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Cyclotrons : specific techniques

e Acceleration and RF cavities

e Injection

e Extraction
(stripping, turn separation, precession...)



Acceleration

*The final energy is independent of the accelerating potential V =V, cospy.
If V, varies, the number of turn varies. (Bpfinal =<B>.Rextraction)

» The energy gain per turn depends on the peak voltage V,, but is constant, if
the cyclotron is isochronous (¢ =const):

OE = Ny 'q Vocos N, : number of gaps per turn

» The radial separation or between two turns varies as 1/r (y~1):
5_r_58p:5p:y5E:qVOcos¢Di
r Bp P y+1 E 2 E r2
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Accelerating gap & Transit Time

The formula JE = QV, cos¢g corresponds to small accelerating gaps
Because of the gap geometry, the efficiency of the acceleration through

the gap (g) is modulated by the transit time factor t:

OE =QV ,1 cos ¢

sin{h?}
P n e 1

Q10,30 0}0'9
: |

21 _
median
plane

k"'

trajectory

Introduction of pillars into the cavity to reduce the
azimuthal field extension




Acceleration & bunch length At

*The bunch length At induces energy dispersion
or oBp _ y oE 1A[qVycos(haget)]

r Bp y+1 E 2 E
V A= h rev At harmonics=1

Ar~ qV OXf At

harmonics >1

Worst beam quality

Ar larger ~ qV H OXf At

o

T
80 13\/6‘ 450 54\ 630 /é‘ﬂ B‘Iﬂ 80 990 1080

Energy dispersion larger



Acceleration RF Technology

Magnetic structure => REF cavity’'s shape

PLAN VIEW

IRON
FLUTTER
POLE

[RON
SKIRT

ELECTROSTATIC S w7

|
DEFLECTOR BEAM PATH

“Curved sector”

For spiral AVF

“Triangle” shape

The classical “D” shape For separated sector cyclo

The choice of the pole shape and the number of sectors have a great impact on
the available space for RF systems. Dees, and possibly stems and liners have to
fit into the gaps and/or valley sections



RF Cavities : Dees 180°

Dees 180°

H=1,3,5 odd number allowed

H=2,4 even number forbidden

Dee should change its voltage every half turn of a bunch



RF Cavities : The resonance
of the cavity

Resonance for a cavity Capacity
= minimal impedance (Z) for maximal Voltage adjustement
(Dresz= 1/|—C

Cyclotron : Variable Energy with
B and Frf variable

1/Z=1/R+jo(C-1/Lw?)

Variation of the Capacity C :

to adjust (Wresonance

qB

Wrey = = Hakrr
- ym (Wresonance = (Wrf= Wrev / h




RF Cavities : example 1
for Separated Sectors Cyclo

i o T - RS \
V(t)=V | ;
V(t)=Vocos(p—- ha/2) ereoRy V(t)=Vocos(gp+ ha/2)



Example 1. RF Cavities (not Dees)
Energy gain in 1 gap

A1 Cyclotron

centre

OE = gV ¢ sin( hTa) COS ¢

s For a maximum energy gain (cosp = 1) the
particle passes the symmetry cavity axis

» Energy gain per gap for the various harmonic
mode

o

OE = gV ¢ sin( hTa)

OE optimum is

RF phase
for h.a/2 =90 degree

symetry éavity axis




example 2 :separated sector cyclotron:

Rextraction =4.5m
Kb= 590 MeV
4 RF Cavities

Typical 'Separated Sector Cyclotron' (SSC). the PSI 590 MeV (p) ring cyclotron,
with 8 sector magnets and 4 accelerating cavities
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PSI| Proton Beam ~1 Mwatt

The Challenge
Single turn extraction

Turn separation or large
But Ar small

Hydraulic tuning yokes

Cooling
Channels

vacuum

pump

&7 Beam slit

4 cavities :50 MHz, CW
Voltage: 0.9-1 MVolt

Harmonics h=6

Proton Beam ~1 Mwatt
(I=2 mA)

if or (~ Ngap .Vrf) Large
No beam losses
T=99.99%
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Beam injection

-THE ION SOURCES (internal and external )

Low energy :

AXIAL INJECTION FOR COMPACT CYCLOTRON
- Infector (spiral, hyperboloid;...)

Higher energy :
RADIAL INJECTION FOR SEPARATED SECTOR
CYCLOTRON



Cold Cathode PIG lon Source

Penning or Philips lonization Gauge (P/G) /on source

lan Source Head
(Anode)

Anticathode

lan Current

Flasma

= Zathode

 Electron emission due to electrical potential on the cathodes
 Electron confinement due to the magnetic field along the anode axis
 Electrons produced by thermionic emission and ionic bombardment
o Start-up: 3 kV to strike an arc
* At the operating point : 100 V

» Cathodes heated by the plasma (100 V is enough to pull an outer e- off the
gas atoms)
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Example of PIG source

Small size

Hydrogen gas

Cathode

Oscillated electrons

FLNR, PIG test-bed, 1992.
The head of MC400 cyclotron vertical ion

Inserted in the cyclotron gap

Cathode

High voltage power
supply for plasma
gencrator (arc)

!

Anode il
= Magnetic ficld
source el L & ¢
—r l Electnical field
Electrical field
s S —
/ A Electrons

Extraction electrode

lons

High Voltage Power
supply for extraction
of H ions




Multi-CUSP source

negativ ions : H-//D- with high current

Confinement + filtering + extraction

Magnet
filter

High temperature ow ' / H-
T

plasma

| Hyte = *H, + 2¢] | Hre-on
II

Tp =
ﬁlt

- Larger Than the PIG sour¢®lagnets)

Electrons

e-+H, =>e- +p +H-

e Better emittance

e Larger current (Magnet confinement+ Filter)

Larger Size= External Source

15



ECR 1on source :
positiv Heavy ions

Charge state distribution

ECR zone Solenoid coil Multipole
Puller DS B ——
e | e )r owave input
| o
C / _ > — <+ Gas feed
Pantechnic = &
Nanogan® T ' &

Gas (he,O,..) + RF(microWave 10-18Ghz)

Plasma (ions + electrons ) : > Cere
+ ATOMS Y
f \\/’/
electrons + ions impacts | “_‘
lonize any injected heavy atoms B> + Br

3D plasma confinement L



Exemple ARRONAX (Nantes, Fr)
2 external sources in a Kb=70 MeV cyclotron

He+, HH+ H-,D-
ECRis Multi scup

-, L g

Kb=70 MeV

- Radiolsotopes production
- Radio-Biology studies

- Irradiation

(ba

cyclotron __

N~ -~

Injection from the Top (AXIAL injection) =




Axial injection with inflector

> Goal ;

Put the beam on the « good orbit » at the good phase

\ with a very compact geometry

Generate a Vertical force with an electrostatlc device

------- N R
Fmagnetic \\\ N /,

\ﬁ-—’

Outside cyclotron Rm = Bp / Bcenter
axial motion (vertical)
_ _ : RE = mV2/Q / Einflector
Inside cyclotron ( Magnetic force is radial)

radial motion (horizontal )
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Axial injection : Spiral inflector

1. Spiral inflector (or helical channel)
principle: 90°electrostatic deflector twisted

1 B
l z

_——————’-

E always perpendicular to v \
B=Bz constant (cyclo center)

Complex geometry , very compact

Y ! 'Q'
~

19



Left dee tip

Y
1%
/7= ‘perw : / 90081 AZEE
. upper electrode
lower electrode
Phase selection
ADP~AE/E =AR
poeem.

right dee tip 20



Axial injection 1: Spiral inflector

mi = qF,; — qu, By,
mij = qE, + qu: DBy,
mz =gqkF,.

Trajectory Equations are very funny :

Parametric equation of the trajectory 6= [0,172]

x, = A(l —sinkfsmé —coskfcosb) k = AR, +k'
Y. = A(SHIJCSGDSS —cuskﬁ?sinf?) > A= A.’{kl — l)
z, = A(smné -1)
Two parameters : A the inflector Height
k' the tilt

2 forces bend the beam
Electric radius A =RE= mV?2/Q/ Eo
Magnetic radius Rm= Bp/ Bo

21



Axial injection 1: Spiral inflector

Inflecteur CIME

*Consists of 2 cylindrical capacitors
which have been twisted to take into
account the spiraling of the ion
trajectory from magnet field.

—

e Voean L E . central trajectory lies on
an equipotential surface. Allows lower
voltage than with mirrors.

« 2 free parameters (spiral size in z and
Xy ) giving flexibility for central region
design

* 100 % transmission

22



Axial injection 2: hyperboloid inflector

Spiral electrodes are complex :
hyperboloid inflector have simpler electrode

two electrodes equation:  I?%- 2Z2=1T11 r?- 2z%=12

V =-Kz2/2 + Kr2/4 +c

Vertical field Ez =-Kz
r = %{—bcm[a-‘:i}—l—ams[bkt]},

y = = {=bsin{akt)+ asin{bkt)},

r = %Dsinlfﬁ:t],
2 2 _
o _ K ke =-qvz/2
—.
re = (2WBlp rO =2. 6" Rm

Simpler geometry than spiral inflector

. . 23
But No free parameter ( Rinjection=Rm fix all parameters)



Radial injection

Radial Injection for pre-accelerated beam :

- Compact inflector not possible (axial inj. not possible) :

-Higher rigidity (electrostatic field have “low efficiency”)
need space to bend the beam with large magnet !!

Injection into separated sector cyclotron (most common)
« More room for injection pieces and excellent transmission

2. Specific examples ( not described here)
- Injection with Charge exchange (internal stripper foil)

In a compact superconducting cyclotron NSCL
| o 24



Example: Radial injection in ring cyclotron

 More room to insert bending
elements.

Beam injected between sector
magnets

* The beam coming from the
pre-injector enters the SSC
horizontally.

eIt iIs guided by 4 magnetic
dipoles to the “good trajectory”,
then an electrostatic inflector
deflect the beam behind the
dipole yokes.

RF - RF

4 sepXNated
sectors

25




Example: Radial injection

Beam from coming
an other accelerator

MO Z0——-H0MmMe Z2 —

-Very carefull centering
-RF Phase adjustement with bunches

26



@ INFLECTEUR DE CSS1

Ecran alamasse

C1.01AELWE
J—

1. D1A ELIHO
-\-"\-\_,_\_\_\-\\

=== C1.0IAELIHD

Faisceau ___e——t
sur orhite

Faisceau & l'injection

C1.DIAELIWE

Lame septum

Cylindre de Faraday
C1.DIAELIFA,




Extraction

1. Extraction by stripping negative ion

simpler and low cost , but restricted to H isotopes

100% efficiency

2. Extraction using the radial separation

between turn NN & nN+1

28



Extraction by stripping negativ ions

easy and efficient with H

Y (mm)
1200
i stripper foil 30 MeV
| selection position 28 25
magnetic |
~ centre 20
700 15
®‘ \
i i
i H
100}
0 \/
-800 "0 800

X (mm)

Extraction orbits in the IBA Cyclone 30

H = H + 2e-

The magnetic force
ISinverted

Fri—= 0 \B 24 = "L B 7



Low cost extraction beam line(s)
less complex than electrostatic deflectors

Figure 8: Final Cyclone® 30XP model.

H production or D production with an internal source (PIG)

2 strippers at extraction radius :

H™ =>HT
good beam quality, easy maintenance



Extraction by turn separation

1. Extraction by acceleration (and fringe field)

The orbit radial Or separation between 2 turns is :

5r:rx5Ex Y xl
E y+1 Vr2

« OE :Energy gain per turn as high as possible (RF)

« v :Accelerate the beam to fringing field (Bz decrease,n>0, Vr\)

Demonstration :

or _ 6B,0:5<B>R:6R|
r Bpo <B>R R

5P 5t _ 0P,

R r P

31



Extraction using turn separation  or

If Ar < Or Each turn separated

Extraction with an electrostatic deflector
100% efficiency
: Radius SINGLE TURN EXTRACTION

....... — /

« Tow-x | |
AR e o (size> turn separation)

last turns are not separated

~.
~.
S

= Beam losses in the extraction channel
! i or Multi TURN EXTRACTION

1 Deflector sparking or damaged

Radius




Extraction : 3 mechanisms possible

Goal : High extraction efficiency with well separated orbit

Acceleration + Precession + increase oscillation
by a field bump

(resonance extraction)
1. Extraction by acceleration (and fringe field + deflector)

Ar

 Energy gain per turn as high as possible...

2. Precession extraction : radial oscillations help to separate orbits

r(N)=rg(N)+ Xgsin(v,.agt)

3. Resonant extraction : increase the precession by a field bump

If turn separation not enough then magnetic perturbations are
used. Particles are forced to oscillate around their equilibrium
orbit with a magnetic bump

33



Example: Ejection SSC

Acceleration (2 RF cavities)

+

Radial kick on the
extracted turn With
an electrostatlc deflector

H HH L LA HH LA

+

Precession : excited from
.iniection

1 : electrostatic deflector

180.01
b \./
140.01
120.01
100.0
extracted

0.0 beal
60.01 34
40.0
2.0
0. W
800 %00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1300 2000 m_n 2200 2300 200 2500 2600 2700 2800 2900 3000 3100 3200 3300

Cyclotron radius [mm]



Extraction with precession

Well centered beam orbits Separated Sector Cyclo N1 GANIL

Intensity [NnA]

css1

SDRA

Turn separation

sufficient
Extracted
J HJ i A turn AT T Jo
e e Y C IO RO ATt S T ri e  hs  aaes
Precession for optimized extraction Separeted Sector Cyclo N°2 GANIL
Turn separattL%n not sufficient => precession optimi sation
mn 1ty [TTA]
A =500 Turn separation too Extraction
il small
“Injection transmission
o extragted 9 5 %
D beam
1 A |

Cyclotron radius [mm]

0 ; .
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2300 3000 3100 3200 3300



Resonant extraction : with Ox=Vr~1

Step 1 : circular motion :
+ small oscillations Step 21 A magpetlc bump
e S shift of the orbit center
S larger deviation

s
N
=

spmm -y
A e e e

~. ’
-~ -
S - e i
~a - —-
-

~
~

Vr~1 : 1oscillation per turn

Step 3 : Several turns
produce
Large amplitude oscillation

Larger &Larger &Larger

OE , "
or = | LB |+ Ay sin(v, o) Large dr =easy extraction




Resonant extraction shown by equations

Radial Equation without Perturbation

X’+|/r2a)§D<:O

A D /
e &
\, AL
/ /
S R AP
NS 20
~S ~ L et
-~ ~ L Lt d
Sso S80S~ PR PR g
R LT INCL T ey

Equation with Perturbation 3Bz ~ Dm(r) cos(M 6)

X+ v, wo[F x = ws I; dEIrM cos(M wyt)

Driven oscillator excited at the « frequency » M

If the excitation is at the resonance frequency M=Vr
you get Large amplitude oscillations

One field Bump correspond to
harmonic M=1

~ b1 . exp(-6?
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Cyclotrons

 End Chapter 2



