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the cyclotron as seen by the inventor

PAUL SCHERRER INSTITUT
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original Cyclotrons
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the first classical cyclotrons
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PAUL SCHERRER INSTITUT

The first Cyclotron 1931

E.O.Lawrence,
M.S.Livingston
Berkeley, California

4 inch diameter

1 kV on the Dee
80 keV Protons

W.Joho 2009
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43 years later (1974)

Ring Cyclotron
590 MeV Protons

15 m Diameter
Hans Willax,

Jean Paul Blaser,

Villigen, Switzerland

W.Joho 2009
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History of the Cyclotron

1929 Idea by E.O.Lawrence in Berkeley
(inspired by R.Wideroe!)

1931 4 inch cyclotron 80 keV p
1932 10 inch cyclotron 1.2 MeV p
1934 26 inch cyclotron 7 MeV p
1939 60 inch cyclotron 16 MeV d
1946 184 inch synchrocyclotron 200 MeV d

400 MeV o

1938 Idea for sectored cyclotron (AVF) by Thomas
1962 88 inch sector cyclotron K=160 MeV ion

1974 SIN/PSI Ringcyclotron 590 MeV p
1982 supercond.cyclotron MSU  K=500 MeV 1ion

2008: ca. 90 indiv. cyclotrons, ca. 200(?) commercial cyclotrons

W.Joho 2009 8



— PAUL SCHERRER INSTITUT

(_ll

circular orbit

2

myv :
In a homogeneous magnetic field B the F.=qvB, F = (non relativ.)
particle has a circular orbit with radius p . P
withp=mv:
_— valid relativistically!
P=49bp (Bp) = ,magnetic rigidity”

Basis of all circular accelerators
(Cyclotron, Synchrotron, Storage Ring,
Spectrometer etc. )

for electrons with E = 10 MeV:

Balance between Lorentz-force F, E[GeV] = pc= 0.3 Bp [Tm]

and centrifugal force F,:

W.Joho 2009 11
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classical Cyclotron

In homogeneous magnetic field the

circular orbits are vertically unstable

vertical stability with
radially decreasing field B(r)

Y /%

7222 7, o

7
/! ~ B
11
1

Definition of field index n with
,logarithmic derivative®

dB dr
(=) =-n(—)
B, r
Focusing frequencies :

stable for |[0<n <1

Qr:Vl_na Qy:\/ﬁa
Q2+ Qi1

=> weak focusing,

horizontally and vertically

W.Joho 2009 13
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Larmor Frequency

Revolution frequency ®, in homogeneous magnetic field:

0wy =V/R, p=mv=qBR (nonrel.):

), =

®, is independent of radius R and energy E !

= Basis for classical Cyclotron (non rel.)

relativistic formula for all energies, with E,, =y mc? and ®,=2nv,

9 1525 MHZT
27m

Y9 _rsgHZT

2zrm

q B (= Larmor frequency)
m

for protons

for electrons

W.Joho 2009
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Isochronism

Acceleration of a particle with RF frequency vV, on harmonic h:

If this RF frequency stays constant during acceleration, we talk about an

. The condition for this is an average field

which increases proportional to vy:

=> By(R) ~ Y(R)

For an azimuthally symmetric field this leads to vertical instability. The way out is:

1)

2)

give vertical focusing => B(r,3) , Thomas 1938
=> B,y(R) = field averaged over the whole orbit

with Vge(t) => pulsed beam, reduced intensity

W.Joho 2009
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Cyclotrons
classical
_I_ CW-beam
Cyclotron

single pole
Synchro- |~[ (dying out) pulsed beam
cyclotron ™| rrag

with sectors

Isochronous |~

single pole
with sectors

CW-beam

Cyclotron N

Ring Cyclotron

non relativistic
energy limit

W.Joho 2009
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Thomas Cyclotron (1938)

Sectors on the pole plates of an H-magnet
=> vertical edge focusing between
Hill (H) and Valley (V)

focal length f, through edge angle 'V':

L _[B(H)-BM)],

f Bp

y

(fx:_fy)

W.Joho 2009 17
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Edge Focusing
horizontally: Sectormagnet with
the deflection of a particle with parallel edge angle ¥

displacement x is delayed by the path length

ds=xtan ¥ =>x'=ds/R
the effect is the same as a

defocusing quadrupole

with strength:

vertically:

focusing with f, = - f,

W.Joho 2009
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Comet Cyclotron, Spiral Sectors

250 MeV Protons for
Therapy (ACCEL/ PSI)

superconducting Magnet
with 4 Sectors

The spiral structure
is responsible for the
vertical beam focusing

W.Joho 2009
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unstable 2-sector Cyclotron

Resonance of horiz. focusing frequency:

displaced orbit " /) Q, = 2/2 (m-mode stopband)

(unsta bis) oy AN

(this picture can be constructed by hand!)

x
J x
O -
‘ closed orbit

magnet sector 1 magnet sector 2

W.Joho 2009 20
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Advantages of Ring Cyclotron
(Hans Willax 1963)
magnetic field and RF system are decoupled
many cavities (incl. flattop!) strong vertical focusing straight sections
with high voltage ‘
| small magnet gap easy construction of
fast crossing of resonances injection and
good turn separation, low power consumption extrac.:tion elements
) (no kickers !)
low extraction losses

‘ total magnet weight as low as
for a compact warm magnet lots of space for

high intensity

diagnostic and
correction elements
but: requires injector!

W.Joho 2009 21
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~Square Cyclotron®™

Magnet Sector

o &>
\ ___ RF Cavity
R, '

\

<

isochronous condition :
constant revolution time,

independent of energy

\Y R
— 1
v, R,

the magnet sectors in this
hypothetical example are
too narrow and would lead to
vertical overfocusing !

W.Joho 2009
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Aerial View

Neutron
- Source

W.Joho 2009
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72 MeV Injector 2

E |

BT0 ke
Cocleero ft-

Walton
preace.

72 MeV proton heam T & r Variable energy
for 1sotope prod.

590 MeV Ringceyelotron "

Injector 1

Accelerator Facilities
with 4 Cyclotrons

Injector 1:

Nuclear Physics + Eye Tumours

Injector 2:

Injection + Isotopes for Hospitals

Ring Cyclotron:
Muons, Pions, Neutrons,

Proton Therapy

superconducting Cyclotron:

Proton Therapy

W.Joho 2009 25



COMET s.c.

Protons 250MeV
tumour therapy

L—= PAUL SCHERRER INSTITUT
The PSI Cyclotrons
INJECTOR I INJECTOR 1II
Light Ions Protons 72MeV Protons 72MeV
E/A=(Z/A)* K : 2.7 mA (200kW)
K=120MeV
© 200pA

(11pA pol.)

Eye tumout Ringcyclotron
therapy

Protons 590MeV

2.15 mA (1.3 MW)
(10uA polar.)

W.Joho 2009
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Ringcyclotron

Proton
Therapy

PAUL SCHERRER INSTITUT

Injector II‘ gj:! | Proton
o — Source

superc.

Experimental Hall

Protonen Beam

Neutron Beam

~cyclotro

50 m

Neutron
Source

W.Joho 2009
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‘ Comet Cyclotron |

Radiation Therapy with
250 MeV Protons

superconducting Cyclotron:
Magnet, 3m @
Collaboration: ACCEL & PSI

W.Joho 2009 28
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The PROSCAN Facility

—
——

=

yclotron COMET

C

Material Research

Medical Pavillon

W.Joho 2009
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Injector II

Injection Line
870 keV

Extraction Line
72 MeV Protons
(after 100 turns)

Resonator |-
50 MHz

W.Joho 2009 31
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Recipe for high Intensity

= continuos beam (cw)
= very low extraction losses

=> separated turns with
large turn separation dR
at extraction

=> high energy gain per turn,
powerful RF-system with

high voltage cavities

dR ~ Radius R
=> large machine radius !!

the last 5 turns in the Injector II

dR
1 Mluf#uﬂ‘! 23 mm
g . -
—-h F
H
,.E. 100 A
) L Al
600 LA
1000 A
3.0 m Radius

W.Joho 2009
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Layout Injector II

sector magnet 1 , 72 MeV protons ~
_ é\ Extraction magnets aM 4

- 860 keV [ :
protons . /

RF cavity 50 MHz — =

F = . ':' :
) Flattop Cavit
Hﬂ?? p1 Ey S
0 ) 2m

W.Joho 2009
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Injection of 870 keV
Protons into Injector II

I g
HTO—(RTT

L Ty
= "_.-I' .F E 7
'L

41
=
g

BEO ke -Vorbemhimniger  —i . 4

}

e e

Injekhar 7 - 2yl olnos [ Zenfrum |

J
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‘ Injector II, Central Region I
f ?\ﬂ H /'g on axis
,.# 3 =

injection of

W.Joho 2009 35
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Cockkroft-Walton Pre-accelerator

W.Joho 2009
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Ringcyclotron

590 MeV Protons

1.3 MW Beam Power
(world record!)

8 Magnet a 250 Tons

4 Cavities a 700 kV
(upgraded to 1MV
in 2008)

Extraction = 99.97 %

W.Joho 2009 37
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N 590MeV Orbits in Ring Cyclotron

~N

RF Cavity

. Extraction
7 .:.-"' :_;" f/ Septum

, i Magnet
Sector

6 Orbits plotted at
equidistant energies:
75,177, 279, 381, 483, 585 MeV

(R~B)

W.Joho 2009 38
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Ring Cyclotron
/2-590 MeV p

y [mm]

4000 4

Contour lines of the

3000 magnetic field

scaling of average field:
By(R) ~v
increases 55%

from 72-590 MeV
1000 -

4000 X [mm]

W.Joho 2009 39



B(0)
kGauss_

207

15+

PAUL SCHERRER INSTITUT

Profile magnetic field
590 MeV Ringcyclotron

r=2m

40 | 60
THETA (GREAD

W.Joho 2009
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Hillfield 590 MeV Ringzyklotron

Bi(R) 22
[kGauss] | | | -- B=20.9 kGauss

& gap=50mm
184
161
b gap=80mm

121

11111111

2000 2500 3000 3500 4000 4500
Radius (mm)

10
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how to scare
young students!!

t ' BO(Nmpf—269F  (Nw)?
— _.-! == s b .! ™
Q= oA Eries A ] + i e =a v —aE T
. 2 Nn)t LB (Nmp—2h 143K + K [a{m.}a_z + K9
(NN — o] (N — 407 L (Nu)® (Nupf —o® 20° [(Nm)E — o) |
LSRN L UNE— (R, 3(Nw)t + 222 T
2[{Nnp —a7 (LX)t — o [[Nn)*— 4o%] Nu[(Nn}* — 4% [(Nn)! —o?] J

(Nu)t — 2¢° & (Na)t— '..'r-]
7 UNup — ot {

(M) — 4o? (Nu)? (Nu)?—

(Nn) — 242 | + 3K + K 1 (Nt — 20%
(NnE — S [(Nn) —4aT]  2a [(Nn) —o¥] | (NaF — o 1 (Nn)E (Nw)f — &

2e® (M w)E + 207 @'t T e auny + bal s

— > oy T, Bl A
(N u)® [{Nn)t —o® ;[[“'i-rl]——-l'a'-']"1 & §.:1 [(Mu)* — 4o s *-E'l (Naf® —o® &
Fig, 3. General formula for radial frequency, wy- — L‘"l,..st IE;E !
L (W)
Q‘l: ""_E"'i.g.:“t'l'b'}:m [: |+K}[[h-}t—~ll+1{]'

> #K{K")"

24 K K (KP ' : T 7 +

F Rt T Iu. H}] [wna-—u - m] VO — (T + BOP t-'*-"1‘r{""'1’—“+“]'1’l
K" I + K=— K BKK'

+iﬁ1ﬂnﬂn blbl]l[h ]’[I:NH] —(1+ K]l -|-H:|{I:!\H}'—“ +}l.,:|] [hﬂ}* [’\JI-F_“ +ﬂ"I]

m @aa”y + bl — - e | _ 4K . )
—tX s TR ¥l |1Nn]'* u-.r,.:.ﬂl

Fig. 4. General focaumla for axial frequency. v —p L 5€ iES!. ,t

(Al Garren 1962)

better approach to get
focusing frequencies:

2. numerical calculations

1. simple approximations

Q2= 1+k
Q,? ® -k +F (1+2tan? §)

W.Joho 2009
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Resonance Diagram
of focusing frequencies

Ringcyclotron

, In the Ring Cyclotron the coupling
1.0 \_ﬁﬂﬂmu
m“\ | resonance v,=2v, is crossed twice
*
N - before extraction
SE0MeV .
P In the Injector | the resonance v,=1
N . .
is used to enhance the extraction
° efficiency
Injector |
> &
A &
a4 S
vr
0 -
1.0 15 20

W.Joho 2009 44
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coupling resonance

clurr;fn]t Resonances XY:=2 ), Ring cyclotron 590 MeV p
n
) a large horizontal oscillation is
490MeV 525 535MeV 585MeV _
l l l l _ transformed into a large
extraction
3004 vertical one at the coupling

centered beam

resonance v,=2v,

200 +

not centered

This can lead to beam losses

100 T vertical aperture

— 20mm —-|-l-15mm —_—

| ! f -
£100 4200 (300 Radius

W.Joho 2009 45
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R=vi®,~ B,

radial scaling

R=/R,

In an isochronous cyclotron: ®, = const.

(B =vlc)
absolute radius limit at v=c: R_=c/w,
47.TMHz
R,[m]=h( )
Vrr

Example: protons at PSI:

Vee = 50.7 MHz , R, = h- 0.94m

EMeV]| B | b | R [m] | Ruwml | BilT]
(center)
Injektor I 72 0.37 3 2.83 1.05 1.1
Injektor 11 72 0.37 10 9.40 3.5 0.33
Ring 590 0.79 6 5.65 4.5 0.55

W.Joho 2009
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RF Cavity
|z
Beam Beam
” NG
——

Ring Cyclotron 590 MeV , 50.7 MHz

original version:

aluminum , V=720 kV

300 kW power loss

216 turns

at 2 mA: 300 kW power/cavity is
delivered to the beam

new cavity:

copper,V=1MV

400 kW power loss

160 turns , current limit > 3 mA ?

W.Joho 2009
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Phase Compression / Phase Expansion
due to Variation in Cavity Voltage

A
cavity voltage —~ The radial variation of the cavity voltage
o= -500kV  produces a phase dependent magnetic
field. This effects the revolution time

and thus the phase of a particle.

-250kV

E. (R) Asin ®(R) = const.

E. = peak energy gain/turn

500 l’!i’leV Radius

2000

. . , - ® =phase of particle
3000 4000 mm

W.Joho, Particle Accelerators 1974, Vol.6, pp. 41-52

W.Joho 2009 48
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New Copper Cavity

| 50 MHz, CW
Voltage: 1 MV
(old cavity 0.72 MV)

W.Joho 2009 49
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4 new Cu Cavities in Ringcyclotron (2008)

W
Lo~

Joho2009 50



(_ll

1. B

B. 5-

-9, —éb.

PAUL SCHERRER INSTITUT

Flattop Voltage gives
minimum energy spread

flaHﬁp-RF—mHage with addition of 3.harmonic

VOLTAGE 1— no flattop: V ~cos ¢

ideal flattop”
V~cosd- 0.115 cos 3¢

3. harmonic

—
39— @— 30.. 60. 9p.

PHASE DEG

W.Joho 2009 51
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Extraction from a Cyclotron

The intensity limit of a Cyclotron is given by

the beam losses.
Important is the radial distance dR/dn

between the last two turns before extraction

=> large turn separation with:
- high RF voltage (intensity limit ~ V311
* large machine radius R !

=> compact cyclotrons (supercond. !)

have limited intensity

1) E=-mv’=-me’R* ~R’
(non relativistic)
(2) E~ngV ~n (turnnumber),

V =average RF - voltage per turn

_ R~\m, dR: R
dn 2n

dR R vV 1
dn y+1 (E/e)Q}

(exact)

W.Joho 2009 52
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Longitudinal Space Charge
in @ Cyclotron Beam

/

r's

Particle at position A:

gains additional energy from space charge forces
moves to higher radius due to isochronous condition
rotation of the bunch

nonlinearities produce spiral shaped halos
production of a rotating sphere

W.Joho 2009
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Longitudinal Space Charge in Cyclotron

radial
| R ;jE ;"‘“\\ Simulation of a ImA beam,
o di (- | B BN : .
longitudinal *ga\ 7 7 circulating in Injector II at
B =\ ey @)+ i
\NS===—r/ Seail A ‘\:fg oy NZV 3 MeV for 40 turns without
NS | | :
\éfu % N & acceleration.
turn 0 turn 5 ) turn 10|

The core stabilizes faster

L than the halos (calculations
B “\ AN e by Stefan Adam)
G e \ \ R X
J lll \ 1 h f "t\..\
‘1’ j/ @:\\\\1\ "y 1' f_/__. i _\ \ . I: f ﬁ% p !
l Q‘f/ b = O/ — SR/
\ /'. AN N /j",-’ . s i\\\ Iof./<:x— Iﬂ/’
W = s Nt i X}, A
\\‘\. \.h“". N \\“‘\
turn 20 . turn 30 turn 40
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Space Charge Fields in a Cyclotron

e upper pole
R T /" VI IV I ITIIIIIIFIF Disc-Model

R P*"—v- (W.Joho, Int. Cyclotron Conf. Caen 1981)

max =
s > circulating protons fill a cake-like
RAO piece with azimuthal extension AB.
Y>rrrrrrr Neighbouring orbits are assumed to
lower pole overlap radially.

side view

The azimuthal electric field at the edge of the , piece of cake™ at

point P is approximated by the calculable field of a disc with radius w.
Reasoning: the charge of the protons outside of the half circle around
P is screened by the upper and lower poles and protons in the hashed
area give only a small contribution to the azimuthal field €.

The proton at P gains through €4 an additional energy/turn:

dE/dn = 27R €,

mac hine
cenfer This simple model predicts, that the intensity limit from longitudinal

space charge forces increases with V3 !
(V=cavity voltage/turn)

top view

W.Joho 2009 55
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E— Longitudinal space charge forces
Cu_rrent Limit in increase the energy spread
ng Cyclotron => higher extraction losses
3 | / => |limit on beam current
5 L N «2000 Remedy:
Space Charge Limit of 1905 higher voltage V on the RF cavities
590 MeV Ring at PSI |
2| e T 1994, => |ower turn number n (V'n = const.)
<
E .
2 current limit — V3!
g There are 3 effects, each giving a factor V(~1/n):
o
1) beam charge density ~ n
0.2 |- - 2) total path length in the cyclotron ~ n
/; a\rgities 3) turn separation ~ V
300 400 600 800 1000
V= Cavity voltage [kV] W.Joho, 9th Int. Cyclotron conference CAEN (1981)

W.Joho 2009 56
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maximum current in ring cyclotron

2 new

cavities

4
3
\
2
\

upgraded
RF amplifiers
new targets

Injector 11 \ \

1 — n
— o

[VW] 3Ua4Ind wnwixew

year

57
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Power for Current in Ring Cyclotron

22 T I I I L . :
: ...................... ............. Anstieg: dp/dl - 0.806 MW/mA — : beam Current needs
gemessene Leistung am 31.10.08 ca 11:30 § | 0.806 MW/mA

215 | -- | i beam power

=0.59 MW/mA

21 I => RF efficiency=73%

PSI total power

20.5

195 | |
14 16 1.8 5 22 24 26 28 3

beam current [mA]

W.Joho 2009 58
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Graphite Target Wheel

1.3 MW

Proton Beam

creates Pions
and Muons

W.Joho 2009
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,,slow* Neutrons for
Material Research

® Production of fast Neutrons

® slowing down in Moderator

1. Fission of Uranium (U235) 2. Spallation of heavy Nuclei
in @ Reactor (e.g. lead) by Bombardment with
Protons from an Accelerator

=> safe and fast turning off !

W.Joho 2009 60
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Spallation Neutrons

60
od _—— — -
40— 2= = / 5
1 3 e ]
3 / | /

MNeutron multiplicity
)
=

N

o 1z

0 0.2 04 06 08 1 12 14 16
Beam Energy (GeV)

Figure 1. Calculated neutron multiplicity on lead as a function of proton energy’, the
insert shows a calculated energv-normalised vield,

W.Joho 2009 61



-
I

— | PAUL SCHERRER INSTITUT

Strategy for Cyclotrons
high energy high intensity
I |
E/A = (q/A)? Ky, Kg~ B?R? low losses at extraction
high g/A high Kg high RF-voltage extraction by
/ \ / stripping
eg.H =>p
ECR- stripping at high magnetic bia radius
source high energy field B 9
external 2. stage ,~Jumbo- supercond. »Jumbo"- ring cyclotron
injection coil magnet magnet with injector

W.Joho 2009
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why is the PSI Ring Cyclotron such an efficient accelerator ?

general property
of cyclotrons

isochronous magnetic field

continuos beam (CW)

=> high average current

\

multiple
beam traversal
of RF-cavity

|

efficient use of
RF power

specialty of
Ring Cyclotron

magnetic and RF-System
are decoupled

=> economic magnets

=> economic RF-cavities

v

high RF voltage

=> good turn separation

=> very low losses

high Beam Power

W.Joho 2009
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