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Summary 

An electronic system for the control of the ef- 

fects of RF frequency oscillations caused by mechani- 

cdl vibrations in a superconducting :leiis are described. 

A combination of frequency modulation and amplitude 

modulation is used to lock the phase of a self-excited 

accelerating structure to that of a controlling master 

oscillator. The system has been used successfully 

during beam acceleration with a superconducting helix. 

I. Introduction 

In comparison with other RF structures, the 

superconducting helix is well suited to the generation 

of the short-wavelength fields that are needed for the 

acceleration of slowly moving heavy ions. Moreover, 

good progress has been made in the development of 

fields that are higp enough to be attractive for a prac- 

tical accelerator. Before the superconducting helix 

can be useful, however, one must be able to control 

:he effects of mechanical vibrations, which can cause 

the RF resonance frequency to vary by an amount that 

is very much larger than the resonance width of an 

unloaded resonator. 

The nature of the vibration problem is illus- 

trated in Fig. 1. IHere we consider the vibration- 

stability requirements for a half-wavclcngth super- 

condtucting helix that is driven by an RF-power source 

operating at the frequency f; the resonance frequency 

is f,. Consider first an unioaded system with Q = 

2 s 10’ s.ld f, = 108 Hz. In order to be on resonance, 

one requires (af/f,)Q <, *O. 1, which corresponds to 

Af <, *O. 05 Hz. This requirement may be compared 

to a static shift of 400, 000 IHz cnused by radiation 

pressure in a typical powered resonator. Also, the 

frequency shift i0. 05 Hz corresponds to a change In 

length that is only &5& for a typical structure. The 

stability requirements are not quite so demanding for 

,f loatieu sT,Tstem , of course, but even here the fre- 

quency shift must be less than a few Hz for the system 

illustrcited in Fig 1 to remain on resonance. In corn- 

Farison, vibration-induced frequency changes are about 

~150 Hz for a typical I\!‘2 helix. 

Clearly, the required frcqucncy si-ability cajv 

not br’ ncl~ieverl by mcc h.anical means alone. Indeed, 

1: may be tnat tnere is no way in which the ir.stanta- 

!? C’ O,l i frcauenc\ can be itabilizcc! lzith the rcquirec: 

.iccuracy. Ho\~ever, for a:, acceIerator, 3111‘ l,liiIrl 

c!i:~r~3rn is with the 7h;Cse of the Rb‘ oscillations. ‘r hc 
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II. General Description of the Control System 

There are two major aspects to cur approach 

to vibration control: (1) the magnitude of the n:echani- 

cal vibrations is minimized by minimizing t:le sources 

of vibration and their co,upling to the helix, and (2) the 

effect of the residual vibrations is then controlled 

electronically. 

The reduction of the mechanical vibrations to 

an acceptable level has turned out to be relatively easy 

for the half-wavelength helices studied to date. Im- 

portant elements in the reduction are (a) the use of 

light bellows for pumping lines and other connections, 

and (b) care in the location of new mechanical pumps 

and other possible vibration sources. After taking 

these steps, the residual vibration level is typically 

such as to produce an RF-frequency variation of about 

*150 Hz. A representative mechanical-frequency 

spectrum is given in Fig. 2. 

Although the mechanical flexibility of the helix 

is a characteristic that encourages harmful vibrations, 

this flexibility may also be used to advantage in fre- 

quency control. This is most easily done by mahicg 

use of the change in mechanical size (and hence in RF 

frequency) caused by radiation pressure in a powered 

helix. Thus, the base frequency of the helix may be 
adjusted and some frequency oscillations may be con- 

trolled by varying the power level of the helix. For 
example, since the static frequency change 1.f is 

typically 400, 000 Hz for a fully powered helis and 

since d(M)= Zaf(dE/E) (w-here E is the electric field), 

a change of only 170 in field causes a frequency shift of 

8 kHz. Thus, one is tempted to try to control 

vibration-induced frequency changes by means of nm- 

plitude modulation alone 
3 

However, as is now widely 
recognized, this is not a satisfactory approach be- 

cause it leads to instabilities caused by electro- 

mechanical couplin,g Hence, we me frequer-c:,- modu- 
lation as the primary form of con:rol 

Our technique or‘ frequency mocuiat-iOi:, -,.,hxcii 

builds on the earlier analysis of Peeb!esi .ar.d the cx- 

pcrimci-kta! work of Dic’k and S;lcppari!; > r~i,iE.es luse of 

a voltage-controlled reactance (VCX). The ba.;ic idea 

is illustrated in Fig. 3. The rc:so:~at.or is rc’prtiie.ltcd 
here by :jll~ped-parairleter elcmt+nts that are linked to 

iew: r al power ports, t t: rou,gh on I2 .lf ‘I. liic h .:I; i re so - 
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13:~~. eno~igh chat3:;:- in fr~:qlui:ncy- can I)<-. ac /lii...;rrl in 

practice. 
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where zo is the characteristic impedance of the line, 

ZL is the load impedance, I is the length of the line, 

and X is its RF wavelength. Out of several possibili- 

ties, we have chosen to use a 3/S-wavelength line. 

For it, tan Z-E/X = - 1, and hence Z = -j Z, 

(capacitative) when the diode switch is closed; and 

Z = tj Z, (inductive) when it is open. Phase control 

is achieved by varying the fraction of the time that the 

switch is closed. Until now, the diode has been 

switched with cycle periods in the range 20 to 50 us, 

but a lo-us period is the design objective. 

As indicated earlier, the RF-frequency change 

caused by vibration is about *150 Hz, and hence the 

VCX needs to be able to change Af by about ilO Hz. 

For a 50-ohm line, this requires that the VCX carry 

about 1 kW of reactive power. The practical problem 

involved in the implementation of the VCX-control 

idea is how to carry this reactive power without hav- 

ing escessive losses, which can cause several kinds 

of difficulties that will be discussed later. 

The main elements of our electronic-control 

systein are summarized in the block diagram of 

Fig. 4. Loop 1 is used to excite the helix, loop 3 

generates a phase-error signal that controls both the 

frequency and the amplitude modulation, and loop 2 

controls fast changes in RF amplitude. Three levels 
of adjustment and/or control are involved in locking 

the phase of the helix to that of the controlling master 

oscillator: (I) first the helix is manually tuned to 

approximately the desired frequency, (2) then ampli- 

tude modulation on a slow time scale accurately ad- 

justs the average frequency (averaged over many 

mechanical oscillations) to that of the master oscil- 

lato r, and (3) frequency modulation by the VCX cor- 
rects for phase changes that occur onafast time scale. 

Some of the voltage patterns of most interest 

in the control system are illustrated in Fig. 5. The 
phase-error signal (which is integrated over many 

VCX cycles) is only slightly out of phase with the am- 

plitude of the frequency oscillation because of the 

phase-restoring action of the VCX. Consequently, the 

duty cycle of the diode switch is also almost in phase 

with the amplitude of the frequency oscillation. The 
-I_* r , ,-r^- ---‘.-:-.. m<..d.,- L_ _-_ ~y..I‘zII.a !;ot!; +Le ;lo.;; -^-^^-I _-.-c *I* I~II‘~,UI*CL*L ;sed for 

control of the VCX and a fast componer,t causec by the 

diode s..vitching. The magnitude of the slow component 

can he made ar!:itrarily small by increasing the gain 

i;f tile error signal fed to the VCX. It is obvioJ-s from 

i;lg F that the phase wo’3ble of a controlled resona+.or 

1’: 4etcrmined by the diode-swit-thing -,eriod fs-’ and 

by the, frequency change Jfc induced by switching the 

VCX; specifically, it is ire0 Afclfs degrees. The 
:ri.isinlllm vnt.ur: of lfc i*aed ir. our work to date is 

1-5;20 I-II. The ph.lsc* \\,ol)b:e may easily be made ltcs:; 

than d few rlc-tgr~~cs; our design goal is -rl” Note that, 
for iliu*trative clarity, the diode-switc!ling period 

5 how 12 I :i t he figure 1s wry much 1017gLer rclati,ie Lo 1 

;~;~~cl~,~t~ic~~l-oscill~~ticn p<>riod i-han it is in practice 

111. Pi, rformanc~~ of the Cant rol Systt:m 

Although it is still in t.hr development stagty, 

f he contra: s.,.sti-rn ricscrib?rl aho.~e has hc(:n extchn- 

.3i-cI;,- tcsf~:r! with f~tnsioni 1); !;,:!ices, and q~iit<a rc- 

cL,nl ly it hz s l)c*tan 11stxci for ;~iiase cor.trol duri:x;l iirdm 

acceleration with a prototype accelerator. 2 In the 
latter tests, the phase was successfully controlled to 

less than k2. 5O for accelerating fields up to 1. 3 MV/m. 

Even at this rather high field level, the system ap- 

peared to be completely stable and the limitation or. 

field was set by the practical problem of heat dissipa- 

tion in the VCX system. Thus, there is every indica- 

tion that further refinements will make it possible to 

achieve phase control at the design level of 2 0 WV/m. 

An oscilloscope trace,of the wave form for a phase- 

controlled helix is given in Fig. 6, for which the VCX 

switching cycle was 50 ks and the frequency modula- 

tion induced by the VCX was *150 Hz. 

Some details of the control system and its 

characteristics are given below. 

Self-Excitation 

The resonator is powered by using the helix as 

the frequency-control element of an oscillator. A 

variable phase shifter in the feedback loop is used to 

set the frequency of the oscillation on the low-frequency 

side of the helix resonance frequency. This is neces- 
sary in order to inhibit the buildup of ponderomotive 

oscillations, 

others. 3, 6~ 7 

a problem discussed extensively by 

The amplifier driving the hel:x consists of two 

sections. The low-level section is a broad-band unit 

with a gain of 30 db. The high-level section is a tuned 
amplifier with a gain of 30 db and a band width of 

0. 5 MHz. The field level at which the helix operates 
is determined by saturation in the first stage of the 

high-level amplifier and is manually adjustable. 

Modulation of the amplifier is accomplished in the 

grid-bias circuit of the high-level section. 

Amplitude Modulation 

Although the instability problem associated 

with amplitude modulation of the helix is well known, 

we have investigated the possibility of obtaining par- 
tial dampening of some mechanical vibrations by 

means of AM control. The approach was to break up 

the composite phase-error signal into its major 

mechanical-resonance components, to shift the phase 

of tact-i componc:1t by t!-.c 2pproprist.c 2 0 r. s t a ;: t 2 iT: 0 ii:. : , 

and to return these shifted error signals through the 

feedback loop. The frequency excursions of the helix 

were reduced to about l/3 of their original -Jalue in 

this way. IHowever, the system had such narrow 
phase margins that it tended to 20 into noncontrolled 

osci1Iation.s ;It the slightest additional disturbance. 
Conscqurntly, the i:l~ieiti’:ation was discontinued 

In order to :tvoirl 1 he instability problems con- 
nect(:tl with amplitude modulation of the helix, in o,ur 

prc:sfnt system the phase-error iil:na! is ret:lrned +o 

the RF-power .lmpliEier through ,i lo\~-band-pass filt(%r 

that caiis(*s the p!:asc-error signal to fal! to 0 rib wttll 

before the first m~~ch;tnic:il resonance. 7‘ IlllS, ampli- 
tude modulation is ::sci! on?y fcr fine tilninc t?c a.;e r - 
age frtlqurncy and for contro!ling very slo~vmechanicai 

oscillations. 

Frequency ?~lodi~lalion 

ils outllccci in Sc:ctio.> II, 1 ;>I’ b-C:< ust.4 to mod- 

uiate the RF frequent y cons;sts of a 31;s transnlission 
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line terminated by a diode switch (Unitrobe PIN Diode 

No. U,M7206). A diagram of the system is given in 

Fig. 7. The 1 PH choke and 200 pF capacitor form a 

low-pass filter that removes the RF signal from the 

diode-pulser line. Inductance L serves to compen- 

sate for the capacitances of the diodes D1 and D2 and 

for other stray capacitances The series combination 

of C1 and R permits the power loss to be adjusted, as 

discussed below. 

Power losses in the VCX system are much 

zrester than all other losses in the RF system. For 

example, when controlling Helix G (see Ref. 2) oper- 

ating at an accelerating field of 1. 3 MV/m, about 

15 W was dissipated in the VCX system, whereas the 

loss in the helix resonator was 1 to 2 W. In this in- 

stance, the VCX losses result from switching 250 VA 
of reactive power with a cycle time of 50 vs. 

RF-power losses in the PIIi diode are at a 

maximum during switching, when the resistance is 

momentarily comparable to Z, of the transmission 

line. Therefore, the switching time should be held to 

a minimum. The measured time required for our 

pulser to transfer the necessary charge (-0. 4 x 

10m6 C) into or out of a parallel pair of diodes is about 

0. 20 ps and 0.25 ps, respectively; the combinedlosses 

in the pair caused by switching 250 VA of reactive 

power with a switching-cycle time of 20 ps is roughly 

1. 7 w. 

When the diode is closed (reverse bias) the 

effective resistance is so high at the RF frequencies 

involved that the power losses are negligibly small. 

For the open condition, however, one may calculate 

from information provided by the manufacturer that 

our 300 mA of forward current through a pair of 

diodes reduces their parallel resistance to abobut 

2. 5/2 n, for which the power loss is about 1. 2 W 

when the diodes carry 250 VA of reactive power. 

The above data indicate that most of the losses 

in our VCX system are taking place in the 5O-ohm 

transmission line These line losses are believed to 
be some five times larger than they should be for a 

copper-plated line: but we have not yet had time to 
i i:.,-Pgf,g?,t$ Gc ;> r=‘,l-v>, 

Perhaps more important than the magnitude of 

the po.uier loss in the VCX is any dependence of the 
105s on the clior!e-switching duty cycle. Such a de- 

~e.16cnce causes the power loss (and hence the po\~er 

ii1 t’lc tic! ix) to v;iry in 5ynclironi.5:~; u,itb i-he phasc- 

i* rror bignnl , x&!lici: in turn is almost in phase with 

+iho mcc’?anica: oscillations (see Fig. 5). We havr 

:0,1;,ci th;lt : t!ia ieccllmcli rnr-chanisin can cau.sc a 

i c i- i 0 , ! s ~nstsbility ..\ hei? the RF-frcq\:Fncy shift 

six. : .i t ci bv itut,:-- c ‘;c It>-tlcpe::rlrnt losses i~:cci~ads alio;.lt 
i r ,’ b.’ of the f:*,.q:l~:ncy shit. cailscd .;;,- this switching of 

rt~.r-f:~c po.‘.cr in t!ir, VCX. 

conditions are not equal, the situation describedabove 

exists and indeed is quite serious unless the losses 

are balanced. This is done by manually adjusting the 
capacitor C1 in Fig. 7. A second, more subtle form 

of unbaiance yas generated by our first model of the 

diode pulser, for which the time required for charge 

transfer in the diode depended on the switching duty 
cycle. An improved pulser design eliminated this 

problem. 

The need to correct for the relatively small 

unbalance in power losses for our 31/S line, Inhere 

the input impedances are largely reactive, suggests 

that the unbalance problem may be quite severe for a 

VCX based on a Xi4 line, for which the input imped- 

ance is resistive. However, we have not investigated 

this question. 

Work in the near future will be aimed at re- 
fining the present VCX system, with special emphasis 

on the elimination of unnecessary power losses. Our 

experience to date leads us to believe that the control 

concept is basically sound and that much of the power 
loss in the present VCX can be eliminated If so, it 

should be a straightforward matter to control the 

phase of a half-wavelength helix operating with an 

accelerating field of at least 2. 0 MVlm, our design 

objective. 

Preparations for the operation of two 

independently-phased resonators that are controlled 

by a single master oscillator are in progress 

1. 

2. 

3. 

4. 

5. 

6. 
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VIBRATION PROBLEM 

YNLOAOED SYSTEhj IE’ 
0=2xIo’ 0=2xIo’ 
fo.lOeHr fo.lOeHr 4 4 
Av 400,WO Hz for E,,. 2.5 Mvh Av 400,WO Hz for E,,. 2.5 Mvh 

NEEDED: NEEDED: 

-Jftt- -Jftt- 
0 0 L- f L- f 

A!; 0.05 Hz 
Y 

‘0 
EOUIVALENT CHANGE IN HELIX LENGTH IS 

Ala lOI% ‘o 4ooy.5It Q. tr STORED ENERGY 
ENERGY LOSS PER CYa.fZ 

SEAM LOADING 

FOR IpA of URANIUM IONS 
BEAM POWER M 2.4 kw 
POWER INPUT PER A/i! SECTION l 20~ 
P=5xld-Af<4Hz 

Fig. 1 Illustration of frequency-stability 
requirements. 

FREQUENCY OISTRlBUTION 
OF YECMNICAL VIERATION 

COPPER MODEL 

C = COMPRESSION MODE 
8. BENDING MOE 
T~TORSIONAL MO&E 

FFtE9UENCY - IIZ 

Fig. 2 Representative frequency spectrum for 
mechanical vibrations in a helix 
resonator. 

PORq LESO;~~~, J 

Fig. 3 Simplified representation of frequency 
modulation by a voltage-controlled 
reactance. 

R.F BLOCK DIAGRAM 

LEVEL CONTROL 

ENVELOPE 
DETECTOR 

PIN DIODE 
SWITCH 

. 
PHASE 

DETECTOR 

Fig. 4 Block diagram of the phase-control 
system. 
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ONTROLLED FREPUkNCY 

“T UAX. A+ ld*arl*sl l 45Px,‘f, 
I 
I 

I 
I 

1 

PHASE E&OR 
/ I 

Fig. 5 Characteristic wave forms in the VCX. 
The equation for !4ax. A$ assmes 
oft = f 500 H,. 

Fig. 6 Representative phase-controlled wave 
form. The oscilloscope is triggered 
by the clock signal. The observed 
time jitter in the 92 MHz helix signal 
is about i 2’) consistent with the VCX 
opei-sting cofidit ions. 

PIN DIODE SWITCH r------- ----- ----------_- 
I 1 

TO PuL.$ER i ‘/‘H I 

.I 

f -- 
Cl c2 

i 3A 
200 PF I x LINE TO HELIX 

I -- 
5L JZ $ =z 

01 DZ 

R L I 2,. son 

1 
I 
t 

I 
l-------------------------J 

Fig. 7 Circuit diagrm of the l.L‘X. 

75 


