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/ ey = —% +7o(k) [Imk <0
0

ke**dk = —i2nd' (2

o0

/0'%wz— +7d(k)  [Imk > 0]
/

%22>0%%$T#$EWT EAMMR)
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5<C‘I'—I',‘—(t—t/)>:/_oo2ﬂ_e [I |/ (t t)}

/ " dwelrco ol - 1 / el C#) (0]
0 2 /)

=16 [r(¢, ) —7 (¢ 9)]
(¢~ ¢)

= H T =dTt
FCp) T ST T/

AW ZE/RAEURTT . A5k

So=r) =0 [ k0T, (k) ik, 3 (k=) =k [ Tu(k0), (o) oy

Hrp, T N2 n B DUE/REREL

S PRETHYR A= — Poisson RIS =, (Poisson sum formula)
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<EFH B.6. Poisson KA1/, (Poisson sum formula)

Z e~ = or Z d(x — 2mp), Z e~ 2mk — Z d(k —m)
k=—o00 p=—00 V=—00 m=—00
> : 2T — 2w
—i(w—Q)Tok _ 2T _q_T
Z e T Z 1) (w Q T0p>
k=—0oc0 p=—00
R B vh A e o

o ** AEATIRIKIA BN 6 BRI, T sine BREIHR

L/2 : L
S ! eik—ko)z g, — L sm [(k — o) 5] = L sinc(z)
2m ) )2 2t (k — ko) % 27

Hrp, o= (k- kg)%o IH—4 PR &Y sinc(z) Q1 B4,

1.2
1l
0.8}
0.6}
0.4}
0.2}
0
-0.2}

—'(sin )I()/x
=-(sin mX)/(7x) |

0.4
10-8 -6 420 2 4 6 810
X

] B.4: sinc(x) AL SLECNAIH K sinc(x) BEL, REZGHRIH—1L sinc(x) BR%L AT, sinc()
PREL (SLER) MIREAAE kb € Zgo, VA—1k sine(x) BREL (LK) MIARKAELE k, k € Zsoo

—48 sinc(x) RERFIE DLW

i B.4. sinc(x) BREUEME
B T sinc(z) A w A TR RBAZ 5 T8, Hw=2rf, 5 a—LHAF 1A X%,
VATAB )2 —4 sinc(z) &4, A
° j}"‘dﬁﬁiﬁ\;ﬁ
d cos(x) — sinc(x)

. . /
— sinc(z) = sinc’ =
dx () T
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/sinc xdx = Si(z) + C

£, Si(x) # sine integral, (& XIL)5)
° —}j\'—’]{gﬁii/ﬁ_ ]i‘ﬂ', ke Z;éoo
o A% ¥ et I3 A 4B F HK (rectangular function)

/ sinc(t)e 2™t dt = rect(f)

—00

Koo, BRI LA

0, ifft[>35

t t
rect <a> =1I <a> = %, if |t| = 2
L, ifft[< g

Hd, — AR

/ snm) e rect(0) = 1

oo TT
o J3—AL sinc(x) 4K HG HAF E et T A
/ rect <t> ceT2mtdr = asm(w;f) = asinc(af)
a

o Ta

%

/_ ” rect(t) - e~ tdt — Smoi‘“/‘;/ 2 _ sinc(w/2)

° —}j:—)i %ﬂé&%}{(ﬁ"ﬁ ﬂ—_ﬁ

k2k

S1Cc T 2]{ + 1

P%

o AT BEAFRETH
sin(mz) = a?\ 1
Tr H <1_nQ> T +2)T(1 —2)

n=1

o Ak )a—4k sinc FE, VAT M H IR S B AR5 A 5 i VT A8 A 2

2
sin x 2
~e z%/3
X

B.4.2 B¥ e

e N AT, R, TR A, 5
435 Sokhotski-Plemelj EFH

m

Blors FTPgEEA

o PA¥ETE (residue theorem)
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EH B.7. e
ST HEH AL, A FE 2 C EMHK f(2) € C, EEFEBITH ML
C AR g, Ak C AR BIRGILE 2 sShLBAT, WA

yﬁ f(2)dz = 2mi ZResf(zj)

H o, Resf(z) ARk f £ 2 898 2.

i ATA 24T A B

@ £ Jf) Mathematica % Residuel[f,{z,z0}] #4-, st JH f £ 2 = 2
8 2K
B B.8. M 5B
& 20 A f(2) 8 m B E (pole), N f(z) & 2o 498 #32 A4 Resf(z), A
1 dm— 1
Res f (z9) = lim [(z = 20)™ f(2)]

(m —1)! 2=20 dz™~1

o FPGFAS}/3 3, (Cauchy’s integral formula)

EHE B.9. FIPUFR 443K

& f(z) € C £ 2z € C A& LM (analytic), PpFi4 f(2) &£ @3

W& CARELNFRMBA, WHTLER:
l@%ﬁzo do B E R 242 = 2
czT 2mif (20) 4o RBE A

Hb, BESATH @B AT T B A ER

AL X BT B A
1 [(2)
f(z0) = 2 Cz—zodz
(n) n! f(z)
f ( 0/ = 271 C(Z_Zo)n—i-ldz
E¥, o n AEEK, F) KR f(2) 8 n ks
D bR K A AL R A LB, ML R A

H AL S S i,

A FEFRZER, 0 = 0 eREY f(x) /o BIRAT, TIA
(/ ifdx:mﬂm

e} 3 [e.e]
sinx cosx .
/ dr =, / dr = +im

o T oo T
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Xfsin 500, MYz — 0FF, sine/z =1, iz =0 A2 WAL A cos [FIL, #%
LRSS PRSEATHp] . BOES s $Z TR Fh ST Bip], B .

BHE., W SEEUW 7Y 32 {H (Cauchy principal value), N4
Pwn/m ST g =, I?V:/ €O 1 =0

o T oo X
X E AT PG SR E SRR SRR oA O B 2 AR, W BBUR FR A 7 30

—f, EXWR:

B B ER FTP RS

c b—e1 c
/ f(x)dx = lim f(z)dx + lim f(z)dx

e1—0 a e9—0 b+€2

;t—‘j}’, be[a,c]o %’%, X E Y £€1,€9 ﬁﬁi_,Lf']/Jlﬁ]/]\?_o

AT AR LA
c b—e
P.V./ f(z)dz = lim [ f(z)dx +

e—0

fayie]

b+-e
xF, bela,clo BF, XZbEALERME c AR —AE,

PeAL R Z ARG, AT AR R ML T, MRA AR S BB ET
7 AR 89 JUAT & S

TERFRAOHEOTRER, HRIH T Sokhotski-Plemelj i@ PRl 2 A2 R ETF 77

£ B.10. Sokhotski-Plemelj & ¥
BiX f(z) EAF@2z=1 —l— iy AmMEK, A
lim dm /(@) =P.V. / + mif(0)

e—0t T F 1€

Ad a<0<b, P.V. ﬁ#T&ifﬁﬁ"/\ A R hﬁk&aneﬁﬂc%i
=P.V. <x>iz7r(5( )

lim
e—0t+ T F 1€

b b

, f(z) - € : / f(z)
1 dr = 1 — d 1 ————=d
30+ o T Eie =T e—lgl m(x?+e )f(x) PO o« T2H+€E v

=Finf(0) —+ PV/ f

#: %3] B.4 ] Sokhotski-Plemelj *EFE, FiiFfn F 14

/wmfem=1—geqm@yﬁﬂ
0
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[ |
B.4.3 — U5 = A ek HOH DG IR RS
AIRER LA P — L 5 = A R B R R4
00 c 2 [ee) : o] :
/ d$sm2x :/ dmsm2x :/ dxsmx _
0 X 0 X 0 xr 2
.2 g 2 871'
dQ)sin“ 0 = 27 (l—cos Q)dcosﬁz—
47 0 3
WA FRBRA Hoo B, AR ER ) -
oo . oo .2 o0 L3 00 14
/ smmdx:m / sin :de:m / sin $dm:3—ﬂ-, / sin mdeQI
oo X oo X2 oo @3 4 oo Tt 3

L ERIRAFE oo B, LRSI sine Bl (sine integral). cosine 73
(cosine integral) SFRFFR AU I HEFTEER D, € LU

E X B.2. sine 14 cosine 14 F8EF

sine FR 4~ & LA
T sind

SMﬂEA 5o

(m@z/‘fﬂw:—/ ﬁfw

oo

cosine A2 4 & SUA

3% #4475 (exponential integral) & XA

oo ,—t
EN@E/Qetﬁ

x t oo ,—t
lm@z/ iﬁ:—/ %ﬁt

-P‘:-‘:F' 5 11H15H0+ El(—l' + 1,5) = — El(l‘) F 1o tﬁ&}{(*f"%j’j‘g B.5,

B BHAP LA

4
3
2
i !
Hi
i 0
i!
e: At g e
as 2|/ o
i !
H _gli
15 -10 5 0 5 10 15 0 0.5 1 1.5 2
X X

B.5: sine f34>. cosine fH45>. FEELFH S,
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e

EN

%€ X B.3. Fresnel {43 C(z), S(x)

XA . )
C(x) = / cos (725) dt
0
T 2
S(x) = / sin (72) dt
0
AF N B M

C(z) +iS(z) = / '3t gt
0

X_# Cornu spiral 3, Euler spiral 3, clothoid(= 72 W ). & #4505 % & B.6,

A 69 B F KI5 Fresnel 424 2 LA
S(z) sin (#?) dt, C(z) = / cos (%) dt
0 0
HERARIMAHELRR, BEE.

B.6: Fresnel f14}),

B4 —MH BN AR

o AHIAHIEA

/ 1 d 2 - a—b ton &
——————dr = —————tan ————tan —
a+bcoscx cv/—a2 + b2 V—aZ + b2 2

x+\/a2+x2>,

/ dx —ln( /°° dzx B
N BV

25 VR RN 2% §B.5.
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/ dx 1 /°° dx T
— = Ztan'Z, e —
a?+12  a a o @+ 22 a

/ dx B x *° dx 2
(a2—|—x2)3/2 avVa2+ 22 ) (a2+$2)3/2 a2

r2dx . x . ( et 2)
@2+ 2232 Vi +a? nr amT T

/\/(;;fav2 \/m / Vel

/ xdx _ 1 / x _
(@2 +22)%?  VaZ+2? oo (a4 22)*?
o SIREREHR

/ t12e= 4t = /2T (i) o, T s
0

oo —aa: dr = \/7 / zax dr = \/7 i(m/4)
/ e b g0 \/?ebz/%” Rea <0 fHa #0

/OO eal@1=o)’ bl@a—2)’ g, — a;—lirb exp {a(fb (x1 — $2)2} Re(a+b) <0fHa+b#0

/OTeXp{w zb}ﬁ bTeXp{ f+\f)}, 0b>0

/OTQXP{TZYT +Z)}[<TCI_TT)T]3 = gwew{;(ﬁ+ x/6)2}, a,b>0

/L2 sty _ \/Zerf(\/&Ll) + erf(y/aLs)

L 2

Hrfr, erf(z) MiREZ K%L (error function, erf),

o LIRZE MBI IR IR R B SE L FF R G5 T -
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Y B4 REHH
%2 B B.7, &£ %% (error function, erf) & LA
z

erf(z) e dt

_ 2
VT o
XA & A7 £ & %K (Gauss error function), b4, EAH ZANE £ % £ (comple-
mentary error function, erfc)
fo(2) = 1 — erf(z) = — /Oo gt
erfc(z) =1 —erf(z) = — e
Vs
5 % 1% £ % # (imaginary error function, erfi)“
2 "
erfi(z) = —ierf(iz) = / et dt
v Jo
538 7 43R £ % 3 (complex complementary error function)
w(z) = e erfc(—iz)

_# Faddeeva % 3,

YA, REIRZE KBNS IR 2 PR (inverse error function).

-4 -2 0 2 4
Z
Z B.7: IRZEFEL

o PRI =3 7 R B A ER I AT 520 484 5 Dawson BREA 5, SE LANTH
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%€ X B.5. Dawson B
Dawson & # 5 L% (5% A B.8)

xX 1 o0
Di(z)= 6_:62/ e’ dt = 2/ et/ sin(zt)dt = ﬁe_g”2 erfi(x)
0 0
= —Z\;Ee_ﬁ erf(ix)

D_(z) = / e = ‘fexz erf(z)
WS F z=a+iy 2;\?@75
F(z) = fe—* erfi(z) = Zf [e—z2 . w(z)}
HF, w(z) # Faddeeva & #. Dy T VA &,

D. (@) = Fla) = Y Imu(s)]

D4(0) =0,D4(400) =0,D4(-00) =0

0.6 10
0.4
5
—. 02 —
& &
+ 0 0
_Q Q
-0.2
-5
-0.4
-0.6 -10
5 -4-3-2-101 2 3 45 -15 -1 05 0 05 1 1.5
X X

[%] B.8: Dawson PF%{.
o STREREHK IR AL A
e*% = \/12? /Z e*%*md:c 17 /Z ez =iz g \/Zeﬁii

/L2 p—az?—ibe g _ 1\/?632 orf ib+2aly orf ib — 2aly
-1 2 a 2\/5 2\/6
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& m 1
/ e "k dy = >\ (k+1)/mp <k+ ) fork>—-1, A>0, m>0
0

m
o0 a —b.1‘2 o 1 1 +(,l
/0 z% dm—2b(1+a)/2F< 5 )
1 > zk:z 1/2 Sgn( )
27r/ [isgn(k) — 1] |k|"=dk = 5 #27r|z]3/2
1 zkz 3/2 [1 Sgn( )]
1] |k|?/“dk = —
o | " lisen(k) + 1] 1 N
/oo dw\/geiixg:l:ex — ﬁ 1
0 2 (FeFic)*?
00 ) 1
dwﬁezxﬁ—ez — ﬁ
/0 2 (e —ig)*?

o B = PR BB HE BRI B — L8R3

/”/2 N
o 1+aZsin®0 21+ a2
s 2 T 2 8
sin“ 0dS) = 27 (1—cos 0)dcost9: 5
4 0

2

w/2 )
/ e sin(2z)dr = — [(g — 1)e? + 1]
0 q

™
/0 eP 3% sin(p sin z) sin(az)dz u

_ TP
~ 2a!

™
/ eP % cos(p sin x) cos(ax)dx
0

sinz 1/1 ok g,
x 2 -1
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2/”d$sin2x :2/2”dtsint :2/°°dtsint_2/°°dtsint
T Jo T T Jo t T Jo t o t

:1—;—’—% = 0.9028
0o eik\/p2+(z’—z)2 )
/ dz = imH, " (kp)
2 /

st HY (2) = Tn(2) + i (2) Fr— B4R 54 (Hankel function).

B.4.5 =A% Wb e R

o —HKEESE
sina cos B = %[Sin(a + ) + sin(a — B)]

cosasin B = %[sin(a + B) — sin(a — B)]
cosacos B = %[cos(a + B) + cos(a — B)]

sinasin 8 = —%[COS(O& + ) — cos(a — )]

e (%5)
sina—sin5:2cos< )sm( 5 >
cosa—cosﬂ=—281n<a—2'_)s1n<a;B>

sina +sin 8 = 2sin<

cosa + cos B = 2005(

,2(04) 1 —cosa
sin“ | =) = ——
2 2
2(a> 1+ cosa
cos | = | = ——
2 2
¢ 2(04) 1—cosa
an“ | =) = ——
2 1+ cos«

sin(a £+ ) = sinacos 8 + cos asin

cos(a £ ) = cosacos 3 F sin asin

tan o & tan g3

t + —_—
an(a + ) = 1Ftanatan g

sin 2a = 2sin acos 3

cos2a = cos>a —sina =2cos’a—1=1-2sin’a

2tan o
tan 2a = —
1 — tan“ «
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cos® o = §COSO¢+1COS304
4 4

3 1
sin® o = Zsina — Zsin3a

2 . 1. L.
COSs asmazzsma—kzsm?)a

2

. 1
cosasin® a = Zcosa— 1008304

o 23 ()"
b2 + 12 —2brcosy + nz:l<b> cosnx

n—1 .
cos [z + (n — 1)y/2]sin(ny/2)
cos(x +my) =
e

sin(y/2)
n—1 n—1 .
Z sin(z 4+ my) = cos (:c + my — 5)
m=0 m=0
_ cos[z + (n — 1)y/2 — w/2] sin(ny/2) _ sin[z + (n — 1)y/2] sin(ny/2)
sin(y/2) sin(y/2)

n—1 n—1 n—2

Z cos(mpu) = Z cos[u + (m — 1)u] = Z cos(p + mp)

m=1 m=1 m=0

_coslp+ (n—2)u/2]sin[(n — 1)u/2]  cos(nu/2)sin[(n — 1)u/2]

sin(p/2) a sin(p/2)
n—1 n—1 n—2
Y sin(mp) = > sinfu+ (m—1)p] = > sin(u+mp)
m=1 m=1 m=0
_ sin(np/2) sinf[(n — 1)p/2]
sin(p/2)

o M ih R EE RS = AR BRI, 2428 L1

sinhx = —isin(ixz), cosha = cos(ixz), tanhx = —itan(iz)

cschx = icsc(iz), sechx =sec(iz), cothz =icot(ix)

dx
Sinh_lt:ln<t+\/t2—|—1) :/
V1+ 22

1, 5\ dx
COSh t—lﬂ(t—}— t2—1)—/m

1 1
tanh 't = = In e :/ du
2 1—=x 1—z2

B2 XM R BUE S AN, B E 275 Kb, - https://en.wikipedia.o
rg/wiki/Hyperbolic_functions,
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B.5 e X 4Fzrd . TMEITFAKX. BHLKFn K

B.5 HpEER Rokebs PRI AN FHoRMAK

o SAMER A
B a,b € R, NI

2 b2
Reva 77 — —V“+2+“
/2 2 _
Imva+ib= %ba

m:i( ‘Z|2+a+z"z’ |Z’2_a)

Hr, z=a+1b,
© AN K e ST 5 B 0 W45 5 A AP 3 B 2 31

Tw+V1+w? = eismh_lw, In (w +vV1+ w2) = sinh ™' w

o DIZE/R (Bessel) %L: 53 9K NMHBIEEA
K BRIIERE éﬁlﬁﬁﬂ“ﬁﬁfﬁﬁ’]m%d\ WK B9, Hp, J,=0
B8 k MR A LLA T Mathematica $§4 BesselJZerol[n,k] 188, A, 25—,
B RBIER AN NZE/RR B S S — R IGER BB AN R &
), - TIn(z) cosnm — J_p,(x)

sinnm
In(x) =i "Tp(izx)

Kn(z) = gi”“ [T (i) + iN (iz)]

o) =5 [ s[4 28 = 5 [ [ (4 2
Ka3(z f/ Tsm[ <T+;T3)]d7'=\/§/o xexp[’i;):z‘<7'+:1))7'>]d7'

DI AL Kujs, Kojs AR S04 A 5], AAE BIO,

o Jacobi-Anger fHZF

o0 o0

gizcost — Z " Tn(2)e™ = Z i" In(2) cos(nf) = )+ 2ZZn\7n cos(nf)

n=—0oo n=—0oo

zz sinf _ Z j zn@

n=—0oo
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BS5S AelesEX. 45 F . AMETFAR. BH LN X

1 o 1
—J,
3,0
0.5 0 0
Yot
0 1 —Yi%
Y, ()
ML e
"0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
X X
10
—Ky)
8 —K,()
6 K, ()
4 _Ks(x)
2
0
5 0 1 2 3 4 5
X X

Bl B.9: 55— J, 55 K YV, MHXMAE R WIE/RREL I, Ky, Hrr, 55— DR
@%ﬁ( yl/ ﬁaﬁlg{& NI/O :&‘%:\" ﬂ:_/[ z—0 EH" jO — ]-3\7D>0 — 0710 — 17Il/>0 — O,yo —
—00, Vuso AAE], Ko = +00,Kpso NAEIL . KEMNF . To=o(2) BIRNEERA A R
Tv0(2) MHGIRIETEIRI IEZ SR8 25 v AR EHT, I ZIRESREUR I B R Ze i i

o

—Ky/s®)
~-Kys) |

2 3

B.10: HAETH SR RATE R EIN Ky y5(2) 5 Koyz(2)o
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o0

cos(zcos0) = Jo(2) +2 > _(—1)"Ton(2) cos(2n)

n=1

sin(z cos ) = 2 Z )" Ton+1(2) cos [(2n + 1)0]
cos(zsin 0) )+ 2 Z Jon(2) cos(2nb)

sin(zsinf) = 2 Z Jon+1(2) sin [(2n + 1)6]
n=0

Hrp, Tu(z) NE—En B WIIRREL A T-n(2) = (—1)"Tn(2).

© VAE A 2 SR TR b T R S A AR - ) B T A 4 e bR 7 I A Bt
méljo

o0 sin(y\/m) jo(ﬁ«/y2—22) 0<z<y<l1
Z cos(mpz) =

$2(t+1) _ i T, (2)

0 O<y<z<1

n=—oo
eZcost — +QZI cos(nb)
o0
e?sind )+ 2 Z )" Zon(2) cos(2nb) + 2 Z )"Lop+1sin [(2n + 1)6]

n=0

H, n()ﬁﬂﬁgxnlﬁﬂlﬁ}ﬂiﬂl%ﬁ\ o

o DISE/REEM S S HIHK R
2
EZ () = Za-1(2) + Zag1(2)
Hep, ZaLUg T, Ve
dZ,(x)
dx

Hep, WHRARA Jg= -7

2

= Za-1(2) = Zat1(2)

o —LEDUIE/RIRBUHRAYERE SKAD. B4k

1 2
2r /o
1 2
2m Jo

d¢ ede) 1T CoSP __ —3 é%( ) 2i /7r d¢6_ie¢eixcos¢ — ’Lzﬂ(fb)
™J -z

d¢ sin ¢e—lf¢+Z$COS¢ _ —Zé;%(.%')
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Je(z) = 1 /7r d¢ cos(xsin ¢ — Lo)

T Jo
i) = (-1 Tlw) = T )
i) = 5 [T1(2) ~ Tenr (o)

PR AGE

l=—00

ZJK(&”) ~ 2 1x— )

2

2\72@ 261’ (1 —_ xz)

Z Tg(%)Tn—q(y) = Tn(z +y)

q=—00

*© Jo(kP)

kg yadk = Ko(P),  Hrb, Koy =B IE DU/R AL
0

(o) eiwt . . 5
/ \/ﬁdt =2Ko(w), HrH, Ko —REMEIE WIE/RFE

0 ’iwttdt . )
N wKo(wr), H, Ko WS T EENME T ISR
oo (12 4 12)/

o] ezwtdt w e e g
— i = 2= Kiwr),  Hir, KOS KB B IR NI R AL
o (2422 T

1
/O 2R or)dr = L [30) + TG, Bk, T WE—EE AR

/a Jo(kr)rdr = gk71(/~m)
; k

-3 [0 + 720 - 2a0 20

M\H

/01 xjf(bx)

33'2
/jf(ax)mlm =5 [jf(cm) — jg(ax)jg(ax)]

1 o
——= / dkJo(kp)e !
VeR+z22 o
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< _ o —kz
W = /0 kdkJo(kp)e ™%, z>0
2T (p+1
/ Jo(B7) (1 - > ydy = RP(?BPJJPH(/BR)

/ J1(B7) <1 - ) Vdy = mjm(ﬁm

dep

d
/0 ijquQZ( VTvt20(x) = ma v>0

/OO vdxJy(kz) Ty (K'z) = %(5 (k—K)
0

00 ) 2'€
/ dx e Jy(x) = ! cos (Ecos*1 y) H(1-y|)

. T— 42
Hrp, H -/ Heaviside step function, M FREANT 5 Yy R E0EL B AL ERIE PRET (unit step
function), XK

1, >0
1, >0
H@) =43 z=0 # H@)=
0, <0
0, =<0

D) [F(p+v+1—a)]

/000 x”de Ty (x) T, (x) =

Hp, p+v+1>a>0,

1
2
20T [A(—p+v+14+a)|] T F(p+v+14+a)| D [F(p—v+1+a)]

/000 e +My\d; = \/E‘ [ —1/4(b) £ iI1/4(b)] e’

/OOO e—aw2+iwy\/adw Wy\/’? { _3/4 11/4(1)) + 4 [1_1/4(b) - I3/4(b)] } e_b

:/H\:EP: b = y2/8a°

00 u2 u? 32 p(&)

g v (20)"T(v +1/2)
/0 e YT, (bx)x"dr = V(@

o ) 2a(2b)'T (v + 3/2
A € I,,(b{l?) +1d - \F(() _(bQ)V—I—é/Q)
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o Heaviside step function F—2e4:

H(z) = |
2z
Heaviside step function A3 %E R EGI R 2R 5
1 1 1

Hrfr, kORGSR TR 25 B A

Heaviside step function 5455 2K % (sign function) ¢ & 7] 5 i,
H(z) = % [1+ sgn(x)]

5 Dirac delta FRELI R 2N SE, A5 R

dH () _
dz = 0()

LR AL (ramp function)* (5% ZO8— KB, AIE K

x r, T Z 0
/_ H(&)d¢ = zH(r) = max{0,z} =

0, <0

Heaviside PREY H () R BR ARSI E B11Z5 H

2 !
1.5

1 O—

#3%% K R(x)
0.5 1
Heaviside & #
0 1L i 1
-2 -1 0 1 2

X

B.11: Heaviside %Y H (z) 525 A%

SRR R LN S, A

R(z) = max(z,0) = {3 ! ig _ *2|"”| — 2H(z) = /_ H(E)dE = H(x)  H(x)

Hrr, * B,
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B.5 e & X, F5HH AMETFAX. BHEFNKX

T R TR
F'n+1)=n!, T(x+1)=2al(z), Hf', Rex >0
M@)(l—2)=——, 0O<z<l

sinx

1 2
~) ~3.626, T (=) ~1.354
[(3) e r(g)=sen r(5) =

F<n—|—1) (2n—1)”\/7?, neN

2
lim Lz +a) =z
T—00 F(gj)

I AR AN B1245 H

20
1571
101

I(3+1)=31=6

|

A+ =1=1
X X t -
—~ q 0+1)=0l=1 T@+1)=2-2

-10¢
-15¢
-20 T
5 -4 -3-2-10 12 3 45
X
[ B.12: T PR

o SCH (Airy) HREL

&SN
A'()——1 /Oocos —ug—i- d
Hxr) = o - 3 ru u
, dAi(x) L[>~ . (ud
/ —_— P — —
Ai'(x) = e = usin < 3 + xu) du
N Airy JrRES iR

Ai"(z) — 2 Ai(x) =

HE R IEVFIRREIN K RH
2 3/2 , 1 2 3/2

A SLFr Stokes T e, ANy (x) — zy = 0.

—_
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Br<1i, H
Amw:Aﬂm<1+;x+- )+Aﬂ®<x+ix+— >

Aw) = i0) (2 + e ) et (14 200 o)

/AI dx—A1(0)<x+x +-~>+Ai’(0)<21'g; +52 +>
Lo 1B, A

e ? 5 385
Ai(z) = —0 (12 4 22 .
i(@) 2ﬁx1/4< 722 27222 >

ae== 7 455
Af(z) = -2 & (141 22
i@ NG < T T o >

e e 41 9241

s (o] r_
/z Al (') dz 2y/ma3/4 <172z+2-722z2"'>
Hef, 2= 2592 5 1,

BT Ai(z). Airy 752 o' (x) — zy = 0 (55— AN Bi(z) — AR5
RIS — MR o Airy B Ai(2), Bi(z) FESRAECNIE B.13% o

-2 L n L -2 L . .
-15 -10 -5 0 5 -15 -10 -5 0 5

£ B.13: Airy BR%,

5 Airy & $ R L AroAa £ 694138, T A% A. Hofmann — 3 49 Appendix A, it
& RF LT R Y A2 At e

L] PR %Y (hypergeometric function)

B RRIRIRAL, WS pFy Fon . Hr, p,q NARSUEREE LR R E] AL
NVFEA TTRERIRR I — AR R 30 B, BANTETR . P25 TR R AR rT N
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BS Rl F X, MM EHRTFAX. SHRFAX

JUAT BRI R o 25 R WA 2 Fy, HE LR
oF1(a,byc;z) =1+ a—b% + ala j(i)jf(f; 1)9;
I i T(a+n)T(b+n)a"
- T(a)T'(b) vt I'(c+mn) n!
Horr, BIFAR 2 AT RAWCARIFI, 4 FIISEEG 5 TR 1T DA A I
L B REIZEC R BT REUR (method of series) SR AR5 7 R — P E—
PR TS, G, RTCATUN, 8L R g0 I 2 5o T R ) — R =
Xof— R gy T R
y" + P(2)y' + Q(2)y =0
WA =481 K (singularity) £ z = &,m, ¢, M REEREUE 2 0] LS Rl MIE

polynomial _ polynomial
G OG- 0G-0 TG0 P
Heg EaT AR, BB RAT /i 2 = &, CHeffidl w = 0,1, 00, HILHRE A E— B
A st T AR RO LA T LT BR L 2 P (a, by ¢ @) 0

P=

G JLT BB (confluent hypergeometric function)
SRR Kummer %0, 2 EASE LA B SRR, @S5 1F1(a; ¢ 2) Fon, JE
ST 1A 2 F1(a, by c; o) FIRETE R e 1F1(a; ¢ 2) WIS P2 PR/ AR L WY
BRECHESCHR,  Hotn (EAFRT):

FRECREL e = 1F1(a;3a;2)

1 2\ 1
e 7] B L o _ z iz - .9
B NIEREE Tu(2) F(n—l—l)( ) e 1 Fy <n+2,2n+1, 212)
2 1
REF orf(z) = flm<22 f)

LEAh, S LM R AU DL T AR 0 R
1Fi(a;¢2) =€ 1Fi(c—a;c;—2)
SWFEHIE, Yz > 18, f

E((g e?z%7¢ Rez >0
1Fi(a;c;2) ~
res(=2)7 Rez <0

WA FL4) (elliptic integrals)
AR — R AR PR A FERRRL 4R, oan, FEARZS (A H A KR 1] 25 3R i
—MLMRE R T7 R R =2, LR

X B.6. MRS F (9, k), E(9, k), IL(n; ¢, k)

s=%, T T
o F—EWARYy = moRit: TEY. RRENE-EMARY. R
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BS5 keleHFX. HFFH. EMETFAX. BHKFNX

T % — 4 B A7 4 (incomplete elliptic integral of the first kind) F'(¢, k),

F(6,k) = F(6k?) = F(sin é: k) / JT
1n

At =sinfh,r =sing KB, BRIiLiEH X

/ dt

k) =

0 V1-)(1—0)

A, 0 <k =sina <1 Z#H 4% S % (eccentricity), X F& ellip-
tic modulus, % ¢ = w/2 B, K T EFH — EH4h E A4 (complete elliptic
integral of the first kind) K (k),

}qm:P(g$>:AZV1—ﬁgﬁe
! dt
B /0 JA-2)(1_ 8

— AR 8GR T A
T k2 T k*
+i -
81—k2 161 —k2

1\? , [1-3\* , [1-3-5\%

B AR 69454 B B.14,

~
~

NN I O |

zﬂ*r

TG — A

s FEMARS =S my WA ZEN RZENE _EMARS TR
% — F4% B A2 4 (incomplete elliptic integral of the second kind) E(¢, k),

¢
MQ@:EMHPJ%mQM:A\MWﬂEMG

VAt =sinf,x =sing K ¥, BRIHiLEH X
/ V1-— k:2t
E(z; k)
1-— t2
EP, 0 <k =sina <1 ZHEA KK FE (eccentricity), X ellip-
tic modulus., % ¢ = w/2 8f, A X EH =K H 4% (complete elliptic

integral of the second kind) E'(k),

2 TV — k22
E“35E<ﬂk>:/hV1—W$¥&w:/mﬁ
2 0 0

1—¢2

— AN R 89 ARSI X

212 . 214 9. 216
Bk)~Z |1- 1\V°E  (1-3\"k" (1:3-5\"k
2 2 1 2-4 3 2:4-6 5

FEF — R W Ry 8RS E B B.15,

—

o FERWEARY = my AP T, FONFZLXMARY AT
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B = FA4h B A2 4 (incomplete elliptic integral of the third kind) I1(n; ¢, k),
¢ do
t(n:o.4) = |
0 (14 nsin®6) V1 —k?sin®6

r dx
- /o (1+na?) /(1 - ) (1 - k227
Ed, 0<k=sina <1 2ZHEMHSFE (eccentricity), X #k elliptic
modulus, n A —4%5F. % ¢ =n/2 0, H T ES = £ AR5 (complete
elliptic integral of the third kind) II(n; k),

T 2 do
(n; k) =1 (n; =, k :/
i) =1 (5. 8) = | ) Vi
TEE Z R R RS GENRAE A B.16,

X F TR A 69 45 5 18 4] 5 Mathews & Walker — %, 4% il Mathematica 2,
MATLAB #f 5 % &, 4» EllipticK[m] 2 [K,E] = ellipke(M) & X# %
Fm 5EREHEBHARI, Am=kK, &

~ 1 dt
K(m) = K (k?) —/0 VI —2) (1 —mt)

_/ dt
o VI =2) (1—k)

—K(K) = K(m"?)
351 KK = Km)

0 0.2 0.4 0.6 0.8 1
k
] B.14: SEEEEE LM K (k).

o 1[5 EE %Y (elliptic functions)
5 FiAGRFA > 5 2 PR ET (inverse function) J¢ &R . i[5 pR%L 29 — 2%« Jacobi elliptic
functions(FE 1] FL A6 [ PR %)« Weierstrass elliptic functions. Jacobi elliptic theta func-

tionso  IEALAS 2 E i UL R A 84 PR
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0 0.2 0.4 0.6 0.8 1

B.15: 5E#Es — B FRS E(k)o

6 :
—11(0.5,k?)
5 —11(0.0,k)
—TII(-1,k?)
4L —T11(-3,k%)
—11(-10,k?)
3_
of 1/
1t /_
0

0 0.2 0.4 0.6 0.8 1

] B.16: 52358 =MD T(n; k).
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E X B.7. W& eH %KL sn, cn, dn
SR VT oAl [ % 4% (Jacobi elliptic functions), % _E ik R % 5% — £ H 2

N
7

u

: dt
= Flaik) = /0 JO-2) (- k0

2\2‘7

u:F(¢7k):/¢ch9
0 \1—k?sin?6
2RO S5 T SR T PuArl ) E 7% 5% 44 (sn, sinus amplitudinis), 5 £ B &,
x = sn(F)
2,
sn(u, k) = sin¢

o, BT SUE YT B [ 4 7% 5% 4K (en, cosinus amplitudinis). Ff T pbA [ JE
1% 4 (dn, delta amplitudinis), £ %] %

en(F) = /1 — 22 = /1 —sn(F)

dn(F) = V1 — k222 = \/1 — k2sn2(F)

A, 0<k=sina <1 ZME MRS E,

L k=18, AREHE—AFEZ, B sn(u,l) =sn(u), cn,dn EL,

AR #0698 F v ns, ne, nd 55 &, A

1 1 1

ns(u) = e nc(u) = on(a)’ nd(u) = an(u)

FETT LU PR AR sn, en, dn B REURESR N BA745H, A

P B.S. HE R LA R 5 %X sm, en, dn ) JLAMRRE
& sn(u, k) A SE #1 % & (doubly periodic function), Bp

snx =sn(x +4K), snz=sn(2K —x)

g K =K(k) AR EE —EWHE 5.
o JUNFFERBE

i k=0 k=1

u, k) sinu  tanhu

(u, k
cn(u, k)  cosu  sechu
(u, k

u, k) 1 sechu
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BS5 eEEX. HH I, EMEFAX. BEEfNX

A
0N
QR
®§
R

1
—sn
0.8 _cn

—dn
0.6F -

0.4}
021
ol
-0.2f
-0.4+
-0.6}
-0.8¢}
_1_5-11,-"3-2_‘1 0 1 2 3 /
u

BAT: FERTLCHRIIERAL, A7 P m = k2 = 0.7 IHRUH.

7
VQ/%&@
////////// 7
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BS5 Heled X, #Hkds. EMEFAX. AKX

ok, A
sn(K (k), k) =sn(K(k)) =1

en(K(k), k) =cn(K(k)) =0
dn(K (k),k) = dn(K(k)) = V1 — k?
o XA

d
Znu =cnudnu=1—sn2uy/1— k2sn2u
U
d
aw_ —snudnu
du
dd
nu —k?snucnu
du

cn2u—|—sn2u:1
dn’u+ Kk’ sn’u=1

27 S qn+1/2 )
sn(u,m) = R () g sin((2n + 1)v)
n=0
9 0 n+1/2
cn(u, m) U q cos((2n + 1)v)

T kK(m) & 14 g2+

n

™ 2T = ¢
d = 2
n(u, m) 2K (m) + K(m) ; gD cos(2nv)
td . om= k2, v:ygg;n), q # # nome, & A
oK (m)

q= e " K(m) — €i7r7" Im(T) >0

Rtk g2l <,

o WL LRIT AR

1" (N)
f(w)%f(ﬂfo)—i-f'(:ro)(x—xo)—i-f 2(?70) (m—mo)Z—i—---—i-fN(!xo)(w—xo)N
1 s n
H:1+$+x2+x3+x4+...:nz_:oa:

Jﬁjfé@ S (_171)0

1 G .
o= 142 E:I JIn(nzx) [Kapteyn series]
-
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BS5 AeEEX. H I EMETFAR. BHKFNX

ARIURAAAA
N
an_ 1—:1}N+1
e 11—z
(e (-1,1)
2 3 4 x  n
xr X X X
=14zt gttt Z%n'
n=

A7 x € Ro LLEONAE @ = O FREfRIT, URAE 2 = o BHLIRIT, NI

T zo - (‘T_:Eo)n zo 1 2
e =e€ ZTZG 1—’—(1;—330)_’_2'(13_330) “+ ..
n=0
WAZFER: € R,
_, 4 1,6 ZE8
=1— 22 +§—§+E+~-
WAZVEHE: z € R,
3 5 7 9 o 2n—1 o 2n+1
T T T T T T
A N < VRN O | N ' e VN
S T T nz::l( N T} ] T;)( ) an 1)
WA YEHE: z € R,
2 4 6 8 ) 2n
— r,r r T o _ 1yt
cost=1— —|—4' 6!+8! —Z( 1) o)l
n=0
WArFER: € R,
; +$3+2$ +17a: i
anxy =+ —
3 315
AT YL :1:2<7T2/4o
3 5 7 9 0 2n—1 2n+1
T T T
t — Lo . — (n—1) or _1\n
anr=re et Tty > (0" S
n=1 n=
W uk: x e [-1,1].
2 x> 2
Slnhx—x—}—?—i———{—?—k

1206



BS5 keleHFX. HFFH. EMETFAX. BHKFNX

WTTEE: € R,

2 x4 1;6

coshx—1+§+—+a+

OZVEE: 2 e R,

tanh a3 n 2° 1727
anhr =2 — — + — —
3 15 315

x? x> zt 2 R (n—1)T" or - n+1 L
In(l+2)=2— 5+ 5 =7 +> - => (-1) > (-1) -
n=1 n=1
WA uk: 2 e (—1,1].
5132 1'4 1'6
_1 - PR
Jo(z) TR 2 e
NZS 3 x5 z’
VT erf(z) = o — _
g @) =r -t e st
o0
_1
(1+x)azz(aanxnzl—i—oax—l—a(am)ﬁ—i—---, -l<z<l1
=0 n. !
11 1 5 7
Vitz=1 . S S B, S [ e
tr=Ltg? 8$+16$ 128" +256 : v
11 1 5 7
Vi-z=1-Zz—=2?- -2 ——2*——2%—... —l<z<l1
v 27 78T T 16" T 128" T 256" v
1 1 8, 54 35 , 63 ;
S I DL ST A S P
i1z 5" T8 T 167 T 128" T a56” T .
1 1 3 5 35 4, 63
—1 L B i ST [ P |
- +3T T T 6% T1E® Tz v

o 3£ Mathematica [t Series[f,{x,x0,n}] 154, Hrp, £ AARELL TEEE R,

o Pade jfifbl: —FhE LN FIESIHERIT 15 o ZREHIE—IRATE T — W L7508, I
HARSGEREIAN . I 2 TR B ERERf . EE & . Pade ¥7{{ (Pade approxi-
mant) A 2 % R XUk Pade Ur R FE o _EIIEATIO 2 8 A0S, 1 H 24
EECRICSLIT, Pade T S AT 4T, FFR Pade DA E AR (best) T BL/T %0 LA
T A
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B.S e F X, HFrFH. EMEFAIX. BHEKFNX

sE X B.8. Pade ¥z 1Pl
A —FA B S| RNk, SREEHR m Fan, R f(x) 4 [m,n] B Pade
WAk 52 LAy
M oa;xd
o) = Riw) = by = 20
_ap + a1z + agx? + -+ + apma™
1+ bix + box? + -+ + bya™

HA
f(0) = R(0)
f1(0) = R'(0)
f"(0) = R"(0)

TGER, W FA R f(z), 3 [m/n] B Pade R —49.

WA, WHREERE e, [5/5] Bt Pade UL H

2 3 4 5
e$%[5/5]6x51+%+%+%+1‘,§W+36§40

1-5+% — %+ 15 — 502w

HARGHELY (E0)m B BT R ARG 28 E #A) 1] Mathematica 5
MATLAB 752, #|f] Mathematica, 5§44 PadeApproximant [Exp[x],x,0,5,5],
FFH MATLAB, #5444 pade(exp(x),x,0,’0rder’,[5 5]),

W DA R BE S, 2RI [5/5] Bt Pade it 10 M @B URTT45 8
e, FH5L L, [m/n] B Pade L L-PEAE T (m + n) B2 PEURITHI 25
5o

o 7T {lliE (saddle-point method) Bf 7% i# T [ 1% (method of steepest descent)

FEBE BAL. % gGEE Bl FRE
WG ST, AT REE e T XRS:
I\) = / dzf(z)eM)
C
EF, BRSO BHK f(2)eME) ERYHAZ® ETRT AL, LELAE
A1 aF, A EARS TS K

. 2T
IO m e [ 2T ra=0)
» e (o))

Ho, 20 AR g(2) 9 B R, B, 2 g (20) = 0o A3k AN % T 24
2 b AR o 04 3 T Ko

1208



BS5 ke sEX. HFFk. @&mEIFAX.

BE R Fa e X

o HFIR PRI R
o XD REL, &SN

I'(x) :/ dyy*te ¥, Rex >0
0
MIEREE z=n, A

b, VB e sR A

%L BI. e Bl nl W ek EL n!!
M7 % %4 (factorial function) & L%

nl=nxn-1)xM—-2)x(n—3)x -+ x3x2x1

=nx (n—1)!

-3 % 4% (double factorial function) & 3L

5-3-1 %nAFHK
nll=n(n—-2)(n—4)---
6-4-2 LB n ABEK

(n! #nll, TE &

ORI, Lz > 10, A

MNx>1)~ \/zmx—l/%—x

g x=neN, n> 1K, R Stirling 23z

n n
n! ~ v2mn (—)
e

Hrpr, e~ 2.71828 NHREE B A B JIREL 555 Ak

Inn!~nlnn —n

o STE LU FEIREEL Ta(2), S 2 R/, B0 < 2z < Va+1,

F(a1+ 0 (5) =0

TR

B2 IRKHE, Bz > ‘042 - H
2 1\ 7
Ta(2) ~ \/;cos [z - <a+ 2) 2]
XEE L m > 1, He
316 79
/ N 2\ a3
Ti(zm) ~ 5o (3 ) m

3
Xtm=1, IRZEM 15% N

627 J. Schwinger —-f} §40.1,
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BS5 EeEEX. HoHH EMETFAX. BHKNX

o MEE TR UIFEIRREL Vo (2) B Na(2), M 2 /N, A

EFE (YN NE]

o RPE 2 TE DU AR R T (2)

I ERY Ja(2) #its,  ifz <1

ﬁe'z’ ifz>1

o X TRBIE WIE/RFET Ko (2)

To(2) ~

Ka(z) ~
5.€ %, ifz>1
o —LERHORFIAR
I
Z € =T (3
=60 r(3)
N 1
it = i/ eI 3V
= sin 1¢
=1 72 = (—1)k w2
k=1 k=1
[e%¢] 1 [e%e] (_1)k 3
ZE ~1.202~((3), ) =603
k=1 k=1
oo 1 7_[_4 oo (_1)]€ 77‘(4
D R D D e
k=1 k=1
=1 2 (—1)k 15
Do A LBT=((), D = C0)
k=1 k=
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BS5 Rt X. k&, EMETFAX. BHEFNX

n X Zm_zn—i—l
ya
1—2z
k=m
n
1_Zn+1
I
—Z
k=0

1 —zntt z— zntl

n
k __ _
D B N P

k=
Z”: . (n+1)2" + nz"*!
(1-2)

k=1
En:kzzk:Z1+Z—(n+1)22”+(2n2+2”—1) 2
_ 3
P (1—2)
; M2k = Zi Rkl
— dz 1—2z2
DL
k=0
= Zk z Yoy J \Z\
Zk—':ze e JAMA A1
k=0
- zzk 2\ 2 2 S L\ A —
>k 0= (z+2%) e LE: AT A
k=0 )
- 3Zk 2 3\ =
Zk ﬁ: (Z+32 + z )e
k=0 )
- 4Zk 2 3 4\ =z
Zk = (z+727462° +2%) e
k=0 ’
. nzk d . nflzk z
Zk E:Z£Zk E:e Tn(Z)
k=0 k=0

Hrr, T,(z) Fx Touchard £ 1=,

PAEZSH 7 — 2o FIR IR E SR iz s =MAmsEs. il
R AR BT 34 585 7 Mathematica #b, A7 LIS
1. M. Abramowitz and I.A. Stegun, Handbook of mathematical functions. http://jonsso
n.eu/resources/hmf/
2. LS. Gradshteyn and .M. Ryzhik, Table of Integrals, Series, and Products. https:
//www.mathtable.com/gr/
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B.6 JUAH WL o345 el B e L
TERL T as T, F2 R T ECRE] (beam 8f bunch), A 0] fEE A AR MTELS,

RS FATE, W LORRI DA R EERAE . LAUT 45 UMY I — 4k A R 2 L7, LA
w RN, wy FMREOMRIHD, Aw NFFAEDEE :

o Dirac delta pR%{43 71 (§-function distribution)
p(e) = 6 (w— wy)
o — A4 4n (triangular distribution)
1 w
s (1 — == w| < Aw
p(OJ) — 2Aw ( Aw) i i .
0 otherwise

o /K& (water-bag distribution)

_ 2/(Aw)? — w?
p(w) - ; (Aw)2
o 1824434 (Lorentz distribution)
Aw 1

plw) = — @ — o) 1 Ao

o FEURE A1 (rectangular distribution)
Wy — W

o) = S H =), v="2

2Aw
o W44 4H (parabolic distribution)

3 Wy — W

pe) = o (L= 0?) HO— o), v =220
o M4 (elliptical distribution)

W) = —— H(1 - )12, p="2=Y

TAw Aw
o — %43 Aw (tri-elliptical distribution)
8 o 3/2 Wy — W
pw) == (1=0") " H(I = o), v="1
o MIEAE2%4 534 (bi-Lorentz distribution)
2 L Wp—w

w=——"—"7#+, U=
p) TAw (v +1)° Aw
o E 94 (Gaussian distribution) B jZlEM/ M7 (normal distribution)

plw) = m p=?
DA Bt R B el e 0 — e sk,
/ plw)dw =1

AR ATREL HA G BRI Aw AN[F o 22-FHI LR 7040 B R 58 5 —

7HLH Alexander Wu Chao, Physics of Collective Beam Instabilities in High Energy Accelerators, John Wiley & Sons
(1993),
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oa)

B.6 JUF# L

FRE AR 1“4 5 2 557 (half width half maximum, HWHM) Aw, o, & LUTF :

;

—_

—_

=~ 0.707,
Aw1/2 = Aw X
~ 0.

SERc

866,

VV2 -1~ 0.644,
V2In2 ~ 1.177,

Lorentz,
rectangular,
parabolic,
elliptical,
bi-Lorentzian,

Gaussian.

%> B.5 Jl MATLAB [t LA B A bR 8, FFRUEA R A 38 B 3 — A
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B.7 4B M9 — 2k 52 B 45

B.7 JEFEH— L6 f] R

X IATEMF LM, TG L EAE LS ISR X807
B AL AN IR

e TLE #4
1 i
A 4 ( )
1+i 2
1 1434
FerseAT (AT),; = A ( ~ jb )
(3
L
SR A A%, A1, ( = )
1—17 2
ERSHEEFFAT = AT = (AT)" (AT),; = 45, ( - )
—1
;@?}EI}@Afl (Afl) ___cofactor of Aji 1 2 3
ij det A (3—1) 1

HRAEAESUAS U e, 20 e — SR AR A 92 ST

& S B.10. J5 4 A fy JLAIE L
A

Aisreal ((£4H%) & A=A
symmetric (3 #R4H4) < AT =A

antisymmetric (R AT #R4E1%) & AT = —A
Hermitian (L k461) < Al=A

orthogonal (E % 464) < A l=AT

unitary (B4EM. A E4H) < A l1=Af

diagonal (*f A4EH) <& A; =0, Vi#j

idempotent (F%4M) < A2=A

W E A RRERTRR I A A #8 (wace) TR, BRI
it
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B.7 4B M9 — 2k 52 B 45

Pt B.6. 5 AR FY — e
Zl
(ABC)"' =c 'B7'A™!
(ABC)T = cTBTAT
Trace(AB) = Trace(BA)
det(AB) = (det A)(det B) = det(BA)

B.7.1 JEFERE R

— 8 R (rank) S — 2tk RGEEO AR A S . AR SURRTA . B
e
& BAL JERE A Bk Wk KBk
—4EME A 8934k (column rank) & LA F|m 2 E R R KEME L XL I @ =E
Ao —4EME A #9474k (raw rank) N 52 LA HAT 6 2 AR KB X GATE =
Ao

3 B.A2. 5k = 474
FEE 60 5 A AT RS A, MARA4EM A 494k (rank), B4 rank(A) %
r(A),rk(A),
Mo BN AR EEAREIENEEH R, ML Y 40 R A
#, NEEEEREHME

F—mxn4EHE A, % rank(A) = min(m,n) &, #Fi#H4 (fullrank); % rank(A) <
min(m,n) B, # KA (rank deficient).

R, XERFIIRIZ B (column), “FTHRHINZMEAT (row)s

PEBT B.7. FR A — Ledpik:
S—mxn4EHE A, K

o rank(A) < min(m,n)

o L A #MKH rank(A) = m, FR#H L (surjective, onto); H A i#HFk H rank(A) =
n, ##E4t (injective, one-to-one)
FAEM (B 4EE ¥ a9 AN FK S A 0) 494k A 0
stm=ntEa, BpHrHEA, WA BFER <A ATiE”
o Z B AEEn Xk FEE, WA

rank(AB) < min(rank A, rank B)
SR LEESG mXxnsEEB, &
rank(A + B) < rank(A) + rank(B)

[

©
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B.7 4B M9 — 2k 52 B 45

Bp— ANARA k G94ETE T R k AMRA 1 #94EMAR e, 2 RAEE DT
o T /R 474 R4 X, (Sylvester’s inequality): #Fm xn 46/ A 5 n x k 464 B,
7l
rank(A) + rank(B) — n < rank(AB)
o AT A, A
rank (ATA) = rank (AA”) = rank(A) = rank (A7)
o SFASEMEA, A
rank(A) = rank(A*) = rank (A7) = rank (AT) — rank (ATA) — rank (AAT)
5E R EREHB

B.7.2 JEFERHE S
LATR S 45 LA 2R T AR R AL o ik 9 S R A 1 -
SEHE B.13. —LLT7 RERHIEAE . FHEI R FRAEMR 453

N ATHEM, LEREHER, HATEE:
o FTA Ny ANFARAAL GG ARPp A M 69475 KAL, 7T 5 A%

N
det(M) = [ AP
i=1

A, ni AR EH (algebraic multiplicity).
o A N NFAEAE GG FoBp A M 69 3E (trace), T 5K,

N
trace(M) = Z niA;
i=1
o o B M HTi4EMES, W ML a9454eiih Ao ML a9 iad 85 M —

o
o XFAEM X 44 (holomorphic) 4EM &4k, 4w RE A f(M), N su4E M & 469 4F
HEAE A f(Ni)o
o 4w E M 4 Ja k46 (Hermitian), Ak A £ (self-adjoint) 4E[22, W) M #9 4%
FEAE A A 24, EHE4F/E@ 2 iE K (orthogonal),
o M HMEM, BAALA N, HFAEGEA v, 09 FIEFTAE T 5 MK
Mv = Av

HFoev,e#0. €9,0 e R A5 2 RIEE 2,
o AL, IEFMVAOYAZLMNA
det(M — AI) = 0

A Bt AR &4 7 42 (dispersion equation) 3%, X 7 #2 (secular equation),
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B.7 4B M9 — 2k 52 B 45

o do R— NRIEMA B S AHIE S B, AR 5 (degenerate). F ALY, %
FAEAE 69 5 ANHEAE 18 00 Bk 40 A5 AR AEAR 0 AR 1 B

o % M fE i B RSB B (SRS 30 BALETF, ) 8K M A HAE 4 A bk
T 5 8 BAE 6 B4 A R

o M A H4E R TF 3 R AF M Tif, M 7T i R AT M i 4 4EE TF

5H —REERKAFH

CJERERNE, A HMES AR A
PRIE SO M = M 1gikE, Hep, H Rordi Es .

FERE R ARSI AS RGAE TERI IS A I [ Cayley-Hamilton SEFE, & MIA45 R
IR AT A E RN FAR LIS I RS, WERRM 7 — MM S
HFHEZ T Z AR R ST

Z£# B.14. Cayley-Hamilton g¥
MHFAEEN X n4EME A, BRI R GFIEE N WERAVIESE A HLLA S
AFAEAE % R XA A2, B, 4o R
p(A) = det(A — AI) = \" + ¢t A" H 4o+ e1h + ¢

B A BAEE N\ R AE SRR, b, [ RELAERE, MH A KN pA) K
R RN, EF, p(A)A
p(A) = A"+ Cn 1 AV 4 e A el Lo

Bp
p(A)=0

H5HE —HAEREAFH

PG B.8. 2 x 2 Jj FEH Cayley-Hamilton &3

st—f% 2 x 2
a b
A:

AL S R H AKX p(A\) = A2 — (a+d)\ + (ad — be) . 3% Cayley-Hamilton 7 32,
H

p(A) = A? — (a+d)A + (ad — be)l = (3 2)
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B.7 4B M9 — 2k 52 B 45

p(A) = A? — (a+ d)A + (ad — be)l

21 b+ bd d) b d
_ [ @ +be ab+ [ ala+d) bla+td) + (ad — bl
ac+cd be+ d? cla+d) d(a+
bc — ad 0
= + (ad — be)l
0 bc — ad

LR B ) SR P o7 P 5

o FHIEMH-FHEM 5 R = Cayley-Hamilton i 5 M R RHAE(E-RFAE 1R Ht 1 B 1
Ko (EVHE, R EARE A ol AR RE Y B2 B

o BN RGENENE AR M = FEFG T SRR 2t Py B R Gl I [E] 352 - Cayley-Hamilton
EHIETR X Z AT o

o WY = I BT AT AR , I8 F A P2 Bl HE A /E H] - Cayley-Hamilton
FE R T X LR SR SRR I SC AR 7R VEERY 30 1% (quan-
tum dynamics),

o EHIEIE = fEfEHIHIET, HWEMSEMREH M. FEEMK. TR
HORFAEAERIARFAE ) B T AEME A A i T o0

B.7.3 4EAERE H A A
B, AR DA 4 R, e

x = (z0, X1, ... 2;)

S RGRRIFEREN 4" B, AR ExUE

0,0 To1 0,2 X0
T 11 ri2 | = x1 | =X
T2,0 T21 T22 X2

XA, AIE L
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B.7 4B M9 — 2k 52 B 45

g4i95%g U2y /N ik A
0 PRt 1
1 [F] (12)
1 2 3

2 HE P L5 6

1 2 3 7 8 9
3 =K

4 5 6 10 11 12
4 VY k5K &

BRI A S UFRTK AR (tensor). 31X EEA 2 UL Hadamard FH. BIFR. EIAITE Yo
WAL B AR P H B e, B2 ITe NS E R R .

Z X B.12. Hadamard ! (Hadamard product) ©
e 'k, BT EFRE UE, A EHE Hadamard 44 S, XA

X@y:(xl,x%,.%‘z)@(yl,y%vyl)

= (9313/1,9623/2, e aiUiyi)

E X B.13. Kronecker f{ (Kronecker product). EifH (direct product) ®
sSmxnfEMREALSpxqgsaEEB, X A L5 B Kronecker #2 3, B 42 2

CL11B e alnB
A®B=

amB - amnB
a11b11 anbiz - aublq s e arpbn aipbiz - a1nblq
ai1bar  aitbaa -+ artbag -0 o anbar aipbae - ainbyg
anbpl a11bp2 co anbpq ot Cl1nbp1 Cl1nbp2 te Cl1nbpq

A®B=

amlbll am1b12 o amlblq Tttt amnbll amnb12 o amnblq
Qmiba1  amibay - am1b2q oo ampb21 Gmnbag - amnb2q
amlbpl amlpr o amlbpq Tttt amnbpl amnbp2 e amnbpq

1 mp X ng 46,
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B.7 4B M9 — 2k 52 B 45

LL2 x 2 JEFE MBI,

N ot 9 Ot
S O o O
N Ot 9 O

1x0 1x5[2x0 2x5
1x6 1x7|2x6 2x7
3x0 3x5|14x0 4x5
3x6 3x7]4x6 4x7

6 7|12 14

18 21|24 28

£ Y B.14. Bl (direct sum) &
MmxndEEALSpxqEEB, XA 5BMARA

A 0,,
A®B= xa
O,xn B

A (m+p)x (n+q) %,

PIUTR Agyxo 5 By M

3 -1 0 0

A o 2 5 0 0

A@B( “2> 0 0 1 2
3x2 B

00 4 2

0 0 -7 8

BEAN, AN RIEREA 2o a A% AT LA 70 R AE R (block matrix) #21, H{ET—L85)
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B.7 4B M9 — 2k 52 B 45

Hro EEAm, XI5 x5 KM A5 B, 5K

a1l

a21

a12

a22

ai13

a3

a14

a24

a15

a3l
a4

as1

b11

bo1

a32
42

as52

b12

boo

as3

a43

as3

b13

ba3

a34
44

54

b1a

baa

A
Agy

azs

Aqs
ass =

Ao

a45

as5

b1s

b31
b1

bs1

TS FHT] LA H R IA
Ap
As

AB(
|

b32
bao

bs2

i

b33
ba3

bs3

Aqs
Ao

b34
baa

bs4

)

A11B11 + A19Byy
As1Bi1 + AByy

B
Bo

bas B
12
bss | = ( B )
22
bas
B
B

A11Bi2 + A19Bo) )

bss

B
B

As1Bi2 + AxBoo

XEEA B, 4 BRI RO AR s A R SM BRI (column) #0'5 B AEHES)
Y17 (row) BOMIS. MR A B HERERRIXAS IO, A4 EXRRL. Hkie,
{5 5 R0 25 A B AT T BA.

P B.9. ELALE FR — Stk

JeSETE R AR B AR, A Aeis S e A
AcB=Ax®I+I2B
(A®B)(C®D)=AC ®BD
(cA) @B =A® (cB) = ¢(A ®B)
(A+B)@C=A®C+B®C
A®B+C)=A®B+A®C
A®BRC)=(A®B)®C
(AoB)'=A"1leoB!
(AoB) = AT @ Bf
fA®A)=1® f(A)
f(A®ID) = f(A)®l
Trace(A ® B) = Trace A Trace B

AVB = oA @ B



B.8 Ja —ft R & Ak BRI A

B.8 H—A{k5e &3 R sk 20U FHeik
SBR[ e A SRR i RSP, S
x) = Zaifi(l”)
S R A e
ai = (f(z) | fi) = / dp(z) Zag y
R, P R AR, UM L SRR p(x) 57 A,
PURZE USRI p B I R, e

o ZFHIEEEREL: €™ meZ
<eimz | einaz> _ 5mn

1 s
cos(mx) cos(nx)dx = / cos((n —m)z) + cos((n + m)x)dr = Tompn, m,n>1
—T

34

Sll’l mx Sll’l TLJ,' dr =

/ cos((n —m)z) — cos((n + m)x)dr = ©opn, m,n>1

N |

:\

e

N

cos(mz) sin(nz)dr =

: /7T sin((n +m)z) +sin((n — m)x)de =0

o DIZE/R (Bessel) BREL: IBEAE A ARAR T AU Jr RESR R Bl IRy 7
S

&=

=

22 f"(x) + xf (x) + (332 - ng) flx)=0, >0
R if— %S LFEIRREL f(x) = ATn(x) + BYn(z), HA, J NEH—FIIFER
B, Yn(e) = Lo@e8nmoTon(e) yyas — ot IR /RERAL, T WU T IER KR
1
(o | Tm) = / 0 250 (@) Tn(2) = G
0
R R2
/0 dp ,ij <05mn ) Im (Odmp}g) = 5np7jn21+1 (amn)

TERRA

o0 jm mn Im mn
Z;z (@mnfz) (O‘ R> ;5@—0’), 0<pp <R

B R— oo, A
/O "k kT (k) T (ko) = ;5 (7). pp >0
o HibfE (Legendre) BR&L: — Mt HIMAEERALER N U553 J7 FE SR A
(1—2?) f"(x) = 22f'(z) + n(n+1)f(z) =0, —-1<z<1, neN

77214-1 (Ctmn)
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B.8 Ja —ft R & Ak BRI A

GRS LR AL f(2) = APy (), P WA T IERR KR
1
(P, | Po) = /_ 1da:Pn(:r)Pm(:L‘) - znz+15”m
SERRAA

[e.e]

3 (n n ;) Pu(@)Py (') = 6 (a — o)

n=0

JUMRE ik R B

Po(z) =1

Pi(z)=x

Py(z) = %(3:5 —1)

P3(z) = %(5;5 — 3z)

Py(z) = % (352* — 302% + 3)

HA Pi(—z) = (=1)" Pu(x),

LR AR SR EAN B.18%5

-1 -0.5 0 0.5 1
X
[ B.18: Hit B

o R/IOKKF (Hermite) 2105 AE- 5% A5 Al 5 R SR
f(@) = 22f'(x) + 2nf(x) =
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B.8 )2 — 4t & Ak R BUR T A

oS RO 2, f(x) = AHn(x), H7, SIRORREZ0E LN

HW RN ISR R
(H, | Hy,) = / dze™ Hy(2)Hp(z) = Spm2" 7/ ?nl

—o0
LR IROKR RS 2 W UH

PA_ESE SURYIR IR 22 T O W B2 TR 7KK 2 i (physicist’s Hermite
polynomial) o ££—28HE SR, SRR ERIE , RIFOKEF 2 TR E SR — 18,

2o ng] ==
HEE.

PRIRKAF 22 AR SUREN I BL19%5 H

F T LI ETHEHE 2407, 723 Jon Mathews and R.L. Walker, Mathematical Meth-
ods of Physics, Addison-Wesley (1970) &l George B. Arfken, Hans J. Weber, and Frank
E. Harris, Mathematical Methods for Physicists, 7th ed., Elsevier (2013),

ST BCRH — L X

1224



B.8 )2 — 4t & Ak R BUR T A

O| 1 1 1 1 1 1 1 1
2 -15 -1 -05 0 05 1 15 2
X
Fl B.19: BURKFRZ I
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B.9 — K T 4269 — A X

B.9 —JoARECT R — e A K

o —JL X (quadratic) QAT T2
ar’ +br+c=0, a#0

HigH
. —b+ Vb2 —4dac
a 2a

o —JL=1X (cubic) & 72 : K Cardano 2>, (Cardano formula)

£ B.15. Cardano A =,
S ZRREFAR ar® + b’ +cx +d =0, ELBTER

b
= T-— —
x1 =95+ 34
S+T b V3
A A MR
S+T b V3
e IR P a G
e,
S:€/R+\/Q3+R2, T:{’/R—\/Q3+R2
3ac — b? 9abc — 27a%d — 2b°
©="9a = 54a3

o —JCYIK (quartic) fUECTFE: FR Ferrari /y2; (Ferrari formula) =Y Ferrari Jj £
(Ferrari method)

sEFH B.16. Ferrari A 3,
=R RFE TR 2+ b+ et +dr+e=0, F@AR 1034 T B MK

b 1 q
=S+, ]-482—2p+ 2
x1,2 1 S 2\/ S p—l—S

b 1
x374=——|—5:|:2\/—452—2p—q

4 S
AP,
_ 8c—3b? 0% —4bc+8d
s 17 8
1 2 1 A A1+ /A2 —4A3
522\/—310-#3(@4-@0)7 in/ Lt 21 !

Ao = — 3bd + 12¢
A1 = 2¢3 — 9bed + 27b%e + 27d% — T2ce

KEH) c RAKE, e RAMBRE.
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B.10 B} ) -f-3 2 32

B.10 1) P44
PRI S 1A AR TP, 7L 4

SEER B.17. I [F) P-4 e B
T AR Ar,t) =alr)e ™ 5 B(r,t) = b(r)e ™! x¢afia 3R, A
T
(Re[A(x, )] Re[ B(r. )]) = /O dt Re[A(r, )] Re[ B(r, )] = 5 Re [a(rx)b* (r)]
RE R
(Re[A] Re[B]) = § [ab" +a*t] = J Re[ab"] = J Re[a"}]

¥ A, B #5235 & Re[A] = L (A+ A*)s Re[B] = % (B + B*), HFR e
4
T
(Re[A] Re[B]) = % / dt {abe_%“’t + a*b*e?™t + ab* + ba*}
0
HEH, RoWWE — 5% X HERLEHE.
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B.11 42135 #

B.11 ZEFERREL

FEPEFEEL (matrix exponential) J&— MR 2Nt — B o TR I A TR
M IC B R T REAT AR T R
;l—i: =2 =ax = 2(s5)=e"C =e"2(s=0)
Hrb, e MFEREE, mAaEERE, M x(s=0).

Xt n A B TR, TR S
dX

2 X = AX
ds
AR5 TE T 5
X = eA*C
Hrp, e hnxn il Chnx 1 EEFEEARE, HOREERE. X(s=0). ¥
o, XEMEAGE X = Cets,
ZRBITRNE L, XEATEEUERT S e il 7= &
X BAS. HREUHRE A
SEE D X0 A, A
As _ T4+ A +A2£+...+Aki+...—§:Aki
© - TR Kl Tt
XAFHIEE G — AN T, TA TR, ZIANE L F KA AT 8AE 35 246
2 0
“ 253 B.6 FIHPAEE S, A A = ( 0 3 ) Xt 7 AR RO B eAs u
fi#
As_ 14254225 4 .- 0 (e 0
0 1+35+3%25 + - 0 e
[

AT B.18. Ltk — i 51 Ul o3 T RR AL Y e e
i Bk — B - R oy 7y A4 X

X ===
ds

AX

H 38 T VAIERA R
X(s) = e?*C

1228



B.11 42135 #

Eob, CAnxlEHEaT, Bk ithi.

dX d A d 252 ksk
R A C= (T4 As+ A2 4+ .. LA L ). C
ds _ ds' ds( Ast 2! ot k! +

1
= <A+A23+2'A332+~->~C
t2
:A<I+At+A22l+---> .C

= Ae®.C = AX

SEBE B.19. 2tk —Bir A6 55 Ik A 43 T5 R L ) i i
s bk — W9k Fok o A 4

,_dX

X' = == = AX 4+ F(s)
S AT AGE AT

S
X(s) = eASC + eAs/ G_ATF(T)dT

S0

L, e A= (A7, CAnx L REAF, Wik itk

SEB/ERFHA

N}

FENEE— G TR = ax + f(s) B, BRA

x(s) = ce®® + e /S e T f(r)dr

S0

SEH B.20. $REIHERE e BB b A
PBEBGEIF R E A s — ¢, NIGHRLESE A BT BT HRA
L] =(T-A)"!
o, [=X(0) H$45 4,

LEG/ERFHA
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B.12 —Himthkn R » £ 5/

B.12 —Miimis J5 FE R 4 R SRk

VLI R 2R, RER R e TR SR 22k, W H B i iRk
%ﬁ%%%ﬁ@ﬁ%@ﬁ% *&%% nJjL—. Vﬁ%ﬁﬁﬁT%&mT 19752

ZZ ZJ@ 81,‘ +iz:b +cu—

=1 j=1
Hrb u(zy, @, .. wn) MAFARETEREL n N5 REACHIAERL, fONIRI IR Eh e 8L aiy, b,
o f FTLURHRL ] LUZ PR AL

et EARARZ I i T RE e B T SN R, AR A
LN ks TR TR RS ARECE. B

5 S B.16. — [t sy IR 432 Ik JESFIK
L f=08F, #RF K (homogeneous) M4 742, & f # 0 BF, #IEF Xk (inhomoge-
neous) #4742

EX BAT. M mi s T RER 2 Seltky RSk
L orfeb A BRI u Ty R ul, AU TR, SFRPRIAL GRS S
Foul, MARIELZE S F .

E X B8, I mis TR W REL TR
FHaij H5bHe, fRAGx RANGFR, RABATFTZEMS 7. 2% aj 5

VDB, AN NZRtE s 2 R SRR TR
SIDCL'@ —|—4dy
dz? dx
DU oAAREME . W REG FEFF A iR

2£—3@ 2-29

dx? dr

BT LA B JURP BB 50280, 1% BRAE H—FARIE R 5 15 S R i 2. k2
Ui, LU, ATLUA BArt ez 5 ke, FINEERsRIE TS, si2rtfE

—IHESE T e HARA R

+y=0

& X B.19. IR iR 2 IR oA W
F S ai; HARRBIEE, B A = (aij)nxn, TG FRIE A 69 HIEE R
o A MYHFAE A A A ERREA T Ak, HBM s HA2 AW A (elliptical) 1R o 7
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B.12 —Hmi o m A2 b0 X 5 ik

F2, e
P | |
oxr?  0y? 072
F G iaA R AT T AEA — B,
o A BIRAEAE IR AL, oA RK, BFERAR, BBy HAEANE
(hyperbolic) sk 5 7 42, b
Pu o (0Pu  *u  F*u
(81_24—82424-622)—]0(%,%2,75), a>0

= f(z,y,2,t)

ot?
WA IR T AR A — o
o A WUFIEMEA — A E, MARiK s 7 A2y #d (parabolic) MR 4 A2, thdw

ou 4 (0%u  Pu 0P\
E—a <8x2+8y2+822)—f($,y72,t), a>0

1S FAEHN—B,

i AR R A B SO E R AL, B T T REA R 241, B H AR, 5
PRAERRA A WERTTREACBEI 8L . ARG 5% (initial condition); U1SREE=S AL, T
AL FAF (boundary condition). FRIEFZ A MR FTSZ5UWIT -

& S B.20. EfFFAE 5K
EEFM I AR ARG, BT o R
o@%%#:

u(xvyv Z’t)|t:0 = @(fﬂaya Z)

2\2\7

ou(zx,y, z,t)

5 = (7Y, 2)

t=0
o MG HWHARKEFH OD
o % — % (Dirichlet) i - # 4k 45 91 2 - 45 ff 2 2 4R
u’aD = g(w,y,z,t)
o % =% (Neumann) 2 JtF 435 9 2 R LA 1 089 i ) 5 4004

ou
% oD - f(xayaz7t)

e % =% (Robin) & F5&4, IR ALLRE4F
(k:gz +hu> . =w(z,y,2,t)
MEZFE, WwEINEGMBEAREHEHERALLFAL R, N HZEGMAE—,
MHEE, Wy FTRBEGZERG AR, TR F o TR R = 7] %
1, ¥z B R EF A RREH R

Yo RAFFAF R B ZMHraTE RENIIT LSRR, A BER
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B.12 —Hfmitn H A0 5 k5%

K, MTREZDT . SLBd T A B AT 45 S tF 09 %o Bp T, ARAn 45 4E 19 2L
(initial value problem, IVP),

o RONH T R TRRRAE, B 0/t — 0, M I R %7 AW L% 0 8
#oe, LB UMAE g A R f 4k, #Rid FE 19 A (boundary value problem, BVP),

HHE SURNFT S B4R BE S A 2025 RS, BRAR U 2 ) LR ) i SR A B 20 T3 R Y

it -

o 7 EAR i1 (method of separate variables) = # i X ALFRZR B0 B, KAm i Ty fids
RFEMTTRE, (R FE k—LehR i Ry S, & TR EB T
B OBt IR 90, & TAREIRARAR R (B A ALAR [FIFEARTR . BRABDR), &
T AR TR S EORMFGEONE R 7510358,

o TR AZH1% (integral transform) = if i —Fh R L IS 5 A RHIR Y BRI BB AR 1l —
P AR A, K REARRG w(e) S5 U (s), ISR U(s) = [ K (s, 2)u(a)da,
Hrr, K(s,z) FROEZREL (kernel function). /S [FJFFRI S H0R 245 AN RDE A Y%
PREe RO AR HF S VU RD : AL AEH8 (Fourier transform). 54 2746t (Laplace
transform). KEARASHE (Mellin transform)®. 7V 73 /R48 ¥ (Hankel transform)0, FH445
WL T D 3 5 RE AR B A B O BT R, TSR  JT . ik
ERTFRS 55078, @R TFR. BB R, &G R EEEETRt
e, G TARR T RESERL GOl MR 04). Bt T RIE AT R AR #
AT FH T XS B A0 WM : AT SR, — BERp A B ] LB A 3R 58
ko

o %HMRERELTL (Green function method) = FET R I/ ZHAUASAROE L. 38 FH T AEFF IR

AR T RESR A o A 7 RSB AT D R (BT TTTRD . SRR R A%

WRERZL (Green function), FFA TN, A4 YA 59 7 B AR BR A AR AR BRI

RS kEN T HBRAS TR, & AR RERE Gt 1

B 408, &R T RSB AR S HEREHELNE . JEFHRIRBA P a2

ANFTREALHEL

OMCHE SUAT SRS 2048, MR E ST
U(s) = /00 2 u(z)de
0

T 2mi

1 c+ioco
u(z) = / x *U(s)ds

O SURFTEANA BT, p B DOE /RS 8 L
U, (k) = / (@) (k) wds
0

f(z) = /0 h Uy (k) J, (kz)kdk
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Mk C HBETIEAESTH e sialT i B inid a2 5

C.1 E&hnsgst

e T E IR s A, RN F 4R UM KSHE ea0 oc 7%, BlRER 2P )7
EH. fEELmEEET, KA ER O KGENE €0 o< 1/y, BRERZER I,
I, HORREFIR, BEZILESF e = LA S RN TR e LR,
IUAE e 7= A B A = F AT (nC) FH— L& 5T AR 1 pm SRR HRTEASS
A LAE kHz 5105 Nis T, (A (duty factor) 2 LA %o iE— 204 5 B B AR Bl S i 22
TBAT T B HE S O6 AR e AR o

BT B G AR VUV B X K B FR K H 238500, R IX LA
PO — o RTEZNMERRUL, S A A K R AT N S8~ A mRe s B A F T A
HArkid, FHBEZNES off-crest NI FHIH FH, SSEREEFIGNA AAbR 2 7]~ 42 0%
B, Bk (chirp)o FREIT §8.1 /RN E 4R 4s (chicane), 283 E47, AR AT LA,
/NEN 100 fs LAR (29 30 pm)o |1 T A S FE RS EEATREBCMGAE i A7 R 52 31 [F] 25 48
SRRSO B AT A7 ARV, BT g HY AR S 4 A S s ek g . Itk
Hb, BELNNIEAS AR ER, B ARSI & I AL L ps, SRS
AFENENDS A G

A C.1: i EZNEas . Hai2 HRIKE H b 73O, FrlE (o] FOREELME G REL R
PESRJE RYEBUE: (0] FRDIAME: (] FORfEf R4 (chicane) H THUE.
SLC  LCLS LCLS-IT  Europ, XFEL  ILC SACLA

commissioned in 1987 2009 2022 2017 design 2011
type, normal (nc) /

) nc nc sC sC sc nc
superconducting (sc)
Energy (GeV) 53 25—-17 4 8 —17.5 2 x 125 8.5
Gradient (MV/m) 18.5 18.5 16 23.6 31.5 36
fre (GHz) 2.856 2.856 1.300 1.300 1.300 5712
#/linac 240 80 300 (SSA) 25 218 66
peak power (MW) 65 65 0.0038 10 10 50
pulse length (us) 3.5 35 1380 727 2.5
RF flat top (us) 0.35 650 1650 2.0
RF pulse rep.rate (Hz) 120 120 CW 10 5 60
bunches/second 120 120 108 27000 6560 60
bunch charge (pC) 6400 20— 180 100 20 — 1000 3200 150 — 200
€ne(mm — mrad) 45 0.6 0.45 0.1—1.0 0.71%l
€ny(mm — mrad) 5 0.4 0.45 0.1-1.0 0.7
o, (pm)lel 60l 5 15 typ. 30 3
75 (103 10 <1 <1(02M) <1 0.1

A A& HUE G.A. Loew and H. Weise, Linear Accelerators for Electrons, A Handbook — 3[4 §1.6.12,



C2 Wik AWM. HM LT ETEHK

C2 i~ JERItR SHPHF Ao ry S S5

A C.2: i JCBI. SR e L2

Parameter Low Duty Cycle High Duty Cycle
RF duty cycle up to ~ 1072 up to 1

RF frequency [Hz]| ~(1to12) x 10° ~ (1to7) x 108
RF cavity structure multi-cell single or multi-cell
RF source type klystron tetrodes, solid state
Average RF power [kW] ~ a few up to ~ 100
Cavity wall power density [W / cm2] <~ 30 <~ 30

Peak cathode field £,[MV /m] ~ 60 — 140 ~20—35
Cathode E, at emission [MV /m)] ~ 40 — 80 ~ 20 — 35
Operational pressure [Pa] ~ 1076 ~ 1079 to 1078
Beam repetition rate [Hz] up to ~ 103 up to several 10®
Beam energy [eV] many 10° ~ (0.5t0 1.5) x 10°
Charge per bunch [pC] ~0.1t0 103 ~ 0.1 t0 103
€nz,ny [M] (from low to high charge) ~10""t0 1076 ~ 107" to 1076
Laser pulse rms transverse size [mm] ~0.05 -1 ~0.05 -1
Laser pulse rms length [ps] few several tens

2l A5 F % EL E F. Sannibale, Normal conducting rf photo gun, > Handbook —5f9 §7.1.15,
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C3 AmBTHOE

XKL e B RO # (free-electron laser, FEL), SRATPNIESE 7 Y HE
FARBR AR T RV BORAET, TR — D ARSI Y o 58 4 B
Zaad, ARART [R5 T A B8R R S AR A PAY R O B, AR A B i R D 5 R A A
LR F 5 AR e e BT B INIAA () B H R 306 ae R o ] 25 S I e (B 3
299 2 10 MRS, W FESE-FA5EEY 4 Mo, 295 §10.2. ETHETHZK
IR AR VUV Bl X AR 7R H g hn, 2iXJLERTREZ —. mTH
THLHE A RER - EREE S A AR R (< 100 f8), FEEKH BB ROt a R
BE SRR MR A kbR g [B], H 2R R SRST  B A IR AT AR R A T

# C.3: KPR A TR,

Location (Name) Accelerator E-beam energy (MeV) FEL wavelength (pm) Status
USA (JLab IR) SRF ERL 80 — 150 10 -0.7 Retired
Netherlands (FELIX) NC linac 15— 45 150 — 3 Operation
Russia (NovoFEL) NC ERL 5—20 200 -5 Operation
Germany (FELBE) SRF linac 15— 35 300 — 4 Operation
USA (DukeFEL) Storage ring 240 — 1100 1-0.19 Operation

A Cd: JEPCK A BT ROt

Location (Name) Accelerator E-beam energy (GeV) FEL wavelength (nm) Status
Germany (FLASH & II) SRF L-band 1.2 40—-14 Operation
Germany (Eu-XFEL) SRF L-band 17.5 5 —0.05 Operation
USA (LCLS) NC S-band 15 5—0.05 Operation
USA (LCLS-II & HE) SRF L-band 4(8) 5—0.25(5 —0.05)  Construction
Japan (SACLA) NC C-band 8 5—0.05 Operation
Italy (FERMI) NC S-band 1.5 20 -4 Operation
Korea (PAL-XFEL) NC S-band 10 5—0.05 Operation
Switzerland (SwissFEL) NC C-band 5.8 5—0.1 Operation
China (SXFEL) NC C-band 1.5 10 -2 Operation
China (SHINE) SRF L-band 8 5—0.05 Construction

3 FEMEELE Z. Huang and P. Schmuser, Free-Electron Laser, “A Handbook — 31 §3.1.10.



C4 R ¥ a4tk 730

CA4 [FZDHESHE A4

HET HL [R5 ek g el ok A7 PRR [F ARSI T RS A, nsh 8 &= §8.10 /4.
R TR AR Ah, LUR 45 88 A 5 =AU CLMIREE FrRE miRE ) S I E R S I
IR AP CIRE — LRI 24 AR ST 5 T 20K H /AR R S EERYFEAIR
HAENRETE €2 o v202 i (2% §8.9), Hh, v = E/mc.c® ZRTRER, 0. SRR ELS
HJERTTT BT L R M TR RO DTk o5 RSk . AR AR 5 R
T BRI R REAS S MR PR RE R R B AT o TCIB AT, 3XAENR E AR W Bt — P IR
[0 2 5 S T e ) PR P A S PR R i, AR L N ) RO R y-RE L, [AIR s O, RIES
ISR ARG, 1S S S A BT, PR ADEIE R R — R
FRHOEE, RS 2= S ek, I O BRI IS R 2 B2
a3 o BRARIN) o S L SRS SR A A BRI U th BB DR B 22 D PR 2K (beamline) fij 55

AP IR AR EGE T RERR R, X A2 fR T 8 A7 PR RS AL AT BR . AR §9.3 At
4, RS AT, RIS X RS, e < MAT R, E B RER
FL T AR AN S SR AR S R Y G o BRI 2 km, MR RIS B
RMEREFEHIAE 10710 m g, X X > 0.1 nm (R4, HATHHIRIREI P A& SR H
PRATLARGEAEZ) 1071 rad m (1) y J7 1) BIRWS . B T BRI . B2 @i A7 BRI 2
b SR R 55— FPOT I 2 S s R AT . SRR R AR SHOEIRE A JL T mA N iafT.
I RN Bt R Gt PR ATASE M, PR S R R B B I ATHY o FRST 2
PR T AR R E . T HERE, RS RO IR X TR
W, ARG EAE FLEAIUR B R IR 7 R L

WEAL, R AFPRIEAT —PhERVEREEC, FRAK IR H M7 H0EAT (storage-ring FEL, SR-
FEL), Hr, HyREEGaEATERARIZWE 5 EAARERRN, M2
10 TAERY, TR ST I -1 S HAE . H T SRFEL ki ar B, H
. et E PR RS A RS R S S R E A EAE SRR . H TG R L
/™ SRFEL FEEAEZLIM G A IDEATER IMER BHEfT. SRFEL B 6k U2 FEL S HAF
PR FE - AR BEATE I, ATIF#AG FEL $4as, (EZ MRS RO T RS E L. —i
kil , LI FERES e R, T oRAERFERE) € )5, SRFEL Ml &
Bridzho

FEAR AT BEAT i PR AT PRSI R % Touschek ZFam i, UIPRELORFFEE R, LU
T B EAREMIEN (88.6.5)0 BUEVFL 7 [RIZPRS i A 2R — MR MEIREN (top-up
injection) B —Z5 G R EAR, W45 CEBO—FEl, BIERERE AR AR I
TUEAMERE , LA KRR P A RS O ) 25 i HH e

4l AT E Z. Zhao, Synchrotron Radiation Facility, 4 Handbook —45¢] §1.6.22,
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HT WS R A7 P A A VUV 50X S Eeikt Bk H a8, 21X L]
Wz —o HEREL, AT 100 fs BT WHOCHK B R BOARAXS I, (B2
TR RS RIS . i T [P AT B e S U Y, FE R A7 P4
AR AT RERZU4E 10 ps Fi 2% (£ 1 mm)e M §8.4 TFIERI. 0. o< /oo, AL, PRSI
BNl NR A . B, SRR TR ORI e &, ATREH B
PAFENE . KREUIR Chao-Gareyte SEFREME (§13.8.2). H A/ B 77 FREEAE 1 ps
AR NIzfT, W1 BESSY-ILe 5 — 5 Ol WRD TGk fif A7 2R R FE 7 R T RE
EIFH, 2R RERIMGE R R RS SRk, BT ERL B RN ENERIR YT
FAERSMNIRE IS o FLLI R R A TP g, IR 100 fs ARGk, LA
WA A AR AT ik k. FR AP R (femtoslicing) FiA o FRAEF X FR T 2 A L
B, HERWOL RS kHz EESRARE] . B 7 BRI, Hard-g Hek
T EPE AR PRI BOAE ™ 4 100 fs a2 A FR ST ikt o
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C.4 R ¥ %414k 531

#* C.7: =R RS - thREX.

Name Energy Circumference Geom. Emit. Current Straight Location Operation
(GeV) (m) (nm-rad) (mA) sections time/Status
3x11.7m
SLS 2.4—-27 288 5 400 3xXTm Villigen 2011
6 x4m
4x56m
ANKA 2.5 110.4 50 200 Karlstuhe 2002
4x22m
CLS 2.9 170.88 18.1 500 12x52m Saskatoon 2003
2x7.6m
SPEAR3 3.0 234 12 500 4%x48m Stanford 2003
12x 3.1m
4x12m
SOLEIL 2.75 354.1 3.74 500 12 x 7Tm Paris 2007
8 x3.8m
Diamond 3.0 561.6 2.7 300 6>8m Oxford 2007
18 x bm
ASP 3.0 216 7—16 200 14 x 5.4 m Clayton 2007
INDUS-II 2.5 172.5 58 300 8 x4.5m Indore 2008
SSRF 35 432 39 300 ;é >><< 1625nrln Shanghai 2009
4 X 8m
ALBA 3.0 268.8 4.5 400 12x4.2m Barcelona 2011
8x2.6m
PLS-II 3.0 281.82 5.9 400 10>6.86m b ing 2012
11 x 3.1m
15 x 9.3 m
NSLS-II 3.0 791.96 0.9 (DW) 400 NY 2015
15 X 6.6 m
TPS 3.0 518.4 1.6 400 6>11.7m Hsinchu 2016
18 X 7Tm
SESAME 2.5 133.12 26 400 8x4.44m Allan 2017
8 X 2.38m
SLiT-J 3.0 353 0.92 500 16544 m Sendai Construction
16 x 1.84 m
SPS-II 3.0 321.3 0.960 300 14 x 5.35 m Khorat Approved
# C.8: =MD ARIOLIN - SHEX
Name Energy Circumference Geom. Emit. Current Straight Location Operation
(GeV) (m) (nm-rad) (mA) sections time/Status
ESRF 6.0 844.4 4 200 32 X 6.3m Grenoble 1994
APS 7.0 1104 3 100 40 x 5.8 m Argonne 1996
SPring-8 8.0 1436 2.8 100 4;1 : :?061? Hyogo 1997
PETRA-III 6.0 2304 1.0 (DW) 100 é i gOmm Hamburg 2010
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C5 AR/ A & hvik 3

C.5 RERMEIN [ B LN 47

— kU, BN R A A AE pC 2 nC §igl, HENEZ) kHz (Fii),
SERHESAE pA P KR I E LIRS, REAS SIS B L (R A e L
KA AT, HAEJLEH mA #ES2 (continuous-wave, CW) FixizfT, HH, fmRH®E
AR GHRIEAE ,, SR ERFE TN, GER P B s s T Hk
Sl , BERE B EE AR L) GW BRI TR — RIS FUH Ty
BHER TR ARSI, SR RICRITRERL . fERER RIS B Ll as T, REAE ™
A BGRB8 283 T8 Y PR R AE 7 A I A 7 f5 PO I, 4 R R 1Bl 26 i
(ST e — REEME RS 4, R R (RAE AR B AR I R a3 o

E [MeV] Iie [mA] Qp[pC] €Y [um] Rep.rate [MHz] Duty [%]

Chalk River 25 30 10 50 3000 0.1
Bates-MIT 400 10 35 10 2856 1
HEPL 48 0.6 50 10 11.8 pulsed
CEBAF-FET 45 0.3 0.2 5 1497 100
JLab IR Demo 20 — 50 5 60 10 75 100
CEBAF-ER 1050 0.09 0.2 1 500 100
JAERI 17 40 500 30 80 pulsed
BINP 22 30 2000 30 225 100
JLab IR Upgrade 165 9 135 10 75 100
ALICE 27.5 8.125 100 1.2 81.25 0.1
JLab UV Demo 135 2.5 60 5 375 100

ST RS ELE S.A. Bogacz, D.R. Douglas, G.A. Krafft, Recirculated Energy Recovery Linacs, -5 Handbook —-f}
) §4.4.1,
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C.6 *ff&L

C.6 XffEALS

FLHA A s 74 PR S F A [ E T (fixed target) #502,  RIUKG A HEORL i 21— & fE
g, &R, RErEEE s T s oM. BER PSR, R
HESSRE AR, LSRR SR RIS o N 17 AR e R i B i A ORE
BUHRARRIRL T, FRE R SR A S A BUE AR R 2 A R AT RE R
e YRIEhEE B, TR, Ry 5B — R O A RE R AR T
VPR 7, 2 N W RS 50 7 [ SRR~ RS THE M 542 A SRORE - AR A 25 R
BSIA, AEAR N RIA E . HR] R ShRERE A AR, R RO
1R (colliding beam)7.

KPR, FRATIOGO 2 Bl BE L (center-of-mass energy)o X & & #EAL, FulMEE
A
Eem ~ \/2moc2VE

Hrr, mo HERE IR, moc® VHEIER RS, B NI 11 S A

XX, BUlEEE A
Eem = 2v/E1E>

Hejt, By 4 BUONPIRIAATHAL TA0 R A . MR TR, By = By = B, £
Eom = 2B LRI, AHEBEEG B0 RE i B R

RS he Fak TR LA A AR, Bon BR V5

R 32 R T FF 4 XL Q2 (nominal luminosity) 41, 734
B AN, FRIPIRACNE (hourglass effect), B44H T :

RS C.1. YIRS

AABEXER T L AN —FAE, THALTRA &, 4 Z4E A X3 (inter-
action region, IR) = #% & 5 R & — AN &"— KB 1R % 14 H A 3] IR AR xF 48 &, (inter-
action point, IP) — @72 — & A TRIE & 69 = 18 . R HA) £ 2 AT a2 8 69 1 0L A 2t
BE— 5, B2 E BA %] 6 betatron F A, B B, 1248303 R B AL G JE 4 3 3F
woONEY B ORE, tbde BF ~ 1com, SbBFAESTE B MULARAE A9 FE S N, betatron & K 69
TACHK IR B AL, LR R B AL R 89 R A AR & R, M xddE i B A R
(BN o AR BB A2 5 K ) R H) KA K AT 3, B N B 45 50 B 2.0

6 1Y FT A% I H W. Chou, Collider, -4 Handbook — - §1.6.3,

TR R AR R (10 54y 2 — R ) EE BT, RSBk FEN s b (HE2, fREH
i T-HR 37 A - H R (beam-beam interaction) 540
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C.6 *ff&L

¢ C.10: [ HETXENL . Hrp, bR7F [a] F78 HER (single ring, SR). XL EK (double ring, DR). B £}
ML (linear collider, LC); [b] F/n i3 [¢] %7K Princeton-Stanford Colliding Beam Experiment;
[d] FoR H T 1E Orsay i/ THIRYSEIR ; [e] FORTRING A SIRAE RO [f] FoRniitfais. HE,
CBX 5 VEP-I iy e~ e~ XffiEHl.

10]

Location Name (type ([“]) Bear?cin\ir)gy (I; lgln_lg(;s_ltly) U Operation Period
CBX! (e"e~ DR) 0.5 2 x 1028 1963 — 1968
SPEAR (SR) 4 1.2 x 103! 1972 — 1988
Stanford/SLAC, USA PEP (SR) 15 6 x 103! 1980 — 1990
SLC (LC) 49 2.5 x 10%° 1989 — 1998
PEP-II (DR) 9(e7)31(eh) 1.2 x 10°* 1998 — 2008
AdA (SR) 0.25 5 x 102517 1961-1964
Frascati, Italy ADONE (SR) 1.5 6 x 10*° 1969 — 1993
2.4 x 102
DA®NE (SR) 0.51 45 x 1032[61 1999-present
VEP-1 (e~ e~ DR) 0.16 5 x 1077 1964 — 1968
VEPP-2 (SR) 0.67 4 % 10%8 1966 — 1970
. VEPP-2M (SR) 0.7 5 x 10%°(@511) 1974 — 2000
BINP, Russia VEPP-3 (SR) 1.55 2 x 1077 1974 — 1975
VEPP-4M (SR) 6 2 x 103! 1984-present
VEPP-2000(SR) 1 5 x 103! 2010-present
Cambridge, USA CEA Bypass (SR) 3 8 x 1077 1971 — 1973
Orsay, France ACO(SR) 0.54 1 x 10% 1965 — 1975
’ DCI(SR) 1.8 1.7 x 10%° 1977 — 1985
DORIS (SR) 5.6 3.3 x 10%T 1973 — 1993
DESY, Germany PETRA (SR) 234 2.4 % 10%(@17.5) 1978 — 1986
CERN, Europe LEP (SR) 104.5 1 x 10%2 1989 — 2000
Comell, USA CESR (SR) 5.5 1.3 x 10%3 1979 — 2008
TRISTAN (SR) 32 4.1 x 10%* 1986 — 1995
KEK, Japan KEKB (DR) 8(e7)3.5(e") 2.1 x 10%* 1998 — 2010
SuperKEKB (DR) 7 (e”)4 (") 8 x 10%°Y) 2016-present
. BEPC (SR) 2.4 1 x 10°7(@1.84) 1988 — 2004
THEP, China BEPC II (DR) 247 1 x 10%(@1.89) 2009-present




C.6 *ff&L

B C.1 WiRHET H
AR e B RA, A

o [y ke

Ed, r=0")0.. R(r) #5548 C14E, TREZ, % [* M), AFaeSE
SR 69 AR e R H) R TACARE) AL, WA FE 8 T RRAA R 5o, A,
WA ALERRBIEBZN, ERMNEEEIELL L EOFIET E

1.0
0.9
0.8

=07

T 06
0.5
0.4

P C.1e XS BE T 9D IS S B 52 S DA

ST ARG IS 1R (generation) , JFAESRE . A X HLAL B L RTINS 1,

L[] w5f. FELERBOAER, BRI S 8 5T (low-B inser-
tion) BRI E . RHIEALEA B ~ 10 em. M AGHIEHLIE A I 0 €0 1
1k

2. A BUR. ZRER . JESRUHEFE . 5 XA OUBR Piwinski £) AR/
REHERLE R B ~ 1 om. AN T TR SR IE o

3. [t BER. ZAREHE. JBRE R . 3 M OUFR Piwinski £) 4
AR, SRF crab waist (CW) RHEHLE], ZERLE AR IR, X5 BT 8
— AR HEAIER B ~ 1 mm. AL R 2 T
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m
1013 1011 10° 107 10 103 101 10
cm (102 m)
10-11 10 107 10 103 101 10 103
nm (10 m)
104 102 1 102 104 10° 108 1010
Hz
1021 1019 1017 1015 1013 101 10° 107

eV
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fifs% E Livingston

3 ) 1P VAR R E N 50 7 N PN N0 N 1 8 i A e = = 1 R v A PG BOWS TR (=
“Livingston [&" &3] %[ LASEE i#A% %< M.S. Livingston [ 44 744, i B X
MR SR L T I e A S R o XIS ENLIN S, Bk F A EAE R S
BUZPULRER (center-of-mass energy). JFUDLAEHEER T KM T RIATRER AT, EIIRT#R
THUE LR RER . TN EDYXHENL F 2CRARER , Hrb, FUDRERR A RERXTER
HRY B FTEVER], 2200, ey fE f fe T KBS IR T 4

%€ f E.1. Livingston ‘¢
#: Livingston B E.1, % E ik % K Livingston 7|, § 1930 F#, ANFkF
ik BATAL K F 9 F AR R e TR, B FAEL, IARER TR EA
PA-F- 38 F Ao

%% M. Stanley Livingston and J.P. Blewett, Particle Accelerators, McGraw-Hill Book
(1962),

107k O ELTRYmigE
16 @& THELMER
107 EeFagstEmn
1015!- Oﬁ%@ﬁﬁnﬁ;ég

ul  @EFAEMWES
10T WEFHHTEM
— 10"3}
E 10'2f
ol
lq,-g 10"}
10'0F @%Eﬁ
i 58
10%F \
of RIS
108}
ElRE IS
107!' = 2

BREER

10°

1930 1940 1950 1960 1970 1980 1990 2000 2010
4y

E.1: Livingston [ [&rhy b A Ef Hofaim th iR 5RO RE R, RIAT L8 R EEZRTRY RE
R R RER EIRARZIE 10 GeV, 2[R PARGT R R -




Bk FORLfinis i xF A\ St A5 5 1 i 1Y B H

WG SCE B AR I gy — Rea e FE Iy — USRS 22 5 A R R A A
JRER, BRIV o IREAZIE AV AT B SR 8 A ghe - s as e ARt 2
AEJ7 5 TET TR Y B o

R IR AR N AL AR stk TE 2 07, B SRR A S B T
BEIR SIS R TV MRERAESE . LUF WA http: //www.accelera
tors-for-society. org,%'\ééff%‘ﬂ o N H AR RELE N H RS BRY 1525 L A) B A7 & A 5 Sk

o | Bl B PRI E WA
o REVIER. R = KT B AR SR T AR, SRR R
(Standard Model)'c B = P RERYRHEATL SR I as R A& J . Pkl s 4 2
PR AT RBE BRI R o KIS0~ X8 A1 A I A 46 JUr 3 €57+ (Higgs boson), fi#
B B, BE 2RI AR NS B IR RE RESE) (D HES I 4 & o
I s B AR TS REVDEE, IR AERZ Y BRI R I 2 5 o A L85 BE DR
T IEEE TR R AN EAR TR EAER, DU 5 5
) T o
o MEREY = il s EROE T R BB, TSI RK AT (diffrac-
tion) F1>G1# (spectroscopy) HIA , IRAMEFEA BN LS, Bl 1 BSR4
BRSBTS 29901 & PRIEACER . HERGES] BT R iR
s SR LR BRI 7T S0 FIP RS TR B R
BRI TAP RS RE , RIS & s iR I PR B E S AR o R e
W FE SRR B B0 A7 (spallation neutron source) S5
LEHE ST N HESI BRI BTTR A
o BERSWH = BERSYHEBIFRY I Z RTS8 [E R 2 5 A Y8
ST (-7 R B HH 58 5% (Bose-Einstein condensate). 45 527 B m Ak~ (crys-
tallography) St 5 A EHHESI G OCHE T H., R FR i e = A2 i X 52
BRI o IXLEEORLENIR . AR SR G T I o0 L A

TEM .
o BRI = EAMB ST, RS ERSDOCIR A X S THa7R & 1
ZERI IR IS RE -

o It R = KA X e R A EORAE 2T &5 TS T B
k2, Bzl fE SLAC JF A A5 20% (malignant melanoma) 1577

UhRIERR - M B ) L B AR LR, AT TP EARL ) GEEARAD . BT AR 5 (quark)
T4~ (lepton) , AR BRI EALLER . LASOC TR W Z Bt 7L Sk 1o 2. 55
A5 T SCHE , AT RS RE T H AT ERAS R Z BRI A EAE o (B2, MARIR IR T o AR Y
T Al I 1 20 SERRAIESE . fedle— KON 2012 SE A B (051 A B



http://www.accelerators-for-society.org
http://www.accelerators-for-society.org

.

o T A (flue gas) = /N FEF i s T ) HETBCRIK AL 3

o AHFIRIA IR = b BOR K539 75 Bt (asphaltenes) T2l B4
(SRS E

o FIHIFR. 4bFE = HinfF Rutherford Appleton Laboratory [ ISIS Hi—JEHY v
ML s 7 AR PR BRI IR

o PR (bio-fuel) FALHE = FI 7 AR FALFREOAR ] TAE ISt A7, #2179
BHECR

o I ERIK B 2248 (Accelerator Driven Systems, ADS) = =335 K i g5 K 3l Y
WVl 5 2 Wi (Accelerator-Driven Subcritical Reactor). 18 i3 1 # 3K 3h HY i+
FET 0 S A% RS HE N RS, AR R 4ERFIZ AR 1 #E . ADS BT I
FURBHHT RG24, ABAE RV HESE 1S5 V8 JN RGBT L AT A7 AEAE ]
X SR ADS ARG AT o vrd i1 REEVE FEI A I RAE A RE, it
AR R ZR L FERRL 38 AT A RO L (Thorium) #0KL, s/ 1k 2l
RERIEMRI T

.

o JBUIRST = INEGHETT 8 THEHEITHITEN . HATZA 50% HYRIE S4 osHe
STEHRTT , B SIT BT ARG HABIGT RN T o fei AR YT /72
SEARSNBEGTT , RIE b IR AR N & B R 2

o X Ity NBUTHIEZETT A, WS EE X S HRGHRE R, B
i DNA, (H]REM 5 Bl (e e 21 BURIBI T HAR SO TR & MR ha
SR, (RS Rt e ER AR AR oM, AR IREIAE XU o

o HFAIRYT s IEAE A E R I gs RBTOT HOR, aniiirik,
N H IR Bk D BIE FHAE  , DR D (e A 2R B SR AR B 1 T
SLAE R RERE , YARURRERY AT BB I I XA EORME T 5774 X 52k
MR s A . (5T BT AR, & ] T Va7 ST Rk (9 b
i, BB SN R EAERR 2R E LR L ARIT XA
NAEFRHL R FE/IMS L2, RO R A= 2 B R Bl Rz

o iF W BT AIAIT: GFRIET (hadron) YAYT, FEIRYTHRE AR
REB B PR FERTTR ALY 5 R TR 78 N H R i
TR A ZEEMTTRRRE RE Y T 2R, AR A7 TR RN AN A o
HIAFDIE X BERAE . S RErR TR AR YIRS X AR L. 1697 Ei
DRAET - B SR AR, (FETIRBGR R AEARNE) o X T A IR
FR)Jea E A B A SR e B R — 0

o [E FIZGHIRTHFNE SR RE iR AR 7R 2818 MR EBRETTHI R R 47
WL RAE AR AR A AT BT A8 R4 L iR DR RE BRI H 2R Y
IUGARAT AR (Bragg peak), KR 1 2R AT A% H 2k (Bragg curve). Xf
G HRUG, 7 G AGAT RAR I B A A o
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i 160~190 MeV /& F %
;‘\‘: 8 MeV 5t F (y-ray)
ol 20 MeV &, F %k

:—k

190 MeV

160 MeV A >
0 5 10 15 20 25 30
AR A & FEANAMREE (cm)

F.L: AR R AR 75 H B MAATRE Z A E &R 20 MeV {YRLT. 8 MeV
H v H65-F1 190 MeV Jir 7500~ . BOBGRIEERGTR I o0 fi o FL AL 7 252 AR ZRR 15
TR RE R E — MR EE , XA R T RER A . SREOLN Bl &
FARIRIT IR JREE R 6 cm, (L TIRJE 18 % 24 em X [R]) B, (o FHR A R e 9 57 AR S P Bl
TR AT o TR SR PP AL DR, f] AR 36 REAT PR 425

7E X F.1. fi hit% & (Bragg peak)

b —ar Wk T AR AT, A& AT T f LR A 69 R
F /% £ ¥ % (ionization) I %, AL MR H E4F LA, H— A T8
AR E IR . T REERGBBREREIRIE 0, 4k
ARG R K AR A TR AT AR Z AT

SR BFLF R, HA sl & T8 S M AA AR R RN 17 E
B SE MR Y i VT VA D R Ao AT 38 3L BB AT 7 AT B A Ak vl Ko 3R
T ] & 3K %4t 15 Bethe formula 5%, Bethe-Bloch formula,

@ 8 TR F k6 AR 4R 1946 %, Robert Wilson & 2k % B F &
R TRIEETF2. RS E, WA KIS BAEARBLE P EPHFHLY
%, AR T 71T R0 B R B e G A E T o REUZET
8] B R BT 206 ST B9 RY B, TR VAR AT AR TR F AR = P B R 4F A
FAL R, BT VMR IR B e, w R AG E B B B R 69 LR fm i

o EFUR = A—MAEENEZGIEHS X, SR e . K2

BNERSAE T RS ER A0 BHG A T2 W, eanda s 7 14619 X ST BE1E

2Robert R. Wilson, Radiological Use of Fast Protons, Radiology. 47 (5): 487-491 (1946). https://pubs.rsna.or
g/doi/10.1148/47.5.487.
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BURBH TR B BAER S GATH  IRES X UG R & R ERAE I — /BN
SRR X BT — FNREAE N — AR SR TS o AP B Uk
— HIEEEA S, U W EE SR

o IFHF KW ZE 4l (Positron Emission Tomography, PET)

o T ITENLINTZE 44 (Proton Computerized Tomography, CT)

o fGHAR A% (Magnetic Resonance Imaging , MRI)

o B E MR = By Cch A Dl E R R EE TR, 7 Tl
RLEI N VI N 5 ol i 29 - WANG 7/ NI NI Y 135 i @ 1 7 N vy B s
s A 7 6

o [ MR |- AEik o 60 4F T, Sk Tl i T R 24000 ST AT o SXLERT
A T AR B A E T 5000 123550 (3.2 TAZ NIRRT Y-, & FY
R A2 T A B A 25 AR [R] 7 it o

o R E AR ORI S T AR R AR PR AL
PN

o RIAAEA (surface hardening): 751 E N BRI 7 AU EE T TR H, ]
T R AR

o MPBHINT . ALEH AR RS F AN R R AL B, 32 T AR AL
H,

o BEWSCHL (cross-linking polymers): HL A TREWACHL, flbE it
FMEEMEL AR RAT BN AR, B T4 IR

o CE RGBT AR ANRURLF-Imidas T AE P~ By T ae . B TIHEE, [RIAL
HEIED) o

o BT BT ARAE R A E R R AR, B I AR AN R HO R PR T
firf: o
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(i G #7553

LA B S5 s SCR RIS 5156

i 594

A e
AR BB R (B A5
Ai(e)  LHEH

a FEL H—E %1, H—RE0EIEE o = q|Al/mec
Ay {ﬁ%%%ﬁ Ao, = Ku/\/é

Qe B B 46 N+

af e A

Qg, Oy Courant-Snyder Z: i

Qh, Oy, O Eﬁiﬁ%ﬂfﬁﬂ)@%

B RAm. BOSRRREE
B,B W7 R RS S PR B (NI A

B LI i N e Y

Bmag Courant-Snyder ¢t 2241

Bi(x) SR

b(k) HRET

bn n PRI SE R 1

B BB T B =v/c IEIRIBRIG LB = Qo/Qe
Bz, By, B>  Courant-Snyder Z Kt

C Eéﬁ%czozz/o'zf

Co R

C, [ AL AEST R Cp ~ 3.832 x 10718 m

c, [FIE T E O, ~ 8.846 x 1075 m/GeV?
Ci(z) cosine fH43

c HakHE ¢ = 2.99792458 x 10% m/s

cn 1 [ R 5

C HAHK A BHEOC AL

C(x) Fresnel f143. Cornu spiral f143

D LGN EE

D’ (EEN T e IS B

D(¢) Touschek PF%Y

Dy Dawson PR %L

d G AR T i |E1F 1161 UL T

an

D,D FEAZ R FEAS A SRR AT (IR )

D RSN D = 1,/T;

5 fEt M Z N+ 6 = AE/Ey. Dirac delta B4

d(w) FEARTR




E L7 bR 2

E(k), E(¢, k)  ASeHEss —LE

Ey (m)7 E1<x) %E‘%Z*/D\ﬁj\

E R A

EE FHL Y7 R (IR i)

& (H—1k) F K%L

Ey, By JeRERD A RERL

erf, erfc, erfi  IRZEPREL. HAMRZREL REiRZEHRE

e B HLfT (RS ¢ = —e = —1.602 x 10719 C. $5EURE e ~ 2.71828
€x.y,2,0,6,0,r J‘-Eiéléﬁ?/%ﬁ{j@%

€0 B2 HL 24 o ~ 8.854 x 1012 Farad/m
€ €N JURT RS H—W RS eny = Brye

€x.y %?EEE%TE

€xy,yy %%%ﬁ%ﬁg

F,F(¢, k) WABZE T AR — A g

F BIe%% T

F it i

rFy e J L] PR AL

f(X) A A AT BEEL f = fo+ f1

G HAZ5 R, %P FEL, G = —Au/u, % MBI, G(s)=|b(k(s);s)/b(k(0);0)]
G VUt EEREE G = 0B, /0x

g9(z) 3G 45 FEL JH— {038 55 s 4L

Y v AR .

Ya,y Courant-Snyder 2 it 5., = 1;(:?

Ve TEHRER v = 1/ /e

r RS A 2 [ AR R

I'(w) SRR T (w) = —ik(w) = a(w) —iB(w)
I'(z) Gamma PR

['(a,z2) AN5E4 Gamma KT

I HART K%L

H(x) Heaviside 5[ BREL

Hy, Bk Z i

H(g,p) W ST

H, H R AR (s )

H curly-H /4% &

h WAL h = wre/wos WHIFLHHAL b ~ 6.626 x 10734 J s
h REE AWK h = 00/0z = (20) /(zz)

h H—E A HE h = h/2n

n.n RS AR 5%

7 WHET 1= ac—1/7

n; A REF 2248 5 (FEL) n; = 6;/p
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5 =9
Iy, 1 FE (a0
14 Alfven HIJE I4 ~ 17045 A
Iy IEEREER
Tip3456 [AIZEHEGHFL
7, MG 1IF DUIEIR R B
i JEBCRIC i = -1
I FRA SR
t tune {)/NEGEH S, Blv=k+ 1,k e N
j:c,y,e Bﬂ)ﬁ@aﬁj\ﬁ
Vo 5B DUIE/R R B
J,J,J YER &L R
J ST j = —i
Jmon B m W WFERREIIEE n DR, B T (Jmm) = 0
Jrn R m [ WUISEIReR A S AR B S 0 MR, B T, () = 0
[JJ] [JJ Zéﬁ( JJ (4+2K2) <4+2K2)
K (26 %F) I A
KKy S B IE DL SEIR R AL
K. Waen S5
K, K' i 1A% B AR AR 2R
K TH] 4
K. BUE PR
K, POtk Ky = |q|cG/E
K, NIRRT Ko = |q|cS/E
K (k) SRR — MR RS
Ksc,Ksc 25 [T S R AL
k WHEk =21 /\
kg PIRZG S kp ~ 1.38 x 10723 J/K
K KSR G
L(q,q) Pk B H
Lg %1 E (FEL)
fcoh *H%:JE/QE
Cp by IR BEIAJE A
A LRSI
AD TEFFRE
Aes Ar LR K
N WHRANKE
A A FEL T 24655 90 A PR (I A0
A BWHHEIER 7 Lg = Lao(1+ A)

M A SRS ELAE AR

M;; BT R

m KAFEPR, ST BiiainsE
mo, Me WFf b P, PRI RE S
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3
dfg
ey
<

N IEEHEES

Np, Ne RATE KA

Nph %?#K

NA FUEFLFE NA = sin Opax

n KAMFEDR . WNSATIEIEL B fatnss
s Jef e (AL RDE 40

no R T IARL E aA JE

n(w) e IES

n BAA [ b

v p g B

Vay.s F# 7] betatron tune B2} [7] synchrotron tune
N, R VISEIRREL

Q HFHEAAL . AR A dQ = sin 0dOde

Qs ﬁi%ﬁ%(ﬁﬁ (FEL) Qs = ks

AQ SRR S

P 3%

Bocam EE%EEEJ%E Boeam = IbE/‘e‘

Py, HOETR

Psat f@ﬂ]lﬂz

Py kR %L

Py, P, U tE e P = pa/po. Py = py/po
P.V. (EERIED

PP LB p = ymov ‘
p(k) RELTVIBIEREL, ARHE R P = (ne"%)
™ IENZE = p + qA

Ps [EEZ AR E DA

® LN VACSE S OIS

Vay iEIbA )

Dy TR

I(n; ¢, k) e =M

q JU AT E AR FATHRIT (5, XY, A= —e
q(z) EOtRZHR q(2) = 2 —izg

Qa Qﬂa Qs tune(Bﬁ—:‘—ﬁ‘E—.‘i‘/WU) Qﬁ = Vg, Qs = Vs
Qo, Qe, Q. [EIA HMIB A HGERIE i it K14

Q AHBES

r,r WHEMEEN BN r = |r,r=rp - R
R AR, ANE M

R;; BT R, AMNE R M,

R EFEIRTEIE R R = Co /27
R(z) LR S e

RRR B HrE L

Rs pani:d EE

p AR B

P Pierce Z2%%. FEL Z%{

p 23] FE A 2008 247 (laminar) 2245

T0,Te SRR B
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5 =9
s Frenet-Serret Akx 229N [h] 7 B ALK
sn RS
S ARERBEE S = 0?B, /0x?
S,S PWENEE A (R JF) S = E x H,S = 1E x H*
s e
S THI A
S(x) Fresnel £143. Cornu spiral 17
Si(x) sine FA73
o,00,0(w) THHMAMHE. HFE (DC. AC)
3 R 2 = (XXT)
2ij WHE TR
Ty IR A RH 2 TR ) R~
Ox' %*Hg‘i“ﬂ$§i@%%&
Ozt AT A A A R
O5.F WHRER 05 = op/FE
T 20 (A K)
Try, x,y, 2 =7 TR 4 X 5
To, Trey FEA AT
t I fR) A
t,7 Tret Elﬁigﬁj [Eﬂélé*/]? tret =€ — T(tret)/c
T FEACIN ) BEJE I [A]
1 R HE®ER
(@) A5 A )
0 A IB AL (FEL) 0 = (k + ky)z — wt + ¢
u F 37646 pR %1 (FEL)
U AE i
T Sk RAFRENE H— b 5 A
Hos [ SR e REIRGEASRR
14 FHLHE
v,V R HE
Vg, Vp FEH. HHH
(3 PR THE A
vV RFR
Vi,V G NE == 77E %
Wi, W %
w,w) B R b pR AL
Wi, W B
wo WO AR T
W HL RS RE 1
WEM MG RE AR
WRF RF s
wo LA THIR
wg 1 7] betatron g 7 f 1%

DNRER LS
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BT KCPA B AR
frEmE, ANEkr
A ZKCFFAHL
BRI E = Av/d
FHZS [E] AL bR

R I T EL B A
o I AR R
B R IUFRIR R AL

WEEER ]
%%ﬁlgﬂﬁ, ﬁ Et = C(W)Ht X n
FHETEREL

BRI 53 A Y BHBU R L
ARG

Jrft

BAMEYT Z0 =~ 120 = 377 Q
SR Zr = kpwg /2

B 551
AUE D BT
ﬁﬁf“ (AN h

ER T
4‘5 SR B AR 5T
2SR Bl AR ) BT
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fhs H 38 B0mA5 058 S 51 Bl 4

OB S S T LU RS 43 BB A 455 5 — Lo B 1501 . Ao Ud B AN F
o fHENFARYG: A AR, ML
f(z,t) = . /00 dw /Oo dk f(k,w)etr—iwt
o n)? ) e ’
1R ik —iwte WRARENA —ikz +iwte —FFE L
+ikz F iwt
o g & WP SCRAEM, A
Av
§= 5

B HAR N 4a X} (absolute) i o W5 1]
_ Av/ig
§==

FRAHT (fractional) T
o T H T M, FERIMAAARAERF, SHARTR, BarBEZ A
BT RS . B SRR, WA < 05 WHEBRAF=5, WIHfT > 0,
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1. MATHEMATICS FOR ACCELERATORS
1.1 Vectors and matrices
o Vectors
o Matrix formalism
o Scalar and vector products
o Eigenvectors and eigenvalues
1.2 Calculus
o Integrals in 1D
o Surface and volume integrals
o Gauss and Stoke theorems
o Differential equations
1.3 Harmonic oscillator
o Equation of motion
o Matrix formalism

o Solution and stability

2. INTRODUCTION TO ACCELERATORS
Objective: A brief overview of different types of accelerators and the transport of particles.

Includes a short history of accelerators.

2.1 Types of accelerators and transport (very brief)

o Beam lines

USRI E#, [ Z%https://cas.web.cern.ch/sites/default/files/CASSyllabus.pdf.


https://cas.web.cern.ch/sites/default/files/CASSyllabus.pdf

o Linear accelerators
o Circular accelerators
2.2 A few basic conventions
o Variables
o Basic parameters
o Units
2.3 Some basics
o Curved reference trajectory
o Magnetic rigidity
o Types of magnets: bending and quadrupole magnets
o Leptons versus Hadrons

o Basics of colliders (Luminosity, energy, ..)

3. ELECTRO-MAGNETIC THEORY
Objective: A short review of classical electrodynamics, derivations only where essential.
Should be done considering the lectures on “Particle Motion in EM fields”and “Relativity

and Kinematics of Particle Beams”.

3.1 EM fields
3.2 Units
3.3 Maxwell’s equations
o Gauss, Ampere, Faraday: leading to Maxwell’s equations
o Integral and differential forms
o Electro-magnetic potentials
o Boundary conditions: conductor, media with €, j1,, # 1
o Multipole fields in 2D
o Lorentz force
3.4 EM waves
o Wave guides and cavities
o EM-waves, solution and modes, (TE, TM, TEM)
o Propagation of waves, Poynting vector and energy
o Skin-depth and losses, cut-off frequency

o Group and phase velocity

4. PARTICLE MOTION IN EM FIELDS
Objective: Arrive at a description of particle motion in electromagnetic fields. Given that
simulation and tracking codes play the central role in accelerator design and operation,

the concepts should be formulated as an approach based on s-maps. Should allow the
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extension to non-linear maps in advanced courses. This approach allowing exact tracking,
easy analysis and a map-based perturbation theory puts it above any other methods and
should be introduced here as a concept. The physics for any type of magnets is contained
in a map representing the element. For linear elements it can be done the classical way, a
la K. Brown “Single Element Optics”in Handbook of accelerator Physics. For any (linear
and non-linear elements) introduce a general view how they are obtained, glimpse at the
concepts, but details left to advanced course. The maps for common machine elements

should be given as input for the following lectures of the course.

4.1 Map approach to particle motion - general concept
o Variables for beam dynamics
o Map definition and conventions
o Maps for circular machines
o Linear maps
o Non-linear maps®
4.2 Linear maps - matrix formulation 2D and 3D
o Reference system
o Maps for linear elements from basic equation of motion
o Matrix description of thick linear elements, including skewed magnets
o Thin lens approximation
o Matrix description in 3D
4.3 Non-linear maps®
o General approach to compute linear and non-linear maps for machine elements
Hamiltonian description of EM-fields, sketch of principle
o Outlook to advanced school, reference to “Non-linear Dynamics”this school
4.4 Examples: main types of magnets
o Drift space
o Bending magnets
o Quadrupoles
o Sextupoles

o Solenoids

5. RELATIVITY AND KINEMATICS OF PARTICLE BEAMS
Objective: Introduce special relativity, main emphasis on applications in beam dynam-
ics. Provide the mathematical tools. A general concept into systems of particles and
description of the properties of the system. Should provide the framework for consistent
use in following lectures (mainly to avoid duplicated and/or inconsistent definitions and

conventions).
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5.1 Special Relativity
o Principles
o Inertial and non-inertial systems
o Lorentz transformation
o Time dilation and Lorentz contraction
o Four-vectors and applications in accelerators
o Fields of moving charges
o Maxwell’s equation in invariant form (2D)
5.2 Systems of particles
o Phase space versus trace space and configuration space, degrees of freedom
o Invariants
o Liouville theorem
o Emittance, as valid for any accelerator, including sources

o Vlasov and Boltzmann® equations

6. LINEAR ACCELERATORS
Objective: Overview of the basic principles of Linear Accelerators and the required compo-

nents and structures. An introduction to the beam dynamics should cover the main aspects.

6.1 Acceleration principles
o EM forces
o Accelerating structures
o RF frequencies
6.2 Beam dynamics
o Bunched and unbunched beams
o Beam dynamics in linear structures
o Phase stability and acceptance
o Equations of motion

o Relativistic effects

7. TRANSVERSE LINEAR BEAM DYNAMICS FOR SYNCHROTRONS AND BEAM
LINES, ALL IN 2D

Objective: Starting from the linear transfer maps (i.e. matrices) describe the first-order
dynamics in beam lines and synchrotrons. Define as a sequence of linear machine com-
ponents and derive the basic quantities, global quantities (e.g. tune, chromaticity) and

local (Twiss parameters, dispersion). Assume no coupling between the planes, but treat
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the problem in 2D.

7.1 Linear motion in one pass (linear) structures
o Choice of independent variable, limitations of applicability
o Transformation of coordinates in two dimensional phase space
o Optical parameters (2D)
7.2 Linear motion in multi pass (circular) structures
o Weak and strong focusing, FODO cells
o One-turn matrix
o Closed orbit, reference orbit, physical meaning
o Beam stability condition
o Optical parameters (2D), tune optical functions, etc.
o Action-Angle variables (to keep it simple: can be done in 1D)
o Periodic focusing systems, Floquet theorem and Hill’s equation
o Linear Courant-Snyder invariants
o Beam dynamics with acceleration
7.3 Dynamics with off momentum particles
o Dispersion in rings
o Momentum compaction
o Transition energy

o Chromaticity: origin, advantages and disadvantages (correction later)

. CYCLOTRONS AND FFAG*
Objective: Basic concepts of cyclotrons and beam dynamics. The subclasses of different
types should be covered. Motivation (recent interest, e.g. medical applications, fission,

ADS, ...) in FFAG, combination of cyclotron and synchrotron advantages. Basic principles.

8.1 Types of cyclotrons
o Cyclotrons
o Synchro-Cyclotrons
o Isochronous cyclotrons
8.2 Beam dynamics
o Injection and extraction
o Accelerating structures
8.3 FFAG
o FFAG (principle, scaling and non-scaling types)
o Injection and extraction

o Accelerating structures
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o Superconducting magnets

9. LONGITUDINAL BEAM DYNAMICS IN CIRCULAR ACCELERATORS
Objective: Together with lecture on “RF Systems”introduce the acceleration principles,

strong emphasis on beam dynamics and required structures.

9.1 Acceleration principles
o Electrostatic and time varying fields
o Phase stability and energy gain
o Transit time factor
9.2 Accelerating structures
o Basic overview
o Reference to later lectures on RF systems
9.3 Synchrotron oscillations
o Equation of motion
o Stationary and accelerating buckets, fixed points and separatrix

o Matching of buckets

10. RF SYSTEMS
o Waves in wave guides and modes in cavities

Types of cavities

©

Structures for relativistic beams

©

o Structures for non-relativistic beams*
o Stand wave and traveling wave structures

Higher Order Modes

©

o Shunt impedance, transit time factor, quality factor, filling time

(]

Power and coupling to cavities

11. APPLICATIONS OF ACCELERATORS
Objective: Overview of the world wide applications of Accelerators, some emphasis on

applications outside research institutions.

©

Synchrotron light
o Industrial applications

Medical applications

©

o Spallation sources

Accelerator Driven Systems

(4]

Particle physics

©
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12. LINEAR IMPERFECTIONS

12.1 Field errors

o Dipole and quadrupole errors

o How to correct it, means and procedure
12.2 Alignment errors

o Feed down

o Dipole and quadrupole errors

o How to correct it, means and procedure
12.3 Coupling of horizontal and vertical planes

o Origin

o How to correct it, means and procedure

. BEAM INSTRUMENTATION AND DIAGNOSTICS

Objective: Twofold: introduce instruments and signal processing. Limitations, advan-
tages and disadvantages of different instruments. Use of the instruments to measure beam

parameters, preparation and processing of the data. Presentation for further use.

13.1 Instruments and measurement

o Overview of available devices

o Working principles

o Data acquisition and limitations

o Special challenges for high intensity and high brightness beams
13.2 Diagnostics and beam parameters

Main Objective: procedures and analysis of beam parameters.

o Intensity

o Orbit

o Tune

o Chromaticity

o Beam size

©

Optical parameters

. ELECTRON BEAM DYNAMICS - SYNCHROTRONS AND LIGHT SOURCES

Objective: For the whole theme: properties of synchrotron radiation and impact (negative
and positive effects, applications). Principles of synchrotron radiation, main parameter,
e.g. spectra. If time permits, incoherent and coherent radiation. Beam dynamics with

radiation together with principles and properties of light sources.
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14.1 Synchrotron radiation
o Fields of moving and accelerated particles
o Classical versus quantum radiation
o Power and typical frequency
o Energy loss
14.2 Beam dynamics with synchrotron radiation
o Radiation Damping, linear versus circular machines
o Damping times and damping partition numbers
o Emittance, equilibrium and growth
o Radiation integrals
14.3 Light sources
o Types of light sources
o Principles
o Manipulation, insertions for synchrotron light sources

o FELs (possibly a separate lecture)

15. NON-LINEAR BEAM DYNAMICS*
Objective: Mostly phenomenology and qualitative. Quantitative treatment and details in

Advanced Level Schools Outlook to lectures at the “Advanced Level Course”.

15.1 Sources of non-linearities
o Introduce key concepts with practical examples rather than abstract definitions
o Chromaticity correction with sextupoles
o Multipole expansion of magnetic fields
o Other sources of non-linear effects, beam-beam, space charge
15.2 Phenomenology
o Representation of non-linear effects
o Tune shift
o Resonances

Amplitude detuning, decoherence

©

o Structure of phase space, islands etc.

Applications (extraction etc.)

©

15.3 Outlook: tools and techniques
o Representation of non-linear elements

o Analysis techniques

16. COLLECTIVE AND MULTI PARTICLE EFFECTS

Objective: Introduction to multi particle effects and interaction with the environment,
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17.

concepts of impedance and wake fields. Should give a general overview over different

types of collective effects. Mostly phenomenology, details in Advanced Level School,

should follow after non-linear dynamics lectures.

16.1

Direct Space Charge and Image charges

Origin

Cover both linear and circular machines

Impedance and wake fields (details should go to Advanced Level School)
Definition and properties

Complex impedance

Broad Band and Resistive Wall Impedances

Narrow Band Impedance and resonators

Longitudinal and transverse Impedance, Panowski-Wenzel Theorem
Time and Frequency Domain

Effect on beams, complex tune shift, heating

Impedance measurements (bench and beam)

Calculation of Impedances

Beam instabilities (details should go to Advanced Level School, mostly qualitative
treatment)

Bunched and unbunched beams

Origin of instabilities

Simplified Models

Instabilities in linacs

Single and multi particle instabilities

Longitudinal and Transverse instabilities

Cures

Other collective effects - with reference to Advanced Course, where possible
Touschek Effect

Intra Beam Scattering

Electron Cloud and Ion trapping

Beam-beam® effects and space charge

LUMINOSITY AND COLLIDERS

Objective: Motivation to use colliding beams, very short introduction. Definition of

luminosity. Discussion of various effects with impact on the luminosity and collider per-

formance. Discussion of various methods to measure luminosity, for different types of

machines and particle types.
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18.

19.

17.1

INJECTION, EXTRACTION, BEAM TRANSFER, SECONDARY BEAMS AND TAR-

General Concept, an introduction to colliders is assumed
Concept of Cross Section

Definition of Luminosity

Derivation for simplest (round beams) and general (flat beams) cases
Additional features®

Luminosity with crossing angle

Luminosity with transverse offset

Crab crossing schemes

Hourglass effect

Time evolution of luminosity

Luminosity measurements*®

From known cross sections: leptons

From known cross sections: hadrons

Luminosity from beam parameters

Van der Meer scans

GETS*

Objective: Beam dynamics of injection and extraction processes. Should include tech-
niques for low loss procedures, different requirements for extraction (e.g. short pulses, high
intensity etc.). Consequences for the design. Short discussion of secondary beams and

target requirements, including very high energy/intensity beams (e.g. spallation sources).

18.1

Beam dynamics

o Principles, devices, charge exchange, painting schemes

o Resonant extraction

o Applications (extraction etc.)

o Optical matching and filamentation

18.2
18.3

Technology, kickers, etc.

Types of secondary beams

o Generation of secondary beams and challenges

o Required targets and target properties

ADDITIONAL LECTURES*

Objective: To touch upon vital auxiliary equipment, summary lectures outside the scope

of the different themes of the school.

19.1

Vacuum
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19.2

19.3
19.4
19.5

R

Particle Sources

Electron sources

Proton sources

Ion sources

Anti-particle sources (anti-proton, positron)

Beam formation

Radiation and machine protection

Power Converters

Warm and cold Magnets

Pole shapes, geometries

Coil, Yoke and Pole shape design

Effect of (fast and slowly) varying magnetic fields

Concluding Lecture, putting it all together (?)

Overview lectures, new issues as compared to introductory course
Rationale to arrive at a conceptual design (a la general Tutorial)
Laser applications

Advanced acceleration concepts

Plasma wake acceleration

Inverse FEL and Cherenkov accelerators

Dielectric laser-driven accelerators

1. RECAP LECTURES

Objective: These background lectures should recapitulate the lectures on the main themes

of the Introductory Course and serve as basics for the lectures at the Advanced Course.

1.1

°

°

1.2

1.3

Machine types

Linear accelerators

Circular accelerator

Transverse Dynamics

Should cover the introductory lectures on: Transverse Linear beam Optics, Linear
Imperfections and Phenomenology of Non-linear effects.

Linear Optics, including chromaticity

Linear Imperfections, including Coupling®

Basic phenomenology of non-linear dynamics®

Longitudinal Dynamics

Should cover the introductory lectures on: Longitudinal Beam Dynamics in Linear



and Circular Accelerators, RF Systems.
o Acceleration methods and structures, Cavity basics, transit time factor
o Phase stability
o Linac versus circular accelerator
o Transition, synchrotron oscillations
o Equations of motion, buckets

o Phase stability

2. INTRODUCTION TO COURSES
2.1 RF Measurements®
2.2 Beam Measurements
2.2.1 Introduction to Beam Instrumentation
2.2.2 Introduction to Beam Diagnostics
2.3 Optics design
2.3.1 Lattice cells
o FODO cells
o Separated and combined function FD cells
o Basic parameters, tune, optical parameters, chromaticity
o Choice of lattice parameters
o Linear imperfections
o Other cells, reason and basics
2.3.2 Insertions®
o Dispersion Suppressors
o Low-f insertions

o Matching optical functions

3. MATHEMATICS FOR ACCELERATORS

3.1 Recap: Basics
o Vectors and Matrices
o Scalar and vector products
o Eigenvectors and Eigenvalues

3.2 Recap: Calculus
o Surface and volume integrals
o Gauss’ and Stoke’s theorems
o Differential equations

3.3 New: (may be needed (useful) in “Landau Damping, Collective Effects”)
o Calculus of Variations (very basic, concept)

o Complex numbers



o

°

Fourier and Laplace Transformations

Complex analysis

4. NON-LINEAR DYNAMICS (rings, but all concepts applicable to single pass machines)

Objective: Introduce contemporary methods and tools for the analysis of non-linear ef-

fects. Demonstrate first the concepts in the linear cases and extend to nonlinear dynamics.

Key elements are: symplecticity, maps and matrices, analysis of maps, normal forms. It

includes the use of Lie algebraic methods and Truncated Power Series Algebra. The latter

with a hands-on simulation program.

4.1

]

Methods and tools

Conceptual and formal tools for beam dynamics, maps, normal forms and analysis
Demonstrate the concepts in the linear cases

Maps and matrices, analysis of maps, normal forms

Symplecticity

Action-angle variables (as a general concept)

Generalization: extend linear — non-linear dynamics®

Higher order maps, Taylor maps, thin lenses®

Numerical integrators, Symplectic integrators®

Basics of Hamiltonian treatment, Poisson brackets

Lie operators and Lie Transformations®

Non-linear normal forms*®

Truncated Power Series Algebra (TPSA), simple examples and usage, demonstration
with small program*®

Phenomenology, applications and examples

Non-linear imperfections®

Phase space and canonical variables, Poincare section and invariants, effect of im-
perfections

Dynamic Aperture, definition and evaluation

Non-linear generalized Courant-Snyder invariants®

Normal form analysis of non-linear effects (sextupoles, octupoles, beam-beam)*®
Canonical Perturbation Theory®

Non-linear detuning, application (example e.g. octupole, NF)®

Islands and island width , away and near resonance®

Chaotic motion and diffusion, Lyapunov exponent, Chirikov criterion®

Tools (e.g. FMA, tracking)

5. INSTABILITIES AND COLLECTIVE EFFECTS



5.1

°

Impedance and space charge

Direct and image space charge

Envelope equation, KV distribution

Recapitulation of impedances, wake fields, cavities
Coherent and incoherent frequency shifts
Neutralization®

Beam instabilities

Origin of instabilities

Bunched and unbunched beams, coupled bunch instabilities
Simplified Models

Single and multi particle instabilities

Longitudinal and Transverse instabilities
Microwave instability

Robinson instability and Negative Mass instability

Sacherer’s integral equation

Longitudinal and transverse Head-Tail instability and beam break up

Transverse Mode Coupling Instability

Bunch lengthening

Cures

Other collective effects

Intra Beam Scattering

Electron Cloud and Ion trapping

Instabilities in LINACS

Fields of moving charges

Wake potentials, off-centerd beams and transitions
Effect of wake fields, transverse and longitudinal
BNS damping

Beam-beam effects®

Beam-beam forces (2D)

Head-on and long range beam-beam interactions
Tune shift and amplitude detuning, footprints
Beam-beam limit (lepton machines mainly)
Coherent Beam-beam effects

Beam-beam compensation

Landau Damping®

Principles

Landau Damping in Plasmas

Landau Damping in particle beam



°
°
°
5.7
°
°

9

6. LOW EMITTANCE MACHINES AND LIGHT SOURCES

6.1

°
°
6.2
°
°

]

6.3

Dispersion integrals
Response to excitation and Beam transfer Functions

Stability diagrams

Applications in accelerators, use and control of stability diagrams

Particle colliders®
Basics
Linear colliders

Circular colliders

Types of light sources

Storage Rings

FEL

Low emittance machines and optics
Basics

Lattices, minimum emittance, achromats
Matching optical functions

Insertions and insertion devices (synchrotron light)
Wigglers

Gradient Wigglers®

Asymmetric Wigglers®

Undulators

Permanent and superconducting magnets

7. ADDITIONAL LECTURES*

7.1
°
°

°

]

4]

7.3

Polarization

Spin dynamics, Thomas-BMT

Types of polarization production of polarized beams
Electrons, Sokolo-Ternov Effect

Protons and Ions

Maintaining polarization in an accelerator chain

Timing and Synchronization

Types of accelerators requiring accurate timing and synchronization

Requirements, noise and jitter
Reference signals

Measurement techniques

RF and optical synchronization schemes

Energy recovery Linacs



Principles of ERL

Beam dynamics of ERL

Cavities

High Brightness Beam Diagnostics
Emittance definition

Types of emittance measurement

Effect of space charge and space charge dominated beams

Beam cooling

Principles: overview and applications
Stochastic cooling

Electron cooling

Ionization cooling

Feedback systems

Purpose and principles

Feedforward versus feedback
Implementation and signal processing
Advanced Acceleration Concepts
Plasma wake acceleration

Inverse FEL and Inverse Cherenkov accelerators
Grating accelerators

Dielectric Laser Accelerator
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MY ERHF T2 (beam physics symposium) B ] (1) “arboretum”— 1l o $4 A7 — 1] [5] B “+
AR, HEMANZE.
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J.3 Klaus Halbach — # R 4 hoik B sk £ R

J.3 Klaus Halbach — - N as i 2k 51

Klaus Halbach 2% [E A, fF¥i1- Y University of Basel 5¢ Jif {# 2% 47, 1957 FE3|EH
HriH g K7 SRS 0K Felix Bloch24tdi, 1960 AN IH <& L5716 BrfA se M E 2
SEEGZ (Berkeley Lab) & B 1-(RdH, i j52 5 @ik [FP a4y Omnitron I H , L 5K
Omnitron %G &% .

Halbach $5: 4 A S TAE 2 hAE A T I a8 iR ki . Halbach L5 [H] 76 5256 %1
T2 Ron Holsinger J1-4 T —A~H &I T B2 7 POISSON, 2 4515 2136 {5 113 .
BEAN, AEA R B Tk 454 “ 1 A\ (insertion device) (YT, A /@A FiF. HER
2 —, AU E e (F2EfRET S6IEIE (advanced light source, ALS) 5
SR EEE SR E SRR E . B T RO E SR RRIT T,

VIR TS . albach (K178 ~ —FH4RI Aok - MR A SF 0080 . 0752
SRR, ML, RTINS DL AR

Halbach /E M IMEAS I S RGN TR AR B2 I as 0t H rymin), 4
PR F LI ZE MY ALS [ 57 SE5G = Y GG F- R (Advanced Photon Source, APS) 5
SLAC 1y [E)2E 455 nid % (Stanford Synchrotron Radiation Laboratory, SSRL). iE{fHj, Hal-
bach £ TH e A E 5 L5619 TAEHS 1o @ M Halbach 7 1991 fEIRIRZ Ji5, 39AFRMK
WS ST 5578 54, 1995 2459809 LA Halbach “AZRAFS 2, W5 T
MR 100 ZZER ST MR TTIRE M 2 A RITH A, A8 B T A v A
(A= SPANG N 511 ey N8 N VA S By NS S TN 8 7 R (A E g v N VA B N ) @t i
55 B AL R AR A R VR B TR Ak o

Halbach - 2000 it tH o A 5e M 5 SLE 2= 09 ALS B2 T — DM A At S ik
AR EMWEERTN, FR Klaus Halbach 2,

Felix Bloch [K 4y TR R EHR R HHURIHT /72, 1952 45 EM. Purcell Hit DU/RYIHZE I,
3https://laacg.lanl.gov/laacg/services/download_sf.phtml
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J.4 Rodolfo Bonifacio — £ 3t 53 F A ¥ & Fi% & 26 IK

J.4 Rodolfo Bonifacio — 8L 551 H W1 BB 8K

HAE T REAFIPY Y L) (Sicily), K, TEABEM T 1964 3 H2A i+ 22
fLo MITHARF ST, TR R AR M s & R B, oG B4 Tk,
fth 5 Tito Arecchi SAFERH 1833 T A Rk S5 REZH 782 & (collection
of two-level atoms) H &M EAEFHAYAEZM: FE, B Maxwell-Bloch J7#2 (=k 5 A1,
& Arecchi-Bonifacio J7 %) I, fBAT5] N\ T FUE K HIZ2 22 A28 3L (slowly varying en-
velope approximation, SVEA), JfJ&7r | AU iE UK i IXTAFFEAE 20 #2060 AR
# Bonifacio £EM A £ 5 I E T, HRES A2 3] 7 Roy Glauber {341 . B 5 7E 20 tH4g
70 FACEI K=

1970 4%, Bonifacio 5 Paolo Schwendimann £ Fritz Haake S/EJTF e T 824K H & 45 5t
(cooperative spontaneous emission) [ BLATE FHLE, )i T #82¢56 (superfluorescence)
XL L, ALEENEERIA FEEAGEMAS T, AR BT EM T LS
9. Jak, 4 Luigi Lugiato —2, 25 H TIRZEIOCHVEISTIA . A H) HOAE 556
FRIRE] T RIFRYSIE. £E 20 4 70 FFACH ], 5 Luigi Lugiato 4k%: 54, Bonifacio 2
OB XS EME (optical bistability) By F-3437308, ZEIEHE A AR T RS, ik
TIESEHDE TS B R TREE . A TEAE— D ENE R EIE 17O E MR RS i B
W, XA AT AT B k3l (optical selfpulsing) IG5 A S2dw HPOW 4¢3 o

20 {H2g 70 FAUK . Bonifacio REER LA 17— U AR TARGTIRE,  BIE d A3
) (free-electron laser, FEL). FEL N5y dn itk AR H BUARTE FL 7 2R 5 S A et
P AW RS F8F NSRS I L 5 HOE N . 1982 4F, fil5 54F# Federico
Casagrande /] Giulio Casati %5 i | i FEL f{)— ML, FER MU 3054 i I RIE EL
FL - AR P 2 P — e B . R AR IR AR TS 3925 —Bi #HA2 (first-order-like
transition), AT AE#REUAT BpA RS . 20 20 80 AEAUHT 90 R4, Mgt —2EHF5E 1 FEL,
ik T2 G, B4E B CK B & RS (self amplified spontaneous emission, SASE) [{]Hf %5
et Rl FEL AMERITIRHS & ST RS« X2 SLAC RS — 6 X 44 FEL 15 2009 45
s TR BRI

5 20 40 90 A1, Bonifacio TEZGEHY“Jii1 A1 H M HLFHUGH 2R EEA b, £
AT PGSR S, o5 TR URREDE- Y BE EAE o 5, ST AR IR
TR S R, AR AR A ARARIR B A AT 52 W L S G B A ELAE T L 0A N %
. 1994 4, Bonifacio JT & T “CEAJF 7 K TOE” (collective atomic recoil laser, CARL)

AL WA R B TR SEAE K 2% (University of Strathclyde) JIE a3 ¥ 4% 5% Brian McNeil 213, HpiE®EsS |1
Maxwell-Bloch J5#2£JiF S.L. McCall and E.L. Hahn, Self-Induced Transparency by Pulsed Coherent Light, Phys.
Rev. Lett. 18, 908-911 (1967) By—Ff& R T6% L HE SIS (self-induced transparency) 18730, {HILZEA
W EEFEEBRINFREAERR B4 1, /2% FT. Arecchi and R. Bonifacio, Theory of optical maser
amplifiers, IEEE J. Quantum Electron. 1, 169-178 (1965). https://doi.org/10.1109/JQE.1965.1072212, X
Fiit,, McNeil I HELF Maxwell-Bloch (MB) 7712 W % & Arecchi-Bonifacio (AB) /7 #%.
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J.4 Rodolfo Bonifacio — 23t 5% F g iy & F % 6L IK

[ J — IXRAEV TSR TS OR I ERIE , (T 5T N AR AR B T iz
3, LU A P I ERIARSR R, B S 7 A NS ST S B AE U « CARL JE2RAEWS KV 211
IR LI R R 2, A3 -2 (R H E 28 (Bose-Einstein Condensate, BEC)
H LR, SRR N R ST RS R B (superradiant Rayleigh scattering, SRyS) i 2. 4
T Bl - TR T EE 2R 11 SRy S SEIG UGN T CARL SR i, 380 i T FH
SR RO IR . IXEET {28 Bonifacio 77 21 404 B HTHIH = # 45 FEL 3
W, ISR T i e - H O (quantum FEL, QFEL) [T RENE, Hrfr, SRR
ATEMER BB OB sh R A B B M SRR 2. BT Giuliano Preparata £+ 20 tH
20 80 FFAARAY M LAE, Bonifacio #E3)) T QFEL #B1 & J&, EA—F R ENHET +
SESHIRBA R, HFRMS 5 TZ T/EE R .

N T R A F R AR 2280t . Bonifacio T+ 1987 41T 1 & = Fobk w58 fr
(Franklin Institute) A4 AYIL /R, LASRRARAE G2 BUAREERT 587 Y TAF, 1994
TG THPEENE TR A MU R Z TR, LSRR MfE FEL SRy ITa1%
TAE. MEATE R IAEARE R B TR SE . (S fh— A TARR AR BRI

LB N A Ehttps: //www.sif . it/riviste/sif/sag/ricordo/bonifacio,
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J.5 Kaoru Yokoya — B £ hv ik 69 B2 18 %%

J.5 Kaoru Yokoya — B 25 i) s 2038 %

MR R, 1970 FAHIFAR R F I AL, 1972 SR 177, 1986
AR AAL, 22 IR B AR GUR S (University of Tokyo). R4 - FLAF Y HY
AVEFWE T BT A BRSBTS A, AR ICAUGE Y
R, AMES— SRR BRI . R El e, Ak 7 HE 68 0
SN “FREAE LA, MENGE. Fl, T 1978 fEIA S RE IR &I 5L (High
Energy Accelerator Research Organization, KEK), #& [ 1 H 74 #101 H TRISTAN
B TR, WHOR s s BRI R AL, TR T AR REE . AR L
IR SR P, 15 1A KA AF AP AL SR B s R85 IR
fth— B AR 8 ) AR B G s - D R AP B 5T ) o X THTAE LR
FEL A0 1E L~ AR P AR A AR A S AT 1990 4RI 1 H AP B 2 Gl i S 4
2T 2 — — Nishina % ({—FB}5C& &, Nishina Memorial Prize).

A L DA W B A R & A5 H AL T B2 FUR AR SR BRI BRI SR N
“100% BT ML RO MERTN R 2R G T 44, g T SR B s
AT F AT 5 DEC RO RE R SRARAR SR R L8, A R e IATTIH 2

B LIS BB S IS T RE R AL . KRR PR A PR, A0
SODOM. ABEL I CAIN, @ Hifth ™l M7 A 2R BRI AR RLARTFERE
H M SR AR ZE & A AT T AP “hstisng, Ratrdnr, " —
(L EEVEE UL, RO R R = MABOE R — g, A A"

5 ILC T H LA S MR, SR MRS, R
SRHE. REE— S 5EAAD TR, AR, BEERIF. A
TELHERERERY RO SIS RGO R BT B SER0E: “BOPR 3, T 3RAUHE
S

PA_EF4 WA ELE A. Regalado, A Straight Line to Success, Science 266, 5188 (1994). ht
tps://www.science.org/doi/10.1126/science.266.5188.1180 53 [F ¥ H %< Robert

R. Wilson Prize | T https://www.aps.org/programs/honors/prizes/wilson.cfm,

£ 2021 E28 [ BRks v~ Inidd 2~ W (IPAC21) |, VEONRRBAEE T, BEA )
= MO ImE R e A R A BB
1. Courant-Snyder Z i : Hill R —Ff#RI X = R I518 7] 27 E.D Courant and
H.S Snyder, Theory of the alternating-gradient synchrotron, Annals of Physics 3, 1-48
(1958). https://doi.org/10.1016/0003-4916(58)90012-5 Bt X §7.2. §7.3,
2. Panofsky-Wenzel FE B! : [ g FILEET NI AR AL 5 o T ARU S5 2R, )2 e b e B
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J.5 Kaoru Yokoya — # & Jn ik 69 s 2 18 %

SRR = G780 275 W.K.H. Panofsky and W.A. Wenzel, Some Considerations
Concerning the Transverse Deflection of Charged Particles in RadioFrequency Fields, Rev.
Sci. Instrum. 27, 967 (1956). https://doi.org/10.1063/1.1715427., Al &3 kL
§11.6.3,
- Keil-Schnell Z5f: 2T coasting beam #TfBL, FIWTZN A AR E AR 230, K EpE
JERON 5 [ FEINE GBI E Y R 22 i T A = JFIG18 AT 2% E. Keil and W. Schnell,
Concerning longitudinal stability in the ISR, CERN-ISR-TH-RF-69-48 ; ISR-TH-RF-69-
48 (1969). https://cds.cern.ch/record/1229157/files/ISR-69-48.pdf. /53K
HET 16 BT bunched beam [ Keil-Schnell-Boussard 554, 1] %3 ¥ §13.5.2,
. Derbenev-Kondratenko /05 : 25 RE[RI 2B AR AT ROV IN 7 FL 0 A7 BRI~ A7 N Y L
H e Ao D-K AZUR/DEUH T 2 HIMGVEMESRE , Rl 2 e R n = J7
18R Z7% Ya. S. Derbenev and A.M. Kondratenko, Polarization Kinetics of particles
in storage rings, Journal of Experimental and Theoretical Physics (JETP) 37, 968 (1973).
http://jetp.ras.ru/cgi-bin/dn/e_037_06_0968.pdf.
- BCUTBCIHESE : ™% Liit, JXAE AR, T2 T Al g 2t haty b 73U Y
LR —FREUE T BAE SR = J5IE18 A 2% T. Weiland, On the computation of
electromagnetic fields excited by relativistic bunches of charged particles in accelerating
structures, CERN-ISR-TH-80-07 ; ISR-TH-80-07 (1980). https://cds.cern.ch/reco
rd/122751/files/198006235.pdf, X &% PIC (Particle In Cell) & 5E 55| A\ i
T I AR — i 5 A A 2 BRSO e RS2 I T AR
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J.6 Kwang-Je Kim — 4n 3 3047 =, TR F L LA

J.6 Kwang-Je Kim — U BN TR, A4 200 A

/a5, BATEE, T 1966 4 M E /R (Seoul University) RISV~
T ZJm, METAESEE ., £E 1970 4 5 B 22 R p G AR P ) B A2 T o o Al
AR — B AR . REMEE RN — 2 ZARK, Hb TR SR E A &4
AET AR, RS TR A AEW I T H R E D, SR ASR S Ty, £
SLAC fIH e i i e S s T B A R AT IR, T 1978 SR SFAE i 5o ) B 58 5
§6=5 (Lawrence Berkeley National Laboratory, LBL), il A— &M eI F 5. fih—H
1E LBL H#| 1998 4, fHZHCA R EE-L (Center for Beam Physics) fl| 3:1F:. 1998 4,
il i N B 57 [ 52 3256 % (Argonne National Laboratory, ANL), FH/EfH a8 24050 TRV EIE
. FAEZINEF K (University of Chicago) FEHRAHEH% . 75 ANL, {5 [T 5o a5
fF 5% Fr (Argonne Accelerator Institute). Hfij, fB/EA ANL A HEFFE 520 T SRk sh 12
WF5E, FEF T E IR K 2# (Pohang University of Science and Technology, POSTECH)
P25 JRE A o

EHFEBAEEET M AEAAE, WO, RIS 2 AR EE RS 1 o
Miko ffE LBL {9 EME55 /20 Bevatron ¥ it— 1~ 4LiR 5[ H] (resonance extraction) R4t. 4
R RRHEN IS B AL, R . AR, PP T RIS, I HIX
BRI T AR AL AR At A B S PR B R A SRT SO A TR
RO Zett: (bilinear) kA MR AR A [ BERY /7 30, IMRERS LLE R B G YT 50
R A AT S M — WS B R T — S WG I PP IH a
HHEEERE, T BT R RA I % iRt

BHRRFUE B BT ROCEIE H BCK B &5 (self-amplified spontaneous
emission, SASE) i Az —, I HIEITJie 17540 RF St BN b L AEh 122 T GIE 2047 o
B H B TAEGHE A& W T 77748« FD X BFZRET 90° (I . R i s sl T A2
1# 1T Moniz 1 Sharp [ 8] BB H 28R &M X 714 %) (lonization cooling) f#R /A~
FaE M (microbunching instability) FIZE{LLT 2% S AN G0 fE P DTk« Smith-Purcell 5 HH
TWOCHIS 56T R B FEATH iy U7 28 X B2 B th H- 0GR e (x-ray FELO) R &55

IR K e TAE, AEMMMRAAATER A ZINEF Ko AR SE R 7 22 A%
iR Mg —MHCERIR IS . TR, Ml E S ZE T e R EOR BT RIS R0
ROA b Al B o RIS T2 AR AR AR B3 72 — SE R T T Y
— AERE S 3G A3 OCRIfESC.
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1.7 John Madey — % — {5 XL B b & T A B AT R
J.7 John Madey — 55 —{i 38 H Hy 7 HOG AR IR 5K

HATIEE, T 1964 G MINIHHE T2 BefRaslog o2 Lag iy, g M2 Alvin
Tollestrup. FAJ/5, 1T 1965 FFAESCIGROLYIEE - 5¢ Amnon Yariv FJF5F N, ZENMEE T
FEORAF L AUCRE LA, B S RIS R . AEAREL, fl7E Bill Fairbank [1f5-5
BT EHESE, 9 Fairbank (Y IEH B VSRS A T A SRR AIE TR

FER A, Madey fE[RI RSS2 5 1 RE B SL 0 1A LA N DR G S
M TAE o fbAEAT & 5o S E 28 5286 =8 (Brookhaven National Laboratory, BNL) i 25, %
AGS A7 7. 1971 42, fhi 1 i 48 H) W.W. Hansen 525025, (RG], fth % 51
AN ES T % —4 3l FEOERE (free electron laser, FEL)S . fth 4 367~, %& Bl
FEL [ 57 JBAE T Mth A5 A & 5a 15 L > #[A] 55 John Blewett. Ken Green f] Renate Chasman
[ —gkil, M EGE A TRt A AT REYE, B H ATAEZURHB A 2R HR
o 1986 4, gkt A MH AR A S: A TR RIS 0%

1989 4, A2k K77 (Duke University), @15 FFl ST EEE T (73000 H A HE
THOLER. 1998 4, ARl K EE K # (University of Hawaii) 4322 304% . % FEL £
AN T REIEK (remote sensing). Madey Kl il as MHLef, FF HAL B 4243 — Rkl
MEREAY S DY InEas M B SE AP Y SO, s T

hnig 3 (o FEL) 3 % 58 T RAE) TRAEMALAR A R A 5 3009 649 FFt,
MR EERELPEHG =D, RO TERR LD FORARARERIL L, 12 F
RAVEARW R ATAL A B3 B Fo il AT 097 & e R A a9 e ah , KAz RATThE
B 5K FATALA TR A AAR A RARER. Bk, MFENEERiH. AL
PHAREL KAV FIAT, RARNB E 504 F ZMNBE RIS 69355k, 12 &MNLH
B TR A A FoF R Z

SIXHI R 2B — HE AR ITE — SCNX 45 o 2976 1979 4F[9T4F2 /7, K.W. Robinson £L£545 H
TORT B H OGN AT TR T 12, Robinson AR ATE Y I M & et
MEER . X2 5 AfE Robinson i th 2 5 BB H Sk A R AN Z IR o
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J.8 Claudio Pellegrini — 2 3% 3 g & & F% b R4 2t

J.8 Claudio Pellegrini — 53425 H O f2 €1k

HAETEAMEP 5 (Rome), T 1958 FaR1G 7 174, BT 1965 FAELD B
(University of Rome) k75 11477 1958 -4 1978 4R A [A)AE dhhr - [ 58 S0 =
(Frascati National Laboratory) T A/F, §&J5EAn & 5o il CE 22 3255 % (Brookhaven National
Laboratory, BNL) [ [E 5% [7] 2561 (National Synchrotron Light Source, NSLS) T.{f. 1978
TEA 1989 4F, AL 1A A AU O R R RIS A E. 1989 4, MBS M
WAZAL53 ¢ (University of California, Los Angeles, UCLA) F#FHAZ04% .

Pellegrini j& —(ZHIEYIH 2, GRZEINHRGIIEF R, XX
fr TR R AR PR RIS AR D 55— IR A R B BRI o 25
TGRS R R SR S B TR A EAE o A LAE SRR -RAE I 5 M. Sands
1 B. Touschek 7353 G A Z I —FAAREVE M H] 4, HARE ME YR A4 1 K AR
FETE (head-tail instability) o AU REMMEREX — IS, I NHIRH THHATT 5. B0
BN NFNHY AR5 R R TR RO S8 A4, el @&t B R A IR AT Y
RIRRSENE . BRI AT HZHZ (self-organization) L5, KA i FHUGARENE (FEL
instability). Pellegrini — B ELEX T ARV, HMRE] UCLA J5, bz 5551
(I i a5 (plasma beat-wave accelerator) 13 B i HL 70 (inverse free-electron laser,
IFEL) 5255

B RO B AR R AR S e B e PR EAE . B 1984 5,
fih—E % FEL &8ss HECK B &35 (self amplified spontaneous emission, SASE) T
VERGAR O R . (2 1992 T IR$2H . /£ SLAC By E s {41 SASE FEL #/Li
41 A X SHERIURIIEE. W RROERK . R BUY T I B LA AR TR
(Linac Coherent Light Source, LCLS) i H, —> 1.5 A [#J SASE FEL,
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J.9 Albert Josef Hofmann — 5] 7 43 5 226 K JF

J.9 Albert Josef Hofmann — [&] 2548 5 FHiS K

131 B FR T 2% B5% (Eidgenossische Technische Hochschule, ETH) B0V 5, Ath iy oe
FE| S1I#77 L #5 (Cambridge Electron Accelerator, CEA) T AF—Btis}a], £EAR A ST
W ERIEIR B s s O o T R P RHE AL B, R TR B SEES . CEA T 1973 4F
KA, s 2 CERN AL SR E R o FEARE, fhfgih |28 AFGE PR (Intersecting
Storage Ring, ISR) Ry as VBRI, X2 I — P EZER SR XL, RE25 TR
U HL - 1IF H 7 X 4]l (Large Electron Positron, LEP) [ 1. 1983 4F, fihfzsz 1 EHHAE
BEANE g0 (SLAC) FIH g [R] b E 5 S50 25 (SSRL) KRG HARL. (EARE, b1 22
HOT B AR H 2o AL (Stanford Linear Collider, SLC) fYE 1 LA N 5 [R5 HE 5 7 AR G
HIhDiE s F)fl. 1987 4F, fti[=]%] CERN, 5% LEP U4 \isfT. (£ LEP e, fi—H
BT Iz A B IR A ), B3 1998 B fR. ~J5, fiift SSRL. SLACB 4
<) (PEP-I). EPHY%]E (Laboratorio Nacional de Luz Sincrotron, LNLS) DA N A% EE N
JI| Lyncean Technologies % ] T AE .

filszs N LALER IRAIRYEDGR , ARMERBRIE S I NA S I8 o A0 R A AR HAH S AW
L T DAT R AR sl A P PR AA R 2R TR AR S T RSURGE SR . 1% /2 Pauli
5l Einsteino -5 {H A 1A EOR LR 3 By H & seie s R Aot inisds SRR 1 3=
AR, MAE O IE M L GBI TR . AR 2 B XA R
R AT AR R S 2B R R SR Z A R Rl ALl N L R 5L
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J.10 John Paul Blewett — JU-F 4 & 45 WAL R #8469 A2 —

J.10 John Paul Blewett — JL A5 Wk R 2B 585N 2 —

HAETINERZ82 (Toronto), {EZAEL KFIRIG T AR L YH AL, B
F£ 1936 IS (Princeton University) ZR45% 1 M BL-2 1 o2 . AEARTG 1 -
FA0L )G, fMBAESIFFRY Cavendish Laboratory J§ 34 T —4F, Ui )A Ernest Rutherford F1 Mark
Oliphant, KT o K HIRERVEEC REWIH . 1937 5] 1946 47, Blewett {£K[H
2121938 F H < 2s 7] (General Electric Company, GE) #/F 5% 55596 % TAF. fFitbi[E], Blewett
Bel B2 1 WAL I M A 5 S — R IR 3L, AR, AR 8 AR F - W s
#ir (betatron) FIFERY i HE FL T R B L AT R 5 —LERERT. Blewett 1512518, IXFIE
SIS R 2, I Sl ae i EiE 2 . 5 4@ 514 S8 GE ARl
TN (100 MeV) FELENZE, b RI7EZpLEs B Taeie. Haikil, R4
S UBAI N AT RGN N AE 1947 38 H LA R 70 MeV [F25 nsigs £ 20, &K
B PR AERT, AEAURTAE RS A as A& H R o

1945 SF5 [ KA A TE R 4388 (University of California, Berkeley) [ %5 5 S286 25
Blewett [ fi#%] E. McMillan X [R]2Eiind e (94835 . Blewett AR 0 E B Al 197 B8N
S —BIEfTHE S I S, 3] 1947 4F, Blewett 483t 7Y GE HL1-[F 25 hidk a5 1 OW
SEI[FEP RS R IR ES . RIS E 42 BT GE, A i ZE-1- Hildred Blewett —if2, ih
R — RO GBS, N T F s A 6 5 i SC B 52 5285 % (Brookhaven National
Laboratory, BNL),

AamERREN AR, 135 7 BNL TAER L ETR] . fEARE, b
I — MESEZS 5Hrki 1 niE 4§ Cosmotron [, ZME et — o I fE
THEA4 R T B RE Y 2 2 3 GeV. Blewett fSTRAANISHHUITE R FIEEIE o
1952 4, Cosmotron {E N FEE—4G GeV IR INH I NIZE . 24 Courant.
Livingston 71 Snyder % WIH# [F] 58 R £E N, Blewett 37 RIE IR 21X ML S AE LM s g5 h
WA LU RR IS FelE, VIR e (OB Lahnsids RIS 2 — 30 R Bt
1952 4F, YERYH = REMIHE SLEG %8 (CERN) a7 I 3a B gy, ok 5 2 DN E %
HIY B SR A AT IR] T BNL, M) 1 g2 1 A SR AR ARG o X1 P37 Blewett
FEAMMANMAT, PrEFr s 2= 8 TAE. 125 7R EHT SRR (Bergen, Norway), “A{EH
W ECHTHE S R CERN Jf-[F] 25 k4 (Proton Synchrotron, PS) i 15t 1 5Tk

1954 5E4)], At IE] BNL, HEESAS &40 5 [5) 25 M &5 (Alternating Gradient Synchrotron,
AGS) PRSI HEENE o #8FK (George Kenneth Green) 155, Blewett S22 & F. 1960 4,

61/ 4 D. Ivanenko and I. Pomeranchuk, On the Maximal Energy Attainable in a Betatron, Phys. Rev. 65, 343 (1944).
https://journals.aps.org/pr/pdf/10.1103/PhysRev.65.343,

7T R RS R kR, B]Z2% John P. Blewett, Synchrotron Radiation — Early History, J. Synch. Rad.
5, 135 (1998). https://doi.org/10.1107/50909049597043306 =} Giorgio Margaritondo, The evolution of a
dedicated synchrotron light source, Physics Today 61, 37-43 (2008). https://doi.org/10.1063/1.2930734,
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J.10 John Paul Blewett — JU-F 2 B 4L JLIE ) ¥ #8409 AZ —

SEHLT A 33 GeV Wi TR, Blewett [REREIIZ S T 5 Luke Yuan(Z5<5H) — 5T it
TR g E] 1000 GeV (AT REME . 1962 4, Blewett SRR T24FE (MIT) [ MLS.
Livingston —#{2 HHi kit T Particle Accelerators —15, a2t 17 Y HHZ A0 & B, BN 245k
FIARHEZRT . 1970 4, M@ FRFE A F) 44 2% "Particle Accelerators” (55— T4k o 1]
FIELEAEF, EZFIF 20 U R A SR L. 1978 FE2 )5, FEM IR, b
PRV TR R R RRST . 2 T HRE BNL # G E 5 R2O6IRR Tl
172 NSRRC FRJii ] o

Blewett j2 M EZERMAETER, EVHENET, ©
Iz

Ik

WO SNEZS, HEIPUATA
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J.11 Alexander Wu Chao — Jnig 27 A4+

J.11 Alexander Wu Chao — Jji# sy B &2+

1970 2 NESZAF R AT A L2 0r, — SRR BR  thaT A 204132 K5 (Stony
Brook University) #HTHTFEE > AMIRT LS T, T 1974 G L0 B
Ja, ARBTTE TInE G e, SO KA BA A U0 (SLAC) YT 425 . 2453
TIFImE R EE T o

1984 4, LA T e N4as R ar 5 H — 8- 201l (Superconducting
Super Collider, SSC), JIA T EM 1 SSC S8 % , AR A G AR 1 AT, B 1993
4 SSC T H e ZABUN R A5 - 1 SSC IUH KAFJA, 1993 4[] SLAC, RAHFZESH
SSC Wi H B Al HTE s PR, SN TILERS ], FRUCAAEARE 23] TR .

b 1993 4E A SLAC (##%, hT SSC M4, a4 7 FHERIITE . A
2 SR TR IR A RN G200 H o ARRERS (3] 500 3R AE s e M 3R o
AT REIR ST Lo AP AT, AR IA G ) B U L I/ o2 R A, BAR A B
HIEEACARRETEIIE . R as rh YIRS f2g . B h4t. Roe-hor i E e
DA H | R FROEERIR . MAEREIS ] A% 0 S eRAEAE DA IR e 20T TSt [ R ] G A
b REIHER T B R R — RIINE G AR TTIRERE ISR E N, ARy
BT H A

A7 AE 1993 4585 « H i T Physics of Collective Beam Instabilities in High Energy
Accelerators —-5, 24N EL"WHINEFRH, CHRZIFM T WA A 1999 4, 5 Maury
Tigner — i %w%H Handbook of Accelerator Physics and Engineering — 15, A Fira
fmgEas Mol A B8 B i T RS, H 2008 FELLK, 5 Weiren Chou —jg, f4HAE 1
-1 Reviews of Accelerator Science and Technology F 2R A FI A 4a%E » LN, 2020
5 2022 GG H T Lectures on Accelerator Physics 5 Special Topics in Accelerator

Physics WIAZFHS o
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J.12 Kenneth Robinson — i JArk, 248 X

J.12 Kenneth Robinson — @b H, BMiR A

HAEAESE E SE MR, RN T2 Be e il 1 RSP AR50l Bl AE 2 PR
K77 (Princeton University) Bz 4270z, T 1955 RIS 7 00, BFFEJT FE s REY) BE
SEOG . M 1948 421 1952 4F, {9 & RCA (Radio Corporation of America) 356 2 AT
AR, BEFSINRRIT A SAE R A .

1955 4, MERPF2 28— 8 M.S. Livingston 75551 24 iof 1E A S [ i 35 A S 7 L -
Jni#es (Cambridge Electron Accelerator, CEA) [ A 22 —. Robinson —H ¥ 1f CEA HZ
1974 R S 20 o SR, MR IRIREIE S, Il T S 2 W R TR A
IR AR o MR JLAF S RO IR A A AR B A A . /2 CEA, Robinson iff53 | HiL (LIl R
Jrrh, I SNSRI DR AL A A BRI 52 B RR ST S o A R H T R A () 25)
FRSTPHJE” (radiation damping) S U A 7T, FFHEH T 245 #F7 A Robinson KA1
FEMI (Robinson sum rule) FYER . fhak 2 &0 7 H i iFHO6, RE M — & BEA
k3%. 5 Gustav-Adolf Voss —jie, i BT HI T4 R A R AL 2R/ AR RO R “IG
B” (low B) M, IXEA R I A XHE A I EARR A

AL 55— B¢ Voss Xf Robinson {7158 : Ken Robinson was the legendary genius, who
developed most of the theory of electron synchrotrons and storage rings single handedly and in
whose unpublished papers, found after his death, the basics of the free electron laser had already

been developed, 10 years ahead of time.

Robinson /& — MM HEEY N o MR —(AERAGIEKE , R @ — (L& wieE
N ABAET RN, AEDLAK, MRGE IS, SR, AbAg B2 AR GRTY .
1, HEHRZFRATIVEE, g — " " (loner) FI—" KA (genius), BRI
FItis, YA diiEny, AEE0n; i B, @5 B, 2 ER. Voss
PHAT —MERIX— R 78 CEA (iR S #irf, F24 Livingston & F &R A
TAFHE W AR —REW b, 38 TS, AMTANIE R [E 2256 T e
IR T AR KRS . Livingston 2 RI#E5Z2 T IXMEE . e b, IR ek,
2 Hpth AL R I, S —F Sk X, A AN ERIRE R m 4R E 42 o
5EFRIA], Livingston [RHE74/E I Robinson & I, fihi i1 %] Robinson fEiX 18 H A
KK M. Livingston iji: “Ken, fR—F KK, RAXMEVEA 47152 " Robinson [f]
ML AT

i NSRRI R B o A ABOT 35 HZ¢, 1 Livingston [i]: “Ken,
M 2 ATANE? 7Gxt 20 2 8%, Robinson 25 HY T — MBI — A A1, SRS

8Gustav-Adolf Voss, A Personal Perspective of High Energy Accelerators, Proceedings of the 1995 Particle Accelerator
Conference (FPDO1). https://accelconf.web.cern.ch/p95/ARTICLES/FPD/FPDO1 . PDF
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J.12 Kenneth Robinson — & #38k, A% X 7

FATAEN AT LA PR ERAR , (5 RS AE /2 IEB4IY . Livingston 3ii: “Ken, {k—H
ATEIX B o Nt A — ] TEERC P "Robinson [A1Z : “YRIIABE A1 . 7
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J.13 Yaroslav Derbenev — & 44 #) I ¢

J.13 Yaroslav Derbenev — PG 4351l g

ATHRE, FFAESHTRHE 7K 7 (Moscow State University) 52 #0F , T 1963 F4k15
2540, SRI5 T 1968 “EMGHT FE/AF]IE (Novosibirsk) #4153 fir (Institute of Nuclear
Physics) 8150518 N “#00, I 1978 SERIF LA B 4240 . EFRIS LA A mT,
CAEIZA S I LA, AR MR 258 T A E ERFER

1985 4F % 1986 -441[A], fbAHAT VI JE IR B3l (Yerevan, Armenia) {5 T-HEZ: 14>
HIERY R 2T, BZEFVEEFE, i\ Institute of Complete Electric Drive, 1986 4F
2 1990 FAUEIE S EABOCEAR B FERY % e, BREIEE, 1990 43 2001
SELEA PHAR A (University of Michigan) FHAEEEAA G R 2% . 2001 45, Mn AN T4
W sLEG 2 (Jefferson Laboratory), Ff—EHAEALE T/EE4S .

Derbenev {E {1 g P BRI JL-F-Fir A3 7 TUERMSCH 7 BTk, il DATRZI 1 B2 T
PAK B A ARG R AR R WA ] 4, L4560 A PR R AR (Siberian snakes) HE47
BEM Ak 1210y HLF-74 40 (electron cooling) FTHL BG4 41 (ionization cooling). 4L # (mag-
netized beam). |- A 25 (round-to-flat beam transformations). [ 06 LA
N HL - BS - XHE AL (electron-ion colliders) %,

Derbenev [ [A] SR bAEE 35 R HAAFLA, AL SME DI S/ER A b sed, b —
MHBRER, SibNRF . SR SO e . A — 1R E, AE -1 Es
JRAERY LTI )L /R4 Derbenev JLF—HERLET T, (HARhE 53 7—#it
Frifg EIRkAT — i 28 7 BRI A BOR TRV E N BER B 152418} . Derbenev NI
XA S ROGHR, th— B AR R S — R RO R

oM AR YT A 4438, i ED. Courant FiX5I N, YT W7 B HETE N # L k TT AP iEs: 77 [0 s
EHR RGeS B IS AL A . 7 2:2% E.D. Courant and L.G. Ratner, Accelerators, Colliders, and
Snakes, Annu. Rev. Nucl. Part. Sci. 53, 1-37 (2003). https://doi.org/10.1146/annurev.nucl.53.041002
.110450,

1294
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J.14 Ernest Orlando Lawrence — T 5% Auik 52 49 & 8f) %

J.14 Ernest Orlando Lawrence — [B] &Il 25 B4 & BH %

A TR E R IARHE N (South Dakota), {EJH KA 5E ARk, SAERITEN] 275
ik K% (University of Minnesota), 1 W.E.G. Swann 55 N2l 1240 . Fh)g, fhiRkE
Swann S5 J5 N ZIEFRFHIERE K, FERRE KR G W 1. 1928 47, fhFNH e
R, AR TR 7 e L oe 21 5 TR REMM#ES (cyclotron), % J5
— P HEAARFRGEATGE, BRI SR = e T — M EIPCKIER B RS
AR, X R MR A DUk, SR %2 — D R AR /N, A T At ERAE
AW MR LA KH R A S, Gl A Y A A RE A4t ) A5 AR A D IS

FERS, Al A4 ke B 1 T B H AR 4, &2 M Sloan J1& Y
AL 1 MeV 19 X GHEEHRT M BEER B fi. A 1940 455, TR THE PR,
AR R . AR &) B R sty e 2 7 2R, fh2se
M —— oz [F] I B 5 IR MBI B2 R, I SROON BT I 738 iR, A
SRR J3 U7, 2 Bdward Teller 5K &Y R E S H54, T5KAE Livermore iff
ZER SRR D %S (Materials Testing Accelerator) {5 FH B 5 5 226 — ik gs 2k
Boas, SR S At 44 o TR B 5E/R [E ¢ S50 % (Lawrence Livermore National
Laboratory, LLNL), /£ % Je % i I A% a0 ZEmib A& 4% 7 IR 22 R9E T, (EAEAD
WA N ERMB 3 o IXRJT BITE ™ BRI AR R, IF AT RE BT Ay F .
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J.15 Ernest David Courant — & X & K F. #w iz EE LHE

J.15 Ernest David Courant — JERX IR T MR K&

A T E EHER (Gottingen), /2407 5¢ Richard Courant () JL 7, 1L K FERIFF
225 (Courant Institute) [14 44 25%: 8 \ . Ernest Courant £& )3 2F 408 A 5 5k 1 BEOL AR JE
T 1940 FEAEHTIR ISR 7Bt (Swarthmore College) ZK75°7 1770, AT 1943 (LS
P14 K27 (University of Rochester) 1518 247, 1943 F£ 2 1946 4, ffENERKEZK
MR T A ZERRR I TAE, VST R E NS — A S v e B . AR 1946
FF 1948 L [E)fE 4 /R K (Cornell University) £+ Hans Bethe f9$§ 5 ~ LAE, ZJ/Fi3EA
A€ 7 v [ 57 556 2 (Brookhaven National Laboratory, BNL), —E(FH{ £ 1990 1Bk .
fAEA LI SR AR AR B2 BT B I [A]2 A 1967 £EF)] 1985 45

JR4 Ernest Courant LA AE R 7] 58 3R AL EOARRY A W [R] 47 (LAl A st e P B 22 A 3F
2 HABTT A TR, BIAn e B BEAR AR5 Y DA A A e s g o) ml B A
MR AR INEAR A A7 PR [R5 B8 S B R 7 RAT T T AR T BB ARHIE
AT R Ve HAE R S RN T ) B VR REAE R S0, — BRI AR &
A, MAEA R I SR A AN -

1°Richard Courant jg& (/B E £S5, ERCAGUREAT 7 ITEIPER st . XTABRICHE: (finite element method) FY
HESh AR T EEAEA], BRI B I N T AR R i SRR RIS AT R ARy TAESEE 1A RIT
TEAERS TR TR SR A 7 A B At o
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J.16 Hartland Sweet Snyder — 4% &) 5% R B A A . BRI LR A INA

J.16 Hartland Sweet Snyder — f#[n] 3R L E - BFIL[FE L
£

AR T SR E At 3 71k (Salt Lake City), FfE L THJUl K5 (University of Utah). i
ENIM K ZAAATER] 4342 (University of California, Berkeley) {755 4E2% 2], i\ J. Robert
Oppenheimer, T 1940 fERIG L2707, M]0S5 7 AEZEHE R G IR F ERYEE
BB ZARAS o MR XL B Z 5 | 34, RIE S — DR B — AT REVEAI Ao
4, FRATAE(E AR (black hole) f& 5 H#7 HY— AR B EHH KB 73« KEEKIUERIN
NEADBRHIDEA — R — AERITE CHER, BEA BIREHEGRE R .

BIAZEA) S, Snyder 2 7 PHdL K% (Northwestern University), 1947 4F, {5344
YIHE~# 5% S.A. Goudsmit — 3 F| 25 ML K 2% (University of Michigan), Gl | #7940 €50
B EZR L= EAE, T i S ZEe . ST ES R T Ie i T oulk. ikt
W& M7 TATE OB — D e i, B Cosmotron, fliAFNZ Y T %4514
RASRERIBGT o AR LATE [E] A BUAR [ 9 SR AR M (6] 44 o AAESSAS B B[R] 20 i 2% (Alternating
Gradient Synchrotron, AGS) 1Y Hi 78 I E i ARG A4 T EE/EH, 257 AGS
HIIET o 1960 4F, A AT 5 JE SO, FEAEDEE B S5 HEL 7 jd 2% (Cambridge Electron
Accelerator, CEA) TAF. SAJ5, M2 TAAZER, BT R R MO 27 OK SE56 2 inid a5 9 1
Ho e /5LER, BEN T2 0DHEE &Z1E, (BRI R AR B B R i a) 27 S R0,
BZAEAR SO I RUOER & AE T fE . Snyder LU/DAERCAI I . R AT BORSHORT T bR Y 28
1R [E4 o
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J.17 Milton Stanley Livingston — 4% & 7% % £ % % . Livingston &

J.17 Milton Stanley Livingston — 5 [a] 55842 & B+ Livingston

AT S g B =EJH (Wisconsin, - 147 B G AR EN DA M R B AR AR T 4
A — AR, ZBBUTR B ACTCR g — N R R ER AT ML, AR —
WSET — F 10 R T RAHS . Livingston £ 37253 T 4R REI: W T &
R TN AN TR A 7RISR XEERRECN T e R — Lo I 2Rt
ARG AT G & A=At

A L4827 B¢ (Pomona College) 3815 | A H . JaRAEIEEEy T (Dartmouth Col-
lege) FRIFA 2200, FEAEMIMN K AAATIR 4342 (University of California, Berkeley) 2515
T2 FEARE, RS ISR S T, e s T 55— S RITEMIHE S (cyclotron).
ftbfifi T Edlefsen 2 giffli Y 4 SE~F Gk, s T — N ESEIHAERPLE T P20
[ D JE AR, W T — R A, PSR RE AR RS R IR
FENFRIEE T, T 1930 45 11 A A4 5 R T IR g A IEdE o

s T EE T — 64y, —8&ETER 11 PR nyizit, Al LuAE)
1 MV, g & e %2000 D TR AR [ TR BRAER, TR BRI 28 904 LARR
R (E"D T2 Al 2SR 1934 4, Livingston HifEREA/RAR, BIE 1 LI AEAA A
LISMA S — 6 2 MeV [lgnisg: . 525 Hans Bethe G4 & 38 S50 A% W B 010K
H“27 2418 (Bethe Bible)1', 1938 4, fhRiT{F R4 HE T.2% % (Massachusetts Institute of
Technology, MIT), it | — & AE SR I2 F T 2K B TLBR il 125 27 P g s S vk 7 B
T B TE IR A o

TESER A TR], A SR B SR B IR X0 7 T Y ROV ERR A o iSRG A, s
TIRAT AR, A E i U E R SR B E SR A1 T EEEH, 2iziin=s
H— B nd s Cosmotron FIHESN « TEARZJEANA, fFR HH—FIHEN, 1S3 HE
RIS SRE , s T 2EE QI , AEAREENE 1T 6 GeV &I Hi 1 hid&F (Cambridge
Electron Accelerator, CEA), F3H{F CEA HUBEfEF(EHK5E 10 L4545, T 1970 484K, #3
T EERFEVY RN Santa Fe, (EARH, BRILMZEISIN, MRS ¥R SR
S, TR S PRI ) B R

M. Stanley Livingston and H. A. Bethe, Nuclear Physics C. Nuclear Dynamics, Experimental, Rev. Mod. Phys. 9,
245 (1937).
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J.18 Edwin McMillan — 2\ 14548 & P2 32 1 %

J.18 Edwin McMillan — 2\ [ f2AH JEFRE L 3

AT M) Redondo Beach, HAXZEZE—FBEA, BESMhdE AT b
(California Institute of Technology, Caltech), 1+ AT UGN L7574 T IR IESLER. T 1924
TEHEN Caltech, FEEEE, (HA>) T RKiMIME, AR Linus Pauling (%5 Y] & (Erh
ZERKFZ . McMillan - 1928 fEAR1G R 222 2207, —4F G RIS A 22 . il
LEEAITIRBOSE L, T 1932 R 00. BEIRERTS 1 MM AR B R e 4, IF
FEGFEHT IR T, T 1932 SFRIEE A AR, Abil B BrF- R # L (magnetic
moment), {HEZ Y25 Otto Stern $85GAL—2 . 1934 4F, S50 3nE b\ Rad
Lab (R #4-f#] Lawrence Berkeley Laboratory), Ff7T 1935 fEI A FIFIMIEE R . 2 J5fth
AR TR

FESS A FURS E], A& Jg 7 FRIAEOR, SRS HIE Los Alamos 2 5 i f-5#i
HIR o Bl S, AR EYS OB A A R th T TR SR, I T
YiFh4g 10 (beryllium 10). % 14 (carbon 14) DL #1702 (neptunium, Np) F145 (plutonium,
Pu)o JEURHE R O BN AT P i E R B T

AR T2k g 77 T 9 5 B B ok LA DN R RSB (55 VLI Veksler Jh7 % BE) ATH
TR IR A R, ARAEA ST AR SRS S, I BATE A T — RETBOR B
FIRITE I . ARSI TSR0 SR 58 AR AT, FEUGI RIS Bl T S = A2

McMillan & — (4 SRR IR A7 o T PN S, (IR S8 B JE 1
(Mount Whitney) 1 7h#i#tié¢ (Mount Matterhorn), F£8# fEitg FErtmiiivk. JF I H T,
ZHVITDBHR , AT RIGE, M SR o B BERITE
A
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J.19 Wolfgang Panofsky — SLAC & 4£ £ 1+

J.19 Wolfgang Panofsky — SLAC B{% 3 4%

WIRMB RN — IRt Pief, HAETLEEAAM (Berlin), 1934 4225 T 1938 44K+
EAIIUR A S0 L, 1942 SERAH NN T oA Be A 243 . Panofsky A1t
SRR AR, P H SRR AR B BRI e, B rp— A% A T
THRERTRIRIR WA A TR BB B2 K”(The smart Panofsky) 1“4 Sz K" (The
dumb Panofsky).

Panofsky {94 GEFA NIAA], AR5 B RAE], 1942 422 1943 4F, fhg (T
N T AR B ) — D E I H 7157 A e 25T Los Alamos A A% A+ 112 W L.
o 1945 4, MBI AAA e M AL, AR F AR R B =k I —BEREINHEUR
RHHAN RS E = (Loyalty Oath), [t SO X —HRE . I, 1951 4F, i3] 1
HrIH 48 K~ (Stanford University), — BE/FZH Z2iEIK.

TEAA5EF] , Panofsky 5 Luis Alvarez 25 ] & 1F o A8 AT IR AR & REM ER SL G =5 17,
SR B HH AR B2k s #5500 (Stanford Linear Accelerator Center, SLAC) B &£ FA{E,
EF| 1984 FFIRIK. 1A BCRcA SLAC, AhBfiE 7 SL5e s 7 [ FH L T = ot
FEARBGE . F5E E, SLAC B2 A 1541 T Panofsky [MAR1F 1 WURM . AL S
REP AU 4 TSN, AMUEE B CHRFSE, [H#aEd SLAC BY5ZIR, I8
Xf 36 FE REVRZE DL 2 A >R U REJRES (Department of Energy, DOE) [ 1] T Panofsky [
RO 22 WA 7 5o, R Al S SR IR T & H . At G R 2 Y S RE
HEZ Aoy FAER, REES S BUL Z Rt e SR AL B UHIHIE
Panofsky £V AR TR BB, A SG fEAr A e sl et
Ja e OB IBUR S Tz (Al _EARAEIR] o e —LE B I USRI 2 B S TR,
MBEREIIn 22 A2 it R E RN A S E & SR 22 51455 . Panofsky
TELEAGERITIEAT I 7RSS )y EERREE, M2 ERr 225 il Z R
G JERBON TR . EMAGS T, ZEAS S, AaehE, fERESXEEE
FR5% R BN Y I S T A i 1 B8

1300



J.20 Robert Wilson — # K 5216 % 44& T4+

J.20 Robert Wilson — # k5256 151 AT

Robert Wilson J& 57 1 28 & e 52 i fe MR IS AW 2 — , HEFR 4% Ernest Lawrence
ZIEWEEAY) . Ak 7 i g Rk A0 ) Tk S AELLE(S (beyond belief)

HA= T E PRI (Wyoming) FUHU T 58 0E , BAF I AR skt L B i, DA 8 &7
THERBL AU R SR S TN R, 57 I H 48 S T~ BOE L7 Ar, £E0F
FEAN BOCOMRL IS BRSO T S DTk, T 1940 FAR1G T 7L SRS BTk
Wiy, 25 TR A R A s S I H o 25, Ri{E Los Alamos, f15¢/H]
FENE AR SLIGE, JEREE OISR 1 EE . s, Wilson 7EH{R R TRESZ R R A
BRI A T EEAEH . g 5 s EE RS2 (Federation of American Scientists)
RN, AN — S 5 E& 5

1946 4=, Wilson ZIM K~ (Harvard University), {15 7 4, @3S 7 — M BEIFEMN
ey, FE SR AR R RO S . X AR R A EERNI MR,
A — A WL, a0 A R 1 1R T Ao A 1Y R s gs 782 FoRIJ L+
TEHRSE TR T RE B o 1947 4F, MhRT/EREAS/R K (Cornell University), fEARHH
i T AZHTT 555G = (Laboratory of Nuclear Studies) F1— £ 4 VY~ L7 [ 25 4y, M 300
MeV F| 12 GeV A5 Al B A2 S5 e b A s R A e an PEME S IR 5

1967 45, A CAHTRAZ A oK SE86 % CY I FRON " [ S njtas SLge ") . A28
B, A LA SR 2R A 30% HIRAEE T inar. SULERT, e syl 2 Lk
BT 7RI I AR T 2 W AN — (LA SRR M . iy ElE
NAAEB IS NHELLESR . BN, PooRsiie =a)— i o o sl 5, IRERATIR
ST AR LS. —HEEF A ("bison”) HLp G A,

B PF Robert Wilson iz % N ICAYZ AL 1969 X520 [ Pastore $i2 Hi Y [AI# A5 %
[ia] 7«

o Pastore: “JX/MMH AR Y Ay 225 [ R 2 AT AR SRR 2

o Wilson: AN, JE4. AKX AN

o Pastore: “— p#KA?”

o Wilson: “—f#% A"

o Pastore: “7EIXJT A ME? "

o Wilson: “EH AT I E R WL ARWE™,. RO SULIRE AL, B
NMENRE: RATEGEMHNER UHMEBR . RN IXLEmE. R
B, XEERANMEERPEIETE. SRy, USRI Z i % B E9.
© (dEGEAS) SEERDIRMNER TR, JEibE (s A5 (B0 1

AR
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J.21 Gersh Budker — “#4ax+44” 64 T42)f

J.21 Gersh Budker — “FHXJ8” ) TR

HAETARE — A, 1936 A BB RLE 7 K% (Moscow State University), T
1941 BV . MSZ RN — A st T, IFA TR — DR BHasl S R%. e,
AL E/RIGFERMITE BT (Kurchatov Institute) M ZHAF B A BLAY AT ST, (A I AE B3R
SERAFAEAE ST . AF Dubna, ABXF AR A4 T %K. MY T AR SRR AR
1A, IFAE 1956 RS — R E Prinisgs s il ERg i T — LR n ARk . HR/RIGHER
AR\ A RE i, MRt s AR 1958 4, MRy TAEROE 23 Paa )L
(Novosibirsk), f/EAREE . | H CHIBHFEAT, ON IRk BRI 5T — . {E Budker
SIS N, IXBIEE T — D DI FE RN, BT T = RE BRI GT . 1966 45, fib
KT ARIS AN, Rl /2 M 1% 21385 2) (electron cooling) . Budker 44 H CL i —4>
“FEXHE TFEIN” (relativistic engineer), {HZR FAAY TRk HLIXEE £ .
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J.22 Bruno Touschek — # % k. % — 4 xJ 354 AdA 2% %

J.22 Bruno Touschek — -}t 45— & XML AdA 585

W AR I & RAEAR AR B SO P I 52 b I B E S, Bz
KB T A MR FZ BRI, B TR, PEEL T A TR HR L A= AT AT R
ZH5WWH . (ERE, AR EE R a0 TR I, RO ST R RS
B SR 1 LA 93 B AR AR T (AR Y Calutron, Touschek S ARLE AR RE A I 25 - 4H
E A2 —. At E R, AR AR, IEAE N A s E A oA . 1937 4,
A AEAER AN 2R R 2E 2T, R RS2 P12 (B ALK MG Mg sk &t 15
HIX—1EOLE, HFEIe R 25 N Arnold Sommerfeld j&i £ #[E & (Hamburg), Jf
XS T A KT R o IE BRI, b T A2 Wideroe 2 E 11X E— 6 15 MeV
FA FEL 7R I (betatron)o 1944 4F, %5 773 F G B0 ) gk 7 L7 BN DT 2 16
PR AR 1 )il o

lE)5 . Touschek % /" FEEMIAK (Berlin), fEMCFHINEEE RN, O 7RG, st
AR s N Ful, IR SR, IR R, A
SR T BN, AT EI & E UT R ICEN <. 0 D4d 7, (EA5
A At N B PREERE 2 55— Wik ARkl 1 AEAEHERT FAR I8, BN/
T ABBEARITABRI T TR SO Ac 25 7 od D4 T2 AE AR A X BN ], Al T
FICERSTEIE, XEIC SR TP AR %, (EHRIVEKDS, drIiiK
Wideroe EFAH SR .

Touschek f2—172, FIEABGIIN, HpMAEL AT Hth AT ks, tein
AR, BRI R 5 (Planck) ATV (Pauli)o e AR H— HARY BRI, 17755 — 20
BENHASKEEH, BN EE RIS THA G W ICIEFT H— W T . A —(rE = R1E,
Touschek £t 11444 2 10 HEU 25 U ER TR DR & I B HOGHE, XLk AT
B, At R T BT RIE R R B 2N 5 o S i BT XU A 32 1 77 2 )2 B T Touschek
IS A, 2R FE R T TIRZIWEIR . 1Ak, I8 — Bk T Touschek 1)
SEAETEAR I A B2 S IENZ o 2R AR T Touschek 75 R M55 35 R ML 5 i 7 AN B
A AL, AEHUOMEE , k25 5 “amice diem perdidi” (FRIR 2R 1T 07 19—K).
XA I T Touschek X2 /ERM, LARABITEE A . A AR ELAIA,
WGBSR RIS T AR IXEe BB R 578 T Touschek /EA—(i A H
PP R RS I 2T o A F 1 R XUBE X272 I 52 M AR KT A () BRI R (s Ath kA
— D NHERII A3,

Touschek &[] i B4 HLIE 532G 1 R AWIF 25 . RS AE Wideroe — 1K if5 [ 4]

R InE A Ao, R 5 (LS linac drift tube (LDT) (G

B BF N A E 4B E Luisa Bonolis, Luciano Maiani, and Giulia Pancheri, Bruno Touschek 100 Years — Memorial
Symposium 2021, Springer (2021),
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J.22 Bruno Touschek — # % k. % — 4 xJ 354 AdA 2% %

[ 85 1 8 B Wideroe 25 R AN HERYEE, AR A EERI S, FFR K EA S
et M. K17, J5 oK Touschek SCEEHT=4 f& [ X seill, JFEIE 1A S LRSS — G Xt
# AdA (Anello di Accumulazione). 1952 4, b HRMY AR & & A BRI 46 1 At
oS rigie, NS T AdA, XS 6 TS HOEL. S 158 BUX I
TAE, M 2 7 WA EE (Orsay, Paris), A —GHFEZM#ES, L
FEAR RS IE F TR & SEA T 5 1A AH R SR At 52 3 (Y SRR H A Rl R AR R =
%o SR, HTMAEETT, MR EREEE . 75 1977 5, Y4t ]I NI A A BR
-5 H0 (CERN) BYSZ0BRSS , FEAEHETREALS ADRIOT 7T, PR B 2R SR & T 4
HE56 %,
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J.23 Matthew Sands — # Z 43 % 34 L. SLAC-121

J.23 Matthew Sands — 2% S #Fi223k X« SLAC-121

HAETRERRM . R4S T 3ehi e K5 (Clark University) (77 L5747, BliJEAE 1941 4F
AT T ORI G i (Rice Institute) AR 1772 £E 1941 4 48 1943 47 )£ 55 [ g 45 4 sk
4525 (US Naval Ordnance Lab) TAF, SRJGAE 1943 42 1946 4F[E]E Los Alamos T /F. i
& > REGAMRAATLTA2BE (MIT) TAE, T 1946 4522 1950 4E[AI5R1S T FiE22 07, BEE A
TINMEE ARG (Caltech) HYZHR, M 1950 42 1963 fFAEAREAEZL. M 1963 5] 1969
M, fHAE T SLAC BRI FAE. 1969 4, Mif®] i K2: 255 & 2% 53 #% (University of
California, Santa Cruz) FUFTHL X, H— B SIZRARFCHL, Y 2HI%. VLR AT
IR R AT 1985 1R

Sands fEHRF T HAMH T2 AR EE T M2 — A SR B R0V AT RE
XTHLF A=A M ) N o AT 1969 £F % R 1A KA B R A 7 H N &3
HSRME 2 352 A 1959 4, M ket 7 ZURn# s (cascading accelerators) HYRES:,
PLUABHER SR, XA RINAEAE A S RE g 26 B PRS28] 7 R H. 78 SLAC
AR, AR FURMHES) T S REAE PRI IESE . 24 SPEAR YK AR H T DTk

22 ARBERPE N EE B G, HA R NAFIR %R 2 Y3 3L (Feyn-
man Lectures on Physics) [ & 2% —. Sands 75 [T 247 8% (1 FE 18 BE -5 b AE 144508k
DA AZ BN S B S e B T T BOR B RERI A &, NI es st Tir 2 8 A
G otk XA GOV EHRE IS S, FE TRS-FE . Sands —4:r
—HAEEFERIGEEAETEIE R 2 DT oA ot s B R], @S m s iR SR
55 DL FEE P25 B (Federation of American Scientists) [ i 1 o
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J.24 Simon van der Meer — [ AL A 2p L) 69 & °F &

J.24 Simon van der Meer — [EALE ZIHLH] ) & B &

T 1925 RS =1 (Hague, Netherlands) [ —#0M5¢ 2. BT 5 4T ]
RERM, MARRE LR, WA TSRS — B A LT H T
EROR, M ERCHE T P2 IR B, SR NISGE B VKA VKA 1T R
AXT, MR T M E, REMSAEF UK IR AR 24T o s, T A B2 A7E Delft
REF27 2] BRI (technical physics) , 1X 22 Fh 8 At SR AE IHE s U A%

van der Meer - 1952 5V 5, IANALT Eindhoven [ KHITH L5628, BT HL T
A R S T B 1956 SN S B8 o7 A BR YN 71 55 H0s (CERN)
% CERN 53 T —A Tl H , filiE— &R 7 (neutrino) 5, AR TiH #8224
T 88— G DT, RIRERR A 7 A7 (neutrino horn) FYRKITREE , 128 H R R AR
ISR T R p ke BT — N EETTIVE S S/ NN, BT
£ o FIREBINEE A 18 ) 4E (anomalous magnetic moment) o Jiok, 4 HAh [ H42 H
i1 FH 2 oK SE06 25 A A 5 SPS ek 8505 Jo R B S 0, IR B0 A7 FIZR £ R i
R, AATCA RS ER I — R AR A BERLIA 20 (stochastic cooling) FAEE . IEARTE A
Y5 Liouville <FEEAAFH P & - van der Meer 75 & A MR I 09K, AT LUK A SORTEY
T, ABAEE A KA T2 /T, G0 ™ 4% 7347 o #1 %) Carlo Rubbia [2 5, A EHTHIL T
XA, B T HEEESINE, S5 T/ NS HRIm A L5, FRAIZ08 4D
5246 (Initial Cooling Experiment, ICE). i AN GEAS HE A REATLYS 20L& A0 , T H & 1584
B, HLF-¥% 4 (electron cooling) , 11,4% ICE HR AT 1 I, {HXF S B 7R B9V ISR 72

BT & B FENLS FIMLEI B Yo g ik, Simon van der Meer -5 Carlo Rubbia 17£ CERN
F SPS [R5 s & 30 T A& 55/ HIEY W AT Z Bk (57, 3R15 1984 43 DURY B2,
RUEVF 216 DURRFRAGE BN R A S LR BRI AR Z T IR A, B S ik &5 D
FRAIX B 742/ Simon van der Meer 5 Carlo Rubbia [543 Z 134 DU/RE 5Tk T4
eHrhr —, 5236 VURRFTARRZ, Carlo Rubbia JL-F- U2 7E B 5 O 4 s T BUS
ELRJt . 111 Simon van der Meer j2&—/PMHdb i i iy N, BB RS, SRR AR
=]y PR 25 At A SE AR AN, TTIZe e R LA T R /R — LI A LT
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J.25 Nikolay Vinokurov — “OK”

J.25 Nikolay Vinokurov — “OK”

HAEAEBT VYR (Novosibirsk) 7205 2, Vinokurov gliise T-H7 4 H AL F 37
K2# (Novosibirsk State University), 7£ 1972 fFE4% K224 HE R 0, PEN T B 5
JIt (Budker Institute of Nuclear Physics, BINP), 1974 4, b )\ 31 P9 {AF) 7 [ ~7 k5l it
Jerfth—EAE BINP LAE. £t BINP, fhi 55— MEFE Wik 228 VEPP-3. AU, i
BEV K i GF BN A B 157, b K & AR S Y74 o Skrinsky 1 Vinokurov 75 H i HL T
RAME GRS B, T 1977 3 KBS e P M0 a L BHf N — DR K 8 (magnetic
buncher) SRBGHHR A3 1177, ZR A PN A H I E (optical klystron, OK), [ 4 HL¥-
HIIN B BT FLS A T

WE, R st IS RIS 5 HIIT & « Vinokurov T 1979 4F & W] [ R A% [A]
B R MR AR . AR TR . 1983 £F, Al 1988 — A el i
TR FE— SRS KRR %% (variable-gap permanent magnet undulator). K V%
B — A R 7 FH 2 AT R A PR A B IS B A T S i 5T, FEEE l R 2B 4m
FR Tk 5 RS A IR s Bl

JUF B s H06 (FEL) #5958 —J1Hh, Vinokurov itiE7E 7 ATk /72119 FEL Jg
R E T E . M H., FEL By M FRCERKAL. K, 1979 45, Skrinsky #/1 Vinokurov
PR A RE R UL B £ hni# 4y (energy recovery linac, ERL) 1774 &3 FEL, iX/&—
A~ Vinokurov 1 Budker ffF 53 Fr ) HAME} 22 50 TAR T AL [ELE SR AL . RIESE—H3
T ERL [ FEL 1+ 3 [H A 3£ 3156 = (Jefferson Laboratory, JLab) 2 i, A5 7E H A< JAERI
& [ 73—% FEL, {HAE 2003 4F, Budker 58 AR N — & @23 K H#24 FEL. 7)
—/NEA FEL fyXUEL ERL T 2009 fF4% Niafrt. WAL, BrPUEMR R M & FEL f£
40 ~ 240 pm FYBASTE A AT 1A E R s 4 Zh 3. 18 1995 4, Vinokurov fEFE IS
AERAT S 2 B e i TR s FEL AT RETE, BUETA = a2 FEL ER4E FHIXFh
fiE. fiidzs 7 —L4eH = FEL I H, {3$5%EE Korea Atomic Energy Research Institute
(KAERI) Ki#7% FEL. Z[EFt5¢ K% FEL (Duke FEL). S [E [ 57 [H 5 5245 25 1) LEUTL Al
SLAC [ LCLS,
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J.26 Lawrence Jackson Laslett — {& 78 A%, B L 3F JU

J.26 Lawrence Jackson Laslett — {{¢i5 58 AW AE L

Laslett HHATH L0, AN T2 Bese ARl 2o, AT 1933 2R
BRI AL, AT e e it 5k . Laslett i g1%T > 12K (molecular beam) TAFEA7>%
B, ABJE RTINS e Y [BIRE s as B H o A2 &AL IRTRE N s Y ST AN 2
=, FFEREE RS TN B B -

Laslett fEHH - 22 DGt th BB 22 orik,  (H 5% OB RO 2 ER I gs 1 1T 7
T Y DR e FE 2% (] M 37K F (Towa State University) (L2 R] (1946-1963 £F), fliXf55
REFRIP ARG RIS T2 E RN T IR B G & (Midwestern
Universities Research Association, MURA) 4% 7, ffEAC 2R BRAE TS . WP . JEZk
MBI 2 TR T BB, Laslett YR 2441 1852 v b= i fed
KGR IR — o TR, At ) RIS 3L TE TS 30, IESE TR LR I AEAE o

THATE], Laslett £F RS FE T.2#FE (Massachusetts Institute of Technology, MIT) 45}
S = MRS B IB R TAE. MR A4 5 A AR, FFC 3L E 5 7RE
RS ERE R TR AT N o 1963 4F, AN SFC -0 e R 55000 2, AREEAEN
AR GUEAL TS is, IR IE S BB 2R AR IS TR ERR
SEAATLENE A TR . Laslett SR, AR TR B 2R, X EAT(THY
SMFITTEkE B, BB S RN A . B2 1993 425 H 7 HAE (A A 1, fh#na
BN T I a Y B 0l

PLEE WA Hhttps://www.aip.org/history-programs/niels-bohr-1libra
ry/oral-histories/31725,
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J.27 Franklin James Sacherer — & & 54 38 &4 S 46, 32 7

J.27 Franklin James Sacherer — %2 ‘£ &5y 3 ) S 48 55 A

Sacherer 4= IH<E 111 (San Francisco), 1968 F-AAE A JE MK AR Fo M 0 R 5
PIBE 2o BRI 8402 2 1118 SC R0 Lloyd Smith 457 (521 . Sacherer £+
MRS GUEAE TR TR AR RS ARY T T, A TR T — 24N
{di FH {448 FHEZE — Sacherer integral equation 5 Sacherer mode coupling theory . A%
. X H SRR, BEREREHMES .

Sacherer {£ 1960 AT HIUG T AEMINIEESEHL (Yosemite) (LAY B HIZEE (free
climbing) i55). [ HEEE— MO TEE RS I EES 720, UERE TR EHAN
PR A A TR RTT. M 1961 45 1965 4F, 25 T1F 2SI B E
HIXH M, 3 7 HHEEIssR A& . A5 Chuck Pratt 1 Royal Robbins £ A —[]
W I B B EEEKCEHERER] T 5.10 20515,

Frank Sacherer —/E#g4% T IS ERIF R 52S 2 A fib 1968 fEFR1F 1 2400 )5,
1970 SEIMA BRI AZ T8 5800 (CERN), - BT FORL T I s A SR A RE LS
A (stochastic cooling), A5 >R ik - i %/ f#E A/l (Super Proton-Antiproton Syn-
chrotron, SppS) (it T HE KTifk. 1978 4F 8 H 30 H, A sgd@ifE T34 E W /R B 1 iy —
KBRS Sacherer ZEG AN G W7 O AN HI AP

PAEFR N2 ELHhttps: //pubs.aip.org/physicstoday/article/32/2/69/4322
65/Frank-J-Sacherer. http://www.supertopo.com/climbers-forum/268647/Fran
k-Sacherer-1940-1978,

“Lloyd Smith ;2 — A H AT IEZEIE S, M 20 tH2g 40 FEARF] 70 FACA 35 BRI B2 AT ik #s 1 ik
TS T EE TR, 1986 FHTE, AR FEIAR B A R 30 77 B R LS BB 902 b — A i
ZWMTANEZ —, BRI T 225 B0k (https://inspirehep.net/files/d5d
b45e0245092dd37755a0374e942b4), FEHLIAEYE/F ], Smith F=F M HH & -4 (heavy-ion fusion) Hi
FUEMEI ST, Smith T 1994 R, 2000 F5H

s ARk A A M BT S 2 4 i {31 ] Yosemite Decimal System (YDS) X453, 40 AT N2k (Class 1 % Class 5). [ Hi2
EJ® Class 5, TF4H4 9 5.0-5.7 NHRIMEE . 5.8-5.9 bl E . 5.10a-5.10d R 5.11a-5.11d Sk
HFME. 5.12a-5.12d ARG 5.13a LA TS, Hep, 5.10 B AREEAATT, 511 i
XEEA TG, 513 M UA LA R — a2 . X407 BS4EB RS . A&7 The Yosemite Decimal
System, https://climber.org/data/decimal .html,
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J.28 Michael David Borland — ELEGANT

J.28 Michael David Borland — ELEGANT

1985 AE AR} Bl T M HE T~ % (California Institute of Technology), ZR154FH 2% 2%
Ao B, BEATIHAE K 2% (Stanford University), Jifi A\ Helmut Wiedemann (1%, 1991 4F3K
15 B Al L e, RSSO 1.5-cell HEAARGI L TAE e, Bk
JEZA, A — BRI g SR S . H R I A o AR B s A
TR FE > ELEGANT (ELEctron Generation ANd Tracking) 5T Borland F¢354 1+
W T AR, Borland fEHLF40. BN AAEASFAERF AT It s HsE
JTIENAFEE NS, RIS IS A sTEk i) A . A AR
T2, 2001 4, AR E ©F & #Y ELEGANT R2/7 & B 1 LCLS & i iH 1 A 20 48
i} (coherent synchrotron radiation, CSR) 3R/ i R A1 ASFeE M (microbunching instability).

515625 (Argonne National Laboratory, ANL) [ APS (Advance Photon Source) i {7 ERAIG A&
U FERE R SR EE AR T RIS B top-up AR Tl B 5% HE DR T 2R 42

ELEGANT /& H §i i) 32 A Il s T AR IR BRI P 2 — . St L i
MR ER 2 K PRE T — A RGBT AR L E IR AR FOGE 7 2R L E o ANUE FH T
f73R, ELEGANT 04 T3 RIS 3 R FROEREE , el SLAC {19 LCLS 551 H
Wite Borland & 5t NAAVEF A T T g S R Ry TEAL, FFARAE R
TR F LMk get &, 4 APS. BESSY. ELETTRA. LCLS. LHC. NSRRC.
RHIC. SPring-8 {1 TINAF &2 k], T AR Imsh # MRt E 2 A ailsl. Br T
ELEGANT 5 #27 4h, Borland 4 A 8 2 BEA TR EI R A E B G 2] — 1444 TAPAs
(Toolkit for Accelerator Physics on Androids) " [ &5 AR Frrf, A] W 0 b 7 i e
HFIEAFEN. BEZIEAS RIS, B i FRotas S R il .

2013 4, Borland 7F 5 Frf 7 i #2310 (IPAC13) FRAG M PHASK it g 22 5123 RN
AR A (Accelerator Prize), DAFRFMITEIMEHIT AR T 2 W TEOEEE: feh
TEEN I S A1 FEL 1t B34 ) ELEGANT 5 7 J2 H: SDDS(Self Describ-
ing Data Sets) *F-55, FFE R MBUERHULE RN T _EIR R B AT E M. Borland 2
o E R L E AR, EEYEY st MERTTEZR LK = APS s 240
TR AT, KBTS APS (5 F A 9LI0 H (APS Upgrade, APS-U) [l SR MR TAE .

PLEE 9 N B Bhttps: //www.anl.gov/profile/michael-david-borland. ht
tps://www.aps.anl.gov/APS-News/2018/michael-borland-of-the-aps-named-an-a

rgonne-distinguished-fellow,

16M. Borland, A High-Brightness Thermionic Microwave Electron Gun, SLAC-402, UC-414 (1991). https://wuw.
slac.stanford.edu/pubs/slacreports/reports03/slac-r-402a.pdf,

https://accelconf.web.cern.ch/napac2016/papers/tupob61l.pdf
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J.29 Robert Siemann — PRST-AB

J.29 Robert Siemann — PRST-AB

Robert (“Bob”) Siemann AR}V T4 B A2 (Brown University), [ 55 R4S /R K2
(Cornell University) {5218 -2#f7. 1969-1972 4, Siemann £ SLAC $H/T-HF5T B FE—HH,
BTG T S E R 508 = —4E 5, Siemann I JFESS SR A O BURFFIT 1 5 % =k
ftl. Siemann 7£ 1991 4 M HEZE/R R 7K 2] SLAC, #HAEGITMA M, )T 18 SLAC #7
— IR AT, IR RIS ZUR B . AR R HR AR, RS
FEIE A LA — D SZ 2R GE, FHFoZ AMi#%% 77« A Burton Richter — 4
SLAC FAT — ISR T, Apl Bl 7 A7 F1 SLAC 61 7 — RN AL 5 2
FA) I A T B U

Bob B MERALRER . ML SEOR, HML TR 2. R
AHARI— BERIZ S O T MR H R, AR RS i = AR E
HL b, ME TIURR TEIRTTHAIE S ARt e — P EIERN SR HK
LIk LS EE=R g USSR RN S (e AN N K N (L e G S N (B S E
AR, At BB, B T ETERMES, SR EE i d B
FUSEEEBELT, MR SEs . FFATR IS — SRR S . XERDER RS ANEX
[, TR B HE A1 o 204 W SR B AR Bob, 55— NIHE I, AR XM 57

Bob Siemann 5 ZE[H ¥ ~% <[] Physical Review Special Topics — Accelerators and
Beams || (PRST-AB) — |\ 44 4 Physical Review Accelerators and Beams (PRAB) — H
P S R . A ZH R RGN 48 TR, JFHEAE TV Rt AR R
RN, 2T RO IR g P USRS T, s s P B 7 B A ARSI R iR
FRR T ST

Bob Siemann £t SLAC HY4-AVRMIT TAEXS Ik g Rk 22 GOk A e AR O 52 o A
AUAEBAR LR8I, AR R R 2 KA Sh A AR ST i T EoR Tt Al fg
AR R B R 17— RIS A 5. Bob Siemann £ 2008 4 iy T H Il
JHANSEA . Bob Siemann (4P 2R AREL X s i B A TR 2 B AN 20R Y
#bbo 1F0 SLAC [, AMATBIS I T HHEE R A e R N as M ER 2 AR o AR
g A BB, FREE SRR RSO TR ST X SER A A A
FAD BT LR AIESR , O Inidar B2 G T EOR TRk ARy R AN A PR
Mo, AR A R 1 TR AR SRR AR R 2222 01T

PL B WA B Hhttps://journals.aps.org/prab/. https://www-conf.slac
.stanford.edu/RobertSiemann/. https://icfa-usa.jlab.org/archive/newslett
er/icfa_bd_nl_47.pdf,

Bhttps://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.11.120005
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130 Ut — b E Ao it B F L 69 FAed A A

J.30 J5 5y Bt — rp E R AR NI gr ok T H AR A

J7<F Bt R E R — AN B A o AR g O 5T 20 tH4E 50 dEAUKR, 24
IR SRR 22 STk 78 112, S6 5 4E Lebedev Institute ] Dubna [} Joint Institute of
Nuclear Research JF{ 7157 JLAF )5, fEIZIHE, Z TSR PERIGEN# S (isochronous
cyclotron) FI[E{. £ B4+ (isotope separator) [T HF5%

F£ 1978 4, SRR ETFRC TR T AT AU S — B K51 A A I
TP BORIX IR e . VTR -k 5E ol (CERN) 5 John Adams 14181141, If
BIE BT AT, B AT b B s G o AR S REMTEEDTFE B (Institute
for High Energy Physics, IHEP) [ [F] 2503835 1ok H 2 E SR = Hmn], AR Z P57 R
R ES 2 THE . SRR T AT E R R R L

IR GAER T — 25 2R EURIE U5 ) 725 20007 5050 % TAF. 1982 47, Jispbik®|
CERN WA i+ FL R 44 (Antiproton Accumulator Group), ik it 7 — S HIULEEER,
HEM T —Fp IE AR . — BRREEER LR, JrREER, Gt
HOE U X4 fE AL (Beijing Electron Positron Collider, BEPC) Y111, FEAE5E 1%
FOTRE RN AT M8 Ze1A Rl i i, A AT DUR ST BOIR 5T LA 2 B8 TAF, (H
1988 4, Ml AL ntE REMIFEAT 75 BT B Koo 1991 4R, Ath24 ik Arh R B 1. Fk
NECE SR TR . REZETCEG (BB EARM H mF BE IA, SRR
T I EFRAEE SR, R 2RI E &2 P i
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it

WP & —JTARERE0 . ik U2 ] AR Ul s B R £ lk i ok — LA
AR ESURERDIT AR, P A AATCIR M IRERRE A 5 EE, 1)
AL AR EAEIE, IUNGS A L2 G dt—22 2 1515, SRALECGERRY
BEENST . T LA RS B CAAE /5 I R E R

BORELRR S, . 3 THBRECH R R BA LS . FEE, HRHEH
HIRHIF G Pt — EREERE A 1 20BN A b 5 A o X IR SCBP N RSO Bl
FAEM S B, XTHEIRARZRZ T WAREEE, 7] 2% Mathews and Walker, 1% 431
WA R T H 37 Wi LB S I LA A SR AR . Ihoh, I
FEH A2, N Arfken,

LRSS o MBS, IS R B RS RN IR R
WEFRIE, W75 8\ Feynman PyBE-7 it SCRYSE IS o 285G HURL 30 )77 1 FR i
BERIe RRHLEN 12 o AR AN IHAD, Jackson [ FELB) )27 — B R & " PUNINAE
e, MHIAERIE B WA, B A A NSHEA, N Zangwill, X2
FIERAT, s S R FA N A R .

PR 1 — IR o I SRS 50 TSRS ) Hofmann. 75 235E— 2527 2] 1352
H ASE A BE, BRI SCR B A G, 5 %A a5 R
I T2 T AN B

[F AR IS RSy, 58 Hofmann —f5. 3% 434347 )\ Lienard-Wiechert 17714 .
F— Mo A T AT SR TR IR  BA KR BRI H . X SR 522
7] %% Kim, Huang, and Lindberg —3[¢] Chapter 2 &} C. Brau —-},

ST WS BRSO E IR . 2L Hofmann —F5, HE 280 M P52 410
24, X —RAREK, T2 mBE o,

L)y, I SO R AEAR AR B A 243, U 2 ) T & 19 ) 4 i A SR 50
NP ERNTE R ARFFRALL, B 5 U AR NBAE R, 7 2%
Stupakov and Penno U1ERZ 7341 )77 5k SRS O RRY 19, dA] & — A
2R}, 1 Herbert Goldstein, Charles Poole, and John Safko, Classical Mechanics, 3rd
Ed., Addison Wesley (2011) 822 @l k2 David Tong Jf X, A%k % ]Fhttps:
//www.damtp.cam.ac.uk/user/tong/teaching.html,

WGBS N AN IEGE IR ER BB A% o BE i LS IN A AR A TR, PO B SO
AUGIE B LN B AR
o A. Wolski (2014) — F§ i G0 S [ FR S R AT 04T SRSt o
o H. Wiedemann (2015) — 4 1a. FE%%, =L BLH].
o S.Y. Lee (2019) — 2x[a« 5e%E, MEMEAEIAHT. B EZ AR B 5 st
SAEFELE )5 LA o


https://www.damtp.cam.ac.uk/user/tong/teaching.html
https://www.damtp.cam.ac.uk/user/tong/teaching.html

130 F 5k — YA Sk BF LG FleE P EEA

o A.W. Chao (2020) — 4 Jf]« 5%, #ELA5Z8 5.

A H O BRI (R Z RS (A S R T R S22 1, LA
FREESEIHE s /NG BRI 1200 A Marshall —45. fR SR L85 H i AT H0G
FIP YA Kim, Huang, and Lindberg 5 Schmuser 28 A 45, B EM . EATTIEIEL
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2 x 2 transfer matrix
elements, 403
elements, cavity, 536
stability, 408

2T, /27 convention, 9

6 x 6 transfer matrix
elements, 540

[1J], 624

0 function, 1177

Omn function, 1177

‘H function, 438

1, J convention, 9, 54

[JJ];, factor, 298

ABCD matrix, 384

Accelerator Driven Systems, 1250
accelerator Hamiltonian A, 329
action-angle transform, 319, 424
adiabatic damping, 390

ADTS, amplitude-dependent tune shift, 483
Airy function, 1197

Alfven current, 832
alternating-gradient focusing, 362
analytic continuation, 889

analytic function, definition, 157
anomalous dispersion, 88
anomalous Doppler effect, 134
anomalous magnetic moment, 1135
anomalous skin effect, 59, 717, 723
APS beamline, 558

BBGKY hierarchy, 311

BCS surface resistance, 63
beam breakup instability, 904
beam breakup, BBU, 827
beam matrix X, 391

beam rigidity Bp, 323

5l

beam rigidity E¢p, 323
beam transfer function (BTF), 855, 1155
Beer-Lambert law, 722
Bessel function, 1178, 1191, 1193, 1222
betatron, 176
betatron resonance, 422
Beth representation, 348
blow-out regime, 989
blowout regime, 1005
BNS damping, 827
Bohr radius, 242, 935
booster synchrotron, 531
bore radius, 345
Boussard criterion, 892
Bragg condition, 937
Bragg peak, 1251
Bragg’s law, 937
breakdown rate (BDR), RF, 124
brightness, 550
collider, 686
electron beam, 4D, 944
electron beam, 5D, 943
radiation, 588
broadband-narrowband substitution, 879
bunch compression factor, 466
bunch-by-bunch feedback system, 851
bunching factor
complete random phase, 638
definition, 1-D, 567
definition, 1-D continuum, 883, 1072
definition, 1-D, ensemble average, 627
definition, 3-D, 569
Busch theorem, 957

Campbell theorem, 513
canonical transformation

generating functions, 314



.
E

7l

Cardano formula, 1226
Carlson’s elliptic integral, 998
catch-up distance, 695, 815
Cauchy principal value, 1182
Cauchy theorem, 158
Cauchy’s integral formula, 158, 1181
Cauchy-Riemann condition, 157, 349
causality, 734
Einstein causality, 734
finite-speed causality, 184, 734
local causality, 734
Newtonian causality, 734
relativistic causality, 184, 734
cavity
circular cylindrical modes, 112
Landau cavity, 488, 708, 709
pillbox cavity TMg19, 117
quality factor ), 114
rectangular modes, 111
RF breakdown, 123
shunt impedance Rg, 116
Slater theorem, 126
TE,TM,E,H mode definition, 83
Cayley-Hamilton theorem, 1217
central limit theorem, CLT, 261, 296
Chao-Gareyte scaling law, 907
Cherenkov acceleration, 746

Cherenkov radiation, 226

inverse Cherenkov radiation, 231, 599

chicane, 467

CSR-induced microbunching gain formula,

1082
optics, 1079
Child-Langmuir law, 991
chirp, 463

chirped pulse amplification (CPA), 467

Cholesky decomposition, 1001

chromatic frequency we, 810

chromatic frequency we, 437, 846
chromaticity &, 432

different conventions, 432
cigar vs. pancake, 1005
classical radius of electron, 217
closed orbit distortion, COD, 414
closed-loop transfer function, 853
coasting beam, 441, 882, 906, 1071

unbunched beam, 482
coherence

longitudinal, 591

transverse, 592
coherence length

longitudinal, laser, 592

transverse, electron beam, 949

transverse, laser, 592

coherent synchrotron radiation (CSR)

Case A, 1027
Case B, 1029
Case C, 1033
Case D, 1035

CSR-induced microbunching gain formula,

chicane, 1082

CSR-induced microbunching gain formula,

general, 1084

definition, wake function, 1026

incoherent, see synchrotron radiation, 1026

overtaking distance, 1041
parallel-plate impedance, 1045
point-kick model, 1050
slippage distance, 1039
steady-state impedance, 1043
steady-state wakefield, 1037
suppression conditions, 1056
collective effects
beam breakup, BBU, 8§27
CSR, 1046
definition, 691
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dispersion equation, coasting beam, 888, constitutive relation D(E), H(B), 41

1097
fast beam-ion instability, 917

CGS units, 175

convention

fundamental theorem of beam loading, 8§24

Haissinski equation, 876
head-tail instability, 849
ion trapping instability, 917
kick factor k|, 806
Landau damping, 1078

longitudinal mode coupling instability, 899 convolution theorem (faltung theorem), 11

loss factor K| 806
microbunching instability, 1075
microwave instability, 899
negative mass instability, 906
potential well distortion, PWD, 875
resistive wall instability, 915
Robinson instability, 834
Sacherer integral equation, 897
space charge

beam dynamics, 994

field dynamics, 697
strong head-tail instability, 844

transverse microwave instability, 844

21, v/2m, 9

Az, A1, Ap, 468

1,7,9, 54

k,I,9,57,77

z, s, ct and bunch head vs. tail, 467

capacitive, inductive, 748

Z-transform, 839

cooling

coherent electron cooling, 510
electron cooling, 510
laser cooling, 510

stochastic cooling, 510

Cornu spiral, 772, 1183

corrector, 417

correlation function

auto-correlation, 591
convolution, 595

cross-correlation, 595

cosine integral, 1183

transverse mode coupling instability, TMCI, Coulomb field, 697

844
turbulent instability, 897
Volterra integral equation, 883
compression factor, 466
Compton scattering effect, 135
inverse, 136
conductivity, AC, 58, 718
conductivity, DC, 58, 718
configuration space (x,y), 328
confluent hypergeometric function, 1199
conformal mapping, 162, 167
Schwarz-Christoffel mapping, 167
Smith chart, 170
Constants, 24

Coulomb gauge, 66
coupled bunch instability, 766, 810, 851, 904
coupled bunch mode, 912

Courant-Snyder parameters, 369

critical angle, 94

cross section, 935

differential, 934

cryogenic temperatures, 343

crystalline beam, 710

cyclotron frequency w,, 356

dark current, 979

Fowler-Nordheim formula, 979

Darwin width, 665

Dawson function, 1187
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de Moivre formula, 54
de Moivre theorem, 381
Debye length
longitudinal, 697
transverse, 697
Debye-Waller model, 941
delta function, 1177
Kronecker, 1177
Derbeneyv criterion, 1039
diamagnetic p, < 1,42
dielectric linear accelerator, DLA, 742
differential cross section, 139, 934
diffusion, 262, 420
anomalous diffusion, 262
sub-diffusion, 262
super-diffusion, 262
dipole radiation, 217, 219
direct product, 1219
direct sum, 1220
dispersion equation
1-D high-gain FEL, 628
microbunching instability, 888
Robinson instability, 841
dispersion function D, n, Rig, 427
comparison, 438
distribution
d-function, 1212
bi-Lorentz, 1212
elliptical, 1212
Gaussian, 1212
Lorentz, 1212
normal, 1212
parabolic, 1212
rectangular, 1212
tri-elliptical, 1212
triangular, 1212
water-bag, 1212
distribution width Aw, 1213

Doppler effect, 133, 236
anomalous, 134

dose, 200

Drude model, 58, 718

Drude-Lorentz model, 718

dual-energy storage ring, 1117

dynamic aperture, 442, 914

Earnshaw’s theorem, 454, 481
effective impedance, 809
elliptic functions, 1203
elliptic integrals, 1199
elliptic theta function ¥3(u, q), 915
emittance
beam, 389
beam’s vs. lattice’s, 370, 1144
bulk vs. slice, 393, 1001
coupling ~, 519
geometric €, 390
longitudinal, 487
natural €, 390
normalized ep, 390
photon, 576
single-particle, 376

statistical definition, continuous distribu-

tion, 392

statistical definition, discrete distribution,

393

emittance compensation, 982
energy acceptance, 444, 482, 708, 709
energy recovery linac, ERL, 533
energy spread

correlated, bulk, 463

incoherent, uncorrelated, slice, 463
ensemble, 308
ergodic hypothesis, 388
error function, 1186

complementary, 1186

complex, 1186
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imaginary, 1186
Euler-Lagrange equation, 306
evanescent wave, 77, 104, 230
Ewald sphere, 943
exponential integral, 1183

extraction, 537

factorial function, 1209
double, 1209

Faddeeva function, 1187

faltung theorem, 11

fast beam-ion instability, 917

fast head-tail instability, 904

FEL instability, 919
wakefield approach, 919

FEL parameter, 612

Fermi velocity, 722

Ferrari formula, 1226

ferromagnetic p, > 1,42

Feynman diagram, synchrotron radiation, 241

Feynman’s integration trick, 1175
Feynman-Heaviside formula, 197
finesse, 586
first recurrence map, 376
fixed point, 477

attractor, repellor, 477

SFP, UFP, 477

fixed-field alternating gradient (FFAG), 363

Floquet transformation, 364
flux, 550, 588

formation length

synchrotron radiation, longitudinal, 263,

574

definition, 9

Parseval theorem, 11, 209

properties, 12

sine transform, cosine transform, 10
Fowler-Nordheim formula, 979
Fraunhoffer diffraction, 771
free-electron laser (FEL)

1-D (2N + 1) equations, 609

1-D high-gain, 628

3-D high-gain, guiding effect, 644

ADM, 677

amplifier, 638

DEHG, 679

EEHG, 670

group velocity, 631

HGHG, 669

inverse FEL, 599, 746

iSASE, 665

lethargy, 661

low-gain pendulum equation, 616

Madey theorem, 621

Ming Xie fitting formula, 650

oscillator, FELO, 638

PEHG, 674

phase velocity, 631

Pierce parameter, 612

resonance condition, 601, 663

SASE, 635

self-seeding, 663

sideband instability, 637

storage ring, 1237
Frenet-Serret coordinate

calculus, 327

synchrotron radiation, transverse, 263, 575

undulator radiation, longitudinal, 295
undulator radiation, transverse, 295
wake function, 695

Fourier transform

convolution theorem, 11

definition, 325

left-hand vs. right-hand, 329
frequency map analysis, 444
Fresnel diffraction, 771
Fresnel integrals, 772, 1183
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fundamental theorem of beam loading, 824

gain guiding, 644

Gamma function, 1197
Gauss divergence theorem, 1168
ghost imaging, 595
globatron, 323
Goos-Hanchen effect, 94
Gouy phase, 155, 265, 370
Gram-Schmidt process, 85
Green’s theorem, 1168
group velocity, 87
gyro-frequency, 356

H function, 438
Hadamard product, 1219
Haissinski integral equation, 876
Halback formula, 277
Hamilton’s equations of motion, 307
Hamiltonian ‘H

definition, 306

integrable, 426, 476

KAM theorem, 426

quasi-integrable, 426

torus, tori, 321, 476
Hankel transform, 1232
harmonic cavity, 488, 708, 709
harmonic number h, 478
head-tail instability, 849, 904
Heaviside step function, 1196
Heaviside-Feynman formula, 197
Helmholtz equation

frequency domain, 57

time domain, 64
Helmholtz theorem, 1169

Hermite polynomial, 1223

higher harmonic cavity, HHC, 488, 708, 709

Hill equation, 364
hourglass effect, 1244

Huygens principle, 64

hypergeometric function, 1198

confluent, 1199

hysteresis, 357

image charge method, 140
image current method, 143
Imbert-Fedorov effect, 94

impedance

broadband, 767

cavity resonator, 747

CSR, 782, 1043, 1045
dimensionality, 748

impedance function 2, Z, , 802
impedance function Z s 7,747,802
LSC, 779

LSC, low frequency, 747

order of magnitude estimate, 765
periodic structure, 783

resistive wall, ASE, 725, 784
resistive wall, NSE, 747

RLC, 759

step-in, step-out, 813

tables, 786

impedance budget, 804

index of refraction, 92

critical angle, 94
metamaterial, 147

x-ray, 95

injection, 537

emittance convention, 390
off-axis vs. on-axis, 537
single-turn vs. multi-turn, 537
swap-out injection, 537

top-up injection, 537

injector scaling, 1013
intrabeam scattering, IBS, 704
inverse Cherenkov acceleration, 746

inverse Compton scattering, 136
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inverse Smith-Purcell acceleration, 746 laser resonator stability, 655
ion trapping instability, 917 laser undulator, 137, 277, 602
IOTA, Integrable Optics Test Accelerator, 442 laser wakefield acceleration, LWFA, 742
isochronous, 466 laser-electron modulation, 665
Laslett tune shift, 921
Jacobi-Anger identity, 668, 1191 )
lattice
Jacobian matrix, 319
DBA, TBA, MBA, 397
Jefimenko formula, 197
FODO, 397
JJ factor, 624 )
FODO, properties, 410, 436
JJ;, factor, 298
Laue condition, 937
Jordan’s lemma, 16
Laurent series, 159
Joule’s law of heating, 48
Lawson-Woodward theorem, 745
Keil-Schnell criterion, 891 Legendre polynomial, 1222
Keil-Schnell-Boussard criterion, 892 Leibniz Rule, 1175
kick factor x , 806 length contraction, 6
Kilpatrick limit, 124 Leontovich boundary condition, 60, 712, 723
Kolmogorov-Arnold-Moser (KAM) theorem, lethargy, 661
426 Lie operator, 316
Kostenbauder matrix, 384, 545 Lienard-Wiechert formula
Kramers-Kronig relation, 597, 755 frequency-domain, 207
Kronecker delta function, 1177 time-domain, 187, 206
Kummer function, 1199 linear acceleration, 527

standing-wave structure, 528
Lagrangian L

definition, 306
Landau cavity, 488, 708, 709
Landau damping, 715, 1078

traveling-wave structure, 527
Liouville theorem, 311, 865
ensemble, 308

Livingston plot, 1248

loss of Landau damping, 1077
local momentum aperture, 446

Landau’s contour method, 888 o ) L
longitudinal coupled bunch instability, 904

Landau’s prescription, 889 o . .
longitudinal mode coupling instability, 899, 904

Langevin equation, 523 )
Lorentz force equation, 41

Laplace transform .
CGS units, 175

definition, 14 o
Lorentz relativistic factor

Landau contour, 888 )
conversion, 21

properties, 14 .
definition, 4

Larmor frequency wy,, 356 .
Lorentz transformation

Larmor radius, 356
E, B, 132

laser ablation, 942

coordinate, 5
laser heater, 1086
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Doppler effect, 133
Doppler effect, anomalous, 134
four-vector, 129
length contraction, 6
space-time, 129
time dilation, 6

Lorenz gauge, 66

loss factor x|, 806

loss of Landau damping, 1077

loss tangent tan d, 55

luminosity, 686

lumped vs. distributed model, 360, 859

Madey theorem, 621
magnet
bore radius, 345
combined-function, 343
dipole, 340
quadrupole, 341
room-temperature Vvs.

342

superconducting,

sextupole, 346
skew quadrupole, 342
solenoid, 355
strength, 347
magnetic hysteresis, 357
magnetization currents, 50
magnetized beam, 957, 1090
magnetizedbeam, 989
Mathieu equation, 364
Mathieu function, 364
matrix exponential, 1228
matrix properties, 1216
rank, 1215
Maxwell equations
boundary conditions, 51, 65
CGS units, 175
covariant form, 130

electrostatics, 45

free space, 40
magnetostatics, 49
material, 42
Maxwell-Klimontovich equations, 919
mean free path, 721
mean transverse kinetic energy, MTE, 944
Meissner effect, 62
Mellin transform, 1232
metamaterial, 146
metamaterial p, < 0, 42
method of steepest descent, 1208
microbunching instability, 904
Microbunching instability (MBI)
bunched beam, storage ring, 899
coasting beam, single-pass, 883
coasting beam, storage ring, 888
formula, chicane, 1082
formula, general, 1084
klystron analogy, 1069
laser heating, 1086
model comparison, 902
suppression conditions, 1086, 1089
microwave instability, 899, 904
Ming Xie fitting formula, 650
mirror symmetry, 382
mismatch parameter Bp,g, 1144
Mobius accelerator, 379
Mobius transform, 170, 385
momentum compaction factor a., Rsg, 456
monodromy matrix, 378
Moore’s law, 1113
moving screen method, 1142
multi-bunch mode, 912

multipacting, 123

NAFF, 444
narrowband-broadband substitution, 879
NEG, non-evaporable getter, 555

negative mass effect, 462
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negative mass instability, 906

Newton’s law vs. radiation reaction, 692, 828
nonlinear resonance, 424, 478

normal dispersion, 88

numerical aperture, 969, 1114

Nyquist theorem, 1127

optical guiding, 644

orthogonal expansion, 1222

P.V., definition, 1182
Pade approximant, 1207
pancake vs. cigar, 1005
Panofsky-Wenzel theorem, 751
paramagnetic p, > 1, 42
parametric resonance, 424, 478
parasitic energy loss, 831
paraxial approximation, 329
paraxial wave equation, 152, 250, 775
Parseval theorem, 11, 209
particle sources, 1069
PDE, 1230
boundary condition, 1231
Dirichlet condition, 1231
elliptical, 1230
homogeneous vs. inhomogeneous, 1230
hyperbolic, 1230
initial condition, 1231
Neumann condition, 1231
parabolic, 1230
Robin condition, 1231
solution technique, 1232
pepper-pot method, 1141
phase advance v, 375
phase space (z, p;), 309, 328
phase velocity, 87
photoinjector scaling, 1013
photon emittance, 576

Pierce parameter, 612

plasma frequency, 59, 721
index of refraction, 92
plasma oscillation, 781
plasma wakefield acceleration, PWFA, 742
Poincare map, 376
Poincare section, 376
point-kick model, see CSR, 1050
Poisson bracket, 315
Poisson noise, 637
Poisson sum formula, 829, 1120, 1178
polarization, 90
polarization charges, 47
ponderomotive acceleration, 746
ponderomotive motion, 137, 599
population inversion, 580
potential well distortion, PWD, 831, 874, 875,
904
power spectral density, 1092
Poynting theorem, 72
Poynting vector, 70
principle of longitudinal phase stability, 469

quadrupole scan method, 1142
quality factor (), 114
coupling coefficient, 115

loaded, external, 115

radiation
dipole, electric, 219
dipole, magnetic, 219
multipole, 221
quadrupole, 221
radiation reaction vs. Newton’s law, 692, 828
radiation shielding, 266, 571, 1039
ramp function, 1196
ramping, booster, 531
ramping, linac, 527
rank, 1215
Rayleigh length, Rayleigh range, 153, 264, 642
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RDT, resonance driving term, 424
rectangular function, 1179
Residual Resistance Ratio (RRR), 724
residue theorem, 159, 1180
resistive wall instability, 766, 851, 915
resonance, 418
difference resonance, 422
nonlinear, 424
order, 422
parametric, 424
RDT, resonance driving term, 424
sum resonance, 422
resonator
circular cylindrical modes, 112
pillbox cavity TMg19, 117
quality factor (), 114
rectangular modes, 111
RF breakdown, 123
shunt impedance Rg, 116
Slater theorem, 126
TE,TM,E,H mode definition, 83
retardation condition, 67, 184
RF breakdown, 123, 742
figure of merit, 124
Kilpatrick limit, 124
RF breakdown rate (BDR), 124
RFQ, radio-frequency quadrupole, 453, 1006
RFQM, radio-frequency quadrupole magnet,
453, 828, 1006
Riemann-Lebesgue lemma, 15
RLC circuit model, 759
mechanics view, 331
Robinson instability, 834, 904
DC, 836
dispersion equation, 832, 841
secular equation, 832, 841
Robinson sumrule >, J; = 4,506

rocking curve, 665

Sacherer integral equation, 897
Sacherer mode coupling theory, 838, 898
saddle-point method, 1208
sagitta, 405
scaling, RF photoinjector, 1013
scattering cross section, 138, 934
Schottky effect, 944, 981
Schroedinger equation, 934
secular equation, 832, 1217
Shintake monitor, 1138
shot noise, 637, 943
shunt impedance Rg, 116, 738, 759
simple harmonic oscillator, SHO, 304
sinc function, 1179
sine integral, 1183
single-particle emittance, 376, 499
single-particle equations
single-pass accelerator, 439
storage ring, 441
skin effect, anomalous, 723
skin effect, skin depth, 59, 717
Slater theorem, 126
slippage factor n = a.
Smith chart, 170

Smith-Purcell acceleration, 746

— 7L2,459

Smith-Purcell radiation, 229
inverse Smith-Purcell radiation, 231, 599
Snell’s law, 92
Sokhotski-Plemelj theorem, 757, 889, 1182
solid angle, 70, 210
space charge
beam dynamics, 994
definition, 697
direct space charge field, 698
envelope equation, 1004
field dynamics, 697
indirect space charge field, 140, 698
perveance, 998, 1009
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special functions
Airy function, 1197
Bessel function, 1178, 1193, 1222
Dirac delta function, 1177
Gamma function, 1197
Hermite polynomial, 1223
Legendre polynomial, 1222
modified Bessel function, 1191
spectral fluence, 213
spectral flux, 550, 588
spiral curve, 238
split-ring resonator (SRR), 149, 962
stability boundary diagram, 1155
stability condition
1-D, 2 x 2, 408
n-D, 2n x 2n, 410
stable fixed point, SFP, 477
steady-state microbunching, SSMB, 1104
Steinmetz’s equation, 358
Stirling’s formula, 1209
Stokes curl theorem, 1168
storage-ring FEL, 1237
strong focusing, 362
strong head-tail instability, 844, 904
structure factor, 937
substitution, narrowband <> broadband, 879
superconductor, 61
surface impedance, 61, 712, 718, 723, 724
surface plasmon polariton, 230
surface resistivity, 60
Sv, 200
symplectic condition, 319, 409
synchro-betatron coupling, 499
synchrotron
energy ramping, 531
mapping equation, 548
synchrotron oscillation
low-gain FEL, 618

storage ring, 481
synchrotron radiation
bunch form factor, 568, 1156
coherent, see coherent synchrotron radia-
tion, 1026
damping, 494
damping partition number 7 , ., 506
energy-momentum conservation, 603
Feynman diagram, 241
formation length — longitudinal, 263, 574
formation length — transverse, 264, 575
opening angle, 236
practical formula, 267
properties, 249
quantum correction, 250
quantum excitation, 512
quantum lifetime, 522
radiation integrals 71 2 3 4 5 6, 496
shielding, 266, 571, 1039
slice emittance growth, 1053

slice energy spread increase, 1053

tangent map, 378

telescope, 383

theoretical minimum emittance, TME, 551

theta function J3(u, q), 915

Thomas-BMT equation, 1135

Thomson scattering, 136

time dilation, 6

TMCI (transverse mode coupling instability),
844

total internal reflection, 94

Touchard polynomial, 1211

Touschek effect, 697, 708

trace space (x, '), 328

transit time factor, 529

transition ¢, 459

transition crossing, 460, 484

transition radiation, 228
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inverse transition radiation, 231, 599
transparent, 382
transverse deflecting cavity, TDC, 964
transverse gradient undulator, TGU, 674
transverse microwave instability, 844, 904
transverse mode coupling instability, TMCI,
844, 904
tune v, 375
betatron tune v, ,, 375, 475
synchrotron tune v, 375, 482
tune diagram, 422
tune shift, 418, 424
ADTS, amplitude-dependent tune shift, 483
complex, 920
tune spread, 920
turbulent instability, 897, 904
Twiss parameters, 369

two-temperature model, TTM, 942

unbunched beam, 906
undulartor
in-vacuum, 272
out-of-vacuum, 272
undulator
laser, 137
undulator radiation
formation length — longitudinal, 295
formation length — transverse, 295
practical formula, 297
properties, 283
resonance condition, 276, 587
Unit & Dimensionality, 24
Unit conversion table
numeric, 29
symbolic, 26, 27
unit impulse function, 1177

unstable fixed point, UFP, 477

Van de Graaff accelerator, 175

variation of constants, 430
Vlasov equation, 310, 867
stationary solution, 868
transient solution, 870
Vlasov-Fokker-Planck equation, 867
Vlasov-Maxwell equations, 919
Volterra integral equation, 883, 1075
vortex beam, 957, 1090

wakefield

broadband, 767

catch-up distance, 695, 815

CSR, 782, 1026, 1037, 1041

Derbenev criterion, 1039

cylindrical cavity, 728

dimensionality, 738

No-wake theorem, 696

order of magnitude estimate, 765

resistive wall, 712

RLC, 760

space charge, 697

vs. electric field, 738

wake function W, W, , 734

wake potential V),V , 736

wakefield W), W, , 736, 802
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