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Abstract substantial beam losseswhich were reduced using direct rf

Effects arising from heavy beam loading in the Stanford LineferedbacR. Figure 2 shows simulation results with direct rf feed-
g vy 9 ck (open loop gailr = 6) and without. With feedback, the

Collider (SLC) Damping Rings are described. The stability 0 vity fill time is reduced by I H. The cavity therefore re-

the rf system and particle beam is studied using a numericd) . .
model of the beam cavity interaction with multiple feedbac%ponds quickly to the voltage and phase errors resulting from

loops. Nonlinearities of the power source are also consider £ absence of beam._ Residual oscillations still p‘?rs.'s_‘ however
ecause the klystron is saturated when the beam is injected.

The effects of beam-induced transients and intensity jitter on the
rf system are analyzed and used to determine stability tolerances 1.2

i >
for both high current and low current pulses. \2_, 1.0
l. INTRODUCTION > 0.8
0.6

When a particle beam is injected into or extracted from a cir-__
cular accelerator, beam-induced electromagnetic fields cause &e 60
accelerating cavity voltage to oscillate at the synchrotron fre<<
guency. For fast cycling storage rings like the SLC damping>
rings, the magnitude of these oscillations depends on the time 40
between extraction and injection of beam pulses, the cavity fit;
time, and on the beam current. At the SLC where the singl&
bunch beam current was increased by 20% for the recent rur;
transient loading occassionally caused rf system and beam ins& —-40
bilities. To better understand the sources of these instabilities,
simulationd? were performed using MatriX, a program de- -
veloped for the analysis of dynamic stability. The simulationsg
included a detailed modebf the rf system for which a block S 100

diagram is shown in Fig. 1. s - o T T -
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- Figure. 2. Simulations of transient beam loading. The cavity
Klystron 1 voltageV,, the klystron output powePy, the loading anglep,
Phase ~ the beam phasey,, and currentl, are plotted as a function of
Sp Feedback time for a direct rf feedback open loop gain idf = 0 (dotted

L= @des curves) andH = 6 (solid curves).
Figure. 1. Circuit model of a beam loaded rf system including _ _ _
amplitude, phase, and direct rf feedback. The thick solid linesA second problem during operation was poor regulation of

indicate paths for phasors which have both an amplitude i@ cavity voltage. Loss of regulation can result from beam-
phase. induced transients: if the klystron input power is not properly

limited, there exist two solutions for the feedback loops. One
solution, on the rising edge of the klystron power curve is stable.
II. TRANSIENT BEAM LOADING The other, beyond saturation, is unstable. Simulation results are
Large oscillations in the cavity voltages induced by injecti0%1;2}’1\'2;1?géu?récnirqﬁgrﬁjmﬁg Zﬁ%?;lngt:ij?ﬂ?e?tlsergaéilr:.ta?r: a
of a high current beam in the SLC damping rings resulted Mro loading angleg = 0, in the steady state with beam. At

*Work supported by Department of Energy contract DE~AC03-76SF0051$high beam current more power is required in the steady state and



the small signal gain approaches zero; just below saturation, atgble depends on the response time of the slow tuner feedback
change in the klystron input power produces little effect on theops and on the output of low level amplifiers which may limit
output power. At high beam current the klystron is unable the maximum klystron input power. This hard limit presents a
return to a condition of positive small signal gain and the cavistrict limit on the maximum current. At the SLC with a cavity

voltage is not maintained as a result.

bandwidth of the tuner feedback loops, the effect of injectingl@wering the rf gap voltage from 1 MV to 800 kV.

voltage of 1 MV, a 60 kW maximum klystron output power, and
Intensity fluctuations of the incoming beam are considerdlle cavities tuned tgy = 0, stability against missing pulses is

tolerable provided the rf cavity voltage can regulate. For a fagsured forl, < 0.16 A. To accomodate 0.22 A rf currents for

cycling storage ring with a store time much smaller than thibe 1994 run, the available operating region was expanded by

pulse of different current is a change in the steady state loading 80 T I T

angleg,. Thisinturnrequires more klystron power. Asdiscussed
previously, the rf system is stable provided that the combined
effects of the transients induced by extraction and injection of .
the beam are such that the klystron returns to a state of positive 60 —

small signal gain.
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Figure. 3. Transientbeam loading as a functioh,afith¢, = 0
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in the steady state.

0.28 A, were injected into the ring. The vertical linelgt= |,
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[ll. STABILITY TOLERANCES

The percentage tolerable current jittiél| as a function of A. Cavity Detuning
Ip wheng, = 0 is plotted in Fig. 4. In these simulations the Provided that the additional power reflected from the cavities
steady state current, is extracted, and a new pulse of currenis absorbed in anisolator between the cavities and klystron, inten-
31y + lp is injected. The rf system is easily able to regulatiéonal detuning#, # 0) is advantangeous for two reasons. First,
for large fluctuations in the beam current except at the highégtrovides stability against beam-induced transients as shown in
currents. Withl, = 0.20 A for example, the rf system wouldFig. 6. Notice that the peak-to-peak amplitude of the voltage os-
remain stable if a subsequent pulse of 40% above nominal,ailfations is largest fogy = 0. This is due to the large difference
in the klystron output power in the steady state and in saturation.
however, indicates a hard limit due to a missing pulse. Wiecond, cavity detuning may be used to relax the hard limit from
Iy > Im the klystron is driven towards saturation when the bealow current or missing pulses as evidenced by the change (see
is absent. A subsequent pulse may then experience an arbitigy 5) in operating point, fronp = 0to¢, = 10°, for the 1994
cavity voltage. The time required for the system to becorman.
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Figure. 4. Tolerable current jittéﬁ% as a function of nominal
currentl, with ¢ = 0 in the steady state.

The parameter space for voltage regulation in the steady state is
shown in Fig. 5 for the rf operating conditions of the past 3 years.
The solid curve is an analytic restifor the contour of constant
klystron power at the indicated power and cavity voltage. The
small circles are simulatidrresults using a nonlinear klystron
and a power limiter. The large dots indicate the operating current
and tuning angle. In general, the highest beam currents are ob-
tainable forg, = 0. The limitation due to low current or missing
pulses is representable by a vertical line intersecting the contour
of maximum klystron output power arig = 0. If not properly
compensated, the rf system can be unstable for operation to the
left of this line. Alternatively, the performance requirements of

the klystron can be specified using this analsis



B. RF Conditioning

To achieve higher beam currents for the same maximum 1.0 A [ -

klystron output power and cavity voltage, the klystron must be

made to operate more efficiently; the hard limit due to missing 0.8
pulses or absence of beam must be overcome. This can be ac- 1.0

complished by changing the voltage and phase references to the
direct rf feedback loop. The required changes are calciflabie 0.8
practice, with a power limited klystron, the amount by which to
lower the voltage reference would be to that value for which the
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control voltage from the amplitude feedback loop is unchang o 08
by the change in beam current atinjection. The amount by whi

to change the phase reference would be to minimize the charige B 150 -
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Figure.5. Parameter space for voltage regulation for SLC damp-

ing ring parameters for the past 3 years.

IV. CONCLUSION

Simulation results were used to explain performance and per-
formance limits and to suggest changes that could be made. At
the SLC, rf system and beam instabilities were shown to result
from the interaction of rf feedback loops and a power limited
klystron. Rf conditioning was suggested for future operations at
even higher beam currents.
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