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Abstract: We report on few-cycle pulse characterization based on third 
harmonic generation dispersion scan (THG d-scan) measurements using 
thin films of different TiO2-SiO2 compositions as nonlinear media. By 
changing the TiO2 concentration in the thin film the band gap and therefore 
the position of the absorption edge were varied. The retrieved pulse 
durations from different nonlinear media agree within 5%, and the 
reconstructed pulse shapes prove to be immune against the absorption edges 
as well. The reason is the robust retrieval algorithm which takes the 
influence of wavelength dependent nonlinearity into account by a spectral 
weight function. 
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1. Introduction 

Few-cycle laser pulses find numerous applications in contemporary ultrafast science [1,2]. 
For the generation and optimization of such pulses the complete characterization of the 
electric field (amplitude and phase) is essential. For this task various measuring techniques 
are used, e.g. SPIDER [3], FROG [4] or MIIPS [5–7]. Most of them require rather complex 
setups, involving interferometers or pulse shapers. 

Recently, Miranda et al. [8] introduced a novel pulse measurement method: the dispersion 
scan or d-scan. Here, material dispersion is added gradually to the initially negatively chirped 
pulse in a way that the pulse is scanned from negative to positive dispersion. In each state 
nonlinear signals are generated and their spectra are recorded. Although this technique has 
some limitations [9], it is capable to determine the optimal pulse shape for a given 
laser/compressor arrangement, which is the most relevant measure for ultrafast light sources. 
Great advantage of the d-scan technique is its experimental simplicity: in combination with a 
spectrometer setup only a nonlinear medium, chirped mirrors and glass wedges are needed. 
The latter two are standard components of any few-cycle ultrafast laser systems. 

In [8–10] d-scan measurements of near-IR pulses were presented using second harmonic 
generation in BBO crystals. However, second-order nonlinearities are not well suited for the 
characterization of pulses with octave spanning or even broader spectra (e.g [11].) since it is 
hard to distinguish between the overlapping parts of the fundamental and the generated 
nonlinear signals. In these cases higher-order nonlinearities can help; employing third 
harmonic generation (THG) allows the characterization of pulses with spectra spanning up to 
1.5 octaves [12–14]. The first demonstration of a d-scan measurement based on higher-order 
nonlinearity has been reported recently [15], where THG in graphene films was used. 
Generally, THG suffers from low efficiencies which can be partially compensated by using 
materials with large nonlinearities (e.g. graphene). Another substantial issue of THG is that 
the generated short-wavelength radiation can be close to the UV resonances of the nonlinear 
medium resulting in non-uniform nonlinearity and dispersion. Even graphene which is known 
to have uniform absorption in broad spectral range becomes increasingly absorbing below 
400 nm [16]. 

The aim of this work is to find out whether near-resonant THG processes can be used in 
d-scan measurements to reliably retrieve pulse shapes of few-cycle laser pulses. Therefore we 
performed a set of THG d-scan measurements of pulses from a Ti:sapphire oscillator using 
ternary Ti/SiO2 compound layers as nonlinear media where the band gap has been 
systematically varied by changing the composition. In this way the position of the UV 
absorption edge and therefore the extent of the overlap between the absorption band and the 
TH spectrum of the pulses could be changed. We found out that d-scan measurements with 
significantly different overlaps between the TH spectrum and the absorption band of the 
nonlinear material delivered consistent results for the retrieved pulse shape. Furthermore, the 
bigger the overlap was, the higher the THG signal became considerably improving the signal 
to noise ratio of the measurement. 
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2. Experimental 

The schematic of the setup is depicted in Fig. 1: The sub-6 fs pulses of the laser oscillator 
(VENTEON, TiSa, 80 MHz) are negatively chirped by two double chirped mirrors so that 
extra material (two fused silica wedges with apex angles of 2°) is needed to compress the 
pulses at the sample plane. The beam was focused into the layer on the exit surface of the 
samples by a reflective objective (f = 13 mm). Co-propagating fundamental and harmonic 
radiation is separated behind a prism sequence. In performing a d-scan the amount of fused 
silica in the beam path is changed by small steps (70 µm) and the harmonic spectra for each 
step are recorded by a highly sensitive UV spectrometer (Andor SR-303i-A equipped with a 
Newton EMCCD (DU970-UV) camera). 

 

Fig. 1. Experimental setup for THG d-scan. P1, P2: prisms, W1: wedges, DCM: double 
chirped mirrors, M1-4: mirrors, PC: computer. 

The thin films, manufactured on 1 mm thick suprasil substrates by an ion beam sputtering 
technique specially optimized for ternary material mixtures [17], consist of different 
compositions of Ti/SiO2 (with band gaps between 3.26 and 4 eV) and have different optical 
thicknesses ( λ /16 – 3  @ λ 780 nm). Beside these composite films a set of dc-magnetron-

sputtered TiO2 layers and a ZnS (band gap 3.54 eV) layer were also examined. The last one 
was manufactured by in-house pulsed laser deposition with a q-switched laser source (FWHM 
12 ns, 6 W, 1064 nm, 40 kHz, focused onto bulk ZnS target under 40 degree angle to the 
surface, distance between target and substrate: 40 mm). 

In the course of the retrieval process the d-scan trace is simulated ( ( )sim ,S zω ) by 

calculating the third harmonic signal of an assumed input pulse constructed from the input 
spectrum together with a phase curve. The latter is composed of the assumed phase of the 
input pulse together with the one accumulated in the fused silica wedges of thickness z. The 
phase curve is determined by its second derivative [9] at an adaptive number of up to 100 
supporting points on the frequency axis. The Nelder-Mead optimization algorithm (see e.g 
[18].) minimizes the difference between the recorded ( ( )meas ,S zω ) and simulated d-scans 

 ( ) ( ) ( )( )2

meas sim
,

, ,i j i i i j
i j

d S z S zω μ ω ω= −  (1) 

by varying the spectral phase assumption together with a spectral weight function µ(ω) 
(Eq. (7) in [8]) taking the wavelength dependence of signal generation and detection 
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efficiency into account [8]. In a usual case the algorithm takes typically 45 minutes for the 
phase retrieval on a standard PC. 

Following [8] the spectral weight function ( )μ ω  can be separated into two parts: one 

describes the properties of the setup and the other one is given by the nonlinear coefficient of 
the medium under test. 

 ( ) ( ) ( )setup NLμ ω μ ω μ ω=    (2) 

With 

 ( ) ( ) ( ) ( )setup mir optics spec     R T Dμ ω ω ω ω=  (3) 

setupμ  includes the spectral influence of all components after signal generation (reflectivity 

of mirrors - Rmir(ω), transmission of prisms and lenses - Toptics(ω) and diffraction efficiency of 
the grating and sensitivity of the CCD - Dspec(ω)) while NLμ  contains the frequency 

dependent third-order susceptibility χ(3)(ω) and other effects influencing the signal generation 
e.g. phase matching and re-absorption in the layer. Due to the use of amorphous materials the 
third-order susceptibility χ(3)(ω) gets independent of direction and can be approximated as a 
scalar. 

3. Results and discussions 

In Figs. 2 and 3 measured and reconstructed d-scan traces together with the reconstructed 
temporal and spectral shapes are depicted for a pure TiO2 layer and the ZnS layer, 
respectively. In both cases the agreement between measured and reconstructed traces is 
excellent. It is worth noting that in spite of great differences between the appearances of the 
d-scan traces of the TiO2 and ZnS layers, the reconstruction algorithm delivers very similar 
pulse shapes, and the pulse durations (FWHM) of 5.6 fs and 5.8 fs agree also well. 

 

Fig. 2. THG-d-scan measurement using a 21 nm thick TiO2 layer: the measured and retrieved 
traces are shown in (a) and (b), respectively. (c) displays the retrieved pulse shape while (d) 
depicts the measured spectrum together with the retrieved spectral phase from d-scan(blue) and 
from SPIDER measurement (black curve). 
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Fig. 3. THG-d-scan measurement using a 300 nm thick ZnS layer. 

The reconstructed pulse shapes and pulse durations for all different 28 samples employed 
for THG are depicted in Figs. 4(a) and 4(b), respectively. For comparison, an independent 
SPIDER measurement (VENTEON | PULSE: FOUR SPIDER) of the fundamental pulse was 
taken resulting in an FWHM pulse duration of 5.3 fs. The mean value of the pulse durations 
of the d-scans is 5.6 fs with a standard deviation of 0.05 fs, which deviates from the SPIDER 
measurement within 6%. Considering the calibration precision of the SPIDER technique and 
the error budget of the d-scan (wedge angle, dispersion data, spectrometer calibration) this 
agreement is remarkably good. 

The band gaps for the ion-beam and dc-magnetron sputtered layers are determined with 
the Tauc method [19]. Energies of 3.2 and 4.0 eV correspond to wavelengths of 387 and 310 
nm, respectively. The third harmonic signal is located around 310 nm where the layers are 
absorbing. As Fig. 4(b) clearly shows the pulse durations are surprisingly independent of the 
band gap and the sample thickness. In Fig. 5 wavelength dependent absorption measurements 
for a variety of layers are shown together with a typical third harmonic spectrum. 

 

Fig. 4. (a): Reconstructed pulse envelops of all 28 layers. The thinner dashed black lines 
represent the d-scan measurements; the thick blue line shows the SPIDER measurement. (b): 
Pulse durations in function of the band gap with errors of 5%. The line represents the pulse 
duration of the SPIDER measurement. 
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Regarding the overlap between the absorption band and the third harmonic spectrum a 
layer of 21 nm pure TiO2 absorbs already 50% at the harmonic wavelengths. As a 
consequence, the origin of the observed radiation must be very close to the layer surface with 
perfect phase matching for broadband frequency conversion. 

 

Fig. 5. Absorption of layers of different thicknesses and compositions: 21 nm TiO2 (blue), 24 
nm Ti70Si30O2 (orange), 237 nm Ti25Si75O2 (olive) and 300 nm ZnS (red). A typical THG 
spectrum is depicted in grey. 

In Fig. 6 the maxima of the spectral power densities of TH signals achieved by the 
samples are displayed in function of the band gap. It is obvious from the graph that the TH 
signal increases with the overlap between the TH spectrum and the absorption band. This is 
advantageous by optimizing the signal to noise ratio and therefore the quality of the d-scan 
measurement. In the particular case of our laser pulse the highest signal was achieved by a 
pure TiO2 layer. 

 

Fig. 6. Peak of the THG signal in function of the band gap. 

The retrieval algorithm is capable of extracting the pulses accurately from the different 
samples by mapping the spectral dependent nonlinearity into the weight function µ(ω) (see 
Eq. (2)). Since the absorption edge of fused silica is far above the third harmonic spectrum 
(7.4 eV, 168 nm), it is reasonable to assume that the nonlinearity function is constant over the 
spectral range considered here. By normalizing the weight functions of the samples by those 
of fused silica (shown in Fig. 7) the influences of the setup (Rmir(ω) Toptics(ω) Dspec(ω)) are 
factored out, and the resulting function reveals the wavelength dependent nonlinear 
coefficient (and absorption and phase matching if relevant). 
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Fig. 7. Normalized spectral weight functions µsample (ω)/µFused Silica(ω) for 21 nm TiO2 (blue), 24 
nm Ti70Si30O2 (orange), 237 nm Ti25Si75O2 (olive) and 300 nm ZnS (red) layers. 

Thanks to the high nonlinearity TiO2 and also ZnS can produce considerably higher third 
harmonic signal than fused silica, although their absorption is significantly higher. In case of 
ternary mixed Ti1-xSixO2 layers the weight functions increase with decreasing wavelength 
although the absorption also increases. Obviously, the gain in the THG efficiency due to the 
resonant nonlinearity overcompensates the absorption losses in the dielectric material in a 
similar way as it was e.g. observed in resonant THG in gases [20]. 

4. Conclusion 

In this work we present THG-d-scan measurements of sub-6 fs pulses by using TixSi1-xO2 thin 
films with band gaps varying between 3.26 and 4 eV. In fact, the generated third harmonic 
spectra are partially overlapping with the absorption bands of the various nonlinear materials 
to different extent. Although the recorded d-scan traces show significant differences between 
different nonlinear materials, the retrieved pulse shapes are very consistent and pulse 
durations agree within 5% error for all materials independent of the band gap. Reason for this 
is the robustness of the data retrieval algorithm. It not only minimizes the difference between 
measured and retrieved d-scan by varying the spectral phase of the input pulse, it also takes 
the influence of the wavelength dependent nonlinearity with a spectral weight function into 
account. The harmonic signal is strongly enhanced by the absorbing layer; it is generated at 
the surface giving rise to perfect phase matching for ultra-broadband spectra, opening up the 
prospect of proper pulse characterization even for single cycle pulses. 
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