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Abstract: We introduce a 2D electronic spectroscopy setup in the UV spectral range in the 
partially collinear pump-probe geometry. The required interferometrically phase-locked few-
optical-cycle UV pulse pair is generated by combining a passive birefringent interferometer in 
the visible and nonlinear phase transfer. This is achieved by sum-frequency generation 
between the phase-locked visible pulse pair and narrowband infrared pulses. We demonstrate 
a pair of 16-fs, 330-nm pulses whose delay is interferometrically stable with an accuracy 
better than λ/450. 2DUV maps of pyrene solution probed in the UV and visible spectral 
ranges are demonstrated. 
©2016 Optical Society of America 
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1. Introduction 

Two-dimensional electronic spectroscopy (2DES) is the most advanced ultrafast optical 
spectroscopy technique available to date, allowing to measure the full third-order nonlinear 
optical response of the system under study [1]. 2DES is a form of Fourier transform (FT) 
spectroscopy, which achieves resolution in the excitation frequency by varying with 
interferometric precision the delay between two ultrashort excitation pulses and performing 
the FT of the delay-dependent nonlinear signal; in this way, it overcomes the limitations of 
standard transient absorption spectroscopy, providing simultaneously high temporal and 
spectral resolution [2]. By spreading the information content of the nonlinear signal on two 
frequency axes, the excitation and detection frequencies, 2DES allows to measure the 
homogeneous linewidths of optical transitions and to visualize couplings and energy transfer 
processes between different transitions. 

Two experimental configurations have been demonstrated for 2DES: the heterodyne 
detected three-pulse photon echo (3PPE) [3,4] and the partially collinear pump-probe 
geometry [5,6]. The first scheme adopts a non-collinear four-wave mixing geometry and fully 
resolves in amplitude and phase the nonlinear signal, generated in the phase-matched 
direction, by spectral interferometry with a fourth heterodyning pulse, acting as local 
oscillator. In the second scheme, a pair of collinear pump pulses are non-collinearly combined 
with a time-delayed probe pulse, generating a nonlinear signal which is heterodyned by the 
probe pulse itself (self-heterodyning configuration). For both configurations, the technical 
challenge lies in the generation of phase-locked pulses, which are required in order to perform 
the FT of the nonlinear signal. 

2DES has been successfully applied in the infrared and visible spectral ranges, targeting 
molecular aggregates [7], photosynthetic light harvesting complexes [8–10] and 
semiconductors [11,12]. Its extension to the UV range (2DUV spectroscopy) is extremely 
promising for the study of biomolecules such as DNA and proteins [13,14] and also because it 
enables to excite small molecules, which allow benchmarking experiments with high level 
photochemical computations [15]. There are however significant technical challenges 
associated with 2DUV spectroscopy: (i) due to the short wavelengths, the requirement of 
interferometric stability translates into a tighter control of the pump pulses delay; (ii) due to 
the closeness to electronic resonances, material propagation in the UV introduces a very high 
dispersion, so that it becomes very difficult to deliver few-optical-cycle transform-limited 
(TL) pulses to the experiment point. 

So far a number of schemes for 2DUV spectroscopy have been proposed and 
experimentally demonstrated, both in the 3PPE and in the pump-probe geometry. Moran et al. 
employed the non-collinear boxcar geometry, using diffractive optics for the generation of 
phase-locked pairs of 20-fs, 260-nm pulses from a Ti:sapphire laser broadened in an hollow-
core fiber, to study relaxation dynamics in adenine and thymine [16,17]. Selig et al. 
developed a fully non-collinear miniaturized all-reflective setup driven by 50-fs pulses 
produced by second-harmonic generation (SHG) of a non-collinear optical parametric 
amplifier (NOPA) [18]. A similar setup but with greatly increased spectral bandwidth, 
obtained by SHG of a visible NOPA with achromatic phase matching, was reported by 
Prokhorenko et al. [19]. Weinacht et al. developed a 2DUV setup in the partially collinear 
pump-probe geometry using an acousto-optic-modulator based pulse shaper for the generation 
of the phase-locked pump pulses [20]. Using 50-fs, 260-nm pulses obtained as the third 
harmonic of a Ti:sapphire laser system, they studied ultrafast relaxation processes in adenine 
and uracyl nucleobases [21]. A similar system was proposed by Riedle et al., in which an 
acousto-optic programmable dispersive filter was used as pulse shaper, obtaining sub-16-fs 
phase-locked UV pulse pairs [22]. All these configurations generate the pump pairs by 
directly manipulating the UV pulses, which poses serious challenges in spectral phase control 
especially when dealing with ultrabroadband pulses. Finally, Chergui et al. demonstrated a 
simple and robust approach to 2DUV spectroscopy, in which a broadband and spectrally 
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resolved probe pulse is combined with a frequency tunable, narrowband pump pulse [23,24]. 
Since each of the proposed configurations has advantages but also drawbacks and limitations, 
there is an ongoing research in the development of experimental approaches to 2DUV 
spectroscopy. 

Recently, we introduced a novel configuration for 2DES in the partially collinear pump-
probe geometry, employing a passive birefringent interferometer for the generation of the 
phase-locked pump pulse pair [25,26]. The interferometer, called Translating-Wedge-based 
Identical pulse eNcoding System (TWINS), exploits birefringence to generate two phase-
locked collinear pump pulses with very high delay precision. TWINS has the advantages of 
simplicity, compactness, low cost and broad acceptance bandwidth; however, its direct 
application to the UV range is challenging, because its refractive optical components 
introduce a large amount of dispersion which would be very difficult to compensate. To 
overcome this difficulty and generate phase-locked UV pulses, in this work we combine pulse 
shaping by TWINS in the visible with frequency up-conversion and nonlinear phase transfer. 
We generate ultrashort UV pulse pairs by sum-frequency generation (SFG) between a pair of 
phase-locked visible pulses and a quasi-monochromatic infrared (IR) beam. This approach 
allows us to avoid the very high dispersion introduced by direct pulse shaping in the UV, 
while fulfilling the phase stability requirements. We demonstrate 16-fs UV pulse pairs with a 
spectrum extending from 320 to 360 nm and relative delay controlled to an accuracy better 
than λ/450. The system is applied to proof-of-principle 2DUV spectroscopy experiments in 
the partially collinear pump-probe geometry. 

2. Generation of phase-locked UV pulses 

 

Fig. 1. Experimental 2DUV setup. DCMs: two pairs of double chirped mirrors used to 
compress the NOPA and pre-compensate for the TWINS dispersion, respectively; SFG: sum-
frequency generation; DL: delay line; WLG: white-light generation. 

Figure 1 shows the experimental setup used for phase-locked UV pulses generation and 
2DUV spectroscopy. The system is driven by a 450-μJ fraction of the output of an amplified 
Ti:sapphire laser (Coherent Libra), producing 100-fs pulses at 1-kHz repetition rate and 800-
nm wavelength. The beam is split in three lines, with energies of 300 μJ, 120 μJ and 30 μJ. 
These lines are used respectively to pump a visible NOPA, to generate narrowband IR pulses 
for frequency up-conversion and to generate a broadband white light continuum (WLC) used 
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as a probe. The first line drives a single-pass blue-pumped visible NOPA [27], which 
produces 10-μJ pulses, with a spectrum extending from 510 to 720 nm. The NOPA pulses, 
compressed to nearly TL 7-fs duration by multiple reflections onto pairs of dielectric double-
chirped mirrors (DCMs) [28], are sent to a TWINS interferometer generating two variable-
delay, collinear phase-locked replicas. The TWINS device follows the design reported in [26] 
and consists of a sequence of wedges of α-barium borate (α-BBO) providing a delay τ up to 
500 fs. An additional pair of DCMs compensates for the dispersion introduced by the TWINS 
and retrieves nearly TL duration for the visible pulse pairs, as measured by the Spatial 
Encoded Arrangement for Temporal Analysis by Dispersing a Pair of Light E-fields (SEA-
TADPOLE) technique [29]. 

The broadband phase-locked visible replicas produced by TWINS are subsequently up-
converted to the UV range by SFG with a fraction of the 800-nm source, derived from the 
second line, using a β-barium borate (BBO) crystal in a broadband Type-II configuration (θ = 
45.8°, crystal thickness 50 μm). Considering the SFG process ω1 + ω2 = ω3, the Type-II 
configuration (e1 + o2 → e3) in BBO has a broad acceptance bandwidth for the ordinary axis 
and considerably narrower one for the extraordinary axis [27]; by polarizing the visible pulses 
along the ordinary direction and the narrowband field along the extraordinary one, it is 
possible to obtain efficient transfer of the broad visible bandwidth to the UV. To ensure 
uniform up-conversion at all delays of the visible pulse pair, the 800-nm beam is spectrally 
filtered by a 4-f zero dispersion pulse shaper, consisting of a reflection grating and a spherical 
mirror with an aperture in the Fourier plane, to obtain a narrowband ∼1 ps pulse with 8-μJ 
energy. The overall energy of the up-converted pulse pair is 300 nJ. 

 

Fig. 2. (a) Spectral intensity (blue line) and phase (black line) and (b) temporal intensity 
profiles of each UV pulse replica. Dashed black line of panel (b) corresponds to a TL pulse. 

To understand the process of SFG with a pulse pair, we consider up-conversion of a 
broadband visible pulse 2 ( )E ω  by a narrowband gate pulse 1( )E ω . The SFG pulse 3 ( )E ω  can 

be written as [30, 31]: 

 3 2 1( ) ( ') ( ')dE E Eω ω ω ω ω
+∞

−∞

∝ −    (1) 

which, for the case of a nearly monochromatic gate, 11( ) ( )E ω δ ω ω≅ −  becomes: 

13 2( ) ( )E Eω ω ω≅ −  showing that the SFG pulse is a replica of the visible pulse blue-shifted 

by . SFG with a quasi-monochromatic pulse thus transfers to the UV with high fidelity also 
the spectral phase of the visible pulses, and ensures the generation of a pair of high-quality 
phase-locked UV pulses. The gate pulse 1( )E ω  can be considered monochromatic when its 

bandwidth Δω1 is much narrower than the width of any feature in the broadband spectrum 

2 ( )E ω . Since a pulse pair with relative delay τ presents spectral interference fringes with 

                                                                                           Vol. 24, No. 25 | 12 Dec 2016 | OPTICS EXPRESS 28495 



period Δω2 = 2π/τ [32], the monochromaticity condition becomes Δω1 << 2π/τ. Considering 
the typical dephasing times of UV transitions, the maximum delay values required for 2DUV 
spectroscopy are τ = 100-200 fs, so that the monochromaticity condition is satisfied very well 
in our case with ≈1-ps IR pulses. Equation (1) also shows that direct SHG of the visible pulse 
pair would not allow the high fidelity transfer of their temporal structure to the UV. To avoid 
this problem Witte et al., when producing phase-locked XUV pulse pairs by high harmonic 
generation of IR pulse pairs, had to use a non-collinear geometry [33]. 

Particular attention has been devoted to the compression of the UV pulses, controlling 
their spectral phase by the mechanism of indirect phase transfer, which shifts the spectral 
phase of the NOPA pulse to the up-converted light [31,34]. This allows the fine tuning of the 
UV spectral phase simply by acting on the chirp in the visible spectral range; by controlling 
the number of reflections on the DCM pairs as well as the fine insertion of one of the static 
TWINS wedges, we compensate for the positive chirp acquired by the UV pulses during 
propagation to the measurement point. The temporal characterization of each of the UV pulse 
replicas (Fig. 2(a)) was performed using a modified version of the two-dimensional spectral-
shearing interferometry (2DSI) technique [35], which we recently introduced [36], revealing 
16-fs pulses in the range 320-360 nm (Fig. 2(b)), very close to the 13.5-fs TL duration. 

 

Fig. 3. (a) Spectrally-resolved linear autocorrelation of the UV pulses. (b) Autocorrelation trace 
obtained by integrating the 2D autocorrelation map along the wavelength axis. (c) Power 
spectra of the UV pulses. Black dashed line: measured spectrum obtained by integrating the 2D 
autocorrelation map along the motor position axis; red solid line: spectrum from the FT of the 
autocorrelation trace. (d) Blue and red: zoom (between the dashed vertical lines of panel (b)) of 
two correlation traces acquired at 30 minutes distance. 

We first characterized the collinear UV pulse pair by spectral interferometry. Figure 3(a) 
shows a spectrally-resolved linear autocorrelation of the UV pulses, as a function of the 
insertion of the TWINS wedges, expressed by the unitless motor position. This measurement 
allows a characterization of the TWINS sytem: integration along the frequency axis gives the 
linear autocorrelation trace (panel (b)), which after Fourier transform and recalibration of the 
frequency axis provides the power spectrum of the pulses (red solid line, panel (c)). The 
excellent agreement with the measured power spectrum (black dashed line in panel (c)) 
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confirms the accuracy of the technique. Note that to obtain the source spectrum by Fourier 
transforming the autocorrelation, it is first necessary to calibrate the device. This cannot be 
performed by simply rescaling the time axis (or the motor position) because the differential 
dispersion introduced by the birefringent wedges is frequency-dependent, and at a specific 
motor position, the delay accumulated by each spectral component depends on its frequency. 
For this reason, calibration is performed in the frequency domain, as described in [25, 26]: a 
horizontal cut of the map in Fig. 3(a) is the electric field correlation for the corresponding 
spectral component. Since the motor position is typically recorded in motor “steps”, by taking 
a Fourier transform one gets the pseudofrequency (in units of “1/steps”) of the oscillation. By 
associating the pseudofrequency of each spectral component to its optical frequency, we 
obtain the calibration of that component. Following this procedure for all the optical 
frequencies, gives the full calibration of the device. The same pseudofrequency-to-frequency 
calibration curve is also applied to produce the 2DUV map from the time traces, as detailed 
later. 

 

Fig. 4. (a) Sequence of UV spectral interference fringes acquired for 30 min at a fixed position 
of the wedges. (b) Interferogram of UV pulses (blue line, obtained as a cut of panel (a)) and of 
visible pulses from NOPA, blue-shifted by 375 THz (800 nm) (red line). (c) Phase fluctuations 
of the interferogram reported in (a). The delay fluctuation (right axis) is also reported for a 
carrier wavelength of 340 nm. 

To test the long-term stability of our UV pulse pair generator, we acquired two linear 
autocorrelations at 30 minutes distance under the same experimental conditions: a portion of 
the frequency integrated autocorrelations is shown in Fig. 3(d). The very high reproducibility 
of the traces demonstrates the accuracy and reliability of our pulse pair generator. The 
TWINS system is intrinsically phase stable since the two pulse replicas propagate along a 
common path; to verify that this property holds also for the up-converted pulse pair, we 
recorded a sequence of interferograms for a fixed pulse delay (75 fs), as shown in Fig. 4(a). 
The spectra were acquired every second, with acquisition time of 4 ms (4 integrated pulses at 
1 kHz repetition rate). The phase of the fringes, displayed in panel (c), fluctuates with RMS of 
≈13 mrad (better than λ/450) over 30 minutes. Such fluctuations account for both the phase-
stability of the pulse replicas and the sensitivity of the measurement. If we conservatively 
attribute all the fluctuations to the phase jitter, we get phase delay fluctuations of 2.3 
attoseconds at 340-nm wavelength, showing that the SFG process does not alter the phase-
locking of the pulse pair provided by TWINS. Interferometry also allows to compare the 
spectral phase of the visible NOPA pulses with that of the UV pulses: panel (b) displays the 
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interferogram of the UV pulses (blue line, obtained as a cut of the map in panel (a)) and the 
independently measured interferogram of the visible NOPA pulses (red line), translated to the 
UV spectral range by numerically blue-shifting the frequency axis by 375 THz 
(corresponding to the 800-nm gate). The excellent agreement between the two patterns 
confirms that we are in the regime of perfect nonlinear phase-transfer and that the gate pulse 
is sufficiently monochromatic. Taken together, these measurements show that our up-
conversion scheme is able to produce phase-locked few-optical-cycle UV pulses to be 
employed in 2DUV spectroscopy. 

3. Proof of principle of 2DUV spectroscopy 

 

Fig. 5. 2DUV maps of pyrene probing in the visible (a-b) and the UV (c) range. (d) Dynamics 
at selected cross peaks showing the S2 →S1 internal conversion process. (e) Sketch of the 
electronic transitions in pyrene probed in our experiments. 

To test the 2DUV setup, we performed preliminary spectroscopy measurements employing 
the UV pulse pair as pump, and a WLC as probe. The WLC is generated by focusing either 
the fundamental or the second-harmonic of Ti:sapphire in a 3-mm CaF2 plate, which allows us 
to probe in the spectral ranges 320-700 nm and 250-380 nm, respectively. The measurements 
were performed on pyrene (C16H10, Sigma Aldrich) dissolved in methanol (30 mM 
concentration). A 2DUV measurement is performed by fixing the pump-probe delay T and 
acquiring a set of differential transmission (ΔT/T) spectra as a function of the delay τ between 
the pumps. Fourier transform of the delay-dependent nonlinear signal and application of the 
calibration curve provide a 2DUV map. In our measurement, the maximum delay between the 
pump pulses is 220 fs at 330 nm, which corresponds to spectral resolution of 1.66 nm along 
the pump axis. 

Figure 5(a) and 5(b) report chirp-corrected 2DUV maps [37] recorded with our setup 
when probing in the visible spectral range (450-670 nm window). Our broadband UV pump 
pulse overlaps with the 0-0 S0→S2 transition and partially with its first vibronic replica, 
leading to the detection of two peaks along the pump wavelength axis. According to the 
energy level scheme of pyrene shown in Fig. 5(e), UV photoexcitation brings the pyrene to 
the bright excited state S2, from which it quickly decays to the S1 state through internal 
conversion via a conical intersection [38]. At early pump-probe delays (T = 30 fs, Fig. 4(a)) 
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we observe a strong negative cross peak at (332,580) nm, which is assigned the S2→Sn photo-
induced absorption (PA); the quick decay of this peak at T = 200 fs (Fig. 5(b)) is associated 
with the build-up of a cross peak at (332,505) nm, assigned to the S1→Sn PA. The dynamics 
of these cross peaks, shown in Fig. 5(d), tracks the S2→S1 conical intersection occurring on 
the 100-fs timescale. Finally, Fig. 5(c) presents measurements with UV probe (300-380 nm 
window) at a delay T = 200 fs: the three positive peaks at 307 nm, 320 nm and 334 nm 
correspond to the photobleaching of the transitions from the ground state to the vibrational 
progression of the S2 excited state, whereas the negative peak at 365 nm is due to the PA 
associated with the S1→Sm transition. These results are in good agreement with previous 
ultrafast studies on pyrene [22, 38]. 

4. Conclusions 

In this work we have introduced a novel approach to 2DUV spectroscopy which combines the 
TWINS passive birefringent interferometer with parametric phase transfer. TWINS generates 
in a simple, compact and cost-effective way two phase-locked replicas of the few-optical-
cycle pulses from a visible NOPA, which are then up-converted to the UV by SFG with a 
narrowband IR pulse. The up-conversion process shifts with high fidelity the spectral phase of 
the visible pulses to the UV, resulting in the generation of 16-fs pulse-pairs covering the 320-
360 nm range, with relative delay controlled with a stability better than λ/450. The setup has 
been applied to preliminary 2DUV measurements probing the internal conversion process in 
pyrene. Our approach is quite general and can be extended to different spectral ranges for 
which dispersion compensation is not straightforward. In particular, it will be interesting to 
cover, by upconversion of the broadband NOPA with a narrowband visible OPA, the 250-300 
nm wavelength region matching the π→π* transitions of DNA nucleobases and aromatic 
aminoacids. 

Funding 

European Research Council: Advanced Grant STRATUS (ERC-2011-AdG No. 291198) and 
Proof of Concept Grant MISSION (ERC-2014-POC No. 665635). Marie Curie actions (FP7-
PEOPLE-IEF-2012). Horizon 2020 (654148, Laserlab-Europe). 

Acknowledgments 

The authors would like to thank Julien Rehault for his help with the 2D spectroscopy 
software. 

                                                                                           Vol. 24, No. 25 | 12 Dec 2016 | OPTICS EXPRESS 28499 




