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EHEEREHERER ABSTRACT

Studies on electron-positron pair production during

ultraintense laser and solid target interaction

ABSTRACT

The invention and development of laser technology provide important tools and methods to
lots of scientific research areas. When intense laser interacts with matter, molecules and atoms
in the matter will be ionized and plasma state is generated, thus opening up a new area of laser
plasma. In recent years, with the development of laser technology, laser plasma field includes
inertial confinement fusion, high harmonic generation, electron and ion acceleration, etc. Its
potential application includes energy, medical treatment, accelerator and diagnosis. Due to the
abundance of new physics and wide applications, more and more reseachers devote into this

area.

When the laser power is smaller than PW and focused intensity is smaller than 102W /cm?,
the main theories in laser plasma include many-body problem, classic eletrodynamics and ion-
ization theory. With the construction and application of 10PW laser facilities, the quantumn
field theory now is required in the area of laser plasma. Quantumn electrodynamics describes
the fundamental electromagnetic interaction. It is one of the most mature and precise thoeries.
The introduction of quantumn eletrodynamics in laser plasma field fixes the problem of electron
radiation and new particle generation. By using the particle-in-cell program which combines
classic eletrodynamics and quantumn eletrodynamics, this disseration studies the generation
of electron-positron pairs in the interaction of ultra-intense laser with solid target. The main

content includes three parts:

1. We studied electron-positron pair generation and factors affecting the generation pro-
cesses in the interaction of single 10PW laser with solid target. Firstly, we use linearly polarized
laser with different duration time interacting with targets with different transverse size. We find
when the laser pulse duration is short, the target with transverse size close to laser focal spot
size produces highest number of pairs; when the laser pulse duration is long, the target with
large transverse size produces highest number of pairs. Meanwhile the angular distribution of

positrons is not affected by laser duration, positrons generated in the target with transverse size
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of 24m always have the best collimation. Secondly, we studied circularly polarized laser with
same energy as the linearly polarized one interacting with high density solid target. Simula-
tion results show that the time of pair production in circular polarization is later than the one
in the linear polarization laser case. When the laser duation time is short, the number of pair
produciton in circular polarization is smaller than the one in the linear polarization case; when
the laser duration time is long, the numbers of pair production is roughly the same for different
laser polarization cases. Lastly, target transverse size has little affect on pair production. Fi-
nally, we come up with the idea of effective electron radation tagging and use it to explore how
laser polarization causes different pair production by studying electron mean energy distribution
and effective electron radiation information. We designed different target structrue for different
laser polarization to achieve highest number of pair production.

2. We studied pair generation and cascading process in the interaction of ultra-intense laser
with solid target. Firstly, we added QED parameters and particle generation orders in the code.
Secondly, we used related particles’ x distribution to analyze laser polarization’s influence on
photon and positron number density distibution and secondary particles’ influence on QED cas-
cading qualitatively. Meanwhile, because of QED cascading effect, laser polarization affect
the hole-boring process, resulting in different hole-boring depth and shape. Thirdly, we draw
generation order spectrum according to the generation order and distinguish strong and weak
cascade processes by generation order spectrum shape, define the cascade depth. We distin-
guished target electrons and secondary particles’ contribution to QED cascade qualitatively and
studied laser polarization effect on QED cascade accordingly. Finally, we studied the effects of
simulation dimension on pair production for different laser polarizations.

3. We studied pair production in the interaction between two counter-propagating lasers and
thin solid target. We first studied the effect of initial target density on pair production. Through
simulations, we found when the initial target density is in the range of 200 ~ 280n.., the number
of pair production is the highest. Under this condition, the laser can penetrate through the target
and form stable standing wave. Then we use the optimal target density to compare the effect
of different laser durations and frequencies for pair production. When laser duration time is
short, double frequency lasers can penetrate through the target and form stable standing wave
earlier resulting in highest pair number; when laser duration time is long, although fundmental
lasers penetrate through the target laterly, larger laser vector potential can accelerate electrons

to higher energy, thus leading to highest number of pairs.
KEY WORDS: ultra-intense laser, laser-plasma, radiation reaction, quan-
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tum field theory, quantum electrodynamics, Compton scattering, BW pro-
cess, PIC simulation, QED cascading, photon, electron-positron pair, laser
polarization
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A0 40 FE, BT ROGH AR & R LU AR N 3256 F BEAB A&, A
TR B R R T KBNS, LR 4 [1-3] SR [4, 5]
HL I [6-9] Bk [10, 117 ~ JGIR [12-14], PAMIEGFUE X2 2E [15]. BOESS
B TR KT A W R ) MBI E . MAHXT IR R R . N P
g E MO S IR 2 A AR B . AT L, IS4 s 1 B
TR AR RE R, Fat 5 Am ik (-1) Frs. Hrp et iE
RSWEEN, W7 KB TA/EEBARIZ S kK.
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A -1 5230LF B TAm X EABI MG X R, B KRB LK [16]

Fig 1-1 The connection between different fields related to laser plasma physics.
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DI 2 HLAE BRI EA TER ST o« AEIXD IR, AP TIO G RE R R Rl b e
BB, e, BRSO AR RS IRI IR [25-28] S AE, IXLEY)
SRR TR A s % R A —— R LR R A E AR L. BT 90 FALLE, W
SEHREIEE] T 1018W Jem?, BUI, M ERROGH BRI [20], s B hnEnT
BB 2E0T MeV BIRERT . SEGILIEINMRS, WEFEm#EasAEL [30], Botm
RPTTT B AR D RFHEE /N 15 S e R T RIWF ST REE N — IR BRI, T
AU E R R LLG = o WFFET IREIRRAR, LAR 2 N A 3R B R RS T RO &
KRBT INER &SR FERDCE AR AR, WOCHIXT L. R — L aE
=, B LAEE AU R TR INE, FHEHEAETE. Bk, Botr sERA
JELVEBEINEE 1, B R 12 A7 A iR Bk s 1, ARy
ZETUAYE S HZE I (TNSA) FHEREST HIE (RPA)Y. MG HYSEEIEA 108W /em? 2%
BILAG, BRI AGE SRR B IR, TRAERE S5 A 7555
BT B NS SUREXHE RN, , B T S B FRRTE 2R, oA S5 By 1A I 77 25
[311. VTEER, BRI G150 ELT 4 10PW B0 RING 2 52 ik [32-34], OG5
FEFTTIEE] 102W Jem?o S5 BRI RS M b7 AR 88 A X Ve s B DX (], B T A e AR
AR T EE R e BTN AN, ARSIt S K KRBT is
BT . R 2 B BU(ERTHOURT SE 502 B R 56 BH e 0T 55 B R i i B A
A TIKEIRZN (351 JF BARLJLAEY, Bl R CEFH IR TN L & SR S A it 4
AH R SESG . ELI & R EIAL 10PW WOGSE B se & B 135 3 ARSI AEIX AR
SEHEREER, WE (1-3) i, WOt SSEEFHEEERT LU A KRR SERE v o6 IEfAE
TR IR g FRTREE ) TR LS BRI AR A AT R T S S B R B AR T
LR TR TR A, BOGRIBALE] . AT RS B A& AR
Do X EEARRERR FiEsh, SRR TR ARG, TR T EIe IS AU
Bl SEIOWFSTERIG & — DR BBk, AR TR A R A ] RATAT LATILAE
AN, WOEH BT Schwinger AR RIS, WG BRI 5 G & it —2
igE, AV RBRIER LUK QCD FHIC VI IR ST [36].

T3, BATMA TS5 B 7 SR — R AU A g - 1926 4, BEE TSR T
BEETS TR, RIS TR iR A 7 2R Ui R ORI SE 4. 1928 4F, Tk sofs sk
SCHRHESINBEES TR, a2 TR O RR, S 1 IR T 1A, SREETSTT
FEAFIRYR, AP0 RERE HAR HIAR T iR EBE, MR ETE TR ZEANSIA. 1933 4F,
HTFXHE 2R TTER, REE TS IR ST — R 17 DR 1930 SFAURM, 2K
SO TR SR RO ML A - BB e BRI E , R0 BRI A AT 6, KR
TR e, BE TRERLVE, BRI R MBS IR A A 1R B R .
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Fig 1-3 Sketch of laser-plasma interaction in the QED regime.
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Ey ~ mwid? (1-7)
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(2) FESTPHJE ST IIE LT 2, IXE R A B Se i IR IE L 2, H IR AT IE AN
RE H AR R ST BEL 2

(3) MRS BH JE ST SRR [R] 7(1-6)-
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C

— =u" (1-21)

B, w, = (v, p/mec) ZVUYEHEE, F,, = 0,A, — 0,A, &K, A, &SR
i

H [/‘J‘&N: 0717273’
dt
s=c¢ | = (1-22)
Y

¥R ST BH JE J1HY Lorentz-Abraham-Dirac(LAD) JE A [43]

2¢% [ dPut du” . du,
g' = [ )]

3c | dsz i ds ) ds (1-23)

SIRIMARFT R A, ARSTRHJE B LAD fEGAE B g, v LA E—/ NI —FhiE STy
o AN, AT SR EAIE At T DA Landau-Lifshitz(L-L) J5 F225 H

2¢3 (OFm e

H —
g 3m.c3

XA TR BINAMBR 231745 B A, (FU 2 i R A S i, N REPRIERE I
s E SR (4410 BIANAE A AT BRSSP AT AR AR e AT RE R, LL 7R A HY
BUTCTT KA L R0, ORI SRIBE TR REARAT TC 5 KB RERE. AT 2, X

[P Eu” — (Fau) (F u, ) u] } (1-24)
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AT LAMS A, LR AL AR ST B JE ()R 2 fs AL BERL 7 [ H BER)E. 17 i1~ HY H BETH)
Y K BPRL T R BAR RS, IR ST A0 B S i i Y S A AL B ot
HE AR . SR, REZHWFFTE AL LL 5 R O SRS B TR/, X
e THR L A T UGR G LD BRI N R AT LA X —BUE T« SR MBUE AT
FERL T (FEI 7y BT 0 HURTIR A6 1F T, sl ERoE R 1~ A BAA R (AT
A5 & E Ao M, NEALEE LAD J7REAR e, 30 BERFH B foE, mk
R T RYARER R R RITHY, 85 ZBOE 78T 0 FIRAT. AR AT
~, LAD JiREAR Bz eh, mARR ARSI XU Er Sl s 8 1 Uy E
A, WEEWEFE TR TR RS . IR BRI 2L ra i 7 45, LAD U7
REHONIES, R B IR ARCIRATAE

1.0

a
0.8 /LA

YL
0.6
0.4

0.2

00 02 04 06 08 10
agrad

A 1-4 wTA£H LG FEHFTROM, % a, =1500F g0 =75x107% ZEHET LT
v B TR G BRI KR yoap Aoy, AR EAT LADFLL B X Ty BT, BRAEAX
#K [45]

Fig 1-4 Solution of the electron equation of motion in a rotating homogeneous electric field for a,, = 1500
and €,,4 = 7.5 x 10~*. Dependence of the electron y-factors on the electric field: v, 4p and .1,

correspond to the radiation friction force taken in the LAD and LL form, respectively.

B (1-4) {28 7 W TIE S ekt B DB B T RO, IEFTR, TN T
BT I KN, s B ypap X FARSBRBUR AR R FIOR T+ 7 45
BRIAL T AR IR, LAD Al LL 7 A MR G B T 0 24 Py J2 05
SROEE, FATBIAME o BEET oL AORGRITGE, XTI TR T SE e AR

a = e, AR T2 B B 7 1l 5 A

rad

Eer = — (1-25)




A8 IR e B AR FEAE R & I 5 BT AT R AT R LA RF LR

XA F I — g i i R N P A R BE A T mec?e SR, HES Landau-
Lifshitz J5 FEATI G, BRI AL 3 5 B ae /N T A B HL B 1 22 B e 5 3 e 53 0 — B
SR B A S RIENZm /N2l 212 sUE U L B AR N B
WA ST o R Je LI [A)_E RO AR IR B/ N T b = 1o fco FURTXEEZEAT A I 2
CRIARYBESE, 23[R ), 228 Bl 22 p AR i LR T R 2 Y

0.2 Fq) '
< ol PANATATANANPN
Y VAVAVAY,

-0.2 .

D)

B 1-5 ©&F AR AR FTHHE, (a) EHFTRT RSB TEER, (b)REG TEHRISMER, 4
WF B A AOMeV, MAREA ) =5 x 1022W /cm?, KKAH \g =0.8um, PREA 27fs, R
JERA 09 = 2.5um. (b) B ¥ &3R5 0P B KA B -F ok R EG M, B KR R A Lk [46]

Fig 1-5 The electron trajectories during laser interaction (a) without and (b) with radiation reaction term.

L, G LL 7R8I DAL S S BR R, (2 H BTSSR (A
Z75 10BW Jem?) IR HiE HYER . 8 G HE SO KT AR A S /7o)
ARG TT [ B e SR T B ) AR SR TT AR LL J7 R 5T ER ST P2 [46]. Piazza
LG T A —e, AN m, DIRFIIRRETN vy BIHEFA— RN w,, HIZH
FEN Eo WO B . R O s AN Fe ER B FR S e o 3= EH
[ X 45, (radiation-domain-region, RDR), &4 FHJERUNARIR AT AR o WP RIOG R
W 492 — €2 >0, HHF € = eEy/muwoc, ZAMHRIERFER ARG Z4 T A
BEROCEFE ST SR, F A M RO GBS B R R RS R i, AR Hiz3)
M7 IR AL E ) R H T IIRIIRRETE N 40MeV , WOBTRIE Iy = 5 x 102W /em?, ik
Ui 27fso M (1-5) AL, F LL J7FE TS A 635 FR S BE T 05 AT AR 38 1 52 Wi Ha 7 )
BRI AN, R LMBHR T AT Eshilck it BRI , LA 4 5 SR 45
AT EE, IX AT LA SR X 438 To 4R S BE e R0
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y (units of w, ')

Landau-Lifshitz (2) |

H1-6 Wk 1| A XA L2556 F s Z A AR BALM, &R 2 A LL 7RG BIEM, WX 3
AriF P HIE AL, P F SRR ap M9RE. B H R A LK [47]
Fig 1-6 The numerical solutions of the Newton-Lorentz equation with radiation friction neglected (curve 1),

the Landau-lifshitz equation (curve 2), and the solution of the drift equation (curve 3).

Fedotov W95 T 4 41 BELIE 1 8/ VR IR 3 9/ INK S B, P -3 3
HUEE. BFFTAENT | BISOGH 0 RS GESTILR kB MO A i 1),
) 5 x 10%W Jem?, REAERTROLIEARB A A(ur, £) WHE T, 2 p< 1 £
INEZHL, LL JTRMRIRE (4700 IS, I TRIEE r = 1 TR(20) + £(t) TTLAAMAN
—NERBIBENNG 0 LA B L NI R B . X AT RS ET LA ok
JEIT, MBI R ~ Ro 4+ uRy A1 € ~ € + puyo TERTFHETIT UGN , Y 8 /AT
SIELI K/ IVHE S A, R T OB e — AW R, TR 5 5 3h
T B, M (1-6) T, R B S IR e D RS, SRS
(B, AT,

AL, Tamburini 28R LL J7 RS, T — 4050 1038 (RPA) A 048 5 BH e 2L
IV [35]0 X TLmARcs, Mot e BAARER T B FRURER:, (BRI RS T &7 1J6E
TETERE, R T ERREE . RETE AR IR TR B e T L BV AN (48], MR R
W7 AR A B 1o X T ERIRRDE, HERABROE TS, I AN e iRk nr
DABBEASTY o AESCZ G, A0 00 B ol 1 i B L2 380t 45 380 T A B A 5
[49], H45BEFT—4ERe AT L.
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v(k) y(k)
e~ (p') ) e (7')
e (p) \L\ e (p) ‘\\
~ (k') v(k")

A 1-7 RS AR A R 2B, B A kB LK [50]
Fig 1-7 Lowest order diagrams for Compton scattering in QED.

+Ze +Ze

A 1-8 ME LS KM 2B, B R kB Lk [50]

Fig 1-8 The two lowest order diagrams contribution to Bremsstrahlung.

1.24 EFizgtER

MRS R B B A RIRYE , BAECRRUBSHA T AR A, H AT
S BELJE R AT SR 5~ I Ve o T B0 PR 8 S5 P AT Al T AT S5 R 2 DL A 5 TR R A 7
51)o fEfeEfy b, ML EL Y OER RIS RV E A ) /R, 7 A0 7 (5
BRI ENRL AL B, SEE —# o i RYRESR:, RULFHE ) B 16 A S
TR RET . BEEE RS R P AR L QED FT R A R s (O BE A, HE T
B, ARSI RERI S MRS, B T —ERIBENLIE [52, 5310 A/ 4]
RIS AR BORAE B E 2Bk 2 i3 12 HEZE ) R REr e gt AR aHE IE
(B, HEZMOIF RIS R FEROY T izas), %E%?%%@Eﬁﬁﬁ%L
SN . X TARRFE LUR MR SR, AR AT A4 OG- A2 AT I8 B9 2200
5 ., P RYMTEACR A OA IE AR R A AR I T SRS R 7 A ] LA
Atte EMSEIXIHHEA N 2 1H 5 QED X I3 (near-QED regime)[54]. MBHUEHIZAL L
&, A TR0, LN AR RH R B e s KRR, Iﬁ%ﬁ
HE o it Z Al T H T RE SRR [55]; AT AT IRk MO, WA EEA—,
IOEIK T Rz A E— ko &0, RO I 58 RS, 840 ?%%%&Mf
IR T LARERDAN S Fr L 2 [56]. MR SRR, Ly AORRET 52800 o HEE
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B (1=7) FIRIBERST (1-8)0 HLan, oI A B gl ) DX AN AE Tt R0,
AGEE, BIER 2 E LA E—200 [57]. ERRRYL, fE=FREET, AT
AR T A 1L WObRE R &, SIS IO ER T B 6 T RE
2. WOEHK IRt AE | SR TC kI N R SRR A BELE AR IESEE ; 3. OB IR 2%
Ay ZMEANTT B RER B R R AL A TC IR IE R R B A o LS BRI ST Y (R EUAN YD R
DL E=Fgct: ARATCIE & AR S FS B T R ST S E A4S AR LAY 45 R

WithRR =~ ™

electrons

(€) E, (+1400)

et (( (T

NA.

B 1-9 T AR FAREY B, £ (z=0) F@, t =801, HZ#EEHH, LF (ac) kA &siadt
MR, (d-f) & T34 ME, (g) KT IMeV #9434 L7895 A, PIC M P, MAF BTk
B RASR, 2R AL ap =500, 1o =201, 7 n, = 20n.. EH KB LK [54]

Fig 1-9 Distributions of electron and proton densities and laser field F, in the X — Y plane(z=0) at
t = 807 without RR (a-c) amd with RR (d-f), respectviely. The density distribution of emitted v photons

(>1 MeV) is shown in (g). Laser parameters are ag = 500, 79 = 207, and n, = 20n..

FE=HEREUERAU T, 55252 M 9 & IR, B0 Sl A% E B TR (n, =
20n.) HEAE AR, REHOCHI R L& (a0 = 500), HL32 AR STEHE J1atn] LA
HAHA Bl I RIVER], T REAEHOES T (541 (% TAES, 1EEAE PIC Bl
AN T RFIESHMEIE AAHE 7 IR 4. B (1-9) fiow, RS e rIfE
M, — s B P R A E i Y R X (d); AR R, AR ARSI E T,
AR 20 e 5 B DXt B F 4 A BTl IV E I AT (). & (1-9)(b) T (e) HIA 1
t = 80Ty MR THHEA A, Bl (1-9)(c) F (f) A T ¢t = 80T, W% E, BI= (A1 534
AT LIS MG B ARSI RIE Y, RES T a7 4E (o), OB
REFAL AR IR HE, R E TSI A T A B 2s i, [RIRERY, VRS FIH LL J7 R e
P 7R TAERDE T RS g TR R . W (1-10)(a) P, SHESTHE T
FEAERIIHEE AR [R] P A2 R AETROG I v i B2 X, W R CA Fa S PR e I VE
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dl/sin@d@dg(a.u.)
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electrons

/

H arhr~700 1

(C) :by Eq. 6

10"

300 600 900 1200 4,

A 1-10 faHMARFEE, () CFHEHRE, EERTER QSRFARAG CTEHME, &
ZATOETRHME, wE®, ©FHEHMERA (BEATK) RELBLNFHZERRF, 5
AT AT GLRATR), A POBRMET LFBEREMOIES r = /22 + 2 A TG £ Z,
(b)3DPIC £ KT 89 AT . (c) R BT 69F o Al RIREZ 69X R, B R KA LK [54]
Fig 1-10 Sketch of laser-plasma interaction in the regime of RRT. (a) Trajectories of test electrons
numerically calculated either 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 + photons from 3D PIC

simulations. (c) The relative fraction of trapped test electrons versus laser amplitude.

AL AR PR B Z X RIEAE IR 5 QED XN, HEEROGBOE Mk TE et G1k, £l
AT 8 S PHE #5245 HARIRY ZE R o LIRS T 1135 (traveling wave) F155 2
TR EAER, SATAE QED-Plasma 43k, —#R 5L 3% (standing wave) K57,
2§15 QED MW HE IR E . £ FIEAAR TAEY, BT LATHWA H 531 h 2 A
RS RE JE H Xl o

SR g, BT A RS A RIVER, AT DARE SR AAE F e/ N S B K 1T
FAL, A BB s N DT, A (1-11)(a, o) Fn. BEEROE SR RTIE i,
HL - T AEXB RO, AR B A BTsh AR RS, 2z BN TR ZEL e = s 5)
(B TR B R A1IZ 5 (59, 60]). FEE 7SR, e M RES" 1
R (491, HL B RBOR AT s AL o FRATHEX N ROR AR A IE 58 STl AR (normal
radiative trapping, NRT)o {H&1E s 5 FOEER T, W TR PR B AR, TR
TWARAE T AL E, B Bl A R o AT “ BT A” TN
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i (a) — ) (€) 4-s00 . a= 1500 a=2500
= 1 ! o) !
I ‘ ; y H N ;
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1 {
> | 3 SR T3y ) ey
g 10° 4 radiatn\\?t;r:rzpping ., . AA% B “"/{ ?\J, f?" & \E\\ﬂ'
2 3 . S | \‘ sl?\ N N ~
a { i\ | e \ \\\(m@
g 102 relativistic &9 /‘2\\/ | /ﬁl‘ i
] relativistic chaoy i W W1 i
@ 10 - reversal \\‘\ o : ! ‘ !
- W ) i i |
2 25 i i i |
14 i 1 '\J
i ponderomotive trapping ! i ¥ ll'-—)x : :
01 [ | o | i '
sl r T 1T T . 4 \! ! ; |
0 n 2z 0 n 2n ~ =
X X

A 1-11(a) BSOS R E a R LT R RE LGS, B Y, BGHABRA RN H =R
ARARAELEFE, BEREABRREEE AT, CHE B 2T @, #HBEythre, &4
MR A i@t Taaatesih b, ) AAZERFAXAAN LT EEI ., () ©T £ xz
FE AT, F— KA K5 A NRT = ART 89 58 K3k, HZKZBFHAMRER, LE&x
SARERT &, BEEXNEREAT 5, B KB K [58]

Fig 1-11 (a)The long-term density ditribution of electrons in a standing wave as a function of wave
amplitudes a. The spatial distrbiution of the electric and magnetic fields, and the ponderomotive potential,
are sketched at the bottom with red (solid thin), blue (dot-and -dash), and gray (solid thick) curves,
respectively. E(B) is orientated along the z axis (y axis). Radiation reaction is included via quantum
emission. (b) The same density distribution calculated using classcial radiation reaction. (c) Typical particle

trajeories in the x-z plane.

SR FEST AR (anomoalous radiative trapping, ART). [FF, A LARIA LL 752 52 i
ZHUEAT TR . PIFT T EE RIS R HLECTE (1-11)(a-b) Fi7R, BSARTHaST IR
SECT RS E RS, (B S FMREAE N A AR SR A AH [R] 58 5 S5 A T ERRE—
XN o FRATTAT A S IR B8 ART, 117 H. ART A S AR T HL -9 %)
WA EMS . fEAEESY, AR E MR BINE ZE0], AR OYEE5T

GEIGIIO R

FEE (1-11) BRI ARG RS T AL B R, (2, AR,
B e A o XA ZERR B T H AR SHOCHEAE A, fltpiRai e e
R0 T RETE A R BE, TR 7 S @ RS B S AOREOCR (521 AERTTETM S TR,
FATHRIEE HFRYGARTT Y, FAn s P AEROE AU AL HOR Y, SR WY B
RAFNE NG IR BT TR — 2 B, WRAF AR 5T B R AR 25 R 90 A
RETESF AT RO RO G, IR SR 2 25 AN — RERY ML R



A 5R I Ae B AR ¥R R AR R T AT AR R bR KPS

1.3 EFIFLEEEKL

BT EAT 2 s A R REREER S EL B R, EL bR B R
BCS Hit . BEAEWOCHARMARWI & SR, WG RKIEsE , 2 shy s i 5ok R eSS
B GRWOCSEE R Y R RATFRES AR 73180 H i iy — 24 35 72
BHTEIE, Hean e AR RGHR TR 42 . BT 3IeaE 7SR EAE AR s )
% (QCD) Al HHEVE B 8T FZh 1157 (QED), HH' QED #iAA/2 H B S omAs i 216
o, N T IR R SR R . 2SI (Lamb shift) FHA T AR T 2, Fl
2Py sy B REZLZ RIRIUINE R ARFEAIATR T T 12 T A IR X AN BB AT B
RE EE— R FUA R &I 2% 2 I TRESHE IE (611, A 0T LA BRI 1 556 25
[FIRE, GBS R 122 B R T ARG AR AR AN S 06 = Frill & A RS R[], X
AN P E R O R RERE . IR S B 9% 2 AR SHE I [61], AAMTTRT ARS8
SR REFE R SERG H . s YRR S B T R R RSB L, ATREIS R BRI T B A,
RALIGLE RS, Fik QED BYHE MR R AHE IEHIS. (Hi2, T2 E fiE
IREF R T, AR, IXEEATAE IR A B AT AR SIIG A BRI AR
WHBAE TR T FEANTH, RATSHE BN G EEIR I EAREL

1.31 ZAXR=EFK

R TIEHIEZRE T, M ELE =TT, BIEN 0 B Klein-Gordon J7 %, Fi
MR E TR, BEN 1/2 Rk e iR, PROVIERES RS, BREN 1 FZrir+ i,
FRAREG TR B TR NRENZ 7R, RIMEEE AR BT ek
R RARTEIEZH, BHERITESARE TSR T 2. e E T
F1EEA IR IR T 2 B RS PRSI B SO X R 2, PR B 1Y
AT AT Klein-Gordon Ji#2 (9,00 + ) = 0, HH1 2 = ™ (= m? fEH 4K
v N

- 1 i ;
Qb(x) _ Ane—ﬁ(Ent—pn-x) + B;gjeg(Ent—pnvx) (1-26)
; 2VEn/h absent in NRQM

2T RERRN R ARSI T s IR . WRCR A IR TR MR (1-26),
TR 2, WMFERTSCIE, RYEHxHE R 7 A A2 A BIRE
HIRESE, WEAEAISEI (B A e MR . 85 28 fEMRNERY &M T B 2 SEUL
RWAAE IR, AEOBA AR A REASSE , MIRA T A P G N T A RIX 2 [n]
A, PN BN T REEAT AL, BRI MR o(x) ARPARFRIZS, 111

— 16 —



LA RFE PR T F—F 4%k

TR AN T HI AT . R, TR

(1-27)

H,
la(k),al(K)] = [b(k),b'(K')] = duw (discrete) = §(k — K')(continuous) (1-28)

IAEFRATT AR A B EARF (1-27) kit B s gE e (WG &) f AR, TATHTE
1E BORE - A e U I AR > H B B9 R CRE. AT, FRATAT IR IEMHES (normal
ordering) KIHBRIX R S FriEiEAHET , Bt A B K S AR /i, 774
AR A 1D, AR TIEFERIRVERT, IEATREF R ENTZ AR 5K R IEFLHE
Jr R RIS AMEIE R TR AR, AN B B R BE AR LI AR EE, R
175 Bt E 2R S AHE T (Feynman Propagator). FTIH %% S L1 7L & ISR R
REZ B RERLT-o Klein-Gordon J7 FEH 2% 2 44% T HIshin =S [ATE
1

k2 — 12+ ie

FEROCER RS, AT EHBIR e 72 (1) FZ e 07 #8 (R . A TiX
WATTRE, AT EE DL ERPER: wok, AT ke 7L, IR HBER,; AR5
BAREZ S E e BEhr; S TRATTHE XY 2R SR 1. BIATRATITREL
F B A AR AR i b Y B AH ], (B R TE R g SR R AR 2 o L anxd
T 1RSI R e TR, FEARESREFT7 5, RERIUH-A Klein-Gordon J7#2. @it
RN, DAE I v 5EFE . X T2 7, RO REBRE e h BUS 8240
Ve, MRS 22 HYE (Gupta-Bleuler Weak Lorentz Condition)o 22 5e i 77 # &1l i
AR SR , IZ A 1SR R B I [E] o S RN ) o i AH AR, B T
[t e MAESEEE b, AT AU REMES B G R ) 97 it

Ap(k) = (1-29)

1.32 MIEAMEZREL

XEF A R Al B R N S A RE B AR AR ) B T T R AN 52
SO TR T TR RS, AR S BRI, AR LA



A 5R I Ae B AR ¥R R AR R T AT AR R bR KPS

— AT, MU ENZEHE AR . o,

1 _ _
— l/21 . _ — v Sl Iz
L =L = B P (v 0,)p + epy* o (1-30)
i + - AT +
(4 € 1 e ,€ 2.2
P el S] : SEI SIS cae S” el e e A pt R pt
- +
€1 p €0 pt Sy 8y Sy e Sy e e e €y
e, 2.eh Sy Sy Sy Sy e e e, ,.e5
rprp rpoorp
S S. S S e e
e’,‘_"pl -er:‘pz 1 12 13 i erz.p' .er:.pz
Vo || LRI S
L : 1y - 4L : i
Final Eigen States S Matrix Initial Eigen States

B 1-12S %M, Bk kB K [61]
Fig 1-12 S Matrix.

XA RS T HBEYCT HHAE T, URENMZEIHEEREA, JFHEEE
BB TR R . XA FRIEE e P AR E R HE, RS ARIE AT AR LAY
SeHTC AL, IXFISEEROT B SR R, R ERACEIRAYEOR . FERT
B, JMES S ra T B R AL TN, G2 TN AT E . B
R 2 TAHEAE A, R BATAT DMEAR AR AR RS, A S JEREANA (1-12)
RALPRX AR il S FEFERILE R A i ] — ARSIk, @l kv PUE, 42
JHEAFEARZSHIBER KN e XE T AR B gl B o f—1> S ZERE T
KT MRS R RS Z AR N R, T8 S JHFE, stal LIS 2
PR FIMER A N AR, S FEMFAEM A HEESR T, vl LAFIH Dyson %
IF, feEin FREA:

S = Z (—Z)n /00 /Oo T{%I(tl)c%ﬂjl(t3) '"%I(tn)}d4$1d4x2---d4xn (1-31)

n!
n=0

RANERA (1-31) 58] 7 S HHENIT SR, (R E A i o7 g IR TRk
AR, REWE DAL AIGE I DR 2RI, Zhix, fEmSAT PR 2
T MOIERHEFP Y o D5 52 I 4E 0 E B (Wick’s Theorem), REH [RIHE HY SARFAL
TERHEF I SAF, LA R AU 4R (contractions). HiHT, B4 A F1 C AUk s, #0% b
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E)ﬂifll_q HIE S, WU RAY 28 S48 1o AR5 EAT IEHE LUR, BATHRT AT
SRR S HERF. HT 28 0 BravsERE SO 2 THERE, XEMRHIASNIRES Z [ B0A K A
2, HIEFA A H AR BoA KA SRR . XT38 1 B SO, FRATRAEIAESH —
AT RRIZR R (1-13), (HERXER 2 BBV E BB R AL TAT25 2 B
S@  FATRT LIS )\ AR SR 2R 2

Single Vertex
Interaction Feynman Diagram

A 1-13 AT 2% 2A, AR kA HK[61]

Fig 1-13 Single vertex interaction Feynman diagram.

Hrrz —[) Bhabba B8, WK (1-14) Fron, ZEE T BT py FIIEHET p, 7E48
HBEMZ G, B BT kRIS T p) R T p), fIEfE. Rt 2 A,
Bhabba BT S 45 F4 H A i -

region inside which we

R / cannot measure
R [
J '~ !

pg ‘! K S pl
P, Ps
s@
time

Bhabha Scattering Can Occur in Two Ways

B 1-14 Babbah #4589 % 2 @, B R kA Lk [61]

Fig 1-14 Babbah scattering can occur in two ways.
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SBhasba = S4) + S%) (1-32)
BB T HES o, EHTYER ¢, K TFHE/M A, "TLIEHK
_ 1 _ _ _
S(Bz)yeplﬂ‘me;;,m) = —562//d4x1d4l‘2N{(@Ag@)xl(@AgO)xg}|€p17T1, 6;—277,2> (1—33)

A (1-33), FATATLATH S Bhabba #T—Brid RERYHERIRIE. Z5oh, ATdA]
DRzt aEE (1-16), WHFONETHEZRALE . VTS A

q=p+k

p
Photon Closed Loop

B 1-15 AFMEBORZHE, AR KA LHK[6]]
Fig 1-15 Photon closed loop.

5§ =~ [ [ dtndnaN{(eApn(eAo)n) (1-34)

W EARK (1-34), FRATAIX DA IE]E A LT Bhabba B SR (1-33) HEA—
P, REOMARAL B B S HE I FH [RIRE R 7 Be i B B R S5 ROR AR « AEZR 2, X8
& EIE SRR B REE ECE B . —MAEH T, B ECE R/ B REE R T 545

HRR A BT o 12 [A)UAN 22 BLER SR BH JE (AT H BE[AITAE AL, TR 08 A% O [ AR XE
SR U AT AR B RERE. £E B30, ROTERGH T — M BES i, FIEEEH AL
Bhabba HUT I FE. BRI —Fir gk S E P OIS A HEERE, FUILIRATIR a2k 2 E A
NARR AR TS5 B S5 5 RIS, (U A —B 2% 2 K B i &5 R R 143
R RANTFETEQSH M BIR2E, AR R. AN 2 Hte
T iR A B REE. S TR HRERE P, %25 AR RERA I, AR,
XTI A R, AT B L S JERE R AR i, AR 24T A
BT, RIS HEFN TR AR . XX S AR E S T S M p R, LA
MU R RS R RS . ARBRATTCIEGRERT—E, tHTCH i, 2L
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LA RFE PR T F—F 4%k

SRR LI (B AR B P B R v — M PO SRR I . X T RA RPN R BTG S
FEFE I, A ERRIUA A YR S R —Br it B 1 KN it FR RS 4n 28548
BfE, st AR P, ks ToikEo N, Hoh TR e RIS I T 4 R
MEEF BB R TE R, SR ERTHE R R B R M A A R B 2 2 Y
TR IR LR T EE R i — M (R B R S gy Bl ZETHTES
FRT [Rl8UFD E RENRIRE, I BLAE T ROMESE T REMS 25T R B SL0 45 R . i TR L Hie
BT ORTFRIE G, HRRFNE AR A S 2 B, FRATTAEA SO A G 2
2R AEZAEMF 5T QED-plasma I, FRATFFEHIE & 910 R AR T HELLD)
T[]

A WG RS 558 QED HHOC Y R R 4 U IRAE OGS B 1
RITRIESE , BT Iets 2 oh N — AR BUE BAE H BIBFSE e AN AT/ B e
TH. &, Widin 7ie AMTrT AR 0 e BRSO Ay b 7 iR ahid i, &
SR S FRVS A LU S VB AR T A2 2O G I i A ROE R, Hok, gt
REELAR LA N A B R A B R M5 B, EL A BE S R = AR E S i T B R, XA
BB B M EAE F I B BRI A T B S Al A B9 7 10

1.4 QED EBitHEHNEE Fikdh ey A

FEAT T FRATTEEARS EHO0 S B 7R T B S i s A I f ) A, BASAn
IR BFA PIC B QED Hlit. SKIGHFFTERI, FIHMERN ~ 102°W /em? B
BOCH A IE R o BURIRVEEIRUTT [62]: 25—, EHBOCKHI#EE] MeV
9%, SRR AN SRR TS Z S EEMEEIEN, N AR 1. £ LR R
PR BRI 2B E, AW AR X R EE . RS FdEE Y, SRER T E
FSm 2 B RRR R H BN, AR, X FEPRN Trident £ 7%, H N
W e+ 7 — et +2e + Z; 1R FEES, BT E eI PIEES 467, 2
et S Z R RIERISEN, AR TR, XIS FEPR Y Bethe-Heitler i3
e, EIFRAN BH R, HRWSFE N e +Z wv+e +Z M y+7Z — v+e + Z[63-67]-
IR BRI Y B R AT AR s A AR 45 1 S8R, (HAE ) IEFFRY AR
LA ERe T BRI ZRIEEAG, B, HN AR AR R

B 7 EAREE, AT EEAENE BTSRRI RO R B & BT
IE X (O EER A BB RER 7, XSRS PS5 I06 T A B
AR PR REANFNY) , FATRRZ A EZMWA o AE2 T H BTHOCEOR RG], 2R
PRI PRI RS0 00 Ea SE3 (S TR N Te 583y o FAAE 1931 4F, Sauter 563 H 1 F)
FEXE B 5 F 3 A L A vh o A T A7 PO AR (6810 B, Schwinger #ES: T #i LA T



A IR B Ao B R Y AR R & AR T AT R AT R LA RF LR

FAEIESHE X R A [69], HHIE , SR A REROL E, = 1.3x 108V /m B9l 51
(LR, IE DR XK B A A LA = A o BURY, OB SR RZIN 102°W fem?, ik T
HAROLATRES 2R S (. HSL S R B s Be B AR — XU, &It fE
RS AP IEAS RIS RO A A, S REAE BRI R H 70,
T A ARSI, I ELARR. F B REAT Al RE RO RS RIE B (7210 SEFs
B, XS RRIOA — AWIR RO I, B IR S X B AR R AT
D A BRI A T B, 02 RO SIS REX O R 5 SR AE BRI exp(— Eorie/ E) o
PR ™ A AR B P B R B ZER AR AT IO C R BN 10%5W Jem?, (HAXAERT
HOLHR AR H AT IATCIE S Hak, T Bl A2 By 1 00 il 7 sl b s B 0 iR
P H P RYFFAE, XL R A SO 5 [ E SR A AT o T I PR
R R EHHAEROERY B [73-75), MM RHEOL R, WO R R SEHEET Schwinger
2 AR B ROE YRR R EOR A

Laser pulse
y-photon / .
Eiecr.rmy Ay ‘-.- .
*Ter

¥ Pair production

B 1-16 SLAC % /R 2 E., B KA & A XK [76]
Fig 1-16 A schematic picture of the SLAC experiment.

BRItz 4h, Breit 1 Wheeler £EE 16 _E2% & 1 W SE56 1M BRI 7 A= 1E B B 7%
PIERE, FRUFET LAR N A A [77]:
w Fwy —r et +e” (1-35)
B EICN 2, HA r, R FREHEERE ) XN EIFRCD BW . IbRT, A
(TR A A B S5 AR B TE S H P — i e A A R AR R (78], ELEHEAR B2
HEF UL (SLAC) FESLIG H B S0 STl 1 iX — ¥ HL AR [79]. £E_ERSEEG ) Burke 251 A
527nm ] Nd:glass 6 (Ligser = 10" — 1019 /em?) FUER L BRI BE N 46.6GeV
THRADEXE, 77427 106 £ 14 MHIEHRE FE5 o FEIXSLRH IE 01 70 i = A ] LA



LA RFE PR T F—F 4%k

SRV R B, BRI RS GeV LT, HAub T Lk
BB RERN 29.2GeV ; BlJG, mAEE T FIHOEH S T EAER =2 E A 7x, B
PR S22 E (1-16)0 Z LR & — N HW RSO 7, IS EEE 4 F 7 h
FRPH LG, AR — BN T A RE LB I e

e FIRSEESIHES T, Bell S 1HE T WA MAERE B B R RECE T, £ B = 0 &,
LT T BRSO A m R T, DA RS TR AR W E S i R
[80]. Pl J5, Kirk St T4 FRIRINE Y, A58 T ARROCIRFM R IR 54040 T,
IEHR TR AR, KSR A IR IR EHE 1 R RO CE SR IA R 1024W /em? B,
TESHF X A T S RO [811. MW A, X TAEFR SLAC
S HIE A AT (HAZ, SLAC SLIH I E REHL T Ok B EEGIERY, R H TR
AR FHOC R SR TR I A SR, FEROCS B TR, ATEAEE T
BEEARA O S Y R E RS SR T, A AR M T . I RO G T EE IR
i, 2 H TR AR K BW R B ROG S B ARSI TR, 1 H pemid S FEUE
BRI BRI TAEVIIE I T RO S B A ihst BW i f & {1H), (B
S BRI AT HE AR E MBI TFE T E B TS TR T, IRRRT T4
SR LL 5, BRI ELSE N . RO TERT SO, 48 LL 7 A
TR AR ZEN P REA A Y E G, (ARBERATCENX R E LR
BT s s 28 4R SRR 5 10 BW 1 FE . FIg g it b M Bl RRAR e, FL T rE
TR A [82]: £, HTHIARATERENLEEI, XFE N FIES:
MAMEESIHHIL, BPARRRMNBCE TR E S G, B, BTaln Tz
AT IS B R 2 AN R (B = 0) B [81]. 1HJ2 B TH7A4E straggling 5%
N [83], X—AT NG AN TSRS, BT ES SRR 7%
B ENH AR TR TR AT peh ) @S TR AT R I T R RS (51,
821, AT A P IR TG TRl LLSE PRk 1378 (X LR AR A IE B 554 T REE
A HIE S T BRI AR BB TAE T, BEEROGIRE RGN, 7 A KB ks
T, TN T X F BN R e ETX— 10, VA RR &t Bk e AR
SEE T [84].

1.4.1 QED-PIC &3l

VS EROEH EAER F (> 102W /em?), B F5RSHE T I BRI R A B 7
H S Hzh 1530 #8 IF HAR R R 7 A= 1% A W RELRZEAE Yo 3 5 A8 i OE B 75
TEA/NTTH FRATTI 18T B 28 P B o R A ] e ok S B0 AL ) U7 R & 21 PIC
AR A o BUAh, FETHEAH N B R I B TR AHEIE, XS AT LA PIC A5



A8 IR e B AR FEAE R & I 5 BT AT R AT R LA RF LR

PLE AT QED & B A Hh B AH K B FR

MAEARZ PIC BAURE T [35, 85-88] HUHR AL | & HL AR T I AT AR N A FR ST FEL 2
71, HEHTRAE B RN, XL 7 10 BRI & IR A PR . JE 5T
TR R EEE, A DRSS = Egr/E,, A Erp W FHHIESH ZHH
B KN, E, = 1.3 <108V /m +& Schwinger f3. X n ~ 1 i : (1) IS HAEY
PR, LIRS HE FREFR KT P B B RE . BRI, XN THRESHSEH R B IE
S [89]0 () fEIE FHA T, BPA & JLRESHE 7, (HEX NI EREAE
SR, BRI, BRI ARAT B BERLIE [83]. (3) HEA AT HA R HIRE I AL N
IESHL o JXEEIE U XSG AR EEER ST G 7, AR AR 2 R UR T, ks A T
TE SR AR IR, [73, 801 IHIY, HOGHSEFEFAH I OE TIRZ A M
LEE TR R AN ERE R, 5SS RPN QED 5 B T-/& (QED-plasma).
TEXDSHGEEWN, HRETRHJE A IE 57 H 707 A o R R 10 55 25 AR A 7o IR I H 3R
FEROERENIEALL . HTH QED 45T i FELTFT AL B 1Y FERE 7 K/ N DA SR B Y RE ot
RAE, XD EOLHEE TRIT NI E. [GEk, QED HRS AT PAMUAR & 5 74
I HI , AT M S5 8 (AR ) S S B A o IX LS B & 1 AR S8 T RATTANRE
QED FF B A 73 25 [& W A5 B AR T AN FE R i P AR S T AR

p*

A1-17 B dRAER TR ZARLE: £DRCTRALTOIR, FARLTREAER®
FrragidAE, MENKET “dressed” &, B A kB LK [51]
Fig 1-17 Diagrammatic representation of emission processes included in the model: photon emission by an

electron (left) and pair production by a photon(right). The double lines present *dressed’ states.

PRI FRATT A 200 RE T A PIC ASCADL A4 48 0 85 B 1~ (A R 1~ 5 N G A7 R X 7
A RE BIG HIR GOk . O 1 R A PSR B R, FRAA I A R SR M 14
7o ARSI 20 (BOEH laser fields) AEROEEACRUE ML, FF BAE R iR EN
T SRFFAL . XA BB G S BB 520 NATTRI S5 28 5~ KA FL g R R
i, I Z v T R AR AR B . TTHL 7 1B RS (o) BIAEEAE
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LA RFE PR T F—F it

M, FIUFSCHEL (901 7, BRI THRat, 1E Sl 7 A AR TR W i RS <
b, TAERXEE A2 R, IR AT SR R A S A A T A . FRATTRI T SRS EE S
B Furry 25K T8 AR SR IE 0 7 X B 7228 [91), FEIX R4 Ry sURL 74k
WAL, TR “dressed” #o & (1-17) WPld 7RI & B —Brid R 27 2 1A -
FL A LR S TR R BT HE O 7 (IE AR LR S R R AT T R R A SRR ) ROk
TR PR N IE AR T W kgt 2 &, A — e il B (1-17) Al
Al (1-13) K0, (HERTE AR — DR IR, FIVER D “dressed” &, WS T
BAAEE R BRI 7o LB (1-17) 20 B RS e T R, RIEERS
TRECEH, (R “dressed” A% EHATLUHE (1-7) RFER.

DA J5 BB TP A

1. 7€ QED R | Z2M g p R RS E Y, TR AT S 2 b
67, “J” o ISR SRR A A T R N TR0 K Ay, BB AIX AN TR AR
S TSRS, AT I TR AL/ a(e RWOERITCREMMIRE), Fi
RIS B S A @ > 1.

2. WOCH 7 B /N T Schwinger . AEIXASSE R, HEEHE T FE R IE 17
B AR R T NS ZE AL E: n = (eh/mdct) |Fup’| M x =
(eh?/2m3c*) |[F*k,|, Hb pr BHETH 4 45305, bk £ TR 4 4530, 3 Hig
HE56 7 FIE U T AR I LR VR R W F = |E? — 2B /E? Fl
G = |E- B|/E% XHER 2 x2 > Max | F, 9| .F,.9 < 1. XT TF— 10PW H#0E
W, CHSEREAML g, x ~ O1) M EL/E, ~ 1073 FEXFHEOEAMT, BUBBLT
PR 5 4 B A B AN RLA R A2 “5583%7 A N (FHXST Schwinger ), E7%
WA R T RS SE T L 7,9 < 1IRR FHESR, REXMER T
n F x BEFZW P ERR . BLoh, XA RIS QED i R AH BAE
FH AT A% HR 2 s B () R R AL B . 5 F T 2 B R R P BB 2R — S 1 1 [89]
Bl — P E N [92], BT (1-17) R EERE R SRATAT AE SRS R R P ARE
PR R TS o, M TS T (B < Ey), v BRI ER P T H
FEFMm R -

d’>N, __\/gafCCEEPKn,X)
ddt A B, x
HAP T HIRER (ymec?) 15 n 280L, TG TIRERRE x 28U, H, N\ 2REE
PR, F(n,x) =R EIERESHY (51, 89). EFEANIGMET, ST NIEfH
FRHLE CFA T BRERIRAREON) 7T LA BO6# R 1R -FTE =
dry  2magemec®
dt A hu,

(1-36)

XTx(x) = A(x) (1-37)
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A8 IR e B AR FEAE R & I 5 BT AT R AT R LA RF LR

HAt (b)) /&7 A E ARG TRER . T (x) #8817 IE S ABFX R 425 [51]. @
I SRS T, A ERIEEEE T, A AR R (BT
e RRATIERE) PAROE TAEROE Y A O 1E SO AR AT LASE SER & 21 PIC DL

1.4.2 {migyxrigst

FENRAMGES e T, WMTELTINT 8-S G AN, Al
ke it FHRAT G AR, R TARMIR AW X 56—, R
i, FATRERE RUSE AL, 8, FIH QED-PIC ALl R] LL5e B S 5GPy 1
WA, A FAEROE AT A N IE FU R4 QED-PIC B TE 1 5
FEVEIE, I8 T SR B A T IR A

1x10%
5k
20 —_
1x10 3 f
2ol =
R :
S
= L
1x10% S i
Gamma-ray
intensity (Wcm™)

2 0 2 4 6 8 10 -
x (microns) Emitted energy (mJ/radian)

B 1-18 A& # % T S5 NS bAe B 4k dedn ZAF A 256 A 9T 40F By £ M oA, suad, FiA
ATFHBETT BRERE, FAMETAEGLTALSH, BA KA LK [15] 2 [93]
Fig 1-18 Left side: y-ray intensity averaged over one laser period for a laser intensity of 8 x 103 /em? at

25fs after the end of the incident laser pulse. Right side: angular distribution of the emitted gamma photons.

JEF R S AR AT DIARAE OGN R 48 AR ELAE F DA SR SRS AR B E R T 0 25
I, — AR E R ST (skin-depth)[15], JE&FRM B B 1 [F 24849 (RESE)[12]-

PR TR 8 S S B SR o A0 [ (AR P s B, AT [T AR S ) F 550 % e e T 4
TG IE G P RE | 8 B SN neorreet = 2 eymefe?, HH wy,, AWOLHIIIE, 4
A OGN B s shRE a BRI R RAHE R 7. R DYt R
FEESEAE A EAER , I S B — @ RR R LG # s T, RIS LA sl i
SR A A RTEE0. [ RTEEN TR O EAE R =4 ~ Y6 1o BEETOL
FOFE AR A FTIRCIAR , F TR S 00 7 R T g8 P 5810 R 7 b IS o X S P 505
2 B FERRIR L A A E DAR R ROG 58 k35 Y FR o X TR R BERR ST, 6780
JE S [ A A A A (1-18) H TR



Iy
Fir
%l
3
S
X
4—5‘5}
\_\_.
s
o
&
pa

|
e
S
&

Perpendicular Distance (microns)

Perpendicular Distance (microns)

-1 0 1 2
Parallel Distance (microns)

Perpendicular Distance (microns)

2 A 0o 1 2
Parallel Distance (microns)

H1-198 (a,b) #HA THREAFTHETFEE, SFLER (b)) AGEFZLRIE T LT AL KK,
a) A AL BT 0 wik w4 AT, B A Ifs B Zl, b) BAAA ST RIFIEZ G, A
i A Sfs BfZl, R RRTHOERKIFARTIE, KNER FTARE, BANBIENET AT KT
AFo o) AMATATHAL S, d) BRET AL T RABIFIEHZGETEE BEESD) ol
THEE(FENFHE), TRTLCTRETHENGTREZLH 2> H, BH KA LK [12]

Fig 1-19 Plots (a, b) show the electron number density on a log scale with overlayed solid contour lines
showing the location of the region of maximum photon production. a) is 1 fs before the first breakdown
event, b) is 5 fs after the first breakdown event. The dashed line is the loaction of the front of the laser pulse.
c) shows the angular distribution of the gamma rays. d) shows the ion density (solid colors) and the electron

density (contour lines) at the breakdown event showing that ions and electrons are separated.

RS BB IRIR R A B, AUARE P By PR DD ARG R R S S e
g, WOLMAE R IR, IR S5 B ARy 3 B R AR I IE IR S B, 3
el A st S B AR R N Es s, AEXE R, TR R R, ROt
AT AREL AT TR . T HOCTCIE ERHESN B -, IR & A5 B E
SRR B0 BEAS FL T ANWTHIBROE I BTERE, 0 B3 B R/ N E 28 sl T
KN, MEHS L AEDR I 32 )& 100 0, F-F AU BIE R B sHIKE 1o S, HOtHE 2
Y7 AR AN EI A BT RN, Reost B AEOCRTIT e AERHRR DXk, HELAT 2 1
71 PNAN £ (5O S PTesi AL N A NS A SR S 4 Ve 11 R3S ) e 1 =N SR
[FIAT AR RO BEAE R, BBADE1. X Ti-rRIFEERES, WE (1-19) s, b7
F £ 20 A BT TR RS RO G R8T TR AR B o



A8 IR e B AR FEAE R & I 5 BT AT R AT R LA RF LR

4 T A P P T AE DR VR AE I A I 5 LI 5 T A 3 DAy O T S A S R [l
i FL T A B R AT AR S (9310 11 L AR EOE 1 By DR 180 T AT AR RO G S B 1A
WIER P o AREE NS B AR L, A SREEN 5 x 102 W /em? BIBOE, BRI LAY
KIXAINL QA (1-20) Fion, BB S5 o HAEE TP SO 2 HaaT (e
I TR]_EFFARI LAY, T (A Wt Y BLAEROE B P I EL ot R AT . St 1R
AT o KB e IR SRR, FEHAROCHA —ERNAE, EHSHU—X HAaem e
o P AR A 20 B SR DR 1 R T ROE YA sl ) E sepis r T, 20T Ay
By A AT BRI R, SO/ f BT RO b e XS AR PR
NINGRICHESS (edgeglow)o LR ICHRS N - I [F] 2B R 5T EAR 2 7 HAHZRALL, 1H
A=A B, BT R FIEsi T RO R AT R LR, Hi st
AT RISy 2ART R T F2P RS R gy 56, BT EROLIZ, Hk
TSR M EAE o A2 R A0SO KIS EAE R = A7 2 0, iIX M5 R
Wi —ERE EEAHIS TR TRIIRE; B =, BAmATES R R E oA, U
FEH T BAOCHIT RIS R P 5 R, 202 O B9 A AR 5 1E AR i E T B3
€, ROMERAE T E R R D KR s, AR RO E. BAR, MRS
BERMPEEE , BGROCEMT B 7 RS, g A R R AROE
R, VBRI BW BLE TR B T LB TURHILA EAST, SO R 4 0 588 JEE
SR THI A [94]

BEAL, AATBER - F T 09 B3 T AR Z B8, R80T AR 2 BUE DLy T B
goo e, FRVREOCIEEOEHH, KRR 7RIz, I AR A {5 5
[14]; FIH 5.35 x 10%W /em? BIROE =% S8 T AR F Ao A2 1= R RETE
Jlaty A S 5% [951; AL s /R-mir O M S A AR, 7 AR e
SRS [96]1; I R RO IR 5 2 M 55 B A BAE R, AR R 55
THGHEIE A PERER TR T, T HARSE T HOCHRE AT HLT- Betatron R AT R
w7, AT AR IS AR5 (971

143 HASFEFERPHIERRFN~E

FEA/ NI BATTRE B S ZE A BW B A 1 fE 7 AYARSR TR o AR AT SO AT
fe )l LAlId BH A Trident 1R A TEHL -, (HRIE A%, BHHTS IR
Ao T BW R HH 1 FL A7 A SR B O 3R GBI n B A B B
BIREIH AR, WOGHREIOA 2 AR A BW U, (EAREH KRR s AW
KJERAHRLBA B AW EE | W BW O™ Az 15 A AL 5 X AEAN e B REACHKE A7 R REH
LG Ttk A—J7H, EARBEH A &, PIC AMHIAB A, fGHATR



" (b)

[
(suoIDIW) SIXE J9SE)

1o ll@

S

e
]
T

[

hof

o

[ a]

ifted energy
(J/randt

=107

0 1 2 3 4
Longitudinal distance from target
front surface (microns)

B 120 (a) HETAFEEMGZRIH, (byo) 2HAETAFERALHGHEFUAGIH, (d) B
WAT AT A, B R KA LK [93]
Fig 1-20 (a) shows the spatial distribution of «-photon. (b) and (c) are lineouts showing the spatial
distribution of emission along each axis integrated over the other axis. (d) is the angular distribution of the

emitted gamma-ray energy.

DA B BB RAD R HE T MO 58 O A S5 2 A AR P ) BW iR, S5&5REE T
AR H AL 8 SO AT BW i RE A PIC AU T B IT B RE 1 NAFEK
/N REESEAS AR T R m SR . IXBEE ORI WS EI T BB, Ridges FA
E e ] EPOCH 2 /570 55 7 WOGFN E AR EEAH ELAE T A 9 1 70 i 1x) 7™ 4= [15, 98] 4N
B (1-21) R, AESOGFT IR DK™ A 7 A T RIE LT SR T 1 7 A AR K ek
AT ROCRER RSB AR ECEE , Hedn, AN ERIE 7 a] DATSRE K OB RE
(75, 99-101], XFRHTAYREREAC L AR A0 S B E WO TR (D BE I AN A8 K, S 215
S BTATIE S QED S5 A

EEEROCEE FEMHEEAY, PR EERS R, BTN TFIBE
B B R GRE R . BT (RE RES IS, fEREMROEEIE T, G ME
TEE T AR, HTROGEEIER, Brh TR EET, Wi R meEs 1.
FRAEG AL I AR B B A A T D BB AE . —, S RERE, 1E



A IR B Ao B R Y AR R & AR T AT R AT R LA RF LR
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B 1-21 3% EA 4 x 1028W Jem?, BRIEA 30fs 9B ANGH B = A R BF 26950, B (&
EFZHR) EBREAGITA(KEFER), y L(EEFEBR)FELTF (L& L) 2%, BH kKA
Lk [15]

Fig 1-21 Pair production by a laser with intensity of 4 x 10*3W /em?, duration of 30 30 fs, striking an
aluminum target (snapshots at the end of the laser incidence). The laser (red contours) bores a hole into the

solid target (hole density map), y rays (blue density map) and positrons (red dots) are generated.

FEERIEOL T, REmP LA HE R s, E 2 H K & 7 R e o ORI E L
WAV T AR S HBE R AR, =, TR TRERA N IE T
X, IE AT REE MO RIS RE R, XM B M RO G RE e I SR AR
=, B IR S R RE R — E R B dl. AT 28—, FATERTE CEM 17 1F
AN, T8, IERDE TR RS T, ISR S S RO T IRE &
TRESE IR SZ 2 T A o ARG R B, 1E 67 R Y 7 A AR B S 1
RETE [102, 103]0 UL, TEROGITIRREF, Toib i R IRAOE e FmIREOE, ARRE
FESF B TR FIY B T B U DX, AR Y Y DX A2 1E AU R 7% [104, 105], 4
AR AR 2 1) 2% FEAR T I 28 BE I, I Sr 7 = BN AR, HE ELX RO 0 1Y (5
(HEREE » JoH S EE I R AR I (R 1 = agne/nodp/m), BEREEH T4
JREN S AESI TR AR R E R B AR T LA ZBEASTE [106].
AT EAEROCVER TS POl , sl M ZER, B Saahd, QED
RN A AT LSBT IE f e B R A 1107, 108), FAERTR
AETERLRT I B M S A B MR, XA RT DA R i 2 B O OB O
SEIMRE R MAROGE] ~ SEANIE S X 354

FHEC B AR AR AR, S FRCR A SRS RO T 310 %, A3k ™
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B 1-22 3 4 QED B &M AL ATALE P 1) 6965 % B A ) RIS R 9 32k, K& AT K49
WEARTEGLR, L&, ZERFRENEPHIRRET, ELTRAET, BAFRIEFT —DHS
B e F, B R kB LK [101]

Fig 1-22 Side view and front view of the development of a QED cascade in 3D.The magnitude of the
electric field resulting from the beating of the two laser pulses is represented by the colour bar.The curved
lines with arrows represent the electric field lines. The electrons, positrons, and photons are, respectively,

displayed in red, green, and yellow. Only a small fraction of the particles of the simulation are shown here.

IR XS, BAERAIICS . 55—, 7R R R IE G X s Ao L R L 5
%, SEAIIE SR AR BEEROL IR B RS IR PR AR EUE I, BEAZIGERE; 46
=, RO RSB, BB EA AR AR TR, AR R B S AT BN A
BB, TR LR AN B R, JERIK, SRR ), B2
CIRYSE a7 R (i BUE/ LS UR S E Vs 1y A R I PYN SNSAE SED E Aei N  S
(1-22) firz, /BB R R, AR B IREOE (503 8 I A5 ) Bk
gy, FEFERI TR A KRR BT FERXAERIROESAT T, R IT RAEA
(AR, BN A x 710 B SIREEN By B A S T B A DXk R 1A
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Fig 1-23 Extremely dense electron—positron pair production from near critical-density plasmas by using

cone guiding.
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Fig 2—1 Spatial distribution of the normalized laser electric field (a), and density distributions of y-photons
(b), electrons (c), and aluminum ions (d) at ¢ = 12.607}, where T is the period of the laser. The desnity

unit is cm 3. The dashed square represents the initial position of the solid target.
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Fig 2-2 Spatial density distributions of positrons at different moments ¢ = 9.607; (a), t = 12.6075 (b),
t = 15.60T} (c), and of the BW-electrons at t = 9.60T; (d). The density unit is cm 3.
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Fig 2-3 Energy spectra of positrons, electrons and y-photons. Here, the initial target width is 2um.
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Fig 2—4 Temporal evolutions of the generated positron numbers for targets with different widths along with
the different pulse duration. The durations of the pulses in (a-c) are 107g, 57y and 15T}, respectively. The

unit for the positron number is number /um. (d) The initial density profile of the initial shaped target with a

cone in the front. The density unit is cm 3.
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Fig 2-5 Density distributions of positrons for 1pm (a) target and 4pm target (c) at t = 12.607;. Density

distributions of electrons for 1um (b) target and 4pm target (d) at t = 12.60Tp. The density unit is ¢ 3.

The temporal evolution of the total energies of electrons (e) and photons (f) for 2pm and 4pum targets.
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Fig 2-6 Normalized angular distributions of positrons (blue curve) and BW-electrons (red curve) at
t = 15.3075. The employed target width [ («um) and the pulse duration 7" (7}) in simulations are as follows:
@1=2T=10,0)1=2,T=15,(c)l =2,T =10, and (d) [ = 4,T = 15. The other parameters are

the same as those in 2—1.
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Fig 2—7 (a) Positron density map at ¢ = 15.3075. (b) Temporal evolutions of the generated positron numbers
when linearly (red curve) and circularly (blue curve) polarized laser pusles are used. The linear fitting

results are indicated by the dashed lines. The unit for the positron number is 1/um.
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Fig 2-8 Spatial distributions of the laser intensity (£2) at ¢t = 12.60T}, when linearly (a) and circularly (b)
polarized laser pulses are used. The cprresponding electron density distributions are shown in (c) and (d),

respetively. The initial target width is 2,4m in this case. The density unit is cm 3.
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Fig 2-9 Temporal evolutions of the generated positron numbers when different polarized laser pusles and

width of targets are used. The unit for the positron number is 1/pm.
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Fig 2-10 Sketch map of how to record effective target electrons in the program.
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Fig 2-11 (a) and (c) show electron average energy distribution for linearly polarized case at ¢t = 9.37 and
t = 18.307;. (b) and (d) show electron average energy distribution for circurly polarized case at t = 9.37Tj

and t = 18.30T. The unit of energy density is MeV /um?.
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Fig 2—-12 (a) Target electron density at t = 15.297| and effective electron radiation information space
distribution (Z. ) at four different times for linearly polarized case. (b) Target electron density at
t = 15.297} and effective electron radiation information space distribution (. ;) at four different times for
circularly polarized case. (c) The momentum angular distribution of effective electron radiation information
(Pey ) for linearly polarized case. (d) The momentum angular distribution of effective electron radiation

information (p, s ) for circularly polarized case.
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Fig 2-13 (a) Evolution of positron number for linearly polarized case. (b) Evolution of positron number for

circularly polarized case. The blue line represents the planar case, the green line represents the cylinder case

and the red line represents the cone case.
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Fig 2—-14 (a) cone target and (c) cylinder target electron average energy for linearly polarized case at
t = 6.37p. (b) cone target and (d) cylinder target electron average energy for circularly polarizaed case at

t = 6.3T,. The unit of energy density is MeV /um?.
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Fig 2-15 (a) Cylinder target electron density at £ = 15.297; and effective electron radiation information
space distribution (Z. s ;) at four different times for linearly polarized case. (b) Cone target electron density
at t = 15.297} and effective electron radiation information space distribution (Z ) at four different times

for circularly polarized case. (c) The momentum angular distribution of effective electron radiation
information (p,ss) for linearly polarized case in cone target. (d) The momentum angular distribution of

effective electron radiation information (p.¢) for circularly polarized case in cylinder target.
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Fig 3—1 The recording of x and generation.
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Fig 3-2 Spatial distribution of photons (a-c). (a) and (b) correspond to p- and s-polarized lasers,
respectively, at time ¢ = 9.77;. (c) corresponds to c-polarized laser at t = 11.247;. The density unit is
em~3 and the dashed lines indicate the hole boring fronts, which are laso displayed in Fig(3-2). The
corresponding angular distributions of Gamma photons are shown in (d-f). Spatial distrbiutions of QED

parameter X of charged particles at the same instants are shown in (g-i).
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Table 3—1 The average y value of target electrons, e~e™ pairs and hard photons for lasers with different
polarizations. The data were recorded at ¢t = 9.77; for linear polarization cases and 11.247j, for circular

polarization case.
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T 0.061 0.0010 0.0059
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Fig 3-3 Distributions of the laser intensity (E? = Eﬁ + E?) and charge density for simulations with p- (a,d),
s- (b,e) and c- (c,f) polarizations where the data were recorded at ¢ = 9.77} for p- and s-polarization cases
and at t = 11.247T, for c-polarization case. The charge density unit is cm 3. The dashed green curves

represent the hole boring fronts.
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Fig 3—4 Distributions of positron density (a-c) and x value (d-f) for simulations with p- (a, d), s- (b, e) and
c- (c, f) polarizations where the data were recorded at ¢t = 9.77} for p- and s-polarization cases and at
t = 11.247Tj for c-polarization case. The purple circles represent the pair generation regions. The density
unit is cm 3.
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Fig 3-5 Energy evolutions of different particles (a,b) and number evolutions of positrons with different
generation orders (c,d) for p- and c-polarized laser cases. (c) corresponds to positrons with G = 1 and (d)

corresponds to positrons with G > 1.
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Fig 3-6 Photon generation order spectra at t = 13.407j, for p- (a), s- (b) and circular (c) polarization cases.

Positron generation order spectra at ¢ = 13.407, for three kinds of polarization cases are shown in (d-f).
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Fig 3-7 Spatial distributions of positrons of different generation orders at ¢ = 12.307} for p- (a), s- (b), and

c- (¢) polarization cases.
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Fig 3-8 Dependence of laser absorption rate, generated positron number and highest generation order on the

driver laser’s intensity for p-polarization(blue line) and circular polarization(red line) cases.
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Fig 3-9 Positron generation spectrum (a) 2D simulation for p-linearly polarized case, (b) 2D simulation for
s-linearly polarized case, (c) 2D simulation for circularly polarized case, (b) 1D simulation for linearly

polarized case, when ay = 750.
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Fig 3-10 Positron generation spectrum (a) 2D simulation for p-linearly polarized case, (b) 2D simulation for

circularly polarized case, when ay = 1000.
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Fig 4-1 Spatial distributions of the normalized electric field £, [(a) and (e)], the density of foil electrons
[(b) and (f)], emitted ~y-ray photons [(c) and (g)], and created positrons [(d) and (h)] for laser intensity of
I =4 x 10%2W /em? (corresponding to normalized laser amplitude of ay = 540 and laser wavelength of
A = Ag). The dashed lines indicate the district around the laser focus. The data is recorded at t = 87T and
the initial target densities are 200n,. (a-d) and 710n. (e-h), respectively. The laser beams propagate along

the x-axis.
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Fig 4-2 Spatiotemporal distributions of the right-propagated [(a) and (b)] and left-propagated [(c) and (d)]
components of the two driver lasers with normalized amplitude ay = 540. The initial foil densities are

ne. = 200n,. for (a, c) and n, = 710n, for (b, d), respectively.
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Fig 4-3 (a) The spatiotemporal distribution of the right-propagated component of the field for
double-frequency lasers with A\; = 0.5um. (b) The temporal evolutions of positron number (cycle) and
photon number (square). (c) The temporal evolutions of laser energy conversion to pairs, 17,4, (cycle) and
to y-photons, 7, (square). In pads (b) and (c), dashed lines and solid lines represent the simulation results
with the fundamental- and double- frequency lasers, respectively. For both cases, the initial foil density used

is n. = 200n, and the laser intensity is I = 4 x 10%3W /cm?.
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JRAERI R . T ARRE R FER I B, RIS AESTHOCAR L [An1E] (4-2)(b)],
JCFHEETAIIE 0 X B P A A 2 1SR . AR, SOLRE R IE SRR R



A8 IR A B AR S AR T AR OE i T AT A9 BT A LA RF LR

HOMHER [N @-2)(©)- (B2, TEREITRIN BT, TE A7 TRE TR 7= R A e A
S INT AT 7= A BRI R o R ph TR A B A A M MR T
K R AR R T, TR T TE £ P et 75 I 1 A TR O
FEEITR, R T SOOI B o T o UL, FRATATRIX T KSR 0T, Ha%E
BROE, R 10PW ATHMORES [34), FEHEOETEE & SCILIE 5 1 P
OB ; TR FIKEE 4 30T, M KBHOE, FHHOEEIE & STLE 5 70 P4
AL

4.5 BZ&Ftig

FEA/NTTRY AR, FRATA BB IE 1 OB 18] £ 75 A 1 5 06 1 55 25
PRBEAE HAE B 7 A T AR B A B R o ISR SR B REDRF 12 328 B 8RO I 47 Lkt
A=A AR B 2 B EE R s AR B DX, R 10PW HO6 ™ A2 BY IR S 74
A7 BURH /N 325 B DX S8 200 E SN T DU R o 0T H EATRO A R AO G RO, 3RATT
KIS FRERRAROE , B0 LR AR S IE W B B B, ATTEE 58 1 1E 57X
W7 2R e SR T AR RO, EIMROCE &I PO THORII RS 5 1 L
TRIIE . R S5 R BN HIHOCHISREEN 4 x 102W Jem? B, P2 AR IE ST (Y
W BCHREIAE] 102em ™. ARSRAVSER T, Al S5 A SCRIBHLZEOR M B
SRAT 21 %8 JRE s v Y I F R I A R R S AR



BHE B%E
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WEEWOCH AR A & B, WO ARWHET:, QED RN 2 i it AL S B 1k
U, ST HRETFN IE SRR B P AE K M A AR SR R T O, SR A
AT A SR Sk S _Eidk QED iR, B QED OGS & AR B4 M 1B T 4R o kL
TR A SEREE AR ANEERSG, WA FEE TS & AAMBE N NE, 7
AT IREHTHIEILG , WHEE T AT FEIEE o B0 Y BT i AT FLROG S R
HEMEEEAER, ASCHFSE T AR R RO E R Rk 0% IE 7%
A ARG R B . 10 SCF BN EFE LT =505

15T T B 10PW BOGAT EASEAE BAE FH HIE X 77 4. B8, RATIES
THE R RS IO SR IE PR A R R e SR, YK FE B BB
BT RS BRI 72 A Y TR AR AR 22 Dk SR s R e, 8 g i) RS 42
SEAETE AR/ NI R = A 1 I AU TR o SRTM, WO IR I JE T 1 HE T A A 11
SOMEC /N, BEIARSE A 2pm PORE R 7= A B IE FE A A /N e IR, BRATWTSE T30k
PRARRIN , 2 IRIE (w4 = 1F FE 7 1 7 A I T RN e AR A LA IR 2R S IS o 2430k
WA 15Ty WIBHEE AR R AN 2l SR IOEER 8l R IE 7= Al 2, R ELAE AR [ R~ et
TR gl 1 1E S TR B P R R N BT, FRATERH T AR RS AR A R
TR ARSI B P RE R A RO IR, FROTAFSE T HOE M IR,
AART 5 0 1F A7 R 7P 2R 2 9 FARSR RO W AR R A AS IR T R 25 AR LA 1 Ui 1
X R

2. WS T SRR B ASEAR BAE FHH, IE R R AR R N . SR, 3R
(TR E AR R T 1 x B, 1F G070 1977 A A BRI 78 OB R AR X T 6 7R IE
TR EZS (B A BRI, R @ AT T AR R 7 TR R i Dk RIS, Fk
I EZ I T #E QED RN WIS T, WOBMRIR NS S RO AR, SETAH
T IR AT R . Hok, SO TR ARSI L R TR, it
DRIACIRIERT 5T T BOC IR 4T QED BT FEHI M. FRATHEIESURAR RIS X 7
SRR G IR, 8 ST SRR L, I HE St [X 237 I oL~ I A7 XX T
PP FER DTk . BT, FRAVRIEHOEIRERR T WILSEL, o0 T UL R T
3 SUR Al

3. R T ARG S AR A e S T I A R TR Ao



A8 IR A B AR S AR T AR OE i T AT A9 BT A LA RF LR

X 1E LT =R S M o FRATT 2 B0 B AR M 23 8 6 1E A7 R X 7= A AR, 24 4 B T
M ne 40T 200 ~ 280n,. Z (8], WOLEETE & FIES B FAIE ifaE B 5L, HNIE
TR TR i . HAIR, RSB TSGR, A 0RO EhT, 5
WOLRERE L ZEB & B TR, P 2 0 IE S 75T 240 KOs, Bt
REFE APt i v, R A 2 W IE SR AT

4 ERIPEREL, BOVUFE T AR RS QED 25, XIS 8
HAEY QED IR SN G E R AR, H ) AR FIRESH IR LA
VERARAIGE 10PW IO 1E i 76 7= A B Wi 7 3o IS nPORL A4k, $R4H
THF5E QED KT RER 2 H 2

52 RE

T HRTRER TAEFFR P I A&, FRATDA AR I LA Ty R

— 7T, FRATFEES & EAHE PIC )T . HET EPOCH )7 H A4 1E
TR EE R 7R 42 F1 Bhabba SO SE V) HERT R | X eyt A2 i S el il
RROEHE S TAER T QED IIREF T s. AN, HERF RNk 67671
MR, RS FIE AR, R AN A2 R R K

I, BACEE I HUEEROEN T RO R AR Re ™ A& K E BT
XTH) QED ZEB . HAET, B PR 7T AIE SR, RS T KRR g
TR 1o EARKRI TAEF, FRAPEE RS E A E R AP 98, RSkl
FERY IE ARl 1 T A s

I, SREOE QED S5 B 1AW 78 8 S 16 E AR SR AR 1 RAR M EF T T K0T,
A TTREF R ~ I ENHFEE T ABRENS . XIS BRI LR 58 A 7]
RE— TR AR 2 3, B— TR Z BN

B, FREOEIRBN ) QED B T IARHTSUH BEE WO R B & SR AR S R Bk R
HE5HE AR50 Xt 2 Ok T 2



EHEBERFHEFRIEB L Mk A EPOCH K45 69 % &

Mt A EPOCH RREHNLZE

Al 3|8

EPOCH AZ&FF I PIC #HIFR 7, ThRBIER K, BT O8I EERMOE & &
MRS R DIRESN, RGN T BESWEC A1 BW I FE A (5T trident i
F)[51, 118, 119]. &y BIGHIEL & T Fhaa e, LLAE Sl PR H =4 IR A
PUF — ARG RO S5 B AR A I, P R, R SR )
P RE . TAESR, RZINE/NHESR ] EPOCH FEFFSH T BB, 5l TIRZAL
FTAE. REZEFAENGE L EGRA, (AL YL S fE g, %87
FIIE TS IR T R R A B S B TR Y [T, FRATTIRIATR 256 EPOCH #2773
(AR, RIE N T BRI ST TSN AR A B SRk o AEARB SR, FROTAEE =, ==
H— LTI W A SRR i U, R B B SRR e kR B e S A

A2 HEZREXH

EPOCH /24 /fl FORTRAN 155 %5 IR F [145]. VEN— D IIRERCN e HIREFT
CHEE TIRZES, AMEEFE K. P, EEMRRET AT, RAOTFTE TRHEIL DKL
AL A E BEAEEARIIRE. £ source SCHH, 3 H K T HY share_data SCHELE T3
HATEE, o BHHRE, K AMBOCIRESIREM N E L, £RSHWE L, T
SN E VL ZOUH TR A, oA EE, (B EEN, =i
FE L, PRECH -7 R T RE R VS NS5 S AR m] A PP BRI AR IRATME L 1R 71y
RAEZAEZER LIS in 7 ¥4 i, B T /E share_data H1 € X, 771 housekeeping H
SN HY partlist SCHHH TEXTNAFIN TR K. BJE, fEio HRN, TR EMEL iterators I
diagnostics X ff. FIE L& TP I RE R, HEX DN E RIS
DI A o a8 I8 s B th 92480, PR s e, b ess 17—
SO a BAE BB, DU ARG BB, ey, MRS &a,
physics_packages 1Y photons S EALE T HEEALC AT BW ISR HTHE ) 2 AR
FPHFEER B —

TATDS AP RRFBUE B AT U a8 —, BRI BESORY KL/
MWzl 58 BRIp S SRV I QED MR R, iR SR H (Hbn x)
Mzt . H s — & 28 EPOCH Y H 28048 &k AL 4 PIC 127 1Y%



A8 IR e B AR FEAE R & I 5 BT AT R AT R LA RF LR

KUY, R RESE 2l 2 EEX QED i Rl RIS AT o

A3 fIFER

BN =T P B RO RS B AR IO A R SR, R TR
SEAMEMTTE, BRI

1. £ share_data [ particle FJYRAEZIRH (FHY T C++ 1I25) IIIAHMN AZ &, Hoamk
THY ¢ AR

2. fE partlist YT PR %L setup_partlists, pack_particle, unpack_particle 1 /& N 1725
] o

3. 1 photons H$k % K%L qed_update_optical_depth, ICALFTLLEsRYET, H-FHIIE
HL T+  ; generate_photon F1 generate_pair T+ &0 1R, LR ARE FIRSESE; 18
FE SRR EASE , FRATTAT AE PR 2L qed_update_optical_depth 186 TG AR E W RN, W
AR B 25 A N BRI (FEIE SRR 1Yy (EIE R, TR v (ERIIR LR [R]
7)o

4. £ share_data P& il HmidiE |, diagnostics HH AR H B ER%L, iterators HHESIIHT
A B RS, deck_io_block RS MNANH ASCAFAHIC G B, Se X L0 R LS A1
A LIRS A SO B 240, I ReFH B 280 FE15 2AH B 59350 H X

5. 1F deck_subset_block HJEK%L subset_block_handle_element H IS HIAH M HI(E & , 5
B SR FRATAT AR A S AR 2 Bk PRk 1

Ad IFEER

FE/NR I A [146] Hit S m UG A& AU S B A (S R, s A AR
IR Atz IIRE, FA T LU 2B HOR B

1. {£ share_data & /inég tH At & o

2. {E welcome F TG E R SR IGML , IR 40T H & T B EfF MK G
B, WP EMERE O . welcome TELHE 1KW1 IG5 L AIHR AN 45 4015 B A i
DRI FRAT AR 12 S o A o SO [RT SR 454K o

3. 1t diagnostics H7 K% output_routines M ENFE T 1] R Gekn HH 1> step (52125
B, I EEE ABIIRATE O L.

HREAES 389, BT PIC BBy 2111, AT A3 nx_point_global %
O Wi e ) RAE BRI rank 7o

55 2 LIRS :



B EUP NS R T A M & A EPOCH K69 & &
KA A1 48 & A 6G 14540
1 | open(unit=c_dump_file_rank,file='rank_info.txt',status='REPLACE')
2 | close(unit=c_dump_file_rank)
3 | open(unit=c_dump_file_point_1,file='field_point_1.txt',status='REPLACE')
4 | close(unit=c_dump_file_point_1)

B 3 SHIAHTACHS :

R A2 12 & BN

!point_1

INTEGER(i8) :: nx_point_1_global=1
INTEGER(i8) :: ny_point_1_global=400
INTEGER(i8) :: nx_point_1
INTEGER(i8) :: ny_point_1

!point_1 output

IF(nx_point_1_global .GE. nx_global_min .AND. nx_point_1_global .LE.
nx_global _max &

.AND. ny_point_1_global .GE. ny_global_min .AND. ny_point_1_global .LE.
ny_global_max) THEN

nx_point_1 = nx_point_1_global - nx_global_min + 1

ny_point_1 = ny_point_1_global - ny_global_min + 1

open(unit=c_dump_file_point_1,file='field_point_1.txt',status='old',position="'
append',action='write')

write(c_dump_file_point_1,"(1x,4i8,7ES18.6/)") step, rank, nx_point_1,
ny_point_1, time, ex(nx_point_1,ny_point_1), ey(nx_point_1,ny_point_1),
ez(nx_point_1,ny_point_1), &

bx(nx_point_1,ny_point_1), by(nx_point_1,ny_point_1), bz(nx_point_1,ny_point_1),

jx(nx_point_1,ny_point_1), jy(nx_point_1,ny_point_1), jz(nx_point_1,

ny_point_1)

close(unit=c_dump_file_point_1)

ENDIF
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