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We show that the axial current density is the physical origin (generator) of quantum intrinsic orbital
angular momentum (IOAM). Without the axial current, the IOAM of particles vanishes. Broadly speaking,
we argue that the spiral or interference characteristics of the axial current density determine the occurrence
of nonlinear or tunneling effects in any spacetime-dependent quantum systems. Our findings offer a
comprehensive theoretical framework that addresses the limitations of Keldysh’s ionization theory and
provides new insights into the angular momentum properties of quantum systems, particularly in tunneling-
dominated regimes. Using Wigner function methods, fermionic generalized two-level model, and Berry
phase simulations, we predict that IOAM effect can persist even in pure quantum tunneling processes.
These results open the door for experimental verification of IOAM effects in future high-intensity quantum
electrodynamics experiments, such as those using x-ray free electron lasers.
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Introduction. The fundamental concepts of the mechanical
orbit angular momentum (often referred to extrinsic orbital
angular momentum, EOAM) [1], spin angular momentum
(SAM) [2], and intrinsic orbital angular momentum
(IOAM) [3] play an indispensable role in the study and
application of physics. Unlike EOAM, which is defined as
L ¼ r × P, IOAM describes quantum vortex particles with
helical wavefronts characterized by a transverse phase
factor exp ðilϕÞ along the propagation direction [4–7].
The IOAM has demonstrated significant potential in
various fields, including strong-laser physics, nuclear
physics, particle physics, and astrophysics [8–10]. Recent
efforts to address the transfer mechanisms of the IOAM
have highlighted several critical advancements. These
include the generation of vortex γ photons and leptons
through spin-to-orbital angular momentum transfer in
nonlinear Compton scattering and nonlinear Breit-Wheeler
processes [11,12], the study of helicity transfer mechanisms
in the Schwinger effect via multiphoton pair production

[13], and the development of quantum manipulation
techniques [14,15], dynamics of relativistic vortex elec-
trons in strong background field [16].
Significant progress has been made in understanding

the IOAM through both theoretical and experimental
approaches. However, the physical nature, formation mech-
anisms, and origins of IOAM remain unresolved, making
these areas subjects of active research. A central unresolved
question is which physical quantity fundamentally deter-
mines IOAM formation. In the multiphoton-absorption
regime, the IOAM magnitude is often captured by the
Keldysh (ionization) parameter [17] or by effective-mass
arguments [18]; by contrast, cases involving tunneling,
multiple concurrent mechanisms [19], or dynamical assis-
tance [20] remain significantly more challenging. To date,
calculating the total IOAM generated within a system or
spatial region from a quantum perspective remains a
formidable challenge. Additionally, most studies on par-
ticles carrying IOAM have primarily focused on multi-
photon processes. This raises a critical question: is it truly
impossible to generate vortex particles carrying IOAM
through tunneling processes? Moreover, although theoreti-
cal studies on the observation and calculation of particle
OAM are presented in Ref. [21], it remains unclear whether
this OAM belongs to the IOAM or EOAM. Exploring this
possibility is an important direction for future research.
While Keldysh’s ionization theory has successfully pre-
dicted the occurrence of multiphoton and tunneling
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processes in purely time- or space-dependent background
fields [22–24], its applicability is significantly constrained in
nonplane-wave, spacetime-dependent electromagnetic fields
[25–27]. It is important to note that the Keldysh parameter,
defined as γ ¼ mω0=eε0Ecr, plays a crucial role in pair-
creation studies [22]. Depending on its value, different
production mechanisms can be identified: the multiphoton
absorption regime corresponds to γ ≫ 1, the tunneling
regime to γ ≪ 1, and an intermediate mixed regime to γ ∼ 1
[19]. Furthermore, no comprehensive theoretical framework
currently exists to describe the probability distribution of a
particle’s IOAM. In short, the general explanation and
physical origins of IOAM remain open and unresolved
questions, requiring further exploration.
In this Letter, we show that the IOAM originates from the

axial current density. Without the axial current density,
there would be no quantum IOAM of particles. The spiral
(helical) or interference characteristics of the axial current
density determine the occurrence of nonlinear or tunneling
effects in the system. This result holds for any spacetime-
dependent background field and addresses the shortcom-
ings and limitations of Keldysh’s ionization theory. By
employing the Wigner function method, fermionic gener-
alized two level model, and Berry phase simulations, we
have explored potential future experiments on the
Schwinger effect. Our findings reveal that the quantum
IOAM effect persists even in pure quantum tunneling
processes. This may provides new theoretical insights into
the angular momentum properties of quantum systems.

Generalized quantum angular momentum. To advance the
understanding of the physical nature, formation mechanism,
and origin of IOAM, we develop a generalized quantum
angular momentum framework based on the Wigner func-
tion [28]. This approach allows us to move beyond the
limitations of Keldysh’s ionization theory. It thereby pro-
vides a more universal theoretical foundation for addressing
these fundamental questions. The total quantum angular
momentum of the quantum system in arbitrarily spacetime-
dependent background fields can be written as

M¼
Z

dΓðx×pÞV0

zfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflffl{EOAMof particles

þ
Z

dΓ
ð−AÞ
2

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{IOAMof particles

þ
Z

d3xx× ðE×BÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{EOAMof gauge field

;

ð1Þ
where the first, second, and third terms on the right-hand side
of the above equation represent the EOAM of the particles,
the IOAM of the particles, and the EOAM of the gauge
field, respectively. The phase-space volume is defined as

dΓ ¼ d3xd3p=ð2πℏÞ3 [29,30], in which ℏ is the reduced
Planck constant. Here, V0 and A denote the charge and axial
current densities, respectively [29,31]. The key point is that
the SAM and IOAM are distinct degrees of freedom of a
particle [6,11,12]. During multiphoton absorption, the SAM
carried by the absorbed photons is transferred to the particle
(electron) and manifests as IOAM, while the particle’s SAM
remains ℏ=2. Although in Ref. [29] the quantity entering our
definition of IOAM in Eq. (1) is described as a “spin density,”
more recent studies interpret it as the axial (chiral) current
density in Ref. [31]. While it is related to spin density, it need
not be directly tied to the spin of an individual particle or
photon; more generally, it may encode multiphoton SAM
transfer in nonlinear processes. Additionally, x, p, E, and B
are the vector position space, momentum, electric field and
magnetic field, respectively. If redefine that LIOAM ¼ −A=2
is as intrinsic orbital angular momentum probability density,
LIOAM determines the occurrence of nonlinear effects or
tunneling effects in any quantum systems. In this work,
LIOAM provides a useful descriptor alongside the Keldysh
parameter. It allows us to estimate the total IOAM of the
quantum system and can help in interpreting possible
signatures of quantum-vortex structures.

Generalized spin resolved fermionic quantum two level
model. To substantiate our results, we compute the topo-
logical charge (IOAM quantum number) l of the produced

particles and antiparticles, l ¼ ϕBerry

2π ¼ 1
2π

R
C A · dq, where

ϕBerry is the Berry phase [32,33],A ¼ ∇qðarg ½cð2Þq ðtÞ�Þ. The
term “arg” represents the argument of the complex function

cð2Þq ðtÞ, i.e., arg ½cð2Þq ðtÞ� ¼ arctan ðI½cð2Þq ðtÞ�=R½cð2Þq ðtÞ�Þ,
referencing the foundational work of Berry [32,33]. The

cð2Þq ðtÞ can be obtained from the fermionic generalized two-
level model for studying the pair production under any time-
dependent electric field in our previous work [34] as

cð2Þq ðtÞ ¼
X
s

X
s0

cð2Þq;s;s0 ðtÞ; ð2Þ
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d
dt
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and the initial conditions are cð1Þq;s;s0 ðt0Þ¼1 and cð2Þq;s;s0 ðt0Þ¼0.
The kinetic momentum is pðtÞ ¼ q − eAðtÞ, where q is the
canonical momentum. Here ωqðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ ½q − eAðtÞ�2

p
is single particle energy. The bispinors are chosen in the
following form

uq;s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp0 þmÞ

2p0

s  
ws

σ·pðtÞ
ðp0þmÞws

!
; ð6Þ
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2p0

s  
σ·pðtÞ
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w−s

!
; ð7Þ

where p0 ¼ p0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ p2ðtÞ

p
, and wþ1 ¼ ð1; 0Þt,

w−1 ¼ ð0; 1Þt. The Pauli matrices are

σ1¼
�
0 1

1 0

�
; σ2¼

�
0 −i
i 0

�
; σ3¼

�
1 0

0 −1

�
: ð8Þ

The momentum distribution for different spin of electron
and positron can be calculated by using the coefficient

cð2Þq;s;s0 at t ¼ þ∞ as

fss
0

q ðþ∞Þ ¼ 2
���cð2Þq;s;s0 ðt ¼ þ∞Þ

���2: ð9Þ

The electron and positron momentum distributions are

fs
0
q ðþ∞Þ ¼

X
s

fss
0

q ðþ∞Þ; fsqðþ∞Þ ¼
X
s0
fss

0
q ðþ∞Þ:

ð10Þ

The total momentum distribution is

fqðþ∞Þ ¼
X
s

X
s0

fss
0

q ðþ∞Þ: ð11Þ

We will then conduct a systematic comparison with the
theoretical predictions associated with the LIOAM.

Setup. To validate the aforementioned perspective, we
propose conducting theoretical research on potential future
experiments related to the Schwinger effect [35–38]. Our
idealized experiment involves a representative setup using a
circularly polarized (CP) electric field, which is generated
by two counterpropagating short laser pulses. Notably, the
magnetic fields of the two laser pulses cancel out in the
standing wave, resulting in an electric field that is approx-
imately spatially homogeneous throughout the entire
interaction region. The electric field can be expressed in
a time-dependent form as EðtÞ ¼ ε0EcrdðtÞðcosðω0tÞ;
sinðω0tÞ; 0Þ, dðtÞ ¼ sin4ðω0t

2NÞ for 0 < ω0t < 2πN, where
ε0 is the peak field strength, Ecr denotes the Schwinger

critical field strength, φ ¼ ω0t is the time-dependent phase
of background field, ω0 and N are the frequency and cycle
number of the individual electric field, respectively. The
pulse duration τ is given by τ ¼ 2πN=ω0 ¼ Nλ=c, where λ
is the wavelength and c is the speed of light. In this latter we
use the natural units (ℏ ¼ c ¼ 1), and express all quantities
in terms of the electron mass m.
To compute the intrinsic orbital angular momentum

probability density LIOAM, we require the Wigner compo-
nent A. We therefore derive the Dirac-Heisenberg-Wigner
formalism, as detailed in Supplemental Material [39], to
obtain this component. The choice of this scheme is
motivated by two primary reasons. First, the particle charge
density v0 generated in such a electric field is zero [27].
Second, the absence of a magnetic field eliminates the
EOAM contribution from the gauge field. This ensures that
IOAM can be investigated precisely without any interfer-
ence from EOAM effects, see Eq. (1).

Results. Based on the electron momentum distributions
shown in Fig. 1(a)–(f), we can predict the magnitude and
probability distribution of the intrinsic orbital angular
momentum probability density LIOAM of electron after
the multiphoton process (the Keldysh parameter must
satisfy the condition γ ¼ mω0=eε0 ≫ 1) using the effective
mass ðnω0=2Þ2 ¼ q2n þm2� (n denotes the absorbed photon
number), which theoretically should exhibit concentric
circles centered at the origin. However, the observed spiral
structures in the intrinsic orbital angular momentum prob-
ability density LIOAM, shown as in Fig. 1(g)–(l), signifi-
cantly deviate from the concentric circle pattern. This
indicates that simply superimposing the intrinsic angular
momentum and its corresponding distribution is not valid.
Further analysis reveals that the number of spiral pairs can
be estimated using the parameter ns ¼ ⌈ 2m

ω0
⌉, in which ⌈ · ⌉

is the ceiling function. The corresponding numbers of spiral
pairs ns in Fig. 1(a)–(f) are 1, 2, 3, 4, 5, and 6, respectively.
The estimation results are in perfect agreement with the
observed spiral structures. Moreover, we observe that the
intrinsic orbital angular momentum probability density is
entirely confined within the electron momentum distribu-
tion. From Fig. 1(m)–(r), we can also extract the possible
values of the IOAM of electrons through phase informa-
tion, given by the relation l ¼ ns − s, where
s ¼ 0; 1; 2;…; ns − 1. The topological meaning of l can
be interpreted as the periodicity or the number of repetitions
of color variations starting from the origin. Since the
electric field we employ is right-hand circularly polarized,
the IOAM exhibits a clockwise rotation direction. This
result is consistent with the result in Ref. [13]. The phase
information can also explain the origin of nodes in the
momentum spectrum. For instance, in Fig. 1(m), no vortex
effect is observed near the origin, which is why no node
forms at the origin in the electron momentum spectrum
shown in Fig. 1(a). Similarly, in Fig. 1(n)–(r), the presence
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FIG. 1. Electron momentum distribution function fqðþ∞Þ (a)–(f), intrinsic orbital angular momentum probability density LIOAM

(g)–(l), and phase arg ½cð2Þq ðþ∞Þ� (m)–(r) are shown in the first, second, and third columns, respectively. Each row corresponds to a
different number of photons absorbed by the electron-positron pair: from 1 (first row) to 6 (sixth row). The laser frequencies ω0 are 2m,
m, 0.8m, 0.5m, 0.4m, and 0.3m, respectively. In the color bar forLIOAM, positive (negative) values indicate alignment (opposition) of the
angular momentum direction with respect to the qz-axis. Other parameters: ε0 ¼ 0.1, qz ¼ 0, N ¼ 6.
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of vortex effects at the origin leads to distinct nodes at the
origin in the electron momentum spectra of Fig. 1(b)–(f).
Next, by comparing the results of multiphoton domi-

nated, multimechanism dominated (γ ¼ mω0=eε0 ∼ 1), and
tunneling dominated (γ ¼ mω0=eε0 ≪ 1) processes, we
thoroughly discuss the validity and physical implications of
the IOAM, as shown as Fig. 2(a)–(i). Overall, in the
multiphoton-dominated regime, the electron momentum

distribution, LIOAM, and phase arg ½cð2Þq ðþ∞Þ� exhibit clear
features, as shown in Fig. 2(a), (d), (g), requiring no further
explanation. However, in the multimechanism-dominated
regime, see Fig. 2(b), (e), (h), both the LIOAM and

arg ½cð2Þq ðþ∞Þ� display pronounced spiral structures and
interference effects. Notably, the phase information cannot
accurately estimate the specific values of IOAM, indicating
that the effective mass model is insufficient for precisely

determining IOAM characteristics. Nevertheless, the
LIOAM still provides information about the total IOAM.
In the tunneling-dominated regime, see Fig. 2(c), (f), (i),
the LIOAM remains nonzero but manifests solely as
pure interference effects. Simultaneously, the phase

arg ½cð2Þq ðþ∞Þ� exhibits irregular interference patterns, sug-
gesting that the phase information becomes entirely inef-
fective in the tunneling process. However, according to
current theoretical understanding, such phenomena are
considered impossible. From a theoretical perspective,
the already operational x-ray free electron laser (XFEL)
facilities, such as the Linac Coherent Light Source (LCLS)
at SLAC and TESLA at DESY, can in principle achieve
near-critical field strengths as large as E ≈ 0.1Ecr, with
corresponding laser frequencies of about ω0 ¼ 8.3 keV ≈
0.02m [35], corresponding simulation results are shown in

FIG. 2. First row: electron momentum distribution function fqðþ∞Þ (a)–(c); second row: intrinsic orbital angular momentum

probability density LIOAM (d)–(f); third row: phase arg ½cð2Þq ðþ∞Þ� (g)–(i). Columns correspond to different pair-production regimes:
multiphoton-dominated (a), (d), (g), mixed-mechanism (b), (e), (h), and tunneling-dominated (c), (f), (i). The laser frequencies are
ω0 ¼ m, 0.1m, and 0.02m, respectively. In the color bar for LIOAM, positive (negative) values indicate alignment (opposition) of the
angular momentum with the qz-axis. Other parameters: ε0 ¼ 0.1, qz ¼ 0, N ¼ 6.
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Fig. 2(c), (f), (i). This result suggests that in future pure
tunneling experiments, we may observe the IOAM effect.

Conclusions. In this work, we demonstrated that the IOAM
originates from axial current density. Without axial current
density, the quantum IOAM of particles cannot exist. The
spiral or interference characteristics of axial current density
are shown to determine the occurrence of nonlinear or
tunneling effects within the system. This result is valid for
any spacetime-dependent background field, addressing the
limitations of the Keldysh’s ionization theory and providing
a more comprehensive theoretical framework.
Using Wigner function methods, a fermionic generalized

two-level model, and Berry phase simulations, we pre-
dicted that IOAM effects can persist even in pure quantum
tunneling processes. Notably, our findings suggest that it is
possible to observe IOAM effects experimentally in future
tunneling-dominated regimes, as supported by simulations
related to operational XFEL facilities like LCLS and
TESLA. These findings open new avenues for exploring
strong-field quantum electrodynamics (QED) phenomena

and offer valuable insights into the angular momentum
properties of quantum systems.
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