2. Accelerator basics and types

¢ Particle sources
¢ Electric and magnetic fields

¢ Electrostatic accelerators
m Marx m Cockcroft-Walton = van der Graaff

¢ Radio-frequency acceleration

¢ Linear accelerators
m Linac = Buncher = Linear collider = FEL

¢ Recirculation 1: fixed magnetic field and variable orbit
= Recirculated linac = Microtron = Cyclotron = FFAG

¢ Recirculation 2: variable magnetic field and fixed orbit
= Betatron = Synchrotron and storage ring
= Light sources = Circular colliders = The LHC
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Particle sources

free electrons

— 1. Electron sources quid
layer b_arium
m thermionic cathode - a'jggegfeif
nge)
laser cathode (photo effect)  heater Aol
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= field emission

Light <& gated field emitter (MIT)

(photons) field emitter array =
with a damage
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Particle sources — II. Proton [ion] sources

Mirror (Cu)

= plasma ion source Expansion Region Target Chamber
" Em ‘ Lasger

= |laser ion source on I

= electron beam

ION Source Sx 107 e
mbar PE— »
OkV -10kV INSULATOR 80 KV
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-+ Electron Electron

collector repeller

Intermediate
Electrode

Ar18+
:. —_ o 4
Gas (o] =i i —_— I:]E“L 0 S |
: lons
Exdraction ] = 0 Pl
Cathode Electrode Drift tubes WA
- (ground) Electron _— -
gun e = 7 ' Electron
B ron M Stainless steel beam
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2.Accelerator basics and types

Electric and magnetic fields

How to accelerate ?

[
)

B
X

oy
_|_
=

Lorentz Force: ﬁ = F

Increase of absolute momentum: p > 0 7

. d — ﬁﬁ q — — =
PP _ 2. 5. (fx B) +
p= dt\/ = pp‘(’v )
=0

— Only the electric field can increase absolute momentum:

p = qFE cos{p; E}
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2.Accelerator basics and types Electric and magnetic fields

The most simple electron accelerator

(thermionic) cathode anode
— +

b6 © O ¢

neating =DC ground —%—

color-TV tube: 27 kV

X-ray tube: ~ 100 kV
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Electric and magnetic fields

What are magnetic fields good for?

2.Accelerator basics and types

—

quU X B=F= p=mds since 1 =0 (no energy gain).

q q

assume é — Bze_; — Vy = —vsz ?)y — ——UxBZ v, = 0
m m
—> [d/dt . . .] Oscillation of velocities
Vz(t) = Ugocos(wt) + vy, sin(wt)
”Uy(t) = Uyo cos(wt) — Vg0 sin(wt) Cyclotron frequency w = %Bz
v,(t) = v

—> Helical trajectories (closed circles for v, = 0)

:U(t) = To TP COS(Wt — Cb) Radius of curvature p = B
Y(t) = Yo+ psin(wt — ¢) )
Z(t> = 2o+ Uyt tan qﬁ — vyo
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2.Accelerator basics and types

Magnetic vs. electric deflection

Electric and magnetic fields

B L ¢ | E » F=qvB+E)
vV —C — F

q(cB+ FE) [1 MeVe™ :v=0.86c|

Q|

Technical limitations:
electric fields:  Fo &~ 107 V/m (10 kV/mm)
magnetic fields: B.x & 2 T (normalconducting) /10 T' (superconducting)

— cB. ~ 100 X E .«

—> Magnetic fields for deflection (bending and focussing)

— Electric fields for acceleration.

(In special cases, electric fields too are used for deflection).

Andreas Streun, PSI
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2.Accelerator basics and types

Electrostatic Accelerators

Cathode ray tubes (<1900) —— DC ("direct current”) electron guns

(thermionic) cathode anode

’ #
-+

ORC, O G

heating =DC ground—%—

Example:

(==

100 keV Teststand for LEG
("Low Emittance Gun")

Characterization of field
emitter array type cathodes

for SwissFEL project. — Increase voltage | —
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2.Accelerator basics and types

Marx Generator (1920)

N |

'74%

Tr. T

UHQ

Principle

first arc trigger fires all
arcs and connects
capacitors in series.

U, =nU,

e high voltage
e high current
® short pulses
e low duty cycle

Upax ~ 6 MV

Electrostatic accelerators

Cascaded high voltage generators

Cockcroft Walton (1930)

Principle
diodes shift up voltage
offset on capacitor chain.

U,(t) =2nU,
+U, sin(wt)

e quasi DC HV
e with AC ripple

Unax ~ 4 MV

Andreas Streun, PSI
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2.Accelerator basics and types Electrostatic accelerators

PSI Cockcroft Walton 870 keV proton source

W=

=y ™
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2.Accelerator basics and types Electrostatic accelerators

Van der Graaff Generator (1930)

. Principle

corona discharge sprays charge on belt.

charge is accumulated on high voltage dome.
current through resistor chain stabilizes voltage.
accelerator: resistor column = beam tube

jo
<

Upax ~ 10 MV

current

corona —_|
discharge
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2.Accelerator basics and types

H-

r:Y

7SS

SN\ N\
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%

e
/
/

IL\\\\\\ NN\
°r////// >

T=2eU,

ion
source

Stripper
foil

Tandem van der Graaff

Principle
inversion of ion charge by stripper foil —
double (H~ — H™) or multiple (ions) energy.

6 MV ion tandem van der Graaff at ETHZ

Electrostatic accelerators

Andreas Streun, PSI

34



2.Accelerator basics and types Electrostatic accelerators

Voltage limitations

Maximum DC voltage U ~ 10 MV

technical limitations: discharge, insulation etc.

—> maximum particle [kinetic] energy T' = qU < 10 MeV
for protons and electrons (¢ = +e).

(multiply charged ions: |g/e| > 1 — some 10 MeV)

PP requirements
W=, Z, H° production: > 100 GeV

how to accelerate further ?
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2.Accelerator basics and types

Radio-frequency (RF) acceleration

AC/RF acceleration (/sing 1925, Widerée 1928)

RF (" Radio Frequency”)

==
1l
c-ldc

_feccee -

= high frequency AC (“Alternating Current”): MHz ... GHz

- + . -+
+

l

Drift tube length (v < ¢):

U = U,sin(wt + ¢)

27 2ano sin ¢
mo

— T =nqU,[sinp| Gasically unlimited!

Phase ¢: maximum acceleration for ¢ =

%, Gut . ..

Andreas Streun, PSI
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2.Accelerator basics and types RF-acceleration

Phase focussing

Kinetic energy gain for synchronous particle (t = 0)

T — T+ qU,sin 0)

Consider particles arriving too early (¢ < 0) or too late (t > 0):

T — T+ qU,sin(¢p + wt) =T + qU,sin ¢ + wqU, cos ¢ - t; it < 7

0<¢p<m/2 —  acceleration and cos ¢ > 0:

late particles get more energy ——  faster; catch up with synchronous particle
early particles get less energy ——  slower; wait for synchronous particle

—> Stability — within some interval [t,i, tax] = the bucket
—> Bunched beam:

In RF accelerators, the beam is not continuous but distributed on separate bunches.

Temporal spacing 7 = 27 /w, longitudinal spacing vT s WY
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2.Accelerator basics and types

RF-acceleration

Phase focussing: a simple tracking

100

sub-relativistic linac: cell length adjusted to &}
reference particle velocity v:

[ phase = 80,0 deg

i 98% beam loss

0% beam loss

energy deviation

=, 6:
Ly =Z0p, 0 = /22, T, = nU,sing.  * 4|
n - 9¥n: n — Mo’ n — o) . :
2
Tracking recursion: 014
o o 20
Tn = Ip_1+ UO sm(gb + wtn_1>
U = /21 /M, o
tn = tn_l =F Ln(’{]n — ’Un> [ phase = 50.0 deq
8L
Parameters: 5 °f
UO:O-11T:1,mO:1 T 4:_
Starting conditions: 2f
to=(—0.1...40.1)7 A
18] 20

Phase ¢ — m/2: maximum energy but small bucket: large beam loss

‘ID -— T T T T —-
[ phase = 70.0 deg ]
g energy = 9.4 ]
I Z22% beom loss 1
= 6_— b
E‘.‘ -
= L
= E
a4 4 __ o
2t :
il
8] 20 40 [=1n] 20 100
cell
D_z F T T T T
—p.2t L . ! .

0 20 40 EO =] 1C0
cell

Lower phase, larger bucket: particles perform stable oscillations during acceleration.
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2.Accelerator basics and types RF-acceleration

Linear accelerator (© "Linac'"')

Electromagnetic wave travelling through disk loaded wave guide:

007 Mierowave

!
phase velocity of wave = particle velocity
cell radius R given by frequency (first zero of radial Bessel function)
cell length Az determines phase velocity: phase advance per cell

disk iris: aperture for wave and beam propagation
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2.Accelerator basics and types

Accelerating structures

Drift tube linacs

> for v < ¢ (protons, ions)
> frequency ~ 100 MHz
> gradient 1...10 MV/m

Travelling wave linac

> for v & ¢ (electrons)

> frequency ~ 3 GHz

> pulsed (few ps, 10...100 Hz repetition)
> gradient 10... 50 MV/m

Standing wave structures / RF cavities

> continuous operation possible:
— circular machines

> frequency ~ 100 MHz. .. 3 GHz

> gradients ~ 1 MV /m

RF-acceleration

ENEUT ITAUT
COUIPLER COUPLER

MATCHING RIS APERTURE

Andreas Streun, PSI
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2.Accelerator basics and types Linear accelerators

Linacs

2l - g
-

Argonne National Lab 50 MeV proton linac of drift tube
type

Superconducing linac structure from Accel company

Andreas Streun, PSI 41



2.Accelerator basics and types Linear accelerators

Bunching

Buncher: short linac or cavity at p = 0  — AT = qU sin(wAt) ~ wqU At

: TOA
Continuous beam from DC gun |

U(t)T
Buncher cavity at ¢ =0

Energymodulation of beam
after buncher cavity and T(OA

subsequent drift length L.
At=L/v with v?=2T/m

UOA
Linear accelerator at ¢ >0 ®) /\ /\

T(OA : :

Acce|eration of beam bunchesl .................. . ......................................... L YRR
deceleration and subsequent ; *
loss of particles between bunches
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2.Accelerator basics and types Linear accelerators

SLS 100 MeV electron linac

Prebuncher Buncher accelerating sections
S 1001keV /4 MeV 100 MeV
£c -
Qo S
T (@)
3GHz-klystrons
-100 kV 20 MW (pulse)

Andreas Streun, PSI 43



30m Radius

~1.33 Km

e—Linac
Beamline

11.3 Km + ~1.25 Km

Keep-alive or
Stand Alone

|

~4.45 Km

e- Source

11.3 Km

qxoday ubisag eaualaiay J711

Undulator I.'

1
,'r Service Tunnel
I

. fe- Extraction
e+ Source [l & e* Injection

\ e+ Extraction
| & e~ Injection

1
i Service Tunnel
]

e*Linac |
Beamline |

~1.33 Km

9vivig
100Z-9

30m Radius

{RTML
: 7 mrad

¢ ~31 Km

—/e* DR ~6.7 Km

ILC

Not to Scale

E?mmd
| RTML

Linear accelerators

Linear colliders

why ?

¢ ¢*e” collisions complementary to pp (LHC)

¢ energy limited for circular efe~ colliders (LEP)

= ILC (International Linear Collider): E_,, = 500 GeV, 31 km
= CLIC (Compact LInear Collider): E_,=3 TeV, <50 km

Costs become main design criterion.

326 klystrons
33MW, 139ps | | |

drive beam accelerator

326 klystrons
33 MW, 139 ps
drive beam accelerator

circumferences I I |
delay loop 73.0m
CR1146.1 m
(CR24383m

1km
delay loop | = <~ | delay loop

@ &

N
S

o WY LU —_—

245 AN 2.75km 2.75km

TAr=120m € main linac, 12 GHz, 100 MV/m, 21.02 km

, ™ o
48.3 km

decelerator, 24 sectors of 876 m

i
7~
TA radius=120m

e* main linac

CR combiner ring
TA turnaround

DR damping ring
PDR predamping ring I

BC bunch compressor
<R
e e
PDR DR
398 mJL493 m

booster linac, 6.14 GeV

e* e*
DR PDR
493 mf{398 m

CLIC

BDS beam delivery system

IP  interaction point

- dump e~ injector,
2.86 GeV

e’ injector,
2.86 GeV

Andreas Streun, PSI
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Linear accelerators

Free electron laser

Laser
Electron gun Linac Buncher Undulator magnets pulses
P‘ e Magnetic
N bunch compressor
Beam dump

prepare electron beam of very high phase space density:

low transverse emittances, very short pulse, low energy spread
= coherent emission of light and self amplification (= ch.6)

1 A X-ray pulses: pulse length < 100 fs, power > 10 GW

" 7

In operation: N e | |
LCLS (SLAC/USA), AN T e :
FLASH (DESY/DE)
SACLA (RIKEN/JP)

Under construction:
XFEL (DESY/EU) -
SwissFEL (PSI/CH) LCLS undulator line =,

R i

= Linac development is common PP and Vi< interest
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2.Accelerator basics and types

Recirculated Linacs

nNJ

E E +AE

Linac: AE

rf

<

+b

Economic re-use of linac

Constraints:

time of flight for recirculation track

|
Ata,—>a = NTyf

linac pulse > total travel time AT, _,,—p
—  or c.w. (“continuous wave") operation.

neN

Recirculation 1

Andreas Streun, PSI
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2.Accelerator basics and types Recirculation 1

S-DALINAC (Darmstadt, D)

130 MeV 2X recirculated s.c. linac for free electron laser and nuclear physics

—

. Experimantal 250 keV
i Araa 10 May Inpctor Frabuncher Chapper

/ Freaccalerator
—1= [ \\\: & 'f: :-nm[l

To Exparimental
40 Met Linac Heill -
gt

fat Recirculatizn Undulator Optical Cavity 2nd Recirculotizn

aom

CEBAF (“Continuous Electron Beam Accelerator Facility”)
6 GeV Hx recirculated double s.c. linac for nuclear physics (Newport News, US) -

0.4-GeV Linac
(20 Cryomodinies) ~ i

43 MeV Infecior
(2 /4 Cryvomodiules)
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2.Accelerator basics and types Recirculation 1

The Microtron / racetrack microtron

Dipol Y >
Ipoleymagnet g4 o tion magnet L i

Py

€lectrons
only!

(6 —1)

TRaksidil

3

Focussing magnets

RF cavity @ Linac Injection magnet
Original microtron Racetrack microtron

Time of flight for track k&t = w (Ry, bending radius)

2 VREC E
Lorentz force ™% = ev B — Ry = 190k — Zk

o 27TEk %
R eB  eBec tk + c

 eBc?

~

|
Time difference from one turn to next: At =ty 1 — t = %&Ekﬂ — Ey) = nmy

~
=AFE linac

Microtron condition:  AFE/e [MeV] x fif [GHz] = 14.3 n B [T]
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2.Accelerator basics and types Recirculation 1

MAMI ("MAinz Mlcrotron”) (Mainz, D)
Cascade of 3 racetrack microtrons and 1 double sided microtron:
3.0 MeV — 14 MeV — 180 MeV — 850 MeV — 1.5 GeV

JF '|'il *

MAMI-RTM3 (850 MéV): n = 1, fit = 2.5 GHz, B = 1.3 T, AE = 7.5 MéV
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2.Accelerator basics and types Recirculation 1

The CYCIOtron (Lawrence/Livingston 1932)

. 590MeV

RF cavities
Magnet— ("double dees")
protons
and iong Y I
only! .
Extraction
(5 < 1) ion source magnet

Original cyclotron

Sector cyclotron (PSI)

2
| orentz force: m]?iv — evB —— recirculation time t = QZR = 22%7’0

t no function of energy (for 8 < 1) — isochronous machine

i !
cyclotron frequency w. = 27” =-—B Constraint: w,; = nw,
(0]
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2.Accelerator basics and types Recirculation 1

Cyclotrons

%

Lawrence's first 80 keV cy-
clotron from 1932 (=~ 15 cm
diameter)

%
Livingston and Lawrence at
the 70 cm cyclotron, Berke-

ley

590 MeV proton cyclotron

cw operation at 2 mA proton current
—> > 1 MW proton beam power!

world’'s most powerful accelerator!

Driver for SINQ

(Swiss Spallation Neutron Source)
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2.Accelerator basics and types Recirculation 2

The Betatron (kerst 1940)

<= Recirculation =—

fixed B-field, variable radius variable B-field, fixed radius
microtron and cyclotron betatron and synchrotron

—

The Betatron:  rotE = —B _)(I\/Iaxwell)

B-field varies in radius and time: B = B(r,t)e,
Stokes: ¢ E(t) €pds=— [ [ B(r,t)- &, rdrd
2RE(t) = —(B(t))7R? - E = Fy = —1R(B)
Lorentz force bends: mv =p = eRB_pg)
Electric force accelerates: p=F=eF = %eR(B}
—> Betatron equation:

(B) | or | B(t)=3%(B(r,t)) + B,

acceleration on a circle of constant R (given by B,)
dB(r)

[ gradient = | provides vertical focussing |

Kerst at his betatron. inductive acceleration without RF!
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2.Accelerator basics and types Synchrotrons

The Synchrotron (veksler, McMillan 1945)

injection extraction
kicker klcker

m};’Q =quB — p=qRB — p(t)=qRB(t)

Momentum follows magnet field variation
due to RF phase focussing:

RF
\ } ~500 MHz
e inject beam into ring at B, with momentum p, = qRB, - ,
—
e increase B-field — B+ AB
e bending radius shrinks by AR < 0 ny E.
e path becomes shorter by 2rAR Al AE |«
e particles arrive earlier by At = %AR <0 B >t
e RF cavity: U(At) = qU, sin(wAt + ¢) > 0 B+AB At
for At <0if o =

e acceleration by Ap = BqU (At)
—> self-synchronisation of p(t) with B(t) !
Constraints: ¢ ~ 7 and 2mR = nBA\

e extract beam at B, with momentum p .« = R B«
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2.Accelerator basics and types Synchrotrons

The storage ring

.
.
.
.
.
.
.
.
S
*
*
-*
‘

storage ring = synchrotron

at constant energy (momentum)
accumulate and store beam for long time (hours) / Undulator\\
—> synchrotron photon source — F@
; s RF
AE = qU,sinp — AFE), = 0. \\ .nw % ~500 MHz
\q,kicker' %
* : % A\

only ) for compensation of losses due to A8 .

h d. . k f. |d ---------- ‘v 77 N
syncnrotron radiation, wake telds etc. . K .
“““ K4 1}

+) Electron storage ring: radiated power:

beam energy
beam current
radius of path in dipoles

(E [GeV])! x I [mA]
R |m]

e.g. LEP (“Large Electron Positron collider"):

Beam energy £/ = 100 GeV, beam current I =~ 2 X 5 mA

B=011T — R=3km; =~ 70% magnet filling — circumference 27 km!

Synchrotron radiation power =~ 30 MW, requires > 60 MW electric.

P [W] = 88.5

=vAaaltS
|

— upper energy limit for electron rings. No problem with protons — LHC
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2.Accelerator basics and types Synchrotrons

Circular collider

circular collider = one or two storage rings
with opposite beams of particles @ <> e and energies I/, F

single ring double rings "brezel” scheme

BN
“‘ -

o . . 1 or 2n IPs, > 2n bunches 1 or few IPs
anlr;;ebrjﬁtclﬁgspomts avoid parasitic collisions orbit osciIIat_ic_)ns to a_void
c—o E—F or close encounteres parasitic collisions.

allows @ e FE #£FE e—e F—EF
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2.Accelerator basics and types Synchrotrons

Synchrotrons

Pure synchrotrons: [accumulation|, acceleration and extraction

> booster synchrotrons to fill storage rings: SPS—LHC.
> beam on target for experiments (pulsed): SPS—CNGS.

e Damping rings: accumulation, damping and extraction

> damping rings for linear colliders: SLC, ILC.

Storage rings: accumulation, [acceleration]|, damping and storage

> antiproton accumulator: AD, AA at CERN.
> light sources: store beam and use radiation: AURORA, SLS, ESRF.

Circular colliders: accumulation, [acceleration], storage and collision

classic single ring AdA or double ring VEP-1.

>

> high energy frontier: LEP ¢ <+ ¢—, LHC p + p.
> particle factories: DAPNE, KEK-B, LEP.
>

special: HERA ¢~ < p, RHIC Au™ <> Au™, muon colliders ;1™ < 117
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2.Accelerator basics and types Synchrotrons

Synchrotron light sources

AURORA 0.65 GeV, 7

SLS 2.4 GeV, 288 m

first  synchrotron
light from the SLS,
15.12.2000
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2.Accelerator basics and types Synchrotrons

Circular colliders

— AdA
Frascati, 1962
First e"e™ collisions

VEP-1 —
Novosibirsk, 1964
First double ring collider

e e
Tevatron

(FNAL, USA)
2x 1 TeV pp

T SSC (Texas, USA)
2x 20 TeV pp

87 km circumference
1988 approval

1989 construction start
1993 cancelled
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2.Accelerator basics and types

Synchrotrons

Particle factories

Particle factory = collider for maximum luminosity at fixed energy.

S lihadodied Mt Tsukubg

= Lo =l -
Y l..‘ T,

\ \y‘}i

e

Main Rings Acc+ T.L.
Magnets 230 141
P.5. 300 169

DA®NE (Frascati, Italy). 2x510 MeV e*e™.

Asymmetric B Factory:
PEP-11 and BABAR

Both Rings Housed in PEP Tunnel

PEP-B (SLAC, USA), 9 GeV e~ <+ 3.1 GeV e™.

KEK-B (Tsukuba, Japan), 8 GeV e~ < 3.5 GeV e™.

Andreas Streun, PSI
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2.Accelerator basics and types

CERN accelerators

pratons

one

neutrons
electrans

COMPASS

ALICE LHC-b

e nEuLrinos

ISOLDE

Giram Sasso (1)
T30 km

CTE3?

e AN OGNS

neutrinos to Gran Saseo

Synchrotrons

Andreas Streun, PSI
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2.Accelerator basics and types Synchrotrons

previous slide:
right/top: LEP/LHC aerial view
right/bottom: LEIR ("Low Energy lon Ring")

LEP " Z-factory” (1989-2000) copper cavities —
SPS tunnel Y\,

CNGS ("Cern Neutrinos to Gran Sasso”)
J Experiment at the SPS

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

LHC/TI8 tunnel

LEP/LHC tunnel

Second muon detector g

neutrinos ol
to Gran Sasso
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2.Accelerator basics and types

LHC the Large Hadron Collider

synchrotron & storage ring
26'658.883 m circumference.

1232 superconducting dipole magnets:
current 12 kA, temperature 1.9 K

Operating cycle:

1.

4.

Injection & accumulation (~minutes)

450 GeV protons from SPS

. Acceleration (= 15 minutes)

E =450 — 7000 GeV
B = 0.535 — 8.33 Tesla

. Collider operation: p = % <= p

Data acquisition (~ hours)
Deceleration =— 1.

First operation August 2008 — accident!
Restart Nov.2009 at 3500 GeV.

Shutdown 2013-2014 for consolidation.
Restart 2015 at 6500 GeV

Liquid helium

Proton beams

Synchrotrons

Power supply

Superconducting
coils
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