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Abstract 

Resonant I'1-ellu:ency of superconduc:ing radio fre- 
q-Jenny (RF) cavities, which are used in linear aczele- 
ratsr research, may rapidly shift over many bandwidths 
because of vibration. In this paper an all electrical 
method Is analyzed vhich can correct for these fre- 
izueccy s‘nifts. Tie method depends upon the use of a 
vcltage-varlzble reactance to control frequency. The 
general characteristics of control are first deter- 
mined. -‘ ower distribctisn ic the system is then found. 

1. Introduction 

In mzch of the present research, concerned with 
resarznt radio frequency (RF) cavities for heavy ion 
linear accelerators, the cavity must have a small phase 
velocity relative to the sFeed of iight. These velo- 
cLties may be realized using cylindrical structures 
leaded by a helix. Eowever , a problem in hclically- 
leaded cavities results from vibration. of the helix. 
'iesar~ant frequency nay shift plus-and-minus several 
ti~ndred hertz which ordinarily might be no problem. Or: 
the other hand, if the cavity is superco ducting with 
a quality factor, Q,>, on the order of 10 8 , these shifts 
r-present several hmdred bandwidths. Such shifts can- 
it be tolerated in linear, heavy Len accelerators and 
must be compensated. An all-electrical mear.s for vi- 
braticn compensation is the scbiect of this paper. 

2. The General CorLrol 1,:ethod 

A resonant R? cavity behaves quite similar tc a 
sicgle-tuned resonact circuit for frequencies near a 
cavity mode frequer.cy. The effect of coupling to ttz 
cavi:y at any point can be modeled by a transformer. 
"be ;a-Jity ar,d its coupled ports may then be represen- 
ted as shcwn in Fig. l(a). Transmission lines connec- 
tea :o psrts 1 and 3 aYe asslimed tc be terminated Ir. 
line-matched impedacces RCl and RC3 respectively. 
Tfiese ports in a sys$em wo?lld carry excitation and 
response signals respectively of the cavity. 

Part 2 is .Jsed to control frequency. The geneml 
:.ethod ilv;lves chacging the rescnact <req.iency tic. b'y 

z. _ XL-ectir.g a reactar.ce intc the cavity. The rencta!:ce 
a: sort ,? is qii:~ivei Crum h voltage-variable impedance 
" 
-2 k7hich t?rE inates an ass.;r,ed lossless transmlssinn 
Ilne cf lerzgth L. The impedance Z,, called the linc- 
-:;,i, is ICf t:x fcx 

'7 
-0 = F., + jX,?, (1) 

;ib.er : >r&- t:?e r,:f,ctaTice > .. is nssumc~i kere to Le a 
flncticn ,:f a :c;,srol voltage 2r.d ' = fi as usual. c 
-ie :,tsll ass-ze IA-at, ff:r tirail Lctai;er LX 

value ?< that 
o in X0 

;L~X It a :~.;mixal 

j: =y 
0 

G + A:<^ = To (: + 5) (2) . 
srhe,r1: 

,s z A;( ,, 0' -0 (3) 

12 tkc fret:thn:~l ~ckaq;e in list:-lc,al ~‘eac';ance. 

"3r.sr:Lrzh .g':c ,-(...P,- ,,.r &, .A _ __ ‘,.I.d by thr k-ri:.i.r ii:; n 4:*2ns:iltnr,t 
r ;:rL. :iil,;e :I-.:l;c.il L:LF,or;i+;;rg :m: ias .;~s;nc.,rc<i 
by the V.F. ,1i.oc?i,: En<:r,;y Cr,ns.i::zinn r;r.der Cosctract 
vltl. ilris,” C?fb;tle ‘:s:r~>rntisn. 

Cavity Load Admittance 

Let ZL be the impedance terminating port 2. Then 
for a lossless transmtssion line of length L having a 
phase cocstant B and characteristic impedance ZC2 the 
admii;tance is 

11 ' -=-.._ 
ZL RI, jk (4) 

where we find 

RC2 (RC:! - Xoy’(Xo + RC2y) - $Y 
-= (5) 

XL 
R02 

+ (X0 + R,,Y)* 

R 
c2 RC$o(l + Y)* 

-= 

RL Ro2 +(X0 + RC2y) 2 

y = tan (BL). 

(6) 

(7) 

Circuit Sol-t,ion:: 

We shall need the sol;;tion for the cmrer,t 12 cof 
Zig. l(a). All c;irrents are easily found If certain 
assmptions are made which -make interpretations eas- 
ier. The primary effect of port 3 is to reflect a 
resistance into the cavity loop. If WI& is small in 
relation to R 

"3 th's -esistance is w2M2/R - - ^I-. . Since 
frequency o WI 1 never be far from its3rek&ant value 
o. this resistance is approxi?lately constant and equal 
to B3Rs where 63 is a coupling coefficient. In a 
similar manner we neglect all port-side inductances 
and define coupling coer'ficiects for all pcrts by 

8 k RR ' 
k = i ” ,L,?. 

s Ck 

Current soiuti.or,s bc,:oae 

(e-/R,-, ) [F-(l+B,:+R_-- c: &ji 
3 -- 4 UC +jx I c;,; 

i = 8 
1 

Rs(1+6,+e')+Rcor+j~i-!~ +:X 
(?; 

- i I CCL s 

-je ~~8 R /R _ 
i,= g 1 si c- (1 :) 

- R !l+ei+e~:+Rccn+j"L-j~ +jxcor. S 
3 

i= 
-e JBl/(e0Rr,RC2)(R i ai con +:j:cor j I 

3 1 
(1-l) 

Rs(l+til+B3)+R con+;OL-'- +j:< " X:'" ccn s 

where 2 = Lq + L- + is + hs ‘- 5 and 

i: 
$RsRr9 

Z---;-t) Y = 
-Qp,&' 

, <I 

CSn 
RL d-cr,r. XL 

c:?: 

c are coni;rol recistatzce an,', reac ,.~.TIc~ as :;er'n ‘c:4 f.i:e 
<cavity loq dae tc per" 2. 

is'i s l(b) illastratps tks: v,czi,,uz l:r.~v ??n :v5 z-i.- 
fl~ted~~nto ;he cavity :Lccp. I" t:?ese fipre>: 
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7, = Rccr + Xccn- (13) 
con 2 

Ri-eCUCZlCY ~coidrol E Laticn 

From Fig. l(b) the undisturbed Cavity resonant 
:'rcq~e~y uo OCCURS when Zcon = 0 and is w0 = 
(LL",)--l/2. When Z,,, # 0, due to the control circuit, 
:'-e z-escIIarL: fYequ?ncy ir. system operation shifts t0 
3 new value w = w. + Ati0 such that tte loop reactance 
is zero. This result occurs when the denominator 
reecb.ance equals zer0 in (1':). Assuming AU, << ~0 + 
and equating the reactance to zero gives 

Aou: 0 B2 %2 --- 
- - 2Qo XL (14) u; 0 

where c T/ 
'0 

is tke "un:caded" Q of tte cavity Q. = hoa I;, 
T::~ rcsiii: (14) IS fu9;;u;l~ntal tc ail following 

resulzs 132 frequency control. Tke fractional fre- 
A2ciiij bsijLi.brbl. l.5 iCld:Cil . LL t;,e ;c;liLY 1 Ji "I- TLf,'l:~ 

. jrhlch 1s letcrX:ne.% bjr the line-!.oad behavior ?nd 
1lr.e length i thro.dii_-h (5) ,and (7). 

7. ?rer-:er,cy Ccr.troi Cherzcteristics 

, -. ;';ir.;5 (:j ar.d jL ’ i i* ) WC 0-c' .iin Y t:.e general fre- 
cw'Ler.q,~ 3 :c:rsi - ._I . ..?,<-..lt 

Lw 2 
c fi9 1 _ Z&(1. + <S)Y] ;w(; + a; + y] - z v 7'2 " (15) q Doi ‘C_ 2 2 2 

z + [&(1 + 5) + v-- v - 

;-p,errL f,,:- .:,-,n*ieni,;r::+> ye ha-,-e ,;efic;,l 

51 = T i(z? i- 
<Q' \ c2 ) ) z = n,T/.-,,, . (25) 

I ,‘ 

T:,F: lz:~,~r:p.n: Ir.f,~rrmtior. +c be csir.ed _ CI-^" (15) is 
',.;t> tv:;~~j,-;~ ;i* m;f Lic.;~;,~wc a; a f;r,:ti,;n ,;f c fx- ‘ILi'- 
i:u: w and ::. ~~;,-h rrslllts :ze psr;sible if a rzaEOn- 
iltlc r,-.t-t:l,ai i; f,;?;n,j for sPl.ectlcF; j-, ;rhich it.rrui'rts Ajj 
+;: sp..x:;ing the IL~.C l.ecgth ; tc Fii;. l(La> . 

';'::.z t:~L;icc of y :;?.cuX lcai t,; ?.opp? :-nl-xr t;f 
P~-n:,.-,-,; r;irge (c~xtr‘m:.; ,:' ~A"ot&~fA,o ! .mi large slopes 
801' 'l,li~,;,"il,> at tk crigir. (where 6 = 0). To fin<1 

Fig. 1. Equivalent circuits. 
(a) General circuit and (b) 
circuit referred tc cavity 
loop. 

CAVITY 
PARAMETERS 

r A I 

GENERATOR 

(6) 
I L__----..--a 

reasonable values for y a number of special cases of 
(15) were examined depending upon whether R, = Rc2, 

R$ << R& or Ro = 0. In every case evaluations In- 
dicated that a reasonable choice of y was one near 

y = -3.7. (171 

we now use (17>n (15) and note that the rimin-i fre- 
queccy offset CO, given by 

Aw 
o= 5J.J 
wo/Qo 2 

(when 5 = 0) is of little importance since the cavity 
can be designed to elve a desired resonant fre&ency 
after (la) is included. Subtraction of the offset 
gives the importan; relative coKtro1 fuccticn: 

Ati -““‘o O,(l + h5 2(@) 
0 z 

= 

WJQ, 42 2ww62 . (1;) 
1 f (--) 

z 

Pi ii 2 3p;ows q. r.~~rxdl~ci? r13t ‘Of !l? j . The rc:lk--tc- A.- _ ^U. 
pea& freqi;ency contr31 rar;ce iS 

T-7 I ,:ei- - L..w 
lpea'k-to-p&( " O\ 

/Q 
1 = 

llo' 0 

$0 + 42) S,!P2 2) 22 
+ :A: 

2-L = a? R 
0 c2 

Frcn (20) we CCE' that, to actic‘rc 
cy ccntrol racge tone ;hiuld select 32 
in relation to Rc2, F:,c Sznnll, an6 R,z~ 
62 large). 

(CO) 

3 ?.Lr- 3 b -fre’p3l2- 
:x-z-e, Y., I:irtTE > 
~.~.ll (I-3kir.i; 

1;. :j2.c:ii:t, Pnww :Lstrib.2ti2L 

The: c~rrer.ts ;'c~ir;,i icp.rller niny te l;Cc: i c1.7 ~lC~t:l‘- 
:.qine the ;-aric1:.: 1veL':?fje pc~v:-~r 5 in t,b,r ,:lrC:.Llt . .hr 
Uc:'Xl* powm-s of int,<.Yest nrr: ',ran.;citted p;wer FR-3, -2 
CavLty power ?,LLV<tY ::?.d control circuit pcwer ?ccc. 
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(21) 

T c c I: 
.l$, 

‘con 

(22) 

i23) 

~s;ng (lo). iJsef;L explicit exl;ressions fellow by 
xting t‘nct: oper3t:r.g r'req~eccy will usually be such 
tht ,jiL - (j,~oC,) + jX i 0 ix (10: -r.d The In-i- 
Ib2Zt FGWCT Pint tc the %%ty Is 

2 .a / -71 
', = 

1nc s3 9r, 
YA 

FPX the pxpli8zit ::‘p-PSSf:,r*S it, :::n -x shown 
A: iztr -l';r,:=; 

-. 
r ,J.> - 10 I , 

‘? rfi I 
___ = c I ~cnk-‘:-~cLk ‘3 : 
7 / 

I- !’ 
’ ? 

c iv1:;- i-It! ‘wi? I. c:5j 

^k-:: ) ; ^,I - j.zr,e “r,:q’;,:cc-J :or.tri,?. ,:apability the 3i3*- 
trc: ;i-;i_r : 3;r~ >:. ;':.7y~ty. 

>. 2;jc:iy~icn m,i L:lim.:L[.y 

Fig. 2. Normalized frequency 
control fknction. 

The applicable circ%.t is given in Fig. l!e). 
Analysis leads to the frequency control function of 
(19) which is plotted in Fig. 2. The origin of the 
plotted function corresponds to a fixed cavity offset 
frequency G given by (18). The control curve apFiies 
to either inductive or capacitive line-loads. For 
inductive loads w is positive and for capacitive leads 
w is negative. The proper transmission line length L 
is found from (7) using (17). 

Power distribution in the circuit was found and 
the individual powers are given by (21) trzough (24). 
The power required by thle control device may be much 
larger than the power of the cavity, depending upon 
the amount of frequency .zontrol required, as given 
by (251. 
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