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Motion of particles

. Newton J.C. Maxwell -

F=qFE+quxDB

Even for the longitudinal dynamics!
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The Lorentz force

—

Electric field

E [N/d]
F m
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F=qE+qixB

Magnetic field

B [Tesla]

v [m/s] F [N]

Magnetic field does not
make work
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The Lorentz force
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The Lorentz force

At t=0t
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Example: SIS18 N

SIS18 Sektionen Bp — ]_8 Tm

B=1.8 Tesla

Magnets

12 Triplenlénées
12 Sextupolelenses

Magnet Power Dipoles 3.6 kA at 12 kV
Field Ramp 10 T/s

2 Cavities at 16 kV Bending radius =10 m

Frequency Span 0.8 - 5.6 MHz

RF Acceleration

Vacuum operational 109 Torr
bakable to 300° C

12 Position Monitors
2 Phase Probes
1 DC Transformer
1 fast, 1 slow
Pulse Transformer
1 Faraday Cup
Beam Scraper

N/m

Beam Diagnosis

But this for the correct
particle energy !




Energy <2 Momentum

2

E = mc

E:mCQ—l—Ek

L)

Kinetic energy
of the ion

energy momentum
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S1S18_SLOW HADES 20181206 210727

" Ring Orbitkorrektur {horizontal) | Ring Orbitkorrektur {vertikal) | Ring Extraktion | Ring langsame Extraktion | Ring Injektion | Ring HF | Ring spezial | SIS18: Madi |

Total [ Suche

[

AEG Tests

Extraktionslinie

Ring Orbitbeule {horizontal}

Ring Orbitbeule {vertikal)

Multiturn Injektion

Multi-Multiturn Injektion

Extraktion

- Injektionsenergie 1 Targetenergie 1580.0) MeV/u
Injektionssteifigkeit 16.0/ ms Extraktionssteifigkeit 9, 18.47826429 Tm
Injektionsfrequenz 0.0/ mm Extraktionsfrequenz 1284.6084 kHz
Hor. Arbeitspunkt QH {Inj.} 0.0 mrad Hor. Arbeitspunkt QH {Flattop) 4.295
Vert. Arbeitspunkt QV {Inj.} {Position} 0.0/ mm Hor. Arbeitspunkt QH (Extr.} 4,315
Radiallage {Injektion} . Kuhlerbump y 0.0| mrad Vert. Arbeitspunkt QV {Flattop) 3.28
Bumper-Abfallzeit 170 Teilchenzahl 1.0E9 Vert. Arbeitspunkt QV {Extr.} [ 3.29
Bumper-Amplitude 55.0/ mm Beam Mode 1 Radiallage {Extraktion} 1.2 mm
Unilac-¥erschiebung 45| ps
Chopper-Verzoegerung 60| ps g A
Chopper-Fenster I 100.0| ps I nJ eCt I o n e n e rgy
Chopper Korrekturwinkel 0.0/ mrad —_ /
GTK7MUS Korrekturwinkel 0.0/ mrad Rigidity Ek 11'048 MeV u
GS12MU3I Korrekturwinkel -0.2| mrad
I-Septum Korrekturwinkel 1.4/ mrad Bp — 1 1 3 99 7 5 9 2 Tm

Langsame Extraktion Rampe Extraktionsbeule
E-Septum Korrekturwinkel [ -2.5 mrad Verrundungszeit 32.0, 32.0/ ms E-Septum-Bump {Anfang} -20.0| mm
Extraktionszeit 2000.0/ ms Harmonischenzahl 4 E-Septum-Bump {Delta) 3.0/ mm
Spillmitte 0.25] Rampensteilheit 3.0, 3.0/ /s M-Septum-Bump {Anfang} 14.5/ mm
Spillamplitude 0.65 Einfangzeit 16.0/ ms M-Septum-Bump {Delta} 0.0/ mm
Sextupol Amplitude [ 0.06 Impulsbreite {DC} 0.09] % ES/MS Bump {Anfang} 0.0/ mm
Sextupol Phase 20.0| deg Bucketfill {Bunching} [0.0,1.43] ES/MS Bump {Delta} 0.0/ mm
DQH total 0.031 Bucketfill {(Ramp} [1.43,1.43) Bypass Korrekturwinkel 3.0/ mrad
DQH pre 0.01 Bucketfill {(Pre-Extraction) [1.43, 0.0]| Bypass Korrekturwinkel {Delta) 0.0/ mrad
DQH spill [ 0.0032) HF sequentiell
I A\ An Gerate schicken Vl l # Anderungen verwerfen
T
:E| G Franchetti 10




Notation

Energy is per nucleon

1 Nucleon 11.048 MeV/u

Silver

107 nucleons Energy 2 11.048 x 107 MeV
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lon property

Energy
per nucleon
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-)

lon

P
momentum
lon

()

velocity
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Accelerator settings

lon momentum P

N

lon charge q ‘ %:pOBO » By

’

Accelerator radius pg
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Example: Silver 107, Charge +45

Injection energy m, = 1.66056 x 1027 Kg
E,= 11.048 MeV/u
= 11.048 x 10° e/u » E =107 m, c® +E 107
=1.59688 x 108 + 1.89399 x 1010 J

= 1.77008 x 1012 J/u
=1.61582 x 104

@

lon momentum
E? = (mc?)? + (pc)?
p=8.22818x 108 Kgm /s

\ 4

lon velocity
v =45766823.10 m/s
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Energy matching

Uniform B-field

14/1/2019 G. Franchetti
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Revolution time

Uniform B-field
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Silver: Mass 107,

At injection energy

Circumference = 216.72 m

lon velocity »

v =45766823.10 m/s

Revolution frequency = 211179.87 Hz

14/1/2019 G. Franchetti

Charge +45

T = 4.7227 microseconds

17



14. Dezember 2018 06:48 | Uber

SIS18 SLOW HADES 20181206 210727

" Ring Orbitkorrektur {horizontal) | Ring Orbitkorrektur {vertikal) | Ring Extraktion | Ring langsame Extraktion | Ring Injektion | Ring HF | Ring spezial | SIS18: Madi |

Total i Suche | AEG Tests Extraktionslinie Ring Orbitbeule {horizontal} Ring Orbitbeule {vertikal)
Multiturn Injektion Multi-Multiturn Injektion Extraktion
Injektionsenergie IWJ MeV/u  Anzahl Injektionen lil Targetenergie m MeV/u
Injektionssteifigkeit Kihlzeit [ 1s0/ms Extraktionssteifigkeit 9,18.47526429 Tm
Injektionsfrequenz Kuhlerbump x {Position} I—BE mm Extraktionsfrequenz 1284.6084 kHz
Hor. Arbeitspunkt QH {Inj.} < uhlerbump x {Winkel} [ 0.0/ mrad Hor. Arbeitspunkt QH {Flattop) [ an2es
Vert. Arbeitspunkt QV {Inj.} [ 32 KWlerbump y {Position)} [ o0.0/mm Hor. Arbeitspunkt QH (Extr.) [ azs)
Radiallage {Injektion} ﬁ mm KuhleNump y {Winkel} lioo mrad Vert. Arbeitspunkt QV {Flattop) [7328
Bumper-Abfallzeit l—l?'O Hs Teilchenz¥gl 1.0E9 Vert. Arbeitspunkt QV {Extr.} 3.29
Bumper-Amplitude I—SSO mm Beam Mode [—1 Radiallage {Extraktion} [—12 mm
Unilac-¥erschiebung [745 Hs
Chopper-Verzoegerung ﬁ Hs
Chopper-Fenster IW Hs a
Chopper Korrekturwinkel I—OO mrad Freq Uency REVO' Utlon freq Uency
GTK7MUS Korrekturwinkel I—OO mrad
GS12MU3I Korrekturwinkel [ -02/mrad f = 2 1 1 185 . 6 H VA 2 1 1 179 . 87 H Z
I1-Septum Korrekturwinkel [ a.4mrad
Langsame Extraktion Rampe Extraktionsbeule
E-Septum Korrekturwinkel |—25 mrad Verrundungszeit f—ﬁm ms E-Septum-Bump {Anfang} {—2—0-0_ mm
Extraktionszeit [ 2000.0| ms Harmonischenzahl [—4 E-Septum-Bump {Delta} [—33 mm
Spillmitte [ o2 Rampensteilheit [ zo0.30Ts M-Septum-Bump {Anfang} [ 145 mm
Spillamplitude 0.65 Einfangzeit 16.0/ ms M-Septum-Bump {Delta} 0.0/ mm
Sextupol Amplitude |—006 Impulsbreite {DC} 0.09] % ES/MS Bump {Anfang) ﬁ mm
Sextupol Phase [—200 deg Bucketfill {Bunching} [W ES/MS Bump {Delta) f—oo mm
DQH total [ 003 Bucketfill {(Ramp} [1.43,1.43) Bypass Korrekturwinkel [ 30/mrad
DQH pre ﬁ Bucketfill {(Pre-Extraction) m Bypass Korrekturwinkel {Delta) ﬁ mrad
DQH spill [ 0.0032 HF sequentiell
I /\ An Gerate schicken l # Anderungen verwerfen
E G Franchetti 18




14. Dezember 2018 06:48 | Uber

SIS18 SLOW HADES 20181206 210727

" Ring Orbitkorrektur {horizontal) | Ring Orbitkorrektur {vertikal) | Ring Extraktion | Ring langsame Extraktion | Ring Injektion | Ring HF | Ring spezial | SIS18: Madi |

Total i Suche | AEG Tests Extraktionslinie Ring Orbitbeule {horizontal} Ring Orbitbeule {vertikal)
Multiturn Injektion Multi-Multiturn Injektion Extraktion
Injektionsenergie IWJ MeV/u  Anzahl Injektionen lil Targetenergie m MeV/u
Injektionssteifigkeit 92,1.13997592 Tm Kihlzeit [ 1s0/ms Extraktionssteifigkeit 9,18.47526429 Tm
Injektionsfrequenz 211.1856 kHz Kuhlerbump x {Position} I—BE mm Extraktionsfrequenz 1284.6084 kHz
Hor. Arbeitspunkt QH {Inj.} [ an29s Kahlerbump x {Winkel} [ 0.0/ mrad Hor. Arbeitspunkt QH {Flattop) [ an2es
Vert. Arbeitspunkt QV {Inj.} [ 328 Kuhlerbump y {Position} [ o0.0/mm Hor. Arbeitspunkt QH (Extr.) [ azs)
Radiallage {Injektion} Kuhlerbump y {Winkel} lioo mrad Vert. Arbeitspunkt QV {Flattop) [7328
Bumper-Abfallzeit dchenzahl 1.0E9 Vert. Arbeitspunkt QV {Extr.} 3.29
Bumper-Amplitude I—SSO mm [—1 Radiallage {Extraktion} [—12 mm
Unilac-¥erschiebung [745 Hs
Chopper-Verzoegerung ﬁ Hs
Chopper-Fenster IW Hs
Chopper Korrekturwinkel I—OO mrad . .
GTK7MUS5 Korrekturwinkel [ o0 mrad Radlal dlsplacement 9 _1 mm
GS12MU3I Korrekturwinkel [ -02/mrad
I1-Septum Korrekturwinkel [ a.4mrad
Langsame Extraktion Rampe Extraktionsbeule
E-Septum Korrekturwinkel |—25 mrad Verrundungszeit f—ﬁm ms E-Septum-Bump {Anfang} {—2—0-0_ mm
Extraktionszeit [ 2000.0| ms Harmonischenzahl [—4 E-Septum-Bump {Delta} [—33 mm
Spillmitte [ o2 Rampensteilheit [ zo0.30Ts M-Septum-Bump {Anfang} [ 145 mm
Spillamplitude 0.65 Einfangzeit 16.0/ ms M-Septum-Bump {Delta} 0.0/ mm
Sextupol Amplitude |—006 Impulsbreite {DC} 0.09] % ES/MS Bump {Anfang) ﬁ mm
Sextupol Phase [—200 deg Bucketfill {Bunching} [W ES/MS Bump {Delta) f—oo mm
DQH total [ 003 Bucketfill {(Ramp} [1.43,1.43) Bypass Korrekturwinkel [ 30/mrad
DQH pre ﬁ Bucketfill {(Pre-Extraction) m Bypass Korrekturwinkel {Delta) ﬁ mrad
DQH spill [ 0.0032 HF sequentiell
I /\ An Gerate schicken 'l l # Anderungen verwerfen
E G Franchetti 19




L, =216.72 m
p=10—0.001m

°® Change in circumference
DL=-2m 103m

f="1,(1+DL/Ly)
Orbit with radial shift

f=211185.99 Hz

Orbit

14/1/2019 G. Franchetti 20



Reference particle

Uniform B-field

4/11/2020 G. Franchetti
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Reference frame attached to the
reference particle

4/11/2020
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Particles near the reference particle can
e described in the local reference
frame




Transverse dynamics




Transverse forces =2 from magnets

F=quvxDB

hyperbolic pole contour

14/1/2019
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B:U - ay
B, = —ax

The bending angle
depends on the quantity

87

k= —
Bp

25



Transverse forces =2 from magnets

Forces depends on the particle “position”

A

14/1/2019 G. Franchetti
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Longitudinal dynamics

&—
|
|
|
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Longitudinal forces =2 from cavities

Uniform B-field

Longitudinal
Electric
field

4/11/2020 G. Franchetti 28



Longitudinal forces =2 from cavities

Forces depends on the “time” when a

Vo
particle goes through the cavity

E, = V sin(2r ft)
L0

The field oscillates with frequency f



Energy matching
1

For a matched particle the cavity does not make any effect f — h S
70

h=1

Voltage at the cavity
AN

4/11/2020 G. Franchetti 30



Energy matching: second possibility
1

For a matched particle the cavity does not make any effect f — h S

T0
t h=1

=

S

(g0}

(@]

()]

<

=~ t

® O
o0

L]

O

>
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Energy mismatch / Momentum
mismatch

Momentum —2pg

Matched ® >

particle Energy = &
Velocity =2 v,
Momentum > P = pg + 0p
Mis-matched ® >
particle Energy > E =Ey+0k

Velocity > v = vg + 0v

Only one “variation” is necessary = the other two automatically follow

We take = 8p “off-momentum”



Energy mismatch: simple example

Uniform B-field

Transverse displacement Ax

14/1/2019 G. Franchetti 33



Simple estimate

p op  Op op
- - B — __
sly » — = — » Axr = 2p

For SIS18 type of machine

)
Mismatch ?p — 1073 ‘ Axr =2 cm (big!)

14/1/2019 G. Franchetti 34



Revolution time ?

Uniform B-field

14/1/2019 G. Franchetti

V

Particle goes faster

Circumference is
Larger |

35



Revolution time ?

Particle goes faster

Uniform B-field

Smaller ?
Larger ?
Circumference is
Larger |

14/1/2019 G. Franchetti 36



At energy E,
change particle momentum =2 dp/p,

5C
CO P\\\NB\I

Change of revolution
time

“Fogr sC v

0 Co v

C = circumference

14/1/2019 G. Franchetti 37



Transition energy

5_7_50 v

Change of 8p/p, —=> Change of revolution time - — - —
o Co o

0T
TO Below Above
transition transition
> EO
Transition
energy

14/1/2019 G. Franchetti 38



What happen at the cavity

Mismatched particle

E. = Vsin(2r ft)

4/11/2020 G. Franchetti

L0

39



Below transition: energy mismatch

Take a particle “faster” than the reference particle

a

h=1

>

o

>

©

o

()

=

: ® O—r
O N\
o0

©

=

O

>

Energy loss | €

Energy loss ®
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Particle position measured with

time

Voltage at the cavity

4/11/2020

0t = tpart. — tref.part.

\

)
Ny

G. Franchetti
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Evolution

4/11/2020 G. Franchetti 42



Instead of dt, one can use the
cavity phase

4/11/2020 G. Franchetti 43
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RF-Bucket

A 0p/p

Bucket acceptance =2 V

4/11/2020

()

=N
—/

Bunch lgngth

G. Franchetti
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Bunching

T

0.015

0.010

T

0.005

T

T

-0.010

—0.015

1676/2000

0.0
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0.4
=L
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0.6

0.8

1.0
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2000 |
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4/11/2020
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Adiabatic bunching

0.015 177/2000

0.010

|
<
-
]
N
T

-0.010

—0.015

00 02 04 06 08 10
z/L
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Acceleration

Every time the reference particle goes
Through the cavity, it sees the same accelerating
electric field

E, = Vsin(2r ft)

The field oscillates with frequency f
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RF-Bucket N

Bucket acceptance =2 V

N

AR

Bunch ldngth

Only this area is accelerated: particle out of the bucket are lost during acceleration
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Effect of RF-capture / acceleration

current

P .
Number of particles article Joss during

Acc, Because of other

Causes
Particle out of the /

bucket are lost during
acceleration

4/11/2020

G. Franchetti 55



More topics...

RF-gymnastic

Bunch compression
Effect of high intensity
Negative mass region
Isochronous modes

Dual RF systems

For questions or discussion: Giuliano Franchetti tel. 1535, g.franchetti@gsi.de



