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ELI — Extreme Light Infrastructure

ELI will comprise 4 branches:

* Attosecond Laser Science, which will capitalize on new
regimes of time resolution (ELI-FALPS, Szeged, HU)

* High-Energy Beam Facility, responsible for development
and use of ultra-short pulses of high-energy particles and
radiation stemming from the ultra-relativistic interaction
(ELI-Beamlines, Prague, CZ)

* Nuclear Physics Facility with ultra-intense laser and
brilliant gamma beams (up to 19 MeV) enabling also
brilliant neutron beam generation with a largely controlled
variety of energies (EL/-NP, Magurele, RO)

* Ultra-High-Field Science centred on direct physics of the
unprecedented laser field strength (EL/ 4, to be decided)




Laser or Parametric Amplification?
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Superbroadband synchronism e = o+o in DKDP crystal

®5 ,k; —narrow band pump (ns pulse) — frequency ; = const
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At pumping with second harmonic of Nd:glass laser (A; = 527 nm) in DKDP crystal
with 85% deuterization, superbroadband synchronism takes place for :
A; =910 nm, A, = 1250 nm, 0 ;=37,5%, @,3 = 0.7°

1/527=1/910+1/1250



Optical Parametric Chirped Pulse Amplification
(OPCPA)

Chirped femtosecond signal




Laser or Parametric Amplification?

Crystal Systems, USA IAP RAS
RSA Le Rubis, France Cleveland Crystals, USA

A, o ol R

Ti:Sa boule, diameter 192 mm,
height 122 mm.

Crystal KDP, 40x40 cm?



Megaproject XCELS

XCELS - world most powerful laser infrastructure that will be built at
the Institute of Applied Physics in Nizhny Novgorod
to study the properties of matter and vacuum in the presence of extreme light

XCELS+ A\
Ultra-Relativistic Optics |
XCELS
10% E=m,c 1TeV

Focused Intensity (W/cm?)
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Ascent to the highest intensity of light, ey S
"the Extreme Light"

XCELS - Exawatt Center for Extreme Light Studies



http://www.xcels.iapras.ru/�

Megaproject XCELS

Laser source for XCELS
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A specially designed focusing system provides
the ascent to the highest intensity level of 10% -
1025 W/cm? by combining 12 laser beams. The
resulting energy density in the focal area
attains 101¢ J/cm3, several orders of magnitude
higher than in the center of the Sun.

XCELS is based on the 200
Petawatt (2 x 107 Watt) laser
facility that exceeds the
current record power level by
100 times. It comprises 12
amplification channels, each
producing a laser pulse with
400 J energy and 25
femtosecond pulse duration.

XCELS - Exawatt Center for Extreme Light Studies




XCELS: OT1 1022 B1/cm? Kk 102° BT/CcM?

Today’s PW scale lasers provide maximum intensity 1022 \W/cm?
Upcoming 10 PW facilities (ELI NP, Apollon) will achieve 1022 W/cm?

Exawatt scale lasers will provide operation at 102*W/cm?2 — 102> W/cm?
where a new and very rich realm of e-e+ plasmas and gamma
ray sources exists

New realm is featured by

Ultrarelativistic, ultradense e-e+ plasma
GeV Gamma-Ray sources with extreme brilliance
Giant magnetic fields and currents

Exawatt scale lasers enable approach to even higher intensities
1026 W/cm? — 10 28W/cm? by efficient conversion
from fs to as pulses



How to maximize field intensity at given power ?

Rule of thumb for coherent combining of several beams:
To maximize the electric field at focusing point,

radiation of several combining beams should reproduce
configuration of phase conjugated dipole radiation field

|. Gonoskov, A. Aiello, S. Heugel, and G. Leuchs, Phys. Rev. A (2012)
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Minimum focusing volume: Vi = 0.032)°

Converging dipole wave as an exact solution of Maxwell equations:
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Dipole wave structure

Electric field Magnetic field
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Minimum focusing volume: Vi 0.0323%




Intensity, 1/1(f=1.2) Equivalent
x102°W/cm? power (f=1.2)
1

Single beam P,=10 PW 0.06 10 PW
(f=1.2)
Single beam P,=200 PW 1.2 1 200 PW
(f=1.2)
Dipole-Wave P,=200 PW 16.7 13.9 2800 PW
Double-Belt-12 P,/12 13.4 11.2 2200 PW
12x (f=0.96)
\
\_ :
\ GeV photon

beam S s
XCELS design: Coherent combining to mimic a converging dipole wave

A. Gonoskov, A. Bashinov, I. Gonoskov,C. Harvey, A. llderton, A. Kim, M. Marklund, G. Mourou, A. Sergeev, PRL (2014)



Amazing new physics of laser-particle-vacuum
interaction at light intensity > 1023 W/cm?

Radiation dominated regime:

Particles become efficient convertors of energy from optical to gamma range

Trajectories of particles New sources of New state of matter:

change dramatically; gamma radiation: strongly coupled

no more relativistic Newton controlled, brilliant, optical fields, ultrarelativistic
mechanics collimated electron-positron plasma and

gamma radiation

Advanced Instrument for Modeling: A.Gonoskov et al Phys. Rev. E92 (2015)



Field amplitude, a

Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Phenomenon%f radiative trapping:
Electrons condense to minima (NRT)or maxima (ART) of electric field

. i 4
cm? A } A.Bashinov et al. Quantum Electronics 43(4),291 (2013),
W 0.81pum\ 3 A.Gonoskov et al. Phys.Rev.Lett. 113 (2014)
% ;) A.Bashinov et al. Phys.Rev.E 92 (2015)
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Field amplitude, a

Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Field amplitude, a
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Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Phenomenon%f radiative trapping:
Electrons condense to minima (NRT)or maxima (ART) of electric field
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W (0.81 p:m) 3 A.Gonoskov et al. Phys.Rev.Lett. 113 (2014)
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I =8 x 10 \ A.Bashinov et al. Phys.Rev.E 92 (2015)
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Field amplitude, a

Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Phenomenon%f radiative trapping:
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A.Gonoskov et al. Phys.Rev.Lett. 113 (2014)
A.Bashinov et al. Phys.Rev.E 92 (2015)
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Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Phenomenonf)f radiative trapping:
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Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Phenomenon%f radiative trapping:
Electrons condense to minima (NRT)or maxima (ART) of electric field
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Field amplitude, a

Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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Field amplitude, a

Electron Dynamics in Radiation Dominated Regime

Radiation force, i.e. recoil at radiating hard photons at ultrarelativistic
motion with acceleration, becomes of the order of the Lorentz force by
the laser field. Particle trajectories acquire unusual properties that in turn
results in new amazing gamma ray sources.
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A.V.Bashinov et al. Quantum Electronics 43(4),291 (2013),
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Electron Trapping and Directed Gamma Rays Excitation
at Converging Dipole Wave Laser Focusing

I:!“m
Density distribution at the instance of peak field

strength; photons with energy

exceeding 3 GeV are shown‘in cyan
10

Hard photon emission distribution as a
function of angle and energy (radial
coordinate, log scale). 0.1% of laser energy
is converted to > 1 GeV photons



QED cascades

A.R. Bell and J. G. Kirk, Phys. Rev. Lett. (2008)

A.M. Fedotov, N. B. Narozhny, G. Mourou, G. Korn, Phys. Rev. Lett. (2010)

E. N. Nerush, I. Yu. Kostyukov, A. M. Fedotov, N. B. Narozhny, N. V. Elkina, and H. Ruhl,
Phys. Rev. Lett. (2011)

V.F.Bashmakov, E.N.Nerush, I.Yu.Kostyukov, A.M.Fedotov, N.B.Narozhny
Phys. Plasmas (2014)

Message: Vacuum behaves like a rather dense dielectric medium at ionization.
Cascades start at much lower fields (10%4-10%> W/cm?) as compared to
Sauter-Schwinger limit (102° W/cm?)



Anomalous radiation trapping and
gamma ray emission

Forming an e-dipole wave Field strength: Particle/photon energy:

[ " clectric . |
[ magnetic 0 4 CoV

0 4.5 x 10% V/m

S — — @ particle trajectory
beam / ~~—~@= photon path

—&< g Photon emission

~—~—~&-_pair production

A.Gonoskov, A.Bashinov, E.Efimenko et al., PRX, 2017



QED cascades in dipole wave

t=59T Electric field Electron density Positron density Photon density
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QED cascades in dipole wave

P=100 PW, t=13 T

t=13.0T Electric field Electron density Positron density Photon density
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QED cascades in dipole wave

t=186T Electric field Electron density Positron density Photon density
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QED cascades in dipole wave

t=23.7T Electric field Electron density Positron density Photon density
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* Max electronydensity >'10 26 cm3,
* Max photon density 6 10 26 cm3,
*10*3 photon/pulse (E>100 MeV), 10° photon/pulse (E>1 GeV)
* Limitation by optical pulse refraction from plasma

How nuclei behave in this environment? Can we observe y-y collision effects? ............?



Gamma ray source characteristics
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Left. Dependence of average (red line with
circles), maximal (blue line with triangles)
photon energy and energy at the level 1%
(black line with squares) on incoming power P.

Right. Normalized spectra of electron-positron
plasma radiation for 10, 30 and 100PW.
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Gamma photon yield for ideal dipole wave

ldeal dipole wave
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2 GeV photons are emitted only near the maximum of the laser pulse producing sub-

period gamma burst

*The rear part of the pulse is transformed to gamma quanta with the lower energies

almost completely, resulting in overall 34% efficiency



Optimization of GeV photon brilliance

How to make the most brilliant gamma source?
Do not allow degradation of optical wave structure (shorter pulse)

-1
6 S -1 -2 -2
Photon density - 3 6 _S mrad2?mm
i 5 F Ylﬁev/ 10 -
A m?x=r6.2?+?6 crn ‘ C 5 F
s - B,/10%
2t f 4
1} - -
N 3 3 [
] 2 ' L By /107
521 3 T3 3 = F,/10% Ok ,ff f,q“
- - / o\
= B \
0 L 0 L1 |\/|\~_J | U'T
21 22 23 24 25 21 22 24 25

In the case of particular experiments for the Gaussian pulse with the peak power P = 40PW, the
duration of T = 15 fs and the density of the target 10*cm~3. The measured flux and brilliance are
shown as a function of time. The duration of the generated gamma pulse is 4.5 fs, maximal

brilliance is 610%° s™Imrad=2mm~2 , the number of photons for energies >100MeV is 10,
The photon flux for energies greater 1 GeV is 51023s™1, number of photons is 10°.The beam width

for the gamma photons is 2 mrad.
A.Gonoskov, A.Bashinov, E.Efimenko et al., PRX, 2017
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Gamma ray source characteristics

Comparison with existing or planned sources
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e 1 stage — compression of the target
e Targetis compressed and standing wave is formed

Limitation of cascades and formation of
overdense electron-positron plasma states

CIm

My,
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E.S.Efimenko et al., Scientific Reports, 2018



e 2 stage — linear cascade
P>P, (7.2 PW ideal dipole wave)

* ART regime

(e)
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Overdense electron-positron plasma states

e 3 stage —nonlinear cascade
* Density becomes comparable to yn_
e Distribution is uniform
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Overdense electron-positron plasma states

e 4 stage — current (Weibel type) instability

e Density becomes nonuniform |
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e 4 stage — current merger

Overdense electron-positron plasma states

e Density distribution is a number of sheets

e After each merger relaxation
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Overdense electron-positron plasma states

e 5 stage — steady state (for > 50-100T)
e Density distribution is two-sheets distribution
e Always reached

(h) (@ 3. 10 6 — — : 3 % 10%
I E . ) 95
. 'H]UW“WHHU‘W“l“J.'“.‘“.‘“UI“-'-““.‘.'.1- 10
8t — ny ITHHGE_ T _ 15000n,
9e-5 n 2 AL Np " Illi 1104
E-'-:J 6l= ( : : :
2 |5 s — gy 1500m, 7
z, cm0 SN X - : .
X ~ 3 : : : 110+
= A= / E : : |~
B ol / : : : 150n.
-5e-5 ' 5 :
/
L P i 21
0 0 0 9 11 15 21.5 25.5 32 43 5010

t,T

=

n,, cm



Overdense electron-positron plasma states

(b)
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Overdense electron-positron plasma states

¥v— Absorption
&—o Conversion

N,, x 10%em 3

12 14
P, PW

o Efficiency up to 60%
e Current ~ 3-5 MA (steady state), 10-15 MA(nonlinear stage)
e Pair plasma density ~ 10%° cm3

—v Max

- o Stationary

J,, MA

E.S.Efimenko et al., Scientific Reports, 2018
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N GAMMA LIHGT HOUSE SOURCE WITH
f\\ . CIRCULARLY POLARIZED COLLIDING PULSES
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A.Bashinov, A.Kim , Phys.Plasmas 2013



N GAMMA LIHGT HOUSE SOURCE WITH
f\\ . CIRCULARLY POLARIZED COLLIDING PULSES
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QED cascades in counter-propagating
linearly polarized laser pulses and generation of giant
magnetic fields

TI '

ost | | ] A.Muraviov et al, JETP Lett 2015

|| >===i1 o o g e Plasma density time-space map

e-e+ avalanche fine structure and dynamics at a=5000
(1=7.5 10%> W/cm?)

Plasma density in current sheets exceeds 102 cm-3
Quasi-static magnetic field approaches 6 1011 G



Gamma photon birth and death time-space map

M.
all

PAH

E,, 10*2cgs

By, TeraGauss




AHanu3 ABMXXeHusa 4acTul B TOKOBbIX CJTOAX

WccnepnoBaHme ycTaHOBUMBLLErOCS Cros (E, yXe BblOaBrneHo):

[BWXeHNe YyacTul B MOCMOSIHHOU CTPYKTYPE MarHUTHOrO
nons 6e3 yyéma padualyuoHHbIX IOMepkb:

Z
/8x
| —=Vsing
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ot mey
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BOnunan ueHTpa TOKOBOro cros, rae B, moxeT ObITb
NMHeapu3oBaHO, ypaBHEHME NPUHUMAET TOYHYO hopmMmy
ypaBHEHUsA MasiTHUKA.

B (X) XoTSa ABWKEHUE B OTNINYAKOLLEMCS OT JIMHEMHOTO MarHUTHOM
y nore He CoBnagaeT TOMHO C ABMXXEHNEM MasTHUKA,
/ >X  MOHOTOHHOCTB B,(X) nossonseT yTeepxaarh, 4TO TONONOrus

¢dra3oBOro npocTpaHcTBa OCTaHeTCHA HEU3MEHHOM.



TpaeKTopuu anekTpoHa B (ha3oBOM
NPOCTPAHCTBE U Ha NJIOCKOCTU XZ
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Hes3axBayeHHble TpaekTopumn (4) nexat CHapy»Xu cenapaTpucbl 1 COOTBETCTBYHOT
napmMoponogobHOMyY ABMXKEHUIO INEKTPOHA UMW BPaLLEHNIO MAadTHMKA NO NOSTHOM OKPY>KHOCTM

3axBayeHHble TpaekTopun (1-3) nexart BHYTpM cenapaTpuchl U COOTBETCTBYIOT OCLMNNSALMSM
3MNEKTPOHA BOKPYr HYNEeBOW TOYKM MarHUTHOrO Nossi Ui o0OblYHBIM KonebaHnsam MasiTHUKa

TpaekTopum ¢ MeHbLUMM pa3bpocom yrna (1) — Hanbonee TOKOHecyLMe TpaeKkTopum,
cnegoBaTenbHO MMEHHO OHUM B HanbonbLUen CTENEHN BAUSIOT Ha CTPYKTYPY MarHUTHOMO MOns.




Mopenb paguauMoHHOro TPeHnAa B Buae
HenpepbIBHOWU CUNbI

|:rad = _2e4 2 V|:(E+%[\/H])2_Ci2(EV)2:|

3m*c®(1- C—Z)

1
d_7/ _ —7/2F2 YuutbiBas F. ~ X n coenas 3ameHy H=
dt 8 d 1
MOXXHO Mony4nTb TPETLE YPaBHEHME: s = Dx*
) AnmabaTtunyeckum
Mocne n3taBneHuns ot %0 _ X NHBapuaHT (<<1):
KOHCTaHT NyTeM 3aMeH, ot d
cucTemMa CBOAUTCS K: J OX _V ()sin — (A'@) = const
ot H @ dt
2 1
9 _ py? w ~ 15 A~t 10
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O6yxeHne TOKOBOro cJriosi Npu pagnaLnoHHOM
oxJlaXaeHuu YyacTtuu
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XCELS 10%® W/cm?-and-Beyond Program

Overcritical plasma surface

Incident pulse 1018 -1022 W/cm? ' Re-emitted pulse

Oscillating Mirror Model (OMM)
i 23 2
e« S.V. Bulanov et al., Phys. Plasmas (1994) Incident pulse >107* Wjcm
e S.R. Lichters et al., Phys. Plasmas (1996)
 S. Gordienko et al, PRL (2004)
 N. M. Naumova et al, PRL (2004)
« T. Baeva et al., PRE (2006)
e D. an der Brugge at al, Phys. Plasmas
(2010)

Relativistic Electronic Spring (RES) Model

 A.Gonoskov et al, PRE (2011)
 J.Fuchs et al, EJP (2014)



Effect of Relativistic Electronic Spring

1) pushing of electrons and the formation of a thin current layer-
nanoplasmonic structure, which results in energy transfer from the laser
field to the plasma fields and particles;

2) backward motion of the electrons towards the incident wave with

conversion of energy accumulated in the plasma and laser field energy
into the kinetic energy of an ultrarelativistic electron bunch;

3) radiation of the attosecond pulse by an electron bunch due to
conversion of the kinetic energy and laser field energy to the XUV and X-
ray range. fy ’

electron




Optimal Conditions and Efficiency of
Giant Attosecond Pulse Generation

§ A.Gonoskov et al, Phys. Rev. E (2011)
J. Fuchs et al, EJP (2014)

30° n Classifcation of Interaction Type:

a OMM- oscillating mirror

RES - relativistic electronic spring

RIST - relativistically induced
solid target transparency
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0 = Wy / Wy — cOefficient of energy transformation M. Behmke et al, PRL (2011)
a4/a;, — amplitude enhancement experiment



Groove Shape Target and Superluminal Focal Spot

Laser pulse




Pair Production from Vacuum with
Attosecond Superluminal Probe

For 200 PW and 1023W/cm? at the groove target 0.5 mm wide
we have 1028 W/cm?in the volume V~10nm?3

ctV Eg
Number of pairs &V ~ EGXP (—Wf) » N~10°

Cascades are strongly suppressed due superluminal motion of the focal area

Laser pulse

1028 W/cm?

10——

.

V= c/sing




A |
@& In Conclusion
PAH

We are at the entrance to a new realm of physical phenomena

Exawatt-scale lasers will bring particle dynamics in the radiation
dominated regime

QED cascades and radiation trapping of particles produce
ultrarelativistic, ultradense e-e+ plasma that efficiently convert
optical energy to gamma rays

Controllable directed gamma ray sources of GeV photons with extreme
brilliance will be soon available as a new instrument to study
nuclear matter and vacuum physics

Laboratory astrophysics will be provided with Gigagauss and
Teragauss magnetc fields on the Earth

By energy conversion from femtosecond to attosecond pulses, the
Schwinger field can be approached and time-space structure of
vacuum can be studied
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