COLLECTIVE EFFECTS OF RADIATION FRICTION
IN LASER-DRIVEN “HOLE BORING”

OF DENSE PLASMA TARGETS

NIC Symposium

T. V. LiseykINA', SV. PoPRUZHENKO?, A. MACCHI’& D. BAUER'

! University of Rostock, Germany
2 Prokhorov General Physics Institute RAS & MEPhI, Moscow, Russia

* National Institute of Optics & E. Fermi Department of Physics University of Pisa, Italy .
I “‘%&i’\" “'ﬁg

28™ FEBRUARY 2020 — FZ JULICH



OUTLINE

m Motivations

radiation friction: from classical to quantum modeling
looking for experimental tests of radiation friction models

First experiments with ultraintense lasers at GEMINI: findings and limitations
Our research

Gigagauss magnetic field generation by radiation friction
Simulation results

Modeling vs simulations

Impact of quantum effects

m Conclusion & Outlook




MOTIVATIONS

Forthcoming lasers such as ELI, APOLLON,
XCELS... will produce electromagnetic fields
strong enough to make the electron dynamics
dominated by the emission of incoherent
high-energy radiation (mostly y-rays):

3
Wrad = QgWlaser

eF
ap = ——2 > 102,
MeCWlaser

A reliable modeling of radiation friction is
needed.
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Picture evolved through the years from
Mourou, Barty & Perry, Phys. Today 51 (1988)



INTRODUCING RADIATION FRICTION |

e Electron in a magnetic field Bg

dVJ_

Vv A%
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e Solution: uniform circular motion
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e BUT the electron radiates:
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e Energy loss due to radiation:
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INTRODUCING RADIATION FRICTION Il

The Lorentz force does not describe the electron motion
consistently = extra force

dv
mea =Fr+faa

Work done by extra force = energy loss

¢ ¢
/ froq - vdt = — / Paqdt "
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m radiation affects the motion of the electron itself (self-force).

m naively: f.q = 2¢2/3c3V
BUT

in the absence of an external field there exist a solution: V() o exp’/™

need of "extra" initial condition v(0)



CrAssIcAL RADIATION FRricTION FORCE: LL APPROACH

A longstanding and controversial issue of classical
electrodynamics (with several recent proposals of
"better" theories..)

Eventual consensus (4 robust theoretical background)
for Landau-Lifshitz’s textbook expression
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LL iterative approach is valid if |f.,q] < |eE| in the MNV‘(/ V>
instantaneous frame:
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WHY WORRY ABOUT RADIATION FRICTION?

The relevant fields seem out of reach, BUT

m Depending on the interaction geometry the field amplitudes and frequencies
are much higher in the rest frame of the electron

Example: collision of an electron with v > 1 and a plane electromagnetic wave
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ONSET oF QUANTUM EFFECTS

Photon recoil is important when hw;,q ~ mec?ay

h
and in general QED effects dominate when xy = ¢ vV—(F*p,)2 ~ 1

m3ct
/ 2 2.3 E' electric field in electron rest frame
Y= E o UL
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E.’ el eh

E¢; Schwinger field

. . . .. .. Radiated power
"Semiclassical" approach: the classical radiation friction ; ‘ ‘

force is modified to cut off photons with unphysically o 1
high frequency (reduction factor from quantum g
calculation of synchrotron emission) =0 ]
-1.5 g
frad — fradg(X) _20 . . . .
_5 4 -8 -2 —1 0 1
Ritus, J. Sov. Las. Res. 6 (1985) o

Kirk et al, Plasma Phys. Contr. Fusion 8 (2009) g(x) = (1+12X+21X2+3~7X3)_4/9



RADIATION FrICTION IN QED

In principle: there is no radiation friction issue

in QED (laser photons are absorbed,
~v—photons are emitted...)

In practice: an exact QED calculation of the
scattering matrix is unfeasible (and the laser
field is semiclassical anyway...)

Qualitative difference: discrete photon
emission makes electron dynamic stochastic
instead of deterministic as in the (semi)
classical model

Neitz & Di Piazza, Phys. Rev. Lett. 111 (2013)
Blackburn et al, Phys. Rev. Lett. 112 (2014)
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THE GEMINI EXPERIMENTS

1, Laser Field

Search for quantum radiation friction in head-on
collision of 2 GeV electron bunches with the GEMINI
laser pulse

(40 fs, 4 x 1029 Wem =2, ap = 10)

Thomson back-scattering geometry maximizes y ~ 0.25

Two "twin" experiments measured the "cooling" of the

electron spectrum due to radiative losses and compared
the results with different radiation friction models S—
Cole et al, Phys. Rev. X 8 (2018) screen
Poder at al, Phys. Rev. X 8 (2018)
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Cole et al.



ISSUES IN COMPARISON WITH THEORY
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INVERSE FARADAY EFFECT DUE TO RADIATION FRICTION

Classical viewpoint: \ N
Inverse Faraday effect = absorption of angular momentum carried
by a circularly polarized laser wave in a dissipative medium =
generation of quasi static magnetic field

Quantum viewpoint:
for each emitted y-photon, many laser photons are annihilated

Fuwrag = Nhwaser, N ~ ag >1

polarized photons < circular polarized laser light

an angular momentum amount (IV — 1)k ~ Nh is transferred to
the orbital motion of electrons

= azimuthal current = axial magnetic field

High conversion efficiency of laser energy into incoherent radiation is needed



RADIATION LOSSES IN LASER-DENSE PLASMA INTERACTION

Hole Boring
"piston" push of the plasma surface
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highly efficient radiation losses
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very weak radiation losses



HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME
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HoOLE-BORING REGIME

. t=147,
- W N BRe
5
P e{f )
O§>' — - Pos
_5— —
I I Uoo




HoOLE-BORING REGIME
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RADIATION POWER: SPACE—TIME PLOTS
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GIGAGAUSS MAGNETIC FIELDS

3D simulations A=0.8 um

with class_|cal RF n,=90n, = 1.6 x 102 cm=3
Bx normalized to o ao = (200 — 600)

I1=(0.9-7.8)x 102 W cm™2
U=(00.4-4)x10J

By=m,cwle
=1.34x10° G

TL. Popruzhenko, Macchi, New /. Phys 18 (2016)



STRONG MAGNETIC FIELDS IN THE LABORATORY

Heavy
nuclei and
white

dwarfs

ngnetars

102

d / y
N \
\ AN 10 G
S

unspots



STRONG MAGNETIC FIELDS FOR FUNDAMENTAL PHYSICS AND APPLICATIONS

» Magnets for detectors, accelerators and tokamaks
> MRI
» Laboratory astrophysics

» Atomic physics in
extreme magnetic fields

B, Gs

10* = 10° 10° + 103
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QUANTUM EFFECT ON MAGNETIC FIELD GENERATION (PRELIMINARY)
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QUANTUM EFFECT ON MAGNETIC FIELD GENERATION (PRELIMINARY)
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QUANTUM EFFECT ON MAGNETIC FIELD GENERATION (PRELIMINARY)
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QUANTUM EFFECT ON MAGNETIC FIELD GENERATION (PRELIMINARY)
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CONCLUSION & OuTLOOK

Radiation friction modeling in "extreme" laser-matter interactions is an open issue, crucial for
next generation experiments at ELI, APOLLON etc.

The question is maybe more technical than fundamental, but improved classical models keep to
be presented

First experiments face the challenge of superintense laser pulse stability to provide strong
evidence for observed effects

Future experiments might allow the generation and study in the laboratory of
radiation-dominated plasmas and related phenomena:

superintense magnetic fields
pair production and QED casades
efficient y-ray generation
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