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Introduction

There are a lot of ways to inject/extract particles into/out of
an accelerator. The choice of these depends essentially on
the accelerator type but may also be imposed by some
constraints specific to a given machine.

It is therefore difficult to describe in an exhaustive manner all
possible or existing injection/extraction schemes. The aim of
this lecture is to give some general considerations and to
illustrate them with some typical examples.

3 parts:
injection
extraction + 2 examples
magnetic elements
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Injection

Final stage of transfer of beam from one accelerator (linear or a circular) to
another (accelerator or storage ring)

Goal: achieve the transfer with minimum beam loss (i.e. maximum injection
efficiency). This does not only involve putting the injected particles on to the
beam path of the machine but also involves getting these particles trapped in
the machine acceptances (transverses and longitudinal) so that they can be
stored or further accelerated.

The specific case of the cyclotrons will not be addressed in this lecture.

Injection into a linear accelerator (linac) is not a problem, because it is a single
pass accelerator. The accelerated beam does not come back to the injection
point: It is easy to inject the beam on axis at the entry point of the accelerating
structure.

Injection into a circular machine is more delicate because the freshly injected

beam again passes the injection point in the following turns: The action of the

injection elements should not concern the beam when it comes back after one
turn.
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Recall: Phase space
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The trajectory of a particle along
a circular machine is oscillating
around the reference orbit.

At any location along the
machine, each trajectory can be
represented in phase-space by
two coordinates per plane:

(x, X'=dx/ds)

A

XI

T

v




Recall: Phase space

In a circular machine, at a given
position so, the motion of a
particle turn after turn is
represented by an ellipse:

yx2+20cxx’+[3x’2=Cst

Normalized phase space is defined
using the following change of
variables.

—i ! A
X_\/B X — X \fB—I—ocTﬁ

Phase space trajectories are then circles and
keep the same shape along the machine.
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Recall: emittance and beam sizes

A particle beam is often reasonably well described
by a two dimensional Gaussian distribution in
phase space.

The curves of constant phase space density are
then ellipses, with equation:

2

yx2+2ocxx’+[3x =&

The r.m.s. sizes o, , of a beam are defined by:

with Gx,z :\/ x,z'gx,z

g, .- emittance of the beam (invariant)
B ..: local beta function
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Recall: emittance and beam sizes

At a place where there is a non-zero dispersion function D, , , one needs to add (quadratically
in the case of a gaussian beam) the contribution of the energy spread in the beam o6p/p :

2.
Gx,z :\/Bx,z . Ex,z _I_D

6_1?)2
P

Note: for a Gaussian distribution with rm.s. o,
68.3 % of the particles are contained inside [- &, + o]

95.5 % of the particles are contained inside [-2 o, +2 &]

99.7 % of the particles are contained inside [-3 o, +3 o]
and the Full Width Half Maximum is FWHM =2.35 ¢
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Recall: Acceptance

Acceptance is the area in phase space
defined by the largest possible amplitude of

oscillation.
o . . Lost Particul

If a particle is outside the acceptance it will Acceptance OS\;r cuie
get lost. P P

\ |
The acceptance can be of two types: I
* Physical acceptance, defined by the / o X
most limiting aperture in the machine /

| g

* Dynamical acceptance, due to non linear w7 Traped particule
fields driving the beam unstable for large —
amplitudes.

Obstacle (beam pipe for example)
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Recall: Liouville Theorem

If no damping or radiation, and no space charge effects,
beam volume in 6D phase space is constant:

X’
For horizontal phase space during injection, area
occupied by the different beams is constant :

/ Impossible
X
Injection X
Beam1 3 \
Beam?2 X

No superposition possible

X,
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Injection, real space
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Injection, phase space

Vacuum
vessel
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/—‘ Incoming
: beam
Deflecting elemen Horizontal

e : | acceptance < CTQ
Observation point A Dbsewatinnlpnint B d
Real space Phase space

(point A)
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Magnetic elements

B field

. Septum
Kicker
I .I I
Stored beam Lnézcried
Fast dipoles with homogeneous / P
field over the vacuum chamber lade

Cross section.

Dipole on one side of the blade,
no field on the other side. The
blade is screening the field but is
an obstacle to the stored beam.

Pulsed magnets with fast
raising and falling times
required to control the timing of
interaction with the beam.

Usually pulsed magnets to reduce
average power.
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Injection

There are basically two different injection processes:

The single turn injection process, where one single pulse is
injected into an accelerator (booster...) before being
accelerated and then extracted.

The multi-turn injection process, where one or several pulses
are injected over several turns or accumulated one after the
other. This essentially concerns the storage rings but also
some accelerators.

In the majority of cases, injection is performed in the
horizontal plane.
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Single turn injection (on-axis injection)

The beam is injected onto a central orbit using electromagnetic
elements (usually a septum magnet and a kicker)

As the injected beam is put on the ring axis at the exit of the kicker,
this is also called “on-axis injection”.

The septum and the kicker should not act on the injected beam
when it comes back after one turn, otherwise it would be thrown out
of the acceptance of the accelerator. This requires that:

The stray field of the septum unit is at an acceptable level,

The kicker field is reduced to zero in a time that is short compared to
the revolution period.
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The space needed to
accommodate both magnet
structures is defining the minimum
angle with witch the injected beam
arives.

... ©Most of the deflection is taken care
‘ of by the septum(s)

The kicker is left with a minimum
Kick in order to optimise it's speed.

SCALE 1:20

Injected
Beam
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On-axis injection
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TRAJECTORY
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On-axis injection

Ring acceptance

(septum) H"fl

Ring acceptance _/L"'Ii{ii:j'ﬁ’ i

(kicker)

Injected beam _/

(kicker)
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Matching

The second requirement for the injected beam is that it is
matched at the entry point to the ring. This means that, at
the exit of the septum unit, the betatron and dispersion
functions

Bx, Olx, By, Oly, Dx, D,x, Dy, D,y

must be identical with the machine lattice parameters at that
point.

This is primordial when the emittance of the injected beam
iIs comparable to the acceptance of the ring.

This matching is performed using the dipoles and
quadrupoles of the upstream transfer line.
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Example of bad matching

X!
A Septum sheet

Phase space Lost particles
occupied after

several turns
at septum exit

Acceptance
at septum exit

Injected beam
at septum exit
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Injection parameters: septum position

Usually the injection septum is the main limitation of the horizontal
acceptance (Minimum kick angle to be provided by the fast kicker = septum
as close as possible to the machine axis). The center of the injected beam is
at a position Xs:

»W__ the half width of the acceptance or

distance between machine axis and septum
blade.

» Ax_ margin for orbit errors or defects of the
septum blade. I

>W._ the half width of the injected beam. —
J X = Wacc +A Xco T Winj_l_ Wblade

oW the septum blade width as given by

blade
technical drawings.
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Injection parameters

N " N
QF | |septum QDb QF | | kicker
< Wy >
(O -X + By Xi ) /v By
A
P X / /By
Uy septum
/ (XS, eS, BXS’ aXS)
kicker

0, 0K, B, K, o, K

If uis the betatron phase advance
between the exit of the septum and
the kicker, the transfer from septum
to kicker, in normalized coordinates,
IS written as:

X

A

X'

(Xk ):(cosu sin U v

X' ] \=sinu cosu

Xs is known and derived in previous slide

Xk=0 because we consider on axe injection

X'k to be found and minimised (kicker strength)

X's angle at septum exit, to be found, no constrains.
u to be found.

How can | minimise x' the kick to be given by the fast kicker ?

Injection/Extraction
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Injection parameters: Kick angles

The injected beam must reach the ring axis at the place of the kicker (X =0):

’It_ri:r?s:e(r)fmatrix XK :COS:UXS'H”];UXS’:O

Knowing the beam position X at the exit of the septum, this gives conditions for the angles at septum
exit and finally at kicker entrance :
X cosu X,

X' = : X’k:—Xssinu—kX'Scosu:— :
’ sin sin U

Going back to normal coordinates, we get the beam angle at the exit of the septum:

4

(ocs+cotpt)xs
X' == B

The kick angle that the kicker must provide to the beam to bring it back to the ring orbit is:

X

k: SinM \/BkBS

4

0,=—x

Bx, Bs : beta functions at the kicker and septum
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Injection parameters: conclusions

X

Sin;u\/ﬁK b

r_
Ly =

To minimize the angle to be provided by the kicker:
Large beta values at the septum and kicker locations
Phase advance p, close to n/2.

This is the case in a standard FODO lattice where the
septum and kicker are located in the vicinity of focusing
guadrupoles at a distance of one cell.
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Off-axis injection

The on-axis injection considered so far is only applicable if:

the phase space, into which the delivered beam is to be injected, is
free of particles (otherwise the already circulating particles would be
thrown out of the accelerator acceptance by the kicker firing),

the beam pulse to be injected is shorter than the revolution time of the
accelerator.

Off-axis injection is necessary when the injected pulse (or train of
pulses) is longer than the revolution time, or in the event of
accumulation into a storage ring.

A different technique is employed for electrons (and positrons) than
for protons or heavier particles. We first consider the case of a long
beam pulse to be injected (multi-turn injection of protons) and then
the accumulation of an electron beam in a storage ring.

Injection/Extraction
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Multi-turn injection

Conventional multi-turn injection uses an input septum unit associated with a programmed
orbit bump in the vicinity of the septum. Such localised beam bumps can be produced by two
or more kicker magnets.

Incoeming beam

Kicker 1

AFE//-/EMEEE' orbit bump

The role of the orbit bump is to shift the horizontal transverse acceptance of the ring towards
the injected beam at the exit of the septum.

Kicker 2
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Multi-turn injection

Let us study the limits for the accumulation process and first consider the dependance on

the tune. In this following case the beam to be injected is injected “off axis” with a fractional
tune of 0.25:

¢ X Acceptance Septum

e

Powering of the bump
Injection of the first turn

2" turn
X 3 turn

4% turn

Switching the bump off

In this case, the kicker bump has to be switched off, at the latest, before the injected
beam completes the fourth turn.
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Multi-turn injection

In the case of the orbit bump making the closed orbit
coincide with the center of the incoming beam in the
septum magnet one would again find the case of an on-
axis injection as considered before.

The orbit bump can be made large enough to bring the
first particles on axis, and then has to be reduced to
enable stacking during the next four turns, and reduced
again for the following four turns,.. until the full
acceptance has been filled.
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Multi-turn injection

\
0y -
First turn : on axis
A
S

4th turn : off axs

A

- X
T -

2nd fturn : off axis
bump reduced

l]{

s B
&

5th tumn : off axis
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3rd turn : off axis

‘:l:

/_é.
=

&th turn : off axis
bump reduced
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Multi-turn injection

There are others ways of preventing the stored beam
from hitting the septum after one turn, such as using a
large dispersion at the place of the septum and injecting
the beam off-momentum.

The injected beam will then start a betatron oscillation
around the chromatic closed orbit. Then by either
ramping the energy of the machine, or decelerating the
injected beam, the chromatic closed orbit can be moved
further from the septum. If the change is done in a non
dispersive section it does not trigger additional
oscillations.
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Multi-turn injection

Evolution of beam pulses which
are injected at an energy 9,

above the ring energy and then
decelerated in a non dispersive
section just after being injected.

( 0 = Einjbeam_ Ering)

The advantage of such methods
IS a reduced horizontal emittance
of the stored beam but with a
larger energy spread.

l saptum sheet
_1 =
ATA! A
e W
D&
-
Dx&0 -
o=()
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Multi-turn injection

In the case of multi-turn injection the injection process has to stop when the
available phase space (acceptance) is fully filled with “stacks” of particles. If one
would try to inject into a phase space area that is already filled with particles,
these already stacked particles would get lost.

In the case of a proton storage ring the density of the beam to be injected and
the available phase space defines the maximum stored current.

w10t

*  heam at injection
*  tumi
4 turn 2

There is some emittance dilution essentially * tums
due to the transverse space charge effects. 2f
They induce non-negligible tune shifts and
non-linear forces which result in the loss of %
particles as the machine aperture intercepts

the halo that develops. !

f

With the increasing intensity of the machines, -
the consequence of the beam losses has s
become IncreaSIngly SlgnlflCant and neW -0.02s -002 -0.015 -0 —IZI.IZIIZIE}{ 0 p.oos 00 0015 002

Injection schemes were investigated. Emitance dilution of the ESRF injected beam.
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Charge-exchange injection

To overcome the saturation problem in the case of proton injection, and

following the development of intense H- ion sources, most of the high intensity
proton rings now use the H- charge exchange injection process.

mmmmg_ beam Stripping
H foil

> T
/ Bending | Bending \
H+ H+

The basic principle is to change the charge of the particle after it has passed the
injector magnet. This is done by inserting a thin stripping foil which removes the
two loosely bound electrons of the H-. The foil thickness is chosen to give a high
stripping efficiency (98%) without introducing appreciable scattering and
momentum spread (this depends on the injection energy).
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Charge-exchange injection

The advantage of this process is that there is no need to
shift the transverse acceptance outside the physical
aperture: Injection can be performed during a large number
of turns with superposition in phase space.

An orbit bump is still useful to avoid crossing the stripping
foil after injection is finished.

This method enables to fill the transverse acceptance with a
uniform transverse density distribution to minimise the
space charge forces.

Such a uniform filling may be achieved by applying a
“painting” of the acceptance: a vertical steering of the H-in
the injection line and a variation of the horizontal orbit bump
In the vicinity of the stripping foil are applied simultaneously
to fill the acceptance.
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Electron accumulation

Electrons are at a sufficient energy for space-charge forces
to be insignificant,

Electron circular machine are submitted to the Synchrotron
radiation damping: after a few damping times the emittance
IS only governed by the radiation equilibrium.

A single turn is first injected off-axis. Radiation damping
effects in the ring then lead to the damping of the horizontal
betatron oscillations of the injected particles. The injection
process may then be repeated.

The injection is not limiting the maximum intensity which can
be stored on electron storage rings.

Injection/Extraction 34



Electron accumulation

After a few damping times, the injected electrons occupy the center of the density

distribution and have freed the phase space at the outer areas of the acceptance. The
beam bump is then energised again and a second beam pulse is injected.

The sequence is repeated until a sufficient circulating intensity is obtained.

A Y ) A
Stored beam ~ Incoming _
- beam

LN , T o
- N

| — *

ﬂf

"'--..h__l___

Accept'ance -
Septum sheet

The bump moves the
acceptance to caich the
injected beam

0
§

The injected beam staris
to spiralize
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Electron accumulation

fast kickers : K1, K2, K3, K4 after
several
K1 K2 turns K3 K4 damped
stored
beam

Vol

I1Ng axis

A\

\ Freshly
place occupied A Injected
by the mnjected beam, Beam
making betatron septum
oscillations

at injection

The beam after injection occupies the full chamber width up to the septum, then after a few
damping times, it is reduced to the equilibrium size and the same process can be repeated
again.
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Example of innovative injection scheme:
Single kicker injection

t X’ K. Harada, Y. Kobayashi, KEK
Photon factory
/ Septum
Ring acceptance |njeCt|On
o The beam is outside the acceptance

Drift along the circumference
m X The beam is still outside the acceptance

P Kick
Kick The injected beam enters the acceptance
/ Phase advance

The circulating beam is not
N2
X

perturbed by the non-linear
Injection/Extraction
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Example of innovative injection scheme:
Single kicker injection

| X Advantages

/ Septum Single kicker magnet instead of 3/4 kickers.

Ring acceptance __|

[

no perturbation on the circulating beam.

458k

Difficulties

Phase advance

Magnet design : this kicker is able to
provide a fast deflection in the mrad order at a
given position separated from a zero field

y X region by only a few mm.

Strong non linear field disturbs beam stability

Successful tests at BESSY in 2013.
Some machines injection schemes are based on this concept, mainly low

energy machines.

Injection/Extraction
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RF capture

The injected beam has also to be trapped in the
longitudinal acceptance of the accelerator. Several cases
are to be considered depending on whether the injected
beam is already bunched or not, and when the RF system
of the ring is turned on:

Bunched beam with RF on
Coasting beam with RF on

Injection without RF

Injection/Extraction
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Bunched beam with RF on

The simplest case is when the frequency of the RF injector system
Is the same as the one of the ring. The phase between the two RF
systems has to be adjusted correctly so that the injected bunches

fall just inside the ring RF buckets.

dp/p A
RF buckets
/o
Y A
| —— S N >
/ ) \ / \ time
RF period

Injection/Extraction
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Coasting beam with RF on

Only the particles that fall inside the RF buckets will be captured.
The bucket size (RF voltage) has to be optimised in order to have
the maximum phase acceptance while keeping the maximum energy
deviation within the transverse energy acceptance of the machine.

dp/p A

P

.
.

Injected coasting beam

- ::.:\/ / /’f

__N

\

e,

r"r'__
l“"‘-—\_

AN

RF period

<
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Injection without RF

Once the injection process is completed,
the RF is turned on progressively in order
to bunch the beam (adiabatic capture).
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Phase space matching in transfer line

The last stage of a transfer line must enable the matching of the
optical functions in the two transverse phase spaces: This means,
controlling at the exit of the septum unit, the following betatron and
dispersion functions

ﬁxa Olx, BY! Cly, DX; D,X! DY! D,y

These are 8 constraints which require 8 quadrupoles. In most of the
cases, the injector and the ring are in the same horizontal plane,
which means that in the absence of vertical bending magnets, there
is no vertical dispersion: D, =D’ = 0.

Then only 6 quadrupoles are required.
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Phase space matching in transfer line

Magnets involved in injection/extraction provide a
horizontal bending angle, this has to be taken into
account for the matching of D, and D’,.

If there are several bending magnets along the transfer
line it can be interesting to separate the roles of the
quadrupoles which match the beta functions by placing
them in a dispersion-free straight section.

The steering in the horizontal plane is generally made
by fine tuning of the injection magnets, whereas two
steerer magnets are required at the end of the line to
adjust the vertical beam angle and position at the
injection point.

Injection/Extraction
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Phase space matching in transfer line

Horizontal matching for of-axis injection is more complexe:

Xl

Circulating machine phase space Optimum if curvature radius are

equal at tangential point (not

N exactly true but close enough).

Dcst Obin;

2
Curvature radius of an ellipse on it's principal axe Re :b_

a

Red ellipse (acceptance): Blue ellipse (injected beam)

Ac
a:\/<AC><Bsr):dcst+2X0binj b: (ﬁsr ) a:Gbinj
— '(AC)_ a _< cst+2><0binj> bZObinj
RCsr_ [3(3/2) _Bz — Bz E)binj
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Phase space matching in transfer line

Horizontal matching for of-axis injection is more complexe:

A X' ] ] .
Circulating machine phase space Optimum if curvature radius are

equal at tangential point

N

B
< 1< >
Dcst Obin;
Optimum beta of injected beam as a function of .—2. :( S cst ) ) X B—z
circulating beam beta function at injection H binj s7

Calculation assumes a linear machine whereas injection takes place at the
edge of acceptance where phase space is usually distorted by non-linearities.

For derivation of the exact optimum see: “SLS booster to ring transfer optics for optimum injection efficiency” by A. Streun
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Phase space matching in transfer line

3 BEAM ENVELOPES

AN . horizontal

X,Z (M)

vertical

\
' \ ' '
' Y ' . '
' % ' . '
[ xﬂ"".’ """""" . L ]
b1
' , ' ' '
a

______ ___ / N { F
i

i
o0 60

Beam envelopes along the ESRF Booster to Storage ring transfer line
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Topping-up

For Synchrotron Radiation sources, injection into the storage ring can take place
in time intervals comparable to the lifetime T, of the storage ring beam (e.qg.

injection at each T,, when the stored beam has lost about 40% of its initial

charge) or in time intervals which are short compared to the lifetime (e.g. each
T, /1000, when the stored beam is still almost at its initial charge). The latter

case is called topping up mode.

300 - \ 300 '
200 —\ 200 | Top up at ELLETRA

100 100 -

0 | I I | 0 I I I
00:00 12:00 00:00 12:00 00:00 04:00 08:00

Top-up: Injection every 6 minutes

Normal mode: Injection every 12 hours . o
current variations are below 1%
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Topping-up

The normal injection mode has the advantage that:

The decay function over time of the stored current is smooth for
many hours.

The injection system has to be switched on only for short periods
during the lifetime T, of the stored beam. This saves operation costs
and avoids any electromagnetic interference of booster components
with the stored beam.

And the disadvantage of:

Producing variable heat loads in the storage ring and on the optical
components of the experimental set ups which affect the stability of
the stored beam and the properties and lifetime of the optical
components.

Reducing the averaged photon flux.
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Topping-up

The topping up mode of injection where one keeps the stored current close to its
maximum value with frequent short injections is very attractive when the lifetime
T, is rather short (a few hours). It avoids the above mentioned disadvantages

but:

The experiments have to cope with a non smooth decay function of the
stored current,

The injector has to run throughout the time the storage ring is operated.
This results in higher operation costs,

The detectors on the experiments must be gated in order to prevent taking
data during injection,

Topping up is now used at many Synchrotron Radiation sources.
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Longitudinal injection -

In lepton machines, there are energy dependent

radiation losses which enhance acceptance for 2 o
dp/p>0 and phi<0 (“golf club” acceptance). 4T ’
This channel can be modelled using additional RF ! . | . .
systems and used to inject particles on axe with a ) TT phaserm 1

time offset with respect to circulating beam.
Injection kicker must be fast in order not to perturb
the circulating beam.

Simulation result for the soleil case
with no harmonic cavities and a
longitudinal kick of TMV and 33us

25 ; - . - I - 3
. —— RF bucket
204 Acceptance 3r
- + Test particle| | =
15- Kicker pulse = ol
. | 2 3
10 1 Ie!
) [ © Ll i
X ~ A
& O o —
w0 - Lt :§>
-2 = of
0- o "
| -1 5 >
51 S AP N\ o
] X RF waveform at injection
-10 - ol (full line) and without
15 | 0 longitudinal kicker (dashed).
0.0 0.5 1.0 1.8 3 ' ' ‘ ‘
1 0.5 0 0.5 1
t (ns) Phase / T1

Ref: M-A. Tordeux, Topical Workshop on injection systems, 2017 Berlin
M. Aiba, Top-up injection schemes for future circular lepton colliders, Nuclear Instruments and Methods in Physics Research, 02/2018
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Swap-Out

== Storage-ring bunches transferred to accumulator

« Accumulator bunches transferred to storage ring

Gap Bunch Train Gap
=10 nsec . =50 nsec =10 nsec
[

el — 1 e

A fast kicker magnet replaces a
bunch train by one with higher
charge.

Fast kicker magnets
The extracted beam is send to an
accumulator to be reused.

New accumulator ring New ALS storage ring

Accumulator ring needed.
Bad injection efficiency.
Can inject on axe with little disturbance on the circulating beam.

Extracted from C. Steier and al, On axis swap-out R&D for ALS-U proceedings Epac 2017
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Extraction

Extraction is the mechanism used to remove beam from an
accelerator. Different techniques are used to eject beam from

circular machines:

Fast one-turn extraction is used in the transfer of beam from one circular
machine to another.

Experimental facilities generally require slow-extracted beam, with a smooth
and uniform spill.

As for injection, extraction is generally performed in the horizontal
plane.
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Fast extraction

The first stage of fast extraction consists in creating an orbit
bump to slowly bring the beam as close as possible to the first
extraction septum.

Then a fast kicker magnet is powered such that the beam is
deflected into the extraction channel where it receives sufficient
angular deflection to leave the machine. If particles arrive at the
Kicker while it is ramping, they will be killed onto the septum
blade. As a consequence, the rise time of the kicker must be as
short as possible.

The duration and switch-on/switch-off times of the kicker pulse
depend on the mode of extraction. Typical values of rise and fall
times are 40 to 50 ns.
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Fast extraction

For one-turn extraction, the rise time must be short compared to
the revolution period of the ring (then only a small fraction of the
particles are lost), the pulse duration is the revolution period and
the switch-off time is arbitrary.

For bunch-by-bunch extraction, the rise time and the fall time
must be shorter than the time interval between two successive
circulating bunches, and the pulse duration is the bunch
repetition period (or less).
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Fast extraction

As for the fast injection, the kicker must deflect the beam by

X
0 s
k

it /BB

B, B, : beta functions at the kicker and septum

L, . betatron phase advance from the kicker to septum

X . required displacement at the septum entry.

The initial orbit bump is used to reduce the value for x. .

Extraction efficiency as good as 100% can be achieved.

Injection/Extraction
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Fast extraction

TRAJECTORY
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Schematic view of extraction region (ESRF Booster), with three slow bumpers B1, B2, B3,
2 extraction septum magnets Se, and Se, and one fast kicker magnet Ke.
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Resonant extraction

Slow extraction can be achieved by controlled excitation
of a non-linear betatron resonance of the ring, often a
third-integer resonance.

The efficiency of slow extraction depends on the
thickness of the first ejection septum as compared with
the growth of the resonant betatron amplitudes in the
final few turns before extraction.

Injection/Extraction 58



Resonant extraction: principle

The trajectory of a particle which has a horizontal tune Q,=p/3 is

closed over 3 turns. Such a motion can be described by 3 fixed
points P, P' and P” in the normalised phase space diagram: after 3
turns the particle is back to the same angle and position.

In the presence of a sextupolar perturbation, the particle will get an
angular kick proportional to the square of its amplitude, but will still
describe a close trajectory between the 3 fixed points P, P’ and P”.

A particle which has a horizontal tune Q, = p/3 + ¢ (¢ small)

describes triangular trajectories in the normalised phase space
diagram.

The stable area is defined by three separatrix. The particles which
start to move inside this triangle are stable and describe closed
trajectories. The particles which are outside this triangle are
unstable and describe open trajectories with a diverging motion to
the outside.
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Resonant extraction

P, P’, P” : fixed points (v, = 1/3)

P'(2,5,8...)

Without sextupoles

Injection/Extraction

P'(2,5,8...)

With sextupoles
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Resonant extraction

R1 R3

/
0
3
31
]
[

1 4\/§:

) ra
rg: X =+—X -
V3 0S
- S the sextupole strength o |
¢ proportional to tune distance to 1/3 Injection/Extraction

Courtesy Nicolas Carmignani

The resonant extraction consists
In shrinking progressively the area
of the triangle defined by the
separatrix so that the motion of
the particles becomes unstable,
leading to a larger and larger
amplitude of oscillation. The
extraction speed is tuned using:

- Sextupoles to control the shape
and size of the separatrix.

- Quadrupoles to control the
proximity with the 1/3 resonance.

Sa

61



Resonant extraction

Particles are brought closer to the resonance by varying their tune
with:

A fast quadrupole
A finite chromaticity and RF settings.

At the location of the extraction septum, within the last three turns the
betatron amplitude of the particle must have grown enough to jump
from one side of the septum to the other. This requires a very thin
septum blade (electrostatic septum).

This growth in amplitude of a particle depends on its momentum, its
initial amplitude and the proximity of its tune to the resonant tune
value (g).

The dispersion in angle and position of the extracted beam is difficult
to control.

Injection/Extraction 62



Magnetic elements

Kickers
Septum magnets



Kicker magnets

Fast kicker magnets need to be switched on/off in times typically of
90 to 150 ns. This is only possible with magnets with extremely
small inductance. Small inductance magnets are usually “air coil
magnets”, which cannot produce a high magnetic field without going
to impracticable currents.

The kickers are powered by pulse-forming networks (PFN) which
are charged some time prior to the injection and rapidly discharged
via fast switches (thyratrons).

Ferrites are frequently used to contain the field, usualy they cannot
be tolerated inside the vacuum of the ring, and must be installed
around a ceramic vessel. Such ceramic vessels have to be coated
with a thin conducting layer deposited on the inner wall of the
ceramic, in order to ensure the circulation of the beam image
current.
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Kicker magnets

Typical layout of a kicker power supply:

DC-HV HV-Coax Thyratron Coax cable Kicker Z lermination
- Power cable acting switch with 1o kicker magnct
supply as PFN coaxial magnel constructed

mounting as delay line
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Kicker magnets

Example of a kicker magnet coill

Inconel Spring ,— Ceramic Chamber

. SR AN, Vg
¢ e . ‘_ ) -
RS 1 Ferrite
& ;’/JI\P, __— Image
AR «\___./ Current
: -" ; Strip
= .__.1',\

Frame

\\\\

Design of a Kicker magnet for DELTA (Dortmund) The shape
of the beam vessel continues to the vacuum chamber cross
section, leading to an extremely low coupling impedance to
the beam (i.e. low loss factor).

SNS injection kicker, courtesy C. Pai.

Injection/Extraction 66



Stripline kicker

eUse a 50Q2 carracteristique impedance stripline to avoide
Inductance and reach faster rise times.

® Allows to kick selected bunches.

o ess efficient than magnetic devices and need to be
combined to fast high voltage pulsers difficult to produce.

Macor ring
supports

Electrodes

Extracted from: C. Belver-Aguilar thesis on stripline kickers for beam extraction for CLICK, 2015.

Injection/Extraction
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Kicker magnets

Injection/Extraction
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Septum magnets

Given the very small bending angle of typical kicker magnets, it would be nearly
impossible to bring the delivered beam sufficiently close to the aperture of the
accelerator without interfering with the magnet structure of the accelerator. One
therefore uses a second bending magnet, which allows to bring the beam with a
large bending angle very close to the closed orbit without affecting particles
travelling on the closed orbit: a septum magnet.

A septum has a blade that separates beams and provides different deflecting
fields on either side of the boundary.

Septum magnets have the characteristic of providing a high magnetic field for
the delivered beam very close to the aperture of the accelerator without creating
any perturbing magnetic field on the axis of the accelerator. Schematics of such
septum magnets are shown below: The separation between the high field in the
injection channel from the zero magnetic field of the accelerator axis is provided
by a septum blade acting as part of the magnet coil or by an eddy current
shield.

Injection/Extraction
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Septum magnets

Mounting frame  \aemet lamination

Clamps

Septum
sheet

Inner conductor

Active septum

DC or pulsed magnet

Nickel-1ron
laminations

Injection/Extraction

Single turn
conductors

Eddy Current

SCTEEN

Passive septum

pulsed magnet

Electrostatic septum

DC
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Lambertson septum

-~ Injected beam

B field

—— Circulating beam

" = 4 L= L - L L L R k.
R i : 3 YoM

The circulating beam travels through the Yoke and does not see the field.

Deflection and offset are not in the same plane. In this example deflection is
horizontal and offset vertical.
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Example: LHC injection chain

PSB 3x1 bunch
@ 2 cycles
i 6 bunch
PS < Il RFsplitting
/2 bunch
@ 3-4 cycles
SPS 216-288 bunch
@ 12 cycles
LHC  ~2800 bunch

fff—#——————_—“'—m
T T

W LHC 7 TeV p-p H\iﬁx

@ﬂ - 2.8 TeVin P-Pb 'Qﬁ;ﬁi
>’>
fm‘ -
S e
& SPS 450 65\2 -
R ™

BGDSTEFI

PSB)

IDN » PROTONS
50 H&V =7 ACCUMULATOR [~ IONS
aw/
LINACS 4.2 Huwl'l

~85% injection efficiency

Injection/Extraction 72



Example: LHC injection chain

PSB has four accelerators on
top of each others which can
be synchronised to send puls
train in a single transfer line.

The second scheme
presented is actually
used as space charge
forces in the PSB where
to strong for 2 LHC
bunches in 1 PSB ring

25{'_.—)}1=2 Single—batch filling
@ \ e *E'i"-" PS e
D Eg st

/ )
- e
PSB h=1
Ca ) Two—batch filling for LHC
3O ™ s PS h=7 >
2P A *___L_bgt_b____, @
S / " batch 2™ péfch

N o

1.2sec later

Complexe RF manipulation called beam splitting is then dividing the 6
bunches injected in the SPS into 72 bunches.
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Example: LHC injection chain

Bunch Disposition in the LHC, SPS and PS

LHC (1-Ring) = 88.924 ps

AT,

Filling Scheme Ts

SPS =7/27 LHC
: ) 3564 = {[(72b + 8e) x 3 + 30e] x 2+[(72b + 8e) x4 +31e]} x 3

—IH—[F‘ +{[(72b + 8e) x 3 + 30¢] x 3+ 81¢}
AN ,l | Beam Gaps
N 'l:f2 1, = 12 missing bunches (72 bunches on h=84)

T T, = 8 missing bunches (SPS Injection Kicker rise time = 220 ns.)
PS=1/118P§ '

17, = 38 missing bunches (LHC Injection Kicker rise time = 0.94 ps.)

i 1 = ol "
Sy Pt T, = 39 missing bunches ( )

25ns spacin

_‘:_____-.ril

7, = 119 missing bunches (LHC Dump Kicker rise time =3 pis.)

[ref]: LHC design report
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Example: PS extraction for FT

Extraction over 5 turns:

Qh =0.25

3 X’

Closed bump on:

Part of the beam is send in the extraction channel
Part of the beam is lost on the septum blade
r 3 X,

T1

o

Extracted beam — |

X
3

T4

Injection/Extraction

T2

Kicker off
‘ X
2 X
X
Hbh .
X T3
X

_—

Increase of the bump
amplitude

15
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Example: ESRF injection chain

Synchrotron light source, 6Gev electrons

200 Mev linac

! | Single turn injection

6Gev Booster synchrotron 300m
~335 bunches

Single turn extraction
+

Accumulation in the storage ring

6Gev storage ring 844m
992 bunches

Injection/Extraction
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Example: ESRF injection chain

I
ﬂk

Single bunch
Linac pulse of 1.5us
: t
p y = A complex timing system

| Selection by the injection Kicker .

ﬂ‘ allows to create a single
Booster bunch in the booster and to

t Cycle=100ms o o
f : send it in a specific RF

t Booster=1us

bucket of the Storage Ring

(~40ns). Rise/time of extraction kick (S R)
synchronised with it.

Storage Ring accumulation. About
100 pulses are needed to reach
200mA stored current.

t x=2.7 ps
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Example: ESRF injection chain

Ring acceptance
(septum)

Ring acceptance _/-"k]'CK' g
(kicker)

(
Injected beam Iy

(kicker)

K2

>

Injected beam
(septum)

after
several
rns

Injection into SR

. Linac to Booster injection

After acceleration and damping in the booster, the
beam has a horizontal emittance of £,=100nm

damped
stored
beam

SR horizontal tune: Qh=.44
The closed bump of 15mm
amplitude has to last for less
than 2 turns.

ring axis

place occupied

by the injected beam,
making betatron
oscillations

at injection

Injection/Extraction

At injection
€,=100nm

reshly
[njected
Beam

After damping (~20ms)

E,=4nm -3



Application

In an electron machine, using a four kicker bump injection scheme for accumulation, there is a fire in the
power cabinet of the kickers power supplies and they all melt.

You only have one spare and you get a direct call from the director telling you his son is coming tomorow
to make an experiment that will of course win the Nobel price, so you'd better find quickly a solution.

Do you have a chance to keep your job by finding a solution to accumulate only with one kicker?

Do you have a chance of getting a 100% injection efficiency (and get promoted)?

0.

o
o

=
o}

Phae advance rad/(2* )

=
=

=
ra

o
N

Phase advance between septum and kickers: K1=-1/2 K2=0 K3=0 K4=m/2

Injection/Extraction
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Normalised phase space including septum blade

Septum

¢

Acceptance: V(X’+x ?)<4.107

X
i Incoming beam has a half width at septum
D=6.5 10 location of ij=1 mm™"2 in normalised phase
. space.
—> -

The equilibrium emittance after damping is
considered infinitely small compared to the
Acceptance in this case is acceptance, so the circulating beam can be

defined by a limiting aperture considered as a point like beam (width=0).
somewhere around the ring

but not by the septum blade.
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General case with a single kicker

7/'.<

X!

Injected beam at
Kicker entrance

—>

Injected beam
at Kicker exit

Injected beam at septum

u is the phase advance between

X' kicker

septum and kicker

Injection/Extraction

Stored beam at

kicker Exit

X
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1) Find the optimum position for the injected beam at septum exit, in order to
reduce Rinj, and at kicker location, in order to reduce the kicker strength. Conclude
on the optimum phase advance between the septum and the kicker and choose

your Kicker.

2)From there derive the conditions written bellow.

3)Put the numbers in.

4)find a way to reduce the distance between beams at septum exit.

o | Xa ] X,
X X
Condition for injection efficiency>0 : Rinj<2xRacc (for a point like stored beam)
Condition for injection efficiency=100%: Rinj+2xc, <2XRacc
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Solution:

Optimum condition at septum exit:
X'=0 at

Optimum condition at Kicker entrance:
X =0
inj

Again the optimal phase advance pu is 7/2.
Also the kicker has to be after the septum.

N\

Optimal configuration :

X' kicker optimised

J
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The fourth kicker is the perfectly placed, it has a u equal to /2 (ucky you areit)
You can tune your transfer line to have the injected beam in the optimal
case where:

Rinj=D=6.5E-3

Rinj=6.5 .10 (while 2"Racc= 8.10" and 2*Racc-2*c, =6.10°)

2 X Racc> Rinj>2 X Racc—2X O,

You keep your job, but no promotion

Injection/Extraction
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As you have margin between the acceptance and the septum blade
you could either move the septum blade toward the acceptance or

apply a DC close bump with orbit correctors to reduce Rinj without
reducing the acceptance.

With D=5.5 10-3=Rin;j
Finally Rmin+2*cyinj<2*Racc

Congratulation !!!

Injection/Extraction
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