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Today’s Lecture

Accelerating cavity

It accelerates particles with high

Beam is sent to synchrotron frequency by applying an electric
accelerator from the pre-accelerator fiel?j at gge ;/igh%ptﬁnirg}g of the

(Tandem or Linac, etc.). particles passing through.
) ,

Charged particles travel
around the track in a fixed
orbit by electromagnet.

> Insertions
» Synchrotrons - acceleration - longitudinal motion

Beam is sent to the
beam utilizing course
/ after acceleration.



Reminder from last lecture
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Insertions

Some other equipment needs to be fit into gaps in our regular
structure

> RF cavities
> Injection, extraction equipment
» Experiments

Let’s have a look at very simply insertions:
DRIFTS - no focusing, no bending

The transfer matrix in a drift: 1 L
M grift = 0 1



Transformation of Twiss Parameters

Two positions in your ring: Sy, S
T \f T
T x
S S0

2
e = YoTo? + 2c0T0xfh + Boxl

e = vyx? + 2axx’ + Bx'?

€ IS constant

Express x,, X’ as function of x, X’ using matrix M-" and insert in
equation for «:

e = Bo(mi1x’ — ma12)? + 200(mosx — misx’)(mi12’ — marx) + Yo (Mo —
N2
miaX )

Sort via x, X’ and compare coefficients...



Transformation of Twiss Parameters

The new parameters o, B, y can be transformed through the lattice
with the transfer matrix elements

...one can calculate the effect of the change of focusing on the
optical parameters.

2 2
p mi —2m11m12 mis
Q0 = —M11Mo1M12  M21 + MooMi1 —M121M929
2 2
Y/, Mig —2ma22ma1 M3

= 0 @

).



Now back to the DRIFT...

1 L

B, a and y for any position s in the drift transform like

With the transfer matrix of the drift

B(s) = Bo — 2aps + yps*
04(3) = &g — Y0S

v(s5) =0



Special drift: Minibeta insertion

Minibeta insertion is a symmetric drift space with a beta waist in

the center of the insertion _
On each side of the symmetry

point a quadrupole doublet or

/ / triplet are used to generate the
< >< > .
waist.
M They are not part of the regular
U U lattice.
By

E.g. collider experiments are located in minibeta insertions:
smallest beam size possible for the colliding beam to increase
probability of collisions.

How does the g at the quadrupoles depend on the B, (and [)?

: : 1—|—a(2) 1
At the location of the waist: &g = 0 — g = Bt =g



Minibeta Insertion

We use this in

B(s) = Bo — 2as + Yo $*

Thus the beta function in the vicinity of the waist behaves like
2
— S
5(8) — 50 + 8o

» the smaller B, the larger the g at the end of the drift
» the larger the insertion, the larger the p at the end of the drift

Example of the LHC (design report values):
ﬁ* = ISO = 55 cm

o*=16 um Causes many issues:
Tighter tolerances on field errors

Maximum § in the trlplet: 4.5 km Smallest aperture in the machine.
o=1.5mm Also, because of crossing angle.



Minibeta insertion - Example LHC

Triplets
Matching section + dispe(@)n |\ Regular arc cells

suppressor /
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@ Minibeta insertion: experiment insertion

\‘«

N Insertions:

" Octant 5
Long straight
sections

LHC arc:
Regular FODO

structure \

All dipoles,
all QF and QD the
same strength

Focusing

adjusted for
particular
optics
requirements

TI2 TI8



LHC superconducting cavities

8 cavities per beam in 2 cryo-modules per beam.
Can deliver 2 MV per cavity. Accelerating field 5 MV/m
RF frequency: 400 MHz.




Acceleration

Using RF acceleration: multiple application of the same accelerating
voltage.

Brilliant idea to gain higher energies

...but accelerating voltage is changing with time while particles are
going through the RF system.

= Longitudinal dynamics

4 Not all particles arrive at
[TO the same time.
- - » Not all particles will
’ ’ t receive the same energy
........... gain.

Not all particles will
have the same energy.



Acceleration in a Synchrotron

Synchrotron: there is a synchronous RF phase of the RF field for
which the energy gain fits the increase of the magnetic field

Bending
magnet

R=C/2m

injection extraction

bending
radius

Energy gain per turn eVsing = eV sinwgpt

Reference particle,
synchronous particle ¢ = ¢s = const
RF synchronism: the RF wppr = hw,ey
frequency must be
locked to the revolution
frequency

h...harmonic number

constant orbit, bending radius

variable magnetic field



Principle of Phase Stability

Assume the situation where energy increase is transferred into a
velocity increase

Particles P,, P, have the synchronous phase.

energy A
gain n, ;b early «<---—---
S L VA P> B
N, r : Nz\
D T - D,
M, & N, will move towards P, => stable

M, & N, will go away from P, => unstable (and finally be lost)




Frequency change during the energy ramp

The energy ramp is the phase in the operational cycle of a
synchrotron where the energy and hence the B fields change.

The RF frequency also has to change:

with
fre() _ ov() _ 1 gqc? p(t) = ¢B(t)p
RZ - 27Rs 27 E:(t) fgsB(t) E — me2
And with:
B2 = (moc?)? + p2c?
fre(t) _ ¢ B(t)

t T b (gl

For large B(t) (i.e. v = c):

. ch
JRF /27$R3




Frequency ramp: LHC p* versus Pb82+

The LHC can accelerate protons and heavier ions.
In the past: runs with p* and Pb82+
For the ramp of lead ions larger frequency swing

Displayed Function: RFBEAM2/FREQUENCY_PROGRAM, RFBEAM2/FREQUENCY_PROGRAM@2014-05-01 13:24:28
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RF voltage and phase during ramp
Energy gain per turn: A F — ¢V sin O

with  E? = E? + p?c®> - AE = vAp

and y — 27R
o Tturn

QWR% =q-V -sin gy

Stable phase and total supplied RF voltage change during
acceleration.

The ramp in the LHC is slow. Takes > 15 minutes. Total energy
gain per turn is only about 500 keV (¢ close to 180°).



Some dennitions

If a particle is slightly shifted in momentum, it will run on a
different orbit with a different length.

| dL/L
Momentum compactiono: O =
dp/p

cavity

The particle will also have a different
velocity and hence a different revolution
frequency: the slippage factor

27R T = dp//p — —5 —

Circumference

8
T without prove
dfrev — ( 1
f’T‘e’U

Ttr = Vo Momentum compaction defines transition energy.



Phase Stabﬁ[lﬁty in @ Synchrotron

dfrev
f’)"e’U

=02 = (& —a)®?

o p

Below transition (n > 0): higher momentum, higher f,,
Above transition (n < 0): higher momentum, lower f,

energy A .
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1 2
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Courtesy F. Tecker for drawings



Crossing Transition during Acceleration

Crossing transition during acceleration makes the previously stable
synchronous phase unstable. The RF system needs to make a rapid
change of the RF phase, a ‘phase jump’

High energy Low energy

In the LHC transition energy vy, = 53 GeV. Injection energy is 450
GeV. The LHC is always above transition.



Synchrotron Oscillations

Like in the transverse plane the particles are performing an
oscillation in longitudinal space.

Particles keep oscillating around the stable synchronous particle
varying phase and dp/p.

Assume: no acceleration, B = const, below transitionn > O
Stable phase = 0. B will oscillate around ¢,.




Synchrotron Oscillations - No acceleration

Phase space picture A% A

stable|region
(.9 ,

separatrix

unstable region




Synchrotron Oscillations - with Acceleration

Phase space picture
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Bucket & Bunch

The bunches of the beam fill usually a part of the bucket area.

Bunch

Bucket

A
v

At

Bucket area = longitudinal Acceptance [eVs]
Bunch area = longitudinal beam emittance = w.AE.At/4 [eVs]
The ratio between these two is called filling factor.




RF Acceptance versus Synchronous Phase
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RF acceptance plays an important role for capture at

injection and the stored beam lifetime

@ =120°

The areas of stable
motion (closed
trajectories) are called
“BUCKET™.

As the synchronous
phase gets closer to 90°
the buckets gets
smaller.

The number of
circulating buckets is
equal to “h”.

The phase extension of
the bucket is maximum
for ¢, =180° (or 0°)
which correspond to no
acceleration . The RF
acceptance increases
with the RF voltage.



Synchrotron moftion

Synchronous particle: (ps,¢s)
Another particle P: (p,d)

Ap = ¢ — ¢s
P will also have a different revolution frequency

dA
d_tcb — _QWhAfrev dzthQCb = —QWh—dAC‘ZTeU

When crossing the cavity, the momentum increase will be different
for the two particles:

QWR% =q -V -sin ¢,
2#R%zg~V~sin¢
QWR%:q-V-singb—q-V-singbs



Synchrotron moftion

Remember:
,r] — dfrev/frev — Afre’u/frev
dp/p Ap/ps
Use 7 in:
d*A¢ dA frev _ 20nhfres dAP
gz — —2mh=—g= = — D dt
With:

QWR%:q-V-Sinqb—q-V-sin(bs

We get a second-order non-linear differential equation describing
the synchrotron motion:

2 o . .
ddﬁgb | angj q-V(sing — sin ¢5) =0




Synchrotron moftion

For small amplitude oscillations, where we have small phase
deviations from the synchronous particle:

And: sin ¢ — sin ¢, = sin(¢s + A@) — sin @5 = cos g A

We can linearize the equation from above

d® A nfrr COS Ps _
o [ Rl;{ps QV} A¢ — O d2 AQb
dt?

FO2A¢ =0

An undamped resonanotor with fRp CcOS b
resonant frequency Q_ called the 0, = \/77 Rgp 2qV

synchrotron frequency.

Periodic motion is stable if n.cos(¢) >0:
Y < Y =1 >0=cosps > 0= ¢s €[0,7/2] Acceleration below transition

Y>>V =N < 0= cosps < 0= ¢ € [r/2, 7] Acceleration above transition



Back to transverse motion

We have heard that not all particles have exactly the same
momentum.

In fact a bunch of particles contains a distribution of dp/p.
We have neglected this so far.
The typical momentum spread is in the order of dp/p < 1.0 x10-3-

What does this do to the transverse motion of the particles?

Without going through the derivation: = inhomogeneous
differential equation

w”+a¢(p%—k):0 v+ (s — ):@%

y" +ky =0 y" +ky =0




Dispersion

/! 1 Ap 1
General SOlUtion:

v(s) = n(s) + xi(s)

/ T .

x%(s) + K(s)-xn(s) =0 ! (s) + K(s) - xz;(s) = L=k

Define dispersion as: Dispersion is the trajectory an ideal particle
would have with Ap/p = 1.
D(s) = 2ls)

o AP/P The trajectory of any particle is the sum of
Xg (s) plus dispersion x momentum offset.

D(s) is just another trajectory and will
therefore be subject to the focusing
properties of the lattice.



Dispersion

Imagine homogenous dipole field all around the ring.

I . Closed orbit for Ap/p > 0

x;'(s) = D(s) Ap
/'II p

x B x x B x ap [ D
(2),=(5), > (2),(2),~»(5)
S1 S0 S1 S0 S1

Also has effect on beam size: momentum spread of beam Ap/p

oc=+PB > a:\/55+D2(%)2



Dispersion

Dispersion is created by dipole magnets and then focused by
quadrupole magnets...

e
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_ _ between s, and s;.
How does dispersion transform:

D(s1) = mi1, _,, D(so) +miz2, . D'(s0) g

With M = M1 Mmi2
Ma1  M22



Dispersion

What is the contribution of a dipole magnet to the dispersion?

The contribution to dispersion from s, to s; can be calculated with

D(Sl) = mlg(sl) fssol %m11(§)d§ — m11(31) fssol %mlg(é’)dﬁé

In quadrupoles and drifts: 1/p = 0 = no dispersion created.

In dipoles



Dispersion

As mentioned earlier: dispersion contributes to beam size

o = \/Be + D*(52)?

In the LHC: average dispersion D = 1.5m, Ap/p=1.1 x 1074

Beam size at experiment: o5 = 16um
including dispersion 0ppp = 165um 1l

At the experiments: keep beam size as small as possible
No contribution from dispersion = “dispersion suppressor” cells

Dispersion suppressor: special cells in lattice to cancel/reduce
dispersion in an insertion.



Minibeta insertion - Example LHC
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