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Abstract 
Among th," accelerator project:; under ConSll'lIctkll) at 

the Relativistic Heavy Ion {\)lIiJcl' (RH!C) is an R&D 
energy recovery LlNAC (LRL) lest facility. The LRL 
il1ciud..:s both a liv..:-cdl sllp..:n;onducling cavity as well as 
il slipernlilducting. photoinjectol' ,'kctroll PIJ1. 'kcau~l' 

or Ihe higlH:harg..: and iligh"cllrrelll demands. effectiVe 
higher·order mode (lIO\lj damping is es~elltial. and sev· 
..:ral !'lrakgies arc being pursued. Among these is the lise 
of the fundamental pow .. '!' couplers as ,1 means for damp­
illg some 1I0Ms. Simulation studie~ have shown that the 
power cGIlplers (all play a substantial role in damping 
c..:nain HOM", and tli is presl'ntation will disclIss tliese 
stndks along with m'·'b\lr,~I1l,·nts. 

INTRODUCTION 
The requirem..:nls for several !lIture accelerator pro· 

jects at ilK' Rifle all irl\ol\e Ihe use of ERLs. Thesc pro· 
jects rl'quir..: high~currenL high~charge operating parame· 
tel'S making effective 110\1 damping essential. They in­
clude the deveiopm"m of un experimental 703 MHz ERL 
III: the study (If slIpen;('ndUl'ling I'tivitiL:s ror a polaril":u 
cb . .:tron-ion collill..:r (dUJIe) [2l and til..: devdoprllcnt of 
cnl\er"nl electron cooling. [3 j. 

The experim,'mal ERL aims to op..:ratc \\ith an av..:r­
age beam ClIlTl'llt in the rang\.' of 500 mA, combined with 
very<high-l'flicicncy energy recover:.. The filCility is 
comprised or a live-edl sup!':'reomilldillg LIN;\C plus a 

}-"e11 slIp..:rl'Onducting, phowinj..:etor RF ekctroll gun, 
\10111 np<.'rating; at 703.75 MlIz [41. 

This paper ji)CLlSeS 011 the usc of the fundamental pow­
er c,lUpkrs (i'PCs) to damp ilighcNlrder mod..:s in the 
gun. rhc gltll is dt..:Jigiled to gerll:ral": ,I .2 I\kV heam \ .. illl 
II bum:h chaq;c of J.4 nl as \\ell as bUI1('h length l)f J.O 
em. requiring an avernge I,\[: power of i 'V1W and very 
~trong \..ouplillg 4-5 10\ A schema! ic uf IIw th:­
\ign is shown in hgurc I. Til..: gUll tl'a!ur..:s two c()(t,ial 
FPC's with curved. oVlIJ-shapL'd f~'rrillgk") tips I. Figure 2) 
originall) designed I(ll' lhl' Corndl FRL injel'lor [S] with 
a COl1l(IUI' radius or the bl'ampipe. rhe dual coupiers 
minilllize the destabilizing elkc! of nOll-lero fields 011 

ll\is and half the RF pl)Wer required I()r ('[1..:11 coupler. 
I he goal of this study \I;(JS \0 determine whether the 

FPCs providl' significalll HO:"vi damping. i\ n.'ITitc­
loaded HOM danrpt..:!' will Ix plact..:i.J dOWllSll'L'am of lilt:: 
gUll cavil:> and is int..:nded a~ the main 110\1 ahsorher f"r 
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the gun tdescrib..:d cl'>ewhL:rc in thest..: proceedings [6]). 
How.::ver. [he dTcctin;ness (If lhi, damper dq~..:nds upon 
the ability of the cavit) modes It) reach it -(i6 cm from the 
CCnlcr orthc cavity. Modes bclow the clltoff of tile beam~ 
tubc may not be damped by the ferrite. In sHch cases, onc 
avellue for HOM damping might be through rll..: FPC's. 
Therd(lre. ,imlliatiulh emd roonHempcratur..: mcasurt..:­
ments u:'.ing th..: f1 iobiuln gun cavity and "mock" FPCs. 
designed to simulate the actual FPCS, were conducted. 

Figure I: Sellematic of FRL supcrcollducting electron 
gun. \iote opposing FPC ports. 

'igur..: 2: Schema! ie of I'PC showing "pringle" lip at left 
and wilvcguidl.' transition f":l'ding po\wr to coupler at right. 

SIMULATION STUDIES 

Cavity and FPCs 
'To C'stablish the ;pcctrUIl1 of IIOi'vb in the gun cavity 

as well as the eftect l)l' the FPCs Oil the spectrum. a motl.:! 
of the gUll in two dift;:rcnt configurations was creanxl 
Ilsing CST !,vlicrowavc Studio Pl. and cigt..:lInH){k~ vVl.'rc 
calculated. In one ullIliguratiol1. !llll;. the supercotlduct­
ing cavil;' and the heampipe were included. 'he length or 
the bemnpipe wa" delermin..:d by the space bet\vccn the 
(;lIvity iris and Illl' ptlSilioll of the fl'rrill:. ill a s..:c<.'nd con­
figuration. the fPC's were added to the model. and hoth 
cOllpler~ wer..: inserted as shown ill Figure 3. Frequcncies 
ami ~)" values \vcre calculatt..:d and compared. 

Figure .3: Models or cavity wiTh onl~, b..:ampipe Heft) and 
wilh bealllpipe and FPC couplers attached (right). Red 
I\.'ctangks indicate wilVCglli(k ports (p..:rL-ct krminatlon). 
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Figure 4: Plot of Q,·x, for monopole modes from models 
with terminated bcampipe only and frol11 terminated 
beampipe and FPCs with well-defined cavity modes indi­
cated. 
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Figure 5: Plot of QeW for dipole modes ti'om models with 
temlinatcd beampipe only and terminated beampipe and 
FPCs 1'01' horizontally and vertically polarized modes with 
well-defined cavity modes indicated. 

The results indicate that the Q"YI values ti))' monopole 
modes below 2 . .25 GHz of the model with ppes are sig­
nificantly lower than the corresponding modes in the 
model with a beampipc only. suggesting that the FPCs 
couple strongly to these modes, tending to damp them by 
orders of magnitude. By 2.25 GIlz. the damping dimin­
ishes. and above this t1'cquency. no damping due to the 
FPC's is observed. 

This is explained by the 5.08 em radius of the beam­
pipe with a TMo; elltotT frequency of 2.26 CiHz. For the 
terminated beampipc onl>. modes below Ihis frequency 
are anenuated uutside the cavity and effectively remain 
trapped. The FPes couple to these modes and energy 
llows out. accollnting for the greatly reduced Q"" values. 
Above 1.26 GHz. energy l\O\\' tlO\VS along the beam pipe 
und the FPCs have little effect. 

For dipole modes, the situation is similar. but the ori­
entation of the dipole modes must also be taken inl0 ac­
count. The TEll mode is 1.75 GJIz. and below this fi'e­
quency there is strong damping. Furthermore. modes 
aligned with the FPC" show sub5tantially more damping 
than rotated modes. 

Shunt impedances for the full model with beampipe 
and FPes were also calculated. None of the frequencies 
lie on any of the beam harmonics. suggesting that Ihe 
likelihood of exciting these modes is small. 

Waveguide Transition 
For effective HOM damping, the transition fi'om the 

coaxial FPC to the waveguide that feeds the couplers 
must allow the energy from the HOMs to tlow through 
the transition hack to a circulator that ultimately shunts 
power to the dump. The transition is a "doorknob"-type 
transition designed by Advanced Energy Systems [81. In 

the studies above, only the coupling of the FPC to the 
(~avit)' \vas considered without rcgard to the transition. 
The transition was simulated using the frequency solver 
of Microwave Studio. The model appears in Figure 6. 
and the results are plotted in Figure 7. 

Figure 6: Microwave Studio model of doorknob transi­
tion, Red rcctangles indicate ports (left). Port I is on the 
waveguide side of the transition. Right ~h()ws cutaway 
view, 
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Figure 7: 821 (black) and Sll (n:dl simulation result~ fi)r 
doorknob transition. 

The results show that signal transmission at frequen­
cies below I GHz is rather low « -10 dB). but increases 
sharply above 1 GHz. Transmission talls off again rap­
idly around 2 GIIz. The S22 signal shows full reflection 
up to I GHz and then reflection decreases above I GHz. 
allowing signal to flow out. Taken together. this behavior 
will allow t()r the damping seen in the cavity data abovc. 
However. it remains to simulate the mode of the cavity 
joined to the waveguide transition. 

MEASUREMENTS 
Next, room-temperature measurements on the niobium 

cavity probed the spectrum of HOMs for the cavity by 
itself and in various configurations including "mock" 
FPCs meant to simulate the physical dimensions and im­
pedance of tile actual ,·pes, which were unavailable. The 
mock FPCs were designed from EIA-type couplcl's 
(RLA I SO-NF manutilclured by Electronics Research. Inc. 
[9]) with SO Q impedance. An aluminum rod was at­
Lached to the "bullet" of the connector with the same di­
ameter as the inner conductor of the actual FPC so that 
when the mock probe was inserted into the gun port, the 
50 Q impedance of the arrangement was preserved. A 
rounded tip was also attached to the end of the probe 
similar to that of the actual FPC with the same radial di­
mensions and curvatllre. The EIA connector and the en­
tire mock probe are shown in Figure 8. 

Figure 8: I.:IA connector and mock I'PC probe showing 
coupler with inner conductor and "pringle" tip attached. 



HOMs of Cavity Without FPCs 
To characterize the HOM spectrum of the bare clIvity, 

'!"'ll measurements were conducted using a network ana­
lyzer and Q-values were collected using the 3-dB method. 
Two measurement configurations were used: in the first, a 
probc was inserted in the cathode pOIi of the cavity (see 
Figure I) and another probe was inselied in olle of the 
pickup pOliS. All other ports were covered with shorting 
plates. In a second configuration, probes were inselted in 
both or the FPC ports. The results shuw goud agrl.:cment 
with simulation, Several modes arc missing from both 
measurement configurations. possibly due to low Q­
values 1'01' these modes. making it dirticulL to dearl}' re­
solve and identify the modes. 

HOMs of Cavity With FPCs Inserted 
Several measurements were conducted with the mock 

(-,pes inserl\:d into the l:avity. For these, a prabl' was in­
sCl1~d into thl' cathode port and a sccond probe \vas in­
serted into thc pickup POIt and the cavity was attached to 
a short section or beampipe (,"25.4 cm) with the same 
radius as the beamport opening of the cavity (5.08 cm) to 
simulate the cavity in the accelerator. For each measure­
ment, all open pOliS were covered with shol1ing plates. 
(!,values were compared for various measurement con­
figurations: a "rett:renee" structure with all POliS covered 
with shoning plates and the same structure in which the 
FPC's wcre inserted and terminated in 50 O. Monopole 
and dipole modes were identified by comparison to simu­
lation and the results of the measurement arc shown in 
Figurl' I). In a second set of measurements. plottcd in 
Figure 10. the Q-values tc)r the cavity. attached to a sholi 
;.(rdeh of bl'ampipe werl' measurt'd for FPCs unlermi· 
natcd (open). both FPC:; shorted, and hoth FPCs termi­
nated in 50 n. 
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Figurc 9: Plot of nwnopolc and dipole Q-valul's lor bare 
cavity (retbrence) attached to bcampipt~ and cavity with 
FP('s inserted and terminated in 50 H. 
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Figure 10: Plo\. of monopole and dipole Q-values II)r 
FPCs sholied. open, and terminated in 50 n. 

An external Q-value of 8.79x 101 was found for the 

FPCs at 703.75 MHz, The design value is 4-5x 104, so the 
coupling of the mock FPC!) is somewhat weaker than the 
design value, liKely due to impedance mismatch and 
geometrical imperfections. Thc virtue of the mock FPC 
design is that it is hased on an EIA connector that easily 
males with the center conductor whose dimension is criti­
cal to assure impedance matching. However, errors are 
introduced if the coupler is not perfectly celllcred on the 
port. Furthennore. the orientation of the pringle relative 
to the "eampipe is important and may have a significant 
impact on the measurement. Errors in the alignment of 
the pringle through twisting could contribute to changes 
in coupling. 

Compari~on of reference to fully terminated FPCs in­
dicates that modest damping can be expected from the 
FPCs at low frequencies. In the case of the shorted, open. 
and terminated FPCs. a similar pattern of modest coupling 
at low fi'equeney is also evident. For celiain isolated 
modes, there appear to be higher-Q modes when the FPCs 
are inserted. These modes may he due resonances of the 
FPC port and the beampipe. 

CONCLUSIONS 
While simulation results show strong damping of 

higher-order modes particularly belm,v 2.25 GEz, meas­
urement results are more modest. The measurements 
show that some damping is expected, 'pruticularly at fre­
quencies below ,,·2 GIIz, which is important because these 
modes are otherwise effectively tmpped in the structure. 
As simulation of the waveguide transition shows. these 
modes may also pass through the doorknob transition. 
However, the change in Q-value for room temperature 
measurements is rather small. Fortunately. none of the 
modes appear to lie on the beam harmonics and are 
unlikely to be strongly excited by the beam. One issue 
that has yet to be explored is the simulation of the cavity 
with the waveguide transitions attached to the cavity. 
Furthermore. cold measurements remain to be pertonned . 
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