1CBN 96-14Collective Effects and Impedances in the RLHC(s)*Joseph T. RogersLaboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA

*submitted to the Proceedings of the 1996 DPF/DPB Summer Study on New Directions for High Energy PhysicsABSTRACTWe estimate coupling impedances and collectiveinstability thresholds for the high- and low-field options forthe 50 TeV on 50 TeV Really Large Hadron Collidersdiscussed at the 1996 Snowmass workshop. Because of thelarge circumference of these machines, transverseinstabilities tend to be dominant. The challenges for thehigh-field machine are similar in kind and magnitude tothose faced by the LHC, and are expected to be solved at theLHC. The low-field machine faces new challenges.Because of its warm, small radius aluminum beampipe andlarge circumference, there is a large broadband resistive wallimpedance which must be controlled to avoid the transversemode coupling instability. A new set of low-field RLHCparameters was produced by the RLHC working group toavoid this instability. Both the high- and low-field machinesrequire transverse feedback to stabilize the beam against amultibunch resistive wall instability. The resistive wallrisetime is less than one turn for the low-field machine,which will require a feedback system based on yet-to-be-developed technology.I. INTRODUCTIONAn impedance working group [1,2] within the ReallyLarge Hadron Collider subgroup examined collectivestability issues for both the high- and low-field options forthe RLHC. Our intention was to estimate the impedance ofthese machines, to identify the dominant instabilities, and tocalculate the thresholds for these instabilities. In makingthese estimates, we found that the original parameters for thelow-field option would not provide stability againsttransverse mode-coupling, which prompted a change ofparameters for this machine [3]. We also examined thescaling of stability thresholds vs. half-cell length, tounderstand whether the reductions in cost achieved bymaximizing the half-cell length in the high-field machinehad negative consequences for stability.The machine parameters relevant to collective stabilityare listed below. These values are taken or derived from the"Snowmass parameter set" refined at the workshop and listedin the RLHC Working Group Summary [4]. Only the 50TeV beam energy machines are considered. The high fieldmachine considered is the version based on 9.5 T dipolemagnets. Instability thresholds discussed here apply tobeams at injection energy, where the thresholds are lowest.During the Snowmass workshop the injection energy of themachines under discussion was raised from 1 TeV to 3 TeV,which is favorable for collective stability.Table I: RLHC partial parameter list.ParameterUnitsLHCHighfieldLowfieldBeam energyTeV75050Injection energyTeV0.4533R (radius)m425521960102800L (half-cell length)m50200300<b>m71255382slip factor10-622413413.8RF frequencyMHz400360360V¢RFMV/m67.1755755VRFMV8100100Qs (injection)0.00480.01090.0075ss (injection)cm12.92.864.29hRF (harmonic num)35640165132775440IbeamA0.60.050.09Nbunches356527522129240IbunchmA1681.80.70II. IMPEDANCE MODELA. High-field optionThe vacuum chamber of the high-field RLHC wasassumed to be similar to that of the LHC, for which goodimpedance estimates are available. Because of thesynchrotron radiation heat load, a cooled perforatedbeampipe liner is needed. The broadband impedance fromthe sliding joints, beam monitors, liner slots, and surfaceresistance were simply scaled by the number of vacuumchamber components from the LHC values, assuming thatthe number of components per half-cell is the same.B. Low-field option1. Vacuum chamberThe vacuum chamber of the low-field RLHC is forseento be a room temperature aluminum extrusion with apumping antechamber, very similar in cross section to

2chambers in electron storage rings. The extrusion is of highstrength, high resistivity alloy with a 1 mm inner layer ofhigh purity aluminum to minimize the surface resistance [5].The beampipe is to assembled by welding and would berigidly clamped at short intervals to prevent it fromsquirming during a mild bake, so that no (or very few)sliding joints are required. Only the ends of the pumpingslots contribute to the impedance, so if these slots are nearlycontinuous, their impedance is negligible. The resistivitiesof the high-purity and high-resistivity alloy layers are2.7·10-8 and 5.7·10-8 W m [6], respectively. The plannedhalf-aperture of the beampipe was increased to 9 mm toreduce the broadband resistive wall impedance.The low-field RLHC impedance was estimated by directcalculation of the resistive-wall impedance (as described inthe next section) and by scaling the LHC beam monitorimpedance with the number of half-cells in the machine.The longitudinal and transverse impedance estimates for theRLHCs are tabulated in Tables II and III.Table II: RLHC longitudinal impedance model (Z/n).ElementUnitsLHCHighfieldLowfieldSliding jointsW0.0810.020Beam monitorsW0.0400.0100.007Pumping slotsW0.0160.004Total Z/nW0.1370.0340.007Table III: RLHC transverse impedance model.ElementUnitsLHCHighfieldLowfieldSliding jointsMW/m2.062.66Beam monitorsMW/m3.033.9012.2Pumping slotsMW/m0.550.71Resistive wallMW/m0.0580.075132Total ZMW/m5.707.351442. Resistive wall impedanceCalculation of the transverse impedance at the lowestbetatron frequencies is complicated by the fact that the skindepth at those frequencies (wb » 4.5·104 s-1) exceeds thechamber thickness. For wb << 4.5·104 s-1, the transverseimpedance is actually determined by the iron pole face, andthe reactive part becomes capacitive rather than inductive.The transverse broadband impedance in the low-fieldmachine is, surprisingly, dominated by the resistive wallimpedance

ZTRW ( )w

, even though it peaks at zerofrequency, and falls as

w -1 2

. An estimate of the effectivebroadband impedance is obtained by evaluating

ZTRW( )w

at

w s=1 t

[7]. A better estimate is made by integrating over the beam spectrum. One then finds that

Im Im

. Im Z ZZ

eff tt T RW T RW

T RW ( ) =( ) =( )[ ]= =( )[ ]G 1 4 12 05 1p w sw s

(1)This integration is insensitive to the fact the the skindepth is larger that the chamber thickness at the lowestbetatron frequencies, because the chief contribution to theintegral comes from frequencies where the skin depth ismuch less than the thickness of the high-purity aluminumlayer.III. MULTIBUNCH INSTABILITIESA. Resitive wall instabilityThe most severe multibunch instability for the RLHCswill be the transverse resistive wall instability. This is aconsequence of the very long, small-radius chamberscommon to both machines. For the high-field machine, thetransverse resistive-wall risetime (in turns) is greater thanthat of the LHC, and is long enough to control comfortablywith active feedback. In the case of the low-field machine,the high resistivity of the room temperature chamberproduces a very fast risetime which must be controlled by afeedback system that is beyond the present state-of-the-art.Table IV shows the resistive wall growth rates taken fromthe RLHC Working Group Summary [4].Table IV: Resistive wall risetimes.UnitsLHCHigh fieldLow fieldturns2953100.36IV. SINGLE BUNCH INSTABILITIESA. Coherent synchrotron tune shiftWe identified the loss of Landau damping from acoherent tune shift, the longitudinal microwave instability,and the transverse mode coupling instability as the mostserious instability mechanisms in the RLHCs.The synchrotron tune shift must remain smaller than thesynchrotron tune spread to preserve longitudinal Landaudamping. This requirement leads to the inequality:

ImZn h VI Reff b sL RF RF�Ł �ł £ �Ł �ł63 3 5p s

(2)B. Longitudinal microwave instabilityThe condition for stability against the longitudinalmicrowave instability is given by:

ZnhVIReff b sL RFRF�Ł �ł £ �Ł �ł123 3p s

(3)The longitudinal single-bunch instability thresholds forthe RLHCs, in terms of the effective longitudinal impedance

3Z/n, are shown in Table V. These thresholds are comfortablylarger than the estimated impedances in Table II.Table V: RLHC longitudinal instability thresholds.EffectUnitsLHCHighfieldLowfieldCoherent longitudinaltune shiftW1.610.1810.163Longitudinalmicrowave instabilityW4.527.843.12C. Transverse mode-coupling instabilityThe transverse mode-coupling instability (TMCI) is dueto the shift of the m = 0 (rigid-bunch) head-tail modefrequency toward the m = -1 head-tail frequency by thebroadband transverse impedance. The condition for stabilityis:

ImZ Q I R EeT eff s sb( ) £ Æ æ8 sb

(4)The transverse single-bunch instability thresholds, interms of the effective transverse impedance, are shown inTable VI.Table VI: RLHC transverse instability thresholds.EffectUnitsLHCHighfieldLowfieldTransverse mode-coupling instabilityMW/m12.2742281The TMCI threshold for the low-field RLHC is a factorof two larger than the estimated transverse impedance(dominated by the resistive wall impedance) in Table III.E. Malamud points out that by raising the RF voltage andfrequency, by further increasing the beampipe aperture, or byreducing the charge per bunch at injection and coalescingbunches part way up the ramp, one may gain more marginfor luminosity upgrades [8]. Several attempts have beenmade to use active electronics to damp or avoid TMCI inelectron storage rings. A resistive feedback was used inVEPP-4M to double the instability threshold [9]. A reactivefeedback was used at LEP to increase the threshold by 5%[10]. Resistive feedback is believed not to work at LEPbecause of the impedance between the pickups and kickers.The same difficulty is present (and much worse) for thelarger-circumference RLHCs, so passive methods ofincreasing the TMCI threshold may be the only practicalones.V. SCALING WITH HALF-CELL LENGTH Many of the transverse and longitudinal parameters of ahadron storage ring are set by the choice of half-cell length.The cost depends on the half-cell length as well. S. Peggsnotes that the choice of half-cell length made for previouslyplanned hadron machines may be too conservative. We investigated the dependence of instabilitythresholds on half-cell length. The energy, dipole magnetfield, and transverse and longitudinal emittances wereaccepted as fixed inputs. The additional assumption wasmade that the contributions to the transverse beam size fromthe transverse emittance and the energy spread are equal,which appears to be a reasonable from the point of view ofminimizing the machine aperture [11]. We find thefollowing scalings for machine parameters:

Æ æ � � �

-bsx s sL Q L L, ,1 32

;(4)for loss of Landau damping through coherent synchrotrontune shift:

Im ZnhLeff threshL RF�Ł �łØºŒ øßœ � 2 72

(hRF fixed),(5.1)

Im ZnVLeff threshL RF�Ł �łØºŒ øßœ � - -2 9 2

(VRF fixed);(5.2)for the longitudinal microwave instability:

Z n L

L eff thresh�Ł�ł� 12

;(6)and for the transverse mode coupling instability:

Im ZLT eff thresh( )[ ] � - 12

.(7)There is no severe collective instability penalty to bepaid for a longer half-cell length. In the case of the coherentsynchrotron tune shift (Equations 5.1 and 5.2) it is necessaryto decrease the RF voltage (and increase its frequency) tomaintain the same instability threshold.VI. CONCLUSIONSBecause of the large circumferences of the RLHCs,transverse instabilities tend to dominate. The most importantmultibunch effect is the transverse resistive wall instability,and the dominant single bunch effect is the transverse modecoupling instability driven by the broadband resistive wallimpedance. The high-field option is very much like the LHCin impedance and instability thresholds, and so collectiveinstability issues for that machine have, in principle, alreadybeen solved. The low-field option has a large transverseresistive wall impedance due to its small radius warmbeampipe and its large circumference, but with the increasedbeampipe radius and higher injection energy in the newparameter set this machine is stable against TMCI. Theresistive wall risetime for the low-field machine is less thanone turn, so a feedback or feedforward system capable ofextremely fast damping would need to be developed for thismachine.

4The effect of the half-cell length on collective stabilitywas found to be modest.The author wishes to thank the members of the RLHCWorking Group for very many helpful and enlighteningdiscussions, and to acknowledge the support of the NationalScience Foundation.VII. REFERENCES[1] J. Rogers, G. Dugan, and S. Peggs.[2] W. Chou, "RLHC Issues: Impedance, Emittance, andBeam Screen (for Cold-Bore)", presented at this workshop.[3] G. W. Foster, "Pipetron Magnet Design with LargerAperture", presented at this workshop.[4] G. Dugan, P. Limon, and M. Syphers, "RLHCWorking Group Summary", these proceedings.[5] H. Ishimaru, H. J�stlein, and W.C. Turner,"Conceptual Design Study for a Very Low-Cost AluminumVacuum Chamber in a High Energy Low-Field Collider",presented at this workshop.[6] H. Ishimaru, personal communication.[7] G. Dugan, "Really Large Hadron Colliders", theseproceedings.[8] E. Malamud, "New Technologies for a FutureSuperconducting Proton Collider at Fermilab", theseproceedings.[9] M.M. Karliner, et al., "Feedback System forElimination of the Fast Head-Tail Instability at Storage RingVEPP-4M", proc. 1996 European Particle AcceleratorConference, Sitges, Spain (1996).[10] V.V. Danilov and E.A. Perevedentsev, CERNreport SL/93-38 (1993).[11] S. Peggs, "Lattice Optimization for a Really LargeHadron Collider (RLHC)", proc. 1996 European ParticleAccelerator Conference, Sitges, Spain (1996).