FEEDBACK PERFORMANCE AT THESTANFORD LINEAR COLLIDER�M.G. Minty, C. Adolphsen, L.J. Hendrickson, R. Sass, T. Slaton, M. WoodleyStanford Linear Accelerator Center MS 66, P.O. Box 4349, Stanford, CA 94309 USA Many feedback loops are used at the Stanford LinearCollider (SLC) to control the orbit and energy of particlebeams. Problems with corrector magnet slew rates,actuator calibrations, and computation of the beamtransport matrix between loops have resulted in operationof many SLC feedback loops at lower than design gain.The response of various feedback loops to these errors ismeasured and analyzed in an attempt to improveperformance.I. INTRODUCTIONThe SLC feedback system [1,2] is a generalized,database driven system that applies state-space formalismsto stabilize the beam. Feedback has proven to be essentialto the successful operation of the SLC. Problemsencountered in running high current beams have forced usto adopt tighter tolerances on feedback control parametersand have motivated a stricter evaluation of feedbackperformance. Of particular concern is the fact that linacfeedback loops are routinely operated with lower thandesign gain.The design of each feedback loop relies on knowledgeof the slew rates of the correctors used to cancelperturbations and of the noise spectrum of the beam. Theeffect of differences in corrector speeds has been measuredand analyzed using high current beams. For a series ofloops in succession correction for over compensation, orcascade [3], was found to be necessary, in whichinformation from each loop is passed on to the loopimmediately downstream. The transfer matrices betweentwo consecutive cascaded loops are continuously updated,or adapted, using measurements of the natural beam jitter.Measurements of the performance of the adaptive cascadehave shown sensitivity to the location of the noise source.II. SINGLE-LOOP RESPONSEThe SLC beam rate is 120 Hz, while most linacfeedback loops sample the beam at 20 Hz due to CPUlimitations The most downstream linac feedback loop,which is not cascaded, was upgraded to operate at 60 Hz.However, when the sampling rate was increased, themeasured beam jitter downstream of the loop increased.

� Supported by D.O.E. contract DE-AC03-76SF00515.The feedback gain, or the percentage of implementedchange relative to the calculated change, was lowered as aresult. A lower feedback gain implies less efficientcorrection.Figure 1: Slew rate measurement for a fast (+) and a slow(o) corrector. A step function was applied to eachcorrector and the response of the beam as a function oftime was measured on downstream BPMs.Figure 2: Time and frequency domain simulations of beamresponse to a step function assuming 8 fast (opencircles) or 6 fast and 2 slow correctors (no circles).Corrector slew rates were a suspected problem. If thefeedback design assumed instantaneous correction, then aslow corrector could cause amplification of beam jitter.Slew rate measurements for feedback correctors revealedresponse times ranging from 7 to 12 beam pulses,compared to the design assumption of 6 pulses. Slew ratemeasurements are shown in Fig. 1 for two differentfeedback correctors. Plotted in Fig. 2 are time andfrequency domain simulations for the 60 Hz feedback loopSLAC-PUB-95-6817 assuming ideal and mismatched correctors. These andsimilar studies show that slow or mismatched correctorscause feedback to overshoot. Notice also that the unitygain crossover point depends both on the feedback gain andon the corrector slew rates. Currently effort is beingdevoted to minimizing and matching corrector responsetimes.Figure 3: Simulated (smooth curve) and measuredfrequency response of a feedback loop. The filledcircles were obtained from independent measurementsusing single frequency excitations of an upstreamcorrector.Figure 4: Normalized states computed by RTL feedbackbefore (left) and after (right) including additionalBPMs.To quantify the single-loop response, a step functionwas applied to an upstream corrector and states weremeasured for the 60 Hz loop with feedback off, and withfeedback on at unity gain. The data were then prepared forFFT analysis by inversion and reflection. The frequencyresponse of the loop, which is given by the ratio of theFFTs of these data, is shown and compared with simulationin Fig. 3. The apparent noise at frequencies greater thanabout 5 Hz is a result of random noise in the measuredstates. Separate measurements using single frequencyexcitations of an upstream corrector are shown as filledcircles. These data do not reproduce the occasional spikesobserved in the FFT ratio. The solid line is a simulationwhich assumes that 2 of the 8 correctors are relatively slow.Comparison of Figs. 2 and 3 suggests that the observedstructure in the undamped region of the response is due toslow or mismatched correctors.In the linac, cooling water pumps generate beam jitterat frequencies near 59 Hz. With 60 Hz feedback sampling,59 Hz oscillations were aliased to near 1 Hz. Depending onthe loop gain, the feedback could amplify this 1 Hzoscillation. To avoid this, the feedback sampling rate wasreduced to 40 Hz. Ideally, such aliasing effects would bestbe avoided by sampling at the full beam rate.Beam energy, as well as orbit angle and position, ismeasured and corrected in the two SLC damping-ring-to-linac (RTL) transport lines where there is dispersion. Itwas observed that these loops were having troubledistinguishing changes in beam energy from trajectorychanges. This caused conflicting use of energy, angle, andposition actuators by the feedback loops and oscillation ofthe beam. This problem was corrected by includingadditional beam position monitors (BPMs) in bothdispersive and non-dispersive areas of the RTLs. Fig. 4shows the feedback states computed in response to a stepchange in the beam ebergy before and after the addition ofBPMs; note the improvement in the fitted angle andposition (at a non-dispersive point).III. ADAPTIVE CASCADEIn the current feedback control architecture, cascadepasses information from each loop to its nearestdownstream successor so that multiple correction ofincoming perturbations is avoided. Each feedback loop inthe series of loops should therefore correct only thoseperturbations generated immediately upstream. In adaptivecascade the transport matrix between successive feedbackloops is continuously measured using natural beam jitter.Implicit to this procedure is the assumption thatperturbations between two loops are uncorrelated withperturbations upstream of both loops. Cascaded feedbackloops regulate states that have been adjusted by subtractingoff corrections implemented by the nearest upstream loop.For a given loop within the cascade, the ratio of adjustedstate to measured state defines the rejection ratio of theloop. This is the fraction of the upstream perturbationperceived by the loop to have been generated between itand its nearest upstream neighbor. Ideally the rejection ratio should be zero, in which case the cascade isfunctioning properly. A nonzero rejection ratio indicatespoor modeling of the transfer matrix between loops andresults in over correction by the downstream loop.Figure 5: Rejection ratios measured with a pre-linacexcitation (closed circles) and a mid-linac excitation(open circles).Rejection ratio measurements are shown in Fig.˚5. Thedata shown as closed circles were acquired by introducing asingle step function perturbation upstream of the linac andmeasuring the response of all the cascaded feedback loops.These data and other measurements show that the rejectionratios varied from very good (10-20%) to nearly non-cascaded, in which 50-100% of the perturbation wasdetected and corrected. Also shown as open circles arerejection ratios measured with an excitation made in themiddle of the linac. The differences between thesemeasurements indicate that the feedback response issensitive to the location of the perturbation. A possibleexplanation for this is that the feedback design assumeslinear transport matrices while at high current the transportmatrices are actually nonlinear due to wake fields. Poorrejection is still not well understood.IV. CALIBRATIONS AND MODELINGImperfections in the lattice model for the beamtransport degrade feedback performance. Alternatively, thetransport matrices can be measured. Using a recentlyimproved calibration procedure, the position and anglestates were measured as a function of feedback correctormagnet settings. Shown in Fig. 6 are measurements of thefeedback response using the design SLC lattice model (a,b)and using the calibration (c,d). While the regulation isundoubtedly improved, the time required for calibration(about 1 hour per loop) is significant. Comparison of theonline calibration with the linac model is useful in isolatinglattice errors. Long term stability of the calibration iscoupled closely to the long term stability of the machine.Figure 6: Feedback regulation with lattice model (a,b) andwith online calibration (c,d). Feedback states areplotted as a function of time in response to an externalexcitation.V. CONCLUSIONOperation of the linac feedback loops at lower thandesign gain has yet to be fully understood. Evaluations ofcorrector slew rates, sample rate aliasing, and cascadeperformance were presented. Future work will includeanalysis of the effect that wake fields have on beamtransport, studying the significance of the location of noisesources, and evaluating how frequently loops should becalibrated.VI. ACKNOWLEDGMENTSThese studies were made possible by the dedicatedwork of the SLC controls group, who develop and maintainboth the software and the hardware required for feedback.We also wish to thank Tom Himel for his helpfulsuggestions and support.VII. REFERENCES[1] L.J. Hendrickson, et al., "Generalized FastFeedback System in the SLC", ICALEPCS ’91, Tsukuba,Japan, p. 414; SLAC-PUB-5683.[2] F. Rouse, et al., "A Database Driven Fast FeedbackSystem for the Stanford Linear Collider", Nucl. Inst. Meth.A316, 343 (1992); SLAC-PUB-5681.[3] T. Himel, et al., "Adaptive Cascaded Beam BasedFeedback at the SLC", IEEE PAC ’93, Washington, DC,p.˚2106; SLAC-PUB-6125.