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Pairs creation e*e- and the
Schwinger Limit
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It would occur In a strong electric field in vacuum :
QED theory

The electric field separates virtual (e*, e) by a distance of compton
length and provided 2 m_c? of energy

Virtual Real
e+ e- er e

= |8 = o) -

MeC

Energy = 2eE\, = 2m.c? B =m2c’/eh

m?c

E~E,.= eh Schwinger limitt I, ~ 2.3 x 10°°W /cm?
e

1Schwinger J., Phys. Rev, 82, 664 (1951)
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Theory

Pairs creation e*e- and
Quantum ElectroDynamics (QED)

LAPHIA
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sy Photon-Photon collision and
pair production in astrophysics =

Breit-Wheeler process
Collision of two light quanta
Y+Yy —e'+e

» Electron pair production in AGN (Active Galaxy nuclei), Blazar, Quasar*

« Absorption of high-energy photon in the Universe?,
cut-off in high energy gamma rays

» Electron pair production in
« GRB? (Gamma ray burst), Supernovae, Hypernovae...
* In pulsar — electron-positron pair plasma
* Merging neutron start, black hole
» Accretion disk

Artiste composition

'Bonometto, S. and Ress, M. J. MNRAS, 152 21-25 (1971)

Piran, S. Rev. Mod. Phys. 76 (2004)
3Nikishov A. ., JETP 14 (1962), Gould, R. J. PRL 155, 5 part 1, part2 (1967), Kneitske, T.M. et al. A&A 413, 807 (2004)
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Pair creation with two real photons has
not been observed in laboratory

NUMBER. 9 PHYSICAL REVIEW LETTEERES 1 SEPTEMBER 1997

C. Bamber.

Positron Production in Multiphoton Light-by-Light Scattering

D L. Burke, E. C. Field, G. Horton-Smith, I E. Spencer. and D). Walz
Stamford Linear Accelerator Center, Stanford University, Stanford, California 94309

5.C. Berridge, W. M. Buge, K. Shmakov, and A W. Weidemann

Dgpartment af Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

C. Bula. K. T. McDonald, and E. I. Prebys
Joseph Henry Laborarories, Princeton University, Princeton, New Jersay 08544

* S J. Boege.” T. Koffas. T. Kotseroglou.® A. C. Melissinos, D. D. Meyerhofer.’ D. A. Reis. and W. Ragg

Department aof Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 2 June 1997

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. [S0031-2007(97)04008-8]

PACS numbers: 13.40.—£ 12.20.Fv, 14.70.Bh

The production of an electron-positron pair in the
collision of two real photons was first considered by Breit
and Wheeler [1] who calculated the cross section for the
reaction

wy t owy — e e (1)

to be of order r2. where r, is the classical electron radius.

While pair creation by real photons i1s believed to occur
in astrophysical processes [2]. it has not been observed in
the laboratory up to the present.

approaches or exceeds umty. Here the laser beam has
laboratory frequency wg. reduced wavelength Ap. root-
mean-square electric field F,,,.. and four-vector potential
A,: e and m are the charge and mass of the electron.
respectively, and ¢ 1s the speed of light

For photons of wavelength 527 nm a wvalue of n =
1 corresponds to laboratory field strength of F,, =
6 % 10" V/ecm and intensity J = 10" W /cm?. Such
intensities are now practical in tabletop laser systems
based on chirped-pulse amplification [6].

See also Pike et al. Nature Photonics 2014



@ " Minimum energy for the photons for J

g - .
pair creation =

Y+yY —>e'+e

e+
Energy conservation in the center of mass frame : v Ray /

E-(pcy’=m,’c’ f\fqif\r
AV _
o (2m€c2) P{g’{s\{ \
8l 2Ep(1 B COS(¢)) "~ Photon

Minimum for the gamma ray energy corresponds to the head-on collision

e+
(m C2)2 Y Ray [_ Photon
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Photon-Photon collision and
pair production cross section

Y, tY,— e +e

Breit-Wheeler cross sectiontin CM
7T’I"2
2

7o (5) = (1= 87) [28 (5~ 2) + (3 - 94 o (425
B=4/1-1 SZM(l—cosqb)

2m?2ct

2
O',YYOC’I“G

Threshold pair
Production : s=1

_ 204
k., E,, =mZc

Maximum production
for s=2

1Breit, G. and Wheeler J. A. PRL 15 (1934)
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Search for other experimental

CELIA
—  configurations =
+
Y Ray / 2
ALAA B (2mec”)
N =
\ 2F,(1 — cos(¢))
Photon
107 ' ' ' ' ' ' ' Perturbative regime, i.e.
1081 Non-linear Breit-Wheeler
1074 E =1 eV (~SLAC type) E =260 Gev /4 SLAC E-144 exp
105 [y .
| [ ——— Iy ’
o 10} . ] Non-perturbative regime, i.e.
3 . . linear Breit-Wheeler
r 1_ ~ - ] o
5 0 el LS _199 ?\_/_E_ % ? 9_(3_e_\/_ \ Real photon-photon collision
M 103] T~
102 Emin<E <2 E min . (1) Y |c_>hoton- photon bath
3 Y Y Y collision
0t ,
T SR | ET1MeVE=0.26 MeY. > (2) MeV-MeV photon
L0-1 I e EEEEE R | | collision
0 50 100 150 200 250 300 350
© (deg)
- >
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ﬁ® (1) New experimental concept for e (G

gt . .
pair creation =

Number of photons above 100 MeV

photons

20 1 Same: Pike O. J. et al.

Scheme!

Blackbody
radiation field

Electron beam

Phaton yield
o
1
/
/
/
7

/ ‘m,_%
05 .-'::.-'"- - ---_---""---.________--_-
5 I/ — ?EE;{ Electron—_| < Eild
I — oomev | €NErgY old target _
0.0 ”/ — @ Hohlraum
0 2 2 6 ; 10 100 eV .E+
Target width (mm)
HOhlraum Nb Of Number of positrons formed in hohlraum (length | cm)
Temperature positrons 10° ——
100 eV 10 ol - @®
250 eV 10 - ”/ :
400 eV 10° 3
Possible experimentation on g Electron ]
LMJ-PETAL facility -/ energy -
10° _/ — 2GeV ]
Caveat : Noise due to the positrons created i ey
with the Bethe-Heitler and Trident processes 00 150 200 2% 300 350 400

Hohlraum temperature (eV)
Pike, O. J. et al. Nature Photonics, 8, 434, (2014)
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(2) Collision of MeV-MeV photons @
\geefecror
\

B |
®

0 % 0 : y-beam divergence

............................. S e
| R : distance between

o R y source and
Shield photons collision zone

N, = 108E§/Rim(1 — cos(f))

MeV-MeV photons collision

E;y=1—-10J and R =500 um 6 = 30°

Pair production: N, = 3 X 10° — 3 x 10°
per Shot

Need for high-intensity collimated MeV photon beams
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Bremsstralhung source *

v beam

Laser
102t W/cm?

Gold
folil
Gamma beam characteristics
Beam Energy : 1-2 J vy Energy : 3-50 MeV Divergence : 6=15°

The beam characteristic are interesting
But because of high-Z target there is lot of pair creation due to BH and
Trident process inside the target

‘Henderson A. et al. High Energy Density Physics 12, 46 (2014)
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y—ray sources in MeV range (2)
Betatron source * @

Y
e NINNT Wave guide ¥ beam
Laser Laser 1
field 108 W/cm?
’\/\/\J_ AVAVAV..

Y
Y

Incoherent photon source

Gamma beam characteristics

@ EnergyD Y Energy : 1-7 MeV Divergence : 6 =1°

Too low energy beam for efficient pairs production

“Cipiccia S. et al. Nature Physics 7, 867 (2011)

O
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y—ray sources in MeV range (3) |
Compton source * @
IR Laser
IR photon 10" Wicm®

1 Laser e Beam>‘/—
/v\f\_/* be am
e Gas Y beam
cell

Gamma beam characteristics

@Energy :10 uJ) v Energy:1-10 MeV Divergence : 6=1°

The beam characteristics are interesting
Too low energy for efficient pair production

"Sarri G. et al. PRL 113, 224801 (2014)
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y—ray sources in MeV range (4)
Synchrotron emission’?

Reaction force!

> — Radiation
dP L ¥ L o Rade
. 7 o reaction force
dt o e(E c x b ) R (self force)

Lorentz force

I > 10%W/cm?

Radiated energy during acceleration is close to its kinetic energy, it yields,
radiation reaction is important

100 T T I T TTTT T I T TTTT - ]

F | 10" E

80 o - = .

- Efficiency? .- o .

§ 60 j.’ 107 E E

1023W/Cm2 'Y ‘-';‘_ 4“:_ — ,/‘ Pl - ]

= 9rn=10n, e ' Photon N

: - - -

_ 20E 7 - Spectrum Vo
- -t o2l 11 1
O_u—'?'F::FT"|F| i -3 -2 -1 0 1 2 3

L A
10 U?&L 100 log[h(:)y.fmecz]
Gamma beam characteristics

Beam Energy : 1-10J  yEnergy : 1-10 MeV Divergence : 6=30°

! Landau and E. Lifschitz, The Classical Theory of Fields (1994); Sokolov I. V., J. Exp. Theor. Phys. 109 207 (2009)
2Capdessus, R. et al. PRL 110 (2013), Capdessus, R. PoP 21 (2014)
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Performances comparison between different y-ray sources

Sources Bremss. Betatron Compton Synch?

~ energy 3-50 MeV 1-7 MeV 618 MeV 1-10 Me
Beam energy 1-21J 1 gl IyTA| 1-10 J
Efficiency 1-2x10~2 109 107 10-1
Divergence (f) ~15° ~ 1° ~1° ~ 30°
Reference [23] [29] [32]

N, from Eq.(3) ~ 104 ~ 1077 ~ 1073

at & = 500 pum

Synchrotron radiation sources seems a good choice for pair production
Possibility to use gas target (low noise source)

ZHenderson A. et al. High Energy Density Physics 12, 46 (2014)
29Cipiccia S. et al. Nature Physics 7, 867 (2011)

%2Sarri G. et al. PRL 113, 224801 (2014)

%0Capdessus, R. et al. PRL 110 (2013), Capdessus, R. PoP 21 (2014)
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Collision of MeV-MeV photons

=~ from PIC simulations

-Laser parameters (ELI Facility)
B A=0.8 pm, T =15 fs,
Ny, 150 J, 10 PW | =102 W/cm?

'\ ® =3 um, 0.05 Hz
| g | -Target properties Aluminium
.................... I — @j“e- (1.7 g/cc, n, =60 n)
[P /’% Normalized spectrum of
o | "-'4%;) photon source from PIC
Shield P simulations | de
5%, 0.012
Source i I
- Conversion 10-20 % of laser energy = 10-009
- 10" photons up to 1 MeV g
- 10*2 photons in 1-3 Mev range = E . 200 keV 10.006
Forward emitted [0, 7] W 107 —34° 0003
Pair production with pure BW process ; | o B
- Head on collision : 108 pairs 3l [ E—— 0
- At R=500 pm distance : 10* pairs > S 9 ST L —L_ T 8-2
- the pair production decrease with photon density /\0.2
0.0

'Lobet, M. et al. ArXiV:1311.1107 (2013)

0 (rad)
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ey Other e*e pair production can
perturb the detection of BW pairs S

Dey
S es'bf\ Background pairs production during laser
target interaction from PIC simulations
- Non-linear BW pairs : 10°

"""" VAN o - Trident pairs : 107

- Bethe-Heitler pairs : 10°

Shield

The Bethe-Heitler ten time than
Breit-Wheeler pairs
if we collide photon right near the target foil

For the pure BW pair production in vacuum we need to
separate the source from the collision zone

1Capdessus, R. et al. PRL 110 (2013), Capdessus, R. PoP 21 (2014)
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simulations (1)

Physical situation

Ac Large number of photons col-
- - lide. Regular PIC approaches
Lase, pasel

would lead to massive particles.
~10t3 20T tons . . 5 o
Simply  computing collision

rates of photons of two macro-
f:"+

particles leads to problems:
Three non-physical artefacts of a statistical approach. that change
collision rates.

Shadowing Annihilation Interaction Volume

N

Also, any probabilistic aspect of the phenomenon is gone.
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e Photon-Photon beam collision
simulations (2)

Results from three different methods :
All simulations were done on a modern desktop PC

Bounding Statistical

(Classical PIC

volume hierarchies collision rates
Using 100.000 macro ~ Using 1 macro parti- Using 100.000 macro

pe'll‘ticle&;. i?\'rf,f_-,.f_m'. — Clev *"T\rtota.ﬁ = 1Mo.. pe'tl“[.icle:':i. j\riot{lf
1Mio.. Runtime less than 1 1Mo..
Runtime about lhrs. min. Runtime >> 1 hrs.

A single macroe
photon was create

2639 BW-Pairs 3096 BW-Pairs
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Pure Breit-Wheeler pairs creation :
- Never been observed experimentally

- Great interest for fundamental physics and astrophysics

Three experimental schemes
- 250 GeV - eV Photons collider : SLAC experiment:

0.01-0.2 pair per shot : Non-linear BW process

- GeV - 100 eV Photons collider
until 10* pair per shot (1 shot per day)
Possible experiment on LMJ-PETAL facility
Need high brilliance GeV electron and photon beam
Pairs created inside Hohlraum

- MeV - MeV Photons collider 104 pair per shot!
(laser repetition rate > 1 shot per min)
Possible experiment on ELI or APOLLON facilties
Need a separation between photons source and photons collision zone

Further Studies : - Source optimisation : PIC simulations of MeV synchrotron photon source

- Monte Carlo simulations of pairs production during Photon-Photon collision?
- Toward experimental proposal

! Ribeyre X. et al. arXiv:1504.07868v1, 29 Apr 2015 2 Oliver Jansen et al. Paper In preparation
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Photon-Photon beam collision $

simulations

Bounding volume hierarchies

Creating more particles in order to have a better statistic leads to
numerical challenges. Collision detections between all N particles
involved lead to N? queries.

Bounding volumes (BVs) can reduce N by orders of magnitude. A bit
like particles-in-particles-in-particles-in. ..

All particles ‘

AXL 1 AXLZ

. ~—

AX; 11! A% 9

Phase space 1s divided into co-moving particles and then spatially.
On high levels only a small number of BVs exist. Descent deeper into
the tree only occurs, if higher level BVs collide.

Thus, each particle is only checked against a small number of possible
collision partners.
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e, Photon-Photon beam collision
simulations

Direct comparison

Three simulations with different angle, but otherwise the same

pa.ra.meter:
2639 BW-Pairs 541 BW-Pairs 1589 BW-Pairs
180° 90° 45°

(co-propagating)

IIIIIIIIIIIIIIIIIIIIIIIIII

2638 positrons

Significantly  less Somewhat — fewer
particles, slightly particles, but well
more focussed. collimated.

Uniform distribu-
tion of pairs.



ﬁ@ " Beam geometry on ELI -NP

= laser facility

Laser-based Nuclear Physics pillar of ELI
that will focus on high-intensity laser-based nuclear physics (Bucharest-Magulrel Romania).

10PW1

10PW2
N I I or1Pw

G§mma
sHectrometer

Electron -

spectrometef |on

Two 10 PW beams
s e | (100 J, 15 fs)
Intensity on target
10%2-102* W/cm?
0.1 Hz

y-ray spatial

SDECtl‘OmETl’S diagnostic

10PW2
or1PW

With different beams
Interaction angles
— (operational 2017)

y-ray spatial
diagnostic

Electron
spectrometel |on

1.ac.uF

paul. mckenna@dils
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st pair production in astrophysics' &

Breit-Wheeler process?
Collision of two light quanta
Y+Yy —e'+e
» Absorption of hight energy photon in the universe?, cut-off in high energy gamma rays
Nikishov® (1962) first showed that the maximum of absorption in universe is around 1 TeV

Absorption (opacity)
by pair creation

10_1 ' \j'\\;if«j;} ‘ Z ]_UJ'
Universe ww——  ——m=
Source Y 102 P a Maximum
> B ? 5 [/ for1TeV
S Black Body S (1] E Y N S
R = distance E 10-3 R 05 eV o\ 2 T :7 10 le
Source-observateur ~6000 K " max
(Cygnus A) | |
_ : : 1 . . ,
1075 101 107 W= 10T 107 10!
e (eV) E, (TeV)

Attenuation : m=exp(tR)

R =6.6 10°° cm = 213 Mpc n=exp(4.6)
'Ruffini, R. et al. Physics Reports, 487, 1-140 (2010)
2Breit, G. and Wheeler J. A. PRL 15 (1934)

3Nikishov A. I., JETP 14 (1962), Gould, R. J. PRL 155, 5 part 1, part2 (1967), Kneitske, T.M. et al. A&A 413, 807 (2004)
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Signal : Pure BW
-Linear BW pairs: Y+Y ——e'+e g X Tg

Noise : Main pairs production process during laser target interaction?

- Non-linear BW pairs: Y+ N > % + @
less probable than pure BW

2 2 2

- Trident pairs : e+l —— Z+e+e'+e 0 X 4 Te
i i ] 2 2

- Bethe-Heitler pairs: Y+Z ——Z+e*+ e oxX Liar,

r, = 2.8 x 10~ ¥cm
a=1/137

!Landau and Lifshitz, Quantum electrodynamics
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R Pure photon-photon collision @

$

Light-light scattering does not occurs in classical
electrodynamic (Maxwell equ. are linear)

In QED theory
iw < mec? fiw > mec® = 511keV

Light diffusion Breit-Wheeler process
%31
v
o
yll
Y &

Boo 6
0y 3 x 1020?72 ( )

M C2
hw = 400 keV 5
Oy = 3.7 X 107777 Oyy = Te

0y =3 X 107 %cm? < oy =28 x107*%cm?
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Photon-Photon collision and
pair production in laboratory (SLAC) @

LAPHIA

Non-linear Breit-Wheeler process!
Y+NO —— e"+ e

Two steps process

1- Non-linear Compton scatterinﬂ

e (46 GeV)+ nm — e+ vy (29 GeV)

(a)

Electron
beam

SLAC electrons e
v46.6 GeV

First observation of non-linear Breit-Wheeler
pair production with real photons? (with n>4)

Bamber, C. et al. PRD, 60 092004 (1999)
?Burke, D. L. et al. PRL 79, 9 (1997)

Laser
beam

2- Non-linear Breit-Wheeler pair

no. of positrons / laser shot

Nb of interacting photon
becomes large if a,>1

a=e E/mw0

Y+ nw—— e*+e

0.01 - 0.2 pair per laser shot

0.4
aO at laser focus
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