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Be ta  = 0.10 Quar te r  Wave Resonator 

A prototype lead p l a t e d  copper q u a r t e r  wave r e s o n a t o r  has been 
bui l t  for the U n i v e r s i t y  of Washington S u p m n d u c t i n g  Booster .  The 

1 d e s i g n  of this resonator follawed that of Brennan and Ben-Zvi. Ihe 
dr i f t  tubes w e r e  buil t  i n  Israel, and are i d e n t i c a l  to those b u i l t  for 
the Weicavvln I n s t i t u t e  q u a r t e r  wave r e s o n a t o r s .  The other dimensions o f  
the r e s o n a t o r  were similar to those of the Weizmann I n s t i t u t e  u n i t ,  
except the r a d i u s  of the o u t e r  conductor  was i nc reased  by one cm and the 
r e s o n a t o r  was made s l i g h t l y  longer  to  reduce the frequency from about  
160 t o  150 H E z .  lhis extra one cm i n  r a d i u s  was used to i n c r e a s e  the 
gap between the c e n t e r  and side d r i f t  tubes ,  eo t h a t  the tAS r e sona to r  
had 5 cm gaps while both the des ign  d i scussed  by Brennan and Ben-Zvi and 
the r e s o n a t o r s  they b u i l t  had 4 cm gaps.  Both o u r  r e s o n a t o r  and the one 
t h e y  b u i l t  had side d r i f t  tubes extending  2 cm r ac l i a l ly  inward, while 
the one d i s c u s e e d  i n  Ref. 1 had 3 cm d r i f t  tubes. W e  a n t i c i p a t e d  that 
t h i s  i n c r e a s e d  gap would reduce the s u r f a c e  field at  the c e n t e r  d r i f t  
tube; however upon f u r t h e r  cons ide ra t ion ,  it seems u n l i k e l y  that i t  had 
much effect. me larger gap does decrease the gap t r a n s i t  t i m e  factor 
(by o n l y  about  28)  and i n c r e a s e s  the optimum velocity by about  178. I n  
a d d i t i o n ,  the larger diameter gives a larger stored energy b u t  also, for 
the same average f i e ld ,  12.5% more energy  g a i n .  P i g .  1 is a drawing of 
the resonator. With the 5 cm gaps between d r i f t  tubes ,  adjustarents  of 
both the gaps produce a frequency e h i f t  of 85 kBt/mn. Adjustments of 
the bottom gap ( 7  an from dr i f t  t u b e  bottom to  bottom plate) produce a 
*ift o f  abwt 10 kat/mn. 

Prom bead measurements on  a bras6 model resonator W? detennined 
the ratio o f  amtored energy t o  average  a c c e l e r a t i n g  field to be 0.063 
Joules/(W/m ) . Average a c c e l e r a t i n g  field is defined to be the energy 
g a i n  a n  optimum v e l o c i t y  particle of u n i t  charge o b t a i n s ,  d iv ided  by t h e  
inside dianeter of the o u t e r  conductor  (l8 cm). The a c t u a l  r e sona to r  
haa M e i g e n  f rsquency of 148.90 Wiz.  

The reeonator was lead p l a t e d  at the State U n i v e r s i t y  of New York 
at Stony Brodr by two of t h e  a u t h o y  ( A .  G. L .  and R. C .  ) . 'Phe p l a t i n g  
t echn ique  was that described by Burt ,  w i th  solae a o d i f i c a t i o n s  d h i c h  had 
been  developed at the Weizmann I n s t i t u t e  and some that were developed 
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wi th  this  r e s o n a t o r .  The main mxlifications involved  h e a t i n g  the 
p l a t i n g  bath to  about  31 degrees C, f i l t e r i n g  the bath while p l a t i n g ,  
u s ing  an anode bag, and punching holes i n  the anode. Ihe anode was a 
lead s h e e t  which was forared i n t o  a cylinder and suspended i n  the volume 
between i n n e r  and o u t e r  oonductor  . A c u r r e n t  of 2.7 A was U-, and was 
t u r n e d  o n  and off for 1 sec i n t e r n a l s .  Total p l a t i n g  time was 12 
hour s .  The reeona to r ,  when plated us ing  these techniques ,  had a very 
-th and s h i n y  f i n i s h ,  i n  c o n t r a s t  t o  r e s u l t s  from prev ious  p l a t i n g  
att-8 w i t h  a rpom t empera ture  bath, almost twice the c u r r e n t ,  and 
wi thout  the other modif i c a t i o n e ,  which gave a poor  f i n i s h  ( g r a i n y  and 
fwty). 

Tests on  t h e  f ina l  D 

p l a t i n g  of the r e s o n a t o r  L l r  1 
indicate that f ields of 3.5 
W / m  are ob ta ined  w i t h  4 . 2  

l - 10 cm 
W d i s s i p a t i o n .  C a l i b r a t i o n  1 

:,&L; 

1 
for these tests waa carried i'. 1 
o u t  by detezmining the low , ! I  1 
field Q by measuring the 
decay  t ime.  S t i l l  at  low 
field, stored ene rgy  is 
ob ta ined  from power and Q, 
and t h e n  from the bead test 
r e s u l t s  average  
a c c e l e r a t i n g  f ie  ld is 
determined and the voltage 
probe is calibrated. W i t h  
the minimum B e t t i n g  of the  
variable coupler, the 
a q p l i f  ier was et ill 
a a m w h a t  over ooupled,  so 
it was necessary  to  correct 
for the external Q 
c o n t r i b u t e d  by the 
a m p l i f i e r .  T h i s  external Q 
was 7.48 X 1o7. 
C a l i b r a t i o n  u n c e r t a i n t i e s  
are estimated to be 5%. A 
graph of t h e  r e s o n a t o r  Q vs 
average  a c c e l e r a t i n g  f ie ld  
is given  i n  P ig .  2. These 
Q v a l u e s  have had 
o o n t r i b u t i o n s  o f  the 
measuring probe removed. 
These data were all 
ob ta ined  wi  th m Fig. 1 The low beta quarter wave resonator. 
o p e r a t i o n .  The Baxinnrm CW 
parer that the r e s o n a t o r  
cou ld  be r u n  a t  hefore 
going normal was abou t  50 
W. 

SRF84-9 Proceedings of SRF Workshop 1984, Geneva, Switzerland



Helium cond i t i on ing  
w w  perfo-d prior to  109: 
measuring those data. 
Before he l ium cond i t i on ing ,  
the "corner" of the cu rve  
occurrecl at lower fields. 
Wherever the c o r n e r  was 
located, r a p i d l y  i n c r e a s i n g  
x-ray emiss ion  was 
obsened, beginning  at  the  QO g 
c o r n e r  and i n c r e a s i n g  by 10- 
s e v e r a l  orders of magnitude 
for a decrease i n  Q by an 
order of magnitude. Below 
the c o r n e r ,  no x-rays were 
detected. A f t e r  
c o n d i t i o n i n g  , there wore 
r r g i o n s  of f le ld  below the 
c o r n e r  where the  l i m i t  of 
X- r a y  observat ion  was three 
orders of magnitude below 

I I a I # I  I l l .  I I I ,  l , 1 ,  - - 2 W 3 W  S W  - 

Q 0 

- 

- 
- 
- 

I 1 1  1 1 1 ,  

the flw observed before I O ' ~ . ~  I l .0 1o 

c o n d i t i o n i n g .  W e  take th i s  <Eo> (MV/rn) 

t o  be s t r o n g  ev idence  that 
the corner  is due to f i e l d  Fig. 2 vs. Average ^ccelerating Field for 
emiss ion  of e l e c t r o n s .  tests of the low beta quarter wave 
C a l c u l a t i o n s  ( described resonator. 
below) i n d i c a t e  that the 
maximum s u r f a c e  magnet ic  
f i e l d  (assuming smooth s u r f a c e s )  is 250 Gauss at 3 . 5  W / m .  T h i s  f i e l d  
can be compared w i t h  the 4 . 5  K critical magnetic f ie ld  of about  500 
Gauss for lead. 

When o p e r a t i n g  the s u c c e s s f u l l y  plated r e s o n a t o r  superconduct ing,  
m u l t i p a c t o r i n g  was observed and was a s e r i o u s  nuisance.  I n  order t o  
s i m u l a t e  c o n d i t i o n s  encountered i n  some prev ious  tests when the s u r f a c e  
had looked poor  irnd when mul t i pac to r ing  under superconduct ing c o n d i t i o n s  
was n o t  a problem, we warmed the resoni i tor  up t o  above room t empera ture  

0 (abou t  75 t o  80  C )  and bled wa te r  vapor  i n t o  the  vacuum system, 
r a i s i n g  the p r e s s u r e  t o  3 X 10-" Tor r  t o  reproduce the poor  vacllum 
o p e r a t i o n  at the beginning  o f  the earlier tests. W e  ope ra t ed  t h e  
r e s o n a t o r  at moderate power l e v e l s  ( t e n s  of w a t t s )  for one day,  a f t e r  
which the wa te r  was t u rned  o f f ,  and the  vacuum re tu rned  s lowly  t o  t h e  
10-' range.  A f t e r  o p e r a t i n g  (warm) f o r  t w o  more days  mu l t i pac to r ing  
showed s i g n s  of improvcmont even wh i l e  the vacuum was i n  that range .  
A f t e r  f i l l i n g  the n i t r o g e n  shield, the vacuum re tu rned  to  the 10-' range  
and l nu l t i pac to r ing  ceased. A f t e r  c o o l i n g  to hel ium tempera ture ,  no more 
m u l t i p a c t o r i n g  was observed. The superconduct ing tests were repeated 
and the Q c u r v e  showed no s i g n i f i c a n t  d i f f e r e n c e s  from t h e  measuremenl: 
before the warm up and m u l t i p a c t o r  cond i t i on ing .  These r e s u l t s  i n d i c a t e  
that we have  a technique  for e l i m i n a t i n g  m u l t i p a c t o r  problems wi thout  
damaging the superconduct ing s u r f a c e .  
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Design of Beta  = 0.20 Resonator 

To b u i l d  a higher beta resona to r  we had t h e  choice of e i t h e r  
i n c r e a s i n g  the r a d i u s  of the re sona to r  or i n c r e a s i n g  the frequency, or 
both. It  is i n t e r e s t i n g  to  no te  that s i n c e  the d iameter  of t h e  q u a r t e r  
wave r e s o n a t o r  is p r o p o r t i o n a l  t o  the particle wavelength and the l eng th  
is p r o p o r t i o n a l  to  the rf wavelength, the ratio of diameter to l eng th  is 
p r o p o r t i o n a l  t o  the particle beta, regardless of the frequency. ( T h i s  
r e l a t i o n s h i p  is based on the assumption that  the side d r i f t  t u b e s  
p r o t r u d e  a given  f r a c t i o n  of the r a d i u s  i n t o  the r e s o n a t o r .  The amount 
o f  p r o t r u s i o n  o f  the side d r i f t  t u b e s  is ano the r  parameter  that  can  be 
a d j u s t e d  t o  v a r y  the r e s o n a t o r  des ign  beta.) Some s c a l i n g  laws are 
r e l e v a n t  i n  making th i s  cho ice .  For  fixed average a c c e l e r a t i n g  f ie ld  
( ignor ing  c a p a c i t i v e  loading  ) the power dissipated ( r e s i s t i v e l y  ) is 
p r o p o r t i o n a l  t o  the r a d i u s ,  wh i l e  the stored energy  is p r o p o r t i o n a l  t o  
t h e  squa re  of t h e  r a d i u s .  The loading  capac i t ance  is p r o p o r t i o n a l  t o  
the r a d i u s  (provided  the space t o  the bottom plate is increased  by t h e  
same f a c t o r  as the r a d i u s ) .  The impact of the loading  capac i t ance  is 
cons idered  below, and found t o  be of secondary importance. Thc 
t r a n s v e r s e  mechanical v i b r a t i o n  frequency of the c e n t e r  conductor  is 
p r o p o r t i o n a l  t o  the r a d i u s ,  provided the w a l l  t h i c k n e s s  of the c e n t e r  
conductor  is scaled p r o p o r t i o n a t e l y .  Thus the v i b r a t i o n  ampl i tudes  w i l l  
be reduced by an amount which is probably  s u b s t a n t i a l ,  b u t  not  c l e a r l y  
determined.  Radial v i b r a t i o n s  of the o u t e r  conductor  (which have no t  
been observed t o  modulate the t h e  low beta r e s o n a t o r )  w i l l  have l o w e r  
f r equenc ie s  . 

As the energy  g a i n  is p r o p o r t i o n a l  t o  t h e  r a d i u s ,  it seems best to  
ma in ta in  the fundamental frequency and t o  i n c r e a s e  the re sona to r  r a d i u s  
t o  o b t a i n  h i g h e r  beta. This approach may be l i m i t e d  by stored energy 
i n c r e a s e s ,  which relate to  the power necessary  to  c o n t r o l  the phase of 
the re sona to r .  As the r i g i d i t y  of the q u a r t e r  wave s t r u c t u r e  is h igh ,  
it appears that the power r equ i red  t o  phase lock  w i l l  no t  be excess ive .  
The f a c t  that  the v o l t a g e  r equ i red  for a g iven  a c c e l e r a t i n g  f i e ld  i n  the 
h igh  beta r e s o n a t o r  w i l l  be double the v o l t a g e  of t h e  low beta u n i t  
causes  some concern.  A s  a v o l t a g e  l i m i t a t i o n  (as opposed t o  s u r f a c e  
electric f ie ld  l i m i t a t i o n )  has ( t o  o u r  knowledge) no t  been obser~ed i n  
superconduct ing r e s o n a t o r s ,  we w i l l  see whether such a l i m i t a t i o n  
appears. The v o l t a g e  at  the 3 W/m des ign  field w i l l  be 600 kV i n  t h e  
h i g h  beta re sona to r .  

Most important  is c o n s i d e r a t i o n  of the geometry on the peak 
a u r f a c e  electric f i e l d .  W e  have t r i e d  to  improve on the r a t i o  of peak 
to  average a c c e l e r a t i n g  electric field found i n  t h e  law beta r eeona to r .  
For  a fixed average  a c c e l e r a t i n g  f i e l d ,  t h e  c e n t e r  conductor  voltage 
must i n c r e a s e  p r o p o r t i o n a t e l y  to  the diameter of the o u t e r  conductor .  
For  the c y l i n d r i c a l  geometry, ( w i t h  fixed i n n e r  conductor  r a d i u s )  t h c  
s u r f a c e  f ield is p r o p o r t i o n a l  t o  the v o l t a g e  d iv ided  by the l o g  of t h e  
ratio of i n n e r  and o u t e r  conductor  r a d i u s .  Thus the n e t  effect for t h e  
low beta r e s o n a t o r  of i n c r e a s i n g  t h e  o u t e r  r a d i u s  from 8 t o  9 cm while 
mainta in ing  a 2 cm i n n e r  r a d i u s  was to  m u l t i p l y  the s u r f a c e  f i e l d  i n  t h e  
c y l i n d r i c a l  r e g i o n s  by a f a c t o r  of ( 9/8 )( ln (  8/2 ) )/( ln (  9/2 ) ) = 1.037 . 
The peak s u r f a c e  f ie ld  is on the spherical reg ions  of the d r i f t  t u b e ,  
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however. For a sphere w i t h i n  a spherical shell, the s u r f a c e  field on 
the i n n e r  sphere ( r a d i u s  R )  is p r o p o r t i o n a l  to  the v o l t a g e  d i f f e r e n c e  
times (l/R)(l/(l-W ) ). For the lw beta r e s o n a t o r  an clpproxieate 
va lue  to  me for R l)e 2.5 car, since the c e n t e r  d r i f t  tube is 6 cm i n  
d iameter  b u t  4 cm long.  Then changing R. fnw 8 to  9 a While 
i n c r e a s i n g  the voltage by a factor of 9/8 inc reaeed  the peak s u r f a e  
field by (9/8 )( 1-2.5/8 )/(l-2.5/9) - 1.07. The larger gap w i l l  t end  to 
reduce this factor by eame (probably s m a l l )  amount. Also, i n  both the 
UW and Weizmann I n s t i t u t e  r e sona to r s ,  the space between the c e n t e r  d r i f t  
tube and the bottom ( t u n i n g )  plate is the same, and corresponds to a 
r a d i u s  of 10 m. Perhaps the appropriate v a l u e  to cons ide r  for R. is 
larger and less d i f f e r e n t  for the two r e sona to r s .  l h e n  the ratio of  
s u r f a c e  fields would be samethat larger. We can conclude that, 
inc lud ing  the effect of the gap transit t i m e  factor, for fixed average 
a c c e l e r a t i n g  field the 9 cm r a d i u s  r e s o n a t o r  that we b u i l t  has a peak 
s u r f a c e  electric f i e ld  that is somewhat under 10% higher than  the 
corresponding f ield of the 8 cnr r a d i u s  r e s o n a t o r  b u i l t  by Brennan and 
Ben-Zvi. Por fixed average  a c c e l e r a t i n g  fields there are sincilar 
factors r e l a t i n g  the peak magnetic  fields i n  the two s i z e s  o f  
r e sona to r .  Ae the magnetic  fields do n o t  seem to  be a s e r i o u s  
l i m i t a t i o n  for these resona to r s ,  this effect is  n o t  h p o r t a n t .  

These c o n s i d e r a t i o n s  led u s  to  try to reduce the peak s u r f a c e  
fields When s c a l i n g  the r e s o n a t o r  u p  to o b t a i n  a higher beta. I f  we 
simply scaled up the radial dimension (as w e l l  as the space between the 
bottom of t h e  c e n t e r  d r i f t  tube  and t h e  tun ing  plate) by t w  mile 
nraintaining the same l e n g t h  for the reeona to r ,  we would expect to  get 
twice  the beta w i t h  the same s u r f a c e  fields for a given  average 
a c c e l e r a t i n g  field. S ince  t h e  beam hole i n  the d r i f t  t u b e s  need n o t  be 
inc reased ,  i t  is possible to reduce eame of the c u r n a t u r e  of the d r i f t  
tubes i n  this s c a l i n g  up process. The capac i t ance  p e r  u n i t  l e n g t h  o f  
the c y l i n d r i c a l  part of t h e  r e s o n a t o r  w i l l  be unchanged, b u t  the loading  
capac i t ance  from the end of the c e n t e r  conductor  w i l l  approximately 
double i n  th i s  s c a l i n g  up. Any f u r t h e r  i n c r e a s e s  i n  the s i z e  of t h e  
d r i f t  t u b e  that might k? cons idered  i n  order to  reduce c u r v a t u r e  
( i n c r e a s e  radii) to reduce s u r f a c e  fields w i l l  also i n c r e a s e  the loading  
capacitance f u r t h e r .  Increased  load ing  will r e q u i r e  a s h o r t e r  r e sona to r  
to o b t a i n  the same frequency, h i c h  is a convenience. Increased  loading  
w i l l  also decrease the shun t  impedence, s i n c e  there is a n  i n c r e a s e  the 
s u r f a c e  magnetic fields r e q u i r e d  to  o b t a i n  a given  average a c c e l e r a t i n g  
field. This effect is of eecond order i n  the ratio of load impedence to 
the characteristic rllpedence of the emal l  diameter end of the 
reeona to r .  The i n c r e a s e  i n  magnetic f ield combined with the reduc t ion  
i n  volume due to load ing  w i l l  g e n e r a t e  a smaller i n c r e a s e  i n  stored 
energy. Furthermore, the daminant mechanical v i b r a t i o n  mode wil l  have a 
higher frequency i f  the l oad ing  is increaeed ,  s i n c e  the c e n t e r  conductor  
l e n g t h  must be reduced. m u s  the v i b r a t i o n  amplitude w i l l  be reduced, 
and the i n c r e a s e  i n  stored energy w i l l  n o t  have a d e l e t e r i o u s  effect on 
the r eeona to r  phase c o n t r o l .  Depending on  how mch loading  there is, 
these i n c r e a s e s  may or may no t  be s i g n i f i c a n t .  

The major d e s i g n  compromise w n s i d e r P d  for the high beta reeona to r  
was between c a p a c i t i v e  load ing  and peak s u r f a c e  fields. Iarger d r i f t  
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tubes  (especially the oen t e r  d r i f t  t ube )  w i l l  have lawer su r f ace  fields 
and wre loading.  We perforPed a ca l cu l a t i on  of the su r f ace  electric 
f i e l d .  We uaed a r e l axa t i on  program with  c y l i n d r i c a l l y  w t r i c  
v t z y  to  QeteLllLine the r r t a t i c  p o t e n t i a l .  le rodeled the oen t e r  d r i f t  
tube i n  this  geacaetry by a piece of a sphere attached to  the end of the 
c e n t e r  conductor. By conaidering apheres of var ious  radii, we could 
estimate the aur face  field on the d r i f t  tube.  These ca l cu l a t i ons  
ind ica ted  that the peak aur face  f i e ld  on the lw beta reeonator d r i f t  
t ube  was about 4.5 t imes  the average acce l e r a t i ng  field. lhis f i g u r e  
can be oompared with  the ratio for sur face  f i e l d  i n  the i n f i n i t e  coaxial 
model, which is 2.99 f o r  ou r  radii and which has a octnimm value  o f  e 
when the o u t e r  conductor r ad iu s  is e tines the inner .  

I n  order t o  es t imate  the capacitive loading, w e  performed t w o  
d i f f e r e n t  c a l cu l a t i ons .  W e  had ca lcu la ted  the aur face  fields on the  
d r i f t  tube. From the product of the area (the area that we uaed was 
that of the dr i f t  t ube  without the hole for the beam) and the average 
6ur iace  field we obtained the capaci tance  of the drif t  tube.  The excess 
capaci tance  above that o f  the c y l i n d r i c a l  aur face  of a coaxial cen te r  
oonductor extending t o  the bottom of the d r i f t  t u b e  waa oonsiderpd to be 
the loading capaci tance .  

I n  the other case we calculated the d i s t r i b u t i o n  of cu r r en t  and 
voltage down the length  of the coaxial cen t e r  conductor. This 
ca l cu l a t i on  was based on the  approximation that the fields arc 
t r ansverse ,  even i n  the region of the taper, eo the characteristic 
impedence at a given a is given by the uaual  r e s u l t  for a uniform 
ooaxial s t r u c t u r e .  S t a r t i n g  wi th  a vo l tage  node at the  shorted end of  
the resonator ,  by using the characteristic impeclance we determined t h e  
ratio of vo l tage  anQ cur ren t  amplitude ae a funct ion of the longi tudinal  
coordinate ,  z, ~ea.sureQ from the ahorted end. I n i t i a l l y  these e r e  
Bin(&) and cos(kz) (where k - o/c). Along the taper, where t h e  
characteristic iqpedance changed wi th  t ,  we w e d  a numerical 
c a l cu l a t i on .  A t  the end of the taper, phase a h i f t e d  s i n  and cos 
funct ions  were matched to  the voltage and cu r r en t .  The dr i f t  tube  was 
ignored, and the c e n t e r  conductor from the end of the taper t o  the 
maximum z was t aken  t o  be a cy l inder .  The maximum z f o r  a given 
frequency waa determined from aodel meaeureuente. A t  the maximum z the 
cur ren t  was not  zero. The apptopr ta te  load capaci tance  t o  produce the 
ca lcu la ted  vo l tage  t o  cu r r en t  ratio was detenuined. 

These t w o  c a l cu l a t i ons  agreed, respec t ive ly  predicting 1.6 and 1.7 
pP for the loading o f  the low beta meonator. ?or the high beta 
reaonator  values  o f  4.2 and 3.8 pF were obta ined for the final d r i f t  
tube  conf igurat ion.  For the low beta meonator, the open end of the 
resonator  is 7 degrees from the cu r r en t  node, while for the high beta 
reaonator  t h i s  f i g u r e  i a  18 degrees. Since  the voltage decreaees as the 
w i n e  o f  this  phMe angle,  the e f f e c t  for the law beta teeonator  is 
neg l ig ib le ,  while for the high beta resonator  the wltage i a  5% less 
than the peak amplitude. Thus 5% wre cu r r en t  ie required to produce a 
given acce l e r a t i ng  field than  that which m u l d  be mired f o r  
neg l i g ib l e  loading.  

by making the h igh  beta dr i f t  t ube  10 ao long and 14 cm i n  
diarneter (vs direct s c a l i n g  of the l w  beta d r i f t  t ube  which would have 
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been 8 cm long and 12 cm i n  diameter) w e  es t ima te  C h a t  w e  reduced t h e  
ratio of peak s u r f a c e  f i e l d  t o  average a c c e l e r a t i n g  f ie ld  by 10% while 
inc reas ing  the loading capaci tance  by 20%. The peak s u r f a c e  field 
limits the maximum attainable a c c e l e r a t i n g  field, while this loading 
ProduCeS an  acceptable inc rease  i n  the c u r r e n t  and stored energy. A 
larger c e n t e r  d r i f C  tube  was considered,  b u t  g iven the u n c e r t a i n t i e s  of 
the C a l ~ u l a t i o ~ ,  it was decided that exceeding about  20 degrees phase 
sh i f t  at the open c i r c u i t  end of the resona to r  was unreasonable. A 
drawing of the resona to r  is given i n  Fig .  3. 

BWasurenrents made using a brass model of the high beta resonator  
i n d i c a t e  that the ratio of the mtored ene rgy t o  the 8quare of the 
average a c c e l e r a t i n g  field is 5 5 2  Joules/(WV/m) . 

D 
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Fig. 3 The high beta 
quarter wave 
resonator. 
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