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Ab.str'act The rf systeni is modelled by calculating tile dynamics

The rf system of tile SI,C Damping Rings h_ evolved since of tile beam cavity interaction. These equations along with
tighter tolerances on beam stability are encountered _ measured loop characteristics and klystron saturation data
beam intensities are increased. There are now many feed- are then incorporated into numerical integration programs
back systems controlling the phase arid amplitude of the such as Mat.rix-x r' and Simulink _. These algorithms use
rf, the phase of the beani, and the tune of the cavity. The state space repres(,ntations of the syst,em to solve the dif-
bandwidths of the feedback loops range from several MHz ferential equations. The system can t)e anMyzed in bet&
to compensate for beam loading to a few tlz for the cavity the time and frequency doniains.
tuners. To improve our understanding of the interaction

of these loops and verify their expected behavior, we have _ _........ o,,_,,_ /

simulated their behavior using computer models. A de- _ _ _" ]scription of the models and the first resillt, s are discussed. _-,_,,

1. Introduction _ "_ J
rents ab°ve3xl01° particle's per burich" T°av°idthe°n- [ L__-" L____ ]
set of bunch lengthening at higher currents, an rf w)ltage

ramp was implemented, tlowever, the depth of the ramp c°m°...... _,_
• " " ')3

was limited by a I{.obinson-like instability-', which was _ ..... _'corrected for using direct rf feedback a'4. With these rood- _,_,,_,;;,_....... m°
ifications, the pararrieter space has become more couiplex.

Operat.ing conditions must be adjusted and optimized such Figure 1. SLC, daillping ring rf systern.
that the rf system operates stably tinder varying condi-

tions. In particular, the system should be insensitive to 3. System Modelling
injection phase errors and intensity jitter, repetition rate

changes, arm effects arising from klystron ,saturation. We first discuss the beam cavity interaction and the

Effects of heavy beam loading and rf feedback have been klystron. We then consider the various feedback loops.
studied in detail by Pedersen 2'3, who has also studied A. Beam Cavity Interaction

the effect of adding more feedback loops. The dynain- The equations of motion for the beam cavity interaction

its become more complicated when the nonlinear effects are mixed to baseband for computational efficiency. Each
of klystron saturation are considered. The purpose of our cavity is modelled as a parallel f{I,C circuit. The dynamics
simulations is to understand the stability of the damping are described by
ring rf system with multiple feedback loops and a partially
saturated kiystron, dt'r 1 dui Vr R_r]

2. System Overview d-T + 2"-QTt[ + 7_ c°_f + vi(wo - coH) -- 2Q I_

t2w_f
dvi 1 dvr t'i Vr(W0 ) Ii i 1)

A block diagram of the rf system is shown in Fig. 1. The dt 2Q dt + 72-Qw"J-- - aa''s - 2Q
coupling between the beam and cavities increases as the

Here v_ and vi are the real and imaginary parts of the cav-
dv

beam current is raised. Two cavities are driven by a sin- ity voltage and tile approximatiori 7i <<" vw,'S has been

gle klystron. Surrounding the cavities and klystron are made. Also Q = 6860 is the lo_ded quality factor of

various feedback loops. The cavity voltage is regulated us- the cavities, w,.s = 2,3-x 71,1 Mtlz is the angular drive
ing the gap voltage control feedback. Otlier loops include frequency, ti] = 2.,5 Mr2 is the shunt irlipedance, I, and
a beam loading feedback, a beam phase loop, a klystron Ii are the real and inlaginary parts of the total current,

phase compensation loop, a synchrotron oscillation zero Ii = Ia+Ib, where Ig is the generator an(l [b is the beam
mode feedback, and cavity tuner loops, current. The resonant frequency, w'0, of the cavity is given

"Work supported by the Department of Energy Contract Dt_ by w_.m _ [1 - 1_o,s -- 70 tariq)_]-I wliere 4)_ is the inipedance
AC03-76SF00515 angle between the total current and the cavity" voltage.
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The equations %r the beam current, expressed in po- online measurenmnt. F:om the figure can be seen the ad-
lar coordinates, are I/b] = 2Iac, where Iac is the dc beam ditive effects of the cavities and the klystron as well as the
current and, for the nonlinear phase equation, controller and rf attenuator on the system gain arid phase.

d2¢b 7lw_:
dr" - E07[b[IV[sinCb- (U0 + U;,o,,)], (:2) ,,,,._ ,,_,- .,,, ,+:_ _, ,,:.-_ • _:,_:. :.L t [ , I I i I I, _ _. ,; d_::,i

[ .......77........ ._7...... ' - I........ T...... )I'--:::=:Fr::.% ......-4 ....... i
in which ,bt,is the beam phase angle, ¢c is the cavity phase _-- _,_,-,,,,,.... ,,I,,,, ..... _ ........:;----.:v ............., ......... _....... 1-...........
angle, r/ = -0.015 is the slip factor, E0 :: 1.19 GeV is / p,i,,,., I,Ilq .... {.._._,<:,,C_'7._....[ ............._...........]...... _..........i

the beam energy, % - 2, -117.65 ns is the revolution T. - ....J 7.ii_-517 171  _ZFI

period, and Uo and Uho,n are respectively the energy losses f_].-I[2"177-! ..........i............}....... _ .......Ii_-: i_[i.iii_i_i}_i.i_iii_i_iii_.-jdue to synchrotron radiation and higher order modes ............. }.................... ! ........_;-_............. i .............[ ......
An example of the time dependence of the beam phase is [ :_, -I.........7_._.........i.........1...... I l,:l.,.t ,,,, hu,,,t P ,,,',._,t13,,I -!

_u/ ............................... _ : "shown in the insert of F'ig. 2. With the impedance angle ¢_ L___:._[ I......... I..................................................
equal to -'20 degrees the damping time r of the oscillations

- ' bZt p_,._se S o, PEF .-_45 o t -' ?c3 Z

is compared with analytic calculation ..... ___ i _-__ .......--g- ....._i -- ._ ......

l-- ..... ......T-- ----7--L7775

m_ 0.4 .... ........... _ --L-- .................... -i ..........i.......
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L
0.0 j J _1 ,, , Figure 3. Measured gain (fig. aa) and phase shift (fig. 3b)

0 25 50 75 i00 125 of klystron as a function of input power.

IB [mA] C. Feedback Loops
Beam Loading Feedback

Figure 2. Darnpiag time of phase oscillations as a function
of beam c_lrrent with ¢_ = -20 deg. A simulation output The rf feedback loop is described in detail in l{.ef. 4. Wllen
of the beam phase for 1B=68 mA is also shown, this feedback is implemented, the Q of the cavity is reduced
B. Nonlinear Klyst, ron by l+G0, where Go is the feedback gain. In the model, we

form the vector sum of the two cavity voltages and allow an
'1"o minimize the bunch length at extraction we operate
the klystrons in the nonlinear region near saturation. The overall phase shift of the feedback signal. A 120 ns delay isincluded for the waveguides and cable delays. Simulations
measured saturation characteristics of the klystron are

to determine the threshold for unstable expou,:ntial growth
shown in Fig. 3. The klystron becomes nonlinear in gain

of pha_se oscillations agree well with theory.
at an output power near 30 kW or at a cavity voltage of
550 kV when tuned for optimum coupling. In addition, the Amplitude Feedback [.oop
klystron produces a power dependent phase offset for out- The amplitude feedback loop is used to regulate the voltage
put powers greater than t0 kW. These data are input into ramp during the store cycle. Unlike the rf fee_lback, which
the model in the form of interpolation tables. The klystron uses the vector sum of the cavity voltages _s the feedback

bandwidth (5.3 Mhz at 3 dB) is modelled at b_eband as signal, the amplitude loop feeds back on the sum of the
a third order lowpass Butterworth filter. A 240 ns delay is magnitude of the two cavity voltages. Th,.' measured 3 dB
also included. To compute the output current I_ we con- bandwidth of the controller is about 600 tlz. A first order
vert the input voltage Vm into input power D/n, use the transfer function characterizes its frequency response. In
saturation data to determine the output power Pod,t, and addition, we model a series rf attenuator a.s a first order
take into account the coupling to the cavity (/5 = 2.5). The transfer function with the measured 3 dB bandwidth of,10

transconductance, ,5', for which I_ = S14,, is kHz. When the rf feedback loop i. closed, the gain in the
amplitude feedback is raised by 1 + Go accordingly.

_/ 4_ 1 Pod,I) Pha.se Feedback LoopS = (1 +/5) 2 2I?.(f)0_) ( P/r, (3) The phase loop is used to lock the ring rf at extraction to

The phase shift resulting from driving the klystron to sat- the linear accelerator rf. We model it as a constant gain
uration is also calculated from the input power, bandwidth amplifier and use a first, order transfer function

The open loop Bode plot obtained by modulating the with a measured 3 dB bandwidth of 30 llz.

klystron input and detecting the amplitude controller out- Klystron Compeustttion Feedback Loop
put (see below) is shown in Fig. 4 and is compared with This phase feedback loop is supposed to compensate for
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slow variations in the AC power source for tile klystron loading with ¢, = -45 degrees is plotted as a function
drive. The measured 3 dB bandwidth is about 10 Hz. of cavity voltage. For a linear klystron the threshold is

Cavity Tuner Loop constant near 2.

The very slow (<1 Hz) tuner loop is used primarily to 3.o --_-"--_-'--I .... I--_'--'-_-V .... l--'--c
control the initial conditions for tile loading angle qSt.Tile % -" ,..-_--_. =. - ___ e.
ph_e angle qS_between the cavity and generator is fed "-' z.5 _'-"_ 0_ kv
back throu/dl a second order transfer fllnction, o

2.0

L ................... _: ...........:.:.......... (a) _
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7 ........ --_ 2.00
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[rad] Figure 5. Ratio of the klystron output i.o input power a.sFrequency <-7, a function of loading ratio with ¢_ = -,15 dee for different
[10 dB/div] [45 deg/div] cavity voltages (fig. 5a) and stability threshold as a func-

.............. -[--_iJ tion of cavity voltage with (75.- -45 deE (fig. 5b). ttighor" -" "_ _11_[_i_L__II 1 _t order ,node losses were assumed to be constant.

_7_!{in [Ld,.IBJ] {_l_Llq" i i i [iNTI 5. Conclusion

_:7 _-__,_Qiil,,/{i]__Shift de, i,--__'_4 The equations of motion for the beam dynamics mixed to

"_ baseband were used to model the damping ring rf systems
at the SL _,. Measured feedback loop and klystron C[lgtr-

_'Q-4-, ,I_-4,1cl-, acteristics were included. Robustness of the silnulations

_- Phase' h_s been demonstrated by comparison to theory and ex-[ g] periment in the time and frequency domains. First results

_4__[}]iti_.{!i,llll.___l_l 1 I[HI--- [ I [/IiiltI[l_-_L--_i____i__f_- included a study of the nonlinear klystron. In the future

!liii '_ tl[ i _H_I we will study stability of the rf system with all the feedback
- loops closed.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
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