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Lecture Dates

https://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1611/lecture

Date Topic
19.10.2022 Introduction and basic definitions
26.10.2022 Accelerating structures
02.11.2022 Accelerator Components
09.11.2022 Optics with magnets (1)

07.12.2022 Transverse beam dynamics, beam stability / Longitudinal beam dynamics
14.12.2023 Longitudinal beam dynamics and a summary

11.01.2023 Phase space and beam cooling (Invitation)

18.01.2023 Space charge and beam-beam dynamics

25.01.2023 Physics at Storage Rings and Colliders

01.02.2023 New accelerator technologies and final summary

08.02.2023 Student seminar

15.02.2023 Visit GSI

22.02.2023 Visit MPIK

n 14:15-16:;
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Summary of the previous lecture

Describe Machine ]
. . Vs = VT | Yeor = —a /e |
Courant-Snyder Invariant gt %W
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Machine parameters Y A
Dispersion J/B o
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Distortion and Resonances 5 Mg — O O
Distortion function 11— My,

Stop-bands 1st, 2nd, 3rd order
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Summary of the previous lecture

Describe Machine
Courant-Snyder Invariant
Machine parameters

5(3) s+C ) i )
Sl [ FE AT cos9(6) — wis) - Qs

T.(s) oc Az

T(s) =

Consequences:

ze(8) o< v/ B(s0) } Correction magnets
) o< /B(s)

Dispersion

Dispersion function : (trial & error)
Te(s

z.(s) x 1/sin(Qn) < @ can not be integer

S s+C
Distortion and Resonances AB(s) = mfg(—@)cm/ 0K (5)3(5) cos2[¥(5) — ¥(s) — Qm|ds
Distortion function
Stop-bands 1st, 2nd, 3rd order

Important: 2Qx-> Q=half-integer -> Resonance
Stop-band of second order

B32 (92B, \ As
0Q = Y
¢ 167 \ Ox2 Bpacos(S )

Resonance of 3Q-integer

EsSI Stop-band of 3rd order:
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Summary of previous lectures

Quadrupole

Sextupole

Dipole

Corrector
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13. Distortions and Resonances

13.1 Floquet transformation (used to discuss resonances and instabilities)

Goal: tranform tilted ellipse into a circular diagram

y(s) — n() mit 5 = =,
d d
y/(s)<—>£mit ﬁza%—k\/ﬁy’.

n 6_1/2 0 Y Y 51/2 0 n
()= (o) (7)) (7) = (L) ()

,Dimensionless” units

vmm mrad
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13. Distortions and Resonances

13.1 Floquet transformation (used to discuss resonances and instabilities)

Goal: tranform tilted ellipse into a circular diagram

D 2 2

Y (ay + ﬁy,) 2 2 ﬂ 2

— T =a” =€ e+ =a
b b dy
Courant-Snyder Invariant ,Kreisdiagramm®

tan (a;)=-a /3




13. Distortions and Resonances

13.3 Quadrupole errors (stop-band second-order)
/
po=po +Ap (Ap <<1)

Stability condition:

1 1
cosp = =Tr(M) = cos(ug) — L Po sin( o)
2 2 f
\ ' )
A,u = 21AQ = 5 5; An additional term
ro= 18

Can be used to measure f3,
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13. Distortions and Resonances

13.3 Quadrupole errors (stop-band second-order)

Result: shift of operation point

AQ = ﬁ j’{ B(3)0 K (5)ds

Similar as in the case of the dispersion, but finstead of \/B

\

_ B(s)
AB(s) = 2sin?(2Q7)

s+C
/ 5K (5)5(5) cos 2 (5) — U(s) — Qrlds

Important: 2Qx -> Q=half-integer -> Resonance
Stop-band of second order
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13. Distortions and Resonances

13.3 Quadrupole errors (stop-band second-order)

Floquet transformation

dn

y —_—

Kick: Ay’ = —= = ——a B cos ) dv
f f .

Amplitude enlargement

Aa = A (SZ) sin) = —7ﬁ cos Y sin ),

Ay = ——A (SZ) COS Y = ?(30821#.
\

Phase shift

.,‘;. [’,::;5 '\f‘. =i
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13. Distortions and Resonances

13.3 Quadrupole errors (stop-band second-order)

1 8 1
AQ = 5=~ cos”1h = —(1 — 2cos(20
Q= 5 g 0T = (1= 2e0s28)
_ 1 5
Average shift of the working point by AQ = E?
| | j 50 — L8 costow
With superimposed modulation — E? COS( )

Modulations and shift are small if f~small and f-large
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13. Distortions and Resonances

13.4 Sextupole errors (stop-band third-order)

Similar to quadrupoles

Resonance of 3Q-integer

Stop-band of 3rd order:

[33/2 0°B, \ As

\

Amplitude of betatron oscillations!!!
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13. Distortions and Resonances

13.4 Sextupole errors (stop-band third-order)

- Non-linear effect (fast grows: Ag ox az)
- Dynamic aperture

’ '
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13. Distortions and Resonances

13.5 Stability conditions Resonance diagram
Stay away from resonances!!! SPS,CERN . 2 Of D G o 5
v= ,{
1st order — dipoles //
2nd order — quadrupoles 67,,_2 V4§
Q, 4 7
3rd order — sextupoles 283 Z
4Q,=M 3 =
e 3Q,=83 4 \
Resonance conditions: va g
20,255 \ |4
p — nQy \ 7 1 \
6 | \§ *®
" 'o
(coupled) S 0,282 %
p=1Qqs +mQ, T et
n=[l|+|m B k
oY
These are bands: o// (O =Working points
depending on S (QP) 27 ¢ 12345
emittance (SP) ey 0.25 033 275

Q, —-
S "
_6_@/% HELMHOLTZ &% Lecture 9



13. Distortions and Resonances

13.5 Resonance Diagram &

3D Paul trap

— 4+ (@ — 2qcos (2¢))x = 0

Q- (@ —2qcos(2Q))y = 0.
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Lost planet or lost beam — all the same physics

HELMHOLTZ

Sol

Distance: 18.712 au

Abs (app) may = 4.83 (-20.38)
Clags: G2V

Speed: 0.000 m/s

2002 05 26 13:05:16 CET
Real fime.

Follow Sol
FOV: 26 30" 46.0"



13. Distortions and Resonances

13.6 Chromaticity

Problem: particles with 620 experience different bending and focusing in the machine

Ap/p,>0
Ap/p,=0
Ap/p,<0
X
Q S F
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13. Distortions and Resonances

13.6 Chromaticity
Quadrupole: Ap Ap
AQy = o — AQy:‘fy_
Po Po
g - (natural) chromaticity (é-n)
Ap
The focusing functions in thte Hill’s equations: AK, = —-K,—
Po
Always negative
Larger
Tune shift \ ¢n difference for
\ P N -~ / sIOV\{er
1 | Ap particles
AQ, — [—— ]f B(s)Kw(s)ds] AP
47 Po
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13. Distortions and Resonances

13.6 Chromaticity

Additional chromaticity comes from sextupole fileds

{a

|
Y
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|
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13. Distortions and Resonances

13.6 Chromaticity

Chromaticity correction

Employing additional sextupoles in dispersion regions

s 1 _\0z(8)D(S) _ 02
fx:E%QS(S)ﬁ (210 (S>d57 gs = axB;y
1 5)D(s
oL fa 00,
Tune shift ¢
N Tl AGDE ] A
4Q; = | o0 5 ] 32

ST
SN T o)
(e, =LA
iR HELMHOLTZ &5 e Lecture 9
“ iy
5



13. Logitudinal beam dynamics

WHF = hws h — integer, harmonic number

Synchronous particle

Change of energy per revolution of synchronous particle

\

m@h:c

Clrcumference \

Change of momentum
per time unit

S
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13. Logitudinal beam dynamics

- The energy gain of a particle per revolution is a function of the phase w with which
the particle passes the HF unit

AEMY = qUp sin ¢

\

HF amplitude Relative to the middle

of the acceleration
Charge unit

L p > () Later particle

- The ,zero” is definedas © = O, AEHF =0
N L < () Earlier particle

Lecture 9




13. Logitudinal beam dynamics

- Energy losses have to be taken into account

AE"Y® = _AFq(E) — AFEoss(E) — ...
radiaﬁo/n‘ Collisions with rest gas etc

AFE|y = qUysinp + A E1oss
[AES]U — (]U() Sin Vg + AE}QOSS

SPTEET,
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13. Logitudinal beam dynamics

AEHF AEHF
@ ¥ - / @
AFE AFE
\]ﬂ- _ws - \
AT ™ l Vil I .
¢ Ps

Ap — AE — Ap — AT — Ay

- Phase focusing

Lecture 9



13. Logitudinal beam dynamics

- Phase focusing

Only possible if momentum change leads to change in ®

Aw %_ 1 1 \ Ap

2 A2 ] p

=7
W p Y

Synchrotron principle ‘

Dispersion of particle frequencies

ap — ——= Momentum compaction factor

Vi

Lecture 9



13. Logitudinal beam dynamics

- Synchrotron oscillations with small amplitude

Ap = ¢ — pg
Ap =p —ps
AE = FE — Eg

Aw = w — wg

Change of Ay and AE per revolution
A
0(Ap) = —ﬁsp—p27Th
s\ J

Phase change of
synchronous particle per
revolution

d(AE) = qUy(sin ¢ — sin pg)
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13. Logitudinal beam dynamics

- Period of synchronous particle 7, = ==

- Time derivative

d 1 Ap hisws @
—_ A = — — e h2 —_ — AE 9
dt 90 TS TI ps d pSUS

d 1 s : :
—AFE = TqUO(Singo — sinpg) = u)—qUO(smgp — sin pg) . @

dt 27

s isthe phase at which energy gain (acceleration) and energy losses equalize

- Adiabatic approximation 7)s, Wg, Ps, Ug, U(), PS change little

\ ]
|

Set them constant

- Insert @ into @
IS 1l
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13. Logitudinal beam dynamics

2
d __hnSdeAE

dt?  pevs dt @

hnsw?
5 qUp(sin p — sinpy)

N 2TPs Vs

For small A sSin  — sin g & cos s Ap

~ Harmonic oscillations

g 2 .
d—ZAQO n hnSwS Analytically not solvable
dt 2T Vg

Lecture 9



13. Logitudinal beam dynamics

Wsyn = Wsq | =————qUp cos s .
27'(']?82)5

Weyvn h
stn — 'w_y — o il QU() COS Qg
| s PsUs

Number of synchrotron
oscillations per revolution
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13. Logitudinal beam dynamics

- If we assume AQO — AQOQ COS wsynt and setitin @

AEO \

~ o Equation of ellipse
Wsyn PsV ,
AE — syn MsUs ASOO <in wsynt —

ws  hns
AEHF
Oscillations in (AFE, Ayp) plane

Ap 3+ AE N A

Apo AEy)

AT l
AEO stnpsUsA ©0 - N ®
hns
Connection between two amplitudes

S
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13. Logitudinal beam dynamics

- Stability condition

7)s COS g > (0
cos s > 0 fir s >0 (v < Yir)
cos s < 0 fir ng <0 (vs > Vir)

4 regions:
g > ( -acceleration

wg < 0 -deceleration/slowing down

Ns >0 (Vs < Vi), cOs s >0, sinpg > 0:
Ns <0 (Vs > Vi), cos s < 0, sinpg > 0:
(
(

)
s > 0 (75 < Yor)
Ns <0 (Vs > Vi), cos s < 0, sinpg < 0:

, COS g > 0, sin g < 0:

N = 0  andfor

VS = Vi

SETHIET

(ATRER E=N

dml R o2l HELMHOLTZ
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cos g = 0

0<ps<m/2,
T/2 < s < T,
—/2 < s <0,
—T < s < —T/2.

no stable solutions
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CERN in Geneva

CMS

——-D—-Iﬁ‘*ﬁ'—q‘

)
_-="" %\, North Area
- .
’

ALICE LHC LHCb
TT10
T2 ATLAS
West frea —e AWAKE
AD : i
— i P TT60
m ™2
PSB ISOLDE East Area
<l P
L
7 L em———— -
& oor LINAC 2 3 PS T
R [ CTEF3
cod -
A, O
AT,
LINAC 3 /s' ‘&:.—..—./'
AD Antiproton Decelerator
) PS  Proton Synchrotron N-TOF  Neutron Time Of Flight
> Protons »- antiprotons SPS  Super Proton Sync.hrotron AWAKE Advanced Wakefield Experiment
»- ions p electrons LHC Large Hadron Collider CTF3  CLIC Test Facility 3
neutrons = heutrinos

HELMHOLTZ &350 s
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14. Optics in longitudinal plane

- Separatix pAB™
™~ -
o N
V<M AL
AE =F — FEg ] T — s

/1)
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14. Optics in longitudinal plane

- Large amplitudes A g = 150° = 0.8337

Y > v

Formation of buckets
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14. Optics in longitudinal plane

| | . AQO = ¢ = Ps
- Longitudinal coordinates At =t—t
Vg Us Cs
WIHF hwq ¥ h2m 7
1 1
At = —Ap = —A
WHF 7 hws v
1
Ap = —AF,
Us
A _ L A
Ps PsUs
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14. Optics in longitudinal plane

- Invariant logitudinal emittance

Phase space in (@, AF) plane

- Normalized longitudinal acceptance

Area of separatix

EY = me?

P

)

©2
oy
©1

4

2S€p
2 /(0
SO

lsep

— WAQO() AE()

[AE|dy

| AEsep ‘ de
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14. Optics in longitudinal plane

- Transformation of logitudinal phase ellipse

AE AE

Lecture 9



14. Optics in longitudinal plane

- Buncher

HF

Lecture 9



Buch rotation in Collector Ring of FAIR

First step of cooling-
RF bunch rotation

Using bunch rotation RF cavity the momentum spread is reduced by factor of 3
P-bars (from 6% to less than 2%)
RIBs (from 3% to less then 1 %)
Time of such cooling is about 3 ms

Prvtbaminary shote b of cor iy wmplifr

Op Wbl Dy VT W0 00000000 ¢ Op ] By V) OO0 ] Caning

o Oturn Time=0 sec w2700 turns

- = —_——
i % FL ] L[
2 1] ~ 8 (- |
3 £ . 5.
) - ) i
. ) - ® ' e p—
o a ‘L—bm) LM L[ 1] - - o KIB"C] o -
(T

Total voltage (5 cavities) 200 kV IIHII: ;mm
Peak voltage per cavity 40 kV
Peak dissipation per valve 393 kW Tt T T e
Peak dissipation per valve into ring cores 648 kW e
Peak power per valve 1040 kW

A. Dolinskii
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14. Optics in longitudinal plane

- lon-optics in longitudinal plane

Relative position deviation

Relative momentum deviation

IS
._&.I_é% HELMHOLTZ &350 s

Accleration with a HF field acts as a thin
lense with focusing strength

1 - dE 1 o qUowHF

f o dt pv? PU2

B focusing” — ,buncher
— ,focusing” —, buncher

dt

C;—f < () ,defocusing” — ,debuncher”
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14. Optics in longitudinal plane

- lon-optics in longitudinal plane

Drift: 2
l — 1 L/7 ZO Exercise....
) 0 1 Jo

- Longitudinal phase-space ellipse 055 056
O] —
056 066

- Transformation of longitudinal phase-space ellipse

o1(s) = Ri(s)oi(0) Ry (s)

S
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15. Injection & Extraction

Electrostatic septum

Magnetic septum

_qE|L _ |E|L
pv (Bp)v

E~10 MV/m
d~0.1 mm

&

_|BIL
= (Bp)

t~10 mm
B~1T (pulsed mode: B<2 T)
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15. Injection & Extraction

Electrostatic septum SPS, CERN Electrostatic septum PS, CERN (towards SPS)

7
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15. Injection & Extraction

Infrared bake-outlamp

e Rear conductor

Septum conductor
(cooling channel
top and bottom)

i Circulating
= : ) beam
AN f

BA : : t Deflected
|/—¥ beam
i

5 !
: -y

X
Beam profile Septum Beam
. “monitor” imp edance
Magnetic septum Beam profile screen

“monitor” support

S
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15. Injection & Extraction

Injection

(LS

Kickermagnete sind spezielle Dipolmagnete und mussen je nach
Aufgabe, innerhalb von 0.0000001 Sekunden das
Ablenkmagnetfeld erzeugen
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15. Injection & Extraction

Injection

Kicker magnet
CERN

} -
v -

. - 4 -
HELMHOLTZ o ciaiences




15. Injection & Extraction

Kickermagnet

Teilchenpakete

Straniranr e

LHC, CERN
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15. Injection & Extraction

Injected beam ‘boxcar’ stacking
circulating injected
beam beam
mtensntyJ “ ” ”
Homogeneous Septum magnet _%_ L
field
kicker
Field free region field %/ |
time
—_—
S —

Circulating beam —
> >

Kicker magnet

Quad Quad : :
(focusingin (defocusingin ) (mSt_a”ed In
injection plane) injection plane) C|rculat|ng beam)

Fig. 1: Fast single-turn injection in one plane
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15. Injection & Extraction

A

Circulating p+ |
- .[ ....................... - /

Displace orbit

Injection chicane dipoles
Fig. 4: Charge exchange — start of injection process

S
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15. Injection & Extraction

LS
Extraction  ————
-"-7-
s
| ‘ —y— o o
g — S

Fast-extraction

Slow-extraction?

S
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15. Injection & Extraction

Extraction o ——
e
o ]
Fast-extraction Sextupole errors
3/2 82 B A
S
Slow-extraction? 5@ — 6 J a OS(S\I/)

160 \ Ox? | Bp

\

Amplitude of betatron oscillations!!!
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15. Injection & Extraction

Injection : Q
N ~— ‘D
| \ Extraction  ——
L_\S B
| 7Y i >
-\ ]
- Single-turn injection - Single-turn extraction
- Multi-turn injection - Slow resonant extraction
(stacking) (3Qx resonance)
- Charge exchange injection - ,Super-slow” extraction (ESR)

S
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Summary of the lecture

Acceleration
synchrotron principle
phase focusing
transition energy
momentum compaction factor

synchrotron oscillations
separatix s .
longitudinal acceptance/emittance e

Injection & Extraction ﬁi/

Septa magnets
Kicker magnets

Slow/fast injection/extraction LS e =
’:,__/\_»—E:r—*s
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Lecture Dates

https://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1611/lecture

Date Topic
19.10.2022 Introduction and basic definitions
26.10.2022 Accelerating structures
02.11.2022 Accelerator Components
09.11.2022 Optics with magnets (1)

11.01.2023 Phase space and beam cooling (Invitation)
18.01.2023 Space charge and beam-beam dynamics
25.01.2023 Physics at Storage Rings and Colliders
01.02.2023 New accelerator technologies and final summary
08.02.2023 Student seminar

15.02.2023 Visit GSI

22.02.2023 Visit MPIK

n 14:15-16:;
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Summary of the lecture

Describe Machine 2
Courant-Snyder Invariant
Machine parameters

Matchning Machine and Beam T .
Machine acceptance 19—
Ellipse matching 123

y (mm)

186 | Us

Dispersion 2
Dispersion function

18.4

Distortion and Resonances W
Floquet transformation I
Distortion function
Stop-bands 1st, 2nd, 3rd order

Resonance diagram Chromaticity

Chromaticity correction
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