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1. Introduction

The study of sub-femtosecond physical phe-
nomena relies on attosecond pump-probe spec-
troscopy experiments. In this framework, the
pump beam is a strong infrared (IR) few-cycle
laser pulse and the probe beam is an attosec-
ond extreme-ultraviolet (XUV) burst produced
through high-order harmonic generation (HHG),
a highly non-linear process that stems from
the interaction between a strong IR laser pulse
and rare gas atoms. In the AuDACE lab-
oratory at Politecnico di Milano, an innova-
tive attosecond beamline based on a sequential
double-foci geometry is installed and o�ers the
opportunity of studying electron dynamics in
solid-state samples with attosecond resolution
[1]. In this paper, two beamline modi�cations
are discussed: a new hardware implementation
based on polarization-invariant gold-coated mir-
rors and a new XUV spectrometer; an innovative
algorithm for pulse reconstruction, particularly
robust against noise.

2. Experimental Setup

Conducting time-resolved pump-probe spec-
troscopy requires the generation of both strong
IR laser pulses and XUV coherent radiation,
which then propagate collinearly inside the

double-foci beamline where two sequential mea-
surements take place in distinct interaction re-
gions.

2.1. Laser Setup and Generation

Chamber

A Ti:sapphire oscillator outputs a pulse train
with central wavelength equal to 800 nm, which
is then send through a chirped-pulse ampli�-
cation stage. The outcoming beam consists of
CEP-stabilized IR pulses that are focused in-
side an hollow-core �ber followed by a battery of
chirped mirrors, allowing to reach transformed
limited durations of <5 fs. At that point, the
IR pulses enter the attosecond beamline, where
a 70:30 beam splitter sends the IR pump beam
to both the generation and delay arms. The 70%
of the beam is focused inside a gas cell contain-
ing Neon atoms, where is up-converted through
HHG, leading to the production of attosecond
XUV bursts. The other beam is sent through a
delay line.

2.2. First Interaction Region

Pump and probe beams are focused by a gold-
coated toroidal mirror inside the �rst interaction
region, where a gas target is placed in the fo-
cal spot of a time-of-�ight spectrometer (TOF).
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Here, XUV pulses ionize gas atoms giving a pho-
toelectrons wavepacket that subsequently inter-
acts with the IR pulse: this process is called
laser-assisted photo-emission (LAPE). The elec-
trons propagate inside the drift tube and then
are collected by a micro-channel plate (MCP)
that measures their kinetic energy. Therefore,
the TOF spectrometer collects photoelectron
spectra that describe the laser-dressed dynam-
ics experienced by electrons with initial energy
ε = h̄ω − Ip, where ω is the XUV photon fre-
quency and Ip is the gas ionization potential.
Therefore, when the photoelectron spectra are
measured without the IR pump pulses, their
spectral distribution is the energy-shifted replica
of the XUV pulse spectral intensity. Conversely,
if the IR pump beam is present, the photoelec-
tron spectrum is "streaked" in energy by an
amount that depends on τ , the XUV-IR delay,
and that follows the IR vector potential. The
collection of spectra measured at di�erent delays
is called spectrogram or streaking trace and can
be used both as an input to pulse reconstruction
algorithms or to obtain an independent calibra-
tion of the pump-probe delay axis.

2.3. Second Interaction Region

The pump and probe pulses coming from the
TOF spectrometer are collected by another
toroidal mirror and then focused inside the sec-
ond interaction region, where they impinge to
the solid sample. In AuDACE, attosecond ex-
periments are conducted in re�ection geome-
try, and the re�ected XUV spectra encoding the
pump-modi�ed sample properties are spatially
dispersed and then collected by an XUV spec-
trometer. As done in the �rst region, collecting
XUV spectra for di�erent values of the XUV-IR
delay allows to obtain a bi-dimensional map that
encodes the evolution of the ultrafast phenom-
ena occurring inside the sample. Especially, the
measured di�erential signal is de�ned as follows:

∆R

R0
(ω, τ) =

Ron(ω, τ)−Ro�(ω, τ)

Ro�(ω, τ)
(1)

where Ron/o� are respectively the XUV spectra
detected in condition of perturbed and not per-
turbed sample. Thanks to the double foci of
the beamline, the di�erential signal coming from
the unknown sample can be precisely calibrated
against the known target of the �rst focus.

3. New Beamline Characteriza-

tion

In this section, two major beamline modi�ca-
tions are presented. They consist of new focus-
ing mirrors that preserve the polarization state
of both the IR and XUV pulses and a new XUV
spectrometer, that a�ords to conduct more reli-
able and faster experiments.

3.1. Polarization-Invariant Optics

The previous version of the beamline was made
to work only with linearly polarized light. This
can be a big limitation for future experiments
where we want to explore sub-femtosecond dy-
namics exploiting a further level of speci�city:
the spin of electrons. Indeed, discriminating
optically-induced spin dynamics in solid sam-
ples allows to reveal complex phenomena in ad-
vanced materials, such as the mechanism of val-
ley polarization in transition metal dichalcoge-
nies (TMDC) [2]. For this to work, circularly po-
larized XUV and IR pulses are required. In the
context of the AuDACE beamline, this trans-
lates into two di�erent needs: a new scheme
for the generation of circularly polarized XUV
light [3] and new beam focusing mirrors. In the
old scheme, before each interaction region, the
pump and probe beams were collected and fo-
cused by one toroidal mirror.

Figure 1: Foci of (a-b) IR and (c-d) XUV beams
at the �rst and second interaction regions, re-
spectively.

We introduced a further plane mirror for each
toroidal, mounted with its normal versor per-
pendicular to that of the toroidal. This geome-
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try guarantees that both the pulse polarization
components su�er sequentially an s and p re-
�ection. In that way, the state of circular po-
larization is preserved. To assess the focusing
capability of the new polarization-invariant op-
tics, images of the IR and XUV spot sizes were
detected at both focal planes (�gure 1). The
comparison showed that both the IR and XUV
foci are reproduced correctly in the interaction
regions.

3.2. Low Noise XUV detector

In the precedent attosecond line the XUV spec-
tra re�ected by the sample was collected by
a stack composed of a MCP and a phosphor
screen, and the emitted light was then collected
by a visible (VIS) camera. To improve the ac-
quisition scheme, a new XUV charge-coupled de-
vice (CCD) camera was installed. To compare
the detectors, a two-fold error analysis was con-
ducted: �rst, two �gure of merits measuring the
relative level of noise were computed; second,
pump-o� experiments were done, where the col-
lection of two pump-o� XUV spectra per delay
allows to recover a signal that reveals the noise
amplitude evolution during all the acquisition
time (equation 1, Ron ≡ Ro�). Table 1 shows
the comparison between the two detectors: the
CCD relative error, σN , computed as the ratio
between the noise �oor and the signal peak, is
decreased by one order of magnitude, while the
signal to noise ratio, SNR, is almost three times
greater than that of the MCP.

σN SNR

MCP 0.239% 81.99

CCD 0.016% 269.07

Table 1: CCD and MCP comparison. The new
CCD camera is characterized by a lower relative
error, σN , and a higher SNR.

This analysis showed that the CCD camera al-
lows for a faster acquisition a�ected by a lower
level of noise. Furthermore, the second anal-
ysis showed that the CCD camera, unlike the
MCP, bene�ts from a water cooling and an eas-
ier photon-signal conversion. This allows to set
much more lower integration times, resulting
into less time-consuming and more reliable ex-

periments.

4. Pulse Temporal Characteri-

zation

Pulse characterization consists of two recipro-
cal problems: pulse measurement and pulse re-
construction. Pulse measurement deals with
the direct formulation of the problem: measur-
ing TOF traces resulting from the interaction
between IR and XUV pulses mediated by gas
atoms allows to translate their temporal prop-
erties into an intensity signal. Conversely, pulse
reconstruction aims to solve the inverse problem:
starting with a TOF trace, a suitable algorithm
aims at outputing the two desired pulses in time:
EIR(t) and EXUV (t).

4.1. Pulse Measurement

Quantum mechanical calculations permit to de-
velop a physical model for the TOF trace.
Within the Strong-Field Approximation (SFA),
which neglects all the electron interactions ex-
cept for that driven by the laser IR pulse, the
photoelectron spectrum as a function of momen-
tum p and IR-XUV delay τ can be written as:

SSFA(p, τ) =

∣∣∣∣i ∫ +∞

−∞
dtEXUV (t− τ)

d(p−AL(t))e
−iΦ(p,t)e

−i

(
p2

2
+Ip

)
t
∣∣∣∣2

(2)

where:

Φ(p, t) =

∫ +∞

t

[
−p ·AL(t

′) +
A2

L(t
′)

2

]
dt′

where EXUV is the XUV electric �eld and
AL is the IR vector potential. This equation
has a nice physical interpretation: the quan-
tity EXUV (t − τ)dp−AL

represents the ioniza-
tion of the electron at time t− τ while the com-
plex term exp{−iΦ(p, t)} describes the evolu-
tion of the electron inside the laser �eld starting
from the ionization time. Measuring electron
kinetic energies for di�erent IR-XUV delays al-
lows to record the bi-dimensional map expressed
by equation (2), so called spectrogram, that en-
codes the temporal properties of both the IR
and XUV �elds. Indeed, the TOF spectrome-
ter plays the role of a streak camera, translat-
ing the beam temporal properties into electron
momentum distributions through the sweeping
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action of the IR �eld. A reconstruction algo-
rithm could process this trace and outputs the
unknown �elds.

4.2. Pulse Reconstruction

If two-colour ionization has nowadays become a
benchmark technique for pulse measurement in
attosecond science, this is not true for pulse re-
construction. Extracting the IR and XUV time
pro�les from a TOF trace is today one of the
most challenging task that led to the develop-
ment of several di�erent algorithms. According
to [4], the SFA trace in equation (2) could be
cast in the following expression:

S(ω, τ) =

∣∣∣∣i∫ +∞

−∞
dt P (t− τ)G(t)e−iωt

∣∣∣∣2 (3)

where ω = p2/2 + Ip is the XUV photon fre-
quency. This is possible if two important ap-
proximations are introduced:
• The electron wavepacket approximation
(EWP), that entails neglecting the dipole
moment contribute. From a physical point
of view, this implies that the photoelec-
tron packet has equivalent spectral proper-
ties with respect to XUV pulse, yet shifted
by the ionization potential. The pulse func-
tion is therefore:

P (t) = EXUV (t)

• The Central Momentum Approximation
(CMA), which instead consists of replacing
the momentum dependence with the central
momentum, p0, resulting in the following
gate pulse:

G(t) = e−iΦ(p0,t) (4)

where:

Φ(p0, t) =

∫ +∞

t

[
−p0 ·AL(t

′) +
A2

L(t
′)

2

]
dt′

This shows that the IR electric �eld acts as
an ultrafast phase modulator, shaping the
electron spectrum depending on the value
of the XUV-IR delay.

Especially, the CMA allows to remove any fur-
ther momentum dependence inside the SFA in-
tegral, except for the complex exponential term
eiωt. The whole integral of equation 3 thus cor-
responds to the Fourier transform of the gated

function PXUV (t − τ)G(t). This writing deeply
speeds up the reconstruction procedures. Obvi-
ously, the CMA and the EWP approximation
may lead to inaccurate reconstructions, espe-
cially when dealing with broadband XUV pulses,
where the prescription p ∼ p0 becomes insu�-
cient. Nevertheless, typical XUV spectra pro-
duced by HHG driven by 800 nm IR pulses have
a bandwidth of approximatively 10 eV, support-
ing transformed limited duration of hundreds of
attoseconds. Therefore, neglecting the e�ect of
a �nite bandwidth is not dramatically chang-
ing the temporal properties of the reconstructed
pulses. Furthermore, relatively narrow bands al-
low to assume a �at dipole matrix element, justi-
fying the EWP too. For these reasons, the avail-
able algorithms, based on the CMA and EWP
approximations are legitimate.

4.3. ePIE and STRIPE

In this section, TOF noisy traces are simulated
and two algorithms are used to reconstruct both
the XUV and IR �elds. The �rst one is based
on a one-dimensional formulation of ptychogra-
phy, an established technique of microscopy that
serves as reconstruction tool for bi-dimensional
real objects. It is called extended Ptychographic

Iterative Engine (ePIE) and it is an iterative
algorithm extended in 2015 to the attosecond
domain [5]. The second algorithm we devel-
oped is called Simpli�ed Trace In The Pertur-

bative regimE (STRIPE) [6]. STRIPE assumes
to deal with low-intensity and long IR pulses,
so that the A2

L(t) contribute to the gate pulse
in equation 4 can be neglected and applying the
slowly varying envelope approximation (SVEA)
is legitimate. In this way, the spectrogram (2)
becomes:

SSTRIPE(ω, τ) =

∣∣∣∣i∫ +∞

−∞
dtEXUV (t− τ)

e
−i

p0
ω2
IR

EIR(t)
e−iωt

∣∣∣∣2
where ωIR is the IR pulse central frequency. Es-
pecially, STRIPE allows an innovative way of
processing the TOF traces as it can run over
the di�erential trace, resulting by the di�erence
between pump-on and pump-o� electron spectra
acquired at the same delay, thus improving the
robustness against noise.
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Figure 2: (a) Simulated streaking trace with an
additional white noise �oor and (b) correspond-
ing di�erential trace. (c) STRIPE reconstruc-
tion of the spectrogram and (d) of the di�eren-
tial trace. Simulation parameters: IR intensity
= 0.5 TW/cm2 and TL duration 8 fs; XUV du-
ration 500 as.

To prove this, we simulated a trace resulting
from the interaction between a few-cycle IR laser
pulse and an isolated attosecond XUV pulse.
A white noise �oor was added to the spectro-
gram to mimic the experimental conditions. Fig-
ures 2.c and 2.d show the simulated and STRIPE
reconstructed di�erential traces. Figure 3 shows
the comparison between the reconstructed �elds
by ePIE and STRIPE.

Figure 3: (a) XUV spectral amplitude and
phase. (b) XUV time intensity pro�le. (c) IR
�eld. In all panels the simulated quantities are
presented in solid blue, the STRIPE and ePIE
reconstructions in dashed orange and yellow, re-
spectively.

Figure 4: (a) Simulated streaking trace with an
additional white noise �oor and (b) correspond-
ing di�erential trace. (c) STRIPE reconstruc-
tion of the spectrogram and (d) of the di�eren-
tial trace. Simulation parameters: IR intensity
= 0.5 TW/cm2 and TL duration 15 fs; XUV TL
duration 6.2 fs, GDD = 0.1 fs2 , TOD = -0.1 fs3.

Despite the use of an intense and short IR pulse,
for which the approximations below STRIPE
start to fail, the new algorithm produces a more
accurate reconstruction than ePIE. Indeed, ePIE
interprets the noise background as a meaning-
ful signal, enlarging the XUV bandwidth which
causes the algorithm to underestimate the pulse
time duration (�gure 3.b). On the other hand,
the noise background is completely removed in
the di�erential trace. As such STRIPE does
not su�er for the associated artefact. To fur-
ther test, we simulated the spectrogram formed
by the interaction between a low-intensity and
long IR pulse and an attosecond pulse train (�g-
ure 5.a). This time, delay-correlated noise was
added. This kind of noise hinders ePIE recon-
struction since it introduces low-frequency tem-
poral features. Figures 4.c and 4.d show the
simulated and STRIPE reconstructed di�eren-
tial traces. Figure 5 shows the reconstructed
pulses. Other traces were simulated, chang-
ing the kind of noise a�ecting the trace and
tuning its amplitude. STRIPE always proved
to be more robust against noise and its recon-
structions were more accurate and reliable than
those of ePIE. This directly comes from the way
SRIPE is facing the inverse problem. On the one
hand, the di�erential trace contributes to lower
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down the noise amplitude, hopefully to negli-
gible values if the noise a�ecting the measure-
ment does not vary faster than the time com-
prised between two subsequent laser shots. On
the other hand, STRIPE provides a least squares
solution, namely it looks for the �eld distribu-
tion that better �ts the input trace, yet still
providing analytical solutions that are de�ned
inside the �tting function. It never converges
to noisy signals since it architecture excludes
such hypothesis. Given its deterministic math-
ematical formulation, the reconstructed traces
are bound to the set of traces that does not in-
clude noisy features. Conversely, ePIE makes
use of the measured data and introduces them
as physical constraints to �nd convergence. As a
consequence, it cannot distinguish between noise
and the physics of two-colour ionization, result-
ing into less accurate reconstructions. Finally,
a further bene�t that comes with STRIPE is
the speed of convergence: all the reconstructions
took approximately from 30 seconds to 1.5 min-
utes when employing STRIPE, while 5-10 min-
utes for ePIE.

Figure 5: (a) XUV spectral amplitude and
phase. (b) XUV time intensity pro�le. (c) IR
�eld. In all panels the simulated quantities are
presented in solid blue, the STRIPE and ePIE
reconstructions in dashed orange and yellow, re-
spectively.

5. Conclusions

Attosecond spectroscopy is playing a key role
in enlarging our understanding of ultrafast phe-
nomena happening on the natural scale of elec-
tron motion, a key enabler for the development
of next generation technology based on the inter-
action between few- and sub-femtosecond pulses
and matter. Indeed, the fundamental prerequi-
site of petahertz technology is the capability of

coherently controlling suitable physical quanti-
ties and, therefore, time-resolved measurements
of processes driven by femtosecond laser pulses
are well-suited for it. In this work we made a
further step in this direction by installing and
testing new XUV optics capable of making the
beamline polarization invariant. This is the �rst
time that such an approach is used in combina-
tion with attosecond pulses, opening new inves-
tigation possibilities with particular attention to
ultrafast magnetism.
Any kind of pump-probe experiment could only
bene�t from an enhanced reliability and ac-
curacy of the technique used for pulse tem-
poral characterization. In that framework, a
novel model for treating streaking traces, named
STRIPE, based on di�erential trace �tting, was
presented. A comparison with an established al-
gorithm allows to conclude that STRIPE is su-
perior in terms of robustness against noise, ver-
satility and convergence speed, thus making it
a valuable tool for the correct interpretation of
attosecond pump-probe experiments.
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