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Three approaches are normally used to extract beam

from a circular machine:
Fast Extraction (one turn) Slow  Extraction (millions

A kicker (fast dipole) turmss)

displaces the beam from
nominal closed orbit.

The separatix of the third-
order resepamnce Increases
particles’ amplitude until they

A septum magnet deflects
jump beyond the septum.

displaced beam towards
transfer line.

The tune Is changed to

shrink the stable region, thus

This"extraction can be | |
used Hoth to transfer beam pushing the particles towards

Whdt Is In between? larger amplitudes.

an

: : : This extraction is used to
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CSPS =11 CPS

SPS circumference

>

Beam current
transformer in the

PS/SPS transfer line
1 2 3 4 5 (total spill duration 0.010 ms)
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Electrostatic | Fifth
septum - Four tu{rn
Slow beam shaving) SRS
: X g ‘
OB p Kicker magnets . © =
X
o used to generate ;

a closed orbit

‘. ‘/ bump around

l T = electrostatic

xtraction~ . SIOV\sepy/m
line _—bump
- xtrﬂlction Electrostatic septum
septum blade
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The main drawbacks of the present scheme

Losses (about 15% of total Intensity) are
unavoidable due to the presence of the
electrostatic septum used to slice the beam.

The electrostatic septum Is Irradiated. This poses
problems for hands-on maintenance.

The phase space matching Is not optimal (the
various slices have “fancy shapes”), thus inducing
betatronic mismatch in the receiving machine, I.e.
emittance blow-up.
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The main ingredients of the novel extraction:

The beam splitting Is not performed using a
mechanical device, thus avoiding losses. Indeed, the
beam Is separated in the transverse phase space using

Nonlinear magnetic elements (sextupoles ad octupoles)
tor create stable isllands.
Slow (adiabatic) tune-variation toe cross an appropriate
resonance.

This approach has the following beneficial effects:

Losses are reduced (virtually to zero).

The phase space matching Is improved with respect to
the present situation.

Macsiffhy@ovimearrilets hawel thiee 2&i@Pe” emittance and optical
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0 simulations

Standard approach: nonlinear elements
represented as a single kick at the same
location In the ring (Heéenon-like polynomial
maps).

Vertical motion neglected.
Normérhseéw@abl r”ér*}%ional co-ordinates).

Quadrupole _ ¥ b

. Sextupole Octupole
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Left: initial phase
Space topology. No

Islands. _
Right: Intermediate

phiase space
topolegy. Islands

Bottom: final phase
Space topology.
Islands are
separated to allow
extraction.
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Tune variation

——

Phase
Space
portrait
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Turn number
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Simulation
parameters:

Henon-like
map (i.e. 2D
polynomial —
degree 3 -
mapping)
representing
a FODO cell
with
sextupole
and
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Final stage after 20000 turns (about 42 ms for CERN PS)

AT

|
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InTtial"gaussian

distribution

Particles in island 6
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d%™M The capture process - |

Particles in island 2

Particles in island 8
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Particles in beam
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o Island’s parameters
Using perturbative theory (normal forms) it Is

possible to derive analytical estimate of

arglormalised phase €

[l aaala) —_—
SpPaAaccT +

Q, +2€ Ups

Distance of fixed points

— ‘ 2
Weee = 4 Q2£ Ugs P,

from origin of phase

Secondary fre 2nch
Secondary frequency ~aare

€ 2
u0,3 p+

Q,
Distance netween
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SETl Example: how to keep Island’s
surface constant
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X

0.245 0.2y 0255 0.26

‘ V,
0251 0.254 0.257 0.26 0.251 0.254 0257 0.26

To be tested with numerical simulations...
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The original goal of this study was to find a
replacement to the present Continuous Transfer
used at CERN for the high-intensity proton beams.
However the novel technique proved to be useful
also In different context, e.g.

The same approach can be applied for multi-turn
injection (time-reversal property of the physics
iInvolved).

multi-turn extraction over a different number of

turns can be designed, provided the appropriate
resonance is used.

Multiple  multi-turn extractions could be
Massipotrsieieéred, e.g. 0" eXtract’thie beam remaining itf



s lNovel multi-turn extraction with

ExTrRACTION

Q 0 ©

: other
Z035 Simulation
parameters:
7
Tune variation Tum number Héenon-like
map with
sextupole
and
— octupole
=hase The third-
SPELE order
portrar resonance
IS used,
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The second-order resonance
IS used, thus giving a two-

Lraction
Beam distribution after 20000 turns

(d)

?

T 072 024
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Beam distribution after 20000 turns

o o
(-]
L

i | | | i | i |
-0.36 -0.12 0.12 0.36

The fifth-order resonance IS
used, thus giving a six-turn
extraction
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application!
Non-linear elements can be used to make the

fourth-order resonance unstable by
canceling the amplitude detuning.

Possible applications
Four-turn extraction.
Deplete the core region to
achieve a better intensity

sharing. T

Massimo Giovannozzi BNL -June 21sﬁaster thesis Diego Quatraro \ 20
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application!

0.253 I I

o Simulation
0,249

0.247 parameters:

0.245

0.243

0 5000 10000 15000 20000 25000 Thll’d-Order

Turn number

07 polynomial map
representing a FODO
0.42 e celll with sextupole
and octupole

Tune variatiisys

The fourth-order
Phase resonance IS used
space for a four-turn
sl 042 Injection
Efficient "method " to >
0.14 0.42 0.7 &
enerate hollow
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: application!
Possible applications: transverse shaping of

beam distribution.
“Flat” beam distribution obtained by

oy
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M. Giovaniiozzi,J. Morel, PRST-AB, 10, 034001 (2007)
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: application!
Observation: the proposed method seems to be
more efficient in generating smaller emittance

. .Iclovel inje‘ction Efour turns)

O Classical injection (Tune = 0.18)
A Classical injection (Tune = 0.25)
¢ Classical injection (Tune = 0.30)

+ Classical injection (Tune = 0.33)

. Giovannozzi, J. Morel, PRST
B, 10, 034001 (2007)
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Experimental tests were undertaken since 2002.

2002 run: proof-of-principle of the capture
process using a low intensity beam.

2003 run: detalled study of capture process with
low-intensity beam and first tests with high-
iIntensity proton beam.

2004 run: main focus on high-intensity beam to
solve problems observed in 2003.

2006 run: Improve intensity sharing.

Overall strategy:

Phase space reconstruction using low-intensity,
pencil beam.

+ Capture with low-intensity, large horizontal
Massimo %ﬁﬂrﬁ%ﬁCe beanEi'.\'L -June 21st 2007 24
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- Section 54 |
Key elements for ’__I__”\SeCtlon 55
experimental tests. ’ \\\

N

Flying wires\—Jp Section 64
\

Phase Space

reconstruction s Sextupole magnets |
based on fast =, Section 7/
1
|
I
|
/

digitiser applied" to Kicker magnet
Octupole magnets

Section 21 a/

Section 20%®
. Extraction

N, N
/ . \>< septum

~

Extraction line® ==
Section 16
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Islands: producing a strong coherent

signal (flamentation is suppressed).
Initiall ~ wiggles = represent  beam

oscillations around the iIslands’

.g .

© © ©
o o o
N @ w
(& e} a1

. Measurement results y =-0.9211 x + 0.0398

Secondary Trequency

- Numerical simulations Measured detuning
T el (| N S1d e an Island
0.000 0.002 0.004 0.006 0.008 0.010 0.012 _

Linear invariant ompared __to__numerical

lovannozzi B - st 2007 ) 26
Simulations.
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0 parameters

The wire scanner Is the key
iInstrument for these studies.

Raw data are stored for off-line
analysis.

Five Gaussians are fitted to the
measured profiles to estimate

peam parameters of five
hoamlote
Intensity e*.(0)/e* (0)

Low-intensity pencil 5x 1011 513/1.3
beam
Low—mtensﬂy large H 5x 1011 6.2/ 1.6
emittance
High intensity beam 6x10%2 9.4/ 6.4
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0 Dctupole action

« |Island size.
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. of beam distribution

A series of
horizontal beam
profiles In section
54 have been taken
during the capture
Process.

The beam 1Is the
high-intensity one.
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beams: how to Increase the
fraction of trapped particles

The horizontal emittance delivered by the PS-
Booster was Iincreased at its maximum value.

The strength of the octupole was varied to change
the island size

The strength of the sextupoles was changed too
(more difficult as this has an Impact on
chromaticity).

Summary of results (detailed data analysis is In
progress)
The fraction of trapped particles reached about 18% (

Massimo Gi2vannnzz: BNIL ~June 21';*)2007 33



Experimental conditions
sextupoles and octupole scan
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— Octupole
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150
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Current (A)

Injection
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Free parameter

: >
during octupole
scan

Time (ms) Profile
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Assuming that: . 800
Beamlets are affected ?DD:_ %
by a different solid Scintillator is
angle p——cE on this side!
Beamlets are fitted
using five gaussians. 00 . ,

: : N Fit constraint:

Instead of Imposing [ i .
the same integral for 400:_ L// sar‘rl}lr{egral
the four beamlets s | 3
(physical arguments), i
only three have such a 5 b
cons raint (e Arg e igisicus

CaptQps deeamiets 100 [

€ single leftnisEL
—-40 =30 =20 =10 a 10 20 30

Massimo ebo%émé%ti X {mm)
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0 LS

Q.09 —

Using a setting based on the

reduction of the amplitudec-|RSEEEE. {
dependent detuning, the|Rauu. f/B {\

fraction of trapped particles: [EEIE-.

CO re' 22% o007 I 004z 2 -41014 0014 I 0.042 xl(m) 0.07

Beamlets: 19.5% 800

Increases to the required
(20£1)%.

beam profile [a.u.]
S

g

Total intensity: 2.5x 10*2 p

Losses at capture: about 1%

Withoutpplimization). gy, .

IMmo Glo

| ! | ! | ! | ! | ! | ! ] ! ] T 1

— Time:1070 ms
Qx = 6.2548
Qy =6.2918

50 40 30 20 -10 0 10 20 30
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The high-intensity
beam 1S fast
extracted towards
the dump D3.

Prior to extraction
beamlets are partially
merged back with

Beamlets proj’écted onto x-axis

/)

The OTR in TT2 allows visualising the 2D
beam distribution (pixel size is 225 pm).
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Three main items:
Generation of stable islands
Extraction proper:

Slow bump to approachg
the septum

Fast bump to jJump septum
Generation Of stable
Islands

two pairs (spaced by 2m) of

Extracted island

two sextupoles
0.06 -0.036 -0.012 0.012 0.036 0.06

one octupole
I\/|a°siwr:| ﬁ’ibvé‘nﬂ%?éid BNL -June 21st 2007 38
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Extraction proper: slow bump
Six dipoles, iIndependently powered, are foreseen.
Large number of magnets -> optimal bump shape.
Present slow bump: four dipoles powered with a

Origin of s coordinate: SS54

Bump amplitu

s coordinate (M)
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MU19 o
SS19 \
MU18 SS74
SS18
MU16
MU15
o $S02
MU14 SS03
SS13 SS04

S08
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Summary of changes in the PS

Legend:

SS -> Straight Section.
MU -> Magnet Unit.

Red circle -> “heavy”
intervention: mechanical
design, vacuum
Intervention.

Orange circle -> “light”
intervention:  auxiliary

magnet exchange.
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; changes

« Install slow extraction sextupoles in SS03, keeping

those in SS109.

« Replace magnets of slow bump 16 with type 205
magnets.

« Remove slow extraction sextupoles in SS19.
« Move cavity.

« Enlarge vacuum chambers.

« Install kickers.

« Install modified vacuum chambers (straight sections
and magnets).

« Busidh rdennstall sextupoliesJandizeswodctupoles.
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A novel multi-turn extraction Is studied since a few years

This approach allows manipulating the transverse
emittance in a synchrotron!

Numerical simulations on a simple model confirmed the
validity of the principle.

Experimental tests showed that:

Capture Inte stable islands: obtained with
poth low- and high-intensity, single-bunch beam.
Beamlets separation: obtained with both low-

and high-intensity, single-bunch beam.

multi-turn  extraction proper: attempted. Hardware
limitations might prevent realistic tests.

Increased trapping fraction: latest tests showed that more

than 19 % can be trapped Inside Islands. Some beam
Massimo Giovannozzi -June letZ(h 0/1
088e¥ Bt Yesonance crossmg ere observed (about 1 %)
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The same principle can be used for injection.

Transverse shaping IS possible, l.e.
generation of hollow bunches.

Since l|late 2006, a project was set-up to
Implement the novel multi-turn extraction at
the CERN PS:

The implementation will'be staged (two steps).

The crucial part will be the installation during the
2006/7 (very successful) and 2007/8 (very
challenging) shutdowns.

First stage should be commissioned by mid-2008.
Massinfo QiR lete extractHoniwiliibeocommissioned by mias-
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