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ÅUsers want high rep. rate ( > 1 kHz) superconducting machine expensive

ÅMitigation strategy ïïaccelerate electron beam through same linac multiple times

ÅBuild a 1 GeV SC linac and recirculate to 2 GeV

1. Fewer cryomodules = capital & running costs lower

2. Shorter building

3. Beam extraction at 1 and 2 GeV from same place ïefficiently drive FELôs with different 

resonant photon energies

4. Natural upgrade path ïrecirculate again to 3 GeV (4,5,6é..) at minimal cost. 

Possibility for operation in a high-current energy recovery configuration.

Advantages of Recirculation



ÅIssues in addition to one-pass machine: 

ÅCombining and separating beams with different energies is complicated problem for 

accelerator physicists (But we are cheaper than cryomodules)

ÅBunch compression & linearisation scheme restricted  - canôt compress in sections with 

multiple beam energies

ÅCollective effects mean we are unlikely to be able to produce really short (~10 fs) electron 

bunches at high energy (but if we seed our FELs we have no requirement for such short 

bunches)

ÅIncoherent radiation will lead to emittance degradation in arcs (but can be kept to a few 

percent with well-designed arc lattice)

ÅCoherent radiation will be produced whenever we bend short-ish bunches, this will lead to 

emittance degradation (how much is too much?)

ÅJitter tolerances more stringent due extra transport (probably ok, but should be studied)

ÅMachine shorter, but it is wider

Concerns for Recirculation



Recirculation Elsewhere: CEBAF

ÅElectron / positron recirculator at Jefferson Lab. Virginia ïusers are nuclear physics

ÅFunded 1984, construction started 1987, first experiments 1995

Å6 GeV provided in 5 recirculation passes of 1497 MHz superconducting linac (1.5 km 

circumference)

ÅUpgrade to 12 GeV approved last September



Recirculation Elsewhere: CEBAF

ÅInjection at 45 MeV, two 400 MeV linacs

ÅRecirculation arcs vertically separated (staircase spreader / recombiner design originally 

from SSC!)

ÅExtraction from each energy arc by RF separator (more on this in Deepaôstalk)

ÅTypically 0.2 pC bunches (we want ~200 pC), 1 mm mrad norm. emit., 330 fs rms bunch 

length



Recirculation Elsewhere: LUX

ÅLBNL design study to provide multiple, spontaneous sources

Å100 MeV injector and up to 4 recirculation passes @ 700 MeV = up to 3 GeV

Å1 nC bunches, 3 mm mrad norm. emit. (round beam), 2 ps rms bunch length

ÅAlso had second ñflat beamò injector with 20 / 0.4 mm mrad norm. emit. in x / y



Arcs Elsewhere 

Å4GLS XUV branch: Not a recirculator, but had a 180-degree arc

750 MeV, 1 nC, 2 mm mrad norm. emit., ~250 fs rms bunch length

ÅBESSY FEL: 750 MeV arc, 2.5 nC, 1.5 mm mrad norm.emit., 1 ps rms bunch length

ÅOthers: PERL, Jlab IR-FEL, ALICE, Arc-en-Ciel, SRC-ERL



Possible Recirculation Configurations

ÅDog-bone based (injector & FELôs at same end of linac)

ÅTransport based (injector & FELôs at opposite end of linac)

ÅLinac in both legs (like CEBAF)

ÅLinac in one leg (like LUX) Ŷ Chose this to study



Recirculation Configuration Under Study

Machine consists of 9 SCRF cryomodules to reach 2.2 GeV (compare to 15 for one-pass)

ÅInjector: Gun (L-band NCRF), two cryomodules, followed by 3rd harmonic lineariser, laser 

heater and first bunch compressor. Beam energy ~200 MeV.

ÅMerger: Magnetic system to combine 200 MeV injected beam with 1.2 GeV returned beam

ÅLinac: Seven cryomodules. Beam energy raised by 1 GeV per pass (20 MV/m assumed)

ÅSeparator: Magnetic system to separate 1.2 GeV beam and 2.2 GeV beam

ÅArcs & Return Transport: Optimised to preserve transverse and longitudinal structure of 

bunches

ÅFinal compressor: Performs longitudinal compression of bunches to ~200 fs rms.

ÅSpreader, Collimator, Tomography Diagnostics: Deliver beam to FELôs ïIn Deepaôstalk!
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Need to turn the cartoon into a ñrealò machine design!



Components 1: Injector

ÅTwo cryomodules: First (energy to 135 MeV) can be thought of as ñpart of gunò ï

independent phase control needed for low energy emittance matching. Second (energy to 

300MeV) needed to raise energy such that after LSC minimal in subsequent manipulation 

ÅLineariser: Bunch compression by RF chirping and magnetic shearing in longitudinal phase 

space imprints 2nd order curvature on bunch. Linearise using higher harmonic RF - 3rd

harmonic selected  @ 3.9 GHz

ÅCryomodule of four 3.9 GHz cavities under 

construction at Fermilab / JLAB

ÅTo be delivered to FLASH

ÅConservatively assume 15 MV/m   

0 h= 

h= 0/h

Main RF 3rd Harmonic Cavity Final Linearised Chirp



Components 1: Injector

ÅLaser heater: (Common with one-pass machine)

LCLS & FLASH both report coherent OTR at short wavelengths. Thought to be amplification 

of substructure from photo-gun due to CSR, LSC. Called ñmicrobunching instabilityò. LCLS 

installing LH to increase uncorrelated energy spread at 135 MeV. Idea is to ñwash outò 

modulations. Wait to see their experience ïplaceholder for now.

From Z. Huang, SLAC
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