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1. How to accelerate a
charged particle ?
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1.1. Mass ofa  particle at rest

-  Restmass => Ey =myc? (1905)

@ avec m, : particle mass (kQg)

c a2.998 3108 m/s : speed light

Proton

ex: electrons : E, & 511 keV

protons : E, & 938.3 MeV

heavy ions : E, @ A3 uma

(1 uma a 931.5 MeV, A : nb nuclei)

- 1 eV (électron-volt) = energy gained by a particle with elementary charge
e=1.602 3 101° C (ex: electron, proton) seeing a 1 Volt voltage

leve 1.6023 1019
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1.4. Lorentz force

-  Effect of the Lorentz force on the energy of a charged particle

—».@_1_dp2 _ 1 dEtot2 _ Eiot dEiot B dE
Prat T 92 T2 =YMo
dt 2 dt 2¢c° dt 2  dt dt
= ym0\7 xo (E +VA é): quo\_} .E | —
dEtot ZQV-E
dt

- In order to accelerate / gain some energy:

- Only the electric field is useful

- If E LV ,NO acceleration

- If E//\?,optimum acceleration

=> Energy gain DE,; in a static electric field ;

AE, =qE [vdt =qE Ax =@AV
(MeV) Nb elementary charges

DV applied voltage
(MV)
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1.6.

Early electrostatic

experiments : vacuum tubes

1875: W. Crookes experiment

Study of the influence of air density on the voltage
to be applied between two electrodes to create an

electric discharge

1897 : J.J. Thomson experiment

Perforated anode,
phosporescent screen,
& magnetic coils,

300 V voltage

=> Discovery of the electron !

Crookes tube used by Thomson
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1.7. Example of electrostatic accelerators (1)

Cockcroft & Walton accelerators

protons on ;’ Li -> ,* He)
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1.7. Example of electrostatic accelerators (2)

Van de Graaf accelerators & Tandems

PULSATION FAISCEAU

| - A T s T T T
SOURCE || WML N WO U BN GO W 0 0 o L | :
D'IONS L LNy ! ! NN ;
STRUCTURE ACCELERATRICE = = ' i :
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1.8.

From electrostatic to RF acceleration

Limitation of electrostatic acceleration:

The beam energy gain is directly proportional to the voltage being applied between the 2
electrodes of the system. This concept is limited by electrostatic breakdown... that means
up to a few MV in the best case...

1924 G. Ising paper

1st step towards RF acceleration: given the
electrostatic limitations, Ising proposes to give
the energy to the particle using several modest
accelerations instead of one single large one.
The concept of RF acceleration is born.

This concept is presently used in
all modern large accelerators

4
[
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1.9. Wideroe

experiment

1928: R. Widerbe experiment

First experimental proof of RF acceleration: an alternating AC voltage of 25kV is applied to a drift tube
located between 2 grounded tubes

=> He suceeded in accelerating ions up to...

...2*25 =50 keV'!

BY 4

1-2kV =
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Content

2. RF accelerating cavity basics
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2.1. RF waves

- Aradio-frequency (RF) wave is an electromagnetic wave
whose frequency (f) is, by convention, between 9 kHz and 3000 GHz,
that corresponds to wavelengths (I ) between 33 km and 0,1 mm.

Rayon g Rayon X uv Visible

400 nm 700 nm

0.01 nm 10 nm

RF waves
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2.2. Maxwell equations

-  Electromagnetic wave = coupled oscillation of electric and magnetic fields,
traveling in vacuum with the speed of light

e
L

T

~O—>m,

- The evolution of electric & magnetic fields are linked by Maxwell

equations (1873)
§

V-E= Si Gauss law (links electric charge & electric field)

Vézoo ('no Amagnetic-charged, no single
<§ AB = J + &g s ] Ampere law (links electric current & magnetic field)

i AE = —— Faraday law (interaction between electric & magnetic field)

where r : charge density (C/m3) & j : current density (A/m?)
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2.3. Resonant RF cavities

- Resonant cavity = volume of dielectric material (usually = vacuum)
surrounded by conductive walls, in which the electromagnetic waves are being
reflected, creating an array of electromagnetic fields, oscillating at several
frequencies with various spatial configurations
=> possibility to create stationnary waves -> Standing-Wave SW cavities

- (but note that progressive EM waves can also be used, especially for electrons
-> Travelling-Wave TW cavities) ——>F --»B

- Ex:o idpick d boblength L et radinsyR

=> RF frequency of the fAaccel erat\i ngemorde 0

2.405c¢c
frmoto = > R

Ex:f=700 MHz - R=16.4cm DA >

« Pill-box » cavity : TM 010 mode

LOW frequency = BIG cavity !
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2.4. Principle of an accelerating RF cavity (1)

(1) Creation of a radio-frequency (RF) electric field on beam axis, that can be
used to accelerate charged particles

- Electric field E, created on beam axis I PRF

aYa'atald

This electric field is time  -varying, with RF period T

If f = cavity resonance frequency, the RF periodis T=1/f

Ex:f=700MHz - T=1,43ns Example of an elliptical cavity: accelerating modeM«010-p »
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2.4. Principle of an accelerating RF cavity (2)

(2) A charged particle is arriving : for an efficient acceleration, electromagnetic
fields need to be correctly synchronised with the particle we want to accelerate

- -
The force leading to acceleration F = q . E needs to be correctly oriented

Proton case
gqg>0,v

ql F : —
™ E A A N T
Synchronization condition :
The charged particle needs to travel from one cell to another cell in T2 U L\T":%
The cell length has therefore to verify : Lce":lﬁ or |_ce||=b_I
2t 2f 2

« The lower the particle speed, the lower L., and/or f »
Ex:f=700MHz & b=1Y L =214cm (half for 5=0,5)
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2.4. Principle of an accelerating RF cavity (3)

Example of an elliptical cavity: accelerating modeM«010-p »

Proton case
q>0,v
<

acc ceII ceII

T‘—\ f\}\/\ﬁ”

Enerqgy given to the particle :

DW =g3 ﬁvdt or |DW=g3E,,3L,.3cosfs)

tentrée

E.... accelerating field seen by the particle (for a particle with speed v)
L.... accelerating length of the cavity
] < : synchronous phase particle /RF wave
Ex:f=700MHz ;5 -cell cavity b=0.65; E,..= 10MV/m; j,=-30°
Y Energy gained : OV = 1eV?10MV/m 30,7m 30.87 = 6 MeV
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2.4. Principle of an accelerating RF cavity (4)

(3) Beam acceleration : particles need to be grouped in bunches, correctly
synchronized with the RF frequency

W|L
“ﬂ AN /\ N\ F”’

The time left between 2 bunches has to fit with the RF period (or with a multiple of it)
Toeam =N Tre (n=1, 2, 3¢é)

« The RF frequency ofa resonant cavity needs to be an integer multiple of the
repetition frequency ofthe beam it hasto accelerate »

Ex:if feam=350 MHz ( T.,=2,86nS), thus the cavity needs to resonate with :

f=350 MHz (T R=2,86ns), or f =700 MHz (T z~~=1,43ns), or f=1050 MHz (T r~=0,95ns), etc.
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2.5. Power balance inan  accelerating cavity

Rshunt=(r/Q)*Q ,

RF power
given to the beam

RF power dissipated
on the cavity walls

I:)cavity: (Eacc,l-acc)2 / &hunt
Pcavity

Qo : « quality factor »

Total RF
power to give
to the cavity

Orders of magnitude  (cavity 700 MHz - b= 10.65 - 5 cells - 10MV/m - j =-30° - proton beam 10 mA)

SC cold cavity (Q , ~ 1019): Poeam = 6 MeV 3 10 mA = 60 kW

Peavity ° 16 W to be evacuated at 4K (equiv. 4kW) or 2K (equiv. 10kW)

Room temp. cavity (Q , ~ 3.10 4) : Pyoam = 60 kKW also

Peaviy ° 555 MWl « i mpossible in CW modeé!|l!!

=> Need to limit the field or/and the RF duty cycle in room - temperature cavities
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2.6. The first RF accelerating cavity

1946 : 15t proton linac by L.W. Alvarez

Alvarez DTL = long « pill-box » cavity where are inserted drift-tubes to hide the wrong polarity electric field
from the beam; it operates on the TMg,, ,, mode

Possible thanks to new RF power sources developped during WW?2 for military applications at f > 10MHz

lon > - - - - - -
Source
Electric Fields in Cavity
Drift tube

Accelerating gap
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2.7. RF structures Vs particle speed

Example :

Let s cconsidéerV)an el ectron (
&aproton(+leV) at rest, and | etds give them
a net accelerating voltage of 10 MV

- Energy gain => ????7
- Proton ?

- Electron ?
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