Time-domain vectorial field reconstruction of a
circularly polarized harmonic from silicon
using 2D spectral shearing interferometry
Fabian Scheiba1,2 , Nicolai Klemke1,2 , Nicolas Tancogne-Dejean1,3 , Giulio M. Rossi1,2 ,
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Abstract: A two-dimensional spectral shearing interferometry is demonstrated permitting to reconstruct vectorial optical fields with picojoule energy. As proof of principle, we
retrieve the circularly polarized third-harmonic field emitted from 2-µm-thin silicon driven
by 2.1-µm pulses. © 2018 The Author(s)
OCIS codes: (120.2130) Ellipsometry and polarimetry, (190.2620) Harmonic generation and mixing, (320.7100)
Ultrafast measurements.

Vectorial optical fields, i.e., electric fields ~E(t) exhibiting a time-varying amplitude and polarization direction,
find many intriguing applications in the control of quantum systems. Well known examples include the control
of multi-photon ionization of atoms [1] and aligned molecules [2], Coherent Anti-Stokes Raman Spectroscopy
(CARS) [3], optical centrifuges for molecules [4], sub-wavelength control of nano-optical fields [5], vortex-shaped
photoelectron momentum distributions [6], and polarization gating of isolated attosecond XUV/soft-X-ray pulses
[7]. For such experiments, both the generation [8, 9] of such complex vectorial fields ~E(t) and their complete
characterization [9] are of utmost importance.
For the case of attosecond XUV metrology involving intense vectorial laser fields ~E(t) and synchronized ionizing attosecond XUV pulses, vectorial laser fields can be measured with sub-optical-cycle resolution by extending
attosecond streaking [10] or RABBITT [11] techniques, or by employing spatial XUV interferometry [12]. In contrast, in the VIS spectral region, few techniques for determining vectorial optical fields have been reported so far.
For example, the POLLIWOG technique [13] uses spectral interferometry to characterize two orthogonal polarization components with respect to a well-characterized reference pulse of the same wavelength. Importantly, the
self-referenced tomographic retrieval method TURTLE [14] can be used with any measurement technique yielding pulse intensity and phase (e.g., FROG, SPIDER) to reconstruct a vectorial optical field. Here, we show that 2D
spectral shearing interferometry (2DSI) [15] can be used to characterize a circularly polarized, nonperturbatively
generated harmonic field [here the third harmonic (THG)] from silicon at the picojoule energy level.
In our recent work [16], we demonstrated that nonperturbative high-harmonic generation (HHG) from crystalline samples can result in circular/elliptical polarization states of the emitted harmonics for single-color driver
pulses with tailored polarization state. Here, we demonstrate time-domain characterization of the third-harmonic
vectorial field obtained by HHG from 2-µm-thin, (100)-cut silicon driven by CEP-stable 2.1-µm circularly polarized pulses with a peak intensity of 0.7 TW cm−2 (in vacuum) [16]. Note that the sample’s damage threshold and
the limited HHG efficiency limits the power of the harmonics to a few nanowatts, corresponding to picojoules at
1-kHz repetition rate. Compared to other candidate techniques [9, 13, 14], we have identified the 2DSI technique
to be best suited for our experimental demands because of the possibility to boost weak harmonic signals by upconversion with a strong reference pulse, and as there is no need for well-characterized reference pulses at each
individual harmonic order. From a set of 2DSI measurements of different angular projections of the polarization
components, the complete vectorial electric field of the THG can be reconstructed [14].
The 2DSI technique [15] is based on interferometry between two slightly sheared ancillae pulses, that are upconverted with the pulse under test in a χ (2) crystal. Our 2DSI apparatus (see Fig. 1(a)) was previously benchmarked
with an octave-spanning Ti:sapphire oscillator [17] and with few-cycle optical parametric amplifiers (OPAs) extending from the VIS to IR spectral range. In this work, a small portion of the 150-fs Ti:sapphire pulses pumping
a λd = 2.1 µm OPA is used for the creation of two ancillae at λanc1 = 806 nm and λanc2 = 808 nm using narrowband interference filters. The freedom to scale up the energy of the ancillae pulses was just limited by the damage

Fig. 1. Characterizing the electric field ~E(t) of a circularly polarized third harmonic from silicon by means of
2DSI: (a) Experimental 2DSI setup: The circularly polarized harmonic field ~E(t) = (Ex (t), Ey (t)) shown in orange
(THG) is solely guided by metal mirrors until reaching the Type-II BBO crystal. The ancillae (ANC) pulses are
prepared in a Michelson interferometer equipped with a beam splitter (BS) and interference filters (IFs) of ∼3 nm
bandwidth. Their linear polarization is rotated by 90◦ using a half-waveplate (HWP) from measurement #1 to #2.
The THG and ancillae beams are then aligned parallel with a variable distance incident onto the curved focusing
mirror (CM). A spectrometer (SPEC) measures the interference of the upconverted sum-frequency signals as function of temporal delay set by the piezo-actuated translation stage. (b) Measured electric field ~E(t) = (Ex (t), Ey (t))
of the third harmonic emitted from silicon driven by a circularly polarized pulse at λd = 2.1 µm, shown for CEP=0
and assuming a constant relative phase.
threshold of the nonlinear crystal (20-µm Type-II BBO, θ = 44◦ ) enhancing the sum-frequency generation (SFG)
with the weak harmonics under test. The spectral phase ϕ is imprinted in a 2DSI data trace according to
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with the linear phase ϕ between the ancillae pulses, and shear frequency Ω. The group delay (GD) can directly be
extracted using a fast Fourier transform (FFT) at each wavelength.
To determine both field components Ex and Ey of the circularly polarized THG, we performed a series of
measurements: in the first measurement #1 at 0◦ , we upconverted the p-component of the THG with the s-polarized
ancillae, afterwards we rotated the BBO by 90◦ and, correspondingly, the polarization of the ancillae with a halfwave plate (HWP) to determine in measurement #2 the s-component
of the THG. Both measurements are related

by the relative phase δ = arccos tan(2ψ) · (Ex2 − Ey2 )/(2Ex Ey ) . Both the major axis angle ψ of the polarization
ellipse as well as the relative amplitudes Ex and Ey have been determined in a separate measurement by polarimetry
as in [16]. Our 2DSI measurements yield 59-fs and 45-fs FWHM durations for the x- and y-components. The
retrieved circularly polarized THG field is shown in Fig. 1(b) for CEP=0 and assuming a constant relative phase.
Importantly, as shown for TURTLE [14], ongoing additional 2DSI measurements at ±45◦ will also permit us to
drop the assumption of a constant relative phase and to fully reconstruct ~E(t), apart from the value of the CEP [14].
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