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Supporting information is chiefly devoted to the early 

spectral evolution observed in the femtosecond pump-

probe experiment. As mentioned in the paper, we confirm 

the well-known time constants of 160±50 fs and 8±1 ps for 

the S2? S1 and S1? S0 internal conversions of β-carotene 

in THF.[SI1] Concerning the mechanism of the S2? S1 

internal conversion, our data agree with the single stage 

model, but the strong transient absorption at ~800 nm, 

which was assigned by Cerullo et al.[SI2] to the rapidly 

decaying (~10 fs) Franck-Condon S2 state, is also 

observed.  Unfortunately, at slightly better time resolution, 

we could not confirm their 10 fs time constant. The band at 

800 nm follows the pump-probe cross-correlation and it 

either belongs to the coherent contribution, or the 

hypothetical sequential evolution can not be distinguished. 

This is confirmed by comparing our results with those 

published by Cerullo et al. in Science.[SI2a]  We conclude 

that: (i) the oscillatory behavior, which is present over the 

full spectral window, was not observed before; (ii) Cerullo’s 

measurements could be falsified by a small error in the 

definition of time zero in the IR.  Even if an ultrafast (not 

resolved) decay of S2 is assumed, we find difficult to 

reconcile it with a fluorescence signal which (i) decays with 

the 160 fs time constant, (ii) has high oscillator strength, (iii) 

nearly constant shape, (iv) normal Stokes’ shift, and with 

(v) the absence of the ∆OD800 band in the transient 

absorption spectra recorded after 260 nm excitation, as will 

be shown here. 

The supporting material is organized as follows. The 

absorption spectrum of β-CAR in THF is compared with the 

excitation pulse to prove that population is transferred to 

the vibrationless S2 state (Fig. SI 1). Next, the β-CAR 

transient spectra at early time are separated into the 

coherent and sequential contributions in order to expose 

the initial spectral changes (Figs. SI 2 and 3). The latter 

figures show that coherent and sequential contributions 

have comparable amplitudes at time-zero delay. Afterwards 

we compare our kinetic traces with those published by 

Cerullo et al. to demonstrate comparable time resolution 

(Fig. SI 4). Description of the transient spectra obtained 

after excitation with high excess of energy (Fig. SI 5) 

follows. The band at 800 nm was not observed in these 

measurements. Broadband transient fluorescence 

measurements (Figs. SI 6-9) are used to characterize the 

fluorescence spectral evolution. Remember that the latter is 

not well-defined by transient absorption because of spectral 

overlap with excited-state absorption and stimulated 

emission. In Fig. SI 9 the oscillatory contribution is also 

demonstrated for fluorescence. The spectrum of the 

oscillation amplitude in the transient absorption 

measurements at 520 nm excitation is shown in Fig. SI 10. 

We close with a thorough description of the broadband 

femtosecond transient absorption and fluorescence up-

conversion techniques. 

 

β-Carotene absorption spectrum in THF and excitation 

pulse for transient absorption measurements. The 

absorption spectrum of β-carotene in THF (orange; 

measured in a 1 mm cuvette at room temperature with a 

concentration of 1.8×10-4 mol dm-3 ) is shown in Fig. SI 1. 

The spectrum of the excitation pulse used in the transient 

absorption experiment is shown in green. The inset 



reproduces the same graph on a logarithmic scale. The 

change of slope at the red edge of the absorption spectrum 

at ~550 nm is ascribed to the onset of the 11Bu
??  S0 

absorption. The excitation pulse overlaps the S2? S0 

absorption band and the overall contribution of the 11Bu
??  

S0 absorption is less than 1% at the excitation wavelength. 
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Figure SI 1. Linear absorption spectrum of β-carotene in THF 
(orange) and spectrum of the femtosecond excitation pulse (520 
nm) for the transient absorption experiment (green). The inset 
shows the same plot on a logarithmic ordinate scale.  

Coherent and Sequential Contributions to Early Transient 

Absorption Spectra. The complex spectral evolution 

observed during the cross-correlation time (Fig. 1 in the 

main text) can be explained by separating the coherent and 

sequential contributions of femtosecond pump-probe 

spectroscopy. Fig. SI 2 shows the non-resonant coherent 

contribution measured with the pure solvent (panels a and 

b show the rise and the decay, respectively). Fig. SI 3 

shows the rise (panel a) and decay (panel b) of the 

coherent contribution together with the sequential one 

(panel c) for the transient absorption of β-carotene in THF, 

at the same conditions. The same data were already 

shown in the paper as Fig. 1; remember that the solvent 

signal was not subtracted. The time evolution of the 

coherent part has been modeled as a sum of a Gaussian 

function and its first and second time derivatives; the pump-

probe cross-correlation is 50 fs (Gaussian FWHM). The 

transient spectrum at 0.16 ps (dark blue, panel c) is also 

shown for comparison. 

In order to understand previous experimental results let us 

summarize the following observations, Figs. SI 2 and 3. To 

begin with, the transient feature at ~800 nm (∆OD800) 

follows the cross-correlation. Second, no delayed signal 

onset is observed over the full spectral window after 

correcting for the chirp of the supercontinuum, see Fig. SI 4 

below. Finally, the bleach and the transient absorption 

band at 950 nm (ESA950) rise impulsively. Therefore, no 

kinetic relationship between the ESA features at 800 and 

950 nm can be established within experimental resolution, 

see next section and Fig. SI 4. 

Note that we can not exclude that ultrafast (unresolved) 

processes take place during the cross-correlation time. 

These can only be identified by improving time resolution or 

else by calculating the corresponding non-linear signal. 
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Figure SI 2. Rise (a) and decay (b) of the non-resonant coherent 
THF signal measured at 520 nm excitation (0.2 µJ).  Black dotted 
lines mark the zero level and the magnitude of the signal is given 
by the inner gauge. The average cross-correlation over the full 
probe range is 50 fs. Pump-probe delays are given as insets. 
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Figure SI 3. Rise (a) and decay (b) of the coherent contribution to 
transient spectra in Fig. 2. Panel (c) shows the resonant sequential 
contribution of β-carotene during the same time scale as in panels 
(a, b). Black dotted lines mark the zero level and the inner gauge 
gives the absolute magnitude of the signal. Pump-probe delays are 
given as insets. 
 

Time resolution and comparison with Cerullo’s 

measurements. We corroborate Cerullo’s measurements in 

this section but some of his conclusions may need revision.  

Figure SI 4 shows a comparison of our normalized kinetic 

traces (blue) superimposed on those published by Cerullo 

et al. (black).[SI2a] The comparison is made during the early 

400 fs at exactly the same probe wavelengths. At 980 nm 

the kinetic trace shifted by 75 fs to positive delays is also 

shown (red) in panel D, where the vertical red line marks 

the position of “shifted” time zero. 

Fig. SI 4 reveals that: (i) the oscillation was not observed 

previously and its amplitude is also noticeable away from 

the bleach region (panels A and C); (ii) the contribution of 

the coherent contribution is comparable in both 

experiments (panels A-D); (iii) the definition of time zero is 

shifted to positive delays by 75 fs at 980 nm (panel D); (iv) 

the time resolutions of both experiments are comparable; 

the broader signal rise in panel C arises from the oscillatory 

behavior. Our efforts to reproduce the 10 fs decay of the 

800 nm transient absorption were unsuccessful and we 

must conclude that this feature corresponds to the coherent 

contribution.  

We have no explanation for the differences observed at 

650 nm (Panel B), but they may be attributable to implicit 

band integration when measuring through interference 

filters or to differences in the coherent contributions (note 

that Cerullo’s measurements were done in cyclohexane at 

510 nm excitation). [SI2a] 

 

Figure SI 4. Kinetic traces obtained for β-carotene in THF at the 
probe wavelengths 560, 650, 850 and 980 nm (green lines in 
panels A-D, respectively), normalized to the measurements by  
Cerullo et al. (points and solid lines on the background) at the 
same probe wavelengths. The figure on the background 
corresponds to Figure 2 of Reference SI2a. 

 
β-Carotene transient absorption in THF with 260 nm 

excitation. Figure SI 5 shows the raw transient absorption 

spectra recorded during the cross-correlation time after 

excitation at 260 nm. The average pump-probe cross-

correlation was ~100 fs in this experiment. All other 

experimental conditions are comparable to those used in 

our measurements with 520 nm pumping. No transient 
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absorption is observed at 800 nm at early time, which 

favors the assignment of the ∆OD800 feature to the 2-

photon (pump-probe) coherent contribution. See main text 

and Figure 1. 
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Figure SI 5. Spectral evolution exhibited by β-carotene in THF 
during the cross-correlation time after 260 nm excitation. Top and 
bottom panels show the leading and trailing edges of the cross-
correlation, respectively. Legends indicate the corresponding time 
delays, whereas signal amplitude is given by the inner gauge. The 
black dotted lines mark the zero level.  

Transient Fluorescence Spectra. Transient fluorescence 

spectra of β-CAR in THF with excitation at 400 nm are 

shown in Fig. SI 6 for pump-gate delays? 50, 50, 150 and 

300 fs (blue solid lines, panels a to d, respectively). FQD 

stands for Fluorescence Quantum Distribution. The relative 

spectral amplitudes are given by the inner scale on each 

frame. Blank signal is shown in grey and it contains 

contributions of the up-converted pump light and high-

frequency Stokes Raman signals from the solvent. The 

noisy region close to 650 nm (thin dotted line) is due to the 

fluctuating background arising from the second harmonic of 

the gate pulse. The bandshape remains nearly constant. 

Fig. SI 7 shows the time-resolved fluorescence spectra. For 

the sake of clarity only the falling signal is shown (from 100 

fs (red) to 1.6 ps (blue) pump-gate delays in 50 fs steps). 

Again the dotted vertical line at 650 nm indicates the 

spectral region where the second harmonic of the gate 

appears. Within experimental resolution the fluorescence 

band rises impulsively and decays with a characteristic 

time constant of 150±30 fs. The fluorescence decays with 

normal Stokes’ shift.  
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Figure SI 6. Fluorescence quantum distribution (blue, FQD(ν)) 
recorded with the fluorescence up-conversion technique after 400 
nm excitation. Panels (a)-(d) show the spectra measured at -50, 
50 150 and 300 fs pump-gate delays, respectively. Grey lines 
show the non-resonant solvent contribution mainly due to 
instantaneous Raman processes. Vertical dotted lines mark the 
spectral position of the second harmonic of the gate (650 nm). 
Fluctuations in gate energy lead to background instabilities in this 
spectral region. Energy and wavelength scales correspond to the 
original fluorescence.  
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Figure SI 7. Evolution of the fluorescence quantum distribution 
(FQD(ν)) recorded with the fluorescence up-conversion technique 
between 100 fs and 1.6 ps after 400 nm excitation. The vertical 
dotted line marks the spectral position of the second harmonic of 
the gate (650 nm). Fluctuations in gate energy lead to background 
instabilities in this spectral region. Energy and wavelength scales 
correspond to the original fluorescence. 
 
 
Figure SI 8 shows the transient fluorescence spectra 

obtained with 450 nm excitation. For the sake of clarity only 

the falling part of the signal is shown. The region before 

500 nm has been omitted due to the strong signal resulting 

from the up-converted pump pulse. The fluorescence 

spectra obtained at 400 and 450 nm excitation (Figures SI 

7 and 8) evolve similarly and decay with nearly constant 

shape. Marked vibrational structure is evident at 450 nm. At 

400 nm excitation hot fluorescence is in turn observed.  
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Figure SI 8. Evolution of the fluorescence quantum distribution 
(FQD(ν)) recorded with the fluorescence up-conversion technique 
between 100 fs and 1.4 ps after 450 nm excitation. The vertical 
dotted line marks the spectral position of the second harmonic of 
the gate (650 nm). Fluctuations in gate energy lead to background 
instabilities in this spectral region. Energy and wavelength scales 
correspond to the original fluorescence. 
 
 
Fluorescence Band Integrals. Fig. SI 9 presents the band 

integrals BI(λ1, λ2) (thick grey lines) calculated between the 

wavelengths λ1 and λ2 for the transient fluorescence with 

excitation at 450 nm. The band integrals cover the 

fluorescence band from 500 to 600 nm with 25 nm intervals 

(frames a to d). The decay is non-exponential. According to 

the model (see Eq. 1 in the main text) the decay can be 

fitted to a sum of an exponential (green) and a damped 

oscillation (red). The fitted parameters are γ1 = 8 ± 1 ps-1, ν 

= 140 ± 50 cm-1. The damping constant γ2 has a value of 

~7 ps-1, although it is determined with lower precision than 

in the transient absorption experiment. Fit results are also 

shown in Fig. SI 6 (black solid line). 

 

Note that the oscillation frequency is higher than 

that obtained in our transient absorption experiment with 

520 nm excitation. The difference is larger than error 

estimates and therefore meaningful. This is attributed to the 

dependence of the coupling strength on excitation 

wavelength and it is the subject of further work.  
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Figure SI 9. Analysis of the fluorescence band integrals BI(λ1,λ2) 
(grey solid lines) calculated between fluorescence wavelengths λ1 
and λ2 (see inset) and showing the oscillatory contribution after 
450 nm excitation . Band integrals were fitted (black solid lines) 
with exponential (green) and oscillatory terms (red). Oscillation 
frequency ν and damping rate γ are given as insets for every band 
integral. 
 

Oscillation Amplitude for Transient Absorption. Fig. SI 10 

shows the spectrum of the oscillation as obtained from the 

fit of Eq. (1) to the data in Fig. 1. The oscillation is strong in 

the region between 400 and 500 nm and has smaller, but 

non-negligible, amplitude elsewhere. It reflects the spectral 

differences between the two vibronically coupled states, as 

deduced from Eqs. (1). 
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Figure SI 10. Amplitude of the oscillatory contribution σB to 
transient absorption of β-carotene in THF after 520 nm excitation.  
 

Experimental Section 

The broadband transient absorption setup was 

described elsewhere.[SI3, SI4] Basic pulses were delivered by 

a regenerative Titanium:Sapphire (Ti:Sa) femtosecond 

laser system (CPA 2001, CLARK MXR, 775 nm, 0.9 

mJ/pulse, 150 fs, 120 Hz). Part of the output drove a two-

stage non-collinear optical parametric amplifier to produce 

10 µJ, 20 fs pulses at 520 nm. The 520 nm beam was 

divided for pumping and continuum generation, after 

compression with a prism pair. 20 fs, 0.2 µJ pulses were 

focused to a spot diameter of ~ 150 µm to excite (Ipump = 

0.1 TW cm-2) the sample in a flow-cell (0.4 mm path length, 

fused silica windows 0.2 mm thick). To generate the 

supercontinuum, 6 µJ pulses were focused onto a SiO2 

plate (1 mm). The supercontinuum was spectrally flattened 

and split for reference before being imaged onto the 

sample cell (~ 25 nJ, spot size ~ 100 µm, 1 ps chirp, Iprobe 

<100 MW cm-2, distributed from 330 to 1100 nm). 

Transmitted and reference beams were imaged onto the 

entrance slits of separate prism spectrographs, dispersed, 

and registered by photodiode arrays with 512 pixels 

(S3901-512Q, HAMAMATSU). Measurements were 

performed at parallel, perpendicular and magic angle 

relative pump-probe polarizations. Baseline corrections 

were applied to single shots, and one transient spectrum 

represents the average of 50 consecutive shots. Three 

independent scans were averaged. The average pump-

probe cross-correlation of the full spectral window is 50 fs. 

A shorter cross-correlation is actually obtained around 520 

nm but it deteriorates (= 20%) on the spectral wings due to 

group velocity mismatch. With a photometric noise on the 

order of 10-4 OD, the time resolution is estimated to be ~10 

fs.[SI4] Spectra were corrected for the chirp of the 

supercontinuum. 



The broadband fluorescence up-conversion technique 

was described elsewhere.[SI5] Basic pulses were obtained 

from a Ti:Sa oscillator and multipass-amplifier laser system 

(FEMTOLASERS, 800 nm, 0.6 mJ/pulse, 30 fs, 500 Hz). Part 

of the output drove a collinear optical parametric amplifier 

(TOPAS, LIGHT CONVERSION) to produce ~50 fs excitation 

pulses and gate pulses at 450 nm (1 µJ) and 1300 nm (90 

µJ), respectively. 40 fs excitation pulses at 400 nm were 

obtained by second harmonic generation in a BBO crystal 

(0.2 mm). Vertically polarized excitation pulses (40-50 fs, 

0.3 µJ) where focused to a 50 µm spot size on a flow-cell 

(0.4 mm, fused silica windows 0.2 mm thick). Spontaneous 

fluorescence was collected and imaged onto a KDP crystal 

(51°, 0.1 mm thick, Type II, EKSMA) at 1:10 magnification 

with a Schwarzschild objective. Vertical polarization of 

fluorescence was selected with a wire-grid polarizer 

(MOXTEC PPL04C, 0.7 mm Corning Glass). Broadband up-

conversion was realized in noncollinear geometry (14°) with 

50 fs tilted gate pulses centered at 1300 nm (50 µJ). Up-

converted fluorescence was collected by reflective optics 

and imaged onto the entrance slit of a double-prism 

spectrograph after passing through a Glan-Thompson 

analyzer. Detection was done with a back-illuminated CCD 

camera with 1 second acquisition time (DV420 BU ANDOR 

TECHNOLOGY). The pump-gate cross-correlation was 110 fs, 

the estimated time resolution 70 fs. Transient inner filter 

effects reduce fluorescence at high optical densities and 

excitation fluencies, but this effect was avoided. Optical 

densities were kept below 0.5 at the maximum. 

Photometric and time zero corrections were applied. 

 

β-Carotene (98%) was purchased from FLUKA, kept in 

the dark at low temperature (-18 °C) and used as received.  

Solutions were freshly prepared every day in spectroscopy-

grade tetrahydrofuran (MERCK). No photodegradation was 

observed on the time scale of the experiment. Optical 

density was kept below 1 at the maximum. 
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