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Technical Group at a Glance

e 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.

e 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
e LinkedIn: www.linkedin.com/groups/8356401
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CPA led to tremendous progress in high-power lasers over the last decades
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PWV lasers allows us to drive and explore extreme states of matter

High-energy-density matter Laser-driven compact
accelerators

Compress and heat materials to Accelerate particles with field Drive relativistic plasma processes
conditions similar to planet interiors gradients 10%x larger than solid- similar to extreme astrophysical
and fusion plasmas state technology environments
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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?

Electric fields produced in plasma Produce high-energy protons, Fusion energy
reach ~10-100 TeV/m electrons, neutrons, gammas
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Detailed understanding and control of highly nonlinear plasma processes

is critical to use laser-produced secondary sources for applications
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Proton beams with energies of ~ 100 MeV are now being produced
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Different schemes are being pursued to control spectrum of accelerated particles
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Recent demonstration of narrow energy spread protons beams scalable to > 100 MeV
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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)
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Relativistic laboratory astrophysics
the (micro)secrets of magnetic field dynamics and particle acceleration
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Astrophysical plasmas are known to be efficient particle accelerators
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The (micro)physics of particle acceleration remains poorly understood
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Can we probe relativistic processes behind particle acceleration in the lab?

el AL

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

P M\

Magnetic field amplification by Weibel instability

Vg Wy
Lw = - 1/2
o

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

Cosmic rays accelerated by Fermi process

Downstream Shock front Upstream

W% E. Fermi, Phys. Rev. 75, 1 169 (1949)
R. Blandford & D. Eichler, Physics
WANASEI A Reports 154, | (1987)
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Collisionless shock driven by an ultraintense laser
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Spatio-temporal evolution of instabilities can be probed with LCLS

1 A7/

C. Ruyer and F. Fiuza, Phys. Rev. Lett. 120, 245002 (2018)
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Multi-PW laser will allow study of particle acceleration in shocks
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Relativistic magnetic reconnection recently studied for the first time in the lab
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Conclusions

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

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

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

B 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

High Energy Density Science with PWV lasers

F. Fiuza | OSA Webinar | March 7t 2019
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Strong-field physics: from atoms to the quantum vacuum

Atomic scales ~ 10'* W /cm?
Energy & =o2¢ 10eV RS S
Length ag=1c/a 1071°m
IGE, hy >
Field E,=do®E, 10''V/m B é
e Around ~ 10 W/cm?: laser and Coulomb field are of the same order
“Atomic strong-field revolution”: Corkum, PRL 71, 1994 (1993)
QED scales ~ 10 W /cm?
Energy &= mc? 10%ev | . o me,
Length Ac = h/(mc) 1073m M% e+
Field Ecr:m2<:3/(|e|h) 108V/m | . e o ;ml;

e Around ~ 10 W/cm?: “Schwinger limit”, QED vacuum becomes unstable
“Tunnel ionization of the quantum vacuum”: Schwinger PR 82, 664 (1951)

Sebastian Meuren (Princeton University) ( 3/23 D New Horizons in HEDP




Intuitive derivation of the QED critical (Schwinger) field

e Quantum mechanics — uncertainty principle — virtual particles
pictorial speaking: vacuum filled with virtual electron-positron pairs

e Spatial scale of quantum fluctuations in QED: i¢ = h/(mc)
AE = mc® — At ~ h)(AE) — Ax ~ cAt ~ h/(mc)

e Energy transfer AE by a uniform electric field (magnitude E):

AE =cle|EAt=AE — E=E,=m’c3/(le|h)
Pair becomes real after an energy transfer AE ~ mc?:
life time is no longer limited by the uncertainty principle

Vacuum fluctuations Heuristic tunneling picture
et N N
e o
777777 @& ;;W,‘Z +\\m(~?
Instead of being empty, the vacuum is “Tilted" energy levels — tunneling
filled with quantum fluctuations Probability: ~ exp (—mEc:/E)

Sebastian Meuren (Princeton University) C 4/23 D New Horizons in HEDP




QED critical field in astrophysics

Extreme magnetic fields: magnetars

Name 5
(10" G)
< o CXOU J0I0043.1-721134 39
= < U0l 13
@ = SGR 0418+5729 0.061
o =z SGR 052666 56
(= 1E 1048.1-5937 39
S ‘<-(7 O 1k 154705408 32
O rsrte2—is50 27
o S 2 seri67-41 22
[T} < CXOUJI64710.2-455216  <0.66
oA — S Rxsisoo—womn 46
= <€ cxounTI0s T3 50
E (OGN @) SGR J1745-2900 16
& O SGR1806-20 20
) S Xm0y 21
c B Swift 1182231606 051
) W SoRIsH_osn 16
@ T SwiIss-0s 14
S Sy ohoron IE 1841045 69
MSislitate Lo = sorivens 70
© Wikipedia Mon. Not. R. Astron. Soc. 406, 1379-1404 (2010) 1E 22594586 059

Ultrastrong electromagnetic fields 4+ highly energetic particles
Interior of neutron stars
Magnetospheres of magnetars: B > B, [Ber = m*c?/(he) ~ 0.4 x 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)
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Reaching the QED critical field with lasers

10% | v = 1 (Schwinger intensity)
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10%
€EU
s Te
Michigan > exas
ichigan > @ @@L Tocs s
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e 29 2 We have the i and sub; t of optical chirped pulses. A system which produces
ler = 4.6 x 10 W/Cln 106 jum laser pulses with pulse widths of 2 ps and energies at the millijoule level is prm‘cn:cd
facility current future
. 22 2 242 2
optical 1eV  APOLLON, ELI,... 10* W/cm 10**"® W /cm

x-ray  10keV  LCLS-ll, XFEL,... 10®W/em? 10% W/cm? (if focused)

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

Lorentz transformation: electromagnetic field & intensity

o xeee ’ B %
A E'=(E + 8 x B) - 1 5(BE)

z y . 72
B'=~(B—-pxE)- mﬂ(ﬂB),

© Wikipedia

Intensity: 1" ~~2I

Quantum parameter

e QED critical field: E, ~ 1.3 x 1018 V/m <— I, ~ 4.6 x 10 W /cm?
is not reachable in the laboratory frame (with existing technology)

e Decisive: electromagnetic field (F#) in the electron rest frame (E*)

JpF2p  E* I
x=T=YP"P_= o57_F
E..mc E., 10GeV |/ 1020 W /cm?

I: laser intensity e: 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)
D New Horizons in HEDP
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Reaching the QED critical field in future linear colliders

Lepton collider (electron-positron) Stochastic beamstrahlung
1o [Euminosity ‘
ff
-
EJ
]”J‘}’J CLIC nominal luminosity spectrum
ILC x=0.1-0.3 (0.25—0.5TeV) SFQED determines energy/luminosity
CLIC x=15-12 (0.2-1.5TeV) Esberg et al., PRSTAB 17, 051003 (2014)

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

Sebastian Meuren (Princeton University) ( 8/23 D New Horizons in HEDP




PHYSICAL REVIEW E 95, 023210 (2017)
Seeded QED des in propagating laser pulses
T. Grismayer,"" M. Vranic,' J. L. Martins,! R. A. Fonseca,"? and L. O. Silva"-!

These results show that relativistic pair plasmas and efficient conversion from laser photons to y rays can

be observed with the typical intensities planned to operate on future ultraintense laser facilities such as ELI or
Vulcan.

=
2 & . 2 .
= o e B o S 5 T g
i ~ "photons : phnlons = photons
'k endi
PRL 108, 165006 (2012) PHYSICAL REVIEW LETTERS 20 APRIL. 2012

Dense Electron-Positron Plasmas and Ultraintense y rays from Laser-Irradiated Solids

C.P. Ridgers,"” C.S. Brady,” R. Duclous," . G. Kirk,” K. Bennett,” T.D. Arber,> A.P.L. Robinson,” and A.R. Bell'?
In simulations of a 10 PW laser striking a solid, we demonstrate the possibility of producing a pure

electron-positron plasma by the same processes as those thought to operate in high-energy astrophysical
environments.
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The fundamental (strong-field) QED processes

Photon emission Pair production
\/\/ 9

e Y
photon emission by an electron/positron photon decay into a lepton pair

q* Pt q" p,ll - P o -
H — >Iz X — >"W’H,L

et

P 12 P e 7" o
w

Dressed states

e Perturbative treatment of the laser field breaks down if £ 2> 1

le|E eV /
= = = %0‘757 arre———————
D=E=1 mcw hw \/ 1018 W/cm?
e Dressed states include the classical background field exactly:
T

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)

e First laser experiment which probed the QED critical field
e Electron energy: € = 46.6 GeV, laser intensity: | ~ 108 W /cm?
— Onset of nonlinear effects: ¢ =ag=1n<04, x=750.25

pair spectrometer

. PCAL
Pi rf_picku 5036 )
mma 0% cCD's
photons conve:l'tor 28 CCM2
47 Gev — photoms __~_|__ L4 T o
ae scattered’|| EC31 EC7 47 GeV e's GCAL

SCAL

electrons

dump magnets
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).

Sebastian Meuren (Princeton University) C 11/23 ) New Horizons in HEDP




The seminal SLAC experiment 144 (1990s)

SN

VOLUME 76, NUMBER 17

PHYSICAL REVIEW LETTERS

22 AprIL 1996

Observation of Nonlinear Effects in Compton Scattering
Nonlinear Compton scattering has been observed in the collision of a low-emittance 46.6-GeV
electron beam with terawatt pulses from a Nd:glass laser at 1054 and 527 nm wavelengths in an
experiment at the Final Focus Test Beam at SLAC. Peak laser intensities of 10'* W/cm? have been
achieved, corresponding to a value of 0.6 for the parameter 7 = ¢ E,s/mwyc. Results are presented
for multiphoton Compton scattering in which up to four laser photons interact with an electron, in

agreement with theoretical calculations.

[S0031-9007(96)00012-9]
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FIG. 5. The normalized yield of scattered electrons of ener-
FIG. 1. Calculated yield of scattered electrons from the gies corresponding to n = 2, 3, and 4 infrared laser photons

collision of 5 X 10° 46.6-GeV electrons with a circularly
polarized 1054-nm laser pulse of intensity parameter 7 = 0.5.

teraction point.

per interaction versus the intensity of the laser field at the in-
The bands represent a simulation of the ex-

periment, including 30% uncertainty in laser intensity and 10%

uncertainty in N,,.
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C — )

New Horizons in HEDP




The seminal SLAC experiment 144 (1990s)

SN

Sebastian Meuren (Princeton University) C

VOLUME 79, NUMBER 9

PHYSICAL REVIEW LETTERS

1 SEPTEMBER 1997

Positron Production in Multiphoton Light-by-Light Scattering

A signal of 106 * 14 positrons above background has been observed in collisions of a low-emittance
46.6 GeV electron beam with terawatt pulses from a Nd:glass laser at 527 nm wavelength in an
experiment at the Final Focus Test Beam at SLAC. The positrons are interpreted as arising from a two-
step process in which laser photons are backscattered to GeV energies by the electron beam followed
by a collision between the high-energy photon and several laser photons to produce an electron-positron
pair. These results are the first laboratory evidence for inelastic light-by-light scattering involving only

real photons.  [S0031-9007(97)04008-8]
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" OFF s
10 s| +
5
0 15 20 0 I(D 1‘5 2‘0
positron momentum [GeV/c] positron momentum [GeV/c]
FIG. 3. (a) Number of positron candidates vs momentum for

laser-on pulses and for laser-off pulses scaled to the number
of laser-on pulses. (b) Spectrum of signal positrons obtained
by subtracting the laser-off from the laser-on distribution.
The curve shows the expected momentum spectrum from the
model calculation. (c),(d) Same as (a) and (b) but with the
requirement that > 0.216.

no of positrons / laser shot

o

-

\ FAN
o ” n alo iz\ser focus

7

10°

FIG. 4. Dependence of the positron rate per laser shot on the
laser field-strength parameter 7. The line shows a power law
fit to the data. The shaded distribution is the 95% confidence
limit on the residual background from showers of lost beam
particles after subtracting the laser-off positron rate.
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FACET-II: qualitatively different from SLAC E-144

Formation length of SFQED processes

e — ]

A, o

4

© )\: laser wavelength (scale on which the field changes significantly)
@ J\: formation region of a fundamental QED processes; dA/A; ~ 1/ag

Large formation length (a; < 1) Small formation length (ag > 1)

Atomic potential deformed
by the laser feld
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1
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1
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|
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o
Energy

Vacuum/QED Atoms
v

® lonization in atomic physics — Keldysh parameter: vx = w+/2ml,/(|e|E),

e Pair production in SFQED: vk (/, = 2mc?) ~ 1/ap = wmc/(|e|E)
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FACET-II: qualitatively different from SLAC E-144

Formation length of SFQED processes

e — ]

I

© )\: laser wavelength (scale on which the field changes significantly)
@ J\: formation region of a fundamental QED processes; dA/A; ~ 1/ag

Large formation length (a; < 1) Small formation length (ag > 1)

e~ ® Sect

7 N AN
| N N
] hv \\ \\
5 o N _
8 o—p—» ¢
k-“%@ g e N \(,

FACET Il 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

qt
p*
P

In general an electron can radiate more
than only once

Pair production

n
31

vh
The survival probability of a photon can
become exponentially small

Trident pair production

o
P

Simplest cascade process

QED cascade

Exponential increase of particles

e Photon emission/pair production happens every 1/(aap) laser cycles

e The number of particles/vertices grows exponentially with time

e Analytical calculations are impossible, numerical methods required
Bell and Kirk, Phys. Rev. Lett. 101, 200403 (2008)

Sebastian Meuren (Princeton University) C
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Numerical methods: Monte-Carlo codes, QED-PIC

Incoherent emissions

Semiclassical description
o Mo
7 / _ ' P pH
P(+00) —— pM(7) p(7) ¢—— p(=0) e
Classical propagation between emissions, Small formation regions, different
instantaneous photon recoil emission vertices are well separated
QED-PIC approach
orentzforce. 2 = o[+ 10 x )] -
[ v
58:—(#0(&'

Sl ot
a ?
F i

v

A. Gonoskov, et al. Phys. Rev. E 92, 023305 (2015)
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Numerical methods: Monte-Carlo codes, QED-PIC

Incoherent emissions

Semiclassical description
o KL kb
/11 m "
P(+00) T—— p(r) pH(r) — p(~o0) " M
Classical propagation between emissions, Small formation regions, different
instantaneous photon recoil emission vertices are well separated
v

QED-PIC approach

Lorentzforce 2p = a[E+2(x B)] 2 p=crom
a
Op tE
a ~B=—cro
Current 5 F = ~4nj 22

Central research question

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

New Horizons in HEDP
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Probing strong-field QED at SLAC’s FACET-II

Sketch of the setup

Explorable parameter space

1021 W/em?

: v ‘ T
q full B A
positrons S quantum 020 W/em? .:\'Q)'S’
el regime ! 1
m magnets gamma . &
0oy , spectrometer ~ 1Lk 1019 W/em? { e
l Sholons moderate ; :
_ electrons quantum E144 1
interaction point é regime { LWFA
% 0.1
few-10m © . 0.1
C|35.SIC3| laser: laser:
electron/positron/gamma spectrometer regime perturbation o nonperturbative
v
Laser parameters 20TW (red) 200 TW (orange) 1PW (yellow)
Pulse energy 0.7J 8J 50J
Pulse duration (FWHM) 351s 40fs 50 fs
Beam waist 2.4 ym 3.0 um 3.0 pm
Wavelength 0.8 um 0.8 um 0.8 pm
Intensity (average) 1009 W/ecm?  0.7x102* W/em?  3.5x10%' W /cm?
Electron energy 7 —10GeV 20 GeV 30GeV
ao (peak) 7 18 40
X (peak) 0.9 4 14
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Probing strong-field QED at SLAC’s FACET-II

Sketch of the setup Explorable parameter space
102! W/em?
] 10 \ —g
0.
3 ful PG
positrons S quantum 1020 W/em? g .:\'Q}'S’
el regime y 4
m magnets /
10 GeV ,

gamma ys B
. &
spectrometer L 19 2 1 g
) = 1 1019 W/em | L
d f 5
photons moderate | ¢

quantum E144 1
regime ° LWFA

electrons

interaction point % gyl {
5 0.1
few-10m g . 0.1
clas.slcal laser: laser:
electron/positron/gamma spectrometer regime perturbation o nonperturbative
4
Laser parameters 20TW (red) 200 TW (orange) 1PW (yellow)
Pulse energy 0.7J 8J 50J
Pulse duration (FWHM) 351s 40fs 50 fs
Beam waist 2.4 ym 3.0 um 3.0 pm
Wavelength 0.8 um 0.8 um 0.8 pm
Lntancity (Avinvacn 1020 YA7 /a2 N 71021 YAT /a2 2 B 1021 YAT /n1n2

SFQED experiments at FACET-II

We have an approved user program
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FACET-II: first measurement of vacuum breakdown

Vacuum breakdown in static field

Gamma photon Laay I)T
’Eleclmn—
Electron 5
3 ——r positron o
= ok et
i . .
T Two-step approximation:
5 ® photon emission
n . .
o ® pair production
Total probability Energy spectrum
- 0.7 g
wo o~ # positrons per Simulation g . Positron spectrum
electron 5
g 05 -
3um 5.7 1.2x1077 - -
Tamb Loap
24pm 72 0.9x10° amburin! g
8 03F
5.0 1.9x107" ) . ;
FHI 80 17x1070 Vranic E
EXRES =
FACET-Il beam: 0.6nC, i.e., 3.7 x 10° electrons g e R T 1
wo: laser focus spot size Energy [GeV]

simulated by M. Vranic

Hu, Miiller, and Keitel, RPL 105, 080401 (2010); llderton, PRL 106, 020404 (2011)
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FACET-II: first measurement of vacuum breakdown

Vacuum breakdown in static field

Gamma photon Laay n
Py
Electron o Electron-
g p—— positron "
7 AP !
5 Two-step approximation:
; @® photon emission
o ® pair production
Total probability Energy spectrum
0.7 g T —TT —TT —TT —TT
# positrons per . . - ; ! IPositron slpectrum
wo ao - Simulation £ 0.6
g8 05
3um 5.7 1.2x1077 - u
2.4Hum 72 0.9x10°° Tamburini 2™
g 03 X
A FACET-Il vs. SLAC E-144
o cacer, In comparison with E-144 (< 1 pair per shot) we expect
prolific pair production (up to 10* pairs per shot)
HLI, Miin
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FACET-II: first measurement of the LCFA breakdown

Simulation: photon spectrum

10° e z
f :
= i =
., 1071 F
£ g =
S By
g 102k 3
& — QED E
’ LCFA E
1073 ol sl N @
1072 1071 10° 10!
photon energy [GeV]
e Formation region depends on photon energy:
€ 1/3 w’
A~ — (1 + K) , u= -
m?x u €—w
o LCFA breakdown: dA > A, ie., o' Sex/ad
i
e e=10GeV, x~1, a9 = 7: v <30MeV . i *é;*
y \

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

10° £
: E
ERTmat ]l %
E E i F
> [ =

21072k =
5 E i B

2 ;
ERURS S
e E E =
[ £
10—4 | | | | | @
2 4 6 8 10
electron energy [GeV]

Classical vs. quantum radiation reaction
o Classical radiation reaction (y < 1): “frictional force”
— sharp cutoff of the electron energy spectrum
e Quantum radiation reaction (x 2 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)
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Future upgrade: 200 TW laser — vacuum birefringence

Experimental setup

elGXCtFOH beam monochromator
AR N
/ L]

Ny

backscatterring

©® Compton backscattering: highly polarized GeV photons
® High-intensity laser polarizes the quantum vacuum

® Pair production (foil): polarization dependent distribution

iy
strong laser field

foil (high )~ SSD

[ 1.1

detector

Light-by-light scattering

Landau Lifshitz vol. 4

Vacuum birefringence

O

Speed of light depends on polarization
Violation of the superposition principle

e Vacuum birefringence: first observation of light-by-light scattering (real photons)
e FACET-Il: GeV photons + 200TW <+— SULF (China): x-ray + 100 PW!
S. Bragin, SM, C. H. Keitel, and A. Di Piazza, Phys. Rev. Lett. 119, 250403 (2017)
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Future upgrade: 20 PW laser — electron-positron recollisions

Atomic physics

3, Recombination

Taser
field A“ ......
S Y xuv s
NNAAVAVAVARER
atomic \ ¥4 ¥ )
potentil | Y, 2. Acceleration
) s
‘ % el
BT lnneling

Recollision processes in atoms
after tunnel ionization

Strong-field QED

3.2

=t
3

farb. u]

energy gain [w€®/x]

Recollision processes after
tunneling pair production

Electron-positron loop: spectrum

Y \ T mm
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10-*

1076
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10712
10714

[P

100

Recollisions lead to plateau region

Muon pair production

g

" g i
P ky ——— ka
20

ao 2 200, e.g., 20PW with 2.5 um 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

T
Positron spectrum 3

spectrum [a.u.]

f[— qeo
- LCFA

1073
1

10°

probability [a.u.]

104

Sebastian Meuren (Princeton University)

| |
1071 10° 10!
photon energy [GeV]

2 4 6 8 10
electron energy [GeV]

Tunneling pair production/vacuum breakdown

e Pair production inside quasi-static field
Nonperturbative tunneling exponent
Much higher statistics: ~ 10* positrons/shot

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

Quantum radiation reaction (QRR) — energy

Stochasticity: broadening of the energy distribution
Quenching: some electrons don't radiate at all
Quantum corrections to Landau-Lifshitz
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