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• Bunch rotation basic without space charge
• With space charge using Simpsons
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• A single ring proposal
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Main parameters of a proton driver complex

Create a short proton bunch at 5, 10 GeV or energy in between (e.g. 8 GeV).

Usually, with an Accumulator Ring (AR) and a Compressor Ring (CR) after an injector linac.
But I assume a combined single ring.

Kinetic energy 5 GeV 10 GeV

Repetition rate 5 Hz 5 Hz

Beam power 2 to 4 MW 2 to 4 MW

# of protons 5.0 to 10.0 x 1014 ppp 2.5 to 5.0 x 1014 ppp

Bunch length +/-2 ns (rms) +/-2 ns (rms)

I also assume a single bunch has all the protons, no merging before the target is necessary.
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FMC lattice for slippage factor control
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Four quadrupole families (QDN, QFN, QDX, QFX)
• Momentum compaction can be varied from 1/Qx to zero or even 

negative.
• Dispersion function is zero in a straight section.
• Similar to J-PARC synchrotrons.

Chromaticity correction with two families of sextuple (SDN, SFN).
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5 GeV 10 GeV

Circumference 300 m 600 m

Superperiod 4 8

Tune (6.865, 7.731) (13.683, 15.415)

Momentum 
compaction factor

2.77x10-6 6.30x10-7

Slippage factor -2.50x10-2 -7.357x10-3

Lattice with small alpha_p and large eta

Lattice with large alpha_p and small eta

Parameters of lattice with small alpha_p, large eta



Bunch rotation basic without space charge



ϕmin, f =
ϕmax,i
δmax, f

δmin,i = 2
Bh

δmin,i
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Bunch rotation basic
Linearised synchrotron Hamiltonian

H = 1
2 hω0ηδ2 − ω0eV

4πβ2E
ϕ2 ( δ

δmax )
2

+ ( ϕ
ϕmax )

2

= 1

ϕmax

δmax
= 2πβ2Ehη

eV
= 2

Bh
Bh = 2eV

πβ2Ehη

Once the bucket size is fixed, the final bunch length depends on 
only the initial momentum spread, not the initial bunch length.

Bucket height

Preservation of longitudinal emittance before and after rotation

Therefore

δ

ϕ

gives a relation

ϕmax,i × δmin,i = ϕmin, f × δmax, f

Pre-bunching or pre-acceleration with a low RF frequency (~ MHz) 
does not help because it increases the initial dp/p before rotation.
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Confirm proportionality between  and ϕf δi

• Inject the beam around the fixed point (10 or 20% of the circumference).
• Final bunch length is proportional to the initial momentum spread.

Final dp/p is too large and 
suffered from higher orders 
of eta.

δ

ϕ



With space charge
(results from code Simpsons in 6D tracking)
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Space charge at 10 GeV
back of the envelope calculation

Longitudinal ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

Assume gaussian profile
λ(s) = nt

2πσs
e− s2

2σs2 ∂λ
∂s

s=σs

= nt

2πσ2s
e− 1

2

ΔU ∼ 6 MV

Transverse ΔQ = −
rpnt

2πβγ2εnBf

Bunching factor
Bf = 2πσs

C
ΔQ = − 0.9

nt = 2.5 × 1014

g0 = 6
R = 600/2π
β = 0.9963
γ = 11.6579
εn(100%) = 200 πmm mrad

E = 10 GeV

Maximum gradient

(Could be small with smaller aperture)

Machine parameters

(2 MW)

 c.f. VRF = 2 MV
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However only for a short time
Longitudinal

Transverse

Bunch length becomes short 
only for a few 10 turns

ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

∂λ
∂s

s=σs

= nt

2πσ2s (t)
e− 1

2

ΔQ = −
rpnt

2πβγ2εnBf
Bh = 2 eV/As

Qs = hη eV/As

As = 2πβ2Ehη

0.5 MV 2.0 MV

0.063 0.126

1/(4*1076) 1/(4*538)

Bucket height Bh and synchro tune Qs

1
Bf

= C
2πσs(t)
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Final bunch length with space charge at 10 GeV

Longitudinal space charge prevents bunch from shortening.

No space charge With space charge
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Final bunch length with space charge at 10 GeV

Longitudinal space charge prevents bunch from shortening.

No space charge With space charge

Closer look at the point of the circle.
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Longitudinal phase space

No space charge, 2.0 MV, dpp=0.0003

2.5 x 1014, 2.0 MV, dpp=0.0003

Turn -50

Turn -50 Turn +50

Turn +50

From initial 
bucket structure

Particles overcome 
the RF gradient
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Transverse phase space

ΔQ = −
rpnt

2πβγ2εnBf
= − 0.5

σs = 3.6 (ns)when

No space charge, 2.0 MV, dpp=0.0003 2.5 x 1014, 2.0 MV, dpp=0.0003
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• Shows an asymptotic behaviour of the LSC 
voltage (top right).

• Depends on the RF voltage.
• Transverse tune shift does not show any limit 

(bottom right).

Intensity dependence at 10 GeV



Effects of lattice errors on transverse emittance

16 Horizontal emittance growth is seen without optics correction.

dQ = 0.001 dQ = 0.005 dQ = 0.010
Beta beating is clear.



Merging AR and CR into a single ring



18

“A single ring” proposal this year
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No need of separate rings

AR & CRFull energy linac

AR CR

C scheme Small eta Large eta

F scheme Large eta Small eta

X scheme Small eta Small eta

M scheme Large eta Large eta

Large eta

Two RF systems
• Barrier bucket for AR.
• Single sinusoidal RF for CR.



Possible benchmarking with existing accelerators
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Space charge in ISIS for bunch rotation benchmarking
back of the envelope calculation

Longitudinal ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

Assume gaussian profile
λ(s) = nt

2πσs
e− s2

2σs2 ∂λ
∂s

s=σs

= nt

2πσ2s
e− 1

2

ΔU ∼ 0.25 MV

Transverse ΔQ = −
rpnt

2πβγ2εnBf

Bunching factor
Bf = 2πσs

CΔQ = − 0.8

nt = 0.5 × 1013

g0 = 3
R = 163/2π
β = 0.3661
γ = 1.0746
εn(100%) = 100 πmm mrad

E = 0.07 GeV
2.5 × 1013 (full)c.f.

h = 2

Machine parameters
 c.f. VRF = 0.144 MV
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What should we benchmark with existing accelerators?

• An asymptotic behaviour of the LSC voltage.
• It depends on the RF voltage.

• Transverse tune shift does not show any limit.

• Measure bunch length vs beam intensity.
• Measure emittance vs beam intensity.



Summary
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Summary
• A single ring, one bunch proton driver with a full energy linac is proposed.

• A 10 GeV ACR can produce 2~5 ns (rms) bunch with 2 MW, 3~6 ns bunch with 4 MW.
• A 5 GeV ACR can produce 3~5 ns (rms) bunch with 2 MW.
• Barrier bucket for an AR mode.
• Single sinusoidal RF (0.5~4 MV) for a CR mode.

• Minimise the initial dp/p is essential, but not the sufficient condition.
• Pre-bunching or pre-acceleration with a low RF frequency (~ MHz) does not help because it increases 

dp/p before rotation.
• Best to inject from a linac and rotate the bunch immediately after accumulation.
• If pre-acceleration is required, acceleration with either high frequency RF (~100 MHz) or induction 

unit (betatron acceleration) can be a solution.
• Longitudinal space charge (LSC) is more crucial than transverse.

• Seems a hard limit of LSC.
• An idea of inductive insert may help. Experimental demonstration at KEK and PSR in 1990s.

• Large chopping factor (80~90% of the beam is chopped before injection) is required.
• Either longer pulse or higher peak current from a linac. 

• Benchmarking experiment should have the similar longitudinal space charge.
• Experimental observation of an asymptotic behaviour of LSC. Measure bunch length vs intensity.
• ISIS can be a testbed when a chopper becomes available.
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Bunch rotation in ISIS
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Bunch rotation in a 5 GeV ring
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Bunch rotation in a 10 GeV ring



Thank you for your attention.
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Find out the linear region in a bucket

Linearised synchrotron Hamiltonian is only valid around the fixed point.
• Nonlinearity due to sinusoidal RF voltage, not a linear or saw tooth shape.
• ToF depends on momentum deviation from higher orders of eta.

Final bunch length becomes effectively longer with a longer initial bunch length.

effective length 
increases

Theoretical minimum

ϕ

δ
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Large transverse emittance reduces the longitudinal space charge.

Transverse emittance dependence

ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

g0 = 1 + 2 log b
a

a : beam size
b : aperture size=0.2 m



Effects of lattice errors on bunch length

30

dQ = 0.005 dQ = 0.010dQ = 0.001

Optics correction less than dQ=0.005 
should be possible.

Final bunch length is insensitive to 
lattice errors.

Beta beating is clear.



5 GeV ring with space charge
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Space charge at 5 GeV
back of the envelope calculation

Longitudinal ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

Assume gaussian profile
λ(s) = nt

2πσs
e− s2

2σs2
∂λ
∂s

s=σs

= nt

2πσ2s
e− 1

2

ΔU ∼ 21 MV

Transverse ΔQ = −
rpnt

2πβγ2εnBf

Bunching factor
Bf = 2πσs

CΔQ = − 1.6

nt = 5.0 × 1014

g0 = 6
R = 300/2π
β = 0.9874
γ = 6.3289
εn(100%) = 400 πmm mrad

E = 5 GeV

(Could be small with smaller aperture)

Machine parameters

(2 MW)

 c.f. VRF = 4 MV
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However only for a short time

Longitudinal

Transverse

ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

∂λ
∂s

s=σs

= nt

2πσ2s (t)
e− 1

2

ΔQ = −
rpnt

2πβγ2εnBf

Bunch length become short only 
for a few 10 turns

Bh = 2 eV/As

Qs = hη eV/As

As = 2πβ2Ehη

1.0 MV 4.0 MV

0.066 0.132

1/(4*302) 1/(4*151)

Bucket height Bh and synchro tune Qs

1
Bf

= C
2πσs(t)



Longitudinal space charge prevents bunch from shortening.
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Final bunch length with space charge at 5 GeV

No space charge With space charge
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Intensity dependence at 5 GeV

• Similar to 10 GeV case, there seems an asymptotic 
behaviour of the LSC voltage (top right).

• It depends on the RF voltage, but less 
dependent at 5 GeV.

• Transverse tune shift does not show any limit 
(bottom right).
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Design issues of accumulator and compressor
Accumulator Ring Compressor Ring

Instability threshold 
• Isochronous design is prone to microwave instability.

• Accumulation process can be shorter than the growth time.

RF voltage requirement 
• Rotate a bunch in phase space needs high voltage.

• Synchrotron tune depends on amplitude.

Beam loss at charge exchange injection 
• Either foil or laser for charge exchange.

• Laser injection works better at high energy injection.

Space charge effects (longitudinal and transverse) 
• Very small bunching factor after phase rotation.

• However, only for very short times. Is it still significant effect?

CERN scheme Fermilab scheme CERN scheme Fermilab scheme

• Small eta (or zero) to keep 
the bunch structure

• Large eta to suppress 
instability

• Large eta with the enough 
RF voltage to rotate a bunch 
quickly.

• Small eta to reduce the 
requirement of RF voltage

(half) bucket height Synchrotron tune

(slippage factor)

Bh = 2 eV
As

Qs = hη
eV
As

As = 2πβ2Ehη η = αp − 1
γ2where and
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“Twin ring” proposal last year
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eta ~ 0.024-0.025
(5.860, 4.703)

eta ~ 0.004-0.025
(6.840, 7.700)
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• Physically identical lattice.
• Different only operationally.

AR CRFull energy linac

AR CR

C scheme Low eta High eta

F scheme High eta Low eta

X scheme Low eta Low eta

Y scheme High eta High eta

Low eta

High eta

At 5GeV
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At the injection energy of 0.070 GeV
Longitudinal

Transverse

ΔU = − eβcR
∂λ
∂s

g0Z0
2βγ2

∂λ
∂s

s=σs

= nt

2πσ2s (t)
e− 1

2

ΔQ = −
rpnt

2πβγ2εnBf

Bunch length become short only 
for a few 10 turns

Bh = 2 eV/As

Qs = hη eV/As

As = 2πβ2Ehη

0.144 MV

0.020

1/(4*15)

Bucket height Bh and synchro tune Qs

1
Bf

= C
2πσs(t)
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Final bunch with space charge

No space charge With space charge

Longitudinal space charge prevents bunch from shortening.
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Higher order of eta

Phase rotation will inevitably increase momentum spread.

• Chromaticity correction
• Higher order momentum compaction factors

All order of the moment compaction factor is zero in vFFA.
• Sextuple, octupole, … can correct it to some extent in any lattice.


