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• Focus
• Development and application of high intensity lasers as well as novel XUV and x-ray sources
• The physics of high intensity light interactions with matter
• Short wavelength sources including insertion devices for storage rings (undulators and 

wigglers), plasma X-ray lasers, electron beam based sources and X-ray free electron lasers.

• Mission
• To benefit YOU and to strengthen OUR community
• Webinars, podcasts, publications, technical events, business events, outreach 
• Interested in presenting your research? Have ideas for TG events? Contact us at 

TGactivities@osa.org. 

• Find us here
• Website: www.osa.org/OH
• Facebook: www.facebook.com/OSAShortWavelengthTG
• LinkedIn: www.linkedin.com/groups/8356401

Technical Group at a Glance

mailto:TGactivities@osa.org
http://www.osa.org/OH
http://www.facebook.com/OSAShortWavelengthTG
http://www.linkedin.com/groups/8356401
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Today’s Webinar

Dr. Frederico Fiuza
Theory Group Leader, High Energy Density Science Division 
SLAC National Accelerator Laboratory, USA
Fiuza@slac.stanford.edu

Exploring extreme laser-plasma conditions:
from laboratory astrophysics to compact
accelerators

Speaker’s Short Bio:
Diploma in Physics Engineering and Ph.D. in Plasma Physics from 
Instituto Superior Tecnico, Portugal in 2012. Lawrence postdoctoral 
fellow at LLNL. European Physical Society PhD Research Award. 
DOE Early Carer Research Program Award. APS Thomas H. Stix 
Award. Currently a Staff Scientist at SLAC, USA

mailto:?Fiuza@slac.stanford.edu
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Today’s Webinar

Dr. Sebastian Meuren
Postdoctoral Researcher and PI of a strong-field QED 
experimental campaign at SLAC’s FACET-II
Princeton University, USA
smeuren@pppl.gov

Reaching for the brightest light at
SLAC’s FACET-II

Speaker’s Short Bio:
Ph.D. degree from Heidelberg University/Max Planck Institute for 
Nuclear Physics in 2015. Otto Hahn Medal from the Max Planck 
Society. Currently a postdoctoral researcher in the department of 
Astrophysical Sciences at Princeton University.

mailto:Email??artin.schultze@mpq.mpg.de


Exploring extreme laser-plasma conditions:    
from compact accelerators 
to laboratory astrophysics

Frederico Fiúza
fiuza@slac.stanford.edu
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CPA led to tremendous progress in high-power lasers over the last decades

Year
NAS report 2018: Opportunities in Intense Ultrafast Lasers

Soon to be available 10 PW at ELI (Europe)

BELLA PW laser at LBNL
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PW lasers allows us to drive and explore extreme states of matter

High-energy-density matter Laser-driven compact 
accelerators

Relativistic lab astrophysics

Compress and heat materials to 
conditions similar to planet interiors 
and fusion plasmas

Accelerate particles with field 
gradients 106x larger than solid-
state technology

Drive relativistic plasma processes 
similar to extreme astrophysical 
environments
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PW lasers allows us to drive and explore extreme states of matter



Laser-driven compact radiation sources 
from scientific to medical applications
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Can we harness the strong fields in plasma to produce compact radiation sources? 
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We acknowledge financial support from DOE Fusion Energy Sciences 
and the SLAC LDRD program. Simulations were conducted in Mira and 
Vulcan supercomputers.!
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Laser absorption and particle acceleration is 
important for a wide range of applications 

Probing relativistic laser-plasma interactions with LCLS 
W. Schumaker, C. Curry, A. Schropp, B. Nagler, C. Roedel, J. Kim, S. Goede, K. Zeil, M. Gauthier, L. Obst,                          

G. Williams, A. Pak, S. Brown, L. Fletcher, E. Gamboa, M. MacDonald, C. Ruyer, R. Mishra,                                                          
Z. Xing, E. Granados, H. J. Lee, M. Fajardo, S. Glenzer, F. Fiuza

 

Relativistic laser-plasma interactions allow 
exploration of extreme states of matter

 

Our results provide first direct and resolved 
measurements of laser hole-boring

 

We use LCLS to probe the plasma with 
unprecedented resolution

This technique can be used to study particle 
acceleration in shocks with PW-class laser
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X-ray phase-contrast imaging results

Particle-in-cell simulation results
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High intensity laser-plasma interactions offer the possibility to 
probe fundamental plasma processes at extreme conditions and 
explore particle acceleration in compact systems 

In the future, with a PW-class laser, similar studies could be 
extended to probe the generation of high Mach number shock 
waves and particle acceleration 
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Compact accelerators

 

Hydrogen!plasma

Intense laser

fast e-cold!return current

Intense lasers can accelerate plasma particles to relativistic 
energies 

Probing plasma conditions directly is extremely challenging given 
that optical light cannot propagate in solid density plasmas   
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Intense radiation pressure pushes plasma surface and 
accelerates charges particles
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Solid target Time

Reconstructed 
density profile 

Shock 
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•  High- repetition rate  
•  Laser-pump x-ray probe of FES 

discovery phase space FEH 

NEH 

Laser building 

Experim
ents hutch 

-  Unique LCLS-II x-ray 
beam [25 keV, 50 fs] 

-  Award-winning 
science program 

-  Top modeling &  
theory effort 

-  Groundbreaking 
diagnostics 
capabilities 

-  Laser expertize 

-  Detector expertize 

-  Cryogenic hydrogen 
target capability 

-  Robust user program 

-  Bay Area laboratory 
programs in the field 

-  Stanford students 

We acknowledge financial support from DOE Fusion Energy Sciences 
and the SLAC LDRD program. Simulations were conducted in Mira and 
Vulcan supercomputers.!
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SLAC MEMORANDUM

Title: MEC LE50 experiment9/22-10103/2014 on laser-wakefield acceleration and
betatron x-ray source development for future LCLS experiments

Date: September llth 2014

From: Félicie Albert (LLNL)

CC: J. Bauer, J. Liu, P. Heimann

From September 22"d to October 3'd 20l4,we are planning an experiment at
LCLSllHutch 6 using MEC's Short-Pulse Laser (laser only and no FEL). This
memorandum provides information on the experiment such that SLAC RP can properly
estimate the radiologicalhazards created by this experiment. This memo includes
background on the goal of the experiment, parameters for operation (laser and target
parameters), expected/conservative source terms for both accelerated electrons and
produced x-rays, and also describes planned shielding that we are already designing.

Background on experiment

The goal of the LE50 experiment is to develop betatron x-rays from laser-plasma
accelerators by using the 25 TW, 40 fs MEC laser. This unique broadband, collimated
(<30 mrad) source of hard x-rays (1 - 80 keV), with sub-ps pulsewidths, enables the
probing of states of matter that are currently not easily explored by other means. We
propose to develop it on the newly commissioned25 TW, 40 femtosecond (fs), MEC
laser system, in order to support future ultrafast x-ray absorption spectroscopy
experiments at LCLS-MEC and to provide a ne\ry ultrafast x-ray capability. The source
properties (size, spectrum, collimation and flux) will be characterized in details, followed
by a detailed characterization of the source flux around the Al K-edge (1.56 kev).

Figure 1: Principle of laser-wakefield qcceleration and betatron x-rqy radiation

In the three-dimensional, highly nonlinear laser-wakefield acceleration (LWFA) regime,
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Proton beams with energies of ~ 100 MeV are now being produced

Proton energy as function of laser power

plot adapted from K. Zeil et al., New J. Phys. 12, 045015 (2010) 

For a review see A. Macchi, M. Borghesi, M. Passoni, Rev. Mod. Phys. 84, 751 (2013)

Typical proton spectrum is exponential

*  P. L. Poole et al., New J. Phys. 20, 013019 (2018) 
**A. Higginson et al., Nat. Comm. 9, 724 (2018)

Typical laser-proton conversion efficiency of 1-10%
Divergence angle is ~ 10o

Transverse emittance is ~ 0.01 mm mrad
Duration is ~ 1 ps

100 TW, 30 fs* 300 TW, 1 ps**
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Different schemes are being pursued to control spectrum of accelerated particles

Accelerated proton beams exhibit narrow energy spread (1%-30%)

** L. O. Silva et al., Phys. Rev. Lett. 92, 015002 (2004)
    D. Haberberger, S. Tochitsky, F. Fiuza et al., Nature Physics 8, 95 (2012)
      F. Fiuza et al. Phys. Rev. Lett. 109, 215001 (2012)

Proton spectrum

ΔE/E ~ 1%

Acceleration by laser radiation pressure* Acceleration by electrostatic shock wave**

Laser E

Hot      Cold

E

Shock protons reflected by 
electrostatic potential 
of shock: 

* T. Esirkepov et al., Phys. Rev. Lett. 92, 175002 (2004)
  A. Henig et al., Phys. Rev. Lett. 103, 245003 (2009)
  B. Qiao et la., Phys. Rev. Lett. 102, 145002, (2009)

Laser E

laser radiation pressure pushes electrons and creates 
strong space-charge field that accelerates protons with 
velocity:
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Recent demonstration of narrow energy spread protons beams scalable to > 100 MeV

Possibility to generate high-quality proton beams for medical applications (>100 MeV) with current laser systems

F. Fiuza et al. Phys. Rev. Lett. 109, 215001 (2012)
A. Pak et al., Phys. Rev. Accel. Beams 21, 103401 (2018) 
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Relativistic laboratory astrophysics 
the (micro)secrets of magnetic field dynamics and particle acceleration
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ENERGY (ELECTRON VOLTS)

N. Gehrels, L. Piro, and P.J.T. Leonard, Scientific American (2002)
IceCube+, Science 361, eaat1378 (2018), M.G. Aartsen et al., Science 361, 147-151 (2018)

dN/dE ∝ E-α 

Fireball model of gamma-ray bursts

Astrophysical plasmas are known to be efficient particle accelerators

What controls
CR acceleration?

Harris & Krawczynski (2006)

Radio and X-ray bands

AGN relativistic jets

IceCube Collaboration (2018)

Sources of high-energy cosmic rays

The (micro)physics of particle acceleration remains poorly understood
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Can we probe relativistic processes behind particle acceleration in the lab?

Solid-densityplasma

Intense laser

fast current
coldreturn current

F. Fiuza et al. Phys. Rev. Lett. 108, 235004 (2012) 

Magnetic field amplification by Weibel instability

E. S. Weibel, PRL 2, 83 (1959)
B. D. Fried, Phys. Fluids 2, 337 (1959)

�W =
v0
c

!pi

�1/2
0

Cosmic rays accelerated by Fermi process

E. Fermi, Phys. Rev. 75, 1169 (1949)
R. Blandford & D. Eichler, Physics 
Reports 154, 1 (1987)

Downstream       Shock front       Upstream
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F. Fiuza et al. Phys. Rev. Lett. 108, 235004 (2012) 

F. Fiuza | February 24, 2015 | Stanford University
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Spatio-temporal evolution of instabilities can be probed with LCLS

C. Ruyer and F. Fiuza, Phys. Rev. Lett. 120, 245002 (2018) 

B-field

Reconstructed
density profile

Ar/Ne jet
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Multi-PW laser will allow study of particle acceleration in shocks

10 PW

1 PW

1 PW 10 PW

εHillas = e vsh/c B L ~ 100 vsh[0.3c] B[109G] L [10 μm]  MeV

A. Grassi et al., 2018 
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Relativistic magnetic reconnection recently studied for the first time in the lab

A. Raymond et al., Phys. Rev. E 98, 043207 (2018) 
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Conclusions

PW-class optical lasers are opening unique opportunities to create 
and probe extreme states of matter in the laboratory

Electric fields produced by lasers in solid-density plasma can exceed 
by a million times typical accelerating fields in solid-state technology

High-flux beams of ions/protons and neutrons are being produced 
for applications that range from fusion energy to materials research 
to medical therapy

PW laser-plasma interactions are also opening a window to study 
relativistic plasma processes associated with magnetic field dynamics 
and particle acceleration in high-energy astrophysical environments
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Strong-field physics: from atoms to the quantum vacuum
Atomic scales

Energy Ea = α2E 10 eV

Length aB = nC/α 10−10 m

Field Ea = α3Ecr 1011 V/m

∼ 1016 W/cm2

©
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Y

• Around ∼ 1016 W/cm2: laser and Coulomb field are of the same order
“Atomic strong-field revolution”: Corkum, PRL 71, 1994 (1993)

QED scales

Energy E = mc2 106 eV
Length nC = ~/(mc) 10−13 m

Field Ecr =m2c3/(|e|~) 1018 V/m

∼ 1029 W/cm2

e
+

e
−

k
µ
→

−mc
2

+mc
2

e
+ e

−

−mc
2

+mc
2

• Around ∼ 1029 W/cm2: “Schwinger limit”, QED vacuum becomes unstable
“Tunnel ionization of the quantum vacuum”: Schwinger PR 82, 664 (1951)
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Intuitive derivation of the QED critical (Schwinger) field

• Quantum mechanics −→ uncertainty principle −→ virtual particles
pictorial speaking: vacuum filled with virtual electron-positron pairs

• Spatial scale of quantum fluctuations in QED: nC = ~/(mc)
∆E = mc2 −→ ∆t ∼ ~/(∆E ) −→ ∆x ∼ c∆t ∼ ~/(mc)

• Energy transfer ∆E by a uniform electric field (magnitude E):
∆E = c |e|E∆t != ∆E −→ E = Ecr = m2c3/(|e| ~)

Pair becomes real after an energy transfer ∆E ∼ mc2:
life time is no longer limited by the uncertainty principle

Vacuum fluctuations

nC

e
+

e
−

Instead of being empty, the vacuum is
filled with quantum fluctuations

Heuristic tunneling picture

e
+ e

−

−mc
2

+mc
2

“Tilted” energy levels −→ tunneling
Probability: ∼ exp (−πEcr/E)
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QED critical field in astrophysics

Ultrastrong electromagnetic fields + highly energetic particles
• Interior of neutron stars
• Magnetospheres of magnetars: B & Bcr [Bcr = m2c2/(~e) ≈ 0.4× 1014 G]

(e.g., electromagnetic cascades, vacuum birefringence)
• Central engines of supernovae and gamma ray bursts
• Magnetosphere of rotating Black holes

Uzdensky and Rightley, Plasma physics of extreme astrophysical environments
Rep. Prog. Phys. 77, 036902 (2014)

Sebastian Meuren (Princeton University) 5 / 23 New Horizons in HEDP

Extreme magnetic fields: magnetars
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Reaching the QED critical field with lasers
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facility current future

optical 1 eV APOLLON, ELI,... 1022 W/cm2 1024−25 W/cm2

x-ray 10 keV LCLS-II, XFEL,... 1021 W/cm2 1027 W/cm2 (if focused)

We need the Lorentz boost of ultra-relativistic particles
to probe the QED critical field!



Reaching the QED critical field with lasers
Lorentz transformation: electromagnetic field & intensity
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E' 

B' 

E 

x 

y 

z 

x' 

y' 

z' 

F 

F' +q v 

E ′ = γ(E + β × B)− γ2

γ + 1β(βE),

B′ = γ(B − β × E)− γ2

γ + 1β(βB),

Intensity: I ′ ∼ γ2I

Quantum parameter
• QED critical field: Ecr ≈ 1.3× 1018 V/m ←→ Icr ≈ 4.6× 1029 W/cm2

is not reachable in the laboratory frame (with existing technology)
• Decisive: electromagnetic field (Fµν) in the electron rest frame (E∗)

χ = Υ =
√

pF 2p
Ecrmc = E∗

Ecr
≈ 0.57 ε

10 GeV

√
I

1020 W/cm2

I: laser intensity ε: electron energy (last relation: head-on electron-laser collision)

Ritus, J. Sov. Laser Res. 6, 497–617 (1985); Di Piazza et al., Rev. Mod. Phys. 84, 1177 (2012)
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Reaching the QED critical field in future linear colliders

• Problems of protron-proton collider:
– Nontrivial initial state: protons are not elementary particles
– PDFs: smaller effective energy, complicated background

• Problems of linear electron-positron collider:
– High luminosity → high charge density → strong fields → beamstrahlung
– Stochastic photon emission + large recoil: nontrivial energy distribution,

modified transverse beam structure (beam broadening → focusing quality)
Understanding of beamstrahlung is crucial
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Lepton collider (electron-positron)

ILC χ = 0.1−0.3 (0.25−0.5 TeV)
CLIC χ = 1.5−12 (0.2−1.5 TeV)

Stochastic beamstrahlung

SFQED determines energy/luminosity
Esberg et al., PRSTAB 17, 051003 (2014)



QED critical field in plasma physics and HEDP science
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The fundamental (strong-field) QED processes
Photon emission

e−

photon emission by an electron/positron
pµ

kµ

qµ

p′µ

−→ p
µ

q
µ

p
′µ

Pair production

γ

photon decay into a lepton pair

e−

e+

kµ

qµ

p
µ

1

p
µ

2

−→ γ

e
−

e
+

← q
µ

p
µ

1

p
µ

2

Dressed states
• Perturbative treatment of the laser field breaks down if ξ & 1

a0 = ξ = η = |e|Emcω ≈ 0.75 eV
~ω

√
I

1018 W/cm2

• Dressed states include the classical background field exactly:
= + + + + · · ·

Ritus, J. Sov. Laser Res. 6, 497–617 (1985); Di Piazza et al., Rev. Mod. Phys. 84, 1177 (2012)
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The seminal SLAC experiment 144 (1990s)

• First laser experiment which probed the QED critical field
• Electron energy: ε = 46.6 GeV, laser intensity: I ∼ 1018 W/cm2

−→ Onset of nonlinear effects: ξ = a0 = η . 0.4, χ = Υ . 0.25

C. Bamber et al. “Studies of nonlinear QED in collisions of 46.6 GeV electrons with intense laser pulses.”
Phys. Rev. D 60, 092004 (1999).
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FACET-II: qualitatively different from SLAC E-144
Formation length of SFQED processes

δλλ L

1 λL: laser wavelength (scale on which the field changes significantly)
2 δλ: formation region of a fundamental QED processes; δλ/λL ∼ 1/a0

• Ionization in atomic physics – Keldysh parameter: γK = ω
√

2mIp/(|e|E),
• Pair production in SFQED: γK (Ip = 2mc2) ∼ 1/a0 = ωmc/(|e|E)
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Large formation length (a0 � 1)
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Vacuum/QED Atoms

FACET-II vs. SLAC E-144

A qualitatively completely different regime becomes accessible
(similar as transition from multi-photon to tunnel ionization in atoms)
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Open research question: do we understand QED cascades?
Photon emission

p
µ

q
µ

p
′µ

In general an electron can radiate more
than only once

Pair production

γ

e
−

e
+

← q
µ

p
µ

1

p
µ

2

The survival probability of a photon can
become exponentially small

Trident pair production

qµ

e−

e+

pµp′µ

pµ1

pµ2

Simplest cascade process

QED cascade

Exponential increase of particles

• Photon emission/pair production happens every 1/(αa0) laser cycles
• The number of particles/vertices grows exponentially with time
• Analytical calculations are impossible, numerical methods required

Bell and Kirk, Phys. Rev. Lett. 101, 200403 (2008)
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Numerical methods: Monte-Carlo codes, QED-PIC
Semiclassical description
k
µ

p(−∞)p
′

(+∞) ←−−−−− ←−−−−−p
µ
(τ)p

′µ
(τ)

Classical propagation between emissions,
instantaneous photon recoil

Incoherent emissions

p′µ pµp′′µ

k
µ

1k
µ

2

←−→←−→

Small formation regions, different
emission vertices are well separated

QED-PIC approachEXTENDED PARTICLE-IN-CELL SCHEMES FOR PHYSICS . . . PHYSICAL REVIEW E 92, 023305 (2015)

FIG. 7. Extension of the PIC approach for taking into account novel channels of energy transformation that could be triggered by laser
fields of extreme intensity.

C. Transition to quantum description

The evident limitation of the classical expression for the
synchrotron emission is that it implies the emission of photons
whose energy can be larger than the electron has. In case
of strong fields, this leads to overestimation of the spectrum
spread and of the radiation losses rate. The simple estimate
for the transition between classical and quantum description
is commonly characterized by the dimensionless parameter χ

defined by the Lorentz invariant expression [60]

χ = e�
m3c4

√
pμF 2

μνp
ν

= e�
m3c4

√(
εE
c

+ p × H
)2

− (p · E)2. (4)

As one can see from Eqs. (1) and (3), the χ parameter has
a simple meaning for the classical synchrotron theory; it
determines the ratio of the typical photon energy to the electron
kinetic energy:

χ = 2

3

�ωs

mc2γ
(5)

(the factor 2
3 can be attributed to the definition of the

typical photon energy). Thus, the values χ 	 1 correspond
to the classical case, whereas χ � 1 indicates that quantum
corrections are essential.

As one can see from the above-mentioned expressions,
on the other hand the parameter χ represents a measure of
transverse acceleration:

χ = γ
Heff

ES

, (6)

where ES = m2c3/e� � 1018 V/m is the Sauter-Schwinger
limit. The second simple meaning of χ is ratio of the efficient
magnetic field to ES in the rest frame of the particle.

Note that the classical expression for the total intensity of
emission can be given via the χ parameter:

I cl = 2

3

e2m2c3

�2
χ2. (7)

Assuming that the photons are emitted against the direction
of propagation, we can determine the average force originated
from recoils due to emission of photons:

fcl
RR = −2

3

e2m2c

�2
χ2v. (8)

As one can see, this expression coincides with the dominant
(for ultrarelativistic case) term in the expression for the
radiation reaction force in the Landau-Lifshitz form [15].

D. Discreteness of radiation losses

One consequence of quantum effects, in particular the
quantization of emission, is the discreteness of radiation
losses when, e.g., an electron emits photons, as described in
Secs. III B 1 and III D 2. We can define a typical time interval
between acts of photon emission as the ratio of the typical
photon energy �ωt to the total radiation intensity I :

τt = �ωt

I
. (9)

If Tt is the typical time scale of the problem of interest,
then we can characterize the discreteness of emission by the
dimensionless parameter

ξ = 2π
τt

Tt

. (10)

If τt is small enough as compared with the time scale of the
problem (ξ 	 1), one can expect that discreteness of radiation
losses can be smoothed out and thus can be reasonably well
described by a continuous radiation reaction force. In fact,
as it is well known (but is perhaps counterintuitive), the
interval between photon emission is large (ξ � 1) for the
nonrelativistic problem of an electron rotating in a constant

023305-7

A. Gonoskov, et al. Phys. Rev. E 92, 023305 (2015)
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Central research question

Are the assumptions of current state-of-the-art
numerical strong-field QED codes valid?
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numerical strong-field QED codes valid?



Probing strong-field QED at SLAC’s FACET-II
Sketch of the setup Explorable parameter space
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SFQED experiments at FACET-II
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FACET-II: first measurement of vacuum breakdown
Vacuum breakdown in static field
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Two-step approximation:
¶ photon emission
· pair production

Total probability

w0 a0
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electron Simulation

3µm 5.7 1.2×10−7
Tamburini2.4µm 7.2 0.9×10−6

4µm 5.0 1.9×10−7
Vranic8.0 1.7×10−5

FACET-II beam: 0.6 nC, i.e., 3.7 × 109 electrons
w0: laser focus spot size

Energy spectrum
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Hu, Müller, and Keitel, RPL 105, 080401 (2010); Ilderton, PRL 106, 020404 (2011)
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FACET-II vs. SLAC E-144

In comparison with E-144 (< 1 pair per shot) we expect
prolific pair production (up to 104 pairs per shot)
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FACET-II vs. SLAC E-144

In comparison with E-144 (< 1 pair per shot) we expect
prolific pair production (up to 104 pairs per shot)



FACET-II: first measurement of the LCFA breakdown
Simulation: photon spectrum
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• Formation region depends on photon energy:

δλ ∼ ε

m2χ

(
1 + χ

u

)1/3
, u = ω′

ε− ω′

• LCFA breakdown: δλ & λL, i.e., ω′ . εχ/a3
0

• ε = 10 GeV, χ ≈ 1, a0 ≈ 7: ω′ . 30 MeV
δλλ L

Di Piazza, Tamburini, SM, Keitel, PRA 98, 012134 (2018) and PRA 99, 022125 (2019)
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FACET-II: clear signitures of quantum radiation reaction
Observable: electron energy distribution
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Classical vs. quantum radiation reaction
• Classical radiation reaction (χ� 1): “frictional force”

−→ sharp cutoff of the electron energy spectrum
• Quantum radiation reaction (χ & 1): stochasticity, “diffusion”

−→ edge of the spectrum is smeared out (higher losses!)
We expect to observe clear deviations form LL at FACET-II

Neitz and Di Piazza, Phys. Rev. Lett. 111, 054802 (2013)
Sebastian Meuren (Princeton University) 18 / 23 New Horizons in HEDP



FACET-II: possible future upgrades
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Future upgrade: 200 TW laser – vacuum birefringence
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Experimental setup

...
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¶ Compton backscattering: highly polarized GeV photons
· High-intensity laser polarizes the quantum vacuum
¸ Pair production (foil): polarization dependent distribution
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Vacuum birefringence

= + · · ·

Speed of light depends on polarization
Violation of the superposition principle

• Vacuum birefringence: first observation of light-by-light scattering (real photons)
• FACET-II: GeV photons + 200 TW ←→ SULF (China): x-ray + 100 PW!

S. Bragin, SM, C. H. Keitel, and A. Di Piazza, Phys. Rev. Lett. 119, 250403 (2017)



Future upgrade: 20 PW laser – electron-positron recollisions
Atomic physics

Recollision processes in atoms
after tunnel ionization

Strong-field QED
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Recollision processes after
tunneling pair production

Electron-positron loop: spectrum
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Recollisions lead to plateau region

Muon pair production
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a0 & 200, e.g., 20 PW with 2.5µm spot

Semiclassical three-step picture:
¶ Pair creation · Acceleration by the laser ¸ Recollision

SM, K. Z. Hatsagortsyan, C. H. Keitel, and A. Di Piazza, PRL 114, 143201 (2015)
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Summary: FACET-II 10 GeV electrons + 20 TW laser pulses
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Tunneling pair production/vacuum breakdown

• Pair production inside quasi-static field
• Nonperturbative tunneling exponent
• Much higher statistics: ∼ 104 positrons/shot
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LCFA

Breakdown of the LCFA
• Applicability of the LCFA: vital for numerical codes
• Formation region depends on photon frequency
• LCFA fails: suppression of low-frequency radiation
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LL Quantum radiation reaction (QRR) – energy
• Stochasticity: broadening of the energy distribution
• Quenching: some electrons don’t radiate at all
• Quantum corrections to Landau-Lifshitz



To be continued...

Thank you for your attention
and your questions!
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