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Abstract. A precise temporal characterization of the pulses involved in pump-probe experiments is crucial
for a proper investigation of the ultrafast dynamics in several physical systems. Indeed, it is required for the
assessment of the dynamical properties under examination witkisat temporal resolution. In the few-
fs/attosecond domain, typical reconstruction procedures require time-consuming interative methods, which are
also sensitive to the experimental noise and to the distortion of the measurement. We developed an approach,
called Simpli ed Trace Reconstruction In the Perturbative regimE (STRIPE), which allows us for a precise
characterization of the infrared (IR) and extreme ultraviolet (XUV) pulses, used in a pump-probe experiment.
Our method is not based on a phase retrival algorithm, and for this it is typically much faster than the other ones
currently known. Moreover, it allows for easily including in the reconstruction the experimental non-idealities
that may a ect the measurement, like possible distortion due to the measurement procedure itself.

1 Introduction trieval algorithms currently used and can be applied di-
rectly to di erential phototelectron traces, to remove the
Recently, ultrashort extreme-ultraviolet (XUV) pulses, gjstorsions that may arise from background signals. More-
combined with few-cycle infrared (IR) radiation in a qver, our method allows for a proper pulse characterization
pump-probe scheme, open the possibility of studying dy-even if the signal to noise ratio is extremely poor. This
namics in a wide range of systems, from molecules to solidmakes the measurement and the reconstruction inherently
stated materials [1, 2]. In addition, the possibility to select yopyst with respect to noise. Finally, being more versatile
single harmonics from a much wider XUV spectrum [3] than a standard iterative algorithm, STRIPE can be eas-
allows to selectively access single transitions, but main-jly modi ed to explicitly include the system non-idealities
taining at the sane time the possibility to tune the spectraljye to the meaurement procedure itself, like electronic

I’ange to inVeStigate. peak broadening_
The use of single-harmonic extreme-ultraviolet radi-

ation has been widely employed for the investigation of
electron dynamics in molecules [4] with excellent simulta- 2 The STRIPE model
neous temporal and spectral resolution. The availability of

few-fs single_ har_monic X.UV pU|SeS.a”(_)W€d o study the |, e strong eld approximation (SFA) [9], the photoion-
ultrafast conical-intersection dynamics in B3] and the .0 process of a rare gas, in the presence of XUV and IR

templ)or.al e\éolu't&on of ethylelne.cat]ion V‘;:tz state_—to-ste}lte pulses can be described by the following formula (atomic
resolution [6]. A proper analysis of such dynamics calls units are used hereafter):

for an accurate characterization of the pulses. A com-
monly used method consists in measuring several pho- Z 2 2
toelectron spectra, as produced by the XUV radiation in ~ S(p; )= dt Exyy (t+ )& Ve et @)
the presence of a delayed infrared pulse, and employing 1
a phase retrival algorithm, based on iterative procedures, . o
for charachterizing the pulses involved [7, 8]. These phaseWh.ereEXUV(t) is the XUV pulse, (p:t) is a phase term
retrival algorithm are typically computationally expensive which accounts for the ect of the IR elq on the php-
and require a very clean experimental measurement, sinc oe]ect_ron Wavepacket Qf moment.Lpn lp is the atomic
are sensitive the residual noise of the trace. I0nization potential and is the relative delgy bgtween the
In this work, we propose a novel approach for the pulseéuz arlldinIR.aV\;eer(izgg 2fo \;V di\)/iilr?]z;gi:'z ptlrzszmod(ell)
temporal characterization, based on a simpli ed methodI y ppyl g der th PP | 9. ().
called Simpli ed Trace Reconstruction In the Perturbative n particular, under the central momentum approximation

regimE (STRIPE). Our method is much faster than the re—(CMA)’ the perturbative gppr.oxmatlon and the slowly-
varying envelope approximation (SVEA), we can refor-

e-mail: bruno.moio@polimi.it mulate the previous equation into the following expression
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[10]: 3.1 Reconstruction with no noise
oy Z i% ER® | As a rst attempt, we applied STRIPE for the reconstruc-
S ) . dtExyv(t+ )e's ¢ (2)  tion of pulses out of a simulated trace computed with SFA
calculations, where no approximations are considered, and
where we set = p?=2 + lp. Equation (2) represents with no additional noise introduced. The reconstruction

the model upon which STRIPE is based. Figure 1 showds done by a non-linear tting procedure, employing the
simpli ed model in Eq. (2). The trace on which we ap-

18 SFA Approx. plied our algorithm is the one in the left panel of Fig.
S 02 04 06 08 1 02 04 06 08 1 1, whereas the pulses retrieved by STRIPE are shown in
o Fig. 2 (red dashed lines), together with the ones used in
516 w— —— the SFA simulations (black lines). Both the XUV and IR
E
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Figure 1. Comparison of a single-harmonic phototelectron trace, ~ _ 3 '
computed with the SFA formula (left) and the STRIPE model 20 0 20 = (_)50 0 50
(right). The agreementis very good as the STRIPE model can de Time (fs) Time (fs)

scribe all the features of the main band and the sidebands. How-

ever, the computational ert for computing the trace with the  Figure 2. Result of the STRIPE reconstruction, applied to the

simpli ed model is signi cantly smaller than the one needed for trace simulated with SFA in Figure 1. The black solid lines show

the SFA calculations. the simulated IR and XUV pulses, whereas the dashed red lines
show the reconstructed ones.

a comparison between a single-harmonic phototelectron

trace, computed with the full SFA model (left panel) and pulses are correctly retrieved, with small deviations from

one computed with the STRIPE formula (right panel). We the ones used in the simulation, despite the parameters are

considered an XUV and IR pulses, with durations of aboutchosen to stretch as much as possible the approximations

10 and 9 fs, respectively, a second order dispersion of 1&f the method. We must mention that an SHS experiment

and 20 f$, a third order of 300 and 30¥sand a fourth s not sensitive to the phase of the IR eld. In this case,

order of 2500 and -150 fs The IR intensity is 8.0'*  we chose the IR phase to match the one of the simulation,

Wi/cn?. The parameters are deliberately set at the limits ofjust to highlight the agreement between the simulated and

validity of the approximated model, in order to test the retrieved pulse energy dispersion. In any case, this result

procedure in the worst-case scenario. proves that, despite the fact that the model upon which it
The agreement between the two simulations is veryis based is heavily approximated, STRIPE can serve as a

good, as the STRIPE model can reproduce all the mairuseful and e cient tool for pulse characterization.

features observed in the SFA trace. Its worth mentioning

that the computational ert to compute the STRIPE trace . . . :

is much smaller than the one needed for the SFA calcuS-2 Reconstruction with white noise

lations. Indeed, the time to compute a ;mgle typ'cal.S.FAAnother important feature of our reconstruction method
trace amounts to about 30 seconds_, against the 40 mllllseq-s a great robustness against the experimental noise. To
onds needed for the computaton with the STRIPE model. prove this claim, we applied STRIPE to a trace, where an

additional very large white noise is added. We choose an
3 Trace reconstruction extreme noise level, much larger than in any reasonable

experiment, to prove that our method is basically insen-
If, on one side, itis clear that the approximated model pro-sitive to any noise intensity. The noisy trace is shown in
duces traces that nicely compare to the SFA calculationsthe top panel of Fig. 3, whereas the comparison between
on the other, to prove the possibility to use the STRIPEthe simulated and reconstructed elds is displayed in the
model for the characterization of XUV and IR pulses in bottom left and right panels of the same gure. Also here
photoelectron experiments, we must apply it to some sim-we set the IR phase to match the simulated value, for a
ulated traces, and see if it can recover the elds involved.clearer visualization. The comparison shows that, despite
We start by using STRIPE in a reconstruction of a cleanthe trace being completely distorted by the noise, with a
trace, with noise, to rst test the method. Then, we re- signal-to-noise level ratio is unrealistically low, the infor-
peated the reconstruction also including noise, to prove thenation is not actually lost and STRIPE can access it, with
real applicability of the algorithm. Eventually, we tested little to no additional uncertainty, as one can see by com-
the case of a real experimental trace. paring the elds if Figs. 2 and 3. Indeed, the precision
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on an experimental trace. We carried out the retrieval on

=18 the di erential trace, obtained by subtracting the XUV-
< 2 only spectrum, to remove the ect of a background signal
o16] 1 in the experiments, and to include in the tting the arti-
S 1al . cial spectral broadening due to the electronic response
5 of the acquisition system. Figure 4 shows a comparison
3 4o 1 between the experimental dirential trace and the recon-
uij struction one, and the reconstructed XUV (black line) and

IR (red line) pulses. The reconstruction is very accurate,

Delay (fs) and all the features of the trace are correctly recovered.
g 1 CE‘ 1 Moreover, the retrieval is not &cted by the experimental
5 ' 5 noise. The extracted IR eld duration of 26.9 fs compares
£ 05 i very well to the one obtained with an independent FROG
§ 0 305 measurement, while for the XUV STRIPE gives a dura-
c . . . . .
= 05 o tion of 10.2 fs, in line with what expected from ray-tracing
-0. c .

E S calculations.
x -1 ' 2 0

20 0 20 20 0 20 ,

Time (fs) Time (fs) 4 Conclusions

Figure 3. Results of the STRIPE reconstruction, with a large Wet.preS(?n;inVSTF\;I Fl)g’fa n;)vel meghOd Ifor the Chal,r]a(t:ter_
white noise applied to the SFA trace. The top panel shows thgZzation o an emtosecond pulses in a photo-

noisy simulated trace, whereas the bottom panels show a comelectron experiment. Our method allows to reconstruct the

parison of the simulated and reconstructed pulse. Despite th@ulses in a mUCh faster way ?‘nd With_ high degree of ac-
signal-to-noise ratio is very low, STRIPE can recover the pulsescuracy, despite all the approximation introduced. The re-
with almost the same accuracy. construction performed on a very noisy trace shows that

STRIPE is intrinsically robust against any level of noise,
and by applying it to an experimental traceeated by
large non idealities, we proved this method to be capa-
ble of precise retrieval also in real, extreme cases. Indeed,
the reconstructed pulses agree with what obtained with in-
dependent measurements. So far we tested our method
only with single-harmonic spectrograms, but we already

of the eld reconstruction is comparable to the case with
no noise, showing that the trace distortion is not basically
a ecting the robustness of the algorithm.

Exp. Rec. Pulses .

187 Sl VT, observed that the model in Eq. (2) can also be used to
% 01 —IR ‘ 0.8 ‘% properly simulated photoelectron traces in a variety of set-
bt 0 T g tings (streaking, RABBITT, etc.), making our technique a
%147 | 06 £ valuable tool for a fast characterization of the pulses in a
& — 01 §  wide range of experiments.
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