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1. Optical properties of the light field synthesizer 

 

Fig. S1 
Simulated reflectivity of the dichroic beamsplitters (DBS). 
 
 

 

Fig. S2 
Simulated total transmission of the individual channels of the optical field synthesizer. 
Blue (orange) line includes the reflectivity of two DBSUV-VIS (DBSVIS-NIR) and six chirped 
mirrors (50) CMVIS/UV (CMVIS), whereas the red curve shows the calculated transmission 
based on six CMNIR. 
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Fig. S3 
Photograph of the field synthesizer in operation. Beams have been visualized by nitrogen 
vapor. 
 
 
Intensity control with adjustable apertures 
 
To control the relative intensities between pulses in different channels of the light field 
synthesizer, apertures with controllable diameters were installed into the beam path of 
each channel.  
 
Despite the fact that for the experiments presented in the main text this kind of control 
has not been utilized, we can conveniently tune the intensity in the focus of each channel 
by a factor of ~10. Due to this type of intensity control, spatial chirps may set in when 
pulses of various channels have slightly different beam diameter. However, these effects 
are not very critical for our experiments thanks to the extreme nonlinearity of the 
processes involved or studied.   
For example, XUV pulse generation (or high harmonic generation in general) is confined 
to within a tiny fraction of the focused synthesized transient where the intensity is the 
highest and where all fields of the channels necessarily overlap. Moreover, at the probing 
stage of the light field or in a strong field experiment as reported here, the XUV 
attosecond pulse is focused onto a spot size that is more than 3 times smaller than that of 
the synthesized field, guaranteeing that the probed system is exposed to a spatially 
uniform field formed along the propagation axis, thereby rendering the measurement 
insensitive to a spatial chirp introduced by the variable apertures.  
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2. Attosecond Streaking and Transient Absorption experimental setup 

 

 
Fig. S4  
Schematic diagram of the experimental setup for the characterization and application of 
synthesized light transients. 
  
 
Light transients, synthesized by the apparatus shown in Fig. S3, are focused into a 
quasistatic gas cell filled with Ne (target), to generate XUV radiation by means of high 
order harmonic generation. The emerging, highly collimated XUV pulses are transmitted 
through a disk-like Zirconium (Zr) foil (150 nm) which is mounted on a thin pellicle (15 
μm), while the residual visible pulses, which are also making their way through the Ne 
cell, are transmitted around the margins of the Zr disk to create an annular beam (see Fig. 
S4). A module comprised of a concave, multilayer coated inner mirror and an aluminum-
coated concave annular sector (outer mirror) (34), is used to focus XUV and light 
transients respectively into a second gas jet or quasi static cell for either streaking or 
transient absorption experiments.   
The inner mirror is mounted on a piezoelectric stage that allows the introduction of a 
delay between the light field transient and the XUV attosecond pulse along the 
propagation axis with nanometric precision. 
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A controllable iris is used to adjust the energy transported by the beam of the light 
transients from few microjoules (streaking) to several tens of microjoules (Transient 
absorption).   
 For streaking measurements a time of flight spectrometer is used to record electron 
spectra generated by photoionization of Ne atoms (35), while for transient absorption 
studies, spectra of the transmitted through the cell attosecond pulse are recorded by a 
high-resolution XUV spectrometer installed downstream the gas cell.  

 
 

3. Modeling the absorption of XUV pulses in Kr+ in the presence of a strong NIR-
field. 

 
Femtosecond transient absorption dynamics, probed by a weak probe pulse in the 
presence of a pump pulse which affects the polarization response of the absorbing 
medium, have been at the center of various studies (38,51).  
To explore these effects in the XUV, we model Kr+ ions as a simplified three-level 
system depicted in Fig. S5. The first two states, hereafter referred to as 1  and 2 , 
represent the ground 1

3/ 24 p−  and the excited 1
5/ 23d −

 states of the ion, respectively, i.e. the 
states associated with the 1 1

3/2 5/24 3p d− −→  transition. 
To introduce the polarizability of state 1  of the Kr+ ion, a third state 3  is included in 
the present considerations. The energy spacing between the states 1  and 3  is set to 
13.5 eV and the corresponding transition matrix element to 291.87 10μ −= ⋅ C·m. Both 
values are calculated via the COWAN atomic structure code (52) and they describe the 
coupling between the 1

3/24p−  and the 1
1/24s−  ( 64 4s p  electron configuration). The unperturbed 

transition energy 12ωh equals 79.95 eV, i.e. that of the 1 1
3/2 5/24 3p d− −→  absorption resonance. 

LE , XUVE , Lω and XUVω  denote the electric fields and the central frequencies of the light 
transient and that of the attosecond XUV pulse, respectively, whileτ  stands for their 
relative delay. The decay rate of state 2  is assumed to be -11/ 7.5 fsAΓ ≈ , which 
corresponds to an Auger decay time of the 3d hole of 7.5 fs (53). Strong-field ionization 
(SFI) in the Bloch model is introduced via an electric field dependent feeding rate ( )SFI tΓ  
of the ground state, which is indicated schematically in Fig. S5. The ionization rate has 
been calculated from a fit of static field extracted values (54). 
 
In all simulations, the field of the transient is the one evaluated by the streaking 
measurements (see Fig. 3B of the main publication) with the peak intensity adjusted to 
~ 144.8 10⋅ W/cm2. Similarly, the duration of the XUV pulse is set to 200 as and is 
spectrally centered at 80 eV.  
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Fig. S5 
Schematic diagram of the three-level system for modeling resonant XUV absorption of 
Kr+. 
 
Due to the presence of the additional state 3 , the ground state 1 is more susceptible to 
the light transient, which translates into a significant periodic variation of its energy (ac 
Stark effect), thereby rendering the probed transition frequency 12ω  time dependent: 

12 12 1( ) ( )t tω ω ω= −Δ , where 1( )tωΔ = ( ) ( )2 2
13 13, 134 ( )L L Ltω ω ω ω− + Ω + −  and   

13
13,

( )( ) L
L

E tt μ
Ω =

h
 denotes the instantaneous Rabi frequency between the states 1  and 

3 .  
To calculate the absorption cross-section ( , )σ ω τ  of the 1 2→  transition, we 
numerically integrate the von Neumann equation:   

0
Re

[ , ] [ . ( ), ] [ . ( ), ]IR XUV
SFI lax

d d di H E t E t i i
dt dt dt
ρ ρ ρρ μ ρ μ τ ρ= − − − + +h h h

 
with the unperturbed Hamiltonian 0H , the dipole operator μ  in the dipole approximation 
and the density matrix ρ : 

13 31 33 32 31

0 12 21 23 22 21

13 12 13 12 11

0 0 0 0
0 0 ; 0 0 ; .
0 0 0 0

H
ω μ ρ ρ ρ

ω μ μ ρ ρ ρ ρ
μ μ ρ ρ ρ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟ ⎜ ⎟= = =⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

h

 

The term 
SFI

d
dt
ρ phenomenologically describes the population rate of the ionic ground 

state 1  via strong-field ionization of the neutral atom. The decay rate AΓ  of the exited 
state as well as the spontaneous emission from level 3 —which is assumed to be 
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infinitely long compared to characteristic scales of this experiment—is considered in the 

term 
Relax

d
dt
ρ . 

The radiating dipole is obtained through the equation of motion of the matrix elements as: 
 
 ( )12 12 13 13( , ) ( ( )) 2 Re ( , ) ( , )d t Tr t t tτ μρ μ ρ τ μ ρ τ= = +  . 

 Hence, the absorption cross-section can be written as 
0

( , )( , ) Im
( )XUV

d
c E
ω ω τσ ω τ
ε ω

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
. 

 
Results 1: Distortion of the resonant XUV absorption line 

 
Using our model, we explore the effects of spectral distortion of the 1 1

3/2 5/24 3p d− −→  
absorption resonance due to the pump-induced perturbations to the generated ions by our 
light field transients. 
 
Fig. S6 shows simulated transient dynamics encoded in the spectra corresponding to the 

1 1
3/2 5/24 3p d− −→  transition for delays chosen to match those as in Fig. 3Di)-iii) of the main 

text. 
The calculated absorption cross-sections are convolved with a Gaussian function (~300 
meV FWHM) to account for the finite spectrometer resolution. The good reproduction of 
essential features, i.e. the negative absorbance at lower energies as well as positive 
absorbance at higher energies with respect to the main resonance, and the dynamic 
evolution of the absorption line as a function of the delay, validate the approach of 
modeling krypton ions with a simplified three-level system and confirm that the Stark 
effect is the key phenomenon behind the observed time-dependent spectral features. 

 

Fig. S6 
Simulated absorbance spectra for the 1 1

3/2 5/24 3p d− −→  transition at three different delay 
instances, showing a good agreement with the corresponding experimental observation 
presented in Figs. 3D i)-iii). The finite spectrometer resolution is taken into account. 
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Fig. S7 
Simulated transient absorbance spectra for an electric field dependent ionization rate 

( )SFI tΓ  (A) and the underlying time dependent population of the ground state 1  (solid 
line) as well as the instantaneous intensity (dashed line) of the NIR laser pulse (B). 
 
The false-color plot of Fig. S7A shows the calculated absorbance as a function of the 
pump-probe delay, while panel B depicts how the NIR field populates state 1  as a 
function of the delay, including the instantaneous intensity of the light transient. 
 

In order to study how the lifetime of state 2  influences the distortion of the 
absorption in the presence of the NIR light field transient, the three-level system has been 
solved numerically for several lifetimes Aτ . Fig. S8 displays a series of absorbance 

spectrograms as a function of the pump-probe delay for a constant population 0
SFI

d
dt
ρ⎛ ⎞

=⎜ ⎟
⎝ ⎠

, 

where the lifetime Aτ  was varied from 0.1 fs (panel A) to 3dτ =7.5 fs (panel E), the latter 
being the theoretical Auger lifetime of the Kr+ 3d-1 states (panel E). 
For lifetimes significantly shorter than the half-period of the strong field, the emitting 
dipole undergoes (from (A) to (C)) a linear phase shift which is manifested by the 
characteristic modulation of its central energy at the double frequency of the pump field 
and corresponds to the (ac) Stark shift of state 1 . 
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Fig. S8 
The absorbance related to the 1 2→ transition of Kr+ ions computed as a function of 
the pump-probe delay for various settings of the lifetime Aτ  of the excited state, as 
indicated in the upper left corner of each panel (assuming a static population). Graph (E) 
displays the simulated result for a lifetime equal to the 3d-1 hole decay time of Kr+. 
 
For significantly longer lifetimes ((D) and (E)), the phase introduced to the emitting 
dipole encompasses the action of several field cycles and results in a line distortion rather 
than a pure shift of its central energy. Due to the steep leading edge of the XUV 
polarization—induced by our attosecond pulse—some signatures of the instantaneous 
Stark effect are expected to survive despite the effects introduced by the integration over 
the few fs long lifetime. This is demonstrated in Fig. S9, where the central energy of the 
resonance in the data shown in Fig. S8E has been evaluated by fitting a Lorentzian 
profile.  
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Fig. S9 
Energy shift of the transition energy 12ωh  of the simulated absorption spectrogram as 
displayed in Fig. S8E (solid line) being analyzed by evaluating the central displacement 
of a fitted Lorentzian lineshape as a function of the delayτ . The blue dashed line shows 
the instantaneous intensity of the pump field. 
 

Results 2: Strong-field ionization dynamics in the presence of pump polarization  
 
Next, within our model, we attempt to accurately retrieve the population dynamics of the 
generated ions from an absorption spectrogram sampled under the conditions of our 
experiments. 
Fig. S10 compares the ground state population of state 1 , 11( )tρ (red curve), with that 
obtained by analyzing the simulated absorption spectra using the procedure described in 
section S4 of the SOM, which tracks the peak of the absorption line. The blue and green 
curves represent the retrieved populations based on our simulations with a 50 as and a 
200 as XUV pulse, respectively. Note that the populations shown in Fig. S9 are based on 
an adiabatic tunnel-ionization model and therefore do not display the oscillatory behavior 
known from nonadiabatic calculations. The small “dip” in 11( )tρ  at t=0.8 fs is due to the 
coupling between states 1  and 3 . For the shorter XUV pulse (blue line), the ground-
state population, estimated by tracking the peak of the absorption line, is significantly 
closer to 11( )tρ . Since our experimental XUV probe pulse duration amounts to ~200 as, 
the present approach suggests that the technique of tracking the peak of the absorption 
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offers a possibility to recover the underlying population dynamics with an accuracy better 
than 10 %. 
 

 
Fig. S10 
Ground state population 11( )tρ  derived by our model (red) and populations reconstructed 
by tracking the peak of the absorption line fitted with a Lorenzian profile. Blue (green) 
curve displays the retrieved population dynamics for an XUV probe pulse duration of 50 
as (200 as). 
 

4. Reconstruction of electron motion and determination of fractional ionization 
 
Preparation of data prior to fitting  

 
The absorbance spectrogram shown in Fig. 5A (in the main publication) was 

obtained by averaging over 12 consecutive scans, all taken under the same experimental 
conditions. All XUV spectra of the combined spectrogram were normalized in the 
spectral range from 83.0 - 86.7 eV (i.e. the high energy side next to the Kr+ absorption 
lines) to reduce noise originating from flux variations of the XUV probe pulse. For 
calculating the absorbance ( , )A ω τ , the mean spectral density in the time interval prior to 
ionization (-20.25 to -6.25 fs) has been used as a reference spectrum. 
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Fitting procedure 
 

To reconstruct the Kr+ quantum state distribution, the coherence of the spin-orbit 
wavepacket motion as well as the quantum phase, a fit of the experimental data shown in 
Fig. 5A is performed using the model equation 

[ ]0 0( , ) ln exp ( , ) ( )A n L G Aω τ σ ω τ ω⎡ ⎤= − − ∗ +⎣ ⎦      (S1) 
applied to the spectrogram. Here, ( , )σ ω τ is an analytical description of the cross-section 
of the three absorption lines of Kr+ based on eq. (35) in (55) where the reported reduced 
transition matrix elements are employed. Furthermore, τ indicates the time of probing, 

18 -3
0 5.75 10 cmn = ⋅  the initial number density of neutral atoms, 0.74 mmL =  the length 

of the target cell and ( )G ω  an area-normalized Gaussian convolution function with Δ  
being the FWHM value characterizing the finite spectrometer resolution and 0A  a 
constant offset. The coherence term in ( , )σ ω τ  is described by 

( ) ( )(1/ 2) (1/ 2) (1/ 2)
3 / 2,1/ 2 3 / 2,1/ 2 3 / 2,1/ 2( ) exp ( ) exp SOi i E iρ τ ρ φ τ ρ τ δ= = Δ + , where SOEΔ is the spin-orbit 

wavepacket splitting and δ is a phase offset which depends on the choice of the time 
origin 0τ =  (atomic units 0 1ee m a= = = =h  are used throughout this section). We 
chose 0τ = such that it coincides with the maximum of the instantaneous intensity of the 
synthesized light field transient. Hence, for a sufficiently short pump pulse, the 
quantity δ equals the initial quantum phase. 
 
We fit the data set by employing the Levenberg-Marquardt optimization algorithm in the 
range 78.5 – 82 eV and for the delays 2.75 to 29.75 fs, avoiding the fit in the presence of 
the strong single-cycle initiation pulse since the model function (eq. (S1)) is not valid for 
describing XUV absorption under strong field influence. The fit parameters were the 
populations ( (1/ 2)

1/ 2,1/ 2ρ , (1/ 2)
3 / 2,3 / 2ρ , (3 / 2)

3 / 2,3 / 2ρ ), the terms describing the coherence 

( )(1/ 2)
3 / 2,1/ 2 , ,SOEρ δΔ , the three central energies of the XUV transitions (

5 / 2 3 / 23 4d pE E− , 

3 / 2 3 / 23 4d pE E− ,
3 / 2 1 / 23 4d pE E− ), as well as the spectrometer resolution Δ  and the constant 

offset 0A . 
The sum of populations permits evaluation of the fractional ionization. The populations 
provided in the main publication are scaled to 100% fractional ionization. 
 
Error analysis 
 

Error bars of the fit quantities, reported in the main document, represent the standard 
error of fit results obtained by applying the described fitting approach to six consecutive 
pairs of the 12 delay scans. Besides the standard error, we have also calculated the 
standard deviations of the distributions, which on average yield values ~1.9 times larger 
than the standard error. 
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5. Retrieval of population during strong-field perturbation 
 
Similar to the approach of fitting the absorption spectrogram after the NIR pump pulse, 
the formation of the population in the presence of the pump pulse has been addressed by 
fitting the transient absorption spectrogram using the model 

[ ] 0( , ) ln exp ( , ) ( ) ( )PA c G Aω τ ω τ ω τ⎡ ⎤= − − ∗ +⎣ ⎦ ,      

where ( )G ω and 0 ( )A τ are introduced above, and ( , )c ω τ  describes the absorption lines 
by three Lorentzian lineshape functions: 

( ) ( )
3

221

1( , ) ( )
2 ( ) 2

i
i

i

c nω τ τ
π ω ω τ=

Γ
∝

Γ− +
∑ . 

Here, the ( )in τ denote the effective population and ( )iω τ  represents the central 
frequency of the ith absorption line.  
 
For the experimental parameters, this approach has been proven to allow the retrieval of 
the population to within an accuracy of ~10 % (see section S3). 
 
The fit was carried out for the delay range of -20.25 to 29.75 fs and within the spectral 
window extending from 77.9 to 83 eV, where the results obtained in the range 2.75 to 
29.75 fs served to scale the effective populations according to the determined population 
by utilizing eq. (S1).  
 
All error bars in the main document depict standard errors (see section S3, Error 
analysis). 
 
 

6. Numerical 3D-TDSE propagation 
 

Theoretical modeling of strong-field ionization of the 4p sub-shell was done by 
numerically propagating the three-dimensional time-dependent Schrödinger equation 
(3D-TDSE) for a single active electron in the length gauge on a grid, using a standard 
technique (56). Assuming a spherically symmetric potential V(r), and the experimental 
laser field F(t) as shown in Fig. 3B polarized along the z-axis, the 3D-TDSE reads (in 
atomic units (a.u.): 0 1ee m a= = = =h ), 

( )1 ( , ) ( ) ( ) ( , ) ( , )
2

r t V r F t z r t i r t
t

ψ ψ ψ∂− Δ + + =
∂

r r r r       (S2) 

where Δ  is the Laplace operator, and ( , )r tψ r  is the electron’s wave function in 
coordinate space. Expanding the wave function in partial waves∗, 

1

0 1

( , )( , ) ( , ),
L

ml
l

l m

w r tr t Y
r

ψ θ ϕ
= =−

= ∑ ∑r         (S3) 

                                                 
∗ The azimuthal quantum number m assumes only three values since the initial state is an orbital of the 4p 
sub-shell and the laser field preserves m due to the dipole selection rules, as evidenced by eq. (S6) and (S7). 
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allows us to write eq. (S2) as a set of coupled 1D radial Schrödinger equations with 
respect to the reduced radial wave functions ( , )lw r t : 

2

2

1 ( ) ( , ) ( , ) ( , ) ( , ),
2

B r w r t A r t w r t i w r t
r t

⎛ ⎞∂ ∂
− + + =⎜ ⎟∂ ∂⎝ ⎠

r r r      (S4) 

1

2

( , )
( , )

( , ) ,

( , )L

w r t
w r t

w r t

w r t

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

r

M
         (S5) 

, ' , ' 2

0 0( 1)( ) (2 1) ( ) ,
0 0 0 02l l l l

l l l ll lB r l V r
m mr

δ
⎛ ⎞⎛ ⎞⎛ ⎞+

= + +⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠⎝ ⎠
   (S6) 

, ' 1, '

' 0 ' 0
( , ) (2 1)(2 ' 1) ( ),

0 0 0 0l l l l

l l l l
A r t l l rF t

m m
δ ±

⎛ ⎞⎛ ⎞
= + + ⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠

   (S7) 

 
where the tabulated quantities in eq. (S6) and (S7) are Wigner-3j symbols—they arise 
naturally here by angularly integrating products of three spherical harmonics—and , 'l lδ  is 
the Kronecker symbol; ( )V r  is a pseudopotential that reproduces the ionization energy of 
neutral Kr. Time-propagation of eq. (S4) was achieved using the following symmetric 
splitting scheme: 

( , ) ( , ) ( , );w r t t U t t t w r tδ δ+ = +
r r        (S8) 

1 12

2

2

2

1( , ) 1 ( ) 1 ( , / 2)
2 2 2

11 ( , / 2) 1 ( ) .
2 2 2

t tU t t t i B r i A r t t
r

t ti A r t t i B r
r

δ δδ δ

δ δδ

− −⎡ ⎤⎛ ⎞∂ ⎡ ⎤+ = + − + + +⎢ ⎥⎜ ⎟ ⎢ ⎥∂ ⎣ ⎦⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞∂⎡ ⎤× − + − − +⎢ ⎥⎜ ⎟⎢ ⎥ ∂⎣ ⎦ ⎝ ⎠⎣ ⎦

   (S9) 

Numerical convergence is more difficult to achieve in the length gauge than in the 
velocity gauge due to (i) a larger number of partial waves components required to 
represent the wave function in the laser field and (ii) because the phases of the wave 
function’s components at large radial distances change rapidly, requiring a finer time step 
to accurately propagate these. Nevertheless, we achieved numerical convergence using an 
angular momentum grid up to L=100, and time and radial grid steps of 0.007 a.u. and 
0.03 a.u., respectively, with a radial grid extending to 1000 a.u.. We also included a radial 
absorbing potential starting at r=750 a.u. to delete any unphysical reflections from the 
wave functions at confines of the finite simulation box. 
The amount of ionization at some time t due to the strong infrared field can be defined as 
(57) 

2
( ) 1 ( ) ,n

n
P t tφ ψ= −∑         (S10) 

where the sum ranges over all bound states nφ  of the atom. However, calculations based 
on the atomic structure code (COWAN) (52) suggest that, excited neutrals would absorb 
XUV photons at approximately the same energy as Kr+ ions. To account for this fact, we 
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limit the range of the summation in eq. (S10) to a sufficient number of bound states to 
ensure numerical convergence. In this way, Kr atoms excited to their Rydberg electronic 
states are considered as ions. 

 
Now, since the numerical propagation of the 3D-TDSE was performed in the 

decoupled spin-orbit basis ( ) (1 ) :l s l s l sls m m ½ m m m m= = , while the measured 
absorption lines resolve populations in the coupled spin-orbit basis 

( ) (1 ) :ls JM ½ JM JM= = —J(J+1) being the eigenvalue of ( )22J L S= +
rr

—we 

evaluate P(t) as 
2

, , , 0

( ) 1 ( ) ( , ) ,
l s

l s nl l
n l m m

P t m m JM dr r w r tφ
∞

= − ∑ ∫
 

where l sm m JM  is a Clebsch-Gordan coefficient and ( )nl rφ  is the reduced radial wave 
function of a bound state with principal quantum number n and orbital quantum number l, 
obtained by solving the time-independent radial Schrödinger equation 

2

2 2

1 ( 1)( ) ( ) ( ) ( ).
2 2nl nl n nl

l lr V r r r
r r
φ φ ε φ∂ +⎛ ⎞− + + =⎜ ⎟∂ ⎝ ⎠  

 

7. TDCIS simulations and predictions for the valence electron dynamics of Kr+ 
 
We model the strong-field ionized ensemble of krypton ions by utilizing our 

pioneering 3D time-dependent configuration-interaction singles (TDCIS) approach (43), 
which systematically captures correlations in photoionization processes. 
Within the TDCIS approach, the Coulomb interaction between the NIR-generated hole 
state and the NIR-generated photoelectron is treated exactly. This interaction leads 
subsequently to correlation and to an entangled state between the parent ion and the 
photoelectron (58). 

 
In this work, we extended our TDCIS approach (43) to account for spin-orbit interaction 
and spin-orbit driven valence electron wavepacket motion (44). To be able to simulate the 
strong-field ionization processes, a large range of the continuum spectrum must be 
covered with the need to cover angular momentum states up to L=60. To account for the 
multi-electron dynamics that can originate from several orbitals, we consider 18 spin 
orbitals ranging from 3 23d  to 3 24 p . The total number of electronic configurations lies 
above 250 000, which is computationally a very challenging task.  
 
The results of our simulations for the condition of the experiment yield the populations: 

(3/ 2) ( 3/ 2)
3/ 2,3/ 2 3/ 2,3/ 2 0.06ρ ρ −+ = , (1/ 2) ( 1/ 2)

3/ 2,3/ 2 3/ 2,3/ 2 0.74ρ ρ −+ = ,  
(1/ 2) ( 1/ 2)
1/ 2,1/ 2 1/ 2,1/ 2 0.20ρ ρ −+ =  (scaled to 100% 

fractional ionization) and a degree of coherence of 0.72g = , which are in good 
agreement with the experimental observations. Propagation effects of the EUV pulse in 
the medium can lead to modifications in the observed spectrum resulting in an apparent 
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ion density matrix that differs from the actual ion density matrix. In particular, the off-
diagonal elements and, hence, the apparent hole coherence are affected by propagation 
effects. Based on previous theoretical work (54), we find that the apparent degree of 
coherence can be overestimated by up to 14 %. Applying this result to our theoretical 
prediction, we would expect an apparent degree of coherence of 0.82, which is in 
remarkable agreement with 0.85 0.06g = ±  retrieved from the experiment. The only open 
question that remains, is the discrepancy between the relative populations of the 

3 2jm = ±  and 1 2jm = ±  states in the 3 2j =  manifold. This might indicate the need to 
include correlation effects that cannot be described by the TDCIS approach. 
 
 
 

8. Delay correction between streaking and transient absorption spectrograms 
 

Strong-field ionization, as studied in our attosecond transient absorption experiments, 
requires field intensities on the order of 1014 W/cm2 and beyond. In contrast, streaking 
measurements of the light waveforms require intensities on the order of 1012 W/cm2. In 
our experiments, the intensity of the laser beam is varied by adjusting its size with an 
adjustable aperture placed before the focusing mirror. The >10-fold increase of the 
illuminated area of the mirror between a streaking and a transient absorption (TA) 
measurement can be responsible for spatiotemporal effects, particularly a delay between 
the weak (streaking) and the strong (TA) pulse, which must be corrected before 
comparing the streaking and transient absorption measurements with respect to one and 
the same delay axis.  

 
Fig. S11 
Variation of the focal point intensity in a cross-correlation measurement obtained under 
streaking (red dashed curve) and transient absorption (blue solid line) intensity settings. 
An evaluation of the delay yields (280 ± 50) as. 
 
This effect has been investigated by removing the metallic filter of the pellicle used in the 
experiments and recording the linear cross-correlation trace between the central part of 
the NIR beam, and the portion reflected off the outer mirror for two different radii of 
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illumination, corresponding to those of the streaking and TA measurements accordingly. 
Fig. S11 shows the variation of the intensity at the focal point of the beams imaged on a 
CCD camera (averaged over 5×5 pixels covering the central part of the beam) as a 
function of the delay between inner and outer mirror.  

The delay between the two traces is evaluated by a linear fit of the spectral phases of 
both signals and amounts to (280 ± 50) as.  This apparent delay, which is taken into 
account for the synchronous display of fields, can be attributed to simple geometrical 
effects introduced by spherical aberrations. The geometrical delay, evaluated at the focal 
plane, in the time of arrival between two pulses traveling along off-axis rays at a distance 
r  from the mirror axis and on-axis pulses, for a spherical mirror of radius R  (59), is 
given by 

43( )
4

R rT r
c R
⎛ ⎞Δ = ⎜ ⎟
⎝ ⎠

.  

For a pulse reflected by an annular portion of a spherical mirror situated between radii 
1r and 2r , the introduced delay (assuming a constant spatial intensity distribution) can be 

expressed as: 
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For a mirror with 250 mmR = , an inner mirror radius 1 1.5 mmr ≈  and a streaking (TA) 
beam radius of 2 2.5 mmr ≈ ( 2 8.1 mmr ≈ ), the latter expression yields an effective delay 
between the streaking and transient absorption spectrograms of 240 as, which is in 
excellent agreement with the delay evaluated from the data shown in Fig. S11.  
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