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The process of electron—positron pair creation through multi-photon absorption in a space—time dependent electric
field is analyzed using computational quantum field theory. Our findings reveal two distinct pair creation channels: the
symmetric and asymmetric transition channels. We propose that the asymmetric transition channel arises from the inherent
spatial inhomogeneity of intense laser pulses. By mapping the field-theoretical model of laser-assisted multi-photon pair
creation onto a quantum-mechanical time-dependent framework, a semi-analytical solution that captures the asymmetric
transition signatures of vacuum decay is derived. Additionally, it is demonstrated that neglecting spatial inhomogeneity
leads to erroneous transition amplitudes and incorrect identification of pair creation channels. Furthermore, we have es-
tablished that asymmetric transition channels substantially enhance the creation of electron—positron pairs for a given laser

pulse energy.
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1. Introduction

The possibility of creating electron—positron pairs from
the quantum vacuum state through the interaction with a su-
percritical external field is one of the most striking predic-
tions of quantum electrodynamics.!'=3! There are two intrin-
sically different mechanisms by which electron—positron pairs
can be created from the vacuum. The first scheme requires the
field to be extremely strong and can be visualized as a quan-
tum tunneling process between energy-shifted Dirac states,
known as the Schwinger mechanism.!*! Schwinger pair cre-
ation has not been directly verified in experiments due to the
current highest laser intensity,®! approximately 10>> W/cm?,
is still significantly lower than the critical laser intensity of
about 10% W/cm?.
large laser frequency to trigger transitions between positive-

The second scheme requires a very

and negative-energy states, referred to as the multi-photon
mechanism. ! If the energy of multiple laser photons, n®, ex-
ceeds the gap between positive- and negative-energy continua,
2mec? = 1.022 MeV, then multi-photon pair creation can oc-
cur. Due to the promising development of new high-power
laser systems, a lot of theoretical studies have focused on ex-
amining the vacuum breakdown process triggered by ultrafast
and ultraintense laser fields. The first experimental observa-
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tion of the nonlinear Breit—Wheeler pair creation process was
achieved at the Stanford Linear Accelerator Center (SLAC)
E144, utilizing nonlinear Compton scattering.[”! However, in
this laser—electron collision, the findings were not conclu-
sive, as the electron—positron pairs could be produced through
either the Bethe—Heitler pair creation process or the multi-
photon Breit-Wheeler process. Following this pioneering
experiment, several laboratories around the world, including
the Extreme Light Infrastructure, 8! the Center for Relativis-
tic Laser Science,[”! the SLAC,!'1 the Rutherford Appleton

(1] the European x-Ray Free-Electron Laser,!'?

Laboratory,
and Shanghai Superintense Ultrafast Laser Facility,!'*! are ac-
tively developing new methods to probe the quantum vacuum
properties using very intense electromagnetic fields.

In addition to experimental efforts, researchers have ex-
plored electron—positron pair creation using theoretical meth-
ods. The multi-photon pair creation process has been exten-
sively studied by modeling the laser as a spatially homoge-
neous time-dependent electric field.['*18] However, realistic
ultra-strong fields, generated by short-pulse, focused lasers,
introduce significant spatial inhomogeneity, which plays a
critical role in pair creation. Several studies have exam-

ined the intriguing phenomena of pair creation induced by
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[19-26] gop example,

spatiotemporally inhomogeneous fields.
Ruf et al. accounted for the magnetic component of the laser
field and demonstrated its suppressive effect on electron—
positron pair creation.['”) Separately, Kohlfiirst et al. intro-
duced an effective mass, revealing clear signatures of pon-
deromotive forces in the asymptotic particle spectra.l?!l No-
tably, the spin-polarized effect in created electron—positron
pairs has gradually come into focus and has been widely

(27301 Jaser—plasma

investigated in both vacuum breakdown,
interactions, 3'3* beam—plasma interactions,*! and beam—
beam interaction.?®! Furthermore, the vortex state properties
of particles generated via vacuum pair creation have also at-
tracted research interest. 3731

Recent work has reported the observation of asymmet-
ric multi-photon transitions, a process distinct from the more
commonly studied symmetric transitions. These were mea-
sured in an idealized external field consisting of a temporally
periodic vector potential A(r) = Agcos(ot) and a spatially pe-
riodic scalar potential V (z) = Vp cos(kz).[*?) In physical terms,
a symmetric transition corresponds to an electron moving di-
rectly from a negative-energy state E,, = —/i®/2 to a positive-
energy state £, = iw/2, as shown by the red dashed line in
Fig. 1.

Positive state
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Fig. 1. The scheme of multi-photon electron—positron pair creation.
The asymmetrical transition are represented by panels (a), (b), (d), and
(e), while the symmetrical transition is shown in panel (c).

In contrast, an asymmetric transition connects initial and
final states whose energies satisfy E, # —h®/2 and E, #
hw/2, while still conserving energy via Ep — E, = ho (see
the blue solid lines in Fig. 1). However, the field configura-
tion used in these observations is relatively specific and com-
plex. In this paper, we present a generalized model demon-
strating that the asymmetric transition channel is directly re-
lated to the spatial width of a single external field. The cre-

ation process under spatiotemporal variable field can also be
described by the computational quantum field theory, which
solves the Dirac equation numerically with full time and space
resolution and allows us to compare and accurately gauge the
quantum time-dependent perturbation theory. In our study, we
introduce the transition probability for electrons in the nega-
tive states and find noticeable asymmetric transition charac-
teristics. These characteristics are explained by relating the
quantum field approach to the quantum mechanical perturba-
tion description. Moreover, we study the electron—positron
pair creation from different spatial profile laser pulse which
is have same energy.

This paper is organized as follows. In Section 2 we re-
view the numerical and analytical approach to calculate the
created electron—positron pairs from vacuum and present the
external electric fields discussed in this paper. In Section 3,
we present our detailed discussions on the asymmetric multi-
photon transition phenomenon basen on the analytical and nu-
merical result as well as optimal the pair creation induced by
a laser focus field. A summary is given in Section 4.

2. Theoretical framework and external field
2.1. The computational quantum field theory

Let us first briefly summarize our approach based on com-
putational quantum field theory.[*!=*3] The interaction of the
electric field with the electron—positron quantum field opera-
tor is described by the usual Dirac Hamiltonian

H = coi[py — gA(x,1) /c] + mc* o3, (1)

where 07 and o3 are the 2 x 2 Pauli matrices, m and ¢ are
the electron’s mass and charge, and c is the speed of light.
The characteristic spatial and temporal scales for the dynam-
ics are naturally provided by the electrons’ Compton wave-
length A, = 71/(mc) = 3.9 x 107'° m and the corresponding
time 7 = i/(mc?) = 1.3 x 107! 5. The field operator can be
expanded as

We1) = Y bp(t)up(x) + Y dy (1)vi(x)
P n

= lepup(x,t)—i—Zdjvn(x,t). 2)
p n

Here, b, (1), d) (1), by, and d} are the particle annihilation and
the anti-particle creation operators, respectively. The field-
free Hamiltonian Hy = coqpy + mosct at r = 0, and its en-
ergy eigenstates are u,(x) (E > mc?) and v,(x) (E < —mc?).
up(x,t) and v, (x,1) are respectively the time evolved states of
up(x) and v, (x), and their evolution satisfy the Dirac equation
indW¥(x,r) = H¥ (x,r). The time evolution of the fermion an-
nihilation and creation operators are

by(t) = Y by (plU 0P+ L d (plU0)n'),
I ”
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Z An|U(t)|p") + Zdﬁ (n|U(t)|n').  (3)  bility of an electron transitioning from a negative energy state
4 |E,) to a positive energy state |E,) at time ¢.

. . . -t
HAere:T the anti-commutation relations [bp,bp,] = 8> 2. The external electric field
dp,d = 0, are applied. U(¢) represents the time evo- . . . )
[ " wlt i PP (©) .p In this work, we utilize a single external field with the
lution operator that governs the evolution of the quantum state . .
. . . . spatial width
over time according to the Dirac equation, |p) = u,(x) and

|n) = v,(x). The time dependence of the total number of cre- A(x,1) = Agexp(—x2/2A2) exp(—12 /222 cos(w1). (5
ated electron—positron pairs is defined by the vacuum expec-
tation value of products of the creation and annihilation oper-  Here, A corresponds to the peak field strength, A describes
ators space width, T represents pulse duration, and @ states oscilla-
tion frequence. Notably, the x-direction denotes the direction
Nt (1) = ;<<vac||bT( )bp(1)|vac)) ; |Upan | @) in which the amplitude of the electric field varies.

These solutions of the space-time-dependent Dirac equation ~ 2.3. The time-dependent perturbation theory

with the vector potential A(x,?) can be obtained on a space- We consider first-order time-dependent perturbation the-
time lattice using efficient fast-Fourier transformation based  ory to theoretically describe the single-photon transition.
split-operator techniques. Since the interaction does not couple spin directions, we can

In computational quantum field theory, an intuitive graph-  express the field operator using only two components. The
ical interpretation of the electron—positron pair creation pro- Hamiltonian of this system can then be separated into two

cess is possible. The transition amplitude is determined by  parts: H = Hy + H', where the external field is represented
projecting the negative energy states |En(f)) onto the initial by B’ = —goyA(x, 1), treated as a perturbation, and Hy is the

positive energy states |Ep) at time 7. In this scenario, all ex-  fie]d-free Hamiltonian, analogous to the computational quan-
ternal fields are simultaneously turned off at a specific time  tum field theory. The first-order transition amplitude from the
7, and the resulting time-dependent number of created par-  pegative state |n) to the positive state | p) at an arbitrary time ¢

ticles represents the actual physical count of particles.** In 5 given by
2 )
Upn(t)|” represents the expectation value of the

. . t
number of created pairs with momentum p and n. The energy Cpa(t) = / (p|H'|n) expli(E, — E,)t]/i d. 6)
of the positive state is given by E, = /p?c? +c¢*, while the 0
energy of the negative state is E, = —v/n?c2 +c*. Therefore, =~ By summing over all the states of p and n, we derive the first-
[(Ep|En(t)) ’2 = |UE,,,E,, (1) |2 can be interpreted as the proba-  order perturbation estimate of the total pair creation as

2
; @)

Nyt (1) Z’CM ‘ :Z

pn

K(A)iV21/2exp(— T2 0pn/2) [erﬁ(ﬁmpn /2) —erfi(vV/2T@pn /2 + i\fzt/zr)}

where w,, = E, — E, — i@ denotes the energy conservation condition and k(A ) represents the coupling strength of the quantum
states. We derived the coupling strength of the quantum states as

K(A) = (p|— qo1A(x)[n) = 2RAZA A, wexp [~ (p+1)22% /2], ®)

where the inner product for spins A, , is defined as

Ap,n:{sgn \/Ep+c*V —E,—c?+sgn(p)\/Ep, — >/ — n+C2:|/[ n\/—EpE, |. ©))

\
3. Results and discussion cal axis represents positive energy. The electron’s transi-

3.1. The asymmetric multi-photon transition tion probabilities for specific states are indicated by the color
The most remarkable effect is that the electron—positron scale. The “anti-diagonal line” in the southwest-to-northeast
pair creation process exhibits asymmetric transition charac-  1acing diagonal denotes symmetric transitions with opposite
teristics, with an asymmetric transition scale determined by momentum (identical absolute value) and symmetric energy
the spatial extent of the laser pulse, as shown in Fig. 2. The  (E, = —Ep). Conversely, the area outside this line denotes

horizontal axis represents negative energy, while the verti- asymmetric transitions with different momentum and asym-

054201-3



Chin. Phys. B 35, 054201 (2026)

metric energy (E, # E,). Note that the transition probabil-
ity of the electron exhibits a “block™ shape, rather than be-
ing represented as a line (parallel to the diagonal line) dic-
tated by the energy conservation condition @, = E, — E, —
hw = 0. Therefore, the multi-photon pair creation proceeds
via both resonance and non-resonance transition paths.!1%%]
This phenomenon can be explained by deriving the first-
order perturbation theory. Based on the time-dependent per-
turbation theory, the energy conservation term in the total
creation number N/ (f) (see Eq. (7)) is a complex function
V21 /2exp(— T2, /2)[erfi(vV2T 0y, /2) — erfi(vV2T®p /2 +
iv/2t/27)), rather than a delta function § @),,. The energy con-
servation term in Eq. (7) leads to the transition probability of
the electron taking on a “block” shape, which incorporates the
non-resonant transition pathway.

1.6

~1.0 12 14 16
E/c

Fig. 2. The transition probability of electron for different space width
(@) A = A, (b) co. The parameters are Ay = 0.05mc?, ho = 2.5mc?,
T=5T, =107/, =207, =407/ 0.

In order to get a better idea how this asymmetric tran-
sition is possible, we performed simulations for two critical
cases. In Fig. 2(a), we illustrate the transition probability of
the electron when the spatial width A is equal to the electrons’
Compton wavelength A.. The electrons’ Compton wavelength
Ac is the minimum spatial length for electron—positron pair
creation. In this case, electron—positron pairs are created by
both the symmetric transition channels and the asymmetric
transition channels, with the asymmetric transition channels
accounting for the vast majority of the total yield. For the case
of maximal spatial width, A is infinite, as shown in Fig. 2(b).
In this case (A = o), the field spatial width A is much larger
than the Compton wavelength A., which is the typical length
scale of the electron—positron pair creation.[®! Therefore, the

spatial extent of the external field is neglected; namely, the ex-
ternal field A(x,¢) is approximate to a spatially uniform and
time-dependent field A(¢). In our simulation, we use the elec-
tric field A() = Agexp(—1>/27%) cos(mt) instead of the field
A(x,t) = Agexp(—x?/2A2) exp(—12 /27%) cos(mt) for the case
of infinite spatial width. The space-independent electric field
A(t) vanishes the asymmetric transition channels and enhances
the symmetric transition channels, as shown in Fig. 2(b). In
other words, the asymmetric transition channels associated
with A(x,7) are absent in the data for A(z).
that the spatial inhomogeneity of the field can trigger numer-

It is suggested

ous irreversible transitions from each negative energy state
to each positive energy state, thereby opening the asymmet-
ric transition channels. Notably, it is a significant assumption
that spatiotemporally inhomogeneous laser fields A(x,7) can
be approximated as a spatially uniform and time-dependent
electric field A(t) = Agexp(—t>/21%)cos(wt) when the laser
spatial width A is much larger than the typical length scale of
this process A.. However, this assumption of spatial homo-
geneity leads to incorrect predictions regarding the creation of
electron—positron pairs, as it fails to account for the asymmet-
ric transitions that would occur. In addition, the symmetric
transition probability for this case is approximately four or-
ders of magnitude greater than that when the spatial width A
equals the Compton wavelength A.. This is because the total
energy throughout the entire numerical box is maximal when
the spatial width is infinite.

We have computed the pair-creation number Ngym (#) and
Nasy(f) to examine the asymmetric transition process more
quantitatively. The term Ngy,(f) denotes the pair-creation
number from the symmetric transition process, defined as
Neym(t) =X 0 ]Up’n(t)|2 ,|p| = |n|. The number Ny (f) is de-
fined as Nasy(1) = Xy |Upa(0)].|p| # |n
electron—positron pairs created by the asymmetric transition

, representing the

paths. In Fig. 3, we depict the spatial dependence of the pair-
creation numbers Ngym (f = 2071.) and Nagy (r = 2071.). We see
that, in a spatiotemporal inhomogeneous field, the electron—
positron pairs are created through two different paths: the
symmetric transition channels and the asymmetric transition
channels. As predicted in Fig. 2(a), the asymmetric transi-
tion channels play a dominant role in the pair creation process
when the spatial width A = A.. The number Ny (t = 207}.)
is equal to 0.017 and accounting for 98.86% of total num-
ber in this case. Furthermore, we have observed that increas-
ing the spatial width A leads to a significant reduction in the
slope of the function Ny (A4,207;). Conversely, increasing
A enhances the slope of the function Ngym(4,2071.). Based
on Figs. 2 and 3, we predict that the pair creation number
Neym(A,2071.) equals Nygy(A,2071) at a certain spatial width
A. Beyond this spatial width, Ngym(A,2071.) is anticipated to
exceed Nygy(A,2071.) in magnitude. Once the field width is
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sufficiently large, symmetric transitions dominate particle pro-
duction to such an extent that Ngym (A,2071.) > Nagy (A,20T1).
In this regime, it becomes an excellent approximation to treat
the spatially inhomogeneous electric field as uniform.

021
0.18 f ==
0.15 |
0.12f
0.09 f

NQ2OT)

0.06 ¢
0.03 |

1 5 9 13 17 21
M2,

Fig. 3. The number of the created pairs as a function of field space ex-
tent A (in units of the electrons’ Compton wavelength A;). The black
line denotes the number of pairs created by the symmetric channels,
while the blue line represents the number of pairs created by the asym-
metric channels. The solid line and the dashed line represent the results
of computational quantum field theory and time-dependent perturbation
theory, respectively. The parameters are Ag = 0.05mc?, o = 2.5mc?,
T=>5T, =10m/w, t =207 = 407/ 0.

To understand the physical origin of the asymmetric tran-
sition channels, we recall that, for a space-time dependent
electric field, the pair creation process can be viewed as a
time-dependent perturbation problem, as shown in Subsec-
tion 2.3. The perturbative estimates of the number of sym-

metrically created pairs N,

m(t) and asymmetrically created

pairs Ny,

states of p and n. Figure 3 also displays the space-dependent

(t) are obtained by summing over the corresponding

pair-creation number predicted by perturbation theory. Sim-
ilar to the results of computational quantum field theory, the

pairs creation number N., (A ,207;.) for the asymmetric transi-

S (
tion process show slow grf)wth with increasing spatial width A,
while Ny, (A,2071.) exhibits rapid growth. Due to the fact that
the field strength increases across the entire numerical box as
A increases, the error of the computational quantum field the-
ory and the first-order perturbation theory increases as the spa-
tial width A increases. However, the maximal error is 3.26%
and 3.7% for the symmetric transition channels and the asym-
metric transition channels, resprctively. The excellent match
of Niym(24,2071) and Ny (4,207;) with the numerical data
suggests that the first-order time-dependent perturbation the-
ory can indeed capture the main features of the single-photon
transition process.

This indicates that the asymmetric transition channels
can be attributed to the spatial dependence of the coupling
strengths k(1) (see Eq. (8)). In Fig. 4, we have graphed
the coupling strengths x(A,E,,E,) between the negative en-
ergy state E, and the positive energy state E, for A = Ac
and A = . We observe that the coupling strength k(A =
Ac,E,, Ep) is universally applicable across the entire energy

range, whereas the coupling strengths k(A = o, E,,E,) is

valid only for symmetric negative and positive states. Com-
paring with Fig. 2, asymmetric transitions are permitted for
the space-dependent field A(x,), whereas asymmetric transi-
tions are not permitted for the space-independent field A(r).
It is immediately clear how asymmetric transition signatures
arise in the more realistic case of additional spatial pulse in-
homogeneities. From a mathematical point of view, this expo-
nential term exp[—(p+n)?A2/2)? (see Eq. (8)) in the coupling
strengths k(A = oo, E,,, E,)) equals “1” only when p+n =0
and exp[—(p +n)?A2/2]> = 0 for p+n # 0. This indicates
conservation of the total canonical momentum of the system,
which exclusively opens symmetric transition channels. For
a finite spatial width of the field, A # o, the exponential
term exp[—(p +n)?A2/2]? is non-zero for asymmetric nega-
tive and positive states. This suggests that under these con-
ditions, asymmetric transitions between negative and positive
states are possible. In other words, the asymmetric transition
due to the spatial inhomogeneities of field A(x,) (compared
to A(#)) becomes important.

E/c

Fig. 4. The coupling strengths x(A,E,,E,) of initial energy state
for different spatial width (a) A = A, (b) . The parameters are
Ao = 0.05mc>.

3.2. The optimization of electron—positron pair creation

In this subsection, we examine the enhancement effect
of asymmetric multi-photon transition channels on electron—
positron pair production. The dependence of the total num-
ber of created pairs on the field width is illustrated in Fig. 5.
Notably, the total number of pairs exhibits a linear increase
with increasing field width. This observed dependence on
field width is counterintuitive and contrary to initial expec-
tations. Surprisingly, the model predicts that for smaller field

054201-5
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width, where a greater number of transition channels are avail-
able, the particle number N(207y.) is lower than for larger field
width, where fewer transition channels are present. This sug-
gests that asymmetric multi-photon transitions suppress, rather
than enhance, the creation of electron—positron pairs. This
finding stands in contrast to the results reported in Ref. [40],
which indicate that asymmetric transition channels enhance
pair creation. To elucidate the impact of asymmetric multi-
photon transitions on electron—positron pair creation, we con-
ducted a comprehensive analysis of the laser energy distribu-
tion across the entire numerical domain. We observed that the
total energy grows with the field spatial extent A. As a result,
the total number of created pairs also increases with A.

0.30 ! '
— Cqft
025 F e Pert.

0.20 [

NQOT)

0.15

0.10

0.05

1 5 9 13 17 21
W,

Fig. 5. The total number of the created pairs as a function of field
space extent A under increasing total energy (in units of the electrons’
Compton wavelength Ac). The solid line and the dashed line repre-
sent the results of computational quantum field theory (Cqft) and time-
dependent perturbation theory (Pert.), respectively. The parameters are
Ao =0.05mc?, ho = 2.5mc?, = 5T, = 10n/®, t = 20T}, = 407/ .
Given that the total energy of the external field is a critical
factor in vacuum pair creation,!'=*%! we further investigated
vacuum decay under conditions of constant laser energy. In
our model, the spatial profile of the external field is given by
a Gaussian function, A’(x) = Agexp(—x%/2A?). The total en-
ergy of the field is defined as H = [,.7 A’ (x)dx = v27AoA.
In order to ensure the total energy remained constant, we sim-
ulated two laser field with distinct spatial profiles: a narrow
laser field with the peak field strength Ag = 0.05mc> and the
field width A = A, and a wide laser field with the peak field
strength Ag = 0.01mc? and the field width A = 5A.. Figure 6il-
lustrates the time evolution of the number of created particles.
The irreversible growth occurs during interaction period, with
the total number of created particles reaching N(r = 20T1) =
0.0176 for the narrow laser field and N(r = 207;,) = 0.0027
for the wide laser field. Notably, the narrow laser field creates
nearly 6.5 times more particles than the wide field, despite the
total energy being identical. As discussed in Subsection 3.1,
the spatial inhomogeneities of laser field A(x,t) give rise to
asymmetric multi-photon transition channels. When the total
energy is held constant, the narrow laser field exhibits a greater
number of multi-photon transition channels compared to the

wide field. Consequently, the narrow laser field generates a
significantly larger number of electron—positron pairs than the
wide field. These results demonstrate that asymmetric multi-
photon transition channels enhance electron—positron pair cre-
ation for a fixed total energy of the external field.

0.020
0016 ¢ —— 4=0.01mc*, .= 53_N()
; —— 4,20.05me%, 1= J_N(?)
0.012 I A4,=0.01mc, .= 5i_N'(1)
% .......... A0.05mc, 2= N'(t)
0.008 [
0.004 -
0

Fig. 6. The number of the created pairs as a function of time for
a constant total energy. The black line denotes the laser parameters
Ag = 0.05mc?, A = A., while the blue line represents the laser pa-
rameters Ay = 0.01mc2, A = 5. The solid line and the dashed line
represent the results of computational quantum field theory and time-
dependent perturbation theory, respectively. The other parameters are
ho =2.5mc?, = 5T, = 101/ .

4. Conclusion

In summary, electron—positron pair creation in spatially
and temporally inhomogeneous electric fields has been stud-
ied both numerically and theoretically. We have demonstrated
that the spatial extent of the field suppresses the asymmetric
transition pathways while enhancing the symmetric transition
pathways. From a theoretical viewpoint, we find that the spa-
tial inhomogeneity of the field brings about the asymmetric
multi-photon transition channels. In addition, when the spatial
width of a external field is much larger than the characteristic
length scale of the pair creation process, the external field can
be approximated as a spatially uniform time-dependent elec-
tric field. However, the omission of the field’s spatial inho-
mogeneity changes the entire pair-creation process and there-
fore leads to unreliable predictions. Consequently, the tran-
sition amplitude of the electron is qualitatively incorrect and
excludes the physical asymmetric transition process. Further-
more, we observed that asymmetric transition pathways sig-
nificantly increase the total yield of electron—positron pairs
for the same external field energy. Conversely, when the laser
energy was varied, a reduction in the production of electron—
positron pairs was observed, despite the narrower laser field
offering more transition pathways.
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