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RS CYCLOTRON LAL

Contents:

 How has the cyclotron evolved?
* |Isochronicity: a basic operation principle
* |on source, Acceleration, Extraction

</’j:::> Cyclotron, as seen by teachers
T

T

Introduction to Cyclotrons , Marco Schippers, PSI, Villigen, Switzerland 21 2




PAUL SCHERRER INSTITUT

o = Metamorphosis
'''' — % | | ||
) how to 1
© re-use \\
Wideroe’s linear accelerator the RE
—
(1927) ~)
myv ? R
r = Bqv > o 27r _ 27zmr\ _ 27 .m
v Bqr \ Bq
27zr ,rcancels r.... don ‘t you see what this means?
vV =

circle

_/

The resonance condition does not depend on radius!/
(Lawrence to his PhD student, while bursting into his lab, 1931)
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L S H

A=Y

Only particles that cross gap at right moment are accelerated
At electrode slit crossing:  Energy gain  AE=q.V,
Larger E - larger r - spiral

Since T, = constant, all particles cross acc. gap at same moment !
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BESIER the first Cyclotron

h

invented by E.O.Lawrence,

( N constructed by M.S.Livingston
| * Berkeley, California

Stanley Livingston (L) and Ernest Lawrence infraat of "
27-inch cyclotron (several MeV), Berkele @ L awrence Berkeley Natl Lab
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UCL 1946:
-Magnet:184-inch 300-ton
-Dees at 1 or 2 MV

e.g. 400 MeV He (PS|, 1974)
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T compact cyclotrons for

iIsotope production: 10-30 MeV

Vertical orientation

CYCLONE 30 (IBA) : H 15 a 30 MeV
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= ~—{jm | proton therapy cycl.: 230 / 250 MeV

250 Tons -
Varian (2005)

Isochronous

Cyclotron 90 Tons IBA (2018)
h 60 Tons ) #
Isochronous Synchrocyclotron MEVION (2013)
Cyclotron 17 Tons
Synchrocyclotron
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Isochronicity

JLAL

Cyclotrons for 30-1000 MeV:
Isochronicity = be on time
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e g Isochronicity

B - (almost) circular orbits:

271 .r 27 .m

Vv Bg

oscillating voltage at
RF freq = 1/ T e = 33 MHZ

ircle

hat will happen with particles that are
too early or too late with respect to
oscillating voltage phase (+/-) ?
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e g Isochronicity

B = (almost) circular orbits:

271 .r 271 .m

Vv Bg

= at B=2.4T. T, =30 ns
RF freq =1/ T, .= 33 MHz

circle

circle

Only when the gap Is crossed
at the right RF-phase,

-> Voltage Is accelerating

- Otherwise particles get lost
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o Cyclotron

> m | B-field is too low: \ch“’
T circle = 9 Tlrcle tOO |Ong \\OQ
Bg : \%\@
- phase slip A¢ G
>

maller Vde Q&b@/
> |ater Z /
F-phase (or: time)
pha”\l%d’ v

o= /2 = Acceleration stops after n * phase slip of A

Vdee
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“pe= Isochronicity in a cyclotron

At a given frr, B must be correct within 104
to have particles crossing the gap at right phase

°

1
1
1
1
1
1
1
L e e B IS s e i B N NI B
153,415 193,42 158,425 18,43 158,435 158,44 158,445 158,45
e i Ll
== neasure

Magnetic field error -10- B, +10 4
Magnet current  99.99 100 100.01 (A)

Resonance curve (Smith Garren, 1963)

Extracted Beam intensity
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o= > 30 MeV cyclotron

Cyclotron works while: T, independent from radius:

(particles move in pace with Vdee)

1

1— 2

At high energy m increases Viee™

2 1 _
_ :>Tcm,;e increases:
q.B

10 MeV p: v/c=0.14 => m=1.01m,
250 MeV p: v/c=0.61 => m=1.27 m,
590 MeV p: v/c=0.79 => m=1.63 m,

circle
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Remedy 1.

Synchro-cyclotron
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SREIS Synchro-Cyclotron

S0: Problem =T, INncreases with radius.

REMEDY 1.:

Decrease fRF with 1/T . 1IN time,
synchronous to mass:

gB

a)rf (t) =
m (t)

..... and extract

Repeat 300-1000 x per sec

fre

time

Introduction to Cyclotrons , Marco Schippers, PSI, Villigen, Switzerland

How will the time structure of the
outcoming beam look like?
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o = Synchro-Cyclotron

S0: Problem =T, INncreases with radius.

REMEDY 1.:

Decreasef R With 1/T. intime, | V.~

synchronous to mass: /%
gB _T_
o (1) = -
m (t)

..... and extract

Repeat 300-1000 x per sec

time

7

- Pulsed beam 300-1000 Hz
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RS Synchro-cyclotron

synchro-cyclotron: High energies ...1000 MeV

Fields of 1.5-2 T => large magnet poles

I

‘_.,-, ] N
B 4 J
& :j:q;gz '
4.7 mJ (4300 tons) Cyclotron (in 1942) CERN: 600 MeV proton Synchro-Cylotron
380 MeV , 1957: 720 MeV 1957-1991.

credit: Lawrence Berkeley Nat'l Lab
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Small cyclotron

JLAL

3-4 m, 100-200 tons

B=2T

27

1 m, 10-20 tons

Solution:
Increase magnetic field: B=6-10 T

=> Smaller orbit radius
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o= Synchro-Cyclotron LAL

very strong magnetic field:

homogeneous field = no vertical focusing
-> reduce field with radius

- weak vertical focusing

277 .m

Tooe = T.ircle iNCreases with radius.

- Similar effect as mass increase! =2 decrease fRF with radius and extract
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~“psi" Synchro-cyclotron

2013: 250 MeV Synchro-cyclotron on a gantry

OMEVION

St é”E*t’aCte‘dbeam

mternal beam

Introduction to CyClOtronS , Marco SChippers, PSl, VIIIIgen, Switzerland UINTLIINL AULGITIALUI DUIUUL, JUTTTT AUATTD HHDULULS, UAIVIU, | GUI +, cuel 21
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a == | Relativity in high-E cyclotrons AL

REMEDY 2:
Correct with B-field:

Increase B with radius, (= r~m):
B(N)=1(r) . By

0
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Isochronous cyclotron
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How to shape the field for high E

JLAL

Remedy 2:
Increase the field strength with radius

How?

Decrease pole gap at large Radius

Introduction to Cyclotrons ,
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m | decrease pole gap + use trim coils

BulR) 22

[kGauss]
201

161

Po /eg

Hillfield 390 MeV Ringzyklotron

10+=
2000

B0 000 B0 4000
Radius (mm)

50

-- B=20.9 kGauss

gap=50mm

P de
f Cres es With r\ :

/
/ R
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RSl Shape the field for high E

Correction trim coils, AGOR
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@ = Vertical focusing

Inhom. field: field index n=0:

dB (r) r

n(r) = -
dr B (r)

When B decreases with radius: n>0
=> Automatic vertical stability
vertical betatron freq. = v,=\ n

What will happen with the vertical | \when B increases with radius:
stability if B increases with radius?
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@ = Vertical focusing

dB (r) r

n(r) = -
dr B (r)

When B decreases with radius:
n>0 => Automatic vertical stability

vertical betatron freq. = v,=V n

When B increases with radius:
n<0 => no vertical stability

(v,= Y n =+ neg.nr = imaginary )
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Vert.focusing by Varying Field: AVF

JLAL

AVF = Azimuthally
Varying Field -

Vertical focusing
at hill-valey
boundaries

If B-step is not crossed 1 :

=> vertical force

top view

hill: strong field

Introduction to Cyclotrons ,
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Azimuthally Varying Field

4 Sector Magnets  ~0.36 T

2 cavities 90 MHz: 450 kVp
beam energy: 72 MeV
number of turns: 81

max. beam current; 2.7 mA

Extreme AVF:

separated sector cyclotron

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 %

Introduction to Cyclotrons , Marco Schippers, PSI, Villigen, Switzerland
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(-] - Azimuthally Varying Field

T
e

Azimuthally Varying Field cyclotron

v (R)=n(R)+ F (R)(1+2tan

to compensate :higher energy
=> increase angle ¥ with radius => spiral shape

Introduction to Cyclotrons , Marco Schippers, PSI, Villigen, Switzerland ON-LINE Accelerator school, John Adams Institute, Oxford, Febr 4, 2021 31



a e Azimuthally Varying Field

Extreme AVF:. separated sector cyclotron

Ring Cyclotron
72-590 MeV p

Contour lines of the
magnetic field

scaling of average field:

By(R) ~7v
mncreases 55%
from 72-590 MeV

,_ __: , S f/f/f/jl {}m@‘;j i
ﬁ/i// L*‘//,//:&”/
=/ 20mL 7
- o .{_J B e
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a1 | Summary high energy cyclotrons [RESS

Remedies when T, Increases with radius:

1) decrease fr with radius. (synchro-cyclotron)

2) Increase B with radius (Isochronous Cyclotron)

... but vertical focusing must be added
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ﬂ::[b LAL

Central region:
-Inflection of externally coming beam

-lon source
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a e [AXial injection through spiral inflectguas

from extrernal source

Spiral inflector:

V/d = 2E / (qA)
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Internal 1on source:

(usually protons, He)
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o )j» Internal ion source
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RF cavities

Important parameters:
Voltage amplitude on Dee : 30-80 kV
Number of Dee's: 1,2,3,4

= Energy gain per turn
= Orbit separation

— Extraction efficiency
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L BSE Dual gap: Dee
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Single gap cavities (ring cyclotrons)

Ring Cyc

otron 590 MeV , 50.7 MHz

copper ,V=1MV

400 kW power loss

5

1680 turns |, current limit = 3 mA %

| Z
i
Beam Beam
L L
&,
L
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Phase mixing

PAUL SCHERRER INSTITUT

al_

Let’s look at one bunch, accelerated on the RF-top:

early

late
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- Large phase width = broad beam

- Small phase width needed at RF-top

41
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o - Flattop resonator

* variation of accelerating voltage over the bunch length increases energy
spread

* thus a third harmonic flattop resonator is used to compensate the
curvature of the resonator voltage w.r.t. time

* optimum condition: U, = Uy (cos a)t

1 O ‘\ ‘\ ‘\ ‘\ ‘\ ‘\
L N | T T T T |
ol | 000000
3 o | OOOOOO
£ o6 . 000000
% 0.5 r - ,II ,II II, III III III
§ 04 - 4 II II [I II II II
& 03¢+
0.2 -
0.1 r cos(wt) § .
ol coswicosBwt/d —— broader flat region for bunch:
-80 -60 -40 -20 0 20 40 60 80
hase [deg — no energy spread
- AE/turn reduced
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Extraction:

How to get out?
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@ j» Extraction from cyclotron LAL

Extraction using

septumand  HV: a://

stturns

Extracted beam 5
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Extraction: Electrostatic deflection

Extraction Channel 2 mA 590 MeV p at PSI: 145 kV

.)
A B :i‘ﬁ:{‘b cﬁu u‘“ m m

Introduction to Cyclotrons ,

Marco Schippers, PSI, Villigen, Switzerland
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a1 H» Turn separation

A

250 MeV cyclotron proton therapy:
ARRRRSEEEE =T A

in = 0.5 MeV per turn

. -o,'§ )

But: B.r = p/q
=>r scales with p:
p ~VE > Ar~ 1/r

. at R=0.8 m:
E=250 MeV

How to increase orbit separation Ar ?
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o= Extraction from cyclotron LAL

At extraction the turn separation dr/dn should be as large as possible

What will help:

- High V., = high AE / turn
—> Large cyclotron radius R (> not too strong field B)

—> High E, but keep y <2 >heavy ions with low speed
—> protons: Emax ~1 GeV

How to make larger orbit separation Ar ?

Introduction to Cyclotrons , Marco Schippers, PSI, Villigen, Switzerland
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SRl Use betatron oscillations

Important betatron oscillation in cyclotrons:

[\Resonance at V, =Qr=1:

- increase of turn
separation

=effectively
an orbit shift

Extraction septum
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a=-{J» | Resonant Extraction from COMET

A:;. Varian
Uses the homogeneous field ! V=1 28 /
26
2.4 .
- Locale field chsnges 221 homogeneouss field
(bumps) shift the ebam: 6 do 20 %0 40 %0 6o 70 80 o
Radius {ecm)

ON-LINE Accelerator school, John Adams Institute, Oxford, Febr 4, 2021 49
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« - {m | Extraction by charge exchange LAL

Accelerate H-
Extraction by charge exchange H- = pt + 2e
flips Lorentz Force.

Advantages of charge exchange: & — P |

- Almost 100% efficiency |

- Radial position of stripper foil
sets extracted beam energy

Limit in magn.field: - 11
Lorentz stripping. =~ /g

+ losses due to stripping by residual gas
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RS Extraction by stripping

H = p*" +2e
Simultaneous extraction!

[ve ”M”

500 MeV

b |

|\"‘?ﬂ |

100 MeV Used at

EIL?IH 1"III Wey' 500 uA .
[ other foil
—  CYCLOTROMW _l'm-l-ml-u
. 1 VAULT BL1A 500 IEL';E..—'EU s
——— TRIUMF, Vancouver | 500 MeV
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Typical use of cyclotrons

JLAL

* medical applications <250 MeV
* isotope production  several 10 MeV
* heavy ions (physics reseach)

* very high intensity proton beams
(TRIUMF: 100 kW, PSI:1.2 MW)

Introduction to Cyclotrons ,
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Advantages of a cyclotron

A cyclotron provides:

The Cyclotron as seen
by the Inventor

- continuous beam (Synchr.Cycl: pulsed)

- any intensity (Synchr.Cycl: low)
- great reliability (few components)

- Protons with energy up to 1 GeV

... SO NOwW Yyou are cyclotron experts....

The Cyclotron as seen
by the Visitor

by the

The Cyclotron as seen ‘

student

I !(,[,i*(i%“'ng(xa* L ﬁ,r)f
(o) o (50 0 -4 ) 7
(o 0r§ 4r)

o ]x fmx‘z}

[A—

L2 Ve

oAb [sin (wb-A4d) ghp-%Ees £ e
zzj [ranlt e fh ] b
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