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1.n~~ I reqLjcncv anodes of a smgle cell 500 MIlr cavlt) 
are examined. iIll rnon~@e. dipole. and quadrupole inodcs 
below 3 Glli arc found. Of these. four modei; are found lo 
bt trapped in ihc cavity In spjle of hemp, above Ihe 
u~avc~~~rtk cu-09 f requcncy of the beam tithes. ‘l‘hc results 
arc compared to IJKMf3.’ predictions. 

Introduction 
In drsl$ning a linear a(celcrator for a high average 

powc’r 1 rcy’ c~lcclron last.:, one is driven 10 use high average 
currents since the beam energy IS constrained by other con- 
sldcratlons. Htarn breaklIp ~nslabllit~rs (F3BU) are 11ke:y to 
be ‘he IirnjlIng factor in transpor:ing high currents through 
an accelerator. SO we are led to base onr drslgn on high gra- 
cilent, low frequency. s1ng1.e tell cavities to raise the HWI 
threshhold’. f313Ii occurs as the bcarn mterdcts with higher 
ordrr IIICY~C\ (1 IOMs! rn the cavity. fcedlng energy into the 
modes and thereby increasing the strength of’ the interaction. 
If tht> arnplltudc of the HOMs can be suppress&. either b> 
dampng lhr modes as they grow or by preventing their 
growth m the first place, FEW can be prevented. 

JlOMs grow to large amplitudes m the cavity onI) 
when they are resonantly driven by the beam bunches. A 
r‘rsonance occurs whenever a EIC)M fmyuency falls on (or 
sufhciently near) a harmonic of the beam bunch frequency. 
I his has an Impact on how the accelerator 1s run: filling 
ivc.ry V RF bucket ~111 yield a basic bunch frequency of 
f,’ N. urhcrc f, IS the fundamental cavity frequency. N’” 
a\t!?tla:rnonlc hunching Increases the number of potentially 
danpcroas frequcnci<s by a faclor of. N over the case when 
c’vvr\’ KF hut WI IS hll~A 

i ht f{ II( il ion aribix ax 10 how I ar 0111 in frequency one 
:IILISI ps) 1x1 or< s>ri car: ato;) worr\-lnp ahou1 thy Jl()Ma. 
1 hi’:‘< <lr( ‘III~Y :;pj>ro;~rhc,\. J.,r\’ ,>I:( knows 1 hai thtt Kit), 
0’ I!11 I, CKiL~h II! I.Si go Ii> i’i’rt> as the, ircqucr~c~ Incrcasi5. 
I lll\\.l \, . 1 ,I( :.21 ’ I i.’ U~liL~’ ;trt K/C,& approach /era 1s 
III~IU~~T~~JI'. I KMli! c;liculzltlc>n\ stl,,u triodes al 10 times 
t:li I !inti,iiiic rini I rcc!iwnc I- u 11k ~ip~~~c.c!al,ic K/Q, 60 thus 
cd:2ni3i hc relied apon 25 0 crilt’rion i 01 terinmatinp the 
ir~\~c5tl~C>tlon. Second. oni could assurnf thai all modes 
,ibO\T tnr wa”t~ilJti~~ rut-oti of 1 iif !XXJII tllbe smply pro- 
pagale out lo a load and cdn thus hf. rgnorrd. Since this 
itudy shows thi c~lslanct’ of Ir‘lJ,J’td :11~,t1<~!, ,,I, to at ll’a\t 
lhrcr, times the cut-of! f rt>quncv. lhls 15 cir~rly a poor 
dss~lrnpllon. J-lndlly, one can coniidc*r a Gallsslan eltrt ron 
bunch with a lemporcll slrL]clllrc exyi-t’! 21“ : such a bunch 
contains W.5 percent of the charpi> in a length 4’1. ‘I hc’ 
Induced i~eltis fall off as exp(-w’~I“/’ 2). so thal only f requrn- 
c1t3 below f,,,,, = (2” ‘rr’I‘)-’ are Important. -1’his IS the crj- 
terlon we have chosen to determine the upper 11m1r for our 

H()M mvestipatlon. Even so. T- must be quite large to keep 
f max IOU and the number of modes to a reasonable number. 
l:ortonately, in order to reduce the emittance growth of the 
heaIr due to space charge. we chose to design the accelerator 
around long beam hunches. To reduce the energy spread of 
the long bunches, we use harmontc acceleration’. For a bunch 
length of 2.50 ps (I‘=h2.5 ps) f,,,, = 3.6 GHz. or about 7f,,. 
1 lad we chosen a .%(I ps bunch length and smple f’rcquenc)- 
cavltles, the mvesllgatmn would have had lo rutend to 30 
(iI 17, or 001,. 

I-‘mally. one asks what type of modes are likely to be a 
problem. I‘he coupllnp to the tongltudinal motion of the 
bea111 goes as (r/ a)“‘. where r is the displacement from the 
cavity axIs, a 1s a scale length, and m is the azimuthal mode 
nurliber of the I IOM. Once dipole modes are suppressed. 
ellrninatmg BBU. quadrupoles and higher m-value modes can 
still cause undcsircrl cmittancc growth of the beam. We 
have chosen to termmate the investigation at m-2 for the 
present, although it is clearly extendablc to higher mode 
num hers. 

Experiment Design 
A simple system was chosen lor dlagnostlc develop- 

menl. Y’he basic cavity p,colneiry is that of a right circular 
cyhnder with beam tubes. l’hp tavrty radius 1s 2-1.0 (In,thc 
cavity length is X.11 cm. the bt-ani tub<, radluLs IS 9.0 rrn. 
and the length of each beam tuhr is 15.0 cm. ‘Ihe cavity IS 
const rutted of 600 I aluminum al lay. ‘l‘hc sidewalls are 
dcrno~mtable, as are the hiarr tuhc~ c,nti ;,latva. Eiphl holes 
were’ drilled in the eq?lator. at 35 tiqrcc lntrrvals 10 provldc 
probe access. 

Recilusf lhf, lkiill, t II”i c ntiJ’li~~ws a: t’ Ic’,ilC>\ ~ll)lt, WC 
havr lhc option of ch,lnginy the houncidr.\ (ontii’ions al the 
end vali. 7 he plalc pro\~~clr~ a r~t,flt~ct~n~ boundary at which 
the rlc% trl( flelti IS norrrial. I’hls IS a ” \s’or‘il c asi” simula- 
lion of the ca\‘lty slncr ihts hlei-irr order n1odc5 cannot couplt 
0:rl o! t i:c cavil Y Intci wavtyuicit, nlotii5. I iii’ stconti type of 
boundary IS absorbing; power flnulnp out of the cavity 1s 
not refiected and the Qs of the untrapped modes drop. This 
boundary is formed by trrmlnatlng the beam pipes in 
matched loads. 

Both electric antennas anti nnagnctlc loops are ustxi. 
depcndlng on thy axial syrnrnct~ propcrllrs of the modes 
launcheci and detected. ‘1 h? rllsynrtlc loops are balanced tC 
ehmlnate coupllnp to radial eitrtrlc fields. The electric 
probes collple :o the antlsqrnnle! r1c I’M modes and the 
antis) mrnetrlc TE m#~ rncrdes. ‘I he loop probes couple to 
all s)‘rnme?ric modrs. Thr anlls) nknlt~trlc ~J-FI modes tan also 
be rncasured by rotating the loop probes 00 dcprem to detect 
the II, flcltis. 

A single probct on the equator ~111 launch or detect any 
mode of a grven axial symmetry, irrespective of a7lmuthal 
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or radial mode number. Because the number of modes is so 
large (there are 210 m=O,1.2 modes between 0.5 and 4 GHr, 
extludmp I?,,,,,,. modes), it IS desirable to excite and detect 
only specific n-valued modes. This is done by placing 
matched probes symmetrically around the equator and drjv- 
~ng then1 u,l:h the proper phases using power splitters and 
180 degree hybrid coilpIers. For example. Cimsider four 
probes placed 90 degrees around the equator. Driven in 
phase, they ~111 produce only m=O.4.8.... modes; if two 
adlacent probes are driven in phase with each other but with 
a IhO degree phase shift with respecl lo the remaining two. 
m= 1,3.... modes are produced. II probes opposite to each 
olher are driven in phase with each other but 180 degrees 
out of phase wjth respect to Ihe remaining two. m=2,6,... 
modes are generated. Similar configurations can be used to 
colnbme the signals at the other four remaining probe posi- 
tions, thereby discriminallng against unwanted modes both 
In launching and detection. Typically, at least 20 dR 
atlenuatlon of unwanted modes is achievd. 

Experimental Results 

Figure 1 demonstrates the advantage of using selec- 
tivlty in isolating modes with specific n-values. The lop 
trace shows a scan of the ratio of transmitted IO incident 
power versus frequency. USing JUST one launching probe and 
one detecting probe. ‘fhe lower traces show the same fre- 
nuencv range, but selectivity has been used to substantially 
;cd\lc(, the scnsiuvity lo uncicslred rr~crtles. .A larger number 
01 probes around the equator would allnw dlscrlmmation 
qalnst hIpher n-value modes as wr,l!. 

4 LAUNCH 
1 DETECT 
m 1,3... 

4 LAUNCH 
1 OETECT 
m- 0.4,. 

-1r 

11621171 1175 1232 1267 127114141431 

f (MHz) 

FIGURE 1: SELECTIVITY IS USED IN ISOLATING 
AND IDENTIFYING MODES 

l.lpurc 2 IS a detail& comparison oi I’,/ I’, IO: the, Inca? 
urea! mode\ to t h(, results predlcteti hi- 1TRM131 for thl 
antrsvrnInc~trlc nl=O ~noties. F~prln, 3 IS lhc sal~c. brll ! (>T the 
antlsvnimclric ni- 1 lr;oclt,s. Ho111 ilFur(5 shou onI\ lhnsc 
~nodca dr,lec!ablc u11h cic~irl~ probes on the equator: t hrc~ 
m=O mntic5 and ten n-1 irrodca wrr( bt,loM thi dcttu,llon 
threshhold (althoagh they were’ casll?- tielcctcd with the 
loop probes) and are no1 Inc 111dtrl. }‘:I I’ IS no1 Xllliill~ <al- 

culateti by LlRMEl s~n(e thrs LS a number I bat IS tiepcndcnl 
upon the deprec of collplin? belwcrn +.he probes and the cnv- 
ily. i.e. ii ~iolnc’lrlc factor. ‘I hc unknown probe coupling 
coeflrcicnt is found by using the computed cltzclrlc field at 
the probe posItion, the computed slorcd energ), the Incas- 
ured Q and the measured l ,, ) ’ l), 10 calculate ior each mode 
whal should be a mode-independent quantjt).. The average 
of these valuts is used IO compulc a coupling cocfftccjcnl. 
Given this coupling cocficient, P,! P, for each mode is com- 
puted using quanlities calculated by IIRMEI.. 
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FIGURE 2: ANTISYMMETRIC MONOPOLE MODES, 
MEASURED AND CALCULATEC 
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FIGURE 3: ANTISYMMETRIC DIPOLE MODES, 
MEASURED AND CALCULATED 

I-lgure 4 shows P,: P, verslw frequency for lhe rn=O 
antisymmelric modes, bn+h with endplates and with the 
matched load termination. Only the trapped modes are left 
as the Q of the untrapped modes drops. The detection 
threshhold for these measurements was 1.2~10”; the 
transmitted power drops as Q’ for weak coupling so a large 
drop in Q is not necessary to drop the signal below the lim- 
its of detection. 
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FIGURE 4: ANTISYMMETRIC MONOPOLE MODES, 
WITH CONDUCTING ENDWALLS AND 
ABSORBING ENDWALLS 

‘IJlliY 1 il‘.l\ ‘11, lrapp’d m,tl+ h~lOU ‘I Gll2 that \i ?i? 
I l,iil1i’ i=~.]“T’l”lrnl<lll\ hlvtirs Ikltlu Lri;-ofl are dellned aL 
Il~‘,~lpe~! t”“c,: liii)ll”,l lllP\ <o~,yle<! ,t’ ill? ,rrn,ini,,,<rns In Ihe 
exper,ment I’resJm‘ibi\ lon!yr br,rm 7ipr\ U~C,‘Uld p!a1ly reducr 
tills couplm~ \Olr. 1h‘ll JL\v%er IlO\\ Oi!, the lxzm p,pe can OIlI\ 
1irnlL ihc CJ 01 Ihe monopolr mode at DhS(, Xlllr to 150.000 in 
spire 01 Ill? 1 act ttia: !1S f requnq is three umes cuts off 

In an atlempt 11, understand why Ihew Trapped modes aho\‘e 
cut-off were not couplmg to the beampIpe. we expanded the the 
fields at the entrance 1~ the beampiFe (a!. calculated by L:RhlEI.‘I 
m the e~genvect~~rs of circular waveguide. I@-e 5 shows the 
field pa~rern and the result of the decompositmn of the fields Into 
the wax,qude basks for both an untrapped mode and a trapped 
mode The untrapped cavity mode couples strongly to a pro- 
pagarlng wabegulde mode The trappul cavity mode couples 
poorly ~1 the propagating wavegulde mode: the amphtudes of the 
evanescent modes are comparable m the two cases. When the 
total pou’er associated v+,lth the propagating waveguide modes 1s 
calculated. 11 IS found that for trapped modes the power flowing 
tou*ard the endplales is small compared to the power dissipated in 
the cabiiry walls. lor the untrapped modes the wall losses are 
only a small fraction of the propagating power. When the cavity 
Qs are recalculated assuming that the axrally flowing power IS 
lost. thereb:,, modellmg the absorblng boundary. the experimental 
results are reproduced. These mvesugatlons are codnumg. 

Conclusions 

A mode-selecbve trchnlque was used to isolate and examine 
210 modes belo\hJ 4 GIIz: 48 m=O modes (3 trapped above cut- 
off). 83 m=l modes (1 trapped). and 79 m=2 modes (none 
trapped 1 ,411 the modes were predlcted by LRMEI+, with no 
more than 0.5 percent difference between the calculated and the 
measured frequencies: this difference is probably due to the uncer- 
talnties m the cavity dimensions as much as to any inaccuracies 
associated with VR%lEl.. The existance of trapped modes above 
the waveguide cl;t-off frequencies has been clearly demonstrated 
These modes, which occur over a wide range of frequencies. must 
be accounted for when designing cavities to handle high average 
beam current. 
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FIGURE 5: UNTRAPPED AND TRAPPED CAVITY MODES. 
AMPLITUDES OF WAVEGUIDE MODES, 
PROPAGATING POWER AND Qs ARE SHOWN 
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