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Abstract: The availability of electromagnetic pulses with controllable field waveform and12

extremely short duration, even below a single optical cycle, is imperative to fully harness13

strong-field processes and to gain insight into ultrafast light-driven mechanisms occurring in14

the attosecond time-domain. The recently demonstrated parametric waveform synthesis (PWS)15

introduces an energy-, power- and spectrum-scalable method to generate non-sinusoidal sub-cycle16

optical waveforms by coherently combining different phase-stable pulses attained via optical17

parametric amplifiers. Significant technological developments have been made to overcome the18

stability issues related to PWS and to obtain an effective and reliable waveform control system.19

Here we present the main ingredients enabling PWS technology. The design choices concerning20

the optical, mechanical and electronic setups are justified by analytical/numerical modeling and21

benchmarked by experimental observations. In its present incarnation, PWS technology enables22

the generation of field-controllable mJ-level few-femtosecond pulses spanning the visible to23

infrared range.24

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement25

1. Introduction to parametric waveform synthesis26

Over the past three decades, the development of ultrabroadband optical parametric amplifiers27

(OPAs) started a new era of ultrashort pulse generation [1–3]. Together with spectral broadening28

and compression techniques, OPAs allowed the generation of high-energy pulses with durations29

significantly shorter than the pump pulse they originate from. Originally developed with sub-ps30

duration pump lasers, the OPA has been adapted to longer pump pulses. In this case, it is often31

called optical parametric chirped-pulse amplification (OPCPA). Most of the analysis presented in32

this article applies to both OPA and OPCPA; in this case, we will refer to it as OP(CP)A.33

Nonlinear broadening/compression techniques such as hollow-core fiber compressors [4] (HCFC),34

multi-plate continua [5] (MPC) or Herriott cells [6], allow broadening the spectrum of the initial35

pulse in an almost symmetrical way, therefore without strongly altering its central wavelength.36

These techniques are very efficient, but struggle to attain pulses that simultaneously span37

more than one octave of bandwidth, have high-energy and phase-stability. Therefore, standard38

broadening/compression techniques are not a scalable route for the generation of phase-stable39

high-energy pulses with durations below one optical cycle (sub-cycle), that requires more than40

one octave of bandwidth. Multi-octave spanning spectra supports non-sinusoidal waveforms,41

where the definition of an optical cycle becomes less precise as the pulse bandwidth increases.42

In general, when we refer to the pulse duration in terms of the number of optical cycles, the43

duration is defined by the intensity envelope full-width at half maximum (FWHM), whereas the44

optical cycle duration is related to the center-of-mass wavelength of the spectrum. Sub-cycle45



non-sinusoidal IR waveforms are, for instance, applied in strong-field interactions such as46

high-harmonic generation (HHG), allowing for the generation of isolated attosecond pulses [7]47

and their tunability over the extreme ultraviolet/soft X-ray range [8].48

Various OP(CP)As configurations have been demonstrated by using different nonlinear materials49

and optical configurations to cover the visible to mid-IR spectral region [1,3]. Moreover, OP(CP)A50

is a remarkably scalable technique that was demonstrated with attojoule [9] to joule [10] pulse51

energies and nW to kW average power [11]. Additionally, excellent carrier-envelope phase (CEP)52

stabilization can be achieved when OPA is carefully implemented. The CEP stabilization via53

OPAs is often better and more reliable than with broadening/compression sources that rely on54

active CEP-stabilization of the pump laser system. Exploiting difference-frequency generation55

(DFG) allows to create pulses with shot-to-shot stable CEP from pump pulses with fluctuating56

CEP [12]. Moreover, under particular conditions, the amplification of CEP-stable pulses via OPA57

does not add significant CEP-noise [13]. The coherent combination, also known as synthesis, of58

pulses generated by different sources, each covering a distinct spectral region, offers a way to59

achieve optical waveforms with multi-octave spanning spectra and durations below a single cycle.60

The coherent synthesis concept was early envisioned for CW-laser sources to redistribute the field61

intensity within the optical cycle and to create non-sinusoidal waveforms [14]. More recently,62

the synthesis of ultrabroadband pulses from OPAs has opened the way to create sculptured63

waveforms of high intensity and flexible bandwidth [15]. The synthesis of # pulses (with similar64

intensities) covering different spectral regions leads to a pulse whose intensity scales with #2,65

since not only does the overall pulse energy increase by a factor # , but the temporal duration of66

the synthesized pulse shrinks by the same factor. The combination of multiple ultra-short pulses67

of different colors was first achieved by splitting the ultra-broadband output of a hollow-core68

fiber compressor and compressing different spectral regions individually [16]. This approach69

demonstrated the possibility of shaping complex electric field transients shorter than one optical70

cycle by controlling the CEP and the delay among the sub-pulses and allowed to achieve, for71

the first time, optical attosecond pulses. However, the limited spectral tunability and energy72

scalability of this approach motivated the development of OPA-based synthesizers [7, 17–22].73

The high phase stability provided by OPA sources in combination with multi-octave spanning74

seed generation techniques such as white-light generation [23] (WLG) allows creating energy75

and bandwidth scalable sub-cycle waveforms via parallel synthesis [15] in a highly stable manner.76

The synthesized waveform can be shaped and stabilized in different ways, for instance, by77

controlling the relative delays (or the relative phases, RP) among the building pulses and their78

carrier-envelope phases (CEPs).79

The increased versatility offered by OPA is achieved at the price of greater complexity than80

competing schemes. In order to achieve the coherent synthesis of multi-stage OP(CP)As, it is81

necessary to pay particular attention to the development of the optical and mechanical setup, as82

well as to implement an elaborate feedback control system.83

In this paper, we describe the optomechanical setup and the control system implemented in84

our recently developed parametric waveform synthesizer [7]. In particular, we focus on different85

techniques that allowed to achieve exceptional waveform stability and waveform shaping while86

minimizing the control parameters and simplifying the overall control system. Analytical and87

numerical modeling of passive CEP-stabilization via DFG and of parametric amplification gave88

insight into which conditions maximize phase-stability and to develop an intuitive understanding89

of the different timing dynamics. This allowed us to simplify the waveform control system with90

respect to other approaches [17, 22] and to achieve stable and controllable pulse synthesis.91

The paper is organized as follows: We start with an overview of the different laser technologies92

suitable to pump OP(CP)A synthesizers (Sec. 2). Afterwards we discuss the dispersion93

management and beam combination in parallel synthesizers (Sec. 3). It follows a discussion of94

phase stabilization, propagation and control (Sec. 4). In Sec. 5 we discuss the most important95





multi-beam concept can be implemented with any laser technology, with Ti:Sa it is particularly128

advantageous since it is possible to have single-pass amplifiers with a gain of 2-3 and low129

B-integral. This allows to have just a few meters of non-common beam-path. Jointly with a small130

compressor size (compressed pulse energy ≤ 12 mJ), this is expected to result in a slight passive131

timing jitter among the output pulses, in the order of few-fs, while preserving an excellent beam132

quality. Such slight time jitter allows pumping different OPA stages with beams from different133

amplifiers without the need for active timing stabilization, as we will show in Sec. 4.5.134

This possibility is also intriguing for Yb-doped amplifiers since the longer is the pump pulse135

duration the higher is the pump-seed jitter admissible in the OPCPAs. For instance, for 300136

fs long pump pulses, an rms jitter up to 10 fs would be acceptable. This can be achieved by137

employing a common oscillator to seed the different amplifiers.138

Regardless of the specific laser technology, one of the biggest challenges for PWS is the generation139

of a CEP-stable multi-octave spanning seed pulse. If the pump laser pulses are (sufficiently)140

CEP-stable, the seed pulse can be obtained directly by spectral broadening of the pump pulse.141

In case of non CEP-stable pump pulses, intra-pulse difference-frequency generation (DFG) or142

inter-pulse DFG can be implemented, as a first step, to realize CEP-stable pulses. Interpulse143

DFG, which allows for more freedom in choosing the seed central wavelength and for broader144

bandwidth, can be realized via white-light generation (WLG) and OPA (see Sec. 4). To produce145

a shot-to-shot phase-stable WL-filament the pump pulse must exhibit excellent beam quality and146

rms intensity fluctuations < 1%, due to intensity-phase couplings [29]. Moreover, in order to147

have a long-term stable WLG in YAG and Sapphire crystals a pump pulse duration between148

100-300 fs (the shorter the better) is beneficial [30]. Since PWS usually requires several meters149

of beam propagation, pump beam pointing stability is also of paramount importance. Beam150

pointing can be actively stabilized, but since only slow drifts can be effectively compensated, the151

pump laser should not exhibit high-frequency beam-pointing fluctuations.152

3. Ultrabroadband beam combination and dispersion management153

The generation of ultrabroadband pulses with sub-cycle duration via PWS is enabled by cutting-154

edge multi-layered optical coatings. In fact, beam combination and dispersion management155

optics need to support multi-octave spanning spectra with high efficiency. The parallel synthesis156

scheme, with respect to the serial one, relaxes the constraints on dispersion management, since the157

dispersion can be managed individually in the different spectral channels, each having < 1 octave158

of bandwidth. Nevertheless, the dichroic mirrors used to combine the pulses must handle the full159

synthesized bandwidth. Moreover, it is convenient to use chirped mirrors supporting the full160

bandwidth to provide the final compression to avoid unwanted non-linearities during the beam161

transport into the vacuum beamline towards the experiment. The overall beam combination and162

dispersion scheme, comprising different dichroic mirrors (DMs), double-chirped mirrors (DCMs),163

and bulk materials, is shown in Fig. 2. For the realization of efficient multi-layered optics capable164

of dealing with the > 2-octaves of bandwidth, a new concept, named dual-adiabatic-matching165

(DAM) structure was developed [32]. The concept utilizes an additional double-chirp in the back166

section of the mirror to provide high transmission for long wavelengths. A comparison of the167

different chirped-mirror designs is shown in Fig. 3. Thanks to this advance, it was possible to168

design dichroic mirrors supporting > 2 octaves of bandwidth, capable of high reflectivity and169

controlled group delay for the short wavelengths and smooth and high transmissivity for the170

long wavelength, required for efficient splitting and combination of the overall PWS bandwidth.171

By cascading the dual-adiabatic matching structure in the front layers, as an ultrabroadband172

impedance matching section, it was possible to achieve >2-octave bandwidth double-chirped173

mirrors (DCMs), shown in Fig. 4. The average reflectivity of the ultrabroadband DCM pair is174

> 90%, and the calculated peak-to-peak values of the averaged residual group delay ripples are175

controlled to <5 fs over the whole bandwidth. The design of one of the dichroic mirrors and of176





Fig. 4. (a) & (b) Schematics of the multi-layer stacks of the dual-adiabatic matching

DCM pair, that provides negative dispersion over >2 octaves of bandwidth. (c) & (d)

Reflectivity curves for different sections of the dual-adiabatic matching DCM structures

in mirror (a) and (b), respectively. The colored arrows in (a) and (b) indicate to which

depth in the multi-layer structure correspond the reflectivity curves of the same color.

Each reflectivity curve exhibits an excellent anti-reflection behavior for the longer

wavelengths. Figure reproduced with permission from [32] ©The Optical Society.

the final >2-octave spanning DCMs of the PWS are shown in Fig. 5 and 6 respectively. The

Fig. 5. (a) Structure of a dichroic mirror based on dual-adiabatic matching. (b)

Designed and measured reflectivity and group delay of the dichroic mirror. The lower

transmittance around 0.8 µm and the 5% reflectivity above 1.1 µm are intentionally

realized to supply weak replicas of the incident pulses for timing synchronization.

Figure reproduced with permission from [32] ©The Optical Society.

177

final dichroic mirrors feature a high contrast between the reflected and transmitted beam and an178



Fig. 6. Reflectivity and group delay of the ultrabroadband dual-adiabatic matched

DCM pair. The dispersion of the DCM pair compensates a 1.44 mm propagation in

fused silica for the wavelength in the 0.49–1.05 µm range, and compensates 0.32 mm

propagation in zinc selenide for the wavelength in the 1.05–2.3 µm range. Figure

reproduced with permission from [32] ©The Optical Society.

intentionally gradual spectral cross-over region, which allow us to obtain a few percent of energy179

of the two combined input beams at the secondary port of the beam-combiner. This weak replica180

of the main beam is used for the phase synchronization (see Sec. 4.7) and monitoring/stabilization181

of the spectra. Our current PWS setup will reach its full potential after the implementation of the182

third spectral channel in the visible range (VIS, 500-700 nm), which is already fully supported183

by our dispersion management scheme and beam combination optics. The overall supported184

bandwidth spans from 500 nm up to 2.2 µm. The parallel approach allows to scale this concept185

to even wider bandwidths. Extending further in the UV range is possible, although progressively186

difficult, due to a higher susceptibility of layer-deposition inaccuracies in the dielectric optics,187

which manifest stronger with shorter wavelengths. In the UV range, material-specific losses188

of the dielectric coatings must be avoided, which limits available material pairs. For further189

extension in the mid-IR these two challenges do not play a major role, and material combinations190

like Si:SiO2 (> 2µm) or Si:Al2O3 allow to extend the bandwidth up to ∼ 7µm [33]. The applied191

coatings can also exhibit non-linearities at high pulse intensities, and appropriate scaling of192

the mode size needs to be considered. Light to moderate nonlinearities can be included in the193

mirror design and precompensated. High-bandgap materials such as Nb2O5 might help further194

to manage nonlinearities [34].195

Extending the PWS technology towards the mid-IR is also interesting for strong-field experiments196

such as HHG, to reach higher photon-energies [35].197

4. Phase management in a parametric waveform synthesizer198

In this section, we will analyze the fundamental mechanisms that are at the core of parallel199

parametric waveform synthesis (PWS). The dynamics that govern each nonlinear process used in200

a PWS, such as second-harmonic generation, white-light generation, and OP(CP)A have been201

the subject of numerous studies and are considered well-known. Nevertheless, since the PWS202

consists of dozens of nonlinear stages, many of which require synchronization between ultrashort203

pulses, it is helpful to develop a model in order to describe the impact of timing jitter on the204

phase of the pulses through the full PWS setup. This analysis has the objective of identifying the205

essential parameters for controlling the synthesis and clarifying the most critical noise sources by206

quantifying their impact on the stability of the final synthesized waveform.207

We will initially focus on the longitudinal properties of the pulses since their stabilization208





the minimum set of observables and corresponding actuators required to achieve a stable and230

controllable waveform synthesis.231

In the following sections, we will start by analyzing the effects of pump-seed jitter in the OPA232

seeder, then consider the OPA amplifiers, and finally consider the synthesis process.233

4.1. Phase-stable seed generation234

In our PWS, we base the generation of an ultra-broadband and phase stable seed on the white-light235

generation (WLG) process [23]. With WLG, >2 octaves of seed bandwidth are readily available236

when driven with sub-ps pulses. The major drawback of this approach is that the seed pulse has237

only a pulse energy in the nJ-range, hence requires multiple OP(CP)A stages to reach the target238

energy of 0.1-1 mJ. On the other hand, WLG allows for multi-octave spanning spectra, tunable239

from the ultraviolet to the mid-IR range, exhibiting excellent coherence with respect to the driving240

laser pulse. In particular, the WLG of the PWS, which are driven by a passively CEP-stable241

pulse at 1040 nm in Sapphire crystals or YAG, can fully span across the 500-2500 nm region242

with low intensity fluctuations. Moreover, WLG exhibits excellent phase stability with respect243

to its driving pulse [29], which allows to maintain a high CEP-stability. The WLG, compared244

to higher pulse-energy seeding techniques like HCFC or MPC, seems to be favorable for PWS245

seeding since it allows to attain broader bandwidth and better shot-to-shot waveform stability. In246

our PWS, we implemented separate WLG-stages to prepare an optimized seed for each spectral247

channel. Earlier observations hinted to a sufficient phase-stability for such a separate WLG/OPA248

system [36]. With such an approach, one can adapt to the requirements of each spectral channel249

by the choice of the nonlinear material, its thickness, focusing conditions and pumping intensity.250

To experimentally verify that such a parallel seeding approach is feasible, we characterized251

the WL phase stability by realizing a Michelson interferometer with two separate WLG stages,252

one in each arm. Two replicas of 800 nm pulses drive the WLG stages as shown in Fig. 8 (a).253

When both WLG outputs are superimposed, a spectral interference will be observed, and a254

single-shot every-shot spectrometer quantifies the relative phase-noise among the WLGs. The255

environmental distortions of the interferometer, such as thermal drifts and air convection, were256

removed by a low-bandwidth feedback acting on a piezo-actuated delay-line (Pzt-DL) in one of257

the interferometer arms (Fig. 8 (a)).258

A residual phase noise of 32-65 mrad is measured and is mainly correlated to the energy259

fluctuations of the driving pulse (∼0.5% rms, [29]). When both WLG stages use the same260

nonlinear material and thickness, the intensity-to-phase coupling coefficients are very similar, and261

the relative phase noise can be as low as 32 mrad rms (single-shot, over 10k shots). When different262

materials or thicknesses are used, the phase noise increases but stays at low absolute levels around263

65 mrad rms. The residual rms phase fluctuations are given for different WLG-stages in Tab. 1.264

To explore the possibility of further extending the available seed bandwidth, we modified the265

experiment by driving one of the WLs with a 2080 nm, 100 fs pulse and the second WL with the266

second-harmonic (at 1040 nm) of this pulse (Fig. 9).267
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Fig. 8. Characterization of the phase-stability among separate white-lights. (a)

Experimental white-light interferometer for the determination of the relative phase-

noise among independent white-lights. An active stabilization-system eliminates

temperature-induced drifts and interferometric noise. (b) Observed spatial fringes

between the two white-lights at the red line marked in (a). (c) Coherent single-hot

spectrum of spectra beating between two WLG sources with almost full fringe contrast

(95% modulation). (d) Single-Shot interference trace (red marked section in (c))

without feedback till 2.5 s and with activated stabilization after. (e) Retrieved relative

phase (red) and delay-line actuation (blue). Adapted from [37,38].

Material 1 Material 2 Phase jitter Timing jitter

(mrad rms (at 550nm)) as rms

2-mm YAG 2-mm YAG 32.2 9.4

3-mm sapphire 3-mm sapphire 41.6 12.2

3-mm sapphire 2-mm YAG 51.2 15.0

1-mm sapphire 3-mm sapphire 64.4 18.8

Table 1. Overview of relative phase noise (and the corresponding timing jitter) between

two separate WLG if driven with 1µm and in different materials and thicknesses.

The lowest phase noise is achieved if both WL materials are identical in material and

thickness.









for the input and output beams. In addition, a pointing stabilizer (TEM Messtechnik, Aligna)344

was added to fix the input pump beam direction with respect to the optical breadboard itself345

(position-sensitive detector (PSD) in Fig. 11).346

The quality of the beam profile of the idler second-harmonic also plays a vital role, as the stability347

of the WL dramatically depends on it. Furthermore, the SHG pulses at 1040 nm have to propagate348

for a few meters before reaching the WLG stage of some of the spectral channels (as discussed at349

the end of the last section); therefore, to avoid diffraction, the beam profile needs to be Gaussian.350

To circumvent angular dispersion and achieve an excellent idler beam profile, we adopted a351

perfectly collinear OPA geometry and used custom dichroic mirrors (produced by Laseroptik) to352

combine and split the different beams.353

4.3. Pump-seed timing effects on CEP for narrowband OPAs354

We will now discuss how the idler CEP stabilization and control works in our OPA seeder. The355

so-called passive CEP stabilization occurring in OPAs was first observed by Baltuška et al. in356

2002 [12]. This effect is explained by the fact that the idler pulse is generated during the OPA357

process by difference-frequency generation (DFG) between the pump pulse and the seed (signal)358

pulse. Provided that a replica of the pump pulse generates the seed pulse through a process that359

preserves the phase coherence (as for WLG), the shot-to-shot CEP variations of the pump will be360

coherently transferred to the seed pulse. Assuming that the pump-seed temporal overlap does361

not vary, the CEP fluctuations of the seed pulses are subtracted from the CEP fluctuations of362

the pump pulse, resulting in an idler pulse whose CEP is identical for every shot. However, in a363

real setup, the pump-seed temporal overlap in the OPA will fluctuate. The effects of pump-seed364

arrival time difference (ATD) fluctuations on the CEP of the idler pulse were studied in [13]. In365

this section, we will summarize the main results reported in that study concerning narrowband366

OPAs such as the seeder of our PWS.367

The influence of a shot-to-shot pump-seed ATD variation named Δ) can be found analytically368

for the two extreme cases gB443 ≫ g? and g? ≫ gB443 . When gB443 ≫ g? , the CEP variation of369

the idler is:370

ΔΨ8 = −lB443Δ), (1)

otherwise, when g? ≫ gB443 , the CEP variation of the idler is:371

ΔΨ8 = −l?Δ). (2)

Here lB443 and l? are the central angular frequencies of the seed and pump pulses. Since in an372

OPA it is always true that l? > lB443 , a temporal fluctuation Δ) will affect less the stability of373

the idler CEP if gB443 ≫ g?. This result also suggests that the idler CEP can be controlled by374

acting on the pump-seed ATD. In our OPA seeder (where aB443 ≈ 230 THz), the idler CEP shifts375

by c for a Δ) ≈ 2.2 fs.376

In light of the above, a 12 nm band-pass filter centered at 1300 nm is placed between the first377

and second stage of our OPA seeder. This filter narrows the bandwidth of the amplified signal378

emerging from the first OPA-stage such that gB443 > g? and also serves as a block for the first379

stage idler, preventing double seeding of the second stage. This helps to minimize the CEP noise380

induced by fluctuations of the beam paths in the OPA. A Pzt-DL (PZT in Fig. 11) consisting of a381

mirror mounted on a piezo-actuator is added to adjust the pump-seed delay in the second OPA382

stage, therefore allowing control over the idler CEP. The delay line is introduced in the pump383

beam path for convenience reasons. Our OPA seeder is also equipped with an f-2f interferometer384

and a spectrometer that allows single-shot CEP detection of the final output pulses at 1040 nm at385

the full repetition rate (see Sec. 5.1).386



4.4. Broadband OPAs387

In Sec. 4.1,4.2 and 4.3 we describe the key ingredients for the generation of multi-octave-spanning388

WL seeds with stable and controllable CEP. In this section, we discuss how to amplify the nJ-level389

seeds up to the mJ-level while preserving phase coherence. As mentioned in Sec. 3, the WL390

seed spectrum, which spans 2.5 octaves across the visible and IR range, can be amplified almost391

entirely by means of three different ultrabroadband OPA configurations. The ultrabroadband392

amplification bandwidth of all these OPAs is obtained via group-velocity matching of signal and393

idler pulses. In fact, when E6B = E68 , the first order term of the amplification bandwidth [2]:394

Δl� = U |E−1
68

− E−1
6B
|−1 + V |�+�B + �+�8 |−

1
2 + ... (3)

tends to infinity (U and V contain OPA parameters). The group-velocity matching condition can395

be achieved both by non-collinear OPA configuration, as in the VIS channel, or by degenerate396

OPA configuration, as in the NIR and IR channels.397

4.5. Pump-seed timing effects on CEP, broadband stretched/compressed OPAs398

In Sec. 4.3, we discussed the effect of the pump-seed delay on signal and idler CEPs in a399

narrowband OP(CP)A, where the seed pulse is transform-limited (TL). In broadband OP(CP)As,400

as those implemented in the PWS spectral channels, the CEP dependency on pump-seed delay is401

quite different. In this case, the broadband seed pulse is usually stretched to fit the high-gain402

temporal window induced by the pump pulse (generally g? > 10 · gB443)!
) and extract more403

energy from it. After amplification, the signal (or idler) pulses are compressed close to TL.404

To describe the CEP dependency on the pump-seed delay analytically, we can extend the simple405

model developed in [13] to the chirped seed case. To do this we start with the seed pulse:406

�B4430
(C) = 4

−
(

C
gB4430

)2

48 (lB443 C+qB443 ) . (4)

The stretcher can be modeled in the frequency domain by multiplying the seed pulse by:407

((l) = 48��l4−8[��lB443+�� (l−lB443 )+ 1
2
��� (l−lB443 )2] , (5)

where CD, GD and GDD are the 0th, 1st and 2nd order dispersion of the stretcher. The seed pulse408

in time domain after the stretcher is then:409

�B4431
(C) = �14

−
(

C
gB4431

)2

4
8

[

qB443+(��−��)lB443− 1
2

arctan

(

2���

g2
B4430

)]

4
8

(

lB443 C+ 2���

g2
B4431

g2
B4430

C2

)

, (6)

where gB4431
= gB4430

[1 + 4(���/g2
B4430

)2]1/2 and �# (# = 1, 2, ...) are suitable amplitudes.410

We now assume that the signal pulse generated during amplification is a (higher intensity) copy411

of the stretched seed pulse multiplied by a shorter pump pulse (gB4431
> g?). In the opposite412

limit case (g? ≫ gB4431
) it is trivial to show that the pump-seed delay has no effect on the signal413

CEP. If gB4431
> g?, the signal inherits the pump envelope, whose temporal peak (the arrival414

time) shifts according to the pump-seed delay T:415

�B0
(C) = �24

−( (C−) )/g? )2

4
8 (qB443+(��−��)lB443− 1

2
arctan( 2���

g2
B4430

) )
4
8 (lB443 C+ 2���

g2
B4431

g2
B4430

C2 )
. (7)

The CEP of the signal pulse is equal to the phase at the peak of its envelope, therefore at C = ) :416

ΨB0
= qB443 + (�� − ��)lB443 − 1

2
arctan(2���/g2

B4430
) + lB443) + 2���

g2
B4431

g2
B4430

)2. (8)



With respect to the narrowband TL case, where ΔΨB ()) = lB443Δ) , here the signal CEP gains417

an additional quadratic dependence on the pump-seed delay due to the second order dispersion418

(���).419

Let’s now see what happens once the signal pulses are compressed. To this end, we multiply the420

signal pulse (in the frequency domain) by ((l)−1, which corresponds to a compressor ideally421

matched to the stretcher ((l). Once back in the time domain, the signal pulse is:422

�B1
(C) = �34

−
[4���2)+(gB4430

gB4431
)2 (C−) ) ]2

g2
B4431

(16���4+g4
B4430

g4
B4431

+4���2 (g4
B4430

−2g2
B4430

g2
B4431

)
48�, (9)

where � contains all phase terms. We can find the temporal position of the peak of the Gaussian423

envelope by looking where the argument of the exponential equals zero, that is for:424

C?40: =

(

1 −
(

2���

gB4430
gB4431

)2
)

). (10)

Substituting C?40: into the full expression of � in Eq. 9 we can finally obtain the CEP of the425

signal pulse after compression:426

ΨB1
= qB443 +

(lB443

'2

)

) +
(

2���

g4
B4430

'4

)

)2, (11)

where ' = gB4431
/gB4430

is the stretching (and compression) ratio. This expression allows us427

to observe that for large stretching ratios ΔΨB ()) → qB443 . Because the condition ' ≫ 1 is428

fulfilled in any broadband OP(CP)A, this expression for signal CEP has general validity.429

We conclude that the CEP of the signal pulse is not influenced by the pump-seed timing430

fluctuations, even when the stretched seed pulses are longer or similarly long with respect to the431

pump pulses, provided that the signal is later recompressed close to TL. In case of TL seed/signal432

pulses, that is for ' → 1, we recover the same expression found in [13] for the narrowband TL433

case with gB443 ≫ g? .434

The same derivation can be applied to the idler pulse, with the difference that the idler carrier is435

given by the difference between the pump and seed carriers. For the idler pulse we obtain the436

following:437

Ψ81 = q? − qB443 +
(l8

'2
− l?

)

) −
(

2���

g4
B4430

'4

)

)2
= q? − l?

(

1 − 1

'2

)

) − ΨB1
, (12)

where l8 = l? − lB443 . Differently from the signal case, the pump-seed delay contribution to438

idler CEP after recompression does not vanish for large stretching ratios (' ≫ 1):439

Ψ81 = q? − qB443 − l?), (13)

in agreement with idler CEP expression (2) valid for g? ≫ gB443 . Consistently, when we consider440

narrow-band seed pulses without dispersion (��� = 0 and ' = 1), the Eq. 12 leads to Eq. 1,441

that was found for gB443 ≫ g? .442
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Fig. 12. Pump-seed ATD effects on the synthesis channels for (a) the NIR-channel

and (b) the IR-channel. (i) Shows the sinusoidal ATD modulation with 60 fs?? . (ii)

Average spectra (black) and extrema of spectral modulation (red/blue). (iii) Trace of

the spectral shift at the synthesizer channel output during pump-seed modulation. (iv)

Effects on the measured phase of the relative-phase (RP, blue), the CEP+RP (red) and

the CEP-effect (black) attained by subtraction.

As a practical example, we consider the influence of pump-seed temporal drifts on the signal443

CEP of the NIR channel in the PWS. In Equation 11 we substitute ' = 10, lB443 = 2.36 × 1015
444

rad/s and ) = 1 fs to the second term, while we can neglect the third term. This leads to a signal445

CEP shift (after compression) of 23.6 mrad for a 1 fs change in pump-seed arrival time difference.446

To experimentally verify this calculation, we induced a large change in the pump-seed delay in the447

OPA amplifiers of both the NIR and IR channel. The changes induced in the amplified spectra of448

both NIR and IR pulses are shown in Fig. 12 (a.ii, b.ii) and (a.iii, b.iii), while the corresponding449

phases are shown in Fig. 12 (a.iv, b.iv). The phase change is in the range of 1-1.5 rad for a ∼60450

fs delay, corresponding to 16-25 mrad for 1 fs, remarkably close to the value obtained from the451

previous model. In the last stage amplifiers of the PWS, we observed pump-seed shot-to-shot452

fluctuations < 2 fs rms, corresponding to small CEP changes. Larger drifts, up to ∼10 fs, can453

occur over several tens of minutes, for parts of the setup that are not temperature stabilized,454

especially when opening (and leaving open) the PWS box. In the next section we will quantify455

the impact on the synthesized waveform of non-common mode CEP drifts among the two (and456

three) spectral channel pulses (see Fig. 13 & 14).457

In conclusion, for the broadband OPA amplifiers in the spectral channels of the PWS it is not458

necessary to actively stabilize the pump-seed temporal jitter to maintain the CEP (and RP)459

stability. This statement is valid as long as: (i) we are interested only in the signal pulses from460

the spectral channels, and (ii) the pulses are utilized in the experiment once compressed. Both461

of these conditions are met in our PWS. This has interesting implications for next-generation462

OPCPA synthesizers. For instance, for a ≥1.5 ps pump duration and an ' = 100 (assuming a 10 fs463

TL duration of the seed), a pump-seed jitter of up to 100 fs (peak-to-peak) would not significantly464

impact the CEP stability. In our PWS setup we implemented a slow-feedback that stabilizes465

the slow drifts (0.1-1 mHz bandwidth) of the pump-seed ATD in the last OPA stage, which can466

reach few tens of fs. This is mainly due to the thermalization of the external compressor (C2 in467

Fig. 7). These slow drifts have no impact on the CEP stability but lead to small shifts in the468

OPA output spectra. A simple stabilization scheme of the OPA spectrum is implemented by469

adjusting the pump-seed delay with piezo-driven delay-line placed in the pump paths of each470

last stage amplifier (Pzt-DL on the right bottom of Fig. 7). The error signal used to lock the471

spectrum is derived by the fluctuation of the center of mass of the output spectrum (with respect472



to a reference spectrum), acquired every ∼ 1 minute.473

4.6. Basis set for stable and controllable waveform synthesis474

So far, we have analyzed the effect of timing variations on the CEP of the narrowband OPA475

seeder and on the broadband OPA amplifiers. In summary, we concluded that: (i) the pump-seed476

delay in the seeder DFG stage can be efficiently exploited to control the CEP of the seeding477

pulses; (ii) the pump-seed delay jitter in the PWS spectral channels influences the CEP of the478

compressed output pulses only insignificantly. The pulses from the spectral channels are then479

coherently combined to form the final waveform. We will now discuss the most effective way to480

control the synthesized waveform by finding the best set of waveform parameters and the most481

convenient way to observe and control them.482

In a parallel parametric waveform synthesizer, the synthesized waveform is obtained by su-483

perimposing two or more pulses covering different bands of the optical region. In our PWS,484

the pulses to be synthesized cover 520-700 nm (VIS-channel, under development), 650-1000485

nm (NIR-channel), and 1200-2200 nm (IR-channel). If we assume that (i) the pulses have a486

stable spectrum and energy (negligible shot-to-shot fluctuations) and that (ii) the pulses are487

a superposition of plane waves propagating along the same direction neglecting transverse488

properties (will be discussed in Sec. 6), then the synthesized electromagnetic field waveform489

depends on: (i) the spectral phase of each pulse, (ii) the CEP of each pulse and (iii) the arrival490

time (AT) of each pulse. The complexity can be initially reduced by considering the spectral491

phase of each building pulse as fixed, since most applications require them to be fully compressed.492

Given the # pulses to be synthesized (that is, a PWS with # spectral channels), we would need493

to know # CEPs and # ATs. This adds up to 2# synthesis parameters in total. However, since a494

common shift in arrival time of the # pulses does not affect the synthesized waveform, we can495

consider one of the # pulses as a reference and express the properties of the remaining # − 1496

pulses as differences with respect to the reference pulse. The reference pulse is hence called the497

master pulse. This leads to # − 1 ATDs with respect to the master pulse.498

Let us now call ��%1 the CEP of the master pulse. Similarly to what we did with the ATs,499

the CEPs of the # − 1 pulses (the slave pulses) can be equivalently expressed by relative500

phases ('%12, ..., '%1# ) and ATDs with respect to the master pulse CEP and AT. The synthesis501

parameters are now 2# − 1: ��%1, # − 1 RPs and # − 1 ATDs.502

Let us assume that we have full control over the CEP of the master pulse (��%1). We can503

now investigate the effects of ATDs and RPs on the synthesized waveform. To this end, we504

consider the synthesis of two pulses, pulse 1 being the master pulse and pulse 2 being a slave505

pulse. The behavior of the synthesized waveforms is shown in Fig. 13, where we set ��%1 (IR506

channel) to a fixed arbitrary value and varied either �)�12 or '%12. In the first case (plots a,b)507

the �)�12 changes by 0.67 fs, corresponding to c/2, while '%12 stays fixed (therefore ��%2508

changed by c/2). In the other case (plots c,d) the '%12 changes by 0.67 fs, corresponding to c/2,509

while �)�12 stays fixed (therefore also in this case ��%2 changed by c/2). Small RP changes510

(Δ'%12 ≪ 2c) result in significant changes of the synthesized waveform. On the contrary,511

ATD variations that are small with respect to the duration of pulse 2 (Δ�)�12 << g2) do not512

significantly influence the synthesized waveform. This implies that a change in ��%2 does513

influence the synthesized waveform only if it is accompanied by a change in '%12. These simple514

observations suggest that '% is a stronger synthesis parameter with respect to the ��%&�)�515

pair. Therefore, the 2# − 1 synthesis parameters can be reduced to just # parameters, that is516

��%1 and '%12, ..., '%1# . This allows us to tremendously simplify the waveforms control517

and stabilization system. This simplification entails a small decrease in the design freedom for518

the waveform, that however is insignificant in the present state. To prove this, the maximum519

waveform difference attainable by controlling the additional degree of freedoms in a three channel520

synthesizer (��%1 + '%12 + '%13 only vs. ��%1 +��%2 +��%3 + �)�12 + �)�13) is shown521



a) b)

c) d)

Fig. 13. (a) Electric fields of IR (red) pulse (1), NIR pulse (2) with �)�12 = 0 (dark

green) and NIR with �)�12 = c/2 (light green). (b) Synthesized fields with and

without �)�12 shift together with electric field difference (blue). (c) Electric fields

of IR (red) pulse (1), NIR pulse (2) with '%12 = 0 (dark green) and NIR pulse with

'%12 = c/2 (light green). (d) Synthesized fields with and without '%12 shift together

with electric field difference (blue).

in Fig. 14 in the limit case of Δ��%2 = Δ��%3 = ±c for two different arbitrary waveforms522

(different '%12 and '%13 setpoints).523

In both cases, the additional freedom granted by the ��%2 and ��%3 control allows only for524

small modifications to the synthesized waveform, showing a maximum field difference of < 10%.525

It is worth noticing that the waveform variations are also very small because we chose the IR526

channel to be the master channel, which contains most of the overall energy. This is the optimal527

choice for this type of stabilization scheme. If the energy of the different building pulses were528

similar, the variations on the synthesized waveform due to ATD fluctuation would be slightly529

larger, but still negligible in most applications.530

The possibility of attaining extensive control over the synthesized waveform through the #531

parameters set instead of 2# − 1 allows for a significant simplification of the active waveform532

control system, resulting in less detectors and fewer actuators. Moreover, it is also important to533

anticipate that the measurement noise associated with RP measurements is significantly lower534

than that associated with both ATD and CEP measurements since the latter usually require535

multiple nonlinear processes each (e.g., f-2f for CEP, a cross-correlation in the balanced optical536

cross-correlator for ATD), while the RP can be measured in a linear fashion (via spectral interfer-537

ence) or at most via a single nonlinear broadening stage (e.g., mild spectral broadening). Together538

with a simpler measurement setup of the synthesis parameters, the control of ��%1 + '%12539

ensures superior stabilization performances compared to the control of ��%1 + ��%2 + �)�12540

in our current 2-channel system. This statement will be proven in later sections when we will541

look at active stabilization results (see Sec. 4.7 and 7).542

Now that we have defined the synthesis variables, that are ��%1 and '%12 ('%13 will be added543

in future works with the third spectral channel), let us discuss how to control them. In Sec. 4.3544

we already showed that the CEP of the idler pulses of the OPA-seeder can be efficiently controlled545





Pzt-DL could be placed after the last-stage amplifier. These two options are equivalent in terms570

of waveform control, and the first was chosen for practical reasons. Instead, the second delay line571

is based on a commercial translation stage with position feedback (PI, N-565.260), which allows572

for a long-range and nanometric precision, also beneficial to quickly scan or adjust the time-zero573

between the master and slave pulses.574

One more Pzt-DL was added in the beam-path of the pump pulse of the last stage amplifier of575

each spectral channel (both master and slave). As discussed, the pump-seed delay in the spectral576

channels does not significantly influence the CEP of the amplified signal pulses, provided that they577

are used once temporally compressed. However, particular applications might require waveforms578

with specific chirp profiles [42]. In this case, it might be necessary to additionally stabilize the579

pump-seed ATD in the last stage amplifiers (the booster stage) since the corresponding pump580

pulses undergo a completely separate beam path (see Fig. 7), leading to a few fs temporal jitter581

with respect to the signal pulses. Moreover, as outlined in Fig. 12, the spectrum of signal582

pulses emerging from each spectral channel depends on the pump-seed delay; therefore, remote583

control allows for easy optimization. As mentioned at the end of Sec. 4.6, these delay lines were584

recently used to stabilize the spectral shape of the OPA outputs, that can undergo small and slow585

(<1 mHz) drifts due to thermalisation dynamics occurring in the external compressor (C2 in 7)586

and influencing the pump-seed delay in the last OPA stages.587

The control system designed to stabilize and shape the synthesized waveforms by driving the588

aforementioned Pzt-DLs will be presented in Sec. 5.1. In the last part of this section, we describe589

the multi-phase detector that allows to measure the ��%1 and '%12.590

591

4.7. Dual in-line phase meter592

In the previous chapters, the most effective synthesis parameters were defined ('%12 and ��%1),593

and suitable locations for the corresponding actuators were identified. The measurement of594

synthesis parameters serves a twofold purpose: (I) stabilization of the multi-path interferometric595

setup within the PWS and (II) control of the final synthesized waveform, with resolution down596

to a fraction of the period of the optical cycles. The measurement of '%12 and ��%1 should597

preferably occur after the individual pulses have been recombined, so that no additional temporal598

jitter is introduced afterward. For this purpose, the final beam combination optic(s) (see DM1599

and DM2 in Fig. 7) were designed to provide a replica at the secondary port with 5 % of the input600

pulse energy. To avoid possible drifts among the two synthesis parameters, a unique all-inline601

multi-phase meter capable of simultaneous detection of '%12 and ��%1 was developed [43] (see602

Fig. 15). The basis of this phase meter is spectral interferometry, where spectral beats need to be603

created by nonlinear conversion(s) to retrieve the CE and relative phase. In our current case, the604

spectrally non-overlapping NIR and IR-channel pulses require a linear spectral beat ( 51- 52) in605

order to retrieve the relative phase '%12. For this purpose, a mild self-phase-modulation-based606

broadening in bulk is exploited to spectrally broaden the short-wavelength wings of the IR-channel607

pulse and create the desired spectral overlap with the NIR-channel pulse around 950 nm. To608

selectively apply the broadening via self-phase-modulation to the IR pulse only and avoid609

other RP-dependent cross-sensitivities (such as cross-phase modulation) that might appear in610

such an in-line scheme, the NIR-channel pulse is attenuated and delayed before both pulses611

are focused into a few mm of YAG acting as broadening-stage. Refocusing of the beam in a612

subsequent stage for second harmonic generation additionally creates an ( 52-2 51) beat between613

the frequency-doubled long-wavelength leg of the IR-channel pulse and the NIR-channel pulse,614

which is proportional to both '%12 and ��%1. The second harmonic generation produces not615

only this inter-pulse 52-2 51 beating but as well an intra-pulse 51-2 51 beating. Such inter-pulse616

CEP-detection brings the disadvantage of being sensitive to '%12 too; on the other hand, it offers617

a higher signal-to-noise ratio with respect to the intra-pulse CEP detection. Moreover, since the618
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Fig. 16. Dual Phase Meter Measurement: (a) Trace of observed spectral fringes with

superimposed beats for CEP and RP detection. (b) Extracted CE-phase in red and RP

values in blue. A locked triangular RP scan is performed (0-6 s) and moved the both the

RP and the CEP-actuator (in (c)) due to the CEP-RP convolution, in order to keep the

CEP itself stable. A triangular locked CEP-scan (8-14 s) only moves the CEP-actuator.

(d)) Locked CEP and RP with remaining phase noise of 70 mrad (RP) and 240 mrad

(CEP). Our control system stabilizes both phases and allows to manipulate the synthesis

set points. Adapted from [7].

5. Technical implementation640

One of the most significant challenges to achieve stable synthesis with a parallel synthesizer641

scheme is to realize an optomechanical setup with sufficiently high passive stability and imple-642

menting an active timing stabilization with high bandwidth and reliability. While the nonlinear643

optics techniques to achieve and maintain phase-stable pulses and measure them were discussed644

previously, now a focus will be on the low-latency control system and the optomechanical645

implementation of the PWS setup.646

No matter what the capabilities of the active stabilization system are, the optical setup should647

exhibit the lowest possible phase drifts already in passive operation. This goal can be achieved648

partly by selecting the correct means of pulse generation, amplification and phase detection649

methods as previously laid out. Additionally, the interferometric setup needs to be realized650

with high precaution to avoid long-term drifts or (undamped) vibrations of the optical elements,651

affecting the phase stability and the beam pointing.652

653

5.1. Active phase stabilization and control system654

The basis of the optical means to gain access to the relevant timing parameters was previously655

discussed with the introduction of the multi-phase meter for detecting the CEP and RP values.656

Phase measurement techniques are favored over other envelope timing tools such as balanced657

optical cross-correlators (BOC, [44]) for our application since phase changes have a much greater658

impact on the synthesized waveform compared to envelope arrival time changes. Moreover, the659



in-line phase measurement is less prone to thermal drifts and more robust with respect to pointing660

changes and beam profile changes. On the other hand, the balanced optical cross-correlator can661

measure an absolute timing relation between two pulse envelopes, while a phase measurement662

can only determine relative phase changes with respect to the previous measured state. If a phase663

difference greater than c occurs between two consecutive measurements (phase-jumps), the664

relative change will be ambiguous and the phase-lock will be void. In this case, the synthesized665

waveform changes in an unknown direction and, if a waveform scan is being performed, it can666

no longer be brought into relation to previously synthesized waveforms. This ability is crucial667

during a full CEP-RP scan, for example, to study the generated high-harmonic emission [8], or668

when keeping a fixed set-point during an attosecond streaking measurement.669

This circumstances leads to the conclusion that a scheme based on phase measurements practically670

requires a pulse repetition rate of >100 Hz and, if possible, a single-shot and every-shot evaluation671

of the spectral interference. Out of these demands, we developed a dedicated spectrometer672

based on a field programmable gate array logic (FPGA). The FPGA processes the data of a673

linear image sensor (Hamamatsu, S10453 (<1.1µm), G9208-256W (1.2-2.3µm)) within our674

spectrometer with low latency and on an every-shot basis at 1 kHz rep.-rate. The FPGA computes675

the necessary Fourier transforms and determines the unwrapped phase information within a676

few hundred µB from the recorded spectra to provide sufficient time for the feedback system677

to move the piezo-driven delay-lines accordingly and to compensate for the observed drifts678

with only 1-2 laser shots of latency. Besides these single-shot phase tracking spectrometers,679

an FPGA-based feedback system was implemented for calculation of the individual feedback680

signals to actuate the corresponding piezo-driven delay lines (see Fig. 17). This control system681

features phase-unwrappers with error detection, normalization calculation (for BOCs), frequency682

response filters (via finite impulse response (FIR) filter), a feedback matrix for orthogonalization,683

range-limiters and arbitrary waveform generators. For actuation, we implemented fast acting
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Fig. 17. Overview of the FPGA-based feedback system. Incoming timing parameters

are preprocessed such as unwrapping for phase-values or normalized balancing for

BOC-inputs. Then the processed observables enter a PI-controller section before a

matrix allows to (de)couple the individual feed-backs and derive a suitable control

signal to the multiple timing actuators (fast and slow). With this system, the laser pulses

are indexed and all input/output parameters are recorded to maintain a full insight on

the synthesizer state at any given time. Adapted from [38].

684

(400 Hz bandwidth) and low range (3µm) piezo-driven ring actuator (Noliac, NAC2125-A01)685

moving 1-inch mirrors. In the CEP-stable front-end we can control the overall CEP with this686

actuator over a few cycles, which is sufficiently wide due to its 2c periodicity. An additional687

ring-piezo actuator is placed before the 3rd stage OPA of the NIR-channel to control the RP.688

Additionally, we use a 25 mm long-range stick-slip stage (PI , N-565.260) to adjust the rough689



phase-delay, respectively the temporal separation between the NIR and IR pulses. The feedback690

system allows configuring the phase set-points, the proportional and integral feedback parameters691

and the coupling coefficients. Via scripts executed on a control computer, we can also perform692

parameter scans of the waveform with different patterns, such as a sinusoidal, a linear ramp693

or a step function (see Fig. 18). We obtain a data stream from the control system containing
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Fig. 18. Exemplary trace of a synthesized waveform scan with measured experimental

observable in (a) and zoomed-in section in (b) for one scan-cycle. The observable (i)

are here raw HHG-spectra (50 ms integration time). (ii) Measured phase observables

where the RP follows a plain ramp and CEP is driven as a saw-tooth modulation for a

full 2D parameter mapping. (iii) Corresponding actuator signals for the CEP-actuator

(red) RP-actuator (blue) and a long-range stage with correction steps (black), to keep

the short-range actuators in their dynamic range.

694

all input and output parameters for each indexed laser pulse so that other data recorded in695

parallel (e.g. HHG-spectra) can be fully synchronized with corresponding RP-CEP values in696

post-processing. In this mode, highly efficient and flexible data acquisition is achieved since697

additional experimental data can be collected without dead-time.698

A complete reconstruction of the synthesized waveform can be recorded by an attosecond699

streaking trace, allowing to determine the absolute value of the RP between the individual700

sub-pulses and their CEPs numerically. By splitting the spectrum of the waveform obtained701

from the streaking trace and normalizing its spectral intensity to that measured with an optical702

spectrometer, one can obtain a quite accurate reconstruction of the electric field of each pulse.703

The spectral phase can then be compared with the measurements using two-dimensional spectral704

shearing interferometry (2DSI) to check for consistency. After this procedure, if the synthesis705

parameters are scanned, the corresponding waveforms can be derived numerically by applying706

the relevant CEP and RP offsets.707



5.2. Opto-mechanical setup708

The passive stability of the optical setup is of paramount importance to achieve stable synthesis.709

To reduce phase and pointing fluctuations, the number of reflections and the beam path of710

the setup need to be minimized. Due to the complexity of the PWS setup, we opted for a711

modular design, where each module was individually optimized. The different modules are:712

the CEP-controlled seeder, the dual-beam delay lines (next to the seeding front-end in Fig. 7),713

the spectral channels and the multi-phase meter. Each module is implemented on an individual714

5 cm thick custom-made aluminum breadboard resting on a 4 mm thick silicone rubber mat715

placed directly on the optical table. The silicone rubber helps to even out the weight distribution716

and avoid bistability (see Fig. 19). Air fluctuations are effectively prevented by enclosing each717

module. While the seeder module is fully sealed by using anti-reflection-coated windows for the718

beams to propagate in or out, the broadband spectral channels have holes at the beam output to719

avoid additional dispersion and possible nonlinearities. Most optomechanics are also custom720

designed and milled from aluminum (see Fig. 19c). On the one hand, this allows achieving a721

∼ 3 times higher density of optical components with respect to conventional optomechanics,722

granting the possibility to significantly shorten the beam path and the footprint of the setup. On723

the other hand, the custom components were designed to have only the necessary degrees of724

freedom (most mirrors do not have any adjustment screw), enabling significantly higher passive725

stability, which simplifies the alignment procedure. The optics are fixed by spring-loaded levers726

or ultraviolet-cured glue instead of a regular top-screwing mechanism to avoid stresses that would727

deteriorate the phase front of the pulse. Another critical aspect of the optomechanical setup728

is temperature stabilization. Temperature fluctuations in the environment lead to deformation729

of the optomechanics resulting in pointing and length changes of the beampath. We observed730

that these changes are reversible for minor air temperature variations (< 1 K) but non-reversible731

when large temperature changes persist for tens of minutes or longer. To decouple the PWS setup732

from environmental influences, an active temperature stabilization system is implemented on733

each breadboard. Unlike laser amplifiers, where a significant amount of heat has to be removed734

due to the quantuum-defect, the modules of the PWS are OPA-based and thus without any735

significant heat load. This allowed us to avoid water-cooled breadboards that would require736

noisy chillers and pumps that could potentially introduce vibrations due to the water flow and737

decrease the overall reliability of the setup. Instead, we use electric heaters to temperature738

stabilize the breadboards of each module. On the surface of each breadboard, 8 high precision

main optical table
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heater cutout
optic

optic

silicon mat

modular
breadboard

breadboard 
cross-section

breadboard bottom side
to temperature

controller

passive
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Fig. 19. Details on the opto-mechanical implementation: (a) Layering of the breadboard

modules. (b) View of the bottom of the breadboards with vibration free heating elements

for multi-zone temperature stabilization. (c) Highly stable custom-made optic mounts

holding the optic either via springs or via ultraviolet-cured glue. Adapted from [38].

739

sensors (Pt-1000) measure the temperature of different zones. On the bottom of the breadboard,740

16 resistors, grouped by 2 and placed in specific cut-outs, are used to stabilize the temperature of741



each zone individually by having a set-point of 2-3 K above room temperature. The set-point is742

chosen to be slightly above the maximum temperature we usually experience in the laboratory743

when the air conditioning malfunctions. Thanks to these temperature-stabilized breadboards, our744

seeder achieves an out-of-loop temperature stability of 3.3 mK rms over the course of several745

months, eliminating this environmental influence and the associated misalignment.746

6. Spatial properties and beam combination747

Pulse synthesis requires not only the temporal superposition between constituent pulses, but748

also their spatial overlap. Moreover, the full spatiotemporal overlap requires shot-to-shot and749

long-term stability to guarantee highly reproducible synthesized waveforms. The spatial overlap750

of all constituent pulses requires characterizing the evolution of each beam profile along the751

propagation axis. This characterization allows us to evaluate the beam quality but also to752

ensure each pulse reaches its focus at the same longitudinal position after a common focusing753

element. By doing so, it is possible to estimate the corresponding intensities and the intensity754

ratios between the pulses of each channel at the interaction point (usually close to the focus).755

The intensity ratio particularly impacts the shape of the synthesized field, therefore playing a756

significant role in nonlinear light-matter interaction. Moreover, non-linear processes that require757

phase matching, such as HHG, are highly dependent on the beam waist at the focus, and its758

corresponding Rayleigh length [45]. Consequently, combining constituent beams with similar759

Rayleigh lengths (different focus sizes) or similar focus sizes (different Rayleigh lengths) can760

strongly affect phase-matching. The reason is that, in each case, the intensity ratio and relative761

phase between the beams evolve differently across the focus. In the current PWS, the beam762

sizes in focus were matched, meaning that the far-field beam waist ratio between the IR and NIR763

channels is ≈ 2. The spatial characterization of the PWS is challenging, as the output covers 1.7764

octaves of spectral bandwidth, and beam cameras capable of capturing the entire bandwidth are765

currently rather expensive. In addition, for many nonlinear, strong-field experiments, tens of766

micrometer of focus diameter are typically necessary, and pixels that are small enough to resolve767

such beam dimensions are unfortunately only standard in silicon (Si)-based detectors, which are768

only spectrally sensitive up to ≈ 1µm. Fig.20 (a-b) shows the far-field NIR and IR beam profiles769

after beam combination. The IR channel beam profile was measured using a pyroelectric array770

detector (Spiricon, Pyrocam III-HR). Fig. 20 (c-d) shows the focused, near-field beam profiles771

after focusing with a spherical mirror ( 5 = 500 mm). As the resolution of the pyroelectric array772

detector is insufficient to resolve the focused IR beam dimensions, the Si-based detector measured773

the corresponding two-photon absorption signal (see Fig. 20 (d)). Because this nonlinear process774

scales quadratically with the intensity of the IR beam, the measured beam size must be multiplied775

by
√

2. The results were cross-checked by knife-edge measurements, which differed only by <776

2%. The resulting beam diameters at focus were measured to be ∼ 120 and ∼ 112µm for the NIR777

and IR channels, respectively, with a longitudinal focus position displacement of ≈ 100 µm. To778

check whether the beams overlap in space and time at 1 kHz repetition rate, hence for every single779

shot, we built a characterization station that evaluates the spatiotemporal overlap of both beams780

of each channel in the near-field (see Fig. 21 (a)). From a weak replica of the combined beam,781

the IR beam is frequency-doubled in a 100 µm-thick Type-I BBO-crystal (see Fig. 21 (b)) and is782

spatially-interfered with the NIR beam. A band-pass filter enhances the fringe contrast. After783

that, a wire grid polarizer is placed just before a high-speed camera (Basler, acA640-750um)784

to equalize the contribution of NIR and IR-SHG. By operating in this every-single-shot mode,785

the spatial interference does not average out, and its evolution can be directly linked to the CEP786

and RP variations. Figure 21 (c-d) shows the corresponding near-field spatial interference when787

the beams overlap spatially, with the RP set for (c) destructive interference and (d) constructive788

interference. This characterization is performed in parallel to an ongoing experiment, allowing789

continuous online monitoring of the spatio-temporal overlap. For the long-term stabilization of790
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Fig. 22. (a, b) Spectral stability of isolated attosecond pulses generated via HHG

with two different pulse synthesis settings as logarithmic color heat map and the mean

spectrum over 20, and 25k shots each (black). The intensity of the generated attosecond

pulses reach a high stability with a remaining rms fluctuation between 10-14%. (c) Top:

Two finely sampled attosecond streaking traces with 180◦ CEP shift. Bottom three

repeated streaking traces with the same CEP-setting demonstrating repeatability. (d)

Retrieved electric-fields from (c) by a center of mass algorithm [46].

shots. Multiple consecutive attosecond streaking traces were recorded with identical waveforms818

over 2 hours (4 successive traces) in order to evaluate the long-term waveform stability (see Fig.819

22b). A center-of-mass waveform retrieval algorithm yields retrieved electrical waveforms with820

excellent agreement and without significant drifts or waveform modifications (see Fig. 22c).821

Observed differences in the retrieved fields can be attributed to interferometric drifts between the822

isolated attosecond pulses and the streaking field, as the attosecond beamline was not actively823

stabilized. Additionally, to demonstrate control over the synthesized waveform, a c shift in the824

CEP was introduced in one streaked waveform [46].825

8. Conclusions and perspectives826

This paper presents the enabling techniques for parallel parametric waveform synthesis (PWS).827

With these technologies, the PWS can deliver stable and controllable non-sinusoidal optical828

waveforms with sub-cycle durations, mJ-level energy at 1 kHz repetition rate. Because this829

technology is based on OP(CP)A, it is intrinsically scalable to higher pulse energy and average830

power. We modeled the phase propagation in the different OP(CP)As of the PWS. The831

contribution of pump-seed temporal jitter in the narrowband OPA-seeder was quantified in a832

previous publication, and conditions to optimize the CEP stability were obtained. Here we833

extend the analytic description to the broadband OP(CP)As of the spectral channels, proving834

that small pump-seed relative arrival time fluctuations do not influence the signal CEP if large835

stretching ratios are used, and the pulses are fully recompressed at the interaction point. These836

considerations on the timing dynamics clear the way to energy and power scaling of the PWS837

since different laser technologies could be adapted.838

So far, we developed a two-channel (NIR and IR) OPA-based PWS that delivers 1.7-octaves839

of bandwidth, durations down to about 0.6 cycles (full-width at half-maximum, FWHM), and840

energies up to ∼ 0.5 mJ. The system is ready to be upgraded with an additional channel covering841



the visible spectral range.842

Realizing PWS setups requires a careful choice of optical, mechanical, and active stabilization843

techniques. CEP-controlled seed drivers are derived from non-CEP-stabilized laser beams via844

difference-frequency generation in a two-stage OPA. Multi-octave wide, yet highly phase coherent,845

seed pulses are obtained by spectral broadening of CEP-controlled driver pulses in separate846

WLG-stages, each optimized for the phase-matching bandwidth of different ultrabroadband847

OPAs. The three-stage OPAs yield few-cycle pulses covering different spectral regions (VIS,848

NIR, IR) with energies of 0.1-0.5 mJ. The NIR and IR pulses are coherently combined to849

two octaves (or more) of synthesized bandwidth corresponding to sub-cycle pulses. An active850

timing stabilization system based on in-line multi-phase meters and single-shot phase retrieval851

allows for stabilization and control of repeatable pulses over hours of operation, allowing even852

for demanding experimental applications such as attosecond streaking and hence suitable for853

attosecond-resolved experiments. A reduced set of synthesis parameters allows accessing almost854

the complete manifold of possible waveforms while keeping the system complexity low enough855

to allow for reliable operation. A modular optical setup exhibiting superb timing stability and856

careful spatial overlap characterization allows for the reproducibility required by attosecond857

pump-probe spectroscopic applications. In the next step, a third spectral channel will be fully858

integrated to yield an additional pulse in the visible spanning 520-700 nm with 150µJ of pulse859

energy and 6 fs in duration. This upgrade will allow for pulses to be as short as 1.9 fs in duration860

and with even more intricate non-sinusoidal waveform customization. Furthermore, additional861

degrees of freedom for waveform design arise. At this level, a genetic algorithm of adaptive862

waveform control might become necessary to help optimize the characteristics of the isolated863

attosecond pulses, as plain waveform scanning would take multiple days due to the additional864

degrees of freedom.865

In the next stage of development, this approach for waveform synthesis will benefit from higher866

power pump lasers (e.g. Yb-based lasers). Since the pump power need to be distributed among867

multiple OPA stages, a multi-beam Ti:Sa laser amplifier could be used to increase the pulse868

energy or repetition rate of the current PWS implementation.869

Sub-cycle tailored waveforms capable of driving tunable isolated attosecond pulse generation870

over a broad energy range (up to the soft x-ray) will open up new possibilities for attosecond871

pump-probe experiments. This includes schemes where by utilizing sub-cycle waveforms to872

drive strong-field ionization will be possible to confine the pump-excitation to a few hundreds of873

attoseconds, enabling as-pump/as-probe resolution.874
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