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Motivation 
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! Ritus & Narozhny conjectured that QED becomes a fully non-
perturbative theory if  

! extremely interesting but thought to be far beyond experimental reach      

!main challenge: minimize field-particle interaction time to mitigate 
radiative losses

αχ2/3 ≳ 1 χ ≈ γ
F⊥

eEQED

trad ≈ γ
τC

αχ2/3
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A. Fedotov, J. Phys.: Conf. Ser. 826, 012027 (2017)
N. Narozhny, Phys. Rev. D 21, 1176 (1980)

V. Ritus, Ann. Phys. 69, 555 (1972)

now clear roadmap: promising set-ups either by using colliding 
lepton beams or high-power lasers



www.hhu.de

1

The non-perturbative QED collider
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! round 1.7 Mega-Ampere bunch focused        
to 10 nm radius gives peak field of  

! 125 GeV electrons reach                         
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Schematic of the set-up 
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V. Yakimenko et al., Phys. Rev. Lett. 122, 190404 (2019)

!Here: results obtained with the QED-PIC code VLPL* for the 
collision of two colliding 10 nm long e- e- bunches 

χ ≃ 1720

* C. Baumann and A. Pukhov, Phys. Rev. E 94, 063204 (2016)

Emax ≃
0.9 Imax

cσr
≃ 3.45 × 10−3 EQED



! check the number of photons and pairs per primary particle, and the relative 
energy loss
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Comparison VLPL, OSIRIS, and analytics 
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VLPL results in agreement with OSIRIS and analytics 

V. Yakimenko et al., arXiv:1807.09271v1 (2018)
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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 function
of the beam crossing time).

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
[26, 27].
The final focus system can be based on the CLIC

design, with similar requirements. However, delivering
round beams with the required chromaticity compensa-
tion presents a unique challenge, especially when coher-
ent effects from short bunches are considered. Alterna-
tively, plasma focusing technology can be explored, as
proposed in [28] and subsequently tested in multiple ex-
perimental facilities [29–31].
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 [32], which ac-
counts self-consistently for the classical and the QED in-
teraction between particles and fields (see supplemental
material for details). We note that the code uses the
perturbative QED rates, as only those are theoretically
known. This still allows us to asses the ability to reach

the fully nonperturbative regime. However, we expect
that experimental observations will differ from the simu-
lation predictions for αχ2/3 > 1.
Figures 1 and 3 illustrate the results of 3D simulations

for electrons 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).
The bunch length, and correspondingly the disrup-

tion parameter, significantly impact the dynamics of the
beam-beam interaction. We have performed a series of
2D simulations for σz = 10 − 500 nm (D = 10−3 – 2.5,
Fig. 4). Our results indicate that electron trajectories
become considerably perturbed for D ! 0.1 and en-
ergy losses are no longer negligible (> 30%). Therefore,
D < 0.1 is preferable, as it provides a clean experimental
interaction for testing theoretical nonperturbative QED
predictions. However, we note that the D ! 1 regime
represents an interesting scientific frontier, where the in-
terplay between collective and strong-field quantum pro-
cesses determines the evolution of the system.
We have found that the beam-beam interaction pro-

duces a well-defined radiation spectrum with a power-
law shape dNγ/dϵ̃ ∼ ϵ̃−p (Fig. 4b). The index p depends
strongly on the bunch duration and can be used to char-
acterize the interaction. Deviations from these power-law
energy spectra would constitute a clear experimental sig-
nal of nonperturbative effects.
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 formalism 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

photons
pairs

χ

P. Chen and V. Telnov, Phys. Rev. Lett. 63, 1796 (1989) 
K. Yokoya and P. Chen, Frontiers of Particle Beams, 415-445 (1992)

4.3 Converting optical laser pulses to ultra-intense attesecond pulses

Ng/Ne�0
Ne+e�/Ne�0

De/e

theory 0.194 9.1⇥10�3 �0.052
VLPL 0.205 8.6⇥10�3 �0.050

Table 4.2.1: Comparison of the VLPL simulation data with the theoretical predictions by
Yokoya, Chen and Telnov [40, 41].

Figure 4.3.1: Schematic of the proposed setup for converting an intense optical laser pulse
into an ultra-intense attosecond pulse. The optical pulse (a0 = 350) impignes at
an angle of q = 30� onto the over-dense plasma target (ne = 150ncr). The gen-
erated attosecond pulse (t ⇡ 150 as) is ultra-intense (a0 ⇡ 1450), and collides
with a counterpropagating electron beam (energy ee = 125 GeV). Originally
published in [42].

be estimated as [40, 41]

Ne+e�

Ne�0

' 10.4
p

3
25p

✓
sx

gelC
a° 2/3

◆2

ln(°) . (4.2.16)

After inserting the parameters, one obtains Ne+e�/Ne�0
' 9.1⇥10�3, which is again in reason-

able accordance with the previously mentioned VLPL results. A summary of all comparisons
between simulation and literature values is given in table 4.2.1. It is also worth mentioning
that the above results are verified by simulations with the independent code OSIRIS, and the
results can be found in reference [33].
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OSIRIS



!maximum of     in each simulation cell 

! peak:                  at                   
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Approaching highly supercritical fields

                                                                                      christoph.baumann@tp1.hhu.de                                                                              SLAC ’19 �7
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Using high-power lasers …
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… by converting the radiation into an  
ultra-intense attosecond pulse
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a0 = 350

ε ≈ 125 GeV

ne = 150 ncr
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Generating ultra-intense attosecond pulses 
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Generating ultra-intense attosecond pulses 
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ne ∝ exp ( x − 10λ0

0.33λ0 )

a0 = 350
ne = 150 ncr
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Pulse generation (animation)
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a0 = 350

Laser: plasma:
ne = 150 ncr

λ0 = 1 μm
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I23 = 1023 Wcm−2
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Pulse characterization
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Approaching highly supercritical fields
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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… by taking advantage of the  
limited penetration depth of plasmas
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Schematic of the set-up
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C. Baumann and A. Pukhov, Plasma Phys. Control. Fusion 61, 074010 (2019)

laser pulse

e- beam

solid target ne ≈ 950 ncr

ε ≈ 125 GeV

a0 = 1400

CP
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ls ≲ ctrad

idea: use target with skin depth 
shorter than radiative life-time 
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Field structure seen by probing electrons
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Field structure seen by probing electrons
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sharp interface (≈ 20 nm) separating field-free from 
intense-field region 

C. Baumann and A. Pukhov, Plasma Phys. Control. Fusion 61, 074010 (2019)
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Approaching highly supercritical fields
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one-dimensional results: two-dimensional results:

estimate = 
ε

mec2

E⊥

EQED
C. Baumann and A. Pukhov, Plasma Phys. Control. Fusion 61, 074010 (2019)
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Identifying non-perturbative QED
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! spectra depict power-law behavior over certain energy ranges, why?
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Particle spectra
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npQED collider: attosecond set-up:

pair e-
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Temporal evolution of particle spectra
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! strictly speaking, approach only valid up to the onset of radiative corrections 

! however, spectra of secondary particles full of information 

! start with Boltzmann equations for evolution of the particle spectra

∂t fγ (ε) = − Wpair fγ (ε) + ∫
∞

ε
wrad (ε′� → ε′�− ε) [ fe− (ε′ �) + fe+ (ε′�) ] dε′�

∂t fe+, e− (ε) = − Wrad fe+, e− (ε) + ∫
∞

ε
wpair (ε′� → ε) fγ (ε′�) dε′� + ∫

∞

ε
wrad (ε′� → ε) fe+, e− (ε′ �) dε′�
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Detecting the differential emission rate
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! solve equation for short interactions                          in perturbation theory 

! for                                                      one has in first order 

! differential emission rate directly measurable, including the case of 
significant radiative corrections

Wrad, pair τ ≪ 1

f ≃ f (0) + f (1) + f (2) + . . . , f (i) ∝ (Wrad, pair t)
i

f (0)
e− = δ (ε − ε0), f (0)

γ = f (0)
e+ = 0,

f (1)
γ (ε) = wrad (ε0 → ε0 − ε) ⋅ t

f (1)
e− (ε) = [wrad (ε0 → ε) − Wrad δ (ε − ε0)] ⋅ t
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)



! Example: differential photon emission rate and spectrum of photons 
generated by electrons with 125 GeV energy and            
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Differential emission rate and   -spectrum
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χ0 ≃ 1720



! consider emission rate in Nikishov-Ritus theory 

! secondary photons with energies                     determine the avalanche 
dynamics; rate simplifies to 

! spectra obey power laws in first order:
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Simplified rate and power-law behavior
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wrad (ε0 → ε) = −
αm2

e c4

ℏε2
0 [∫

∞

x
Ai(ξ) dξ + ( 2

x
+ χγ x) Ai′ �(x)], x3/2 =

χγ

χ0 (χ0 − χγ)

wrad (ε0 → ε) ≃
ν

ε4/3
0

1 + η2

η1/3 (1 − η)2/3 ( H
HQED )

2/3

, η =
ε
ε0

1 ≪ χγ ≪ χ0

f (1)
γ (ε) ∝ ε−2/3, f (1)

e− (ε) ∝ ε−1/3

E. N. Nerush et al., Phys. Plasmas 18, 083107 (2011)

C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Scaling of the spectra up to 2nd order
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! interaction transforms each power-law function                 into a new   
power-law function with 

! for example: 

! up to 2nd order:

f (ε) ∝ εs

f (ε) ∝ εs−1/3

fe− = δ (ε − ε0)
fe− ∝ ε−1/3

fγ ∝ ε−2/3
photon 
emission fγ ∝ ε−1

fe± ∝ ε−1

fγ ∝ ε−2/3

fe− ∝ ε−2/3photon 

emission
pair 
creation

fe− = aε−1/3 + bε−2/3 + cε−1,
fe+ = dε−1, fγ = gε−2/3 − hε−1
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)



! model and simulation are in good 
agreement  

! different quantum parameters 
yield same power-law behavior in 
the discussed range 

!  any deviation may indicate the 
impact of radiative corrections

! spectra generated by 125 GeV electrons interacting with clean pulses of 150 
as duration                    , and lower quantum parameter

www.hhu.de

Comparison model vs simulations
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)

(χ0 ≃ 1720) (χ0 ≃ 120, purple)
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H2/3-correspondence
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! dependency of differential rate on field H suggests that spectra coincide for 
systems with 

∫
t

0
H2/3

1 (t′�) dt′� = ∫
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0
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Figure 6. Spectrum of the photons (g), electrons (e) and positrons (p) after the interaction of a 125 GeV electron beam with
(a) a clean 150 as Gaussian EM pulse and (b) the EM pulse generated in the proposed setup (solid lines) and a clean 350 as
Gaussian pulse (dashed lines). Black lines show the fits f µ es on the interval from 125 MeV to 25 GeV, with s given in the
labels.

maximum values of approximately 12, 120 and 1200 are expected for c . One can observe that all photon spectra obey the
same power-law behavior that coincides with the behavior of the first generation of the photons predicted by Eq. (12). Thus, for
ultrashort EM pulses, a change of the photon spectrum shape can indicate the entering in the regime of non-perturbative QED.

To test the developed analytical model for a few generations of secondary particles, the interaction of the electron beam
with clean attosecond EM pulses of various FWHM durations (t = 50, 100, 150 and 350 as) and a fixed dimensionless field
amplitude (a0 = 1450) is investigated in the following. Figure 6 (a) shows the results for the collision with a clean Gaussian EM
pulse that has a duration of 150 as. This duration is used since it matches the one of the generated main pulse [see Fig. 3 (a)],
and hence can be later used as a reference. Besides, Fig. 6 (b) displays the results (solid lines) for the collision with the
EM pulse that is generated in the laser-plasma interaction described in this manuscript. The additional black lines show the
power-law fits f µ es that are expected to describe the particle distribution function according to Eqs. (11) and (12). The values
of the power-law indexes are given in the labels. It can be seen in Fig. 6 (a) that the power-law functions (11) and (12) are
in reasonable agreement with the simulation results, indicating the regime of single generation of the secondary photons and
positrons. However, note that the best power-law index for the photon distribution in Fig. 6 (a) is approximately �0.77 which is
close but not exactly equal to �2/3. This may indicate that the photon distribution function is already influenced by further
generations of secondary photons. Therefore, simulations with shorter pulses are carried out. One obtains best-fitting power-law
indexes of �0.73 and �0.67 for t = 100 as and 50 as laser pulses, respectively.

If the EM pulse is not short enough, more generations of secondary particles should be taken into account. This can be seen,
for instance, when returning to the photon spectrum that is obtained in the proposed setup [see solid lines in Fig. 6 (b)]. A
deviating power-law index indicates that the analytical solution (11) and (12) is inapplicable, and hence the pre- and postpulses
of the attosecond pulse have to be included in the BE, e.g. by solving it numerically. However, the H2/3-correspondence allows
one to reproduce the spectra of particles with c � 1 (e � 100 MeV) even in simple one-dimensional simulations, and so still
enables a comparison of the experimental results and the predictions of perturbative QED. This can be achieved as follows.
First, one has to retrieve the time integral over H2/3 along the electron trajectories for the attosecond pulse generated in the
laser-plasma interaction. Then, one can find the duration of a clean Gaussian pulse that yields the same value of the time integral
over H2/3. For the self-consistently generated attosecond pulse, this procedure leads to a duration of 350 as. The interaction of
such a pulse with the electron beam results in particle spectra that coincide very good with the spectra obtained in the proposed
setup, as can be seen from the dashed curves in Fig. 6 (b). The comparison with the reference spectra in Fig. 6 (a) finally
gives insights into the impact of the prepulse on the distribution of high c particles (c � 1, e � 100 MeV). Alternatively, the
Gaussian pulse duration can be chosen to ensure this spectrum coincidence, for instance, when the time integral over H2/3 is
not known for the generated attosecond pulse.

Therefore, if the duration of the EM pulse is such that a few generations of secondary particles arise, one can use the
H2/3-correspondence to find the particle spectra in the framework of perturbative QED. Thus, variations in the emission

7/10

! example: spectra for the proposed 
attosecond pulse set-up (solid) and 
1D simulation with a clean EM 
pulse of 350 as duration (dotted) 

!  correspondence may be useful to 
identify the impact of radiative 
corrections
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C. Baumann, E. N. Nerush, A. Pukhov, and I. Yu. Kostyukov, Sci. Rep. 9, 9407 (2019)
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Conclusion and outlook
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Conclusion and outlook
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1. non-perturbative QED collider and high-power laser set-ups 
provide promising experimental configurations 

  

2. spectra of secondary particles may be useful to retrieve impact 
of non-perturbative effects 

  

3. advance the identification of clear signatures
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Thank you for your attention!
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