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HARMONICS RADIATION IN EXTREME LASER
PLASMA INTERACTION

ABSTRACT

Since Maiman developed the first ruby laser in 1960, the pursuit of
higher laser intensity has never stopped. The Chirped Pulse Amplification
(CPA) scheme proposed by Strickland and Mourou in 1985 broke through
the technical bottleneck of laser pulse amplification, making laser intensity
greatly enhanced in the next few decades. With the continuous increasing
of laser intensity, the studies of laser matter interaction develop rapidly.
Among them, the high harmonics radiation generated in laser gas interaction,
especially in the extreme ultraviolet (XUV) or X-ray band has been widely
used in ultra-fast dynamic diagnosis, high-resolution diffraction imaging,
free electron laser, etc. In the studies of HHG generated by relativistic or sub-
relativistic laser solid target interaction, people have also discovered a variety
of different radiation mechanisms both theoretically and experimentally.
For the harmonics emission in strong laser plasma interactions, this thesis
focuses on the study of harmonics generation induced by the nonlinear
effect, radiation reaction effect and QED cascade effect with laser intensities
ranging from 10'® W/cm? to 10> W/cm?. For nonlinear effect, we studied
the dependence of radiation on laser target parameters. For the latter two
effects, we found two new radiation mechanisms related to them. The main
work includes the following three parts:

1. We studied the dependence of harmonics generation in the target rear
side on laser target parameters by Coherent Synchrotron Emission (CSE)
mechanism in the relativistic laser solid target interaction. In this process,

the electrons at the target front surface oscillate back-and-forth due to the
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driver laser and the electrostatic field, and emit harmonics at target rear side.
The odd order harmonics with frequency higher than the plasma frequency
w) can be observed in the target rear side in 1D simulation. Other odd order
harmonics with frequency less than w), also appear in 2D simulations in the
target rear side. This effect is due to the transverse density modulation inside
the target in the 2D simulation. Such effect is absent in 1D or s polarized
light incidence in 2D simulations. We also found that the intensity of low
order harmonics remains unchanged when the product of laser focal radius
and laser normalized intensity ag is constant, but decreases as the target
thickness increases. However, the intensity of high order harmonics is only
related to the normalized laser intensity, and has no relationship with the
target thickness. As the target front density scale length gets longer, the
formation of high density electron layer is inhibited by the pre-plasma, and
the harmonic disappears. We also found when the laser is obliquely incident,

even order harmonic components will appear in the target rear side.

2. We studied the low-order harmonics generation induced by Radia-
tion Reaction effect (RR) when ultra-strong laser interacts with low density
plasma. When the RR effect is included, some electrons are trapped in
the center of the laser field. These electrons emit high energy photons in
the laser field and induce electrons’ transverse momenta variation, thereby
exciting the transverse current variation and resulting in harmonic radiation.
By adding the High Energy Photon Emission Event (HEPEE) function in the
Particle-In-Cell simulation code when tracking the electrons, we found that
the time of photon emission event by the electrons is modulated to the laser
profile, which makes the electrons not only generate radiation by the classical
nonlinear effect, but also generate radiation by the radiation reaction effect,
and these generated radiation will be partially coherently superimposed. We
also found when the RR effect is included, the laser energy is absorbed

quickly due to the existence of the plasma, so that the intensity of harmon-
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ics detected in the target rear side decreases as the target becomes thicker.
When RR effect is not included, the laser energy absorption is weak, the laser
can finally penetrate the target of various thicknesses used in the simulation
through the hole-boring effect, thus the intensity of harmonics induced by

classical nonlinear effects does not rely much on the target thickness.

3. We studied the low-order harmonics generation induced by QED
cascade effect in extreme intense double laser beam irradiates on plasma.
We first studied the distribution of QED cascade depth in single extreme
intense laser plasma interaction with different laser polarizations. We found
that when the incident laser is circularly polarized, the electrons’ longitudinal
difussion is suppressed, which is beneficial to electron-positron generation,
and the cascade depth is deeper. We then found that enormous amount
of electron-positron pairs are formed in the laser plasma interaction region
in two counter-propagating beams incidence on a thin foil, at the same
time harmonics up to 5™ order are observed from the two sides of the
interaction region. Such harmonics emission is due to the QED cascade
effect, and can be observed both in the reflection direction and transmission
direction of the driver laser, where the reflection one dominates. Through
the analysis of the electric current source, QED cascade effect can induce
newly generated electron-positron pair density oscillations, whose oscillation
frequencies are 2 and 4 times laser frequency. Combined with the laser
fundamental frequency in electron (positron) transverse velocity v, by laser,
3™ and 5™ order harmonics radiation is formed. When QED cascade effect is
switched off in the code, or the intensity of the incident laser is reduced, large
number of electron positron pairs can not generate, harmonic components in

the radiation spectrum disappear as a result.

The above three harmonic emissions are induced by the nonlinear ef-
fects, radiation reaction and QED cascade effects respectively as the interac-

tion laser intensity increases. They have their own characteristics in terms of
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harmonic order, radiation intensity, and the dependence on laser and target
parameters. The latter two are new mechanisms of harmonic generation
during the interaction between the extremely intense laser and plasma that
we have discovered for the frst time. Although both of them have lower
harmonic intensities and energy conversion rates, which is not as good as
the high harmonics generation induced by classical radiation mechanisms in
application, it is expected that they can be used to detect some new physical
effects, such as radiation reaction, electron positron pair generation, QED
cascade, etc. These would be helpful for the laser plasma studies on the next

generation of tens to hundreds of petawatts extremely intense laser facilities.

KEY WORDS: Strong-field laser, Laser plasma, Harmonics generation,
Radiation Reaction, QED cascade, Particle-In-Cell simulation
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Figure 1-1 The evolution of laser intensity.
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Figure 1-2 Three-step model of High Harmonics Generation in laser gas interaction.
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Figure 1-3 Typical HHG spectrum: perturbative regime, plateau and cut-off.
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dp.  dp & 0A]

y=(1+

(1-4)

a  ‘ox 2m.cry dx (1-5)
A AR L R, A
on, 0 (nepx\ _
ot +6_x(mey) =0 (1-6)
AR, 30 FATTZAKN ] Poisson J7 7%
0%
i 4re(n, — ny) (1-7)

R (1-2)-(1-7) B T 5 BRI IR A R 35 A (x, 1) FIEER
1E FSCEE R A BT, BAUEH R Z EASBOLRE . R ERIA
WHEDL, MEERIEIR %W, Ei12812% 7 A E2ZA S & FPAT T AS
PR RS, WORH R N IE NS [55]. IXFEYIGAHE 1A IRt R A -
en,

Jio=-——=(pL+po)+
m

e e )0

HA py = —§mectand = —poy AR TFHEFER &, ng AVIIGH TFHE, XERE
WETEERESHE RGN, BEZESHERT, B FHBIOTTRRIEE N
A (1-8) FHIAMEE Il XFEMNIZB) TR (1-5) MIEIEAN:

dpx g e? 0 Ai e 0A,
= Po
ox

en

Po (1-8)

= e— _ + 1-9
dr ~ ox 2m.c?y dx  mecy (1-9)

AR y RIER (1-4) NABIEN:
(1+ P2 mc)

Y= ; (1-10)
[1+ (|p|” /m2c?) cos? 8 — (py/m.c) sin(26)]'/?

MRAEAH N IS, W BLRAFEE R RAAIZ B T2 . 1996 4 Litchers F [FIFEHITTIE
(WA 1-477R), WEIT T ASFEOC IR iR ™ A I, HESHY 1 m G i
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FIIEFE N (451 (L3R 1-1). [ FEERIATY, 2 N BHE0E N s fRIRET A = (0,0,4,),
A (1-8) MMy, z L EN:

y m ypo - m )/OPO
S ‘ (1-11)
en,

JZS =— A,
mecy

FRERI T p iR, v, z BT EN:
» ezne en, eny
Jp == Ay Po— Po
meCy myy Yo (1-12)

EER p WMIRTEOLR, EROCRIEZAET, BTH y = v ne = no» FTLLIY — 0o

© <)

Yy 74

o = 0y ? plasma ® = ) COSOL /Streaming
ky =kycoso |~ at rest ke =kycoso. [~ plasma
ky = kg sino ? ) k, = ? ” )

S 7/__. = —> -—

o ¥ =

? laser pulse ? oo = sine
laser pulse é ?

B 14— AN EAN LR TR TER. £20N: FHRELELRL, &£M: &
HE A Mo B A &R A Tk [45],
Figure 1-4 Schematic of frame trasformation of obliquely incident laser in 1D simulation. Left:

Laboratory frame L, right: Moving frame M.

Mg LR (1-9) M2l (1-10), FATATLAE S p, KEUHIR R

2+ 2
Bl ol (1-13)
y

REAPEET s micts] T REEEIRG I~ p2 M p iR 175 S K Ik %
Ui~ pys ~pio [FIE y RS BAGRFEENXNIRY . BT (1-6) M Poisson
JIRE (1-7) Bos %L n, MRS o MAFZNE pe BAMFEFEIR S, il

px"’cl

7
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SEETTRE (1-11) FTTRE (1-12) WU S50 IS 27 A2 7 7] B 8 & O
Sy RPrAEAURUGER, T Iy B AR UGB, SCREP AR GEE. X TIEA
B, BT po =0, FrbLHBEr A A IER .

% 1-1 SRBEITRRAASER, TRBKRSHEZZN, R4E&H A Lok [45]

Table 1-1 Selection rules for polarization of harmonics depending on polarization of the incident

pulse for oblique and normal incidence.

N0 AFUEB R

RN
S S P
p p p
B 5, p 5P
IENG
il Rk
firdfs

X IR B T, ROALE R E RIS, $ER I S8 = 1R % EHERR A
BT AR MBI TR AERE R JE T, T ART DUMEBE I BL T 65 B Gk 0 8 5 70 A1 PR S5 85 11K
APOCA AR, FN BT ne > ne, REIBEOCRAZYIN, BOGIERET—
FEBSS . AL PIC AUAT R o 1 H B S 3, W 1-5PR. Bl
(BBE RS B TR AE AL 3R U7 170 FR) 2 5 93 A R AR A

ne = no®[x — &(1)] (1-14)
Hrh 0(x) = [0,x < 0;1,x > 0] Bl Heaviside [ Bk %, £(r) NZEEMBAIE . B

BT AR IR Y -
E. =Ep Sin(wotret) (1-15)

Hrpt.,, =t —&@0)/c IME S RHERRR], KHA AR (1-15) F, F:
E, = Ep sin(wo(t — £(t)/c)) (1-16)
L E ES A TAEZ 5T X £() TERPIHES:, 40 Litchers B £(r) Wizsh 75
FEHESRH T B — e R e U, RN KM 0, = 2w B, EEAH
B IR, SR K [45]. [FI4E, Gibbon FH—4E PIC BUAH 7T 1 ik

WAL, RIAHXR R T, OB T LUE IR E npe, = 0, /wo
Wik vk, [RIEF 25 H T SR B E bR [56]. 2004 5, Gordienko £5 N TEHOG

88—
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8 10" | ©)
10° |‘ o s-polarized . .
¢ o . . P—Pglslmzed © .., fixed ion densit
" 4 > model ' T
g S E—
- : !
. = I B
= : :
2 o ! ! )
moving electron
0 # density step X(1)
) i
15.0 20.0

B 1-5 (a) —4& PIC & dh b €5 F B0, AHAN 30° #HAH s mIkiE K, a)=0.5,
ng =4n.. (b) A5 (a) MESH T 5L, FhARXIALKY iR, (©ROM EA 5
BHE: £ X)W ETAREFLETARMERG. BH KO LK [45].
Figure 1-5 (a) Electron density of 1D PIC simulation result, 30° oblique incidence of s-polarized
light with parameters: ay = 0.5, ny = 4. (b) Spectrum of the same parameters in (a); the diamonds
and crosses are the theoretical results in the reference. (¢) Schematic of ROM model: electron

density with surface at X(¢) oscillates relative to the fixed ion density.

a~ 100, FETES NI TTES T R EEOER VS 1, «< n752 FIERE, [F
ST 4y? (R I IR KT [57]. 2006 4F, Baeva 25 N\ iH5 7 2 [ I & 1)
S, SR TETBERRER 1, o n783, FRRIAEIX MG, W AT T LA
EE] V8ay?, [43], H o ARHHEEN N FH, Y NEEAETFHRIRK y (H.
XA EWTELT B A% Gt 2 35 B RS HE T 4IRS A 0 v (R AT 42,

¥k 7 ROM #EHY, FEBOL5RE AR T ISR ER, AT REES (CWE) #l
1) A [ A 0L v VU O 7 AR 1 o — AN LR R . CWE BT 2 B IR 1) 2 RSO
FVELAT % P T B T ] R RO AH ELAE I AR A, Il 575 B B 1 Fe P O s 35 b 5
I, TEBOES R IR R, AR RS B RTIBT R B[], BEE
TR IR G AL RSB TR, 5 # Fa )k n) H R i 4R AR U 48t 58],
FEFR 5| R AEARES [59]. FREMEIL, CWE ML 77 A 15 e S A A o)
AR TR 0, = (4rne’n./m,)? MIBUERT IR Npax = wp/woo

2006 4F, Quéré 55 NFIH 50fs. 1TW HIIRBNEOE 45° RIS ARG, 75 5877
AR5 T 16 B3 18 B A B IR B 56 (421 RIS ABATT A B0, 12-14 B A R B AL 3R
FINSFHEOEIE L R RIEA K (x 104, B E5RFFRE] 147 = 4 x 10" Wem 2 um?,
W ARSR AT I, X BB HR 5 B A AT 142 ) CWE B & —FPAS [ F ROM 77 AL ik
WHHALE . R 225 S0k [42] R, TEFREUCE S 434 n(x) o exp(x/L) 155
B TARRT, AR

B(x,y,1) = W, (xX)[t — to] o e/ [t — 1o(x, y)] (1-17)

_9__
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Hrb 1y = ysin0/c + x/v N (0,y) MLEFERHEFIRBNIE (x,y) M BRI, v A
H Y A R R TS . B2l (1-17) TR AR k = -V, XFEETE
t=y/sinf/c+x/v+2L/v i, k,=0, BIFEXZZ F, PRk = (0,wy(x)sinb/c),
X RIARZEN w,(x) ROGEEST, i 1-6/7~. Dromey 55 A K I CWE Ll A 1
B R ENT T B TR K L 08Uk, £ L~ 0. I/llam A REE £ F
YEF [47). [RI BT X AP e, Malvache M S8 T & T 38 o W0 B3 ik i 445
A S S TR A KI5, AR T4 R [60].

Emission Incident laser
Points (k =0) wave front
- . S

Posmon y (in)
B 1-6 (a) BOLB AT B IR G 1AL 09 B R 2§ 8 THREEMZ. (b)PIC I T 4908 %
E (435) AR B 0Bt B (4% &), 54k 122 = 107 Wem™2um?, FE MK L = 1/40,
0 =45°, ng=180n.. B KA Kk & Lk [42],

Figure 1-6 (a) Density wave sweeping across the density gradient and wave fronts of the resulting
plasma-wake oscilations. (b) Wave fronts of E, (blue and red) and of the feqency-filtrated B,
(green), obtained from the PIC code for 74> = 10" Wem™2um?, scale length L = 1/40, 8 = 45° and
no = 180n,..

I LR, BEAE O GIRBETHE S, AT [ 2248 4T (Coherent Synchrotron Emis-
sion, CSE) MLl g [l 44 3 15 1 U A8 R B — Fhm S L] . CSE B ER8 B 5
£ 2010 FFHEFEH (611, SRR p MIRFIANGT, ao > 1 5AHX RO AN s % [ 44
A EAE R, R KR, B S B B O A 3 nid o i
TEE RS, FRPRS & IOERERE. Wi 1-70) i, EAFEOE
ap = 60, 63° RN, FEEFE n, = 95n, HEHL T, FERILAL T %A 0.00152, %
FE$ET 10000, NAKHBFE. BFEE cr/A = 8.05 I ZIBE A 51 5h 77 5% s,

— 10—
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FI = A it I B S, R IR SRS 57, CSE Mg ¢
FRgAE —4/3 3] —6/5 Z.I8], FEALT ROM HLHIH) —8/3 SEFrZ [43]. Dromey 25
NIEEHOEIEAN S BRGOK S, 5256 EARIE R 7 SRR T 1(n) o n~ 162 SEFRR 1S
P, UERH T RXAPHLE A IERATE [62]. 2016 4, Cousens 28 A F PIC #5540l T HOEIEAN
SRR, RIAE R AT BT PR GOK B R, I SR H 9 XS N T A A
SR, IR SRR LA 70 as FEAE BT FD Ik R [63]. Xu 28 A JEREAL, {3
R, S P EER K RN R A HAR R, A AR
1 CSE 7722 FD Bk R (38 5 [64]. CSE ML K8 i 77 A5 52 21 25 B8 TR % IR,
WOESREE, Rkve, N MAEZREAKHMEEZHENTW, A ZHI.

76

7.7 210000 | ct/7.=8.05 N

~ 0.0015 1

i"’ 5000 FWHM
7.8 0

79
Coherent XUV 8 1500
d

in transmission g 8.1
1000
8.2

Diamond-like 8.3 500

rbon target
(<200 nm thick) 8.4

(a)

0
N /N
e ¢

6.2 6.4 6.6 6.8 7 7.2
X%

B 1-7 (a)CSE £ 348 M= & H . (b)CSE A PIC b ¥ e F XA Z o HE. B A 55
% B L #k [62] [61].

Figure 1-7 (a) Experimental schematic of CSE model. (b) Electron spatial temporal evolution in PIC

simulation of CSE model.

WO B EE = G B AE 2 L H R R, EAFZSECT 74 T2 3L,
FESRES FARERAS 2] T AR IR . A AT 32 B 5807 [r) B AR id i XU, 2
ARERZER  WOGIRTE , T B 1A% FEAR K S T IR s O I A I e A e, i
FLE, X LCRE SRR . B A WOGSR EE N SRAR TR X [R], FriEie 2 AT,
Gonoskov 25 A2 H FAH X8 B T3 35 H 18 (Relativistic Electron Spring, RES), %4
G 7 ARV ATTRINLES % 2] (Machine Learning) UG AT B ST [65-67] .
OGBS O B AR R T E A I E

1.3 BHEERHMNMRERNA

B 7B BAR S, RO AR BT AR TR A AUE0A A R 2 AR AR A
—RBOR YL, R TR T LA 2 i B Ay s 1 A ST [68], XA R IS A

11—
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HHEFAEEPRIZEs). B FI83) X2 n LB Lorentz JJ1H5HE R, Bli@Ed
Wi3%-Lorentz 73-H 118 8)-58 X AR S FE R IR A R 5 ST ELanseEsmnizzn
wo 0GR IR B AR FL T2 R ST RFIE I ZE R 292wy BIEEST . 24 wo X
K AT, HLF B A F) 100 MeV B, 72 A HOHR ST A A F 100 keV 3] MeV
B [69], RS SHEM Y MR TEEE. SIEMMINE, KXY
BT H S RAEH A LB FI23), 7B I8 s 0 4075 [E R 5 U8 1) 52
M, 3 b 56 H - A 2 i JRATTRR 2 R 5 FH JE 243 (Radiation Reaction, RR). iX
HIRAT R BT R R RS AT s e B 112 3, R FE G- Lorentz+ HE 4T FH
Je JI-B s SX AT B B FIE 8. 78R & MU AL B ) S RO SR S AR
ST PN ) ) R, XA AL ER T DA R HER . (HRMNZ AR UL, IXFh O VEAR
Heeihn, B LXMAELER S AR BB IE R, RIFEE E—FE R EE
STBEJE 77 J5 TF 5 B S 7= AR X S B 1 B IE, NGRS e B IR
N 2= A AR BUEIE, iz HAE A . X iR i iR S e &
A AZE 1.3.1°7) B HINEFREXWER . REERZME, BTFSERT
2 BLAR YT JE SR /NAT Lorentz JJFHELAR /DN, HEESLKESHERT, HHR
AR 2, k] DL € 4 48 91 32 5 X ] (Classical Radiation Dominated
Regime, CRDR) INZ 4 Re = ax.éo 2 1, HH a = e*/ch = 1/137 FNKESE 5L,
& = eEy/mwoc AEA—BOEHE, yx. NHEF I Lorentz A E & :

€h2 N2 Ep
Xe = —\=(Fup”)” = 2= (1-18)

S
SO m AT, Fa = 0,A, - 0,A, WIEEHKE, p WO TR 4 i, 2
RIAN Ep J9 TG 5% A 0 IR, /N L5 4 305 1701

Ep = y\(E +vxB/c)’ = (v-E/c)’
~ )/|(E +v xB/c)Ll
Es 2N QED 5&37) 3 b FIRHIE 3 R BE FR 2 9 Schwinger 58, X TH3%, Es =
m?c®/eh = 1.32 x 10'V/cm [31, 71, 72]
TER T 7540k, 8 5 BEJE RS B AR AH ELAE FH 37 HH U 1) R 1 e e R o
o BARSRUL, R FBURFERE (S FERE) SREAEA FIAMERS GRS AT AI4R S5 BR
) Z A SEFR CRESTHER [31] 230 (9)):

S = 7'[ exp ( _ie J d4x‘i’y’“}’ﬂﬂ)] (1-20)

(1-19)

Horp 7 NI 181 HE P55y O Pauli L FERY B Dirac JE K, A, R 7 [31] . FEAH
HAFRRE TR AERE AT AR 2%, — B2 IE T Dyson EJTHH R AR
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FISEMm, [R5 AN [R) 5 A 80 Feynman B [73]. TE & T /1525008, 4851 FHJE
AN AE AT AN AR 2 M B R R R A — i, AT 32 Oy &1 RN T SR I AR SR
AMEIEF & TN FIBEHLE . =144 £ 5 X 8] (Quantum Radiation Dominated
Regime, QRDR) IZ N Rp = aéy 2 1, FINIEAH 7D xe 2 1, XRHEN
MR . < 1, BEF %P TREBNISMHSUTE T F AR (711,

FERATHIBE 7T, TR AR Lt B it U R O 2 4 BB BB AR FP
28R H T BUE AR 7 A8 LS 3 G R @ T AR 22 3 AUk A B 1T AR B 5 BE S 1T
5o nfE EPOCH F&/7Hr, Ha i PH e B ad v 55 i 7 & A o 7 A BT e 1,
WERAE, iEFOCTE 0 T3 B R R NI ESLIL « A #8273 U0 Vranic
S R OO S BHLJE X FL -3 2 0 52 el 1 AN SO SR T IiE 3, R AAE PIC 127
OIS B Fia sh 7 RR S IR R &2 SR S BHJE ) [74]. RRWlk—FJ7i%, 1E
— UG A R A RETS BIAH AL 5 R

1.3.1 #ZHiESIHRRAERE

FH T4 5 BELJE RN mT CAERff o s PR S L B B RAEA, LA NE 8t )
R, Larmor A8 H TN F 4RSS T3 (cgs-Gaussian HLALH):
2¢%a’

3c3

FIH Larmor A3 (1-21), X AR e 3 Rk X, 2L T
T, w] LS B AR ¥ 3%E 4 BHJE 711 Abraham-Lorentz 2 2
2 da
3c¢3 dt
M FHXT1e ) FE A& €, Dirac £ Maxwell A1 Lorentz FFEAX R XA S &
SN THEFAY, HESH TSRS S SRR S T Bk T2 )
TiRE, MR — BT % B Lorentz-Abraham-Dirac(LAD) J5 #£ [75, 76]:

PL:

(1-21)

Fraq = (1-22)

ut e d*ut 1 du” du,

e = Spu (G 4 S GG
Hrp w = det/de NHETI 4 458, « AEAN, BSERKE =
diag(+1,-1,-1,—1), % TP 19 = 2¢2/3mc® = 6.26 x 10724 s H5E SR AE I ]
T2l (1-22) i /& LAD J7 % (1-23), J5 A MIAE B2 — B S B8 IE EE I (X
FX Schott T [77, 78]) #B<> FECHE THU 1) K HUF (runaway solution), B C4M7 1
BLF, HF IR IR .

(1-23)

— 13—
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N T FERIX —BfE, Landau A1 Lifshitz 32 H EEE 5 BHJE /17N T Lorentz 17, If
HAE B AESK AW52 261 A > ad., FIRHEY 58 F 2% F < F../a i,
A PR e HE b H 712 3) ) Landau-Lifshitz 771 [79]:

dut e e .
— = —F"u, + TO[—F’“’MV
dr mg mc (1_24)
+ (—)2( - F*F_ u” + (F”Vuv)(F0¢u¢)u“)]
mc

Horp - FROoRXS AN ) AWRKHTPR A BRI, A = B/me =
3.87x 107 mo B —DNAWREKM 1 > ad. TRIE T WA % B 80~ £ 1 &
TR, ATUMCAS R T B AN F < F. /o PRIE T w58 S P2 AR
QED AN AT LAZME . HHTH B G N, HAESNAN 0 B IEEZH )y 0, LL J7iER
FERE FL L B S 2 AR ST BRJE RN Al FH )2 B0, 4 DiPiazza 55 A\ KA
T AP IS TR sh ) LL 77 FE TR (801 (HA2E LL 7R tA HRRYE, 7
AL GRAR LIl (AN gE ik AT AR FRAS Y ) B I 2 51 e 5 Bl 1] 1) R 250 72 AR R
2, BFE T ReEMBhEASTE [81].

Br T LL FHEZA, H IR 20 5 K 4 4R S PR JE 71 E 2. Hammond
7E 2010 K IX BE T FEA T WA 2E . BEHE, AR T B O AR SRR AR A
(JL3£ 1-2) [82]. H Ford 1 O’Connell #£ 51 FO JE=, ¥ Lorentz J)3&1A X H %
AN LAD Jrfer, HEURA LL JTREAE 7o B /& — 201 [83]; Mo M Papas ilid {fris
SRS BEJE SIS RSB B, HES T MP JER [84];  Steiger AT Woods
THE 7 2R G OL T, E R mIRRBOCS R se E £ — DR N 11
Ve, FFB ROy FEJE 77 [85]; Hartemann A1 Luhmann 15 1 0k 1 7E
PN R BIERN HIER ST, FEXT R — 0 BUNRR, 1521 7 F0i8 LA S 158 51 B /)
£ [86]; Yaghjian 7E LAD J7 FE RIS Al_E AN T B [RIF ER R 2L 6(7), e 7 H B
RECSR AN TN IS 15 O [87]; Hammond 38 I3 H7 & SRS br = &, B HIZH
SRS EJE JT R [88]

it JL4E, Sokolov GG PEISE H 7 vHE ARG BHJE J110HT 7712 [89], il FERIR
FshEM N ook E, RUEEMZIE AL L (1-25), KEZSHESCHR [90]
a3 (20)). Sokolov F7 FEFEA I F AT LA A& R =B & 57 1E, - H AT DU Gk
B, T TR AR A BE B, R N B AT AR 7 A e] UK
IR KRG, BT HEEMEAILL MR, M nT Ger e
UL [91],

14—
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% 12 JUAtRa TR /) 7T A2 09 X, €46 LAD B X, LL X%, &4 8 LKk [82]
Table 1-2 Selected list of Radiation Reaction force equations, including LAD, LL, etc..

BENHE | v = (e/mc)FFov, + GH
LAD M= 1 (P + V0,07 [c?)
LL Ho= To((e/mc)F"‘Tv(, +(e/mc)* (FFE,vy + F"yvavd’v(,,v")/cz)
FO GH = (eTO/mc)(d;“’T(F""vg) - v"vy%(F“/"v,,)/cz)
MP H = (etg/mc)(FF Vg + F" 0 ve vk [c?)
SW G = —tow?y*vH
HL GH* = -1y vk [ ?
Y G* = 0(T)To (W + vV 17 [c?)
H G* = ¢+ — v/
o € v 70 LZ
pt=-F"% + —=p" (1-25a)
C m-c
o= Do (1-25b)
m m

FESEPRiF SRR S, AIUS9R A BB M A its s 7 R fiid v s sh ik, (H
Fee [F] IR B RN R A O BEALYE, ANESVE RS2 S5 8, BT ANATTREE T
e SR BE e 07 AR R A B AR AN T SR A T R RE R, K SR PR
JETIHEIIN T A ARE, XFERE AT U TR (B R s s, SR AR
BT R R RS . — A E ORI AR AL SR At TR S BE e v e A
W EINR Prag_g, KA TR DI Larmor 23 (1-21) LW, FFFH1E
ML SR B e 70 b o ISR FP R i A R T SR S e e, T LIS B R 2 1R
MRS Th A [92]:

2 mc?
Prodg-o = gxfmc27c<xe> = G(Xe)Prad-cl (1-26)

HA G(ye) PTPARIR NI EREE FRITER . AR G(y.) tH2& T T F1LR B4R 51 T
K. 50 Gye) W, ANREWTREH TARMME, & LHER T (9>
K H S CHk [93-95)):

G(xe) = (1+ 18y, + 69y + 73x +5.806x}) ' (1-27a)
Glxe) = [1+4.8(1 + xo) In(l + 1.7x) + 2.44x2] " (1-27b)
Gxe) = (1+ 12y +31x2 +3.7x) ™" (1-27¢)
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WUES x. =0, I, G(x.) = 1 BIEBIER 22 g e 7. i B A
0< xe < 10JEHINIERH . G(xe) /T 1, BLHIZ SR B JE BN — M L &1
HE S PH e R ML H T I B B K, T I 20 i S B JE ST T B S TROR AR S BELE
ML fESbRIs R, W] B GOy, ) RANGSTTVE N AR P 8 )R IE AR
PIFE TR NETIESIRE. RIE . BHIEHEER, XANTEEAZER
1, BB SR T kT SR B e R

1.3.2 =TiESPHEERN

28 M7 VR AL SRR S B JE (I R, AL SIEBBUR BUR, TONE, 7E— g
FIESHRTHDUE, BFE8URENBIESN S, X iikrtiks
BB . TRAMIZHAHGE TIZIe M SRR AR e . s iiE 7
J1%, LB SRS IR AN A B B SRAE RE AS RBCR
KFFER, —MAEOLFE R — 0 BT LAMS RX e @ 2 g . MR i,
T PEAN /& Schrodinger 77 #2, BUMARZ 2R 5 e N 0 K51 Klein-Gordon 75
FEEHEIA H EAN 1/2 b7 1) Dirac 77 F2%5%, AN REE SR ZEEIEEE. ft
RERSNEOL, FTCAIEARBAR P ISR, M — 45 = AR FE K A3
Ho, XA IRETAL (73, 96]

SINT ZIRE TS, A M- A B, BAT AT LAt
HAFRLTAS, AR EAE KBRS, EVIHSMEEREZ MR R
A AR HURFERE (S SERE) SRftiid, =X (1-28) Fras Gk B STHR (73] H1 (7-43)):

+ [ ] +
e e e e
rlp!? “r2,p2 Sll S12 S13 ce Sli e e e rip!® “r2 p2
+ +
Crip e p Sor Sm oz o Sy cee e |GG
+ +
eVl,Pz’ erz,p3 S51 Sz Szz o Sy eee e er',pz’erz,p3
= (1-28)
erz’pl,erz’pz Sfl sz Sf3 e Sfl Cee eee e erz,pl’erz,pz
erl’p1’7r2,k1 erl’pl”yﬂ,kl
L 1y = L ’ 1i
~— ——— .
Final Eigen States § Marix Initial Eigen States

PR RO — TR R — R4 IR, 03— e, e, R4
HATHEE SR R IE SRR, TG e, .y, RE— TRy
W o AR 21 MR S M TE R BT R 0, B — A B2 =

— 16—



SN L e S A

AR NS, 2= 55,5, - Bk EARMESE LT 24, (HRIRZE AR
RO e,y — e e BUNHATASE), BTLL S HiFEH—25T RN 0[73]. S FEFETH
HELHE SR, —BoRUA 2t E AR RIF I, [RI 1215 2T ) Feynman
K.

FEA BAE U it Fo e S B JE iR &, 52 A 70 F - B SUH R, oH BT
e~ — e + anything [FJFE AR i /1, FRATTAT DA B H 1 25 e i il HA &S B 4% L 4R Fe
H 2N, XHEREE THFAESNE, XAE TR RIS TFINEIG. 2
FE 48 59 B JE S (BB e 6 B 1Y) Feynman B 40| 1-8 7 :

pﬂ;mlll\l\l,_:p/ :’:]) X p/ p, :.:p! X p :<:p‘

B 1-8 4 i£ %8 44 P8 R 69 R AK M Feynman B. B K &k B Lék [97].

Figure 1-8 Feynman diagrams contributing to Radiaion Reaction at lowest order.

2

Horh i A MARER T M R i, A MARER BT B ERS . % b
THEEEFRF (P,) = (i|STP,S|i) AL Lorentz J3%¢ B [ 5h &% H AT (4,) 7
PATHSAR S BELJE 152 [97, 98]

2010 4F, DiPiazza 5 N iH R K IEE TN EFXE (v. 2 1 IRy = aéy 2 1)
N, T RFR ST BELJE T DU ARG B it A B AR, o AN A P g
BELJE BB KA H By o AE AP AH BAE o, RN A AT w =
k_/(p_/h — k_) WEESS — 6T I (711 N

dP). a mict 1 1
— = [1+u+
dudp 3z hwep-c (1 +u)? l+u

2u ®
K - dvyK
8 2/3(3X(¢) Lu/3)((¢) S (y))]

Hrb ¢ ML, ko = w - kyy K(x) N v I IEIE Bessel Fi%L (modified
Bessel function, X HRXUHN DL FE/R &%) . BT H A & > 1, AL TR
FERN Ao/éo < Ao [72], AT LAFE BRI Ha ST I3 o HOA N o BT DA S D' 5 24
RN, TR EARZRNE B iU B A DU AR AR S — AN AR A R R AR,
EIJ Jai 3 i S X33 ALl (Local constant Crossed Field Approximation, LCFA). X T-HF

SE AR KSR ok, H BRI TR P = [T de [ dudPy,) [dudg
ATRELL 136K, XA NRIDOLT MR 1, inl DU 2067 JEF 58
Kefeke: T EAFRNKENEN T 210067 RitiEat s P,E,L),_ IRV

(1-29)




AT R P R
RN T YRS THE . IXFER RS N A TFRIBER T DI H
dpy, dPy,)

(N) — PN-1,- Po,- 3

&%—JMMNJMMﬂmeNuimd@ (1-30)
b p=pia—hk; = pia /(L +u), j=1,....N— 1. BATATLUKEEES N
MHTF IR G S BEENL S, B a5 N DNEFRRBER T AR R A
P = PO NGy s BRI N, = 1+ PY +- o+ PO oo AR AT L

HE 1-93kF R
ki

ky ko

Po,—

B 1-9 BARAE TS AT ELAHRATER, ©FRERLELT LT Volkov &
QR K& MTF S A TH4, FREHATETOp. BSR4z, BH kALK ([T1].
Figure 1-9 A diagrammatic visualization of multiphoton nonlinear Compton scattering by a
laser-driven electron. The double electron lines indicate that the electron states are Volkov states. (X)
represent the emission of incoherent multiphotons. At each photon emission step, the electron

incoming quantum number p_ is determined by the previous step.

133 EHEEMNAERALFES TN

KT HEST B OSL R g2, NATTR A B 72 77 In) 32 2202 H 4 iz 3 77 F2 an o]
XL I8 Bl AL R, G F A Sk AR BT VA AL BT LAD 75 RE RO
SHIRIE LY Schott T [77], “FIHZEBNH LAD JFERIHTEHE [99] %5 . Kravets
2 N AR EL T LL J5 880 Ford-O” Connell 5%, &I 5 R 100
HRIZ BT, P72 72 SR I T 4 R — B0 . RN a0 RIS T e
HR, B AEIR EAWE LL R RENSEX I, FENETHER
B ERE L F123)) [100]. DiPiazza S5 AN THE [ AIEOC R, Y FH)4G
RETE N 40 MeV, HOCIREA & = 150 i, HFIETERSFHJE &M Nigsh i mAAs,
MAE LL 77 F2UH SR 5 59 BELJE R8N 206 8 [101]. Fedotov 88 AR T —
Aer5OL T BT Iasshe R, W H A B AR I o O IR A o — PR MR R 1 S
W, K3 Lorentz /7353 NANE [E48 51 FHJE BB R LL 77 E R P0G 1R K
AL LB 1-10 [102] -

2013 4 Noble %5 N BN 1271k HE T F AR e Es), kL
HE)7F) T Valsov 7 FEREIAAH 2 A1 U2 H [103]. [FIRX BN 2R 1 R
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20 Ae fon-Lopéntz (1)

10" 102 10°
t (units of w, ")

y (units of w; )
|

Landau-Lifshitz (2) |

T20-10 0 10 20
z (units of w; ')

B 1-10 @252 4[R2 K 89 Lorentz 7132 %) 77 #2306 MF (2 1), LL HAZa9RAAME (¥ 2%
2) Feki F o SIR A TALGGRAL MR (B K 3)e FRARABAREN KD, BHRAL
#k [102],

Figure 1-10 The numerical solutions of the Lorentz equation (with radiation friction neglected,
curve 1), the Landau-Lifshitz equation (curve 2), and the solution of the drift equation (curve 3).

Contour lines represent the laser amplitude.

G R ST B JE OB AL T R SR AL . BEE OGRS, AT SO BT
PRAH EAE P A AR S BE B RS T VRN R o ST FAEBOE R BRI
1N

s(q,p,t) = —f(q,p,t)In f(q,p,?) (1-31)
Hrvq, p ol N=gEFr BN E, fONAMZ R RE. £ e TRtz L

86—{+vq-(fv)+vp-(fF):o (1-32)

X F =Fy +Fr, NE T3 Lorentz JJFEEHBEJE 12 . B2 (1-32) Ay A
K (1-31) AT 15005 5% B e A T FE
as

=+ Vq (V) + Vp - (sf) = [V, - F (1-33)

B2 (1-33) W NAHE R TH SR, B 1) = [ dPqd®ps(q,p, 1) IR R AR
A as(1)
— = JdSqd3p fV,-F (1-34)
HT F = Fp + Fr, 1M Lorentz JJIITTER V, - Fr, = 0, WIR Fr A LL 77HEE A,
AT DAR B (1-34) MR dS/dr < 0, BUERSTFHJE /2 380 25 [0 104 [104] .
IX B B B & RARE 3¢ s PR AF 2 TR WO i AR AE 2 0 B0 B T B SR VA 20, RIS T
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2 AR PR R A T, PR TR S04 AR LU R AR R/ [105]) 0 £E3E
B S Ay, p R ST B8 8 7 A A A R AT DA 0 e R o 4 1 Y 2
H, PEEE T IE R [106].

Harvey 2 NAERILL ST A6 fE B 420 MeV FIHL T, SREE A ao = 200 % ik
MEOCAHEAER, 35T Lorentz /7 (EFESTFHIR), £t LL 7 FEHGR 4R 5
PRI A B+ 5 R OTERR AR e =M R B3 1%, KETHER T
IR TR S RE R, A ER o B R KOG AR S RE O 0, T 48 AR S
FLJE LL AR AR S e Em . W 1-11(a) ATan, QED MR Hh~F- 15 i 1 e &
PR (F4R) LA LL 72 (&) Bk S I Krg, KR BREAM IR 2%
1000 MRLF AU INEZRR /A . 2 N A B 6 X R K B /N T B R B,
HIRKR F e A ER e E. B 1-11(b) T T MATMN SR HA 5%
B HBOCE AR BT RN . ETFE BN T POE S MK A
IR LL 72 (R L) $hiF, 121 Lorentz I (SR ELL) A . BT
e B N T kR AT, A EMEAEN e R, B2 kg, P
RSB GRS T ReE, WA KB PEA B 5152 . X P F
TEFG IO A — e MR AN S R & I Pk & 1B ‘K (Quantum Quenching)
RN [107]. FERBKEOEH, AR S BAEAE: X HB 5 P AEBOE Tk &
AR KN A GRS BE R, EANEOE E KT E R UAMR AR 3 E, FEULR
AT H S AR LT, #ETR AR IE AR R (A 1.4.277), XBER
YEV& ML (Straggling) 245 [108, 109]. MIX ELHEEE H, HZEH LL R SH0K
R, il o BELJE R o

FEWOLSE R T ARAR AR UK, % T-HR 0T BH 8 ORI 78 32 B8 i L 25 B 1
PREEAIIN LIS, WIES T REVS, WTE AN, WA, MRy LT
b, SeImIRAS R T M ) 475555 . Tamburini % A\ =4k PIC B FL 1 HOL A1
FUATELAR S, R DL S 0o | 140, FE 2R IR BN hioe R BH e W] AT
MR TR AR 1 IKSIEOC YR AR, RIE SR IA S 102 W/em?, 48
Ui BELJE RIOMLx 5 1 B T 3 B A R TS SR AR /N [110]

2014 4F Gonoskov 5 NFALL | 45 B FARLEROC B T 3 71 %,  KILHAS
A 3 AR T DR 65 a X170 O LA XE] [111]. anEl 1-12(a) P, #E9E
FHXRGERIEOL T, TSR E VE R MR A, B JE BT AR
RN, AR TR VR B 25 IHOG SR BB N SRAR X 18 XIS, H 14 SR RE K /N
IR EETT I g, eI T RE BRI 2, L DRI S BELJE 2508 P IR
SREE I A, FONIE R 58954 38 (Normal Radiative Trapping, ART), L&A DA
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B 1-11 (a) 745 F A 420 MeV 49T F ay = 200 #9548 AR B & AL AR K A9 BEE 5 L
ETAFXOQCEBRETETARKBEET LHALD O REBHEZ, ZMMRIE “BRR (b) A
H NAtHHe B IR B IS KA A AT T Aot R, XIS4T M H R A G A

LL 742 (¥ & X), @AAe Lorentz /) $Lif (k& %) T4 B A Kk A Xk [107].
Figure 1-11 (a) Probability density of the electron energy loss in QED for initial electron energy
420 MeV and ay = 200. The bright yellow-white region in the lower left-hand corner shows that
there is a high probability for the elections to pass through a short pulse without losing energy to

emission. This is “quenching.” (b) Trajectories and energies of a single electron, incident from the
right and passing through the laser pulse of duration 0.5 cycles and one cycle. This distribution does
not follow predictions of LL equation (dashed purple), but instead is visibly centered on the Lorentz

force curve (dashed green).

Z% K] 1-12(b) H a = 800 X M. L F 8. (HRTEEEIER T, HFERY R
RMHEA R R INE, WA R SRS RE R, 2 NERESINAREE
] TR IRAE FL S5 R4, XA AR B R A J B HR S 3R (Anomalous Radiative
Trapping, ART), HHZR 2% KK 1-12(b) H' a = 2500 X W) HL 112 B3k .

88 5 B JE BB B T R G RR T B S 1 R 6 B FE AT s A, fE R
WFOCER FARER PR S| 7 2 CEEMEA. £ ao = 600 R RIREEH
BEN ng = 90n,. FIHEAH HAEHIEFES, Liseykina &5 A\ & BUEE 5 FH JE RS 77 A2 1
Re s AEHCN N 1 45 B A0 i M sh &= M Weofe, BRI =28 T HEER S N R i3 .
FEIGHRART 102 W/em? IS, P24 L T LLE 2 10° Go X Fh Bl HiR 06 A G 1
USRI 55 %N, (Inverse Faraday effect) [112]. 4B 1-13F178, F =4k 4
R LL 7R AR BB 8 5, 7EAH BAR A X380 A TN m s B, .
S w46 87 AR, BES T R A B, il 1-13(b), () Fras. BT HE
EMFRE, FETERZE N MIEN o FDCFRRERE, SA1HET Nak KAz,
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B 1-12 () A AT CFTHEEMMAR a KPS H . EB) B z 40 (v ) T e, 524t RAL A
TT A& (b)x-z FEEAK TIE, F—FFH = K5 HxF 2 NRT KA ART Xk,
F R AEGTE LREAELRREEXSAANLTHRT AfP M E. BAKRA T
#K [111].

Figure 1-12 (a) The long-term density distribution of electrons in a standing wave as a function of
wave amplitude a. E (B) is orientated along the z axis (y axis). Radiation reaction is included via
quantum emission. (b) Typical particle trajectories in the x-z plane. The first and third are in the
NRT and ART regimes, respectively, while the second shows the transition between them. Solid red

(dot-and-dash blue) lines show the locations of antinodes (nodes).

45 B8 AT H 0 R FTREE T (0 n AMREN mo 0T mm < N), AR
AT BAMHN G nhg, FTOEE TR 28— Mo fahte, P
Wi

10 10 X

B 1-13 =AM F she 235 69 K s B ()3 —1LE] By = 1.34 X 108G), #hK AR ZHIM B .
(a) X RLR AR AL, (b) A= () 3 A Fa 4L A F A8 B H) B R A L. X ERFT A
BAERTTEE t =27 c B %] xy F@ey5 5. BhH kB K [112].

Figure 1-13 Axial magnetic field B, (normalized to By = 1.34 x 10® G) in 3D simulation with a
super-Gaussian pulse. Case (a) is without RF, case (b) and (c) are with RF included and for opposite

helicities. The field is shown in the xy plane at ¢ = 271/c¢ after the beginning of the interaction.
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KT HE ST BB S AE WO SE & T A TAEFEIE AR KM, X AMY
T2 NATTRE AR BT 2 O FIER ZOKE i AR, 45 28 T R DD BOL SR M &, (75
W AL S5 h B BIX RN OIS . 7E 2018 4, C4H “4t” 2 B H Rk sk
5 EARIAR S BHJE RN [113] . SEIGTE S [E 5 AR SLI S I, N 7 A SR 4R 5
BEJE RN, SR O AN - AOu e A 2. B 1-14(a) s, 5 — FBos 4 Bk i
B R G IEE RN (7.7+£0.4)x 10" W - cm™2, FISRAEZEE N (3.7£0.4)x10'8 cm ™
A TR EOR R B 28 RO RGN (1.3+£0.1) X 102" W - cm™2,
FH SR A0 T SRR ELAE B P2 AR AR 4R Compton BUN . 505 FH RS [ k32 15 77 A6 A
B, by et A M CsI diR IR AR . AR 7 AR S sz s, St
H AR AT ARG Compton B o Hi A ML FHRAEE spn MRS ¥ T HE
BN s IR RUWIE 1-14(b) TR MEERE, LB E L oA X
1, MRV TR T SR AL T S gh B B S AR SR

50
(@) (b)
Spectrometer 45
screen +
40
Electron beam 4
s
A}

f2

. Quantum model
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15 No RR
4 Data
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EEEEEE MeV

B 1-14 (a) FREETER. (b) FRHFHN y ATHE eon PR T RRELEE pna X7 (3
4 KR)e BERBIERIEE ag=4~20 ZW-FH5HT, RARRBALITHET L
B & 68% ey R, B K kA UK [113].

Figure 1-14 (a) Schematic of the experimental setup. (b) Experimentally measured &.;; of v photon
as a function of &g, of the electron beam (4 shots in all). The shaded areas correspond to the results
a hypothetical ensemble of identical experiments would measure 68% of the time under different

assumed radiation reaction models for a uniform distribution of ay between 4 and 20.

14 QED FETFHMRERNE

HE TSI AR DOK, SArE YR - BRIt MAERDE
SRR A ELAE RIS, s AN AR T R R RE y DT AR AT I O
Al — BRI FE 7 [ 2 — o IXSEAE 58 0] DA 556 2 AU R AR R T ) y
OPERE, BketE, BRSSO BIFE AT RIEM, JREE TSI RIS
—BBATHEA S KR QED RN A y ot Sk G i 7 SR 20 i RS TR IR 1
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FE T ARFRN QED %5 & 14k . SF B TR 1 y ot 32 EE8 i R T AN ) S
FEAE, T IE AR R PR AR 3 B Trident HLH1], Bethe-Heitler AL A1 Breit-Wheeler
HLA [114-117]. Ferf Trident 1722 H1 v B8 HL 7~ BLIE A Z 48R T 0w e A
HAERPEAERIEGBE TN, Bl e+ Z — e + 2¢” + Z. Bether-Heitler H1#|—/%
SINW, BB TR Z A EAEN, AR y 6T, ME
y FME Z S E I B ER AR T, e +Z 5> y+e +Z A
y+Z — e* +e + Z. BH HLFIA Trident HLHI A S AET BH R4 7 HsL
Y67, T Trident AL H HA G- Breit-Wheeler ML — % $& & 66T A 2 MK
ReOCC TR I A BEAE R A BB FX, By, + nyr — et +e7,
FRZ6F BW Hliil. Btz sh, it EISH Schwinger LT AT DLE I X 48 5% 1) AH
BAERMHEES, AMEBM TS R IR AR [118], HEZRI I S
(Es = 1.32x10'V/cm), @B KM, —MB R BEE R AAAE.

TR — AL, 7R SR v RO R I S R AR ISR B AN T R
MRAE RS R E AT R, HR/IMISHE R TR

F = (E* - B*)/2E3 (1-35a)
G =(E - B)/E; (1-35b)
[F] i} TR FA0E 7E LRI P S TR I £ B 76 RS T A A
h
Xe = #mm (1-36a)
eh? v
Xy = 2ch4|F ky | (1-36b)

Xy, P XAE 13 EENHE, p* Fake 535 T T1 4 483
MR F.G6 < x* HF.G <1, WRRAFLS]AEHoRT R w w5 L
W(F.G. x) ~ W(0,0, x), BIAIILAEFTH3E b IR I L. A 2 a0 > 1, FRSPAHT
K (Formation Length) iz /N T¥OGIEK, W AR 358 X7 s A0 45 72,
119].

I R BsE Xy (LCFA) J7i:, P 7o (BT Wi EE. R4 H
FEFDEF ImARAS, 9837 fF (BUEFF) 38t 7 RINEZE mT DL EE Y [120]:

am*c* (© S5 +Tu+5 2u
W oton — a3 1 d ——K o 1—37
phot 332rhe, L ! (T+up Pl3y. ( 2)
2 4
Wpnoron = 1445, Yo < 1 (1-37b)
nhe,
am’ct
thoton ~ 146h—Xe i Xe > 1 (1-37¢)
Ee
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Hrh e, A TRERE, K, (x) N v BT EE 2545 1F Bessel B4k, X (1-37b) A= (1-37¢)
43 A R 25 LA B TR PR R AR ST . @t (1-37a), WG TREERM S, ]
PATHRAS 2 2 5 74 S BB B IE T G(x.) BIRIEZ (1-27) [92]-

FIFERD, T eT4a B Xl fE, P mIRE M 8 e s 2 4E iR
4 [120]:

am*c* (1 9—u? 8u/3x,

Woair = =——— | du——=K. 1-38

P 332nhe, L TP\ T ( 2)
am?c* 8

Woair = 0.23 -— , 1 1-38b

P he, Xy €Xp 3)(7) Xy < ( )
N am’c*
Wpair = 038h—87Xy , Xy = 1 (1—38C)

SRS T ERAR, IR T R RS IARIR (r, < 1) N/
AT AR 73 7 48 B QED RN B S AF FUE FE

141 S8y XFE

QED & AT I mRe y a7 A 2 Mugis, RIS, dE4:1%: Compton
RO RN ) S50 S 55 o R TR 0 A L JE e U E X6 4 B - AR S Ak i 2 ) S A (], 7E
QED S5 B At AT I o7 y JeF AR & P

MRS B IR B FE A, WOLMEE B BEAER & y bF FEErT L4y
NP, — RO AR S BRI S B 45 & A AR ) B LT[R 2P
R4 (Reinjected Electron Sychrotron Emission, RESE), 45— 2 & 0 A [l 44 48 5 4%
T 5 A B M AH B Hh (R SRR B2 3 (Skin-Depth Emission, SDE). £ RESE
ML,y 672 B TS M) I I B AR R NS O E = AR 1. N 25 B
A FE AR T AR X R I % B, WO Je 18 5t 30 98 FL - [ 8 P HE 44 52 [ 1
k. BEEBOCHAERE, B0 BB B iR n, B2l
BOCH BN, BT E RE . X5 T A0 ) AT A 4% O AE
YERERSE . WK 1-15@a) Frx, HoOLF M 704 3 R0 77 m SO G A I
MM AE SDE AL H, y St/ 1E 1328 3l i FL - I 45 B8 4 St BRIBO G A 72 AR 1)
I I 8 B8 AR B R T AR IR G S 2 B, WO NBEIRIRE f5, BRI S 1A%
FERGR, WOGHTHY JGVE o7 1 45 B AR T A SO, T R AT T 5 1F 7] i i) v Al
HAEHP AR R BDGTRS, WE 1-15(0) Fis.

YEEFREEAENE AN, BOLER M EERYT y 6 RR S
T RESE H1 SDE X WAL 2 (8], 658 5 77 1) 3 AR 78 46 58— A 8 P o
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B 1-15 RRAHE 69 F A2 A . (QRESE ¥, v £faHE T £F & (b)SDE +, y ki &
HIER. () AR RANFF AT T M EEEER, BEHAEE T @A BRI, LikE Ao
M (a) A= (b) F & A B A BAAZES T 10% W/em?s B A k8 UK [121].

Figure 1-15 Angular distribution of different y-ray emissions. (a) In RESE, the angular distribution

of y-ray emission is backward. (b) In skin-depth emission, the anguluar distribution of y-ray
emission is mainly forward. (c) In edgeglow, the angle is mainly forward but emission directly along
the laser axis is suppressed. Emitted energy is much higher in (c) than in (a) and (b) since pure

edgeglow emission is only observed for lasers with intensities above 10%* W/cm?.

B T 102 W/ em? OO R A S I 525 B B REAE A, 061 17 B 5 3l
B THFF, EPRMITE R 2> &3, R s SO HE s 43 B 3 b RO i i
Hly, SECy SCERS A AT I R ET A, 0B 1-15(c) Fim . X PSR AR
N4 Kt (Bdgeglow) RN, & T Z4ER0N [121],

B Ty ST A AR AERE AL, ME BT — A y JeUE, QED i FEH 1)
y JCERSS MRS U o AN R AL et R AATTE S AL U7 1. 2017 4 1.0 55l
RN 1.9 X 102 W/em? BIERIRBOCHA T 1000, MBS FRM EAEH, 18
BRI IE A T IR TR (W 1-16(a) FR), AR A2 T A 6] e
FEN 2 um, BEEEN 40fs 11 y SRR, H 15MeV SR t = 1007, B Z ] LUAF|
3.5 x 10% photons/s/mm?/mrad?/0.1%BW, WE{ERITIIRIAR] T 6.7PW. v J6 T
Re B AL R I miA R 27%, WK 1-16(b) s [122].

HeAh, EFRNGIERR y SRS EARZ 7N EES . 5IE%
fE 2017 SE$RH T 4 RATRRBEOE N G T I A% S S AR A, R AR
AR AL R EE TR =T KE y TR [123]. KM E%dE
THEHETE 4 BN N E R I 55 AU, EROGAR IR T IR R AR T ISR
10% photons/s/mm?/mrad?/0.1%BW ] y 435 (M 3MeV #| 30MeV), TR
AR T 107 )/m?. B THERL AT DA A TR SR BRI, TE NSO R AN
1.37 x 102 W/cm? N BB RCR AL 5% [124]. LK) TAE Bn 76 & 3 a5 1
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&k [122],

Figure 1-16 (a) 3D isosurface distributions for electron densities of the plasma channel (blue) and
the helical electron bunch (red), where the isosurface values are respectively 30n. and 50n.. (b) The
energy conversion efficiencies from laser to electrons (black) and photons (blue) varying with

different laser amplitude ay.

B E 7RI I SR FE R S R AT DUR Ry DRI SR BEAN A AR [125]. 2015
A Wang 55 N IO IR A0 55 B 7755 BE MRS y ST REE A 0 A A UK
s, R R ARIEOETE S5 B A% BRI e Lh & m AR O M o B = Re e 1. 24
NSFHOGH 420 TW/501s, 553 TIRRIMEELE ~ 1n. I, MeV BEHRIDGTRIE
1537 10% photons/0.1%BW [126] .

142 FEREFIIFER QED KRE N

A SCH AT A 1E B T 6 P2 4R 1 Trident L, BH ALH] AT BW #LH]
oA Trident A1 BH ML F RS Y650 I BRBAR, 72 FAEA A/ BRI 5256 77 TH 1Y)
TAE. Nakashima I Takabe FRi& 1A FIEHL 7 7E 10 W/cm? 5% K Trident ML
AT BH ML= AR IE S X B 8T, RIUA KOt 7251 BH IR E
FEAE IR AR 0 ) Trident I A2 5 7 AN R [115]. B2 RN, 1E Trident
A BH WL, & Z MR R Z ks, BRSS RN, HEME, BT
WS [127]. — 8% BH HLEIERER & Z $Eh e EE/ER [128], MRk
R, Trident AL AR IEH FHE L [114]. SATIEAR EF, Trident #1 BH ML
AT IE T2 R, FARAG, BEEHOGHERE AN, BW HLE BN AT
FUREIOE S B TR QED RUw = A 1E F L 5 1 BN 42

1997 4F, 2 E B IHAE BH L& nE 2% (SLAC)Burke 25 AJRiE 7 it BW i /2=
A TIE AR T B SEBS . R K 527 nm B Nd : Glass BOGAE R BUE, BEE AN
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46.6 GeV HL T NHE, MEH| T 106 £ 14 MEHETHES . Eied TRAER LT
RAEARL M RS, FRAH GeV B AL T, ML AHOE LT R EUR
FEAEIE AR TN [129] 03X 2 1 IRAE SEE0 _EARIE YL e i e 72 5 1A AR
F o SRTX Rl 7 il 7 R AMBOCH EAERH, FE el i 7 A, Y45 5 i ey
B, femE, ML WEEMEZEIN R, URELECEB. R SR O M s T
WHEAER A IEA B P Bt LT HRE. BT Barosm R, %
75 % RABE R T TAE.

2012 4 Ridgers % EPOCH F2/7 B 1 5854 4 x 102 W/em?, WEEIIZ N
12.5PW IO 1 um JEE A EAER, mTRL AR KR IE A FX A y 6
T, HPIER TR ARBEEES 100 em™, HSeE FALGHLE] P42 10 1F 725 5
T I ES. X, WO E A AR A 0 e i s R 40
BRAENFE, KERENETESRIERNGE6E y LT, REHEEIIENET
XF, BB TRR Byt NG LS B TR BE 2 1L YR ) QED S S TAA [130].  an Sk
HeoRE I — PR S B 320PW, y ST HIRE R AT LUt — P 5 = B 40%, 1E
BRI U R e BB T IA 3] 10%. ] 1-17(a)~ (b) 2> B &~ T iR o B2 0ok
FUEGRREAH AR P S B TR 3 RS ML), A TFEE (G fiE
M35 (AL mLR) 4040 [131].

@

B 1-17 (2)12.5PW #= (b)320PW A HINSTHsa¥e B ek &) BAREAER T8 y £ T 2 %
o) Ew T (LEFHR) 4. BR KA HK([131],
Figure 1-17 y-ray photon (2D blue) and positron (red contours) production in the interaction of a (a)
12.5PW (b) 320 PW laser pulse with a solid aluminum target (3D grey).

QED i 2 R I A7 B X A S T 7 2, [ IR T 7 1 A7 F e A A 1
A L2 RS R y 6T I BB I IE U7X, SR RIRRN . BARGR
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B O RE B AL A PR H AR N VA T RE [119], X AR RO HIfR e
FEH T ARPRR, (2 —J7 T, GIRRRN AR 2 R ORI 5 0 A7 FEL 106 17 2, DA SR
FUHTRAER] o FEWTFT QED It A2, PR A [) 4% 35 (RO T e B 38 375 vT DAASE
FL A A R AE Y B BT A (111, 3R 1 RS SO IAE BAEH, RIS
T QED A 75 BIBHOGERIE, MONIR Z W i s FE RO A . 2014 4F Mironov
SELE U I 1) [ i 41 D6 AR ARk NS PR SR A LA P A 2 k52 28 (Shower-type)
AN FEFE 0 (Avalanche-type) PiFl QED B . HLF IR B o kK A R
PR, BUR TR S8 BW S AE IR . X i AR RS — B
I IE]J5 FEL T RE B KR FRAI, B S D AR 2%, XMt Rl — Ml F RS Re =
RS Ja BF T AR I I R AR AR AL, FRON S-type IR, HKREFHLF1E
BOGTEBESA Iy, o WO A BRI RE B - 00 O A E AR 0, I
Gy IE S50 o] DUE SRX — b B = A B0 2 IR f -0, i s E fa i o, 3
AR B AL, FRON A-type BB [132]. @il 1-18(a) fis, 1E z flETS
[ AL 3% ) GeV LT R ATEOGAH HAE R 8IS S-type R BRRFELAR ST 7= AR Bk, XM
(b) T HTE B RS . 2 > —0.17, B S-type RERIZHTIE IS, XN HL T =A%
B Tz > 0 5 RERLF R BRI R, A-type RITTIGIEK, 1™
A ZE R T

[FIRE BRSO A B, 0 53 B AT iR 25 06T 1 47 FE 5 = AR 2R AT R K
520 . Grismayer 5078 T A [Fm IR ZS B9 XU BOGTE A Ff 7 B A 7RIS 1E fU i T
PP R — B R F) 7 A R R PRI (p-1p),  — 2 [ 1a) 1) [ R Ak o'
(cw-cw), FeJa — P S 1 I R mAR O (cw-ce)o BLRTFE AT LUK I, ot fidn]
DR KFE R $E FF Lorentz AR y, FIK/h: 7E Ip-lp A, HFIE3I# R
HIFEBOCIRIRFIAE R 75 B X8R S 8 262 fas, FoH as = me? [hwy
A Schwinger 358 X% N 530G FIATTH— 40 658; 10 cw-cw B,y sl KUK
2apyo/as; 1E cw-cc IR, WOLYBIMEBEH, x. KNEWA 242 /as BA
WA AL B o BT AR ) cw-cw HIE B R F-5X0 7 R B IR 1, 1M ew-ce HHIE R
X B 7= AR R b = [134]. B 1-19(a) X b T AN [RIA B0 s v OE §H 756 1 7= AR
X, [AW X E T 2% ik Bell A1 Kirk [135]. Bashmakov [120] A1 Fedotov[119]
AR, o Bell A1 Kirk 7RG RN 7= A2 2 m I 2 RO AL IR Al 16+
HIYGEIRE, AR =GR (a > 10%) 8 th Bashmakov 1 Fedotov HE BN & .
Bl 1-19(b) H Ip-lp %F B 1 IE S B4 8 BAR T ew-cc, 1HZ2ET cw-cw, [FINF I
H T 2w IRRIIRY, MIPTRD 8. SR FRE R SRS RS B 1AM AR
FAARAY, Tirka 52 NENRBIEERAE T = 1.1 x 102 W/em? B, S A2 XU 28R R 0
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Density of pair creation events

1.5 10-1

— cascade A — cascade

=

t / TI
B 1-18 (a) & z 4h e"e™ FAEE d’N,-+ /dtdz FEHFENL (au). @MEETEHZESH (b) £
F A E AN, [dt AR R EGIEA, ST R s F RAEE A &) = 3GeV, Ey=3.2x 10 Eg(&
I~48x10%W/cm?). B K k& L#k [133].
Figure 1-18 (a) Evolution of the density d’N,-.+/dtdz of e"e* creation events along z-axis (in a.u.).
Thin solid lines indicate the structure of electric field distribution. (b) Electron creation rate dN.,- /dt

(in a.u.) for initial electron beam energy &y = 3 GeV, E, = 3.2 x 1073 E; (total
I ~4.8x10%W/cm?).

X I R I A7 FEL 50 7 A 23 EEOUA s 1 8] i 5 [136] o 3K 2 DR D XU O Hh 32 252
FEH I KA R E P E AR X, A E W IRIGR, 7 iR ke
B BieH R T, SBUTAERCRMIR, £ ag /T 2000 I 1p-1p #8427
G EANICINDOP

Rtz 4b, & AT DL i 38 Do R A E R IR SR R, S A
HL 0 = AR 85028, (RIS R AR AT DL PRI R B0 G BE B 7 oK [137]. 7ESF B 114
HRERNERE b, WK B 55 & ARl gl HE T, T R R s ) 2 3 0
BOLRST, BRRREERICE, RAE G FE S TR%E ~ 100n. B6A R0H 55
QED ZZHKAN [138] . fEAEAYEHE b, GeiRsE AL 4 v] DU RLPR RO AL 75, Mm@
it 10PW OG5 (~ 4 x 102 ecm™) B 1IE T HL 15 [139],
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(a)

- high & model , B
— 10 i - i
-@-2D cw-cp 1 , —— linear
; ---Bell & Kirk . S oweew
10°F 4 : ---Bashmakov P o awec

B 1-19 (a) TR BIREAT e et 893K FEM ap 89 T 1K ao F28 ap #IEMHHI R B 5F L

Bk [134] F 890X (11) A2 X (10). Bell 4= Kirk £ 4! & & %% S #k [135], Bashmakov £ A &

B A& LAk [120]. Fedotov # A k B A% L ék [119]. (b)ag = 1000 B = A+ hIkiE X T e et #
B 69 T, B Ak A SLAK [134].

Figure 1-19 (a) Growth rate of e”e* as a function of a, for different laser polarization. The low ag
model and high ay, model correspond to Eq.(11) and Eq.(10) in Ref. [134]. The model of Bell and
Kirk comes from Ref. [135]. The model of Bashmakov comes from Ref. [120]. The model of
Fedotov comes from Ref. [119]. (b) Number of e~ e™ pairs as a function of time for the three setups
for ay = 1000.

1.5 RFEUEFNTA

—E DR, PR Ri AL B FT A SLIG A ST A A AR B, ELAR BRI 1R BT R
R AW SRS A E B, ATFEHAR AR R . kA
SEES ISR ER AN RELE T A NME MR, PRk B LR, IFEVEARNK
A T ORI ERL S, AT 2 7 o ENLEE AR 1 77 V2 R B 98 S B 7]
AMUAE R BLR B FEAR LG, BB ER L 05, AT DUSS IR BRI 0 IR A 4 T A R
1E RS 58 ASFEFE 2 B AN (] [R]ESFADSCEGAH B, BUE BRI XA 2 T SRS,
A AR B AL 4G T 5o P 2

TESE B AR, — M AT LAA AR 715 (fluid)s 3 /7% (kinetic) &
HEGWIRAANTTIE. TS5 — MR R A B RS K [A) e A4 (17 7 W ) R
FE MRS (MHD) 77 F25618 o T80 775 7715 50 5d A W S a5 B 11k
FIOW JE T, 36 Vlasov/Fokker-Planck 5 F2 AR 454 (Particle-In-Cell, PIC) /5
15 1140, 1417 1575 888 78 iR MO A 5 B R AH BAE AR, AR R, 3h )
IR, ARLRYEAIRR G RN B R, AT AR RLE AT PR N 1] A TG v 8 aot Al 4 5k 31 4
J15°P A, BT DAANIE & AR IR . Valsov/Fokker-Planck 7774 /& — F =K i fil
FAEAR 6] 3 A0 BRI B 152071, 24 2R 18] F A& U, Fokker-Planck 5
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Ut it A Viasov il . SR Viasov FVETEACFE — 4k, =4 o] R 75 B KR
PR, [RIB 7E A B i R, B A o AR R PR YR, X R T E S
FRERIEWT R ZE S (142, 143]. BT XUEJEE, BONFER, T IHAT R 7
PRSI S B AR AN T3z BB V2

AT BB PR TR T AR T, LR S E Warwick K 2255 AT
R = HEFF IR T AAUFE T EPOCH [94, 144] .

1.5.1 RFIRIIERFELAR

AR, —REGHE KB FiEsh . DN 1 um Bt R
i, SXF LRI FEEE B2 A ne = mw? [4me? = 1.12 x 10* em™, B H ST T7 1
VO, HRFHEWA 107 A, ESLbRm S, A2 ) P oA He 6K SR
HL A I DTk A B S S SR AL, DR e DU — AN R PR R EAT, KORI
DIFEET R R T HE . S B TR T R TR R P s s TR, A T AR
S L F AT . ELIR A A

drj
dr . (1-39a)
d—;:;]j(E+vj><B/c)
V-E =4np
V-B=0
10B 1-39b
VXE = ——— ( )
c Ot
10E 1
VXB=-—+-4n]
c ot ¢
Pe=Z%’5(”j—")
’ (1-39¢)

Je = Z q;vio(r;—r)
J

Hb gy my, vy vy 3AREE AR R TR ALEMEE, o, J ONHETFH
FH 7 25 P M LR B o FESEPRIg SR, B — I 20 rL e 23 A vl LU =X (1-39a)
THERLT- 52 B 1 4 I 58 Bk 7 R FE A B . Bl SRR 4 =X ( 1-39¢) THE R T H
for 5 FE AN LI 2 B o f il Maxwell #2300 ( 1-39b) tFEUHT H G, DAk
HEIFAEE .
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DA EAESR AR iz 3 7 #E,  2 [6) T 30 8 A A b b A7 B Tl 0 A1 SR e Fa A
LSRR, NP R T2 TR R 2, SRR B RCR s IHAT R
PL EPOCH #2 7 =2 5], HAZOHEIER RS S RS (Plasma Simu-
lation Code), FHLIAI%ZE K&K FHACH Yee MK (Staggered Yee Grid) 7> A, ek
A PR % 4374 (Finite Difference Time Domain, FDTD) 3K fi#, 1K 1-20(a) Fi~. K+
HEZN 7 FE R R AERER (Leap Frog) 771, ZeitH AP KB nE, HitE—
MKW, &G H R RPN PRI IE, ik 1-200b) s [145].
BTz 0 A K bR vE B BE2Z(EE (B-spline), H—F A1 i 2005 K -

I1+¢ -1<€<0

bi(é)=4{1-¢ 0<éx<1 (1-40a)
0 otherwise
3+8)° -3<e<
3 _ g2 _1 <&KL 1
ba(§) = jf , 532 (1-40b)
s(3-¢€) 3<é<3
0 otherwise

A, AW A FA AR, R PIEEN, BRIFHATHIEAT, R
R Pt o SO S O Y 5% SR VA o 1t LS £ 6N B b Vi U e
K, HTEDIZRBOCHIERAKRE, 5 QED B MIRL 7127 32 BT H Bk .
T /N IRATTELGHA 42 EPOCH #2541 QED A 115

152 EATHES QED ¥R R HEAKN FEHIERF

¥ QED i FE A B 55 3 AR B R o2 LU BB B, SR QED A )
REIRUF RN 5 B TR BUEB A, R B S T PIC B IMASZE
(Monte-Carlo, MC) J77%: HiFIHEE R 4046 AL 4 PIC J7ykiH &, R 6 148 4
AIE S B 76 (P2 AR FE v A MC 79k e 4R 5 AN IE 5 s 106 72 AR B A T K
FE /N T I P KN = RT3 H AR, X RIUE TR PIC F&/7 R MC 77
TR R (146, 147]. FULIRAERR T Hof S A s B 1) y H6 7 A ER 7R AL
H, RSO S S T AAEE E Maxwell 75 FEHAREE [120, 131],

7ESEPris e, QED i FE (AR & E L Fury BEH50 [148], 1 A1 %
H O B R I S AR T Feynman ;a1 $ A1 IE S P =tk . Hpe 2k
RIERZ kP E A5, X AR 28 [94, 108, 120, 144]. FEVEER



IS N e S N

@ (b) “y 1
/l
. (i+1,j+1,k+1) B"

o

&
=
s
&
H
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B H
P

n n+1
P

(i+1,j+1,k) T l \ T J
o x””\ - HZ\
B g}/

(i+1,j,k) jr j”

I

RS

<

+1

B 1-20 (a) 45 Yee MAS 4z, #ikfor &oAIRKBS#EY (LLE), LHFCR (FE) AR

wHER (EE). (OPIC PAR T XMk, BARAL#HY, LARAETEE

Fo g, BEARKCHG BT Lorentz /) 42T 94 Hlo SRARELT = LG CRRMERNT
Maxwell 7742, B R sk B Xk [145].

Figure 1-20 (a) The staggered Yee grid unit cell. Depicted are the locations of magnetic fields on
face centers (red), eletric fields and current density (green), and charge density (blue). (b) Leap-frog
time integration in the PIC method. Blue represents electromagnetic field quantities. Red represents

particle positions and momenta. Interaction occurs by using the EM fields to find the Lorentz force
on particles (black) and by using particle motion to find current density that feeds back into

Maxwell” s equations (green).

J& ) — SEAR A S R  IF B R T R K, E T IR T A R DR AR R A /A T
DARE 200 o 7E IE SR 0B K, IR SR F TR ) R A 0 TREHR AL 6 < 107° A
KA [149].

FEALE QED B[] PIC THEFEFA T, FTE A (1) #F ERLF-48 G 11
PR, AR X — B T B L T E ISR, X PIC A& 148 5 BHJE RN
RIL; (2) T K = AR TE OB -0, G4 IE Sl X4k R T RTINS
(3) 7= A5 1) I B H 1 6F 14 B g A EL R0 RS I 2 . BN FE W 1217
1E A HL ] (B R T IR IO T FR A B R .

BE AR, INEE 1 B 25 RS, L7 QED BB 1) PIC F& 3 B 1] [1] [ 1D 328 BR300 /2
— AN DA P9 TR AR SRR N T 1, B Ar < Atgeps Atgep = 1/max(dP/dt).
[FI) PIC J7i24 B A R NBNEE /N T I6IE B CFL %44 (Courant-Friedrichs-Lewy
condition) F1 Debye & L4153 #E, AT AR E2EK 308 At < Atepr Bl At < Atp,
HH Atepp = Ax/c = AL /Ne, N A—ADBEKAMEIRI2EHE, Ap =Ap/c, Ap
4 Debye K& . fERREEN ao FIEOEHF, f

(1-41)

AtQED 10N AIQED 100(”6)1/2(1716'2 )1/2

Atcrr ap Atp ap \n. kpT,
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a_ 1
Lorentzforce —p =q [E + ;(v X B)]

]
—E =crotB
: : at
Classical plasma physics P)
—B = —crotE

a
Current _tE =—4mj ot

0

—r="(1+ et
at m ED rate
Q <

Non-perturbative pair production

14
QEDrate ¢~ /e* Q

Incoherent emission
Descreterecoil Ap = —hk

N

1

H Stimulated pair production
1

1

1

E+
QEDrate 4/\}/'\,<
o

S
N

6Cr_m

B 121 &5 W358 7 4 it 2 4 Bl ALk ey st ke F A I ko B A R B AR [149].
Figure 1-21 Extension of the PIC approach for taking into account novel channels of energy

transformation that could be triggered by laser fields of extreme intensity.

XH T, NBEFIRE. £ RPBOCERESEI,, Ap < Atcrr, ne/n. ~ 0(10%),
mc? kT, ~ O(10%), FTLLRA ag > O(10°) B A FFEAL Atgpp 1E 9 [H] 8] BE ) IR
Hilo 7 — BB SRR, Ater, < Atp, THSRRIRE RIS LB N ~ 10,
NIFHELE ay > O(10%) B 5 75 EH AtoeD B R BF 18] 8] & PR R 1 [94]

17 QED LR PIC #2 /7 AE THFd R 2 7= Ak K ki v, I H A= pa S a)
SHRE BT XU, RS BRI 159K, 7E QED-PIC F2/FH A
BT A IR EEZ B AT E [150] . R RMEASE R ZIA A7 i EE
TR AN IE A7 F XS PR AR I AR AN REOR B RE B S 1H . W14 Lorentz 14 y,»
Z Lorentz 14 y, MHT (ERT) SEIHOETFI P RIAHT R ERZEN Ay /y: ~
/2y )y =1y (i, yr > 1o fEREEN €, = hw, /mc? [IEF 724 Lorentz K14
y- Ay, BIEFA RIS R, AR REER ZEN Aefe, = (1/2e,)(1)y-+1]y,). {H
HTHR = AR — R FE A SRR S, A DUX SR A X LR [144],

NS (1) 55 B AR B AR A5 PR

1.6 WXHEHMRHA

AR 3 E ER AR B OC I A T BOGEE B 1 O AR F 7 A i B R S AL
i, BATRALIE BRI 44
9 —3, RATLAEOERIR A E L BRSNS RIR, 7 5% &=
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AT ORI A P P A U IR T SRR, O AR B A e e BELJE 2
R A RN, AL QED S5 & TR )y J6 1 AN S0 X 7 AR A R AR o [
I FRATTA AR 58 TR BF QED B PIC REJF il 1 #2011 — &40
AL ERIT T, B 3CERR RSO, RIERINSG S TR KRR 4.

5, BATRHE XG5 T OB AREEAE R A R OE B AR R AT
THRMIBTTT, BRI 1 CSE AL A 4L R . FAT T 7T A DLBL 5 1 2 H
FEHT R I LT AE B0 A R 3E RE T AR R AT 5 R T R R . —ZEREAL
LR AT DS RS T w, A BB, 4R 5 it th L 1 AR A
BB EAEATE KA S, S TR MR g, AR T8 1
B AEFOCRINGTEER, S5 EBOE L 1 2 MEHB )

5 =5, JAWHTE 7 ESRBOC S T A A, dE S e RN
AEARPT I BRSO, XS H AR SR REAT 1 A AR . BT S RRA T B
INNEES L@ RN i 5 820 HL T~ > Ul SRAE WO e s[RI 5 2800 s B 7 o
FEREAE IS T PRI SRS . X B, i3 T RO T R e R S e e e T
FE52 AR B R E RO [RIIS Rt AR R A 58 A, ki = AR 1 s o o RTINS
WOt B SHpOERS U RR S R e T (HEPEE) MR [RI RGP HIER], (5T
F S FELJE 80N A2 (R AR S R R B e AR T B n, - I 3 BB R o e v . A
7 RR NI, OCREEIRICELS, WOGHT LLE I FTR MO 7B 8, AR R o
FESRERERIBRAN K . AER S RR BN, 288 TAXROLR R R, &
AT R AL SRR T, DL IR N ) 10 D it ot A T T U]

55 DUE, FATETC 7 AR GRBOCI M55 B 1A AR A A i QED Ik
L AEARE B RR A 1 R, IR FL A AT T e BT AR o S A T RRA T B
XA SO A S5 1 1 A X g ] DA A R B R B i 76, R SR AE S 7 11 )
WELR] T A 5 Bl i As,  Her SR [ R G 3. IR F R 1
TR, QED ZUBAA N AL KB IR AL X AR O 2 {5 AN 4 fR B0 R . 4h
EWOCXTRE A T (IEHT) L vy, R IR, (AR 4772 3 oA 5 B
R . 29 QED ZUBRINAERE P iR, BCE WOt R BRI, =50 54 ek
KA, B thEEZ M k.

9 E, AT RSN ERAT B4, JEARR AT RERE— DI R I 7T AR
AT R
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BEF  HENRHCCMEFEPIELMEREER S SIEX

e
21 5|

TELE W R IRA TN GR T = A [ AR B U U AR T EE S 4R 59 (CWE) FHXT IR R
i (ROM) FAH T [F P58 4 (CSE) =ML o AR ET P AALE] B T XHBOG I Z 1)
BURIEAE, FIHERKTLEIGREESZIL, A BRI SIS TR 2 . RN 7R
XA WL 2 A R RS B TR SR TR 12 3 51 R s ks, R ax
P& WAL R R T = R I 48 8 (Surface High Harmonics Generation, SHHG). [
T LA NI R B A, AR 2 P B AR Had T DL AR DL AT A Oy
ARV o G oK BH BB o — e LSS B AR ER w), B 3R A1, ML AT
DA RE N AE 55 B TR R 1 802 AR 21 %5 B TR Langmuir 3% 380K 1 = Bg FL R
Wit 2 I R R E O A N G [40] . TEWOLSE S TR A S TAE B HEK
FEHEE A EE RO AR 20, BYREREST, 25 AT DR ORG24
Y8 [151], B2 Boyd A Ondarza-Rovira & IIEEOCH S % A EAER Y, &
S RN IZE ST AE A e 2 B . I B T AN S B IR B s £ [152],
NEEEE TREE N ERAE T — M EREEE., XEXTEE FREEEN T
[71) (R S A A SR SO T LRSI S 7 1], KR T w,, BRSO 48 7= AR 1) 0
A WA B A = A vl -, A PR S S B AR S, i R
B S LI AERE 5 P2 AR R B2 400 wd [PORHR2Z5R ST [153]0 (EA T HFRAT DR B AU AT
CSE HLi| T~ FOHE 5 WS BRI [62], Z4m 5T AT LRI R I s DU (0 9, B 14
NP SR N A1, 3B 0] U T OGS S AR AR — R B, 5
PA e T P FE A AT AR S HLAS ], 1% A — P AR R 2 i AR R MR R 5 R
i

£ CSE ML A, Y5mAH X v SO AN iy 2 [ AR AR AR R, BRI s s
YK B 2 0] DLAEBH AL AR (rollover frequency) LAY =4 5 & 32301 °F & R 40 A5
[P (I(n) ~ n=*3 B 075 Z i), HENFE AR AN K L 2 1) B B K FE - ) i
K Lorentz K FAH¢, T B AR 018 W0 AR EO= 0 [154] - 5250 | Dromey %5
FH ao = 20 BIBOGIE NS B 800n,, JE 2y 200 nm FIBREE, ££5% 5 77 17 _EW
SR FF4 CSE WL Fisie n~ 2 @R i g, HA/NT w,/w Bk ISR 5
W 1, TSR 7 A R A i g i P A R A 16 R A AR R T DAV Uk B, X B
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A BN SR [62]. WOLINE P A IR PR T, RS B TR AR K
/NI B 3 5 T R DL B e 2 B BBl D K P AR A (1551 BT J X B ik
HURTEIAE B RSO g i1, AR 9K 8 7 2 G 2014 4F Yeung
S NAE S8 B R DL RAROE JLF- 7T BL5E 2] CSE ML L JE B 5 £, T
ST DASZ A P SRBOE (0 P IR AR 8] (8D R, 728 i RERTAD ikt [156]. Ma 558 AKX
B, s MWIRBOCRIN S BUZ DK EERS, #E)5 CSE & 5 i 9 2 7T DA EL 512 48 8O
IENG SR — AN EOE D, TERCE IR XUV 385, WROGRAE N R B R
2979 3x107° [157]. Bribz b, SEEFEROCARL G ™ A AN FTRD i1 S AR 5C
W VLR AR A R R SR AL 1 BB AR (158, 159].

AREAREAV NGB T, RIS CSE WEBES iRr S AL, FEJ5
£ ZERU P T FUBOC B4R . SEATE ARG, 485 BERTN G fy 52 5 PR 30 A1
XV OGR4 7 A RV R S RS, IR LR A XS AU BTk
BUANER fE A ] CSE ML P 2R 58 5 v R AR S IR AR I D9 HORE R 1 B FH B2 5 2
fitts [ INFH 5 AT I T 7 T AT U A R A S FELJE AT QED R8N 512 (1A 38 S s  FE 1
B

2.2 FEXTIS TR TNERfE 1K BY A FN4FE
221 —HIF NGB EREIER

TERIE FUAR STV ' SR e AN 45 B8 AR A EAE I AR, 3RATT T S N — 4EB R
FUER S 1S ) P2 AL o 31X BLERAT M R BE40LAE T EPOCH, & B 1E NS HOG T
RN pm, W x TTRAGSS, H—AREEN ao = 10, DRI i oA,
BN T = 10Ty XH ay = eE/m.woc, e Flm, 53 5B T AL BT E, w
NBOCIEIE, ¢ NETTRDLE, S8 FIREEE x > 0448 ng = 80n., n. A
NS 1 m PO NG R . 7E x < 0 PRTR W B A % E LR Hss s
TR, BEERHECN n, = npexp(x/L), XBEHIUEH L = 0.0140 TR E TR 1% B
ko BRI RN 0.00120, FEASMIASHZE 400 ANEERLT, (RIS AH R 15
UL 17 PR B 2 0% 20 R I VR . IXFERIAE BRI S HUT, RS BE B 2N AN
QED S 3%)v] 2%, AFASHOLE B TR BAE S L FE A QED ik, &
THE AN TR 21008 5 R T

X H TS A R, — MR TR IE NS an SR AR (> 1), 58 JE
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Figure 2—-1 Spatiotemporal evolotion of (a) electron density and (b) transverse electric field E, in 1D

simulation of laser normal incidence on a thin target.
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Figure 2-2 Electron phase space at t = 2.9,3.1,3.25,3.5 (a) (i-iv) and selected electron trajectories
(b) in 1D simulation of laser normal incidence on a thin target. Different size of points in (a) denotes
different amounts that super particles in simulations represent for the real electrons. Small points are
super particles in the preplasma initially. The blue, orange and light green color of the trjectories in
(b) denote 3 electron dynamic modes: the normal oscillations between the plasma surfaces, large

amplitude oscillations then back to the plasma and large amplitude oscillation then move away from

the plasma.
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Figure 2-3 FFT spectra of transmission emission in 1D simulation for target skin (megenta), target
inside (yellow) and target rear (green). Parameters used in (a)-(c) are (a) target thickness 200 nm and
scale length 0.014; (b) target thickness 200 nm and scale length 0.14;; (c) target thickness 100 nm

and scale length 0.014,.
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Figure 2—4 Spatial distribution of electron density in 2D simulation of laser normal incidence on a
thin target at time (a) = 3, (b) t = 3.5 and (c) ¢ = 4.
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Figure 2-5 Spatiotemporal distribution on y = 0 axis of (a) electron density and (b) electric field.

Note that the colorbar in (a) is different from that in figure 2—4. (c) Selected electron trajectories in

x — y plane. Black dashed line denotes the initial position of the target. Color represents time.
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Figure 2—-6 (a) FFT spectra of transmitted wave for 1D (red), 2D p polarized normal incidence
(megenta) and 2D s polarized normal incidence (yellow) of the same laser-plasma parameters. The
green line is the FFT spectrum of transmitted wave after a 0 < ¢ < 9 temporal window truncation in
the 2D p polarized normal incidence (megenta) case. (b) Spatiotemporal distribution of transverse
current Jy, in 1D simulation. (c) Spatiotemporal distribution of transverse current J,, on the y = 0

axis in the 2D p polarized normal incidence case.
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Figure 2-7 FFT of transmitted wave for different parameters in the simulation. (a) 2D simulations
with laser focal radius r = 1 (megenta), r = \2 (yellow) and r = 2 (green). (b) 2D simulations with
scale length L = 0 (yellow), L = 0.01 (megenta) and L = 0.1 (green). (c) 2D simulations with target
thickness d = 100 nm (yellow), d = 200 nm (megenta) and d = 500 nm (green). (d) 2D simulations
with laser incident angle 0° (megenta), 15° (yellow), 30° (green) and 45° (purple). All lines with the

megenta color are from the same simulation.
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Figure 3—1 Schematic diagram of laser-plasma interaction in the regime of Radiation Reaction
Trapping. (a) Trajectories of test electrons neglecting (blue solid lines) or including RR (red solid
lines). Electrons are trapped in the high-laser-intensity region through the RR force (black arrow)
induced by the emitted photons (wavy arrows). The upper panel shows the corresponding distance
r= \/m of the electrons away from the propagation axis versus time. (b) The typical angular

distribution of y photons from 3D PIC simulations. (c) The relative fraction of trapped test electrons

versus laser amplitude.
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I, F BT ASHEEEN ST, WET ST IR B REEADE TR

EfER.

3.2 FEFERTRIRINRE B

fEARTES, TAWIAEH EPOCH 2P/ ABI T R, mTESE —%d, &
TIRFIAH T EPOCH W& R Ie % & T BAE I hRE, AR b2l
W RS BH e A, I ELAE SR SE AL B AT BT 7 B R A — e s e, AN
FHZW N2, IERA /R IX XX By 25T DA 28 . EPOCH /& — 3T PIC %
¥ (94, 144], P Ca&as VEFEE . ERBE T4 QED HEERN K
T, BRIk, (B SERREF, EPOCH 254
(RIS 1 TH S e R P AN k%, DRI )2 A AE AR Sk I AT e /R — 2R3
HLF E e BUR B S T A R 88 L, FE SR A T P4 A B S R AL, e
TF TR BB P ECE B B L B S S TR SR T FRATIAEAE A
EPOCH 277, R ILE /- EOSR 1 15 B AL 7 A 60 AH I 112 W 7 12 F0 i
TR AT, W4T TAEE— I R, R E0 EPOCH #2877, MAZRAT
FTEMTHEER T —TUE VIR TAE. FHsz b, AT/ TE [161] 4, 224 H
BT B EPOCH 27 HIThae. M EBIIIRURE, BATHE SR A X
PRGNS FEAT I, RO OB AR A R AR e O SR s,
FZW N gs, WAXTRRT TR B R B SR, AEEAK, RATHIX LR
il e sh Redt— By (A 2, A AATT AT DU RN . IR BRI e BT A
TR LA 2 3 A AR, i B ) A

3.2.1 EPOCH ZE{&XHEZE N

EPOCH #2H] FORTRAN 18 5 %i 5 [FFR PIC #2/7, o PIC %0
FRLE L5 D& rdin A, X B 3R H— L Hm ESHMER .

TEAR L J5 BIYRARCHS source SO+, shared_data.FOO & i 1 T 48 & 44 FK
KM HEL SRS FHERNERSCE. JUT-ETA T EPOCH [MAE T 75 EEAR s
TE S 52 USRI A RRFWIGEE . deck SCAHI& A BIT A SO A 152 B N SO A%
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input.deck )R EL, & 7E 4N A input.deck FHENIN E 58 X AF & B IUE IR . io
A e b AL B LR 2 Wi Dh BE diagnostics. FOO A1l iterators. FOO, 41X #2 /7
S A2 B PR B ORI A HH A A2 S BB AE X AN S o photons. FOO ST 3 22 H 127
QED BB, f& ARt B iy, BW i A Bl SR, [
B0 Je B IE 7 7 X6 P2 A2 . QED 2RI TE 11 ¢ AT LAZE photons. FOO A H AN
EPOCH 2 /78 R E R R, S MR 18] 4r TR, (H A8 EMTAZ NG 4 )
REIRZE 2 RO AN e B = A H AR A . S8%i8 . B0ds &5/ A UTRC 55 S AL HY
B, IEFTEE— KIS . KIEE F1E EPOCH 20T, FENEFARSH
BRI, XHREESIARIRA TN HEIR PR R S80E G
BN R SRR N R o O BN ) AR SR A A AR ) 2] T
B, BARTAVE Mk, BRI EESYESE MR, 5, HERET
FRFEFIEATIERE, BUEVHE 72 AT IR AL 0 T R AT SR AN LA

3.2.2 EPOCH HEEN TS X

f£ PIC R /7, BB T IIRER — BN EE N TB, 2 RGP E
[ . I POB ER AR T RSE (IR bR, RN TR A Tk
HAZ AP P 7 EIREA — AR, R ET RSO R S B A RO, [ A
KRR RS KO E ., Sh8. RRESER, w7 X ok
TFIIZ3) . 1EE bRk 4R FBAUFE 5 OSIRIS H, R i iT LAid i HAE T A6 R
f IDL 2R & I VisXD BB Fe, 2 MG, PRERITRE %, R mEHAIE
MHIAE QED BKITHEREF EPOCH H, Al MALER A AR Fr A £ (1) 58 LR IE A
i A BUSRRL Tt e e AT AR, SRABT S L U S A T A R]
RLPRFAL, 752 BAT IR —RioRL I8 BRI T

HAME % OSIRIS KL FBER 5%, SEiCHTa T in 5 IFTHE — il
R, SERCTHEE R HLR AL B 8 1 75 2R BRI F AR S, I RFE I S 80847
SR, R T RO B BN T AL E . ShESEER, TR
RAFIXEEAF R . [FIRER, 45 2/E EPOCH H e b 1B BATh RE, W7 E T PRI 745
SO R AR, XD Rl DU GRAE I A R R T . R
Ja g F R AR T AR S, ENTAR T SNSRI, fm R RFE
SHFERIEATIESUE ) EPOCH F2F7,  [R]INH HX B hR 50 7 B — T DK
(EISY

fE5% — 1247 EPOCH Ja, AR EMRIER 75 B 34T ifig, TR s 50k
FAESCA ST . XD BATR YA AL B MATLAB SEILR, ik Ja SCPF 28
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TR T EIB RS, RO AR SR 7 AR T . R E X
— R LAE EPOCH B KIE 1T 70 BC PR+ Fr 5 AH R R3S AE B, B TRI1E84
YT i BT LA IR . 35K L A /3 BB AT AR I, KR R TR 2 5
AN SCARSCAF IR 73 AR -

%save particle IDs

total_number=1length(well_particle_ID);

fid=fopen('particle_id_list.txt','wt');

fprint(fid, '%d \n',total_number);

fprint(fid,'%d \n',well_particle_ID);
fclose(fid);

2ROk e EPOCH 27, EA DAL LR W46 A0 i S BUE S b+
SISCARSA, SRJEHEIBAT 45 A AT 2 75 tH I LUK T 5, EAE SCA SRR
I T g5 R B4 BARAE T oK. [RIBT 4 N S input.deck HHEATAH BB . 3&
AITE Je 75 Z4E setup.FOO ST AR e e B e b 7 IR =, IFAE N AA o i — A
B AT X LR 5
OPEN (unit=c_dump_file_part_id_in,file='particle_id_list.txt',action="'read')
READ (unit=c_dump_file_part_id_in,fmt='(i16)"') total_number
ALLOCATE (particle_ID(total_number))
DO current_number=1,total_number
READ (unit=c_dump_file_part_id_in,fmt="'(i16)') particle_ID(current_number)

ENDDO
CLOSE (unit=c_dump_file_part_id_in)

b 5 ERE P2 W diagnostics.FOO S H s I i de bL - Ll e -

#if PARTICLE_ID || PARTICLE_ID4
IF (subset_Tlist(1l)%use_id_min &
.AND. current%id .LT. subset_list(1)%id_min) &
use_particle = .FALSE.

IF (subset_Tlist(1l)%use_id_max) THEN
current_min_val=MINVAL (ABS (particle_ID-current_min_val))
IF (current_min_val .GE. 1) &
use_particle = .FALSE.
ENDIF
#endif

X HHSL ERRATHE EPOCH #2771 B 7 BUARYE bR 5 KN R R 1) DhRe B #edw 1,
SE A FH RS SCA input.deck BN id_max=1 BIR]f FiF L hEE. FETPFA S
A5 P RL 975 34 1) V22 1 S i R 1) use_particle AR & AR1C N true, Bl 5 X
A& T g e R (9 K TR MBHENR S, B T3R—3hE. ') kT, K
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H: use_particle AR ICN false. WATEIX EIFH TRFH T, BATERIER
FHIRHFRLT ¥ use_particle 15 S AR C Y false, ZF5E 2 —FRoRe 8T in) {7 46 S 55
— N CRIAR R T 0 ) A ) R o S B IRATT AR vT DLE i BN R 1 T AR
Wi Fr5 AT IR, a0 Sk 75 B0 IR R A 5 ORI, ARG T i ik
Iy ] DA% HEA 5 BRL b -5 PR T 340 AN 2 IR SR B B A R 7 VR AT R O, H
T IRAEAY 75 R RE 7 A (1) 32 4R B Ak . B RS BT A AT Be 75 E 4L Lt
LI CA S A T P Bk A2 SRR By, R H s s e v AL A
X7 e, FATWSRA 7T TR 5 T87 LI M vH R 1 R s 5 —
T 0k S PR 7 128 7Y I

bRtz b, 7 EARH 2 H TR T OB B B 7R 2 A R RER) . —
T EPOCH 27 B S, Mt (5 &2 &M — U LN RE P K — A3
4, ToiFAS OSIRIS 1% MR 75 B0 BT A B[] A (PR 18 BRAE U2 404 A E — B
BRI LA raw A, XFEEEESE EPOCH B EERL T 10 .sdf SCAHER 2, (&4
FALFERS ST AL A B E R, R R, 84— P FHFEE/TH EPOCH
FEFA—FE, ZEm AN, R TR A 32 2 5 5% A i AR o5
PARAG, FRATEZE iz 4T 1B B AR P iy (a4, BB S SR B0, [RIAE A
AT RE R L 1.5-2 5 THEERS ] . 0T .sdf SCAFfR 5 1 1) @, 2478 FORTRAN 155
(IR 78 5 AT DANRE 3 N\ A BE A& 2 EPOCH 1) S84, 2 ] DLAE Al
FE—A S0, TAMEAER SR, Sem e AR AR s T AR R G v Ak 5
PUB BRI T IIRE, W7 N 7 AR LA BT itdE, WRZBIT AT, MEE
B|AMPATHENT, LI EPOCH MBI . XERAE S f5 i 5t itk — 20 FF
A, 75 24HT MY BEIRA 1R 5N 5 B T4 B8 n) R S AR B

3.2.3 7£ EPOCH #MASiES EHMiEsT e =%t

FEART AT TEN R F, 2R B AL 7R R I DR FL 1 A A il L
ERFH, BTFREN AR TR, 2R, BA k. R b4
AR T SAR S T 07 sURI PR, X F TR ULRE e TR I ) 2D K N iR 2 4
U1 I A AP (= e = 3 V| K N 95 2 AP RN 128 I D s i B = )
R AR, ERNTBEEOGEBKT T (— R EAIHE2 B &R e
RIS, BEHOCARRI T, LS T e TR a2 N SRS T
PARAR ST I RER R/, XAt AT AR IR Bkl 1 (A7 B A B A5 BN — Jf e %
TIXEEESDETIIER . WREFRIRIEAEERE, AR BEAER TR AP
WAL E, AR T RUMES AT B8, S Mds TR T
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RS RER, e fEa BN gt 20, Bia] SRR AR I PR
BRES 6T USRS 1O T RE R R /N o TN 5 R AE 5 B0 8 S AR 1 73 B A 4
SRR A ST R AR A RN

3.3 ESIEERINIZEEANER =%
331 #EHIBSHERE

R R 8 BAR BB A, TAE o AT, A A IO IR 40 = 1 um,
p Iidl, WAL ay = 500, A4 3.4x 102 W/em?, #% x Bh1ET7 F4&4% .
X5 ag = eEp [mowoc, e Tl m, 53 A FHRA B EATE, w) ABUEEME, ¢
RNEEPHDGE. WO N © = 20T, BEFERERN ro = 54, YhIAF
M ARSI AT . ZHEBRIETAE x x y J7FR/ANA 8040 X 4040, AN
K& K/INA 0.0120 X 0.0540. L HH A FE S (W L RIS A Rl W46 %5 B2 n, = 20n,.,
HrA ne = mew}/4ne® MRS FEATZE XS B T2 B . FESRPrid A2, a7 DU T
Fik ol 4 J 98 A B E VAR AR A B RS, UK S A B B & PR AT . BEYIAG
FINFAE x = 102 &b, B FRATH 7 A [R] JE B2 i SE SRR 58 H AT I 7= A 5 B 1)
KFRo NT RSN LI, 7EEl 3-2(a) FIRATHARHE T IR R AR
TEREETR LR E, /(E, + E.) & RS JE IR, it 7 JLEA FIEOLH
U RSN LA . FRAT RIS B A4 % BEAE AR X R AT I 5% FE I I, % o
T RER G ELR . BRI AE A T B Ao AR E S BN, 5 S BELJ B8 2 e i
E o X — SR AIET AR S FE B S R R BE y S R AR R A AR — 2K
B AR L P B I P2 ARy e T RCE M RE AT LR . RINHE ST b, R
TTEHTH TR 7 7 BW ML P2 AR IE f el aE, 5 7 Hop e 57 s 1 BB
BIEFAERTREET IS Epair/(Epair + Ey + E)(LE 3-2(b)). ATLAEH, 72T
HEERMERE FAREESER, IEREFXIREE S LA B 4%, FHel,
TE B OO R S5 2 T PR FEAH B F I AR, AT IR IE A7 FE 0 7 A T BB T K
IO [162], B il BH HLEIZE = % B m Z $Erb =4 [128], FrLAEA & J5 4E
AT AR, FRATI 208 T IE X =

3.3.2 HERNGRNESEEM N IFESHIERE =%

FERIE 7058 5 BELJE 2508 B S B i = A 2 1T, FRATTSERE ap = 500 R B TR BRI
e FIT e 52 P 45 AR AR LA F B3 a2t B . AT AR R o 25 5 F1h 5
Byt & TR 5000, B AU AR THJE I ¢ = 40T, B ZI X6} 87 1 o -4
FH I ZS (8] 0 A, WP 3-3FT 7o oMb —FhiE I, FFaa i B 1 7E A [a) A2 1) o
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Figure 3-2 (a) y photon energy ratio E, /(E, + E,) in single laser incident interactions for different
intensity and plasma density parameters. (b) Electron and positron energy ratio

E,uir /(Epair + E, + E,) to all particle energy with respect to laser intensity and plasma density.

BWOLHE RS IH, SR TFARF O T & E R, SRR s ER T
EHHERL, ARRME, FTH5E SR IEER, EH06 PO 35 B e 3+
R YRY:, BT y = 0 WLk BAardh . IR 4 RN AE 2% 1 58 4 B
JEAAFAE T X5 3 1R AE S AT N L 45 FARL [160]. B T HLFHi 3k
RUNEAS,  REAUL R JRATT R BB 5 e A B2 RS JE O R B T BB B AR e
PE, IXBEHE R T = R ET A AR R . X AR R AT KOS R O S A
FHEAEFH AR L [163, 164], {H2IX EIRATR DAL A& 48 5 B sl e, 3
o OGRS B A i s PR A ) A R R BE K

B 7 B SR AR O N B RRZUIR G A1, AOSCER [160] HERATTE 2AH BLAE
FH A b H 4 S TR % 7 (R BS ELAT Tal BRA PR B Bl i, X S SR ot FE Tt i
T JE A N R SRR JT, BT DU A AR S H T S R SRR OGO KO
FEBOCANER N ERBERAMNRIZS) . KPS B R0 A6 A 1S O RE R IR
WSCHH EE T o5 5 B B SE NG 20 545 4855 3 o o ok 3 ok B T 06 R
e E -HANE, B SRS BRE MB, AREOLRE BRI XA K T .
RNT T RE R AR L, U RAFRIBAL OB RIS A R, K 3—-4(a) ] (d)
&MAWMﬁT@A%%@E«w(MWM%V%&WﬁH@ (d)) A AT
(RO BE B8 B 25 18] oA, o (a)s (¢) At = 30T, IS Z1, (b)« (d) Nt = 50T, I %,
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Figure 3-3 (a), (b): Spatial electron density distributions at ¢t = 40T for the cases with RR (a) and

without RR (b), respectively. A is the EM wave detection point used below. (c), (d): Laser field
distributions at ¢ = 40Tj, for the cases with RR (c) and without RR (d). The green and orange region

are the laser first and second quarter. The target thickness used here is 504,.
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MEFRRTLUE ¢ = 30T, RSO E TR EAEHRDH G R E, S8 TRERS
FROCHKR AL, )y (o) FROCIHIN AR T2 ¢ = 507, I HOL e & At
A THEZER. B, RO/ RO S S 2 A& 4R S FHLE I
FEHT, XU RR I BOCTTIRE S E P, A0 EAE H 0 5 8 1 A Y BB E K
HIRBATVRILBOE R AR R LA fE 1B 3-4(d) 78 RR IS 75283 fBh A2 v 73
A7, 1T 3-4(b) H145 RR SR BRSO E R A B BEIEIEIZ R T (d), £ RR I
JCRER ISR, WO RER AR R AEROLIA A AL, A O XIRT REAT T
e R ISR TE
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B 3-4 (a), (b): @A R (a) = 30T, B ZlA= (b)r = 50T, B Z1 SRR & 5 & = A5 .
(©), (d: R (a), (b), ERAARLERHERGHEINL. (2)-(d) FEEFHEABAS KH.
(), (f): L& () e e (N RMNMEFATHALRE (BX) ATRNSRE (HEX)E
B iR a9 AL,
Figure 3—4 (a), (b): Laser energy density spatial distribution at (a)r = 307, and (b)t = 507 for the
case with RR. (¢), (d): Same as (a) and (b) but for the case without RR. Black contour lines in (a)-(d)
are the laser area. (e), (f): The temporal evolution of the total (black lines) and different part

(colored lines) of the laser energy for the cases (e) with RR and (f) without RR.
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Figure 3—5 Spatial Fourier transform of transverse electric field E, at ¢ = 40T for the cases (a) with

RR and (b) without RR. The target thickness used here is 304,.
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Figure 3-6 (a) Fourier transform of the right-propagating field component at detection point A for
the cases with RR (magenta line) and without RR (gray line). The target thickness used here is 304,.
(b) The intensity of 2™ (black lines) and 3™ (red lines) harmonic components for the cases with

(solid lines) and without (dashed lines) RR with respect to target thickness.
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Figure 3—7 Spatial distributions of electric current density at t = 407 for the cases with RR (a) and

without RR (b). The contour lines denote the boundary of the laser field area and the dashed lines

denote the locations x = 324, which corresponds to the laser front in (b).
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Figure 3-8 The FFT spectra of transverse current densities J,, at points (a) (18, 3), (b) (27, 1) and (c)

(40, 0), which locate in the laser plasma interaction region. The target thickness used here is 304,.
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Figure 3—11 The temporal evolution of the radiated energy from all of the trapped electrons (a) and

its corresponding FFT (b). Here the horizontal coordinate of the subfigure (a) has been transformed

to the retarded time relative to the detection point A.
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Figure 4-2 Generation order spectra of y photons (blue) and positrons (orange) for

3.2 x 10** W/cm? intensity laser plasma interaction. (a-c) correspond to (a) p polarization, (b) s

polarization and (c) circular polarization incident laser, respectively.
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Figure 4-3 Generation order spectra of positrons for laser intensities of 1.4 x 10** W /cm? (purple)

and 8 x 102 W/cm? (green). (a) and (b) correspond to p polarization and circular polarization

incident laser, respectively.

VERNSTE, BATIEBOGREE N ag = 1500 23 A L] ay = 1000 F1 ay = 750(%>
AWK 1.4 x 10%* W /em? 1 8 x 102 W/cm?), HIEH p ede A E 4= P Pl 3R 45
FAEE 43925 T AR B OE BT IR BE 0 A o X B LE ] 42 FRATTR I, BEAR
p IR B RO R FE 5 IR R E D 1 1-1.5 M E . Bl 4-3() F p I
PRBOGIE LT I R AR 55, 2 H BEAIRTEEC T %, 7 ap = 750 B JLFA
fP1E QED UK, IEH T4 RZHZ G = 1 FIEH T J65N 1.4 x 10* W/em?
I R R EE T 0L T (B 4-3(b) R EHRED) @RI (G > 1) FIIEETEH K
THE-RIEEFEHE, FBOIHERME, HEME 4-2c) PHtEEIEETFEEDR
PRI RIE R . EI65EM 8 x 102 W/em? I, R fmIR Bo' Hh i1) 1E B AR 4y
A p MR H AL, QED IRANIARSS . [FIFE G N R e r= AL 1 1IE 40 H L



IS N e S N

p IR 5 LA E, XU L IREURET, B R R R AR EOL M AR 0 I A
w=AD TR T p mIREOE, B TR EOIRIRAS 1, QED B FE#IA 3

ANFTHRIRATR I ao = 1500 5 HOBEOE AN S %5 R 55 5 1AM BAE AR,
QED IS N 5%, 1F HEL T IR R R P TR 2R A R Al B i h 20 3l 4 9. R
TE R s MIRBOCAAEME— 408, SEfhEf T =A%, FRIREOE
R T R] DL IR A R R, BTDAS A p IRTE 2 IE X AR
BURRE FIWOE R, S A m IR IO = A 1E BT A OB B 25 K E N %, QED 25k
AR, FEUWHRZE, UL HEST B NS AR, EE N T U RATE
A% 537 F e S 5 S AR AR IE B L A QED R BRRON FBR 5Y , X 6T EE AR IE
A7 HL 50 1) 72 AR FIAR REOE 56 B8 TR R B A ARG S X T ROR A SO I
R, T R ] DA SR AR P RO TR B SR %, A QED ZRISUN ok
5 R B ] AR R % 78 gz 55 H, 34T TPR N IX — 4 B R 7t QED 2Bk s
R = A LA

4.3 B QED MM ARG ~%

e, AN T BRI BUAE S8 T-4A pod io R 28 P JE S i s v 7= Az
Ky 6T, DL TFAREAEOEH B AE @I BW RS =28 1 B 75 I 72
F T XA O BRI AT () PR 1 55 B8 AR 18 8l 7E 658 107 ~ 102 W/em? B Bl
REfili k. QED ZIAALE, 7=AE KR mRE v JeFFIEF T . X Pl o A
[ 5 5 A PR AH ELAE b B PR B A SR AT 2 BB 9 o R 4 10 55 R IRLAE X
W10 PW SO SEAH BLAE R A IR AR XS 18 B 3 B AT DA SR 37 AR e, AT Rk
HELN 102 em™ WIEHET, EEOCIKTE RN, 0L i T rT AR S & 71k
H L i 32 B S BT DA RT DL AE B 2 TE HL T [166] « FERF 5T IE #1 FL X R
BB E RIS R, FRATRIILIE B e 0o (1 i ot 0 5 P ) 486 T R i
PSR HMDESE [ K RLIN T, = 0.67 exp(=1.1/1(10* W/em?)). ZRTIFEE
SRILE] 1.6 X 10 W/em? J5 KRR ET ER B AL, BF T QED & & FAXHE0L
Ae & AR CIRES [167] .

TERCHRHOE NS A, JRAT 148 FH R W16 4 M B8 B SR A #E, AR
AR T2 LR 40n,, BVAHRL T 558 280n, . 7E —4E PIC B, #
WEFINATEEMMN x =0 um 2] x =9 um, HEFEVEEM y = —4um 3] y = 4 um, U
Bl 44fR. FEARSEEN 1 um, AEEBMGE TP RXE, X—EEHEFRT QED
R RAE, P UME O S B TR TR R SRt 2 B 2 A7/, [FE X
AN KB SHUHOC T 5B R EE W (1661, W p IWAREOE I BT 99 0 [F] i %k

— 78 —



SN L e S A

——

B

/) .
0O 1 2 3 4 5 6 7 8 9
x/A 0

B 4-4 i et TAE A A BRI 2 B &, A, BA C R LAFRNAH (1,0), (4.25,
0) #2 (4.5,0)0 LFERXIBTEEA R x T M 4.7 8| 4.8um, y Z @Mk 0.5 F 0.5 um, RITHZE
AT 467 A B O TP H LA KR
Figure 44 (a) Schematic diagram of the laser foil interaction and diagnosis points of the harmonics
emission. The coordinates of A, B and C points are (1, 0), (4.25, 0) and (4.5, 0) respectively. The
green region, locating from 4.7 to 4.8 ym in x direction and from —0.5 to 0.5 ym in y direction, is

used to diagnose the positron average density in section 4.6.
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Figure 4-5 (a), (b): Spatiotemporal evolutions of (a) target electron and (b) positron densities on
y = 0 axis. (c) Spatial distribution of positron density at ¢ = 12.57; and normalized electric field E,

on y = 0 axis.
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Figure 4-6 (a) Spatiotemporal evolution of left propagating EM field ((Ey — B;)/2) on y = 0 axis.
Dashed lines denote the three detection points in figure 4—4. (b) Temporal evolutions of left
propagating fields at detection points A, B and C. (c) Spectra of left propagating fields detected at

those points.
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Figure 4-7 (a), (c) Spatiotemporal evolution of positron density on y = 0 axis. (b), (d) Spectra of
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driver interactions at laser intensity of 1.6 X 10** W/cm? and P-P driver interactions at laser
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Figure 4-8 (a) Spatiotemporal evolution of positron density on y = 0 axis for the simulation with
QED cascade switched off. (b) FFT spectra of left propagating fields at points A, B and C.

WERIRG, BRI GBI (v,0p/dt F1 pdvy,/dt) #xTE 4-9(b) H T 3 Firig
TTHR -

20 == 1808 3000 ———————————
= (b —aJ, /ot
148 2500t ]
5 __4}8p/6t
L 12 2000 —Po%/01
o b S
=105 0 3 1500
= <

-12 1000

-148 5001

@ |
01 2 3 45 6 7 8 9 01 234546728910
X1, J/(nec) Wl

-1808 0

H4-9@HEmeiR J, £y=08% LG ZE5H, (b)dJ,/0r ZEIF5 )G PR v,dp/ot F=
pOv, [0t 3t 89 FFT i, FiA 2 E 44F e KB A -FHME. B (a) F (b) ¥4
QED A& B 47 FF 1 2,

Figure 4-9 (a) Spatiotemporal evolution of transverse electric current J, on y = 0 axis. (b) FFT
spectra of dJ, /0t and its two contribution terms v,dp/dt and pdv, /0t for the harmonics generation.
The quantity terms are averaged within the green square region labeled in figure 4—4. The QED

cascade is turned on for the figures (a) and (b).
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Figure 4-10 (a) Temporal evolution of average positron density within the green square region
labeled in figure 4—4 for the cases with QED cascade on (black line) and off (red line). (b) FFT of
the corresponding lines in (a). (c) Generation order spectra of positrons for the cases with the QED

cascade on (black squares) and off (red squares) at t = 12.57j.
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ThRea, FRATAR DRI 18 % 3 5ot 2 ] T 7E I RR 08 S JE B MR8 3 6 7, [
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R AN, 2 BRI BEJE RN AR — S EE T, HLIX e AR R I e R AR Ry
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P RS, DR R S U R o P A PR N i AR LT 98N T FE TG RR AL
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5 2 SR LS S R A 8, BSOS SR RBEA K. fE—4ER
PR 4R R, Bot ok AR e B R A  H otk s sh, Rk Gk
FEI 4kt HEPEE 7= A= 038 5 8 5 508

3. 0] B iR (AR SR A A T O Bk v, I3 — 4B IA B ap ~ 1000 B, FK
ATE BT T T B SR RN 45 85 7 M T FH AR 9 I BB X = A2 A QED G BIR B
fsem, RIE R RIRBOC AN SHE DL T, A 5 2 RAEOSH EAEH, 7L
AT L IE R, IR IR . B S BRATTR I T RORBEOEIEFI % 5 280n,
Fif) e A B 25 8 AR AR BLAE P b, BT QED ZRBE RN S A i kR S L G, I
XPHAUEIF R T T BTN IL T 2% 55 B R AE RO B SR O G T 35 5 9%
WP AR AR B0 )15, R BLILAE Hp R) 7 AR K& I 67 HL T X A QED &5 B8 TR 1
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PRTE T BT BRSNS, (EE ATIE GRS EET L. BEE R
REA B 2 AR R BOAE B R WOMAE A, R DU AR R O S5 8
PR EL AR F FP B AR S T AR 5% (1 SERRAZ T iE 7

Hk, BATH TAET SRR 2 AL o B AT ARLADL A JRAT T A B ol o 2 A
BT CEREAIR . MEEROK, SIS E AT S, R FHLJE BT QED RN AR 1 I
PRI AP BRI AT BB 0 ASHBO AR, 2 SKBn gt ok T 9k, P RERR
SR S 58 A A BT BARIZ I 5 5o AU UL 2, RRAUAI [RD A S #R AT LA
ZRERIEIN, ABRRBUERUNE B, MRS BRI, Bm RS, Hot
PIAETT AT IR DAL B A Ta) o A2 ks BEATIR R S BADL N, AR AT e T O BB
ZRD

B WERTEFRAT TAE LA Bt — DT hns, BUR % & 71 B etktt,
NIEFHETF XK . BASRA p 7= AR S5 5 AR o 25 A T P2 AR 3 72, ot
I RGP R X 2= A FT AR I S . AATTO IR 283 I G It 9 2 3t B (R e
B 2 R DUE S R ORI A OGN o BN AE B FL B S S B AT TR N &
- 5 BELJE 28 AN R AR 32 3 o L B e TBMT J7#% (Thomas-Bargmann—
Michel-Telegdi equation) [170, 1711, AMTAIN-5HE35 VAT B e i) B 7E 5 5 FH
JeR N, AT TR FHURER 2 MRk &, PN B IS X RR it
BN . PRIGAE BRI I a6 B e L2 AT 0 FL - A AN R 7 0] b IR FR )
etk [172]0 JTEER, ST MRAL R Bk IE TP~ AR Fng e RE 5 ke 7 ATz
PR, BanTE R EG R - TR S IR e e P AE R R, e R R ) FE T A AT DA
FEENJG R P Z) 80% AIMALIRZS [1731. LEARAL IE oI (w75 o, R e
T A IR BN 237 s T R0 2Rl PR 0 s i I AR 4R PR R U A BW I AR
ARTERT, ATRAE 1 mm P FE NS 21 A BN 20 mrad, HALEESN 70% AL
IEFH. BHETC&A ARG iE (ELL 10 PW S0 SR 5 7St Ak 1)
HRR T, 7EXUR S0 RS R AT A=A 355,548 ME 5T, HEEREEY
SPOCH R B REOCEE AR, HINBNE S FIRIMER 1.614 x 1072/
/NI [174], X TR RE & R )5 1) BB A R T R A5 31 SR B0 30 ik o« % TR A,
FAMAFEADERFHIUN o F, R A H @ R N A R R I S N
Fopp = pLEs = 5.6x10°V/em, Hh p, = m,/m, =207 K p FHBEFHREL
{8 [31]. Wik s PEaRfE R = Ae 70 e R M, (HR AR B0 SE & 7 7R EAE A
HElE e X TR H B RO SRR SRR R R AR FR R ATRER, BIAnTER
FER ~ 10 MeV Y IE A FL X0 &5 5 A g it 1F f7 FL - 06F Al (175, 1761, GeV
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o . r
E(r,z) = EOXw(z) exp (w(z)z) exp (1(kz + k2R(Z) - w(z))) (A-1)

Horb z AERRTTIAL, wo Nz = 0 WIPRIE 2, BILAL [E| I ZIEME 1/ e BEXT R
A2, MR w(z) Az AEIRIBEEAR, r = X2+ y2 AMEAEES, k = 27/4 I
B, R(z) Nz WBOCWERTINMIZR 42, w(z) N Gouy . w(z), R(z) Fly(z) LA
KA E (Rayleigh length)zg F5E U

w(z) = woq /1 + (i)z (A-2a)
m@:zu+(@f] (A—2b)
Z
w&)=wﬂ*-5) (A=2c)
ZR
2
@:”? (A-2d)

BB RIRNIPIY RS AT I A-1. WSR2 7 lIE 5 A4, 7 A T
(A-1) Aizhn L et i,
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7R 7? 0 A K/’ %, O 75 fﬁ e BA R EI https.//en.w1k1ped1a.org/w1k1/Gaussian_beam
Figure A—1 Gaussian beam parameter schematic: beam width x(z) as a function of the distance z

along the beam. wy: beam waist; b: depth of focus; zg: Rayleigh length; ®: total angular spread.

A2 ERKSEIEEHRIERNES
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% c Ot ( ©)
1 0E

VXxB=—-—— A-3d

% c Ot ( )

St (A=3c) FHREUIERE, 8 (A-3d) N, H Vx(Vx)=V(V.)-V? a]E3&TH15 E )
PR =t
VE- —— =0 (A—4)

HT E = E(r,1), B0 ¢ 0 S8 s, % E(r,t) = E(r) exp(—iwt), WTFE (A-4)
TN .
(V2 +k*)E(r) =0 (A-5)

XERTHY E(r) W 2277 F2 (Helmholtz equation). Ffi#E— B & HHIAHT 2
J AR IE B E & IR, WA E(r) = fu(r)exp(ikz), AT LUK THE (A-5) 5
T RREL u(r) BT FE:

0%u ou

Viu+ — +2ik— =0 A-6
+8z * 0z ( )


https://en.wikipedia.org/wiki/Gaussian_beam
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BT u R 2 R, WLUE X BIFAR S EAE, A2 R,
X B V2R A R R TR AT (Laplacian). #E—25, W u & T z MR FEUR 1
AR, IR DA BB R L, BT RE (A-6) FRIVIEE T RIARAT 26 AF

0%u ou
FE < ‘ka—z (A-T7)
MFRATTAT LA R k A1 z B M ] 2%, J7F2 (A-6) fiifb A
Viu+ 22 = (A-8)
0z
N FRATT 7 ZgE N =4S BT R u ) B AR
A21 =#ER
M) R h R TR V2B = 4ERIA RO
2 0° 0%
L 2 2
ox oy (A-9)

1 0 0 0?
“ror\"or) T o2

X = /x2+y2, [NFEREMIER . WR u(r) = u(r,z), BP 0u/06 =0, u 7ERE R4
SRR, AT LA H u(r, z) J7FE (A=8) kSRS

u(r,z) = exp (¥ (r,2)) (A-10a)

_ 1 2 /O2 Co ]
‘P(r,z)——iln(1+a)—m—1tan a (A—lOb)
Ha =z/zrs zr = kw2 WRNEHRIKEE, p=r/wye ¥ W (r,2) RIERHAZ
(A-10a) H 153

u(r,z) = exp (¥ (r,z2))
2

= (1 +a/2)_% exp(— —itan™! a)

1 +ia
(1 —ia)p’
(1+a?)
2

=(1+ a/z)_% exp ( " fa/z)) exp (i((lc:_p;) —tan™! a))

R B (A-2) PIARRRIE, BATATLIE R

(A-11)

= (1 +a/2)_% exp(— —itan‘la/)

_2 2
(r.2) = Loy (W(Zf) o (i(" el ‘”(Z))) (A2

—93__



IS N e S N

7 (A-12) SUB N E 31T exp (i(kz — wr)) HETTREI AL

Wo —1”2 r2

E(r,z,t) = Eoﬁw(z) exp (w(z)z) exp (i(kz + k2R(Z) - ¥(z) - wt)) (A-13)

XA (A-1) V&1 .

A22 —HREsK
5 =R, R R EAT V2R 4R E AN
8 52

2 = —_— —_— —_—
ViToe T an (a-19)
KB r A x TR (A-9) XFEE. MR, T7RE (A-8) I 4ERG I fF Y-
u(r,z) = exp (¥ (r,2)) (A—-15a)
2
¥ (r,z) = —%ln (1+a%) - ; fia - %itan‘l @ (A-15b)

PRI =4 rp AR R O HE S 705, iR (A-2) AR BARTR, FRATTAT LA 21

[wo —r? _ r? 1
u(r,z) = m exp (W) exp (1(k SR@ - Ew(z))) (A-16)

1E (A-16) A1 E3EBIT exp (i(kz — wt)), 7T LAS 2] 4 S Hrisot g R A

. [wo —r? . r? 1
E(r,z,t) = EpX e exp (w(z)z) exp (1(kz + kZR(z) - Ew(z) - wt)) (A-17)

B (A-13) 1 (A-17) FIRIE XSS, FATRIIRIEI wo/w(z) 2 T —MR5, PAK
Gouy MHAIAS T BT 1/2, X HRE 4R 0N S8 .
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