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The interaction of vacuum and extreme ultraviolet (VUV–
XUV) radiation with atoms and molecules is dominated by 
the photoionization process: a quantum of light is absorbed by 

the target and an electron is emitted. A great deal of physical insight 
into the electronic structure of the system and into the process of 
photoionization can be gained by analysing the properties of the 
emitted electrons (‘photoelectrons’).

Doubly or multiply charged ions can be created by the (sequen-
tial) absorption of several photons. The physics of their formation 
and the chemistry of their interactions are relevant for understand-
ing processes in the interstellar medium1 and in the outer parts of 
the ionosphere of the planets of the Solar System2. The characteriza-
tion of the electronic distribution of multiply charged ions could 
offer a new perspective for understanding the interactions with 
their environment (for example, in charge transfer processes in 
chemical reactions), with potential technological impact also for 
surface science3.

The advent of free-electron lasers (FELs) operating in the XUV 
and X-ray spectral range4 has opened new possibilities for the inves-
tigation of the formation of multiply charged ions in a laboratory 
environment5,6. Due to the high intensity of FEL pulses, an ini-
tial target can absorb several XUV/X-ray photons, leading to the 
(sequential) emission of multiple photoelectron wavepackets. The 
three-dimensional photoelectron angular distribution (PAD) of the 
electron(s) released into the continuum is the result of the coherent 
superposition of several outgoing electron partial waves, character-
ized by different angular momenta. The complete description of 
the photoionization event calls for the characterization of all ampli-
tudes and relative phases of these partial waves, whose number is 

determined by the theoretical model used to describe the process. 
This complete information cannot be obtained, in general, by mea-
suring only the PAD and cross-section, but additional observables 
are required7,8. The quest for such a complete experiment, as the 
strongest test of theory and as a source of minimum information 
from which any observable can be predicted, was first formulated 
for electron–atom scattering at the end of the 1960s9,10. Later, the 
concept of the complete experiment was extended to atomic pho-
toionization11–15, molecular photoionization16–18 and atomic Auger 
decay19–22 and played a crucial role in the progress of the physics of 
elementary atomic processes over decades23,24. All of the complete 
experiments on photoionization so far have been performed with 
neutral targets.

The high intensity of FEL pulses, combined with the control of 
the polarization state of the XUV radiation25, offers a new approach 
for accessing the electronic distribution in an ion after a photo-
ionization event and, more generally, for performing a complete 
characterization of the photionization event. The idea relies on the 
observation that atomic photoionization with polarized light leads 
to a residual ion26–28 in which the angular momentum is spatially 
aligned to a greater or lesser extent29. The ion in this state is said to 
be polarized and this property can be exploited to derive the elec-
tronic distribution of the ion, by measuring the characteristics of the 
outgoing electrons in the first and second photoionization steps for 
different polarizations of the incident light. For this purpose multi-
photon absorption, and therefore high intensities, are required for 
the experimental implementation of this scheme.

In this work we report the first complete characterization of 
all components (bound and unbound) of the complex electronic  
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wavepackets created in the process of two-photon double ion-
ization in neon, for the first (Ne +​ γ →​ Ne+ +​ e1) and second 
(Ne+ +​ γ →​ Ne2+ +​ e2) ionization step. The simultaneous character-
ization of the outgoing electronic wavepacket and of the electronic 
distribution of the ion represents the most complete set of infor-
mation that can be gained on the ion formation mechanism. We 
further validate our approach by characterizing the differences 
induced by an electronic resonance (an autoionizing state) on the 
electronic distribution of the ion.

Experiment
Our experimental approach is based on the measurement of the 
photoelectron yields and PADs generated by intense XUV femto-
second pulses with linear and circular polarization. By employing 
advanced theoretical analysis, this allows the extraction of the rela-
tive amplitudes and phases of the outgoing photoelectron waves for 
each ionization step, thus constituting a complete experiment.

The intense XUV pulses were delivered by the FEL FERMI oper-
ating at Elettra30. The photoelectron spectra were acquired using 
the velocity map imaging spectrometer (VMIS) installed on the 
low-density matter experimental beamline31 (see Supplementary 
Information for a detailed description of the experimental param-
eters). The VMIS measures the momentum distribution of the 
outgoing electrons, from which both the angle-integrated spec-
trum (intensity versus energy) and the PAD at each energy can 
be extracted. Photoionization of Ne+(2s22p5 2P1/2,3/2) leads to dou-
bly ionized neon with five different final ionic states (2s22p4 3P0,1,2,  
1D2, 1S0), as shown in Fig. 1a. In the spectral range around 55.6 eV, the 
ionization spectrum of Ne+ is characterized by a series of autoioniz-
ing states (shown in the dashed area) with the leading configuration  

2s2p53p (ref. 32). These states decay to the above-mentioned five 
states of Ne2+. The predicted energies of the autoionizing resonances 
are presented in the Supplementary Information. The VMIS images 
for linear and circular polarization are presented in Fig. 1b. The 
corresponding typical photoelectron spectrum acquired for linear 
polarization is shown in Fig. 1c. The photoelectron spectrum for 
circular polarization presents similar features. The 2p and 2s peaks 
correspond to the first ionization step from the 2p and 2s shells, 
respectively, while the 3P, 1D and 1S peaks indicate photoelectrons 
emitted in the second ionization step and resulting in the corre-
sponding final ionic state. The 1S photoelectron peak partially over-
laps with the photoelectrons emitted from the 2s shell in the first 
step, which limits the amount of information available for the 1S 
ionization channel.

Due to the two-photon nature of the process, within the dipole 
approximation the PADs for the lowest-order perturbation theory 
and for pulses containing many cycles are described by the rela-
tion33:

θ β θ β θ=
π

+ +ν
ν

ν νI
I

P P( )
4

[1 (cos ) (cos )] (1)0
2 2 4 4

where Pn(x) is the nth Legendre polynomial, θ is the angle between 
the axis of symmetry z and the emission direction of the photoelec-
tron, and νI0  is the angle-integrated intensity. In the cases of linearly 
(ν =​ L) and of circularly (ν =​ C) polarized pulses, the axis of sym-
metry z corresponds to the polarization direction and to the propa-
gation direction of the XUV pulses, respectively (see Supplementary 
Fig. 1). Such a choice of the quantization z axis provides the sim-
plest selection rules for the magnetic quantum numbers within the  
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Fig. 1 | Energy-level diagram and photoelectron spectrum for the two-photon double ionization of neon. a, Energy-level scheme for singly and doubly 
ionized neon. The three final ionic states for doubly ionized neon Ne2+ 3P0,1,2, 1D2 and 1S0 are indicated by green, blue and orange lines, respectively  
(see Supplementary Table 2 for the energy values). In the photon energy range around 56.5 eV, the series of autoionizing states 2s2p53p can be excited by 
single-photon absorption from the Ne+ ground state. b, Inverted VMIS images for linear and circular polarizations. c, Photoelectron energy spectrum for 
linear polarization of the XUV pulses at a photon energy ħω =​ 56.36 eV.
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electric dipole approximation34. The parameters β ν
2  and β ν

4  are 
expressed in terms of the photoionization amplitudes for the inter-
mediate ion and its polarization parameters before the second 
ionization step. The coefficient β ν

4  vanishes for the unpolarized 
intermediate ion.

The quality of the VMIS data allows the reliable determination 
of the branching ratio of the 1S, 1D and 3P peaks and of the corre-
sponding β ν

2  and β ν
4  parameters, which are shown in Fig. 2 for linear 

(left column) and circular (right column) polarizations of the XUV 
pulses. The β ν

2  and β ν
4  measured for the 2s line are in good agree-

ment with the theoretical predictions β = 22
L , β = −12

C  and β = 0C
4
L,  

(see Supplementary Information).
For the 1D and 3P peaks, the parameters β ν

4  do not vary much 
in this spectral range. The average values β4

L(1D) =​  . ± .0 06 0 09 and 
β4

L(3P) =​  . ± .0 04 0 09, and β4
C(1D) =​  . ± .0 04 0 1 and β4

C(3P) =​ − . ± .0 01 0 1 
indicate a possible small alignment of the intermediate ionic state 
(see Supplementary Information).

Theoretical model and comparison with the experiment
Our theoretical model considers a two-step process, in which the 
first ionization step leads to polarized intermediate ionic states 
Ne+(2P1/2,3/2), and, in the second ionization step, the ion is further ion-
ized by a second photon with the same frequency and polarization, 
leading to the emission of the second electron. The energies of the 
autoionizing states and all relevant transition matrix elements were 
obtained within the multiconfiguration Hartree–Fock approach 
(see Supplementary Table 3). In accordance with the pulse dura-
tion of FERMI (~50 fs), excitation of the intermediate fine-structure 
states Ne+(2P1/2,3/2) is considered as incoherent35,36 (other details of 
the model are presented in the Supplementary Information).

The simulations are compared with the experimental data in Fig. 2.  
In general the simulations for linear and circular polarization are 
in close agreement with the experimental data for the parameters 
β ν

2  and β ν
4 , and with the ratio of the intensities of the photoelec-

tron peaks, although some discrepancies can be observed in their  
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Fig. 2 | Two-photon double ionization of neon in the spectral range 44.0–62.0 eV. a–f, Experimental results (symbols) and theoretical simulations (lines) 
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4

 parameter for the 1D (blue) and 3P (green) photoelectron peaks. The error 
bars for βν

2
 and βν

4
 were calculated as the standard deviation of the data points for the 2s peak, and they were extended to the parameters of the other 

photoelectron peaks, as they show similar features on the VMIS images. The same approach was adopted for the error bars of the peak intensities.

Nature Physics | VOL 15 | FEBRUARY 2019 | 170–177 | www.nature.com/naturephysics172

http://www.nature.com/naturephysics


ArticlesNaTure PHySicS

evolution as a function of the photon energy. In particular, the 
discrepancies between theory and experiment in Fig. 2a–c at low 
photon energies can be explained by the influence of Rydberg 
autoionizing ionic states 2p4 1S nl, converging to the 1S threshold at 
47.9 eV32,37,38, which are not taken into account in our simulations. 
Furthermore, a dense set of two-particle atomic autoionizing states 
Ne 2p43pnl is located below 52.7 eV39,40 and can indirectly influence 
the PAD of the second electron via polarization of the ion Ne+. Our 
experimental value of β2

L in the energy range 58–61 eV (Fig. 2c) is 
lower than both, measured in ref. 41 and calculated theoretically; this 
discrepancy could be related to the different coherence properties 
of the FEL in this spectral range, due to a change in the chirp of the 
seeding pulse.

The sharp feature around 56.5 eV corresponds to the region of the 
autoionizing resonances Ne+ 2s2p53p. The picture of multiple sequen-
tial photoionization steps based on an independent electron model 
fails to describe those aspects of the process that are strongly influ-
enced by electronic correlation. The presence of metastable bound 
states embedded in the continuum (autoionizing states) strongly 

influences the ionization probability and the PADs. To resolve  
this feature, we focused on the spectral range 56.1–56.8 eV, as shown 
in Fig. 3. The branching ratio between the different final ionic states 
1S, 1D and 3P changes strongly in this region, indicating the influ-
ence of the dominant autoionizing resonance around 56.55 eV, 
which determines a twofold increase of the 1D/3P ratio for the linear 
polarization (Fig. 3a). A similar increase is visible also for circularly 
polarized pulses (Fig. 3b). The interference effect between the direct 
and indirect photoionization channels is clearly visible in the evolu-
tion of the β2

L,C parameters as shown in Fig. 3c,d.
The overall evolution well matches the theoretical calculations 

for both the 1D and 3P final ionic states. The good agreement is 
confirmed for linear and circular polarization. The parameters β C

4
L,  

(Fig. 3e,f) do not show clear sharp resonances in this spectral region. 
The average values of these parameters are β4

L(1D) =​  . ± .0 04 0 04,  
β4

L(3P) =​ − . ± .0 09 0 05, β4
C(1D) =​  . ± .0 02 0 04 and β4

C(3P) =​ − . ± .0 07 0 04,  
in accordance with the theoretical predictions.

The good agreement between the simulated branching ratio 
and the β-parameters allows one to conclude that the perturbative 
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Fig. 3 | Two-photon double ionization of neon in the region of autoionizing states 2s2p53p. a–f, Experimental results (symbols) and theoretical 
simulations (lines) for linear (a,c,e) and circular (b,d,f) polarization. a,b, Ratio between the integral of the photoelectron peaks 1D and 3P, 1S and 3P. c,d, βν
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4

 parameter for the 1D (blue) and 3P (green) photoelectron 
peaks. The error bars for βν

2
 and βν

4
 were calculated as the standard deviation of the data points for the 2s peak, and they were extended to the parameters 

of the other photoelectron peaks, as they show similar features on the VMIS images. The same approach was adopted for the error bars of the peak 
intensities.
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approach in combination with the two-step ansatz can be used to 
describe the PADs for the linear and circular polarization in terms 
of the matrix elements of the ionization transitions in the first and 
second photoionization steps.

Reconstruction for the non-resonant case
We can use our theoretical model to derive the complete set of infor-
mation about the electronic wavefunctions and realize the complete 
characterization of the outgoing wavepacket and of the electronic 
distribution of the residual ion for the first and second photoion-
ization step of the 2p subshell. We first consider the photon energy 
interval 51–55 eV with a smooth (free of resonances) continuum. 
In a first approximation, the influence of the spin–orbit interac-
tion on the electron wavefunctions can be neglected in this energy 
interval, as well as the configuration mixing. Thus, we can use the 
Cooper–Zare model of photoionization42,43, where the dynamics of 
each photoionization step is described by three real quantities: two 
absolute values of the single-electron 2p-Es and 2p-Ed ionization 
amplitudes, φ= ∣ ∣d d iexp( )l

j
l

j
l

j( ) ( ) ( )  (the superscript j =​ 1, 2 indicates 
the step number, E stands for the photoelectron energy, l =​ s, d), and 
their relative phases φ φ φ= −j

s
j

d
j( ) ( ) ( ). The polarization of the inter-

mediate Ne+ ion is described by only one real parameter, the abso-
lute ratio = ∣ ∕ ∣R d ds d1

(1) (1) . The dynamics of each step is defined by 
two parameters: = ∣ ∕ ∣R d dj s

j
d

j( ) ( )  and φ(j). The ratios R1 and R2 and 
phase φ ≡​ φ(2) can be linked to the experimental data β2

L, β2
C, β4

L and  
β4

C (see Supplementary equations (1)–(4) and (7)). Due to the 
larger cross-sections, we concentrate below on ionization to the  

Ne2+(2p4 3P) state, which proceeds in the LS coupling approximation 
via the three channels (in the dipole approximation):



















γ + → ++ +

−

−

−

s p s p
Es
Ed
Ed

Ne (2 2 P) Ne (2 2 P)
e ( ): P
e ( ): P
e ( ): D

(2)2 5 2 2 2 4 3

2

2

2

In the Cooper–Zare model, the amplitudes of the two last (Ed) 
channels are proportional; the 2D amplitude is 3  times greater 
than the 2P amplitude.

An example of the corresponding analysis is presented in Fig. 4  
for the photon energy 53 eV. In contrast to all previous complete 
experiments, we determined the ratio R2 and the relative phase φ for 
the ionic photoionization, and simultaneously determined the ratio 
R1 for the first ionization step.

The parameters β ν
k  can be expressed as functions νfk

 of the 
parameters R1, R2cosφ and R2sinφ (see Supplementary Information). 
Using the experimental data, we define volumes in the {R1, R2cosφ, 
R2sinφ} space, composed of the points fulfilling the relations:

β β φ φ β β−Δ < < + Δν ν ν ν νf R R R( , cos , sin ) (3)k k k k k1 2 2

where βΔ ν
k  is the experimental error on the measured value β ν

k .  
The volumes for the experimental values for β2

L(3P), βC
2 (3P) and  

β L
4 (3P) are shown in Fig. 4a–c, respectively. The intersection of the 
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three volumes is presented in Fig. 4d, together with the correspond-
ing two-dimensional projections, and it represents the collection 
of points compatible with the experimental results. The simulation 
(green point in Fig. 4d, and corresponding yellow projections) is well 
within this allowed volume, confirming the validity of our physical 
model. The allowed values for R1 determine the polarization of the 
intermediate ionic state (see Supplementary equations (8) and (9)).

Reconstruction in the presence of autoionizing states
When the photon energy approaches the region of the Ne+ 2s2p53p 
2D and 2P autoionizing states, our method can be used in this reso-
nant region as well, under the assumption that the presence of the 
autoionizing state Ne+ 2s2p53p 2P as the intermediate state in the 
reaction (2) resonantly modifies only the two amplitudes in the 2P 
channels, dsP

(2) and ddP
(2). Below we mark these resonance-modified 

amplitudes by a tilde (~). These two amplitudes, although both dem-
onstrating a resonance behaviour (see Supplementary equation (6)), 
present a constant ratio and their relative phase is constant except 
in a very narrow range of energies close to the resonance, as shown 
in Fig. 5a. When crossing the resonance they quickly rotate almost 
simultaneously in the complex plane. Naturally, the 2D resonance 
does not influence their relative phase. Furthermore, the value of R1 
depends smoothly on the photon energy and its value outside the 
resonance region can be used. As a result, in the region of the 2D res-
onance, the absolute ratio of the amplitudes ∼ ∼∼ = ∣ ∕ ∣R d ds d2 P

(2)
D

(2)
 and  

∼ ∼= ∣ ∕ ∣R d dd d dP
(2)

D
(2)

 and the relative phase ∼ ∼∼φ = ∕d darg( )s dP
(2)

D
(2)

 can be  
taken as the parameters to be extracted in the complete experi-
ment, assuming that the absolute ratio R1 and the relative phase  

∼ ∼∕d darg[ ]s dP
(2)

P
(2)

 are fixed at their non-resonant values. Figure 5 illus-
trates the procedure in the presence of the autoionizing states, pre-
senting the evolution of the allowed parameter space when the photon 
energy is in the resonance region. Far from the resonances, the ‘reso-
nant’ (Fig. 5b) and ‘non-resonant’ (Fig. 4d) versions of the complete 
experiment converge (see Supplementary Information for a detailed 
discussion) as a consequence of the Cooper–Zare model: ∼ →R R2 2,  
Rd →​ 1, ∼φ φ→ . Near the 2D resonance (Fig. 5c), the 2D channel 
becomes stronger, Rd decreases and the parameter space is confined 
to regions near the plane Rd =​ 0. When approaching the 2P resonance 
(Fig. 5d) the 2D and 2P amplitudes decrease and increase, respectively, 
the parameter space is elongated parallel to the Rd axis and the varia-
tion of the relative phase ∼φ starts; the last of these leads to a twisting 
of the allowed parameter space around the Rd axis. Further evolution 
of the parameter space is not shown because the model does not work 
adequately outside the region shown (see red curve in Fig. 5a).

Representation of bound and outgoing electrons
The extracted amplitudes determine, within our model of photo-
ionization, any observable quantity after the reaction. As an exam-
ple, Fig. 6 shows the spatial electron densities of the residual ions  
(Fig. 6a,b,g,h) and of the photoelectrons (Fig. 6d–f,j–l) after the first 
(Fig. 6a,d,g,j) and second (Fig. 6b,e,f,h,k,l) ionization steps. The ampli-
tudes were taken from theoretical simulations (orange symbols in  
Fig. 5b,c), which are within the allowed amplitude space derived from 
our experiment. Figure 6c,i shows sections of the electronic densities 
of the residual ions Ne2+ for the off- (left-hand side) and on-resonance 
(right-hand side) cases. Deviations from the spherical symmetry 
(alignment) are clearly seen. In the resonance region the alignment 
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arg [dsP

(2) / ddP
(2)]

R1 = ∣ds
(1) / dd

(1)∣

2D 2P

a

b c d

Rd

Rd

Rd

c

b

d

0

0.5

0.4

0.3

0.2

0.1

56.0 56.2 56.4 56.6 56.8 57.0

–π/2

–π

1

0

4

31

0
1

0

–1

–2

–1

0
1

2

1

1

0

–1
–2

–1

0

1

1

0
R
2 sinφ

~

~

R 2
cosφ~

~

R
2 sinφ

~

~
R 2

cosφ~
~

R
2 sinφ

~

~

R 2
cosφ~

~

–1

–2

–1

0
1

Photon energy (eV)

Fig. 5 | Complete experiment on photoionization of Ne+ 2p5 2P to the Ne2+ 2p4 3P state at the photon energies close to the region of autoionizing 
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∼
dsP

(2)
 and 

∼
ddP
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first-step amplitudes ∕d ds d
(1) (1) (left scale) as a function of the photon energy in the region of the Ne+ 2s2p53p 2D and 2P autoionizing states. The proposed 

method of extracting parameters ∼R2, Rd and ∼φ works in the region where both curves are horizontal straight lines. The positions of the autoionizing states 
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is modified significantly and even changes sign due to enhancement 
of the contribution from the 2D channel. Note the practically isotro-
pic Ne2+ ion produced by circularly polarized FEL light at resonance  
(Fig. 6i, right-hand side). The photoelectron cloud changes drasti-
cally as well (Fig. 6e,f,k,l) with changes of the photon energy by only 
0.2 eV in the region of the autoionizing state. The clouds of photo-
electrons produced in the first and in the second ionization steps  
differ strongly, reflecting different amplitude ratios and relative 
phases of the outgoing s and d partial electron waves. We have veri-
fied that the electronic distributions do not significantly change 
considering the amplitudes from any other point within the allowed 
parameter space.

Conclusions
We have shown that the use of VUV–XUV FELs with variable 
polarization enables the complete reconstruction of the bound and 

unbound components of the electronic wavepackets created in the 
sequential two-photon double-ionization process. The complete 
characterization of multiple photoionization in noble gases is an 
important step towards an exhaustive description of nonlinear inter-
action under intense XUV fields. These investigations are needed to 
benchmark with experimental data the theoretical models33,35,44. At 
the same time, the characterization of the interaction of ions with 
ultraviolet and XUV radiation is also important in astrophysics for 
understanding the dynamics occurring in plasma environments 
with temperatures between 103 and 106 K45.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-018-0340-4.
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Methods
The experiment was performed at the Low Density Matter beamline at the seeded 
XUV-FEL, FERMI, which offers fine tunability and narrow bandwidth (0.15% 
full-width at half-maximum (FWHM), 80–96 meV measured in the 56.2–56.7 eV 
range). The photon energy of the FEL was tuned via the seed laser and the 
undulator gaps. The step size was set to 0.5 eV in the spectral range 40–60 eV (long 
scans) and 20 meV between 55.5 and 56.8 eV (fine scans). The FEL pulse duration 
was estimated to be about 50 fs FWHM with a Gaussian spatial profile of 22 μ​m  
diameter (FWHM) measured at the focus30. The laser pulse energy on target 
(10 ±​ 3 μ​J for linear and 13 ±​ 3 μ​J for circular polarization) was calculated from the 
value measured shot-by-shot by the ionization yield in a pulse energy monitor and 
took into account the calculated nominal reflectivity (65%) of the optical elements 
in the beam transport system46. With these parameters, the calculated intensity, 
averaged over the spot size and the pulse duration, was I =​ 1.2 ×​ 1013 W cm−2 for 
linear polarization. VMIS images were obtained by integrating the single-shot 
acquisitions over 4,000 consecutive laser shots with background subtraction.

In the energy region of the second ionization peaks, the energy resolution of 
the VMIS is ~500 meV. Thus, the three substates 3P0,1,2 of the second ionization 
step, separated by 30 and 80 meV, and the spin–orbit splitting of 97 meV of  
the intermediate state doublet Ne+ 2p5 2P1/2,3/2 cannot be experimentally  
resolved (see Fig. 1).

The VMIS projects the three-dimensional photoelectron distribution on the 
two-dimensional surface of the detector. If the distribution has an axis of symmetry 
in the plane of the detector, the original angular distribution can be retrieved 
from the two-dimensional projection by means of an inverse-Abel transform. 
The pBasex software was used for the inversion. Spatial variations of the detector 
sensitivity and elliptical distortions were corrected before inversion. The error bars 
for β ν

2  and β ν
4  were calculated as the standard deviation of the data points for the 

2s peak, whose betas do not depend on the photon energy (β = 22
L  and β = 04

L  for 
linear polarization and β = −12

C  and β = 04
C  for circular polarization). The error 

bars were extended to the parameters of the other photoelectron peaks, as they 
show similar features on the VMIS images. The same approach was adopted for 
the relative error on the peak intensity, which does not depend on the photon 
energy for the 2s peak in the narrow spectral region of the autoionizing states. This 
procedure was cross-checked by comparing the values retrieved for data points 
acquired in the same experimental conditions and in different experimental runs. 
The energies of the two photoionization steps are listed in Supplementary Table 2.

In the intermediate-coupling multiconfiguration Hartree–Fock calculations, 
we obtained the wavefunctions by mixing configurations with single and double 
replacements of the electrons with the principal quantum numbers n =​ 2 and n =​ 3 
by 3d, 4s and 4p electrons of the basic configurations 1s22s22p5 for the ground state of 
Ne+, 1s22s2p53p for the autoionizing states of Ne+ and 1s22s22p4 for the ground state of 
Ne2+. The calculated energies of autoionizing states were scaled to the term-averaged 
position of the 2s2p53p 2D state with the experimental energy of 56.53 eV with respect 
to the Ne+ 2p5 2P3/2 state40. These energies are listed in Supplementary Table 3.

The Fano profile indices of the autoionizing states are similar for the fine-
structure levels: = − .q 3 5D2 , = − .q 4 5P2  and =q 6S2 . The last one is rather sensitive 
and varies within the interval 5–10 for different choices of the orbitals. In the 
present experiment, the 2s2p53p 2S state was outside the region of our interest and 
affects only the high-energy part of the spectrum. We used the statistical tensor 
formalism47 and the procedure proposed in refs 48,49 to express the parameters 
β ν

2,4 in terms of matrix elements in the region of the autoionizing resonances, as 
described in the Supplementary Information.

Having the full set of the dipole amplitudes Di→f of transitions from initial (i) 
to final (f) states, any observable Q in the final state can be found according to the 
quantum-mechanical prescription

∑ρ ξ ρ ξ χ χ⟨ ⟩ = = ⟨ ∣ ∣ ⟩ ⟨ ∣ ∣ ⟩
′ ′

′ ′ ′ ′→ →Q Q Q D DTr( ) * (4)
f ii

f f
f

i 0 i f f i i

where ρ (ρ0) is the density matrix in the final (initial) state of the atom or ion, and 
ξ∣ ⟩i  χ∣ ⟩( )f

 is a basis set for the initial (final) states. In the case when Q describes 
a subsystem (residual ion or photoelectron), the corresponding reduced density 

matrix should be taken. The electron density (‘electron cloud’) of the residual ion 
is obtained from the electron density operator = ∑ δ −Q r r( )n n , where rn is the 
coordinate of the nth electron and the summation is over all electrons except one 
(photoelectron). For example, for the density of the electron cloud of the residual 
ion Ne+(2p5 2P)

∑ ∑
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where = ∑ν ν=D r( )n n1
10  is the spherical component of the dipole, ν =​ 0 for linearly 

polarized light and ν =​ ±​1 is the helicity for circularly polarized light, and 
M(M′​) and MS are the projection of the orbital and spin momentum of the ion, 
respectively; m and ms are the corresponding projections of the photoelectron 
and C is a normalization constant. We introduced short notations |0〉​ for the 
ground state Ne(2p6 1S) and ∣ ⟩PMM

2
S

 for the state + pNe (2 P )MM
5 2

S
. One can obtain 

after some algebra from equation (5) a similar equation for the electron cloud of 
+ +p LNe (2 )S2 42 1

f
f , N r( ) =​  +N Nr r( ) ( )p ore2 c , where Ncore(r) is the electron cloud of the 

inner 1s and 2s shells and

Aα θ≡ = ∣ ∣ +N N C R r Pr r( ) ( ) ( ) (1 (cos )) (6)p L
j j

p
j j j

2
( ) ( )

2
( ) 2

2
( )

20
( )

2f

is the cloud of the 2p shell. Here j indicates either Ne+(2p5) (j =​ 1) or Ne2+(2p4) (j =​ 2) 
residual ion, A j

20
( ) is the ion alignment, R r( )p

j
2
( )  is the 2p radial wavefunction and


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where ′ ′G S L
S L j( )f f  is the coefficient of fractional parentage50: = |′ ′

′ ′G p L S p( } P)
S L
S L (1) 4 5 2f f  

(that is, Lf =​ 1, =Sf
1
2

 and terms L′​S′​ run over 3P, 1D and 1S); 
′ ′G

S L
S L (2)f f  =​  |′ ′p L S p L S( } )3 4

f f  (that is, terms Lf Sf run over 3P, 1D and 1S and terms L′​S′​ 
run over 2P, 2D and 4S).

To obtain the photoelectron cloud, we take Q =​ δ​(r −​ rph), where rph is the 
coordinate of the photoelectron. Its spatial density, shown in Fig. 6d–f, is described 
by the same formula (equation (1)) as the PAD, where the angle θ characterizes 
now the direction of the radius vector r, and not the direction of the electron 
propagation, while the parameters β ν

2  and β ν
4  are given by Supplementary 

equations (1)–(5) with the substitution →D D R r( )l L l L El L
(2) (2)
2 2 2 2 2 2

, where R r( )El L2 2
 

is the radial function of the photoelectron with kinetic energy E and orbital 
angular momentum l2, calculated for the total orbital momentum L2 of the system 
(ion +​ photoelectron).

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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