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The simplest QED interaction processes between light and matter possible 

to be measured at ELI-NP Facility. Feynman diagrams evaluations.

1. Light – Matter interaction processes

*
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Under normal conditions, the physical vacuum, due to the 

quantum fluctuations, is in a permanent "boiling", with local 

production and annihilation of virtual particle-antiparticle pairs. 

According to the Heisenberg principle, locally, on short time 

intervals Δt, there are energy fluctuations ΔE, so their product 

cannot be smaller than ħ.

ΔE ∙ Δt ≥ ħ
ħ = 1.054571817 × 10-34 J ∙ s 

   = 6.582119569 × 10−16 eV ∙ s

Then, on Δt time intervals, we have ΔE energy fluctuations that 

allow production of e+e- pairs:

ΔE ≈ 2 me c
2 = 2 ∙ 0.511 MeV ≈ 106 eV 

Δt ≥ ħ /2mec
2 = 10-22 s 

Locally on Δx space can be produced electron-positron pairs, 

which live on the average Δt time, then they annihilate. 

A strong electric field can transfer enough energy to transform 

virtual pairs into real pairs. 

1. Vacuum local fluctuation - Schwinger field Ecr 
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The virtual e+e- pair becomes a real one if a minimum energy W 

is transferred by the electric field E

or minimum value of the electric field is

The critical value of the electric field Ecr (Schwinger field) i.e. 

starting value for spontaneously production of real e+e- pairs 
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One of the fundamental electromagnetic interaction processes, 

little studied experimentally, is the conversion of light to matter. 

Particle production from the e.m. field, one of the amazing 

predictions of the QED, is possible, at least in principle, in 

connection with the vacuum particle pair production:

➢in a static electric field – Schwinger effect [1]

➢in a photon field – Breit-Wheeler production [2-5]

γ + γ → e+ + e− or  γ + nγ → e+ + e−

➢in a combination of the two – Bethe-Heitler production [6]

nγR + γV → e+ + e− 

1. Conversion of Light to Matter 



1. QED Processes - Conversion of Light to Matter 

• The linear Breit-Wheeler (BW) process [2]   γ + γ → e− + e+ 

has been studied in the the framework of QED [24]. To date, the linear BW 

process has not been observed in the laboratory with real photons due to 

the lack of suitably bright sources of photons with sufficient energy.

• Nonlinear (multiphoton) inverse Compton scattering   e-+ n γL → e-+ γ 

where the electron, e-, absorbs multiple, n laser photons γL , and radiates 

hard photons γ.. Up  to 40% of the energy of the laser accelerated electrons 

is re-radiated as gamma photons in the presence of the laser field [26]

So far, the current theoretical and experimental works with high-power lasers have highlighted 

a series of QED processes and confirmed the possibility to approach them experimentally.

• Nonlinear (multiphoton) Breit–Wheeler process:  γ + n γL → e- + e+

where the electron - positron pair is generated. Hence for the energy of 

multiple laser photons, pure energy is transformed into the mass of the 

particles: electrons and positrons. Light is transformed into matter [27]

• Bethe-Heitler (BH) interaction process with nuclei [28]  n γL+γV → e- + e+

where the multiple laser photons in interaction with the virtual photon of 

the nucleus field, transfer energy to e+ e- production process.
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E-144 SLAC Experiment 

γ + n γ0 → e+e− 

106 ± 14 positrons observed: 

P.R.L. 79, 1626 (1997) [14]
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In this experiment [14] 46.6 GeV electrons were scattered in the terawatt laser strong e.m. field. 

Infrared laser radiation of wavelength 527 nm (2.35 eV), pulses of 650 mJ, intensity 1018 W/cm2 

were used. 

Parameters of the experiment correspond to the regime of nonlinear Compton scattering.

γ-γ at SLAC Exp.

E-144 SLAC Experiment (electron – laser collision) - 1997
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E-144 Collaboration, https://doi.org/10.1063/1.52962

E-144 SLAC Experiment (electron – laser collision) - 1997

For production of an electron-positron pair, the center-of-mass energy of the scattering 

photons must be at least 2mc2 ~ 1 MeV. 

This can be achieved by scattering a laser beam against a high-energy photon beam created, 

for example, by backscattering the laser beam off a high-energy electron beam. 

With laser light of wavelength 527 nm (energy 2.35 eV), would be required a photon of 

energy 109 GeV  for reaction   γ1 γ2 → e+ e-   to proceed. 

However, with an electron beam of energy 46.6 GeV as available at the Stanford Linear 

Accelerator Center (SLAC) the maximum Compton-backscattered photon energy from a 

527 nm laser is only 29.2 GeV.

https://doi.org/10.1063/1.52962


How can explain SLAC results ?
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➢ The SLAC experiment E-144 for the first time measured nonlinear 

Compton scattering and pair production in the interaction of a high

energy electron beam with an intense laser in the multi-photon regime (n>4) 

[13, 14].

For εe= 46.6 GeV electron has γe= 46.6×103 MeV / 0.511 MeV = 9×104 so if 

it collides head on with a 527 nm laser pulse of strength 𝜉 = 1 the field in the 

electron's rest frame is  E* = 1.1 × 1018 V/m. 

This is close to the QED critical strength Ecr= m2c3/ℏe =1.3 x 1018 V/m at 

which the energy gain of an electron accelerating over a Compton 

wavelength is its rest energy, and at which a static electric field would 

spontaneously break down into electron-positron pairs.

➢ When a laser electric field of strength EL in the 

rest frame of a relativistic, counter-propagating 

electron with laboratory energy Ee and Lorentz 

factor γe = εe / mc2 >>1 the laser electric field 

strength appears boosted to E* = 2γe EL

→ →
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When an ultra-relativistic electron (from a beam) of initial energy 𝜀0 >> mc2     absorbs n 

photons, each of energy     ℏω << mc2 ,    from a laser pulse that crosses the electron beam at 

the angle ϑ0, the minimum energy of the scattered electron is

 

where                                is the effective mass (Volkov states) of the electron in the laser field 

of linear polarization and frequency ω0 
and for laser field strength

We see that the minimum energy in the scattered electron spectrum depends on the number of 

photons absorbed from the laser field and, therefore, can serve as a signature of the nonlinear 

Compton effect.

For linear Compton scattering (n = 1) one obtains the scattered electron minimum energy 

𝜀min=25.6 GeV, using parameters from the experiment (ε0=46.6 GeV, 𝜃0=170, and λ=1054 nm). 

But, for the two- and three-photon (nonlinear Compton effect) the electron spectrum threshold 

is found to be at 17.6 and 13.5 GeV, respectively.
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E-144 SLAC Experiment (electron – laser collision) - 1997

(Skip)
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E-144 SLAC Experiment (electron – laser collision) - 1997

7∙109 electrons/shot

7 ps (FWHM)

γ0
- 527 nm (2.35 eV)

n > 4

γ – 29 GeV (106/shot)

ELI history
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In 2009 G. V. Dunne (University of Connecticut) in the paper “New strong-field QED effects at extreme light 

infrastructure” in Eur. Phys. J. D 55, 327–340 (2009) remarked “the ELI project open up an entirely new 

non-perturbative regime of QED, and of quantum field theories in general. There are many experimental 

and theoretical challenges ahead. Theoretically, the biggest challenge in the non-perturbative arena is to 

develop efficient techniques, both analytical and numerical, for computing the effective action and related 

quantities, in external fields that realistically represent the experimental laser configurations. A lot of progress 

has been made in this direction, but new ideas and methods are still needed”.

On the other hand, production of large numbers of MeV positrons in the laboratory opens the door to 

new avenues of antimatter research, including an understanding the physics of various astrophysical 

phenomena such as black holes and gamma ray bursts [45,46], pair plasma physics [47,48] and 

positronium production.

2. ELI QED History

Now the 2 x 10 PW laser beams of the ELI-NP laser facility has the interaction chambers dedicated to 

QED experiments [42-44]. So, we can move on to fruition this possibility to in-depth study of nonlinear 

QED processes with such laser beams to perform the following steps:

• Systematic studies of the dynamics of fundamental QED processes possible to approach with high power 

lasers, in order to reveal characteristic properties of the processes as: Breit-Wheeler e+e- pair production, 

Bethe-Heitler e+e- pair production, Dirac e+e- pair annihilation, e-e- Moller Scattering, e-e+ Bhabha 

Scattering, Electron Self Energy, Photon Self Energy, Vacuum Energy.

• Proposal of experimental works for measuring physical properties related to the production of e+e- pairs 

(Schwinger mechanism) in photon-multiphoton interaction (Breit-Wheeler), photon-electron or photon-

nucleus (Bethe-Heitler) interaction and production and measurement of QED bound states (positronium).

(conditioned by adequate funding for manpower, equipment and materials).

Experimental measurement of some fundamental QED processes with High Power Lasers at ELI-NP.
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MeV γ sources Pair production

Bremsstrahlung

Inverse Compton scattering 

e--

Wakefield acceleration

Breit-Wheeler pair production

2. Particular interest - multiphoton Breit-Wheeler pair production 

Bremsstrahlung

Inverse Compton scattering 
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MeV γ sources Pair production

Bremsstrahlung

Inverse Compton scattering 

e--

Wakefield acceleration

Bethe-Heitler pair production

2. Particular interest - multiphoton Bethe-Heitler pair production 

Ex. γ  production bremsstrahlung

28-Sep-23

Bremsstrahlung

Inverse Compton scattering 
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2. γ-ray production by electron bremsstrahlung
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2. Bremsstrahlung γ-ray energy distribution
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2. Breit-Wheeler pair production
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ELI-NP facility will enable for the first time the use of two 10 PW laser beams for QED experiments. 

- The first beam will accelerate electrons to relativistic energies. 

- The second beam will subject relativistic electrons to the strong electromagnetic field 

generating QED processes: intense gamma ray radiation and electron-positron pair formation.

e-

-

Wakefield acceleration

2. ELI-NP possibility to study QED Processes

I.C.E. Turcu et al, “High field physics and QED experiments at ELI-NP”, Rom. Rep. Phys. 68, Supplement, S145 (2016).
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We propose to use the unique capabilities of ELI-NP to:

1. Observe the transition to the very nonlinear Compton scattering regime, 

2. Measure the cross-section for strongly nonlinear Breit-Wheeler pair production.

3. Measure the cross-section for the (nonlinear) Bethe-Heitler pair production.

2. ELI-NP possibility to study QED Processes

I.C.E. Turcu et al, “High field physics and QED experiments at ELI-NP”, Rom. Rep. Phys. 68, Supplement, S145 (2016).

Two pump-probe colliding 10 PW laser beams are proposed for the E6 interaction 

chamber. The focused pump laser beam accelerates the electrons to relativistic 

energies. The accelerated electron bunches interact with the very high EM field of 

the focused probe laser beam. 

Proposed two main types of experiments with: (a) gas targets in which the pump 

laser-beam is focused by a long focal length mirror and drives a wakefield in 

which the electron bunch is accelerated to multi-GeV energies and then exposed to 

the EM field of the probe laser which is tightly focused; (b) solid targets in which 

both the pump and probe laser beams are focused on the solid target, one 

accelerating the electrons in the solid and the other, delayed, providing the high 

electric field to which the relativistic electrons are subjected. 

The experimental area E6 at ELI-NP is ready for investigating high field physics 

and QED for production of electron-positron-pairs and of energetic gamma-rays.



2. ELI-NP possibilities (K.Seto 2021)
(l

as
er

)

The physical regime diagram of RR. The curves at given N and χ are shown in the 

diagram. N is the number of absorbed laser photon and χ is intensity parameter. Here, an 

emitted photon energy ℏω′ is selected as ℏω′ = E/2 for an electron energy E, θin = 1550 

and ℏω = 1.5 eV are taken into account to estimate where the proposed experiment at 

ELI-NP is. The pink ribbon represents the domain as χ ∈ [0.2, 0.5]. We consider 

“linear” Compton scattering in the area where N ≤ 1 (a single laser photon absorption) 

by given ℏω′ and E. The star symbol shows the parameter set at ELI-NP. (K. Seto, 

Seminar 2021)

So, consider the uses of photons 
from 10 keV to GeV-class ! 

(K. Seto, Seminar 2021)
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(electron)
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QED PROCESS INTERACTION S MATRIX ELEMENT

Compton Scattering e- γ

Dirac 

pair annihilation e+e-

Breit-Wheeler

pair production e+e-

Moller Scattering e-e-

Bhabha Scattering

, ,e S e − −
, ,e S e + +

, ,S e e  − +

, ,e e S e e− + − +

, ,e e S  − +

, ,e e S e e− − − − , ,e e S e e+ + + +

3. QED processes



QED PROCESS INTERACTION S MATRIX ELEMENT

Electron Self Energy

Photon Self Energy

Vacuum Energy

Bremsstrahlung

Bethe-Heitler

e S e− − e S e+ +

S 

0 0S

3. QED processes

, ,Ve S e − −

, , Ve e S  − +
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3. Feynman Diagrams QED Processes
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3. Feynman Diagrams: γ – e- scattering
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3. Feynman Diagrams: γ – e+ scattering
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3. Feynman Diagrams Pair Annihilation:  e-e+ → γ γ
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3. Feynman Diagrams Pair Production (Breit-Wheeler): γ γ → e-e+

+
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3. Feynman Diagrams Moller Scattering: e- e- → e- e-
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2. Feynman Diagrams Bhabha Scattering: e- e+ → e- e+
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3. Feynman Diagrams: Electron Self Energy
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3. Feynman Diagrams: Photon Self Energy



28-Sep-23 M. Pentia 31

3. Feynman Diagrams: Vacuum Energy
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3. Feynman diagrams evaluation (example - Moller e-e- Scattering)



➢ The LoI to Theory Frontier (2020) [12] proposes to explore strong-field 

QED predictions for new experiments in the χ>1 regime, which could 

provide High-Energy-Density Physics (HEDP) by a 30 GeV electron beam 

at interacting with a multi-Petawatt laser and a high-intensity short bunch 

beam-beam collisions [21–24]. 

➢ There are several initiatives to explore nonperturbative effects with 

respect to the laser field [15]. These include upcoming experiments at 

▪ DESY (LUXE [16]), 

▪ SLAC (E-320 at FACET II [17]) 

▪ National Ignition Facility (USA) [28], with the Titan laser, one of the 

two lasers in the Jupiter facility.

➢ possible at our ELI-NP laser facility [18]. The opportunity to create such 

beam-laser photon collisions has been strongly endorsed by both the high 

intensity laser [19] and the plasma physics community [20]. 

These experiments will enable precision comparisons of theory and 

experiment in strong-field regimes.

4. Upcoming Experiments
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4. LUXE at DESY: electron - laser interaction studies
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Inverse Compton
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4. LUXE at DESY: electron - laser interaction studies

Bremsstrahlung



Charged particle motion and radiation in strong 

electromagnetic fields
A. Gonoskov, T. G. Blackburn, M. Marklund, S. S. Bulanov

Rev. Mod. Phys., 94, Oct-Dec 2022

Multiphoton Breit-Wheeler Process: 

γ + n γL → e+ e− 

4. Competitive projects: Simulation laser - laser interaction 
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4. Competitive projects: National Ignition Facility

Positrons are produced predominately by the Bethe-Heitler process 

and have an effective energy of 2–4 MeV, with the distribution peaking 

at 4–7 MeV [28]. In this process the electrons, resulting from the 

interaction of the laser pulse with the target, produces bremsstrahlung 

gamma radiation of the order of MeV, which in turn, in the interaction 

with the electric field of the nucleus, generates electron-positron pairs. 

Such studies were further carried out with ultra-intense laser [35-41]. 

So far, relatively simple experimental works have been done. 

Hui Chen et al. in “Relativistic Positron Creation Using Ultraintense Short Pulse Lasers” [28] with the Titan laser, one of 

the two lasers in the Jupiter facility at the National Ignition Facility (USA), with an energy of 250 J, by irradiating a high-

Z target (Au ~1 mm) with laser pulses of 1054 nm, duration ~1 ps, intensity ~1 x 1020 W/cm2 (see Fig.), 2 x 1010 positrons/sr 

were obtained, with energy < 20 MeV, with an anisotropic angular distribution, where the number of positrons recorded in 

the -770 direction being 10 times higher than the one on the 280 direction from the normal on the surface of the target.
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4. ELI-NP remarks & expectations 

For 1  probability of net absorption of n laser photons ( )2
n

n 

(LUXE remark)
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Dimensionless Intensity parameter 

(field energy density) ξ2
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Ratio of the laser RMS field EL (in the 

e- rest frame) to the critical field Ecr

χe   accounts of the quantum nonlinear 

effect in e-γ laser collision.

G. Grzelak, LUXE slides, 2020



4. ELI-NP expectations – no any proposal

28-Sep-23 M. Pentia 39Wing (LUXE) slide 2020
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5. Summary

• Pro-QED project - study of fundamental QED processes in an unexplored 

region of QED into the non-perturbative regime, possible to search at ELI-NP.

• Presented the state of the art and current results of experimental searches for 

particle production in light – matter interactions.

• Have intensive lectures on fundamental QED processes.

• Evaluation of the ELI-NP possibility to be used in the unexplored QED non-

perturbative processes studies.

• A strong team must be prepared as to deliver a Letter of Intent for an 

experimental setup and finally the ability to perform the experiment leading 

to exciting physics results 

(conditioned by an adequate funding for manpower, equipment and materials).



Thank you
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Classical non-linearity parameter ξ (field energy density)

When ξ is small the most probable are the processes with minimum possible number of photons. 

At ξ << 1 the probabilities equals the perturbation (linear) theory probabilities and plane waves play a role of an 

individual photon. 

At  ξ ∼ 1 or ξ > 1 the probabilities of absorbing different number of photons become comparable and the process 

becomes multiphoton, i.e., the probability has an essentially nonperturbative (nonlinear) dependence on the field. 

Thus ξ is the classical nonlinearity parameter. 

ξ >>1 with modern laser technology. The EM pulse with highest reported intensity had ξ ≈ 102.
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Intensity parameter 

ξ2 - photon density of the  laser beam

The same parameter, but expressed as 

Charge-field coupling parameter - ξ 

ξ - number of 𝛾𝐿 laser photons interacting on ƛC 

(the reduced Compton wave length for the e+e- 

production range by vacuum fluctuations):

Transfer energy to electron from EL field over ƛC

energy of the laser photon
= 

    = initial nr. of laser photons γL 

Laser electric 

field:

EL ≡ Erms
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Quantum non-linearity parameter χe

Ratio of the laser RMS field EL (in the 

e- rest frame) E* to the critical field Ecr

*
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
= = =
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ξ – defined in photon energy units:  𝜉 = 𝑒𝐸𝐿
ƛ𝑐

ℏ𝜔𝐿

χe – defined in electron mass units:    χ ~ 𝑒𝐸𝐿
ƛ𝑐

𝑚
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The Classical non-linearity parameter ξ (relative to the energy transferred from the field)

Quantum non-linearity parameter χe (relative to the electron energy) 

Dimensionless quantum 

parameter (quantumness)

χe   accounts of the quantum 

nonlinear effect in e-γ laser collision
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Electric Field Boost 

When a laser field of strength EL is viewed in the rest frame of a relativistic, counter-propagating particle 

with laboratory energy εe and Lorentz factor γe= εe / mc2 >>1 the laser field EL is boosted to E* = γe EL. 

For εe= 46.6 GeV electron has γe= 9×104 so if it collides head on with a 527-nm laser pulse of strength 

𝜉 = 1 the field in the electron's rest frame is  E* = 1.1 × 1018 V/m. 

This is close to the QED critical field strength Ecr= m2c3/eh =1.3 x 1018 V/m at which the energy gain of 

an electron accelerating over a Compton wavelength is its rest energy, and at which a static electric field 

would spontaneously break down into electron-positron pairs.

In the moving electron reference system, the field EL is γe= εe /mec
2 

times larger than in the rest system: E* = γe EL

For example, for εe=1 GeV; γe=103 MeV/0.5 MeV = 2 ∙103 and also 

the electron “sees” a boosted laser field  E* = γe EL in its own rest 

frame.

If γe EL > Ecr it interacts with laser photons and extract the e+e- pair, 

just like a GeV γ photon interacts with laser photons.
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2. Goal of the Project

Study of the simplest QED interaction processes between light and 

matter possible to be measured at ELI-NP Facility. Special attention 

to pair production in photon – nucleus interaction (Bethe-Heitler).
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1. Light – Matter interaction processes

?
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PROBING NONLINEAR VACUUM

It was shown in a number of papers that the e+e− pair 

production can be observed in an EM field, which is a 

superposition of two colliding EM pulses [17, 18]. In the 

antinodes of an emerging standing light wave the 

invariant electric field, which is responsible for pair 

production, acquires its maximum value. The estimates 

show that for tightly focused laser pulses the intensity of 

2.5×1026 W/cm2 is needed to observe pair production, 

which is three orders of magnitude less than the intensity 

corresponding to the "critical" field strength [18].
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PRINCIPAL EXPERIMENTAL SCHEMES

There are two principle experimental schemes aimed at the study of particle 

physics effects at high laser intensity:

(i) colliding laser pulses (all optical setup) and 

(ii) laser - e-beam interaction (See Figure 2).

The first one could be employed for the study of direct vacuum breakdown, 

i.e., the e+e− pair production under the action of intense EM field and the 

subsequent "avalanche". 

The second scheme will allow for the study of basic processes: photon 

emission by an electron and a photon conversion into an electron-positron 

pair in intense EM field.

FIGURE 2. Principle experimental schemes aimed at the study of 

(i) colliding laser pulses (all optical setup); (ii) laser - e-beam interaction.
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MeV γ sources

Bremsstrahlung

Inverse Compton scattering 

2. Particular interest - multiphoton Bethe-Heitler pair production 

Bethe-Heitler pair production

Pair productionWakefield electron acceleration

Bethe-Heitler pair production by laser beam interaction with nuclei - special 

interest for ELI-NP
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Feynman Diagram - Moller Scattering 
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3. Feynman diagrams evaluation (example - Coulomb Scattering)
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(Turcu, p. 22)

The electromagnetic fields in the laser focus will be so strong that very nonlinear quantum 

electrodynamics (QED) effects, not yet seen in the laboratory, will play a critical role. 

These nonlinear QED processes become important when the electric field in the electron’s rest 

frame (ERF) approaches the critical field for QED (the Schwinger field 𝐸𝑆= 1.3×1018 Vm-1) [52]. 

II. Recently, all-optical equivalents been performed where the electron beam was produced 

by laser wakefield acceleration [54–56]. 

These have the potential to probe the extremely non-linear 𝜂 ~ 1 strong field QED regime but 

the necessary parameters for reaching this regime, namely 𝛾𝑚𝑒𝑐
2>1 GeV, 𝐼 ~ 1022 Wcm-2 

cannot be achieved simultaneously and reliably on current PW laser facilities. 

I. Here we propose studying these effects in the collision of an electron bunch (energy 

𝛾𝑚𝑒𝑐
2) with an intense laser pulse (peak intensity 𝐼). In this case the quantum parameter is 

given by

    𝜂 = 𝐸𝑅F/𝐸𝑆 ~ (𝛾𝑚𝑒𝑐
2/1 GeV)(𝐼/1022 W cm-2)1/2   (10) 

Experiments of this type using high energy electron beams produced by particle accelerators 

have probed the weakly non-linear strong field QED regime (SLAC [53]). 

ELI-NP will be able to reach these parameters and thus will enable the first exploration of 

several fundamental strong-field QED processes: (i) very nonlinear inverse Compton scatte-

ring and the resulting radiation reaction; (ii) very nonlinear Breit-Wheeler pair production;

(iii) nonlinear Bethe-Heitler pair production
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Electromagnetic spectrum
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Today experiments on radiation emission and pair creation in the strong-field regime form part of the planned 

experimental programs at almost every major petawatt or multi petawatt laser facility, including the 

- Extreme Light Infrastructure (ELI) (Weber et al., 2017; Gales et al., 2018), 

- Apollon (Papadopoulos et al., 2016), 

- Station of Extreme Light (Cartlidge, 2018), 

- Center for Relativistic Laser Science (CoReLS) (Yoon et al., 2021), 

- J-KAREN-P (Kiriyama et al., 2020), 

- Omega Laser Facility (Bromage et al., 2019),

- Zetawatt-Equivalent Ultrashort Pulse Laser System (ZEUS) (Nees et al., 2020),

- conventional accelerator facilities (Abramowicz et al., 2019; Meuren, 2019).

(A. Gonoskov, T. G. Blackburn, and M. Marklund, S. S. Bulanov, REVIEWS OF MODERN PHYSICS, VOLUME 

94, OCTOBER–DECEMBER 2022.)
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