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What is a linac

- LINear ACcelerator : single pass device that
Increases the energy of a charged particle by
means of a (radio frequency) electric field.

- Motion equation of a charged particle in an
electromagnetic field

dp’ P = momentum = ymV
— —> -~ d, m, =charge, mass
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What is a linac-cont’ed
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Focusing

- MAGNETIC FOCUSING
(dependent on particle velocity)

— —

F=qvxB

- ELECTRIC FOCUSING
(independent of particle velocity)

F=q-E
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Beam linear focusing
In both planes
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_Magnetic quadrupole

Magnetic field Magnetic force
{BX:G-y {FX:—qov-G-x

Focusing in one plan, defocusing in the other

y envelope

sequence of focusing and defocusing
guadrupoles
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designing an RF LINAC

- cavity design : 1) control the field pattern inside
the cavity; 2) minimise the ohmic Io&ses on the

walls/maximise the stored e%@g [Fy

- beam dynamics design : 1) control the timing
between the field and the particle, 2) insure that
the beam is kept in the smallest possible volume
during acceleration




Acceleration-basics
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continous beam

bunched beam

It is not possible to transfer
energy to an un-bunched beam



L
Bunching

Kinetic Energy [MeV] vs time nsec - ASsume we are on
- the frequency of
| 352MHz, T = 2.8 nsec
3.00E+00 ¢ Ql . IS thIS beam
s bunched?
- Q2 : is this beam
L s 4 5 4 1 1| going to stay bunched

earlier later ?
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Bunching

Kinetic Energy [MeV] vs time nsec

« Assume we are on
the frequency of
352MHz, T=2.8
nsec

* Q3 :how will this
proton beam look
after say 20 cm?




I B
BUNCHING

- heed a structure on the scale of the wavelength to have a
net transfer of energy to the beam

- heed to bunch a beam and keep it bunched all the way
through the acceleration : need to provide
LONGITUDINAL FOCUSING
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Acceleration
Ehwemon

rf signal

} V\ [
-90 0 90 180 270
rf degree

beam R

time or position (z=vt)

degrees of RF < length of the bunch(cm) < duration of the bunch
(sec)

B is the relativistic
parameter A the RF

AD=Az 360/BA = At 360*f wavelength, f the RF

In one RF period one patrticle travel a length = BA frequency



synchronous particle

- it's the (possibly fictitious) particle that we use to calculate
and determine the phase along the accelerator. It is the
particle whose velocity is used to determine the
synchronicity with the electric field.

- It is generally the particle in the centre (longitudinally) of
the bunch of particles to be accelerated
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Acceleration

- to describe the motion of a particle in the longitudinal phase space we
want to establish a relation between the energy and the phase of the
particle during acceleration

- energy gain of the synchronous particle AWS =q EOLT COi¢S)

- energy gain of a particle with phase ® AW = g E0 LT COS(¢)

- assuming small phase difference A® =Q-®,

(d
o AW =qE,T -[cos(p, + Ap) —cos o, ]
S
e <and for the phase
iAgo: (g—dtsj=g(£—ijz—£A—’B=— © AW
L ds ds ds C ,B ﬂs ﬂsc IBS mc ﬂsys



Acceleration-Separatrix

- Equation for the canonically conjugated variables phase and energy
with Hamiltonian (total energy of oscillation):

(0 2 . .
AW)™ +qE,T|sIn +A@)—A@CcoS@. —SIn =H
y?{ZmCBﬂiﬁ( )" +QE,T|[sin(p, + Agp) — Apcos g, ws]}

)
me’ 5
- For each H we have different trajectories in the longitudinal phase

space .Equation of the separatrix (the line that separates stable from
unstable motion)
)

2mc3,3537/

(AW )* +qE,T[sin(p, + Ap) +sing, — (2p, + Ap)cosp, |=0

- Maximum energy excursion of a particle moving along the separatrix

1

AW = +2{qmc3533753EoT((05 COS @, — Sin (DS)T
max —_— P




Acceleration

RF electric field as function of

| | . .
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Longitudinal acceptance
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Plot of the longitudinal
acceptance of the CERN
LINAC4 DTL (352 MHz,
3-50 MeV).

Obtained by plotting the
survivors of very big
beam in long phase
space.
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IH beam dynamics-KONUS
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Figure 2: Single particle orbats in AW, — A¢ phase

space at ¢. = 0° with color marking of the area
used by KONUS.
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Exceptions, exceptions.......
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Acceleration

- definition of the acceptance : the maximum
extension in phase and energy that we can accept
In an accelerator :

A@ = 3@,

. gmc3 53
A o] IMCA

max

E, T(p, cosp, —sing,)
0,

N |-~




bunching

Preparation to acceleration :

- generate a velocity spread inside the beam

- let the beam distribute itself around the particle with the
average velocity



Discrete Bunching
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Adiabatic bunching

- generate the velocity spread continuously with small
longitudinal field : bunching over several oscillation in the
phase space (up to 100!) allows a better capture around
the stable phase : 95% capture vs 50 %

- In an RFQ by slowly increasing the depth of the
modulation along the structure it is possible to smoothly
bunch the beam and prepare it for acceleration.

movie of the RFQ rfg2.plt
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Adiabatic bunching

- Rfq movie



rfqbunching/Lingraf.exe

Keep bunching during acceleration

late part.

synchr. part. \ %

A

early part. > \

time

for phase stability we need to accelerate when
dEz/dz >0 i.e. on the rising part of the RF wave



s
Longitudinal phase advance

- if we accelerate on the rising part of the positive RF wave we
have a LONGITUDINAL FORCE keeping the beam bunched. The
force (harmonic oscillator type) is characterized by the
LONGITUDINAL PHASE ADVANCE

o, 2mETsinCe,)| 1
Ko = mCZ,B3 3] 2
s/ m

- long equation

2 2
d A2¢+k02I Ap— Ap =0
ds 2tan¢,)




A
Longitudinal phase advance

- Per meter - Per focusing period
" :\/ZmEoTsinHos){ 1 } __ [2mETNAsinep,)
3.3 =
mc By A [ m o M B,
Length of focusing period - Per RF period

L=(Number of RF gaps ) BA

) zfquoTsinecos)[g}
o = mgp. 7/32. S



Transverse phase space and focusing

NGOOD : 30000 / 30000 1=0.0 m&, Plotwin - CEA/DSM/DAPNIA/SACM

V- (mm-mrad)

osition

______________________

Bet = 6.3660 mm/Pi.mrad Bet =1.7915 mm/Pi.mrad
Alp = -2.8807 Alp = 0.8318

DEFOCUSED FOCUSED



Focusing force
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defocused beam apply force towards the axis focused beam
proportional to the distance
from the axis



FODO

« periodic focusing channel : the beam 4D phase space is
identical after each period

« Equation of motion in a periodic channel (Hill's equation)
has periodic solution :

X(2)= /soﬂ\(Z)-COS(G(Z))\
it

review N. Pichoff course



guadrupole focusing

84 zero current phase advance per
0 A period in a LINAC

2 ! rf
87

Oy =

G magnetic quadrupole gradient, [T/m]

2 2 N= number of magnets in a period
2 qGAN* By

60 for + — (N=2) —isin(z 1")
mOCy A= T 2

8 .

for ++ — — (N=4) 1= sm(%l“)
T

[ is the quadrupole filling factor
(quadrupole length relative to period
length).
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RF defocusing

Maxwell equations

V * E O aE aEy aEz 0
& oy &

when longitudinal focusing (phase stability) , there is defocusing
(depending on the phase) in the transverse planes

1 ,  agAN?E,T sin ¢,
Aﬁ:_QN: 9 3
moC” by

2
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Rf defocusing is MEASURABLE

(not only in text books)

Change the buncher phase and
measure the transverse beam profile

Effect of the phase-dependent
focusing is visible and it can be used
to set the RF phase in absence of
longitudinal measurements.

¥ buncher focusing

W buncher defocusing
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FODO in RFQ vs FODO in DTL

e, r o . sequence of
X} X} E magnetic
| guadrupoles
G{ II I | [ :
| ]
i+ 1 + E + = focusing field

AC quadrupole

;. <| RF quadrupole
l
l
I

\,/ * | * \_: focusing field

tirme periodicity




First order rules for designing an
accelerator

- Acceleration : choose the correct phase, maintain such a
phase thru the process of acceleration

- Focusing : choose the appropriate focusing scheme and
make sure it is matched
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Synchronous particle and geometrical

beta 3.

- design a linac for one “test” particle. This is called the “synchronous”
particle.

- the length of each accelerating element determines the time at which
the synchronous particles enters/exits a cavity.

- For a given cavity length there is an optimum velocity (or beta) such
that a particle traveling at this velocity goes through the cavity in half
an RF period.

- The difference In time of arrival between the synchronous particles
and the particle traveling with speed corresponding to the geometrical
beta determines the phase difference between two adjacent cavities

- in a synchronous machine the geometrical beta is always equal to the
synchronous particle beta and EACH cell is different



Adapting the structure to the velocity of

the particle

- Casel : the geometry of the cavity/structure is
continuously changing to adapt to the change of velocity
of the “synchronous particle”

- Case?2 : the geometry of the cavity/structure is adapted in
step to the velocity of the particle. Loss of perfect
synchronicity, phase slippage.

- Cased : the particle velocity is beta=1 and there is no
problem of adapting the structure to the speed.
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Casel: [35 =3,

» The absolute phase ¢; and the velocity g, of this particle being known at the entrance of
cavity i, its RF phase ¢ is calculated to get the wanted synchronous phase d, (@ = @; — @si
- the new velocity g of the particle can be calculated from, AW: = qV,T -CcoSg,
@ if the phase difference between cavities i and i+1 is given, the distance D; between
them is adjusted to get the wanted synchronous phase ¢,,, in cavity i+1.
@if the distance D, between cavities i and i+1 is set, the RF phase ¢ of cavity i+1 is
calculated to get the wanted synchronous phase ¢, in it.

RF phase G 1 @, Biv1

Particle velocity Bt B

Distances D., D,

Synchronous phase D1 O Biiz1

Cavity number -1 i i+1
D.

Synchronism condition : D1 — s =@ ,B—Ic + P — @ + 2720

Si




Synchronous structures
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Case 2: B ~ B,

- for simplifying construction and therefore keeping
down the cost, cavities are not individually
tailored to the evolution of the beam velocity but
they are constructed in blocks of identical cavities
(tanks). several tanks are fed by the same RF
source.

- This simplification implies a “phase slippage’ i.e.
a motion of the centre of the beam . The phase
slippage Is proportional to the number of cavities
In a tank and it should be carefully controlled for
successful acceleration.



Linacs made of superconducting cavities

Need to standardise construction of cavities:
only few different types of cavities are made for some [3’s
more cavities are grouped in cryostats

A). =052

R380.4
R379
R377.45
=
o
&L
~

149 ._IJ_D.S_j 215

Beta=0.7 Beta=0.8 Beto=1 (LEP)

C). B=0.8, LEP cryostat

:
#
:
:

11.285 m

Example:
CERN design, SC linac 120 - 2200 MeV D). B=1, LEP cryostat

Ny Ny iy i

11.285 m
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phase slippage

e
@
@

(O

o

Lcavity = B A/2
particle enters the cavity with 3,< 3. It is accelerated

the particle has not left the cavity when the field has changed sign : it is
also a bit decelerated

the particle arrives at the second cavity with a “delay”
........ and so on and so on

we have to optimize the initial phase for minimum phase slippage

for a given velocity there is a maximum number of cavity we can accept in a
tank
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Phase slippage

In each section, the cell length (BA/2, = mode!) is correct only for one beta (energy):
at all other betas the phase of the beam will differ from the design phase

20
Example of phase slippage:
CERN design for a 352 MHz

Mm WM i | H I | - o
r |

10

-10
-20
-30

B=0.7 (240 - 400 MeV)
£=0.8 (400 MeV - 1 GeV)
B=1(1-2.2GeV)

-40

cell phase [deg]

-50

-60

or | == Phase at the first and last
5 100 200 300 400 500 600 700 cell of each 4-cell cavity
length z [m] (5-cell at p=0.8)




Space charge

We have to keep into account the space charge forces when determining the

transvers and longitudinal focusing.
Part of the focusing goes to counteract the space charge forces.

Assuming an uniformly charged ellipsoid:

1 34 1-f c
Y dmg eyt r,(r+r)E
Effect is zero on the j
beam centre: - 1 32 1-f ,
> Contribution of red Y4z eyt (1))
partciles concel out . 1 34 f ]

* 4
TE, € T

The t h d ter b _ |I= beam current
f= form factor
Z,=free space impedance (377

Q)
e . — ( qaGl )2 _ TqEyTsin(—¢) _ 3ZyqIA (1-f)
ot — 2mcefy mc2A(By)3 8mmc2B2y3ryryry



Instabilities 1n e-linac

- Phenomenon typical of high energy electrons traveling in
very high frequency structures (GHz).

- Electromagnetic waves caused by the charged beam
traveling through the structure can heavily interact with
the particles that follows.

- The fields left behind the particle are called



wake field

- X
=z .

L] sh -]

a (source) charge Q1 traveling with a (small) offset x1 respect to the center of the
RF structure perturbs the accelerating field configuration and leaves a wake field
behind. A following (test) particle will experience a transverse field proportional to
the displacement and to the charge of the source particle:

L=period of the structure

W= wake function, depends on the
W delay between particles and on the RF
F.= FIQLI1 frequency (very strongly like 3)
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wake field effect

- this force is a dipole kick which can be expressed
like :

eQw

X"

1

ymc’L

\_




wake field effects

- Effect of the head of the bunch on the tail of the bunch
(head-tall instabllities)

- In the particular situation of resonance between the lattice
(FODO) oscillation of the head and the FODO+wake

oscillation of the tail we have BBU (Beam breakUp)
causing emittance growth (limit to the luminosity in linear

colliders)
- Effect of one bunch on the following.



