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We demonstrate the experimental feasibility of probing the fully nonperturbative regime of quan-
tum electrodynamics with a 100 GeV-class particle collider. By using tightly compressed and focused
electron beams, beamstrahlung radiation losses can be mitigated, allowing the particles to experience
extreme electromagnetic fields. Three-dimensional particle-in-cell simulations confirm the viability
of this approach. The experimental forefront envisaged has the potential to establish a novel research
field and to stimulate the development of a new theoretical methodology for this yet unexplored
regime of strong-field quantum electrodynamics.

The interaction of light and matter is governed by
quantum electrodynamics (QED), which is the most suc-
cessfully tested theory in physics. According to the
present understanding of QED, the properties of mat-
ter change qualitatively in the presence of strong electro-
magnetic fields. The importance of strong-field quantum
effects is determined by the Lorentz invariant parameter
χ = E∗/Ecr [1–4] (also called beamstrahlung parame-
ter in the context of particle colliders), which compares
the electromagnetic field in the electron/positron rest
frame E∗ with the QED critical field Ecr = m2c3/(e~) ≈
1.32×1018 V/m. Here, m and e are the electron/positron
mass and charge, c is speed of light, and ~ is reduced
Planck constant, respectively. Whereas classical electro-
dynamics is valid if χ� 1, quantum effects like the recoil
of emitted photons (quantum radiation reaction) and the
creation of matter from pure light become important in
the regime χ & 1 [1–4]. Eventually, the interaction be-
tween light and matter becomes fully nonperturbative if
χ� 1.

The behavior of matter near QED critical field
strengths (i.e., the regime χ ∼ 1) is important in astro-
physics (e.g., gamma-ray bursts, pulsar magnetosphere,
supernova explosions) [5–7], at the interaction point of
future linear particle colliders [8–15], and in upcoming
high energy density physics experiments, where laser-
plasma interactions will probe quantum effects [16]. Ex-
perimental investigations of strong-field QED have just
approached χ . 1, e.g., by combining highly energetic
particles with intense optical laser fields. This experi-
mental scheme, first realized in the SLAC E-144 exper-
iment [17, 18], has been recently revisited [19, 20]. No-
table alternatives are x-ray free electron lasers [21], highly
charged ions [22], heavy-ion collisions [23], and strong
crystalline fields [24]. The success of QED in the regime
χ . 1 is based on the smallness of the fine-structure
constant α ≈ 1/137, which facilitates perturbative calcu-

lations.

Inside an extremely strong electromagnetic back-
ground field, however, the situation changes profoundly.
According to the Ritus-Narozhny conjecture the actual
expansion parameter of QED in the strong-field sector
χ � 1 is αχ2/3. [25–27]. Correspondingly, QED be-
comes a strongly coupled theory if αχ2/3 & 1 and the
so-called dressed loop expansion breaks down. This im-
plies that the emission of a virtual photon by an elec-
tron/positron or the temporarily conversion of a photon
into a virtual electron-positron pair is no longer an un-
likely event. Therefore, the existing theoretical frame-
work is not suitable for this regime.

The fully nonperturbative sector (αχ2/3 & 1) is cur-
rently seen as beyond experimental reach. The funda-
mental challenge in probing such extreme fields is the
fast radiative energy loss by electrons/positrons. Its mit-
igation requires the switching time of the background
field to be smaller than the electron/positron radiative
life time τl ∼ γτc/(αχ

2/3) (τc = λc/c ≈ 1.3 × 10−21 s;
λc = ~/(mc) ≈ 3.9× 10−13 m and γ denotes the Lorentz
gamma factor) [28]. As the spatial extend of an op-
tical laser pulse must be at least of the order of the
laser wavelength λl ∼ µm, we need a multiple TeV elec-
tron/positron beam (γ ∼ 107) to ensure λl . γλc. There-
fore, reaching the regime αχ2/3 & 1 with electron-laser
collisions is not viable at the 100 GeV scale.

In this Letter, we show that using tightly compressed
and focused beams it is possible to probe for the first time
the fully nonperturbative QED regime with a 100 GeV-
class particle collider (Fig. 1). We argue that these beams
could be produced with accessible technology. Full 3D
particle-in-cell (PIC) simulations confirm the possibility
of limiting beam energy losses to . 5%, implying that
the majority of particles reach the strong field region.

To estimate the importance of nonperturbative effects,
we take phenomenologically into account that quan-
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FIG. 1. a) Illustration of a beam-beam collider for probing the fully nonperturbative QED regime. b) 3D OSIRIS-QED
simulation of the collision of two spherical 10 nm electron beams with 125 GeV energy (blue). The fully nonperturbative QED

regime αχ2/3 ≥ 1 is experienced by 38% of the colliding particles (red). The interaction produces two dense gamma-ray beams
with 0.2 photons with Eγ ≥ 2mc2 per primary electron (yellow).

tum fluctuations dynamically increase the effective elec-
tron/positron mass and thus the effective QED critical
field. As a result, one expects that radiation and pair
production are attenuated with respect to the perturba-
tive predictions. Our simulations show that corrections
on the order of 20− 30% are to be expected (see below).
Correspondingly, nonperturbative effects should be ob-
servable with a 100 GeV-class particle collider.

The breakdown of perturbation theory in the regime
αχ2/3 & 1 has an intuitive explanation. In vacuum, the
characteristic scales of QED are determined by the elec-
tron/positron mass m. In the presence of a background
field, however, the fundamental properties of electrons,
positrons, and photons are modified by quantum fluctu-
ations (Fig. 2). Figuratively speaking, the quantum vac-
uum is not empty but filled with virtual electron-positron
pairs. A strong electromagnetic field polarizes/ionizes
the vacuum, which therefore behaves like an electron-
positron pair plasma [29]. As a result, the “plasma fre-
quency of the vacuum” changes the photon dispersion re-
lation, implying that a photon acquires an effective mass
mγ(χ), see Supplemental Material [30]. The appearance
of a photon mass induces qualitatively new phenomena
like vacuum birefringence and dichroism [41–44]. Pertur-
bation theory is expected to break down in the regime
mγ(χ) & m, where modifications due to quantum fluc-
tuations become of the same order as the leading-order
tree-level result (Fig. 2).

In order to provide an intuitive understanding for the
scaling of mγ(χ), a photon with energy ~ωγ � mc2

is considered, which propagates through a perpendic-
ular electric field with magnitude E in the laboratory
frame. The χ associated with this photon is χ ∼ γE/Ecr,
where γ = ~ωγ/(mc2) can be interpreted as a gener-
alized Lorentz gamma factor. As the polarization of
the quantum vacuum requires at least two interactions
(Fig. 2), it is expected that m2

γ(χ) ∼ αM2 (the plasma
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FIG. 2. Dressed loop expansion of the polarization operator
P (top row) and mass operatorM (bottom row). Wiggly lines
denote photons and double lines dressed electron/positron
propagators [1]. According to the Ritus-Narozhny conjecture,
the diagrams shown represent the dominant contribution at
n-loop and αχ2/3 is the true expansion parameter of strong-
field QED in the regime χ� 1 [25–27].

frequency of a medium exhibits the same scaling in α).
Here, M ∼ eE∆t/c denotes the characteristic mass scale
induced by the background field and ∆t represents the
characteristic lifetime of a virtual pair.

The scaling of ∆t is determined by the Heisenberg un-
certainty principle ∆t∆ε ∼ ~, where ∆ε = ε− + ε+− εγ
quantifies energy non-conservation at the pair production
vertex. Here, ε− ≈ ε+ =

√
(pc)2 +m2c4 + (eE∆tc)2 ≈

pc + (eE∆tc)2/(2pc) are the electron/positron energies
and εγ = pγc is the energy of the gamma photon (electron
and positron have the same initial momentum p = pγ/2
at threshold). Assuming, χ � 1 and thus eE∆t � mc
(momentum acquired by the charges in the background
field E), we find ∆ε ∼ (eE∆tc)2/(~ωγ)2. Notably, the
resulting field-induced mass scale M ∼ eE∆t/c ∼ mχ1/3

is independent of m (note that χ ∼ m−3). This sug-
gests a new regime of light-matter interaction, where
the characteristic scales of the theory are determined by
the background field (M � m). The scaling m2

γ(χ) ∼
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αM2 ∼ αχ2/3m2 in the regime χ � 1 implies mγ & m
if αχ2/3 & 1 and thus a breakdown of perturbation the-
ory at the conjectured scale [25–27]. The same scaling
is also found for the electron/positron effective mass by
analyzing the mass operator (see Supplemental Material
[30]).

A similar breakdown of perturbation theory is pre-
dicted for supercritical magnetic fields [B � Bcr =
m2c3/(e~) ≈ 4.41× 109 T]. Whereas the mass correction
for electrons in the lowest Landau level scales logarith-
mically [45], photons acquire an effective mass via the
polarization operator, which exhibits a power-law scal-
ing [46, 47] (for a discussion of possible astrophysical
observables see, e.g., [48]). For supercritical magnetic
fields effective dimensional reduction facilitates nonper-
turbative calculations [49–52]. Note that the case consid-
ered here is complementary and qualitatively different,
as it corresponds on the contrary to ultrarelativistic elec-
trons/positrons occupying very high Landau levels. As a
result, they can emit photons and produce pairs and thus
provide two accessible observables which are affected by
radiative corrections.

The key challenge for reaching the fully nonperturba-
tive regime αχ2/3 & 1 in beam-beam collisions is the mit-
igation of radiative losses through beamstrahlung: the
emission of radiation as the colliding particles are bent
in the fields of the opposing bunch. This process is
characterized by four beam parameters: the transverse
σr and the longitudinal σz dimensions of the bunches
(σr = σx = σy for radially symmetric beams), the num-
ber of particles per bunch N (i.e., the total charge) and
the beam Lorentz factor γ. Lorentz invariance requires
that only the ratio σ∗

z = σz/γ is relevant, implying three
independent degrees of freedom.

The total radiation probability W (per beam particle)
and the disruption parameter D, which characterizes the
transverse motion of the beam particles, scale as

W ∼αχ2/3
av

σ∗
z

λc
, D∼Nαλcσ

∗
z

σ2
r

, χav≈
5

12

Nαλ2c
σrσ∗

z

, (1)

where χav denotes the average value of the beam-
strahlung parameter χ (in the accelerator science liter-
ature the symbol Υ = χav is commonly used). The given
estimate for χav holds for a radially symmetric Gaussian
charge density profile [9]. In order to achieve a controlled
interaction D � 1 is desirable, which implies that the
classical trajectories of the colliding particles are only
slightly distorted.

The requirements given above (αχ2/3 & 1, D . 0.01,
and W . 1) constrain the three beam parameters: N &
1/α4 ∼ 109 (i.e., & 0.1 nC per bunch), σr ∼ 10

√
Nαλc ∼

10 nm, and σ∗
z . λc. For a beam energy of ≈ 100 GeV

(γ ≈ 2 × 105) this implies σz . 100 nm. In general, de-
creasing σz is beneficial for all three parameters (χ, D,
W ), whereas increasing the charge must be accompanied

TABLE I. Comparison between the parameters of the Non-
perturbative QED (NpQED) collider discussed here and other
existing linear accelerator/collider designs. Collision parame-
ters for FACET-II [53] are not applicable, as it has only one
beam. Here χav and χmax for ILC [54] and CLIC [55] are
calculated without taking into account the expected change
in the beam size during collision, which is characteristic for
high disruption parameters.
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Beam Energy [GeV] 125 10 250 1500
Bunch Charge [nC] 1.4 1.2 3.2 0.6
Peak Current [kA] 1700 300 1.3 12.1
Energy Spread (rms) [%] 0.1 0.85 0.12 0.34
Bunch Length (rms) [µm] 0.1-0.01 0.48 300 44

Bunch Size (rms) [µm]
0.01
0.01

3
2

0.47
0.006

0.045
0.001

Pulse Rate ×
Bunches/Pulse

[Hz]×
Nbunch

100×
1

30×
1

5×
1312

50×
312

Beamstrahlung
Parameter

χav 969 – 0.06 5
χmax 1721 – 0.15 12

Disruption
Parameters

Dx,y
0.001 – 0.3 0.15
0.001 – 24.4 6.8

Peak electric field [TV/m] 4500 3.2 0.2 2.7
Beam Power [MW] 10−3 10−4 5 14
Luminosity [cm−2s−1] 1030 – 1034 1034

by a transverse compression to keep the disruption pa-
rameter small. According to these considerations, the
natural set of parameters for a ∼ 100 GeV nonperturba-
tive QED (NpQED) collider, which is capable of reaching
αχ2/3 & 1 with low disruption, is given in Tab. I.

The NpQED collider discussed here maximizes the
beam fields by employing highly compressed and round
bunches. This approach differs significantly from existing
linear collider designs like ILC [54] or CLIC [55], which
use flat (σx/σy > 10) beam configurations to avoid strong
fields and optimize the luminosity. The idea for this
NpQED collider originated from SLAC’s FACET-II [53],
designed to generate beams with up to 300 kA peak cur-
rent (σz ∼ 0.5µm) at 10 GeV energy. Merging the high
energy, high transverse quality beams of linear collider
designs with the high peak compression of FACET-II en-
capsulates the key design challenges (Tab. I).

Nonperturbative QED can be probed with either
electron-electron or electron-positron collisions. Using
only electrons is preferable, as it avoids the challenge
of generating positrons with the required longitudinal
brightness. Next-generation cryogenic photoinjectors
[56] aim for a factor > 4 improvement in emittance
(∼ 35 nm− rad at 100 pC). This will translate into elec-
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FIG. 3. Results of 3D simulations with OSIRIS-QED for the
parameters of the NpQED collider in Tab. I. fq (solid red):

fraction of beam electrons experiencing αχ2/3 ≥ 1; fγ (dashed
blue): number of high-energy photons (Eγ ≥ 2mc2) emitted
per beam electron; fp (dotted black): number of secondary
pairs per beam electron (all quantities are shown as a func-
tion of the beam crossing time). The shaded areas represent
an estimate for the importance of nonperturbative quantum
effects (fγ ∼ 30%, fp ∼ 25%). They were obtained by mod-
ifying the photon emission/pair production probabilities in
OSIRIS-QED as explained in the main text and the Supple-
mental Material [30] (upper curves: state-of-the-art simula-
tion, lower curves: modified probabilities).

tron focusing requirements similar to CLIC.

In order to obtain a compact accelerator design, high
gradient technology (e.g., X-band radio frequency or
plasma-based acceleration) could be employed, leading
to an accelerating section with a footprint comparable
with the SLAC linac. The fully nonperturbative QED
regime can be studied with a single bunch per pulse at ∼
100 Hz. An ILC-type linac and repetition rate might be
required for compression stability and feedback systems.
This would result in a luminosity equivalent to ILC at a
much lower beam power.

The required bunch compression extends the state-of-
the-art FACET-II design by a factor of 5. The antic-
ipated increase of collective effects during bunch com-
pression can be compensated by using advanced mitiga-
tion strategies, e.g., based on Coherent Synchrotron Ra-
diation (CSR) suppression and/or shielding techniques
[57, 58].

The final focus system can be based on the CLIC de-
sign, as the requirements are similar. However, deliv-
ering round beams with the required chromaticity com-
pensation presents a unique challenge, especially when
coherent effects from short bunches are considered. Al-
ternatively, plasma focusing technology can be explored,
as proposed in [59] and subsequently tested in multiple
experimental facilities [60–62].

Even though a complete engineering design of the ac-
celerator layout requires further R&D on the various

-3 -2 -1 0 1 2 3
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[σz /c ]
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FIG. 4. Relative energy loss and number of secondary
pairs fp (inset plot) for three beam lengths: 10 nm (solid red,
D = 10−3), 100 nm (dashed blue, D = 0.1), and 500 nm (dot-
ted back, D = 2.5). In the latter case electron trajectories are
severely modified, leading to strong disruption. The interac-
tion results in a full-featured QED cascade, which multiplies
the particle density and completely absorbs the energy of the
initial beam.

subsystems – including high brightness beam sources,
advanced beam compression techniques, final focus and
beam delivery system – the NpQED collider parameters
(Tab. I) rely only on evolutionary improvements of exist-
ing technology.

In order to confirm the possibility of reaching the
regime αχ2/3 & 1 with short, high current, colliding
beams, we have performed 2D and 3D PIC simulations
for the parameters of the NpQED collider in Tab. I. We
employed the massively parallel, fully relativistic and
electromagnetic PIC code OSIRIS-QED [63–66], which
accounts self-consistently for the classical and the QED
interaction between particles and fields (see Supplemen-
tal Material [30]). The latter is taken into account by
employing photon emission and pair production proba-
bilities inside a constant field [67–75]. This so-called local
constant field approximation (LCFA) is applicable here,
as the formation length lf = c∆t ∼ γλc/χ

2/3 ∼ 1 nm
[10, 76, 77] is much smaller than the scale on which the
field changes (σz = 10 nm).

Figures 1 and 3 illustrate the results of 3D simulations
for electron beams with σz = 10 nm (D = 10−3). The
simulations confirm that these beam parameters provide
a suitable configuration to probe the fully nonperturba-
tive QED regime, as a large fraction of beam electrons
(38%) experience αχ2/3 ≥ 1, while the beam energy
losses are limited to . 5% (Fig. 4).

To estimate the importance of nonperturbative ef-
fects, we have phenomenologically taken into account
that quantum corrections dynamically increase the effec-
tive electron/positron mass m∗ (see Supplemental Mate-
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rial [30])

m2
∗ = m2 + δm2, δm2 ≈ 0.84αχ2/3m2. (2)

Thus, we should replace χ by χ∗ = χ(m → m∗) in the

photon emission probability W (χ), i.e., employ W̃ (χ) =
W [χ∗(χ)] instead. After an elementary calculation one
obtains

χ
2/3
∗ (χ) = χ2/3[1 + 0.84αχ2/3]−1. (3)

Note that corrections to the effective electron/positron
mass are not the only consequence of the nonperturbative
regime. However, a complete and rigorous nonperturba-
tive calculation, e.g., by employing methods developed
for strongly-coupled quantum field theories like QCD,
is far beyond the scope of this Letter (e.g., truncated
Schwinger-Dyson equations, resummation of certain dia-
gram classes, renormalization-group techniques [78–80]).
However, the above estimate allows us to anticipate the
order of magnitude of nonperturbative corrections in the
regime αχ2/3 . 1 (Fig. 3), similar as a phenomenological
recoil correction to the classical probabilities allows us to
estimate the order of magnitude of quantum corrections
in the regime χ . 1 (see Supplemental Material [30]).

The bunch length, and correspondingly the disrup-
tion parameter, significantly impact the dynamics of the
beam-beam interaction. To quantify this, a series of
2D simulations for σz = 10 − 500 nm (D = 10−3 –
2.5, Fig. 4) has been performed. The results indicate
that electron trajectories become considerably disrupted
for D & 0.1 and energy losses are no longer negligible
(> 30%). Therefore, D < 0.1 is preferable, as it pro-
vides a clean experimental interaction for testing theo-
retical nonperturbative QED predictions. However, we
note that the D & 1 regime represents an interesting
scientific frontier, where the interplay between collective
and strong-field quantum processes determines the evo-
lution of the system.

In summary, we have shown that the collision of tightly
compressed and focused 100 GeV-class electron beams
would offer a very promising configuration for probing
the fully nonperturbative QED regime αχ2/3 & 1. Un-
til now, the physics above this threshold remains com-
pletely unexplored experimentally, and there is no theo-
retical framework to describe light-matter interaction at
such extreme fields. Investigations of this qualitatively
different regime, both theoretical and experimental, are
bound to discover new physical phenomena and advance
the understanding of nonperturbative physics at the field
intensity frontier.

The authors would like to thank Antonino Di Pi-
azza, Lance Dixon, Nathaniel J. Fisch, Michael Pe-
skin, Tor Raubenhamer, and Ricardo A. Fonseca for
useful discussions. This work was supported by: U.S.
Department of Energy under contract number DE-
AC02-76SF00515, U.S. DOE Early Career Research Pro-

gram under FWP100331, Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) 361969338
and 367991447, MEPhI Academic Excellence Project
(Contract No. 02.a03.21.0005), Russian Fund for Ba-
sic Research (Grant 16-02-00963), Foundation for the
Advancement of Theoretical Physics ”BASIS” (Grant
17-12-276-1), European Research Council (ERC-2015-
AdG Grant No. 695008), and FCT (Portugal) grants
SFRH/IF/01780/2013 and PD/BD/114323/2016. Simu-
lations were performed at the IST cluster (Lisbon, Por-
tugal) and at MareNostrum (Spain) under a PRACE
award.

∗ yakimenk@slac.stanford.edu
[1] A. Di Piazza, C. Müller, K. Z. Hatsagortsyan, and C. H.

Keitel, “Extremely high-intensity laser interactions with
fundamental quantum systems,” Rev. Mod. Phys. 84,
1177–1228 (2012).

[2] V. N. Baier, V. M. Katkov, and V. M. Strakhovenko,
Electromagnetic Processes at High Energies in Oriented
Single Crystals (World Scientific, 1998).

[3] V. I. Ritus, “Quantum effects of the interaction of ele-
mentary particles with an intense electromagnetic field,”
J. Sov. Laser Res. 6, 497–617 (1985).

[4] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii,
Quantum Electrodynamics, 2nd ed. (Butterworth-
Heinemann, 1982).

[5] B. Cerutti and A. M. Beloborodov, “Electrodynamics of
Pulsar Magnetospheres,” Space Sci. Rev. 207, 111–136
(2017).

[6] D. A. Uzdensky and S. Rightley, “Plasma physics of ex-
treme astrophysical environments,” Rep. Prog. Phys. 77,
036902 (2014).

[7] A. K. Harding, “The physics of gamma-ray bursts,” Phys.
Rep. 206, 327–391 (1991).

[8] K. Yokoya and P. Chen, “Beam-beam phenomena in lin-
ear colliders,” Frontiers of Particle Beams: Intensity Lim-
itations , 415–445 (1992).

[9] P. Chen and V. I. Telnov, “Coherent pair creation in
linear colliders,” Phys. Rev. Lett. 63, 1796–1799 (1989).

[10] V. N. Baier, V. M. Katkov, and V. M. Strakhovenko,
“Quantum radiation theory in inhomogeneous external
fields,” Nucl. Phys. B 328, 387–405 (1989).

[11] M. Bell and J. S. Bell, “Quantum Beamstrahlung,” Part.
Accel. 22, 301 (1988).

[12] P. Chen, “An Introduction to Beamstrahlung and Dis-
ruption,” Lect. Notes Phys. 296, 495 (1988).

[13] R. J. Noble, “Beamstrahlung from colliding electron-
positron beams with negligible disruption,” Nucl. In-
strum. Meth. A 256, 427–433 (1987).

[14] R. Blankenbecler and S. D. Drell, “Quantum treatment
of beamstrahlung,” Phys. Rev. D 36, 277–288 (1987).

[15] M. Jacob and T. T. Wu, “Quantum approach to beam-
strahlung,” Phys. Lett. B 197, 253–258 (1987).

[16] G. A. Mourou, G. Korn, W. Sandner, and J. L. Collier,
ELI Whitebook (THOSS Media GmbH, 2011).

[17] D. L. Burke, R. C. Field, G. Horton-Smith, J. E. Spencer,
D. Walz, S. C. Berridge, W. M. Bugg, K. Shmakov,
A. W. Weidemann, C. Bula, K. T. McDonald, E. J. Pre-

mailto:yakimenk@slac.stanford.edu
http://dx.doi.org/ 10.1103/RevModPhys.84.1177
http://dx.doi.org/ 10.1103/RevModPhys.84.1177
http://dx.doi.org/10.1007/BF01120220
http://dx.doi.org/ 10.1007/s11214-016-0315-7
http://dx.doi.org/ 10.1007/s11214-016-0315-7
http://dx.doi.org/ 10.1088/0034-4885/77/3/036902
http://dx.doi.org/ 10.1088/0034-4885/77/3/036902
http://dx.doi.org/10.1016/0370-1573(91)90055-Q
http://dx.doi.org/10.1016/0370-1573(91)90055-Q
http://dx.doi.org/10.1007/3-540-55250-2_37
http://dx.doi.org/10.1007/3-540-55250-2_37
http://dx.doi.org/ 10.1103/PhysRevLett.63.1796
http://dx.doi.org/ 10.1016/0550-3213(89)90334-9
http://cds.cern.ch/record/178863/files/p301.pdf
http://cds.cern.ch/record/178863/files/p301.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/19/036/19036508.pdf
http://dx.doi.org/10.1016/0168-9002(87)90284-1
http://dx.doi.org/10.1016/0168-9002(87)90284-1
http://dx.doi.org/10.1103/PhysRevD.36.277
http://dx.doi.org/10.1016/0370-2693(87)90377-7
http://www.eli-laser.eu/


6

bys, C. Bamber, S. J. Boege, T. Koffas, et al., “Positron
Production in Multiphoton Light-by-Light Scattering,”
Phys. Rev. Lett. 79, 1626 (1997).

[18] C. Bula, K. T. McDonald, E. J. Prebys, C. Bamber,
S. Boege, T. Kotseroglou, A. C. Melissinos, D. D. Mey-
erhofer, W. Ragg, D. L. Burke, R. C. Field, G. Horton-
Smith, A. C. Odian, J. E. Spencer, D. Walz, et al., “Ob-
servation of Nonlinear Effects in Compton Scattering,”
Phys. Rev. Lett. 76, 3116 (1996).

[19] J. M. Cole, K. T. Behm, E. Gerstmayr, T. G. Blackburn,
J. C. Wood, C. D. Baird, M. J. Duff, C. Harvey, A. Ilder-
ton, A. S. Joglekar, K. Krushelnick, S. Kuschel, M. Mark-
lund, P. McKenna, C. D. Murphy, et al., “Experimental
Evidence of Radiation Reaction in the Collision of a High-
Intensity Laser Pulse with a Laser-Wakefield Accelerated
Electron Beam,” Phys. Rev. X 8, 011020 (2018).

[20] K. Poder, M. Tamburini, G. Sarri, A. Di Piazza,
S. Kuschel, C. D. Baird, K. Behm, S. Bohlen, J. M.
Cole, D. J. Corvan, M. Duff, E. Gerstmayr, C. H. Keitel,
K. Krushelnick, S. P. D. Mangles, et al., “Experimental
Signatures of the Quantum Nature of Radiation Reaction
in the Field of an Ultraintense Laser,” Phys. Rev. X 8,
031004 (2018).

[21] E. Cartlidge, “The light fantastic,” Science 359, 382–385
(2018).

[22] J. Ullmann et al., “High precision hyperfine measure-
ments in Bismuth challenge bound-state strong-field
QED,” Nat. Commun. 8, 15484 (2017).

[23] J. Rafelski, J. Kirsch, B. Müller, J. Reinhardt, and
W. Greiner, “Probing QED Vacuum with Heavy Ions,”
in New Horizons in Fundamental Physics, FIAS Inter-
disciplinary Science Series (Springer, 2017) pp. 211–251.

[24] T. N. Wistisen, A. Piazza, H. V. Knudsen, and U. I. Ug-
gerhøj, “Experimental evidence of quantum radiation re-
action in aligned crystals,” Nat. Commun. 9, 795 (2018).

[25] A. M. Fedotov, “Conjecture of perturbative QED break-

down at αχ2/3 & 1,” J. Phys.: Conf. Ser. 826, 012027
(2017).

[26] N. B. Narozhny, “Expansion parameter of perturbation
theory in intense-field quantum electrodynamics,” Phys.
Rev. D 21, 1176–1183 (1980).

[27] V. I. Ritus, “Radiative corrections in quantum electrody-
namics with intense field and their analytical properties,”
Ann. Phys. 69, 555–582 (1972).

[28] S. Meuren and A. Di Piazza, “Quantum Electron Self-
Interaction in a Strong Laser Field,” Phys. Rev. Lett.
107, 260401 (2011).

[29] T. H. Stix, Waves in Plasmas (Springer, 1992).
[30] See Supplemental Material for further details, which in-

cludes Refs. [31–40].
[31] “CAIN beam-beam simulation code,” https://ilc.kek.

jp/~yokoya/CAIN/Cain242/CainMan242.pdf.
[32] D. Schulte, Study of Electromagnetic and Hadronic Back-

ground in the Interaction Region of the TESLA Collider,
Ph.D. thesis, University of Hamburg (1996).

[33] E. S. Fradkin, D. M. Gitman, and Sh. M. Shvarts-
man, Quantum electrodynamics: with unstable vacuum
(Springer, 1991).

[34] I. Bialynicki-Birula, “V Photon Wave Function,” in
Progress in Optics, Vol. 36, edited by E. Wolf (Elsevier,
1996) pp. 245–294.

[35] J. Schwinger, “On Gauge Invariance and Vacuum Polar-
ization,” Phys. Rev. 82, 664 (1951).

[36] W. H. Furry, “On Bound States and Scattering in
Positron Theory,” Phys. Rev. 81, 115–124 (1951).

[37] N. B. Narozhnyi, “Propagation of Plane Electromagnetic
Waves in a Constant Field,” Sov. Phys. JETP 28, 371—
374 (1968).

[38] F. W. J. Olver, D. W. Lozier, R. F. Boisvert, and C. W.
Clark, eds., NIST Handbook of Mathematical Functions
(Cambridge University Press, 2010).

[39] L. S. Brown and T. W. B. Kibble, “Interaction of Intense
Laser Beams with Electrons,” Phys. Rev. 133, A705–
A719 (1964).

[40] S. Meuren, K. Z. Hatsagortsyan, C. H. Keitel, and
A. Di Piazza, “High-Energy Recollision Processes of
Laser-Generated Electron-Positron Pairs,” Phys. Rev.
Lett. 114, 143201 (2015).

[41] S. Bragin, S. Meuren, C. H. Keitel, and A. Di Piazza,
“High-Energy Vacuum Birefringence and Dichroism in an
Ultrastrong Laser Field,” Phys. Rev. Lett. 119, 250403
(2017).

[42] Y. Nakamiya and K. Homma, “Probing vacuum birefrin-
gence under a high-intensity laser field with gamma-ray
polarimetry at the GeV scale,” Phys. Rev. D 96, 053002
(2017).

[43] B. King and N. Elkina, “Vacuum birefringence in high-
energy laser-electron collisions,” Phys. Rev. A 94, 062102
(2016).

[44] A. Ilderton and M. Marklund, “Prospects for studying
vacuum polarisation using dipole and synchrotron radia-
tion,” J. Plasma Phys. 82, 655820201 (2016).

[45] B. Jancovici, “Radiative Correction to the Ground-State
Energy of an Electron in an Intense Magnetic Field,”
Phys. Rev. 187, 2275–2276 (1969).

[46] A. E. Shabad, “Photon propagation in a supercritical
magnetic field,” J. Exp. Theor. Phys. 98, 186–196 (2004).

[47] A. E. Shabad, “Photon dispersion in a strong magnetic
field,” Ann. Phys. 90, 166–195 (1975).

[48] A. E. Shabad and V. V. Usov, “γ-Quanta capture by
magnetic field and pair creation suppression in pulsars,”
Nature 295, 215–217 (1982).

[49] A. V. Kuznetsov and N. V. Mikheev, “Electron Mass Op-
erator in a Strong Magnetic Field and Dynamical Chi-
ral Symmetry Breaking,” Phys. Rev. Lett. 89, 011601
(2002).

[50] V. P. Gusynin, V. A. Miransky, and I. A. Shovkovy, “Dy-
namical Chiral Symmetry Breaking in QED in a Mag-
netic Field: Toward Exact Results,” Phys. Rev. Lett.
83, 1291–1294 (1999).

[51] V. P. Gusynin and A. V. Smilga, “Electron self-energy in
strong magnetic field: summation of double logarithmic
terms,” Phys. Lett. B 450, 267–274 (1999).

[52] Y. M. Loskutov and V. V. Skobelev, “Behavior of the
mass operator in a superstrong magnetic field: Summa-
tion of the perturbation theory diagrams,” Theor. Math.
Phys. 48, 594–597 (1981).

[53] “FACET-II Technical Design Report, SLAC-R-1072,”.
[54] “ILC Technical Design Report, ILC-REPORT-2013-040,

CERN-ATS-2013-037,”.
[55] “CLIC Conceptual Design Report, CERN-2012-007,”.
[56] J. B. Rosenzweig, A. Cahill, V. Dolgashev, C. Emma,

A. Fukusawa, R. Li, C. Limborg, J. Maxson,
P. Musumeci, A. Nause, R. Pakter, R. Pompili, R. Rous-
sel, B. Spataro, and S. Tantawi, “Next Generation High
Brightness Electron Beams From Ultra-High Field Cryo-
genic Radiofrequency Photocathode Sources,” (2016),

http://dx.doi.org/ 10.1103/PhysRevLett.79.1626
http://dx.doi.org/10.1103/PhysRevLett.76.3116
http://dx.doi.org/10.1103/PhysRevX.8.011020
http://dx.doi.org/10.1103/PhysRevX.8.031004
http://dx.doi.org/10.1103/PhysRevX.8.031004
http://dx.doi.org/10.1126/science.359.6374.382
http://dx.doi.org/10.1126/science.359.6374.382
http://dx.doi.org/10.1038/ncomms15484
http://dx.doi.org/10.1007/978-3-319-44165-8_17
http://dx.doi.org/ 10.1038/s41467-018-03165-4
http://dx.doi.org/10.1088/1742-6596/826/1/012027
http://dx.doi.org/10.1088/1742-6596/826/1/012027
http://dx.doi.org/10.1103/PhysRevD.21.1176
http://dx.doi.org/10.1103/PhysRevD.21.1176
http://dx.doi.org/10.1016/0003-4916(72)90191-1
http://dx.doi.org/10.1103/PhysRevLett.107.260401
http://dx.doi.org/10.1103/PhysRevLett.107.260401
https://ilc.kek.jp/~yokoya/CAIN/Cain242/CainMan242.pdf
https://ilc.kek.jp/~yokoya/CAIN/Cain242/CainMan242.pdf
https://flash.desy.de/sites/site_vuvfel/content/e403/e1644/e1314/e1316/infoboxContent1932/tesla1997-08.pdf
http://dx.doi.org/ 10.1016/S0079-6638(08)70316-0
http://dx.doi.org/ 10.1103/PhysRev.82.664
http://dx.doi.org/ 10.1103/PhysRev.81.115
http://www.jetp.ac.ru/cgi-bin/dn/e_028_02_0371.pdf
http://www.jetp.ac.ru/cgi-bin/dn/e_028_02_0371.pdf
http://dx.doi.org/ 10.1103/PhysRev.133.A705
http://dx.doi.org/ 10.1103/PhysRev.133.A705
http://dx.doi.org/ 10.1103/PhysRevLett.114.143201
http://dx.doi.org/ 10.1103/PhysRevLett.114.143201
http://dx.doi.org/10.1103/PhysRevLett.119.250403
http://dx.doi.org/10.1103/PhysRevLett.119.250403
http://dx.doi.org/10.1103/PhysRevD.96.053002
http://dx.doi.org/10.1103/PhysRevD.96.053002
http://dx.doi.org/ 10.1103/PhysRevA.94.062102
http://dx.doi.org/ 10.1103/PhysRevA.94.062102
http://dx.doi.org/10.1017/S0022377816000192
http://dx.doi.org/ 10.1103/PhysRev.187.2275
http://dx.doi.org/ 10.1134/1.1675886
http://dx.doi.org/ 10.1016/0003-4916(75)90144-X
http://dx.doi.org/10.1038/295215a0
http://dx.doi.org/ 10.1103/PhysRevLett.89.011601
http://dx.doi.org/ 10.1103/PhysRevLett.89.011601
http://dx.doi.org/ 10.1103/PhysRevLett.83.1291
http://dx.doi.org/ 10.1103/PhysRevLett.83.1291
http://dx.doi.org/10.1016/S0370-2693(99)00145-8
http://dx.doi.org/10.1007/BF01037983
http://dx.doi.org/10.1007/BF01037983


7

arXiv:1603.01657.
[57] Y. Jing, Y. Hao, and V. N. Litvinenko, “Compensat-

ing effect of the coherent synchrotron radiation in bunch
compressors,” Phys. Rev. ST Accel. Beams 16, 060704
(2013).

[58] V. Yakimenko, M. Fedurin, V. Litvinenko, A. Fedotov,
D. Kayran, and P. Muggli, “Experimental Observa-
tion of Suppression of Coherent-Synchrotron-Radiation–
Induced Beam-Energy Spread with Shielding Plates,”
Phys. Rev. Lett. 109, 164802 (2012).

[59] J. B. Rosenzweig, P. Schoessow, B. Cole, C. Ho, W. Gai,
R. Konecny, S. Mtingwa, J. Norem, M. Rosing, and
J. Simpson, “Demonstration of electron beam selffocus-
ing in plasma wake fields,” Phys. Fluids B 2, 1376–1383
(1990).

[60] R. Govil, W. P. Leemans, E. Yu. Backhaus, and J. S.
Wurtele, “Observation of Return Current Effects in a
Passive Plasma Lens,” Phys. Rev. Lett. 83, 3202–3205
(1999).

[61] G. Hairapetian, P. Davis, C. E. Clayton, C. Joshi, S. C.
Hartman, C. Pellegrini, and T. Katsouleas, “Experimen-
tal demonstration of dynamic focusing of a relativistic
electron bunch by an overdense plasma lens,” Phys. Rev.
Lett. 72, 2403–2406 (1994).

[62] H. Nakanishi, Y. Yoshida, T. Ueda, T. Kozawa, H. Shi-
bata, K. Nakajima, T. Kurihara, N. Yugami, Y. Nishida,
T. Kobayashi, A. Enomoto, T. Oogoe, H. Kobayashi,
B. S. Newberger, S. Tagawa, et al., “Direct observation
of plasma-lens effect,” Phys. Rev. Lett. 66, 1870–1873
(1991).

[63] T. Grismayer, M. Vranic, J. L. Martins, R. A. Fonseca,
and L. O. Silva, “Seeded QED cascades in counterprop-
agating laser pulses,” Phys. Rev. E 95, 023210 (2017).

[64] T. Grismayer, M. Vranic, J. L. Martins, R. A. Fonseca,
and L. O. Silva, “Laser absorption via quantum electro-
dynamics cascades in counter propagating laser pulses,”
Phys. Plasmas 23, 056706 (2016).

[65] R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. De-
cyk, W. Lu, C. Ren, W. B. Mori, S. Deng, S. Lee,
T. Katsouleas, and J. C. Adam, “OSIRIS: A Three-
Dimensional, Fully Relativistic Particle in Cell Code for
Modeling Plasma Based Accelerators,” in Computational
Science ICCS 2002 , Lecture Notes in Computer Science
(Springer, Berlin, Heidelberg, 2002) pp. 342–351.

[66] Del Gaudio, F. and Grismayer, T. and Fonseca, R. A.
and Mori, W. B. and Silva, L. O. “Bright γ rays source
and nonlinear Breit-Wheeler pairs in the collision of high
density particle beams,” Phys. Rev. Accel. Beams. 22,
1023402 (2019).

[67] M. Lobet, X. Davoine, E. dHumières, and L. Gremillet,
“Generation of high-energy electron-positron pairs in the

collision of a laser-accelerated electron beam with a mul-
tipetawatt laser,” Phys. Rev. Accel. Beams 20, 043401
(2017).

[68] M. Tamburini, A. D. Piazza, and C. H. Keitel, “Laser-
pulse-shape control of seeded QED cascades,” Sci. Rep.
7, 5694 (2017).

[69] C. Baumann and A. Pukhov, “Influence of e−e+ creation
on the radiative trapping in ultraintense fields of colliding
laser pulses,” Phys. Rev. E 94, 063204 (2016).

[70] A. Gonoskov, S. Bastrakov, E. Efimenko, A. Ilderton,
M. Marklund, I. Meyerov, A. Muraviev, A. Sergeev,
I. Surmin, and E. Wallin, “Extended particle-in-cell
schemes for physics in ultrastrong laser fields: Review

and developments,” Phys. Rev. E 92, 023305 (2015).
[71] D. G. Green and C. N. Harvey, “SIMLA: Simulating par-

ticle dynamics in intense laser and other electromagnetic
fields via classical and quantum electrodynamics,” Com-
put. Phys. Commun. 192, 313–321 (2015).

[72] C. P. Ridgers, C. S. Brady, R. Duclous, J. G. Kirk,
K. Bennett, T. D. Arber, A. P. L. Robinson, and A. R.
Bell, “Dense Electron-Positron Plasmas and Ultraintense
γ rays from Laser-Irradiated Solids,” Phys. Rev. Lett.
108, 165006 (2012).

[73] N. V. Elkina, A. M. Fedotov, I. Yu. Kostyukov, M. V.
Legkov, N. B. Narozhny, E. N. Nerush, and H. Ruhl,
“QED cascades induced by circularly polarized laser
fields,” Phys. Rev. ST Accel. Beams 14, 054401 (2011).

[74] E. N. Nerush, I. Yu. Kostyukov, A. M. Fedotov, N. B.
Narozhny, N. V. Elkina, and H. Ruhl, “Laser Field
Absorption in Self-Generated Electron-Positron Pair
Plasma,” Phys. Rev. Lett. 106, 035001 (2011).

[75] R. Duclous, J. G. Kirk, and A. R. Bell, “Monte Carlo
calculations of pair production in high-intensity laser–
plasma interactions,” Plasma Phys. Contr. F. 53, 015009
(2011).

[76] A. Di Piazza, M. Tamburini, S. Meuren, and C. H.
Keitel, “Implementing nonlinear Compton scattering be-
yond the local-constant-field approximation,” Phys. Rev.
A 98, 012134 (2018).

[77] V. N. Baier and V. M. Katkov, “Concept of formation
length in radiation theory,” Phys. Rep. 409, 261 – 359
(2005).

[78] J. Polonyi, “Lectures on the functional renormalization
group method,” Open Phys. 1, 1–71 (2003).

[79] C. D. Roberts and A. G. Williams, “Dyson-Schwinger
equations and their application to hadronic physics,”
Prog. Part. Nucl. Phys. 33, 477–575 (1994).

[80] J. Zinn-Justin, “Perturbation series at large orders in
quantum mechanics and field theories: Application to
the problem of resummation,” Phys. Rep. 70, 109–167
(1981).

http://arxiv.org/abs/1603.01657
http://dx.doi.org/ 10.1103/PhysRevSTAB.16.060704
http://dx.doi.org/ 10.1103/PhysRevSTAB.16.060704
http://dx.doi.org/ 10.1103/PhysRevLett.109.164802
http://dx.doi.org/10.1063/1.859559
http://dx.doi.org/10.1063/1.859559
http://dx.doi.org/10.1103/PhysRevLett.83.3202
http://dx.doi.org/10.1103/PhysRevLett.83.3202
http://dx.doi.org/10.1103/PhysRevLett.72.2403
http://dx.doi.org/10.1103/PhysRevLett.72.2403
http://dx.doi.org/ 10.1103/PhysRevLett.66.1870
http://dx.doi.org/ 10.1103/PhysRevLett.66.1870
http://dx.doi.org/ 10.1103/PhysRevE.95.023210
http://dx.doi.org/ 10.1063/1.4950841
http://dx.doi.org/10.1007/3-540-47789-6_36
http://dx.doi.org/10.1007/3-540-47789-6_36
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.22.023402
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.22.023402
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.20.043401
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.20.043401
http://dx.doi.org/10.1038/s41598-017-05891-z
http://dx.doi.org/10.1038/s41598-017-05891-z
http://dx.doi.org/10.1103/PhysRevE.94.063204
http://dx.doi.org/10.1103/PhysRevE.92.023305
http://dx.doi.org/10.1016/j.cpc.2015.02.030
http://dx.doi.org/10.1016/j.cpc.2015.02.030
http://dx.doi.org/ 10.1103/PhysRevLett.108.165006
http://dx.doi.org/ 10.1103/PhysRevLett.108.165006
http://dx.doi.org/10.1103/PhysRevSTAB.14.054401
http://dx.doi.org/10.1103/PhysRevLett.106.035001
http://dx.doi.org/10.1088/0741-3335/53/1/015009
http://dx.doi.org/10.1088/0741-3335/53/1/015009
http://dx.doi.org/10.1103/PhysRevA.98.012134
http://dx.doi.org/10.1103/PhysRevA.98.012134
http://dx.doi.org/ 10.1016/j.physrep.2004.11.003
http://dx.doi.org/ 10.1016/j.physrep.2004.11.003
http://dx.doi.org/ 10.2478/BF02475552
http://dx.doi.org/10.1016/0146-6410(94)90049-3
http://dx.doi.org/ 10.1016/0370-1573(81)90016-8
http://dx.doi.org/ 10.1016/0370-1573(81)90016-8

	On the Prospect of Studying Nonperturbative QED with Beam-Beam Collisions
	Abstract
	Acknowledgments
	References


