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EHEEREHERER ABSTRACT

Electron acceleration and radiation based on laser plasma
wakefield

ABSTRACT

The emergence of particle accelerators is a milestone in the history of the development
of human sciences. The development of particle accelerators has always represented the fore-
front of human beings’ pursuit of physical essence and limits. In recent years, the development
of laser technology, especially the advancement of ultra-short ultra-intense laser technology,
has promoted the continuous development of high energy density physics in modern physics.
An advanced accelerator concept has been discovered in the interaction between ultra-short
ultra-intense laser and plasma: laser wakefield accelerator (LWFA). Compared to conventional
accelerators, the electron acceleration gradient in LWFA can be up to three orders of magnitude
higher, and can reduce current large-scale conventional accelerators up to several kilometers to
table-top size, which is expected to be an alternative to the next generation of TeV energy level
accelerators. The program also has the potential to miniaturize and particalize conventional
synchrotron radiation devices that require high-energy electrons. However, the high-energy
electron beams and radiation produced by LWFA still have some disadvantages compared to the
conventional accelerators and radiation sources that are already mature, future research is still
needed. In this thesis, we will give our own opinions on the electron acceleration and radiation
generation processes based on LWFA, such as electron energy enhancement, electron injection

mechanism, and radiation generation schemes. We hope to push LWFA to practical use.

In addition to the introduction, this dissertation mainly includes the following two aspects.
The first part mainly studies the electron acceleration process in LWFA. First, we will propose
a new LWFA multistage coupling scheme. By using a curvature-graded curved plasma channel
as a transition stage, we achieved a change in the propagation direction of the laser pulse and
ensured the laser oscillation and the laser enveloping distortion were minimized when the new
laser was transmitted in the next straight plasma channel. At the same time, when the electron
beam is transmitted in the plasma, the focusing effect of the wake field on the electron beam

is excited, and the scheme can achieve high-efficiency and high-stability cascade coupling. On
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the premise of guaranteeing the quality of the electron beam, the pre-accelerated electron beam
is once again accelerated, laying the foundation for the future manufacture of TeV energy-grade
laser wakefield accelerators and colliders. Next, we will study the boundary layer electrons
in LWFA under the bubble regime. We observe that some electrons in the bubble boundary
layer will obtain higher transverse momentum and exit from the wakefield laterally from both
sides of the bubble. According to the difference in the separation position, we distinguish three
boundary waves: the tail wave exiting the central axis at the sheath tail, the lateral wave exiting
in the middle of the sheath parallel to the laser propagation direction, and the bow wave that
emerges from the sheath head. The boundary wave will take a considerable proportion of energy
from the wakefield, reducing the actual pump depletion distance. By studying dynamics of
boundary layer electrons, we can suppress the formation of high-energy boundary layer electron
waves by using a laser with relatively low intensity, large focal spot, and high plasma density,
thereby improving the energy conversion efficiency. On this basis, we will also put forward
our own opinions on how to apply the boudary layer electrons with certain energy. Finally, we
will investigate the electron injection and acceleration under driving light and high relativistic
intensity injected light. We have found that when the two beams have a certain time delay
and cannot directly collide, a quasi-monienergetic electron beam can still be obtained. After
further analysis, we find there exists electron injection caused by wakefield collision under this
condition, and the fine tuning of the delay will cause the charge of injected electrons change
due to the different phase of the wakefield. Also, such electron injection mechanism has the

potential to detect the structure of the wakefield as a novel diagnostic method.

The second part focuses on the tunable electron radiation in LWFA. First, we study a com-
pact all optical radiation source based on laser-plasma acceleration in a straight channel. With
the laser pulse off-axially injected, its centroid oscillates transversely in the plasma channel.
This results in a wiggler motion of the whole accelerating structure and the self-trapped elec-
trons behind the laser pulse, leading to strong synchrotron-like radiations. Unlike the usual be-
tatron trajectories, electron oscillations in our scheme have fixed period and amplitude. As long
as the incident parameters of the laser and the parameters of the plasma channel are changed,
the trajectory of the electron can be easily changed, thereby adjusting the radiation region and
the radiation spectrum of the X-ray radiation. Next, we extend the above scheme to a more
general three-dimensional situation through high-dimensional particle simulation, that is, the
situation where the direction of the wave vector and the central axis of the plasma channel are

different when the laser is incident. At this time, we found that the oscillating trajectory of the
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electrons would become a spiral and generate radiation in a hollow elloptical or circular area.
Because the direction of the lateral velocity of the electrons in the spiral movement constantly
changes, photons polarized in different directions are radiated. In simulations, we can obtain
different polarized radiaiton at different positions on the radiation receiving surface, and we can
also adjust the polarization direction of the radiation by changing the incident parameters of the
laser. Finally, we studied the Thomson scattering of high-energy electron beams and scattered
light with high relativistic intensities produced by LWFA, analyzed the causes of high-frequency
radiation in the process, and calculated the order of radiaiton with respect to the fundamental
scattered laser. In addition, we successfully explained the far-field diamond radiation distri-
bution observed in the experiment through numerical simulation. The radiation spectrum and
rediation power obtained in the simulation are in good agreement with theoretical calculations

and experimental results.

KEY WORDS: laser plasma, laser wakefield accelerator, multistage cou-
pling, plasma channel, electron injection, wake collision, synchrotron radia-
tion, spiral motion, radiation polarization, high-order multiphoton Thomson
scattering.
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Fig 1-1 Evolution of the focused laser intensity and the corresponding physics development.
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Fig 1-2 Generation of plasma wakefield and injection of electrons.
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SBRFERI R R kR =~ kyro =~ 1.724/(ag) (1+7.4/a2)~"/4o X TBRER = 0L (a0 > 1),
HERILZE R PR [21]

kR ~ kyro ~ 2\/ag (1-27)
AT (1-24) WTLBR KRB Eg N
E 1
35? ::(§)o%k¢133 ~ aer/(ao) (1-28)

HHr o, RIS R SHISAG T AR ZE

RAER (1-24), BTAESLH G FE 50 22 9NR 25 i S - A s, 4 H
Tl WEE, Blv, > vp I, BTFRABE BB S E, WAL
THTPHR. Y ERRMBETRIEANG, BTHRB SRR RS2 H 552 RN
W, &4 beam loading ALLY [23, 24], SFEICHARSAHPOH BT, MIMTRERS ™ £ #E
FAREAY LTI o

2004 4F =M SR I ARE I EOE R S IE ARG T H MeV SR AE R T
W, B Nature 225000 “B 2 K7 [25-27]. H HCHOE R B3 1 SEE6 A 98308 A JE Ll
P, R RIS SR A L2 LA KEL (TW) BIBOEEEERTE T Gev &
P HEFRREH 75K [7, 28-35]0

1.3 HEREIZIMEREFRHRSIEAN

SCEIHOC RN, BT A SRR, B R T AR ST
ST AR A v, MW, IR € = 2 — vt RACEHRTALE, B = k¢ = k(2 —v,t)

7



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

FRFEHL T AL B 45 B TR B, AR (1-25), HITHE —m < ¢ < 0 KIIXIA
PRI, 160 < o < 7 BRI BRI 58— MR B N LT, BT
WOCRBSA AW GIEEh. IR TR0 o = —n MSEEE/NT v,, 2 BN
FRREEA T —A R AL, PG B S B Rk T el T o, 1 T REREZ R Y
S ARSI TS S PR S niE , BB R TR R4 T T4k, Bsarey i RBFSE T —
HEA L N WO R L T IR (360 XTI — (RN p LT, i
HH=\/T+p2—Bp— (&), HT B, =v,/ce IEMZEHF BT LA S

H(y,9) =~v(1 = B5p) — 6(¥) (1-29)

H OH /ot = 0 R, HT ARG S A RER AR . FTAERZSIA] (p, &) FPHTIEBIRT LA
M WU N

d¢/dt = OH Jop (1-30)
dp/dt = —OH ¢ (1-31)

B -3 3 FA—gHLEE P4 RE, B KRB HK[15]

Fig 1-3 Single particle orbits in phase space (p, k,¢) for an electron in a small amplitude sinusoidal plasma

wave.

B1-325H 7RETRE (1-30)~ (1-31) B2 TE—4ERHOCE RS T IIED)
Bk, HAsede N B REZRERREMS HE N F- - HUMH ZS RIS, R U5 HELRRI AR A & iR
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LA RFE PR T F—F it

FICHERAEN AT AR R B, R O BRI T 0 M =5 B A i T RYE s
W, STEGEREM AT AR . TSR 5 B A TR B iR, A1
TSR FEEATT S S REATT ZA BBl 70 iR m HL 7 SRR IR e A A
P, SRR ERARE HEA WERBEEEA . JEEAR B TEASE

HEANRARA ] S B AR R PR SE T S HOTEN R AT
Ko WBETPIRE, NIRRT 55 B TR A SR I 1 IMPHE, Selh s M izl 5t
ERAR (1-1) FH Ey = cmew,/e; BEIRITBGE R i T2 870 2 alii0 e ) a8 1 1
A A5 . HTEARIILROE SR L, BN ATHOL B s SLa s i ok
FIXFPEEAAILEI (17, 37-4010 SR AGEBRAE R — TG AR K A5 KA A EASZ N
PR, JCEAREARE TR AN BRI L, HL i T A R 8 H REfe 21 4e
A LT RETE o

AR E AR PR AR, SRR, RIS
JEREAR R R ARSI — e FEl & H I e SR AR e T, BITRESEBRHE 71
N (414410 TR IR TE N s A U RAIE R TS5 8 R A B,
A NG R I SR T PR RESE B (454710 4 R A BUPE U2 A LA
FE s PTEAENER . FEANCERE ARG, Tooley S Niarteh 7RI H % &
BREETEANSAT P RD f -1 2R A8 5 28 [48]

SN R TRERIKEN B RIROEIk st S, BOME ] — R Z AOELBL A
TEAA B B R E AR - A T, (50 A A AR 2 TR Il AT RN B DXk
PR B REASTE A Y DR AR o 4% BRI S B A BT, BT N T2 R 28
AR EARNRHECEAN . A RBIEAT Z5 1 Umstadter e, %7 R
AOCHIERRTT IR0 SRR (BERRME) , TR T HdE I Fsh 14
SN [49, 5010 Al ETE A A 5 (5 H-S 3RSIHO0 ST 1) 7 A 58 B A58 BTE A
JCEEE (B IRSDCRTT A AR 55— AR AL HTEAOE) Albfe, AIHIRERERS ™
AR EEARAG A S, I BENUINE Sl ¥E NS, X st 7t
Frovmme, MITSEBIEN [51-59]10 SEIEATT A ERY 7 A RAERUE/N,  HLAEASSL
BUMEANL BRSBTS [60], BRAUELRAELE 2, SLBIZHOOCAER 25 kRl
JEARK, TR B S 50T o

TR TS ENRESHEIEN , AN R AT /T 25852
I A YSEARAE Y A AR el (BRI ) o A BT AL B f TARIs
SHE| RPN EI AR, (XL B8 5 32 R R A Sl a e B S e, AT B2 5
BEANTE 18 T BRI R SRR (AR SR e T AU
MR T PRI (RS AR ) RS IR, BT AR

_9__



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

H BF ES4E ALE 2006 ZERFSE [61], T 2010 455 R SE5-IESE [30, 62], I H4ER RS
TR AR [63-69]0 HLESTE AR SR SEIG S B, TR A A ] DA I T
SAFENSAREIRA LB R o 55— B E AR E B R B E AN T
NIERK R R W, R S AR5 1 FE AR h) & B Rt ROR, RV X0 T
WO R IEDAT I A R _ BRI, B EE BT B s fsos B 1 i
A IEALE P T RETE BIER T [70, 711, AR T RS RE R AR [72].

1.4 FERRKIAMED LSS

FRAHOE R e S vh RE a3 i Y E 20 — 2R IA 3R RIREEFERL. ML ARAHAIL
ST o ZRIHRE I FERUE R IR SO S B AR TR I S A S 5 3 RE e Ar 4
B ERE R, SEOOGRE AR R AW = e A AR S Ly I, 18
WO RE R e A T Bkt , B E2L,, ~ E2L, H E, NEHY
PR, B AWOCHME L OAWOLHKIE . BT E R E 2] S AR RE
i fE ST R HEE . KRR s 3 — B B e AN T S Y T A
XTSI ETEsh T AECES , SEOR ISR NE R H A
WU & AR o WOEATE PR IR RAEROE R B £ . fEEZS ROkt & & 4 FIAT
%t (Rayleigh diffraction) , BIZ3TEETH] EHOG BT A/ NS BEAE R B 25T B K [15]

re =1o(1+ ZQ/ZJ?Z)U2

Horf g BWOEAE 2 = 0 IR B R/NEBRA/N, Zr = kr2/2 ZImAKE. RIH
NG REWOGRE I FERL, WOLIR A SR K. XEWE WAL MAL R, H
S B TARA ROR A B B W SRR LA Zg LA o

FARROB IR AFEECAS nT i o, AR v IR AR A e RE RS BT ekt 1) FR 1) b 2%
2 W IR [74, 751, WNE1-4FT7~, 2016 4 Steinke %5 B X SEIL T HLFAERE
A ESHOE B R I T PN B 5256 73] At i3 25 B AR OB IO E R 5 4% 7
), A T B A B AGE Bes  PIs (R R A B, s R TIOIE T 1 FE 1
AR T g+

MR T 22 R TR FISTHE ORI, ML L, 5%
BT R H L oc ng *P[15], DR MMM B9 T T RE S A S8 K FE - e HELEE B
R 2 RS T 1 S5 B TR RE S R B S 3 AN I, (ER e F - IR b AR 2
R PRFFRS R IR B [76-79], IRENERK A PR LI B 1. R A 5
TR TR JERE , B f 2 2] FORBIMENALM [80]. BLAh, SIAFEIAEE
I8 FL TR A R 2 (8176

(1-32)



Stage I Plasma
gas jet lens  Plasma-mirror
‘/\ tape
Laser 1 Magnetic
spectrometer

DA . g S
AP PSPl d-tfg.‘? S h.

: T Ty T ~ Gischar, L
= T ] 3 9e capj .
£ g ' P& e apillary ‘} :
£ S 1 s L 2 Lanex screen 5= 3
Rooste | ! aser (removable) e
- @

2 oA 130 MeV
® 'lens ! 10 Mev Lanex screen
e 30 MeV, Capillary
0.00 L 18 Lo 1L
000 0.2 0.04 0.06 0.08

z (m)

B 14 bR B I ik 3R B, B A kA K [73]

Fig 1-4 The experimental set-up of multistage coupling of independent laser-plasma accelerators.

SROCHTH A R B FCSE , W = MR R A/ ME. RILE LY T
S B AR RE R . HAT e — A B IR AW —ERHROEE SR E
AL, TR P T A I A S B B TE X RO TS5 . LUR Bl T A

141 HEXMIEERENRES]

FEORTE 5 OB 55 B R A G RN 5 R A FE 7R 7% 3 B0 7 RO IR okt kA
AL, SO S PR S B TR SRELEST ST R A
wpo n(r)
2T 0) (=9
Hp wpo BEEN ne BIHORT ERTSEE FAAE, n(r) 28 RAE r KB 7T%E,
v(r) AEREAALE r AEH PR ARG IAHE R 7, By ~ (1 + |a/)Y? (BERIRE) . W
FEAEH O DA BRI 0a?/0r < 0, FIH_ERHTSR s, B hsum i i 2
/N, Bl on(r)/or <0, FETEREMDTMBEFESHOCHTRE . B R AROLE
B R/ INE AL JEAE

n(r) ~1-

d’R 1 P
TR g 1-34
dz? Z}%R3( PC) (1-34)

HA R =ry/ro RA—WHBOCETRN, ro RSP ERRH/ME (RIME AL AY 3T
KN o 3 (1-34) A5 B —BAEEROEH B 2R RUE, S8 ARMxXHEH
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ATFHAF B FTIRRIE S CT hig 5 a4 AR EHEERFHEFR L

R, 72 =00 dr,/dz =0, ATLMEH
r?/re =1+ (1 - P/P.)2*) 7% (1-35)

Ft, U P > P, &K ARNE BRE IHRIE P, A P, = 2c(e/re)*(wo/wpw)?,
P.(GW) ~ 17.4(wo/wpo)?, IXH wy REBEBIHOCHTSIE

142 EBFIKEEXSSI

RAER (1-33), SR TRMBEIE S n(r) LSO ER TS . 3
W AEm R B R PG, R AN R 1 B S AR R RO SR A, X
SR TR AT RE RO U T I R NI R MO AT ST S B L | TS| S S TSR0k
. FAESE TREEN T RRS , EIEROL TS 5 TR SR AR 22k
(82, 83] FHBANE T HL ™ A4 5 B T 1RIHIE [7, 84].
% [E LTV B S B AR [0 35 R0 AT = no+ Anr? /rd, Hf An = n(rg) —n(r =
0) RFBERE . AROLTIE P < P., WOLIRE o® < 1 T, X (1-33) Hidr
CECIINE Ny
2 2
n=1- ;"—52(1 + i—?:—g
Wz AT B FEAN ST O 3 75 R 0T LIS 2 @ ot ik |a)? = (agro/7s)2exp(—212 /r2)
M EEBEA2 g HTHALTE 2

) (1-36)

d’R 1 An

4
PER Y A (=37

Hia FOEERE An. = (7rerd)™! (B0 Ang(em™3) = 1.13 x 102 /72(pm)) » . (1-37)
AR S — IURCSRHOE R B AR, 58 ISR S8 B 1R E 5 ke 1 R AR R
SEMIRSGANE dry/dz =0, vy = r; ATLCRIBERE/NA

2 A 4 A 4
2% =14+ 220 (1 — 2l g (k) (1-38)

Anr; nr;

Hrf koo = (2/Zr)(An/An)Y2, vy BEAROCEBEI R ST A ROEIHE Anr! = Anard,
Blr; = rg H An = An,, WFRZNGSEEFREIEICES, 2B E R R
KNGS . Sl TEA LA O PR E AL RRIN, EPER/NSAE r2 = r? 3
r? = Angd/Anr? Z AR, “FEIMEN (r?) = (r2/2)(1 + Angrd/Anrd), T35 E A
Nos = 27 ks = T Zg(An./An)'/?,

12—



LA RFE PR T F—F 4%k

1.5 B TR KIAMERYES = E T

A EZERTHAE LB, X SR 20t h R E W R I R A T
H2Z—o ATRMHERRE. HEEPOACH BRI X Sk, AMT—HAEKEFH X
SRS, JFCARUT 1 ERIIIERE [85]. 28I, HETER TGk S X $H4H
THOE (XFEL) RESN, FAMIIRBDREG IR AL CRMIKSE . B m SR X SR 4
SRR R VARSI, IX AR S IR AR 58 TR =2 EREE 2 1Y
7T 77 [86-891. ML, FHIF A GAHR I T3 F T SR A D X BT AR ar 4
s, BUARYRBLE By i RO B RES IR Bt e B X B4k, T4 W X BRI
St TR ATAAT BYRTRENE [90, 911 IZHEE P LT hndiar 5 WD BOLIRES & L™ A
WU 2, PR X e B AR T R B RS T AR K TE D 100fs HOREST bk [92].
5 RE SR S T OB I B A e e A P X B B AU ISk = A R
EIXLEE AR H AT O 2, BRI I BUE RIS HER
TR REMARSFE SR 75— 7 HHOC R B IS A mfh i Rk

i

(4

il L GeV B TR XLk, AT H 7 2R R IX LErT it
PR CKEPRKTE . ST IR X SRR v SRR SR T 2R

AT PTG A A5 R 2 T IROE R S i 7 AR 1Y X SRR B R TR H R
RS T P2 A Y o R4 Liénard-Wiechert %, 1E 7 J7 0] 5AL ST AR A dQ W EEE 1Y
PR w BRI R A dw BIEZ RS R E S A . A =N 2% [93]

R

d’I _ e? y /OO eiw[t—ﬁ-?(t)/c]ﬁ x (11— B) x O]
dwd)  16m3€gc o (1-7- ﬁ)Q

H () R TAE CNZIEIE, §RIE DG ¢ R, § = dB/dt B L
Fei ¢ 2 JE I E . AR (1-39) TTHI, X BHERAR = R R R T
TN 2 L 1 o A 2 8 A o7 A SR P T 72 L R 1 R 3% AT &
B AR X — L

HEDRHE RE I HE T RR IR 7 AR AR T LASR I EN-SFR, ki H AN
2 77 6 O REX TS 3 B IR x 7 IR AR, TSP 20 v - IR e 4 o 7
R E R IR, o A F TR EE T TR 2 T T BRIl AG = 1/~ HBRi a5
HIRHEU. 24 ¢ < AG BT, FRATRZ A% 4% (undulator) 85T MHS L IFELZ
B FO GRS T I AR RS . RS ¢ > AG I, AR NIEIEES (wiggler) f
o MR ARSI R FI T % RS A R R R T e XX BIRLA O T e 250
K =y KRR T AR RS AR ANEIE. KHh. B,
ST R S RE

2
dt (1-39)




AT HAFBEFIRRES T Ao 5RHTA LA RF LR

e orbit \AS‘ ~ Iy Undulator
| K<<|
— g 0= _ -
Y
/
AS -~ 1/
X } Y Wiggler
b d K>>|
./'-\ \_/\-/ ,
v °

e orbit

B1-5k%% (b)) #EEE (T) #HTETRAOES L XHEBHOFETA, B KRB K
(9]

Fig 1-5 Illustration of the undulator and wiggler limits, at the top and the bottom, respectively.

7\ul61
X A
A,
A, 9}
ST Y :
?\u

e orbit

A 1-6 s 5 A BT A RER, Ak kA K [9]

Fig 1-6 Schematic for the calculation of the spatial period A of the radiation.
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LA RFE PR T F—F 4%k

N T BB AT STRAE , BT T ARG AL AR A B IEaZ B, RIOA A,
J& B AHATIRIA T v A XS HL- 1 RN

x(z) = xosin(k,z) = kﬂszn(/{uz) = %sm(k’uz) (1-40)

Hrb by = 2/ X FPR, wo FHEIRIRGIE L AR 7 A REREAZRRIEOR, T
I 2 S EOLIN AR Il N o TR AR AT LS 21 H 7~ B2 R 3

2
B, ~ Bl-— %COSQ(kuz)] (1-41)
_ K? 1 K?
B, =~ 5(1—4—72)21—2—72(1+7) (1-42)

M s s EIIVE PO, A ARt IR R, ELRR S 2 B R R R i
FA. I 1-6 7 i AR b ) 2 R A 3
A A K?

A== —\cos0 ~ —(1+ —

2p? 1-4
2 5 TE) (1-43)

ORGSR w = 2me/ A B MR.  K < 1, A2 R ek 3 A AR AT
LIZWS: B, ~ B, v, = 1/\/1— B ~ yo “FAgE L A8KE R o TE 3L U AR,
7 2 AR S R G B — B TR w GBI 0 K. M K> LI, HT4H
FREIRG 7 4 B IR v, = o/ (/1 + LK2. PHI#IE AT R T T 8
TWIBE, FRST S R A5 s R . T N ARG TR, AR
Tk 35 A

T=N\c (1-44)

XTI (K << 1), B J7 RS ) SRS B HUAE 0, = 1/ M TS (K > 1),
7R 3% 7 A)_E A5 B 2 AR AR T TROR ], SRS R BN O, = ¢ = K /vy, THIfE
T B L TR P 4% I 2R T 16 BRI, RIRST R A Oy, = 1/ye 25 A
- IH— 8] me B30, R BT PR35 93]

P(t) = (¢*/6meoc)?[(dp)dt)” — (dv/dt)?] (1-45)

AT, RSP ARST DR P FIRALAIR G A N BB R AT RE R 1,

meleyiK?

P, = 1-46

K 360 )\% ( )
e 72 K2

I, = — 1-47

K 360 >\u ( )



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

PGt (K < 1), JESTTEEHRRER, 6 TRERN hweo/2, WERSTET2H N

2
N, = ?WQKQ (1-48)

Hrb o = & /ameohe ARG L AEFREGRT (K > 1), WIS RS ET%
RPN, AESPETEIHZ N

5\/§7T
6

N THIFAT PR LR LR TR0 R I Pk a B AR 7= A AL AR B4

N, = 2Tk (1-49)

1.5.1 ETFEEBETIKFH 3R] betatron &5

WN2T5 R, 2458 58 ROk AR AR T i 5 % T A 5 B8 AR TR AZ R I, OB
B IRE 12 A4 BB TR THETFER L A R IE AT B T, RN AR
W, BHAAREI WA )G, BT HAFINERIIES, a2 BB00 &7 =L 1 tE
[FIHOGE R AR 0152, AT ECE - R R IR IR 1774 X ST 4edmat. FROTRHX
FREE ST FR A betatron F&EHT o

Laser pulse

Trapped electron

Electron -~ lon

sheath bubble 1920 micrometers 2ol sn e

B 1-7 /= % betatron 334 49T~ &F B, B K k8 K [94]

Fig 1-7 Schemetic diagram of the generation of betatron radiation.

Betatron a5 2 e g4 AT S 1 2T RO B i il i AR 5L [95, 9610
ZERAZF] T T IZ IR FEFIIIS [96-103]. Rousse 25 A & betatron w11 5 B 5 45
TAREZ SRR EY], FHE XM T betatron 58T [96, 97]; Kneip 55 AR H I REHE T
H 77 betatron FE5T, HOGFHRKE] 10 keV AIRE X 52637 B [98-100]; Cipiccia £ AfE
%45 betatron HYEEAM_FIEACHOCIK I A0 SmE B 7 & A BFEAEEAE N, 74 RE



LA RFE PR T F—F 4%k

T EA MeV FIEESTGF [102]; Yan ZE[E P2 28 T HEBARE FLT-HORT 38 X BTZER 5T [103].
Betatron fR 5 /7 A S B, AT EHGINAINE S, BERERH THBEAOUIE A [104],
REAT 2SO S5 B TR EAE R [105), BAT 2N A

152 ETFESEHRMNER TR

I3 — T AR R PR AT BT IR LR RO R B s AR D e RE L T e A A%
GEN Gt B R R Ay, (E T AR R R IR I A ST, IEN-TRR . RS ar
af B O IV OB R R AU SRR OB, R AR R AR AL RO i o BRI
R RN R 2, B REE N REL ok . NIEHHLE betatron FRSTIR, JLT(%
G a RS FR ST IR — 1 95 o AL R R iR A TR M) A, K (K)o AELEER
% X SR IARS, FERTIGRERIAE] Gev W2, XtEsRARSHIE IO
e s a5 5 e BE e A TO G Db AT R A i s e

spectrometer

B 1-8 ATHAESZNRAEER, BA KA LHK[106]

Fig 1-8 Set-up of plasma accelerator and conventional undulator experiment.

Schlenvoigt 5 N B ALY ESEEL T F O R s 7= A2 B i 1 A0 AR I A]
ARG [106]; Fuchs 551 T EE i RE LAY FE- M A RO e I 077 AR T RERLE 3K 130
eV HUHRSE T [107], AR SEBL AT T 3 i B FR SRS SE 1 2t M EEEE T
WA FEP RSO, BT RO MR R ARSI B Oy A R, & AR
RFEAR, AFITI R 5L Z R RN S e 2 6T [R] 20 B B 1 =6 2K

1.5.3 BT 5tis e R AR 7 i/ B 4 A ot

73— P A X AR T SR A O I g™ A i B SNt (FRREB) HH
BAEM, A R A IR T 1A% AT . i sh h 22 i e Rle, s



ATFHAF B FTIRRIE S CT hig 5 a4 AR LB REHEFER T

W —A 2 MR =R R o T S28e H— M A AR e RE S L
W, AAEARZRIERONY,, PRI F TR 2 A AEZetE 1 (Thomson) /ERE i (Compton)
B o IRUOAAE R S BTG RAH B TR A IR 225 A0S | By LB 61 RIAR w,
RGN w; B 492 (EECHE R, Hf o £ FAIMEXR R X AR
P Thomson/Compton B H A T B SERER T 2R (100 MeV Z£47) a4 X 4t
LRy BT B HUG T

RIS S S5 A PO B e B T R S S AR, ARS8 B oWl 2] 1 4R 2 Thom-
son HUHT [109]; J5 R AATEE £ 0k FIOG R B st 7 A= 19 e RE Fl 7 E1 75258 [110]:
Phuoc 55 N\ 18 1 55 B 458 SR RSO B I I hnid as OGS B 7 R AT U, S50
T 461 Thomson HUH [108], WNEI1-9f7R; BRFICEIELLE EAIG 7AW 9. HUlRE
11 A I HY Thomson HUHT [111]; Sarri F4R15 M2 E . fEtFREIEHIT 18 MeV HY
FRHT [112]; Kalmykov 55 A HERGERE Y H 777 28 T HIRBERE Y + 594k [113]. EET56
W an AEZEE Thomson/Compton HIUHTIRAK 1 A J H AR— A& 4t = Az v AT IR Y
HEFRERY X SR, & A m mEAUR X 4Rt [114].

1.6 HE&RH

TR R RO G N & B R AR ELVE R — M E I RIS 2 Fh i SR
A AR R . AEEARX — B A BRI T, (U G BB HE A S
W AR MR, T2 AN T FIHIACE M RE T B AL A B E AT 528 7
P [115-117]0 BRI EAE T B B TR EUE LSS . A A HBHRE 7 Bk
BT AR RIRE B3 AN AL, BRI S B RS 7 I T 40 E RATBC GBI R 15 4%
G, THEVIERES I WA P I TR A E R A1y« BUERIZE R AT S
FATA F FRATT AR R T8 L A R VE 25 SR L BT M A TR L Be & R A A T 40 JLTHAE
Xk, FUERH— EEROLR MG IEH — AR TH [118-120]. #idEUH
R, FRATTREAS TS 20 M I (RIS FE R R A TE 1 F AR AN R Py B R A X
TSRS T AT SE R S R A B AR B T BEORRYRFEIER (7, 73, 121, 122].

KA A S5 B A ) AR AT LA P A Maxwell J7 RE A7 b 713818 24 is sh Ty f
RAIAR . SEEREBL, AR SY A F B AR AP AR INTRDRUE S R AR
JEE ARG USR] AT ARG T 48 B AR I BB 2 A PR IRAAASAEL RN 3l ) 2 A4l
WOt R d A s, AT R AR 2 a1 o A ek £, B 23
1AL RE E VA R IR R FIB B UK AL (Particle-in-Cell, PIC) o 7 —Fi4 it
S5 S A AR A 23 [ ASGIE D30 o0 MR 23 TR B R ks 7 B 3l 7 22402 Viasov 540
Vlasov U EB SR AR AH 23 8] o AT ek ACE A RIS ¥, MR EET PIC AR B2 1t
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A 1-9 A A 5 B FHRB RAT#OL = £ 494 % Compton 48418, B K & B #K [108]

Fig 1-9 All-optical Compton radiation source with the laser pulse reflected by a plasma mirror.



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

HRAR. IZEHEE ) HAEMZS R BB A 9 A R AP BRIy, [123]. a0 R A8E
— B BT A] RO RIS AT 2% ] Fokker-Planck B, HTERE N K. A0k
THHRZER ] PIC 187 RAIASE B T4

1.6.1 HIFHEH

PIC M AT o — P RCEL A 7 3 B Y8 B & B 1R haly ks 1 #93a 3. £E PIC
Fth, A2 B RER ] Maxwell J5 RESRIE B3,

V-E = ple (1-50)
V-B = 0 (1-51)
VxE = —0B/ot (1-52)
V x B :uw+%mwm (1-53)

N COARTTE], E A B RO A R, T p AR U
T B K

N
p = Zé(r—m)qi (1-54)
j = Zé Vi (1-55)
HAr iy vpe mg T g 50005 i DRCFRIMCE S FrfidiE (LA 2 N) .
FH—J7 M, R TR HE SR P Newton-Lorentz 12 3] 7 RESK f# -
dr;  p;
s (1-56)

JRON) AN G IX 2L T FE R RESE I 4 B R (SR SE b RUE Bt RE T E R
AR IR R &, FRATIE T 75 RERT XA B A B 1 BB B AR K T IA
R BRI T RE S LR o PIC B R FA IR W e b & it ok A AR 23
(] H A BT AR 26 BL S AR B Aok A A TR 22k 1, R TR 78 [116].
HELZR PRI S BSoh 1A, EATERE LA S Bk PR T X3, Bk
BRI A —AN A N MR HEE— S 5HE N DMEEMHEER, 8355
JER AR EAE IR EGETE N(N — 1) = N? R £ N ELRKMATR T, AVt
X 2 22 R EAER o FTLA PIC U, FATIFATERL 7 I E A B BB H



LA RFE PR T F—F it

Yy, TRAEZS H WA BRSBTS XFEX TR PR Y N, MIASECH N N, x N,
TR PRI RERRLEIL T N BN, x N, /N T N2o XS ATREAS (E A
= RCHBACEE N ZEARR TS5 2 AL, An B 1-10(a) e

(b) Push particles
Newton-Lorentz

[ Add external forces ] [ Absorption/Emission ]

Gather forces Deposit charge/current
Clouds of
particles

Filtering
potential/fields charge/currents
Field solve

Poisson/Maxwell

A 1-10 (PIC B R ZFF kT (KEAHE LK, LE&H fwi) RIL wary f R,
(b)PIC 69 IR FH R T B, B A kA K [124]
Fig 1-10 (a) The PIC method follows the evolution of a collection of charged macropaticles (positively
charged in blue, negatively charged in red) that evolve self-consistently with their electromagnetic fields. (b)

Basic algorithm steps of PIC simulations.

E1-10(b) Z7n T &I T PIC LMY %0488 (1) A Newton-Lorentz
AR R TR AL (2) GERE A 7 B AR 8 e e A SR MR 1 7
BB MMM S L (3) EFTA RS S BT Maxwell 37712 (4) BitAHm
MR R AL S S NN ey v WS U 1 VA T &0 VA= s B N 23 T VA 6] = K @ R g8
HEEAMAHERAERR Y P I 5¢ Yy B [ B AN [R) 3 AR IR T MAZDREZ 8], AdE . R
TR 25 R AR SNSRIt 3 8 71 AL BREE A 1Y)~ A B iR R 2
BB, EXE PIC BB A INRHCHI AT, ATIER R T ahE 0. HEE AL
Lorentz-boosted A4 x R 55— 25177 K2 5 PIC BT DASEEL AT SR N i
ZAERAL [124]0

H A7 PR bR TR EON AN PIC SRR, ASCHh R T LASEE A
KR AL R FETTE & B OSIRIS F2 7 [125] A1 LA o3 B b 5 JF & 1Y) VLPL #2£5
[126]c THEIERAYE, FRATRHAIXLE PIC MHURE Y RIS S E S T A o
WAL T EME T RT R IT & A AEO R 3 s 7 A= 1 S o o
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ATFHAF B FTIRRIE S CT hig 5 a4 AR LB REHEFER T

1.6.2 iEETIEHL

ASCHR AR AR R B EFE W RSEUFLT  “Virtual Detector for Synchrotron Ra-
diation” (VDSR) . ZFREGAGE WM T S IO S & B8 T EAE i R h 2 Fh 2
LR = A R R REIE RS . ASCHIRATH 7E VDSR HiR#iE PIC HEAD5 21 /Y FL 7 Eh ik ok
115 betatron fR5T, A% BT E B TR SBOEHEIT Thomson HUR ™ A4 B 4T

Input file reader:
VDSR process: Beam, Detector information

Detector installation and initialization (Pixels)
Particles are distributed to different processes (rank)

Process 0 Using Classical Calculation Process1 .. ProcessN-1  Or using Quantum Calculation

External field input Particle trajectory calculation Or particle trajectory input |Part|c|e loop: for j=0, local_pNumber Monte Carlo Method
Local Particle information at different time output.

- Time loop: for k=0,1_step
Particle loop: for j=0, local_pNumber

Calculate local photon density ng(x.y,zk,t)
Calculate total scattering cross section op(p,k)
Get Scattering Possibility p and Monte-Carlo judge Scattering or not

Time loop: for k=0,I_step
(0 =F () + a1, +a (=1,)°
7 (0=, 0) + (1)

Particle trajectory interpolation: Scattering (N) Scattering ()
—lil—

Lorentz boost and rotation Transform to electron rest Frame, k=kz
Monte-Carlo Sampling E,, Monte-Carlo Sampling ¢’

Calculate 8 from Compton Formula

Calculate new particle’s new momentum p’

Lorentz Back to Lab Frame (A"->A)

Recorder emitted photon in photon_list_j

——
Pixel loop (6,9) : for i=0, I_Pixel_number

 loop : for I=0, |_NumberOmega
radiation calculation
(Particle; at t, on Pixel; radiates Photon))

Ewyr=Co, [, ey
(@)r=Co, [,

I=====================—==--1

Particle motion X, X..; Particle trajectory recorder

= =

Photons project to Detector :
Photon listscan (1,ipoiarization) = Pixel(0,d,@ ) N=N+1
d’l

7
:w;;l += CZ‘ E, (u),)|2

Intensity Calculation:

d’l,,
o
Photon & beam information output

Accumulate:

A 1-11 VDSR 24 8 REE., AR kA8 T [127]
Fig 1-11 A schematic view of the VDSR programing flowchart.

VDSR #2572 1E A E s RETH AL LA I 7R, APARCR A LT cpU i
Tt mARENE 1R & %ﬁ%x?iﬁu)\ﬁﬁﬁ%ﬁ” A RIS E AR
PR AT e 7O SOt RS, &2 RTINS R MG bz
WCE BRI Wy BNLSZARA Q ERRST SR @21/ dwdQ LARR R A0S B o
ST ) ARATRIE (1-39) BEE], Rt j 18 k IR BN

‘ . dt/2 . . . ) .
Ij,k _ 6227rw(tk—n~r]-7k)/ eszw(l—wal)t(ﬁxk + blt) % ez?ﬂw(—n-aztz)dt (1—58)
—dt /2
Her @y, @y, by AR A BRI R AR (LE1-11) [127] ASCHUER T
MR 2877 20T VDSR RS AL o
VDSR F2 Fp A Ho 2 17 B [ 25 48 S A5 (B ADURE o fY) — 1 B B P gl 2 8 Y ] A X
TR IR A TR AT AT S O HER 1 W (AN AR A, VDSR



IS SRS SV S5 s

J ARG S5 R I g st 1 AR AT e s s AR 7 B Y SEAL S RS Y IR A, A5
FRAUL S AR A 3 TR A [127]

1.7 ARTESEREFES ETEZATRZHE

M EE H BT T Se i 7 AR b as AR ST, SOt RIS IR HET RO R
TG I A AR IR RE A% IR PRI B RIS A T4 oA, il 2 H a3 B0 T e n
AR IR AR, A A NSO 52 BT ) SE 36 = th REAS T R AH R Y S8 5
Whoe, BAEZMMAME, RROCEE AR BRI THIRIF T .

Positron production target

B 1-12 A FHARE S ok B9 TeV E R CFARAVRER, BA KA T 3]
Fig 1-12 A schematic view of the LWFA based TeV electron-positron collider.

TWOL B M & B — 2 7 A dd 1E GO r L A ERIEE R
RGO AL R Y 7 IR T REFA R Tev 1. WHE1-12F7K, REMA
P 22 5255 25 /) Leemans SF15CHE 15T RO R M7 g a3 1 1E 00 i XS il 3Z%0&
HLIEIE R 100 1 FRZHOL R B ME S 7 3T Tev M AYIESUE 73R, Hpagi
WOt R hnidtgs MR, BRSO h RS RERL, REASRE FE T BlUE L T I RERL IR = 10



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

GeVo NIFRATTR BRI HIEER F s E] 10 GeV Z2 A7 RO E I hnid# FIRETS
SEPL R AR R B IR T 2. BT R TR RGO R I iR TR R RE R Y
RS 42 GeV[T], B5HFRH 10 GeV A— M. R — £ 058 RYOL R
B i A SEPR Y L [128) B— 7T, 2016 4 Steinke 25 B YKAESLES E
SEILT PRGOS B i g B, DI E944 33 pC, 100 MeV HLFHH 3.3% HIH
TAES P B T 200 MeV, B4 T WOG R B INER F SR 48 E UHEA
R RE B SR, HATZ T RIKRCRIREAG PIINTH L (R S R A 1 5
AMUE Z=1 HIRS S80S TR AE R AHOE ) MELUE W Ak EE JOmd s i & sk, A
U6, FRATFFENEIS SRR T E AR SR R B B T 22, AR N ARSI S iR BT
e ULAl, HRTSOCRE RIS 4 M 7 RAERERG A& 5 T e L S &SN
AR AE LA A/ N . TIANE 2 15 B8 HE 7 o B W F IR 2 W0 BB s a5 i ZUB R &
RORHRS HL 7R B SRt B O o FrATRA M e Bt — 2 R 42 m O B
IS A R E S . AL R BROE R s A T, R AT AL SO
LRSI B R S O BOEMEE A, S TR AE AR e il SC6 b B A
MERE . SEOG T R A0 SE AR P= LR SR, IR AR SR HR 20T A B TR AHLRI SR R B B
Ot R s g i 5 AN Rl Bl A BRCRR 59

ST WO R M s i 22 P LG A AR R S s . BEARKEE B X SRR AT iR
RIS R SR, SR EUA RS AT FAFAEER Ao Betatron FRIT IR LA SLHY
fAT2A. NTFESELRINA AN S [H T betatron %37 S5 HAFINE B 1A 24284k, ToH: L
5 [F RS IR A 2SO0 [ R AR ARIE 1 IR AME A BTG G a0 & HG s
AN I RO I IR A L Y e/ NIR % R A AN R B e T i = e o AN, BT ROBER
Gy g 04 SR A TR It A BRAR ) MELLIE W E 22N . L, AN
HMEE L AR A BT TS R R R AR X ST A LR E L . Thomson AT
W B R N AR T AR B S RE RS 5 IR B RO & ARl | X R RSS2
FEXT 18 22 B 25 7 1Y) 52 A AR 5 B S F-RE et [110]e  BERTARF 5 Hh A A B0 S i R AT
ST EETARE HSRE, A A m AR R . BEROCEARD H sk, st
FER IR B RENS IR BT = A, IXARA AT BB AR R, R (AR 55
B EAE A R I I S . BRI, BFSTEE TR R B 3 i R e A X e 2
AETEHUGT Y6 A Thomson HUHT AT FE AR AT PAEL,

ZE EANE, AT AR SO EE5 T2 15 i &k

R, BATEFEMR RO RIS R R R S R A
No B, FANEH—FROE RS IESR IR ST R T R E5IA RIS
B AN B PSS TR & B T AR, 18 S A B s E R R
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LA RFE PR T F—F 4%k

) B SR AR 35 5 ROERT R 7 R A, SR (E N —dmidigs R & o %07
KRB LI E MRS, B rUicr im, EHT29ME. Aa, iTka
W GROL BB s P A SR B RIS 2. 14T, BAME T B ARHFER
T E R ] BB MO AR RE L RESE RN T 58 TR R B RE R o (AR 3T
KA SR A H T AT LR R MO FRIZREL A9, BT TR .
XA X ANBIESE , Bl T R A 0= i I AN IR B 25 B i A3
TIEARAERREREIL , A HOSHOL Bz nis g e F AL RCR R, A ] LA SE
= AE SO I A SRR T S AE O o TR AT T4 X S B B 1 & 12
e, BATRES WS —Fof Y fE T AU —— 5 AR ROE A 5 SRS Y S B R
AR TN o 5 Z T8I 2 AGROHEfE SEO AR ], R R IRIETEA T 2=
PERIOC RIMEA K AR Al L RESEEL A RN o A5 PIC Bl S5 R5 SRR 25 R AU EE , 3K
T AT Bl E A B, PR R O T IR AR, PheZ i AT
AR A e B 5%

FE, BATRE RS T RO R B e B9 X ARSI BATE KA
PO Bl B R A S 2S5 8 AGETE Y, SRR MR T RIEA TR
S BEROC I — AR S B AR P R I E R [ R o e AR B iR B
4 betatron R A AT, SKELT FRBARSHOCIRF AT 7RG, I te ™ 42K [q 25
FEATHY X A 2. FATPRIE R THE IR R RV R, oA /Y nl i
WM. 25, WERZT R B RGO, FAOTER ARG A s sk
FFE AR AT OGS e it oA o S e — 2D A i i ie iy EAFALE A%, 3417
KBRS R RS 7 Rs s e BRI, ot Rl R, BATRSS
ETWOC RIS INER) Thomson Htht. MHEIEIHEIGIELE-T&, FAFHZE T
B A e AR AT A 6 T S 306 R I s AR RO HE B RE = BE L T SR BE T RICH -
R T2 HIX R R, A% EL Thomson HLAT HAYARAANE RN .3, AERTHUUAN SLEG
[F] I RS T B B0 500 B9 22961 Thomson MU G . Tl I FRGTHILL, FoA TR T
=3 22965~ Thomson AT A H BRRL Y22 AR S 0 A B BRIAL, 204 1 ARSI . SR 4T Th
REZHL, NS IFHIAEZNE Thomson HUN BT HR AL T HEAIFIfc A o

T B RA TR BRSO T RS, X RER G St s i TR B .






LA RFE PR T $=F ATHRLREGH LT R

FE HEFHALRKIZEEBEFINEHRR
21 5|8

HEL TR [P 200 TR B 0 3 I A 58 AR AR (B, W5 | 1 AATTE)) 2 5k . ok
R i b B s RS 2 AT LA R ORI S S T RS L , U FEED
YRR . 1, ATMABOE RIS IIRUA [15-17, 129, 130]  FEFHIE AR
[51, 60, 61, 131]- HFREFAEET [7, 30, 34]~ HLTAR A FAGEE & (35, 42, 132, 133] 5577
THIFF LTI FE o X2, FRATHG B A o ] 5w RO 22 TR RE O X hn e B it
PIRRT, DLAEET 22 R BOB I i FIE A BTLAE

ARFE LB =D NE: BT 0 hIRATPIREST 25 i #8558 A B RO ik
HF5], R TR BOE B s T 52, RIS SEEEOE AT F 7 AR i gk
G SR TRATE R RO R s, BT R B 2 BT RR I A
HHROGRE AR M SRR O LR RZ I, JEIRIEL FZ T H B R T 4T RE
HIN e 58 =885, FRATIEEE RN A N8 58 BEOB UL 1Y B2 37 8] Aol 2
FELIHETFIEA R ) AT Z I AR - AR ELE .

22 BERIEIAINEAIRERF FE
22,1 HARBE

WOCRBIAINER AR Z AR, 5 I AR A sk i — Tl 22 T30t
FRBAINERT TeV RELLAY IR T XEAIL [3, 134]0 SATIANL.4T i, FRHOLE R
JINTE A FE Y RE e B i 2 T 2 DR 2R A PR o JHL PP X AR ) il 2 R IR OB RE e FE HIER
BIAORRAD, B B B s g 2/ N RO T A RER US55 B AR A B R o ARFEL
A HIROEHEART L 7 ARG RE L BE S5 B 1A LML R ERR A, BRIt B g Y
L RE I ad Y B S (EY 10 GeVo  H BT A AR N AL SX — HARSS /)
[7,21,29-31, 76, 135]c A T AEARAR LI IE TeV REAIXTENL, WA7HEH 2>l k57,
FOLIKE THOL B N AR BT IR 5, RILEAE S — ot B st g s
T AREAR] 53— D3OSk P SRS O R TR 4k Sinis . T f 1AM R
B S R/ N BRI S DHOE R A B TR B R e TR Fr RN R Y
EEEE], SEBLROE R IE AP REAR R K. 2016 4F, SEEDT R HT-(A TR E 5 5L
K25 1Y Steinke S5 A [73] MIAPSLEL 1M ZEROE BRI MR R DUARR G o AT i ] 2



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

BIANER [136] SR SCATHTBOC SO R AL 7 1), 18I (8 55 B B R [137] KR E
IR TR, BAEL IR R IR A B R4y 3.5% TG 2] 78—
PR, RN T 100 MeVo X —SE50 7 28, WO (R 7525 55 2RI 5
BRGNS B ARE R RN, D8 TAER- AR PR BE 2 22 B % L T RS
MR A AR, T ERE A DS RO AT 2 1 R A A RE A E s S R IRE B 2L
IXAEZ R G B WARMBMES 2 o HEER) G, WRAEATESINE 2 E D R0E
W R K, H 7R R IR B4 100% A 1T I, IS FES
e —Fh ] B = RO R e i B SRR & 37 5

BT S B TR 2 A, 2 A S B A 1 r] LLS | SO & [138—143] . Reitsma
SEN [139] NHRIE _ERESE 1 IOGAE ™S H 55 B~ (ouE T &5, 25 H 7 RESEIEOE ol
TUEEHI A E . RIESE A [140], P45 [141] 1 Palastro 55 A [142] W8 15T
725 M S A R AR Y 2E [ A R AT . Hooker 258 A\ [143] &3 1 3125 Hh B E 1Y S A
WG AER SRR LA o AT FATVE P — TRk 1 25 45 2 7 om E R 2 AL
ARITT R TR FE B ARG S B ARE R, LR BENTHOC R 2K . fEi%
Ji g, FrOEH— A Hh E AR R Y i A S A TE 3 5 BT B A B
ey, 100 LT AR AT — hnis 2t S e A AR S B TR P U BB R e N T — 2RI
JCIRBNH R T R A AL, SEIRZURINE . PIC BEUIEN] 1 iy S AT LA B
FE R RO S5 R G

222 HAEESHERFREETHES

B 2- 12 BB RSN, RSOk 1, BOGhke I, 28—
9, B INEIGNPIE Z R . o, PSR GA ZIPE JE D EE
2 NS A B A T NS TR Y SR B S R A A S A . IR
TAERS, SERBOCHh TS — I 2 RERUE B e E R I i 7o £
BN AL FL T AR ARSI B AL T, I P A S TGS, SRR EA
5B IAELE . ROk T BT RE ARSI T RS AR R, AR IR
TGRS i S (AT D e AR N Tl e Y S B R D 55— T RO B K
IS 25 B AGETE RN ARG, EEE S5 R s slT A RS, S Mgt
NGB TN B B A B AEIE U RRE R R o SZOHTHY R I PR AR UL T
A, FEE D AR

PRI TT S B O SR AR B [ AU AR A EANE ORI ROE RE IR AT AT SE 1, Fd
JE H B o ik 10 5132055 Zhis 980 B 5 5 T AGiiE b 772 R,
AR S By~ T RO AR R, SO K i b = URE D 2 D P B S A



LA R F PR $=F ATHRAREGH O T RHR

H2-18ETHFRTHRBEMBESGAM LR AR RS MR B RBARHHEANL (L), L
FHABAEHAT FE) dmit TR (&) AZEEPHHRIT,
Fig 2—-1 Schematic diagram of coupling the two LWFA acceleration stages via a curved plasma channel with

trajectories of fresh lasers (red), depleted lasers (yellow) and electrons (green).

B SRR T XMEshid B = Ao DRI IR (1401, FEGOIKARIEH
My nMEE S N A DAOX BN OBk R 89513 i A% O H AR st ELE RO ik
A REAG A0 BN GTR58 s ) SR AamiE . O 7Bl B, RATE L
AR AR RO S I B T AOEE P R DL, A BRI S o 1 B Y
T AT R R, FRATTIG B E B O e SOh 2 Bl R B TE AR e T
A8 SN 2 SR IE TS . BURHOBAE y Jr 2w, MBOGHK b sl EUH 2=
(AV2 = 9?J0tH) A, = w2A, Kfiliik. b A, AERBOERY, H-—H A, rTLASR
NN eAy/m.c® = a - exp(ikz —iwt)/2 + cc., HH w, = /dmn,e?/m, REB TR
R RELATT A2, — DRI s A BSOS kT DACERS (25 BN ny,(r) =
no + An - (r?/wd) FRPEIIR I BB T AOEE P ARER R, HH ng = n,(r = 0),
An = 1.13 x 102°(em=3) /wi(um?), wo AR NHOCEDE A, r 220 EEIEE S
ODHYEEES [15]. HE—20, RATFIAILDIABIRR € = s — o, H s BITEEET.OR0L
RIS . IR IS B A E 1 MR PR EE N R, Wik g A G2 UM 5%
BEALFFALPR B & v/ R BTGB SR IT 5 (9 S (IR, IO ke G0 28 RSB 39 2 LA 3R
% [139]:

Oa 2 0% wno An r? r
Ry S S NN e L SR 21
Z(’?t [ 2w Or? + 2 nc( * ) —wipla -1

Hor ng RZROEHKITO B 2 B AR PR L, ROEIKIP A RIS at = 0,1) =

no wi R



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

apexp|—(r—ro)?/wd]o AR (2-1) W BT RIS TR, J7 R4 M R 455 PN Y TT06) [
THEETS TR BRGS0 T E A AEE , SHEERAHRERE R — 0o, B
FWE R T r = 0 MFRe BRI EH O R IE O B (RE rg = 0) B, BOERT AR
TG LAY, A AREE A A BRI/ N TR R R, ARBESCEO K RO M R R
AR AL i AT ZEOE M TE HH O S MU A S BAwSHEE BN ro = regu = (ne/An)w3/Ro
A THRANZE R, BATEEARZEMEEERE (2-1), FREEOERK R I O
Wr. = [rlal*dr/ [|a|?dr ZHAE T E2-2(a) Ho 5557 RE TE 1) #R0HOGE AL
A I A A RS N B B e — A, DASIOM — R ARERIE A0 £ 1, TS
SEMANG B v O S SRR B E A R BT SERATMI AT LA I A AR T AR
BEETATAERT, WOCHK ARG S B OB E T LRI B . B2-2(a) A EAB L
LR T W RO AT B AR T 8 U BB TR B R S 70 = 6.33 pm, EHLEEAE
IBIE P ASE L .

HREAT (2-1) H, FRATZEE T HXE S EROEH R AL R . AEFRATHY
PN J7 ZE WOt ARG ap = 20 ZWOCIRETS, MHXERUY 2 B
KT B, BSOS R PR T IR IR A S PRI 3 38 ANRERE 2
0o TORAESGERITFE T, ROTEE REBE TR E ng BIEAT ne/(1 + |al?/2)Y%
RS WL WO G SR AR SRR, 20 (2-1) WSO TS I EEE TS TR (Time-
Dependent Schrodinger Equation, TDSE) » [12-2(a) H B4 42 it 5 1 & H BEOE o0
BB . X R ROC A M BT RIS B A BN, RS IR T OIR

AT IRIFHOEAE S NI Y B S B O TE TR I R IR, BRI
W Y betatron 7 7% 5 RS L7 RE F AR N0 43 FL 1~ FH T3 K O AR 7] By DA T 5
LRI FE AR /N, FRATELLROE S i s S A 2158 — B miE
I, AR ELEE O WA B 2SR RE/N, TEATT RS ATRE AT T 2 Bl [15]. ARt ssft
T, WO AT B AEE N B SR UL E RN R AT R AL E T R
EME2-20a) THISREITR, UASEIRFBEALEN ro = 0 5K ro = 2o BT, WOGHKITHT
REAEAE B IR BN B Ay, /2 = m2w2 /N BRI (A1 2 r = 0 BUACE, RV EDEE
DHIALE [15, 140]0 H BRI OUT, BOGHIRERIIRGIE AR, IhaE e s R4t
AR/ 2238 RO EAE R AL B RCR XA, R ARG ST HE AT » = 0 BIALE,
X2 A B T A P IR BORS FEEER AR R R o SRR, X RIS sl
FEEE IR S B AR AR LRI ZL, SEROEE AR M E AT . X FhIESSE AR RR
NI (2-1) SREGA, FrlAFATEN 4 (two-dimensional, 2D) Y PIC #f L HOE
M rg = 2reg BB BEAS G, 55— r = 0 (B HSTNRIROEHRIZIESA A T
E2-2(b) Hro ERIROEIKIT I A I SR EARROEAE 58 sl g b 7 A4 R i A B A
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E 2-2 TDSE # #44= PIC #5043 2] 49 3 LA R BIAL B AAT 2] (a) B 2 £ Fe () B#IE R F 9T o
FBFAREE PP SHE, P\ =08 um, wy=8um, Ry=10mm, ng=10"3n.. Z&E

SR ABE PO, Mo EEREMAEIEH L E G HIE, (b) A 2D-PIC #9H-B, 27 TN
HEH THREE B EG IR, th(a) B2 E LI,

BOR AR 5| AL B AR XTI R
Fig 2-2 Centroid trajectories (solid lines) of laser injected at different position from TDSE and PIC

I3 /e

FRBRLCERGBEMTHZET

simulation in a curved plasma channel with fixed radius of curvature (a) and the proposed transition
curvature (c) with \; = 0.8 um, wy = 8 um, Ry = 10 mm, ng = 1072 n... Dashed lines represent the centre
of channels (black) and the laser equilibrium trajectory (red), respectively. A snapshot from a 2D-PIC
simulation in (b) shows the laser profile for injection into a straight channel. All results account for

relativistic laser intensity effects, except the black solid line in (a).
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TENE, DMBOLRERFAL N AT RAERAIRCR . Fr AL LEAS AR R AR ATHOE A S AL B
N T R BBl BeATTHR O — A~ R A2 A O 55 1 A E R g T

o RS R, FROTEIERIE (s — s) - RY RMER SEILME h Z Ay A ft, H
Hos) T HEE RS (MR- R Esh R R) o i, FATEM
ne w(Z) _ Ne wg(sl - s)l/a (2_2)

Fequ = An R AnR_O $1

HrF Ry /2 s = 0 BYRYEE H 3P 12 OGP M 558 Ol E (L i, B
MRHY requ ABE T35 ORI AUy M S A0 i ik (57 B3 (1) R B SE SR O VR . L)
I, kb By Db 2 LA T AL B G, EEET dreg,/ds BT _EVERERIR Y o
R RE R drequ/ds XS THERIZ IR SR ERA R o £5E, FATADY Ll iE ih 212
ML o = 1HI (s, — 5) - R = s1Ro I, REARMISBRACHIBOL TS BLH S 2R 1
PR OIITIZES 2 FIET IR R A 0 Z B L 0 = (s) — s)?/2s1Ro IR R FATXS
0 FATHRERIT, 20 s ML, FRMRIE s ~ ct (RIASSHOGIKSE AR T 18 1 Y s
TCRERT 0 ), RIS i 2389 20 5 i 45 B (ARE ) D AR -

{z:fd(sl—s)-cosezszct

(2-3)
= [d(s; —s)-sinf ~ (s — ct)?/(6s1Ro)

XA (2-3) Ptk py s i B HAmE AR, A s = 2 mm ZRIHTFEHEEOEF
OB AN E2-2(c) H VLB REL TR . RIS E R (2-1), FIHE
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Fig 2-3 2D-PIC simulations of the multistage coupling scheme based on curved plasma channels. (a)
Centroid trajectory of laser I (yellow), laser II (red), and the electron beam (green). Insets (b) and (c) are
snapshots of the electric field of laser II, plasma electron density, injected electrons (red points) and their

charge distribution (red lines) at two propagation distances.
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Fig 24 (a) Evolution of the injected electron beam energy (blue) and transverse momentum (red). (b) and
(c) are respectively the initial (black points) and final (blue points) distributions of the electron beam
longitudinal and transverse momentum and their Gaussian fitting curves (red). Injection ratio of finally
accelerated electrons with different transverse (black) or longitudinal (red) offsets of initial electron beam

position (d) and different pre-accelerated electron beam energy(e).
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Fig 2-5 Snapshots of plasma electron density distribution (blue background), laser pulse II
(blue-red-orange-green iso-surfaces and the projections), the back part of the bubble structrued wakefield

(yellow meshes) and the pre-accelerated electrons (red points).
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Fig 2-6 3D-PIC simulation results of the multistage coupling scheme based on curved plasma channels.

Centroid trajectory of laser I (yellow), laser II (red), and the electron beam (green).
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Fig 27 Quality of the electron beam from a 3D-PIC simulation. (a) Evolution of the injected electron beam
energy (blue) and transverse momentum (red). (b) and (c) are respectively the initial (black points) and final
(blue points) distributions of the electron beam longitudinal and transverse momentum and their Gaussian

fitting curves (red).
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Fig 2—-8 Simulation results of tail waves and typical electron dynamics: (a)Electron density distribution in
lab frame. The unit of the color bar is ny. The black solid line shows electron density along the black
dashed line position (x = 88 um). (b) Typical trajectories of the electrons with identical initial longitudinal
coordinates but different transverse coordinates in the co-moving frame ¢ = x — ct. (c) Evolution of the
transverse electric field in £, (d) the transverse Lorentz force from magnetic field per unit charge, (e) the

transverse momentum p,;, and (f) the energy of these electrons.
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Fig 2-9 Electron density distributions with different laser focal spot radius wyq in lab frame, (a) wy = 6.96
pm, (b) wg = 6.56 pum, (c) wg = 6.16 um, and (d) wy = 5.76 pm. The unit of the colorbar is n,y. The other
parameters are fixed: ap = 1.8, 7 = 40 fs, and the on-axis plasma density of the matched parabolic plasma
channel is ng = 0.113 ny
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Fig 2-10 Lateral waves and tail waves with parameters: ag = 3.62, 7 = 40 fs,wy, = 5.36 pm, and
no = 0.113 ny. (a) Electron density distribution in lab frame. The unit of the colorbar is n . The black
solid line shows electron density along the black dashed line. (b) Four typical trajectories of the electrons
with identical initial longitudinal coordinates but different transverse coordinates in the co-moving frame.
(c) Evolution of the transverse electric field in £, (d) the transverse Lorentz force per unit charge, (e) the

transverse momentum p,;, and (f) the energy of these electrons.
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Fig 2-11 Simulation results showing tail waves, lateral waves, and bow waves with the parameters
ag = 3.62, 7 =40 fs, wy = 4.0 pm, and ng = 0.062 ny. The normalized density unit is
ny = 2.829 x 10 cm™3. (a) Electron density distribution in lab frame. The unit of the colorbar is 7.
The white and black solid lines show electron density along the white and black dashed lines, respectively.
(b) Typical trajectories of the electrons with identical initial longitudinal coordinates but different transverse

coordinates in the co-moving frame.
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Fig 2-12 Electron density distribution in lab frame from a 3D simulaiton without a plasma channel with

ag = 4.12, wg = 4 pm, 7 = 40 fs, and ny = 0.062 n . The unit of the colorbar is 1.
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Fig 2-13 Evolvement of local energy loss ratio along with (a) laser propagation distance, (b) plasma density

(black) and laser intensity (red) at z = 80 pm.
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Fig 2-14 Schematic of the experiment. The laser beam is split into two beams - the drive and injector, which
are intersected in a gas jet. Both beams drive plasma wakes. By changing the delay between the beams, we
created three situations. (a) The injector beam comes at the intersection point before the drive one. The
drive beam intersects the injector wake. (b) Both beams come at the intersection point simultaneously. (c)
The drive beam comes at the intersection before the injector one. The injector beam intersects the drive
wake. The polarization of the beams lies in the interaction plane and is shown with black arrows, the
direction of the beams is shown with red arrows. Magnetic spectrometer with two Lanex screens is used to

precisely measure electron beam spectra while adjusting it for pointing fluctuation.
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B 2-15 # & #U5 Lanex 53 LALR 2] 69 (a) & F RAAT 69 (b) it ih, B (a) RAELAE (b) T892
B AN BRF) ik F B 6 25 R, HoA 25 RARR R B A SR A i AL B R A B A9 T UL T AT ] 49,
Fig 2-15 (a) Lanex profiles of magnetically dispersed electron beams and (b) corresponding spectral
lineout. The left panel of (a) land the black curve on (b) show the e-beam, generated with drive laser pulse
only. The rest of the beams were generated with both drive and injector laser pulses. There is no delay

between the drive and the injector laser pulses.
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— R AE R SR BUE RN A R 2R
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T 2 O R B IR SL S FRRS TR T A RIROE R H BUAR ALY A
[73].
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Fig 2-16 Accelerated elctron beam properties as a function of time delay between the injection and drive

laser pulses. Positive delays correspond to the drive-beam-first situation. (a) Course time scan. The plasma

density is 1.0 x 10! cm~3

, plasma period (calculated based on plasma density) is 35 fs. The green line
shows results of PIC simulations; (b) fine time scan. The plasma density is 7.6 x 10'® cm~3, plasma period
(calculated based on plasma density) is 40 fs. The red dashed lines show data fits with a) bi-gaussian
function (420420 fs and 190£10 fs are calculated from the fit half-width-at-half-maximum lifetimes for the
injector and drive waves respectively), b) with sums of sine and linear functions(41+-2 fs - calculated from

the fit period of the plasma wave)
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Fig 2—17 Results of PIC-simulations for electron injection process in the cases when the injector laser pulse
comes to the intersection point (a) before the drive pulse, (b) at the same time, or (c) after the driver pulse.
The white-blue-black (horizontal) color bar represents background plasma density, the red-green-black
(vertical) color bar represents electric field. The black points are the initial positions of typical injected
electrons. The color curves show typical trajectories of those electrons. The figures at the bottom of each
panel show the same trajectories with ”o” marking their starting points. ”Dr”, ”’In”, ’Dr,,”, and "’In,,” labels
stand for drive pulse, injector pulse, drive wake, and injector wake respectively, and point to parts of

electron trajectories which experienced those fields.
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Fig 3—1 Off-axis injection effects on laser wakefield acceleration in a straight plasma channel. Schematic
plots showing the laser propagation with on-axiis injection (a) and off-axis injection (b) in the plasma
channel. The solid lines in (c) show the evolution of the laser central transverse position along their
propagation distrance under different channel radius 7, while the dashed lines show the central transverse
position evolution of the accelerated electron beam. Plots (d) and (e) show snapshots of typical wakefield
structures and accelerated beams at acceleration length of 2.36 mm and 3.03 mm, respectively, along with

the corresponding laser beam profiles shown at two sides.
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Fig 3-2 Laser off-axis and oblique injection effect on beam oscillation. (a) Evolution of the laser centroid

for off-axis injection with different initial deviation distance Y. A typical laser intensity oscillation is shown
by the green-dashed line. (b) Evolution of the laser centroid for oblique injection angles at 6 = 1° and
0 = 2° and with initial deviation distance Y = 0. The laser and plasma density parameters are the same as

before and ry = wy for all these cases.



F A THEAREDORK AR

i
i
_m

Zfum

=
e Ne /Npes 2>V

00 05 10 15 20 25 3.0

B 3-3 f A 69 AR A E N BRI A0 i 69 3D-PIC B R, B (a) A (b) AR R B ZI 495 5

FTRERE (REFF), EALTR (Lek) PUm ey (E-2-G7EFad) kB, 74k

WMET =AM E LR R T LT AR R TNRG, AT TAHETR, #OLF B TR

BB A AR 2] Ly = 3Ty, wo =4.5X0, Y =3.0X, 6=0.0°, ng=0.01n. RAENERHA
ny = 5.0 x 107* n.

Fig 3-3 Typical 3D-PIC simulation results for a wakefield acceleration from ann off-axis injected laser
beam. Snapshots of plasma density (gray background), injected electron beam (red points) and longitudinal
electric fields (blue-green-orange iso-surfaces), are shown for two different time stpes. The projections on
three surfaces of the cubic show the electrons oscillation along the acceleration distance. To save
computational cost, laser plasma parameters are scaled down with Ly = 375, wg = 4.5 A\, Y = 3.0 Ao,
6 = 0.0°, ng = 0.01 n,. The nitrogen density is ny = 5.0 x 10~ n...
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Fig 3—4 Typical trajectories of accelerated electrons and radiation spectra. The colors for the electron
trajectories correspond to different electron energies in (a-c). The laser is p-polarized and the channel width
is rp = wy for (a) and ¢ = 1.2 wyq for (b). (c) Normal betatron oscillation trajectories of electrons in a
wakefield with on-axis laser injection. All the other simulation parameters are the same as those in Figure 1.
(d) Radiation spectra for a part of the trajectories. The upright legends represent the simulation parameters:
[70/w0, Y /A0s Laceel- (€ and f) Radiation distribution dI? /dwdS) for case (i and iii), respectively. The

acceleration distance here is L ;... = 3 mm.
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Fig 3-5 Sketch of the radiation source from a helical plasma undulator based on LWFA. (a) Spiral motion of
laser pulse, wakefield in the plasma channel and the far field x-ray radiation distribution. (b,c,d,e) are the
electron density distributions of the transverse slices of the accelerating bubble structure with largest radius
at (b)t =133 fs, (c) t = 600 fs, (d) t = 1200 fs, (e) t = 1800 fs.
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Fig 3-6 Spiral motions of the laser pulse and electron beam in the plasma channel. (a) A snapshot of plasma
density (blue background), bubble structure (yellow surface), injected electron beam (light green points),
and laser electric fields (blue-red-orange-green iso-surfaces and the projections). The balck dashed arrows
show the laser propagation direction in projection planes. (b) Theoretical (black solid line) and simulation
(red solid line) results of the laser pulse centroid trajectory. The blue solid line shows the centroid trajectory

of the traced particles. Dashed lines are the projections of the trajectories.
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Fig 3-7 Spiral trajctories of the trapped and accelerated electrons from ionization injection mechanism in

the plasma channel.
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Fig 3—11 Radiation distributions of intensity and polarization for different laser incidence parameters. (a)
Laser centroid trajectories on x-y plane with initial laser incidence parameters of o = 1 ym, 6, = 89°,

0, = 91° (black), o = 2.92 um, 6, = 90°, 6, = 91.5° (red), and o = 1 pm, 0, = 88°, 6, = 91° (blue).

Input parameter v is fixed to be 0 um. The circles and triangles mark the start and end positions of these

trajectories, respectively. (b,e) are radiation intensity distributions and (c,f) are radiation polarization

distributions. (b,c) correspond to the red line in (a), (e,f) correspond to blue line in (a). (d) The correlation
between the azimuth angle of the elliptical radiation region and the ratio of the cosine function of incidence

parameters 0, and 0,,.



LA RFE PR T $=F ATHROREGGERHE T LR

FEFRATHY T 28, SRS 0 5 R i 415 23 A BB BE A% 18 1o AR OB A B 2 80 B
BT FriE O A ST 2RO AL E W EEE DR (2o, o)
WOCHIBHENAE (0,, 0,) o EB3-11F8R TR PROEA S 25152 ot
VIR, Hrh BRG B T E3—6 P BRI SR 7 AR T rh s B (B T A i DX e 8 P
WA ZEL 20 = 2.92 um, yo = 0, 0, = 90°, 0, = 91.5° B I3 — PR T 250
FA) [ TP 8 S 58 50 A X (BI3-11(b)) o WOBHIH ORI S8 e o E A is s, I
T B TR RE SRR B Bh i A i, anE3-11(a) HFIILLEALETR
[FIEF H T4 S A SR A K TR AR B8 B, (R HOSE ST 9 B AT o R a3 1 o X 1Y
SRR AT 5 R BRAEE3-11(c) Ho FRETRIWIRTT 10 [RIFELEREAE JT AL A AS o IX A
FA R S AR S Y AR A SR B 7 sl AR 35 MR MR AR A X SRR R RE A2
IR A IE ROE A SHOR AT . WREE 20 = 1 um, yo =0, 0, = 91° MK
0, M\ 89° FE(IRE] 88°, NIHOEH LR R Rt B B AR, TR R EI3-11(a) HHYTE
o MM HL, HTRERSTTRES M EEREN (E3-11¢)), HIBZARRAR R
SHRIRE P (E3-11(f) o IXEIRE RS H 48K 2 HOETHRIRERE x T7 1R RN, 7E
ZAL R BT IR RIS R, RS K W B R, B> A i AR SIS Y
ISR EEIL 1.5 keVe X BIR T AT EHPRIIRM S SR . 7 —FhiH
BARSHE T RE R B T AR MASEE AIR . RO SRIE S K AR T O E I LI &5
B AGEEN IR R B BATESHUEIE R TR S R R g A T 1
HHITHE T o

SR, FRATT AT DA I AR TUAS WO N ST 2 B S IR R B 5 R O A AR R 43
AR X EBIIAEREZ-11d) TH BB EHOCEAME, (UREHE2E
cos(6,)/cos(0,) MG BN TE A& G0 AT B0 T AL A e AS o T LA HE, 6 [ i 55 1o 1) 1
ATLA 20° P75 E] 7000 H T H LIRS HOC B I e — B0, SERRH R AT A
W RAE (3-9) T (3-10) B2 FHISEE s, FHRE RIS 3 PLE /e 1]
AR TR0 A SR 1 A (AR A S AT R

334 T{ENE

AT AT 7 BT SRR AR I A RSO R s e AR Y e R R Y X
U LRSI TN S F, SRR ] LASE BRI B 5 a B DI REK R il o 1 Y12
N, I A AR A 2L F B RSt o B GG I G SO 55 B R IE TE Y
BERR, A f AR B IR R R AV TR e S D T ORI TS o7 £ AR A S5 ff 91 22
HRRERS AT o 127 SRS A ] S0 P T RN SR L AT AR TER R Sl % A Y X
AR o TR RE A Al PR AR A 18 ATROE R s = A2 betatron 48T



AT HAFBEFIRRES T Ao 5RHTA LA RF LR

B 77 R AR EAEH [190, 19170 %7 R IRATAEE TS 5 AR RSV B 7 o H RS 1
SEE S B = AUF DR IEAE 2, 8 AR 5 B 40 AT A A1 50 A TR ARER D v S IR ) X 5t
SARAT. Z eI BB ARG T RIGH TIRZ M5, I X S48 Y [192] #1
JRF 3 (193] A58 8 BRZ T 77 MR P B0 i i FRa ol 58 A AR
FEMERA SRR 2], (R I BIROE R s SRR 2R (A [62,
69], ¥WIGIEAN [57], BEIMDEIEA [159], REiS2H [194], mEEFWOE (195, 196] 5¢)
BIRHZ T FARAREN, WA, RS eSS AR T

34 SMAEZ&H L e FiA iR E T
341 BENER

i (Thomson) TR T 5 T IR SRR, 2 (RAE AR IR T A e
il (Compton) HIHT [197] Thomson HUGT & HL BN J127 HRINFEAIIRE | FAE T ARZ YL
% [198] AR HLS R [199], BIANSH 5 s AR ST FNE 3 2 2% 00 7 RE il 1 HE i
EE o BALAT LIVE 12 Wit 24 A 58 A0 v B v 1R S5 8 - (AR B 24 TR R A v 19 v 2 T S
TR T B (85, 200]0 ULAME L& FH TR A 2/ — R B8 X 5 el /Y 47 B Al
[201]0 IXFPETRE X S ZRIFE G BAS A K5, #FKA Thomson BY, Compton Y [9,
96, 110, 111, 202-205]-

Thomson B 6P BRI AR KR B A GG IR ap OE . AEIRDEIRZ
PRI S ETEEIN (ap < 1), BFEWE BT MEEAEERHEE BRI HBUT H 2RUE
WERST G, BB SERmz 5 ANgHEER, Bk A gt . BEAE il H w1 (e 1)
FWOLER & [5] TR EF BRI 20601, HETAMTCEREWBESLE LS
JEZtE (ap ~ 1) I Thomson HIHY [108, 109, 112, 189, 207, 208]. Ak A1 4155
B P A i T K SR o B A e Dl 9 S G 2 B A VERIF ST, I SR AE A s A e ot &5 1
(ag ~ 12> 1) T Thomson BUHT [209]. IXFE I T HE 175 LGS 1R V% A2 = FEAH
XTSRRI TR 22 DR AR S i Y ) SE0ET 2 8 FAl I3
R o XIS S-S TR G s A 1 [F] 25 R R I F A8 Sl AR 2 A T K 75
EZE (K > 1) NS 2],

KATHOE 3 A2 S 2R I 2 961 Thomson HUS AT HIER [210-213], RiZ A48
T FNAE— DT, IFLAR SRt FRIE RS R . XFMEOL T, BRyHE 7
FRAT R S NS FELRE T BB wy, = nwy, HH n A EAER BB 2 (RIS M
T2 NIHET), wy AFRIEHIE . B4 n BIm S ST R i et v i
RIE [211,214]: n, o< ago FIG, M5 EHE RO (a0 ~ 12) B, St& k4

84—



LA RFE PR T $=F ATHROREGGERHE T LR

SR

UeAh, FFAERTE BrdE L & SEEE IR, BIS E w, = wo/(1 + a2/2),
Hr wy BAGTHOERIE,; LS FEERS IR R AR, 2§ IR SIS AT
HEREE 2T X — A [209-212].

N T AT IR AR O S 1) Thomson B SRS, 1A T B — W @ AHX 1B A #E
TR RO SR HE LR FORE], S REH T AT DR SRR RO A i
BNHIHETT, T RENS SO ik b ot L 37 8 e v DX FERE S A BLAE T (21500 BT
ESBOBRE TR T At O & LMEXHE IR EE 3, Fr LA 7 1L AR R N2 W 2] B30
R LTSRN 2 % 4 2% 8HRs . [FIRE, W 7#8 14845 RN Thomson HUST HY
FRFR S AR SEHG % AR PR RN BRI B, S PRI A 25 R o FL T AR IR T - B
5 VK 22 TR 2 (U ARG N " ~ 492w, HH v A5 H T IRPIIRRE R A G
FAEATE AT [111, 203]0 IXFAIR_E T4 5 Z /400 B BT H 7 B 38 0 S a4
RIS HTAN eSS, B RIEI A AT H A iR, Bl
B NNE B AHHE T RE RS MAGTROER 1.55 eV _EF-Z T 20 MeV 1 X 412k,

342 EIFESSHMR

SEBGAE 2 B AT R K SR 434 B AR S S SR S Z i T o TNl —ROE R %
W RS R4, TV 8 PR B R S SO ke Hh— B S R BB R N SRS
RO R ims 5 7 A A R TR (6, 151, TS — ARk
RRRAEEETHOE, SATTH ™ 41 S BB T3 & 2 Thomson BSR4 X G4k, L
A R 3-12F17R o

SEEG H AT PO BAE AR TR A AR BE K/ NS A T OSSR, BRI T LR 5%
1 AT AR 20 AT S 6 HR A 8 T AR A R SRORIE 2 T 7 2E B 1 i 22 96 F Thomson HU
ME [216]0 1A, T HOEHR S FIZ 774 1 U RO AT SR 5 BN A5 e« X
A DRI R SEBG HR R T SR ) A NS T OGS BT/ M Y, B ERA =R 9 1 )
SREE M (RIHUME SR iR, PR R) (1110 T JU [RIZR A 52
UG SR B 7 AR B AR S XN F e — R SR B, T PR RS . I
I A E R EE A ap ~ 10.5, HESHSE3-12—5. FIf VDSR f2f7, FM 7MLk
WL 1% 2500 X ST mia st oA, WE3-13(b) Fin. et mn ARV s i
2B HE AR & BB EL, AR X B S5t AR A= 7E Thomson B I S 4E ]
P BREMAE B i IR ASAR R, BUE7 BYRE RN T FE 71 LB SR PR 3R /o
KIHAE VDSR R/, FRATIA R A i FRE g | TR 1 B (T T 5 Y 2 s s o
THERRL [127]. B B AR AT RO A G 87, FEROEE AR, Jefh



KT HORF B TFIRE NS 8 BT hoik 5 a0 IS P EX ViR e

Image
|/"" A plate
Carbon

converter

Out-of-plane

k'On-axis
In-plane
a% ".- \= 4

) Compton
Lanex - spectrometer

Lead aperture
Csl

0.1-2.1),
/2 OAP
SB focal spot SB i 37fs
__________________________________ > " tunable
\\\\
1.6:, /Cénpressor 1l
35fs Helium \
gas jet - g
DB .
Compressor | WP
Beam \
f/140AP =plitier 51,5008
Delay arm

B 3-12 RHEEREFEE, BOUALGERMITAKRE D 2L 6] it 0B h T MBS E A 50% 4
D RED RAF LML WIS R (DB) F=5 & 5k w5 R4 Z4F A 5% I Thomson # A 89 # A4+
& (SB). Thomson #A} & & £ A% & 2 & 1 mm 4,

Fig 3—-12 Schematic of the experimental set-up used to study multiphoton Thomson Scattering. The laser
beam with energy of 6 J at the exit of the amplifier stages of the chirped-pulse-amplification (CPA) laser
system is split into a dirve beam (DB) for the laser-wakefield accelerator and a scattering beam (SB) for the
Thomson interaction using a beam splitter that transmits 50% of the incident beam and reflects the other
50%, and are compressed independently. The Thomson interaction happened 1 mm after the exit of the
accelerator. To measure the electron energy, a 0.8-T, 16-cm-long, dipole magnet was placed 50 cm away
from the accelerator. X-rays were measured using a voxelated CslI scintillator and Compton spectrometer.
The Csl array was placed 198 cm away from the interaction point, and was viewed by a 16-bit
charge-coupled device (CCD) to image the X-ray profile. Precise measurements of the X-ray spectrum were
performed by a Compton spectrometer located 220 cm from the interaction. For the spectroscopic
measurements, the Csl array can be translated out of the path of the X-ray beam. The top inset illustrates the
formation of the ratio of in-plane/out-of-plane scattered X-ray beam emission caused by the tight-focusing
spatial effect (red region) of the SB laser focal spot, which has a radially dependent Gaussian spatial
distribution. Scattering from electrons in the outer, lower-field region of the laser focus (shown in blue) has
a lower ratio of in-plane/out-of-plane angular divergence than scattering from electrons in the inner
higher-field region (green). The bottom inset shows a typical SB focal spot measured experimentally. B

magnetic field in the electron spectrometers. OAP, off-axis paraboloid; HWP, half-wave plate.
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Fig 3—13 Origin of diamond-shaped spatial profile of the scattered X-rays from multiphoton Thomson
Scattering. (a) Electron regions. The electrons are divided into seven different regions with each region of
0.5-pm width, except for region 1 (which includes electrons in the region outside of 3-pm width). (See also
illustration in the top inset of Fig.3—12.) (b) Simulation result of X-rays radiated by electron in (a),
interacting with the laser pulse of peak ay ~ 10.5. The coloured elliptical lines correspond to the FWHM
contour of radiation emitted from the electrons in the same coloured regions in (a). (c) Percentage of X-rays
radiated into specific angles contributed by electrons located in various regions of the interaction. The
colours of the dots correspond to the electrons marked with the same colour in (a) that radiate into the
specific angle shown on the vertical dashed line (out of the plane of polarization) in (b). The x axis
corresponds to the angle of X-ray propagation with respect to the centre of the X-ray beam. (d) Same as (c),
but corresponding to the horizontal dashed line (in the plane of polarization) in (b).
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Fig 3-14 Angular dependence of X-ray energy distribution for low-order and high-order Thomson
Scattering. (a)—(d) Experimental angular profiles of Thomson X-rays generated by the electron beam for the
SB peak field strength ay ~ 2 and ay ~ 12 are shown in (a) and (c), respectively. The corresponding
angular profiles with an 18-mm lead filter in front of the CslI scintillator are shown in (b) and (d). (e)—(h)
Simulated X-ray profiles corresponding to the same conditions as experimental X-ray profiles (a)—(d). (i)
Ratio of in-plane/out-of-plane X-ray emission angle, for two values of ay, with and without a lead filter.
Each data point is the average of 20 different experimental scattering shots. The blue dots show the emission
angle ratio of the X-ray profile after attenuation by an 18-mm-thick lead filter, whereas the red dots show the
X-ray profile without any lead attenuator. The error bars show standard deviations. Red solid line is the H-

D scaling. Diamonds represent the simulation results.
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Fig 3—15 Dependence of the Thomson X-ray spectrum on the nonlinearity of the laser—electron interaction.
X-ray spectra measured with Compton spectroscopy, for ay ~ 2 (grey band) and ay ~ 12 (red band).
Spectra are depicted as bands to account for the uncertainties in the measurement. Spectral range is
instrument-limited by the electron spectrometer. The dashed red and grey curves are obtained using VDSR

simulations, using the experimentally measured electron and laser parameters for inputs.
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1 | function vec_new = H (vec_old, pot, p_axis, argSecond, dt)

3 |xu = sqrt(-1);

4 |vec_tmp = exp(-xu*xpot*dt).*vec_old;

5 |vec_tmpl = fft(vec_tmp);

6 |vec_tmp2 = exp(-xu * (p_axis.”2) * agrSecond*dt).*vec_tmpl;
7 |vec_new = ifft(vec_tmp2);

8 |end

11 | clear; clc;

15 |axis_r = -r_max:dr:r_max;

16 |Nr = length(axis_r);

17 |axis_p = fftshift(linspace(-pi/dr, pi/dr, Nr));
18 |dp = axis_p(2) - axis_p(1);

20 |t_max = 2.0%1074;
21 |dt = 1;
22 |axis_t = 0:dt:t_max;

23 | Nt = length(axis_t);

24
25 | lambda_L=0.8;
26 |c =0.3;

27 |omega_L = 2xpixc/0.8;

28 |n_0 = 1.745%10718;

29 |n_cr = 1.745%10721;

30 |delta_n = 1.13%10720;

31 |w_0 = 8;

32 |r_c = sqrt(w_0"4*n_0/delta_n);
33
34
35 |pot_co = omega_L/2*n_0/n_cr;
36 |R = 10000;
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r_opt = n_cr/n_O*r_c*r_c/R;

agrSecond = 0.372/2/omega_L;

a0 = 2.0;
r0 = r_opt;
rl = sqrt(w_072/2);

vec_a = a0 * exp( -(axis_r-r0).72/(2xr172) );

m=1;
for i=1:Nt
if (ixdt*0.3<3000)
R_t = Rx3000/(3000-i*dt*0.3);
pot=pot_cox(1 + (axis_r)."2/r_c~2)./sqrt(1+(abs(vec_a)) . 2/2)-omega_Lx*
axis_r/R_t;
else
pot=pot_cox(1 + (axis_r)."2/r_c~2)./sqrt(1+(abs(vec_a))."2/2);
end
vec_a = H( vec_a, pot, axis_p, agrSecond, dt);
if (mod(i,50)==1)
vec_store(m, :)=abs(vec_a) . 2;
m=m+1;
end
if mod(i, 10000) ==
i
end

end

for i = 1:size(vec_store, 1)
position(i)=sum((-r_max:dr:r_max).*vec_store(i,:))/sum(vec_store(i,:));

end

figure;

plot ((0:dt*50:t_max)*0.3,position, 'color', 'm', 'linewidth',3);

x_axis = (0:dt*50:t_max)*0.3%2/3;

y_axis = position;
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