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Outline

« Part | — Linear Beam Dynamics & Hill's Equation
— Periodic Focusing System in Circular Accelerators
— Phase Space Ellipse
— Emittance & Acceptance
— Machine Imperfections
« Betatron Tune & Beam Stability

= Part Il — Non-Linear Dynamics & Injection/Extraction
— Non-linear dynamics:

* limits of stable motion — Separatrix

 Dispersion & Chromaticity
« Space charge effects
— Injection & Extraction:
« Fast extraction, Multiturn Injection (phase-space painting)
* Basics of resonance-, KO-extraction
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Question:
Does the Moon revolve around the Earth or the Sun?
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Moon's Trajectory around Sun

not to scale!*
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Transverse Beam Dynamics

= Hill's equation®?:

_(4q i qoB
"'+ K(s)-z=f(s,t) Kis)= EB) T pox
1 strong focusing: k(s)

weak focusing: =

— Kk(s): focusing strength, defines:
» betatron function B(s) — envelope of the oscillation
- dispersion function D(s) — trajectory for off-momentum Ap/p, particles

— f(s,t): external driving force

geo-Z [a.u.]

1George William Hill, “On the part of the motion of the lunar perigee which is a function -
of the mean motions of the sun and moon”, Acta Mathematica, 8:1-36, 1886 dx
2coordinate 'z' being place holder for either x,y

shorthand:x'=—/— & z:='x"or'y’
Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26

ds


mailto:R.Steinhagen@gsi.de

Hill's Equation I/l

= Simplified Hill's equation?:

0B
M | 2" +K(s)z=0 A K(s)= -4=—=»
p 0X
~ " J Cournat, (Cosmotron), Livingston, Snyder,
strong focusing Blewet (LINACs)

— If the restoring force K(s) would be constant in ‘s’ — Simple Harmonic Oscillator

» usually K(s) varies strongly with 's' (discrete magnets, FODO arrangement, ..)

How to solve?

— Try the following Ansatz'2:
() | Z5(s)=Ve;B(s) - sin(p(s)+d;)|

g, @, initial particle state

— derive (Il) twice to obtain z" and insert into (1)

— Don't worry, KISS — solution typically (nearly always) done numerically using tools like:
MAD-X, ORBIT, TRANSPORT, ELEGANT, MIRKO, ...

!Richard Q. Twiss and N. H. Frank, “Orbital stability in a proton synchrotron”, Rev. Sci. Instr., 20(1):1-17, January 1949.

2E. D. Courant and H. S. Snyder, “Theory of the Alternating-Gradient Synchrotron”, Annals of Physic, 3, 1, 1958. shorthand'x':d—x
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MAD-X Typical Output

MQF MQD MQF MQD MQF MQD
[L MB MB " MB MB " MB MB ”
BI-:’M BF{JM . BI-:’M BJJM BI;’M BJJM BP-M
150. OO lattice test 4.0
I B. B, |
1354 © ; By
120. - |
- - 3.0
105. A |
9. - 25
75. - - 2.0
60. _- | ].5
45. |
- - 1.0
30. - |
I 0.5
0.0 T T T T T T T T T T T T T T T T 0.0
0.0 40. 80.  120.  160. 200

s (m)
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FoDo alternatives — FD Doublet Lattice

= More space between quads
= Stronger quad strengths

* Round beams

« Usede.qg.in CTF3 linac

N T | A R | I |

| | |

150, D()ubget lcml,‘u'e tezet

105.
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Many Alternatives
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a) Weak focusing (dipole only)
b) FODO line (w/o dipoles)

c) FODO cell

d) Low-emittance cell

e) CF low-emittance cell

f) Low-emittance FODO

g) Dispersion match

h) Periodic dispersion match
i) Double-bend achromat
j) Triple-bend achromat

K) ...

Very good course on low-emittance
lattice design: A.Streun, PSI
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Hill's Equation Il/II

= Usually define add. 'Twiss' functions™:

— betatron phase advance u(s), a(s) & y(s)

AM(S):=IZB<IS,)dS' O((S);:_B'_M Y(S)::HBO(LZES)

— typically stored in look-up tables (e.g. LSA) and re-used for other computations

= More general first-order solution to Hill's equation:
Z(s)= z_(s) + D(s)-%‘l + Z4(s)

EK—OJ . .
closed orbit dispersion orbit betatron oscillations

1

— sinusoidal particle motion in accelerators: ZB(S): Je. B(s)- Sin(u (S)"‘CI)-)
1

= N.B. discussed later: Dispersion function D(s)

— <« trajectory dependence for off-momentum particles

!Richard Q. Twiss and N. H. Frank, “Orbital stability in a proton synchrotron”, Rev. Sci. Instr., 20(1):1-17, January 1949.
?E. D. Courant and H. S. Snyder, “Theory of the Alternating-Gradient Synchrotron”, Annals of Physic, 3, 1, 1958. shorthand:x':@
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Free Betatron Oscillations

« Free Betatron Oscillations: 2;(s)=Ve,p(s) - sin(u(s)+y,)
E : . —_—
= - o - 31 here: Q = 3.3%
N ; " ; i '; ‘;
SalE I Tl I e
— ."‘-..‘ _;": I ';'1. ,:'.:ll I
:_ ; I .l..-": I y I
- | | |
0 Y I S [C]

s Betatron Phase Advance: Apu(s)

Tune defined as betatron phase advance over one turn:

Q := —uw(C)=u(0)|| common: Q= Qu + Gpa
— —
integer tune fractional tune
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Free Betatron Oscillations

« Example: LHC Betatron Oscillations Z,(s)=+/g;p(s) - sin(u(s)+q,)

-10{}[]0 :._ ......................................................................... , “ ........... 10000

BU{}U :_ ......................................................................... . .. ........... SDGG

5000 o ~\/|3(s) _________________________________________________________________________ . ___________

4000

6000

4000

2000 2000

beam position [a.u.]
COD kick strength [a.u.]

0

-2000 -2000

-4000

(BRRRNEARNRRANAARNARRY

-4000

| i | |
7500 8000 8500 9000 9500
position in ring [m]

s Beam size™

GNJQBS

Emittance (beam quality) € Beta-function B(s)

constant around ring — discussed later specific for accelerator lattice/
magnet arrangement
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Phase Space & (Single-Particle) Emittance

= Additional result from our Ansatz: Courant-Synder invariant of motion

e=p(s)x"+2als)xx'+y(s) x>

= |nterpretation — particle motion describe ellipse in phase space:

u=3n/2

tx _
BTTRILEEKS M
’A‘A’A‘A‘A’AQ\‘Q%OOQO by
Jey TP T

O NT <
et S eononatstere: o0
N

RS

S

Y
N

= Liouville’s Theorem: 'conservative system' (no ‘friction’, i.e. no energy loss/gain),
the phase-space area is invariant/preserved (- energy conservation)

— N.B. if energy changes 'normalised emittance' €* is preserved: e*=¢- |y

rel
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Phase-Space & Twiss-Parameter
inside a FoDo Lattice

2 35 6

> NIy O O AR

1 2 3 4 | [a | |6 [7
O s Sy O O

—

Courtesy A. Wolski
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Emittance & Acceptance ll/II

- E.g. circular beam pipe of radius r,_ b i
. . Alﬁ\\ E Area =1 VA/IB X VAB
= By analogy with emittance s
— N.B.beamsize: o~+ef(s) /
2 o
* Acceptance | A .— Fap ;\mﬁ
B(s)

— N.B. sometimes given in units of 'g' (beam widths)

« Acceptance chosen such that: A >> € or o<VAB(s)
— ie. “beam pipe needs to be larger than beam — duh”

LHC:

Beam 3 o envel. ~1.8 mm @ 7 TeV
Beam 6 o envel. ~12 mm @ 450 TeV
~ third of aperture if filled @ injection

(rest kept for orbit/optics/injection error uncertainties)

SIS18:
design acceptance 325 umrad @ injectio

design emittance <299 umrad @ injection
(£ ~14 mm margin for injection, optics and orbit errors)
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Normalised Phase Space

= often more conveniently one defines a 'normalised phase space'

X 1
X|_n (¥ :\ﬁ 1 o)
X X Plo B/ lx
real phase space normalised phase space
x4 — L
_ﬁ% X
1 el \
TVEVY | TVE R 7Y VA
e N
> P —»
X X
Area = Tte
Area = Tte
—veVB
V' E
2 2 oy
e=P(s)x"+2a(s) xx'+y(s)x e=X +X”
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Recap: Transfer of Optics Parameter

= Conservation of emittance

BN

_ 12 ' 2
€=Pox'g+20x0X g+ Yo X (1)

—_— !2 ' 2
e=px"1+20,x, x'1+y;x;

- Express x,, X, as a function of x,x

X Xog=MyX—Mmp;Xx'

X

X

X

:M_1 ->

0

(2)

'— '
Xog =—My X+m; X

« Inserting (2) into (1), sorting via x,Xx', the rest is math ...

2 _y 2
mi my mi, mi,

—=| MMy MMyt Mypmyy — MMy | o

o QT

2 P 2
mp, m,, m,, m,
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Difference: Transfer-Line (LINAC) vs. Ring l/lI

'y -
=
J

- 150. : - — - ' - -
’-"E— 135. Ij-‘ |j D B o]
a 120 ] " ;o Circular Machine (ring):
105. : A 1 L B, a &y are not free
%. 1 " >7 parameter but need to
75. - - 20 fulfill special periodic
60, F15 boundary condition:
j; ! | | /L 1o * B(s+C) =B(s)
}- 1/ / " / \ VoL os * a(s+C) =a(s)
e - * Y(s+C) =Y(s)
0.0 LX) 2 100 130, 200, 230, E{L) 330 41 J.ﬂ‘ﬂ

5 (m)

= 150 =
@ 735 ] 3
& 120 4 One-pass Machine
105. (LINAC/transfer lines):
g{_’: ] « Causality!
5;}' - * Need to provide initial
45 parameter for B, a & v:
30. 1/ B(s=0) = B,
15 1 _ e a(s=0)=aqa
0.0 g 5T, I, 130 270, 7500 300, 3350, 700.0-0 e Y(s=0) =y,
« otherwise, trans. particle

. . . . transfer the same
Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Difference: Transfer-Line (LINAC) vs. Ring ll/ll

- 150. 5 : : | 5 1 - I : | 5 1 : ‘ -
’-"E‘- 135. ] Ij * |j ' D B <]
& 120 4 - ,, Circular Machine (ring):
105. ' " i _+ as before
90, | L 2.5
75. ] L 2.0
60, L 15
45. -
] 'L 1o
30. /
5. 1 - 0.5
0.0 X Ll 1007 3L L) AT 000, EAIL el J.ﬂ‘ﬂ
5 (m)
- 150, - -
@ 735 ] 3
< 120 One-pass Machine
e (LINAC/transfer-lines):
=] e 10% different initial
73, .. .
60, conditions — [3-beating
45 — causes problems with
0. 1/ matching and emittance
15 7 preservation at injection
0 ' later more
0.0 oy 3L 100 I3 k) 2308 00 Rl 41 J.ﬂ'ﬂ ( )

5 (m)
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Most Simple Example — Drift Space

1
0

my, mp

drift —

M

:(1

my m,,

Particle coordinates:

1 L
0 1

X | —

X

!

X

'

X

0

Transformation of Twiss parameters

1 —2L L°
Pl=lo 1 Zi|(B
Y 0 0 1 1\¥/o
. Stability?

trace(M )=1+1=2

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26

L

|

x(L)=x,+L-x',
x'(L)=x'

B(s)=By—20ty L+y, L*

— equation being important for
Low-beta insertions/final focus
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Most Simple Example — Drift Space Il/II

}/j\bm) () [Bs)=Bo—20y Ly, L’
i (11 OL(S)ZOLO—L'YO

< > A

[

Beam size is smallest at a(s)=0 — a, =y,'s — L=ay,

Beam size at that point: y(L) =y, & a(L) =0 — B(L)=1/y,

Inserting in (1): )

Phase advance: AM(S)ZZI_

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Example LHC

101 K il
AN R
5000. LH C - nom. C{J”{S‘fqn th:icsl - 10.
4500 P B -9,
4000. 4 | -8
3500. - - 7.
3000. - - 0.
2500. A . - 5.
2000. - - 4.
1500. - - 3.
1000. - - 2.
500. - _: - 1.
0.0 T -I ' T y : T ' T T T T T T T T T T 0.0
11.83 12.91 13.99

s (m) [*10%%( 3)]
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LHC: Squeezing in ATLAS — Beam Envelope

T

" et
\’ )

Image courtesy John Jowett

0 L 2L 3L 4L
longitudinal position

Main take-away: need to magnify the beam in the focusing elements before being
able to focus on a tiny spot coordinates (N.B. equally applies for focus on targets)

— aperture requirements/constraints in focusing quads — don't focus too much
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Reference: FoDo Lattice — Useful Equations

for FODO:

= FoDo cell transfer matrix (— tutorial) fooma—t (k)
+— .
.2 ; ) 4s1ng—
l——— Ll 1+—
M. = 2/ 2/ = 2arcsin L
FoDo L2 _L - Lz Mcell 4f
277 2/ L(lisin;—)
BT = . o
= Phase advance per cell sin -
L u
— N.B. also correct for non-FoDo cells N +1=sin>
(1_ j—
COSE
1 2
COS Mcelzzzf”aCdM) Lo(1+LEsint)
" 2 2
D =
4sin’ S
2
_ Stability criterion [trace (M )|<2 .
g = —tan -
lf| 1 >L I FODO TT 2
K|~ 4|

= For stability the focal length has to be larger than a quarter of the cell
length — don't focus to strong!
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Recap: FoDo Lattice — Summary

= Beam size optimisation: = Dispersion minimisation
— Hadrons prefer y=90°
. minimises:  €.~¢, & a=Jol+o.~p+B,
— Leptons prefer uy~137°

 vertical emittance very small
— optimise mainly B & D |

Xmax

= 500} = 10
% 4502 W\ / % 92 \ —D(s)|,,
-g 4002 \\\\ \ / "§ 82 ‘. \ ...... D(s |min
T ssof |\ \ / s 7 \\
£ 300, NN / —p o 5 \ O\
2 250] \ \\ \\ /// _Bmax 5 s A\
N N == > S i \ \
E 0\ — PP, : N NC
150F 3 \
100} \\\ 2" \\ \\'---_.___
50F S - i \\—-...
: — ] i -
%20 40 60 80 100 120 140 '160Au180 % 20 40 60 80 100 120 140 160A'u180

cell cell

« — don't focus to strong!
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Machine Imperfections

s |tis not possible to construct a perfect machine.
— Magnets can have imperfections
— The alignment in the machine has non-zero tolerances

— etc...

= S0, we have to ask ourselves:
— What will happen to the betatron oscillation due to the different field errors

— need to consider errors in dipoles, quadrupoles, sextupoles, etc...

s \We will have a look at the beam behaviour as a function of ‘Q’

= How is it influenced by these resonant conditions?

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Tune Diagnostics - Primer

= |Importance of tune:
— defines beam life-time

— strong impact on beam physics experiments:

D =S L

Laymen/Musician's view

(Beethoven's 5th): _
in tune (good): <
Q b o —_—r |

\l

off-tune (bad): 22— b
T N é:l% o
S = == .
Audience will leave the concert Q Jﬂ
« Beam will leave the vacuum pipe ‘ )/

"I don't think we've quite repeated the experiment -

.1 H

last time we did it, the glass gave out a middle "¢,

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26


mailto:R.Steinhagen@gsi.de

Recap: Transverse Beam Dynamics

« Free Betatron Oscillations: Z,(s)=VeB(s) - sin(p(s)+d;)

w L
Q. = o = 31 . ;, here: Q = 3.3%
N ., _. : :

S R L A

- ".‘."‘ ::_."I '.‘.1 .::;'I ':;"‘ I I

:_ ; I ..-':.: I -,‘. :.-':'l I I

— Rl | Rl |

0 OF S S ¥ R s [C]

s Betatron Phase Advance: Au(s)

Tune defined as betatron phase advance over one turn:

Q := —uw(C)=u(0)|| common: Q= Qu + Gpa
— —
integer tune fractional tune

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Example: BBQ Spectra CERN-PSB, f =2 MHz

‘e Tune Viewer - PSB <2>

un Configure

[ TuneViewer
|Cuup|ingTrace|v||Mag|v|| H ” 11 | ACQ#i 2I:Iiz|' Scale‘ _____

Acquisition Settings

||||||: |||
” |

=

=

£

i

(&)

=

= |
= - I! I | o |J
£ 03 Acquisition Length [turns]: |1024 |v| W el b (ol

o PRl i Tk

§ B O Eaeetti st Y Measurement Rate (Period): |2I:II:| Hz (5 ms) |v| A ELR

- 0.2

&

3 start [ms]: | ol . lm‘nﬂm B

E

=

201 Stop [ms}: | 5001~ . o

[*T)

Type of Excitation: |Kick | |

Con o

0 ¢

T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045

Graj [~]mas [~]| H || T | [ [ chirp_ | Kick/Ring [ Tune Fitter | Misc
_ [..| Tune Fitter Setting
[==]
=
T -40- ; . . ;
2 ... Special AlL Exc. Treatment: o 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 045
E - horizontal tune [frev]
® g0 Select Type: |TSpeclrum |v‘
= A -
£ 704 _swm[cm]. [1.0 |
g 80+ Tune is: ® <05 =05
s _
-9Q TSpectrum: | Expert Settings ‘
-100 horizontal: min: ‘ D.llzl‘ IEImax: ‘ 0.495 IEI
o o verticak min: ‘ D.llzl‘ IEImax ‘ D.49l:|‘ IEI
[ TuneViewer
' | ] | L0 TRSRE RRRRERRR 1
I Gragh |vHRAw"” H ” C s:[no comment || |Detach viewer
i .
5 _P.015 L
ik
@ 0.01
E
£ 0.005
E 0 . mwFl—ll
E -0.0054 . 1L [Ty
i
g _0.017 - Illﬂm
L
-0.0154 A (AT I
L AR 11 R ]
-0.027 " O J J @ ) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
T T T T T .
0 200 400 600 800 1000 vertical tune [frev]
wrn i

s BBQ — fast ADC — FPGA based digital signal processing chain, FFTs @ 500 — 1 kHz!
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Dipole (deflection independent of position)

<Y

4 y,B It turn 4 Y’B
Q=200 | \ | Q=250
~ ~N 2d tyurn j x- RN
S v T~ - \\
/7 VA /4" SN
| ! \ R .' \
\ \ / /l Y \ ‘\ / /'
\ \\ _*/‘ / 3t turn J\(\" - Je /}//
- (;ﬁ T

« For Q = 2.00: Oscillation induced by the dipole kick grows on each
turn and the particle is lost (1st order resonance Q = 2).

= For Q = 2.50: Oscillation is cancelled out every second turn, and

therefore the particle motion is stable.
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Quadru pole (deflection x position)

Ist turn

20 turn

3 turn

4t tyrn

= For Q = 2.50: Oscillation induced by the quadrupole kick grows on
each turn and the particle is lost (2nd order resonance 2Q = 5)

« For Q = 2.33: Oscillation is cancelled out every third turn, and
therefore the particle motion is stable.
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Sextu pole (deflection x position?)

Q=233

It turn

2 turn

34 turn

4% turn

5% turn

« For Q = 2.33: Oscillation induced by the sextupole kick grows on
each turn and the particle is lost (3rd order resonance 3Q = 7)

= For Q = 2.25: Oscillation is cancelled out every fourth turn, and
therefore the particle motion is stable.
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Tune Stability Requirements & Constraints

= Unstable particle motion if:

p:m-QX+n-Qy A m,n,pe”Z

— similar relation also in between Q & Q,
(important for lepton accelerators)

» Resonance order: O =|m|+|n|
— Lepton accelerator: avoid up to ~ 3rd order
— Hadron colliders:
* negligible synchrotron radiation damping

* need often to avoid up to the 12th order

“Hadron beams are like elephants —
treat them bad and they'll never forgive you!”

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Tune Stability Requirements & Constraints

= Example LHC: stability requirement: AQ = 0.001 vs. exp. drifts ~ 0.06
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= Storage rings have even a tighter requirement on control of Q

— typically: the longer the storage time « better the control of Q (& Q, ...)
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Example: Tune During LHC Ramp
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That's all — Questions?

I SUFFOSE

K =T
A MEFIATORE

- A o . A

T TOO LATE ¥
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mailto:R.Steinhagen@gsi.de

Outline

= Part | — Linear Beam Dynamics & Hill's Equation
— Periodic Focusing System in Circular Accelerators
— Phase Space Ellipse
— Emittance & Acceptance
— Machine Imperfections
« Betatron Tune & Beam Stability

= Part [l — Non-Linear Dynamics & Injection/Extraction
— Non-linear dynamics:

* limits of stable motion — Separatrix

» Dispersion & Chromaticity
« Space charge effects
— Injection & Extraction:
» Fast extraction, Multiturn Injection (phase-space painting)
« Basics of resonance-, KO-extraction

GSI Accelerator Operator Training — Transverse Dynamics, Darmstadt, Germany, R.Steinhagen@gsi.de, 2016-01-26
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Phase-Space-Plot — Linear Optics

= Lattice with only dipoles and quadrupoles
— particles describe ellipses in phase-space plots

[p,]

0.006

X

0.004

0.002

0

-0.002

-0.004 :_

-0.006

02 015 -0.1 -005 0 005 0.1 0.15 0.2
X [m]

= Linear optics (dipoles & quads only)
— particle motion independent on particle amplitude
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Magnets — Basic Arsenal

= Hill's Equation 2"+ k(s)z = f(s,t)

Dipole: Quadrupole:
constant field linear field
= [n=f:dipole 3 7 [r=Ziquadiupglosge T
1105 1.0f 110
: : 7 :
0.0F g @ 100
05 Tos
-1.0f 110
10 05 00 05 10 1005 00 05 10
X X

— defines transverse
focusing and

periodic betatron
oscillation

— defines circular
trajectory/orbit

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26

0) [au]

Fly

-0.5 05
1.0} \J 110

Sextupole:

guadratic field

g sexpoe |1 T 2
1.0 : g

_ 1 1

[ ] W
0.5 X

0.0F .

— corrects for linear
/chromatic effects
— defines dynamic aperture
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Third-order resonant extraction

= Effect of strong sextupoles on the particle motion:

L

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Phase Space Il/lI

s What happens if you add strong non-linear sextupole or octupole-
components

— 'separatrix' (aka. 'dynamic aperture') being the border between stable and
unstable beam motion regime

A A
X X

UFP

Separatrix

Unstable -
fixed points

unstable
i Yor ™3

|7

> >
sextupole resonance  x octupole resonance  x

s You typically want to avoid this, but this also builds the basis of the
slow resonant extraction technique
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Dispersion

= Not all circulating article have the same energy

— ... finite momentum spread Ap/p typically in the range of

* cooled beams Ap/p < 10*
* low intensity beams Ap/p ~ 10+
* high intensity beams Ap/p ~10%... 0.01 . e

» Causes (small) energy dependent deflections

— Remember dipole deflection relation:

LB

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Dispersion

= Recap: Hill's equation:

2 0B
2"+ K(s)z=fl(s,t) K<S>:(%Bdwe) C pox

= Yields the more general (linear) solution:

t ing:k
weak focusing;l—2 strong focusing: k(s)
p

Z(s) = Zg,l(s)

|
closed orbi

D(s)-2P K Z;(s)
Po L
dispersion orbit betatron oscillations

YASP DV LHCRING / INJTEST-ramp-5TeV V1E0 [START] / beam 1

R views | ) B m &[22 | G 1B Mare | 43

| modifies eff. beam size:

B
gof o /s MW — N.B. important for high-
£ 9 , . | intensity primary beams
2‘/\_/&/\ ))J\.AYM‘MVM*/\,WU’\)\MAAAA,.A.,M_M/\ MAKAAA
E 0—00000000'%&—9#—'—”—1_:; ¢ AR 007/000000000000000
B ™

-2 \!

é 1I0 1‘2 1I4 1‘6 1I8
Mu [2pi]

Ap2

o=1/ep+D"(s) )

_ L5qMean = 0.025 /WS = 0.257
E 1 *
2 d
05 + L]
H 0 et '_ﬁ-'. P se 4ttty |t L) + PR S, — —
n TN * Y. ¢ ¢ et
2 .
5
-157
T T T T T
8 10 12 14 16
Mu [2pi]
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Beam Chromaticity - Primer _q B

= Light optics analogue: chromatic error

P <p, P=P

B

chromaticity

= Tune spread AQ/Q dependence on momentum spread Ap/p:

AQ::Q'-% or: AQQ =¢- 7‘0

— defines: (normalised) 'chromaticity' Q' (§)

— also 1° order measurement principle

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Why bother about measurement, stability & control of Q', Q", ...?

s |Increases footprint in Q diagram and causes resonances for off-momentum particles
Example LHC (RF cavities 'off'):

>‘ 60 - ﬁl T |. T >‘59.35 7"1“#_ | [ | ‘ Il LI (A} [ | [ | [ [N L [} |7
] e g T E i
? [ }i\- Iﬁ?“v\k\ r T
59.9 00 L =S L 59.34— —
B et KR A N R B - - .
SRR A . - .
A S R R SO -
50.8[c - ST e 59.331 coll. S
Snaneianany Ee s i (g et as N e N s ]
SRLCR AT < SN 59.32~ /" I g i
59.7 %mﬁ P ‘ ) ‘ ?"‘é L F . - ; \! " p ; ~
ey ) A - ." N HERC
e : . 6§ . -: 3
59,5@@- 59.31~ : -
59.5 e 593k 2" \Q(4q) ]
o B Tl ST 3
ez e < E— T —]
59.4 [ Tl i 59.29F iy
L e B .
Eit :»\"f Sl ] [ u
50.3 : S8 N 59.28-
B ig ‘iﬁg“ﬁ% B 3
u ; et B IR .
i3 2R NI, G L |
5928 (SIERY NN s »92 1 \\ \NAN\ N i
59.1 e AR e 59.26{— \
S AR r
ﬁ 2 G 'fgéq e r-\;i _“ r )
&I %l i I %%;. £ R \I l\ """ ‘i

2 643 5, |54,5 ,5 64.7 64.8 649 65 59%'2125 64|26 64‘27 64|28 64.29 64.3 64.31 64.32 64.33 64.34 64.3£
Q, Q,
— need to obey this if we want to have more than one particle in the machine.
s Head-Tail instability — requires positive chromaticy for machines above transition

— practically all lepton accelerators (e*e collider, light sources, ...)
— high-energy proton accelerator (Tevatron, RHIC, SPS, LHC, ...)
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Non-Linear Chromaticity

Aplp (%)
+0.2 0 0.2
= Tune-shifts may depends not only linearly ! ! !

but also quadratically on Ap/p

— Second order Chromaticity Q" oz |

AQ:Q”°A—p2 GHU.EED
P

0276

courtesy H. Burkhardt

= Can be generalised to higher orders Q™... Q(n)" “orosdewonmgpom b wevsourorood -ouam

( n ) 0.31 e | a 02
m_ 0 0O : _Ap CERN-PS ,owomgy
Q - (l’l) Wlth 6 .. - 0.3 .’l‘ “ ?f‘ 0.198
a 6 p 0.29 il * 'r‘ 0.196
.f /' I
r N ,,"A\
0.28 qé :‘,Q‘A o ﬂ: 0.194
. . 2 Y Y (L
= Principle stays the same: - % Y L e
1 “-‘ = 13794x*+ 5002.x%- 11.03x2 - 0.047x +:192
— Measure Q as a function of Ap/p oas b reebieanbLLLLL R
A
— Fit n-th order polynomial to the tune shift ois | b
- returnS Q, Q', Q", Q'", 0.24 ,"‘ ot Sz\y‘(Qx)— 0.186
. . . . courtesy R. Steerenberg |- Poly. (Qy)
= However: correction is highly non-trivial!! o o
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Recap: “Landau Damping”

= Individual bunch particles usually differ slightly w.r.t. their individual tune
— Literature: “Landau Damping” (Historic misnomer: particle energy is preserved!)

S g
S, m
> i
o -
b= i
2
S 0.5
[1v] L
0_
0.5" ~
-1 —

1000 1500 2000
turns

= E.g.if f(AQ) is a narrow Gaussian distribution with with cQ << Q:

Y — large tune spread « fast damping of e.g.
Z(t)=Z,e > ¢ .cos(2mQ-n| head-tail instabilities
' ~ g — Tune oscillations are usually damped

dampening tune oscillations
Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Space Charge — First Principles

Force
A
1 I=ev (O]
Y +e —_— = i Coulomb
)
o Total
() +e é > IO . — 1
I=ev [ M
l : et
Coulomb Magnetic § i
repulsion attraction e,
= Resulting force:
F(7)= el (1—-p?) r el 1 r
% _B . > C

_2TE€OBC' a _2TCEO yz a

(a: radius of uniformly charged cylinder, (3:=v/c relativistic velocity, c: speed-of-light)

— important limitation for non(ie. ultra)-relativistic machines 3 < 1,
e.g. CERN-PS, GSI/FAIR-SIS18/100: 3 = 0.1

figures courtesy K. Schindl
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Space Charge — First Principles

Quadrupole Uniform Gaussian
(Hor. Foc.)
A y
Proton N:jzﬁ; ,'L:% S
@ ‘\‘ Ty > X
Beam L2
S A<|-F N
FX ,
\ » X
Focusing Defocusing Defocusing
Linear Linear Non—Linear
k = B 21’01 r, = proton radius
figures courtesy K. Schindl e e 612 (ﬁ y )3 !’i z Esla?egl:r?gleg
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Tune Diagram with Space Charge

ﬁ . during acceleration Q, and Q,
IV are shifted to place where the
56 - injection | o, beam is the least influenced
by resonances
55 f""Qsz=11 7 .
54 — /’ \

5.3
extraction
5.2
%

5.1 X

50 — 1 1 1 ‘
4.1 4.2 4.3 4.4 4.5
4.0
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Measured Tune Diagram

04

= Move a large emittance
beam around in this tune
diagram and measure the
beam losses.

0.35

03

(v 025

w = |mportant:

) — not all resonance lines are
B o0 harmful!

o2

Q.15

— some can be compensated

 control of optics

« control of driving terms
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Effect of Space Charge on Optics

a Example LINAC4 TL (Kin. Energy ~ 3MeV).

) . QF : ",
— ) —4 L T ey
ks.C.NB 10 m2 e - l.i o, - i ._,!_{ e - i S N
Kouaas =510 — :
m r e g i
. . k. .(s)ds
— Integrating along LINAC J hecs) ~75%

.[ kquads(‘g)ds

s Space-charge introduces enormous optical error — needs compensation

. No Space Charge Effects (I = OmA) Space Charge Effects (I = 60mA) Space Charge Effects (I = 300mA)
x RMS [m] - MP = xRMS [m]-T3D | ——xRMS [m]-MP ®  xRMS [m]-T3D X RMS [m] - PM = X RMS [m] - T3D
y RMS [m] - MP e yRMS[m]-T3D 14 y RMS [m] - MP e yRMS[m]-T3D 354 — yRMS [m]-PM e yRMS[m]-T3D
3.0 1
1.2 4 .
E € T 254
£ 1.0 £ g 2.5
04 1.0 = T
S S & 204
w o 0.8 on 154
2 @ 2 ]
e e o
O O 064 o 1.0+
0.5- 05
0.4 - |
0.0
T T T T T T T T T 0.2 T T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8
Length [m] Length [m] Length [m]

I=0mA I=60mA I =300 mA
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A FAIR amount of Injection & Extraction

/ siinac SIS-100
; -"--.____@18
e UNILAC . g
-

i —— p ""'TR*“'P ,f/ NS
.. N y "'.\.'1,‘-; 14-""“ K‘ CBM

; v .;"? ESR’J ;
W {,{ 7, : ﬁ"fj. HESR RIB Target

W
| CRYRINGO/ % PANDA /

/] SUPER-FRS
p-bar
Target

NUSTAR
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= Several different injection techniques

— Single-turn injection for hadrons
« Boxcar stacking: transfer between machines in accelerator chain
* Angle / position errors = injection oscillations
» Optics errors = betatron mismatch oscillations
» Oscillations = filamentation = emittance increase

— Multi-turn injection for hadrons
* Phase space painting to increase intensity
* Hinjection allows injection into same phase space area

— Lepton injection: take advantage of synchrotron radiation damping
» Less concerned about injection precision and matching

— Rare-isotopes and anti-proton beam stacking using electron cooler

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Single-Turn Injection (e.g. SIS100)

s Septum deflects the beam onto the closed orbit at the centre of the kicker — kick O,
s Fast kicker magnet compensates for the remaining angle — kick 8,

— N.B. 4-corrector orbit bumps sometimes used to minimise septa/kicker strengths
— N.B. septa could be in the same (as shown here) of opposite planes (e.g. LHC)

‘boxcar’ stacking

7 é,')@ T intensity injected

IR

T kicker field

Septum magnet

Circulating
beam

S E_

Closed orbit bumpers Kicker magnet
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Single-Turn Injection I/l

= Large deflection by septum

— N.B. norm. phase-space at centre of idealised septum

Septum kick O,

/

|

LX ,
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Single-Turn Injection 1/l

= /2 phase advance to kicker location

L

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Single-Turn Injection I/l

= Kicker deflection places beam on central orbit

fast kicker 6,

|

L
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Single-Turn Injection Errors l/IV

= For imperfect injection the beam oscillates around the central orbit.

kicker error AQ,

|

L

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26


mailto:R.Steinhagen@gsi.de

Single-Turn Injection Errors ll/IV

= For imperfect injection the beam oscillates around the central orbit.

|

L
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Single-Turn Injection Errors llI/IV

= For imperfect injection the beam oscillates around the central orbit.

|

L
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Single-Turn Injection Errors IV/IV

= For imperfect injection the beam oscillates around the central orbit.

|

L
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Filamentation

1.5

0.5

—
m
T

x|

-1.5

— iy, 1 1 1 1 1 1 1
X -2 -1.5 -1 0.5 0 05 1 1.5 2

s Residual transverse oscillations lead to an emittance blow-up through filamentation
s “Transverse damper” systems used to damp injection oscillations -bunch position
measured by a pick-up, which is linked to a kicker
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Single-Turn Injection Error Correction /Il

= Betatron oscillations with respect to the Closed Orbit

— Example LHC: monitored for every injection and corrected when necessary

=] YASP DV LHCBlTransfer / LHCFAST 4Inj FB7260 FT506_L7200_2009_Vl / SPS.USER.LHC3 =
@\l‘icnsv E on | = | B8 5 = H More - v =3
P 450.73 GeV/c - SC # 53625 - SPS.USER.LHC3 - CAPTURE B1 - 06;09/10 16-41-57 === L i i e g e e e o L i L S B% B
6 H
Mean = 0.047 / RMS = 0.304 / RMS-dp = 0.305 / Dp = 0.02 .
ha ; b Horizontal
E 0_lli,_--..+-.__-_..-__-__-_--._-__..é_ll-l..; ______ lll.._._-..l.____ln__,_,-ln..__.----._.-I.-,_.--I-_,__,,..lin-_,"---.li-,_
T -2
_4— : :
- [TT60-TED] [m12-TED|
- T T T T
o] 20 40 50 g0 100
Monitor H
P 450.73 Gel/c - SC # 53625 - SPS.USER.LHC3 - CAPTURE B1 - 06,;/09,/10 16-41-57 =& 0o i S S S S S Py T B 5~
[
Mean = -0.041 / RMS = 0.514 / Dp = 0.02 .
_ 1 Vertical
: -
E 5 ,-_-,._-_-_;,._-_r,,.,T;--ll-.a__";il-irl.!.li__I.!.-ll-l.__;lli.-.!.Ili-!_l_illi._l,i;l-..lll'!-,nillll'i!_
£
—4 i :
. [TT60-TED] m2-TED|
= T T T T T
0 20 40 &0 B0 100
Monitor V
Transfer line LHC (first turn)
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Single-Turn Injection Error Correction Il/II

Measured

Angle errors :
J Displacements

A9,

septum

*AB ™-A0, T

phasep 2 /2 452

bpm1 bpm2

6, = AD, ‘J(BSB']) sin (py — k) + AB, \/(BKBO sin (py — w)
= A0, V(ByB1)

0, = A9, \{(BSBQ) Sin (u, — p) + A9, "J(BRBQ) sin (W, — )
= A0, V(B,B,)
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Optical Mismatch at Injection l/II

s (Can also have an emittance blow-up through optical mismatch

s |ndividual particles oscillate with conserved CS invariant:

e \ Mismatched injected beam

Matched phase-space ellipse

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Optical Mismatch at Injection li/li

s Filamentation fills larger ellipse with same shape as matched ellipse

s |mportance of optics correction for high-intensity beam transfers

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Multi-turn injection

s For hadrons the beam density at injection may be limited by space charge effects
or the injector capacity (beam brilliance)

s |f we cannot increase charge density, we can sometimes fill the e.g.
horizontal phase-space to increase overall injected intensity

— Condition: acceptance of receiving machine > delivered beam emittance

Injected beam

Homogeneous Septum magnet

field - : -- )
Field free rm‘ i
\ = 4 (wires)

IS electrostatlc injection septum

vy

Circulating
beam

Closed orbit bumpers Closed orbit bumper
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Multi-Turn Injection for Hadrons

phase-space painted
gaps between bunchlets filament out — continuous distribution

X |
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Multi-Turn Injection — Mismatch

s |n order to reduce losses for multiturn injection over n turns:

— injected beam ellipse is deliberately mismatched to circulating beam

— emittance distribution tails 'clipped' in up-stream transfer-line using collimators

b
Ve,
il
%
L4
X
1

. A €.\7 a . €
= Optimum for: &N#N(S—I)B, r=1-_X  n~05 0.7+
r r r Br Bi X, !
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SIS1 8 M u Iti 'Tu n I njec'tion (H-Phase-Space Painting)

P. Spiller, Y. El-Hayek, U. Blell et al., IPAC'12, 2012

From a linac

e.g. S1S-18, CERN PSB 30f

- =1t ]
courtesy Mike Barnes - U28+ /' .
Injected beam <« [ NAAMAAAAAN
g 20F .
Homogeneous Septurr = 1 ]
field = :
o \ = [ ]
e ree region [ ~ h
\ g 10k 20 turns_.
&) [ f
0 TI’EV:.S ”S .
creuiating 0 50 100 150
eam _ time in Us
Closed orbit bumpers Closed orbit bumper
Simulation: without space charge Simulation: with space charge

) £ -

4F IS 4F 2 4
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Injection losses — dynamic vacuum pressure rise
(highly complex: easy to simulate <~ hard to measure/tune with beam)
looking forward to: injection steering (BPMs) & turn-by-turn profiles (IPMs)
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FAIR Storage Rings: Particle-Stacking & Cooling

ptrans
/\‘ circulating, cooled beam
> - -
t Circulation time
rf-Barriers

<=

-

Creation of a gap for injection of
additional particles

= /

New injected bunch

s e

Cooling

B —
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Example from ESR:
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0O 10 20 30 40 50 60 70 80 90 100
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similar barrier-bucket schemes
proposed also for SIS100!
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Charge exchange H- Injection

= Multi-turn injection is essential to accumulate high intensity

= Disadvantages inherent in using an injection septum
— Width of several mm reduces aperture
— Beam losses from circulating beam hitting septum

— Limits number of injected turns to 10-20

= (Charge-exchange injection used as an alternative (e.g. LINAC4)
— “Beats” Liouville’s theorem, (conservation of emittance ...)

* makes space-charge & emittance blow-up in LINAC less critical

— Convert H to p* using a thin stripping foil — injection into the same phase-space area
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Charge exchange H- Injection

Start of injection process

Stripping foil

Circulating p+

./
I | ........................ Dz

Displace orbit

Injection chicane dipoles
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Charge exchange H- Injection

End of injection process

A

% Stripping foil
)
Circulating p+ '/_/,/ T i B

Injection chicane dipoles
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Charge exchange H- Injection

Note injection into
same phase
space area as
circulating beam

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Lepton Injection

s Single-turn injection can be used as for hadrons; however, lepton motion is
strongly damped (different with respect to proton or ion injection)

— synchrotron radiation makes lepton machine operators' life easy
s Can use transverse or longitudinal damping:

— Transverse betatron accumulation

— Longitudinal synchrotron accumulation

RF bucket
—

Injection 2 (turn N + Q_/2)

.Stored beam

Injection 1 (turn N)

x|

— Injection onto dispersion orbit
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Extraction

. Usually at higher energy than injection — needs more |B.d|
= Different extraction techniques exist, depending on requirements

— Fast extraction: <1 turn

* Whole beam kicked into septum gap and extracted.
— Non-resonant multi-turn extraction: few turns

* Beam kicked to septum; part of beam ‘shaved’ off each turn.
— Resonant multi-turn extraction: many thousands of turns

» Non-linear fields excite resonances which drive the beam slowly across the
septum.

— Resonant low-loss multi-turn extraction: few turns

* Non-linear fields used to trap ‘bunchlets’ in stable island. Beam then kicked
across septum and extracted in a few turns

= To reduce kicker and septum strength, beam can be moved near to
septum by closed orbit bump

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Fast Single Turn Extraction

Whole beam kicked into septum gap and extracted.

Septum magnet

7 A

Kicker magnet

Closed orbit bumpers

» Kicker deflects the entire beam into the septum in a single turn

» Septum deflects the beam entire into the transfer line

» Most efficient (lowest deflection angles required) for 11/2 phase advance between
kicker and septum

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Non-resonant Multi-Turn extraction /Il

Beam bumped to septum; part of beam ‘shaved’ off each turn.

Extracted beam

<

Fast closed orbit bumpers

 Fast bumper deflects the whole beam onto the septum
« Beam extracted in a few turns, with the machine tune rotating the beam
* Intrinsically a high-loss process — thin septum essential
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Non-resonant Multi-Turn extraction /Il

= Basically the reverse of the multi-turn injection (phase painting)
— Example: CERN PS to SPS: 5-turn continuous transfer

Q, =0.25

Bump vs. turn —

I
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Resonant Low-Loss Multi-Turn Extraction

Beam distribution after 0 turns Beam distribution after 4000 turns d. Unperturbed beam

. (a) [ 1200 e . (b)
o} Do 0% b. Increasing non-linear
- fields

014 .14
014 . " 0.4+

c. Beam captured in

400 - stable islands
042t 042+
200
N R | A - . d. Islands separated and
B T 042 014 014 042 0.7 T 0.4 014 014 042 07
X , beam bumped across
07 Beam distribution after 7500 turns - Beam distribution after 20000 turns Septum - eXtraCted N
<b ' R be ’ _
& A (c) [ 1200 kA | Q,=025 (d) S turns
042} N 0.42 o
014 H 800 0141 Bump vs. turn
600 | o D <« <
0.14F 0.14f
I 400 I 1 2 3 4 5
042 iy o a s ;
200
T ez o4 o4 o4& 07 ° L T Y R X R Yy R
X Septum wire X
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Resonant multi-turn extraction

Beam bumped to septum; part of beam ‘shaved’ off each turn.

Extracted beam

<

Closed orbit bumpers

« Slow bumpers move the beam near the septum
» Tune adjusted close to n"" order betatron resonance
- Multipole magnets excited to define stable area in phase-space, size depends on Q = Q - Q,

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26
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Third-order resonant extraction

Septum wire
X

Transverse Dynamics / OP-Training, R.Steinhagen@gsi.de, 2016-01-26

slow extraction finished
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Resonant Multi-Turn Extraction

e 3rd order resonances

— Sextupole fields distort the circular normalised phase space particle
trajectories.

— Stable area defined, delimited by unstable Fixed Points.

<
Pe
=)
T
=

)
— Sextupoles families arranged to produce suitable phase space

orientation of the stable triangle at thin electrostatic septum

— Stable area can be reduced by increasing the sextupole strength, or
(easier) by approaching machine tune Q to resonant 1/3 integer tune

— Reducing AQ with main machine quadrupoles can be augmented with
a ‘servo’ quadrupole, which can modulate AQ iA a servo loop, acting
on a measurement of the spill intensity
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Third-order resonant extraction

Example — SPS slow extraction at 450 GeV/c.
~3 x 10 13 p+ extracted in a 2-4 second long spill (~200,000 turns)

= -
= 2 F
< -
1.8
0.5 :— i
0 F ~
s b S m T
B L I L | PR R 1 | i l i | i ] ] |

U.—.—.

200 400 600 800 1000 1200 400 1800 1800
Time [ ms ]

Intensity vs time:
~108 p+ extracted per turn
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Slow Extraction from SIS-100

Intense Heavy-lon Beams for NUSTAR & CBM

lon | Energy  [N/s | spill | Power| 1P
S

U%* 1.5GeV/u 5E11  >1s  10kwW Oyai7s
Optics, Q/Q'¢'") drive L spin angle
uncertainties on slow- j | _

. — %l Dp/p=[-.05%;0;+.05%]
extraction performance g7 -
- remedy: control of the >\ 3 ]

machine optics, Q/Q, : phas¢
linearisation prior to s.e., 3 - 7 ]
(highly complex, a lot of work ongoing) £ orbit
8
E w Q,Q, ..
. II x[mrrln] T I 70

‘“18,,§eptum wires: @ 0.1 mm

2 alloy, mounted under tension)

lradiation resistant
warm magnets)

Tracking simulations:
5% (approx. 500 W) loss in the septum wires
U?** beam loss in warm magnet > 5 W/m

Non-trivial machine protection:
protection of septa wires
down-stream absorbers setup
activation minimisation
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Second-order resonant extraction

« An extraction can also be made over a few hundred turns using 2"
or 4" order resonances:

e
T ==

X

—40 =20 20 40 —40 = 20

=200 =20

septum

X'[ %% septum
—40 -40
_ 3" order resonant extraction 2nd order resonant extraction

X

« Amplitude growth for 2" order resonance much faster than 3™ — shorter spill
« Used where intense pulses are required on target — e.g. neutrino production
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That's all — Questions?

The King is conlc'llucting a
urvey - how do you feel
about LOAC

"7 ¢ Oh, I can't e
cumplum e
1& |

oh -

,ﬁ"'
\ i l"

r||4'FT|']||.|.'|ﬂ |

*- A

B el e ey et hul-l.lrl‘r"'"ﬂ-"'-l
— IlF
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The Accelerator seen by ...
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. ... the theoretical physicist
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. .. the mechanical engineer

p: 3794506700023 MEv
0.03x0.05 Om:
30.000075 wm rad.

. . . the experimental physicist
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The Accelerator seen by ...

3
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)
... the governmental funding agency

)

e e

... the laboratory director ... the student

Cartoons: Dave Judd and Ronn MacKenzie
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