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Asymmetries in ionization 
of atomic superposition states 
by ultrashort laser pulses
J. Venzke *, A. Becker & A. Jaron‑Becker

progress in ultrafast science allows for probing quantum superposition states with ultrashort 
laser pulses in the new regime where several linear and nonlinear ionization pathways compete. 
interferences of pathways can be observed in the photoelectron angular distribution and in the 
past they have been analyzed for atoms and molecules in a single quantum state via anisotropy and 
asymmetry parameters. those conventional parameters, however, do not provide comprehensive 
tools for probing superposition states in the emerging research area of bright and ultrashort light 
sources, such as free‑electron lasers and high‑order harmonic generation. We propose a new set of 
generalized asymmetry parameters which are sensitive to interference effects in the photoionization 
and the interplay of competing pathways as the laser pulse duration is shortened and the laser 
intensity is increased. the relevance of the parameters is demonstrated using results of state‑of‑the‑
art numerical solutions of the time‑dependent Schrödinger equation for ionization of helium atom and 
neon atom.

Ultrabright light sources such as free-electron  lasers1 and table-top laser systems based on high-order harmonic 
 generation2,3 deliver high-intensity pulses of few- or sub-femtosecond duration. Nowadays, laser pulses with a 
duration of a few tens of attoseconds have been achieved  experimentally4,5. Isolated attosecond pulses or trains 
of attosecond pulses have been generated from the vacuum ultraviolet to the soft X-ray wavelength regime and 
the polarization of such pulses can nowadays be controlled. This recent progress in ultrafast laser pulse technol-
ogy makes it possible to probe, steer and control the dynamics of electrons in atoms, molecules and  solids6–11. 
To name a few examples, the time-resolved measurement of the electron emission in the photoelectric effect 
has been  realized12–16. Using an isolated attosecond pulse or a train of extreme-ultraviolet attosecond pulses to 
ionize an atom along with an infrared laser field interferograms have been measured to obtain information about 
phases of electron wavepackets, an important milestone towards reconstructing the wavefunctions of  atoms17,18. 
By extracting the phase and amplitude via application of photoelectron spectroscopy recently the birth of a 
photoelectron through a Fano resonance has been observed on the attosecond time  scale19.

Probing atoms and molecules in their ground or excited states with ultrashort laser pulses opens a new 
regime where several linear and nonlinear ionization pathways compete and  interfere20–27. For example, it has 
been shown how the competition between resonant and nonresonant pathways depends on the pulse  width20. 
An important observable are photoelectron angular distributions (PAD), which are measured by detecting the 
probability for emission of the electron from the target in different directions. Since PADs are determined by the 
amplitudes and phases of the partial waves of all pathways contributing to the emission, they are practical means 
to identify the different contributing pathways. A characteristic signature of such interferences are asymmetries 
in the emission of the  photoelectron28. In the simple case of photoionization from a single state, anisotropy and 
asymmetry parameters have been used in the past to identify and analyze interesting physical effects. A significant 
circular dichroism via the asymmetry in the forward-backward electron emission from bromocamphor molecules 
induced by circularly polarized light has been  identified29. Observation of the breakdown of the symmetry in the 
photoelectron emission of argon has been shown in the region of the Cooper  minimum30. Interferences between 
resonant and non-resonant  pathways20 or direct and autoionizing  channels31 can be identified via anisotropy 
and asymmetry parameters. Other examples can be found in double  photoionization32 or molecular vibrations 
and  chirality33 and applications range from studies of coherent  control34 to the characterization of ultrashort 
laser  pulses35.
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While studies of quantum systems in a single state are important, very interesting physics arises from the 
systems in superposition states. Nowadays the most prominent example of a two-level quantum mechanical 
system is a qubit with its important applications in quantum computation and quantum  simulations36. Yet, also 
the internal motion of quantum mechanical systems, whether it is rotational, vibrational or electronic, is deter-
mined via superposition states. In ultrafast science the observation and resolution of such dynamics and, hence, 
the observation of atoms or molecules in superposition states has always played a central role. Currently, it is the 
superposition of atomic or molecular electronic states and the related attosecond electron dynamics that is the 
focus of studies in the  field18,37–39. Perhaps the simplest case of such dynamics is a helium atom in a superposition 
of 1s and 2p1 state which results in a wavepacket rotating in a plane around the nucleus with a period of ∼ 200 
attoseconds. The dynamics in such quantum systems in superposition states can be probed via ionization with 
an ultrashort laser pulse. Unlike for the ionization of a quantum system prepared in a single state, e.g. the ground 
state, conventional anisotropy and asymmetry parameters fail to provide comprehensive tools for the analysis 
of photoionization from atomic superposition states. For example, the simplest case of a competition between 
one- and two-photon ionization processes can be analyzed using asymmetry parameters if the atom is prepared 
in the ground  state20–27. In contrast, these analysis tools are either not applicable or do not provide a straightfor-
ward interpretation for the same processes if the atom is in the superposition of two states. Thus, an extension 
of the toolbox for the characterization of the states and the identification of competing pathways is desirable. In 
this paper, we propose a new set of generalized asymmetry parameters which are sensitive to interference effects 
in the photoionization of atomic systems in superposition states. As we will show these new parameters can be 
used to identify the interplay of competing linear and nonlinear pathways at low and high intensities, as well 
as at ultrashort pulse durations. The application and relevance of the parameters is tested using state-of-the-art 
numerical solutions of the time-dependent Schrödinger equation. Our method provides a new approach to the 
analysis of experiments dedicated to resolving attosecond electron dynamics.

Generalized asymmetry parameters
We consider a prototypical example in ultrafast science and, more general, in atomic physics, which is sche-
matically shown in Fig. 1. An atom in a superposition of two quantum states with different magnetic quantum 
numbers m, say the ground (g) and an excited (e) state is probed via ionization by an ultrashort linearly polarized 
laser pulse. The photoelectron emission is induced by a pulse with central frequency ω tuned to the energy gap 
of the two states. The broad energy spectrum of an ultrashort Gaussian pulse is schematically depicted in the 
panels of Fig. 1 centered about the energy of the excited state. There are three competing pathways leading to 
photoelectron emission with energy 2ω − |Eg | , where Eg is the ground state energy of the atom: (a) absorption of 
one photon at ω from the excited state, (b) absorption of two photons with sum frequency 2ω from the ground 
state and (c) absorption of one photon at 2ω from the ground state. While the ionization from the excited state 
(a) is the dominant pathway at low peak intensities and long pulse duration, the transitions from the ground 
state will interfere at higher peak intensities [two-photon process, (b)] and if the bandwidth of the pulse is broad 
enough [i.e., the pulse duration is sufficiently short, (c)]. The exemplary results obtained from the solutions of 
the time-dependent Schrödinger equation in Fig. 1 for the interaction of neon atom, prepared in the superpo-
sition of 2p−1 - and 3d2-states (d) or prepared in the same superposition but including additionally ionization 
from the 2p0 and 2p1 ground states (e), with a linearly polarized laser pulse show that the photoelectron angular 
distributions (PADs) vary significantly as function of pulse duration and peak intensity. The forward–backward 
asymmetry, often used in the past, cannot be applied to identify the impact of the different pathways in these 
PADs. Therefore, a new set of asymmetry parameters is needed for photoionization from superposition states 
with ultrashort laser pulses.

Definition. We start by expanding the PAD as a coherent sum of spherical harmonics, assuming the atom is 
ionized by a linearly polarized pulse aligned along the z-axis as

where mg ( me ) are the magnetic quantum numbers of the ground (excited) state in the superposition, Cm
ℓ  is the 

complex amplitude and Ym
ℓ (θ ,φ) is the spherical harmonic. The asymmetry in the PADs due to the interference 

between different channels is related to the relative phase and amplitude of the spherical harmonics. For each 
spherical harmonic, the sign of the phase is symmetric (asymmetric) across the xy-plane when ℓ+m is even 
(odd), while in the xy-plane the phase is proportional to eimφ.

In the xy-plane there are regions of destructive and constructive interference between the transition ampli-
tudes from the ground and excited state, as illustrated on the left of Fig. 2. The regions can be labeled by

where ⌊⌋ is the floor function, φ0 is a reference angle, and �m = |mg −me| ( �m = 3 in Fig. 2,40). Setting φ0 at 
an angle where the interference switches from constructive to destructive, regions of destructive interference 
signal are labeled by even ci while odd ci denote regions of constructive interference. Next we define the follow-
ing integrals:
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where d�ci is the solid angle for the region ci in the positive ( z > 0 ) or negative ( z < 0 ) hemisphere with respect 
to the xy-plane. In the example in Fig. 2 (left) each integral represents the total photoelectron signal in the 
regions of a specific color (dark blue, light blue, dark red, light red). We now define general asymmetry param-
eters (GAPs) that account for the relative difference in the regions of constructive and destructive interference:

where γ = ℓe +me + ℓg +mg + Np with ℓg ( ℓe ) are the quantum numbers of the ground (excited) state in 
the superposition, and p = (γ mod 2) is the parity of γ . Each parameter A�m

p  is related to a certain total num-
ber of absorbed photons, Np = Ng + Ne , where Ng ( Ne ) is the number of photons absorbed in the transition 
from the ground (excited) state. We note that GAPs cannot only be defined for ionization of superposition 
states with a linearly polarized laser pulse along the z-axis, but the definition can be extended, for example, to 
ionization with a circularly polarized ionizing laser pulse in the xy-plane. In that case γ = ℓe +me + ℓg +mg , 
the number of photons is not included as both ℓ and m change by 1 for each photon absorbed. Using 
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Figure 1.  (a–c) Ionization pathways effective in different intensity and pulse length regimes. (d) Photoelectron 
angular distributions for ionization of neon atom, prepared in 2p−1 − 3d2 superposition, as function of intensity 
and pulse length. (e) The same as (d) including additionally ionization from the 2p0 and 2p1 states.
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�m = |(mg ± Npg )− (me ± Npe)| for right (+) and left (-) handed circular polarized probe pulses, processes 
with different number of photons involved can be studied by analyzing the signals with different �m . Here, in 
the further discussion and applications we however focus on the case of a linearly polarized probe pulse.

To exemplify the significance of the asymmetry parameters we consider the ionization of Ne atom, ini-
tially prepared in the 2p−1 − 3d2 superposition (i.e., ℓg = 1 , mg = −1 , ℓe = 2 , me = 2 ; and, hence, 
lg +mg + le +me = 4 ), by an ultrashort intense laser pulse. As discussed at the outset, we expect interferences 
between two kind of pathways depending on the peak intensity and the pulse duration. For an ultrashort pulse at 
low intensities one-photon transitions from the ground (Fig. 1c, Ng = 1 ) and the excited states (Fig. 1a, Ne = 1 ) 
will interfere, with Np = Ng + Ne = 2 , γ = 6 and p = 0 . An examplary PAD, obtained via numerical TDSE 
solution in the relevant intensity and pulse duration regimes, is shown at the top of the right column in Fig. 2. 
For even γ the corresponding parameter A3

0 relates to the difference between the total photoelectron signals in the 
dark red and light blue shaded regions, as depicted at the top of the middle column of Fig. 2. Comparison with 
the PAD shows that this difference indeed accounts for the asymmetry in the PAD induced by the interference of 
the transition amplitudes for the one-photon processes from the ground and the excited states. In contrast, due to 
the dependence of multiphoton transition amplitudes on the intensity of the pulse at longer pulse duration and 
higher intensities it is expected that the one-photon transition from the excited state (Fig. 1a, Ne = 1 ) interferes 
with the two-photon absorption from the ground state (Fig. 1b, Ng = 2 ), giving rise to Np = 3 , γ = 7 and p = 1 
for ionization of Ne(2p−1 − 3d2 ). The regions relevant in the calculation of the asymmetry parameter A3

1 and 
the corresponding exemplary PAD for the Ne atom are presented in the bottom row of Fig. 2. The comparison 
indicates the significance of the asymmetry parameter A3

1 for the detection of the interference at high intensities.

Application via numerical simulations. For the application of the GAPs we have considered certain 
superpositions of two atomic states which are first prepared by a pump pulse and then probed by a linearly 
polarized pulse at a set time delay such that the relative phase between the two states is determined. In the cal-
culations we have therefore simulated the interaction with the probe pulse only by using numerical solutions of 
the time-dependent Schrödinger equation (TDSE) for the interaction of a electron in a single-active-electron 
(SAE) potential with the electric field E of a linearly polarized laser pulse (aligned along the quantization ẑ-axis) 
in dipole approximation and length gauge (we use Hartree atomic units e = me = ℏ = 1):

To ensure that the electric field integrates to  zero35, we set the vector potential as:

(6)i
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Figure 2.  Conceptual illustration of GAPs (for �m = 3 ). Left: Integrals Ieven/odd±  , Eqs. (3, 4), are defined 
over regions of constructive and destructive inferference, indicated by different colors (dark blue, light 
blue, dark red, light red), in xy-plane. Middle: GAPs are constructed based on the parity of the parameter 
γ = le +me + lg +mg + Np from the integrals over the regions denoted by a certain color (light blue, dark 
red). Right: Examplary PADs displaying the asymmetry captured by the parameters for even and odd γ.
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with A0 = c
√
I0

ωA
 , T = 2πN

ωA
 , c is the speed of light, I0 the peak intensity, N the number of cycles in the pulse, ϕ is 

the carrier-to-envelope phase (CEP) and ωA denotes the central frequency of the vector potential which has been 
frequency  corrected41 to produce an electric field with a central frequency ω . The present calculations are per-
formed utilizing single active electron potentials for He atom and Ne  atom42 with the electron initially prepared 
in a superposition of the ground and an excited state. The TDSE has been solved by expanding the wavefunction 
in spherical harmonics (up to ℓmax = 50 for all relevant m values), as described  in27. The computations have 
been performed on a radial grid of 300 a.u. with a grid spacing of 0.05 a.u.  using exterior complex scaling on 
the outer 15 a.u. of the grid. A time step of 0.05 a.u. has been used.

Results and discussion
For our applications we have considered individual superposition states in neon (Fig. 3) and realistic superposi-
tion states considering all possible initial mg states of neon and helium atoms (Fig. 4). The central frequency of the 
applied electric field was set to the energy difference of the initially populated field-free states ( ω0 = |Eg − Ee| ). 

(7)
Az(t) =A0 exp

(

− ln(2)

(

2(t − τ0)

T

)2
)

× sin (ωA(t − τ0)+ ϕ)

Figure 3.  Generalized asymmetry parameters A1
0 (solid lines) and A1

1 (dashed lines) as function of intensity 
for ionization of superpositions of 2p−1 − 3d0 (a), 2p0 − 3d1 (b), and 2p1 − 3d2 (c) in neon atom with initial 
populatations of 0.5 for each state (top row). Results in bottom row for superpositions with populations of 
P2p−1

= 0.98,P3d0 = 0.02,P4s0 = 0.00057 (d), P2p0 = 0.94,P3d1 = 0.06 (e), and P2p1 = 0.88,P3d2 = 0.12 (f). 
Results have been obtained for one-cycle (blue lines) and four-cycle (orange lines) pulses at photoelectron 
energy E = 2ω − Ip.

Figure 4.  Same as Fig. 3 but for superpositions generated by a right-handed circularly polarized pulse via one-
photon transition in helium atom (a), three-photon transition in neon atom (b), and one-photon transition in 
neon atom (c) (for details see text).
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To analyze the relevance of both the short-pulse parameter A�m
0  and the high-intensity parameter A�m

1  calcula-
tions have been performed for one- and four-cycle probe pulses (FWHM pulse durations) as function of the peak 
intensity of the pulse. At the end of each simulation of the time-dependent Schrödinger equation we obtained 
the photoelectron angular distribution at a given momentum k (corresponding to a photoelectron energy of 
E = 2ω − |Eg | ) by projecting the wavefunction onto the field-free continuum states on the numerical grid. The 
asymmetry parameters A�m

0  and A�m
1  are then determined from the numerical PADs using Eq. (5).

To exemplify the application and provide basic insights in the relevance of the GAPs, we have first considered 
superpositions of individual sublevels in different shells of the neon atom as initial state. Figure 3 shows results 
for the GAPs as a function of peak intensity for interaction of a neon atom, prepared in (2p−1 − 3d0) (a,d), 
(2p0 − 3d1) (b, e), and (2p1 − 3d2) (c, f) superpositions. For the results in the top row equal population in the two 
initial states has been considered, while for those in the bottom row populations, as produced via one-photon 
excitation by a 50 cycle, 1013 W/cm2 right handed circulary polarized pump pulse, are used for the initial state 
(states with populations larger than 10−5 are considered, see figure caption for values). The central frequency 
of the ionizing probe laser pulse is tuned to the energy gap between the field-free ground and excited states.

Overall, except for the results in panel (a) which we will discuss below separately, the short-pulse parameter 
A1
0 (solid lines) is large at low intensities and for the shorter of the two pulse durations. This is expected from 

our discussion above and confirms that the parameter is an indicator for the interference of the one-photon 
signal from the ground state and the one-photon signal from the excited state. Since both of these signals are 
first order in intensity, their relative strengths and, hence, the A1

0 parameter are independent of intensity at low 
intensities for a given initial superposition state. As the intensity increases, the relative amplitude of the two-
photon ionization channel increases and finally dominates over the one-photon channel from the ground state. 
This trend is reflected in both the short-pulse and the high-intensity parameters. The increase in A1

1 , resulting 
from the interference between the one-photon excited state signal and the two-photon ground state signal, shows 
in which intensity regime the two-photon signal starts to overtake the short pulse signal. Simultaneously with 
the increase of A1

1 we observe a decrease of the A1
0 signal, in agreement with our physical interpretation of the 

relevance of the different pathways. Parenthetically, we note the onset of an increase of the A1
0 parameter at high 

peak intensities is likely due to pathways involving higher order processes with an even number of total photons.
While the general trends of the two parameters are similar in most of the cases, there is one exception where 

the details differ significantly. In the case of the (2p−1 − 3d0)/
√
2 superposition (panel a), A1

0 shows a different 
trend. It remains constant at low intensities before increasing at higher intensities. As the laser pulse and relative 
populations are fixed in the top row (a–c) of Fig. 3, the change in amplitude and shape of A1

0 and A1
1 are caused 

by changes in the cross-sections of the various states. We, therefore, attribute the different trend in the A1
0 signal 

in panel (a) to be due to the dominance of the one-photon transition from the 3d0 state at all intensities, since 
m = 0 states are, in general, easier to ionize with a linearly polarized pulse than those with |m| > 0 . This inter-
pretation is further supported by the results in Fig. 3d for a superposition with much lower initial population 
in the 3d0-state. Despite the difference in magnitude of transition amplitudes, now the interference between the 
one-photon pathways is effective and the general expected trend for the short-pulse parameter A1

0 is present.
Comparison of the results in the two rows of Fig. 3 shows that the intensity at which the transitions in the 

parameters occur depends on the population in the two states in the initial superposition. Since in the bottom 
row the populations in the excited states are low, the relative magnitudes of the corresponding one-photon tran-
sition amplitudes from the excited states as compared to those from the ground state levels are weaker than for 
the equally populated superpositions (top row). Therefore, we observe the impact of the two-photon pathway 
from the ground state at lower intensities in the results in the bottom row. Additionally, the A1

1 signal becomes 
sensitive to changes in pulse length due to the weak signal from the excited state. Thus, the GAPs may also be 
useful to detect the population ratio in the superposition states. Here, we do not further analyze this feature, but 
focus on the more general application of the parameters to identify the presence of different ionization pathways.

So far, in Fig. 3 we considered simple albeit somehow artificial superposition states restricted to certain sub-
levels of two shells in the neon atom. Now, we extend our analysis to three different initial states as they can be 
generated with right-handed circularly polarized pump laser pulses: (a) one-photon excitation of helium atom 
to the 2p1 state leading to (1s − 2p1)/

√
2 superposition, (b) three-photon excitation of neon atom to the 3d shell, 

leading to an initial state consisting of a superposition with equal population in 2p−1 and 3d2 along with populated 
2p0 , and 2p1 states (note, that the latter two 2p states cannot be excited by the absorption of three right-handed 
circularly polarized photons to the 3d shell), and (c) one-photon excitation of neon atom to the 3d shell leading 
to the combination of the three superposition states analyzed separately in the bottom row of Fig. 3. In Fig. 4, we 
present results for the GAPs of the corresponding calculations. The initial superpositions in case of the helium 
data (a) and the neon data in panel (b) consist of just one state in the excited shell and show the same general 
trends as those in the majority of the panels of Fig. 3 with the decrease of A�m

0  along with the increase of A�m
1  

occurring in a certain intensity regime. The transitions in helium occur at a higher peak intensity due to the 
more tightly bound helium ground state, which is harder to ionize. The overall trends of the results in Fig. 4c for 
the more complex initial superposition, consisting of six states in the 2p- and the 3d-shell of neon, are the same 
as before. The one-cycle pulse data are similar to those discussed before, providing the same information about 
the impact of the two-photon transition from the ground state. However, the A1

1 parameter, particularly at the 
longer pulse duration, shows an additional interference structure in the transition regime. It is likely that this is 
due to an interference between transitions originating from two excited states differing by �m = 1 , here between 
one-photon ionization signals from 3d0 and 3d1 as well as from 3d1 and 3d2 . Although the number of absorbed 
photons in these transition is not 3, the resulting γ has the same parity as the signal from a 2pm − 3dm+1 state.

The high-intensity asymmetry parameter A�m
1  is not only indicative of the general features concerning the 

interferences between the pathways discussed above, but also provides insights in more subtle aspects. In the top 
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row of Fig. 3 the maximum of the asymmetry parameter A�m
1  occurs at the same intensity independent of the 

pulse duration. This is due to the fact that in the calculations the central frequency was set to the energy difference 
of the initially populated states. In this case the center of the photoelectron energy distributions due to the one-
photon ionization from the excited state and the two-photon transition from the ground state nearly  coincide43. 
If the frequency is detuned from the resonance, the position of maximum interference strongly depends on the 
pulse duration. Due to the larger spectral width of the pulse at shorter pulse duration, the interference between 
the channels becomes most effective at higher intensities than the longer pulse duration results, at which the 
photoelectron distributions from the two channels have less overlap. This effect is seen in the results in Fig. 5 
for photoionization at a central frequency of 1.2 times the energy difference between the 1s- and 2p1-states in 
helium atom.

Finally, it is important to consider variations in the laser parameters relevant for an application of the general-
ized asymmetry parameters in an experiment. Typically, the peak intensity of the applied laser pulse may vary 
from shot to shot as well as over the interaction volume. The results in Figs. 3 and 4 show that the two GAPs vary 
rather slowly as a function of peak intensity. Thus, we can expect that variations in intensity in an experiment 
will not impact the results significantly. Another parameter that is usually difficult to control is the CEP of a laser 
pulse, which typically may become most important for ultrashort pulses. In the present study the high-intensity 
A1
1 parameter is independent of variations in CEP. To study the dependence on the CEP for the short-pulse low-

intensity asymmetry parameter A1
0 we have obtained results as a function of the CEP and averaged the results 

about a given value ϕ0 using a Gaussian distribution of width α (in units of 2π ) as:

Figure 5.  Asymmetry parameter A1
1 for ionization of helium atom (1s–2p1 ) with one- and four-cycle pulses at 

central frequency ω = 1.2ω0.

Figure 6.  Asymmetry parameter A1
0 for ionization of helium atom (1s–2p1 ) with one-cycle pulses at central 

frequency ω0 . Results of averages over different Gaussian distributions of CEP with width α are compared with 
those at fixed CEP ( α = 0 , solid line).
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where σ(ϕi) is the total ionization probability at CEP ϕi . In the calculations we have assumed that the pump 
pulse (for the preparation of the initial state) has the same CEP as the probe pulse. The comparison of the results 
for different averages in Fig. 6 with the results for fixed CEP (solid line) shows that for He atom the short-pulse 
asymmetry parameter A1

0 is indicative for the interference up to fluctuations of about π/2 in the CEP.

Summary
In summary, we have introduced a set of generalized asymmetry parameters (GAPs) which characterize the 
interference of linear and nonlinear pathways to ionization of atoms, prepared in superposition states, due to 
the interaction with a linearly polarized intense ultrashort laser pulse. These parameters may provide a new tool 
to analyze data in attosecond experiments. The relevance of the parameters is demonstrated via the results of 
numerical simulations of ionization of helium and neon atom. The impact of short pulse and nonlinear effects, as 
they arise in experiments with free-electron lasers and high-order harmonic generation, is shown. The depend-
ence on the central frequency of the applied laser pulse and the impact of variations of laser parameters, such as 
the peak intensity and the carrier-to-envelope phase, are analyzed and discussed.
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