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Nonlinear vacuum effects are determined by
Heisenberg-Euler Lagrangian

ﬁeff = [:O—I—Aﬁv\ O

2 172
'C’O — Ec—H . linear Maxwell
2 equations
em fields (photons) do not

Interact , , :
A E » nonlinear correction to Maxwell equations

photons do
Interact!
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It is believed that nonlinear vacuum effects

+ Pair creation by laser pulse in vacuum
»* Harmonic generation

+ Vacuum birefringence

+ Photon spliting

could be observed if

2.3
Eg ~ BEg = ™% = 1.32- 10V /cm

or

[~Is=£FE2~05-10°W/cm’
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17 ® Segueing from Relativistic to Ultra-relativistic
"“‘ 'I Laser-matter Interaction!

extreme light infrastructure T > T 23W 2
= 10 cm
PLANNED: ~ L /

1. A single beam Ti:Sa laser chain (7729 = <= > 1)
delivering 10 - 15-fs pulses with
an energy in the range of 700 |
(50to 70 PW)

2. Active phase control for the amplified
beams in conjunction with large-aperture
optics, will yield intensities as high as
10%°W /cm?.

3. A combination of 10 single 50 - 70-PW
beamlines could lead to peak power of 500
- 700 PW and corresponding intensities on

target in the range of 10?°W /cm?!

(Proposal for an European Extreme Light Infrastructure, www.extreme-light-infrastructure.eu)
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Iprr < Ig!

Is it possible to observe nonlinear
vacuum QED effects
in such fields?

The answer is YES !
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The probability for vacuum to remain vacuum is

Cy =] < 05(400)[0 > |2 = [V

J.Schwinger (1951)
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For laser pulse:

VT ~7R? - cr -7 = nR?cr?

R - radius of the focus spot

| - duration of the laser pulse

atR~A~1uym, 7~ 10fms,E ~ Egqg

VT ImL ~ ST~ 102511

a
47T2lc

Cy = c—2VTImL 6_1025 — oI
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Average number of created pairs

dN e2 B2
S_encoth L exp

dtdV — 4n2h2¢ €

625/E5777=H/ES

8=\/(]-"2+Q2)1/2-|—}", Hz\/(]-"Q—I—QQ)l/Q—]-“

F=(E*-H?)/2, G=(EH)

£ = |E|,H =|H| inthereference frame where E || H
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The formation length (coherence length) for pair production in a constant field

3/2 A.L.Nikishov, 1969
Es
lf=lc| - T—
Vi) formation length

and time

tf — lf/c /
If the field is not static and uniform but

Al > 1y, At >ty

Al and /\t are space and time scale of variation of the field

21,72 —
e F (7, 1) r
N = S /dV/dt ~, t)n(r,t) coth ~ Zexp | —
4m2h2c (7, (7 £) e(7, 1) P ( e(7, t))

6(77, t), 77(77, t) - local values of field invariants for the laser pulse
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A plane monochromatic wave does not create
pairs!

F=(E?-H?%/2=0, G=(E-H)=0

A focused laser pulse creates pairs! [ F,G#0

It 1s not a static and uniform field.

Space scale of variation of the laser pulse is wavelength )\

We can use the static field formula locally 1f

lf = Eo > Es(lTC

A=1um Eg>53-10"°Eg, or [ > 1.3-10%' W/cm?
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A single focused laser pulse (e ~ AEO)

An analytical model for a focused laser pulse was used

(focal plane, t=0)

e- pulse

h-pulse

N.B.Narozhny, M.S.Fofanov, JETP, 90, 753 (2000)
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Pair production by a single focused pulse

N.B. Narozhny, S.S. Bulanov, V.S. Popov, V.D. Mur, PLA 330, 1 (2004)
AM. Fedotov,Las. Phys., 19,214 (2009)

Ne Ne Nh
2
I, W/cm Eg/Eg A=0.1 A=0.05
A=0.1
4-1027 0.16 -10- 4.6°10- 9.6:10-
42 23
1
1-1028 0.25 24 3.1-10- 2.0:10-7
19
10- 16
21028 0.35 3.0-107 1.4-10-7
61028 0.62 841013 1.9-105 3.4'109
A~ 1pum, 7~ 10fms A = )\/27R
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Two head-on colliding laser pulses

0.15

0.05
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Pair production by two colliding pulses

S.S. Bulanov, N.B. Narozhny, V.S. Popov, V.D. Mur, ZhETF 129, 14 (2006)

Lw/jem?  Bo/ps  Ne o Nel o N,
101026 5 5.90-2 4.5°10-12 6.0°10-9 7.1710-13
201026 3 610 5.110-2 7.2 1.810-2
251026 ~ +0710-2 a | i "
5.01026 5.7-10-2 2 6107 5.5108 1.8107

~ 2 2
. The effect becomes observable at [ ~ o 10 6W/Cm
.. Small difference between e- and h-pulses
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Multiple colliding laser pulses
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The number of pairs Ne+e- and
threshold energy Wth
for different number n of colliding pulses.

n | Notoo at W = 10 kJ || Win, kJ (Not oo ~ 1)
2 9x 10~ 17 40
4 3 x 109 20
8 4 10
24 1.6 x 106 5

A=1um, 7=10fs, R =0.5\

S.S.Bulanov,V.D. Mur, N.B. Narozhny, et al., submitted to

PRL
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Electromagnetic cascades induced by a created pair

Pair creation can give start to an electromagnetic
cascade

v
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The effect was observed at SLAC experiment
D.L.Burke, et al., PRL, 79, 1626 (1997)

Laser

Laser:

A= 0.527um (green), 77, = 1.6ps, I ~ 1.3 1018W/cm2,

el

mwec

~ 0.3

apg —

Energies of particles: ge = 47GeV, ey = 29.2GeV
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W, ~-2a5, |7e~1/W, ~ 10715

Wt ~ —a(l)o, Ty~ 1/ Weeet ~6- 1071

No of steps of the cascade / laser shot ~ L ~2.1072

Try

Excellent agreement with experiment!
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Pair production by two colliding pulses

For a laser:

A= 1pm, 71, = 10 !%s

Lip, = 2.5-10°°W /cm?®  ( a¢ 1 pair/shot)

Dynamics is determined by X =

\/_62 (P Fpv)?
— mS c

apg ~ 104 > 1

X > Eg/Eg ~ 102

locally constant crossed field
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NS +
*
€
arnm arn
W, ~ — at (xe~1) Weer ~ — at (xy ~1)
Ee E~
e first pair is created at rest wi ~ o
The first pair i ted at rest with 102
mEs 1
after Tacc ~ TC — = 07 . 10 687 Xe ~/ 1
W EO
e e‘l' emit photons, X of secondary particles | ~v ]_

Te ™ Ty ™ W{l ~ 107175
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Tace  Te Te Te at t=71., N. =10

—>
_l>-|—>—f§ Te = Tace + 37e = 10'°

>3 The charged particles are pushed out
.'>_[>_r> of the pulse due to ponderomotive

_>—L>—|>—"> effect

>3 Tout ~ AJe~ 31071 < 7y

The total number of created particles

Tout

NN w10% | BANG )
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Wi ~ 400kJ ~ 2.5 - 10'°MeV

W.—.+ >mc?’N =5-10*"MeV

The electromagnetic explosion
destructs the laser pulse !
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SUMMARY

The effect of pair creation by electromagnetic field
In vacuum can be observed at ELI facility with field
strength 2-3 orders of magnitude lower |f. .

Creation of a single pair leads to development of
an electromagnetic cascade (a shower of electrons,
positrons and photons) which destructs the laser field.
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THANK YOU FOR ATTENTION
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