SLACÐPUBÐ7894July 1998Beam-Based Analysis of Day-Night Performance Variations at the SLC LinacF.-J. Decker, R. Akre, R. Assmann, K.L.F. Bane, M.G. Minty, N. Phinney, W.L. SpenceStanford Linear Accelerator Center , Stanford University, Stanford, CA 94309 USAAbstractDiurnal temperature variations in the linac gallery of the Stanford Linear Collider (SLC)can affect the amplitude and phase of the rf used to accelerate the beam. The SLC employsmany techniques for stabilization and compensation of these effects, but residualuncorrected changes still affect the quality of the delivered beam. This paper presentsmethods developed to monitor and investigate these errors through the beam response.Variations resulting from errors in the rf amplitude or phase can be distinguished bystudying six different beam observables: betatron phase advance, oscillation amplitudegrowth, rms jitter along the linac, measurements of the beam phase with respect to the rf,changes in the required injection phase, and the global energy correction factor. Byquantifying the beam response, an uncorrected variation of 14¼ (S-band) during 28¼Ftemperature swings was found in the main rf drive line system between the front and end ofthe linac.Presented at the 1997 Particle Accelerator ConferenceVancouver, B.C., Canada12-16 May 1997

Work supported by the Department of Energy contract DE-AC03-76SF00515.

Beam-Based Analysis of Day-Night Performance Variations at the SLC LinacF.-J. Decker, R. Akre, R. Assmann, K.L.F. Bane, M.G. Minty, N. Phinney, W.L. SpenceStanford Linear Accelerator Center , Stanford University, Stanford, CA 94309 USA

Work supported by the Department of Energy contract DE-AC03-76SF00515.AbstractDiurnal temperature variations in the linac gallery of theStanford Linear Collider (SLC) can affect the amplitude andphase of the rf used to accelerate the beam. The SLCemploys many techniques for stabilization andcompensation of these effects, but residual uncorrectedchanges still affect the quality of the delivered beam. Thispaper presents methods developed to monitor and investigatethese errors through the beam response. Variations resultingfrom errors in the rf amplitude or phase can be distinguishedby studying six different beam observables: betatron phaseadvance, oscillation amplitude growth, rms jitter along thelinac, measurements of the beam phase with respect to therf, changes in the required injection phase, and the globalenergy correction factor. By quantifying the beam response,an uncorrected variation of 14¼ (S-band) during 28¼Ftemperature swings was found in the main rf drive linesystem between the front and end of the linac.1ÊÊINTRODUCTIONSince the SLC now produces flat beams with emittancesas low as gey = 0.2*10-5 m-rad at the end of the linac,stability of the hardware has becomes increasingly critical.Slow variations coming from day-night temperature swingsmake it difficult to maintain the best emittances. It haspreviously been shown that the largest variations are causedby the accelerating rf system, but it was unclear whether theamplitude (A) or the phase (f) of the rf was varying. Anearlier paper [1] described sources of amplitude variations,while this paper concentrates on the more serious effect of rfphase variations. In particular, beam-based measurementswere used to distinguish between the two (A, f). First wediscuss the stability requirements, then the beam-basedsignals and simulations, and finally the primary problemsource, the main drive line which distributes the rfsynchronization.2ÊÊSTABILITY REQUIREMENTIf the linac alignment and beam orbit were perfect, therequirements for rf stability would be relaxed. Changes inlongitudinal phase space parameters (energy, phase, bunchlength, and energy spread) would not couple into thetransverse phase space. Improved alignment is clearlydesireable (see [2]). In reality there are transverse offsets andthe resulting wakefields must be canceled at the SLC bycompensating orbit bumps [3]. Typically a bump spansabout six betatron wavelengths. An initial emittance of1.0*10Ð5 m-rad without bumps can be reduced to 0.2*10Ð5m-rad. To control transverse jitter, the SLC uses BNS [4]damping which introduces a large energy spread in thebeam. This causes the wakefield cancelling bumps to bevery sensitive to energy and phase changes. An energychange of 1%, or a phase change of 1.5¼ over the region ofthe bump can change the phase advance by 22¼. Thisdisturbs the wakefield-tail cancellation and generates anemittance growth of De = (1.0 * sinÊ22¼) = 0.4 m-rad.Similar effects occur if the energy gain of one klystron (outof 30) is unknown to 30%.3ÊÊBEAM BASED SIGNALSAfter stabilizing the rf amplitudes [1], it was recognizedthat there were still large daily variations in the betatronphase advance of the beam, as measured by oscillation datataken automatically with a diagnostic pulse [5, 6] (Fig. 1).Figure 1: Diurnal betatron phase advance variation. Theoverall phase measured from the beginning of the linac tothis point is 2800¼, so a -100¼ phase change corresponds to3.5% energy gain. After day 10 it was compensated.To distinguish between rf amplitude and phase as thesource of the drifts, additional diagnostics were required.Table 1 summarizes the observables used.

IndicationsVariationReasonsglobal energy correction+1.5%A, fbetatron phase advanceat 500 m: Ð100ûA, finjection phaseeÐ: +7û, e+: +4ûf, cableoscillation amplitude growth50%ftransverse rms jitter100%fbeam phase monitorsLi2: 7û, L28: Ð7ûf, cableTable 1: Beam parameters studied and possible causes(A: rf amplitude, f: rf phase, cable: cable length). Theamount of the variation is the day/night ratio, or for phasesthe day minus night difference.The global linac energy correction accounts for theintegrated sum of all energy errors. A 1.5% diurnal changecorresponds to 1.5% more or less spare energy available. Ifthis were due to rf amplitude changes, it could not explainthe 100¼ phase advance change (equivalent to 3.5% of theenergy) measured after 500 meters of linac.

Figure 2:

amplitude growth factor along thelinac (solid) compared with 2% energy reduction (dashed) or+3¼ phase variation (dash-dotted).

variations were dominant camefrom simulations of the amplitude growth of betatronoscillations which showed a different sensitivity to energyor phase

(Fig. Ê2). For a single theamplitude growth factor of an oscillation scales as(det(R)ÊE

E1/2, where R is the effective matrix of the beam including wakefields and E/Eo is theenergy normalization. For a BNS damped beam, the energyspread will cause the amplitude to decrease throughfilamentation. In the presence of transverse wakefields, thetail of the bunch is excited to even larger amplitudes thanthe head and the amplitude grows. Oscillation amplitudeswere found to change by up to 50% between day and night(see Fig.Ê3). Similar behavior observed in the rms ofthe transverse beam jitter measured by the feedback systemslocated along the linac. The jitter changed as much as 100%diurnally. If the source of the jitter is constant, thisindicates that the BNS damping has become weaker.Figure 3: Measured oscillation amplitude growth factorplotted location in the linac for day and night.

1000Êm the variation is 50% larger in mid-day (3.6/2.4).Another indication of problems given to therf near the beginning and end of the linac. A diurnaldifference of ±7¼ (or 14¼ over the whole linac) seen(Fig.Ê4). In this change could be due tomeasurement systematics such as cable length changes.However, the simulations below indicated that the observedvariation was consistent with the other measured effects.

117 118 119 120 121 122 123 20

30

40

50

60

70

80

90

Time [Days in 1996]

Phase or Temperature [deg, deg F]

Linac Beam Phase Monitor

Li02: ____

Li28: - - -

Temperature: - . -

Figure 4: Beam phase in sector 2 and 28 and outsidetemperature showing an anticorrelation and a phase variationof 7¼.

temperature swing during that period about28¼F daily.4ÊÊSIMULATIONSSimulations were performed to understand if the various were consistent with the hypothesis of a 14¼phase variation of the main drive line that synchronizes thelinac rf.

simulation assumed an ideal energy profilewith a BNS configuration of 22¼ for the first 700 meters andÐ16.5¼ for the rest of the linac at night. If the phase changed by 14¼ during the day, the initial BNS phase woulddecrease by 7¼ (to 15¼) and the final phase would increase

7¼ (to Ð9.5¼). These variations weaken the BNS dampingand provide less suppression of beam jitter. With weakerBNS phases, the beam is closer to the crest of the rf and the beam energy at the endof the linac is held constant by feedback but the error isreflected in the global energy correction required. If onecalculates the energy gain for the weaker daytime BNSphases (from cosÊ15¼ to cosÊ(Ð9.5¼)) and compares it to theideal night value, there is an energy discrepancy of 1.4%(see Fig.Ê5). This is consistent with observed behavior.

0 5 10 15 20 25 30 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

Linac Sector

Relative Energy Gain

Night

Day + LEM Day

Figure 5: Relative energy gain along the linac for differentmain drive line conditions: At night the energy gain persector is reduced by the cosÊ(22¼) and cosÊ(Ð16.5¼), whileduring the day it varies along the length of the linac by factor between cosÊ(15¼) and cosÊ(Ð9.5¼).

third curveshows the day curve scaled down by 1.4% to reflect theeffect of the global energy feedback which holds the meanenergy constant.5ÊÊMAIN DRIVE LINEThe main drive line (MDL) which synchronizes the linacrf phases found to be a major source of the observedsensitivity to diurnal temperature variations.

phaselength of the MDL is affected by external temperature andbarometric pressure variations. This length is monitored an interferometer [7] and a feedback system then adjusts thelinac rf phases to correct for the measured length changes.

various diurnal effects described here indicated temperature variations of the MDL were not fullycompensated by the interferometer feedback. An additionalad hoc temperature correction applied to alleviate thesymptoms while the source of the error beinginvestigated. This correction effectively doubled the feedbackresponse to temperature change (see day 124 in Fig.Ê6), andit successfully reduced the diurnal in the beamparameters discussed (see day 10 in Fig.Ê1). Furtherinvestigations of and improvements to the rf hardware arediscussed in another paper [8].

115 120 125 130 135 0

10

20

30

40

50

60

70

80

90

Time [Days in 1996]

Phase or Temperature [deg, degF]

MDL

Temperature

Figure 6: MDL interferometer phase time. Thephase length may vary by up to 30¼ with barometricpressure swings, and up to 15¼ with diurnal temperature

Before the correction at day 124, only of thetemperature dependence, about 7¼, was being compensated.6 Ê Ê S U M M A R Y variations of linac energy profile were traced touncorrected phase length changes in the main drive which synchronizes the rf.

residual phase ofup to 14¼ compensated by applying an additionaltemperature correction while the true source of the error wasinvestigated.7ÊÊACKNOWLEDGMENTSWe would like to acknowledge many valuable discussionsand insightful suggestions from M.ÊBreidenbach, M.ÊRoss,and the SLAC RF group.REFERENCES[1]F.-J.ÊDecker, R.ÊAkre, M.ÊByrne, Z.D.ÊFarkas,H.ÊJarvis, K.ÊJobe, R.ÊKoontz, M.ÊMitchell,R.ÊPennacchi, M.ÊRoss, H.ÊSmith, Effects ofTemperature Variation on the SLC Linac RF System,PAC95, Dallas, May 1995, p.Ê1821.[2]F.-J. Decker, R.W.ÊAssmann, M.G.ÊMinty,P.ÊRaimondi, G.ÊStupakov, Super ASSET:

Technique for Measuring and Correcting AcceleratorStructure Misalignments at the SLC, PAC97,Vancouver, May 1997.[3]J.T.ÊSeeman, F.-J. Decker, and I.ÊHsu,

Introduction of Trajectory Oscillations to ReduceEmittance Growth in the SLC Linac, XV Int. Conf.

HEAccel., Hamburg, Germany, 1992, p.Ê879.[4]V.E.ÊBalakin, A.V.ÊNovokhatskii, V.P.ÊSmirnov,VLEPP: Transverse Beam Dynamics, 12th Int. Conf.on High Energy Accel., FNAL (1983) 119.[5]F.-J.ÊDecker, M.ÊStanek, H.ÊSmith, T.ÊFang,Diagnostic Beam Pulses for Monitoring the SLC linac,PAC95, Dallas, May 1995, p.Ê2646.[6]R.W.ÊAssmann, F.-J.ÊDecker, L.J.ÊHendricksen,N.ÊPhinney, R.ÊSiemann, K.K.ÊUnderwoodM.D.ÊWoodley, Beam-Based Monitoring of the SLCLinac Optics with a Diagnostic Pulse, PAC97,Vancouver, May 1997.[7]R.ÊKeith Jobe, H.ÊSchwarz, RF Phase DistributionSystems at the SLC, PAC89, Chicago, May 1989.[8]R.ÊAkre, SLC Interferometer System and PhaseDistribution Upgrades, PAC97, Vancouver, May 1997.