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Motivation:
EM interaction is described by Lagrangian
cem

int — —€ (&67 : A¢€>

In case of interaction of an electron with single photon(s) Al ~ ey =1

2 1
the theory has a small parameter « = ZW = 137Which means that EM field does not
disturb the plane wave solution wa of Dirac equation
P Up —ip-
pe(x) = .V (x) = e P,

v/ 2E)p
Perturbation technique for e — A interaction (Feynman rules)

- “Linear Electrodynamics™ Multi-photon events with N photons are treated
(conventionally) as multi-step events and suppresses as oV

When an electron is moving in a strong background EM field with LARGE |A|
Ye(x) 7# we(fU)PW

e — A interaction becomes essentially non-linear = “Non - linear Electrodynamics”

Multi-photon events are not suppressed : charge particle may interact with N photons

simultaneously. Such events play important role in dynamics 2
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Laser pulse may be consider as a source of strong background field

A2 ~|ElP ~ 1 SV | W
| .| B : : [El(—) = 13.7/I1(—=)
EM field Pulse intensity cm V. cm

[ UK [VULCAN, HIiPER (@Central Laser Facility (CLF))]

EC [Extreme Laser Infrastructure (ELI)]
France [APPOLON (@Institute de Lumiere Extreme (ILE))]

US [ TPL (Texas),(BELLA) Berkley, ..... ] A.Di Piazza et al.,
. Rev. Mod. Phys. 84, 1177 (2012)

Japan (ILE, ...)

\ Russia (PEARL (Nizhnij Nivgorod))
Laser Intensities [ ~ 1021 — 102%> W/cm?
Pulse duration =25, 10, 20,... fs

7o (one oscillation) =3 ~ 8 fs
optical laser

Wanted:
theory must describe different quantum processes in intensive
and very short EM pulses 3
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Outline
<4 Introduction to Breit-Wheeler (BW) process

Perturbative BW process 7'y — ete™

Volkov solution of Dirac equation in Strong EM fields Ritus et al.,
BW process in an infinitely long pulse with  Ngscinations >>>1  ‘64~'70
SLAC E-144 experiment

BW process in short EM pulses Noscillations < 10

General formalism
Envelope functions

Ultra short pulses Nucciiations < 1

Short pulses Noscillations = 2 ~ 10

Small field intensity
Large field intensity

<+ Compton scattering in strong EM fields

Infinitely long pulse
ShOFt pU|S€S Nosci”ations — 0.5 ~J 10

<+ Neutrino pair emission in strong EM fields

<+ Conclusion 4
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Perturbative Breit-Wheeler (BW) process

DECEMBER 15, 1934 PHYSICAL REVIEW VOLUME 446

Collision of Two Light Quanta

G, Breit® axn Joun A, WHEELER,*® Depariment of Physics, New YVork University
(Received October 23, 1434)

The recombination of free electrons and free positrons  polarizations, and formulas are given for the angular dis-
and its connection with the Compton effect have been  tribution of photons due to recombination. The results are
treated by Dhrac hefore the experimental discovery of the  applied to the collision of high energy photong of cosmic
pasitron. In the present note are given analogous calcula-  radiation with the temperature radiation of interstellar
tions for the production of pesitron electron pairs as a  space. The effect on the abeorption of 2uch quanta is {ound
result of the collision of twe light quanta. The angular  to be negligibly small.
distribution of the ejected pairs is calculated for different
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BW process for electron and muon pairs in GeV region

10°
= 101 Courau et al.
£ 10, "(Orsay, DY)
—10
DE10-5

107 Y -> W

| B B B S B S

10 10710 10°10°10 10" 10
s'” (MeV)

Bolshive Koty @ Baikal. July 15-19. 2013



Modification of BW process in a strong EM field
(expectation)

Increase of the rate of pair production we e with field Intensity

The emergence of multi-photon effects

Subthreshold eTe™ pair production
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Electron in astrong electromagnetic field

D.M. Volkov, Z. Phys. 94, 250 (1935)

Uber eine Klasse von Ldsungen A_class of sqlutlons of the
der Diracschen Gleichung. Dirac equation
1. Der Fall eines sinusoidalen Feldes. — 2. Lisumg fiir den Fall, dafi das fubere
Feld aus polarisierten, in einer bestimmien Richtung fortschreitenden Wellen
besteht, die ein abzdhlbares Bpektrum nach Frequenz und Anfangsphasen haben.

(tW—eA+m) (1 WV— efl —m)y = 0,
[(iV — eA)2 —m?2 — @EFWOWM =0,

LL v.4, §40
(BLP)

Second order Dirac equation

where Fuy = 0vAu — OuAv is e.m field tensor
Special case: A = A(¢) with ¢ =k -x = wt — kz — plane wave

solution of Dirac equation is sought in the form

2 conditions:
: /
transversality 9,A4* = k,A* =0

and  9HF = k*F', 9,0MF = k°F" =0, since k2 =0

2i(kp)F' + [—2e(pA) + e A? — ie(vk) (vA)]F = 0

. e / 2A2(P)] L, e(R)(FA) | w
F = exp (—z_o/ l@(r)ﬂ(@b)) T o) de’ + 2(kp) V2P0
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Solution:

S

L = [1+ e(”kmm] Up_g-ipw . oiS'(9)

u 2(k - p) J2E,

t ~ ~— ~ ——

i spinor modification phase factor
0

kx

_ 02 A2
with Sl((b) _ / ’B(P A) A Wdﬁbl
o)

(k-p)  2(k-p)

when A4 — 0 or (az,ay — 0)

Dirac solution for free electron
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Properties of Volkov’s solution

+ Effective “quasi momentum”

P~ el ) = g — AP
220 42 2,2 2,2
gh=ph = SN ey ki = pht S e
2(k-p) 2(k-p) 2(k-p)
1 e2a? el 2
\ / 2 L Yy mé méwé

i reduced field intensit
4+ Effective electron mass g

2/ A2
qz:me’m@(l—e 2 >>=m§(1+§2>

mg

2 __

mZ(1+&7) — mi>m?
“guasi-momentum” and effective mass define momentum-energy
conservation in processes with electrons (in infinite pulse !)
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Dynamical variables for BW process

reduced EM field intensity

€2 . 62a2
o ]\Je2 200p——7
5\160;—
120F
threshold parameter =l _
40+ ]
4M2 8810121;161820
C — € short pulse / vacuum case &™ Me\)
S c> 1 (<1
sub-threshold above threshold
Infinite pulse
Stnr 4]\V£’-*2 417\V462(1 + £2> 2
(lpA=——=—"= - =¢(1+¢&7)
O ) )

Infinite Pulse Approximation
11
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Dependance of reduced field strengh £2 on laser
pulse intensity I at different wavelength A

5
10 40um (~ 0.03 eV)
3
10 2 47704(71(:)3{
) ’Vfgc4w2 C
10’
0™
1 015 1018 1 OEG 1 022 1024
| (W/em?)
D N — o~ , NN —D e ~— 18 /e n s s O\
¢ = 0.00(w(ev)) “10 ~~l/(VWw/Cm™)
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Early studies:

v A — ete™
eA — e~/

N.~D.~Sengupta, Bull. Calcutta Math. Soc. {\bf 44}, 175, (1952). gl

A.~1.~Nikishov and V.~1.~Ritus, Sov.\ Phys\ JETP {(1964-79)

N.~B.~Narozhnyi, A.~l.~Nikishov, and V.~l.~Ritus,

Sov.\ Phys.\ JETP {\bf 20}, 622 (1965) T A — ele

I.~1.~Goldman, Phys. Lett. {\bf 8}, 103 (1964)

L.~S.~Brown and T. W. B. Klibbe, Phys. Rev. A {\bf 133}, 705 (1964).

H.~R.~Reiss, J. Math. Phys. {\bf 3}, 59 (1962).

eA — ell/eDe

(i)  Infinite field (pulse) Noscilnations >>> 1
+

() ¢x1
p
C (1. 74/\ . ~rnctran+t
2 1 S\ ) — constant
(i) €2 ool £~
W (L. ) . ~rANctrant
Y C " \/v: ) —7 LulioLldlitL
ny — O \

Bolshive Koty @ Baikal. July 15-19. 2013



fab)

w

>

o

@)

-

o

=

D

=

c

=

(-

= ~
el

S QT

) N.\wqa v

N =

D N

O N

o

| -

o

- ﬁh >

(¢b) ot N\

rT T

D

c

=

=

D

| -

M

—

—~
==
~|
e |

Q\]

# )46t k+K —qg—¢)- M

Fourier series

for functions defined in all space

o0
> e
n=——oo

>0

—1ie
\/2q02q62w’ n

SN My(n) (2m)* MK +nk—q—¢')

J

pas—
=TMmin

_. ' 2
- s
Q
Ve 7~
(@] (=}
N —’
(N In=.
AN N
,._nwu A,nuu
| E— J b e, -
~. ~
£y £,
13 133
NN
7 ~
© -
T
Lo e
. S iprJ
"~ —
- N
=~ L ~4

)

Bolshive Koty @ Baikal. July 15-19. 2013

SR
s
= | &
AN
g
- N
Q
N[
S
SN A,.
=
| N
\)]
~
N
i
N—

o
~| ¢
| &
e
Ny |~
B
N | &
3| -
N |
QO [\
Q]
S
-~
O
N



Breit-Wheeler process for infinitely long pulse (continuation)

the functions BY'12are expressed via the Bessel functions of the first kind
r PPN 7 AN PEIEN PN PUIRN P
Myi(n) = ay [MOBY + mVBW + D B3| 4,

 — 1 / dop ei(nd—25in(6-60)) — 7 () gindo
2W_W

T
7(%1) — Qi / dé Cos¢ei(n¢—zsin(¢—¢o)) — % (Jn—l—l(z) ei(nt+1)¢o | J._1(2) ei(n—l)cbo)
7T—7T
1 7 1
T(LQ) — / dé sin ¢ei(n¢—zsin(¢—¢o)) = — <Jn—|—1(z) et(n+1)do _ J._1(2) ei(n—1)¢0) .
27 21
—TT
T 1.0 J,(x)
Jn(z) — i / ei(ngb—z sin(¢)) do 0.8 {) i'i:j, B
271— 0.6 1
—TT i :"{.h"::"\ 2
Jﬁ(w)tu R
z = 2ng ‘/ﬂi (]_ — i\\, , 0. r'I !’\ \ "1 /-\,“-\F:' e
u — ( ) . v — 1q] N
_A(L.rn\(b N T 1 _012(‘f\c2ﬁ, _I"Ir\ = \ -/
A A ) 4 —U=L0OS70 q0 0.4
[ 10 1 (]
n n
Up = = : XL
Mmin C(1‘+‘§2)
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Breit-Wheeler process for infinitely long pulse (continuation)

The total rate is an infinite sum of “partial harmonics”

s M2 X du
W — (n) — oM (™) |
n:;min 4&)’ n:;min ’U,3/2\/ u— 1

with  nmin = 1(¢(1 4+ £2))

and (M = 2J2(2) + €2(2u — 1) (J241 () + J2_1(2) — 2J3(2))

10°
10°

W (eV)
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Gamma photon Laasy

SLAC (E-144) experiment D. Burke et al.,PRL 79 (1997) -
Electron_l“__ Xi‘if;‘;n“'
v+ L — eTe™ Generalized Breit-Wheeler process _ el

K

BW process (kinematics)

M2 0.26-1012%(eV?)

roN N2 r__ 2 = ~ ~ 111
st (V7)) = (k+ k)2 = 4w = 4MZ @i =~ 7= 535 7 (SLAC) GeV
/
Wremsst = 29 GeV (SLAC) — ¢ = “thr  ~ 383 with 0.1<¢£<0.36
Bremmst
’Y/ + nvy — etTe™ nmin = 1(C(1 + 52)) —5 essentially multi-photon

Process
€2 = 0.56(w(eV)) 21078/ (W/cm?) (w = 2.35 eV)
I~2x10® w/ecm? — ¢?2~0.1

v
Y+ny->e +¢ n . <n<10
min

2 Y '
ER ‘ | ¢=3.83
0 ; 2| -
Ne;" . 10 E
g et -3
' o 10°F 3
. F ]
2 3 \\\\-\'\ k\.. o
5 N T .
0.09 0.1 02 03 -1
10

Bolshive Koty @ Baikal. July 15-19. 2013



Breit-Wheeler process in a short e.m. pulse
Short circularly polarized pulse:

= (0,A,) Ay = f(kz) [@z cos(kx) + @ysin(kx)], l|dz| =l|dyl=a and azdy =0
where f(kx) is “envelope” function
77 (KD
T rr N ikl d*% > .
Spi = —1e [ Y- (v (V)b 55, <& !z
et (p) e~ (p')

_ . k-x e(p/‘A) 62142 :|d¢/

Uy ip'a e(v-A)(v-B)] ] DG Koo ) | 2427
2p’e [1+ 2(k-p) ° 7 e(y-k)(v-A) _Zf[((’?p))-"(?'?p)]d(b Vp _ipa
0 1 — e O £ e
2(k - p) v2po
Sp= [ Mp(ka)e i K- Drghy
fi = fi
V/24020}2w J
(©.@) . -
Myp(kz) = [ die ke Mpi(1) Fourier Integral
°° for functions limited in space
Sp=——— /dl My (D) (2m)*s* (K + 1k —p — p),
\/2po2p02w 18
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Transition matrix and production probability

3
MY — N ar@) () e
lV_LjZ\‘I/ : 1vL \ \b/ )
where =0
0
COW) = = [ do (2cos(é — o) £(8) — %Cu f()) €6~
2 ] 2\ 0 ) MO =, 510y,
—0o0

(e.]
oWy = % / Ao F2() eilo—P(@) with

c@qy = % / A6 () cos ¢ eilé—iP(©) 4(k - p)(k - p')

MO = g g = LK Kaf + ag ke Kag)

7@ = ed1k¢’ n ef'kd1 73 — edolt’ | ef'kdo |
c@w = - 7°d¢f(¢) ain 6 cil—P(©) 2(k-p) 20k p) ~2(k-p) T 2(k-p)

with

A , , , ) (? P,
P(¢) =z | d¢f cos(¢' —po)f(¢) — €% Cu [ d' f2(¢)) . Pd=k-a
Z—2l£\\]:[(l—:l), ’u,lEl/C
Production probability dw _ aM?2 [ w(l)

dépdu 167Ny u3/2\/7/
with
Su® = Cu+DICOOPR +@u - DICD DR + 1D WP
+ ReCOW (2600 - Zarc® W) + axc® ) )
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Comparison between infinite and finite pulses

2 IR
Mypi(n) =Y MW By,
i=0

T
j — 1 [ a¢e?]¢—9ZSiﬂ(¢—¢e)
n — —
2T /
—7T
o=k -x
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n

3
M. (1) — \
\vJ L

ivi f’l [
1=0

cOW) =cyi+1), (VO]

V@ @
J
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o
P(¢) = z [ d¢ cos(¢/ — 6e) (&)
—00
&
— %u [ ad f2(4)
— OO0
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Envelope functions

One parameter functions

1

frs(@) = —

i
cosh A

hyperbolic secant (hs)

Two parameter function: “summarized Fermi (sF)” shape

JsF

(AN —
\@) —

cosh BE + 1
cosh TSTF + cosh %

12—

f(0)

Fourier transforms

100!_' T T T '1_
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Ultra-Short Pulse (N<1)

small field intensity €2 <1, (€< 1, 2< 1

1
1

V() == [ doe™ f(9)g(@) = [ daF(—)Gla) .

Fo) =3 ] doe® [(¢); Gla) =3 | doe'®?g(o)

g(¢) = e PP Gg) ~8(g—qo), D= (Py =& <1

V() ~ F(l)
O
Production probability: W = aM.¢1/2¢2 _//) A1) F2(1—1)
¢
1 ¢ ¢\, 1+ ¢ Frs(l) = =
v hs - 1 ’
== L - S\E 2 cosh lrAl
d(1) 2{<1+l 2l2>ln1_v U(1+l)} cosh 5w 1
_ TG 1 505
Fe(l) = \/zwexp[ 2 Gl] !
R — 1+exp[—3| bsina -1
YT 1 exp[-2] sinhrbl
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Production probability (rate) as a function of sub-threshold parameter

One-parameter Two-parameters

1
10 e
10" $°=10"

3

~ =10

S =

2 2107

= 107

107
- : T LN 5o T -11E s y w T o ow
10 10 1 2 3 4 5

10°E-

2) i 107r
10°F 3 10°F
= 10°F i = 10°F
T er s 1 el
10 % ¢ 1 10°F
107°F 1 107
12 2F
10 o 1 3 4 107%

Sub-cycle pulse may be consider as a power amplifier
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Anisotropy of e~ emission at finite field intensities ¢2 ~ 1

¢
ilp—iz [ d¢’ f(¢') cos(¢'—oe)
V(W) ~ [doe

()
¢ ¢
ilp—iz (cos ¢~ [ dé' f(¢')cosd'+sing . [ dé' f(¢')sin ¢’>
= [dge = = £(9) -
For the one-parameter envelope functions
¢ ¢

cos ¢, J/" dg' f(¢') cos ¢ > sin g, J/ﬁ e’ £(¢)sind'.
A= dW (¢pe) — dW (pe + 7)
dW(¢e) + dW(¢e + 77)
Cross section Anisotropy
10-15 T | — 3 1.0
< E
o 0.5f
g < ool
2 0.0
= :
© [
& 0.5}
10625 90 135 180 At
Pe(deg) 0,(deg)
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Two parameters envelope functions

Production rate Anisotropy
‘]02="1"1"|--E 1.0_"I"]“l
e 1: a :
> 10F b/A =0.1
Q |, of
a:10§
%—10-1;' 03 -
= a2k :
O E
g _:
AN E
-45..|..|..|..: :..|..|..|..'
10025 90 135 180 -1.0 45 90 135 180

¢ (deg) 0 (deq)
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Conclusion:
Anisotropy of electrons at finite field intensities
IS sensitive to the shape of the pulse envelop

26
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ar 21/D 5 o0
Infinite pulse: aw = &6 au dl w(l
8 ’113/2\v/’u.— 1 n%n ()
(n) — A 127\ L ¢2(n aN [ 12 /N 1 12 7N A 127 N\
w — <dp2)T¢ (&u—1) \\Jn+1\2’) T Jp—1(2) — AJn\Z)/)
o NYRY: o o Partlal_ N
Finite (short) pulse gy = &M /dl w(l) probabilities
8N u3/2/u—1 ’
FIN A2 N 1 f20A aN I~-2 7 N 1 <2 7/ N\ A7 Nwrkr N
wll) = Z.Yl (Z2) T+ ¢ (2Z2u— 1) 1Y,"q4(2) - Yi7aq4(2) —22Y1(2) XA (2) )

atsmall field intensity ¢2 <« 1 for I1=n4e n=10), | <1

z" —iepg p(n+1) z" —iepg p(n+2) ith (n) — 1 ° n 1€¢
Yite™ ﬁe F (e) , Xnte ™ onpl € F (e) , WI F (6) - Z—ﬁo dof (¢)e
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Total probability as a function of sub-threshold parameter ¢

Yy ->e'+e

10—
10°F
107'E

_2:
10°F IPA
Al

i

W (eV)

1006 08

Sub-threshold regions
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Total probability in wider region of sub-threshold parameter £
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Dependence of the total probability of pair production
rate on the field intensity & at fixed sub-threshold parameter C

10”
10°
10°

W (eV)
o

-8 2 m B oS s e & & soE sy
102 10" 10°

EJE
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Azimuthal angle dependence (electron anisotropy ) at fixed .f and C

05|||
S 0 £2-10 C=4 (N=2)
)]
&° 10’
gw:)”&’=1
B 5
& 10 &2=01
10-5.1.:1.1.11.,.”...[
0 45 90 135 180
¢_(deg)
A~0O
32

Bolshive Koty @ Baikal. July 15-19. 2013



Production probability at large field intensity (¢2 > 1)
Atlarge £2, £2 > 1 the basic functions Yjand X can be expressed as following

vi= [dFO@ct-9, X= [ dFP@GcU-q),
where F(1)(q) and F(2)(q) are Fourier transforms of £(¢) and f2(¢), respectively;

o0
G(l) = 1 / d¢ei(l¢—25in¢+£2Cu¢) .
21

At large 5271 and zdominant contribution comes from region with ¢ ~ 0, f(¢) ~ f(0) ~ 1

oo (0. @]
Iyy = [ dl Y2 = | da dd F V) (q) F(V (¢ [ G~ )G ~d) .
¢ \ Y,
Y
5(q —q)G?(l — q)
17 i T
[rer — dof2( | dic?() = N | diGg2(D
YY o j YJ \W/! \t) ! \t)
-0 S Q
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change of variable

| > 1 =1+4 &%Cu
GU)y=Jyz), I>1,z2>1
results in
o 1 1/2M u du ( J2 N I . |—,~2 -l]
W = —aMeC / /#{ r(Z)+€(2u—1)|( 1)J (z)+Jz()|}-
2 J wSVu—T1 | R 1)
oy o _ 435 2 [
lOZC(1+§ )7 z _14_;.2('“'“[_“)7 ufz;

Watson’s representation for Bessel functions atlarge [, 2, 7> 2

1 ~
Ji(z) = ——exp|—Il(a — tanh , Cosha =
12) = 5 Ttanna P )] «

N | =

+ saddle point approximation
lead to expression:

3

6¢

Ritus result: d =1

~
N
A
~
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Total probability (rate) at large field intensity ¢2 > 1

0F g e

numerical
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Compton Scattering in Strong EM Field
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Compton Scattering in strong EM fields

7(K),
\
\

e(q) N e’(q)

d*x

Si = —ie / Py - ef)pe e

[

Volkov solutions

<
N)
2]
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Peculiarities of Klein-Nishina (Compton) scattering

4 Reaction e+ L — ¢ ++ is always above threshold.

/

<+ Scattering angle 07 and energy of outgoing photon (" are

related to each other by conservation lows

+ In multi-photon processes p+nk — '+ k' dependence «/(6;)
Is defined by the number of interacting photons

100" ""60 120 180

0, (deg) N
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Differential cross section (infinite pulse)
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Differential cross section at fixed angle
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Dependence on the electron energy
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Integrated cross section
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Ultra-short pulse

Y() ~ F(i)

w E + pcoso’ Nw,E-I—pCOSQ’
w(E+p—-uw(l—-cosd))  w(E+Dp)
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Neutrino Emission
In a Strong Electromagnetic Field
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e + vv  vertices 7 <

2\

Elementary e

(e,1L,7) (e) (e,1L,7) e o ¢
v v " _ _
Z V v Vi V' inlocal limit with
R __L — I/ all p; << Mp
e e’ e W e’ € &
effective interactions
G . .
) F |- 7 V(1
éf% — NG, [ ) a(C( 2 1(4)75)“/6] ' La( )7
V(1 —
La( ) — [Ul/ﬂa(l — WS)UV@-] ,
where
+(e) 1 in2 ¢ S(ur) 1 "y
Cy’ = Q—I—Qsm Ow Cys :—é—l—Qsm Oow
ol 1 owr) — 1
A 2 A 2
and

sin? Oy ~ 0.23
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Neutrino emission In external EM field

e@ external field
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Emission probability

o0
. n
dW = E aw (") invariant mass of v pair
n>1
daw ™ = R(m with w = 7%

(1 + u)2

R = piMc2 + F{Me3 + 2ar™ey ey
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Large field intensity ¢ > 1

0
Method of asymptotic summation >~ — / dn
nmin ()

3 n
Nmin ~ §

T A

In(z) — P(y);

5 0=155V
||||||I'I'| T T IT11
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Asymmetry of production of ve and v, + vr

_ Wy =Wt

A, —
Mepr) '
Wy + Wity
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Conclusion

We considerably extended existing models for description of quantum effects in
strong EM field in a wide region of kinematical and dynamical variables like initial
energy, field intensity ¢ , sub-threshold parameter ¢ > 1and so on, and predicted
new observables like flavor asymmetry in neutrino pair production, or anisotropy
relative to the beam polarization in ¢t+e— production which may be studied
experimentally

But most interesting in the present time is our finding that short pulses
“generates” high momentum components which results in a great amplifier effect by
many orders of magnitude depending on field intensity and the bam shape !

Breit-Wheeler pProcess Compton scattering Process
W 10 gy
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Thank you very much for attentio%
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