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ABSTRACT 

We are developing and cons t ruc t ing  a se r ies  o f  niobium 

resonators f o r  t he  acce lera t ion  o f  h igh-current  i o n  beams. These 

s t ruc tu res  are designed t o  operate a t  f requencies o f  350 MHz t o  

over 1 GHz and v e l o c i t i e s  o f  0.1 c t o  0.5 c. Both coax ia l  

quarter-wave and coax ia l  half-wave geometries a re  being 

explored. By comparing quarter-wave and ha1 f-wave s t ruc tu res  o f  

t he  same frequency and ve loc i t y ,  we p l a n  t o  quan t i f y  t he  r e l a t i v e  

performance of these two d i s t i n c t  geometries. 
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1. INTRODUCTION 

Superconducting c a v i t i e s  o f f e r  a number o f  advantages w i t h  respect  t o  

appl i c a t  ions i n  the  acce lera t ion  o f  high-br ightness i o n  beams. l Because they 

ca r ry  an i nhe ren t l y  low i n t r i n s i c  surface resistance, these s t ruc tu res  need 

no t  be opt imized w i t h  respect t o  shunt impedance, so t h a t  new designs which 

would be i n e f f i c i e n t  f o r  normal-conducting c a v i t i e s  can be explored. For 

example, compared t o  normal-conducting resonators, superconducting resonators 

can be r e l a t i v e l y  shor t  w i t h  l a rge  beam apertures. Moreover, they can be 

independently phased w i t h i n  a l i n e a r  accelerator  ( l  inac) so t h a t  they degrade 

g race fu l l y ,  i . e .  a l oss  o f  c a v i t i e s  and/or focussing elements can be 

compensated by ad jus t ing  the phases and amplitudes o f  the  f i e l d s  i n  t he  

working c a v i t i e s .  These advantages motivated, a t  l e a s t  p a r t l y ,  t he  

cons t ruc t i on  o f  superconducting boosters f o r  low-current i o n  beams. These 

boosters have operated r e l i a b l y  i n  the continuous-wave (cw) mode, accumulating 

over 50,000 hours o f  beam on ta rge t  w i t h  minimal supervision. The h i s t o r y  o f  

superconducting l inacs and o f  the  associated techn ica l  issues i s  reviewed i n  

Ref. 2; t he  s t a t e  o f  the  a r t  o f  radio-frequency ( r f )  superconduct iv i ty  (sc), as 

app l ied  t o  p a r t i c l e  accelerators i s  reviewed i n  Ref. 3; and the  cu r ren t  s ta tus  

o f  superconducting heavy-ion accelerators i s  reviewed i n  Ref. 4. 

We seek t o  expand the e x i s t i n g  technology base f o r  low-brightness, low- 

frequency i o n  accelerators i n t o  t h a t  requ i red  f o r  high-brightness, h igh-  

frequency l inacs .  Current plans toward t h i s  end i nvo l ve  the  design, f ab r i ca -  

t i o n ,  and cons t ruc t ion  o f  one o r  more f u l l y  automated superconducting sect ions 

f o r  t e s t i n g  a t  the  e x i t  apertures o f  high-br ightness i o n  acce lera tors  

p ro jec ted  t o  be ava i l ab le  i n  the early-to-mid 1990s. These sec t ions  would be 

used t o  study acce lera tor  issues such as beam impingement, focussing, beam 

i n s t a b i  l i t i e s ,  and beam loading/contro l  (which are  discussed re1  a t  i v e  t o  

l i n a c s  f o r  high-br ightness beams i n  Ref. 1). 

I n  t h i s  paper, we describe the ongoing e f f o r t  t o  develop niobium 

resonators f o r  these sect ions and comment on a l t e r n a t i v e  ma te r ia l s  f o r  c a v i t y  

f ab r i ca t i on .  
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2. RESONATOR DEVELOPMENT 

The var ious superconducting resonators developed t o  date have been f o r  

appl i c a t i o n s  i n  high-energy e lec t ron  accelerators o r  heavy-ion boosters f o r  

e l e c t r o s t a t i c  accelerators. Accordingly, as i s  ind ica ted  i n  F igure  1, 

superconducting s t ruc tures  which a're e i t h e r  i n  use o r  i n  the  advanced 

development stage occupy two d i s t i n c t  regions o f  the f requency-veloc i ty  plane 

which l i e  ou ts ide  the  reg ion  o f  i n te res t .  Ear ly  development o f  super- 

conduct ing s t ruc tures  i n  the  frequency-veloci ty range o f  i n t e r e s t  here 

involved c a v i t y  geometries which e i t h e r  showed l i t t l e  promise,5 o r  were no t  

e n t i r e l y  appropr iate f o r  t h i s  appl icat ion.6 Since the  most successful 

e x i s t i n g  slow-wave superconducting s t ruc tures  are based on some form o f  

resonant l i n e  w i t h  the beam t rave rs ing  the high-voltage region, the  

development approach we are tak ing  involves extending t h i  S resonator  c lass  t o  

h igher  frequencies and ve loc i t i es .  

FREQUENCY (GHz)  

Figure 1. Phase v e l o c i t y  versus frequency o f  the  superconducting c a v i t i e s  

which are i n  use o r  a t  the  advanced development stage. 
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The f i r s t  superconducting accelerating cavity t o  be fabricated as pa r t  of 
the t h i s  program i s  the 425 MHz, 0.16 c quarter-wave resonator pictured in 

Figure 2. The inner conductor i s  formed from 0.16-cm-thick sheet niobium and 
is f i l l e d  with l iquid helium during tes t ing.  The outer  conductor was 

fabricated from a process developed fo r  the Argonne Tandem Linear Accelerator 
 stem,^ i n  which a sheet of niobium of a few mm thickness had been 

explosively bonded t o  copper. The copper, a good thermal conductor, takes 

heat from the niobium, a re la t ive ly  poor thermal conductor, and deposits i t  in 

an adjacent l iquid helium reservoir .  By design, t h i s  cavity can e f f i c i e n t l y  
accelerate ions of energy i n  the range 5 t o  50 MeV/amu. 

r 
NIOBIUM 

. COPPER - . . 

NlOBlUY I - 
Figure 2. Coaxial quarter-wave resonator of frequency 425 MHz and pa r t i c l e  

velocity 0.155 c fabricated with a copper-clad niobium outer  conductor. 
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Other c a v i t i e s  i n  f a b r i c a t i o n , i n c l u d e  the  352 MHz, s = 0.12 coax ia l  

quarter-wave and coax ia l  half-wave s t ruc tu res  p i c t u r e d  i n  F igure 3. The i nne r  

conductors o f  these c a v i t i e s  are made from 0.16-cm-thick sheet niobium, and 

the  ou ter  conductors are made from 0.32-cm-thick sheet niobium. Re la t i ve  t o  

the  half-wave, the  quarter-wave s t ruc tu re  should have less power d i s s i p a t i o n  

bu t  should sus ta in  a lower acce lera t ing  gradient.8 We p l a n  t o  q u a n t i f y  these 

d i f f e rences  w i t h  the  two cav i t i es .  Both are c u r r e n t l y  i n  f a b r i c a t i o n .  

F igure 3. Conceptual design o f  (a) a  coax ia l  half-wave resonator  and (b) a 

coax ia l  quarter-wave resonator o f  frequency 352 MHz and p a r t i c l e  v e l o c i t y  

0.12 c  f a b r i c a t e d  w i t h  h igh-conduct iv i ty  sheet niobium. 

Shown i n  F igure 4 i s  an add i t i ona l  c a v i t y  i n  f a b r i c a t i o n ,  an 850 MHz, 

s = 0.28 spoke resonator. The inner  and outer  conductors are sheet niobium 

which have the  same thicknesses and are cooled i n  the  same manner as t h e  

c a v i t i e s  o f  F igure 3. 
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Figure  4. Conceptual design o f  .a spoke resonator o f  frequency 850 MHz and 

p a r t i c l e  v e l o c i t y  0.28 c. 

I n  a h igh-cur ren t  i o n  l i nac ,  s t rong and f requent  focussing w i l l  be 

requ i red  t o  counter  t h e  e f f e c t s  o f  space charge. Because the  resonators  must 

go through t h e i r  t r a n s i t i o n  temperature i n  an environment e s s e n t i a l l y  f r e e  o f  

magnetic f i e l d s ,  permanent magnets cannot be located i n s i d e  t h e  c a v i t i e s  as 

they  are i n  an Alvarez s t ruc tu re .  Instead, one p o s s i b i l i t y  i s  t o  use 

superconducting electromagnets which are  turned on a f t e r  cooldown o f  t h e  

l i nac .  Experiments a t  lower frequency i n d i c a t e  t h a t  t h e  rf p r o p e r t i e s  o f  

superconducting niobium resonators remain i n t a c t  i n  t he  presence o f  h i g h  dc 

magnetic f i e l d s i 9  these resu l t s ,  which were obta ined a t  low rf f i e l d s ,  have 

been conf irmed a t  h igh  rf f i e l d s .  Accordingly,  one poss ib le  c o n f i g u r a t i o n  f o r  

reducing beam impingement on the  c a v i t y  w a l l s  invo lves  t h e  use o f  so lenoids 

and beam scrapers, as i l l u s t r a t e d  i n  F igure 5. 

Once f a b r i c a t e d  and tes ted  w i t h  h igh  f i e l d ,  these pro to type c a v i t i e s  w i l l  

be used f o r  experiments r e l a t e d  t o  the  remote opera t ion  o f  a l i n a c .  Methods 

f o r  forced- f low cool ing,  slow and f a s t  tuning, and automated rf c o n t r o l  w i l l  

be developed, and t h e  long-term s tab i  l i t y  and associated r e c o n d i t i o n i n g  

requirements w i l l  be i d e n t i f i e d .  
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Figure 5. Conceptual focussing arrangement o f  a superconducting solenoid, 

beam block (1) t o  reduce beam impingement, and thermal i s o l a t o r  (2). 

3. MATERIALS DEVELOPMENT 

Niobium i s  t he  ma te r ia l  o f  choice f o r  near-term app l ica t ions ,  forming t h e  

base l ine  ma te r ia l  f o r  c a v i t y  f ab r i ca t i on .  Yet, niobium technology i s  s t i l l  

f a r  from achiev ing i t s  p o t e n t i a l .  The t h e o r e t i c a l  cw performance o f  low- 

v e l o c i t y  s t ruc tu res  such as those described here i s  o f  o rder  25 MV/m, and o f  

h igh -ve loc i t y  s t ruc tures ,  e.g., e l l i p t i c a l  c a v i t i e s ,  i s  of o rder  45 MV/m. To 

date, t he  bes t  values achieved are about h a l f  o f  t h e o r e t i c a l .  F i e l d  emission 

load ing  and thermal i n s t a b i l i t i e s  are the  major l i m i t i n g  f a c t o r s  i n  t h e  

achievement o f  h igh  acce lera t ing  gradients, and sur face processing t o  reduce 

these phenomena i s  the  cu r ren t  focus 'o f  R&D i n  t h i s  technology. 1 0 , l l  
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There are a number of a l t e r n a t i y e  mater ia ls  o f f e r i n g  p o t e n t i a l  advantages 

over niobium: t h i n  f i lms  of niobium and copper sequent ia l l y  deposited on t h e  

i n t e r i o r  o f  an aluminum i n f r a s t r u c t u r e  (Nb-Cu-Al), Nb3Sn o r  NbN, and high- 

temperature superconductors (HTS) . Their  advantages are p r i n c i p a l  l y  i n  t he  

form o f  s impler  manufacturing and increased r e l i a b i l i t y .  These advantages are 

sumnarized i n  Table 1. 

Table 1. Impacts o f  A l te rna t i ve  Superconducting Ma te r ia l s  

Mater i  a1 Benef i ts  ( r e l a t i v e  t o  sheet niobium) 

Nb-Cu-A1 Easier mass product ion o f  resonators. 
("Near-termc1 : Reduced s e n s i t i v i t y  t o  beam impinge- 
3-5 years)* ment v i a  t h i n - f i l m  Nb. 

Nb3Sn/NbN Higher operat ing temperature. 
("Mi d-term1': Reduced s e n s i t i v i t y  t o  beam impingement 
5-7 years)*  Higher acce lera t ing  gradient .  

HTSC Higher operat ing temperature (no LHe). 
( U Long-term" : p o t e n t i a l  f o r  h igher  acce lera t ing  gradient .  
>7 years)* Po ten t i a l  f o r  reduced s e n s i t i v i t y  t o  

beam impingement. 
*Timing i s  estimated based on cur ren t  s ta tus  of corresponding R&D. 

Regarding the  convent ional superconductors, a l l  of t h e i r  advantages could 

be obta ined by f i r s t  prepar ing a Nb-Cu-A1 c a v i t y  and then app ly ing  t i n  o r  

n i t rogen  t o  ob ta in  Nb3Sn o r  NbN using a vapor d i f f u s i o n  process. l2 This would 

prov ide  a h igher  t r a n s i t i o n  temperature than niobium (14-17 K versus 9.2 K) 

and would a l l ow  f o r  correspondingly h igher  operat ing temperatures. It a lso  

would accomnodate h igher  peak surface magnetic f i e l d s  ( -5  kG versus -2 kG f o r  

niobium). I n  tu rn ,  improvements i n  thermal s t a b i l i t y  and l ess  s e n s i t i v i t y  t o  

beam impingement may r e s u l t ,  and h igher  acce lera t ing  grad ien ts  could i n  

p r i n c i p l e  be achieved. These technologies are i n  t h e i r  infancy, y e t  i n  view 

o f  t h e i r  p o t e n t i a l  benef i ts ,  they should both be aggressively  pursued. 

High-temperature superconductors have the p o t e n t i a l  t o  p rov ide  a l l  o f  

these advantages and a l so  e l im ina te  the  need f o r  l i q u i d  helium.13 Before they 

can be used, however, t h e i r  rf performance must f i r s t  be improved t o  a l l ow  low 

surface res is tances a t  h igh  peak f i e lds .  For example, a t  i t s  opera t ing  

temperature, an acce lera t ing  c a v i t y  w i l l  r equ i re  surface res is tances  no h igher  

than a few tens o f  micro-ohms a t  surface f i e l d s  as h igh  as a few hundred gauss 
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and a t  frequencies i n  the  range 200-1800 MHz. The rf performance o f  bulk  

p o l y c r y s t a l l  i n e  HTS ind i ca te  t h a t  a t  low f i e l d s ,  s u f f i c i e n t l y  low surface 

res is tances  are obtained, bu t  a t  h igh  f i e l d s  the  surface res is tance i s  t oo  

l a rge  by a f a c t o r  o f  However, the  data a lso i n d i c a t e  t h a t  t h i s  

mater i  a1 remains superconducting a t  high rf f i e l d s ,  which i S favorable. 

Moreover, there  i s  no known fundamental physics which would preclude the  

eventual achievement o f  usefu l  s u r f a i e  res is tances a t  h igh rf f i e l d s .  

The cerami c-oxide HTS mate r ia l  S are poor thermal conductors, a p roper ty  

which mot ivates the development o f  t h i n  f i l m s  on h igh-conduct iv i ty  

substrates. To be use fu l  i n  acce lera t ing  cav i t i es ,  the  rf p rope r t i es  o f  these 

f i l m s  w i l l  have t o  be compatible, and the f i l m  depos i t ion  process must be 

adaptable t o  substrates o f  complicated shape, l i k e  the  resonators o f  Figures 3 

and 4. Accordingly, considerable technological  development i s  required. 

4. CONCLUS I O N S  

Work i s  underway i n  the  form o f  a development program leading t o  

superconducting niobium sect ions f o r  t e s t i n g  w i t h  high-br ightness beams. 

Regarding a l t e r n a t i v e  mater ia ls ,  only  high-temperature superconductors are 

c u r r e n t l y  being pursued i n  earnest. Conventional superconductors i n  t he  form 

o f  t h i n - f i l m  niobium and Nb3Sn/NbN a l so  have the  p o t e n t i a l  t o  p rov ide  

s u b s t a n t i a l l y  simpler manufacturing and improved re1  i a b i  li t y  and could be 

a v a i l a b l e  sooner than HTS. 

Th i s  work was supported by the  U.S. Department o f  Energy under Contract 

W-31-109-ENG-38 and by the  U.S. Army S t ra teg i c  Defense Command. 
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