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Ultrafast extreme ultraviolet (XUV) transient absorption spectroscopy measures the time- and frequency-
dependent light losses after light—-matter interactions. In the linear region, the matter response to an
XUV light field is usually determined by the complex refractive index fi. The absorption signal is directly
related to the imaginary part of i, namely, the absorption index. The real part of fi refers to the real
refractive index, which describes the chromatic dispersion of an optical material. However, the real
refractive index information is usually not available in conventional absorption experiments. Here, we
investigate the refractive index line shape in ultrafast XUV transient absorption spectroscopy by using
a scheme that the XUV pulse traverses the target gas jet off-center. The jet has a density gradient in the
direction perpendicular to the gas injection direction, which induces deflection on the XUV radiation. Our
experimental and theoretical results show that the shape of the frequency-dependent XUV deflection
spectra reproduces the refractive index line profile. A typical dispersive refractive index line shape is
measured for a single-peak absorption; an additional shoulder structure appears for a doublet absorption.
Moreover, the refractive index line shape is controlled by introducing a later-arrived near-infrared pulse to
modify the phase of the XUV free induction decay, resulting in different XUV deflection spectra. The results
promote our understanding of matter-induced absorption and deflection in ultrafast XUV spectroscopy.
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Introduction

The development of attosecond extreme ultraviolet (XUV)
pulses based on high-harmonic generation has opened new
possibilities for studying ultrafast physical, chemical, and bio-
logical processes with unprecedented time resolution [1-28].
The broad bandwidth and short duration of attosecond pulses
are ideal for transient absorption measurements, resulting in
the new technique: attosecond transient absorption spectros-
copy (ATAS) [7-26]. Pump-probe type ATAS experiments that
combine an attosecond pulse and a near-infrared (NIR) pulse
have observed subcycle ac Stark shifts [15], states coupling
effect [16], the generation of virtual states [17], and the vibra-
tional and rotational motions in molecules [18-22].
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As the present attosecond XUV pulses are weak, the light-
matter interactions typically involve only 1 XUV photon (lin-
ear process in XUV) [3,4]. In this case, the matter response
to an XUV light field is usually determined by the complex
refractive index 7i(w) = n(w) + if(w), where w is frequency, n
is the real refractive index, and f is the absorption index. In
general, n describes the incident light’s phase shift, whereas
p describes to its attenuation. The frequency dependence of
P is related to the frequency-dependent absorption losses, i.e.,
the absorption line shape, which can be measured over a large
spectral range. The frequency dependence of refractive index
n describes the chromatic dispersion of an optical material,
which is important for understanding the reflection and
refraction of a laser field.
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The conventional ATAS experiment uses a static flush gas
cell to deliver the absorbing medium to the interaction region.
The XUV pulse traverses the gas medium from the center, and
the XUV spectrometer measures the transmitted XUV spec-
trum, by which the frequency-dependent absorption losses (/3
line shape) can be retrieved [8,9,21,23]. The refractive index
line shape, however, is difficult to be obtained directly in such
an experimental scheme. It was reported that when the XUV
pulse crosses a density-gradient gas media, the angular disper-
sion on the XUV radiation was observed, and hence, the deflec-
tion and focusing of the XUV pulses can be realized [24].

The direction and magnitude of the XUV deflection angle
depend on the refractive index #; thus, the frequency-dependent
deflection spectrum may reflect the refractive index line
shape. Moreover, the absorption line shape (f line shape) can
be controlled experimentally; previous ATAS studies have
revealed the laser-controlled absorption line shapes in helium
[8,9,23] and the rotational coherence-controlled absorption line
shapes in hydrogen and deuterium molecules [21]. n and 3 are
not independent because they both describe the same process:
the polarization of the material caused by the incident XUV
pulse. Mathematically, # and f are connected with each other
oo o f(') do,

o2 —?

by Kramers-Kronig relatlons, n(w)=1+ Pf

p(w) = sz . Zf(f) do' \where P corresponds to the

Cauchy pr1nc1pal value of the 1ntegral [29,30]. When the fline
shape changes, the refractive index 7 line shape also changes
accordingly. Until now, a comprehensive study of refractive
index line shape in ATAS is basically lacking.

Here, we measure the refractive index line shape in helium.
Based on the fact that the refractive index changes drastically
at the atomic resonances and the XUV pulse is deflected spa-
tially by the inhomogeneity of a gas jet [24], we show that the
frequency-dependent XUV deflection spectra well reproduce
the refractive index line shapes. For a single-peak discrete
absorption with a typical Lorentzian profile, a dispersive # line
shape is observed. For a doublet absorption structure, an addi-
tional shoulder-like feature appears on the deflection spectrum.
The n line shape was further controlled by adding a NIR pulse
after the XUV pulse. The NIR-induced Stark effect modifies the
phase of the free induction decay (FID), resulting in a different
absorption/refractive index line shape. Such effects were meas-
ured experimentally and agree well with the theoretical predic-
tions. The results promote our understanding of matter-induced
absorption and deflection in ultrafast XUV spectroscopy.

Materials and Methods

In the experiment, a Ti:sapphire laser system was used to pro-
duce the NIR laser pulses (100 Hz, 14 mJ, 800 nm, 50 fs).
Approximately 1.6 m] was sent into a gas-filled (0.7 bar of
argon) hollow core fiber (250—pm inner diameter), and the
pulse energy at the outlet of the fiber is 0.8 mJ. After multiple
reflections of the chirp mirrors, the compressed pulse is 0.5 m]J
at 10 fs. This pulse was used to generate high-order harmonic
from a pulsed gas jet of xenon. We used a thin (80 + 10 pm)
monocrystalline quartz plate to further broaden the spectrum
of the driving NIR pulse. The quartz plate was placed about
2 cm before the xenon gas get and experienced a laser intensity
of around 3 X 10" W/cm® [21,22]. This intensity was strong
enough to generate new spectral components through self
phase modulation, but below the damage threshold (>4 x 10" W/

Sunet al. 2023 | https://doi.org/10.34133/ultrafastscience.0029

cm?) [27,28]. We used a 500- pm-diameter pinhole and 2 silicon
mlrrors to attenuate the NIR driving field. An intensity of
2 x 10" W/cm® was estimated for the residual NIR pulse at the
sample target based on the Stark shift. A toroidal mirror was
used to refocus the XUV pulse into an absorption gas jet. The
transmitted XUV spectrum was measured by a home-built
XUV spectrometer.

A 3-dimensional manipulator was used to change the posi-
tion of the absorption gas jet. The vertical distance from the
XUV focus to the center of the gas jet is denoted as y; y =0
means the XUV pulse traverses the gas jet through the center,
while y > 0 means the XUV pulse is above the center. The gas
jet has a density gradient in the vertical direction, which
induces angular dispersion and deflection when the XUV pulse
is below/above the center of the gas jet, i.e., the gas jet acts like
a prism in the XUV range [24].

For the delay-dependent measurements, a 100-nm-thick
sheet of aluminum foil was used to totally block the residual
driving pulse. An 800-nm, 50-fs NIR pulse was picked off
from the original pulse and used as the control pulse The
intensity of the NIR control pulse is ~1 X 10'> W/cm? and it
was combined with the XUV pulse with a holey mirror. The
XUV and the NIR pulses propagated noncollinearly and
intersected at the absorption gas jet with a crossing angle of
18 mrad. The time delay between the XUV and the NIR pulses
was precisely monitored by a motorized translation stage,
and negative delay means the XUV pulse arrives before the
NIR pulse. The broadband XUV pulse excites electronic coher-
ences in helium, leading to FID that can last for picoseconds.
The temporally overlapped or later-arrived NIR pulse induces
an additional phase to the FID, resulting in a different line
shape.

Results and Discussion

Figure 1A shows the experimental result for y = —0.1 mm. The
broadband XUV pulse excites transitions from the ground state
15> to 1snp excited states of He, which results in attenuation of
the transmitted spectrum at certain energies. Owing to the lim-
ited energy resolution of the XUV spectrometer (50 meV
around 20 eV), we can only resolve absorption structures cor-
responding to lsnp resonances with n =2, 3, 4, and 5. The
deflection direction of the XUV spectrum below the 1snp res-
onances is upwards, while for the spectrum above these reso-
nances, the deflection is downwards. This result reproduces the
previous result reported by Drescher et. al. [24].

We further measured the transmitted XUV spectrum at
different He gas jet positions. The results are shown in Fig. 1B
and C. For y = 0 mm, the transmitted XUV spectrum is almost
undeflected (the deflection angle is much smaller when com-
pared with the case of y = —0.1 mm). The spectral dependence
of the line shape near the resonant energies is probably induced
by a small deflection, which can be caused by a misalignment
of the gas jet center to the XUV beam center. The gas jet nozzle
size is 100 pm, and the XUV beam size is 50 pm. During the
experiments, we controlled the gas jet position (y) with a pre-
cision of 10 pm. For the y = 0 mm case, the center of the gas
jet may not be perfectly aligned with the center of the XUV
beam. Furthermore, the pulsed gas jet was used at a repetition
rate of 100 Hz. Mechanical vibration is inevitable during exper-
iments, which may change the gas jet position a bit, resulting
in a small deviation. Figure 1C shows the result for y = 0.1 mm;
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Fig.1. Transmitted XUV spectrum at different He gas jet positions. The vertical distance from XUV focus to the center of the gas jet is denoted as y, the gas jet propagation
direction is x, and the XUV propagation directionis z. (A) y=—0.1mm, i.e., the XUV beam is 0.1 mm below the center of the He gas jet (backing pressure ~ 3 bar). The deflection
direction of the XUV spectrum below the 1snp resonances is upwards, while for the spectrum above these resonances, the deflection is downwards. (B) y =0, the XUV beam
crosses the center of the He gas jet, and the transmitted XUV spectrum is undeflected. (C) y=0.1mm, the XUV beam is 0.1 mm above the center of the gas jet. The deflection
direction of the XUV spectrum below the 1snp resonances is downwards, while for the spectrum above these resonances, the deflection is upwards. Simulation results are

shown in (D) (y=—0.1mm), (E) (y=0mm), and (F) (y=0.1mm).

on the contrary to the y = —0.1 mm case, the spectrum below
(above) the resonances are deflected downwards (upwards).

The XUV deflection caused by the inhomogeneous gas jet
is mainly determined by the refractive index. To simulate the
deflection spectrum, we used the model described in [24]. The
complex refractive index # was calculated by the Lorentz-
Lorenz formula [31].

A2 1 e2 J;
"N
2 +2 (y>

3m,e, ; a)éj - w? —ilo )
J’Z
where N (y) = Nye_  is the spatial-dependent atomic density
(we assume a Gaussian spatial profile, N, is the peak density of
the gas jet, d = 100 pm is the nozzle size), e is the electron
charge, m, is the electron mass, €, is the vacuum permittivity,
f;1s the oscillator strength of the transition j, @, is the resonant
tjrequency, o is the angular frequency of the XUV pulse, and
I'.is the resonant width [32,33]. The real refractive index n and the
absorption index f were calculated by n = Re(#1), f = Im(7).
We used the measured continuum absorption of helium to
estimate the gas density. For the backing pressure of 3 bar,
the peak density in the interaction region is estimated as
Ny~ 1.5X% 10" atoms/cm’. We considered the 1snp resonances
of He, n=2, 3, 4, 5, and calculated the frequency (w)- and
spatial (y)-dependent complex refractive index 7 (a), y)by using
Eq. 1. The real and imaginary parts of 7i(w, y), corresponding
to the refractive index n(w,y) and absorption index f(w, y),
respectively, are shown in Fig. 2 (the horizontal axis denotes
the photon energy [frequency w], and the right vertical axis
denotes the spatial position y). Figure 2A shows that the
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Fig. 2. Calculated refractive index n and absorption index g. (A) The black curve
shows the calculated refractive index n at the center of the gas medium (y=0, gas
density No~ 1.5x10% atoms/cm®), a typical dispersive line shape can be seenin the
vicinity of Isnp resonances (n =2, 3,4,5). (B) The black curve is the absorption index
p for the peak density Ny, which shows a Lorentzian line shape. The pseudo-color
images are the frequency (w)- and spatial (y)-dependent refractive index [n(w,y),
(A)] and absorption index [5(w,y), (B)] when considering the y-dependent atomic

2
density N(y) = Noe’fTZ.

refractive index # > 1 (indicated in red) at photon energies
below the resonance, and n < 1 (indicated in blue) at photon
energies above the resonance. We further extracted the refrac-
tive index at the center of the gas medium (y = 0, black curve
in Fig. 2A), and a typical dispersive line shape can be seen.
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Figure 2B shows the calculated absorption index f, which
shows a symmetric Lorentzian profile.

The amplitude and phase changes of the XUV field
was calculated by using the eikonal approximation,

oL {i[0)-11-p())
A(y,z=0)=Aq(y)e c , where A, is the initial
amplitude of the incident XUV field, L = 0.2 mm is the gas
jet thickness, and c is the speed of light. The angle-dependent
XUV amplitudes were calculated by applying the small-
angle approximation of Kirchhoff diffraction formula,

iw [ysin(9)+}%] /c

A0,z =95) x fA(y)e dy, where S =1 m is the

distance from the detector plane to the gas jet. A detailed
description of the calculation model was provided by Drescher
etal. in [24]. The simulation results are shown in Fig. ID to E,
which agree with the experimental results very well.

We now fix the gas jet at y = —0.1 mm and change the He
backing pressure. The results for 1s2p resonance are shown in
Fig. 3. Similar to the previous results reported in [24], the
deflection increases with the backing pressure (Fig. 3A to C)
as the refractive index gradient is proportional to the atomic
density. Moreover, a narrow feature with small deflection can
be seen at high pressures (Fig. 3B and C); such effect was not
observed in [24].
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Fig. 3. Experimentally measured XUV deflection at different gas pressures. (A to C) XUV deflection spectra for backing pressures of 3 bar (A), 5 bar (B), and 8 bar (C), the
gas jet was fixed at y = —0.1mm. A narrow feature with small deflection can be seen at high pressures. (D to F) XUV spectra after applying intensity normalization along the
deflection angle axis. (G) The deflection angle at the maximum intensity as a function of photon energy. The deflection has a typical dispersive line shape at 3 bar, while an
additional shoulder structure appears at 5 bar; the shoulder structure becomes more obvious when the pressure increases to 8 bar.
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For a better view of the narrow feature, we apply intensity
normalization along the deflection angle axis (vertical axis),
IL.(@,0) =1(w,0)/1,,(w), where I, (w,6) is the normalized
XUV spectrum, as shown in Fig. 3D to F; I(w,0) is the meas-
ured XUV spectrum, as shown by Fig. 3A to C; and I, (w) is
the maximum spectral intensity at each photon energy w. For
3 bar, the deflection has a dispersive line shape, which is similar
to the refractive index » in Fig. 2A. For 5 bar, the deflection
shows an additional feature on the dispersive line shape. We
call it the shoulder structure based on the shape; this structure
becomes more obvious at 8 bar. We further extracted the deflec-
tion angle at the maximum intensity as a function of photon
energy, as shown in Fig. 3G; the shoulder structure is absent at
3 bar, appears at 5 bar, and becomes more obvious when the
pressure increases to 8 bar.

The pressure dependence of the shoulder structure suggests
that it may be related to the resonant pulse propagation effect
[13,34-38]. Most ATAS experiments have assumed that the
measured macroscopic absorbance is proportional to the
single-atom absorption cross-section and complies with
the Beer’s law. The treatment implicitly assumes that the absorb-
ing gas is diluted and the transmitted XUV pulse did not change
much; such an assumption may not be appropriate at high
pressures.

To illustrate this, we first solved the time-dependent
Schrodlnger equation with a 3-level model. Here, we consider
the 1s% 1s2p, and 1s3s states of helium, where the XUV pulse
pumps the system from 1s” to 1s2p, and the residual NIR driving
laser couples 1s2p and 1s3s (Note that in actual experiments,
we used 2 silicon mirrors and a 500-pm-diameter pinhole to
attenuate the NIR driving laser after high-harmonic generation,
which cannot ehmmate the NIR pulse completely. An intensity
of 2 X 10" W/cm® is estimated for the residual NIR pulse at the
sample target based on the Stark shift). We then solved the
1-dimensional Maxwell’s wave equation of the XUV pulse in
the moving frame (#' = t — z/c) in the following:

0Ex(t'.z) N ou(t’.2)
0z ce o

2)

Here, the induced dipole moments y(t', z) resulted from solving
the time-dependent Schrédinger equation are inserted as
source terms, and the NIR laser is presumptively not changed
during its propagation in the gas medium since the absorption
of the NIR photon is very weak. The XUV absorption spectrum
during propagation is defined by the optical density (OD) in
the frequency domain, OD(w,z) = —log [I(w,z)/I,(w)], where
I(w, ) is the intensity of the XUV pulse at distance z, and I,(w)
is the input XUV intensity. In our calculations, the intensity of
the XUV pulse is 10'° W/cm?, and its duration i is 500 as, whlle
the intensity of the 800-nm NIR laser is 2 X 10" W/cm?, and
its duration is 5 fs. A decay time of 60 fs is used for the laser-
induced polarization. The gas pressure of hehum is set as 0.8 bar,
thus the atomic density N = 1.9 x 10'* atoms/cm” at room
temperature.

Figure 4A shows the calculated OD. Several reshaping struc-
tures were observed, which correspond to multiple subpulses
generated during propagation. The characteristic propagation
distances where the reshaping structure appears are labeled by
white dashed lines. Figure 4C to G shows the XUV envelopes
corresponding to z = 0.02, 0.04, 0.08, and 0.16 mm, respec-
tively. The initial XUV pulse is short (z = 0 mm), and a long
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tail (subpulse 1) appears after short propagation (z = 0.02 mm),
giving rise to the early reshaping of the absorbance. Additional
subpulses (2, 3, and 4) appear when the propagation distance
increases. These subpulses have different delays with respect
to the NIR pulse, causing additional absorption structures. The
temporal reshaping of the XUV pulse can be understood as the
coherence-induced long tail of the electric field (FID). This
newly generated, long-lasting, electric field is out of phase with
the driving field, leading to destructive interference (absorp-
tion). As the long tail of the electric field propagates through
the medium, it in turn will excite new FID (a new subpulse),
and the process repeats. Similar results have been previously
reported by Liao et al. [13]. We also performed the same cal-
culations without considering the NIR field. Similarly, multiple
subpulses were generated in the XUV field, as shown in Fig. 4H
to L. These subpulses modify the XUV absorbance, as shown
in Fig. 4B. Such modification solely causes a change in absorp-
tion strength, while the absorption structure remains as a
single peak.

Now, we summarize these observations. Resonant propaga-
tion induces temporal reshaping of the XUV pulse, i.e., the
formation of subpulses in the XUV time profile. The number
of subpulses increases with the propagation distance z, giving
rise to several reshaping structures in the absorbance. These
subpulses have different delays with the NIR pulse, causing
additional absorption structures. In a quantum picture, the
XUV pulse excites the coherence between 1s” and 1s2p states.
The NIR pulse further interacts with the system by coupling
1s2p state with 1s3s state. W1thout the NIR pulse, the quantum
coherence is limited to 1s” and 1s2p. The propagation-induced
subpulses only modify the absorption spectra in strength. With
the NIR pulse, the coherence is further transferred to 1s3s state.
The evolution of the whole 3-level system modifies the absorp-
tion structure; as a result, the single peak structure changes to
the doublet peak one.

The Maxwell's wave equation that we used for the propagation
calculation is 1-dimensional, and the calculated XUV field only
shows information in the propagation direction (z axis). The
deflection information, however, is in the angle direction (y axis).
To compare with the measured results, we need to simulate the
XUV deflection spectrum in the far field. As we described before,
such a simulation is based on the small-angle approximation

i | ysin(0 y—z] c
of Kirchhoff diffraction A0, z = S) « I A(y)e [y s |/ dy,

oL{i[n(»)-1]-F()}
A(y) =4, (y)e c . Although the propagation cal-

culation result elucidates the main effect induced by the resonant
pulse propagation, i.e., the XUV subpulse accumulates and
strengthens with the propagation distance, resulting in a doublet
absorption structure. The distribution information of the real
refractive index and the absorption index in the y axis, i.e., n(y)
and f(y), are missing in such a 1-dimensional (z axis) calculation.
Therefore, we cannot use the propagation result directly in the
deflection simulation, instead, we used the key idea of a doublet
being generated during propagation.

We model the doublet structure by assuming that there are
2 transitions, and they are close to each other in energy. The
frequency of trans1t10n 1 (wy;; = 21.217 €V) was chosen based
on the energy of 1s> — 1s2p transition of helium. The oscillator
strength of transition 1 (f;, = 0.2764) was adapted from [32,33].
For transition 2, the resonant frequency (@, = @;, + 0.05 eV)
and oscillator strength (f,, = f;;) were chosen to form a doublet
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Fig.4.Propagation calculation of the XUV absorption spectra and XUV envelopes. (A and B) Calculated XUV absorption spectra with/without considering the NIR pulse. Several
reshaping structures were observed, which correspond to multiple subpulses generated during propagation. The characteristic propagation distances where the reshaping
structure appears are labeled by white dashed lines. (C to G and H to L) The XUV envelopes at z = 0.02, 0.04, 0.08, and 0.16 mm with/without considering the NIR pulse. The

number of subpulses increases with the propagation distance z.

structure with the same peak height. By using Eq. 1, we calcu-
lated the complex refractive index 7. Figure 5A shows the cal-
culated absorption index f (blue curve) and real refractive
index n (red curve). # shows a doublet peak, while n exhibits a
shoulder structure between 2 resonance peaks. Figure 5B shows
the calculated XUV deflection spectrum for y = —0.1 mm (the
XUV pulse is 0.1 mm below the gas jet). Similar to the exper-
imental results in Fig. 3C, a narrow feature with small deflection
can be seen. Figure 5C shows the XUV spectra after applying
intensity normalization along the deflection angle axis, which
agrees well with the experimental results in Fig. 3F. We also
calculated the deflection spectra by using different w,, and f,;
similar shoulder structures were observed as long as a clear
doublet structure exists (2 transition peaks with similar inten-
sity are partially overlapped). The effect of a doublet structure
was discussed in [14], where the doublet was formed by 4d and
6s resonances (real states) of krypton, and the main discussion
of [14] was about the spectrum compression by the 4-wave
mixing process. In our case, the doublet was not formed by 2
real states; it was generated during resonant pulse propagation
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in helium, and we focused our discussion on the shape of the
deflection spectrum.

The shoulder structure observed in the deflection spectra
originates from the doublet feature in absorption due to the
resonant pulse propagation effect. A comparison between
Fig. 5C with the red curve in Fig. 5A shows that the shape of
the normalized deflection spectra well reproduces the refrac-
tive index line shape. To further illustrate this, we changed the
absorption index f line shape from a symmetric Lorentzian
profile to an asymmetric Fano profile.

The broadband XUV pulse excites electronic coherences in
helium, leading to FID that can last for picoseconds. The tem-
porally overlapped or later-arrived NIR pulse induces an addi-
tional phase to the FID, resulting in a different line shape. This
additional phase is a cumulative effect that originates from the
Stark shift and depends on the delay between the XUV and
NIR pulses. We first calculated the transient absorption spectra
of helium by using a density matrix approach [39]. Multilevel
are considered (1s’ 1s2p, 1s3s, 1s3p, 1s3d, 1sds, 1s4p, and
1s4d). The intensity of the XUV pulse is 1 x 10'° W/cm®, and
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Fig. 5. Calculated XUV deflection spectra by considering a doublet absorption
structure. (A) Absorption index g (blue curve) shows that when 2 absorption
features are close to each other in energy, the corresponding refractive index n (red
curve) exhibits a shoulder structure between 2 resonance peaks. (B) Calculated XUV
deflection spectra for y= —0.1mm (the XUV pulse is 0.1 mm below the gas jet). A
narrow feature with small deflection can be seen. (C) XUV spectra after applying
intensity normalization along the deflection angle axis, the shape of the normalized
deflection spectra well reproduces the refractive index line shape. The calculation
results agree well with the experimental results in Fig. 3C and F.
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its duration is 500 as, while the intensity of the 800-nm control
laser is 1 X 10"> W/cm?, and its duration is 50 fs. Figure 6A
shows the calculated delay-dependent absorption spectra,
where negative delay means the XUV pulse arrives on the target
before the NIR pulse. The main features in Fig. 6A are the ac
Stark shift and the laser-induced states, which are well known
in ATAS; similar features were observed in [34,38]. For a closer
look at the line shape of the 1s2p resonance, we enlarge a por-
tion of Fig. 6A, as shown in Fig. 6B. When the XUV arrival
time changes from the rising edge of the NIR pulse (negative
delay) to the decreasing edge of the NIR pulse (positive delay),
the line shape varies. We chose 4 delays = = 25, 30, —65, =55 fs
(labeled by the white dashed lines in Fig. 6B) to ensure that
the XUV pulse arrives at the rising edge or falling edge of the
NIR pulse. The corresponding absorbance values are shown
in Fig. 6C to F respectively. The line shapes are asymmetric,
i.e., Fano profiles.

For the large negative delays, an additional weak absorption
structure exists at the low-energy side of the main Fano profile.
Such effect was observed in previous literatures [38] and termed
as the sideband formation (the physical mechanism is the later-
arrived NIR pulse couples the np states to nearby ns or nd
states). We neglect such sideband formation effect since it is
much weaker than the main Fano profile. The Fano parameter
q changes with the delay, ¢ = 1.7, 3.7, =3.7, and —1.7 for 7 =
25, 30, —65, and —55 fs.

To calculate the deflection spectra, we simulated the absorp-
tion index line shape with the Fano parameter g = 1.7, 3.7, oo,
—3.7,and —1.7 (g = o corresponds to a symmetric Lorentzian
profile), as shown by the blue curves in Fig. 7A to E. The red
curves are the corresponding refractive index n calculated via

-80 -60 -40 -20 0 20 40 60

Delay 7 (fs)
Cr=25fs||D7=30fs| |[ET=-65fs| |[Fr=-55fs
21 213 21 213 21 213 21 213

Energy (eV)Energy (eV)Energy (eV)Energy (eV)

Fig. 6. Calculated delay-dependent absorption spectra of helium. (A) Density matrix calculation of the attosecond transient absorption spectra of helium. The main features
are the ac Stark shift and the laser-induced states, which are similar to the results reported in previous literatures. (B) Zoomed-in view of (A). The line shape varies with the
delay; 4 delays = = 25, 30, —65, and —55 fs are chosen (labeled with white dashed lines) to ensure that the XUV pulse arrives at the rising edge or falling edge of the NIR pulse.
Negative delay means the XUV pulse arrives on the target before the NIR pulse. (C to F) The absorption spectra corresponding to the 4 chosen delays. The line shapes are
asymmetric Fano and the Fano parameters are g~1.7, 3.7, —3.7, and 1.7 for = 25, 30, —65, and —55 fs.
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Fig.7. XUV deflection spectra for different absorption line shapes. (A to E) The absorption index 4 line shape (blue curve) was changed from a symmetric Lorentzian profile
to an asymmetric Fano profile. The corresponding refractive index n (red curve) was calculated via the Kramers—Kronig transform. (F to J) Calculated XUV deflection spectra
for y = —0.1mm (the XUV pulse is 0.1 mm below the gas jet). The deflection spectra line shape reproduces the refractive index line shape for all situations. (K to O) The
experimentally measured deflection spectra by adding a NIR pulse at different temporal delays. The temporal delays were intentionally selected to ensure that the XUV pulse
arrives at the increasing edge or decreasing edge of the NIR pulse. z = 30 fs for (K), 44 fs for (L), —82 fs for (N), and —36 fs for (O); negative delay means the XUV pulse arrives
on the target before the NIR pulse. The NIR pulse was blocked for (M), serving as a reference. The temporally overlapped or later-arrived NIR pulse induces an additional phase
to the XUV FID; this additional phase is a cumulative effect that originates from the Stark shift and depends on the delay between the XUV and NIR pulses, resulting in different

line shapes. The maximum deflection angle changes from negative to positive, which agrees with the simulation results in (F) to (J).

the Kramers-Kronig transform [29,30]. We assume that the
XUV beam is 0.1 mm below the He gas jet; the calculated XUV
deflection spectra are shown in Fig. 7F to J. Again, the deflection
spectra line shape well reproduces the refractive index line shape
for all situations. In the experiments, the temporal delays were
intentionally selected to ensure that the XUV pulse arrives at
the increasing edge or decreasing edge of the NIR pulse. The
delays are respectively 30, 44, -82, and —36 fs for Fig. 7K, L, N
and O. The delay points for the simulation [Fig. 6C to F] were
chosen to best match the experimental observations. The dis-
parity between the chosen delay values for the simulation and
the experiment may arise from 2 reasons. First, the estimated
NIR intensity in the simulation is based on the Stark shift, which
may be not very accurate. Second, in the adopted multilevel
model, the ignored higher levels may affect the 1s2p absorption
through the state-coupling effect. Figure 7M shows the XUV
deflection spectra when the NIR pulse was blocked. The surface
of the aluminum foil was oxidized due to long-term use, and
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the low transmission results in a much weaker XUV signal and
much more noise. The maximum deflection angle changes from
negative to positive, which agrees with the simulation results in
Fig. 7F to J very well.

Conclusion

In conclusion, we have investigated the refractive index line
shape in ultrafast XUV transient absorption spectroscopy by
using the scheme that the XUV pulse traverses the gas jet oft-
center. The inhomogeneity of the gas jet induces deflection on
the XUV radiation, the frequency dependent deflection spectra
well reproduce the refractive index line shapes. A typical
dispersive refractive index line shape is measured for a sin-
gle-peak absorption, and an additional shoulder structure with
small deflection appears for a doublet absorption. Moreover,
the refractive index line shape can be controlled by adding a
NIR pulse after the XUV pulse to modify the phase of the FID.
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Our results provide a new perspective on studying light-matter
interactions by using ultrafast XUV transient absorption spec-
troscopy. The real refractive index and the absorption index
may be measured simultaneously, which provides a full picture
of a material's linear response to incident light.
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