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Introduction part I:

From quantum mechanics to QED



The double-slit experiment with electrons

NN

Double slit Observing screen over time

(1) Individual (1) Accumulated (W) Emerging
electron individual interference
alectrons pattern

Double-slit apparatus showing the pattern of electron hits on the observing screen building up over time.

—_— *°>

Electron Gun Electron

© Perimeter Institute

2 Wave-particle duality
W = |A1 + A2|

2-pathway interference

Davisson & Germer (1927)



“God runs electromagnetics on Monday, Wednesday, and Friday by the wave theory,
and the devil runs it by quantum theory on Tuesday, Thursday, and Saturday.”

(Sir Lawrence Bragg)
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“God runs electromagnetics on Monday, Wednesday, and Friday by the wave theory,
and the devil runs it by quantum theory on Tuesday, Thursday, and Saturday.”

(Sir Lawrence Bragg)

“Der Gedanke, daR8 ein Elektron aus freiem Entschlu8 den Augenblick und die Richtung
wahlt, in der es fortspringen will, ist mir unertrdaglich. Wenn schon, dann mochte ich lieber
Schuster oder gar Angestellter in einer Spielbank sein als Physiker.”

(Albert Einstein)

“God does not play dice with the universe.” (Albert Einstein)

“Einstein, stop telling God what to do with his dice!” (Niels Bohr)

We used to think that if we knew one, we knew two, because one and one are two.
We are finding that we must learn a great deal more about 'and'.

(Sir Arthur Eddington)



Development of quantum theory in the 1920s

Schrodinger equation (1926) aqj 1 ( - Y
= — (p- —A) U
— Hydrogen atom ({% 2m C
positive
Quantized radiation field (1927): E continuum
— absorption & emission of photons '
P iy A
27‘[6‘ .
r,t) = cf e —kn L
V( )= Z vV CUA K, p ) N
Relativistic generalization: B
Dirac equation (1928) — antimatter AN,
(icf}f“ Oy —eyHA, —m (:2) U = () negative
continuum




Development of QED in the 1940s

Tomonaga, Schwinger, Feynman, Dyson (1948/49):
e Second-quantize fermion field to describe creation/annihilation of e” and e

* Introduce propagators (2-point correlation functions of field operators):

[71-:: (ih@L - Z AM(:E’)) - mc] g(x’; :Uz =hdé*(z' -z)-1

4x4—-Matrix

Evolution of fermion state:

(1) = dy(2") + % / Bz Go(a' - ) (vA(z)) T ()

Photon-electron scattering:



Example: e’e pair creation from photons
| Breit & Wheeler (1934)]

(k +k)* = (2mc)’

Transition amplitude in momentum space

s = -i(s

fi

2mhc?

V1 /W9

he

o

A

1

u™ (B, s-) {(ve2) Go(p- — hk2) (ver)

.
k :
2 NOTE that single
photon cannot
K create pairs
1
e+

+(ve1) Go(p- — hky) (ve2) }U(_)(—ﬁﬂ =

x(27h)*0™M (p_ + p. — hky — hks)



Introduction part II:
From QED to strong-field QED



Development of strong-field QED in the 1960s

Maiman (1960): “Stimulated optical radiation in ruby”

Franken et al. (1961): First observation of 2nd harmonic
“...exploiting extraordinary ruby laser intensities of 10° W/cm”

Intriguing question for theory:

How to generalize newly established QED to electron-laser interactions?



Development of strong-field QED in the 1960s

Maiman (1960): “Stimulated optical radiation in ruby”

Franken et al. (1961): First observation of 2nd harmonic
“...exploiting extraordinary ruby laser intensities of 10° W/cm”

Intriguing question for theory:

How to generalize newly established QED to electron-laser interactions?

In principle, one can calculate in ordinary QED processes with N>1 photons,

but becomes tedious very quickly... %1

|
|
Besides, perturbative expansion not always applicable! ;,(




Furry picture (1951)
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Ordinary QED: Let free states interact with A M A y



Furry picture (1951)
[ic’y“@u — eyt (Au + A;SeXt)) — mcz} U =0

Ordinary QED: Let free states interact with A I — ALeXt)

Alternatively, IF you can solve
(1(”}[18 7 - N A:Z(t — cC ) \Ij — O

you may use these solutions as basis states which interact with Au only!

— Strong-field QED

(also applied in “bound-state QED” to calculate, e.g., Lamb shift in high-Z ions)



Strong-field QED in laser physics

(ext)

Dirac equation: (ic"‘/‘u Oy — eyl Ay, — ch) U =0

N

classical plane wave
relative coupling strength & = eA“Y/mc?



Strong-field QED in laser physics

(ext)

Dirac equation: (ic"/‘u O — eyM A, — ch) W =0

X

classical plane wave
relative coupling strength & = eA“*Y/mc?

Volkov solutions (1935):

tyste) = (1= 55 ) )

——

free solution

f@) = / o D Am) + =A%) | dn



How to formulate your transition amplitude

Example: Strong-field Breit-Wheeler process
(pair production by y-photon + laser wave)

—<

1€

4
Sf@': d.flf\I) _.9_( p+9+
" f N
Volkov electron Quantized Volkov positron

Y-photon

Produce pair in photon-multiphoton collision: (k + nk, )* = (2m c)’

Reiss (1962); Nikishov & Ritus (1964)



Why laser field not quantized?

Volkov states can also be formulated for a quantized laser field.
However, one can show that in the limit of
* large initial laser photon numbers

and
* small depletion of the laser wave

quantum and classical descriptions coincide (— external-field approx.)

Note that 800 nm laser pulse of 1 J energy contains ~ 10* photons

Bergou & Varro, JPA (1980) + (1981)



e’e pair creation

in strong laser fields



Typical energy scales in laser physics

Photon energy Electric work Ponderomotive energy

10 eEAr U = e’E¥/4m*

p

Efficient coupling of a laser field with a quantized system is possible
when its level spacing Ae compares with one of these scales:

A€ ~ h® Resonant (multiphoton) transition
Age ~ eEAr  Quasistatic tunneling process
Ag ~ Up Fast electron-induced reaction



Typical energy scales in laser physics

Photon energy Electric work Ponderomotive energy

10 eEAr U = e’E¥/4m*

p

Efficient coupling of a laser field with a quantized system is possible
when its level spacing Ae compares with one of these scales:

A€ ~ h® Resonant (multiphoton) transition
Age ~ eEAr  Quasistatic tunneling process
Ag ~ Up Fast electron-induced reaction

Gold nucleus.. _-------¢ -
;"SAG '\'\ N
@ \@ _, Laser-

' > £ 1 accelerated
0 0 . . e Y electron
Pair creation experiments by powerful laser-solid el
interaction (Gahn/Chen/Sarri) where Age ~ 1 MeV A /M{f'__:
et e =100 ] focuse
have relied on Up of secondary electrons O/‘/ -
Rear

Gold disk
spectrometer 01-3mm




Direct laser-induced ee” pair creation from vacuum?

positive Pair creation requires
E) continuum how ~ mc? ~ 1 MeV
! or
A
gleuls E~E_=mc%eA.~ 10 V/cm
0OF---d-----
A single (plane) laser wave
, does not polarize the vacuum
AT P
since E>-B°=EB =0
negative (J. Schwinger, 1951)
continuum



Direct laser-induced ee” pair creation from vacuum?

positive Pair creation requires
E ) continuum ho ~ mc? ~1 MeV
! or
A
L E~E_=mc%eA.~ 10 V/cm
0OF---d-----
A single (plane) laser wave
, does not polarize the vacuum
VL P
since E>-B°=EB =0
negative (J. Schwinger, 1951)
continuum




Early theoretical investigations:
The three “standard” mechanisms

Pair creation by high-energy photon + laser field:

Reiss, J. Math. Phys. 3, 59 (1962) w<
Nikishov & Ritus, Zh. Eksp. Teor. Fiz. 46, 776 (1964)

Pair creation in combined laser and nuclear Coulomb field:
Yakovlev, Zh. Eksp. Teor. Fiz. 49, 318 (1965)

Mittleman, Phys. Rev. A 35, 4624 (1987)

Pair creation in a standing laser wave:
Brezin & Itzykson, Phys. Rev. D 2, 1191 (1970) x
Popov, Pis’ma Zh. Eksp. Teor. Fiz. 13, 261 (1971)



Tunneling and multiphoton pair creation

inverse Keldysh parameter for pair creation:

Tunneling rate: R ~exp(-E_/FE)

e/ E>1
(x<1) -

001 o0l 1
E/E

cr

Nonperturbative tunneling regime

RI[s"]

10

10

10"~
10°-
10" -
10° -
10° -

107

10

n-photon rate: R ~&*" ~ I"

Perturbative multiphoton regime



Example of pair creation amplitude

Spi=—— | d*zTp_ (Y*A)Y,, s,

Furry-Feynman
diagram:

In the weak-field limit, equivalent to perturbative expansion in &=eA/mc? < 1



Example of pair creation amplitude

e — ’
Sfi = 3 d'x Up_s_ (VAP

~_

Furry-Feynman |
diagram:

P+ .5+

! Plug in Volkov states and
X Fourier-expand oscillating terms:

S ~ Z M (P4, P-) /d4x ol(q++q——ky—nk)-x

summation index counts L v [ 1
number of laser photons! 0 (Q_|_ Tq- — k,}, — nk )



J1o ™)

Fourier coefficients = Bessel functions

0,08

0,06 —
0,04 —
0,02 —
0,00 -
-0,02 —
-0.04 —

-0,06

elf(I) _ Z Jn(@)em(km)
n

|
exponential |
|

|
A

|

: T : T : T : T : T T
200 400 600 800 1000

X

tunneling process

rate ~ exp(- E /E )

N

number of photons!

0.6

0.4+

0.2+

J,(x)

0,04

024

0.4

' | ' | ' | T | '
0 2 1 6 8 10

multiphoton process

rate ~ ["



Can it be measured?

HERCULES Petawatt laser: Free Electron Laser FLASH:
10* W/cm? at 800 nm 100 eV at 10" W/cm?
E~10" E_ ho ~ 10" mc?
Tunneling regime: Multiphoton regime:
R~ eXp(-Ecr/ E) ~ 10™" R ~ E#mciho ~ (7100000

Available laser field strengths and frequencies by 4 orders too small...



Can it be measured?

HERCULES Petawatt laser: Free Electron Laser FLASH:
10* W/cm? at 800 nm 100 eV at 10" W/cm’
E~10" E_ ho ~ 10"mc?

“The cross section for this process at optical frequencies or below
is so small at any laser intensity as to make it completely negligible.

t may be the smallest (nonzero) cross section on record.”
(M. Mittleman, 1987)




Relativistic particle beam colliding with laser pulse

Elektion

L
NN /
Wa W a'WaVaWas X
WL W VL Y .
Laser \A O Particle

Positron

Exploit relativistic Doppler shift

lab frame: hw~ 100 eV, E ~ 10'? V/cm
rest frame: hw' and E' enhanced by 2y



Relativistic particle beam colliding with laser pulse

Blektion SLAC experiment:
o 46 GeV electron + optical laser pulse
A (D. Burke et al., PRL 1997)
AV AVATA YA E
AW A WAVLETA .
Laset D Particle Gamma photon Laser
Positron - 4
”~
Exploit relativistic Doppler shift n AV Electron-
—aE
lab frame: ho~ 100eV, E ~ 10 V/cm y
”~
rest frame: h@' and E' enhanced by 2y K

Pairs were produced in two-step
process through an intermediate
high-energy Compton photon:

Q +nw—ee
(strong-field Breit-Wheeler process)



Relativistic particle beam colliding with laser pulse

Blektion SLAC experiment:
46 GeV electron + optical laser pulse

D
A (D. Burke et al., PRL 1997)

ANANANNS ¢
AW A WAVLETA .
Laser i Gamma photon Lafer
Positron -
-~
Exploit relativistic Doppler shift n AV Electron-
”~
lab frame: hw~ 100eV, E =~ 10 V/cm -
~
rest frame: h@' and E' enhanced by 2y K
g 10 % . .
i . /) Pairs were produced in two-step
IR, "™ g J‘ process through an intermediate
: , high-energy Compton photon:
3 N Q +nw—ee
I s (strong-field Breit-Wheeler process)

N 0.2 0.3
E_, at laser focus



Transition from perturbative to nonperturbative regime

_ 1074
=100 .m Rate ~ 1057 .
% 100} perturbative — 10—6,'
E 50! few—photon - ‘I"E, y
2 SLAC o 10
3 20 expermment é 10-10
= .
= 10! nonperturbative =
= multiphoton g 10-12
£ 5 = 2
2 transition to L1074
= tunnelin
= E m

tunneling 10_16’. | , ‘ .
. * ! ' - 0005 001 003 005 1 10
17 18 19 20 21
10 10 10 10 10 Intensity Parameter &

Laser Intensity [W/cm?”] f \

Hu, Miller & Keitel, perturbative nonperturbative
PRL 105, 080401 (2010) domain domain

-
inl



Transition from perturbative to nonperturbative regime

[
h
=

[
=<

h <
=

Electron Energy [GeV]
— N
S <

N

m Rate ~ 10°s7!
perturbative
| few—photon =
SLAC
expermment
nonperturbative
multiphoton
||

transition to
tunnelin
g m

tunneling

=

1017 1018 1019 1020 1021
Laser Intensity [W/cm?]

Hu, Muller & Keitel,
PRL 105, 080401 (2010)

Combine laser-accelerated electron beam
with second counter-propagating laser pulse:
All-optical realization of SLAC experiment
to probe the tunneling regime

perturbative
domain

. ‘ . ‘ . .
0.05 0.1 0.3 0S5 1 1.5
Intensity Parameter &

f X

nonperturbative
domain




Recent developments in

laser-induced e’e” pair creation



Pair creation in finite laser pulses |

Ak -a) = Ao f(k - x) cos(k - x)

Boca & Florescu, PRA (2009)

Mackenroth, Di Piazza & Keitel, PRL (2010)

Heinzl, Seipt & Kampfer, PRA (2010)

Heinzl, Ilderton & Marklund, PL.B (2010)

Ipp, Evers, Keitel & Hatsagortsyan, PLB (2011)

Titov, Takabe, Kampfer & Hosaka, PRL (2012)
Krajewska & Kaminski, PRAs (2012) + (2013)

Jiang, Lv, Liu, Grobe & Su, PRA (2014)

Meuren, Hatsagortsyan, Keitel & Di Piazza, PRD (2015)

1

1.2 1.4 1.6
positron energy (rel. units)



Enhancement of pair creation

Dynamical assistance:
add high-frequency component

Schiitzhold, Gies & Dunne, PRL (2008)

Di Piazza, Lotstedt, Milstein & Keitel, PRL (2009)
Orthaber, Hebenstreit & Alkofer, PLB (2011)
Jiang, Su, Lv, Lu, Li, Grobe & Su, PRA (2012)

Multiple-beam or
multiple-center setups

Bulanov, Mur, Narozhny, Nees & Popov, PRL (2010)
Fillion-Gourdeau, Lorin & Bandrauk, PRL (2013)

QED cascades

Bell & Kirk, PRL (2008)
Nerush, Kostyukov,

Fedotov, Narozhny,
Elkina & Ruhl, PRL (2011)



Pair creation in neutrino-laser collisions

g A l 4o
S s

e 1% 22cos? Oy sin?fy

B _ 1 1
X fd4x¢g(x)y”(— —+ 2sin’Oy + = *ys)d/g(x)ZM(x)
7 2 2
" S— o 1 1 5
é X | d*yi,(y)y (E =57 )t/fv(y)Zg(;v)

Production Length

| | | | | | | | I/\ B 8I00 | _|I_

1077 \—100nm X ]

80 ~ 19 2 .
10 I'~ 10~ W/em creation length at E_ ~ 10 GeV:
100 - . .

size of the universe....
1040 ! _
\\}\\ c<dHy

= % 1

100 | | | | | | | | | | | |

1GeV 1 TeV 1 PeV 1 EeV 17ZeV

Tinsley, PRD 71, 073010 (2005)



e’e pair creation

in two-color laser fields



Dynamically assisted Breit-Wheeler pair creation

e () el 45)
= cX —r
2 2750)}, Ecr k Sy




Dynamically assisted Breit-Wheeler pair creation

e () el 45)
= cX —r
2 27[0)}, Ecr k Sy

Ay =a;cos(n + ¢1)
Ay = azcos(nz + @2)

1079 ¢ T ! ! ! ! ! !

— 10-10 [ L E ~ E.»zz eXP( 0 6/{})

x‘*%—x—— X
*— L R
5 R N ! EJ—*—-—E—— i

Rate [units of m

1012 3 otal R e
s 'R(nl = 0) O . . :
oo (LR =D < |
0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5

1/,

unassisted and assisted channels compete



Dynamically assisted Breit-Wheeler pair creation

Depencence on energy gap

10_1{] L= | | | ] | ]
i EE | i i | i |
1012 _ _________________ ________________ _________________ _____________ i
B0 L A— AR DN = N E -
42—; 10718 1 total R o .
S oL Ru=0) - o
10 B R(nl = 1) X | ‘ *x 1
o [LR=D 1, -
o 01 02 03 04 05 06 0.7
A3/2

(ko + ko)* = 4m?(1 — A)

Jansen & Miiller, PRA 88, 052125 (2013)

[see also Wu & Xue, PRD 90, 013009 (2014);
Narozhny & Fofanov, JETP 90, 415 (2000)]



Dynamically assisted Breit-Wheeler pair creation

Rate [units of m]

10—1{]

1012 |
1014 |
10716 |
1015 |
102 |

10—22 -

Depencence on energy gap

0.3

0.4
A3/2

(ko + ko)* = 4m?(1 — A)

Jansen & Miiller, PRA 88, 052125 (2013)

Rate [units of m]

1010
1071
10~
10-10
1071%
1072
10—22
10—24

Assistance by two high-frequency
photons dominates

i ; e ; ; ;
T e T s |
Q"""ﬂ._ | [ i
L tOt&lR D_.h,__{. HR _
- R fOI' 52 — O o R RE-{) —
| Rm=1) = | —
’R(nl = 2) #
-l R(ny=3) + |+ :
I I I ] | ]
0.8 0.9 1 1.1 1.2 1.3 14 1.5
1/&,
® = 0.95m
O = 0.05m

o =m/2,& =0.045
2 Y 2

[see also Wu & Xue, PRD 90, 013009 (2014);
Narozhny & Fofanov, JETP 90, 415 (2000)]



Dynamically assisted Bethe-Heitler pair creation

Ay = aycos(ng + ¢1)
As = ascos(nz + ¢2)

7 B

Angular & energy distributions
of e" may differ even when total
contributions similar in size

w=23eV, § ~1
® =70eV, & ~10°
y= 7000

Augustin & Miiller, PLB 737, 114 (2014)

] \
unassisted

14 — y-assisted = = = -
SUmM  ceeeeee " ..
12 — N P

10 - -

Differential Rate 4 /4 in 107> (s1ad)

D “-?."
3.1412 3.1413 3.1414 3.1415 i
Emission Angle & in rad

(b) Laboratory Frame

KEN \ [ ]
. unassisted
y-assisted = = =

w
|
|

Differential Rate 4'/ae/ in 107" Vs.Gev)
N

5 6 7
Energy E} in GeV
(b) Laboratory Frame

[see also Di Piazza et al., PRL 103, 170403 (2009)]



Pair creation in oscillating E-field
| \/\/\/\ | | \/\/\/
! I )

A=A [sin(ot-kz) + sin(ot + kz) | = 2A sin(wt)cos(kz) ~ 2A sin(ot)




Pair creation in oscillating E-field

A=A [sin(ot-kz) + sin(ot + kz) | = 2A sin(wt)cos(kz) ~ 2A sin(ot)

TR
l/ | \/ Vm\/\g

100 1 00
number of plateau cycles

Ea

Momentum conservation
\ reduces the problem to a
>

o two-level system, which

—m* | P undergoes Rabi oscillations
/ \% at certain frequencies.

I-J

spin-summed prod. prob.

:c T TT 1T TT T T T T T 1

Popov (1973)



Pair creation in bifrequent oscillating E-field
A(t) ~ [€ sin(wit) + & sin(wal)] &,

Number density of created pairs

-2
10 T T I T T I T T I T
I | I
A |
M
1 I
» I |
10 - I | I 7
I 1 I
| | |
Tz 1076 | mOEF analytical

| —#— mOEF numerical

—s— bOEF numerical

1 Cl)1 =03m

10"+ I |o,=1.24385m
g, =01
PN =45
plateau
10_10 1 I | 1 I 1 1 I | 1
03 04 0.6 0.8 1 1.2 1.4

Resonances: no +no = 2£(p)



Pair creation in bifrequent oscillating E-field

A(t) ~ [€ sin(wit) + & sin(wal)] &,

Number density of created pairs

-2

10 T T I T T I T T I T
| 1 |
| ~ |
M
| |
4 1 1
10 - I 1 I .
1 1 1
| | |
1 1
| | |
1076 | : : mOEF analytical i
| | —#— mOEF numerical
| | ——— bOEF numerical
| |
| 1 I
1 Cl)1 =0.3m |
10’3 - | 1 0, = 1.24385m | B
| I E"Q =01 |
I | - 45 I
| 1 plateau |
| | t
| | |
10_10 1 | | 1 | 1 1 | | 1
03 04 0.6 0.8 1 1.2 1.4

Resonances: no +no = 2£(p)

W(p,7)

Wi(p,17)

o BAFLL oo
10" F .
1072 .
107 Fy .

\
|

-6 ! vy |
10 4o I ‘III/“1 ],u tA . f

£, =108¢,=01 ARSI ‘\M,\, W ’
oty B I -

s §;=00&%,=01 oonh :I "; 1: I|’ I
107 - f 17

=1.08&%,=0.0 Al
- ohTr0Rs to i
- = =W(p)=2.0 ‘ 1!

—10
10 ' '

0 0.5 1 1.5
p, [units of m]

10° =~ o+

107
PERNA
I A

4 | L T A AR ¥ A R
10 r \; 1y \l ‘“,\\
10°

£, =108&&,=01 ! !

B £,=008&&,=01
10° -

—_ _§=108&%,=00
= = =W(p,1)=2.0
107°

0 0.5 1 1.5

P, [units of m]



Pair creation in bifrequent oscillating E-field

[units of m]

Py

2.5

1.5

0.5

-0.5

-1.5

-2

-2.5

|[4+1] — resonance

/
i
Il
/

\ &

N

=D < 0 1
p, [units of m]

® =0.3m,& =1.0
® =1.24m, & =0.1
N=16

monochrom. [7] — resonance

2.5-
2

15

1 o e Wi,

. '(/’ \\
0 \ H@E !,

P [units of m]

y
N

P, [units of m]

® =0.35m,& =1.0
1 1
N =45

Akal, Villalba-Chavez, Miiller, PRD 90, 113004 (2014)
[see also Orthaber, Hebenstreit, Alkofer, PLB (2011)]



Quantum interferences in bichromatic fields

Ay = ajcos(n + ¢1)
Ay = aycos(nz + ¢2)

Suppose ® = 2@, (commensurate)

‘_’ Two-pathway interference:

e ne +n
< - -

nw +n

1 1 2 2

see also Krajewska & Kaminski, PRA 86, 021402 (2012)



Quantum interferences in bichromatic fields

Ay = ajcos(m + ¢1)
Ay = aycos(nz + ¢2)

Suppose ® = 2@, (commensurate)

‘_’ Two-pathway interference:
/ nw +nw
now +n o
1 1 2 2

2
R = ¥ B ol
Iy

! !
12719
ni,n;

Maximize interference: § *~§ * < 1

see also Krajewska & Kaminski, PRA 86, 021402 (2012)



Differential Rate 4R

Ay = ajcos(n + ¢1)
Ay = aycos(nz + ¢2)

/a6 (107657 rad ™)
~

Indclx Combinations
[0.0,4,4]
a AN 2.2,0,0] - — -

/s ~ o 1122 ----- |

’ T~ _[0.2,4.0],[2,0,0,4] -eoeeeee

-~

sensitive to
relative phase-
| |

!
/4 Lgp) 3n/4 i
Emission Angle 6 (rad)

® =550 keV (in nuclear frame)

Quantum interferences in bichromatic fields

Suppose ® = 2@, (commensurate)

Two-pathway interference:
nw +no

now +n o

1 1 2 2

2
P = ¥ P smitonld
Iy

! !
L)
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Maximize interference: § *~§ * < 1

see also Krajewska & Kaminski, PRA 86, 021402 (2012)



Quantum interferences in bichromatic fields

Interference can affect total rate
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Augustin & Miiller, PRA 88, 022109 (2013)



Quantum interferences in bichromatic fields
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Summary

Theory of QED in strong laser fields relies on Furry picture
and Volkov states

Three standard types of laser-induced pair creation:

with y-photon, Coulomb field or second laser beam;
various interaction regimes — tunable by laser parameters

Recent developments: pair creation in more complex field

configurations (e.g. two-colors or finite pulses)

— enriched creation dynamics, more realistic description
and enhanced pair yields

Thank you for your attention!
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