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Invitation: perturbative QED

Quantum field theory of light and matter.

Coupling α “ e2{p4πq „ 1{137 ! 1: small.

So use perturbation theory.

Radiation of photons, pair production etc.

Well tested regime.

Lamb shift, g ´ 2, Compton effect. . . Few-particle
scattering in QED
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Invitation: Schwinger pair production

Fundamental constants: m, e, ~, c. Make an electric field. . .

ES “
m2c3

e~
» 1018 V/m. Sauter, Schwinger

Work done: eES ˆ λC “ m; pair production.

N{V “

ˆ

eE~
m2c3

˙2

exp

„

´ π
m2c3

eE ~
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Nonperturbative effects from strong fields.

Still far from Schwinger . . . interesting physics along the way!
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Invitation: switching on strong fields

...another parameter to play with. . .
C.o.M. energy
Coherent source intensity

Nasa
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Outline

Strong fields in classical & quantum electrodynamics
“Strong Field QED”

Electron-laser collisions
Nonlinear Compton & radiation reaction

Laser-laser collisions
Light by light & vacuum birefringence

Future experiments and open questions
Cascades & breakdown of Strong Field QED
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A limit to perturbative methods

Start classically

Motion in electromagnetic fields E and BÑ Fµν

Consider: laser of amplitude E and frequency ω.

m:xµ “ eFµν 9xν

ÝÑ x2 „
eE

mω
x1

Coupling to field / “intensity parameter”. a0 “
eE

mω

Interaction is strong when coupling ą 1.

a0 ą 1 now regularly achieved. (1018 W/cm2 optical)
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Relativistic, nonlinear physics

A laser of amplitude E and frequency ω. a0 “
eE

mω

1. a0 ą 1 ðñ eEλ ą m

Energy gained/ laser wavelength ą electron mass.

Relativistic effects.

2. a0 ą 1 ðñ eEλC ą ω

Energy gained / Compton wavelength ą photon energy.

Nonlinear/‘multiphoton’ effects.

3. Strong fields means a0 ą 1 ùñ no perturbation in a0.

Non-perturbative, nonlinear, relativistic regime.
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Coherence and intensity

Laser-particle collisions
Particles: number state
Laser: photon coherent state.

| e´, Ã y “ | e´ y b exp

„
ż

dk Ãpkqa:k


| 0 y

! Infinitely many Feynman diagrams for any process.

A AA A

A AA A

Perturbation Ñ e.g. Compton, familiar.
But . . . but what if field is strong?
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Strong field QED

a0

+ . . . + + . . . +

a0a0a0 a0a0

Resum?
X Exactly solvable examples.
X Non-pert. approximations..

Furry expansion Furry 1951

Strong coupling a0: treated exactly.

Lorentz force moved into double line.

Coupling α to dynamical fields: perturbative as usual.

Radiation of photons, pairs, etc, in vertex as usual.

“Strong Field QED”.

e−

e−
e−

e+
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Electron laser collisions: Nonlinear Compton scattering

Collide electrons & laser pulse.

Look at emitted radiation.

a0 ą 1

Nonlinear effects.

Typical signatures:
Harmonics
Interference patterns.

Observation: a0 » 1

Classical and quantum.
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cancel out for the two beams. We are confident that this
stability can be improved with an optimized setup in the
future.
A representative single-shot spectrum together with its

absolute theoretical expectation is shown in Fig 4. Note the
presence of the 2nd order harmonic emission, which is
clearly visible here due to the finite beam divergence and
detection angle, while the third order is beyond the CCD
sensitivity.
In Fig. 3, the photon energy scales approximately

quadratic with the electron energy as expected from
Eq. (1). This observation is elaborated in Fig. 5, where
the positions of the electron and x-ray spectral peaks and
their corresponding rms spectral widths (in gray) are

plotted for each shot in comparison with the expected
scalings for different electric field strengths.
The best fit to the experimental data, indicating a peak a0

of 0.83 is in good agreement with a0 ¼ 0.9 inferred from
the focal spot, laser duration, and energy measurements.
This proves that the a20 factor in Eq. (1) cannot be
neglected, and confirms the onset of the nonlinear scatter-
ing regime. Therefore, the x-ray spectral widths (vertical
error bars) have to be attributed not only to the energy
bandwidth of the electron bunch and laser pulse, but also
to the Gaussian temporal intensity profile of the collision
pulse. The inset shows the total electron numbers and x-ray
photon numbers/msr. Since the x-ray divergence is larger
than the CCD chip, it is not possible to extract x-ray
divergence figures from the measurement for computing
total photon numbers.
With an estimated electron bunch duration of 5 fs, as

measured under similar experimental conditions [11,12]
and taking into account the duration of the colliding pulse,
Eq. (3) yields an x-ray pulse duration of approximately 5 fs.
We estimate the upper limit for the brilliance of the x-ray
source based on the detected x-ray photon numbers. Since
the electrons come from a 2 μm FWHM source [12]
with the directly measured divergence of 20…12 mrad
FWHM (decreasing with electron energy) this translates to
0.2…7.4×1020½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%
for the case of the interaction at the electron beam waist.
The range is due to the energy dependence of the electron
divergence affecting the brilliance, where 2 × 1019 corre-
sponds to 6 keV photons and 7.4 × 1020 to 42 keV.
In the experiment, the collision point was deliberately

shifted 1.4 mm downstream into the vacuum (see Fig. 1)
to exclude any plasma disturbance by the colliding pulse.
At this position the electron bunch has expanded to a
diameter of 30…13 μm FWHM (cf. energy-dependent
divergence), which leads to a reduced x-ray brilliance of
0.2…15×1018½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%.
We expect that in future experiments this vacuum propa-
gation can be significantly reduced to approach the maxi-
mum brilliance figures.
As detailed in the introduction and the Supplemental

Material [31], our source compares well with other x-ray
sources of comparable photon energy. At 9 orders of
magnitude above bremsstrahlung, 4–5 orders above com-
pact storage ring and enhancement cavity sources, and
3–4 orders above rf-linac and Thomson sources, our peak
brilliance is only bettered by LWFA/betatron sources and
3rd generation rf storage rings (ESRF, PETRA III) (see
Supplemental Material [31], and references therein). While
the former offer no tunability and a broad, synchrotronlike
spectrum, the latter are large-scale facilities with limited
access. We expect that after an ongoing laser upgrade, an
expected 5–10× increase in bunch charge [7] and scattering
laser fluence will yield a 50 × –100× improvement over the
current state.
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FIG. 4. Single representative x-ray spectrum (multiplied by 3),
corresponding electron spectrum (inset), and x-ray spectrum
calculated by SPECTRA 9.0 [42] for an interaction at a0 ¼ 0.75.
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FIG. 5 (color). Spectral peaks positions, determined by a
Gaussian fit to the measured spectra, whose rms width defines
the error bars. Each color stands for a different shock position,
indicating the reproducibility of each setting. The blue line
labeled a0 ¼ 0.83 is a quadratic best fit [according to Eq. (1)]
to the measured x-ray scaling, while the one for a0 ¼ 0 serves as
a comparison. The inset shows the measured electron and x-ray
photon number/msr for each shot.

PRL 114, 195003 (2015) P HY S I CA L R EV I EW LE T T ER S
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Khrennikov et al PRL 114 (2015)
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scalings for different electric field strengths.
The best fit to the experimental data, indicating a peak a0

of 0.83 is in good agreement with a0 ¼ 0.9 inferred from
the focal spot, laser duration, and energy measurements.
This proves that the a20 factor in Eq. (1) cannot be
neglected, and confirms the onset of the nonlinear scatter-
ing regime. Therefore, the x-ray spectral widths (vertical
error bars) have to be attributed not only to the energy
bandwidth of the electron bunch and laser pulse, but also
to the Gaussian temporal intensity profile of the collision
pulse. The inset shows the total electron numbers and x-ray
photon numbers/msr. Since the x-ray divergence is larger
than the CCD chip, it is not possible to extract x-ray
divergence figures from the measurement for computing
total photon numbers.
With an estimated electron bunch duration of 5 fs, as

measured under similar experimental conditions [11,12]
and taking into account the duration of the colliding pulse,
Eq. (3) yields an x-ray pulse duration of approximately 5 fs.
We estimate the upper limit for the brilliance of the x-ray
source based on the detected x-ray photon numbers. Since
the electrons come from a 2 μm FWHM source [12]
with the directly measured divergence of 20…12 mrad
FWHM (decreasing with electron energy) this translates to
0.2…7.4×1020½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%
for the case of the interaction at the electron beam waist.
The range is due to the energy dependence of the electron
divergence affecting the brilliance, where 2 × 1019 corre-
sponds to 6 keV photons and 7.4 × 1020 to 42 keV.
In the experiment, the collision point was deliberately

shifted 1.4 mm downstream into the vacuum (see Fig. 1)
to exclude any plasma disturbance by the colliding pulse.
At this position the electron bunch has expanded to a
diameter of 30…13 μm FWHM (cf. energy-dependent
divergence), which leads to a reduced x-ray brilliance of
0.2…15×1018½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%.
We expect that in future experiments this vacuum propa-
gation can be significantly reduced to approach the maxi-
mum brilliance figures.
As detailed in the introduction and the Supplemental

Material [31], our source compares well with other x-ray
sources of comparable photon energy. At 9 orders of
magnitude above bremsstrahlung, 4–5 orders above com-
pact storage ring and enhancement cavity sources, and
3–4 orders above rf-linac and Thomson sources, our peak
brilliance is only bettered by LWFA/betatron sources and
3rd generation rf storage rings (ESRF, PETRA III) (see
Supplemental Material [31], and references therein). While
the former offer no tunability and a broad, synchrotronlike
spectrum, the latter are large-scale facilities with limited
access. We expect that after an ongoing laser upgrade, an
expected 5–10× increase in bunch charge [7] and scattering
laser fluence will yield a 50 × –100× improvement over the
current state.
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cancel out for the two beams. We are confident that this
stability can be improved with an optimized setup in the
future.
A representative single-shot spectrum together with its

absolute theoretical expectation is shown in Fig 4. Note the
presence of the 2nd order harmonic emission, which is
clearly visible here due to the finite beam divergence and
detection angle, while the third order is beyond the CCD
sensitivity.
In Fig. 3, the photon energy scales approximately

quadratic with the electron energy as expected from
Eq. (1). This observation is elaborated in Fig. 5, where
the positions of the electron and x-ray spectral peaks and
their corresponding rms spectral widths (in gray) are

plotted for each shot in comparison with the expected
scalings for different electric field strengths.
The best fit to the experimental data, indicating a peak a0

of 0.83 is in good agreement with a0 ¼ 0.9 inferred from
the focal spot, laser duration, and energy measurements.
This proves that the a20 factor in Eq. (1) cannot be
neglected, and confirms the onset of the nonlinear scatter-
ing regime. Therefore, the x-ray spectral widths (vertical
error bars) have to be attributed not only to the energy
bandwidth of the electron bunch and laser pulse, but also
to the Gaussian temporal intensity profile of the collision
pulse. The inset shows the total electron numbers and x-ray
photon numbers/msr. Since the x-ray divergence is larger
than the CCD chip, it is not possible to extract x-ray
divergence figures from the measurement for computing
total photon numbers.
With an estimated electron bunch duration of 5 fs, as

measured under similar experimental conditions [11,12]
and taking into account the duration of the colliding pulse,
Eq. (3) yields an x-ray pulse duration of approximately 5 fs.
We estimate the upper limit for the brilliance of the x-ray
source based on the detected x-ray photon numbers. Since
the electrons come from a 2 μm FWHM source [12]
with the directly measured divergence of 20…12 mrad
FWHM (decreasing with electron energy) this translates to
0.2…7.4×1020½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%
for the case of the interaction at the electron beam waist.
The range is due to the energy dependence of the electron
divergence affecting the brilliance, where 2 × 1019 corre-
sponds to 6 keV photons and 7.4 × 1020 to 42 keV.
In the experiment, the collision point was deliberately

shifted 1.4 mm downstream into the vacuum (see Fig. 1)
to exclude any plasma disturbance by the colliding pulse.
At this position the electron bunch has expanded to a
diameter of 30…13 μm FWHM (cf. energy-dependent
divergence), which leads to a reduced x-ray brilliance of
0.2…15×1018½ðphotonsÞ=ðsmm2mrad2 0.1%bandwidthÞ%.
We expect that in future experiments this vacuum propa-
gation can be significantly reduced to approach the maxi-
mum brilliance figures.
As detailed in the introduction and the Supplemental

Material [31], our source compares well with other x-ray
sources of comparable photon energy. At 9 orders of
magnitude above bremsstrahlung, 4–5 orders above com-
pact storage ring and enhancement cavity sources, and
3–4 orders above rf-linac and Thomson sources, our peak
brilliance is only bettered by LWFA/betatron sources and
3rd generation rf storage rings (ESRF, PETRA III) (see
Supplemental Material [31], and references therein). While
the former offer no tunability and a broad, synchrotronlike
spectrum, the latter are large-scale facilities with limited
access. We expect that after an ongoing laser upgrade, an
expected 5–10× increase in bunch charge [7] and scattering
laser fluence will yield a 50 × –100× improvement over the
current state.
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Nonlinear Compton scattering as ‘radiation reaction’
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Measure radiation and e´ spectra

Recent experiments at Gemini
Cole et al. PRX 8 (2018), Poder et al. PRX 8 (2018)...
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Nonlinear Compton scattering as ‘radiation reaction’

Experimentally realizing the high intensities required for
this necessitates the use of laser pulses of femtosecond
duration, and so synchronization between the electron
bunch and the colliding laser pulse must also be maintained
at the femtosecond level. Laser-wakefield accelerators are
plasma-based electron accelerators driven by intense laser
pulses [14–17], capable of accelerating electron beams to
the GeV level [18–21]. The high electron beam energy
coupled to the intrinsic synchronization with the driving
laser pulse means that wakefield accelerators are uniquely
suited to the study of ultrafast laser-electron beam inter-
actions, and have been the focus of much recent work
[22–25]. In our scheme, one laser pulse is used to drive a
wakefield accelerator while a second, counterpropagating
pulse collides with the electron bunch. The electrons
oscillate in the fields of the second laser and backscatter
radiation boosted in the direction of the bunch, a process
known as inverse Compton scattering (ICS).
The spectrum of the scattered photons is determined

by the normalized laser amplitude a0 ¼ 0.855λ0 ½μm#I1=2
½1018 Wcm−2#, the laser frequency ω0 ¼ 2πc=λ0, and
the electron beam energy. In the low a0 limit the electron
motion is simple harmonic and the backscattered photon
energy is the Doppler-upshifted laser photon energy ℏω¼
ℏω0γð1þβÞ=½γð1−βÞþ2ℏω0=mec2#≃4γ2ℏω0 for γ ≫ 1
and ℏω0 ≪ mec2. All-optical experimental configurations
involving the collision of wakefield accelerated electron
beams with laser pulses in this regime have produced
scattered x rays with energies in the range of hundreds of
keV [22,26,27].
As a0 increases, the scattered photon energy initially

decreases as ℏω≃ 4γ2ℏω0=ð1þ a20=2Þ, measured exper-
imentally for a0 < 1 [28,29]. The electron motion becomes
anharmonic and it begins to radiate higher harmonics, or
equivalently interacts with multiple photons in the nonlinear
regime of Compton scattering [24,25,30]. For a0 ≫ 1 the
effective harmonic order increases as a30 and the spectrum of
the scattered radiation becomes broad, similar to synchro-
tron radiation. The characteristic energy of the spectrum
εICS ¼ 3γ2a0ℏω0 [31] increases with a0. The fraction of the
electron energy lost per photon emission is then of order
εICS=γmec2 ¼ 3η=2, where η ¼ 2γa0ℏω0=mec2 is the quan-
tumnonlinearity parameter in this geometry [32], the ratio of
the laser electric field to Ecr in the rest frame of the electron.
Strong field quantum effects are present even when η ≪ 1
[4,33]; as η approaches unity the impact of radiation reaction
on the electron and discrete nature of the photon emission
cannot be neglected when calculating the photon spectrum
[10,34], and the scaling of εICS with γ and a0 slows. This is
known as the quantum regime of radiation reaction.
Here we describe an experiment which probes radiation

reaction by simultaneously measuring the electron and
Compton-scattered photon spectra after the collision of a
wakefield accelerated electron beam with an intense laser
pulse. We observe scattered γ rays at the highest energies

measured to date in a wakefield-driven inverse Compton
scattering experiment. Independent measurements of the
γ-ray spectrum and the electron energy after the collision
are only consistent when radiation reaction is taken into
account, and we find that the internal consistency of these
measurements is improved when a fully quantum (stochas-
tic) description of radiation reaction is used.

II. EXPERIMENT

The experiment was conducted using the Gemini laser of
the Central Laser Facility, Rutherford Appleton Laboratory,
UK. Figure 1 shows a schematic of the experimental setup.
Gemini is a Ti:sapphire laser system delivering two
synchronized linearly polarized beams of 800 nm central
wavelength and pulse durations of 45 fs FWHM. One of the
beams, used to drive a laser wakefield accelerator, was
focused with an f=40 spherical mirror to a focal spot
FWHM size of 37 × 49 μm. The energy delivered to the
target was ð8.6' 0.6Þ J generating a peak intensity of
ð7.7' 0.4Þ × 1018 Wcm−2, corresponding to a peak nor-
malized amplitude of a0 ¼ 1.9' 0.1. This pulse was
focused at the leading edge of a 15-mm-diameter supersonic
helium gas jet, which produced an approximately trapezoidal
density profile with 1.5 mm linear ramps at the leading and
trailing edges. Once ionized by the laser, the peak plasma
electron densities used here were ð3.7' 0.4Þ × 1018 cm−3.
The second Gemini beam was focused at the rear edge

of the gas jet, counterpropagating with respect to the first.
As the laser-wakefield generated electron beam interacted
with the second focused laser pulse, inverse Compton-
scattered γ rays were generated, copropagating with the
electron beam. By colliding close to the rear of the gas jet,
the electron bunch did not have time to diverge before the
collision and so the overlap between the electron bunch and
laser was maximized.
The focusing optic for the second pulse was an off-axis

f=2 parabolic mirror with a hole at the center to allow free
passage of the f=40 beam, electron beam, and scattered γ
rays. Accounting for the hole in the optic, the pulse energy
on target was ð10.0' 0.6Þ J. This was focused to a focal

FIG. 1. Schematic of the experimental setup. All components
are inside a vacuum chamber except for the CsI array.

J. M. COLE et al. PHYS. REV. X 8, 011020 (2018)

011020-2

meγ “ 500 MeV
a0 » 10

χ » 0.07

Cole et al, PRX 8 (2018) 011020
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Cole et al, PRX 8 (2018) 011020

Not yet discussed effects of pulse duration. . .
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Quantum quenching

Classical particle in external field: Lorentz force trajectory.
Classical particle inc. radiation reaction: L.A.D. Ñ L.L.

Lorentz 1909 Abraham 1905 Dirac 1938, Landau & Lifshitz 1975

QED. . .

Harvey, Gonoskov, Ilderton, Marklund, PRL 118 (2017) 105004

Future experiments at higher χ.... what else can happen?
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At higher χ: nonlinear Breit-Wheeler

Photon can be converted to pairs.

Nonlinear Breit-Wheeler.

+ . . .
a0

Non-perturbative in incoming photon χγ .

P „ χγ exp

ˆ

´
8

3χγ

˙

for
a0 " 1
χ ! 1

SLAC E144 (1998) & ongoing experiments .

Optimal: χ „ Op1q.
Nonlinear effects.

Signature: thresholds &
channel opening.
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b00.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035
2ImTΕΕ!""#N

From Dinu Heinzl Ilderton Marklund PRD 89 (2014)
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Light-by-light scattering

Loops mean real photons can scatter:

Light-by-light scattering (‘LBL’).

σ „ α4 ω
6

m8

Optical photons: ω “ 1 eV ùñ σ „ 10´66 cm2

Optical experiments: σ ă 10´48 cm2. [Bernard et al EPJD 10 (2000) 141]

X-ray photons: ω “ 1 keV ùñ σ „ 10´46 cm2

X-ray experiments: σ ă 10´20 cm2. [Inada et al PLB 732 (2014) 356]
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Recent results, scattering and flip. . .

Heavy ion collisions at ATLAS
ATLAS, Nat.Phys ’17 [1702.01625]

‘Quasi-real’ photons . . .

Virtuality Q2 ă 10´3 GeV2

From Ellis et al PRL 118 (2017) 261802

! More physics in the diagram than momentum change!

Photons carry momentum and helicity (“ ˘1, discrete).

Free photons: momentum and helicity conserved.

Two photons: helicity can flip.
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Microscopic to macroscopic

Consider a beam of light with some polarisation.
Collide an X-FEL probe with an intense optical laser.
Heinzl et al., Opt.Commun. 267 (2006)

γ γ weak fields
ÝÑ

Helicity flip of photons Ñ change in beam polarisation.
Dinu, Heinzl, Ilderton, Marklund, Torgrimsson PRD 89 (2014) 125003

| in〉

(i) interaction (ii) polariser

(iii) detector

linear (x)
polarisation

linear (y)
polarisation

elliptical
polarisation

Linear Ñ elliptic pol.

. Schlenvoigt et al, Phys. Scripta 91 (2016)
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Vacuum birefringence

QED relates probabilities to observables:

Pflip “ δ2 Ð beam ellipticity squared

Approximate form: δ „ a0 χx „
2α

15

E2

E2
S

L

λX
p1q

Optics

Birefringent medium Ñ ellipticity. δ “ πpn‖ ´ nKq
L

λX
p2q

Euler-Heisenberg

Low energy effective QED: n “ 1`
2α

45π

"

7
4

*

E2

E2
S

p3q

Plug (3) into (2) . . . recovers (1).

The quantum vacuum, exposed to intense light, is birefringent.
Toll, PhD thesis, 1952
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Experimental scenarios

Flagship experiment @ European XFEL.
Needs accurate X-ray polarimetry: δ „ 2ˆ 10´6

Marx et al PRL 110 (2013), Della-Valle et al EPJC 76 (2016).
.

Generate gamma-rays from backscattering.
Collide with 10PW laser.
Nakamiya et al, PRD 96 (2017)

Ilderton & Marklund J.Plasma Phys. 82 (2016)

Challenge: gamma ray pair polarimetry..
.

High degree of linear pol. in emission from Neutron Stars.
Mignami et al 1610.08323, Capparelli et al 1705.01540, Turolla et al 1706.02505

Disputed! What is the B-field and initial photon distribution?
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Tadpoles and bubbles: still learning about QFT

k′
µ k′

µ “ 0!

Usually: drop tadpoles and vacuum bubbles.

k′
µ k′

µ“ 0! “ 0!

Gies, Karbstein & Kohlfürst PRD 97 (2018)

New corrections to Euler-Heisenberg Gies & Karbstein JHEP 1703 (2017)

Tadpole diagrams contribute Edwards & Schubert NPB 923 (2017)

Karbstein JHEP 1710 (2017), Ahmadiniaz, Edwards & Ilderton, to appear.

New info. on QFT. Richer physics.
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Motivation: observing cascades

I » 1023´ 1024 W/cm2 or a0 » 300´ 103

Acceleration Ñ emission Ñ pairs ö

Avalanche/cascade of particle production.
Bell & Kirk, PRL 101 (2008)

Application of cascade control:
gamma source. Gonoskov et al, Phys.Rev. X7 (2017)

Reduces field; inhibits Schwinger
Fedotov et al, PRL 105 (2010), S.S.Bulanov et al, PRL 105 (2010)

Gonoskov PRL 111 (2013) 060404

e −

e
+

e −
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Motivation: the fully nonperturbative regime?

Very large quantum nonlinearity χ " 1 . . . what happens?
Constant field scalings: Narozhny, Morozov, Ritus 1968 – 1981

P(2)({) = ' ↵m2{2/3, W�!e+e�({) =
2

k0
ImP(2) ' ↵m2

k0
{2/3, { � 1;

This implies that for �, { & ↵�3/2 ' 1.6 ⇥ 103 (or, equivalently, Ep & 12Ecr ' 1.6 ⇥ 103ES)

M (2) ' m, P(2) ' m2

and that in proper reference frame

te ⇠ W�1
e±!e±�

' tC , t� ⇠ W�1
�!e+e� ' tC

These means that radiation corrections become not small and radiation-free motion could show
up only at Compton scale (where localization is all the same impossible).

For high-energy electrons counterpropagating a laser pulse we have � ⇠ E�in
ES

. Some typical

values of parameters required to fulfill the condition ↵�2/3 & 1 are listed in Table 1. Observe
that this threshold could be almost overcome experimentally by combining state-of-the-art laser
systems with the future ILC–class TeV lepton colliders. It is also worth noting that the table
assumes transverse propagation across the field. For self-sustained (A-type) cascades [16, 17]
E & ↵ES and

](~p, ~E) ⇠
✓
↵ES

E

◆1/4

. 1, � ⇠
✓

E

↵ES

◆3/2

& 1, but ↵�2/3 ⇠ E

ES
⌧ 1

During 1972–1981 some higher-order radiation corrections in IFQED were either obtained or
estimated by Ritus, Narozhny and Morozov [8, 9, 18–20]. Namely, for mass corrections it was
obtained:

M
m =

| {z }
'↵�2/3 (Ritus, 1970 [11])

+
| {z }

'↵2� log� (Ritus, 1972 [18])

+ | {z }
'↵2�2/3 log� (Morozov&Ritus, 1975 [19])

+

| {z }
'↵2�2/3 log� (?)

+ | {z }
'↵3�2/3 log2 � (Narozhny, 1979 [8])

+
| {z }

'↵3�4/3 (Narozhny, 1979 [8])

+ | {z }
'↵3� log2 � (Narozhny, 1980 [9])

+
| {z }

'↵3�5/3 (Narozhny, 1980 [9])

+
| {z }
'↵3�2/3 log2 � (?)

+ | {z }
'↵3�2/3 log2 � (?)

+ . . .

25th Annual International Laser Physics Workshop (LPHYS'16)                                                       IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 826 (2017) 012027          doi:10.1088/1742-6596/826/1/012027

4

Breakdown of Furry expansion at αχ2{3 » 1?

χ » 1600 ùñ laser a0 “ 2000 for 100 GeV electrons.

Many open questions . . . intriguing.
Fedotov, J. Phys.: Conf. Ser. 826 (2017) 012027
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How many pairs?

Return to Schwinger effect.
Start with light. End up with matter.
What’s happening in between?

Inclusive/exclusive Choice of basis Quantisation surface

Vlasov Schrödinger Wigner

Kim, Schubert PRD84 (2011) | Dunne, Dabrowski PRD94 (2016) | Hebenstreit, Ilderton PRD84 (2011)

Non-asymptotic results seem heavily basis dependent.
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Conclusions

Strong fields give access to new phenomena.

Birefringence of the vacuum, electromagnetic cascades . . .

New era of experiments has begun.

Many interesting theory questions remain.

A chance to investigate: .

Strongly coupled QFT

All-orders & non-perturbative effects

Non-equilibrium processes
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extra slides
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Past, present and future experiments

0.4 2.2 8.4 10
0

1

0.3

0.7

1.7

0.1

a0⟷ Intensity/(1018W/cm2)

χ

SLAC

LUXE

LUXE

Gemini

χLUXE,8 = 1.7
χLUXE,2 = 0.7
χSLAC = 0.3

χGEMINI = 0.1

Curves: lines of constant c.o.m. energy s{m2 „ 1` 2γω{m „ 1` 2χ{a0
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Motivation: intense lasers for BSM physics

Lab based probes of Beyond Standard Model physics.

e−

e−

φ
e−

e−

Zµ

e.g. electron–scalar ALP coupling
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