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Working prmuple of a synchrotron |
N4 RO Y 2\ AUDRCGEONS Y /7 A0, i e SR

Ring accelerator with constant radius R, SIS-18 Synchrotron at GS! (L=216 m)
variable revolution frequency w, and B-Field. X,

Motion in a constant, homogenous B-field (E’=Byé’y):

: =~ v
V= i(ﬁ X B) = . =-2=—2 (revolution frequency)
Bending:

Dipole Bending Magnet - q J-s2 B, s = [

0

Strong - focusing . oy Dipole magnets (red),
Quadruple Rigidity: quadrupole magnets (yellow)
Magnets p
BR, =10
q

rf Cavity  Acceleration L, Magnets
V(1) =V, cos(w,,t)

Injection: from a linac or from a ‘booster’ synchrotron.

Vacuum Extraction: to targets or to a larger synchrotron.

Chamber
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Working principle of a syr{chrotron 1
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2
c*h qB .
Rf frequency: f, = hf, = €h9P  particle energy: W2 =(pc)’ +(mc?)? =(qcBR,)’ +(mc?)?
2 W
C
Iy = h27r—R W =qcB R,
“- o \ Synchrotron cycle
S f \
g &_9 N\
g o B \
< @ \ \
[ = \ \
'8 —
T =
Time

) Injecrionr ~ Acceleration Extraction

Repetition rate (T, )*: Types of synchrotrons (a bit arbitrary):

(time needed for one complete cycle)*

Total beam energy: W, = NW,_

Beam power: p :%

beam
T

rep

- slow cycling synchrotron: < 1 Hz
- fast cycling synchrotron: 1-10 Hz
- Rapid Cycling Synchrotron (RCS): > 10 Hz
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High power, high intensity sy hrotrons
worldwide (not complete 1)

Application

ISIS, UK 0.8GeV 168 m 50Hz 0.16 MW 3x10%3 Neutrons, muons RCS
J-PARC 3 GeV 348 m 25Hz 1MW 4x1013 Injector for MR, RCS,
RCS, Japan (design) (design) Neutrons,... 0.3 MW
J-PARC 50 GeV 1567 m 0.3 Hz 0.75MW 4x10%4 Neutrinos, ...
MR, Japan (design) (design)
CERN PSB 1.4 GeV 15/ m 1 Hz 1.5 kW (4x) 2x10* LHC injector chain 4rings
CERN PS 26 GeV 630 m 0.3Hz 25kW 2x1013 LHC injector chain
AGS 1.5GeV 202m  7.5Hz 45kW 2.5x1013 RHIC injector chain  p-Au
Booster
AGS 24 GeV 807m  0.5Hz 130kW 7x10%3 RHIC injector chain  p-Au
SIS-18, GSI  1GeV/u 216m 3 Hz 4 kW 100 Injector for p-U

Uranium SIS-100, RIBs
SIS-100, 2.7GeV/ 1080m 1Hz 50 kW 5x1011 RIBs, pbars p-U, sc
GSI u Uranium magnets

RCS: Rapid Cycling Synchrotron (> 10 Hz), Blue: ‘Record values’ K@
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ESS A\ Under construction
.J O . In operation
SNs Materals-Life
(cw) = *7 Science
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J-PARC was heavily affected by the earthquake in March 2011 !
Plan for restoring the accelerator is being worked out. @ o [ e
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* rf cavities for synchrotrons -
b //arlable frequency

'-.-4,

rf cavities filled with ferrite ring cores
(magnetic permeability u(B,..))

I, |
()] \N
u(B) 7 .

Reduced cavity eigenfrequency: a)rf(B) =
Ferrite: 1 =100

Cavity quality factor and max. frequency:

0 =~10-50 fy <10 MHz
cavity gap
>
;;;;; - - xBeam pipe
| | *  Ferrite cores

| SIS-18 cavity (length=3.4 m):
Power amplifier 14 kV, Q=10, 0.8-5.4 MHz

bias winding

Magnetic Alloy filled cavities (e.g. J-PARC RCS):

- broadband: no tuning required Q<2 1 =1000
- compact cavities (important for rapid cycling rings)
- larger losses
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, Energy gainin a synchrotron
‘ ¥
WA DOWETY 2 LANPRGEREERS O A CorSase S|
Synchronous particle . ) -
(enters the cavity always with the same phase @,): W5 =(poc)" +(mc™)” = AW, =vAp,

W,),., =W,), +qV,sin@, Rigidity: Revolution period:
2R
Energy gain per turn: AW, = gV, sin¢, Ap, = gR,\AB, ly==
0
rf cavity:
(WO )n

AB
(W0 = AW, =27RgR, —

0
V(1) =V, sin(w,t)

o, = ho,

, , : Vo .
Voltage requirement (single rf): R,B, = 5 OR sin @,
T

dual rf mode: R B = 2V0R (sing, —orsin2¢,,)
T

RCS: Installed voltage per meter counts !
Example J-PARC RCS: 400 kV/350 m = 1 kV/m
-> compact Magnetic Alloy cavities !

V(1) = aV,sin(2w,1)

second harmonic cavity @ ® 485 TECHNISCHE
(167 UNIVERSITAT
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rf buckets_'f

Non-synchronous particle: Ay = Aw +qV, (sing —sing) AW
AW, =W, —=(W,), " no O N

AT AT Ap 1

Ap=0—-¢. A ® with =—=pn=—=% and 7=—
O=0-9 0=0=w,— T R ?

(phase difference)

¢ =—w’(sing —sing,)

—

[tev

(frequJency slip)

Small amplitudes:

¢* + w>Ap* = const.

SW = AW = foqV,(sing —sing,)
1 . hw.n AW
= g=—2lo2
y B W

1 .
5(])2 — cos2 (cos¢ +¢sing, ) = const.

J(AW,A¢)

Synchrotron frequency (small amplitudes): AWW A LI e e
o = quhcosqi)S Y (UL o
' 2 R’m n
A, ’
Bucket and bunch area: Az(9,) = 2J AW ()d(AQ)
Ao 0.5

[efeVs)

1.77x10%

1-sing,
1+sin¢,

Ap(9,) = Ag(9, =0)-

rf voltage requirement:

Longitudinal phase space distribution
after capture in the CERN PS Booster

fns

(tomographic phase space
reconstruction, Hancock et al.)

Bunch area after injection determines ¢, !
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Dual harmonic rf bu'(ckets
LV N LR Y, .. T TS SETY G

Dual rf systems are employed e.g. in: Example case SIS-18:
CERN PSB, ISIS, J-PARC RCS, GSI SIS-18 V,=40/16 kV, h=2/4 (f_. =430/860 kHz)
Stationary (¢.=0, ¢.,=0) rf wave form Non-Stationary ($.>0, $.,>0) rf wave form:

V¥ () =V, (sin(/ﬁ — %Sin 2¢j = %Vo‘/)3 V‘(/d)) = sin(¢) —sin(¢, ) — Ot(sm[(ps2 +2(0— ¢, )] —sin(@,,) )

> 0

SIS-18: Dual rf bucket W|th ﬂattened bunch profile

Equation of motion: ¢ = ——-¢°
2 0.004 | [ B,= 0. 35 | 1.0
Amplitude-dependent o . ]
h f (@)~ w'd & 0.002} e
. ) = — * . -
synchrotron frequency: @ (¢ ) o [ bucket ! / |
Advant : c [ ' 19 3"
vantages: € 0.000 ? : N
- flattened bunches (lower peak current) § . 10.4 3
- larger bucket area é ~0.002 ¢ ' :O ,
Complication: - =450
. -0.004 . 10.0
- control of the phase difference ~100
- “fully nonlinear synchrotron oscillations’ ¢ [deq]
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Fast bunch compression

Bunch rotation in SIS-18 Stationary bucket,

For applications e.g. in 8 : o small amplitudes:
nuclear physics a single, X107 0 .. o
short bunch is extracted 4 0.75 @” +w;¢" = const.
to the production target. AW o b
w0 0.37 = ¢, =
0.31 ' w,
Bunch rotation: 4 8?2 Bunch area:
Sudden switch-on of an additional 8-070 Ay =0.0.=0,0,
rf voltage causes the bunch to -8 :
rotate in the bucket. _ 4 0
= ¢
. . . ws¢i \/VO
pre- compression
The compression takes | —— compression Bunch length: T, = ¢_f
only a quarter of a ; @,
synchrotron period. &
g Final bunch length
7 =L s 5 depends on the initial
74 momentum spread !
-> (broaglbar.wd) rf cavity with T R w—
fast rise time needed ! 27, TECHNISCHE

t-t

syn
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Bunch compressor cavity
~, v U :

GSI Synchrotron SIS-18

H—

=Ny / | .
‘ _ ; e : RF cavity
Lo RURhG - hwaas  BulSes : - -

Bunch
Compressor ,

Magnetic alloy loaded cavity (length=1 m) with: d
. 12
30 kV, 0.8 MHz, Q=1, 0.1 ms pulse duration. : 5
6
Acceleration Rebunching Extraction ‘
z 40 F Bunch compressor } 12°
S | ) ] ——i :
%D 301 RF cavity i A 6
S a0l .
& I
& o) -
S L
ﬁ 0 1 . 1 . . 1 [ 1 K : s ﬁ
0 500 1000 1500 2000 2500 3000 10/9 o\ 0 10m
time, ms -

In the projected SIS-100: fast extraction of 5x1011 U28*
in one short (50 ns) bunch -> 0.5 TW peak power !

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011



‘In-Flight’ production of radioactive ion beams

£ Example: FAIR project at GSI

Super-FRS

[ Primary Beams ]

238U28+; 2X1011/S;

High-Ener
0.4-2.7 GeV/u 5 -

Branch

e o

[ Secondary Beams ] Ring Branch

Storage ring experiments with RIBs:
f Masses and half-lives for short-lived, exotic ions

Driver:
SIS-100

o

o

a
1

143mg 62+ 754 keV  143g sm®

>

o

[}

=]
1

(1 particle) (1 particle)

o
o

1 Hz repetition
50 ns pulse length

o
t=}
1

Intensity / arb. units
&
1

o o o o

'S
o
L

0.35

m/Am =700000

T T T T T T
33800 33900 34000 34100 34200 34300 34400 34500
Frequency / Hz

030

Cooling time =1s!

resonant
Schottky

&

TOF

detectors

Primary heavy-ion beam intensity directly relates to the yield of exotic ions

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011
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Transverse motion in dipole magnets

/ - Horizontal particle offset: x

dx
Divergence: x'=-—
ds

Path length: 5= 3 ct

A 1 A
_p :> x” __p
R p,

ideal particle
0
1 1 A
q [ l XX = T
9=—J Bds=— R R p,
2 R, ‘weak’  inhomogeneous
focusing part
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Rapid/fast ramping dipole magnets

Examples
VNG ARY " .. =~ ey = T
Large apertures Ramping rates (Bdot):

SIS-18 dipoles: 20cmx8 cm  SIS-18 dipoles: 10 T/s
J-PARCRCS: 25cm x 19 cm J-PARC RCS dipoles: 40 T/s

Max. B-Field
SIS-18:19T

SIS-100 superferric dipole: J-PARCRCS: 1.1T

13cmx6cm Fast ramping ‘cold’ magnet

Bdot =4T/s of the nuclotron-type
Brax=2T . P
pipe at 20 K ) = Do o Cryostat

73 TECHNISCHE
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Quadrupole magnets and beafm focusing

Quadrupole magnets
at GSI

Magnetic field:

B, =B, f, B =B, u Equations of motion:
a a
Focusing gradient: x"+x(s)x=0 (horizontal)
=4 dB, _4 dB, y”—K'(S)x =0 (vertical)
Py 9y p, Ox

®  §&55 TECHNISCHE
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Strong Focusing
N
Periodic focusing : K(s)=x(s+L) Periodic focusing (FODO)

Betatron oscillations: YEARY /\ [TA V[ [\ V[ s
AVAVAUVLAUA

(@)

x(s) = ,Bxex cos(y(s)+y,)

(Beam envelope)

Phase ad y(s)= I (T) Envempﬁ )
ase advance: 3 s

0 B (S) 15

¢ ds 10

Tune: Q.= 5 JO . Number of betatron
770 B.(s) oscillations per turn 0 :
With bends:  x(s) = xﬁ(s)+D(s)—p (b)
N . closed orbit P x(s) . L

Dispersion function: D(s)  for p<p, Individual trajectories

-
-~ ™ — -

.I closed orbit for p>p,
central design orbit A
=closed orbit for p=p, "0(5)=D(5)"55 e dE
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Transverse resonances and ‘space charge limit’

Expansion of the B-field around the ideal path:

Bending Focusing
1 AR
Lp (x,8) = ——+ K($)x(s) + — + Axkx(s) + O(x*)
p R(s) R
Dipole Quad- Sextupoles,...
error

error

Error resonances (m,n,p):  mQ, +nQ =p
/ .

space charge-

Order: |n|+|m]=1, 2, 3, ....
,diamond’

Space charge tune spread (e.g. CAS, A. Hofmann):
2 N g ) gq: Transverse profile (Gauss: 2, homogenous: 1)
AQ;C o — 4 J; 3 B; < 1: bunching factor
m B, € By7; 1+«/8y/8x €, ,: transverse emittances
N: number of particles in the ring
g: particle charge
&7 TECHNISCHE
iG//=\ UNIVERSITAT

‘Space charge limit”: |AQy| 505 m: particle mass
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Space charge limitin a ‘real’ synchrotron

, ¥
Beam loss for high beam intensities Resonance scan (low intensity beam )in the SIS-18.
Q,=4.17,Q,=3.24 A. Parfenova, G. Franchetti, GSI (2011)
O\Q - ’ 2.2
~ 12F AQ, = -0.1 B;=0.33
X L& |AQ,=-0.2
~ - y .
10 Y
X 1.6
Sk
6 3 1.1
1 \\\
20— 0.54
0:....I....I....I....I....I..
0O 100 200 300 400 500 0

fime (ms) 4.0 4.1 4.2 4.3

Measures (there is no cure !): Qx
- Resonance compensation
- Flattened bunches (dual harmonic rf)

G. Franchetti, O. Chorniy, et al, Phys. Rev. ST-AB 2010 |@

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011
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Achieved beam intensities in the SIS-18 synchrotron
- Light vs. heavy ions
BEEYE DTV 2 LANPRUEE G S S iR
Injection energy: 11.4 MeV/u (B,=0.155), Emittances: ¢,, =150/50 mm mrad

Injection tune shifts from achieved intensities in SIS-18

2NZ’g, , — ‘ — , ,
AQ) =— 0.5} - Jextbook’ space charge limit _ ___________ "
nAﬁgyng(Sy + 8y8x) ' SIS-18 upgrade
0.4p . g
For protons or lighter ions the ’N Apttt
space charge limit is usually the .
actual intensity limiting factor. 2 0.3© Fo I
+ &
S]_ 0.2 _D N€10+ . . |
e €
For heavy ions there are presently P IS
other limiting factors. E.g.: 01l ’d” .
°Beam current from the source Tat .
eBeam lifetime in the residual gas .
0.0 | | | | |
0 50 100 150 200 250

4 TECHNISCHE

l & 47 A

=6 UNIVERSITAT

@‘ E 5 I é@iﬂ‘i DARMSTADT
24

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011



y i Y /
)

,, Contents,,)’ / | F

Working principle of synchrotrons
High power, high intensity synchrotron facilities

Acceleration, RF buckets and RF cavities
Bending, strong focusing and magnets
Resonances and ‘space charge limit’

Injection and extraction
Vacuum chambers and eddy current effects

*  Summary

%75 TECHNISCHE
(&)~ UNIVERSITAT
%97~ DARMSTADT

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011



A

~ Injection: BUhvch-to;,Ibucket %

From a smaller ‘booster’ synchrotron

Injection Beam

Septum Magnet
Kicker Magnet

Central Orbit

-~ —

Synchrotron

Kicker: fast dipole magnet with a rise time of 10-100 ns and a pulse duration of ps.

Oliver Boine-Frankenheim, CAS, Bilbao, May 26, 2011
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14
Transverse (horizontal) multi-turn injection

From a linac

Measured MTI performance in SIS-18
Examples: SIS-18, CERN PSB

30 i ) ) l' 1
g === I = f(‘)]ot "' :
Injected beam . U28+ ',x
<« [ MAAANAANNNA
Homogeneous Septum i 3
field § g 20 : ]
\ = [ -
Field free rm B
S [ :
: =20 turns ]
§ 10F ]
o [
Circulating | | | | | =5 s
beam Ot rev - H .
Closed orbit bumpers Closed orbit bumper 0 50 100 150
Slmulatlon without space charge Simulation: with space charge time in Us

aw"
2 1.5Ne_,

6F ] 6_
4_ ] r
NN I
of ﬂ . of
.| @ :
4 ] 4
6 . 6

-10 -5 0 5 10 -10 -5 0
x [em] x [cm]

H- injection:
Lecture by Chris Prior
on Saturday

X’ [mrad]
X’ [mrad]
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(Slow) extractipﬁ

Slow extraction examples: GSI SIS-18 and SIS-100, J-PARC MR, BNL AGS Sextupole:
Fast extraction: in one turn using a kicker (e.g. after bunch compression.)

Slow extraction: over many turns (up to seconds !).
The horizontal tune is moved close to a third order

resonance excited by sextupole magnets.
The particles on the resonance are extracted

using electrostatic and magnetic septa.

HM._#&7

R

Separatrix (third order resonance)

0.0100

I Qx=17.3
/ Qy=17.8

g, Dp/p=[-.05%;0; +.05%] |

g I AN
a Septum should be o
as thin as possible g )
to avoid losses ! j %
Septum wires: @ 0.025 mm (W-Re alloy) 8| %
tun wires are mounted under tension 8 o lm - S
-70 Xes X[mm)] 70

TECHNISCHE
UNIVERSITAT
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Vacuum chamber
PV N LRV, . T . TR s T

Main function:

- enclose the vacuum of 10 mbar (protons) or 1012 mbar (ions)
-> active pumping and low desorption inner surface

The beam pipe in the SIS-18 magnets

- shielding of the EM fields generated by the beam | 'iS d=0.3 mm thick (stainless steel)

-> low beam impedance

.

Problems:

Heating of the pipe by eddy currents
-> outgassing and vacuum degradation

Magnetic fields induced by eddy currents
-> resonances and beam loss

Beam pipe is one of the most complex components in a synchrotron !
@ (775 TECHNISCHE
| G/, UNIVERSITAT
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[
3
-

\ NGy 7. W A
? Eddy-currents ina recta g_gu‘l@" beam pipe

-
-—,

Dipole magnet with vacuum chamber  Rectangular vacuum chamber y I
X X

B

Z

- A < > 2b
Faraday’s law: SBE-dl =—JB-dS = E =Bx

current density (conductivity o): J,=0Ek,=—0B x
induced current between x=0 and x: = dO'Bsz (wall thickness d)

induced field from Ampere’s law: AB_ = 1, go-BZ (x2 —bz)

sextupole dipole

p see CAS 2010
Power deposition / length: 7 =dob’B’ lecture by G. Moritz !
g TECHNISCHE

0O gu7) X
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Thin beam pipes for fast rampi_r')g ynchrotrons

=
~

JE Sl Thin (0.3 mm) stainless steel beam pipe

% ; for the projected SIS-100 synchrotron

' Thin (0.2-0.3 mm) stainless steel pipes for fast ramping machines (< 5 Hz):
- still mechanically robust (with supporting rips etc.)

- tolerable heating (< 10 W/m) and field distortion

- sufficient shielding of EM fields for frequencies larger 50 kHz

- problem: large resistive impedance !

8 | T T T T T T T T ; |
— SST, p =5E-7 Qm
Transverse resistive Eor L I
Rf shielding: d 20, impedance: 2.0 o l
2cR s _
Skin depth: 8 = |— Z(@) =~ — =] P gors
sl ~ 6 -1 = B -l'././ i
Conductivity: o =10” (22m) 0 G Motz
For d=0.3 mm, f,=100 kHz: &.(f,)~1.6 mm v
e » 707 T TsMJol T dB/dt (T/sec)
Structures behind the pipe can contribute for the lowest frequencies !
7 TECHNISCHE
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Vacuum cham

B

bers fc;r RCS

For rapid cycling synchrotrons (above 5-10 Hz) other solutions are required.

J-PARC RCS ceramics beam pipe with outer rf shield (copper stripes).

Capacitor = pa s

1 Every stripes are jumped
— over the joint area.

I - 8 Ti flange
- -

Capacitance : 330 nF

ISIS ceramic beam pipe
with wire cage.

TiN coating
Thickness : 15 nm
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o Synchrotrons: typically the ‘working horse’ in an accelerator chain.

o Average beam power up to =300 kW (achieved) and 1 MW (expected at J-PARC) with RCSs.

o In fast ramping synchrotrons: Large peak power per cycle due to bunch compression.

o Intensity limitations in proton synchrotrons:
- At injection energy: Space charge tune spread and ring resonances (‘hard limit’).

- At all energies: Coherent beam instabilities (not covered in this lecture)
- At top energy: Beam loss induced activation of accelerator components

o Additional intensity limitations in heavy-ion synchrotrons:

- Current from the ion source.
- Efficiency of the multi-turn injection.

7, TECHNISCHE
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- Charge changing processes with residual gas molecules.
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Additional transparencies
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‘ Space charge tune shift’ ‘
\ »

Strahl im Vakuumrohr Gauss’scher Satz: gOJEr dA = jpdv
Pl ca
2¢,
L a: Strahlradius = E, = .
1 pL, r=>a
Strom ® E, 2g,r
: r
- >
v
Stokes: JBQ ds = ,uovojpdA = B,=—E,
Konstante Ladungsdichte: ¢
Defokussierende Raumladungskraft auf ein Strahlteilchen:
(=] Polhr=a GE, ___qp
r)= ,
p 0,r>a F.=q(E, —vBy)="—7"= - 2
Y PENNG
Raumladungsverschiebung dzes tunes”: Beispiel SIS-18:
N = pra’L 0=0,-A0" AQ* LN 0,,=323 AQ,<05
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Longitudinal motionin a G.ircul‘a'r accelerator
X : 4

. . 27R
: Revolution period: T =——
rf cavity v
AT AR Av
T R v
Av 1 Ap
v ¥ p
AR 1 Ap
R ¥ p
1 1
Frequency slip factor: 7= 7_3 - ?
AT AP
Linac: T D
1
R — oo Y, —>o N— -—
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Charge-exchaagé ,jnjec‘{'ioh of H"

Examples: ISIS, J-PARC RCS, CERN PSB (with Linac 4)

A

b Stripping foil
7 g R
1.: V
\ g . ".““..

.’._

Circulating p+ 7
- _| ....................... -

Displace orbit

Injection chicane dipoles
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