot interferograms. (e,f) Dots show relative CEP jumps
wrapped on a [—m, +7| interval. Note that the stable phase pattern obtained from
the interference of the idler and its second harmonic is a direct proof of CEP self-

stabilization. [2]

A. Baltuska, T. Fuji, and T. Kobayashi, Phys. Rev. Lett. 88, 133901 (2002)
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CEP-stable ultrabroadband pulses from cascaded OPAs

(1) an FF-pumped, WLC-seeded near-IR OPA, generating narrowband, CEP-
stable 1dler pulses; (11) a WLC generation stage driven by the idler, producing a
CEP-stable seed; (ii1) a broadband OPA stage seeded by the spectrally broad-
ened 1dler. The OPA preserves the absolute phase stability of the seed and
produces ultrabroadband tunable pulses with pJ-level energy; scaling of the
source energy by the addition of subsequent amplification stages 1s straight-
forward.

Type |l LPF
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Figure 9.43: Experimental setup for the generation of self-phase-stabilized pulses in
the visible. BS, beam splitters; DL, delay lines; WLG, white-light generation stages;
LPF, long-pass filter; BPF, bandpass filter; FS, fused silica glass block. [2]

C. Manzoni et al., Appl. Phys. Lett. 90, 171111 (2007) 39



CEP-stable ultrabroadband pulses from cascaded OPAs

= 3 = 3
3. 5 (b)
@0 30
m— o —
£ 3 £ 4
NOPA
930 80
E E
L &80 =
i £=
= - = T00
= 830 =
= = 650
780

Time (s) Intensity Intensity

Figure 9.44: (a) f-to-2f interferometric characterization of idler pulses from the
IR OPA. Upper panel: deduced CEP evolution. indicating a fluctuation with rms
Ap=0.19 rad. Left panel: sequence of interferograms acquired for 13 seconds. Right
panel: fringe pattern obtained averaging over 10 laser shots. (b) same as (a), but
for the visible NOPA pulses. A fluctuation with rms A¢=0.23 rad is obtained. [2]

C. Manzoni et al., Appl. Phys. Lett. 90, 171111 (2007) 40



CEP-stable ultrabroadband pulses from cascaded OPAs
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Figure 9.45: (a) Dashed line, logarithmic scale: WLC generated by the IR OPA idler
and seeding the visible NOPA. Solid line: sequence of spectra obtained tuning the
visible NOPA. (b) Interferometric autocorrelation trace (circles) of a pulse centered

at 550nm [shaded spectrum of panel (a)]; the best fit to the experimental data (solid
line) indicates a 6.4-fs pulse duration, close to the TL. [2]

C. Manzoni et al., Appl. Phys. Lett. 90, 171111 (2007) 41



CEP-stable IR pulses from hybrid type-ll OPCPA/
filamentation system

building blocks:
(i) self-CEP-stabilized 1.5-um frontend:
CEP-stable collinear type-I BBO OPA + narrowband type-Il KTP OPA
(ii) type-Il KTP OPCPA based on picosecond Nd:YAG technology
(iii) pulse self-compression by filamentation in noble gases

motivation for architecture:

(a) near-degenerate type-I OPAs have worst possible quantum defect for signal

(b) even though group-velocity-matched OPAs deliver ultrabroad output spectra
(>200 nm), quality of resulting compressed pulses most often remains poor
due to intrinsically steep slopes of the parametrically amplified spectra

(c) more narrowband amplification has the advantage of optimizing the spectral
brightness of the signal (suppression of parametric superfluorescence)

(d) when scaling the pulse energies of type-I OPAs to the mJ-level, cascaded
FWM can cause unwanted losses due to parasitic self-diffraction.

0. D. Miicke et al., Opt. Lett. 34, 118-120 (2009)
O. D. Miicke et al., Opt. Lett. 34, 2498-2500 (2009)
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OPCPA of a 2-ym seed obtained by intrapulse DFG

Oscillator spectrum

> Yb:YAG
N > Nd:YLF

\ ‘
Pump 2

N N . | 42 mJ

) B0 700 80O 600 1000 4100 1200 Nd:YLF cPAsystam N

Wavelength {1“4? I'II'I'I] at 1 kHz A
(nm) Pump 1

Power spectrum (dB)

Ti:Sapphire \ X 0.15 mJ
oscillator = A 5] A opPa1 om
\ Energy

DFG 1L=2.1 pm
MgO:PPLN M gO:PPLN 0.85 mJ control &
Brewster-angle

< Telescope
MgO:PPSLT .+
'S
A OPA 2
Suprasil 300

—
g

Compressed pulse ~40 fs

\

K.-H. Hong et al., Opt. Lett. 39, 3145 (2014)
K.-H. Hong et al., Opt. Express 19, 15538 (2011)

J. Moses et al., Opt. Lett. 34, 1639 (2009)
at MPQ: T. Fuji et al., Opt. Lett. 31, 1103 (2006); X. Gu et al., Opt. Express 17, 62 (2009);
Y. Deng et al., Opt. Lett. 37, 4973 (2012).



Dual-chirped IR optical parametric amplification
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Dual-chirped IR optical parametric amplification

@) 4 b) o,
i.‘l.
orera K m(rr\“"\“)l
h

DC-OPA

(@) » @ 5 (d)

@, (1)

@, (1) @ @, (! X0 Il K Y
o,(1) .0 m@, o

Q. Zhang et al., Opt. Express 19, 7190-7212 (2011)



Dual-chirped IR optical parametric amplification
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Y. Fu et al., Opt. Lett. 21, 5082-5085 (2015)

Y. Fuetal., J. Opt. 17, 124001 (2015)

Y.Yin et al., Sci. Rep. 7, 45794 (2017) 4-12 ym ZGP DC-OPA

Y. Fu et al., Sci. Rep. 8, 7692 (2018) multi-TW IR, scaling to 10J/PW level
Y. Fu et al., Appl. Phys. Lett. 112, 241105 (2018) 31 mJ, 3.3 ym, MgO:LiNbO,
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Dual-chirped IR optlcal parametrlc amplification
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Figure 9.53: (a) Energy scalability experimentally confirmed by a single-stage DC-
OPA. Blue solid-square, total output energy; red solid-circular, signal pulse energy:
black solid-rhombic, idler pulse energy. (b) Typical seed (blue dashed) and output
(red solid) spectra corresponding to panel (a). (c¢) Spectra for 80 mJ pumping in a
two-stage DC-OPA. Black dashed curve, seed spectrum; brown dash-dotted curve,
signal spectrum after first stage; red solid curve, spectrum after second stage. [32]

Y. Fu et al., Opt. Lett. 21, 5082-5085 (2015)

Y. Fu et al., J. Opt. 17, 124001 (2015)
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Parametric sub-cycle optical waveform synthesizers

O >2-octave-wide waveform synthesis from OPAs at the multi-mJ level and at 1 kHz

O WLG seed split into 3 wavelength channels and amplified in 3 OPA stages each

O 3 channels are individually compressed and coherently recombined

O relative timing is tightly locked using balanced optical cross-correlators (BOCs)
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C. Manzoni et al., Laser & Photonics Rev. 9, 129-171 (2015)

vacuum chamber

NOPA: noncollinear OPA; DOPA: degenerate OPA
O. D. Micke et al., IEEE J. Sel. Top. Quantum Electron. 21, 8700712 (2015)
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Parametric sub-cycle optical waveform synthesizers
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O. D. Miicke et al., IEEE J. Sel. Top. Quantum Electron. 21, 8700712 (2015)
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Parametric sub-cycle optical waveform synthesizers
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* recompressed all channels simultaneously close to TL at synthesis point
« flexible dispersion compensation scheme can be used at multi-mJ level

O. D. Miicke et al., IEEE J. Sel. Top. Quantum Electron. 21, 8700712 (2015)
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Parametric sub-cycle optical waveform synthesizers

3 possible synthesized E(t), computed form the FROG-retrieved pulses (2"d stage)
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Ongoing: recompress more broadband spectra— TL 1.9 fs
complete locking of relative timing and phase

O. D. Miicke et al., IEEE J. Sel. Top. Quantum Electron. 21, 8700712 (2015)
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