Accelerator Physics Lecture Modules

1. Introduction/Timing
2. Beam propagation basics
3. Simple Harmonic Oscillator

—=4. Betatron oscillations (transverse motion)
5. Dispersion
6. Closed Orbit Distortion

7. Synchrotron oscillations
8. Properties of synchrotron radiation

9. Radiation damping
10. Equilibirum emittance



/ . <
) ) - [ (Betatras Dscillcrions &
T rans Verse rm. \m\w le Par frek Yot V) Nr W 7

* Betetrarn oscitalsans and aSSCuotesf betafinct ma | ) .,
LLSCrile 77 anSverse Y& rck \.\Q«N\Q\\w& peletlive fo the LS 54 OFb

| ), Z ; A P \.w&.
0 Parbicks Gre Uickor? beciere @ lollicde Or Crr)t  raclicd;onm
ar , a

> ) /X/MHI\\T s axial

< | —— — 1 et P

e Cerr- e vy —>

A CLOSED ORBIT
_umm_oo_o CLOSED)

wm;ﬁmoz OSCILLATION
\ ( Sensjle \Qk\\wn& \




[ ¢ /2 trom

\u\ﬁ\\,o&m.\\% lee Hast
e
\,
VAN«;M = AcCos e
X®) ="Awsmwt

1l

4
?

"

/

v& CoS ko T

np

s
m.w %, SinewT

m\\s\c\\\m&&\ = const
phase = \ (dt = oust

XoXg = Q.\\MN =€

= actrm

— eneyy ¥ o C 1l 7P
— drec of \&&n« %x&.&«

Oscortatrozs s [ s M&@N

AN

7

hase Sopce
P /%

B/ i
ConStent

rW ette~




Betatron Osciied o

For cecelevatrs 1he 1eS7orig force varies in 051723

4 4%x A
X = = + \*\Nm@ ) =

oxial dweetron
ﬁm\\\m\m &\S\\\. free cad \§~ Surg@ %X\N/\\\\
 p =t

BE) = [ cxs)ats
A

— — A = constunt

== H\{\S&
or

\ (9] CJ\M\“«W.»J h.,

\¢§\o\\.\§§ (arge ) phiie SIon




4
, . i . . Z
%\\k\\&\w (OScr)rebong ~ Jht WO\&\\JS

7o K@x=o

(& = Grplitnay Scae factor
fry x(S) = € [pe) .m&\ ) )

w\%&@ = N&.\S\Q\.\,\N\N&N \XON\Q\NM\VMS

. . | :
m\\wA - \m.xmm.ﬂoavﬁ # ..m,\\.ﬁ,\ \\Gto *Q\%\.ug

as
Z
m\u\v“ - \M&Smx\\\r&\\ Loitl o8P and StnP Tersms 4
AS
Soéshnke 4 x z | | Lotfficiento 17 79
Coltect Ferms o PREIX = ,\\:&‘\ Sing  # NQ% y\m&m —
B 1a = const

¢ /). . \d\‘\\\\w\&\
£ N & §yul
s 2 92 P 7
g ...\m.

phase depencls o g Nl f £ =E

£ 2 wNw ConStant \&%\G\\w@

forec



Betitre Oscet/cbme — En ve/ogpe

| . K& )
We have a Valwd Solufion P \.chc, m&&@ Cod
2 , j m\\i.ﬂv\ :
Ad X L kCI)x =0 ¥ > <
Ast : :
X&) = (€ (RE) cos PE) 1Ol Contintions foncITm “E )
— N
a0/ feele \\wn&,ﬂ\ \JA \ .
K\\ = °? \%\ﬁ\\&%\i@k\\k\y@

[€2€) 15 fle ehvelope funcrrm

mﬂw\\m = bevn, en /o0

“Z - parficies Loits , )
° A w\\&\&k\‘ \Q\k&.«% Y7224 “p Fhe &\&.\S -

. / A
Coerignt 32
\\X\ XQ =l é A ﬂx

“& = m xr&.e \_3\ V74 \k\\mk&. A
Ty anet s Vary
(st %s\o&\y\s\.



LB otetron OScrorrons — 2fase Cm pacz_ EL yoSe

m\lw\WA 4 LEx =0 2 &\ o \\NN
 S?
x(s) = (k) Cos(ds)) D N\ aany

S~

/
sy \Wb Nm (008 PG) + Sin &%\

A bafore o/immae phase P 7o derive gl pse C5vals

Sime— Jile

;2

Nk\?\h% &xx\r\mx - e »

m,.ui\mim@&/\\\. Y X% + 2axx’ 4 \wx\m um*

7

\ . \I|. . ,
NQ«\ /3, r) mo&«ﬁ%&w%\w \\ wisS phrometers

N 7 — ) 7
& = Currttence = \b(\«.\s}lc@v\n\m\ Kse\%\\e\ﬂm

o< wm\ w\b \.*b«N %\\w&w&.\&&\ =&
2 = =

Z \vﬁ@ \\.} Fm“m

Smsle partits OSCMNB Aupols oz




Betatros Occrlfarors — Phase rﬁbmm.w 7/ rans port

a éx z
— ,LO) X =0
aAS* .

w (s) = |€8G) co5 &6)

XSy = - -

~

E/lps< H\xfTNRXX\*‘\wX\N = e

V4
o bhere \W -

- 7z
= L and theargfore \X\\%\, y) Evor ittt S \w&&\\@\»&% on KRG \V




Beanr E//  oSE N.\.\n&fm\uc &

/7

i f ransfer

/ PCHFT ¢ —>
,\ Mo. - M \Q o
VA

(L, ),
Start Cnd
(P03 17104 LPaS 12 0m

: 2 s ; 2
YKy #2055 %0 = & = 1K 2518 X,
VA\ = \S\\XQ -~ ?\NY&\

(here _ My 1y X
K M \SNx\ - ) \ M = \ o )
«SN\ S.NN\ \ X o vA\ §N\ x...v T §NN XB

Sobstite , fermd mix , colect—

M

o 3x3 Vo st
- Q\\\%ﬂ
W \N\M\\W\%M w\\Q N \N\@\&\ = e hw.hN.h\
/ V> ?




Bearm ENipse  Truansformalron
v V4

% M ove %e\sxu,\\n&v&&\ h\u\\oﬁﬁv«c

T}

M\K\N*%O«XX\x. ¥’% - = NX KQ £ ) x ST
By T Py \\\a vm w” -.X\B\x\

. X X Bec
G s (5] (]
. ‘ ¢ MNetrix

- - S - ;
26X, =6 HN\S NK\V.S 2o um\S K.w

W \.\\,\.\Q\m@\ *\\Sa\w\\‘\ﬁ&wv\g
preferves i varianl €&



L \m%ﬁ\c;%\m,wxo @\Q\ 0 berto \Q\q cr7mn

~(FK 2t 2oax x4 @ x’?)
%\ - m&gﬁerU ,\\\X\X\k = l € Eo

\\X\ k\\ = OConSrent —> %Q\\\wq&‘ )27 N\\XC&.&
(Aomerartor m‘wh%q\.\“\\m&

v M
{&Ye \pl/, /81 finear Mép €7

Ry
&\/
N

3)

_n\:& N. u\SM\S.\I A R...X
2 T, | o 2,7 (= w\\



Swnspe furtrcu N..\&&,\n&\m /n _Terms A %\w Dltte Gnotl [FHRSE
|4

for & %\.@&% pettrchk %

X\ _x A — i — \w»
() =~ |

w.\\ \\\ v M

m%.ﬁ\\:\m\ﬂkl\\“
X(E) = \m\hww cos P )
X%) = \M& \%\m& #S) #+ Som ﬁg\ _
| /
S fart . = \mhc Oosd &, ,\om\m g \\& \&\w\Q
v« /= ho \NM:QO%&Q.\' Q\\qﬁx

Ene

nm—

, = \mmx mo%\&o + 4 )

X
%"= (£ (B costtr00 ) #Sin(b460)) < Exppns trig fomctrioo

\\f%«m&\\rw\\, Nv& *m\«\ QXQ&N.D%NVﬁ
Vage \‘h\c \m& O ~x, 1 B
\ 7,

— \1

M

\ y 726 mb%Dﬁ mu%\\vmw& \NMMW\I Sn AP \ ¥




%\&? gré mﬂ\\\&\gk..%%vdﬁ\ k\\\.\ﬁﬁ\\&w\.\. 2

3
~—
)\

: \S\ x \\N%Q\\Nﬂh h.\NNW\R \Q&\\w.m,m\ \\V\NN&\ nu\“\.v‘\t,

- \.@ *\\\&...\M\,SN.

X\CM = \\A\k QO%& &@aﬁ\.\.ﬁ&nﬁ. fﬂ,\,\drw& \Q%»\\NN\Q %bﬁh«
X)) = \\1\!& co3 @ *%\\:&b Gadd Fle betivn envelop €

§ eré \\w Fer 5ted /o A

— aﬁ\,\w\% \&\\\Q\ NNW\R:&\.\L; for beam hx&m\.\n@ A

— beann envelope \\9\ \Q&\%\.\Q applice fraas
o (o/lecbers
0 \ww&\. Source
o Medical
Z 9\%\%\?@
s Cfc



\U\\.\,BN\\.O. rmmu\hn\\\\wcy

For a §torage N\.QN or Cell the boin enwelopr [fepets

/

(x g 1), \
. h’\q\\e\ S X

\Qa\ h\ m\\c
Twrn
/T _ = y 7 .\Wo ~Ko , 7
M =5 =M A | = 50 ] o
/ @ 1C0rn <o N\\NQ\S - W\m ? \\&NN\\ MQ §AN\\ -
ZMyy
Solve fBo = , — / >
\M\}\N\\M\,\&\?N}N\' ENN _— Need &
QAQ = \\\.‘\nl\ §NN 5
2m,,
* z / + VAUM
Nf g —

becnn enyelope x \x x » \K ¥
N il
/ . o

<
</



E xamples n\r £ N\&\Q\K\\\.\w\a,

SPEAR 3 Cell Configuration

20 :m 1 m I n_m i mm __m i m_w fu_ fl D_= fu i
— =y .
a
9 1By
/ \ 8 18- Py N » A oo " y AT
. 7 N AR o N i
Matching Py o AR oo !
Cells 12 b Pl : [ Py Lo P e
£ - F 3 U N S SR AR S S
E e L H ro I { T ¢ P
= PR ; I T | T A I
1)
8 b~ \ % 1 5 .-- A h : ». V-
M [ ¥ * ¥ O ¥ )
L I s 5 4 4 3
Standard N - s 2 . ot
* - ¥ £al
4 b= [y 5 b, o A e
A
0 T 3 ..v..AOX-.Jx | P i X L ) i o vl s
17 18 1 2 o 10 20 30 40 50 60
7.6m 699 (5]

841348 Path Length (m)
[~ e 8413A1 . .

Figure 3.1 SPEAR storage ring configuration.

\0\\9? rhe \Smm\cbm\\ \&\\\NA \R\Hv

MNote befe \Q&. e IS
» o betatrom wavelfnGl%

\N&\Nrmv cere \\.wm\\r m@%%\%«m\\w\ r%\

frx =t Ry =7 :
£y ~ /0 § @ R
lv\ -
= w /0 W = 2X/10 "+
[Sfor = 27! '/



Machinefunction / m

me§:ﬁkku & ,%dww Ce/i8

Dovbte - Renet \$m\:\e\5r\uw g

—— Beta¥Y /m —— 10 * DispX /m

EE RSN

RSN

5 10

15

M/t —1Benad A cbron sl

Beta Functions [m]
Dispersion [m]

s [m)

Figure 3
B functions and dispersion for one achromat of t
storage ring. Magnet positions are indicated at the

y(m]
- — g
gt W Hy
u _-c --w u.: 25
x |m]
Figure 2

Schematic of one of the 20 achromats of the MAX IV 3 GeV storage ring. Magnets indicated are
gradient dipoles (bluc). focusing quadrupoles (red). sextupoles (green) and octupoles (brown).



\ -
NNS\\ or Phasy Advance Bmm a %*Q\mmw\ \&Sw\ma

o Indtvidial e A eles Crreolate Lot .\\\N& betatron oS5/ lafs IS
. ‘. )

2 \ \‘&d& e Vance per Fern 15 cortéed \.\R Fwne

o m\m\\m\,\,ww \?&\. \%x ) Awrww | . ,

&y, ~ 50,48 Ry = mmw,.b
7N /%
n \\N.m.\ﬁ\t \\%m\\mk&.\

Feun< Ffune

o (Want \\Qm\\.\s%\ tfune \\\%*\S\S\
fo auoie resongncls (
(repecrear drivess molIon )

\K&wx*b%\ =P \3\\:\&\ /nfegens

A_ CLOSED ORBIT
PERIODIC, CLOSED)

vk\ p
1

(
\
1

\

!

Amv resonant surface

° \
closed field line

open fieldline 2 2



LeSongncsS

- ‘ , 7+ ¢ .
\\Q\Sm\qu&mw\ Mo, + p» @ = /2 W\S\ n,p) = /g /S
L, b
1.0 5 !
’ _ =
2 Suny veSonenLLs \ / -7 G AN
) o N J\/ -7 “ 4 o IN b\\\\
o ol ljelénce EéSonivices 7\ o 7 TSN SR O
0 sliffere RN R oo
S \Q Wum\wn\rw e V,,\ / , / S INENSVAN AN ' QX
o St BaVi NV \ VANl Nig |
, - v, 7 AN NN 8., = U
o Jriven b \\\&\\\ v M/\ v 7/ = 7 -
e (W . ; z b Z EA! 74 hi\ < q q
CVrors /» [atfrc€ J ﬁ : PRSI s
< . “
X 1, - ¢ R\\\\w 2 N A voit resoment tunes”
e o.m 1.0 0.0 Vy 1.0
1
S \ “Z
F et o i
h \N\ / pe NUCSZN < 23
- ke N DR\ LV 0.75
n ! \ o @ W/ﬁx A
L ! SAVINEN ) 1 o
- <l - AN N .
// \ 2 & & /
Vy =5
SN N PR
\sxm,\ er yeSoncrce e : wﬂw v, i)
= =7
: p l i i i \\\ /
( m\\\c& Y = DS y 7
", % : OPE
k= [ =z =
\\M E\Awmm\ \%\Q%q\‘\ 0.0 Ve 1.0 05 vy 0.75
12-85 p . 5300A5
A\A\Q\\A:@V U\.Am\&\&&\y
W(W — /4 \\&MMWN\ \lﬂxmﬂn*v Fig. 5 Resonance lines in tune space.

&



JHE  Tye - Twrn \\u\uﬁhs\w Wt rix

[rom before
v \ y \m\a%u AL *Xch\\wb& \k\\%v Y .,
\ ¥ - M -
/

7

X =/ ~dot, )5/28@ + [, =ty )05 AP « | v
“\.\JI\Q\& \ub\\\W\%@D&\R\b\&D& A
L
—— ,
Qm:m_\&\ \\%ﬁa\.w metrix M
R-.\
For & one-turn \f&\o ’ o, = X i 72 .m\\\\,s%«
VA \wc \\\‘ \\U \ J teriss \QQ\QR\R\&\% )
/
- ; > =
£, =0 m \
,0|\||\
2 \z\~ %Q%MVNQ*XM_\V\VNNN& mv.\sN\.Nwa
° o rev - )
~[-o® .
z G127 (IS2TR -~ S 27()

At a waist (where o =©

P052TQ  [B5in 274 [V,

\,\\\«;\ B 7 .\\w M
Snzrg CoOSITE & Mwamw M\ )




\Hw \.\N«.\\\ oA \h\,\.ﬁ\\\ Ervgrs - R\.\\NQ\ [ e .m,\tw\\\

/ / Oley
- \na\ﬁ. O Mrew

_ / NQ%N.\MU hC\\QN
kL g ¥ ~ VSin2Tg  (oS27Q

R =R+ 4&
Same trice
—> 2 CoSITR \.\thx\m S/nQTR

CoSAU DR ~ /
S/adT LR ~ 2T AR

- mwu \bhm\.h

N&\%«‘k\ [arge effect

WP UL Tine Lersss FeSonarce |

DEL
I &,&NQ
~ySmn2789°

RCSAT(R +4AQ )

= Fhin m el

\\ € Fitny

\% Sn27Q”7
CoS27Q"7

2) measure AR

3) Celechore 3

/) Clonge & magnet DEL

A wStrelren M\&h&\n\\? 208,




8 cezctrepote

[ Fing Sttt wirh gntray ]

</

Chromabcty
N4

Low On \%\Q&
mkmh\w\ msm\ww m\?&%

K ruad h\\ﬁwmw\\&
for off—enetsy bein

. 78
&, 27

K Dk = K,y (17 \O.m.\\

Ak =k, AF
\Q

Wx?:.\s«

20 celss
§ QF gusas  FEE1 BE9

S QD gueds  SLET k&,nm\

jo b 2o (05

?r. 1 .
5 h 500 = L2 (i)



m®\§\$$\~¢«m\‘\.® (orrectrizn \\\Nﬁ&\n\wp&\\ MSH\QWM\P.\\& \V

For a S ekt e pols Ak =5, \w : W.I\.Qb

f

% 9rrecr \RQH Sextapd %\\«Q\&

t

APrP<o

Grel Fund B =L x>
Quect  Seetpole Z
ba &s
A
7 rad /et
‘ - , . L
o J4) I ECSE] \S&\% AR = Y a B\nh s

08 < od /6~ 502

3

\

VAS
W Y »%&M‘» \\AQNLC # M\«,Cg%m@u\k

UG




T he Birivem Lwuve Luestvrir

_ L , . »
Wx\% = %Q\\\Nﬁm& = f\ﬂmc W\Mﬁ\\@ a5 2 O \m\ Hlany M\am\\@
N ,m_*\vs% %Qam\\t\os&% \v\ \,\\m\ﬁ \mﬁc,ﬂ

FR\,\Q\«\&\ sentopoies for Statke s PR rasicie weaolsm

F Lo m\\w\ﬁa\\%y.%d \9\ Swc// %\&\Q € \\\\.\\“\Q&

\W\\,\A&\\R%% B m.\\uww‘@a{hf\\. y L
see ﬂ Oxs B

A.\’.\n’\ 4
E M nee

Srmiter 4o &F /85 gucd repoies %h\hb Fencd o Capeel

So Necl fo Cperare leortt $7r0ng foctoto

S \u} ofG i

SClhs & fowen ord]T



\ 4
NV\/AO\J_QB&,, & oL @Q\K\\S\Q k\uﬂ\\\vt\nv

/

rW Frong Sex }\\&\N,w ntrodlice  roec—~ oy \\N\m\%

—_— \Q&A %\N\QN\ Ceo L betetromq oSl }v\\.\v & v p

14.4 W 7 T ; m 5.5
143 -1 5.4
Vx
Vx
14.2 — -15.3
Q
14.1 b b 5.2
%id =20 0 20
8413A16 Radial Betatron Amplitude (mm)
without * with
sextupoles sextupoles

Vy

mechanical
aperture

particle loss

/77 tecle

» \ﬂ\\.wm\m ~rafional ,mw\m\‘&mhh

/




@YEQ\X (¢ Aperture

4

; o—

- 'S
Dincmic. Apertore —no €rrofs S une Jpace
“ 1

} . . 2 T ] m ST [
Fune ShHi Fh Lot b ey s On Momentum 5 4
5.4 ot Ml \ N‘A\\\“ “\‘Nh\\ ﬂ&“& wnwd A \ lmo\
: ; | ! ! ’ i m 20 p/p = 3% -
5.4 -
T y ,m\ 15 |- - : i
! | B 531 i
53 - £ jof B
g *
= . 5k 4 52k .
i | ; ] i l i 0
WN|NO -10 0 10 20 — —-40 -20 0 20 40 5.1~ -
a413a17  Vertical Betatron Amplitude (mm) B Horizontal (mm) i |
M@%\Q&\AA \.R \%\N\*b«\m& - ma\\\&n\\\.vs\fw 5.0 | { { [ I j i {
; s / _ _ _ 140 141 142 143 144 145
g P 3 §ﬂ“~\ NN > 5-98
14.3 E\ D\\.\b \_S “ ! 20 A On Momentum - Vx
N Dp/p = 3% 7
14.2}- v - E 15f 7 ,
x = 2 L i
g Capture ¢ff erency
. m 10 - o
14.1 - ° beany [ifelim<
5 |~ _
| | l
14.0 0
—4 —2 0 2 4 -40 40

i 5-88 n
13A24 Momentum Deviation (%) 8413A11 Horizontal (mm)



\\QW&«&N‘ y . ﬂw\m\\sm\?v\q

Soletrm 1o X2+ LLI)X =0

5 X)) = ATpir Cos F6) Do) = | L

\w \»\%\\Sa\MX«\ @ \wl \\\Q\&ﬁv Fransforns w

W@ = XE) = Acos g&5)
73

.N‘V .@\._\\N\.ﬁ \Q@ﬁ%ﬁv /‘W\ \33“
.@h\,u@x.\mn [o, zu]

ConStent & \S\\\Y&&
e Shwsorntat wrohsn

1!

2
7 . m,vvm b, +8+B°+B% -

/I N Tfersd

TN

I

™



\\m\w\&mﬂ \\.,\&srm\w\\sh #7077

¢ Qo\\sﬁ\\m\& ®% \iMu , mwxl

EYANYA VAR
AR VA

© N.M.S\N\L. réc/m Q\ \}.\\“\3\.\\%3\&\& @3&\3\“9
/
AX \&
T L DG, 0] A - ange

[

N

0 Pertorbstran \SNQQ
-—_ .\QSN rw\:\\ o )G %3\%\\.\&\.&
~ JeSonc pces

- M.\&\w' bpne o rcltts



Leview Z

o m\\a\b«\u Chons “\N\\.
ne Fhe %\Q&\\ E N yel/o . , ,
2C7 2 xmlww = mj
2D Cos D)
dTa) = TJN@.

. m&uu\u\w C -.m K ho ) QO \V & .N\AQN&*m.
en \\\\% LAY . V7 “‘“
& SW\ \k\&e Qﬁ. m \\\.g\.

o Tlurss pPErémeress ; )
/° 7 NQ\ Iy r)  define phase Space EXp \

g m\\me \.\m\w‘%@\.& as M\ = M Me\S\w M‘ N\& — e

=M X



e

K - Q\Mx\ AL

. - ~ 2z
o Betefunctrons derned fron km\\...\\sﬁ\@nb‘n. @W + A(5)x =0

0 [

— K(S) /s prece wise s Contrritoce E : .

. ) . D S
- BE) J 5 Contmrwoos Functrag

o Sotubm fo D.E. regeuires Wu&k%\hﬂm\ CONUA1110nS

Bunch

A B C
- Frospet fioe (fpg) SR
QF QD

Beam Envelope

X' X .
Matched z__maw,ﬁo:ma
. Py x x
— Storage rings Gnel Cests o ﬂnyﬂwm
— (o}

USe CloSture Condifrrm

Bsteet = B
S oM< Ul nef ColC vl oo

7 _ /
\\‘ Jtare \ Eéncl b\\&/\% B&S\u& 7278



N.N Q\N§ S

) . . e/ \\
& rm,\ﬂ\\n. \Qmm\\qﬁ\.m% WoVe Crtbry The be Fatron €N o€

o @ GlisSran A \S\\\,\ wety, ALISEtribudron

= Ranslom p4saSe

¢ be%\‘*\r\@ to freted Errord (Gowiol Kicds al lcrge B

o I %\m\&%&\ \\WMA neect noll—/ntegens phise ad vance
o ot [ Sor GneesS

/& —A
/ L= /
/ -~ *
/ ~ C 4 /
~
/ - 4 /
A\ / / / \
%, - / 4 / \ CLOSED ORBIT
Y / P Y] = ,_ (PERIODIC, CLOSED)
/ /A" \
—
/ —
/ 7/ >y mm,::moz OSCILLATION
\ \o n / \ \.M\\QNN\Q&\\NN\..\.\
/ ,
/, / /,
P

T N



LPeyrep [V

? m\$\m§&\qw@ Q\\\w\m\w% phase  advence (e 7 =

Y

\%
o >

L =2 K, FOL \OR.QL.\.\-% Q&%h\&

B T BT B bets - b ecks
Q&\O\S&%W\/‘.\"\ \ fune croSses réSonances &

), — & 0P

o USe .HL&N\\.Q\D@\NL« %o (Correct Q&\O\S.«\\MN Ervrors

1om - /17tesy \V_N\Q\a \m: crave \“&Q\&m*\mm Llerve 7070 N Ve. chromiztoc &m@x.\.v
Tne .\%m:*\ leitls G ro \b\\.\m\\& — YESONGNce e
/o85S Of W\\E\S\N Gperture

b tins /et rrne \\,.v\.\m\v.wv\g



