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7 Equation

F=qgE+quxB

g<0
v
q q=0
G)B
g>0

q-3x10%(2) - 1(T) = q-Eireq

m/s * T/ (MV/m) = 1e-6

Eir eq. = 3 X 102 MV/m

2 cm Z2HA 0 ™ | Xt 3000 kv ??

20l&/7 2| S2 polishingE! ME EHO|AM YTO] LO{Lt= BH TI[E M7| 15 Mv/m
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PAL /7 Magnetic properties > Ferromagnetic (others: Paramagnetic, Diamagnetic)

L

Bl

DIA

PARA

FERRO

1. Diamagnetic
substances are those
substances which are
feebly repelled by a
magnet.

Eg. Antimony, Bismuth,
Copper, Gold, Silver,
Quartz, Mercury, Alcohol,
water, Hydrogen, Air,
Argon, etc.

Paramagnetic substances
are those substances
which are feebly attracted
by a magnet.

Eg. Aluminium, Chromium,
Alkali and Alkaline earth
metals, Platinum, Oxygen,
elc.

Ferromagnetic substances
are those substances
which are strongly
attracted by a magnet.

Eg. Iron, Cobalt, Nickel,
Gadolinium, Dysprosium,
etc.

2. When placed in
magnetic field, the lines of
force tend to avoid the
substance.

The lines of force prefer to
pass through the
substance rather than air.

e

The lines of force tend to
crowd into the specimen.

Hp 1o

Hd
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P; AL Orbit Stability I

John J Livingood - Principles of Cyclic Particle Accelerators (1961)‘"

O O -
(2) EEZ Y
(1) £9], Fig. 2-1. Bowling alley analogy of systems of forces which produce neutral, un-
cyclic &l HEES ZH= 7k 7] 0 A stable, or stable orbits.

H10]| equilibrium orbit 2 @ HSI= &

2ol Y =B TeEs Y

(2)

HEo 5oz HEHSZ S0
23

2ol HOLHX| B

- Oscillation!!

Fig. 2-2. Schematic representation of betatron oscillations about a circular equi-

librium orbit. Radial motion is shown occurring on the midplane of the magnetic

ficld, while axial motion is shown on a cylindrical surface. In actuality, both motions

occur simultaneously. With weak-focusing machines, there is always less than one
oscillation of either kind per turn.
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PAL7 \What is the phase space?

20050317

x(t) = Asin(wyt — 5)
x(t) = Awgcos(wot — 6)

Equation of motion along 6 — direction

Fo=m-tp, = n = m-- (16
g—mdtvg —mgsin _mdt( )
> é+%sin9=0
For small 8 ,sinf = 0 » é+%9=0

> 6 +wid =0 where wy= %

: simple harmonic motion

x7| X[ et FEoHA TET71 S !



PALZ \What is the phase space?

N
AN
oy
HU
rir
r>|

AH| of A x| ojl Ei S = Ct.

FO[0f| mX}gh =~ giCtH

N
)

%WPLJ>OE§$WEﬁ5x S g Ast,
x <02 FR0E K47ty STt
A0k0 OIX|O| LES
T HM—l To=2
Maoexr|zd  m) OERE3FR S0 = mast |

Zt2to| A== YXIe| Het 7| 5= B QULCH A 71y
» Phase diagram : totality of all possible phase path 01|) 0-|||:|| E{A. °|M---7I-0-||k| |
4137) 3t Z0 2 AHX|BH B
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Phase Space
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PAL ‘
! L7 Drift

» Phase space O|5H5}7|

Hx|= 4 Zol=

—
N
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PAL2 H| X1z~ i EFAK

<

I | - O

L

A

« ZH7| gydotronO| Lt synchrotron Ofl A= dipole T+ %=

20050317

ol &lo] WX|= & 27| |5l focusing O|ZHA| ERSHEFAT FHEF
A71EE B, = By/r™ FEHZ TH=T EQ orbit ZH0A 2ZH0| BH=0| & &A1=
O| 2= BEA 22 DHE0] W O E L0, (Lving good 20| L)
X'+ (1-n)x = Q, y'+ny=0
FEHSE 50| V1 —n A &0| yn 22 LIz (= AT 295)
s GiE 90| 5 & AN gt 1= XE7[10. 1k Lig = 72
EILZE PLSHI=0] 2 28 E83)
L& 5{2f5t focusing O|X| T O|A 510j| G101 O|AE 7157| Btz CHO|E 22|
O|HXI7t 2L H Bto = B ZFOo M eto 2 XEh Of| K| AMBEA T ES8)
7 N\ N
7 N
[ /% ________________ \\ S

Cross section of weak focusing circular accelerator

I I
US PARTICLE ACCELERATOR SCHOOL
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PALZ Strong Focusing, Beam Optics2| E

o OH |ensE £2CHH? D energy offsetA |0l = SA0IA TS
+ BO| &=p2tH, B, =Tvax = p'x B OIS0 F8 £2 AME &8 7ts
beam optics EFAII
o« QIEPZA RP7|E el EEA, XQF Yo T HE2 Yl x5y R, vice versa
- 18 = Ot &% Z5H=A ofd? > ot

From optics we know that a combination of two lenses, with focal lengths f|
and £, separated by a distance d, has

If f, = - /5, the net effect is focusing!

. A quadrupole doublet is focusing in both planes!

# Fora concave lens f <0

# For a drift space of length d _ [1 + %‘ d ( x) => Strong focusing by sets of quadrupole doublets with alternating gradient

_d -d '
X 1 d\«x /f 2! A e
x’ B 01 x’ . : i 1
i " For 0 < d << f, the net effect is focusing with £, = f%/d > 0 U A U A U

The same is true if we put the convex lens first

N.B. This is only valid in thin lens approximation

2005-03-17 11



PALZ Quadrupole AFE2] Of

« 9| E2|ZE 0| 4= At ZK[ Al
Z2A:X Y37 £ (HHEE SAZFA) St beam sizeS M O{2

Envelope Function

: : : : : b T
= - ¥
E 15 —_—
8
E 10
2 5

0 5 10 15 20 25 30
Length [m]
. o -+ A o -1 - =
- Triplet2 2Lt 4ot 582 NS0, & AO|= ZEQ| Air7 M F
g FEwelopeFuncon * Iso-center 2l ™O0|= E& triplet2 AtEE
| : ' - AX| 3 X S22 28l & =O0|HLY,
ChFoh 20| 2X2A|H AIO|Z2E =HSt= 4Rk
& 10| ; olo
= AN O
I 5L =
of; 2 4 _-IE_ a8 llﬁ 12 14
Length [m]
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PAL2 Beam manipulation

Ab= X} (Quadrupole magnet)

'
Field strength

Current

Line of constant

scalar potential

fransverse
position
\\ >
center of magnet

== Lines of flux density

B, = 2(Jox + Kyy), B, = 2(Kyx —J2y)
J> = 0 for 'normal' quadrupole field

2005-03-17 | 13



P; AL.2 Beam manipulation

M =X} (Chromaticity) £t?

5. =
—8,>0
—§,<0

A= RO 2l v, #Hzt

—ev, —ev,
U, = — jByds=—p jByds
OOk Of| L X| 7} SRR B2l p = po(1 + 6)

—ev, jZK p ev, (1 s )IZK d
v, = ——— xXxXas = - xas =
X pe(1+ 8,) 2 Po P ?

;:Z (1-6,)2K,xL

1

- xtixs
1+x 72"

20050317



PAL7 Beam manipulation

MAXEEH Tl A

R

— 8,>0
— §,<0

2Hef FODO HE{Z At 0| Z O RUCHEH?

—ev —ev
VU, = Z(l_évp)ZKZFxL_l_p_Z(l_X N\ N\l
N 0 ) 0 different types
ME M7} 7bsE * Achromatic Lens of gass

single focal point
0|2{3t O] F 2 FODO Lattice0f = M=%t 282 EHSHX|
0fl) PAL-XFEL undulator beamline

PAL 3GeV Linac
SO0|271%57| dH757] 5

Achromatic Lens

20050317
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PALZ Beam manipulation

Ml 2= X}(Chromaticity) 242 IS M E 2% Xt 27

e = APSEIXF AL Off Of 8t A=~ Xf
oL X0 W E Z = Af o = —ev, (1= 6,)2K,l
x = xg + 16, Do

r - ¥

|2 HAA 0|= Z2 A2 EH

8 = (x = o)/
S 9| 40 cf ot

A

Quadrupole
' —ev,
Incoming beam Desired focus Ux = o (1 - (X - xO)/r’)ZKZxL
[t v, o x2 Q1 ZAFREY
Low energy focus High energy focus
—ev, 2
Uy = By,ds — B, xx
mv

oI xtMol 2

20050317 16



FPALZ Beam manipulation

Line of constant
scalar potential

S =X (Sextupole magnet) Lines of flux
density

[
|l

B, = 3(]3(x2 — )’2) + 2K3xy), B, = 3(K3(x2 - 3’2) — 2J3xy)
J3 = 0 for 'normal’ sextupole field

20250317 17



PALZ Beam manipulation

MA K FO|Abgh

O|F XM O|= B2 A28 H
X —Xp
6}3 =
—8, n
ol -8y, | zamEﬁﬁHs%qwozmﬁvﬂﬂ“ﬂﬂﬂoF
n, =10
25_

=Xt E™0| 7} =&t
- nOI Ex5t= 4!

- O 1

0|2{%t O| R 2! Lattice il M n O] E=Xfist= H 0
MA|E QIFMAIM S

Chromatic sextupoleOI gt BE

T O-

2Hof =0 9l FO SITAA0| 912 B P
MK = Hat 7 G,
Harmonic sextupoleO| 2} 2,
-3 , SFASDA SDBE SFE SDB | SDASFA ) ]
0 2 4 6 & 10 12 14 16 PLS-11 01|A-|E jL==ra } Oﬂ
s [m] o
T]O| EMStER :I'I' o| gi=.
2025-03-17
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PALZ MXpA| £0| B2

- Rectangular Dipole

D prase spoce YD phase space ny e Apace Erergy Distsbution

of Poricle jd unej
oA B
& & 3

(a)

A& on8

Dtrgerca frvodg
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Chvergorca jrwad]

5 . ® sf o — —
P ——F ] SHS LE off =Y

28

B o 3 ° » 23 (1
S@o [mm| Sae jmm X size o Kirsadic Ermrers M)

— N s S - Dipole2 Saturation ¥<0| 82
) = | Non-linear 217} = CH2}t=
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20
¥
- . a8
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by T N N w MM N R | Phase Space .
w e T IR N INESH RS0 k=X
Tl B ——— e (1) =7} 8l A1 H A
O e ——e . . - . — g‘_s_ (2) OptiC59|' Ql_l-Xl_ OEIX|'0;I-
suﬁ’.-.'. .'.-._:—
I I T et SNt S o e - PSE NS
= R L T  Rdrbpmle =]
. R e “—_ S | e Full Gap Size Z7}
” 5 . : il 6cm > 7cm
e L (2) QP3(Quadrupole)
I LHd =7}
e
i = o = N BN . " " o N I 8cm = 10 cm

S L2 K|(section-3 )0l A1 2| 3D Tracking 2t

X-Xp Phase Space, Obj. 12C Y-Yp Phase Space, Obj. 12C Real Space, Obj. 12C
k=) ! I = 10f T T = 50—T——TTT——T1—TT————T1
R ] of e —l E o e
£ _[|Gnuies 855 . E Enwies 8554 £ 40t Elfes 8% 1o
% OF|Meanx o0.1386 T = 6 Mean x -0.4743 | > 3ok . et veany 04785 [
4 Mean v -0.01848 W 3 Mean y 0.01661| 7 E e . :} RMSx  13.01|]
Flrus x 1302 o ar RMS x  12.02 ] 20f RUSy 1291 [
2ERMSy 2296 i 2F RMSy 0.5462 |7 10F 3
%F VA ] Of - TR e ] o E
2F T E -2F e P . -10F :
-4 e i B -4f . -20F E
[ A 3] [ ] E E
6f . ] -6f 1 30F &
| ] 8] ] -40f E
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PAL? Dipole
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ABy/By [-]

- 0.0010
|AB|/|Bo|
0.0008
E 0.0006
B uniform region (2D)
> 0.0004
0.0002
-20 -10 0 10 20
X [mm] 0.0000
10
B, in Gauss
- 5
E 10 4
0
g .. -.:I -
T L .
0 I T T T T - _5
-20 —-10 0 10 20
X [mm] -10
0.0015
0.0010 H
0.0005 - ERESERN W ——--uniformregion (D) _J______] —
1
0.0000 |
1.085 T (v125)
~0-0005 1 I A ik T Ry
—0.0010 S = nj. offset max
= Ext. offset max
—-0.0015

-20

1 T
-10 0

X [mm]
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Dipole
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PALZ Dipole

5
800 F — = T T T T T T T \ i
AP B A MAE xMe, T
ool Optics@FRl Apex point AFO| 0.21 mm, Path length Difference 81 um & o i
X742 BEOIEAIZLS ol X
TS (b)
400 - -
E
g
> 200 F .
0 o . e e o~ -
. il
x-=-236.58 mm, by 3D tracking
Apex point  x=-236.36 mm, by ideal optics
—200 - P P =7 only 0.21 mm difference ]
1 1 1 1 1 1 1
—1500 —-1000 -500 0 500 1000 1500
Z [mm]
Reference Orbit Tracing Path Length Difference
10 10 10
) ) 80.957 um / each dipole
(a) Hard-edge plane (b) After 0.5 m drift (c) After 1.0 m drift
= 5 7 = 5 7 = 5 7 485.742 um / 1-turn revolution
8 g g
g 0 - = 0 + g 0 + ~ 0.29 deg shift in 500 MHz RF phase
= = = per 1-turn
R s R s S
+
-10 T -10 T -10 T
-10 0 10 -10 0 10 -10 0 10
X [mm] X [mm] X [mm]
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PALZ Dipole

6

M EIXtel=, 7|E CiAtel B, dEA EXE BF =

Previous Version

30 T T T T T T T T
20 \ ]
—_ {0y p— Injl-track .
g == [nj2-track
E OF—- Injloptics ]
" 10 'w -
—20F =—T77 N
—30 L4 1 ] 1 1 1 ] ] 1
30 1 1 I I 1 I 1 “’O 1
El
E -
s Extl-track |
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= = Fxtloptics
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New Version

1 I 1
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PALZ Quadrupole

« conformal mapping D 2 Q

40
20
E
E 0
o
-20
-40

20050317

Dipole pole-shape

N~ —_/
/S ! RN
E
!
i
i
i
1 1 1 1 1
—-40 -20 0 20 40
X [mm]

Quadrupole pole-shape

30

Y [mm]

—-30 -20 -10 0 10 20 30
X [mm]
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Mapping a Dipole into a Quadrupole

In order to map the Dipole into the Quadrupole, we use the
polar forms of the functions;

w=|we' and 7=z

€

2
yA

Since W =—— was used to convert the quadrupole into the dipole,

e’

2P =hw= h|w
oi? therefore; |Z|: Ih|W| and g =§
X = |z‘cos€ = \/h‘_wcosg

y =|z|sin @ = /hjw| sing

9
z= 1lh’w|e12 =‘z

Finally;

US Particle Accelerator School — Austin, TX — Winter 2016 19
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PAl 2>

Mapping a Dipole into a Sextupole

* In order to map the Dipole into the Sextupole, we use the
polar forms of the functions;

w=|we' and 7=z

e

3

Since W =—7 was used to convert the quadrupole into the dipole,

=

22 =h*w=h’|we”
Z=3}h2|w|ef§=|zef9 therefore; ‘Z‘=3/h2|w1 and @ =

= =3}? _¢
X |z‘cos:9 ih ‘w’ 0053
=|z|sin @ = 3/h2w! si 4
y |z| sin @ |w| sin 3

US Particle Accelerator School — Austin, TX — Winter 2016

Finally;

20050317
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\ PALZ Quadrupole

* Coil-set configuration

Realistic coil-set CRX Simulation coil-set CRX

! ! !
0 0

-0} OJO[O[O]f a0t

Y [mm]
5

©]
O]
O]
©]

Y [mm]
5

RO EE ]
@
—80 | [©]9] - ~80 |

1 1 1 1
0 20 0 20
X [mm] X [mm]
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PALZ Quadrupole

Whole Quadrupole CRX

200

100

Y [mm]
o

—100

—-200

—-200 —100 0 100 200
X [mm]
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PALZ Quadrupole

Y [mm]

» 2D Field-map optimization

Q. Gradient: Gy = dBy/dx = dB,/dy= 48.929 T/m

—1 49.93

T > T T T T

—I~ 49.53

=1 49.13

=t 48.73

—r 48.33

— 47.93

20250317

Y [mm]

Uniform Region, where |AG/Go| < 5e-03

X [mm]

0.004

- 0.002

- 0.000

—0.002

-0.004
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PAL 7
"

Iron dominated Coil dominated
Class 1 Class 2
Normal Permanent large area, Small area
conducting Superferric magnet “medium?” field high B, high J

: CERN S. Russenchucks Z 2| = E
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PALZ Detector Magnet

20050317

ZX: CERN S. Russenchucks Z 2| - E
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“'ﬂJ? H Magnet (LHC Transfer Line)

C-type
P H-type
hi X s .
p=2w+4h
R LY S ) \
e -
w a=2h

I 255 28
B 250 265
Bl 235 250

B 221 235
B 206- 221
]
=

191+ 2406
1T s
162+ 177
147 - 162
132+ 147
118+ 132

P 103- 148
P 088 - 103
074- 038
B ose9- o074
B 0sa- ose
B 020- c4s
R o15- 029
Bl oi0- 015

N - 1=24000 A B =03T Bs=0065T Fill.fac. 0.98

ZX: CERN S. Russenchucks Z 2| - E
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PALZ Window Frame Magnet

&)™
Bl ce. 23
Bl 2o 2em
B e 2o
Bl zx0. 20w
B zoss. 2210
B 3. 2083
N vres. 1m
1621, 1768
1473, 1621
13%. 1473
117, 138
o3 s "\\
P assi. w0 - S~
7z N NN
. o, o s QL
Bi7 777 r N Ny
Bl cwz. o Wy S NN
- e o (11777 N
Bl o oz "4‘1; NN S
- a7 Ly Vb
14/ \ i
N-1 =360kA, B =20T,Bs =1.04T “ ‘
. f— —_— — i
y Dt . y Ps . , { i
.. - .. . .. . TTEENN ARRR
- - - TR R
;k\\‘i‘. FiE |
A NN N g
[ S YANEN Bars/ | AR LA g
BV NN~ X faby QNN i )
D e ) T R ———m s SS
R NN LA
NN ~ o
N 4
-

N-1 =625kA, By =238T,Bs =136T

ZX: CERN S. Russenchucks Z 2| - E

20250317



