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Context

 Beam dynamics design guidelines (meta-criteria) for high
intensity proton linacs (HB’10, 12, 14, etc.):
— Avoid the 90-degree stopband (i.e zero current phase advance
less than 90 degrees).
* Envelope instability
* Fourth order resonance (40=360)

— Good matching at the beginning and at transitions between
structures.

— Smooth and continuous phase advance variation, regular lattice,
adiabatic changes

— Tune depression control

— Tunes chosen to avoid radial-longitudinal coupling resonances
 Hofmann Resonance Chart
e Equipartitioning is not necessary to avoid exchange
* Rate of exchange depends on the crossing speed
* Individual analysis of coupling resonances, excitation level, etc.
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The Beam Power Landscape

1000 ¢
- =  Qperational
- . . = Construction
100 e FDH|LE.E)|:MIFEVEDAFI1F “““ * Planned
~ . 70 a s
< Ot R T e Sudy
e [ o, ™ ' | |
>, 10 ""’*’PspmALz """"""""""""""""""""""""""""""""""""""
= F SARAFZ [T ' MYRRHA® 4
2 B | PSIZ' SNS2 ESS
() § ! PEFP! ) !
'E 1 =—-—-—-—-—-—-—-—1:—-—-—-—-—-—-—-—-}-—-LANSCEI#SNS --------- o S B EEEEEEE
_ a : ' MMF : : |
) C TRIUMF L e B
% - CSN?S':S J-PARC RCS
=GO e e
<1>) T E JCSNS |
< B
i J- P'ARC MR
0.0 |PN32008 _________ s WUPARCMR
5 | | | | - FNAL: MI
“IE_3 L ||||||i L1 ||||||i 11 ||||||i L1 ||||||i L1 |||||:i L1 11
1E-3 0.01 0.1 1 10 100 1000

Energy (GeV)



Science & Technology
7 Facilities Council

Proton/lon Linac Development
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Beam Dynamics Design Approach

SNS J-PARC
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Beam Dynamics Design Approach

Linac4 ESS
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But, does all this matter?

Avoiding space-charge resonances and
instabilities can require considerable efforts

— Strict phase advance laws throughout the linac
— Working point selection limit

Design can be suboptimal and more costly
— Particularly true for superconducting machines

What is the figure of merit that we are aiming
for?

Can some emittance growth be tolerated?
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Emittance evolution - “Operationa
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The ISIS Experience

* |SIS simulation model tuning:
— Avoid mismatches
— Avoid resonances/instabilities
— Minimise emittance growth

* |SIS Linac tuning
— Real-life machine tuning has different aims
— Reduce losses

— Control activation to allow hands-on maintenance (crucial
for an old machine)

— In reality the beam core could be mismatched, but the
transmission increased



Science & Technology
<~ Facilities Council

Linac lattice modified to investigate the 90
degree stop-band - kz/kt=1 resonance

The resulting transverse emittance growth
was measured thus giving an indication of
a space-charge resonant effect.

First experimental observation of
emittance growth in a linac driven by the

kz/kt=1 resonance.

Several key differences:
* A heavy ion was used rather than a proton/H- linac.

Space-charge Resonances:

Experimental evidence: UNILAC

2009 Experiment at UNILAC in GSI
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* Emittance ration €,/¢, closer to 10, which is much larger than those usually
found in proton H- linacs where the ratio is closer to 1.
* Only transverse emittance was measured

See L. Groening et al. Phys. Rev. Lett., 103, 224801.
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Experimental evidence: SNS

* SNS Experiment
— 90 degree stop-band

— CCL lattice modified — phase advance kept constant for the test
points
e 4k=360 deg resonance
* 2k.-2k,=0 coupling resonance

* Wire scanner profile measurements

— “Beam shoulders” identified, characteristic for this resonance.
 Comparison with simulation

— Very good agreement
e See D.-0. Jeon Talk/Paper THPM4X01

— PRAB 19, 010101, 2016
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Experimental Evidence: J-PARC

Beam study campaign started in 2012
— See THPWOO087 — IPAC’'13

A wide variety of operating modes can be
deployed

— J-PARC uses EMQs throughout the machine
Exploring tunes outside equipartitioning

Testing alternative lattices to reduce intra-beam
stripping losses
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Experimental Evidence: J-PARC

Normal Conducting Linac
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Procedure

Experimental Evidence: J-PARC

— Full machine tuning for a 15 mA
operating current. Front-end
and DTL settings kept constant

for all measurements

— New SDTL working point lattice [:::s:::E’;%::';;l][%:T:L:]HU %ZEZ?HI]%?.;@]DI]SE%EE'D[I%EE?SDI]SDTL ]”H[EDTELE]
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— New DTL-SDTL transverse
matching

— SDTL output measurement of wst ws2 wss wsa
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Experimental Evidence: J-PARC
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 Simulation
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Experimental Evidence: J-PARC

e 2012 campaign conclusions

— Experimental observation of emittance exchange
in a linac driven by the kz/kt=2 resonance.

— First emittance exchange measurement in a linac
with emittance ratios close to 1

— Cases 1.0 and 0.9 consistent with simulation
* Weak exchange for 0.9
— Unexpected exchange for 0.7

* Transverse mismatch at DTL-SDTL transition?

— Unexpected transverse halo
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Experimental Evidence: J-PARC

2015 - 2016 campaign

— Several measurements performed with different
configurations

— Time consuming

— A lot of data to analyse

— Encouraging results

— For more details see Y. Liu’s talk/paper - TUAM®6YO01
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Case 2—-40 mA

T=1 T=0.9

[ Normal Con

. ing Linac -
< 324 MHz >€ 972 MHz >

H- Source LEBT RFQ MEBT1 DTL SDTL MEBT2 ACS HEBT

00| (evwsowes) ( OUOL | momanneneness | mooen | (meeaa | | C101 ) (00000000000000) ( OO

B o0 (€229 (00 )| mmeesesessess || senes || meoea | | 0 ) (QGRARARAAGARAAIH (107

0 0) 0 0) 0) ()
50 keV 50 keV 3 MeV 3 VeV 50 eV 181 MeV 181 MeV éflO(ﬁMe\.‘F
~7m ~27 m

N

> ~84 m )<”16 m S < ~110 m /}
AN




Science & Technology
7 Facilities Council

Case 3—-40 mA
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Case 4 —-40 mA
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Case5-40 mA
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Case 6 —-50 mA
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Case 7/ —-50 mA
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Case 8 =50 mA
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Case 9, etc. —40 mA
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Preliminary Results (40 mA)
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Pushing the intensity frontier

Generic beam dynamics studies of ultimate intensity
limits in proton linacs

Industry-Oxford-STFC collaboration

Parameters Space:

— Energy: Up to 1 GeV

— Intensity: Upto 1 A

— Power: Hundreds of MW
Several options developed

— What are the limits/bottlenecks?
— What is the parameter space?

— Can technology be pushed?

Details in MOPOYO047 (IPAC16)
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Pushing the intensity frontier
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Pushing the intensity frontier
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Pushing the intensity frontier
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Conclusions and Discussion

e Existing facilities show discrepancy between simulation
models and machine operation

— Halo matching vs. core matching
— How can this be improved?
— What is the figure of merit that we are aiming for?
— Can some emittance growth be tolerated?
* A better understanding of space-charge resonances is

emerging, but experimental evidence and impact remain
limited.

— A more robust experimental program needed
— SNS, J-PARC?
* Beam physics perhaps not a priority for running facilities
— Machines under construction
— Linac4 is an opportunity

— Smaller experiments like IBEX (See WEAM®6X01 — C. Prior) could
bring interesting results



