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• Goal and issues
• Flexible Momentum Compaction (FMC) lattice
• Bunch rotation fundamentals
• Another way of creating a short bunch



Goal and issues



4

Goal of a proton driver complex

Create a short proton bunch at 5, 10 GeV or energy in between.

• Repetition rate = 5 Hz 
• Beam power = 2 MW

• 5x1014 ppp at 5 GeV
• 2.5x1014 ppp at 10 GeV

• Bunch length = 2 ns (rms)

With accumulator ring and compressor ring after injector linac
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Issues of accumulator
• Injection

• Charge exchange injection by foil or laser
• Laser stripping should be a baseline.

• High injection energy (5 or 10 GeV) makes the system easier than J-PARC (0.4 MeV) 
and SNS (1-1.3 GeV).

• (microwave) instabilities 
• Isochronous

• no spread of the revolution frequency
• Small momentum spread

• sextupole does not make much tune spread
• 2000 turns (only). 

• No issue if the growth time is longer.
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Issues of compressor
• Compress bunch

• High RF voltage to rotate a bunch in phase space
• Synchrotron tune depends on amplitude

• Nonlinear RF waveform
• Higher order momentum compaction factor

• Space charge effects
• Very small bunching factor after phase rotation.

• Both transverse and longitudinal have space charge effects.
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“Baseline” scheme
CERN scheme
• Accumulator

• Small eta (or zero, i.e. isochronous) ring to keep the bunch structure.
• Compressor

• Large eta ring with the enough RF voltage rotates the long bunch quickly.

Fermilab scheme
• Accumulator

• Large eta ring to suppress microwave instability.
• Compressor

• Small eta ring to reduce requirements of the RF voltage but with longer time.

Control of eta (and its higher order) is the key of the PD rings design.
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Flexible Momentum Compaction (FMC) lattice
e.g. J-PARC RCS and MR

Usually this is true since a0 
(DC component) is dominated.

Other harmonic ak can be large by particular 
arrangement of dipole (rho) and/or quadrupole (phi).

(Looks similar to a Double Bend Achromat lattice.)

3 FODO module
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J-PARC RCS like lattice (3 fold symmetry)

• J-PARC RCS is total 348.333 m 
because straight section is 
longer by one more FODO cell.

• J-PARC RCS lattice has 7 
families of quadrupole to make 
a proper matching.

• Here I used only QF and QD.
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x 2 + straight section = 100 m per super period (3 fold sym -> total 300 m.)

3 FODO module

3 FODO module 3 FODO module
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By changing the quadrupole strength 10%, 
transition gamma change from gt~“Qx” to 
imaginary (eta from 0 to 0.025).

Nominal +7%

+9.5% +10%
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J-PARC RCS like lattice (3 fold symmetry)
change quadrupole strength
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Negative means 
imaginary
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4 fold symmetry
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x 2 + straight section = 100 m 
per super period 
(3 fold sym -> total 300 m.)
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4 fold symmetry
change quadrupole strength

By changing the quadrupole strength 17%, 
transition gamma change from gt~“Qx” to 
imaginary (eta from 0 to 0.025).

Nominal +10%

+16% +17%
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Negative means 
imaginary
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My proposal is 4 fold symmetry lattice for AR and CR (300 m)
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eta ~ 0 eta ~ -0.025
(5.738, 6.358) (6.977, 7.727)

Transverse tune and beta beating can be optimised by introducing 
more families of quadrupole (J-PARC RCS has 7 families). 
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Further investigation
• If the lattice of AR and CR is identical only with different momentum compaction factor,

• Can we change the optics from AR to CR by pulse quadrupoles while the beam is circulating?
• The same technique of the transition jump scheme should work

• but some issues, e.g. matching.
• If the pulse magnets idea do not work,

• Is it a good idea to make two identical lattice for AR and CR, but operate differently?
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CERN scheme
Fermilab scheme

AR
CR

CR
AR
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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.



Bunch rotation fundamentals
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Conservation of longitudinal emittance
<latexit sha1_base64="qVShE/UfXlgLjCLldk6PlRvWYDc="></latexit>

"L = �t�E / �t (�p/p) Initial 
width

Initial dp/
p

Final 
width Fial dp/p Bucket 

height

+/- 500 ns +/- 0.01% +/- 5 ns +/- 1% +/- 1%

(1) +/- 500 ns +/- 0.1% +/- 5 ns +/- 10% +/- 10%

(2) +/- 250 ns +/- 0.1% +/- 5 ns +/- 10% +/- 10%

(3) +/- 250 ns +/- 0.2% +/- 5 ns +/- 10% +/- 20%

<latexit sha1_base64="giTrpsoE0Z7QA3R0PDhayotzZPQ=">AAACG3icbZBNS8NAEIY3flu/qh69LBbBU02KX0dRDx4VbC00JWy2E7u4SZbdiVBC/ocX/4oXD4p4Ejz4b9y2OWh1YOHlfWeYnSdUUhh03S9nanpmdm5+YbGytLyyulZd32iZNNMcmjyVqW6HzIAUCTRRoIS20sDiUMJNeHc2zG/uQRuRJtc4UNCN2W0iIsEZWiuoNk6DPvWVThWm1D8HiYyqIPIjzXh+HeQa7ou9RpGXEQaiCKo1t+6Oiv4VXilqpKzLoPrh91KexZAgl8yYjucq7OZMo+ASioqfGVCM37Fb6FiZsBhMNx/dVtAd6/RolGr7EqQj9+dEzmJjBnFoO2OGfTOZDc3/sk6G0XE3F4nKEBI+XhRlkloOQ1C0JzRwlAMrGNfC/pXyPrNY0OKsWAje5Ml/RatR9w7rB1f7tZPTEscC2SLbZJd45IickAtySZqEkwfyRF7Iq/PoPDtvzvu4dcopZzbJr3I+vwEDmaFw</latexit>
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�ti
<latexit sha1_base64="cgVbE4YwaMCdpjG6jNR3nXJgAaA="></latexit>

Bh / Trev/2

�tf
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✓
=
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�tf
�pi

◆

<latexit sha1_base64="I8K0DqRImsPDM1gYITuBpe3aRMY=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIrkoi3jZCURcuK9gLNKFMppN26GQSZk6EErp046u4caGIWx/BnW/jtI2grT8MfPznHM6cP0gE1+A4X9bc/MLi0nJhpbi6tr6xaW9t13WcKspqNBaxagZEM8ElqwEHwZqJYiQKBGsE/atRvXHPlOaxvINBwvyIdCUPOSVgrLa9py68UBGaeddMAMFJmw9/GAy37ZJTdsbCs+DmUEK5qm370+vENI2YBCqI1i3XScDPiAJOBRsWvVSzhNA+6bKWQUkipv1sfMgQHxing8NYmScBj93fExmJtB5EgemMCPT0dG1k/ldrpRCe+xmXSQpM0smiMBUYYjxKBXe4YhTEwAChipu/YtojJhcw2RVNCO70ybNQPyq7p+WT2+NS5TKPo4B20T46RC46QxV0g6qohih6QE/oBb1aj9az9Wa9T1rnrHxmB/2R9fENpvuZwg==</latexit>

r =
�pi
�ti

where

c.f. Revolution time of a 300 m ring is ~1000 ns.

(1)

(2)

(3)

<latexit sha1_base64="V8sEl1hlWVge3qtxMpe3T/FcR2g="></latexit>

�pf / "L
�tf

=
r�t2i
�tf
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Required RF bucket height
<latexit sha1_base64="qVShE/UfXlgLjCLldk6PlRvWYDc="></latexit>

"L = �t�E / �t (�p/p)
<latexit sha1_base64="cgVbE4YwaMCdpjG6jNR3nXJgAaA="></latexit>

Bh / Trev/2

�tf
r�ti

✓
=

Trev/2

�tf
�pi

◆
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r =
�pi
�ti

where

• Small initial momentum spread reduces the required 
RF bucket height.

• Pre-bunching (reduce dt_i and increase r) 
should be avoided 

• Capture in the RF bucket (and acceleration) 
should be avoided

• Beam stacking should be avoided

because all increase the required RF bucket height.

• If we want to accelerate the beam in AR, “phase 
displacement” acceleration may be the only option?

• How long does it take?
• Effects of scattering?

(1)

(2)

(3)



“Phase displacement”

Theory of cyclic accelerators
A.A. Kolomensky and A. N. Lebedev

<latexit sha1_base64="PZp29zqX2GA2RgglpzLYxIlQRD4=">AAACC3icbVDJSgNBEO1xjXGLevTSJAiewkxwuwhBLx4jmAUyQ+jpqSRNeha6a8Qw5O7FX/HiQRGv/oA3/8bOctDEBwWP96q6q56fSKHRtr+tpeWV1bX13EZ+c2t7Z7ewt9/Qcao41HksY9XymQYpIqijQAmtRAELfQlNf3A99pv3oLSIozscJuCFrBeJruAMjdQpFGnFTYQbgERGU3pJXYQHzPyUDwApM0+NOoWSXbYnoIvEmZESmaHWKXy5QczTECLkkmndduwEvYwpFFzCKO+mGhLGB6wHbUMjFoL2ssktI3pklIB2Y2UqQjpRf09kLNR6GPqmM2TY1/PeWPzPa6fYvfAyESUpQsSnH3VTSTGm42BoIBRwlENDGFfC7Ep5nynG0cSXNyE48ycvkkal7JyVT29PStWrWRw5ckiK5Jg45JxUyQ2pkTrh5JE8k1fyZj1ZL9a79TFtXbJmMwfkD6zPH9ynmlg=</latexit>

2⇡�u = bucket area

20
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Required RF voltage
<latexit sha1_base64="qVShE/UfXlgLjCLldk6PlRvWYDc="></latexit>

"L = �t�E / �t (�p/p)

• Shorter bucket reduces the required RF bucket 
height proportional.

• In terms of  harmonic number h,
<latexit sha1_base64="K3+hO3xEccnqofUIGlrGE3E/X1s=">AAACFHicbZDLSgMxFIYz9VbrrerSTbAIglBmxNuyVBcuK9gLdIYhk2ba0MxMSM4IZehDuPFV3LhQxK0Ld76NaTsLbT0Q+PP/55CcL5CCa7Dtb6uwtLyyulZcL21sbm3vlHf3WjpJFWVNmohEdQKimeAxawIHwTpSMRIFgrWD4fUkbz8wpXkS38NIMi8i/ZiHnBIwll8+qfsD7EqVSEiwGypCM/eGCSBY+nycmWx2Az8c++WKXbWnhReFk4sKyqvhl7/cXkLTiMVABdG669gSvIwo4FSwcclNNZOEDkmfdY2MScS0l02XGuMj4/RwmChzYsBT9/dERiKtR1FgOiMCAz2fTcz/sm4K4ZWX8VimwGI6eyhMBTYAJoRwjytGQYyMIFRx81dMB8SQAcOxZCA48ysvitZp1bmont+dVWr1HEcRHaBDdIwcdIlq6BY1UBNR9Iie0St6s56sF+vd+pi1Fqx8Zh/9KevzB0HMnlk=</latexit>

Bh / �pi
h�tf

• RF bucket height is proportional to V and h
<latexit sha1_base64="9Wl8R5z6HCrtX3SuvKMrCDDZ7qE=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIr2WpG5cV7AM6w5BJM21oJhmTjFCG2bnxV9y4UMStv+DOvzFtZ6GtBwKHc+7l5pwwYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWIpWYtLBgQnZDpAijnLQ01Yx0E0lQHDLSCUfXE7/zQKSigt/pcUL8GA04jShG2kiBfdgIhtBLpEi0gJ66lzrzIolw1s6zYZ4HdtWpOVPAReIWpAoKNAP7y+sLnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9QzmKifKzaY4cHhulDyMhzeMaTtXfGxmKlRrHoZmMkR6qeW8i/uf1Uh1d+RnlSaoJx7NDUcqgyTwpBfapJFizsSEIS2r+CvEQmRq0qa5iSnDnIy+S9mnNvaid355V642ijjI4AEfgBLjgEtTBDWiCFsDgETyDV/BmPVkv1rv1MRstWcXOPvgD6/MHyAOZ7g==</latexit>

Bh /
r

V

h

• The best way is to increase h as large as possible if 
we can keep the initial momentum spread the same.

<latexit sha1_base64="FKanADrjWkyOhu+OZCudZOXsQMs=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUnE17LoxmUF+4CmlMl00g6dZIaZiVBCwF9x40IRt36HO//GaZuFth64cDjnXu69J5ScaeN5387S8srq2nppo7y5tb2z6+7tN7VIFaENIrhQ7RBryllCG4YZTttSURyHnLbC0e3Ebz1SpZlIHsxY0m6MBwmLGMHGSj33sIkCqYQ0AgWRwiTz82yY99yKV/WmQIvEL0gFCtR77lfQFySNaWIIx1p3fE+aboaVYYTTvBykmkpMRnhAO5YmOKa6m03Pz9GJVfooEspWYtBU/T2R4VjrcRzazhiboZ73JuJ/Xic10XU3Y4lMDU3IbFGUcmSfnWSB+kxRYvjYEkwUs7ciMsQ2BWMTK9sQ/PmXF0nzrOpfVi/uzyu1myKOEhzBMZyCD1dQgzuoQwMIZPAMr/DmPDkvzrvzMWtdcoqZA/gD5/MHIBCVng==</latexit>

V / 1

h
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(1)

(2)

(3)
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is necessary 
for different h.
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Option 1: Use high harmonic number with shortly chopped linac 
pulse

• We know a small bunching factor will be suffered from transverse space charge effects.
• However, the bunching factor is still larger than that right after the phase rotation.

• When V ~ 1/h, synchrotron tune is constant. No gain (or lost) of the rotation speed.

New requirements to the injector linac
• Chopper is different from the original design. Large chopping factor.
• “fast-slow” chopper developed at RAL should extract small fraction without partial chopping.
• Pulse length should be longer unless the peak current can be higher.

• The extreme scheme is to inject only one linac bunch of “325 or 350 MHz” per turn. It is short, 
~ 1ns and no phase rotation is necessary.
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Option 2: Injection only 1/4 of the ring by splitting the injection 
line

• Instead of splitting a bunch train at extraction, split 
the linac bunch train before injection.

• This is non-Liouvillian process. No increase of 
phase space unlike splitting at extraction.

linac

AR

RF splitter with 4 x frev 
frequency
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Transverse space charge effects

5 GeV 10 GeV

beta 0.9874 0.9963

gamma 6.3289 11.6579

beta^2 gamma^3 247.18 1572.72

geo rms emittance 49.228 pi mm mrad 3.8724 pi mm mrad

nor rms emittance 307.94 pi mm mrad 40.977 pi mm mrad

<latexit sha1_base64="ahxJYzxppZfpub3k9F5b9gKjwtc=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSK6KknxtRFK3bis0Bc0IUymk3bo5OHMTaGEfIIbf8WNC0XcunTn3zhts9DWAxcO59zLvfd4MWcSTPNbK6ysrq1vFDdLW9s7u3v6/kFbRokgtEUiHomuhyXlLKQtYMBpNxYUBx6nHW90O/U7Yyoki8ImTGLqBHgQMp8RDEpy9dO669/YvsAkteWDgLRqxyyzJRsE2IUsbbqpoOMsc/WyWTFnMJaJlZMyytFw9S+7H5EkoCEQjqXsWWYMTooFMMJpVrITSWNMRnhAe4qGOKDSSWcPZcaJUvqGHwlVIRgz9fdEigMpJ4GnOgMMQ7noTcX/vF4C/rWTsjBOgIZkvshPuAGRMU3H6DNBCfCJIpgIpm41yBCrdEBlWFIhWIsvL5N2tWJdVi7uz8u1eh5HER2hY3SGLHSFaugONVALEfSIntEretOetBftXfuYtxa0fOYQ/YH2+QNu1Z4k</latexit>

Bf =

p
2⇡�t

Trev

<latexit sha1_base64="D3D/AqigInn54dSoUF/tm2Vdh2U=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZLiayMU3bisYB/QhDCZTtqhk0mYuRFrKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5gKrsFxvq2FxaXlldXCWnF9Y3Nr297ZbegkU5TVaSIS1QqJZoJLVgcOgrVSxUgcCtYM+9cjv3nPlOaJvINByvyYdCWPOCVgpMDe9zTvxiSASw/YA+QVLPUwsEtO2RkDzxN3Skpoilpgf3mdhGYxk0AF0brtOin4OVHAqWDDopdplhLaJ13WNlSSmGk/H18/xEdG6eAoUaYk4LH6eyInsdaDODSdMYGenvVG4n9eO4Pows+5TDNgkk4WRZnAkOBRFLjDFaMgBoYQqri5FdMeUYSCCaxoQnBnX54njUrZPSuf3p6UqlfTOAroAB2iY+Sic1RFN6iG6oiiR/SMXtGb9WS9WO/Wx6R1wZrO7KE/sD5/AIJIlUY=</latexit>

�t = 2 ns
<latexit sha1_base64="obJfJQBj/atmdUEjSxwM5vcHrc8=">AAACAHicbVDJSgNBEO1xjXEb9eDBS2MieAoz4nYRgl48RsgGSQg9nUrSpGehuyYYhrn4K148KOLVz/Dm39hZDpr4oODxXhVV9bxICo2O820tLa+srq1nNrKbW9s7u/beflWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8wd3Yrw1BaREGZRxF0PJZLxBdwRkaqW0fltuJgmF600R4xMSl+aYf53XatnNOwZmALhJ3RnJkhlLb/mp2Qh77ECCXTOuG60TYSphCwSWk2WasIWJ8wHrQMDRgPuhWMnkgpSdG6dBuqEwFSCfq74mE+VqPfM90+gz7et4bi/95jRi7161EBFGMEPDpom4sKYZ0nAbtCAUc5cgQxpUwt1LeZ4pxNJllTQju/MuLpHpWcC8LFw/nueLtLI4MOSLH5JS45IoUyT0pkQrhJCXP5JW8WU/Wi/VufUxbl6zZzAH5A+vzB0L4ljM=</latexit>

Trev = 1 µs
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�Q = 1

Coherent limit (because of high energy)?

Extreme case, namely all the protons form 
one short bunch of 2 ns.

Space charge tune shift of Gaussian beam profile.

Bunching factor when longitudinal shape is 
Gaussian.

Table shows when we assume

c.f. 
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Another way of creating a short bunch
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Can we use linac micro bunches directly?
• 324 or 350 MHz linac frequency means bunch width is < 1 ns.

324 or 350 MHz (~3 ns) ?
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Multiturn injection into AR
• Make eta=0 (isochronous) at AR.
• Inject linac bunches on top of the previously injected bunches to keep the linac RF structure.
• Paint phase space transversely.

324 or 350 MHz  (~3 ns)

time

m
om

en
tu

m

Assume that each linac micro bunch as 100% size of dt = +/-0.5 ns and dp/p = +/-0.001

eL = N * dt * (dp/p) = ~300 * 0.5 ns * 0.001 = 0.15 ns

Total longitudinal emittance is
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Apply saw tooth RF in AR
• Introduce energy difference depending on the longitudinal position in the ring.
• Bunch should not move in phase because eta=0.

m
om

en
tu

m

time

If we want to make the final dt_f = +/-5 ns
dp/p = eL/df_f = 0.15/5 = +/-0.03 (3%)

dE/E = beta^2 dp/p
dE ~ dp/p E = +/-0.03 5938 MeV = +/-178 MeV

It takes 178 turns to make the energy difference 
with 1 MV RF cavity (could be faster by more Volts).
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Either change eta in AR or extract all bunch to CR with eta!=0

• Let bunches start moving depends on the momentum. No RF.

eta can be 0.025 from the lattice design.

dTrev/Trev = eta dp/p

After N terns, N (dTrev/Trev) = N eta dp/p
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Wait until the bunches line up

• The final width depends on the momentum spread which the saw tooth RF created initially.

Bunches is aligned at straight line when N dTrev = Trev/2 

Therefore, N = (1/2) / (eta dp/p) = (1/2) / (0.025 0.03)

= 667 turns

The number can be optimised by different parameters.
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Summary

• Designed a FMC lattice 
• eta can be flexible between 0 ~ 0.025.
• AR and CR can be the physically identical lattice, but different quadrupole setting.
• Can be a single ring with pulsed quadrupole?

• Phase rotation fundamentals
• Longitudinal emittance is preserved.
• Keep small initial longitudinal emittance is essential.

• Another way to creating a short bunch
• Can the linac micro bunch structure be preserved?
• Maybe!



Thank you for your attention.
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Longitudinal space charge effects

<latexit sha1_base64="oapi75cz6m9tu0vnaB+9vh+9OR0="></latexit>
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• Only depends on the local gradient.



Compressor Tentative Parameters

Laslett tune shift (free space)

Green field solution, i.e. we will 
Not try to fit the ring in any available tunnel

Lower energy : Target and existing design 
Higher energy: MAPS study

The max number of turns before extraction (turn to 
rotate the bunch) will drive: 
1. Ring optics (phase slip factor) 
2. RF Amplitude and phase (for rotation) 
3. Ring dispersion control (because of the increasing 

energy spread of the bunch) 
4. Amount of tune spread that can be handled


