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Motivation:
In QED a motion of charge particle in EM field is described by Lagrangian

_ _ _ 1
LM = —ipyHOup — Mepp — epy - Anp — g Fut™”
In case of interaction of an electron with single photon(s) |A°?| ~ |e)] =1

2 1
this theory has a small parameter « = jﬁ = 137 Inother words, EM field does not

disturb (modify) the plane wave solution wéjw of Dirac equation for electron
in EM field

((W—eA—m)pp=0 — (GF—m)y, " =0

Yp(a) = W (@) = (up/\/2Ep) €777,

Perturbation technique + Feynman rules = “Linear Electrodynamics ”
(conventionally)

Multi-photon processes with N photons are treated as the multi-step events and

/ , , ,  suppressesas

sz — l// d )t / /
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Motivation (continuation)
When an electron is moving in a strong background EM field with LARGE |A|

[A] > |ASP:

(iV— eA — m)pp # (i¥—m)y, "V
we(z) # W ()

. .
EM interaction becomes essentially non-linear - Nonlinear o,
Electrodynamics

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

Wanted: theory must describe “elementary ”quantum processes in
strong and “short “EM pulses
It has its own basic interest

May be used as an input for transport approachs in investigation of

plasma preperties in strong EM field ... Baldin ISHEPP XX11 19/09/14



Laser pulse may be consider as a source of strong background field
=12 A2
B ~ A~ T BI(—) ~ 19.4¢[1(~)
EM field Pulse intensity cm cm

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

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

{ EJS [ TPL (Texas),(BELLA) Berkley, ..... | A.Di Piazza, C.Muller, et al.,
. Rev. Mod. Phys. 84, 1177 (2012)
Japan (ILE (GEKKO-LFEX..) Spring-§ ...) G. Mourou, T. Tajima, S. V. Bulanov
Rev. Mod. Phys. 78, 309 (2006)

\ Russia (PEARL (Nizhnij Nivgorod))

Laser Intensities [ ~ 1022 — 102% W/cm?

Pulseduration 7 =510, 20,... fs, 1 fs = 10"1° sec

70 (one oscillation)= 3...8 fS

optical laser
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Outline
+ Introduction:

Volkov solution of Dirac equation in Strong EM fields and its applications for

infinitely long pulse  Ngscilations >>> 1 Ritus et al.,

‘64~" 70
<+ Compton scattering in short EM pulses  Noscillations = 2 ~ 10
<+ Compton scattering in sub-cycle EM pulses Noscillations < 1

<+ Quantum processes at sub-cycle pulses

+ Summry
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Electron in a strong electromagnetic field

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

Uber eine Klasse von Ldsungen ) _
der Diraecschen Gleichung. Dirac equation
1. Der Fall eines sinusoidalen Feldes. — 2. Lisung fiir den Fall, dafl das dubere

A class of solutions of the

Feld aus polarisierten, in einer bestimmien Richtung fortschreitenden Wellen LBLLVP'4' 140
besteht, die ein abzihibares Spelktrum nach Frequens und Anfangsphasen haben, ( )
(tV—eA+ m){i¥— eA — m)¢p = 0, Second order Dirac equation
Solution for A— A - g "
Specia| case — (¢) Wit Qb =Kk T=wlt—kz — plane wave
e(v-k)(v-A)| up g '
vp = |1+ L_e~ir. 19(9)«— phase factor
2(k - p) J2E,
~ S kx
—~ “le(p- A) e2 A2 ;
spinor modification S(¢) = - [ — T 5| 9
P ! (k-p)  2(k-p)
when 1[1’ 0 wp R PW __ Up e—ip-ai‘

P J2E,

Dirac solution for free electron
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Infinite plane wave: 4 — (o, g), A = az coskx + aysin kx
S

ka k-x
0 _ (e A) A%, efa? - (kx) e(p-4)
SO=-] % aww T ) e
u A2 N —CL2 — 2 — —CL
t Az Y
D — [] . eiS’(qzb) U’p Z(p—|— e a k) "L — [] . e’iS,(gb) Up e’iqm

witn 2.2 €202
x = [T Me 1u
A qg" =pl =+ kP = pl + k
S'0) = - [ < as 2(k - p) 2(k - p)
quasi-momentum >  e2a?2  €2E2
&= M2 - M?2w?2

reduced field intensity

022
2 2 ag2 Qa 172 2 2
_M*_—Me(1-|— 2) e(1—}—;§)>M6

effective mass

“gquasi-momentum “and effective mass define energy-momentum

conservation in processes with electrons (in infinite pulse )
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Dependance of reduced field strengh £2 on laser
pulse intensity I at different wavelength A

10°
3
2 . Ana(he)3 1
Y 1o | MZ2c%w? ¢
10 0.01 /
i ]
: /(N 500 eV)
10°  10° 10° 102 1024
| (W/cm )
0.56
£ 5107181 {wW/cm?]
[w(eV)] aldin ISHEPP XXI1 19/09/14
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Compton scattering for infinitely long pulse

A7 ED
2, 1 .4,
—— ~
et (q) e~ (q")

. . — il d4
Ty = —ie [ e (v (V) re™ 0L

Y ] T R Fepgg
it 14 L0 I L2 OO D] TET v
2q}, 2(k-p") T 2(k - p) © V290
Tj; = / Myi(ka)e K —atdeghy £ omyA54(k — K +q—¢)- M
\/2q02q02w
M (k) R minks (n) Fourier series

; xTr) = An . . .
fi = o fi for functions defined in all space

—ie

¢2 e Z Myi(n) (2m)* 6% (nk+q— K — ¢)
40 qO W' n= =Nmin

Mypi(9) = uy {M(O) + D cos ¢ + 11 sin qb} vpe SN0 =t0) o — k. g,
Myi(n) = iy {M(O)BTQO) + WM —|—M(2)B(2)] vp

0O = g 62|a|2(6’-k:? | (12 ¢/k¢i12 4o d12k¢
2(k - p)(k - ) 2k-p) " “2(k*P) gaigin ISHEPP XX11 19/09/14



Differential cross section (infinite pulse)

do 4o O

— ZwL (n)
dcosOy,  wr(s—MZ)(EL+pr)&?, =, n

u?
wi = —2J3() + (1 + 55 MR 1) + Je4 () = 273())
__ kK n2€2 4 u —

1 1 l L

PR SR SR A TR S S
60 120 180
6, (deg)
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Differential cross section at fixed angle (inf. pulse)

do 47Ta2M2 i 1 ()
de (3_M2)£2 —1 P — W,

2
N2 1(2) + J +1<z>—2J (2)]

w™ = —2J2(2) + £2(1 +

2(1 +u
_ kK 242 :
o = 170°
106 | ' '3
S 10° E_=4 VeV £
Q 2
~ 10
= 0
9 10 _
E 102 Discrete spectrum
3 10™
© -6
B 10_8
L 1010

keV
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Compton scattering process in a short e.m. pulse
Short circularly polarized pulse:

—

= (0, 4,) ff;lz f(kz) [@z cos(kx) + dysin(kx)], |dz| =|dy| =a and dzdy =0

where is the pulse “envelope “function

77 (K)
4 o —
Ty = —ie [ - (7 - ' (Y)W 0 LL b 7 _p_’.>
/ e+ (p) e~ (p')
3 Zk‘fll[e(pn'A) 62A2 :|d¢,
14 otp' @ [14_6(’}/'14)(7']‘3)] e 0 (kp")  (2k-p')
/ 2(k-p/ _ 2242
°r0 e [EELIDIEN R R+ G510y oy
2(k - p) v2po
Ty = /M (ka)e—i(P—K—p)w g4,
e \/2q02q02w /i
M (k) = T dle=ilka M (D) Fourier _mtegral_ | | |
—00 for functions limited in configuration space
Ty = /dzMﬁ(Z)(zw)“é“(Zker K — ),

2po2pn2
\/W Baldin ISHEPP XX11 19/09/14 12



Comparison between infinite and finite pulses

2 ) n)
Mfi(n)zlgoM(z)an ;

) = BJpi1, Jn)

7T
Iy = i / do atlp—izsin(g—oe)
27
—TT

o=k -x

W = Z[one — dimentional integral]
n

3 . .
M) = 3 M® ey,

cO) = +1), YD)

_ 1 T ild—iP($)
V(i) = 2’”_{0 dp e (&)
with
P(o)

¢
2 [ do' cos(@ ~ 6o f(4)
o
- &u [ dd 2@ .

W = [five — dimentional integral]
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Pulse envelope functions

One parameter functions Two parameter function

A =27N
1 cosh%%#—l
th(¢) - cosh % y A =27N fSF(¢) — cosh & A 1 cosh ¢ i
hyperbolic secant (hs) summarlzed Ferm| (sF) Lukyanov 707
10' B K i
1 S — b/A 015 f Y/
16 s . SF “ramping/decreasing
time
b
— 0

rectangular shape

| A2(¢)/a = f($)cosd =

E, = 8A”f/aw

1o°}- T ] 10— . RN

10°1 Fourier transforms 102F
107k 3 10°F ;
o 10°F h : 00 106% :
ot ° 1 F) =gz [ doe™f(e); = o

10—10;{ : —00 oo 3

10-12!. L s b s N w g 1012:: <

. L 2 2 4 10-(5."1'”2.”3‘”4 14
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Differential cross section (short pulse)

do 2042M2 i
dw’dqﬁ £2(8—M2) / dl Tl
¢ lp<1
2 ~
= _272(2) + £ <1+2(1+ NIE (=) + Y1 (2) — 2Re Ti(2) X[ ()]
— kK D __ 4122 uw wu
U — .plr z< = 4] f u_l(l—u_l),
106_ ...............
< 10°F E=4MeV &=10° 1
2 10% :
S 100f ] 2 -3
£ o ? §° =10
g10[ L
5 10 |
< 10 K
10755 '0'2"'0.4"'0'6]"08 . 103 106 T T
o (keV) > 10 104
O L2 2
x 10 10
= 10 10°
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Dependence on field intensity (short pulse)

do/dw’ (mb/keV)

16
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Dependence on the laser frequency

Ee=4MeV
PR L& e ] hmd &g &1

w=1.55 eV §2=1 6
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OO0 O0O
& O

ANOOO®ANO

“_I_lll‘llll'l'

SuAF o
\:
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—
o

40

OO0 0O

do/dw (mb/keV)

— — —h
coo

1 l 1 1 L 1 l . 1 L 1 l 1
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o

WI(D -~ lw(E + p)
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Partly-integrated (cumulative)cross section

106_"|"'|"'|'-'
(W) = / dw— S 10°F oF 1
£ 10°F AR 3
2 olf | (i)
o, subthreshold o 'P e
" = arameter 2 10° 75
cU=D " S 10 MA;.., T
0. .
W' (1) ~ lw(E + p) o
E+pcost/ + lw(1l — cosb)
) “Cumulative “cross section
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Ultra-short pulse

(W) = 7dcvda = 70 gde . ey =cCcwi+1), (VO]
diw dl diw ;o
o 1w YW = - | do =P p(g)
@ P(p) <1 Y2(1) ~ F2()
R ou=1 do(5(1)) = do(F?(1— 1)) ;

N A

o

S(®’)(mb)
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& (mb)

Dependence on the field intensity for sub-cycle/short pulse

107

103 N=0.5

10: +++++S+F-+1';';'>'€3"'*

10 xxxxxxx

10°F hs

10

107

107° 0°

20

Baldin ISHEPP XXII 19/09/14



Sub-threshold effectisonlyat k > 1 !l

when
k=w /W] =05<1

0 ™~ Otot = Cconstant
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summary
+ Elaborated a method for calculating the quantum processes in a short and intensive EM

fields (laser pulses) in a wide range of pulse intensities for different shapes and duration.

+The short pulses “generates ”high momentum components which produce a great amplifier
effect for the multi-photon, sub-threshold events. Enhancement may reach many orders of
magnitude depending on the field intensity and the beam shape, (relative to the infinite pulse)!
Breit-Wheeler process Compton scattering
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+ Clarified the range of applicability of IPA s
106 il | LI Rt L LS 2 | Y 7 7 LEEK 103§N=0‘5
; 10'F sF s
asymptotic : = Nikersaraatld s
E103!=:xxxxxxx
E ZB’ 10° 5 hs
107K
107F IPA
E 10-9 | PRI RS TTT BT |
10* 10° 10% 10" 10°
§2 103 §2

+ Analyzed some subtle effects in particle production off a laser beam
(anisotropies and asymmetries) , p production etc.

+ Developed a number of simple, asymptotic expressions for small 52 <1
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Photon production at very large EM field intensity

(rate)
s — M2 5 Adwkle 5
W”(‘*’ M2 5) :<M35>
1 _4
o g_QWN 3

EL=4 MeV (oL=500 eV
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SLAC (E-144) experiment D. Burke et al.,PRL 79 (1997) o
Electron_‘*__ ’ Xm“'
v 4+ L — eTe~ Generalized Breit-Wheeler process _ e Sk
k -
BW process (kinematics)

MZ 0.26-102(eV?)

2 2 = ~
sir(Y7) = (k+ K)? = 4o’ = 4M2 Y =~ 535 v isnacy ~ Lt GV

/
Sremsst ~ 29 GeV (SLAC) — ¢(=——Mthr ~ 383 yith 0.1<¢<0.36
YBremmst
’yl +ny—ete™ — nmip = I(C(1+ 52)) 11=5 e;istr:léilly multi-photon

€2 = 0.56(w(eV)) 210781/ (W/cm?) (w = 2.35 eV)

I

+ -
+ny->e +e n_.<n<104
I~2x10® wW/cm? — ¢2~0.1 1O5Y Lo st il B
y v ?(+'ny:><'a+' +’e_ < 1 < 10
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0 . -2 =
Ne;‘ 7_ 10 E
: j o | ] | ol
g T \8/10-3__ - ¢ 3 ‘\I
o g E i
AN FAN ' ' ; , o
§‘§§\\\\\\\\\\\\\\\\\\\\\\\§\§§§§Q\\\\\\ 1 10*E L / ‘ // "
0.09 0.1 0.2 03 = | il
10 - / / ll A
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Lasers plnnned for the Extreme Light Infrastructure*
G el

Romania e 10(x2)
Artosecond 1 > 2 1000
Hungary physics
20 400 20 0.1
Crech Secondary
Repubilic beam 1 10 10 10
radiation, 5 50 10 10
high-energy
particles 10 [x2] 200 20 0.1
To be High 10 beams of 10-20 PW each, asm:l and combined to

determined intensity  create total power of 100-2

*Laser parameters still subject ta change.

FlGs, 1 (color onhne),  Summary of the four pllars of ELL A
power value of 100>2) PW indicates the availability of two laser
systems each with T-PW power. From Peder, 2010,

Baldin ISHEPP XXII 19/09/14

26



