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Abstract

With rapid development of the high power laser technique in last several decades,

ultraintense ultrashort laser pulses with peak intensity higher than 10" W/cm® and
pulse duration shorter than 107" s have become available, which provides intense

laser-plasma interaction accessible to relativistic and ultrafast regime. The technical
development makes a great step forward for promoting the fundamental scientific
research of plasma physics. Abundant dynamics of physics are triggered as long as
such a high power laser interacting on solid target: such as atomic ionization, hot
electron generation and transportation, collisions between the charged particles, return
current, bulk electron heating, ion heating and acceleration, antiparticle generation,

instability and so on. All of the dynamics processes happened in 10™"° s ~107'* s time

scale. Motivated by the potential applications in proton diagnosis, cancer therapy,
inertial fusion, etc., a number of studies have been done to try to understand the
fundamental dynamics. However, due to the complexity of the subject in nature, there
are still many open questions which require further and deeper investigation.

In this work, particle-in-cell numerical simulations based on high performance
computer cluster explored and evaluated the bulk ion heating dynamics, ionization
dynamics and laser-driven proton acceleration in solid target irradiated by ultrashort
laser pulses with relativistic intensities. We also proposed the potential techniques
such as small angle X-ray scattering, Faraday rotation, and resonant coherent X-ray
diffraction imaging to probe relative physical processes in high power laser plasma
interactions using X-ray free-electron lasers. Following, part of the results obtained is
listed:

I
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1.

We investigate bulk ion heating in solid CD,-Al-CD, buried layer targets
irradiated by ultra-short relativistic laser pulses with intensities ranging from
2x10"” W /cm? to 5x10°° W /cm? and pulse durations ranging from 100 fs
to 500 fs using kinetic particle-in-cell simulations. We find enhanced deuteron
ion heating in a layer compressed by the expanding aluminium layer. As long
as the bulk target is ionized and heated, a pressure gradient with around
10 Gbar difference created at the AI-CD, interface pushes this layer of
deuteron ions towards the outer regions of the target. Our simulations suggest
that the directed collective outward motion of the layer is converted into
thermal motion inside the layer, leading to deuteron temperatures to several
hundred eV (1eV ~1.16x10* K) in 107 s time scale. This temperature is
aroud 2 times higher than those found in the rest of the target. We also discuss
the techniques of small angle X-ray scattering and Faraday rotation for
probing the expansion process, filamentations and magnetic field inside the
solid target.

The ionization dynamics in solid copper target irradiated by ultrashort
relativistic laser pulses (7, >10°W/cm®, 1,y =40fs ) is numerically
studied by particle-in-cell code implanted with Laudau-Lifshitz field
ionization model and Thomas-Fermi pressure ionization model. We found that
periodic filamentation structure of the copper charge state distribution with
laser wavelength scale 4, is triggered when the laser pulse with peak intensity
10 W /cm’ interacting on copper target with certain preplasma in front side.

While the ion charge state distribution is quite smooth for the case without
preplasma. The scaling of ionization dynamics on laser intensity shows that
the structure of charge state distribution also strongly depends on the intensity.

For the case of relative low laser intensity, i.e. 2 x 10" W/cm?, due to the

limitation of bulk electron heating, the ionization process only happened in the

v
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region of preplasma, and charge state distribution is quite smooth. The
technique of resonant coherent X-ray diffraction imaging is proposed to probe
the corresponding ionization dynamics using X-ray free-electron lasers.

Energetic proton acceleration with smaller energy spread from interaction of
intense short circularly polarized laser pulse with a sandwich target is
investigated using particle-in-cell simulation. The sandwich target consists of
a hydrogen-plasma layer surrounded by carbon-plasma layers. It is found that
the transverse electric fields generated at the plasma layer interfaces efficiently
confine the longitudinally accelerated protons to within the hydrogen-plasma
layer such that they are collimated and have smaller energy spread compared
to a pure proton layer target. It is found that the width of the proton layer and
the density of carbon layer can strongly affect the proton energy spectrum
while the mass-charge ration of high Z layers does not affect too much. We

also discuss the optimum target thickness on the proton acceleration.

Key words: laser plasma interaction, plasma heating, ionization, laser

proton acceleration, particle-in-cell.
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=0, Weao=w,, WA B3R

n,=mae, 4re’ =1.1x10"' A um] > em™ (1.24)

n BRI T MU T %R, <n,, WEBTAIE 0, <o, BOLK

SAOEEBE TR, BEISE B AR AR (R B S5 8 1A, (AHOCR WA 1.6

JIR:
W 4

> Kk
Bl 1.6 WO TR AR I B RO R

MNP rEEEER TR, WS En, >n, WEBTMIX o, >0, PR

k SRR IO — BREASE R AR, Tt DU BHRE 135 8ok
I~clo, =(n,/n)"? 2, /2n (1.25)
P T AT DL SRRy A A B IR G AR R T TR AR, A%
BRI DA J LTS I TT G, BRI T RE NG B 71k . a1 T3 oK
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i Z W AR AR R 7] B 1.7 SABOGI S s AR R T A AR T 3
AT —A7s o AT RS, X TR, ARHESEE A, ARG
ARG AT B IE

15 : \
— E, n,=1450n,

vacuum

Ey [mecwole] , BZ [mecwole]

2.5 3 3.5
X [AJ]

Bl 1.7 S0 5 s LA B AR AR A At

HAR, DB OG0 N3 5 5 LA B AR, Ho gk DUE R FE FR 4k
TENH, AN AE AR P8 1) T B2 AN RO 6, (HAE RS T IE,  FEBhiR
P IR LT ] UGS BIAR SR 06, IE R ERE R J x B AL M In A LRI oo
REHE[16], LA 20, MR BEAFEARNEE CanlE 1.8@)Fr7n) , A, H
S MR DT RE R 2S5 & AR . A, 30 7k N B AA Py S
H TR # I B = A, S AR S 7 07 AR R B R s, AT A A4 Py
(1) 55 B8 T AR SZ P BI)TT T F 5 B8 1A o ] I pAy 500 58 2 1 Akt 119 7 A ] LA el
PP B 7 IR D R 2 TR O oML 2, Wl 1.8(b)Fim. Rk, TR EOL
ST AN B, ARA o) AT BEAR [ RS R T R T IR 8l 1 2%
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n.=0 I n,=320n,

§ plasma wave - Simulations
5 inside solid target - - - Fittin
2w, hot electron bunch o
inside solid target z P
| pdm.c] é gw
) £
I g
0.5 XA =
o
< %
— ' 1=A,=A, k375=0.0564
et SRR 7 Sl 1 - _ Bx-16TVim
' 30.6 30.7 30.8 30.9
X [A]

1.8 () P s () oA, RN AIIR S S AR AR AL, 20, S0
RAE T x BARLNEAL T Ik ()4 P 120 I Jon 8 2 ) 43

XFHOE E AT, HEEENSHAAEAETRET, , %8,
B, » KU O%ES. XM T %, , A% N, =<y, >n,
BT vl 85 S DA AR IR AE E ) i A BE[17]. 0 TR T R U, A SR
WA ESP B TRIREftand~ p, /p, ~2/a,[18]. {HIX A B I A Ky
ffr, TEARIE P, EIX RGBT TR T, o (HA W
&, FEARXT IR BOG B T AR A, SRR R A O 52 3 ¥ FE T RE 1R 20 A AE =i e
oy EAREEERIE N f(E)=dN | dE = Aexp(—E | E,) » FTLAZE K2 H0CHR 2 LA
I A FRER DM IR, BT, =E . HEXFEA B FEET,,
DA 7 N~ A ol o N S < -S| < 1/ <O~ €10 R (O M) 1
QwﬁEﬂmﬂqﬂmﬂzﬁ,%K%%ﬁ%ﬁ%%?ﬁﬁ%%@%ﬁ%%
Ao SN TEFRSCHRELER, ATR M FREX—KiE.

S. C. Wilks f1 W. L. Kruer - 1992 4FH| FH AEAHX 1848 1E 1145 B3l ) #5485 EAH
HHS R K TR FE[19], MR Z0(1.20) m 40

Ty =U, =(< J1H(p, Ime) >=Dmc? =(1+a,” /2 ~ymc (1.26)
HARIX AR S| AR s m, (HSEBr AR Sk, DR O AN
e 77 1) iR Re B A R, HoR A B e B sh 114, JR2mE T
P fe . 20(1.26)AEAEAXT IS WO IE5R a, < 1 TN (1) H 7~ 8 R S 56 &8 SR 4
BT, AR AT S O 5 a, >> 1 P TSes 4 . 2 )5 F. N. Beg & A
T 1997 4RI I EOGIEM DGR T, <10"° W /em? S Bdm &, 58 H0g 1

M E 5 A 2 [20]:
T,

hot ,B@g

=0.469a,” " m c* (1.27)

11



b B A T _E AR S B ARAR 5P T AR 5 A S Ak /2013

ZAR A BT SCHE, B SEI Bk AT A, P A
FEF e B N IEH , S BRI B ot b R 1, > 107 W/ em? :(1.27) T
D) B r P BEAS TSR B0 Bl o« 2 S A AR TTN 5145 tH AN [R] 1) F et 2
B, dl, T.Kluge &5 AR FHRBE A IR I AT #4170 BRL0T A 50 A 24T A
I8, 43 315 S HCH AR, 45 AR AR R ) & B B IR RO [21]

1 V4
(= ~Dm,c* =( ——Dm,c’ (1.28)
[ (+a, sin” o) dt /T, 2K (iay)

Kot KGiay) = [ (14 a,” sin® 0) 20 A 55K AMBIRUY . [ 194 T

AN 7] FA Ui B AR By SIZEG HHf 1 B AR

Thot ,Kluge =

100 E T
: N"’u 15 ,'/ J
10 4 -E 10 ' ’I’..-'.
] E 5 ] "'t:-":‘.’:’l
&: - 5;-_:_,‘_3_-_:_'9'
v 0 4 - _
E 1 10 8
I .
= [18]® O PIC simulations
il € Experiments
0.1 A — Ponderomotive (Eqn. 8)
9 1 —— Beg's scaling [19
===+ Qur scaling (Eqn. 9)
«+++ Qur scaling (Eqn. 11)
0.01 o T T T L} LN | T T T T L} L |
0.1 1 10 100

1.9 AN [7] 444 FRL T3 B RS20 5 S AR 1) LA [21]
1.4 HAXEFINE

DAL Ry 5 7 B MR K T Ha 7, BT AR SO &5 38 1R FE X33k P 5 14 g
WE /N, (HE T LUE Yy, RS SRR S T I R
o P, BN ATI AR 2 K R [22]. 1963 4F W. L. Linlor 2% 5 5256
I KK EOG0.2 T, 40 ns, 5x10° Wem)WE RS A 825 4 1keV
BT [23] ZJ5 J. E. Gunn % AJE ™ (13508 4 3t H 3 a7 1) S8
#8[24]. T. Ditmire 25 AT 1997 4EFIH] 150 fs, 2x10' W/em?® (OG5 Xe
JE TR - MEZRNZ) 1 MeV 1) Xe BT, XS/ FAHBEAER =408 T1
BEE 4 MEZ[25]. 2000 4F E. L. Clark 25 AFIH 50 T, ~1 ps, 5<10" W/em®
(1) Vulcan FO0Elkit 5 125 um JB1K AL SEAH EAEH 3R 18MeV 1 Inid i 1-[26].
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A4, R. A. Snavely 2 A\ FJ %5 NFIH~48 T, ~500 fs, ~3>10°° W/em® (¥
NOVA BOGAE A B RS F S22 ERER A 58 MeV Ili1-[27]. Z%idsk H 2
2009 “EMEFTHE, S.Gaillard 25 AFFH~80 T, ~700 fs, ~1.5><10% W/em? [¥) Trident
WG L EAE AR AL TR A #E ik SR 15 e & =ik 67.5 MeV 1))l 1-[28].

FESEYG by WO E 7 0 (0 BE UG T DLTRT B BRAR A <[] A 5 1 B
JE DA TR E 1 IR ST O B R TS el VA 2% v x B REANBEAR P, Lo SR A g
JEAE ~ Ay g, WIADRHE TR R (0 T ¥ AE ~ T, I 0] 58 2 A% A 21 B0 AR J5 3R 00T
TN BEAAR J5 2 T (1 A0 H 7 RIS 2 37— AN B2 20 L AR R A, I )2
WA E,,, . HANEZERSE,,,, WEE, FOEDEMN & e MR E 72 N
o MR, T OB 20 A R o e PR T AR A R RN, A T T A A
JEHIFE,,,, PRI RAR NS, BRI TR 5 — T, WERBE,,,, =
VE A6 B4 G 200 &8 7 L gFoet JLHEAT hnade, 1z 0 R B AR O S S )2 N ik
(TNSA)[29]. & 1.10 Jy TNSA hiig Ll H 7= 2 &

(a) lonisation & (b) Plasma-expansion (c) Propagation of

electron acceleration into vacuum charge-neutral
electron-proton cloud

] I» — —] I»
e 9 2 e 9
o (&)
| %
°
1 ° &
oo
o>
8o ° N
D oo e o,
?® o o [
> 3 °
©
V3 L
?
esca

1.10 TNSA JE LR 1) 725 [30]: () $E AT i L 740 R BRI ; (b)
PO A B R T N LA i 28] i 2 TS 3B S0 SRR B = HL 0 (©)
LK 2R T 2 2 I o, A L I NS

RO T INE —MEEBENSHEE THILER e, - AITA A
PRRE R ke 1 45 1 AR b BE R [31-35], X HL B4 Mora B 48 K R AR
(PEM)[31]. Mora BB BAHTUE I 21 ¢ = 0 #0844 HAG 35 BE o0 A B A (VA B 7, Tl FE
TAERAR G R RIR SN T, (B /R 222 -22 s b 0 A, il 1.9(b)F:

n, =n,,exp(e®/k,T,) (1.29)

Hn,, =Zn, ARBTG5 . WE SR ARIAFA T3 FE 1 153 2] 4h i
ZI B2 1R Ve FR 3

E_ (t=0)=./2/exp(1)E, (1.30)

max
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Hd By = Jam kT, o 2 JE ARV R 7 (R0 P 40 A0 45 85 pA v mp 4 1 i
P& T SR AR IR ARIE L T REANZ B 77 B o) 49 21 2= i b £ B K ) 2 e ek 2
E,(t) =2E,/(2exp(l) + w,’t7)"” (1.31)

Horb @, = Jbm, 2% Tm, BT THASE, S B T8y i
FFRU VSO B B T AR BRI 1T )
4 _ ZeE(2)

(1.32)
dt m,
CECE-RS PNt Susw
Vo = 2, In(z 414 7%) (1.33)
Hrbe, = (Zk,T,Im)"> HETHEE, =0,t/2exp(l) - FEIETHEILAE

1Bl (Yo =k
Emacpir ™ %;nivfm,,,2 = %mi [2cs In(z +V1+7 )] =27k, T, arcsin h*(7) (1.34)
TU(1.34) T HE AR 148 I ) P e B, G o o, 5 Ll R 3
AIBCBE Ay A F R R B, R R AR O R R K B AT LAV A s
B Ja AN FERRE, B T IR 45 1k, B R RO 2 R O Ik e 2 7, o
J.Fuchs 3L Xf #5873 SEUG K4l HEAT IS 19 2 8 1 Ik ) 2% N R Z) 0 =130,
[32].
ZJ& J.Schreiber H3H HHTAAFEFEACE N IR #ARE 70 A0 B AN K 2 1iz
NTTRERGY, AFBNE T IBULERE R €, qmene T WOCS R R [33]:
Twer _ el Ly Ly 1Y
7, 21-X*" 4 1-X
;H‘:EP X = (gmax,Schreiber /‘C"max,oo)l/2 ’ 8max,oo = 2ch2 (77})14 /PR)1/2 j\jbnﬁﬁq‘lﬁjaﬁgﬁﬁ
I 25 7 RESR A I BRI BE iR, 7 = B/(Q2e,,., /m)"? B T NI S 25 1],
B =0, +dtan @ ATEFFHRERIEL 0 T, o, WBOGRETEAE, d AR, 6%
B RECH, AW THREEOS R RS R, P, MBI FE,
P, =m.c’ /1, =871 GW AAHX IR Dy B, & 8ok ae i a0(1.35) A K e 4L,
HEEBCNE 2, R A LUE LIS A [36]:

~e tanhz(gﬂ) (1.36)

max,Schreiber max,oo
To

% FERR R P AR A kb R, IR B TR RERMOE IR P, oA

(1.35)

&
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gmax,co © UPL b z-laser >> 22—0
&

max,Schreiber

(Tl:_i)2 NP, T <<27, (437

H(1.34)F1(1.36) I 501, Mora FERLL5 H ¥ 25 1A L e &5 #r —L B2 A
JEWKBE A, Schreiber R R TIETEG, HFWOETR, kv, S
e, W REEIRICE, SRS TR BUA AR . 25 AT F AR AR 2 1
Mg FHubRe R, HBHAT I, EBEAA AN ER R AT LU & BT 1 5L 56
B, X TEMNE T8 2 R — Do, B 111 2504 Mora #E7Y
55 Schreiber f8Y 45 H 1) 25 -1 b B8 18 -5 S0 B b 1) L

max,oo

a) 1,000 g = b) 1.2————rr——rrrr———rrrr
@ {® 5x10'8-3x10!° (b) o MBI .
e am - JRNusp "
1ha _100 .
100 & = = ASTRA [ 9510 A
= ) : 4 LOA
= No PW//’ E é 0.8l JETI ° i
g /‘ERM- PW [ ) u
] Luu N o GEKKO Jar "
5 JanUsp CUOS e, e 2064 LU . 3_.'0 i
2 Osaka = & o LULI2 g=25° % A
£ 4 = LULlheavy A
5 £ 0.4F° TRIDENT 4 i
E &
=] i -
= ] X 0.2+ o NOVAPW _
’ = RALVULCAN | g=45
A RALPW
[ T RN PRI | L1 aaaa
1 %.01 0.1 1 10 100
rlaser (ps} Tlaser /TO

1.11 (a) Mora #%[32]55(b) Schreiber #:214[33]45 Hi 1) 5 7k 11 g B 5 S50 4L
P i e A

HIRTHEOE IR RS, WiREETE A, RAE, WEESE, WERZ 40
GO I R I L (RPA)Y37] 5 ol b oF 38 3 (CESA) [38], BOA[39] 4
&, {H RPA I TNSA HLUHITE S5 L Re S SEIATRAFAEAR RIK i, iAok
(1 JLAEAE S | TNSA b2 5 3 ST o

1.5 FitXrH

BRIy, YA 7O B T ARILR, S R T E) )
7, AR I 0 F Bl S RO G B i AR

BRI ZR Y T particle in cell (PIC)RESUIISHE: AUHEZE so fir=F 77 PRk i
FE, B RERRSE, BT Sk, W A, R Rl
ot

~Ts
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WA T TAEZ R AL I & I R, PR TS T4
AR5 B TR 05, Bl AR, B, BRI, AR
P T IR

SFVYFEWEIT T [ RS S 0 HL B Bl 0 2

S HFENEIT T HOCIN I A E T A

BN B A RS .
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2 Particle In Cell B 3%

FEWOEEE B ARSI, B AR VT R I B, He BT
AENT, SIS A T U R S AR R S AR AR A L I AE . BRI I
PR, BTN AR AN A BB AR TR DR o Js - 5 0 1 R 4 L 1 B
T, HE, B4E, WY, W msEn R FLYCHK F2/7[40]; W51 40%5 (ns)
S ) R a5 &R, SRR SRR nl R AAFE T 0 HYDRA[41]55;
B0 R (Fs) B S FD (ps) I 1] £ 4 P 46 25 4 b (0 fL - D 1 3 ) 52l R A
particle in cell (PIC) # J¥ W IPICLS[42] , PIConGPU[43]
ILLUMINATION[44], VORPAL[45], VLPL[46], OSIRIS[47], LAPINE[48]%%
o HAR, FUEBAEROCSE S RN R PR 2 L R ENEN, HEZER
PRAER BN EGIEA R A, BRI IR ZERE S o R
SEREEEIR . P DL, RIHEERE P B R, AR D EOR TR ()
EFYEEIR . K AN TE R R AR IBAT I, AT RE AT AT R G
SETE G . AR 45 RH LI T PIC By IPICLS Bl i s, FrbiAsd
PEANYFA PIC )P WAl is AT 16 B HE LT F I S0V A0 R F I BEASE AR

Kl 2.1 (a)h PIC FERFAEEANI RS P I BRI R, JLrp SEZR kA PIC
TSI s 35 TR AN BOCIHARYE 22 7 745 7 FE SR AR T — I Z 384
RPN 8] (R IR o A (BR R 2K ) s 58 20 KB 3 o A ddi A 20k 1 E SR gk 1
()32 DGO 2 =20 A AL 11052 J) 1 SRR 132 2 77 R w43 50 B A R0 1-8T
N 220 1) 57 B R0 T R S R GRS B H 20 ) s 285 DU 5 ) m A4 i A A s 8T ) 200 1)
P F  BE S A BRI R e s g = A Wi 2 WA i 0 A i 3 A i)
SRR — IR 2 5 W B T FR N T —MEE, Witk . A2 5E R
YIRS, AN PIC EFA AN AT B b LE Gk Ak i
M TR Ras sl A IR S (R Ze i k) 5555 . ] 2.1 (b) ok PIC A541
5 o A FRL 7 o A ) — AR oR B, Hrp R Bk HE AR
YEE [K714[49], &Ik FAeg e R NSRS A H iEsh, W 2 e
MHH WA ARG 1. TR RARIEE PIC BB IEFI A R s 2. £
FE& A T RE R AR BB T RER M W2 A s S VA R Al
FHASY
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Force Equation of 5
Interpolation Motion Collisions
(pEB) F Fj—)Vj—)Xj Vj—)VJ"
\
Maxwell's Current lonization
Equations Deposition
J;= (EB); V)= Zi—>Zy'

K 2.1 (a) PIC FEJFLE SAANI E] 5K Y IR LB R (b)PIC Hhd7 20 A RUkL 143 A

117 =

AREEER 2.5 A1 2.6 F1(CGS FADINIAT DI BAZ AL T Iy, e
11 CGS HAL I LS BAS R [ R AR U T

IR
M
K
U
SER T
B
H 37
13
HL L
W

t=t, o, s Moo, IR T4 TR
v=v,, v S, =k, T, /m,)" R T PR

= Ay HOT A =, fo AR T B TR
m=m,, I m,, A m, ARG TR

q=Gq,mle> T e HHTIEAHST;

P=ymv="P,, /my,, Hiy JHXEHET;

E=E,  /\my,o, /e)

B=8B,,/\myv,o, /e)

J=J,. /(evthnp ), Hrn, (47ze )jJT‘]JﬁL‘EE¥TZTL
n="n,.,/n,
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EARER IS, WA 7L v, AT AFERE e R G 52 30, JFAN— 2 db 2
e HLIE AR - AR, TXRE T DU S T 46 55 TR T, = 0 I X R i
AT B o

21 ERiTEAEKRKBHEERE

AT VR P Bl 22 5w 745 5 R () SRR ARV 5 — A b AR P A R B 3 2
43i2(FDTD) 28 —Flh7ESCER 3 A 2 WLIY Directional Splitting(DS)5H-4[50],
FEATT B B MBI e e MEA G Bk &R LU & 12

2.1.1 EREJIHE % %E(FDTD)
I RO 22 5 30715 7 R (22 15 5 R R R 5 5 R il LU -

oL GxB-7
o @.1)
OB _ GxE
ot
M RRQ.2)AE—E BT T B2, 7] AASH KA
{V E= yo,
# 2.2)

V.-B=0

HIFE A:16,B=-cVxE W43V -8,B=—V- (V X E)z 0, WL wras 1t
FV-B|_,=0, WA o,V-B=0mHIV-B=0HM L. HIH0,E=cVxB-J
WV-0,E=cV-(VxB)-V-J=-V.J, WaoV-E=o,p=-V-J, PiLifih
PR SME R V- E = p fEAT.

K I BRA QDR ESEF AN AT =S H, W1
0,E, =c(0,B.-0.B)—J,
0,E,=c(0.B,—0.B.)-J,
0,E.=c(0,B,—8,B,)—J.
0,B,=—c(0,E.—0.E,)
0,B,=-c(0.E,—0,E))
0,B.=—c(0,E,—0,E,)

FDTD 595 KM YEE [KAH5[49] /0 Ac i3 FIRESA 42 s L&, i
2.2 fliome JTREQ24)0ZEET YEE KSR K070 7 RR4L(2.3) IR 28 — AN J7 R i ik
ZETTRERIE R, Aoy 5 R 5 Rt P AR 2% B M AU il 1 1) 22 93 TE 2K
T YEE [KAn#632: 1) FDTD Sk e AR 3 8] A& rp 229y, ks
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1 1 1 1 1 1
E'(i+—, j,k)-E""(i+—, ),k B i+, j+—k)=B"" i+, j——.k
x(l2J) X(ZZJ)_ 2(12]2) Z(lzj )_

=C 2
Al Ay 24)
PRI B 1 RV B 1
By 1/2(l+5,‘],k+5)_By 1/2(Z+5,],k_5) s 1
c _J:l (i+_7j’k)
Az 2
(a) y 4
Ey
/i sd
E 1
! E, lr
l y
i E. Bl
|___ _______ [l
1% v E, /
/ B.
I,/ E
Ex
V4
(b)
T T
B <
n-1/2 n+1/2
EJ \\/—
n n+1

2.2 (a) YEE KAt P (RI A5 20 A1 s (b) S {EAE I 18] _E %R i

2.1.2 Directional Splitting(DS)E %

FXFF FDTD $3%, DS S5 22 va W5 o T REFE A 022 53 7 R (1 ik 7 )
RS2 . TR (2.5), (2.6), 2.7)HFIH DS Hiketnt — RN AR ¥ 5K %2
T T RRQ2.3) 2 BIAE X, y, z BRI RS R T R4

X J7 1) RSP0 R4
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F'=B *E,
F' =B FE,
(2.5)
OF +c0.F; =FJ,
O0,F'+c0 F'=4J.
y 7 1R (R T R
F; =B FE,
F' =B *E,
i i (2.6)
OF; +cd F =+J,
OF' *c0 F' =FJ,
z J3 1A I RE A
F =B *E,
F''=B FE,
(2.7
0,F  +cO0.F =FJ,
OF' +c0 F'=%J,

W AT A R AWML 0,x=0,y=0,z=*c, WM FHFF0, £co, nl
AWM IERd =0, £cd, , BAFRITEAQRS), (2.6), Q.7)EHAL LHTH
SR ARAFAE R AT TSI 2 A R B e, R b I R
FHAR I IE A7 ) 3 (2 B %A B Rk G, Bt AT s & IE R AT
Kl 2.3 24 DS Sk g E AR I ] b ()AL R s =

E* E-

yd

P-1 P P+1

K 2.3 DS FkH S EAE N 8] _E A3k s 5

N AU x 7 TR R ARA 2 S B Ay T R AL R T RE TR
oy Az 5 A R (R 3k A . 1 BN 54
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0 -a, q
le[;:[a])([;: a 0 -q b (2.8)
—a, 4
0 -0, o,
VxE=[V],E=|a, 0 -0, |E (2.9)
3, 8, 0
0 -a. 9,
VxB=[V],B=|o. 0 -0, |B (2.10)
-0, 0, 0
A2 S I AL Q. ) TS AR E R (2.11)
E, ] 0 0 0 0 9, -0,|[E] A
E, 0 0 0 -2, 0 00I0E J,
E. 0 0 0 0, -0, 0 ||E J
& Te = | 2.11)
B, 0 -0, 0, 0 0 0 || B, 0
5, 9. 0 -0, 0 0 0|5 0
B, —8y o, 0 0 0 0__32_ 0

QIR X, ys 2 77 1T

22



B AR B B A B AARAT S0P AR R A i /2013

X

E

(2.12)

0 0 0 0 0 O
0 0 0 0 O

0 0 0 O

1

0

-1

0 0 0 0 0 O

0 0

0 O

-1

1

0

.JJ.JzOOO
L
|
Il
Sy = _xyzx,
|
I
‘I_AOOOOO S O o © o o
S O O o o © — O O © o o
o O — O o O 040000
S O O — o © S O O O o o
S O O o o © o o o 7 o o
S © o o o S O O o — O
1
< '
Q Q
- +

(2.13)

(J ,J},,JZ,O,O,O)T ’ %Elzi A, B, C j‘J:

—_

Hrh F=(E,E,E,B,B,,B)" , J

0,F +c0 AF +c0 BF +c0.CF=-J

HFEQ.12)5 5 F— MRS ER(2.13) -

(2.14)

0 0 0 0 0 O
0 0 0 0 O
0 0 0 O

1

0

1

0 0 0 0 0 O

0 0
0

0 0

1

0 0 0 O

1
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0 0 0 0 0 -1
0 0 0 0 0 O
B 0 0 0 1 0 0 @.15)
0 0 1 0 0 O
0 0 0 0 0 O
-1 0 0 0 0 O]
0 0 0 0 1 O]
0 0 0 -1 0 0
0 0 0 0 0 O
C= (2.16)
0 -1 0 0 0 O
1 0 0 0 0 O
0 0 0 0 0]
%18 x J7 1)
0,F +cd AF =—J (2.17)
HH AR RS
(0,£c0 )F'=-J" (2.18)

AP HRE A XS R PTIAP=A", LSRR P AERE A FIARNE KA . B
ATTFRQAT) A LLE
OP'F+co AP'F=-P'J (2.19)
AR A HOJE (2. 14) AT ARG LR f AR AR R 4 KRR P, AP

-1 0 0 0 0 O
0 -1 0 0 0 0
0 0 0 0 0 O
A= (2.20)
0 0 0 0 0 O
0 0 0 0 1 O
0 0 0 0 0 1
0 0 1 0 1 0 |
0 1 0 0 0 -1
L, 112 0 0 0 0 0
pl== (2.21)
200 0 0 2 0 0
0 1 0 0 0 1
0 0 1 0 -1 0 |
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(2.22)

0 -1

-1

0 O

0 0 0 0 0 O
0 0 0 0 0 O

AP =

H(2.23):

=

—P'J A LA

FTLA 5 FE(2.19) 0P F +¢c0 A'PT'F

0 -1

-1

0 0

1 0 0 0 -1

0
2 0 0 0 0 O

0 0

1 0 0 0 -1

0

2 0 0 0 0 O

1

‘210 0 0 2

0

210 0 0 2 0 O

1

R 7R (2.23) TR 4 ] A

(2.24)

B +F

5 SRR RPN T YA R, A

)
v
N
Q
Ez
L .
5 R
[T
I w= 4%
RS
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LR TTFE (D, +¢0,)FF = —J* Il 5 Fm i F B R(2.5):
Fi=B.tE,

F'=B FE,

O,F +c0.F: =FJ,

0,F'[tco F'=4J,

T DS SHALE y A 2 77 BIPRS00 734
R

2.1.3 FDTD E;4%0 DS xRy bb3k

Hi EIR R %1, FDTD Al DS JE M RHESRANR S, Ssheas 246 AL
EASE PEM O BOC R X P AT OB A4k P IR NGB0 B, 225
Y= D i 73 7 RE A (2.3) T RATR AL A

OF . 0B, J.
ot oy
OE OB
L=—c—=-J 2.26
ot ox 7 (226)
0B, E, OE
=—c +c
ot ox oy

AR A P AL, WK HS FDTD Sk Wil Ji FE41(2.26) n] LS il %

Ak

AP BRI T VDU U I S S
E'(i+—,))-E"(i+—, B (4 —, j+)-B " (i+=,j—=
i+ DB 2]):ch s+ ) =B +5,7-3)
At Ay
P N e PPN VIS RO B
E (i, j+-)-E} i, j+2) B i+ —, j+ ) =B (i~ =, j+ o)
2 2 _. 2 2 2 2 (2.27)
At Ax
PR B | Y B | P | n 1 T B T
B i+ =, j+)-B i+, j+2) E'GQ,j+0)-Ei+,j+7) E!(+—,j))-E!(i+—,j+])
2 2 2 2 __ 2 ’ 2", . 2 ’ 2
At Ax Ay

X AR A R AT, H I T LR ROy
E!(1,J)=E, expli(wnAt —k 1Ax -k JAy)]

E(1,J)=E  expli(wnAt —k IAx—k JAy)] (2.28)
BI(1,J) = B., expli(wnAt —k IAx -k, JAy)]
B ra i 2E Q2. 28) A BI(2.27)H, ATEMS B KA
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sin(k Ay /2

E, = cArByy : 4 /2) (2.29)
Ay sin(wAt/2)

__¢AiB,; sin(k,Ax/2)

W Ax sin(wAt/2)

(2.30)

E
B_,sin(wAt/2) = cAt[% sin(k, Ay /2) - Eyosin(kxAx /2)] (2.31)
Y

K ITH(2.29), (2300 RARI2.31), WIA43%] FDTD SHkm £ (5 MOk &

[sin(a)At / 2)]2 _ [sin(kXAx / 2)]2 N [sin(kyAy / 2)]2 (2.32)
cAt Ax Ay
IR
., | eAt, ., cAt, .,
w=2sin (\/(—) sin’ (k,Ax/2) +(—)” sin®(k, Ay / 2) )/ At (2.33)
Ax Ay
T AFE G A2 TX(2.34) ) 451 1
1 1 1
V2 () < (— )2 2.34
(Ax) +(Ay) S(CAZ) (2.34)

BWOCAIRE o A A, HAARAWSGEE . XQ2.3HWHFRA Courant o
PEZRAF[51]. BB Ax=Ay s Az =Ax/2c, ABAWS TR I L Ar < Ar A BELR
i FDTD $Sikfa . K 2.4 KiRHE FDTD B #i5¢ &R (2.33) 15 2| 11 4H & &
v, =0/lk 51

(a) At = At, v, [c]  (b) At = At/2 v, [c]

1
0.95
0.9
0.85

0.8

05 1 15 2 25 3
k, Ax

K 2.4 ANJE]E AP KR I FDTD $UE (A0 &

HiE 2.4 w50, 3L+ FDTD Sk EUE (RO R ABOEALAR T 7] M 18] 25
KAFRKIIR R PR, AR OBIC B b s AR SE
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HORR, WOEAFBE KB MIAHEEA—FE, B PEVIGHOCEE R, X
T Ea BOC ZR a1 R IR BB 152 22 06T I TR) B 2 IR B 4EL JE S B 2 .
MVELCE, BT kg DS HyEREUEAHOCR. L& nTH, X4 P
PG, WP DS SFvknlRE A2 v i RS
E*=(B.+E,)/2
OE' O
a ax
OE,  OF;
anl el (2.35)
E*=(B.TE)/2
OE*  OE
a oy
OE. OE.
a o
W LA AR WA Rk (2. 28) A B(2.35) 1, 1 f4:
E" = E  expli(k,x, +k,y, — o(t, + At))]

0

0

0

_ BzO + EyO . BZO _EyO .
—Texp[z(kx(xi —Ax)+k,y, —ot,)]- 5 expli(k, (x, + Ax)+k,y, —ot,)] (2.36)

B =B, expli(k,x, + k,y, - wt))]

Bzo+Eo . Bzo_E)o .
== explilk, (x, = Ax) + Ky, — o, )]+ == expliCk, (x,+ Av) + k3, — o, )] (237)

E}" = E, expli(k.x, +k,y, — o(t, + At))]
=—B_explik,x, +k (v, — Ay)—o1,)]/ 2+ E,, expli(k,x, + k,(y, - Ay) — wt,)]/ 2
+ B, expli(k,x, +k,(y, +Ay)— ot)]/2+E , expli(k,x, + k,(y,+Ay)—ot,)]/ 2 (2.38)

B! =B,y expli(k,x, +k,y, - o(t, + An)]
=B, expli(k.x, +k, (v, —Ay) ~at,)]/ 2= E,  expli(k,x, + k,(y, = Ay) - 1,)] /2

1

+ B, expli(k,x; +k,(y, + Ay) - ot))]/2+E ., expli(k,x, + k,(y,+Ay)-at,)]/2 (2.39)

Kl 75 FER(2.36)~(2.39), T DS S M EE B O R /(2.40):
cos(wAt) = %(—1 + cos(k,Ax) cos(k,Ay) + cos(k Ax) + cos(k,Ay)) (2.40)
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H120(2.40) AT 5, AT R BASHIAGG, HABER o 7 LL— B LR UE N S5,
JIT LLIFANSZ Courant £8P 45 BRI, AH DS 535 1) A& /NI ) 22 25 A
FERI R RAt=Ax/c=Ay/c=Az/c. B At=Ax/c=Ay/c=-2A1, NI

A[15 2 DS HiEA FDTD 83k o R 40l an il 2.5(a)F(b)Fis:

(a) At=-2At, v, [c] (b) At= At v, [c]

2 5 0.95
3 15 :
v
; |
0.5 -

152253 0.5 152253

Kl 2.5 (a) DS ﬁ&ﬁ@é%&ca@%, (b)FDTD 3111, ﬁﬁwé%i

HIB 2.5 /%0, H:T DS 53k, WOGHEIEASr LR EE R, X2
T FDTD ({51 . £ PIC B, REZAGOUAGER I IEASS, Prid DS ik
BN 34, HeT YEE M 1) FDTD S0k, WpfE #R 3An 71 B0 1
AL, ARV IR 132 T DU, AREER I (A 2h B4 E0R i B, Xl
BEIN T VSN TR RN G REAE L . P LEVRISK G, DS $AE T FDTD 5034, Rl
KR TA RENUR R PIC #idthh DS SATE & A, ] DA G 50 fe (b ok (113
7. B 2.6 23 VN FDTD A1 DS Bfq 5k, S ABOL 1 2% e 528 PR RS
PSS TR %0, R FDTD &9, AR @i o s, M
IS K o 21 RGBOR, T DS S ORA A2 J LT AR
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1 . :
Ao /AX=5, At=0.7t.
FDTD
0.5+ b J
Y oor | |
LIJ>-

0.5} .

Incoming wave DS

0 5 10 15 20 25 30

X [Ao]

2.6 A FDTD 1 DS 535, B NGB8 AR 2 AR RSN I )20 K S
12240 [52]

2.2 BB HENEEEZX

fE PIC b, EFm0nAiG, Rk —AN T ER T2 T4
M, SRJGHRE R T2 5 7 FR(2.4 1) T 55 HB IRF 200 ()38 3 R0 A7 B 254 U

F= q(E + VX E)
dP —
—=F 2.41
” (2.41)
dx_-
dt
WM T A 2.41) ] LS & 73 TE3(2.42), (2.43), (2.44)
u=yv (2.42)
—1+At/2 —1—At/2 —1+At/2 —t—At/2
u —u q = u +u —t
==|F + x B 2.43
At m[ 2y ] (2.43)
—t+At —t —1+At/2
X —X u
At = yH—At/Z (244)

30



b B A T _E AR S B ARAR 5P T AR 5 A S Ak /2013

5 PIC BEfplh, 50BN EOT A 107 LU E, 3X 2 PIC H ke CPU i
(PRI 40, TR I e de X ) P AR B I B by, BT DLl sk A =(2.42) 72 — A
RIS PEFS R . 24HT, Boris-Push H.y4[53]18 4 HAG e sy, RE & SFIEME
U, G SRR SR SY, 5 B o o B0tk i e =X eR B T I bR v S R, s ) )
WA R PEAE PIC B3 5 A B o Boris-Push 5735 (1) 3L A AR 2 ok 1-is
B 77 FE I I A R e e A oy s ok, @il 2.7 B e Se ot i — i 2 (1)
For 3 A AN I TR 5 K AT H Gk, AR IS MR R 1 BT 32 I ek ik
J (P 5 Ok i L AT e e, dp i FAE B8 AN 2 I TR) 20Ky HEAT H 3 o ke U 43 34
RN AR AR U N N SF R ET B WAk

—t—At/2 —-— -+ —t+At/2
u —>u —>u —>u
(a) (b) ot
—1—At/2 400@/& ¥
u 66#;%/7 @ Rotation by magnetic field
(S
qE At ? ﬁfs{ >
= = —~1=At/2
m 2 - - u
u
& &
£
ooé 08(\
‘?“%eoo
(0) -
At At
&FMZ : ________—»Hm/z ;z—m/z 17+Az/2
_ ! u
9E AN
m 2 - -
u
2.7 Boris-Push 55K gk 112 80 7 FE 13 A [0 AR
Boris-Push H32 ) HARTT 08 i e Ak B R EAR A 2.7(a) R ()R B X7 2
(2.43)5 A e T B0 (2.45), (2.46) :
P L) (2.45)
m 2
;t+At/2 _ &+ +££ (2'46)

m 2

R (Q2.45), 46)NF(2.43), WA Ed ) EE
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u-u g

At _27/’m

HRQ.47) I %0, MR E G o] ol B R u WM I e A, LA
FIIRANAAR, FUE T ) AR

(U +u )xB (2.47)

u |=lu" (2.48)
Boris-Push 575 5 ki 112 80 5 F2 A I HARTE 8
&Hm/z _ - +££
m 2
ur=u +u'xs
1_,1.7 Ijlt At/2 th Et
2m
u'=u +u xt' (2.49)
f=dL g
2y'm
s=20[1+1"1]
- 2
y' = (1+‘u _‘ /)"
TR Q2.49E FIRE A%, A TAE, FRAT0 BUR 2 &4k ok (2.50)
;l - ;lthz/z_i_q_AfE’
2m
= (2.50)
—t+At/2 —
u =Ry +1= 2L
m 2

Fo R 03 x 3 (T BvRR R, X6 30 ol il g e o a8 O e i~ A i
LU &5 ORI BERAE R BR R, th3(2.49) T A,

A qE A Sy +u><s)+qE Al (2.51)
m 2
Hor:
w'=u+uxt'=u +[Tu" (2.52)

u'xs = +[Tou)xs =r (u +[Tou)xt'=r,, (ETou +[ Tt Tou™)  (2.53)

PRI (2.5 AT A S 4
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—t
I;t+At/2 _ (; 7+;t'>< g)+ qE g
m 2
- e E A
—u ot (T T Ta )+ 222
m 2
ﬁ' ﬁ' _.' _ E:t At
= (4 7 ([0 Ty + [T T+ 220
m 2
m 2
BEREHFE R BIA
R = 1+ l/;’ndex([t']z); +[t']7); [f]i) (254)
Horr:
1'=(0,0,0,)
) 0 o -o
1Ty =|-@. 0 »
o, -o 0
_ qAiB_
T 2my!
Y = qAIB,
y Zm}/t
_ 9AtB,
°2my!
2
nndex :—_.2
1+H
BT LSERE R e & n] 5 hy:
R=1+7,, ([T, +[T [t Ty)
(+ o] -0, -a?)/2 0.0, +0, 0.0, -, (2.55)
=7 0.0, -0, (I-w? + a)j -w?)/2 0,0, +0, '
0.0, +o, 0,0, -0, (-] -0, +w})/2

IeJi, A Boris-Push SHIEA/E—AN/Ngs: K118 877 FE(2.43) T LLE LR 5 4
7245y B (2.56):
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i ;FA;/2+€I_A¢F
2m
- (2.56)
—t+At/2 —
u =Ry + 422
m 2
Hrp:
I+, -0 -o})/2 0,0, + 0, 0.0, -,
R=r1,,. 0,0, -0, (l—azf+a)i—a)f)/2 0,0, +0,
0.0, +o, 0,0, -0, (-] - +a’)/2
_ 9AIB,
Y 2my!
Y = qAIB,
y Zm}/t
_ 9AtB,
©2my!
2
nndex = —_.2
1+ ‘t"
1= (a)x,a)y,a)z)
. 2
y' = (1+‘u _‘ /)

23 NFZNIEE

SRR I8 3 T FE(2.56), B SCASANTE AR AR 1067 B 1 WL I A 3 K
Ny BRI IE . AE PIC AU, (a0 A MRS A i b, TR 7 7] fig
IPATAERAL A () AR AL, B L ZICRA% i BRI 3 (E Nm BRL A2, 3RS
IERIRL 3277, A WIAE TSR AT RAR K I AE M AR 220 g — ]
AL, PIC R v EORL B o BAT @ AR o0 A, AFE— s X8, 1%
20 € M0 A PR AUR] LCRERL 1 1) S P n ey, 65, 2B 10 LRSS 0 A /8 M
Ak s b, I ERAE A, T ] SRS FRL 7 2 . fE PIC
B, RO RORL T AR — AN, R R e AR A, BT sk
N REIKL T &1 2.8 4 2D — B O T UHSHORET (8 F A 2 AT A 32 i E s 2
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(@) (@) (Qliv1, j+1) (b) (Eij1,Bijwtdije1)  (Eiet,je1, Biat jo1 Qi jo1)

—_—

(9 (Qi+1, §)
J J (EijBija.j) (Ei1,j, Bi1,j, i1, )

2.8 2D —r L R VSRR (@) H AT A A (b) 32 D dd e s s, e g
Kk TR B
HHE AT LS R
gE =q> W (0E,
! N (2.57)
qB =q) W, (x)B,
S (x) S A x R BB T2 R 25, B PR A, S A
M, (x) AU A, ATRPERF SR, 2.1 S T A A
B [54]:
2 2.1 AR HLAT o A BREL R, Sorh d N 4RSS

SRR B FIT 5 WA ECKIED)
NGP 0 14 B e =
CIC 1 24 RS B
TSC 2 34 HE:H s
PQS 3 44 B M, g

B BOB S, A BRI BUE MR PN o R ORES AN IR AT SR AR
1D B s 0 A R EU(TSCO W, (x) o 1] 2.9 A7 K x (R FoE 1D 5 R i —
Py B AT 43 A1 R 52 ) 4
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X Z
| | |
1 1 >
% X 7 A
-
1 0 1
- Vox< V5

K 2.9 ALE N x RL3£E 1D 1500 B 1 =B f A 73 A M52 7 3L

L LA 43 A BREC Y (o) 6 FC S840 1 = AN WA 2 (= 1,0,1) T LA e — o6
WITREIE
(2.58)
W(x)=W_(-x)=cx’+dx+e
FoAok AL B x VRO RS B H A, e X -1/2<x<1/20 Ryit
TR QST E R, HER T TR E x=1/2, WH:

{Wo(x) =ax’ +b

w,(1/2)=1/2 ald4+b=1/2 a=-1
w1/2)=1/2 c/l4+d/2+e=1/2 b=3/4
w.,1/2)=0 = cl/ld—-d/2+e=0 = <c=1/2
iVKl(l/2):O —c+d=0 d=1/2
dx —a=c+d e=1/8

d d
—W,(1/2)=——W,(1/2
SN (/2) ===, (1/2)

JIT UKL BT 40 A SR B0 () 7T LS
W,(x)=-x"+3/4
{VV]<x>=W_1(—x>=(x+1/2)2/2

MBS ALY, W (x) A AT

(2.59)
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3/4-x" (x|<1/2)

W(x)=4G/2-|xP*12 (1/2<|x|<3/2) (2.60)
0, Efth
2.10 MAEALE x KL 1D TSC I B 53 AT b KL (x) B 5
W, (x)

K] 2.10 £EA7 B x [Fki - 1D TSC (1 HLA1 45 A1 BR B 1%

TAb AL 1 LA 3 A R B0 () PT AR I [ 1 7 V5

Fs 1D (9w, (x) ¥ N 2D 2 3D (B ABARE A, w4 B S A
AL A EL BRI A A TR FLART 0 AT D05 R 8 26 20 BE () FL Aoy 20T I A e B 43
Bl 2T 0 Ao LL 2D TSC 20 A B ECA 1], RSSO0 T [ LA A 20 A1 1
AR ARIT I 3%=9 ANPRE 5 L, BB, w3 RLFAE x Ry 7 i) b EedRi
AP SRS, T 2D FUAR 23 A1 B AT LU

W, =WW, 261)

2D TSC [T HUF o3 AT R EU I O~4 WKL 43 A1 T it FH 14 5 50T LUTE S

FER 211 REBL R
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@) (b) — 1% order
(i-1,j+1) (i,j+1) (i+1,j+1) — 3%order — 4™ order
. A

\k\\l
7\

/

7/

(i- 1,j{1) (ij-1) | (i+1,j-1) // \\
| =

Kl 2.11 (a) 2D TSC BRL- HLfar 40 A1 B EME (D) 0~4 Bk 43 AT BT o FH 194 4 25
N, HrR SO R T AR A

24 RREEITE

P T RE(2.62) nl %1, AF HL VTSR IS s 2 7= AL SRR s, 1T I SR
FEL YL AT DA AR A 22 5 30743 7 R R At 1 P T
op=-V-J (2.62)
N EBME VR as s R, TR kLl — e iR 2, Frbli
AT PP TR AR ST X8 0 SR AR L R 5 B A0 AT T = env JFASBE ™A Tl AL 1 4 7 15(2.62),
T 75 SRR O X L 3 BE4T B TE[55], XK, AL T IHH4710
o B VISR S 38 v AL P e R 6 A rRL AT SR R 2, T ) LB G SR AR YA A
JifE. HHIESETFE(2.62)n A1,  FEI AR B TT Hokr 1 ) H fer B R A AR R AE . A
PIC #iflH, TSR IFAE— A, ] L O H 0 E v an i Ay, %
&, 7R R AR RS A A A, 1% 50 A R T4 S (AR A R BRI kL 1
MR E, TSRO BT LR e B T SR AR A e o LR SR
PRI SR~ A LB AR % A L i B 0 P R A B R A R, PR ) L Ay
S PR A A A B R A R LR o ABBE R T 1, e, B 20 L BT AR
PR EL AT 5 JE 20T 20 90 R R B 7, RO W, U8 Ik 553 ) B A 35 P ARy -

AR

T=W, -W, (2.63)
DN SAJ 8 7= A PR HE I 28 B AR A AT Dy :
q Ax q Ax
=27 _2(w —w 2.64
V At Vm(l°) (264
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2,12 45T 2D TSC Ki HLfT 73 AT BRECLE B I TH) 28 K P9 AR 7= 2 L T
FERERRER . EEERE, AHEIEE A, FAr % B oA 1 AR 2 2R
AN, BRI AT PR B A i g . 5546, vHEOR AR AN IR 2P K N aE B )
BE B vAL AN TR KN Ax . X DS SR SK AR 27 v 6 5 R ) PR R A
At=Ax/c=Ay/c=Az/c Al LLORIE, 5 WPRE T (138 33 SRR T . 78 FLfig
SFIEISAE T, J. Villasenor Al O. Buneman %5 H T JE T — B 4341 CIC Y HE
W BT R TTE56], (HINFE BRI S IL G, HiltHEIRAER R 2. m)E T.
Z. Esirkepov #5H TAE R B AL far 73 AT R £ B LA FE TR g — B [57], 1%
A rPAHEH T PIC gafiH

(i-1,7+1) (i,j+1) .(i+1,j+1)

(i+1,3)

(i-1,j11) (i,j-1) (i+1,j-1)

4 2.12 2D TSC Fi-1~ H iy 7 A bR 2 AN IR TRD D Y A ™ A HL 3 L (R s i
&

2.5 PFHlifERER

(EEEB R, R IORERE AR v RS T 3 n R v oo nT 2,
U, PRI 3 S A 3 AR, R IR AR ] RE IR B L A KT AR B TR
®, s V2o, IR 2R K 5 0 55 8 1A S )2, AN AR E T
[58], MEHEIIAGE, FrUAFEXLLtE L PIC BEfUlHh A2 In AREHEI . T. Takizuka
ST 1977 FESEHAE PIC BRI MARREREEI R [59], 1998 4 Y.Sentoku
S P AR RIERE R AT T AR B IE[60]. il F. Perez 25 A 25 AN L 5286 %
Ak Z R T AR A 2R R IR AFA 18 AR RIE S AR (610, THA SN TRE . 2 ROk 1R
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AT Y Sentoku MUPEPRREREBIN . 7EPIARBEERESER . 4R T 103 R/
B, (FE AR R . 5 AMB BRI A SO b T IO B . WKL T ot
BAES W H AR R F(LAB)YENE A (B, ) » (P,.B,)s LoVl 2Ae i 1
MOk R OF (M) I B B (PR ) L (PR ), L

B, =[B|py =B, P, =[PP, =|B|. st zAs T AR T, g CM Akt
NI LA
V, = A (2.65)
Vacm
B
Vﬁ = (2.66)
Y g.cm

_ _ ¥, -1 _ o . _
;H‘:EPPa:pa+CM—2(VCM'pa)VCM_7/CMpaVCM’ Pﬂ:_Pa’ ya,CM:
P

a ’
Vem m

o

o
Voow =Ly gy =2 Ps N R Q.65 R(2.66) T 1 3

s Yoy —
mg o P, + Py o 1—«/VCM2 /c?

CM AABR AR N PARLT (R AT T3 08 -

v ——_Vﬂ
re’_1—\7a-\7/,/cz
FEIX LR 5] B =N AARR &Rk 1R IR AR AR R(OPR). fEIZAAFR R T, W
P IR0 7IN ) BEREARE A3 -

o~

(2.67)

47z(e e, ’n InA
_4n( azﬂ) 1 (2.68)
prelvrel
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cos(b,)cos(y,) cos(G,)sin(y,) -sin(6,) P 0
—sin(y,) cos(yy) 0 P1=l 0 (2.70)
sin(@,)cos(y,) sin(G,)sin(y,)  cos(b,) P P
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Px

Kl 2.13 CM Ah bR &R 1180 &3 25 )

VUG J5 KL o 7R CM ABR 2R T I8l 04 :
(Psing,, cos®d,,,Psind,, sin®,,Pcosd,,) (2.71)
o P=P,sin(6,)cos(y,) +B, sin(6,)sin(y,) +P,cos(6,) s D, Al FE J7 47
i1, WHERBONAL (0,27 JA IS 0 Al @, ~ U(0,27) -
%f (Psind,,, cos ®,,,Psind,,, sin®,,,Pcos6,,,) HE47 A bkl I e, ) Ay
135 CM ARFR 2N Rl 5 IR 5 5)) AR A

AP. cos(G,)cos(y,) -cos(by)sin(y,) sin(b,) Psind,,, cos®,, P,
AP, |=]| sin(y,) cos(¥) 0 Psin@,,, sin®.,, |-| B,
AP, -sin( 6, )cos(y,)  -sin(G,)sin(y,)  cos(b,) || Pcosb,,, P,
(2.72)
WY EAZ(2.72) AT 15
P'=P, +AP (2.73)
P,'=P,-AP (2.74)
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e -1 = .= _

p,'=F, +}/CM—2(VCM P, Wewm = YeuPVeu (2.75)
Vem

e P ]

Py’ =Py +%(VCM Py Wew = YemPsVou (2.76)
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B Memory Used [ Memory Cached

250

0 ,, (a) With memory : (b) Without memory
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Time
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