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Pulse shaping by chopping neutron beam
14 Hz rep rate of the linac is maximized 
by the chopper rotation 

The neutron target requirements

Target and neutron moderator response 
to a short and a long 3 ms pulse with the 
same number of  protons.

Requirement: 100 ms for 1015 particles

Assuming 4 rings: 25 ms 2.5 1014 per ring

Reminder: For the neutrino application,
the needed pulse length is a few ms.
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Accelerator Beam Extraction

1. Fast extraction: ≤1 turn

2. Non-resonant multi-turn extraction: few turns

3. Resonant multi-turn extraction: many thousands of turns, 
continuous beam spill

4. Resonant low—loss multi-turn extraction: few turns

5. For the neutrons there is a proposal by Lindroos/McGinnis, 
bunch by bunch

6. Bent Crystals (not described here yet)
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1. Fast single turn extraction

Septum magnet

• Kicker deflects the entire beam into the septum in a single turn
• Septum deflects the beam entire into the transfer line
• Most efficient (lowest deflection angles required) for p/2 phase advance 

between kicker and septum

Kicker magnet
Closed orbit bumpers

Kicker switched on during the 
gap in the linac beam ~ 100 ns
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Fast single turn extraction

• For transfer of beams between accelerators in 
an injector chain, or into transferlines

• For neutrino production.
– If septa used only for this purpose, they can be 

pulsed - few 10 ms.

• At high energies many kicker and septum 
modules may be required
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Fast single turn extraction
Example system - fast extraction from LHC at 7TeV/c (for beam dump)

Kicker (H)

Septum (V)

Q5R

Q4R

Q4L

Q5L

Beam 2

Beam 1

• Horizontal kicker (0.3mrad) deflects beam into septum

• Vertical septum (2.4 mrad) deflects onto beam dump

• Two systems – one for each beam
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Multi-turn extraction

• Some filling schemes require a beam to be extracted 
during several turns …

• And, Fixed Target physics experiments often need a 
continuous flux of particles…

• Multi-turn extraction…
– Non-Resonant multi-turn ejection (few turns) for filling

e.g. PS to SPS at CERN for high intensity proton beams (>2.5 
1013 protons)

– Resonant extraction (ms to hours) for experiments
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Extracted beam

Septum

• Fast bumper deflects the whole beam onto the septum
• Beam extracted in a few turns, with the machine tune rotating the beam
• Intrinsically high-loss process – thin septum essential

2. Non-resonant multi-turn extraction

Closed orbit bumpers
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Just before extraction….

X

'X

Beam

Turn N

Qh = 0.25 Septum field to deviate beam
Vacuum chamber

Septum Blade
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Fast closed orbit bump moves part of the beam 
across the septum

X

'X

Turn N+1

Qh = 0.25
Extracted 
beam
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The beam rotates across the septum….

X

'X

Turn N+2

Qh = 0.25
Extracted 
beam

Clockwise, 0.25 of 2Pi
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…and the last part is extracted on the final turn.

X

'X

Turn N+3

Qh = 0.25
Extracted 
beamClockwise, 2* 0.25 of 2Pi
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CERN PS to SPS: 5-turn continuous transfer 

X

'X

CE

Qh = 0.25

1     2     3     4     5

Bump vs. turn

1

2

3

4

5

septum

Example
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CERN PS to SPS: 5-turn continuous transfer – 5th turn

X

'X

Qh = 0.25

1     2     3     4     5

Bump vs. turn

5
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CERN PS to SPS: comments

• CERN PS to SPS: 5-turn continuous transfer 
– Losses impose thin (ES) septum… second septum needed

– Still about 15 % of beam lost in PS-SPS CT

– Difficult to get equal intensities per turn

– Different trajectories for each turn

– Different emittances for each turn

X

'X

1

X

'X

2

X

'X

3

X

'X

4

X

'X

5

I

1 2 3 4 5
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Extracted beam

Septum

• Slow bumpers move the beam near the septum
• Tune adjusted close to nth order betatron resonance
• Multipole magnets excited to define stable area in phase space, size 
depends on DQ = Q - Qr

3. Resonant multi-turn extraction

Closed orbit bumpers
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Resonant multi-turn extraction
• 3rd order resonances

– Sextupole fields distort the circular normalised phase space particle 
trajectories.

– Stable area defined, delimited by unstable Fixed Points.

– Sextupoles families arranged to produce suitable phase space orientation of 
the stable triangle at thin electrostatic septum

– Stable area can be reduced by increasing the sextupole strength, or (easier) 
by approaching machine tune Qh to resonant 1/3 integer tune

– Reducing DQ with main machine quadrupoles can be augmented with a 
‘servo’ quadrupole, which can modulate DQ in a servo loop, acting on a 
measurement of the spill intensity

2

2/1 1

k
QR fp D
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Third-order resonant extraction

• Particles distributed on emittance contours
• DQ large – no phase space distortion

X

'X

Septum wire
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Third-order resonant extraction

• Dedicated sextupole magnets produce a triangular stable area in phase space
• DQ decreasing – phase space distortion for largest amplitudes

X

'X

Septum wire
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X

'X

Septum wire

Third-order resonant extraction

10/15/16
“Slow extraction”, CA15139 Meeting, Sofis, 

Elena Wildner, CERN
21



X

'X

Septum wire

Third-order resonant extraction
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X

'X

Septum wire
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• DQ small enough that largest amplitude particles are close to the separatrices
• Fixed points locations discernable at extremities of phase space triangle

X

'X

Septum wire

Third-order resonant extraction
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• DQ now small enough that largest amplitude particles are unstable
• Unstable particles follow separatrix branches as they increase in amplitude

X

'X

Septum wire

Third-order resonant extraction
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• Stable phase area shrinks as DQ gets smaller

X

'X

Septum wire

Third-order resonant extraction
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• Separatrix position in phase space shifts as the stable area shrinks

X

'X

Septum wire

Third-order resonant extraction
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• As the stable area shrinks, the beam intensity drops since particles are being 
continuously extracted 

X

'X

Septum wire

Third-order resonant extraction
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X

'X

Septum wire

Third-order resonant extraction
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X

'X

Septum wire

Third-order resonant extraction
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X

'X

Septum wire

Third-order resonant extraction
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• As DQ approaches zero, the particles with very small amplitude are extracted.

X

'X

Septum wire

Third-order resonant extraction
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Third-order resonant extraction
System example – SPS slow extraction at 450 GeV/c.
~3 x 1013 p+ extracted in a 2 second long spill (100,000 turns)

ES
MS1

MS2
ES

MS1

MS2

Extracted 

beam

Beam

Envelope

Is the intensity profile ok for the neutron target
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Second-order resonant extraction

• 2nd order resonances 

• Octupole fields distort the regular phase space 
particle trajectories.

• Stable area defined, delimited by two unstable 
Fixed Points.

• Beam tune brought across a 2nd order 
resonance (Q→0.5)

• Particle amplitudes quickly grow and beam is 
extracted in a few hundred turns.
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Second-order resonant extraction

– ESS accumulator: one turn 1.32 microseconds -> 25 ms ~ 19 turns

– Is this long enough to extract the beam?

– One ring: 100 ms very high intensity

– Is the beam stable after 2.86 ms … first beam will be different 
from last ? Acceptable ? The difference may be known.

0.7 ms …

Ring 1 Ring 2 Ring 3 Ring 4

25 ms
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4. Resonant low-loss multi-turn 
extraction

• Adiabatic capture of beam in stable “islands”

– Use non-linear fields (sextupoles and octupoles) to 
create islands of stability in phase space

– A slow (adiabatic) tune variation to cross a resonance 
and to drive particles into the islands (capture) How 
slow

– Variation of field strengths to separate the islands in 
phase space
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Septum wire

a. Unperturbed beam

b. Increasing non-linear 

fields

c. Beam captured in 

stable islands

d. Islands separated and 

beam kicked across 

septum – extracted in 

5 turns

1     2       3      4     5

kick vs. turn

Qh = 0.25
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Resonant low-loss multi-turn 
extraction

• Several big advantages
– Losses reduced virtually to zero (no particles at the septum)

– Phase space matching improved with respect to existing non-
resonant multi-turn extraction - all ‘beamlets’ have same 
emittance and optical parameters

• Being implemented in CERN PS – SPS
– High intensity beam for neutrino experiment in SPS / Gran Sasso

would produce too many losses with present CT

– Only possibility to increase extracted beam intensity
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4 Rings empties, 1.37 ms every 25 ms.

5. Slow extraction 100 ms bunch by bunch

4 rings Rings emptied, bunch by 
bunch during 100 ms

neutrons

neutrons

Extracted protons

Extracted protons
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Extraction of the beam, 100 ms
• 25 ms per ring, with 4 rings in sequence
• Bunch the beam with rf (how long can bunches be?)
• Kick the beam out (fast extraction) bunch by bunch, making 

sure the process lasts 25 ms
• Duration of extracted beam modulable
• The neutron burst will be smeared out (will not see 

variations < 100 ms) so maybe one extraction will do it (BIG 
advantage)

Kicker voltage, synchronous with the bunch you want to extract, very fast kicker  
(1.32 ms /20 = 0.066 ms for the bunch and space to next bucket)

Closed orbit
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Constraints on kicker

Closed orbit

Closed orbit

Closed orbit

Kicker start

Kicker field ok

Kicker field decreasing

Time: t

Time:  t+ rise + bunch length

Time: t + kicker rise time
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Beam Extraction
• Usually at higher energy than injection – needs more ∫B.dl, not for the 

ESS accumulator (as of today)…

• Different extraction techniques , depending on requirements

– Fast extraction: ≤1 turn
• Whole beam kicked into septum gap and extracted, beam for the neutrino target

– Non-resonant multi-turn extraction: few turns
• Beam kicked to septum; part of beam ‘shaved’ off each turn, too lossy for ESS 

accumulator ?

– Resonant multi-turn extraction: many thousands of turns, continuous beam 
spill (lossy)
• Non-linear fields excite resonances which drive the beam slowly across the septum.

– Resonant low—loss multi-turn extraction: few turns
• Non-linear fields used to trap ‘bunchlets’ in stable island. Beam then kicked across 

septum and extracted in a few turns, could maybe be used

– For the neutrons, Lindroos/McGinnis, bunch by bunch, seems promising

– Bent Crystals, to be checked
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Extraction Recommendation
• “Lossy multiturn extraction” is probably not feasible, an 

estimation of the should be made. This applies to Non-
Resonant Multiturn extraction and Resonant Multiturn
Extraction.

• Resonant low-loss multi-turn extraction, could in principle be 
possible, however the stability of the high intensity beam 
should be verified. The beam could be prepared for extraction 
at injection painting (particle distribution)?

• Bunch by bunch  multi-turn extraction seems attractive, rf-
requirements, impedance seen by beam (for beam stability 
during 100 microseconds) and kickers should be investigated

• The extraction system impedance should in all cases be 
evaluated.

10/15/16
“Slow extraction”, CA15139 Meeting, Sofis, 

Elena Wildner, CERN
43


