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RLERESHTESCHORIREN B B 1A T INEN BB TR R4 5T
wmE

b6 & RO S F A B AR R, IRZEEATZ A A H
TER SIS R — e R . Hodr, A ROk 7E 5%
B AR A R 1 R B B I E A BE TR 100 GeV/m,  HGAR S i s
TEAES, W 7 A A A A8 P ST . T R R Y
DEBRSE, Fe T OGS B 1 I KE B s g5 A B A 2 11 RO A=
mAEH TR, RN X LS H T RAE R e A RPN, B 5 IKE)
TRk R AR A0 B REYE o XS0 28 R U AR SR,  EVEE . B9
AR R R I AT UEE T2 BN o A8 SCER X fr 75 2R

(Laguerre-Gaussian, LG) BOGIRE) B INF=4, RANEN B F7EH
WIS AR S, FRE T AR B A

WO FEEAFE YA

BN d THOCERE TR BEAEH R REI IR . ZFhH
FHEANLE WS S5 CEREMEMSE S5 TS iR
AR EGEE T 5 DA EIR AT FT T 75 BRL 71548 Particle-In-Cell(PIC).
AT LR IO R I BEFEAR G FE B N s B AR S I RE & (Laser
Wakefield Acceleration, LWFA); &k BE A HE v E N 7 20 A LAEAS 8
W R EA S BOCHRAEX R E 9l PEE B R A
W EBHE 39| AT DUEKBOGH A UL /R IE S, RTINS B 7 1 1) #E
&3 PIC AU AT UKL R INIE A N 30 5 55 & 1 R 1A BAE A
25 HORS A I ASEAELATE 7

IR T RO IRBN 1 X ST YR IE TR R I )
TR IFE SRR 7 -- R AU R P HR S PR 2% VDSR (Virtual Detector for
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Synchrotron Radiation). HH#REOGIKENN X LR A AES X FERE
P& A g 2 5. A R E, PR n] DA . Al
PRI RN B =S X2 X ST 4R E E ELAFEK i 26 IR AT Betatron 58
Ui, HrP K S 2T 2 a0 5 FA A BAE H o2 2E 1), Betatron 8
SRPUR 2 I T F 1 R AE R 3 B s (Rl R 1a 3l e AR 1

FE=INA T HOGH K R S A RS REOC R, RATFEZEN
MY PR E O (Laguerre-Gaussian, LG) Al U1 2 /R & # #0

(Bessel-Gaussian, BG) f]— Y8R5 . 4 D1 28 /R i B0 BA“ eiTat”

MCEE” R PR mITEO EA YUE A E R TE . XA
AR BT B0 KR R T HOGER A0 FOR A2 7= A2 3% 7 TH M. H

FEVNA TR TAER EENE, AZEEU B NA
N2, I =4k PIC AAUNTFC 1 B ak /R s oG IR S0 i 5 A (5 B4 45
ALR)E877be B4 e SN S R S BT E e B Ol e d ) AN =K & N 1B Y
BN, KRS RENT A E N U iR FEAT. A
ML -2 78 B 3 AT AR [ g ia s A s A IR % 1a 311, AT -5 2[R
AERYT (Synchrotron Radiation), HARHT1E 3 2 i A1 iR E 8h ik
E o ANETIEE PR T RS, ARzl T AR I 5
ST B A BN AR, 18IE VDSR F2 P 7T R IR S R A H - R R AR —
B A (A AN AAE IR BB 37 T R IR e 1 2108 B o AT Fe A dd ST
B HOE S B A I 28 A AT RV AR SRR AR 1 i S

REEE . BOCREIENE], =45 PIC #i, FEIPEES, fiiREd
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Acceleration and radiation of externally injected electrons in
laser wakefields driven by a Laguerre-Gaussian pulse

ABSTRACT

As the development of high-power laser and plasma physics, the
interaction between high-power laser and plasma becomes a focus of
physics researches in recent years. The acceleration gradient of the
wakefield excited by a high power laser in plasma can be as high as
100 GeV/m which is about three orders of magnitude higher than that of
the conventional accelerator. Because of this huge acceleration gradient, the
accelerator based on laser plasma wakefield has great potential to make
tabletop electron and radiation sources and it has attracted worldwide
attentions in the last few decades. These compact electron and radiation
sources may have wide applications in physics, biology, and material
sciences. The current thesis is aimed at a tunable compact radiation source
based on wakefield excited by a Laguerre-Gaussian pulse.

The thesis includes four parts:

The first part introduces the fundamental knowledge of laser wakefield
acceleration including different electron injection methods, relativistic or
self-guidance of lasers, pre-plasma channel guidance and Particle-In-Cell
simulations methods. The laser wakefield acceleration can accelerate
electrons to GeV energy in centimeter distance. High quality electron beams
could be obtained through different optimized electron injection methods.
The relativistic self-guidance of lasers and pre-plasma channel guiding can
prolong the effective propagation distance of laser. Moreover, the Particle-
In-Cell(PIC) simulations can provide detailed studies on the interaction
between laser and plasma.

The second part introduces the X-ray sources driven by high power laser
and a code used in our studies for radiation calculation, i.e. Virtual Detector
for Synchrotron Radiation (VDSR). Compared with the traditional X-ray
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tube, the X-ray sources driven by high power laser have a lot of excellent
characters, such as: high intensity, flexible tunability, compactness and so
on. The X-ray sources driven by high power laser include K, radiation
source, Betatron radiation source and so on. The K, radiation source is
produced by the interaction between laser and solid targets. The Betatron
radiation source is produced by the betatron motions of electrons in a laser
driven wakefield.

The third part introduces the development of lasers and several kinds of
special laser modes including Laguerre-Gaussian laser and Bessel-Gaussian
laser. We also introduce the properties of the non-diffraction and self-healing
of Bessel laser. And the properties of Laguerre-Gaussian laser including
orbital angular momentum. Lasers with these special characters make them
widely used in many applications, such as optical trapping and optical
communications.

In the last part we have introduced our main work on the LG pulse driven
wakefield acceleration and Betatron radiation. By using three-dimensional
particle-in-cell simulations externally injected electron beam acceleration
and radiation in donut-like wakefields driven by a Laguerre-Gaussian pulse
have been investigated. Studies show that during the acceleration process,
the total charge and azimuthal momenta of electrons can be stably
maintained for a few hundreds of micrometers. Electrons experience low
frequency spiral rotation and high frequency betatron oscillation, which
leads to synchrotron-like radiation. And the radiation spectrum is mainly
determined by the electrons’ Betatron motion. The far field distribution of
radiation intensity shows axial symmetry due to the uniform transverse
injection and spiral rotation of electrons. So, our studies suggest a scheme
for tunable radiation sources based on a compact LG laser plasma

accelerator.

KEY WORDS: Laser Wakefield Acceleration, Particle-In-Cell
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Simulation, Synchrotron Radiation,
Laguerre-Gaussian laser, VDSR
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1.15|5

TR (0 R R ARAFRL 3 FAERL ) BRI T 1R 2 BRI R I, W€ T K
AR IS B ALK, £ CERN 1R G F- XML b R I 5 4 i g 67
XKL TS AR S R AT S K. T AT IE A B I 5 e e 4
PR, THEAKTEZHNER. A, @d2ENEE, —6H TR
T AL G2 I 25 1) AT AR AE B AL B BB AL R e 8], B FE SRV 70 3 LA S
#, RZEF LG HEA R -, H4EFRHMaEe. X2
AL G IR 4 T 52 B BE R BHR BB OB IR BR A, FE st fE — B R A
100 MeV/m/c 47, 5 s kL1 Be s oo K ik e B, 56 =g i . 30 4F 1,
—MET LI B OGRS B K 5L T AR B R R I AL AR L, 2],
HI A0 FH 45 B ARV E NI S i as k), LRI BE S RO R OB BIME, 15
TN % (0 DB FE T LA #0100 GeV/m,  HARSE ok ik 8 v 7 =4
B, X845 USRS AR I A 5t i AL 1 s et S N 2 3 T2
RoeyE, TR R TSR R R .

1.2 MASFETFHIENLR

5 B — GROLaEAET 1960 F[3], 50 ZFMRIXTIH AN K AL 29
WATE) 7N, tean. OGBS, Bt TAEOL R g, KRS T
MRS AERMITU,  BEZE WK i K 52K (Chirped Pulse Amplification,
CPA) HJFRHUI[A], OGP E R AWI . K 1-1 BZEHAPREoR 1 068 LRl
FEEMEIGET, AR EIR T 522X N R R . HBOGH) R R T
10" W/em?, G FEIE B HLHI[5], WOt UK R 5 0 i o 5 A 1 TR
Y, AR TR (plasma). WERBEOLHEERE BN, @R sl Ed
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e, EZRHR (ERT. ye5) atil. Hotmakegin, By 1 i
TAEHAN, S5AHEAE R AN G AE TLAE 004 AT Re s 6 5 1K [6] -

WO FL S HR PR TR T R S5 5 A E R R S EL T R T S 2R
e M EACH) AR BT, B E RIS . S TR T 2 N e T
B R N R (S e R R N 1B Y R N o - L =11 I e SRR G 6 s 2
FET Tl EE . KBHRRIHER 8 2y R AT s RIS B T U 5 AT
AR RUEARSS, BATHE LBIFCRSSE ARG NG, BRI MEREE, wE
1-2 Fior

Focused intensity (W/cm2)
v

Nonlinear QED: E-e-A, = 2m,c? Ultrarelativistic
1030 intensity is defined
1 peV with respect to the
roton Eqy = myc2,
Ultrarelativistic optics 2 ELl p ra=Tp
1025 . Jott intensity ~1024 W/cm?
Eq=m,ct i 1TeV

ILE
1620 Relativistic optics Apollon
Eqy = mpc?
; 1 MeV

Bound electrons

S

1015
CPA
<—— Modelocking
1010 f«—Q-switching  Nonlinear

. optics
1960 1970 1980 1990 2000 2010

1-1 BEERDGERERIETT, YIHEFRIRRE(6].

1eV

Temperature

(degrees) S ,"5}
Ea) N * |meEs

100,000,000

1010 1020 1030

Number density (charged particles/cm3)

El 12 SMSFEFHAREEIIZEEE7].
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1.3 ETEAFBEFAEEIERNERINETS

G HTHOE S S TR 7T R BB N 2 — RO R BINE . Z AL B
Toshiba Tajima 1 John Dawson - 1979 42, A 175 (MIBIFLEHR) (Physical
Review Letters) FRIRICE RAEH 15 T 9RBOG A5 B A BAE H 1) R 37 ik
HLUHI (LWFAD [1]e 248850 IO G RIS BE 55 & R R AR 3R I, OB Bish 7
(Fy = —(mec?/7)Va?/2) 255 TR i T, MEESE AP THT
PR E T T, EBOURIBE RN EARR A RS, S TR TR
Bz, AEoted T2 )E, BTR3NS TR A s, G
TR, 7oA T BRFEE TR, HTHATEOMRET, XAE 5
MEAWOG R . BT T 0 B AR R F M OO Rk, A I L4
TIBEOCIK T IREE L (v = vy R BI85 3 7R 8% 1B
%, E(V/m) ~ 96,/no(cm=3), ng ~ 1018 cm=3i, E ~ 100 GeV/m, %3/ It
A 238 S0 s V) L I 2 R DR R B vy 7 = AN, AT USE R JEOR R B
HIg 2 GeVEJL[9-11]. PRI T OGS B 14 1) e i ik 28 4 BE R RN ik 5
PR, BERARIE 25 & A, SEB/NL, &I & T A hnE & .

HHOCE S B TR AL RER, FEHUK B RE A 7~ BE R A g AR A7 4 A
AR 24 T BN ) AR T3 R T R A RE 5, I B v 3E
Sb T RBIA IR AL, FF o R RS NIE, FRATARIEL /74 B
AR H TN R R R RO, 1R BRI EO A, A
M 2 BTG B s AR A, NG, AR BRI ) sE J7, Ik
I AT 4 B AR RN T USSR S Re R . X T — AN EiRis s e, BEAEBDL
(1) A% 4 7 1) b DAt s 28] 30E N s A A7 ) BE B P R A B, KRB ML, =
(w?/w2)Ayao/3m. BT AR A A IEGERARKFLE B 5 KA A, K
G0 R R AE RIS B I BE R, (RIS e b 78 JelE A H 12 Bl TA]
AT DA Rk e H T AR RE B A (015 L — 0 N IR, — 8020 )AL DI AH
SCILAEAH 23 [R]EER, AT LR R FRAIG FL - AR B AR RE A
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WOt REINE K0T H AR 2 — 2 A A4S B BRI AR S [ ot s, AR E TR LT
TR, UEAE RO R IOINE B E TR b T . BYIBOE S5 ik R ol
I S o A 1 L R AR ORI AR AL, AL EIAF] T 100%[12], ik
ABNTZ S PIER . 2004 45, Ok B AR E 20 =AML B BAE e WO AL e
ZAEF, 15 (HSRY) (Nature) Z4E F RIS B T AT BRI HL T R BE B KI T 20 1%
S ABATT 3 R P R O 3R B R 3 Rk s LT, B Z845- 31 T HLRE R 17100 pC,
FHIREE 1100 MeV, REH/NT-10 %A K B A A J LA mrad ) /& 5 & LT R
[13-15], 4 #% Nature 28 EFN “B 2K (Dream Beam)”. H K H 3 [ 5546 B
AFAEFK SR = (LBNL) ] Geddes 55 AR 2 FH TS B 718 1E 5 5] —
AR LR BRIOE, KRN 7RO R R I PR R, AT AR RS
80 MeV, KHUMAIN /3 mradiyHL 73R K H J¢[H i) Mangles 55 N\ I8 1 i 19 55 5 1
WEERANIESEL, SRR P E T REENT70 MeV, BEHUNT6 %I H#EH
BEFL T3 SR HVEE LOA SE50 % (1) Faure 25 NIRTF T WL IS8R, @ik H T 518
WAL R AR 3] T HERR R TR, A OB E 1A 170 MeV.

14 AEVEFEATN

141 B3FEAN

= e 5 IO AR 0 55 B8 TR R ARSI, SR TR s SR TRR T
SETERMA BN, REERE TR NBOGRERE, BT 5% A
FRIRIEAEE A N A, 3 B A0 SRR NS ST, 4k A A 17 BB (wave
breaking), 3EELPAN T 5 T A B B I IRRE, ENTA A RERR S
AR, IXHUE TR HTEN, BT SRHEA T R AERAIIRHIEOLEE
B RPN T, BEARTEENBFEAT R ARMEAT T,
HHF A S —f7E nC (nano Coloumb) 2K, EAITHIREIE KHATRE A =1 N 2
TEHCN TS, BT AR B RERIUROR[16]. J34h, BT i 71 EE AR R R
O S B AR ELAE R A AR AR RN, JEd HE i 2 i 4 3o L 1 R E AT AL
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AR, B DLXFPscas M as RAEE ARg, JFHTEREAL, BHEEAANRZ
BRI HFEATT R

BEE NI O R B2 B4R TR TR ASIER N, R BLARER A 8T 155 2 5
PR, A AR R AR AL L 2 B TN SR A, B AT SEL R T2 ASIEA . BIUAE
PR R 7 SR E N T ST AR BN . REBDETE AR EAEAN S, i
RERVENTT I, DUYIERAS Al 8 . SRR E A AT BE v it o ) R TR

1.4.2 ZEEBREIEN

TR E N BV B S.V. Bulanov %8 A$&HI[17], 1 Suk S ANHE—0 K@
[18], BACACA—FEZEM B FHEAN N HLDl VR EEoL 9 m & 765 L,
BT RS B TR B, (R R KK, RHIAEEREIC, ST
BEAC T R IR BB 26, M6 45 A A B 1) B T BB Re B R i ik . AN
BEFEVEN R R E A4 o) 1, XAEANTT R T BEAR—F[19]. &I s REAN
P PR 1) 4 S FEE AR R 17 5 T DMRARS, X AEA ML ST R 2 B T BN V2 126
o

S TR FEBR FEVE N2 AN BN DL B R R, B S B T 1
2 PR IR . 2008 4F Geddes 55 A B ) FH 55 15 1A 5 T 1 1 B S B0
THTFREEN, SR8 7R ECN0.2 — 0.4 mm mrad ¥ BT 3 [20]

1.4.3 JEEAN

TEENE S R FEAN LR, FEAFEG R AR A
PR TT

A RBNJTENZ H Umstadter 7E 1996 fEHE H[21]: K H PRI AAH L3 B 0)H0E
fiki, BB RBOGIKA CGRIEG RS b I m ek, Wk By, R
ot QEANJG) BEm Yy, 5 WO IR R A B3] ) AT U /N o4 R T
RS ST, el 2nHmk.

A G NI IR B L Esarey %8 A\$2H[22], S AWk, BERTDL
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FEN T EA P B0 R AN = OO E NPT R . RO BRI
MNARIE I S — RO CHOR Y, AR5 58 A AR RO S e 8 ) 5 — o
Wolt, P ARON HE B X380 AR 1 BRI IR 30 70 RT AT 55 B TR P i L
il 2 W R 3R (23] SLIR TR, 2006 435 [F ) Faure 25 A I XUBOERE#E 52 1% 1
JREU A R I B, e LT o R A P A I N R
FENCCRIET ZHERGEN, KK T &R B MBI PORRELgER
fE117+7MeV, REH(E N11+2%, HEHN19+68pC, KHlf A58+
2 mrad[24]. 3@ SCEROE AR AER, AT AR EF AL B, DT ] e 2 A
IE BRI Re R . = ABO R N 1 SEL T AT B R OB RN
— BRI B, 8 I P AU AR 0 S8 O TR SR — ROk JE T
FREE AR AR, SR AT A A3 5B 0 LTI T N R I AR R[22, 25].
7 AR T ROEHTT RIARALE T, T LU 155 =0 oA 18 SR il Bl N
TRAEFE RO AR AN (ROEHTENTT ST EBENE R
D, AT G FEL SRS IR A O AR AR, BRAR 7 SRR ) R G . 4R, i
FhO7 SRBR B AR B, R ORI N 1R B A A, FE S0 b R AR K
SKEHIEOEZ ], & H S5 S ARTER 2 I [E 5 FUTRC[26].

1.4.4 BFEN

B E NS R M EFEANT R, AER BN S . & F7E
Umstadter $& H A7 513l ) 6E AN R i 5 D a3 e [21], HEE— A HIEM
THENUBIT ST R RSN T 2006 SF5ER[27]. BAGIEANRY R R T HAIRE
REZRL, ANFISREEREOETT LA BRI BB BT X T Z Ak (Z BRI
FETHO, ABWH B E AT AR B Z RO IR A ZEERAR R . Bl U<, N T
[R5 FAN RS 3458 97.9 eV, TS AN LTI H o552 eV, Ja# LURTH
TS e BN R A AR, R EIL Z SRR RS Z Sk
. MBS RA SRR, K 2 SRSt BT R R O e 4
B, B STE, m 2 RS SNE TR R R, SRR O
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FETH. APotF LR TR BB R R, RS IVINEMN AT, & Z
AU B R RE R 2 HLAN R O R AL 8 v I A S RO BT L BUREG T
BRI A B A BAEAT A S AR R B XS R B A
TAEW S B R I AR AL 1 i i A AT SRS MeVE I RE R, i 2 R AT 3R
A, NI Ik, IR EE— D nik[28]. i, Eis L2
UL T RATT g L P B g 55 N R i E N T 23RS T GeVE LI HE
BEFETIR[29]. BSLIEN MR /2 e BRI RO A K R, S50 A fay bl A fa] 4
Bt P T AR E A s, T EHURSS EEA K, R MR R TR T 9T AR S St
e RS R YT 3 AR 2 W SRS Y o ek i HEAR 5
FRERE N 2 A58 5 RS 1 H 7 AR RE RIS iy » SRR, 22 R SOdE 7 R HIOK
2D AR T TR N RE AR [30-36] -

1.5 BotautExit &3l

SEER T, N T IRAS R A R AR OGRS, AEAERABOL R EE BRI R Pwg
HI T RTERON, AZBOCIK L3k — N EAIKE (Zp = nwg /Ag) Je BT K
2wy, XL R AR RIRIR/N, ATRETCVE BRI BRI B Y, X132
MIFFE KA Z IR T RO B E, POV RS, WK 1-3.

Nl

& 1-3 BRI BRI,
BIRBOCHINTH BN et b, TN H 2 B I BT REE AR K, AT 1
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2RI RIE KOG SR AR IR 55 o 55— Pl V5 R R FAR ST 38 5 F IOk ¥+
SHE RN, O AR . 3 B J5 R I A 1 RS
PR IEIE, IR 55 8 TR 3T S 3010, SEIROE 391« R AR
PR ORI FR IR, AR Fo R 76 45 15 14 v 1) A% 1 07 A AT DA R 25 B 1A fry 97
BN np() =1 — wlne(r)/20?ny(r), HH, n %S TAHKIGREE, v2
B A IR R o T — R E 1 o, ORI fEr = 04b i, B4
HLGHAR I LT IR G e B AR, RPH T IAE IR R ook, BT RA PO il Ak ) 4%
B AT R e, A LT AR, RELT “IEEER T, WRURAERDE, P
i R, TIHEAEOE AT AR I 2 AN IR R . AN A HTIE SR8, %740
WA R A, WO B AR BRI PIGW] ~ 17(w/w,) . SOk 30 E
= TULBER, BOLRERESTE N NS, CRUEBOBIE R R 18] A 1 5 £k
F5l. SLES F, 1995 4K HEE B Monot 5 N H T ZhE A 10TW BIBE0L, fE%
JE92.5 x 10*8 em P HIEE B TR N BB E B RT3 mm, HId 7 10 AR ERAC
FE[37].

BT RS  E R, B SRS S TR T R A, T
PLEBOE S 51 BT . MBOEE NGB R e, WOGHIE B3N o HEF R L
B, IS B T e PRI, AR b IS5 B AR X A i R 4 ST DU I il
T T, P S EBRAR, SR AR OB IR 0N, T
IR IO A P B AR

1.6 MESFHRBEMNEEMAE

R R OGS TR AR, A SO RN AR, KIKEES
2 51 7 AR A AGRBOC AR, 5 51 5RBOGIZ I AR R A L 2. DR
Brrh LR ANES 3 51 05 SAT PR —MOR TSR T RETE, T AR R B

TAE B T RIETE A — NI ST, BIR oA RENS S AR T 91 IO I L IE
MR R AN
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n=n0+Anr—2, 1-1)
0

Horbing 2 0IE LA SR TR, An = n(ry) — n(0)2HIE G O
JE7, rofeiliERE AR T RRERE (o K D RIIF (P K P HIEOE
fiki, HArir ROy

4 who . Anr? s
n=1-— 2—(‘)2 + Tl_()% o ( - )
P I RN FE I TE ST DU Y, IR B TR R A R, P i

FACHIVERT, ROIT “IEESD” —FERIRBCR, AT CAE K BOG AL RR B 25

LIRSS B Al R B K AR MO SR TR T R R
WOt B 77 AR S B TR, R &8 B AR RO, IR EZ K,
B S TR R PRI 2 B v, PP A3 AR A, ] DL 51 38 — Aok Bk K BE 2
L HE[38, 39]e JERAMTRA “ - sl WL, A 5 SO 40 70 B A0 R 1 7= AR
AUNMAEE TR, P AESRTREIE. Jimigs “B 2R dkEEE LBNL 1
Geddes %5 A g A& i 3 b =077 A 1 T4 B T RIE TE 3 5 806, R8T @i i)
HLTIR[14].

F T e S 60 20 A P SR AR, R AT P o b B s B A R 5 5
Wolt: I B G B RO A IS B A, SRS B I AR IR T A
Bl . 7ESEIR P O NGB 10 mmK [ B B 40 PR A T 560 MeVI T
FALRE BT PR [40] . SR LRI 17 A 7 R BOIA B, A BME M A
R, HRARE .

BT p s BN LA IR 2 0k, sl . AR RS, PR %
LI HCR A AR B, T RBOCESINET F[10]. BIZEE T RANA A,
F e s LR o 2 AU PR A SR S A, R LRI A K . — e R
BAE R H IR I il 08 oA R, WREAEA, RORRRR T AR . AR T
ERBOLREEA, RAAE B E ] DIE AR B AR T 3 5T R R
FEREOE, I BIE KB ERRE B S cm &0,



HoR Y - N2 Tl =L YA 78
1.7 PIC &332

BEEBOCTIERIG N, WO R s ) S 4 R R 2k . I Ho T OB
BT RAH EAE R AR S AR, AER IS B IR Y AT BB R AR TS
A X AHEAOE R IOINTE K SL IR AT ST AN BV T AR AOR BR R ME . iT A JE i
VRN AR SRS SRR T O AN S B A TLAE F O AT — A EE A T B
TS AU 5 BRGSO B B 250 IR T 2 LR AR O e R0 55 2
TR EAE R R AR 12 512 BB AR W SR AR B F P AR R
KLY IIB) 14T N T A RO 555 8 A AR e T &L, B Aok
TSN AT AR AL B FE I 5, B LR TH IS S AR T A B 3 2
Bl KL T-BEAU Particle-In-Cell (PIC) J&— K2IHE ) 248 777%, H Buneman 7E
1959 fE4EHi[41], Birdsall 2 ATE 1969 4F S ik — B4 T RARL AR [42], X
A ANATILA AT U = PR RE VT S LR O R U s AR AOM M L 3 AT v s B T
EEMBT, SR H, Bk B AR AR DGR RGN .

PIC HEADLSE M B — 1 i RO B 5 B A v oy UK 16 F AR 3 RS nds T
127, PARSE B R B S BB AL — Rl A VA IR R T2 SR B VA A I AR
(EAS 5. IR R RGeS B AT, TR b T A A5 8 4
PR, BT A PIC BN AEROUE 1, L RELE 20 b 4T e P 06 45 B8 (A AR L
YERWSERRIE AR, — @R EARE SEER AT 7K .

A PIC B RYRAZ I 70 W LA R U B e TSt vE WO 5 55 B TR 1 %5 15
SR CINEORRRIE . EEBER/N AR 7 RS B AR . IR A5, AR
JE B I A5 BS AA A, SR T BEIR AR A (R A L) A A LR A0 AT, S R
W75 7 R SR AR AR LI R AL, i i SR AR A 1) F R v B R BT
SRR, RIS RS N — I R R A B S, AT SE B
XHEEE TR AR, Bk RS G, 5k SRR R AR T IIZ )
o, MG ENEL E R .

PIC AU LB BRI A6 B 1A AH BLAE A o B A s R IR s 1B o, FRATIR

-10-
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TEARALN S B AR B L 2991018 em ™3, AUl & 1S TR DR/ 91000 pm3, TIB4, sk
THATEF10940 . FATHENUBERIX 4 Z R F g AR R, AW T 7ERF
ORGSR NI R O K TR R 1 56 B AR AR AR O, FTDLA —A
R F-RARFAR 2 A A AR 0 N AN R, BERF & SEBrmt o, ] DLCKBE
RSN TR, S RONTTRE . BAh, LI R Mt i 25 B b 58
5. PIC A B & 13K 70— K/ A, 3d s SR AR IS 1 1) s T 3
It BARAE R SR T-52 77, RL T8 3077 A 0 LR %5 3 A1 2 3 B 381 2 [ X A 11
X PRI 3 AT AR A [5] B 700 R B [ B oh BORERE, R BE IS (R 20 RS 4 AR
FE, LA PR R R

LA At FUR 2 0t 5 B A ERAE AN W R e 5 8 s T AU . ok B A 5
Jt T Lichters %8 AfE 1988 4FF & T 1D3V IEHLFE 5 LPIC++[43]; Pukhov
2 NAE 1999 FEIF & T HFFEF VLPL (Virtual Laser Plasma Lab) [44]; 2002 4F3%
[ N KA I S BB TF & T OSIRIS FFP[45], AR 72— AR 4
T AR B R, BEAD 2 T F B A 25 A i B2, R EARSRE)E . IE ST
XA AR A AR, A AR T S A R Visual XD, AT
TERHOE S B F B R 26 T AR P AT I . ERIE, BB, BRRE AR
T H T/ PIC BEHFEF Kinetic LAser Plasmas (KLAP) [46], #id %2 b 178
WOt K IEAE . RS SE T I T RER TAE. wehh, TE TR
PSR el , R RHE R A A R A B R R R TR, IR A
) FH X SR PP AE O S5 B8 R A s TR 2T I LA

1.8 RE /24

R FEENE T HOCESIENLSH] (LWFA), ZFFEATT R, BB
X E S5 MRS IIHOCHI SR T AEE R PIC B . H ROt RIinE
AL e 20 B8 R IR N T 3R] DA A e B v B TG OB RIS 1 E 2 T
ANPIEE B T E T DUEBO G AL RREE B PIC BEADLIN 2 A ES{E ) A AN IR
M EEE TR WA T EETRZ —, XA T AR 5L

-11-
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F B MRS iR ETIR
2.1 =F X &N 4B

1895 -4l [ BFF FAC B TEM FU I MRS 2RI =AM R T X 2R [47], KPR 22
HAEMRBFERS), ERZMIAEEZHNA, Bl B2k, TG
AIHLRHABLI A () 2 BRI 5525 . X 2 PR BB 4, 1901 41 Jm it UUZRY)
RS TSR, B 19 HHE0K 20 R YIER S = KR I —, SHUR LA
B B R IS AR T IAC B 2 (R A

X LI KA F0.01 nm~10 nmZ 7], 7€ HLBLE G Ab 58 4 B N
SRR B 2 8] 38 BATRR I/ F0.1 nm ) X G2 X B4k, 3K KF0.1 nm
NERX 2 SN 506 T REEI K R A[um] - E[eV] = 1.24 7] LUE H X 2k
ERSTHOG T RER VG E 0.1 keVE] 10 keVs

FRE ) X S RER R X B SRATIN, XIS & TR m K T
HAEZHE. ad2FmkR, IR R, Hatickiize, £%X
SRIR A T2 N, A A LA ) A B A S8 2R 30 A AR A 2 K = IR e K
TRBEEFANE SRR, R FHAAH LRI T FBHE e, bl 1
IR B [FD DR S IR, LR AR, X SRR T TH B RS B B T R
KER, T HIL SRS TR R, BRRBIT AN MR AR 2 R
SR EH T 31X A KRR BIF e B AR T e ot o ) s e P R, B IE AR, A
/0 HE AR %A E L H ATt R R B4R SR IEAT H AR Spring-8,
5 [ R o7 [ 2K S == 1 S G YR APS G Y ESRF =y Redm i s, FRIE R i
I (SSRF) 2 H At it b s ki) 28 = AR B AR GHEIEZ —.

2B TARPEREBIAL Gt X S 2R 5 AR FR B A iy e () [R5 4 G 2 A1
FEEAAERBUN ARG (ST RE ST a5 2 SRIBOBIREN Y X 52k
V5T T RN A2 X L85 1F (48], & /2 K IOt I e i B I nod B 00 B i A%
EYH T, WIS INEIE SR X . XN X HRIE AR 2N )

-12-
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{13900 5% NN 5/ NY: 0 AN NI K3 D B v = 1455 0 QL R N E1 SR e W A sbrid > S o
ENHY X T EIE R SR AT S AR TR, TR R T2 K549, 50].
338 THOGIRE AN ETH, fEBOCE B AR BInE S, B g

A DA JE K RUBE A I - R 0 Ge VIR S RE &, (7] I I 26 H 7 R 1) 79 /R
N, e R Bk, AW ARG s RE G T, XA DR N — R R & i
X GFEUE o AHEE T B BIAE 2R H T2 K X OB, X MREOGIKEN I X OtiiE
Wr— AR I BT I NR T, BA BRI S0 F0 32 (0 8 FH A5 5L7E 2004
T E LOA SKERZE 1) A. Rousse 8 A\ tilid WO 5558 F R M BAE ™4 T
fEkeVE L I EHE X SFER[51], AR 24ttt i) AR 2 A BA T 4a AT 78 s ot Ik 3
() X S8 A S B AE R S o

WA SR BOG IR B ) X 25 e OGS B AR S — AN BT A, BR T
HO'G 5 R AREEAE AR P AR BOK o S 2RV, ARAE T X 2 28 1 S E R A HE 0
TN L7 AR5 55— AREOG AR R B TS 4 S 5N P SRE O R 1 v A 1)
P ) Betatron 5 55K .

2.2 HSEFEEBEEER~E K IR

HOE S AT EAE P, SO6 B FRUBK SRR 7 1V 2R (] A 2 T Y Ji
THGEE R, BRI T, BREEE TR HEEok RS T, XEH
¥ B P AL A AR . P AE4E S (Line Emission) A1) EUAE 4
(Bremsstrahlung) .

FRAEAR SO B IR N B R T, PRI AR SR TR T
BT HARBCEE NS S Oy R T, R TN E R T, At
LT N — B R B G R [ B BUIRH e %, RS s DG 7, fE4R il b &
DR — DA AELEHIRIE . I H 515 A R R 2 1A) B KT 115 B 4R S 1S A
AR R BT 7 & KR E T, AR K 25 Bah hpgs
TR LFRERTH, SN LR, DIEHE. thih, 3 LRE R RS K

-13-
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FEN, BTREENET KLRTKL: 4 MR TIRER K 720, AKg
2, VACSEHE. EPTA RHERR ST, Ko Bifm i H 2 i o

PR S R BOINE BT —M R 7 MR R TS s, 5
2 JEF RS HL T N B4 A T S i AL T 2 B T R AR A R, X
I8 Z)) 1) e PR L AR A IO, I X PR S R 2R M )

BT LA 06 5 AR RE AR AR I, FRS 2 I 2 G 1R 2RI I IE S
IXPRHE P3RS 1S S8 4 X B RS ERAL, (HR RS 777 X ERA
—HER . BRI X LB RS H T, R R TR 2
AP, SERp RS A, BB R, B IRAE R . K 2k
JEI TR BOCIREN, W TROKER, B @SR, XK NI R
AR 7 () 7 PR AR, 7RSI ol S AR R I R BT S L

FEWOG 5 [ AR FEAH BAE P A2 OK i ob, REERRE TS B A& AERL R JLA
il B, SERTPERA R Z AT, BN RO T EWRE B E 0L
Re AR 2, AR T ER TR AL T K BRI b, SR R B
HIFEES H ROE AL TESEEE I, 2008 4ROk H R EIRLE BT 5T BT I R A2
S N5 AL 3K 9400 nmAT800 nm, 585 41 X 1018 W/em? [ =i %) L BE 06 5
Cu $EMEAER, RIm A L BEBOGE B & T K6 7178, I B3R\ T
4 x 10~*HyEE R, iE4an &l 2-1 fs[52].

100

z (@ P
= £
S 804 &
£ %
5 604
=
2 a0
[0}
&
£
> 20
o
1
x 0 l"-.“-tl!;‘! W [T s, b A A i oo
7 8 9 10 11
Photon energy (keV)

2-1 PRERBBE ASRIGRUADES Cu IEEE(FRRYIRSHE, BEIGER400 nmaltr~E
By, EIEERES00 nmEETER, HENELSEREFRENS [52].
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2.3 Betatron 251iE

Betatron 4 4 fie - AEAL SN a8 H O EE B AL Geinid a5k T IniE £ = hE, R
Ja T PEEANSISNE N AVE IR B, AR AR E AR A b e e IR
Gz, M= m AR S, X BEFRCN Betatron 384T . OGS & S T4 TAEH
PP Betatron 58S @ BOCHOK R, BTN mImiEH
MRk, A AERE R AR TR AR IR G, PR AR . AR SN AR O
21 [ L SRR SRS O B (1 T SO SRR L, RTBUE O SRS K R BE
FEH VNS NI TR, AEBE e RT Rl B AR R RN X AR
B, H7 AR Betatron 48 S HAT T L HEELAN TGS SR

HL R S T B AT DLOE I e S Bl g 2 P R AT o XAl S e R RE T AL EUE
Ko BAVHEE—MTFALEPEFOBINHE T, RIEF-4E/K (Liénard-
Wirchert) 2 zUn] DLAIIE HL1- £ BLALAIA BT SLAR A Y (4R S E RN«

Joo 7 x [(ﬁtﬁ) >2</?] - <iw lt . F(t)D N
 (FA c
ForbofR HA PO, AT ARG, BRGS0 i b T 5 )
O FE S IR . NG A AR ATIT LA 2 TR AR HARIES (f = 0) I,
HF AN RAMER ST, MR R s RS gz shey, Sk
LRI

X}T Betatron 84T, IXBhIA PR UUE T B RIS 3P0 (), PR 1
GRS AR RORTE T Bl ST B4R IR BHK = y,0mep/c (Htfry, o o T
NIRRT, 7o Mo 2B T Fb B 0 535 0 MR AT 9 %)
KX SR YK < 18, ST 3% 2% (undulator) B, IXFREAT
HL - R B R AR TR T LRI R Ly SR N, BERST R R BUA 6, = 1)y,
T H XS N B FR S v A — A Haelg, B EAR Aw = Mywg/(1 + Mya?/2), 3
FIMy = 22 /(1 + K?/2) R ZE 55, o WETTH 5277 RKRMA, wp = w,/

2
d?I 3 e?
dwdQ  4m2c

2-1

-15-
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2y B FIY) Betatron RIS, 15553 AR E R B FRERESS MK > 118
FRIT AL TR (wiggler) i, F=A KEILAUIIE R, I H 7K HIEE 5%
AT Ky SEAR S o BT CARATT AT AR 1 O AN S B A I S HOR AT 5 E 14
SHERUR A, 320 RO IS Y Betatron 48 SR X N FH VG .

FESER T, Ok EAG 0w E B LKA 1 S. Kneip 55 AN WA 52T =
4.7 x 10%° W/ecm?, fk it = 32 fs OGN 8 x 108 em™3 45 & 14 AH 1L
fEH, K19 7 I FBERTE(29 £ 13) keVI 551 Betatron 41, 7FE1~84 keVit il
FEAE LT RO 108N [53],  HoAR Sk ] 2-2 Fow

Experimental mean
4 Experimental
standard

d2l/dwdsS (a.u.)

100 10! 102
X-ray energy (keV)

& 2-2 S Kneip % A3X1SHI Betatron $85915(53].
2.4 }ESITHEIERF VDSR

S L T R R R e AR B s B o i i Re G, FR AR SR 25 RT LA
HMF] . AAAE PIC BTl R ez a), SOxinf 2ot SR ? A&
ST B8 = 1) R ROARR SO 9 SR 7E 26 [ PR S5 AR e oo P [ SR B s R), PR T — B
WFE R ZEFE T (VDSRD, HIEE KRR Tt — Bk, SR RHIHT
C+tim’s, FEAN NITHENEE RAES g7, VDSR W 34 PIC B 5 AL
HEFRF: AN PIC BLAUFR T 5 th— Bl ot R ek (1 . SR B O R ) FL 7
WIS, AL N VDSR 1, W] BLTHE H F 40 3 P 25 R0 2
Betatron % 5 1% & ff1 43 A S5 RHIE S 4L
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VDSR RS TF A3 T A 5 SRRl R A58 (2-1). H AT BLIE#%
MR 2N B3, AT A€ R AT L R AR % IS HL, ARy
AR R T ARPIE, SR 5 B BOE I R S RIS K T AL B (0, @), SR A
R (w) JBE SRR FH SRR H [ 58 A7 B RS SR 5 2R — A Fe
TAELE E B [RD K A 45 € RIATCR AR R, 13 BB i T I 7 e it B
LM RS R P F T R AR A AR T 2, B

dwdﬂ 412 cZ' J| (2-2)

Horp jARERA BT

VDSR B 1 A AU SRR AN, HBEI2 W R i 7 R BB R RST s BIAES
TR EU AT, S E kLTRGBS S HL, AT A Hr3RAS BT R AR
ZAER, Bhn: T AR BRI ] AR 55 [54] . (£ 57 1R A SO A B X sk 0 = 1
KA, KW INE £ 463 MeVAE R I TR, MEIZENERE NS5 X
10" em ™3 {5 TR TR, A B2 T VR TR AR RNZ BT IRAE R T R
[ RsF, (Hi#EE VDSR 115 H 1) Betatron @415 2 a0 0T B, B FE N SLHERTHH T
HLFoRAE R I T R A1 4422905 0.1 pm.

2.5 KB/

AT EESH T SRBOCIKENN X S AR S TH AR VDSR. B SREOEIX
BN X P ECRAT AL Gt XA A HOVE R el Al R #EEE

o SRIBOGIRBN I X S LU L HEK o 2RI Betatron FESTVRSSE, FEA K o i 2l
T OG5 [ A B A HAE £ ¥: Betatron SRS N2 AEBOCHK RS
Hh RO S ) 4R35 3 7 AE 1) . VDSR MY T LTHE HLF 3 [¥) Betatron %
S, AT AR S 96 TN 15 (8 5 3% 20 A L7 AR T 2
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HoR Y - N2 Tl =L YA 78
F =5 NERIAESE
3.1 ZFHAHIN A

WOt 20 L NI “PU KRR 22—, BFCA “HRIII7, “BAERIR.
HCJR F A R ATIE W A 1917 4 52 AT B2t 00 S2 e SR FAE - AW S G A
TEFRI,  JE - i AR LI LR IR N BRI BIMRAE R, RIS a5 H 5 38
RE WG AHFEPER ), I AR LS IE LN 396t m] BLSOR s, X2
B4R B SE B K (Light Amplification by Stimulated Emission of Radiation,
LASER). 43 )5k H3EE hnM Huges 525 % ) Theodore Maiman SZF) T 55— K
WOt[3]. MILBEOEEAR MR R NRZETE, oL R AR B 2 g e Tt -
22 80 AEAR BB MR AR (CPA) B & O HI TR T M 1015 W/em23R T+ &
10%2 W/cm?[4], #ot5% )5 (R BAE ISR e B B AR 2 P 5 o (& BTt &
DR B REOE IR R T M N BN EI & 2RISR, IF AR =
PN A B RO A AR PR 2% AR 2 TR R ik, B K BHRE R EE, R
AU Ik e 2 B B 45

BEEWOG BRI T, R ERORR) T, X RO R — RO 2}
POE R R, RO B I EARBOLE, R EEORE, AR, B

JeRbEoEEs, BITEE ML T H HEFEORS ST RO SE. 2RE
PR RO A4 B B AT 20l p, BARTAE DU R IR, inoeF AR, BokillgE
RO REE, B SR B AR T IS, O R T R R R
ThEEMSEI A AT .

BWOGH B R K RS AT AR I 138, RN E WAL 7 RE# B I®
AEOEHE . WOLME y—Femiit, FwnT BLi 22 5w i 45 7 FR A A ik
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( V-sz
V-B=0
3 =__0B , 3-1
VxE=-5 B-1
kaﬁ=f+%?
X FEYEAR: [=0E, D=¢E, B=uH. BATTUUARIEOE I Z M E T
T
V2E + k2E = 0. (3-2)

Y EINTAAT, SRR, FRATRT DA S M AT BRI R AR A
AONE A, RAER 2B MmOt BEERMH TR EBRETZ, A
IR 2E TR, ATLAMS RIS 2 0 m i, gt 8 m b rsoe s, 4
s =P e K EEOE (HGD . fLsi /R &0t (LG M ILZE /R & HriEos (BG)
SEAE, UMUK AR R, A B SR e R RS AT T R IRATI
20 DUZE R S TR AN R 55 K = O e

3.2 NE/RSHE

(a)

(b)

(c)

& 3-1 mﬁﬁéﬂla‘ﬁﬂxﬁdxéﬂj‘cﬂﬂﬁﬂj‘cﬁﬁ DFIMNAERE. (a) TESHTADE, (b)
FMINEEOE; (c) PO IREIEE55],

IUZE ROt Il 1 38 [ D U1 K22/ J. Durnin $2HIE, & —FPARH #5455
HIOt: IR R R R A SO S B A 3 PR 3 KM R ZE AT, otRERE
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FCP R SHORIER ;B DI /RMOE R — Rl “ RIS ” JEH([56]. IRAMEAL RIS E
i LSS RBOGIE RIS fE v L “ H A7, B4R iR [ 4 /N TSR FE I
DUSEZRBOL AT LLK S 2 JEOR AR [ 6 58 50 A1 [57, 58] 4 3-1 From: ZF DUZEIK
WO BB R D65 20 A1 2 T — SO S BEA — RV I R O BRI By
¥ DLZE RO 4 — R B [l [ PR 2 R

SRR AR ) DLZE AR BOC IR FDE 70 AT B 55 K I, TCiRAEBLSEhse B, Frbh
F.Gori 55 Nl i B 1k 1 ISR FOE, feth 1 I seBl i) D28 /R ainifo'e (591,
RAMHOCIRE 1 BRI N AT BT KOG . BRI E N
A DRSO T A AR IE Bk, MRS, 2Rk, AT
TR B, ATSEILR DR R @ Ao e A e B R RO G s PR i A 45 L B
FEAER 2, fln: 3741, FrsdEE, SO,

3.3 hE/RESHTE

(a)

El3-2 (a) HERISHETELCHISEME,; (b) =1 KRIEAHIFRAIE[60].

1909 4 Poynting & Il — W [& Mtk B 7 A H e A s & (spin angular
momentum, SAM) [61], XA~ H e =& H YT ERFE . 1992 4 Allen &5
NAIE IR — Ao R 1 AH - 1 L 2 — Slexp(ilg)[62], HhURTihr fa%,
QIXFEOE S A B S E (orbital angular momentum, OAM), FF H.AFA %L
MR KT BEMasE, Brbl—BFox o iRt . ok Allen i845
H2H X PR G F 1 OAM [+ AT AR, Hh o243 B s & . 4n
B 3-2 FivR, 1= LIIR TR0 IS5 AR A T R Y 1, 17 788 1 e o ) A5 AH
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ASZ THT A2~ T 2R
A7 R e O 2 TR RO R B LR R, AR Rl . D -2 DR I g

TR T i S A E BN TS5t RSN R (Flan: J

HZsED N, fss /R s ot — 8T Pan Rk

C <r\/§>1Ll 2r?

1 p
(1+22/Z%)2

r? ikr?z _
X exp 37 exp _2(22—'*‘21%) exp(—ilg)

Uy (1, ¢, 2) = )

w w2

z
X exp (i(Zp +1+1) tan_lz—> , (3-13)

R
HrhZp B, wRBULAE, LG H/REZHNA, C-A—EH.
FEPLF /R M O 855 AR BAE AR g AR, H N m gt
PR E R A, RIEAON:
Egwo (V2r)' 2\ 1 (2r?
EP'(r,¢,2) = — oo <_r> exp< ! >{;Llp <%> X [cos(l — 1)psiny]

kw \ w w2

+rL <2W—f> X [coslgbcosq.’) (g cosyp — %Siﬂl[))]

4r .. (2r? _
—FLp_l ey coslgcospsiny} . 3-4)

LRSS = N P 2R 0 32 ZOR AR R RO, BT DU s R oL AR 2
MIAE WOk 1, BEOEAR %, W e AGE. THELE R
TEMIHE AR U #3105 S S5 [63] o FL R HEAN AL AR AT TH S 4 IO Al i i
FEIER O I — MR 7, (ERSOEAE B A SR AR A, 1K
AN D5 15 B e BASCRARAR, e LU AR 2B B 5 /R Ry ol s i sk s 2 il it
PR B AL B T/ 288 e e AT LUK UK =y ot S e s o /R =y ot AR
G, KRNI RENS P AR AR R R TR0 . AR IR S8 5 N 7 A A
IR R O 0 S AR SR B Ml ANy o R4, BRATTROAT TR BLAE I B M 1 3
5IF, i /RO T 9 BCR A I RO, B S KL e R e
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Wolt 5 HAKEE & I HE A it — BB
3.4 JRNEASCHIN

3.4.1 FRT

B 3-3 EfmiRSEE RS RhEs CERL T HERE[60].

1970 4738 E BT B3 R W] 7 OGS 87641, RIS E i) & i o's vl A
AN IR ORI T FCJE B2 WO 5 R 18] 1 20 5 B N 7 A 1) ) 2 38R T
T ZHERDRERBE, BB XTR T PR R A, R S R A
[EERECA PPN S s VAR DEVE

Rubinsztein-Dunlop 4% 55 N IR IEHOLH OAM 56456 —id, fih
AT S — Aot 4 T — R = 3MIMREEOE, SRR B IO 51 228
T, A RTEEOC&RS) B HES R T B a5 b, R EEOEH) OAM 22 4f
KT H CRIRER: (K 3-3[60]), BIEOLR OAM f2id 2R+ b BRI
A OAM MO B BE 7 L DG 2 B B B IR, I HReig 205
R F[65,66]. [FIRTENZEEE T, BT ETTEOLH OAM AT DA% iR 1 i R 2
71, RKIEICEE 71 RAGTE67], G287 N VG E )z

3.42 @S
TR HEEO B E P AR E RN . a4 5 7 2 BACO6E
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BER—N2RMRMEE, HRRTEHEAR, MIREHOLK OAM Fiikh
WHEHOEE ARME T TRE. E PR L G.Gibson URFRALAN J.Wang H#41 43 HIFE 2004
A 2012 ARSI TSR A OAM B H IR 25 Bd A5 [68], Kl {5 A IR TH 2 T-bits
=2 [69].

B T AR RGBS A1, TR RSO TE ORI T [70], H E o W R AR [71]
AN 51 BRI 7 2] itk e #5 BE R FE R

3.5 KE/INGE

AT EENG TR AEOL: R m ot 5 s /R s o, g
IAEROCIIN ] : oA iz 5l . 2 NSRS ot RA “ LR A1 e B
&7 LERE ;s BE KRR B IE M E (OAMD [R5,

_23.



AR S GDNE R T =L DA7S'S
FUE N E/REETAIREIR E IS B TR NIRRT
4.1 R RSHTEEIREN R E 17

WATATR, Has/REAREOE (LG o) BAARRIIB Mg S fi, BT %
BRGSO R A, 5 a5 R SO 5 56 B 148 TR A K24
RIS ([73-78], ‘BIaE W] DAFERY 545 88 -1 b = A B AR B AR R R B A 45 4
LN R O S FOR B+ TE FL I (R S e SRR 51 T T2 VR R[79,
801, SRTMIIZES T H TR, WA IR TR R R
SRk UK A I R I R 3 v I DL RS, BRATH =48 (3D) ki
FUFEF OSIRIS X H AT TR 7L . FERLII R, FRATR 9800 nm )4 i
WL a5 R A0 G E A RSNk, 2Ok E e R . HAEEOy (U=1, p
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