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Beam tests and ope ra t i on  of  superconduct ing c a v i t i e s  conducted 

s i n c e  t h e  t h i r d  workshop on RF supe rconduc t iv i t y  (Argonne, Sep.1987) 

a r e  r e p o r t e d  i n  t h i s  paper .  Th i s  paper  is concerned wi th  e l e c t r o n  

machines. 

Beam tests and o p e r a t i o n  of  superconduct ing c a v i t i e s  performed i n  

e l e c t r o n  machines s o  f a r  a r e  summarized i n  Table  1 i n  ch rono log ica l  

o r d e r .  The beam tests up t o  1983 were reviewed by D r .  s unde l in l  a t  t h e  

second workshop and t h e  beam tests up t o  1986 w e r e  reviewed by D r .  

proch2 a t  t h e  t h i r d  workshop. 

l e  1 Ov- of t h e  be= tests a& o ~ e r a t i o n  of sc cavl- . . 
Year Laboratory Ring C e l l s  £(MHz) 

1982 CO rne  l l CESR 2 x 5  1500 

1982 Kar l s ruhe  PETRA 1 500 

1983 CERN PETRA 5 5 0 0 

1984 KEK T-AR 3 5 0 8 

1984 Corne l l  CESR 2 x 5  1500 

1985 DESY PETRA 9 1000 

1986 KEK T-AR 5 5 0 8 

1987-89 CERN SPS 4 3 52 

1987 DESY PETRA 2 x 4  500 

1987-89 Darmstadt S -DAL INAC 5+ 8x20 2997 

1987-88 KEK T -AR 2 x 5  5 0 8 

1988-89 KEK T-MR 16 X 5 508 

1989? DESY PETRA 2 X 4 500 

1989? CEBAF I n j e c t o r  2 x 5  1497 
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Since July 1987 LEP prototype 352 MHz 4-cell cavity has been 

tested in C E R N - S P S ~ ~ ~ ~ ~ .  During the last two years, the cavity has 

undergone 20 cooldowns and long-term performance of the cavity has been 

investigated. In Oct. and Nov. 1987, DESY 500 MHz two 4-cell cavities 

were tested in PETRA to demonstrate the feasibility of application to 

H E R A ~ ~ ~ .  The first beam test of Wuppertal 2997 MHz cavity in the 

Darmstadt Superconducting Linac (S-DALINAC) was conducted in Aug. 1987. 

The superconducting injector has been operated for experimental use and 

the superconducting main linac of recyclotron has been tested8. Beam 

tests of KEK 508 MHz two 5-cell cavities were conducted in TRISTAN-AR 

(T-AR) three times, Oct. and Nov. 1987 and Mar. 1988, to confirm the 

feasibility of operation in TRISTAN-MR (T-MR). Sixteen 508 MHz 5-cell 

cavities were installed in T-MR at KEK in 1988 and have been operated 

for electron-positron colliding beam experiment more than six 

months9,l0,l1. Some parameters of the cavities, the input couplers and 

the HOM couplers in these beam tests and operation are summarized in 

Table 2. 

Laboratory 

Rinq 

Period 

Cells 

f (MHz) 

R/Q (ohm) 

RRR 

Input cpl. 

Window 

Type 

Qext 

HOM cpl . 
Type 

/cav 

CERN 

SPS 

Ju1187 

-89 (cont) 

4 

352 

232 

15 6 

Coaxial 

Ceramic 

cylindric 

8x10~ 

Coaxial 

2 

DESY 

PETRA 

Oct/Nov187 

2 x 4  

500 

Coaxial 

Ceramic 

cylindric 

2x10~ 

Coaxial 

two stub 

3 

Darmstadt 

S-DALINAC 

Aug187 

-89 (cont) 

5 + 8 x 2 0  

2997 

30-100 

Coaxial 

Ceramic 

disk 

3x10~ 

no 

KEK 

T-AR 

Oct/Nov187 

Mar188 

2 x 5  

5 0 8 

600 

150 

Coaxial 

Ceramic 

disk 

1-1.4x106 

Coaxial 

4 

KEK 

T-MR 

Nov'88 

-89 (cont) 

16 X 5 

508 

600 

100-170 

Coaxial 

Ceramic 

disk 

0.8-1.2x106 

Coaxial 

2 
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Fu tu re  beam tests and o p e r a t i o n s  i n c l u d e  fo l l owing  p l a n s .  DESY 

500 MHz t w o  4-cell c a v i t i e s  w i l l  be  t e s t e d  i n  PETRA wi th  t h e  aim of 

s t o r i n g  maximum c u r r e n t  i n  PETRA (up t o  60 mA) i n  HERA cond i t i on7 .  I n  

T-MR a t  KEK, o t h e r  s i x t e e n  c a v i t i e s  w i l l  b e  added i n  f a l l  1989 and i n  

t o t a l  32 c a v i t i e s  w i l l  s t a r t  t o  be  o p e r a t e d  t o  r a i s e  t h e  energy  of  T-MR 

t o  more t h a n  32 GeV. A t  CEBAF, c o n s t r u c t i o n  o f  t h e  5-pass r e c i r c u l a t i n g  

l i n a c  u s i n g  338 superconduct ing  5 - c e l l  c a v i t i e s  a t  1497 MHz is 

scheduled  f o r  complet ion i n  1994. The i n j e c t o r  wi th  two 5 - c e l l  

superconduct ing  c a v i t i e s  i s  t o  b e  o p e r a t e d  t o  produce a  5 MeV beam i n  

f a l l  198912. A t  CERN, t h e  upgrade of LEP energy  u s i n g  superconduct ing  

c a v i t i e s  is  under way. The f i r s t  f o u r  Nb c a v i t i e s  w i l l  b e  i n s t a l l e d  i n  

L E P ~ ~ .  

2- S t o r U  A c c e l e r a t i o n -  

I n  t h e  CERN test i n  SPS, t h e  p o s i t r o n  beam of 0.28 mA was 

a c c e l e r a t e d  u s i n g  t h e  new Standing  Wave C a v i t i e s  on one of  t h e  l e p t o n  

c y c l e s ,  wi th  t h e  SPS o p e r a t i n g  i n  t h e  i n t e r l e a v e d  mode. The 

a c c e l e r a t i n g  f i e l d  of  t h e  4 - c e l l  superconduct ing  c a v i t y  was kep t  few 

hundred kV d u r i n g  t h e  i n j e c t i o n ;  t h e  f i e l d  i n  t h e  c a v i t y  was r a p i d l y  

( l o o m s )  pushed up t o  5 .5  MV/m towards t h e  end  of  t h e  l e p t o n  c y c l e s .  

During t h e  a c c e l e r a t i o n  of h igh  i n t e n s i t y  p ro ton  beam, damping of 

t h e  c a v i t y  impedance a t  t h e  fundamental mode f requency  i s  needed. The 

RF feedback t o  compensate f o r  beam load ing  i s  used  t o  reduce t h e  

impedance t o  200 k i l o  ohm. Another method wi th  a  r e sonan t  l i n e  

connected t o  t h e  main coup le r  t o  damp p a s s i v e l y  has  been tested3. 

I n  t h e  DESY test i n  PETRA, t h e  e l e c t r o n  beam a c c e l e r a t i o n  test 

was conducted.  Because of  h igh  des igned  c u r r e n t  of  60 mA f o r  HERA 

cond i t i on ,  power r a t i n g  of  t h e  i n p u t  window and  s t r o n g  damping of HOM1s 

a r e  q u i t e  e s s e n t i a l  i t e m s .  A " t h r e e  p l u g  tune r "  i n p u t  t r ans fo rmer  i s  

used  i n  t h e  waveguide j u s t  b e f o r e  t h e  i n p u t  window. The e f f e c t i v e  

coup l ing  can  b e  a d j u s t e d  i n  t h e  range of 0.2-5.0. I n  t h e  beam test ,  t h e  

i n p u t  coup le r  and t h e  i n p u t  t r ans fo rmer  worked up t o  200 kW e q u i v a l e n t  

power. The maximum s t o r e d  c u r r e n t  was 4 . 4  mA, which was l i m i t e d  by 

i n s t a b i l i t i e s  i n  16 de tuned  normal conduct ing  c a v i t i e s .  A new beam test 

i n  PETRA is  planned f o r  1989 t o  s t o r e  maximum c u r r e n t  i n  PETRA (up t o  

60 mA); normal conduct ing  c a v i t i e s  t h a t  would l i m i t  t h e  c u r r e n t  up t o  5  
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mA w i l l  be by-passed s o  t h a t  t h e  beam only sees t h e  superconducting 

c a v i t i e s 7 .  

The superconducting i n j e c t o r  a t  Darmstadt, conta in ing a 5 -ce l l  

and two 20-cell  c a v i t i e s ,  have been used t o  provide e l e c t r o n  beam f o r  

two experiments a f t e r  t h e  f i r s t  beam test conducted i n  Aug. 1987. One 

i s  t h e  channeling r a d i a t i o n  experiment, which requ i res  low c u r r e n t s  

(InAI bu t  t h e  b e s t  beam q u a l i t y .  Measurements show t h a t  t h e r e  is  no 

s i g n i f i c a n t  beam divergence.  The o the r  is  t h e  nuclear  resonance 

f luorescence  experiment, which requ i res  high c u r r e n t s  and long running 

t i m e .  The superconducting i n j e c t o r  has produced e l e c t r o n  beam with 

energ ies  of 2.5-8 MeV f o r  t h e s e  experiments s u c c e s s f u l l y  f o r  more than 

900 hours.  S i x  20-cel l  c a v i t i e s  out  of e i g h t  have been i n s t a l l e d  and 

t e s t e d  i n  t h e  main l i n a c .  The e l e c t r o n  beam has been taken back i n  t h e  

beamline of t h e  f i r s t  r e c i r c u l a t i o n .  Although two c a v i t i e s  with RRR of 

1 0 0  reach t h e  a c c e l e r a t i n g  f i e l d  of 5-6 MV/m, t h e  rest c a v i t i e s  show 

r e l a t i v e l y  low f i e l d  of 1-3 MV/m. The lower f i e l d  i s  considered t o  be 

due t o  t h e  lower value  of RRR of 30, those  c a v i t i e s  being f a b r i c a t e d  

from r e a c t o r  grade niobium. Two c a v i t i e s  with t h e  lowest a c c e l e r a t i n g  

f i e l d s  w i l l  be replaced by c a v i t i e s  f a b r i c a t e d  from t h e  high p u r i t y  

niobium8. 

I n  t h e  KEK beam tests i n  T-AR, t h e  e l e c t r o n  beam was a c c e l e r a t e d  

and t h e  maximum values  obtained were; 

a )  69 mA of e- beam was s t o r e d  a t  2.5 GeV by one 5 -ce l l  (2MV/m) 

b) 21 mA of e- beam was acce le ra ted  t o  6.5 GeV by 2 X 5-ce l l  (5MV/m) 

C )  10 mA of e' beam was acce le ra ted  t o  8 . 0  G e V  by 2 X 5 -ce l l  (5MV/m) + 
normal conducting c a v i t i e s  

d)  power t r a n s f e r e d  t o  t h e  beam was 86 kw/S-cell 

The maximum s t o r e d  cur ren t  was s t u d i e d  i n  d e t a i l  with respec t  t o  

Robinson s t a b i l i t y ,  t h a t  w i l l  be d iscussed i n  a l a t e r  s e c t i o n .  

An o u t l i n e  of KEK-T-MR opera t ion s i n c e  t h e  i n s t a l l a t i o n  of t h e  

s i x t e e n  c a v i t i e s  i n  1988 i s  shown i n  Table 3 and i n  F i g . l ( a ) .  Af te r  t h e  

f i r s t  cooldown of 1 6  c a v i t i e s ,  t h e  e l e c t r o n  pos i t ron  c o l l i d i n g  beam 

experiment, t h e  physics run, s t a r t e d  i n  Dec 1988. The t o t a l  accumulated 

t i m e  of t h e  c a v i t i e s  a t  4 . 4  K amounts t o  5000 hours; 3100 hours have 

been provided f o r  t h e  physics run. So f a r  t h e  beam cur ren t  is  l i m i t e d  

t o  11 mA by a t r o u b l e  of two N type  connectors of HOM couplers  and not  

by any i n s t a b i l i t y .  The opera t ion of t h e  superconducting c a v i t i e s  i n  
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the physics run has been performed stably. Some experiences obtained 

during the long-term operation will be mentioned in a later section. 

e 3 - MR o ~ a o n  at KEK 

Beam Energy 30.7 GeV 

Beam Current 10 mA (e- X 2 + e+ X 2) bunches 
Number of cavities 104 X 9 cell(norma1 conducting) 

16 X 5 cell (superconducting) 

Accelerating voltage 320 MV (normal conducting) 

105 MV (superconducting) 

Eacc at operation (super) 3.5 MV/m - 6.0 MV/m 
average of 16 cavities 4.4 MV/m 

Power transfered to beam 40 - 70 kW/5cell 

~erfo-e of the cavitv in 

Long-term performance of the cavity under a real accelerator 

condition is a quite significant problem. Eacc(max) and Q-value are 

important criteria to estimate the cavity performance. It is one of 

important questions that whether the cavities keep high Eacc(max) and 

Q-value in a real accelerator for a long period of time. Environmental 

conditions such as vacuum condition and radiation are also essential 

factors related to the long-term performance. 

Long-term performance of the cavity has been investigated at CERN 

and KEK. The CERN cavity has undergone 20 cooldowns and the total 

accumulated time of the cavity at 4.5 K is 6500 hours in SPS. Eacc(max1 

remained unchanged within the test interval and was 7.1 MV/m, that 

indicates no degradation from the laboratory test. The Q-value, on the 

other hand, shows a large scatter. Most of the observations show Q- 

value of 2-3x10~. On several occasions, however, Q-values of less than 

1x10~ were observed. The lower values of Q are explained as; although 

the static homogeneous component of the ambient magnetic field is 

compensated by coils fixed at the vacuum tank, supplementary magnetic 

fields generated during operation may be trapped during cooldown or 
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F i g . 1  (a)  descr ibes  the  o u t l i n e  o f  T-MR operation a t  KEK.  I t  includes 

the  s t a t u s  o f  the  T-MR acce lerator ,  the  temperature o f  the  

c a v i t i e s  and numbers of  operated c a v i t i e s .  (b) g i v e s  long-term 

performance of the  s ix teen  c a v i t i e s  showing Eacc(max). 
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quench recovery. The lower Q-value was res to red  t o  2 . 8 ~ 1 0 ~  by warming 

up t h e  cav i t y  and cooling down i n  a small ambient magnetic f i e l d .  It 

can be concluded t h a t  t h e  Q-value remained e s s e n t i a l l y  unchanged5. 

In  t h e  KEK operat ion i n  T-MR, 16 c a v i t i e s  have been operated 

during t h e  l a s t  n ine  months. The t o t a l  accumulated t i m e  of t h e  c a v i t i e s  

a t  4 . 4  K amounts t o  5000 hours, i n  which, 3100 hours a r e  occupied with 

t h e  physics run with beams of t y p i c a l l y  1 0  mA. Before i n s t a l l e d  i n  T- 

MR, t h e  c a v i t i e s  had been t e s t e d  i n  t h e  v e r t i c a l  c ryos t a t  and i n  t h e  

hor izon ta l  c ryos t a t .  Fig.  2 and Fig.  3 show t h e  Eacc(max) and t h e  Q- 

value, respect ively ,  measured i n  t h e  v e r t i c a l  tests and i n  t h e  

hor izon ta l  tests. The Eacc(max) of some c a v i t i e s  i n  t h e  hor izon ta l  test 

was degraded by 20-30 % compared with t h a t  i n  t h e  v e r t i c a l  t e s t .  A s  f o r  

t h e  Q-value, although a l a rge  e r r o r  of near ly  20 % due t o  t h e  method of 

measuring l i q u i d  H e  consumption should be considered, some degradation 

i s  seen i n  t h e  hor izon ta l  test .  This degradation is  considered t o  be 

due t o  dus t  contamination during t h e  assembly of c a v i t i e s ,  couplers and 

o ther  components i n  t h e  hor izonta l  c ryos t a t s .  A s  long a s  t h e  long-term 

performance i n  t h e  r e a l  acce le ra to r  i s  concerned, t h e  Eacc(max) and Q- 

value measured i n  t h e  acce le ra to r  should be compared with those  i n  t h e  

hor izon ta l  tests, not  with those  i n  t h e  v e r t i c a l  tests. F i g . l ( b )  shows 

a change of Eacc(max) of each cav i t y  s ince  t h e  f i r s t  cooldown i n  T-MR 

up t o  now comparing with da ta  i n  t h e  hor izon ta l  t e s t .  Fourteen c a v i t i e s  

out  of s i x t een  have shown no degradation.  These c a v i t i e s  have been 

operated s t a b l y  with t h e  f i e l d  of 4.0-6.0 MV/m. Two c a v i t i e s  

(DlOB#l,DlOB#2), which are located i n  t h e  same c ryos t a t ,  however, 

showed degradation of Eacc(max) a f t e r  one week operat ion of t h e  physics 

run. Table 4 shows Q-value measured i n  t h e  hor izon ta l  t e s t s  and i n  T- 

MR. Q-values of t he se  two c a v i t i e s  a l so  reduced t o  O .  6 x 1 0 ~  and 1 . 1 ~ 1 0 ~ ~  

respect ively ,  although those  of o ther  c a v i t i e s  show no c l e a r  

degradation.  Elect ron loading measured through t h e  monitor po r t  and X- 

ray  measured near t h e  c ryos t a t  show s t rong  f i e l d  emission i n  these  two 

c a v i t i e s .  The degradation of these  two c a v i t i e s  i s  considered t o  be 

caused by dus t  acc iden ta l ly  from somewhere. 

Env- C- . . 
Vacuum pressure  i n  operat ional  condi t ion i s  t y p i c a l l y  1-3x10"~ 

mbar i n  SPS and 3 - 2 0 x 1 0 ' ~ ~  mbar i n  T-MR. In t h e  CERN beam test  t h e  

acce l e r a to r  vacuum condi t ions  were est imated i n  view of t h e  l a r g e  
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4 5 6 7 8 9 10  11 12 

Eacc max (Vert.test) (MVIm) 

Fig.2 Eacc(max) of 32 cavities measured in vertical tests and in 

horizontal tests at KEK. 

Fig.3 Q value of 32 cavities measured in vertical tests and in 

horizontal tests at KEK. 
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pumping speed of t h e  superconducting c a v i t y  su r face .  The t o t a l  amount 

of t h e  absorbed gas  a f t e r  two months opera t ion was es t imated t o  be 0.34 

mbarl, c a l c u l a t e d  by vacuum pressure  and pumping speed of t h e  ion  

pumps. Independent method measuring t h e  desorbed gas  on t h e  occasion of 

warming up confirmed t h e  above r e s u l t .  A companion experiment 

conducted i n  CERN showed t h a t  between one and f i v e  monolayers 

equ iva len t  gas  exposure t h e  high f i e l d  Q-values were lowered by 

e l e c t r o n  loading.  Based on t h i s  r e s u l t ,  CERN f o r e s e e s  t h a t  t h e  c a v i t y  

can most l i k e l y  be kept  a t  4.5 K without degradation f o r  a pe r iod  of 3 

years5.  

Also a t  KEK i n  T-MR t h e  desorbed gas  was measured. The r e s u l t  is  

3 mbarl a f t e r  two months opera t ion,  t h a t  is  10 t i m e s  l a r g e r  than t h a t  

of SPS. The absorbed gas dur ing two months corresponds t o  two 

monolayers i n  T - M R ~ ~ .  For t h e  p resen t  no degradaion of Eacc (max) and Q- 

value was measured except  f o r  t h e  two c a v i t i e s .  In usual  opera t iona l  

sequence t h e  c a v i t i e s  a r e  warmed up a f t e r  every two o r  t h r e e  months 

opera t ion.  This seems t o  c o n t r i b u t e  t o  keeping good performance of t h e  

c a v i t i e s .  

l e  4. 0 veal tests and i n  T - MR a t  

liE;fi 

Cavity No. Q-value (xlo9) a t  Eacc (MV/m) 

Horizonta l  T-MR T-MR 

test 20 Mar.'89 19 Ju1.'89 

D ~ O A # ~  1.6 (6.6) 2.4 (5.5) 2.2 (5.5) 

D10A#2 2.1 (6.5) 2.0 (6.0) 2.2 (6.0) 

D10A#3 - 1.4 (5.0) 1.3 (5.0) 

D10A#4 1.9 (6.3) 1.9 (6.0) 1.9 (6.0) 

D ~ O B # ~  1.7 (7.0) 0.78 (4.0) 0.58 (4.0) 

D10B#2 1.6 (6.0) 1.2 (4.5) 1.1 (4.4) 

D10B#3 2.8 (6.8) 2.7 (6.0) 2.2 (6.0) 

DlOB#4 2.4 (7 .O) 2.8 (6.0) 2.5 (6.0) 

~ l l ~ # l  2.3 (6.9) 2.7 (6.0) 2.2 (6.0) 

DllA#2 1.5 (4.2) 1.5 (5.0) 1.5 (5.0) 

DllA#3 2.4 (5.4) 2.6 (5.0) 2.1 (5.0) 

D11A#4 1.4 (5.9) 2.5 (6.0) 2.1 (6.0) 

~ 1 1 ~ # 1  2.1 (8.0) 2.6 (6.0) 2.2 (6.0) 

DllB#2 1.9 (5.5) 1.7 (5.5) 1.4 (5.5) 
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- Op* - 
Problems encountered during t h e  l a s t  nine months operation i n  T- 

MR a r e  described15. The most se r ious  problem was vacuum leak a t  t h e  

ceramic window of t h e  input coupler .  One coupler (#6b) developed a 

vacuum leak during cav i t y  aging operation a f t e r  a  shor t  shut  down of 

t h e  acce le ra to r .  There was a v i s i b l e  crack a t  t h e  ceramic window. After  

warming up t h e  cav i t y  and changing t h e  input coupler, w e  t r i e d  t o  

operate t h e  cav i t y  again.  It turned out ,  however, not only t h e  cav i t y  

whose coupler  developed t h e  leak,  but a l s o  t h e  next c av i t y  (#6a) i n  t h e  

same c ryos t a t  were contaminated too  much t o  be powered. The two 

c a v i t i e s  were cooled down again, detuned and unpowered u n t i l  they were 

changed by X13aX13b i n  t h e  next shut  down. 

Another input coupler (#3b) developed a vacuum leak during t h e  

physics run. The coupler  was changed by another one and could be 

operated again.  A leak without v i s i b l e  crack was a t  t h e  ceramic window. 

Unexpected amount of fundamental r f  (IkW) came out  of t h e  HOM 

couplers on some occasions due t o  breakdown of HOM couplers  which 

changed t h e  f i l t e r  frequency f o r  t h e  fundamental mode. Some N type 

connectors a t  t h e  end of HOM output cables  i n  vacuum tank were burned. 

This t r oub l e  has l imi ted  t h e  beam current  t o  11 mA. An in t e r l ock  system 

i s  now equipped t o  de t ec t  t h e  breakdown of HOM couplers measuring t h e  

fundamental power from t h e  HOM couplers.  

4 .  RE' Con- . . 

Some c h a r a c t e r i s t i c  f e a tu r e s  of t h e  superconducting c a v i t i e s  have 

t o  be taken i n t o  considera t ion when w e  design and const ruct  t h e  RF 

system. 

Rob-on St- . . 
Since t h e  beam-induced voltage i s  l a rge  i n  superconducting c a v i t i e s  

due t o  t h e  high impedance, t h e  s to red  current  w i l l  be l im i t ed  by 

Robinson i n s t a b i l i t y 1 6 .  The Robinson s t a b i l i t y  l i m i t  i s  represented as17 

2 k  sin tb I 

where (b i s  t h e  synchronous angle, a i s  t h e  tuning angle o f f s e t ,  VC is  

t h e  cav i t y  voltage and QL i s  loaded Q .  It can be seen from E q . ( l )  t h a t  
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(i) a t  i n j e c t i o n  energy ( $=60-80 deg) , s h i f t i n g  t h e  t u n i n g  ang le  o f f s e t  

by s e v e r a l  t e n  degrees  i s  q u i t e  e f f e c t i v e  t o  i n c r e a s e  t h e  maximum s t o r e d  

c u r r e n t  and t h a t  (ii) a t  t h e  maximum energy ( $=45 d e g ) ,  s h i f t i n g  t h e  

t u n i n g  ang le  o f f s e t  i s  no t  very  e f f e c t i v e .  

I n  t h e  KEK beam t e s t  i n  T-AR, t h e  maximum s t o r e d  c u r r e n t  was 

s t u d i e d  i n  d e t a i l  with r e s p e c t  t o  Robinson s t a b i l i t y .  The e l e c t r o n  beam 

was s t o r e d  by one 5 - c e l l  superconduct ing c a v i t y ,  while  t h e  o t h e r  5 - c e l l  

and normal conduct ing c a v i t i e s  were detuned.  The maximum s t o r e d  c u r r e n t  

was measured a t  t h e  i n j e c t i o n  energy of 2 .5  G e V  changing t h e  c a v i t y  

f i e l d  and c a v i t y  t u n i n g  ang le  o f f s e t .  The r e s u l t  i s  shown i n  F ig .4 .  It 

was confirmed t h a t  (i) t h e  maximum s t o r e d  c u r r e n t  i s  i n  agreement with 

Robinson s t a b i l i t y  l i m i t  and t h a t  (ii) s h i f t i n g  t h e  t u n i n g  ang le  o f f s e t  

is  q u i t e  e f f e c t i v e  a t  t h e  i n j e c t i o n  energy.  

Energy 2.5 GeV 
Cavity SCC-AR#7 

Tuning Angle Offset 

M 0 deg - -10deg - -20 deg 
--.-a--. 0 deg (cal) 
..--M-.- -1 0 deg (cal) 

0.0 1 .o 2.0 

Eacc (MVlm) 

Fig .4  ~aximum s t o r e d  c u r r e n t  i n  T-AR beam tes t .  S o l i d  l i n e s  i n d i c a t e  

measured va lues ;  dashed l i n e s  i n d i c a t e  c a l c u l a t e d  va lues  from 

Robinson s t a b i l i t y  l i m i t .  
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I n  case  of T-MR operation,  t h e  Robinson s t a b i l i t y  i s  severe r  

r e s t r i c t i o n  a t  i n j ec t i on  energy because of lower a cce l e r a t i ng  f i e l d  than 

a t  t h e  maximum energy. The Robinson s t a b i l i t y  l i m i t  was ca lcu la ted  a t  

t h e  i n j e c t i o n  energy. The s t a b i l i t y  l i m i t  depends on acce l e r a t i ng  

vol tage  of t h e  c a v i t i e s  and on a  t o t a l  amount of r i n g  impedance. 

Provided t h a t  t h e  impedance is  8000 mega ohm and t h e  f i e l d  i n  t h e  

superconducting c a v i t i e s  is 1 . 0  MV/m a t  i n j e c t i o n  energy, t h e  

ca l cu l a t i on  shows t h a t  20 degrees of detuning i s  necessary t o  s t o r e  1 6  

mA. Taking a  t r a n s i e n t  e f f e c t  i n t o  considerat ion,  t h e  tuning angle is  

s h i f t e d  by 30 degrees a t  t h e  i n j ec t i on  i n  T-MR. A t  t h e  maximum energy, 

however, such a  heavy detuning is not needed and even causes an excess 

k lys t ron  power. Consequently t h e  tuning angle o f f s e t  i s  operated i n  a 

programmed pa t t e rn ,  s h i f t e d  by 30 degrees a t  t h e  i n j e c t i o n  and res to red  

t o  5  degrees a t  t h e  maximum energyl1. 

T- Low 

The cav i t y  tuning system is summarized i n  Table 5.  The CERN 

cav i t y  uses Ni-bars support ing t h e  cav i ty  f o r  t h e  tuning.  Fast  movement 

is  achieved by magnetostr ict ion and slow movement i s  by temperature 

change of t h e  same Ni-bars. The Darmstadt c av i t y  and t h e  KEK c av i t y  use 

a  s tepping motor f o r  coarse tuning and a  p i ezoe l ec t r i c  t ransducer  f o r  

f i n e  tuning.  The tuning system of KEK i s  located a t  t h e  end p l a t e  

ou t s ide  t h e  c ryos ta t ,  whereas t h a t  of Darmstadt i s  loca ted  i n  t h e  

helium tank.  The DESY cav i t y  needs only slow tuning system using a  

s tepping motor because t h e  bandwidth i s  r e l a t i v e l y  wide. 

Mechanical o s c i l l a t i o n s  have been observed i n  t h e  superconducting 

s t r uc tu r e s .  The KEK c av i t y  has a  mechnical resonance a t  40-50 Hz. 

Similar  o s c i l l a t i o n s  a r e  observed i n  t h e  Darmstadt c av i t y  i n  t h e  

frequency range of 200-400 Hz and i n  t h e  CERN cav i t y  i n  t h e  frequency 

range of 50-100 Hz. These  o s c i l l a t i o n s  r e s t r i c t  t h e  band of f a s t  tuning 

feedback con t ro l  loop t o  very low frequency. The band of t h e  

p i e z o e l e c t r i c  t ransducer  of t h e  KEK cav i ty  i s  l im i t ed  up t o  20 Hz. The 

phase o s c i l l a t i o n  caused by t h e  mechanical o s c i l l a t i o n  i s  t y p i c a l l y  +-3 

degrees i n  t h e  KEK c av i t y .  But t h i s  is  not a  s e r i ous  problem because 

t h e  phase and amplitude of t h e  cav i ty  f i e l d  a r e  s t a b i l i z e d  by o ther  

f a s t  feedback loops t o  con t ro l  t h e  cav i t y  f i e l d .  
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The phase  l ock  l o o p  and t h e  ampl i tude  c o n t r o l  l oop  f o r  t h e  c a v i t y  

f i e l d  have con f ron ted  no major problems. The phase v a r i a t i o n  less t h a n  

+-0.3 deg rees  i s  e a s y  t o  be  ach ieved .  

Some t r o u b l e s  have t aken  p l a c e  i n  t h e  c a v i t y  t u n i n g  system. A t  

Darmstadt t h e  performance of t h e  p i e z o e l e c t r i c  t r a n s d u c e r s  degraded i n  

hel ium atmosphere a t  2 K and some of  t h e  mechanical  c o a r s e  t u n e r s  

become i n o p e r a t i o n a l  a f t e r  cooldown. They have s t a r t e d  t o  test ano the r  

t y p e  of  t u n e r  u s i n g  m a g n e t o s t r i c t i v e  d e v i c e s .  A t  KEK t h e  t u n i n g  system 

i s  l o c a t e d  i n  t h e  room tempera ture .  The s t r o k e  of t h e  p i e z o e l e c t r i c  

t u n i n g  i s  l a r g e  enough. One problem was t h a t  one of  t h e  p i e z o e l e c t r i c  

t r a n s d u c e r s  f a i l e d  a f t e r  n i n e  months o p e r a t i o n  caused  by r a d i a t i o n  

damage. 

f requency  

bandwidth 

c o a r s e  t u n i n g  

(method) 

( s t r o k e )  

f i n e  t u n i n q  

(method) 

( s t r o k e )  

Int- 

When a quench occurs ,  a l a r g e  amount of  l i q u i d  he l ium i s  

consumed. I n  o r d e r  t o  p reven t  he l ium p r e s s u r e  rise and keep  s t a b l e  

o p e r a t i o n  of  t h e  r e f r i g e r a t o r ,  f a s t  d e t e c t i o n  of  t h e  quench i s  

neces sa ry .  P o s s i b l e  mothods a r e ;  d e t e c t i n g  t h e  he l ium p r e s s u r e  rise, 

t empera tu re  measurement and RF measurement. To d e t e c t  t h e  quench f a s t  

enough, t h e  t empera tu re  measurement o r  t h e  RF measurement i s  

p r e f e r a b l e .  

A t  CERN a quench is  d e t e c t e d  by e x c e s s i v e  d i f f e r e n c e  between 

i n c i d e n t  and  r e f l e c t e d  RF  power. I f  a quench i s  d e t e c t e d ,  t h e  RI? is  

swi t ched  o f f  b u t  t h e  RF feedback t o  compensate f o r  beam l o a d i n g  i s  n o t  

sw i t ched  o f f .  I n  t h e  DESY c a v i t y  test, a quench i s  d e t e c t e d  by 60 

4 

KEK 

508 MHz 

500 Hz 

Motor 

400 kHz 

P iezo  

6 kHz 

CERN 

353 MHz 

440 Hz 

N i  b a r  

t empera tu re  

50 kHz 

N i  b a r  

m a g n e t o s t r i c t  

1 . 5  kHz 

DESY 

500 MHz 

2500 Hz 

Motor 

none 

Darmstadt 

2997 MHz 

Motor 

1 MHz 

P iezo  
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carbon r e s i s t o r s  with a f a s t  da ta  logging system. The s e n s i t i v i t y  i s  

0 . 5  mK a t  4.2 K.  I n  t h e  co rne l l  beam test i n  1982 i n  CESR, r a t i o  of 

energy i n  t h e  cav i t y  t o  inc iden t  power was in te r locked .  I n  t h e  T-MR 

operat ion a t  KEK, a  quench is de t ec t ed  from a decrease  of t h e  cav i t y  

f i e l d  and/or t i m e  g rad ien t  of t h e  cav i t y  f i e l d .  The r e s u l t  i s  t h a t  a  

quench i s  de tec ted  wi thin  20 msec and t h e  p ressure  inc rease  i s  below 1 

mbar . 
Once t h e  quench occurs, t h e r e  might be a choice whether t h e  beam 

should be dumped o r  no t .  I n  case  of us ing t h e  c a v i t i e s  i n  an 

acce l e r a to r  f o r  experimental use, it i s  de s i r ab l e  not  t o  dump t h e  beam. 

Consequently t h e  c a v i t y  should be detuned immediately a f t e r  t h e  quench 

occurs t o  avoid a l a r g e  amount of power consumption caused by t h e  beam- 

induced f i e l d .  I n  t h e  T-MR operat ion a t  KEK, when a quench is de t ec t ed  

t h e  k lys t ron  rf is  switched o f f  and t h e  c a v i t y  is  detuned away by 2-3 

kHz without t h e  beam dumped. 

A l l  i n t e r l o c k s  equipped f o r  t h e  superconducting c a v i t i e s  i n  t h e  

T-MR operat ion a t  KEK a r e  d ivided i n t o  two groups; one i s  t o  switch o f f  

one k ly s t ron  and t h e  o the r  i s  t o  switch o f f  a l l  k lys t rons  so  t h a t  t h e  

beam is dumped. 

(1) switch o f f  one klys t ron;  

c av i t y ;  quench de t ec to r s ,  vacuum (CCG), HOM fundamental power, 

a r c ing  of input  couplers,  temperature of inpu t  couplers,  

maximum allowable c av i t y  f i e l d ,  e t c  

c ryos t a t ;  helium l eve l ,  hea te r  ready, 

wave guide; r e f l e c t i ons ,  flow switches, thermo switches 

(2 )  beam dump 

temperature rise of HOM cab les  

helium pressure  rise 

- Recoverv Pr- 

I f  a  l o t  of c a v i t i e s  a r e  used i n  operat ion,  it i s  almost impossible 

t h a t  a l l  c a v i t i e s  work without any t r oub l e s .  On some occasions an i n t e r l oc k  

works t o  switch o f f  t h e  RF, by cav i t y  t r oub l e s  such a s  a quench, vacuum 

t roub l e  and arc ing,  o r  by t r dub l e s  i n  k lys t ron  o r  i n  power supply system, 

e t c .  When t h e  c a v i t i e s  a r e  i n  operat ion i n  an acce l e r a to r  providing beams 

f o r  experimental  use, t h e  following condi t ions  a r e  q u i t e  necessary t o  keep 

s t a b l e  opera t ion .  (i) To s t o r e  t h e  beam s t a b l y  even i f  one ( o r  more) 

k lys t ron  is switched o f f  by some i n t e r l ock  and (ii) t o  swi tch on t h e  RF 
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a f t e r  t h e  t r o u b l e  i s  solved, under t h e  condi t ion  of t h e  beam c i r c u l a t i n g .  

I n  t h e  p resen t  s t age ,  four  k lys t rons  a r e  used f o r  superconducting c a v i t i e s  

i n  T-MR, each k lys t ron  d r i v i n g  four  c a v i t i e s .  I n  usual  opera t iona l  condi t ion  

i n  T-MR, t h e  s t o r e d  beam i s  not  l o s t  when one k l y s t r o n  i s  switched o f f .  The 

l a t t e r  condi t ion  should be  t r e a t e d  c a r e f u l l y  because of high beam induced 

vo l t age  i n  t h e  superconducting c a v i t i e s .  

I n  t h e  T-MR opera t ion a t  KEK, t h e  sequence of t h e  swi tching on t h e  RF 

is done i n  t h e  fol lowing way. The sequence of RF switching-on i s  divided 

i n t o  two s t a g e s .  F i r s t ,  when t h e  RF i s  switched on, t h e  phase lock loop 

(PLL) and t h e  automatic l e v e l  c o n t r o l  loop (ALC) t o  s t a b i l i z e  t h e  k lys t ron  

output  a r e  c losed.  The s tepping motor s t a r t s  t o  move searching a  tun ing  

po in t .  The genera tor  vol tage  (Vgr) i s  e s t a b l i s h e d  s o  t h a t  t h e  amplitude i s  

dependent on beam cur ren t  and energy and t h e  phase of t h e  Vgr i s  ad jus ted  t o  

appropr ia te  p o s i t i o n .  Second, a l l  of four  c a v i t i e s  a r e  tuned, then t h e  ALC 

and PLL t o  c o n t r o l  t h e  c a v i t y  f i e l d  a r e  c losed.  The re fe rence  vol tage  of t h e  

ALC i s  r a i s e d  t o  normal opera t ion vo l t age .  The responce speed of t h e  tuning 

loop i s  20 msec, 1 0  t i m e s  slower than t h e  speed of t h e  PLL and ALC, 

r e s t r i c t e d  by t h e  mechanical resonance. A t  t h e  t i m e  t h e  feedback loop i s  

changed from t h e  k l y s t r o n  c o n t r o l  t o  t h e  c a v i t y  f i e l d  c o n t r o l ,  t h e r e  i s  a  

p o s s i b i l i t y  f o r  t h e  feedback loop t o  d iverge .  In  t h i s  t r a n s i e n t ,  t h e  c a v i t y  

f i e l d  feedback loop should be changed smoothly enough s o  t h a t  t h e  tuning 

loop could ca tch  up with t h e  change i n  t h e  tun ing  angle .  For t h a t  purpose 

t h e  loop ga in  of t h e  feedback loop i s  r a i s e d  g radua l ly  a f t e r  t h e  loop i s  

closedl1.  

- F i e l d o n  v 
C a l i b r a t i o n  of t h e  amplitude of t h e  c a v i t y  f i e l d  has been i n  

genera l  based on Q e x t  of t h e  monitor p o r t  and cab le  a t t e n u a t i o n  from 

t h e  monitor p o r t  t o  r f  d e t e c t o r .  Independent check was done from 

synchrotron frequency of t h e  s t o r e d  beam (KEK) o r  from t h e  beam energy 

(CERN).  These were i n  good agreement wi th in  5%.  

I n  T-MR opera t ion,  t h e  phase of t h e  c a v i t y  f i e l d  was a d j u s t e d  

t ak ing  advantage of t h e  high beam-induced vo l t age  i n  superconducting 

c a v i t i e s .  I f  t h e  tun ing  angle  o f f s e t  is  set t o  zero, t h e  c a v i t y  f i e l d  

(VC) becomes 
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where, Ib is the beam current, QL is the loaded Q, A is the synchronous 

angle, and Pg is the generator power. The high impedance of the 

superconducting cavity makes the second term comparable to the first 

term. The phase of the superconducting cavities was adjusted as 

follows. The beam was stored by normal conducting cavities alone with 

all superconducting cavities detuned. Then one superconducting cavity 

was tuned. Keeping the generator power constant, klystron phase was 

shifted so that the second term of Eq.(2) became zero. This procedure 

was done on all cavities one after another. All mentioned above was 

done using electron beam and positron beam, respectively. Difference of 

wave guide length and cavity allignment errors were derived from the 

phase shift of each cavity mentioned above. Thus the phase of all 

superconducting cavities were adjusted each other within 2 degrees. 

Finally the phase between the superconducting cavities and normal 

conducting cavities were adjusted maximizing the synchrotron frequency 

of the beam. 

5 .  Righer Order Modes 

The KEK 5-cell cavity uses two coaxial HOM couplers mounted at 

right angles to each other at the beam pipe opposite to the input 

coupler. The external Q for the fundamental mode of any HOM coupler is 

greater than 1 0 ~ ~ .  The DESY 4-cell cavity uses a set of three coaxial 

two-stub HOM couplers; one is mainly for TMoll and two are for TElll, 

TMllo and TM012. 

Typical damping of most prominent HOM's are listed in Table 6. 

Due to the high designed current for HERA condition, strong damping is 

necessary for the DESY couplers. For longitudinal modes QL=600 and for 

transverse modes QL is smaller than 20000. Also in CERW and KEK, the 

most prominent HOM's are sufficiently damped. 

In the KEK operation in T-MR, measured output power is typically 

50 W per one coupler for TMOll at 8 mA. No beam instability caused by 

HOM's in the superconducting cavities has been observed in T-MR. 
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of most -t H- 

(R/Q is in ohm and QL is in 103.) 

For the dipole modes R/Q is defined 50 mm out of beam axis. 

TMOll 

( lonqi . ) 

TElll 

(trans. ) 

TMllO 

(trans . ) 

Superconducting cavities have been operated successfully in 

accelerators. It has been confirmed that the superconducting cavities can 

be used stably for experimetal use. For more than 5000 hours the cavities 

have indicated no essential degradation of the cavity performance. The 

study of long-term performance should be continued in longer range of 

period. 
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DESY CERN 

R/Q 

5.4 

4 8 

111 

17 .o 
14.6 

4.3 

22.4 

15.4 

R/Q 

4 6 

108 

8.3 

7.2 

11 

7 . 4  

KEK 

QL 

4.8 

0.6 

0.6 

6.2 

4.8 

5.1 

7.0 

15.0 - 

QL 

8 

13 

2 7 

19 

5 8 

9 4 

R/Q 

22 

5 6 

103 

2 5 

33 

13 

26 

7.2 

QL 

30-60 

10-20 

10-30 

30-80 

15-35 

28-82 

68-134 

131-300 
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