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Introduction

Accelerators have a limited energy range.

Synchrotrons typically accelerate by factor
10 - 20 between injection and extraction.

Beams have therefore to be injected and
extracted from circular accelerators.

For injection and extraction dedicated
elements are used:

« Septa: which provide a high field and low
field area, i.e. field separated in space.

« Kickers: create a short-lived high field,
l.e. field separation in time.

« Beam extraction protection devices to
protect downstream equipment.
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Single turn injection / extraction

For injection, the fall time (t;) is critical, while for extraction the rise time (t,) is critical.
t. of the kicker is determined by the time of flight between first and last bunch.

where:

« dis the distance between tail of last bunch
(or batch) and the head of the first bunch

» [is relativistic beta

» cis speed of light

QF

I
| —
I

Orbiting beam |

cy : iniecti rise time is critical.
For extraction and multi turn injection the rise ume IS L=

d i Septum QD Kicker
|
I

A
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| orentz force

The Lorentz force (F) is the force on a charged particle due to an electromagnetic field:
F=q|E+(vxB)]

F [N], vector quantity

g [C] electric charge of the particle

E [V/m] electric field, vector quantity

B [T] magnetic field, vector quantity

v [m/s] instant velocity of partlcle vector quantity
x vector cross product (i.e. F L v and B vectors)

Assume relativistic particle:
v=3.108m/s, B =1 T is subject to same force as same patrticle in E = 300 MV/m.

For ref STRPT i netic field.
‘ OL'reI?trf; T uch more efficient to deflect relativistic beams M R
¢+ Stpw———— o sTHTand E< 10 MV/m.
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Reminder: beam deflection due to a magnetic field

=[5 [P 0

Where
B magnetic flux density (T);
p beam momentum (GeV/c); ,m

v | o5 effective length of the magnet (m); 03\ \e 9 J
. . S\
« . 6 deflection angle due to the maaneti~ \’tS D V
o The effective Inr‘ﬂ* S Wp\C }\ ) ranterent from the physical length (l,,).
S P
thot @
tic \en9™
agnet™_
. ickers, ¢ == % B(2).dz
Unlike B2 Lrr = g,
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Reminder: beam deflection due to an electric field

o (BB

d-(p-10%)-B

Z
1
GE,x — tan_l l( . 109) ﬁ ) j |Ex| dz
P 5

=0
q“ Where:

q+
E electric field (V/m);
P beam momentum (GeV/c);
B relativistic constant;
effective length of the device [m];
applied voltage between electrodes (V);
the distance between electrodes (m);

deflection angle due to the electric field (rads).

o
=

Q<

also stripline kickers
deflect the beam.

atic septa and

trost
Elo ctric fields 10

use €le
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I nJ eCtl on Septu m Electrostatic septa

- weak field (up to ~ 10 MV/m)

- very thin blade (~ 50 — 100 pum)

- often DC

- used for multi-turn (slow) injection/extraction
without kicker

Thinnest possible

separation between high
field and field free region:
septum blade.

Magnetic septa

- strong field (upto ~1.5T)

- thick blade (from ~ 1.5 mm)

- DC or pulsed

- often used in combination with a kicker

‘field free’ region (as low as possible) [
— —
Orbiting beam
QF Septum QD Kicker
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Magnetic Septum

Typical layout direct drive septum

C-shaped magnetic yoke
Conductors on each side of the gap;

these guide the induced flux to the yoke.

To obtain thin septum, the current
density is pushed very high.

High current density leads to increased
power dissipation;

Mechanical stress of the septum blade
needs to be properly managed.
Thermal management of coil of greatest
importance.

>Y 30/11/2023

Current Density
Very High in
Septum
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Septum conceptual dimensioning

4

4 Deflection 5 — >49
~ 384EI,
j[) Hdl =nl —
—> with
H, ke lyoke + Hglg = nl — o _ Ls®
:: Area moment of inertia Im — E
. F 1
B = pOp .H - G Distributed load § = P z@ﬂ B P
yoke Bglg =nl —
0 Ho : mechanical stress O = oFg
— max 8LSZ
u, > 1 ®
So: fora 40 mm gap,1 T Bfield with §=5 mm copper septum thickness,
one needs nf 3.18-10% A.turns the deflection of the conductor &is 10 pm,

and mechanical stress o,,_.is ~19 Mpa.
Can lead to fatigue and vibration issues!

Can lead to high current densities!




Leak field

The leak field depends on:

The relative permeability (u,) of the steel yoke.

 use steel with high .

» avoid yoke saturation
This is the dominant factor for the leak field further from the septum (>1
gap height).

o

il J!

q)gap ¢Ieak

=

Play between the septum conductor and the yoke.

» conductor insulation and mechanical play allow field lines ‘to escape’
without passing via the yoke.

» affects predominantly the leak field closer to the yoke (< 1 gap height)

Current uniformity in the septum blade.

« due to interturn insulation and cooling channels

» affects leak field close to septum (< septum thickness) b = buy + b
- also has impact on field homogeneity inside the gap gap = ¥yoke © ¥leak

However, integral leak field is dominated by leak fields at magnet extremities!
Field clamps and shielding are effective tools.




ldealised septum magnet

no play between coil and yoke

(E-6) Tesla

-—
e -

Leak field
virtually 0!

o —_—

e

—— —_—

T

Main field 1T .

\\\I‘HH‘HH‘\IH‘HH‘HH
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Gap field homogeneity good (<10-4)!




ldealised septum magnet

0.1 mm play between coil and yoke

PB16_PREFECT_JEU

_(E-3) Tesla

S

Leak field
Increases

w

%)

O

Main field 1T

o

Gap field homogeneity degrades.
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As built magnet

Including cooling channels and insulation around the coill

N Poor leak
. field.

m
[

ielle S I I B

Field homogeneity in the gap: +/- 2% of B,

CERN i
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Septum variants

Outside vacuum

Beam inside vacuum chambers around which the magnet is placed.
Apparent septum thickness = septum blade thickness + vacuum chamber
wall thickness, mechanical play and magnetic shielding

Multi-turn coil variants suitable for DC applications.

Under vacuum

Septum thickness determined by septum conductor and/or
screen only — reduced septum thickness.

Entire septum inside vacuum vessel; requires careful design
and vacuum compatible materials to be used; bake-out of
system to reach UHV common.

Very suitable for pulsed applications.

Beam observation systems are often integrated in the

mechanical design. o - -
Under vacuum any heat dissipated In the magd
) using dedicate

30/11/2023
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Septum magnet topologies

Many septum topologies have emerged over the years. A selection:

CERN
\
<

» Direct drive septa
» DC magnetic septum
« continuously powered with (high) current; often multiturn coils to reduce current; rarely under vacuum.
» Under vacuum pulsed septum
* Pulsed current to reduce thermal load. In return vibrations and fatigue needs to be managed.
» Eddy current septum
« Powered with a short half or full sine current pulse; mechanically robust, but electrically challenging
depending on gap size.
» Lambertson septum
 DC or pulsed. Septum is part of yoke; coils well away from beam. Requires 2 plane injection/extraction.
» Opposite field septum
« 2 adjacent gaps with opposite field. As a result: little to no mechanical force on the septum blade.
» Massless septum
* No physical coil or separation in beam path. Apparent septum thickness generally =2 1 gap height.
» Permanent magnet septum
« Still in its infancy.
» Superconducting septa
» Still rare, despite some successful applications (for ex. g-2 inflector at BNL). Truncated Cosine Theta (TCT)
and Superconducting Shield (SuShi) topologies nowadays being investigated for FCC.

SY
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DC Magnetic Septum g

Upper half magnet yoke

Inj./EXt. « Continuously powered with a (high) current.
vacuum chamber _ _ . .
» Usually constructed with a multi-turn (series) caoill,
/ Septum so as to reduce the current needed.

© - The coil and the magnet yoke can be split in two,

an upper and a lower part, to allow the magnet to

\ Circulating beam be 'clamped’ around the vacuum chamber of the
y vacuum chamber injection/extraction line.
‘ 7 Rear Conductor « Rarely under vacuum.
x  Lower half magnet yoke
. . . yh-power consumption.
CoThe s lead often to thermal challenges and Nigh-pPOW=" == orvererarves
di D#Q Septa ?_,aﬂ.—q-~urlc‘otp10|1l. me—

« This topology can also be pulsed (typically in the ms range), which allows to simplify the
cooling circuit. Pulsed variants are often single turn [2].




Lambertson Septum principle 45

* Current: DC or pulsed,; Steel yoke

 Conductors are enclosed in steel yoke, “well \
away” from beam — current density » -

 Thin steel yoke between aperture and ®l
circulating beam — however extra steel required
to avoid saturation;

» Septum, as shown, difficult to align.

J

@ Circulating Beam

*\

A A LA A A

« Used for injection/extraction in 2 planes
(horizontal and vertical). For example for o)
extraction: a kicker is used to deflect beam into Aperture
septum aperture, and subsequently the beam is /
deflected perpendicular to plane of the kicker ‘

deflection. Requires 2 plane injection O

r injection.
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LHC injection — Lambertson Septum

Beam Injected
intol LHC

Transfer line Counter-rotating
from SPS LHC Beam

1. Septum deflects beam horizontally to the right;
2. Kicker deflects beam vertically onto central orbit.
3. Note: To minimize the leak field in LHC beam-pipes, additional screen is used.

(j\z > 30/11/2023 J. Borburgh - CAS - Inj. extr. devices
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tel
. . e also PO° =
Eddy Current Septum principle szsoi 5 wainons
@ this CA
Yoke Powered with a half or full sine wave current with a period of
\ typically 50 us.

Coail is generally constructed as a single turn, so as to minimize
magnet self-inductance.

The colil sits around the back leg of the C shaped yoke, and
therefore coil dimensions are generally not critical.

When the magnet is pulsed, the magnetic field induces eddy

Orbiting currents in the septum, counteracting the fringe field created.
y‘[ zz Gap Beam The septum can be made very thin, but water circuits may be
needed at the edges to cool the septum.

The field in the gap as function of time follows the coil current. The electrical resistance of the septum
IS kept low: once the septum current is flowing, it takes quite some time to decay.

More robust than direct drive septa.

SY
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Eddy Current Septum

To reduce further the fringe field of the
eddy current septum a copper box
(return box) can be placed around the
septum magnet.

Also, a magnetic screen can be added
next to the septum conductor.

These modifications permit the fringe
field to be reduced to below 1/1000 of
the gap field at all times and places.

)

:

Beam Screen

/

Magnetic Screen




Current distribution Eddy Current septum

The current induced in
the septum blade, closed
via the rear of the copper

shielding box.

2130 ) [A/mm2) 10 1990

—




Opposite field septum piiz

Return
conductors

Due to the opposite fields, no mechanical force
on the septum blade. Septum can be made very
thin, provided high current densities are dealt with

properly.

Rarely used, but can be made effective for
example when 1 gap replaces part of a main dipole,
and the adjacent gap serves the extraction channel.

le. due 10 lack of mechan'\ca\ forces. |

(j\? > 30/11/2023 J. Borburgh - CAS - Inj. extr. devices
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Massless septum (susis

Variant inspired by an opposite field septum. Variant using ‘cancellation’ field coil (blue)

.
| I

S
w0 |
"VSTATIC\DI |"‘\' IPOLEL TESTY B.AM L] 9-2022 18:10; \ C:\LANL\EXAMPLES\MAGNETOSTATIC\DIPOLES\DIPOLEl - MASS LESS.AM 9-12-2022 11:12:00

Field region ) > Field region

Apparent septum Apparent septum
thickness thickness

A\ 4

Field free region <

« The apparent septum width is usually larger than 1 full gap height.
« Because of the field in the septum region, it may require collimation downstream.

Little interaction with stray beam particles, hence little radioactivation.
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Permanent magnet septum psaz

« DC septa could be favorably replaced by permanent magnet septa, solving their main challenge:

power consumption and thermal loading.
« Their dynamic range (field adjustability) is limited.
« Relative septum thickness (w..r.t. the gap height) is relatively high.

pments re

ported in hterature
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Superconducting septa s

FCC extraction as a use case

Conventional septa topoloqgies Novel septa topoloqgies

Normal conducting Lambertson septa power Based on novel superconducting septa: Super

consumption enormous: 2.4 MW [11]. conducting Shield (SuShi, 3.2T) and Truncated Cos
Theta (TCT, 4T). Total system length ~70m

- Septa Layout allows for single plane extraction

Alternatively superferric Lambertson septa (vertical).

(1.3-1.55T / ~184m with 25 mm septum blade).

Septa topology requires double plane extraction.

- Significantly reduced power consumption,
Power consumption dominated by cryo-system. dominated by cryo-system.

MKD QF MSD QD MKD

Accelerator Systems



Canted Cosine Theta (CCT) Superconducting Shield
(SU Sh |) Septu M [19.20,21,22]

CCT windings
J]z = cos(n)

¢
v
‘.

-
.....
. ~
S A

(=

4"
4007
‘.
Ill
i

1111
¢¢¢¢

good-field-region
sampling circle

ERN. |

: ics (H)and ©
‘ pursued by \Wigner \nSt\tUte of PhyS! (Igh field)
Actively beind —=




Truncated Cosine Theta septum ps

When halving the cos 8 magnet and closing the beam aperture with a current wall
(i.,e. a superconductor), this current wall becomes a septum.




Electrostatic Septa
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Electrostatic Septum Principle

Circulating Beam

Septum Foll

Extracted
Beam

Color Shade Results
Quantity : |[Electnc field] Vim
Scale f Color

0 / 8125E3

812.5E3 / 1625E6
1625E6 / 24375E6
24375E6 [ 3.25E6
325E6 ! 4.0625E6
40625E6 ! 4875E6
4875E6 | 56875E6
56875E6 ! 6.5E6

6.5E6 [ 7.3125E6
73125E6 / 8.125E6
8.125E6 [ B8.9375E6
89375E6 / 9.75E6
9.75E6 / 10.5625E6
10.5625E6 / 11.375E6

11.375E6 / 12.1875E6
12.1875E6 / 0013E9

Circulating beam passes through hollow support of septum foil ( creating as such a field free region).

Extracted beam passes just on the other side of the septum (high, homogeneous. field rani~~?

Electrostatic septa use vacuum as an instilatar ~=-

| onal, £~

Electrostati

CERN
\
~

S LA L]
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ta provide 2 _
c septa P very thin (typically from
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relative weak bea

m deflection, but the septum can be

50 ym upwards).
———pracuce OTIEN OMitted. Simulations are a
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Typical layout and parameters .z

Deflector

Foil Tensioners

Typical technical specifications:

* Electrode length : 500 - 3000 mm;

* Gap width (typical) : 10 - 35 mm;

» Septum thickness: < 0.1 mm;

* Vacuum (10 to 1012 mbar range);

* Operating Voltage: up to 300 kV;

* Electric field strength: up to 10 MV/m;

* Septum Molybdenum foil or Tungsten wires;

* HV electrode made of stainless steel, Titanium (good
for extremely low vacuum applications) or anodised
aluminium;

« Bake-able up to 300 °C for vacuum in 10-12 mbar range;

e Power sunnlied hyv Canle—~o e
ot run at atmosphenc pressure

Beam Screen Electrode

\/acuum provides the insulation; cann




Septum variants used are:

« Foll (screens leak field very effectively) wirrn  \4 Py " @ mewMWMWW h
« Ribbon (more complex fixation \ et B | ‘
( p ) : { ‘ /; 4."1 1[" i A
I C. o FEN — L
*  Wire (low mass seem by beam) A \g : w\\g\m\ m

Different topologies:
« Cathode opposite anode
» Tilted electrodes, split electrodes

- Cathode inside Anode layout
X; NO c\ear'\rlgfl\’egt)ro

Foil septa are least cOMPIe

3 / '
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Kicker systems

Magnets and generators [28,29]
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Electrical Parameters for a Magnetic Kicker

Usually 1 for a kicker magnet

B, = y{ Ve\]

Minimum value set by beam parameters

Eddy-currents and proximity effect Hence: “I” determines B, x

result in current flow on inside

surface of both conductors. Vap Return
@I

Minimum value set by beam parameters

2,
Hence inductance is given by: L. = u, (NVH“”). |
ap

Where #o s permeability of free space (411 x 107 H/m);
N is the number of turns;
I IS current (A);

H, f the H\/ and vav.--
» IS the distance between the inner edaes of the ded L _dl/dt

° 1o #Hlan 021 e
To ac\:/h|eve fast rise and fall time, a S|gn|flcant Voltage is ne

L, IS inductance of the klcker magnet (H).

c\ERN SY ) 30/11/2023 J. Borburgh - CAS - Inj. extr. devices
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Kicker Magnet Magnetic Circuit C-core Magnet

Most kickers use a magnetic circuit containing magnetic material:
» to greatly reduce the effective value of Vap
» to improve the field uniformity
NiZn Ferrite is usually used, with p,=1000:
Field rise can track current rise to within ~1ns;

« Has low remnant field;
Has low out-gassing rate after bake-out.

Window Frame Magnet

Sometimes the return conductor is behind the yoke (for beam
gymnastic reasons) —this increases L, by about 10%. F
T

To reduce filling time by a factor of two a window frame topoloayv is | time of the ﬂe\d.g
used: fast rise and fall umes = - ---
o terial to allow 1astlis® = 1111
It can be considera- USed oke ma e,,; SR———CT Y 1)
ite is the COmmon\y " —rouuced Tilling time.
Y ~—-wrort-sMIEldS” are used between the two ferrite C-cores to reduce beam | ,
coupling impedance. (€ m q
ap
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Fast Injection/Extraction kicker

The kicker magnetic field must rise/fall within the time period between the beam bunches (or batches).

Typical field rise/fall times range from 10’s of nanoseconds to microseconds and pulse width ranging from 10’s
of nanoseconds to 10’s of microseconds;

If a kicker exhibits a time-varying structure in the pulsed field, this can lead to small closed orbit offsets
(betatron oscillations).

A fast, low ripple, kicker system is required !

Particles in SPS extraction kicker rise- and fall-time gaps

+ 1.E+11 : : 12 E_’
e £ E
s :
1E+10 1 b : e £
. L 0.6
: Note: small ; d‘ .
1.E+09 £ excursion _ . ! |,
ko - is required:
| | ker system 1S FeH=r ="
A fast, low rippie, kicker SySt=T - |
1.E+08 — . i,

CERN SY
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Kicker magnet topologies

Depending required ‘speed’, i.e. the rise and fall time of the devices, different kicker
topologies are used.

Topologies in order of thelr speed:
» Lumped inductance kicker

« Ease of construction; often used outside vacuum, strong field (ferrite yokes < 0.3 T, but thinly laminated
steel yokes < 1T). Less demanding power generator, often of the capacitor discharge type.

> Transmission line kicker

« Complex kicker design: magnet inductance is distributed over cells by adding decoupling capacitors;
under vacuum; medium strength (ferrite yoke < 0.3 T). Matched impedance power generator required,
using a pulse forming network or pulse forming line.

» Stripline kicker

« No magnetic yoke! Combines electric and magnetic field; under vacuum; weak strength; only fast pulsed.
Ultra-fast, 2 completely matched impedance generators.

CERN SY
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Lumped inductance kicker o

» Cost effective.

* Yoke can be made of thinly laminated steel.

« Bus-bar conductor can be insulated for High Voltage.

« Can be multi-turn coil, although mostly single turn.

« Usually not under vacuum; requires (ceramic)
vacuum chamber inside the gap.

MedAustron MKI:

2 C-shaped yokes back-to-back with a non-
magnetic conducting plate to decouple both halves.

t. =100 us
By=0.123 T
| = 1.35 kA

SY
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Overview of Transmission Line Kicker System [si3z

RCPS
(Typically matched impedances;\
* PFL = Pulse Forming Line
Dump PE';'LOf Main Trani_mission Magnet (coaxial cable);
Switch Switch ne
~ z -~ O z )— z * PEN = Pulse Forming Network
o Si(rilglle-way 1 1 reminating (lumped elements);
7 : elay t : _
ReS'StOf ' Resistor « RCPS = Resonant Charging
Power Supply;
Typical impedance matched circuit operation: \ Floating switch(es). J

» PEN/PFL is charged to a voltage V, by the RCPS;

» Main Switch closes and, for a matched system, a traveling wave of magnitude ™’ "= ’[ef'\SﬂC \mpedaﬂCe
the transmission line, towards the magnet; <ame C charact

» Once the current pulse reaches Tha oo - arts need to__\_'_\_a\leu" B T corablished in the

duce r\pp\ 2 o magnet can be controlled in length, between 0 and 2t,,, by adjusting the timing
TO re - ermpSWitch relatlve to the Main Switch.

CERN SY
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Transmission Line Kicker Magnet

 Consists of few to many “cells” to approximate a coaxial cable;

Lc Lc Lc Lc T
— YT TY N FY Y Y e o Y Y YN Y Y Y e Gnd Plat%:, s
(#1) (#2) (#[n-1]) (#n) Gnd Bus _
~__Ccl2 n Ccl2 ~_Ccl2 Ccl2 Cc/2 Ccl2 Ccl2 e

HV Bus —_« /] s /Ferrite

HV Platf& :
For a given cell length, »

Z = \@( Lc is fixed by aperture |[Tm = -Cc C i y)

“e N _ < =

dimensions. ' (L/)@

* Ferrite C-cores are sandwiched between high voltage (HV) capacitance plates. B
* One C-core, together with its ground and HV capacitance plates, is termed a cell.
 The total inductance is split over n cells.
. Each cell conceptually beains and ~~-~- "~ enc
g n(;/ numbel’ of Ce“S has strond mgllrjcmt of an artificial transmission line.
" The length al

elay required for the pulse to travel through the “n” magnet cells.

L

B Stripline

e on ‘speed’ of th

CERN SY
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Transmission Line Kicker Magnet

A T A
Ls Ls Ls Ls 11 T = ( L%]
Terminator = < >
Vout D ) S osla [ 3 el
Cc/2 Cc/2_ ___Ccl2 Ccl2 Cc/2 Cc/2 g 0:8 l V ,/ I
=i / 7 /
. f < 96 T 7 N
For a magnet terminated with a matched resistor: field rise T 0'451 | 7 / \V
time starts with the beginning of the voltage pulse at the 3 03 — ‘\ / out
entrance of the magnet and ends with the end of the same g 02 Vs - /
pulse at thg output. Field rise tir_n_e is given byg]ne sum of the §/QL‘H?,JFIIUX (¢) /
pulse rise time and the magnet filling time : (= Lm4) Time
¢ — J‘(Vin _Vout )dt

The field builds up until the end of the voltage rise at the output of the magnet. Hence it is imnnart~—* " K\Ckers-
degrade while travelling through the magnet. Thus the magnet ciit-n# &~ d '\nductance

] e
below ~100 ns. Cut-off frequency (f.) der~-- are much faster than éuctg?np\'\cated and costly.
. : r
onstruction 1S far mgc
r desl\gn and C v\ — rl_o)
Thi HOWeVe ’ __—opussinie and the cell size small. However, cells cannot be too small (voltage breakdown & cost).

' times
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Transmission Line Kicker Magnet Termination

When space is at a premium, a short circuit termination has the advantage of doubling the kick
(for a given system impedance).

In addition, a short circuit termination reduces the time during which the kicker magnet is exposed
to high voltage.

However, disadvantages include:
fill-time of the kicker magnet is doubled,
magnet sees voltage of both polarities;
If the dump-switch is used to control pulse length it must be bidirectional (unidirectional
dump-switch, acting as an inverse diode, is suitable for a fixed length pulse);
beam can be affected (resonances, below magnet cut-off frequency, with kicker circuitry).

ength, but it comes

on of a kicker can double its kick str
with draw backs.

Short circuit terminati




Beam impedance screening ssas

In order to reduce beam coupling impedance, the yoke (ferrite) must be
shielded from the beam by providing a path for beam image current.

This can be achieved by:

- inserting a beam screen inside magnet aperture L e e m;‘ T
(even for under vacuum kickers); S VKE (s i my s st I} nm |

= MKI: (Hap=54mm, Vap=54mm), 15 screen conductors, measured

g gggg —— DA®NESstriplines

@ 3000 7 AN

& 2300

« Serigraphy on ferrites (only possible for long cells); | sz T I

o Sl
@ 2200 ¥ o
E 2000 / / I

£ f’ = %: =8 |
| gnet aperture,

 Using a metalised ceramic in the aperture. S i
' ' ' ma
However tha #n=== magnet design, 1.€. required

| impact on the _ —
:‘I' I l&?i\so on the resulting f\@[qgh(;);r(\“gg[\elyh - l’ _
I ut also on the resuting - ‘.

SPS MKE kicker
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Stripline kicker ss, s

4=\ FEEDTHROUGH
@) \T0 LOAD

. . . . . MAGNETIC :ZEEJ:SOUGH
 Stripline kickers combine the current in electrodes as FIELD
well as the voltage differential to create a magnetic i
and electric field to deflect the particles.

« Low magnetic field due to the lack of a magnetic yoke.
» Very fast rise and fall times can be obtained.
« The challenge is to design a device which preserves FEECEHEQUEH 10

PULSER (negative

the characteristic impedance, including near the voltage input)
feedthroughs.

.+ FEEDTHROUGH TO
PULSER (positive
voltage input)

of a magnetic core

(pe
eristic i@??qanqe,' =

the lack
S owen‘u\ due
Very fast, %L::S\EJ?‘ tg pres f}’eth?Char?Ct

Complex
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CLIC damping ring striplines

As installed at ALBA Cells

e £

Parameter value unit
Nominal voltage +125 kV
Nominal current +306 A
Characteristic impedance 41 Q
Magnetic field 4.2 mT
Electric field 0.63 MV/m
Gap width 20 mm
Length 1.7 m
Vacuum chamber diameter 40 mm
t/t 100 ns

e

Feedthrough supporting electrode Electrode support ring
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Parameter value unit

Nominal voltage +2.65 kV
Nominal current +53 A
Characteristic impedance 50 Q
Magnetic field 043 mT
Electric field 0.13 MV/m
Gap width 40 mm
Length 1.18 M
Vacuum chamber diameter 78 mm
t/t <5 ns
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Extraction protection devices

When beam parameters exceed damage limit: critical beam transfer systems need redundancy
and multiple layers of protection:
% Active protection systems (e.g. Beam Interlock System, BIS)

* When a critical system fails, the BIS is responsible for initiating a beam dump: in LHC ~3h to re-establish
stable beams operation.

% Passive protection devices are the last layer of security
« Passive protection devices are designed to dilute and absorb beam energy safely

Failures associated with beam transfer equipment are typically very fast and difficult to catch,
for example:

* No turn-on of kicker: injection protection

Erratic turn-on of kicker: circulating beam swept over aperture

Flash-over (short-circuit) in kicker: wrong kick angle

Wrong timing or particles in abort gap

Transfer line failure: steering beam into aperture limitation of downstream machine

D)

e

*%

%

%

K/
’0

D

%

%
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Example: LHC Injection protection

Dedicated injection dump (TDI) to protect against fast failures of the injection kicker system.

a) Normal injection process
b) No turn-on: beam steered onto absorber
c) Erratic turn-on: circulating beam steered onto absorber

TDI absorber jaws

Circulating beam

e ]

Kicker magnet

F-quad D-quad




Extraction eguipment protection

Diluters

Physical septum
Diluter (dummy septum) reduces beam energy
density to acceptable levels to avoid permanent
damage to the downstream septum.

Massless Mas_sles_s septum | |

septum Collimation of stray particles that transit the
collimation septum area.

Circulating beam ’ \

Dummy septum Kicker magnet




Summary

Magnet Septum design dominated by mechanical constraints.
» Thermal challenges for DC septa; fatigue and vibration challenges for pulsed devices.

Electrostatic septa dominated by max. operational fields as well as mechanical tolerances
to achieve a thin septum.

Kicker magnet design has a direct impact on the generator design.
> Kicker required ‘speed’ determines the kicker magnet topology.

» Beam impedance shielding should be adapted to the required kicker performance (permissible
beam intensity, rise and fall time, fields quality) and needs careful study beforehand.

Extraction protection elements essential for robustness of the extraction solution retained
for high energy accelerators.
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Mechanical considerations

Force (F) on the on the septum blade can be approximated
with (Lorentz):

F=2 1.1
2

For example: 1. 10° N on a 40 mm tall and 5 mm thick blade
of 1 metre length is being used in LEIR.

Septum can be treated as a simply supported beam, and
the maximum deflection can be approached with the
Euler-Bernoulli beam theory.

For example: 20 um deflection of the PS extraction septum
(3mm thick) at each pulse.
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URES (micron )

Mechanical stress + fatigue Displacement

26

l23

[Enduance Limt ™~
[Curve &)

Stress Amplitude, S
w

 Fatigue Strength at Ny Cycles
[Curve B)

Stress

|
[
i
104 104 108 108 107 plq 108 104

Cycles to Failure, N

PSB, BIr.BSW1-4

Fatigue strength is important due high amount of cycles
« Numerical prediction and optimization

« Leak testing, NDT, and qualification on test stand therefore
important

For example: SPS MS septa expected lifetime is ‘only’ 10 M pulses. LEIR extraction SMHA40
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Thermal magnet load

DC septa:

« Cooling for heat extraction

Pulsed septa:

« Electrical load variable to stabilize Temperature.

Current density and hence power dissipation is high,
therefore heat extraction in a turbulent flow regime
(SPS MS: 13.4 m/s).

Thermal transient model of SMH16 (PS extraction)

CERN i
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Wire septum usg

I g

 W-Re (27%) wire septum.
* Needs ion traps in circulating beam area .
» Very thin septum (60 pm). | A g

« High operational electric field in operation
possible (>10 MV/m).

i
!

W\\\.\\‘\\\\\\'\“\u\uw‘.wu“m -

 Low Z seen by the beam.

SPS ZS septum for slow extraction
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Foil septum ps

Example: diagonal multi-turn injection in LEIR.

Remote displacement at 30° from horizontal
plane to allow for longitudinal painting injection
scheme.

Titanium cathode and deflectors to allow for
high field strength whilst remaining compatible
with XHV (1012 mbar range).

Tall cathode, and anode deflector screens
needed, to provide required good field region.
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Cathode inside Anode support s

« Allows both remote displacement
systems to be on the same side (free up
space on orbiting beam side for other
equipment.

« E field for beam region is lower than
max field between cathode and anode,
i.e. ‘in-efficient’.

« Potentially more difficult to condition,
since max. field area not easily
adjustable.




Kicker Design Tools (1)

Finite element simulation software used for the kicker

magnet design. It allows for eddy current simulations, . )
J J - y . Example prediction (Opera3D): total horizontal
used to predict magnetic field and central cell inductance, . : .
as well as to optimize the geometry of ferrite and busbars deflection uniformity.
_ P _ 9 o y o ' Note: sum of deflections due to magnetic and electric fields
It is also used to predict electric fields and for predicting .
end cell inductance and fringe fields. o &
— - 1= 0.950 94.2
Frame  Insulator Ferrite T ) - nom B8
0 / 4= 0,390 81.7
oo } 5 1.000 34.9
iy # | 7= 1,020 4.1
8= 1.030 2.5
r 20 \ 9= 1,050 1.2
T Deflection | Percentage
‘;E; ' Uniformity| area of
k! specified
g 07 aperture
z 1% 73.5%
. £2% | 86.1%
L ( +3% 90.4%
|
I"‘\.\ OHorizontal =B x + Ok x
] —40 | '__I"‘----:
" 44 64 84 104 124
Return (" Horizontal distance from HV Busbar (mm)
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Kicker Design Tools (2)

Capacitance to ground of an HV plate is influenced
by insulators and nearby ground planes:

> Ground plate;

> Magnet frame;

» Ground conductor.

Finite element software can be used to accurately
predict capacitance of a cell of a kicker magnet.




Pulse Forming Circuit: General Case

Large Valued  Co@ial Cable (PFL) of Length I, Ch arging Load end
Resoror TRl e foond end of PFL of PFL
\ | |
—‘:l—Q_ L Sertch P Lo/
DC Power r=1 F:[—ZL_Z"] Load : :
Supply (V) Z, +2Z,) Resistor T p |
| | (Z0) : :
! I(05—1)(1+ﬁ)v
* At t=0, when the ideal switch closes, the load potential (V) is given by: 3r | :
V, =V ZL = x\VV GEJ p: :
LV Zorz )T - = ;  B(a-1)(L+ )V
A voltage pulse of “(a-71)V” propagates from the load end of the PFL 51p' :
towards the charging end. : :ﬂz( DL
1 a— +
- At the charging end the reflection coefficient () is +1 and hence “(a}1)V” ! !
is reflected back towards the load end of the PFL. v i ()Y !
* At the load end of the PFL: ! !
r = [%) = B say. < Impedances need to be
- ° matched to avoid reflections !
and hence “B(a-71)V”is reflected back towards the charging end of the PFL. : _ _
(i.e. Z,=Z,= B=0)
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Pulse Forming Circuit: Matched Load (ZL=Z0)

Large Valued Coaxial Cable of Length I, Ch arg N g Load end

i Characteristic Impedance Z,
Resistor or
Inductor and Single-way Delay 7, end Cl)f PFL of E)FL

’—:I—é) — -
) Switch I
< -Z_ \V AN

|
|
|
DC Power r=1 F:[ ZO] Load -V !
Supply (V) Z +Z, Resistor v 5 — t= O+
| ‘ | * A 1 switch
| 0 | closes
* At t=0, when the ideal switch closes, the load potential (V) - T
IS given by (Note: Z,=Z,): Z v VA :
V, =V. 0 |== _
T z07,)72 oy S e
T _ f/
A voltage pulse of -V/2 propagates from the load end of the PFL 0 :t \( 2 j
towards the charging end. ! Lo
* At the charging end the “reflection coefficient” (I') is +1 and vA v | f :
hence the -V/2 is reflected back towards the load end of the M\ ) Propagates toward load end after |
- At the load end of the PFL: FZ(ZL‘Zo]:o 2l — t>7
Z,+Z, 0 sy °
I 7
and hence no voltage is reflected back towards the charging A !
= ropagates toward load end. !
end of the PFL. i i 2 Loa falls to zeroat t ¥ 2-7 | :
Note: PEN voltage is twice the load voltage. \%

| t=2-7,
(ji sy ! —>|
il | 30/11/2023 J. Borburgh - CAS - | [EEKEEEEs =—>
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Characteristic Impedance of Coaxial Cable

Dielectric
|ati ittivit
(refative permitivity &) Capacitance per metre length (F/m): C = 2TEo,
Ln(b )
a
: : Inductance per metre length (H/m): L=2.10"-Ln (Ej
i i a
JDRENE . Cable with required impedance
J X Cha_racterlstlc Impedance (Q): Z, sometimes needs to be
S b > (typically 20 Q to 50 Q). ‘ ,
| manufactured ‘taylor made’.
Cross-section of
coaxial cable Delay per metre length: T = \/L -C
(~5 ns/m for polyethylene dielectric cable).
a outer @ inner conductor (m);
To minimize the rise time, cable b inner @ outer conductor (m);
d b - ibl &, permittivity of free space
neeas to be as short as possible. (8.854x10-12 F/m).
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Protection devices

Extraction Protection devices protect valuable equipment and also increase machine availability.

« In 2004 an extraction septum power supply failure and directed 3.4x10%3 protons, at 450 GeV, into
the transfer line (TL) vacuum chamber (2.5 MJ beam energy).

Crucial these days:

« even at relatively low energies, due to very high beam intensities and high brightness beams.
« At high beam energies: nominal LHC beam can easily penetrate several meters of massive copper.

Active and passive protection devices needed (e.g. Beam Interlock System (BIS) and absorbers).

-
O
)

A haoead
1eitea steel)
xie %;9&*’-

e R
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Machine Protection o

% Safely extract the beam — always guarantee kicker triggering and extraction line at correct field
corresponding to accelerator beam energy.

% Survive asynchronous dump, i.e. when kicker would fire outside of abort gap in beam.
“ Avoid asynchronous dumps.

*» Avoid other failures with damage potential.

# Avoid failure =" i goes not preten




Example: LHC Extraction protection

360 MJ stored energy per beam to be safely extracted. Reliability and machine protection is a major concern.

Kickers are (typically) turned-on in a particle free 3 ps long abort gap: next arriving beam is then deflected into the
dump line.

Absorbers in front of septa (TCDS) and Q4 (TCDQ).
Abort Gap Keeper and Abort Gap Cleaning.

Sophisticated Beam Interlock System. (e.g. Surveillance of orbit, BLMs, MB current, Septa, Kicker, Access etc.
over 10,000 devices connected)

Extracted

W Circulating

E——— Yo TCDO beam

e S |
NN\ B. Goddard, et al. EPAC 04
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L HC Extraction: Passive Protection Devices

TCDO
TCDS _
5 L [em) 3 2

8 g 0§ ——= S -
}F*f_j_l___—TL L NN 50 11 15
I . 3 | ~ “L’ ’ C- C JO Grgnh?[e _J_l AIN YLJtI_.‘_
(Grophite 7| ©=¢ 4| = AL
P T
T o & o E| SES
Graphite ﬁ C—-C v C-C ® Graphite s | AIN T

ta v e .
N CL Stored Beam

Sandwich construction.

Movable jaws follow the shrinking beam
envelope with increasing energy.




Damage Studies

Important to understand failure scenarios and material properties (damage limits).
Simulation of failure scenarios (MAD-X) and impact (FLUKA).

Validation of simulations by experiments e.g. at CERN’s HiRadMat facility.

http://www.cern.ch/hiradmat/
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