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How electromagnetic fields accelerate particles
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accelerating device

circular accelerator: synchrotron
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MEDIA DATABASE. “Electron acceleration — a virtual simulation*

Warning:
(in my opinion) this movie
contains many physical inaccuracies

DESY->Press>Media database->European XFEL (with filter: media type=movies)

YouTube: https://www.youtube.com/watch?v=FJO_DmM4q7M
search text: electron acceleration
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Motion in electric and magnetic fields

Equation of motion under Lorentz Force

N
b _ i (E +
=q D xB
dt\
/ magnetic field
momentum charge velocity electric field

of the pamcle
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Motion in magnetic fields

if the electric field is zero (E = 0), then
- dﬁ > - - >
FZEZC['UXB - Flv

electron

Magnetic fields do not change the particles energy
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Motion in magnetic fields

if the electric field is zero (E=0), then
L, dp -
F=—=q-VvXB

dt

E? = p%c? + Eg energy-momentum relation in special relativity

\

total ener
9y energy at rest

momentum
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Motion in magnetic fields

if the electric field is zero (E=0), then
-

L, dp
F=—

dt

q-%xB

E? = p?c* + E§

(.

dt

dp

= Cap(Px B) = c2qlp| |# x B| cos@ =0

5> ®=90°]

since 3xB L ¥

= c2p

Magnetic fields do not change the particles energy, only electric fields do !
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acceleration with DC electric fields
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In general:

» Static magnetic fields = to guide (bend + focus) particle beams
» Static electric fields > accelerate particle beams (low energy)

« Radio-frequency EM fields - accelerate particle beams (high E)
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RF cavity basics: a cylindrical cavity
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of a period (ﬁ
later:

>

Q@ VX
® VR
® VR

4+ ++ o+

00 w®®®

©

000 0

oloYo¥o!
\eooo

+ ++++
1
P

DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 Page 11
RF cavity basics: a cylindrical cavity
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RF cavity basics: a cylindrical cavity

a quarter ) .
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RF cavity basics: the pill box cavity
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Maxwell's equations
(differential formulation in Sl units)

7. E=r
€o

V-B=0

VxE= 08
oot

VXB=p + E
= po] Hofoat

R : cavity radius
[ : cavity length

TM modes
(transverse magnetic modes)

set of solutions with B, = 0 (thatis, B is transverse)
set of soluti ith E, =0 (thmrse
/ (transverse electri

odes)
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Maxwell's equations
(differential formulation in Sl units)

set of solutions with B, = 0 (that is, B is transverse) ‘

7. E=r
€o

V-B=0

. . 0B

VXE=——

+ boundary conditions
R : cavity radius
1 : cavity length

g E,= E(Jﬁ(xmn %) cos mé cos (?z) ejot

=- ?%on'_m(xmn %) cos m@ sin (?z) ejot

Pﬂﬂ;EO]l(xmn %) sinm@ sin (?z) ejwt

<

Eg=—-—
< l Xmn

B,=0
. mR2 r : pm jwt
B, = —jw mEO]_m(xmn E) sin mé cos (TZ) el

t

L Bg = —ijmRﬁEO& (an %) cosm8 cos (pTz) el

indices:
m = 0,1,2, ... number of full period variations in 8 of the fields

n = 1,2,... : number of zeros of the axial field component in #
p =0,1,2,...: number of half period variations in z of the fields

Jm : Bessels functions

J'm : derivative of the Bessel’s functions

Xmn - N-th root of J,,, (thatis, J,,,(xmn) = 0)

o) 27

angular frequency : w = ¢ (T ]
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Jm : Bessel’s functions
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Xmn - N-throot of J,, (thatis, J,,(xpmn) = 0)

Page 17

Maxwell's equations
(differential formulation in Sl units)

7-E=L
€o
V-B=0
VxE= 08
Tat
VXB=p + E
= po] #ofoat

+ boundary conditions
R : cavity radius
1 : cavity length

set of solutions with B, = 0 (that is, B is transverse) ‘

T I3 ;
E, =EyJm (xﬂl E) cosmé cos (pTz) eJwt
_pr R r . /pm .
rE = —Ey) m (xm_n E) cos m@ sin (TZ) elot
pw mR? ry | . pm )
) Eg = — TﬁEO]m (xmn R) sinm@ sin (TZ) elot
B,=0
mR? r PN\ ot
B, = —jmeojm( mn R) sinmé cos( ] )e
. R , T pT .
L By = —]w@on m (xin E) cosmd cos (Tz) eJwt
indices:
m = 0,1,2, ... number of full period variations in 8 of the fields
n = 1,2,... : number of zeros of the axial field component in #
p =0,1,2,...: number of half period variations in z of the fields

Jm : Bessel’s functions

J'm : derivative of the Bessel’s functions

Xmn - N-throot of J,, (thatis, J,(xmn) = 0)
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angular frequency : w = ¢ (xl%) + (?)
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Maxwell's equations
(differential formulation in Sl units)

7. E=r
€o

V-B=0

VxE= 08
oot

VXB=p + E
= po] Hofoat

set of solutions with B, = 0 (thatis, B is transverse) ‘
r pTT .
= — jwt
E; = EoJm (xmn R) cosm0 cos ( ] Z) e

pr R Eo)'m (an %) cos m@ sin (?z) elot

l Xmn

pm mR? Ty | . (DT -
Eg = —Tmonm (xmn E) sinm@ sin (TZ) eJot

<

By = -jo xmmn%Eo]m (xmn %) sinm# cos (?z) elot
EoJ'm (an %) cosm# cos (? z) ejot

B = —i R
-6~ ]wxmncz

+ boundary conditions
R : cavity radius
1 : cavity length

indices:
m = 0,1,2, ... number of full period variations in 8 of the fields

n = 1,2,... : number of zeros of the axial field component in #

Jm : Bessel’s functions

J'm : derivative of the Bessel’s functions
) ()

p =0,1,2,...: number of half period variations in z of the fields

Xmn - N-th root of J,,, (thatis, J,,,(xmn) = 0)

angular frequency : w = ¢ (T ]
Page 19
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set of solutions with B, = 0 (that is, B is transverse) ‘
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Maxwell's equations
(differential formulation in Sl units) E, = By, (xmn z) cosmb cos (p_z ot
p R l
V-E==— pm R ) r . pm .
£ = — TEEO} m (xmn E) cos m# sin (Tz) elwt
R 2
7-B=0 g, = _PTMR o T\ sinmé sin (P2 fesot
) J 9 e oJm (xmn R) sinm sm( ] Z)e
VxE = _B_B B, =0
ot . mR? TN . pT ot
Lo . B B, = ﬂ)monm (xmnﬁ) sinm®@ cos (TZ) e/
V X B = poJ + to€o ot mn
By = —jo——Ey]’ Z 6 cos (- 2) el
g = —jw 5 Eo) ' m | Xmn 75 ) cos m6 cos Z)e
- — XmnC R l
+ boundary conditions Lo
) ) indices:
R : cavity radius m = 0,1,2, ... number of full period variations in 8 of the fields
L: cavity length n = 1,2,...: number of zeros of the axial field component in #

J'm : derivative of the
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Jm : Bessels functions

p =0,1,2,...: number of half period variations in z of the fields

Xmn - N-throot of J,, (thatis, J,(xmn) = 0)

Bessel’s functions

angular frequency :jw = ¢ (%)2 (?)2
Page 20
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boundary conditions

R : cavity radius

[ : cavity length

fundamental solution with B, = 0 (that is, B is transverse)

Sy B I [P ______>
Z
m = 0 : rotation symmetry of the fields
n = 1 : no zeros of the axial field componentin 7
p = 0 : novariation in z of the fields
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boundary conditions

R : cavity radius

[ : cavity length

Jm : Bessel’s functions

‘ fundamental solution with B, = 0 (that is, B is transverse)

E; = EoJo (xo1 %) elot

R
E. =0 > T
R— ;
Eg=0 R B S
: 4 -4 'e.Z
B,=0 ;
B, =0 — |
> =
R r .
J— t
Bg = jw Xorc? Eo1 (x(’lﬁ) e/®

m = 0 :rotation symmetry of the fields
n = 1 : no zeros of the axial field componentin 7
p = 0 : novariation in z of the fields

J'm : derivative of the Bessel’s functions

Xo1
w=c——

angular frequency : R

Xo1 = 2.405
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boundary conditions ‘ fundamental solution with B, = 0 (thatis, B is transverse)

E, = E,J (x f)efwf
R:cavityradius | 2 ¢0\701p

- cavi .
l:cavitylength | g =0 g
—
T Eg =0 —
B,=0
B.=0
R ry s 3—
- _ 13
Bo =jw s~z Boly (x01R) el®

m = 0 :rotation symmetry of the fields
n = 1 : no zeros of the axial field componentin 7
p = 0 : novariation in z of the fields

Jm : Bessel’s functions

J'm : derivative of the Bessel’s functions

Xo01
angular frequency : w =c—

R Xo1 = 2.405
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Pill box cavity: 3D visualisation of E and B
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Examples of pill box cavities

DESY cavity (pill box) ADONE cavity 51 MHz (pill box)
Frascati lab, Italy
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Examples of pill box cavities ADONE cavity 51 MHz (pill box)
Frascati lab, Italy

ADONE in 1963, Laboratori Nazionali

di Frascati, Italy

r

Page 26
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Superconducting cavity used at DESY

Superconducting cavity used in FLASH (0.3 km) and in XFEL (3 km)

= &

L i Ll L A 1 100 1

Free-electron LASer in Hamburg | 0.3 km|DESY [2004- ? |e- 1.2 GeV
European X-ray Free-Electron Laser 3 km|DESY |2016- ? |e- 17.5 GeV
International Linear Collider | 30 km| ? ? e-/e+ 2x250 GeV
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Number of cavities 8

Cauvities inside a cryostat
Cavity length 1.038m

‘\’ y/ yry row e m Operating frequency 1.3 GHz
| | g i i 1t 1l ol SR AR e | . Operating temperature 2 K
N 7 ali a L Accelerating Gradient  23..35 MV/m
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Cauvities inside an accelerator module (cryostat)

module installation in FLASH (2004)
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Free-electron LASer in Hamburg (FLASH)
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FEree-electron LASer in Hamburg (FLASH)

L 7 SC acceleration modules 300 m, 1.2 GeV

A=4 - 45 nm

photon exp. halls

| Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019

100 accelerator modules (cryostats) in XFEL

European X-ray Free-Electron Laser (XFEL) 3 km, 17.5 GeV)
: A=0.05 - 6 nm |

Schenefeld "

5 niroduction to Accelerator Physics Eeéro Castro, 23rd July w;&@ipmmg countries

23.07.2019

17



23.07.2019

. . 16 cavities
Superconducting cavities at HERA 500 MHz

Page 35

. . 272 cavities
Superconducting cavities at LEP 352 MHz

mmm cuwng aes

| Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 Page 36
SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT
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Superconducting cavities at LHC 16 cavities

400 MHz

Page 37

Other accelerators using superconducting cavities

* 5 de-commissioned
+ 11 in operation

* 4 in construction

* 9 in design phase

Total = 29

full list: nttp://tesla-new.desy.de/srf_accelerators
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Superconducting cavity used in FLASH and in XFEL

Superconducting cavity used in FLASH (0.3 km) and in XFEL (3 km)

pill box > called ‘cell’

ris equator

I
ERALAA

115. drm pill box - called ‘cell’

1036 mm

1256 mm
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A

Accelerating field map

Simulation of the fundamental mode: electric field lines frr = 1.3 GHz

microwaves: (L-band)

A

pick up antenna i/f‘is equator HOM coupler
I

VAN AN
do) A

HOM coupler power coupler
115. 4mm
1036 mm
1256 mm
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Is there a net acceleration?

Simulation of the fundamental mode: electric field lines

< beam
o~ <
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- > -
__ beam (electrons)
o
t
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Is there a net acceleration? .............ccouee... Timing is the key

JAVAVALS
\vj

for electrons, g =1

< <
l=er=S=21C _023m (2cells)
S TF 300 ™
1 cavity (1.038 m) /9 cells = 0.115 m
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Superconducting cavity used at DESY

material: pure Niobium
operating temperature: 2 K

accelerating field gradient: up o 35 MV/m
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Thermal conductivity

[(Wm™t K1)
water 0.56 - 0.61
copper (at 20 °C) | 385-401
helium 11 > 10°
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Frequently Asked Questions

1) Why this shape?

2)

3)

4)

DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019
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Multipacting mitigation in superconducting cavities

<
(=]
- Equator
< | \
(e}
€
S g
(=8
=]
[+e]
Q
l\‘ T T T

-2.00 -0.75 0.50 1.75 3.00
z (cm)
iris equator

P @ v 4 % beam
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1) Why this shape? ......ccocoeiisn. 10 reduce/avoid multipacting
2) How to feed E in?
3)
4)
DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 Page 56
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Superconducting cavity used in FLASH and in XFEL

Superconducting cavity used in FLASH (0.3 km) and in XFEL (3 km)

RF input port
called ‘input coupler’
or ‘power coupler’

pill box > called ‘cell’

i/r'is equator
<€ J <?( beam
) @ W
RF input port
ns.am|  PillDOX > called ‘cell called ‘input coupler’
1036 mm
1256 mm
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Fundamental mode coupler (input coupler)

electric field
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1) Why this shape? .......ccociriisn. 10 reduce/avoid multipacting
2) How to feed E iN? .oocooooeeecocee e with input couplers

3) How to measure E ?

4)

DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 Page 59

Superconducting cavity used in FLASH and in XFEL

Superconducting cavity used in FLASH (0.3 km) and in XFEL (3 km) RF input port

' 1m called ‘input coupler’

" . - —

- ; ‘udﬁﬂ"""““*‘"“

&

pill box > called ‘cell’

pick up antenna i/r‘is equator
< <?( beam
) W
1 RF input port
ns.am|  PillbOX > called ‘cell called ‘input coupler’
1036 mm
1256 mm
DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 N Page 60

or ‘power coupler’

23.07.2019
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Superconducting cavity used in FLASH and in XFEL

Superconducting cavity used in FLASH (0.3 km) and in XFEL (3 km) RF input port
M coupler im W called ‘input coupler’
\l - or ‘power coupler’

&

pill box - called ‘cell’

Higher Order Modes port

ick up antenna iris equator HOM coupler
< beam
) @Wﬂ
RF input port
HOM coupler 11s.4m|  Pill DOX > called ‘cell called ‘input coupler’
‘ 1036 mm or ‘power coupler
1256 mm
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1) Why this shape? ......ccocoeiisn. 10 reduce/avoid multipacting
2) How to feed E iN? oo with input couplers
3) How 10 Measure E 2 ....ococcecovoesemoesosse e with pick up antennas
4) What are HOM couplers for?
DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019 Page 62

23.07.2019

31



Wakefields

vacuum chamber wall

T+ ——>

beam , ..y, — >

mirror currents

DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019

1) Why this shape?

2) How to feed E in?

3) HOW 10 MEASUIre E 2 .oooooceoee e

4) What are HOM couplers for? ...

DESY. | Introduction to Accelerator Physics | Pedro Castro, 23rd July 2019

.. to reduce/avoid multipacting

.. with input couplers

with pick up antennas

. to reduce HOM (wakefields)

Page 64
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Summing-up of this part

Particle acceleration using radio-frequency fields:

—

basic cavity:
pill box

superconducting
cavity

—

analogy to an LC circuit

infinite number of solutions for £ and B

eq. for the fundamental solution for E and B

multipacting mitigation
RF couplers and antennas
wakefields and HOMs

FLASH and XFEL
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Contact

DESY. Deutsches
Elektronen-Synchrotron

www.desy.de

Pedro Castro
MPY
pedro.castro@desy.de
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