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Introduction

What do we mean by injection?

Place a particle beam into a circular accelerator or
accumulator at the right time while:

1. Placing the newly injected particles onto the correct
trajectory with the correct phase-space parameters

2. Minimizing the beam losses

Injection is one of the most complex parts of a ring and if
not properly designed can bring to:

 Machine damage

 Compromised beam quality = reduced performance




Challenges
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Space charge forces Machine protection related issues
(injection is fast!!)




Challenges
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Space charge forces
“Self-forces” produced by the beam itself
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Particles in an unbunched beam, with uniform
density and circular cross-section will experience

an incoherent tune shift:
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This can lead to emittance blow up and losses.
Effect is stronger at low energy and for high
charge densities = limit achievable brightness!

N= number of particles per unit length

Machine protection related issues
(injection is fast!!)
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y and 8 = relativistic factors
gy = hormalised emittance

M. Ferrario’s Lecture




Challenges
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Space charge forces Machine protection related issues
(injection is fast!!)

“Self-forces” produced by the beam itself

“—@ E o—> @.,'34_@ High storec_i energy: up to 2.4 MJ* for
each LHC injection (x2 for HL-LHC)

= ~ 0.5 kg of TNT!
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Particles in an unbunched beam, with uniform
density and circular cross-section will experience
an incoherent tune shift:
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This can lead to emittance blow up and losses.
Effect is stronger at low energy and for high
charge densities = limit achievable brightness! CAUTION

kHandIe with care,

N= number of particles per unit length
y and B = relativistic factors N
gy = normalised emittance M. Ferrario’s Lecture *(288 bunches) x (1.15x10 ppb) x (450 GeV)




Single-turn injection — same plane
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. ! Matched beam
X
Injected beam (o, B, X, X, D, D)
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Kicker magnet Kicker

F-quad D-quad

Septum deflects the beam onto the closed orbit at the centre of the kicker
Kicker compensates for the remaining angle

Septum and kicker either side of D quad to minimise kicker strength




Single-turn injection — same plane

Matched beam
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Single-turn injection — same plane

Matched beam
(a, B, X, X', D, D)

Injected beam X'

Septum magnet
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septum

Circulating beaw

ekicker

Kicker magnet
F-quad D-quad

The position of the injected beam at the septum X, has to be larger than:
injected beam envelope + circulating beam envelope + thickness of the

septum blade + beam size increase due to energy spread + closed orbit
distortion + alignment errors




Kicker magnet

Pulsed magnet with very fast rise time
(100 ns — few pus)

Ferrite Conductors

Ferrite

.~

B=pol/g

L [per unit length] = pyow /g
di/dt=V/L

Typically 3 kAin 1 s rise time

M. Barnes’ Lecture




Filling factor
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Filling factor

PR N N N N W RN N N T N N T T

2N N N N N N N N 2N N N N N N N N N T N Ny
-] " \

O 0@ @ @@ +@ @ +—r—> O OO O FXOXx@ O XxO% * %

NN LN LN LN LN SN TN N NCIN TN IN T IN  INT N EN I rN N

NN NS NS NS N N N N, ¢ NN NS N N N NS N N N NN

v




Filling factor

Ideal number of storable bunches: n, = L_B

tb
due to t,;, and t;,, the number of bunches which can
be stored is:
m - Natop — [(n -Dt,.. + t:;n] where n~ Lg
t, LA

Filling factor [%]: f = ™ The lower t... the higher f
n
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**In reality t;,, has to be replaced with t .. > t;,, which is the pulse time of the extraction kickers 6



Magnetic septum

Pulsed or DC magnets with thin
(2 -20 mm) septum between zero
and high field region.

Typically ~x10 higher deflection
compared to kickers. | ~5-25 kA

M. Paraliev’s Lecture

Yoke

Region A Region B
Field free region o Uniform field region
(En=0and B, =0) o (EA#0o0rB,#0)
c AX’
o 3 o —
unperturbed circulating beam deflected extracted beam
Challenge: low leakage field Challenge: field uniformity
Septum coil Return coll
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Electrostatic septum

DC electrostatic device with very thin septum between zero field and high field region

High voltage
electrode Hollow earth Septum wires (in SPS Hollow earth
. electrode :
: : alignment of the electrode
g — 60 - 100 um over 15 m is
e challenging!
« Eo H E=0
Thin wire or
foil (~0.1 mm)
E=V/g
Typically V = 200 kV
E = 100 kV/cm High voltage g

electrode

M. Paraliev’s Lecture




Two planes injection

Injected Horizontal plane
beam Lambertson

septum (H-kick)

Kicker magnet
(V-kick)

Circulating beam

F-quad D-quad



Lambertson septum

Steel yoke

/

Coil

Steel to avoid
saturation

Py Circulating
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v,

L

Beam

Thin
Septum

M. Paraliev’s Lecture

Magnetic field in gap orthogonal to previous example of septa:
— Lambertson deflects beam orthogonal to kicker: dual plane injection/extraction

Rugged design: conductors safely hidden away from the beam

Thin steel yoke between aperture and circulating beam — however extra steel
required to avoid saturation, magnetic shielding often added

10




Single-turn injection

Normalised phase space at centre of idealised septum
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Single-turn injection

Normalised phase space at centre of idealised septum
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Single-turn injection

Normalised phase space at centre of idealised septum

Xl
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Single-turn injection

W/2 phase advance to kicker location

I
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Single-turn injection

Normalised phase space at centre of idealised kicker
Kicker deflection places beam on central orbit:

I
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Injection errors

Transverse errors such as:

* Error in septum angle

« Error in ring kicker angle

« Steering error (including extraction kicker angle from
previous accelerator)

Will lead to an emittance blow-up through filamentation
due to the non-linear effects (e.g. higher-order field
components) which introduce amplitude-dependent
effects into particle motion.

12



Injection oscillations

For imperfect injection the beam oscillates around the central orbit,
e.g. kick error, A:

ekicker -A ekicker

I




Injection oscillations

For imperfect injection the beam oscillates around the central orbit,
e.g. kick error, A:

After 1 turn...

I
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Injection oscillations

For imperfect injection the beam oscillates around the central orbit,
e.g. kick error, A:

After 2 turns...

I
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Injection oscillations

For imperfect injection the beam oscillates around the central orbit,
e.g. kick error, A:

After 3 turns eftc...
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—
m
T

0.4

=
m
T

14



Filamentation

—
m
T

0.4

=
m
T

14



Filamentation

—
m
T

0.4

=
m
T

14



Filamentation

—
m
T

0.4

=
m
T

X

14



Filamentation

—
m
T

0.4

=
m
T

14



Filamentation

—
m
T

0.4

=
m
T

14



Filamentation
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Filamentation
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V. Kain’s Lecture
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Optical Mismatch at Injection

« Filamentation fills larger ellipse with same shape as matched ellipse

Time

V. Kain’s Lecture




Kicker and Septum errors

Beam position monitors can be used to find the source of the error

Measured
Angle errors i
Displacements
AOg S
1,2
Kicker
septum St U Pl
*AD, A0,
: = : ~
phase | 2 ~m/2 i ~n/é“‘~~~féf?

bpm1 bp.m2

01 = A \/(Bsﬁl) Sin (ug — pg) + ABy \/(Bkﬁl) Sin (1 — ) = A, ‘/(ﬁkﬁl)
0, = A \/(ﬁsﬁz) Sin (up — pg) + AB, \/(BKBZ) Sin (p, — ) = -Ab ‘/(Bsﬁz)



Injection oscillations

Betatron oscillations with respect to the Closed Orbit:
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Injection oscillation correction

| Mean =  -0.105 / RMS = 0.567

Injection oscillations due to steering errors in the transfer line can be
mitigated by a correct steering of the line (needed corrections
calculated from BPM reading)
=| YASP'DV LHCB2Transfer / LHC_ION_4inj_ FT2306_450_2010_Vl / SPS.USER.LHCION2 1=
.@s?iewsvl Bl o | =58 | |CE]| || More | oS .

- After correction —

IMean = -0.012 / RMS = 0.287

T
40

T T
&0 &0

T
100

Transfer line

LHC (first turn)

v

A

A
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Injection kicker waveform

Ideal waveform

110 —— Flattop standard deviation=+0.09% —
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Injection kicker waveform

Ideal waveform

110 Flattop standard deviation=+0.09%
. 100
We can measure the kick seen by the % |
. =X a0
beam by varying the delay of the 5 Rise time 800ns
kicker wrt the beam (1 bunch) and ey /0-5% t0 99.5%
. - O 404
measuring the position of the beam S o call fime 2 400ns/
on a downstream screen 0 99.5% to 0.5%
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Time (Ls)
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o ” Injection oscillation amplitudes over bunches - vertical plane
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Injection kicker waveform

110

Ideal waveform

Flattop standard deviation=+0.09%
. 100
We can measure the kick seen by the % |
. =X a0
beam by varying the delay of the 5 Rise time 800ns
kicker wrt the beam (1 bunch) and ey /0-5% t0 99.5%
. - QO 40 4
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on a downstream screen 0. 99.5% to 0.5%
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Aperture

-l

Geometrical
aperture A%°™

X,y

X

\

Maximum beam displacement:

Bxy( )

(S) Copeak

max
X,y

(s)

+ [6meCh (S) + 6allgn (S)] + k

Bxy

()8, +d5y (s)+dy (s)+d3y(s)
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Aperture

Geometrical
aperture A"

X,y

A, ! X

Closed orbit ~ Mechanical and Dispersive term
0, = momentum offset + max. momentum spread

alignment | _
tolerances ks = B-beating correction
Taking into account parasitic coupling:
S
(S) Dllnear(s)+k Bx,y( )DQF
QF,x

kp = coupling coefficient

Dor = peak linear dispersion 20



Aperture

Geometrical

aperture A%°™
X’y
A, | X

\ ] /
Maximum beam displacement:

Bx,y( ) mech align
e o) +[8,, (8)+85,"(s)] +kD,,

X,y
Betatron beam envelope (maximum oscillation amplitude of the beam particles):

A,,(s) = COZ* (8)8, + AP (s) +d™ () +d¥5(s)

S,y(s)=n,,0, (S) where o, (s)= kB\/sX’yBX’y (s) betatron beam size

How many n, , have to fit in the aperture? It depends on the stored beam energy
and the aperture which has to be protected. The higher the stored energy the
larger n, , (special care for superconductive machines!)



Aperture

Stored energy. Estored (X’ y) = npart(x’ y)E::tt

for a Gaussian (in general non uniform) distribution
E.oreq Varies with the amplitude

Geometrical aperture

Betatron envelope

!
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I
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e e e e e — . .
e e b e M h
e e e acnine axis
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e I e e e [ e
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i
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\
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Aperture to protect

A?(fayom (S) T Ax,y (S)

S, (S)

prot :
n., <AL, [GBX’y] <ming

How can we einsure that this condition is fulfilled?




Protection Devices

Geometrical aperture

Machine axis

+

::_.
:. :... )
il

Betatron envelope

.:

e

........o.........._

:_

.,,
:

...:...:...
‘ .::.

. .
........““\
i
...::::_

Aperture to protect

\

\
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Protection Devices

Geometrical aperture

Betatron envelope

. Machine axis

Aperture to protect

22



Protection Devices

Geometrical aperture
7 Betatron envelope

= Collimator

P —— ——H o ————

— & ] - — = = = =
= e ——— e

S——au = == e — =<
&= Collimator

Machine axis

)(

?Q(l

n

1

N\ Aperture to protect

Passive protection devices are designed to dilute and absorb beam
energy safely

They have to withstand direct beam impacts and reduce the energy

deposition on the downstream elements due to secondary showers to
below the damage limit

Failures associated with beam transfer equipment are typically very fast

and difficult to catch by active systems (e.g. interlocks, magnet current
monitors etc.)
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L HC transfer line collimators

Point

- TT40/60 LHC

0-60-120 degree
collimators %

Xy Xy ’
; { %
erneygvoltaire
oLl F < : 1 200
; gk = E Ama
s peparirrert x 3 D 5.9
" d - eyrin 2 e \
et ite de Meyril
ite de Meyrin LHC aperture
n _ n + n to protect at
y coll

error 750

=—— phase =0 ["™™
A system of 3 collimators (2 jaws each) per 4| — phase =30
. | == phase = 60
plane at 60° phase advance from each other is — phase = 90
phase = 120

installed at the end of the SPS-to-LHC TLs [3]=>
optimized ratio: provided protection/number of
collimators. Intercept large amplitude
oscillations and attenuate escaping intensity
below damage limit of LHC aperture =
collimator geometry (material and active length)

X [/ oy

11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9

Wy [/ 2m 23



LHC Injection protection

 LHC has a dedicated injection dump (TDI [3]) to protect against fast
failures of the injection kicker

TDI absorber jaws

BN Sideview

> >

ADDAAVVDDAAVVDDAADDDNR

Kicker magnets _

(4 in the LHC)

J——w—j Front view
= rdr LS
I LE AJI Nominal Kick

Injected beam

M. Barnes’ Lecture _L—J
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LHC Injection protection

 LHC has a dedicated injection dump (TDI [3]) to protect against fast
failures of the injection kicker

TDI absorber jaws

Side view

ADDAAVVDDAAVVDDAADDDNR

Kicker magnets
(4 in the LHC)

Injected beam

Front view
a® No Kick
(injected)

I
I
AN
Erratic kick
|

= (circulating)
M. Barnes’ Lecture LJ
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LHC Injection protection

 LHC has a dedicated injection dump (TDI [3]) to protect against fast
failures of the injection kicker

TDI absorber jaws

Side view

Kicker magnets
(4 in the LHC)

) Front view
= I SN

Injected beam

BN (=
= e
of 00000 00000
=

rJ:
|

M. Barnes’ Lecture
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LHC Injection protection

 LHC has a dedicated injection dump (TDI [3]) to protect against fast
failures of the injection kicker

TDI absorber jaws

Side view

ADDAAVVDDAAVVDDAADDDNR

Kicker magnets
(4 in the LHC)

) Front view
= I SN

. Grazing
(most critical! Corresponds
1 LE AJJ to the maximum intensity

escaping the TDI with the
L[E ﬁ]l largest amplitude)

Injected beam

M. Barnes’ Lecture LJ
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LHC Injection protection

 LHC has a dedicated injection dump (TDI [3]) to protect against fast
failures of the injection kicker

TDI absorber jaws

BN Sideview

————————— >

ADDAAVVDDAAVVDDAADDDNR

Injected beam Kicker magnets
(4 in the LHC)

ﬁ Front view
= e
I LE ‘JJJ Flash-over (short-circuit)

in kicker: “worst-case”

L[E ﬁ]l gives twice deflection
@ ‘

M. Barnes’ Lecture LJ
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Injection protection collimators for HL-LHC

TDIS: 4.75 m active length, 2 low Z material modules + 1 high Z material module
to absorb secondary showers

Injected
beam

o Low Z jaws
0.9 m Aluminium (2 blocks of graphite per jaw)
0.7 m Copper

5 MJ stored energy per injection =» already at the limit of what materials can
deal (robustness and transmission).

25



Injection into FCC

Assumptions:

LHC used as injector for the FCC

Injection energy = 3.3 TeV (X7 HL-LHC)

Bunch population = 1.1E11 ppb

LHC can be filled with ~2800 bunches but, in order to

Theta=g deg limit the stored energy of the injected beam into the

sl FCC to 5 MJ one can extract/inject 90 bunches at the
time =» reduce kicker flattop! [6]

stk t... Injection kicker defined by the target filling factor
abriey assuming a target filling factor of 80% =» 0.28 ps

D Z=103m

Filling factor

9.6 MJ
8.5 MJ
7.5 MJ
6.4 MJ

5.4 MJ
4.3 M)

~{33M

2.2 M

1.2 M)

1.0 1.5 2.0 2.5 3.00’1 M 26

0.28 us Risetime [us]

0835



Injection into FCC
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Assumptions:

LHC used as injector for the FCC

Injection energy = 3.3 TeV (X7 HL-LHC)

Bunch population = 1.1E11 ppb

LHC can be filled with ~2800 bunches but, in order to
Theta=g deg limit the stored energy of the injected beam into the
sl FCC to 5 MJ one can extract/inject 90 bunches at the
time =» reduce kicker flattop! [6]

Ceae t.se INjection kicker defined by the target filling factor
Treta s assuming a target filling factor of 80% =» 0.28 us

The LHC is emptied to fill FCC by pulsing the extraction/injection kickers at high frequency.
Required kicker recharging time driven by synchronisation of two machines to common
frequency:
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Injection into FCC

Assumptions:

LHC used as injector for the FCC

Injection energy = 3.3 TeV (X7 HL-LHC)

Bunch population = 1.1E11 ppb

LHC can be filled with ~2800 bunches but, in order to
Theta=g deg limit the stored energy of the injected beam into the
sl FCC to 5 MJ one can extract/inject 90 bunches at the
time =» reduce kicker flattop! [6]

Ceae t.se INjection kicker defined by the target filling factor
Treta s assuming a target filling factor of 80% =» 0.28 us

The LHC is emptied to fill FCC by pulsing the extraction/injection kickers at high frequency.
Required kicker recharging time driven by synchronisation of two machines to common
frequency

- - fFCC
Extraction kicker \ f — v
b C

- Pn o e en e e e e
/ N7 N7 N7 N7 N7 N7 A4 N7 N7 N7 A4 N7 N7 N7 N7 N7 N7 N7 N7 \ C

C X X X X X X X X X X ¥ X0 X0X0X0 @ ex@®x ) |H(: LHC
\ 7\ VAN VAN VAR VAN VAR VAR VAR VRN VRN VY 7\ 7\ VAN VAR VAR 7\ 7\ 7\ /7
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Injection into FCC

Assumptions:

LHC used as injector for the FCC

Injection energy = 3.3 TeV (X7 HL-LHC)

Bunch population = 1.1E11 ppb

LHC can be filled with ~2800 bunches but, in order to
Theta=g deg limit the stored energy of the injected beam into the
sl FCC to 5 MJ one can extract/inject 90 bunches at the
time =» reduce kicker flattop! [6]

Ceae t.se INjection kicker defined by the target filling factor
Treta s assuming a target filling factor of 80% =» 0.28 us

The LHC is emptied to fill FCC by pulsing the extraction/injection kickers at high frequency.
Required kicker recharging time driven by synchronisation of two machines to common
frequency

Extraction kicker f — v
fn on e N en o N o o8 oNT N oN o o e o s en e e Cc C
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Recharging at 115 Hz
Injection kicker (0.03 Hz for LHC
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7]

Number of
protons
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7]
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7]

Number of
protons

Tails Tails
-~ 36 N\~

- .“——X

Losses = secondary showers
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7] Longitudinal losses [8]

Number of XX W exXexex X W XY Injected

rotons AAAAIASASA A T
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’/ -~ \\/I\\,/\\//\\//\\,/\\//\\//\\//\\//\\/\ /7
- N~ _ X beam
XI
Aperture

Injected beam restriction (TDI)

X kicker
m
v

Circulating beam T

Losses = secondary showers
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7]

Number of
protons
Tails Talils
- 3o o~ ~ X

—. . e

Losses = secondary showers

Longitudinal losses [8]
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7] Longitudinal losses [8]
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7] Longitudinal losses [8]
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Injection Losses

Injection losses are caused by “some” beam intercepted by machine aperture
restrictions (ideally protection elements). These losses have to be kept as low as
possible to prevent damage and minimize activation.

Transverse losses [7]

Number of
protons
Talls’ o \Talls )

-_—— P

L

Losses =» secondary showers
Conventional ionization chambers

Longitudinal losses [8]
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Mitigations for losses

Optimize steering and RF settings!

Transverse beam scraping in pre-injector
to remove tails before transfer and
injection in next machine [9]

Number of
protons
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Mitigations for losses

Optimize steering and RF settings!

Transverse beam scraping in pre-injector
to remove tails before transfer and
injection in next machine [9]
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Mitigations for losses

Optimize steering and RF settings!

Transverse beam scraping in pre-injector Injection cleaning: excite betatron oscillations
to remove tails before transfer and (with transverse damper) of ghost bunches
injection in next machine [9] occupying the buckets where the beam has to
be injected = ghosts lost in cleaning
Number of insertions

otons
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Mitigations for losses

Optimize steering and RF settings!

Transverse beam scraping in pre-injector Injection cleaning: excite betatron oscillations
to remove tails before transfer and (with transverse damper) of ghost bunches
injection in next machine [9] occupying the buckets where the beam has to
be injected = ghosts lost in cleaning
Number of insertions

otons
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Slip stacking

« ltis a configuration used to store (and accelerate) particle beams with different momenta in
the same accelerator. Demonstrated for the first time at the CERN SPS to increase the
production of anti-protons for p-pbar physics [10]

* The two beams (b, and b,) are longitudinally focused by two RF cavities with a small
frequency difference (Af=f,-f,)

« Each beam is synchronized to one RF cavity (b, = f, and b, = f,) and perturbed by the
other (f;x\ b, and f;x b,)

— Slip-stacking parameter o= Af/f.=2 AE/Hg large perturbation when a 2 1

——] turn =1 -Time = 0.0016TSO =2e-005s

T T
ol 8-88 LV
[ N

e 0 Turns

[ TR ]

o =4

Stationary buckets: 4
o >4 to keep buckets
independent, still
emittance growth [11]

Bunch 1 14% Bucket area
Bunch 2 51% Bucket area
Bunch 3 89% Bucket area

¢ (radians)
T. Argyropoulos

« The bunches rotate at different frequencies and will periodically coincide azimuthally
producing high local line density. These bunches can be directly “used” or being combined
in a large bucket with frequency (f,+f;)/2



Slip-Stacking at Fermilab

Fermilab used slip-stacking initially
for p production in the main injector,
then in the Recycler to double the
power of the proton beam. Aim:
increase the power for target
physics in particular neutrino
physics (from 700 kW up to 1.2 MW
and beyond)

12 batches are accumulated in the
recycler by overlapping azimuthally
two beam with different momenta

Fixed-Target
Experiments,
Test Beam
Facility

Fermilab Accelerator Complex

H_

[12]
CY P ) 5] CRP D) el
Boxcar f)

i

continues... g) !
afte
IM ¥ Ej ¥ @1 lﬂ ¥ 1M ?me
Slip-stacking g -I:
continues... ., €e
frec

*Booster harmonic number and cycle rate

Main Injector

120GeV

High-Energy
Neutrino
Experiments

Muon

- lon Source Experiments =

Initial momentum &
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Slip-stacking at CERN

Momentum slip-stacking will be used in the SPS to increase the number of

bunches for HL-LHC ion physics

Two super-batches (24 bunches separated
by 100 ns) injected into the SPS from the PS

The two super-batches are captured by two
pairs of 200 MHz cavities (independent
control)

RF frequency variation to accelerate the first
batch and decelerate the second

Let the batches slip

Bring them back by decelerating the first and
accelerating the second

Once the bunches are interleaved they are
recaptured at average RF frequency

T. Argyropoulos
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Slip-stacking at CERN

Momentum slip-stacking will be used in the SPS to increase the number of

bunches for HL-LHC ion physics

Two super-batches (24 bunches separated
by 100 ns) injected into the SPS from the PS

The two super-batches are captured by two
pairs of 200 MHz cavities (independent
control)

RF frequency variation to accelerate the first
batch and decelerate the second

Let the batches slip

Bring them back by decelerating the first and
accelerating the second

Once the bunches are interleaved they are
recaptured at average RF frequency

A E (GeV)

60 T

40}

20¢

=20+

-401L

Time=0s

T. Argyropoulos
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200 400
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Slip-stacking at CERN

Momentum slip-stacking will be used in the SPS to increase the number of
bunches for HL-LHC ion physics

Two super-batches (24 bunches separated ‘ R
by 100 ns) injected into the SPS from the PS 0%

T. Argyropoulos

The two super-batches are captured by two e 138.5 139
pairs of 200 MHz cavities (independent
control) TS
RF frequency variation to accelerate the first = e — ws a5
batch and decelerate the second
] 1=3.3ns-¢=0359-Losses=1.1% t=3.29ns-g=0.358-Losses=1.02%
Let the batches slip 1400 ' ' 1o00 |
1200 1

Bring them back by decelerating the first and € 1 £ oo
accelerating the second g o &

B 600 [
Once the bunches are interleaved they are & F
recaptured at average RF frequency ol

(ES 0 s (rads) 5 10 [-35 0 b (rads) 5 10

X3 emittance blowup after recapture
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Multi-turn injection

For hadrons the beam density at injection can be limited either by
space charge effects or by the injector capacity

If we cannot increase charge density, we can sometimes fill the
horizontal phase space to increase overall injected intensity.

— If the acceptance of the receiving machine is larger than the delivered
beam emittance we can accumulate intensity

Proton and heavy-ion distributions are function of the details of the
multi-turn process and of the space charge level achieved.
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Multi-turn injection for hadrons

Injected beam
(usually from a linac)

Septum magnet

Programmable closed orbit bump

Circulating beam

\:-

No kicker but fast programmable bumpers
Bump amplitude decreases and a new batch injected turn-by-turn

Phase-space “painting”
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25
Beam rotates 11/2 per turn in phase space

Turn 1

On each turn inject a new 3
batch and reduce the 3
bump amplitude 3
]
]
]
3

1
]
]
3
X' 3
]
]
|_, =]
X \

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 2 Beam rotates 11/2 per turn in phase space

Xl
X‘
T
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25
Beam rotates 11/2 per turn in phase space

Turn 3
]
]
8
-]
]
]
1 &
+ B 3
]
=]
2
8
X' 3
|—V \\
X
Septum

34



Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 4 Beam rotates 11/2 per turn in phase space

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 5 Beam rotates 11/2 per turn in phase space

A SSASI
ol

e

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 6 Beam rotates 11/2 per turn in phase space

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 7 Beam rotates 11/2 per turn in phase space

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 8 Beam rotates 11/2 per turn in phase space

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 9 Beam rotates 11/2 per turn in phase space

I

Septum
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 10 Beam rotates 11/2 per turn in phase space

e o

P

Ny 10

I

Septum



Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 11 Beam rotates 11/2 per turn in phase space

Py T

T

11

T

T
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Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 12 Beam rotates 11/2 per turn in phase space

I

Septum



Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 13 Beam rotates 11/2 per turn in phase space




Multi-turn injection for hadrons

Example: CERN PSB injection, high intensity beams, fractional tune Q, = 0.25

Turn 14 Beam rotates 11/2 per turn in phase space

Septum



Multi-turn injection for hadrons

Phase space has been “painted”
Turn 15

In reality, filamentation (often space-charge driven) occurs to produce a
guasi-uniform beam
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Multi-turn injection for hadrons

Phase space has been “painted”
Turn 15

In reality, filamentation (often space-charge driven) occurs to produce a
guasi-uniform beam
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Charge exchange H- injection

Multi-turn injection is essential to accumulate high
Intensity
Disadvantages inherent in using an injection septum:

— Width of several mm reduces aperture

— Beam losses from circulating beam hitting septum:
* typically 30 — 40 % for the CERN PSB injection at 50 MeV

— Limits number of injected turns to 10 - 20
Charge-exchange injection provides elegant alternative

— Convert H to p* using a thin stripping foil, allowing injection into
the same phase space area
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Charge exchange H- injection

Start of injection process

@ 6"5 Stripping foil

@0/}7

(o)

Circulating p*

Circulating p* A

_______ }_._._._._._._._._._._._._._/'/

Injection chicane dipoles

C. Bracco’s Lecture 35




Charge exchange H- injection

End of injection process with painting

Y6

Stripping foil
G&’b ppIng

Circulating p* A

Displace orbit e

Injection chicane dipoles

C. Bracco’s Lecture 35




Charge exchange H- injection

Paint uniform transverse phase space density by modifying closed
orbit bump and steering injected beam

Foil thickness calculated to double-strip most ions (=99%)

— 50 MeV - 50 ug.cm2
— 800 MeV - 200 ug.cm?(= 1 ym of C!)

Carbon foils generally used — very fragile

Injection chicane reduced or switched off after injection, to avoid
excessive foil heating and beam blow-up

Longitudinal phase space can also be painted turn-by-turn:
— Variation of the injected beam energy turn-by-turn (linac voltage scaled)

— Chopper system in linac to match length of injected batch to bucket
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Accumulation process on foll

Linac4 connection to the PS booster at 160 MeV:
— H-stripped to p* with an estimated efficiency =98 % with C foil 200 ug.cm[14]

1000 | |
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- Injection - painting

X' vs x
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Combined longitudinal and transverse multi-turn injection

Used at CERN LEIR to increase
intensity of ion bunches Combined multi-turn injection and stacking by

4.2 MeV/nucleon = 72 MeV/nucleon electron cooling [15].

[ Quadrupale
I Ljecion °
e

1
\

\
E2R

Injection occurs in a section with large

normalised dispersion

« Decrease closed orbit bump

 Ramp momentum of the linac such that the
orbit (bump + D Ap/p) stays constant at
injection (same betatron amplitude but stacking
in momentum)

« After injection the ions cooled and stacked

before the new pulse arrives

injected beam

Septum / D*Ap/p
bump +D*Ap/p bump

tlme

Horizontal Positions during injection
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Combined longitudinal and transverse multi-turn injection

C. Carli

[— y

low Ap/p highAp/p

et

\ | ! ’ -
\, \ | i/ p =

| £

After 0 Turns bump+D=Ap/p

Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum

The tune has to be optimised to avoid touching & y«vm“o“ o P AN
the septum blade at each turn P :
Injection of 1 pulse from the linac takes ~200 us , SN

(76 turns) LIREULﬂ.IINL‘jtﬂ.M

One injection every 200 ms to allow for cooling /

(100-150 ms). In total 7 injections to fill LEIR. SEPTUDISPLACEME

After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next
injection

Efficiency: 50- 70% M. Paraliev’s Lecture

DEFLECTORS
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Combined longitudinal and transverse multi-turn injection

low Ap/p highAp/p

C. Carli
‘ 1 y

After 1 Turns

Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum

The tune has to be optimised to avoid touching & y«vm“o“ o P AN
the septum blade at each turn P :
Injection of 1 pulse from the linac takes ~200 us , SN

(76 turns) LIREULﬂ.IINL‘jtﬂ.M

One injection every 200 ms to allow for cooling /

(100-150 ms). In total 7 injections to fill LEIR. SEPTUDISPLACEME

After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next
injection

Efficiency: 50- 70% M. Paraliev’s Lecture | 40
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Combined longitudinal and transverse multi-turn injection

C. Carli
‘ 1 y

low Ap/p highAp/p

After 3 Turns
Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum _
The tune has to be optimised to avoid touching & y«vm“o“ o P AN
the septum blade at each turn P :
Injection of 1 pulse from the linac takes ~200 us , SN
(76 turns) JRr_ULf.mNr_-thM
One injection every 200 ms to allow for cooling /
(100-150 ms). In total 7 injections to fill LEIR. SEPTUDISPLACEME

After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next
injection

Efficiency: 50- 70% M. Paraliev’s Lecture | 40
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Combined longitudinal and transverse multi-turn injection

C. Carli
x 1 y

low Ap/p highAp/p

5, \
ey

After 5 Turns bumm%mpfp

Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum

The tune has to be optimised to avoid touching & y«vm“o“ o P AN
the septum blade at each turn P :
Injection of 1 pulse from the linac takes ~200 us , SN

(76 turns) LIREULﬂ.IINL‘jtﬂ.M

One injection every 200 ms to allow for cooling /

(100-150 ms). In total 7 injections to fill LEIR. SEPTUDISPLACEME

After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next
injection

Efficiency: 50- 70% M. Paraliev’s Lecture

DEFLECTORS
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Combined longitudinal and transverse multi-turn injection

H C. Carli

low Ap/p

OG0 QL OV
P RS RN AN !

After 70 Turns bum p+ =Ap/p

Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum

The tune has to be optimised to avoid touching & ym«f““mr o P AN
the septum blade at each turn P :
Injection of 1 pulse from the linac takes ~200 us A=

CIRCULATING BEAM i
(76 turns) |
One injection every 200 ms to allow for cooling e

(100-150 ms). In total 7 injections to fill LEIR. B S
After each injection the momentum offset is SO\
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next
injection

Efficiency: 50- 70% M. Paraliev’s Lecture
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Combined longitudinal and transverse multi-turn injection

H C. Carli
low Ap/p
X
After 76 Turns bumpJ:(DAp/p \

Stacking in both horizontal and vertical plane

requires an inclined electrostatic septum

The tune has to be optimised to avoid touching &), (ATHODE DISPLACEMENT
the septum blade at each turn R é/ '
Injection of 1 pulse from the linac takes ~200 us
(76 turns)

One injection every 200 ms to allow for cooling
(100-150 ms). In total 7 injections to fill LEIR.
After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling = . . | .
move orbit of stack beam to leave room for next : DEFLECTORS
injection '
Efficiency: 50- 70% M. Paraliev’s Lecture | 40




Combined longitudinal and transverse multi-turn injection

C. Carli

| h.i

After 76 Turns

Stacking in both horizontal and vertical plane
requires an inclined electrostatic septum

The tune has to be optimised to avoid touching
the septum blade at each turn I
Injection of 1 pulse from the linac takes ~200 us =
(76 turns)

One injection every 200 ms to allow for cooling
(100-150 ms). In total 7 injections to fill LEIR.
After each injection the momentum offset is
reduced from 4%o down to 1%o0 =» cooling =
move orbit of stack beam to leave room for next Lo
injection

Efficiency: 50- 70% 40




Lessons learnt

Low energy: dominated by space charge =» challenging storing high intensity and

high brightness beams

« Conventional multi-turn injection with phase space painting: emittance growth,
limited by number of turns and injection losses at the septum =» charge
exchange H- injection allows to overcome these limitations

High energy: fast process involving handling of high power beams =» machine

protection concerns!

« Minimize mismatch and injection errors (optimize HW, steering, optics) =
reduce losses, injection oscillations and thus emittance blow up

* Need for passive protection elements: aperture, materials and length such to
minimize energy deposition on the machine elements and avoid damage while
limiting activation

Alternative injection methods:

« Slip-stacking: increasing intensity by accelerating particle beams with different
momenta in the same accelerator

« Combined 3-planes multi-turn injection, electron cooling and accumulation
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Back-up slides



Normalised phase space

where the independent variable becomes the phase advance u:

x|

N.|*
.

}:

1

B(s)

|

1 0
a(s) B(s)

=

X(S) = Ve/B(s) cos[u(s) + i,

X'(s) =

_ \/;3% [a(s)cos(u(S) + gy ) + Sin(u(s) + pg)]

X(w) =

1

B

X' (1) = 1/6718) - aS)X +~B(S)X = —e sinfu + py | = %

= Ve Cos[p + 1

* Transform real transverse coordinates (x, X', s) to normalized co-ordinates (X ,X', L)
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Normalised phase space

Real phase space

X'(s) 4 —JE%
; oL \
Xmax_\/g\/; \/Eﬁ ﬂ
Area = zte

Normalised phase space

X'(w) 1

X
I

max

g=7-X" 420 XX+ - X"

Xmax = \/E\/E

Dm

X(n)
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Beam position and angle

At the kicker, where B(s) = By, we want x(s) = 0 and x'(S) = -0, P€INg p
the phase advance between the septum and the kicker:

TC

K(5) = VolB, CoS(u-+ 1) =0 S

X'(s) = —\/\gi[a(s) COS(p+ o) + SiN(1 + 15)] = Oy VE = OygyervBr

k

At the septum:

Xs = \/g\/E COS(MO) = ekicker \ BkBs COS(M _ g) = ekicker \ BkBs S'”(H)
' ekicker \/E

: X
X'g=— [og sin(u) + cos(p)] = ——>[a, +cotg(u)]
VBs Bs
0 A small 8., means a reduced cost = we want

XS
kicker — : |
ic ker MSIH(M) p as close as possible to /2 and large B,



Septum leakage field

Stray field loss into the “filed-free” region.

Particularly critical for low injection energy =» adequate shielding

coil return box

Eddy current

septum blade

R

g4 "
(typically | & l
10 - 30 mm)

—

-~
\
\
\
v
\
\
X \
\
\
| S -

M. Paraliev’s Lecture

XV
septum

(typically 1 to 3 mm)

beam
screen

//

W magnetic

screen

Coil removed from septum and
placed behind C-core yoke:

— Coil dimension not critical

— Very thin septum blade

Magnetic field pulse induces
eddy currents in septum blade

Eddy currents shield the
circulating beam from magnetic
field

Return box and magnetic
screen reduce fringe field seen

by circulating beam
13



Filamentation

The residual transverse oscillations lead to an effective emittance
blow-up through filamentation:

Q7R vertical Updatec: 22:50:37

1.2

A 1_

||

0.4 |

Injection oscillation
]
r
|
]

024!

0+

=0.24

=04

=0.6

Reference closed orbit
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Blow-up from optics mismatch

Betatron mismatch Dispersion mismatch
Mismatched Mismatched / - 1+(DDj+DD'§)d
beam (a,, B,) beam - e s

i' A Y, A matche

v
4
\

X
Y

Matched Matched
beam (ay, B,) beam
2 2 12
_ 1 Bl Bz Bl Bz _ ADn +AD n 62
Eiluted — ~| o T | % — 0y —= | + == € a1ched Ediluted — €matched T rms
2 2
B, B B, B,

V. Kain’s Lecture
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SPS extraction kicker waveform

The kicker waveform shows a ripple varying up to 2.5% of kick (max. to min.) at the

flattop (4% at initial overshoot)

Mitigations:

— Improve the kicker flat-top ripple

— Change the delay to move the beam to a flatter part of the waveform (if enough space)

‘-"-C- —rg—.—v--‘ P ) 0‘

® SPS clock + 4.1us

|
T

56

55 54
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Kick delay usec
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46

45

44
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T
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Phase advance for Inj. Protection

TDI

90° phase advance MKI = TDI

/ N\

Machine axis

/

./
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Phase advance for Inj. Protection

90° phase advance MKI = TDI

Two auxiliary collimators are installed at 180°+20° (TCLIA)
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Phase advance for Inj. Protection

Machine axis

Vi

B TCLA S
90° phase advance MKI = TDI

Two auxiliary collimators are installed at 180°+20° (TCLIA) and 360°-20° (TCLIB)
wrt TDI to take into account possible phase-advance errors [3].
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Transmission and multi-turns effects

*Nominal settings: 6.8 o,

1013 Asmt [%y] Survival function S(y) normalised to the
' ' beam intensity N,: number of protons
1012 ~ \ | escaping the protection devices as a
2 Fe===== A = - - function of the amplitude [4]
™ 1011} Damage limit . .
‘E" 1010 = nominal settings* | S(y) = ij.f(y)dy
TDI 8.8 o S—— A
oo L oreng rete g | Where f(y) is the probability density
0 2 4 6 8 10 function of the kicked beam

ylog, |

Multi-turn effects: mis-kicked beam escaping the TDI (misaligned by 1 o) will intercept
the TCLIB at the 3" turn (vertical tune 59.31). Three turns are needed between high loss
detection and beam dump [5]!

TCLIB

y / mm

x / mm

F.M. Velotti

102

108

1 ou

y / mm

107

10t 10*

y / mm

l"JU P S S U S U S S U S S IUU

x / mm x / mm
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Optimum optics condition for injected beam

k= A/B?
Curvature of the ellipse in the ring phase Kk = 1 Wh CAx2—¢
space and normalised coordinates: Je ere B
3
The ellipse curvature for the injected beam K, = Bz 1
(assuming upright ellipse) is: B \/7
' 1
» . o o 0 X=X B (&3
Conditions for optimum injection into phase space [13]: B_ = E = . % and EI >| =
[ i M0 €

(X,,X,) = Closed orbit

(x,,x;)= Centre of injected beam 35



