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Ultrafast phenomena initiated by strong-field ionization are commonly interpreted within classical or semiclassical
frameworks based on electron trajectories. In this work, we theoretically investigate the energy-resolved photoelectron
angular distributions in above-threshold ionization (ATI) induced by elliptically polarized ultraviolet (UV) pulses and un-
ravel the underlying dynamics from the perspective of quantum-pathway interference. By numerically solving the three-
dimensional time-dependent Schrödinger equation, we extract the contributions of the quantum pathways for an electron
transitioning from the ground state to the continuum under pulses with different ellipticities. Our results demonstrate that
for close-to-circularly polarized UV pulses, two quantum pathways govern the angular distribution for each ATI peak, and
their interference produces a cosinusoidal oscillation in the photoelectron angular distributions, which is distinct from the
Gaussian characteristic predicted by the traditional tunneling framework. In particular, the corresponding offset angle is
shown to depend on the relative phase between these two dominant channels. As the ellipticity decreases, the increasing
number of contributing pathways leads to a multiple-peak structure in the photoelectron angular distribution. The present
study provides a quantum-mechanical perspective for understanding the angular streaking of nonadiabatic ionization in
rotating fields.

Keywords: nonadiabatic strong-field ionization, elliptically polarized field, quantum pathways interference,
angular offset
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1. Introduction
Strong-field ionization of atoms and molecules gives

rise to a wealth of intriguing ultrafast phenomena, such
as high-order harmonic generation,[1–4] frustrated tunneling
ionization,[5–7] photoelectron holography[8–10] and Coulomb
explosion.[11–13] There are two primary mechanisms in
strong-field ionization.[14–16] One is tunneling ionization, in
which the bound electron tunnels through the laser-distorted
Coulomb barrier and becomes a free photoelectron. The other
is multiphoton ionization, in which the electron gains suffi-
cient energy from photon absorption to escape the binding po-
tential. These two mechanisms coexist and compete in strong-
field ionization.

The interaction of atoms and molecules with elliptically
polarized strong laser fields has been extensively studied over
the past few decades.[17–21] One of the most prominent ap-
plications of such fields is attosecond angular streaking, com-
monly known as the attoclock. This technique was initially
proposed to investigate the timing of electron tunneling.[22–32]

In this technique, the rotating electric field vector serves as the
hand of a clock, mapping the time of ionization to the photo-
electron emission angle. This elegant approach enables access

to attosecond-scale timing information without requiring at-
tosecond laser pulses. In addition, more findings indicate that
the resulting photoelectron momentum distribution (PMD)
contains a wealth of additional information beyond tunneling
time.[33–38] The attoclock technique finds widespread appli-
cation in the tunneling regime[22–41] which is often explained
classically or semiclassically in terms of electron trajectories
originating at a specific ionization time.

Recently, Trabert et al.[42] extended attoclock measure-
ments to above-threshold ionization (ATI) with elliptically
polarized (EP) ultraviolet (UV) pulses, revealing a counter-
intuitive energy-dependent angular offset trend that contra-
dicts standard Coulomb-interaction predictions. Li et al.[43]

and Xie et al.[44] further investigated the Coulomb effect in
nonadiabatic tunneling. Their findings indicate that Coulomb-
induced ionization time delay and Coulomb focusing lead to
this nonintuitive trend. However, analyzing ionization mecha-
nisms within an electron-trajectory framework in nonadiabatic
ionization presents additional complexities. The Coulomb-
distorted barrier loses its quasistatic character, and the rapidly
rotating electric field introduces substantial complications to
the electron trajectories. As demonstrated by Li et al.,[43] the
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emission angle no longer provides a one-to-one correspon-
dence with the ionization time. This complexity makes it
challenging to establish a comprehensive physical picture to
interpret the mapping relation between the offset angle and
the underlying physics. Furthermore, it is difficult to explain
the observed cosinusoidal photoelectron angular distributions
(PADs) by tracking electron trajectories in elliptically polar-
ized pulse-induced nonadiabatic tunneling. To our knowledge,
this observation has not been discussed in previous work.

In the present work, we develop a quantum-pathway in-
terference framework to investigate the energy-resolved PADs
in ionization induced by EP UV pulses. By numerically solv-
ing the three-dimensional time-dependent Schrödinger equa-
tion (3D-TDSE), we decompose the contributions of each par-
tial wave to individual ATI rings. For near-circular polariza-
tion, we identify two dominant pathways that govern the an-
gular distribution. Their interference produces cosinusoidal
PADs, with the observed offset angle determined by their rel-
ative phase. In addition, we show that for pulses with small
ellipticity, additional pathways emerge, producing multi-peak
structures in the angular distributions.

2. Numerical methods
We numerically solve the 3D-TDSE to simulate the ion-

ization dynamics of the H atom. In the velocity gauge, the
propagation of the wave function is governed by (atomic units
are used throughout unless otherwise stated)

i
∂Ψ(𝑟, t)

∂ t
=

(
1
2
𝑝2 +𝐴(t) ·𝑝+V (𝑟)

)
Ψ(𝑟, t), (1)

where V (𝑟) = −1/𝑟 is the Coulomb potential of the H atom
(unless otherwise stated).

The ionization processes in the present work are induced
by EP UV laser pulses. In the present work, we neglect the
nondipole effect. Within the dipole approximation, the vector
potential 𝐴(t) is defined as

𝐴(t) =
1
ω

E0√
ε2 +1

f (t)(sin(ωt)𝑒y− ε cos(ωt)𝑒x), (2)

where E0 is the amplitude of the electric field. ω and ε denote
the frequency and the ellipticity of the laser pulse, respectively.
f (t) is the envelope of the laser pulse defined as

f (t) = sin2
(

πt
NT0

+
π

2

)
, (3)

where N = 20 is the number of optical cycles and T0 is the opti-
cal period. All simulations use a laser pulse with a wavelength
of 380 nm unless otherwise noted.

We propagate the time-dependent wave function Ψ(𝑟, t)
in spherical coordinates. The wave function Ψ(𝑟, t) is ex-
panded in spherical harmonics Y (l,m) as

Ψ(𝑟, t) = ∑
l,m

Rl,m(r, t)
r

Y (l,m), (4)

where Rl,m(r, t) is the radial component of the wave func-
tion, which is discretized using the finite-element discrete
variable representation (FE-DVR) method.[45] The orbital an-
gular momentum quantum number l and magnetic quantum
number |m| are chosen up to 30, and convergence has been
ensured by varying the number of included partial waves.
The time-dependent wave function Ψ(𝑟, t) is propagated us-
ing the split-Lanczos[46–49] method with the time step fixed at
δ t = 0.01 a.u. The maximum radial coordinate is chosen to
be 1200 a.u., which is sufficiently large to contain the major-
ity of the ionizing wave packets until the interaction process
ends. The initial wave function is obtained by imaginary-time
propagation and corresponds to the ground state of the H atom.

The ionization amplitude is obtained by projecting the fi-
nal wave function onto the scattering states[46,49]

M(𝑝) = 〈Ψp(𝑟)|Ψ(𝑟, t f )〉, (5)

where Ψp(𝑟) is the normalized scattering state for the H atom.
We have

M(𝑝) =
1√
2π p ∑

l,m
Ylm(𝑝̂) fl,m(𝑝), (6)

where

fl,m(𝑝) = (−i)l e−iσl(𝑝)
∫

rRpl(r)Rlm(r, t f )dr, (7)

with σl(𝑝) = argΓ (l + 1− iZ/p) being the Coulomb phase
shift. Here Z = 1 is the nuclear charge for a hydrogenic sys-
tem. The radial wave function Rpl(r) is analytically given by

Rpl(r) =
2
r

2l e
πZ
2p

∣∣∣∣Γ (l +1− iZ
p

)∣∣∣∣
(2l +1)!

e−i pr(pr)l+1

×1F1

(
l +1+

iZ
p
,2l +2,2i pr

)
. (8)

where 1F1 represents the confluent hypergeometric function.

The ionization amplitude M(𝑝) can be written as the sum
of the contributions of each partial wave (see Eq. (6)). Thus,
one can investigate the contribution of each partial wave to the
ionization amplitude separately. The PMD is computed as

P(𝑝) = |M(𝑝)|2, (9)

with intensities normalized to a maximum of 1 unless stated
otherwise.
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3. Results and discussion
An EP laser field can be analytically written as the su-

perposition of two counter-rotating circularly polarized laser
fields, as shown in Fig. 1

𝐴EP(t) =𝐴L(t)+𝐴R(t), (10)

where 𝐴L(t) and 𝐴R(t) are the vector potentials of the left-
handed circularly polarized (LCP) and right-handed circularly
polarized (RCP) laser fields, respectively, which are given by

𝐴L(t) =
1+ ε

2ω

E0√
ε2 +1

f (t)(sin(ωt)𝑒y− cos(ωt)𝑒x), (11)

𝐴R(t) =
1− ε

2ω

E0√
ε2 +1

f (t)(sin(ωt)𝑒y + cos(ωt)𝑒x), (12)

The electric dipole selection rules dictate that ∆L = ±1 and
∆m = −1 for LCP photon absorption, and ∆L = ±1 and
∆m =+1 for RCP photon absorption. Therefore, for EP laser-
field-driven multiphoton ionization, the distinct pathways as-
sociated with LCP and RCP photon absorption give rise to in-
terference in the PMD.

Figure 2 shows the calculated PMDs for different laser
ellipticities obtained by numerically solving the TDSE. In all
cases, the PMDs are anisotropic and exhibit oscillations in the

angular direction. These oscillations are induced by the in-
terference of different pathways. For near-circular polariza-
tion, each ATI ring displays a two-lobe structure, as shown
in Figs. 2(a) and 2(b). As the ellipticity decreases, additional
peaks emerge in the angular distributions, reflecting the in-
creasing complexity of the interfering pathways.

-0.05 0 0.05
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Fig. 1. The electric field of the elliptically polarized laser pulse and its
corresponding left- and right-circularly polarized components. The elec-
tric field is calculated as 𝐸(t) = −∂𝐴(t)/∂ t. The laser intensity and
ellipticity are 1.2×1014 W/cm2 and 0.85, respectively.
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Fig. 2. The PMDs for the ionization of the H atom driven by EP laser pulses with different ellipticities: (a) ε = 0.9, (b) ε = 0.8, (c) ε = 0.7,
(d) ε = 0.6, (e) ε = 0.5, (f) ε = 0.4, (g) ε = 0.3, (h) ε = 0.2, (i) ε = 0.1, and (j) ε = 0. The laser intensity is 1.2×1014 W/cm2.

Here, we first discuss the ionization induced by close-to-
circularly polarized laser fields. In this case, the amplitude
of the LCP component is much greater than that of the RCP
component [(1+ ε)/(1− ε)� 1]. Thus, LCP photon absorp-
tion significantly outweighs RCP photon absorption. Figure 3
illustrates the two main channels for each ATI: (i) exclusive
absorption of LCP photons, and (ii) absorption of one RCP
photon with the remaining photons being LCP photons. These
two channels generate photoelectron wave packets with the
same energy but distinct angular momenta, giving rise to the
observed oscillations.

To validate our theoretical analysis, we calculate the con-
tributions of each partial wave to the PMDs. Figure 4(a) shows
the PMD for ionization driven by a close-to-circular EP laser
field. One can see three ATI peaks separated by the UV pho-
ton energy, which allows the investigation of each energy peak
separately. Figures 4(b)–4(d) show the contributions of each
partial wave to the three ATI peaks. Due to the selection
rules, partial waves with odd parity dominate for ATI1 and
ATI3, whereas partial waves with even parity dominate for
ATI2. Moreover, one can see that the two main partial waves
are w5,−5 (partial wave l = 5 and m = −5) and w3,−3 (partial
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wave l = 3 and m = −3) for ATI1, w6,−6 and w4,−4 for ATI2,
and w7,−7 and w5,−5 for ATI3. These two partial waves are
produced by the two pathways illustrated in Fig. 3, providing
strong confirmation of our physical picture.

Further verification comes from reproducing the angular-
resolved spectra using only the two dominant partial waves, as
shown in Fig. 5. The excellent agreement with the results ob-
tained by considering all partial waves demonstrates that these
two pathways indeed govern the ionization process induced by
near-circular UV pulses.

Fig. 3. Schematic energy diagram of the two main pathways illustrating
the ionization of the H atom driven by a close-to-circular UV laser pulse
for three ATI peaks.

p
y
 (

a
.u

.)

px (a.u.)

m

L

m

L

m

L

Fig. 4. (a) The PMDs for ionization driven by EP UV laser pulses.
(b)–(d) The contributions of each partial wave to the three ATI peaks:
(b) ATI1, (c) ATI2, and (d) ATI3. The laser ellipticity and intensity are
0.85 and 1.2× 1014 W/cm2, respectively. The data in (b)–(d) are shown
on logarithmic scales.

To obtain more details, we investigate the location of the
maximum of the angular distributions. Figure 6(a) shows the
offset angle of each ATI peak as a function of laser ellipticity
considering all partial waves (solid line) and considering the

two dominant partial waves (dashed line). One can see that
the offset angles remain nearly constant when only two par-
tial waves are considered. In addition, the deviation between
the complete and restricted partial-wave calculations gradu-
ally decreases and eventually becomes negligible as the laser
ellipticity increases.

To understand these features, we analyze the ionization
amplitude M(𝑝) in the laser polarization plane

M(pr,φ) = ∑
l,m

Al,m(pr)e(imφ+iφl,m), (13)

where Al,m(pr) is the amplitude independent of φ , and φl,m is
the phase at the direction of the minor axis of the polariza-
tion ellipse (φ = 0 in this work). In the case where only two
dominant partial waves are considered, M(𝑝) can be written
as

M2(pr,φ) = An,−n(pr)e(−inφ+iφn,−n)

+An−2,−n+2(pr)e[−i(n−2)φ+iφn−2,−n+2], (14)

where n represents the number of absorbed photons. n= 5,6,7
for ATI1, ATI2, and ATI3, respectively. Substituting Eq. (14)
into Eq. (9), one can obtain

P2(pr,φ) = A2
n,−n(pr)+A2

n−2,−n+2(pr)

+A0 cos(2φ +φn,−n−φn−2,−n+2). (15)

This reveals that when only two dominant partial waves are
considered, the angular distribution takes the theoretical form
A0 cos [2(φ −αoff)] + B0, where the offset angle αoff can be
written as

αoff =
∆φn

2
, (16)

with ∆φn = φn−2,−n+2−φn,−n. As shown by the white dashed
line in Fig. 5, the PADs resulting from the coherent summa-
tion of the two dominant pathways exhibit a clear cosinusoidal
oscillation. Due to the involvement of other pathways, a mi-
nor deviation from this ideal form is observed in the complete
partial-wave calculations. Furthermore, when only two partial
waves are considered, the offset angle is determined by the
relative phase between the two main pathways, as shown in
Fig. 3. As expected, Fig. 6(b) demonstrates that the relative
phases of the two channels remain constant with increasing el-
lipticity, consistent with the stable offset angles observed in
Fig. 6(a).

To gain more insight into the trend of the offset angle,
we calculate the relative yield of specific partial waves as a
function of laser ellipticity, as shown in Fig. 7. One can see
that with increasing laser ellipticity, the proportion of wn,−n

increases, eventually approaching saturation. All other partial
waves including wn−2,−n+2 rapidly decrease as the laser ellip-
ticity increases. This selective enhancement stems from the
rapid decline of the RCP amplitude with increasing ellipticity
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(see Eq. (12)), thereby preferentially suppressing pathways in-
volving RCP photon absorption. Thus, the reduced deviation
between the complete and restricted partial-wave calculations
observed in Fig. 6(a) can be explained by the diminishing con-
tributions from these other pathways.
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Fig. 5. The angular-resolved photoelectron energy spectra for each ATI
peak [(a) and (b) ATI1, (c) and (d) ATI2, (e) and (f) ATI3] and the cor-
responding angular distributions (white dashed line). In (a), (c), and (e),
all partial waves are considered. In (b), (d), and (f), only the two domi-
nant partial waves are considered. The laser parameters are the same as
in Fig. 4.
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Fig. 6. (a) The offset angles of each ATI peak as a function of laser el-
lipticity, considering all partial waves (solid line) and only the two dom-
inant partial waves (dashed line). The offset angle is defined as the most
probable emission angle with respect to the minor axis of the laser po-
larization ellipse. (b) The relative phases of the two dominant partial
waves as a function of laser ellipticity, defined as φ3,−3−φ5,−5 for ATI1,
φ4,−4−φ6,−6 for ATI2, and φ5,−5−φ7,−7 for ATI3. Other laser parame-
ters are the same as in Fig. 4.
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Fig. 7. The relative yields of specific partial waves with respect to the
sum of all partial waves as a function of laser ellipticity. The data are
shown on logarithmic scales. Other laser parameters are the same as in
Fig. 4.

To further assess the robustness of our findings, we per-
formed additional calculations at different laser intensities and
wavelengths. As shown in Fig. 8, the two primary ionization
channels remain dominant across a substantial range of these
parameters. This confirms that our central result is not coin-
cidental but is consistently observed under varied laser condi-
tions.

It is recognized that nonadiabatic effects can impart a net
linear momentum to electrons.[50] In our work, these effects
primarily influence the relative phase between the two domi-
nant quantum pathways, thereby modifying the resulting an-
gular offset in the photoelectron distribution. Crucially, how-
ever, the nonadiabatic effect does not alter the fundamental
dominance of these two channels. Therefore, the core findings
of our work regarding the identified interference mechanism
remain robust.

So far, our numerical calculations and theoretical analy-
sis have shown that the absorption of zero or a single RCP
photon constitutes the two dominant pathways in close-to-
circular fields. With increasing laser ellipticity, the contribu-
tions of other channels further decrease. In addition, the corre-
sponding angular distributions approximately follow the form
A0 cos [2(φ −αoff)]+B0, which is distinct from the Gaussian
distribution characteristic of the tunneling regime, and the lo-
cation of the maximum is determined by the phase shift be-
tween the two dominant pathways.

Next, we turn to the ionizations in fields with smaller laser
ellipticities. As shown in Fig. 9(a), for smaller laser ellipticity
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fields, the PADs deviate from the form A0 cos [2(φ −αoff)]+

B0. In the case ε = 0.6, the distribution becomes asymmetric
around the most probable emission angle. As the ellipticity
decreases further, the PADs exhibit more peaks. This observa-
tion arises because the RCP and LCP amplitudes become com-
parable at small laser ellipticities, making pathways involving
more than one RCP photon absorption non-negligible.
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Fig. 8. The relative yields of specific partial waves of ATI1 with respect
to the sum of all partial waves as a function of laser intensity (a) and
wavelength (b). The data are shown on logarithmic scales. Other laser
parameters are the same as in Fig. 4.
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Fig. 9. (a) Normalized PADs for ATI1 at different laser ellipticities. (b)–
(e) Contributions of each partial wave to ATI1 for different laser ellip-
ticities: (b) ε = 0, (c) ε = 0.2, (d) ε = 0.4, and (e) ε = 0.6. The laser
intensity is 1.2× 1014 W/cm2. The data in panels (b)–(e) are shown on
logarithmic scales.

To gain more details, we analyze the contributions of in-
dividual partial waves. One can see that, in the case of ε = 0.6,
w3,−3 and w5,−5 remain the dominant partial waves, consistent
with the observations in close-to-circular fields. With decreas-

ing laser ellipticity and a corresponding increase in the prob-
ability of RCP photon absorption, the contributions of partial
waves with higher m increase, while those with lower m de-
crease. In the linear polarization case (ε = 0), a clear symme-
try emerges between m > 0 and m < 0.

In these cases, one cannot consider only two partial
waves. Here, the PMDs in the polarization plane are expressed
as

P(pr,φ) = ∑
l,m

A2
l,m(pr)+∑

l,m
∑

l′,m′
Al,m(pr)Al′,m′(pr)

×cos [(m−m′)φ +φl,m−φl′,m′ ]. (17)

The frequency of the oscillation is determined by the term
∑l,m ∑l′,m′ cos [(m−m′)φ +φl,m−φl′,m′ ]. Consequently, in
small ellipticity fields, frequency components other than 2φ

become significant.
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Fig. 10. (a) Fourier transform spectrum of the PAD for ATI1 with laser
ellipticity ε = 0.9. (b)–(d) Fourier transform spectrum intensities as a
function of laser ellipticity for different frequency components: (b) ATI1,
(c) ATI2, and (d) ATI3. The data are shown on logarithmic scales.

For a further investigation into the contributions of each
frequency component, we apply the Fourier transform (FT)
to the PADs, denoted as F (P(φ)), where the variable φ is
the photoelectron emission angle. The result is shown in
Fig. 10(a). One can see that the FT spectrum exhibits mul-
tiple peaks, each corresponding to a distinct frequency com-
ponent. Figures 10(b)–10(d) show the ellipticity dependence
of these frequency components for the three ATIs. In the case
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of close-to-circular pulses, the 2φ -frequency component dom-
inates for all three ATIs. With decreasing laser ellipticity,
higher-frequency components increase rapidly. At small laser
ellipticity, the higher-frequency components become compa-
rable with the 2φ component, leading to the multi-peak struc-
ture observed in the PADs. In addition, compared to ATI1,
higher-frequency components play a more significant role in
ATI2 and ATI3. This trend arises because higher-order ATIs
involve more complex pathways due to the increased number
of absorbed photons.

-10

-5

0

-10

-5

0

-4

-2

0

0 5 10

-10

-5

0

0 5 10

m
m

m

L L

Fig. 11. The contributions of each partial wave to the three ATIs for ini-
tial states p+ and p−, respectively. The Coulomb interaction is defined as
V (r) = −(Zc +a1 exp(−a2r)+a3r exp(−a4r)+a5 exp(−a6r))/r, with
Zc = 1, a1 = 16.039, a2 = 2.007, a3 =−25.543, a4 = 4.525, a5 = 0.961,
and a6 = 0.443 for argon.[51] The laser parameters are the same as in
Fig. 4. The data are shown on logarithmic scales.

To summarize, in small laser ellipticity fields, the path-
ways involving multiple RCP photon absorptions cannot be
neglected. Their interference generates high-frequency oscil-
lations, giving rise to the multi-peak structures in the PADs.

To further strengthen the generality of the present work,
we perform calculations for argon (Ar), which features a p-
state initial orbital. The results in Fig. 11 confirm that the two
identified channels remain dominant across all three ATI or-
ders for both the p+ and p− orbitals. In addition, a difference
is observed in the angular momentum composition of the dom-
inant partial waves between these orbitals, as a consequence
of their different magnetic quantum numbers. This differ-
ence provides a potential scheme for producing spin-polarized
electrons.[52–56]

4. Conclusion
In conclusion, we have established an analytical frame-

work for investigating nonadiabatic ionizations induced by EP
UV pulses. The numerical results and theoretical analysis
show that the zero- or one-RCP-absorption channels are the
two dominant pathways, which govern the angular distribution
in close-to-circularly polarized fields and produce a cosinu-
soidal oscillation in the PADs. Our theoretical analysis reveals
that the location of the maximum depends on the relative phase
between these two channels. In addition, we have shown that
in the case of small laser ellipticity, the increasing number of
contributing pathways produces higher-frequency oscillation
components, leading to the observed multi-peak structures.
The present study provides a quantum-mechanical insight into
nonadiabatic ionization in rotating fields and advances our un-
derstanding of nonadiabatic angular streaking.

Acknowledgments
This project is supported by the National Key

Research and Development Program of China (Grant
No. 2023YFA1406800), the National Natural Science Foun-
dation of China (Grant Nos. 12174133, 11874163, and
12021004), and the Innovation Project of Optics Valley Lab-
oratory (Grant No. OVL2021ZD001). The computing work
in this paper is supported by the public computing service
platform provided by the Network and Computing Center of
HUST.

References
[1] Paul P M, Toma E S, Breger P, Mullot G, Augé F, Balcou Ph, Muller H
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