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INTRODUCT ION 

Work on r f  superconductivity a t  Argonne National Laboratory has, f o r  

the pas t  twelve years ,  focussed on the development of superconducting 

s t r u c t u r e s  f o r  acce lera t ion  of heavy-ions. This work has resu l ted  in  the 

development of several  niobium s p l i  t - r ing resonators  f o r  the acce l e ra  t ion of 

p a r t i c l e s  of ve loc i ty  .04 < v/c < .2c, construct ion and operation s ince 1979 

of a  superconducting "booster" l i nac  based on these resonators ,  and current ly ,  

the expansion of the booster i n to  the Argonne tandem- l inac  acce lera t ing  sys tem 

(ATLAS) - a na t ional  f a c i l i t y  fo r  nuclear s t ruc tu re  research [1,2].  

In what follows, we f i r s t  give a  br ie f  descr ip t ion  of the resonators  

developed f o r  the Argonne superconducting heavy-ion l inac  [3,4].  This i s  

followed by a  descr ip t ion  of the acce le ra to r  f a c i l i t y  and i t s  operat ional  

charac t e r i s  t i c s .  F ina l ly ,  cur rent  resonator development is discussed, 

together with implicat ions f o r  fu ture  upgrading of the ATLAS f a c i l i t y .  

Current development includes work on superconducting resonators  for  

very slow ( .006  C v/c < .04) p a r t i c l e s .  Successful development of such 

resonators  would enable replacement of the present e l e c t r o s t a t i c  i n j ec to r  of 

ATLAS with an electron-cyclotron-resonance posi t ive-ion source and a sec t ion  

of low-velocity l inac  [ 5 ] .  Such an upgrading would subs t an t i a l ly  increase 

both the mass range and beam current  of the ATLAS f a c i l i t y .  
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N I O B I U M  SPLIT-RING RESONATORS 

Early work a t  Argonne culminated with the operat ion,  i n  1975, of X/2 

helical ly- loaded resonators  a t  acce lera t ing  gradients  above 4 MV/m [ 6 ] .  

However, because of the d i f f i c u l t y  of cont ro l l ing  the rf  

eigenfrequency of he l ix  resonators ,  i t  was decided t o  attempt construct ion of 

the more mechanically s t ab le  s p l i t - r i n g  design with niobium (61. The 

development of t h i s  c l a s s  of resonators  i s  documented i n  d e t a i l  elsewhere 

[2,3,4] ; however, several  fea tures  a r e  worth recapi tu la t ing .  

A demountable niobium superconducting r f  j o i n t  was developed to  

permit access to  the resonator i n t e r i o r ,  both to f a c i l i t a t e  electro-chemical 

processing and a l s o  to  permit diagnosis and treatment or  defec ts  of the 

superconducting surface [ 2 ] .  

An explosively-bonded copper-niobium composite material  was 

developed to provide a conduction-cooled, mechanically s t ab le  outer  housing 

f o r  the resonator. Conduction cooling removed the necessi ty of immersing the 

outer  wall  i n  l iquid  helium and g rea t ly  s implif ied the c ryos t a t  design [2 ,3 ] .  

A PIN diode f a s t -  tuning sys tem was developed to overcome the e f f e c t s  

of ambient v ibra t ion  on the resonator  eigenfrequency and cont ro l  the rf  phase 

of the resonators.  The PIN diode tuning system operated a t  77K, and i s  

mounted within the cold region of the c ryos t a t ,  and avoids the necessi ty of 

running several  ki lowatts  of r f  power from room temperature to  4.2K [ 2 ] .  

Figure l shows the three types of s p l i t - r i n g  resonators so f a r  

developed a t  Argonne and produced in  quanti ty  fo r  the heavy-ion l inac.  Table 

I shows the pr inc ipa l  electrodynamic parameters of these resonators.  
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TABLE I. P r o p e r t i e s  of s e v e r a l  Argonne s p l i  t - r i ng  resona tor  geometr ies .  

= P I I L I P I P P O I O ~ ~ I = O O P ~ ~ - - ~ ~ P ~ ~ = = = = P P I P I O = ~ = = ~ ~ ~ ~ ~ = ~ ~ = ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ = ~ = ~ = = = ~ ~ = ~ = = = ~ =  

Type Optimum Frequency Peak Surface F i e ld s  r f  energy* leng th  
Veloc i ty  e l e c t r i c *  magnetic* 

L 0 . 0 6 6 ~  97 .OMHz 4.8 u n i t s  129 G 0.073 J 20.3cm 

H 0.106 97 .O 4,8 182 0.147 35.6 

V 0.155 145.5 4.8 240 0.120 35.6 

S 0.155 145.5 3.9 140 0.159 35.6 

IPIIaaaPD1IPIPIIIP93PPI=PItI=P=i.O=¶====.I=======~5=~====R-=====EEE==U==~~==a~== 

* - referenced t o  an a c c e l e r a t i n g  f i e l d  l e v e l  Ea = l MV/m. 

A s  f a b r i c a t e d ,  some of these  resona tors  have been l imi ted  i n  

perf  ormance by thermal-magnetic i n s t a b i l i t y  caused by l oca l i z ed  d e f e c t s  of the  

superconduct ing sur face .  A second- sound time-of-f l i g h t  d i agnos t i c  technique 

was developed t o  l o c a t e  such de f ec t s ,  which can u sua l l y  be removed e a s i l y ,  

once loca ted  (21. Most d e f e c t s  have been found t o  be a s soc i a t ed  with  welds; 

t he r e  a r e  more than 50 electron-beam welds i n  each resonator .  

Figure  2 shows the performance obtained wi th  s eve ra l  of the low-beta 

resona tors .  While the  performance shown is  excep t iona l ,  v i r t u a l l y  a l l  of the  

r e sona to r s  b u i l t  have operated a t  su r f ace  e l e c t r i c  f i e l d s  i n  excess  of 15 MV/m 

i n  o f f  l i n e  t e s t s ,  wi th  most u n i t s  opera t ing  a t  s u b s t a n t i a l l y  h igher  f i e l d s .  

The a c c e l e r a t i n g  f i e l d  l e v e l s  obtained i n  the  more than 50 

r e sona to r s  so  f a r  produced have averaged a s  follows: 
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3.7 MV/m fo r  the S and V types (Bo e16) 

4.0 MV/m fo r  the H type (Bo = , I )  

4.5 MV/m f o r  the L type (Bo = .06). 

No i n t r i n s i c  degradation of resonator performance has been observed 

a f t e r  tens of thousands of hours of operation a t  high f i e l d s .  Another paper 

i n  these Proceedings discusses the long-term performance so f a r  obtained i n  

d e t a i l  [ 7 ] .  

THE ARGONNE SUPERCONDUCTING HEAVY- I O N  ACCELERATOR 

The l inac  i s  formed by an ar ray  of independently-phased 

resonators .  Since each resonator can acce le ra t e  a large range of p a r t i c l e  

v e l o c i t i e s ,  the over-al l  ve loc i ty  p r o f i l e  can be ta i lored  to s u i t  a  va r i e ty  of 

d i f f e r e n t  beams. 

The f l e x i b i l i t y  of the ve loc i ty  p r o f i l e  can a l so  be used t o  

accomodate various l inac  configurat ions;  t o  exp lo i t  t h i s  f l e x i b i l i t y ,  the 

l i n a c  is formed of severa l  c ryos t a t  modules, each typica l ly  holding s i x  

superconducting resonators  and three superconducting solenoids. The 'c ryos ta t  

modules can be operated independently of one another; thus a  sec t ion  can be 

removed f o r  maintenance while the machine continues operation. The 70 KG, l 

inch bore solenoids provide t ransverse focussing, and a re  operated i n  the 

p e r s i s t a n t  mode [a ] .  

F i r s t  operation with beam was i n  1978, with s i x  H-type, 8, = .l 

resonators  on l ine .  Since t h i s  time, the l i nac  has been continuously 

evolving. Figure 3 shows the f loo r  plan of the acce lera tor  system. We 

d i s t ingu i sh  severa l  sec  t i  ons. 
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The booster l i nac  was the f i r s t  phase of construct ion,  and cons i s t s  

of 11 L-type, B, .06 and 13 H-type, 0, = .l niobium s p l i t  r ing resonators  

d i s t r i b u t e d  i n t o  four c ryos t a t  modules. The booster i s  in jec ted  by a  9 MV 

tandem e l e c t r o s t a t i c  acce le ra to r  and provides more than 20 MV of addi t ional  

acce le ra t ing  p o t e n t i a l  f o r  beams delivered i n t o  t a rge t  area 11. 

This  port ion of the acce lera t ing  system has been operat ional  s ince 

l979 and has, t o  date ,  accumulated more than 16,000 hours of operat ion with 

beam 191. Operation has been character ized from an ear ly  s tage by f l e x i b i l i t y  

and high r e l i a b i l i t y .  An outstanding c h a r a c t e r i s t i c  of the acce lera tor  i s  the 

ease with which beam energy can be changed. 

The resonators  a r e  cooled by forced flow of l iquid  helium a t  4.7K 

obtained from a CTI 1400 r e f r i g e r a t o r  which can provide 95 watts  of 

r e f r ige ra t ion .  A CTI 2800 r e f r i g e r a t o r  provides an addi t ional  300 watts  of 

cooling. The r e f r i g e r a t i o n  system has been operated v i r t u a l l y  cont inual ly  

s ince  e a r l y  1979 and has proven very r e l i a b l e  [10]. 

The ATLAS l inac  addi t ion  and t a rge t  area I11 are nearly complete and 

w i l l  become opera t ional  i n  1985. The l inac  addi t ion  cons i s t s  of 9 H-type, 

8, -1 and 9 V and S-type, B, = .l6 s p l i t - r i n g  resonators and w i l l  add 

approximately 20 MV of acce lera t ing  po ten t i a l  f o r  beams going in to  area 111. 

The shaded portion of Figure 3 shows a t en ta t ive  layout f o r  a  low- 

ve loc i ty  superconducting l inac  which would replace the tandem a s  the 

in j ec to r .  The proposed machine would cons i s t  of an ECR pos i t ive  ion source on 

a  350 KV vol tage  platform going in to  a  superconducting l inac  matched to an 

input  ve loc i ty  of 0 . 0 0 8 ~  151. 
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CURRENT RESONATOR DEVELOPMENT 

S p l i  t - r ing  Resonators 

For the ATLAS acce le ra to r ,  a s p l i t - r i n g  resonator useful f o r  

p a r t i c l e  v e l o c i t i e s  up to  .25c was developed. This was accomplished primari ly 

by increasing the frequency of operat ion of the ex i s t ing  H- type resonator.  A t  

the same time, i n  the i n i t i a l  version of t h i s  resonator ,  the d r i f  t-tubes were 

redesigned t o  subs t an t i a l ly  decrease the surface e l e c t r i c  f i e ld .  This was 

done in  hope of obtaining higher acce lera t ing  gradients .  In order to  

accomodate the la rger  d r i f t - tubes ,  an e l l i p t i ca l ly - sec t ioned  loading arm was 

required. 

However, a f t e r  building and t e s t ing  three such resonators ,  we found 

t h a t  e lectron-loading was not  reduced with respect  t o  the H-type, but i n  f a c t  

was s l i g h t l y  worsened. Thus a simpler version (V-type) of t h i s  resonator was 

made by simply shortening the inductive loading arms of the H-type design 

u n t i l  the desired frequency was obtained. The surface e l e c t r i c  f i e l d  was 

unchanged by t h i s  procedure, and the surface magnetic f i e l d  increased by about 

30%. However, s ince we a re  very f a r  from the rf  magnetic f i e l d  l imi t s  of 

superconducting niobium, the increase i n  t h i s  parameter had no appreciable 

e f f e c t  on performance. Performance of the V-class resonator ,  shown in  Figure 

4 curve V ,  i s  s i g n i f i c a n t l y  b e t t e r  than f o r  the S-class ,  even though the 

surface e l e c t r i c  f i e l d  i s  subs t an t i a l ly  higher. Also, the construct ion cos t s  

a re  lower, so t h a t  the V-class a r e  being used to  complete the ATLAS l inac .  
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Coaxial- l i n e  Resonators 

Figure 5 shows the several  components of a X/4 coaxial- l ine 

resonator  before f i n a l  welding. Design and construct ion of t h i s  resonator was 

st imulated by the work of Ben-Zvi and Brennan a t  SUNY a t  Stony Brook with a 

coa.xia1-line resonator[  1 2 ) .  The resonator shown extends the Stony Brook 

r e s u l t s  i n  two respects:  f i r s t l y ,  the superconducting material  used i s  

niobium, r a t h e r  than lead e lec t ropla ted  onto copper, yielding a resonator of 

s u b s t a n t i a l l y  higher performance; secondly, the optimum p a r t i c l e  ve loc i ty  has 

been increased from = v/c = 0.08 t o  8, 0.14. This i s  a non- t r iv i a l  

extension,  a s  a proport ional ly la rger  resonator is required, which must 

support  l a rge r  r f  voltages. 

The resonator  has an outer  conductor made of niobium bonded to  

copper and formed in to  a 8 inch I D  cyl inder .  The center  conductor is 13 

inches long and tapers  from a diameter of 2.5 inches a t  the base to  1.25 

inches where i t  jo ins  a 4 inch OD d r i f t  tube with a 1.25 inch beam aperture.  

The resonant frequency i s  140 MHz. 

Figure 4 curve B shows the performance obtained a t  4.2K. The 

maximum f i e l d  l eve l  obtained was 4.7 MV/m with 2.8 watts of r f  input. A 

thermal-magnetic i n s t a b i l i t y  caused by a defect  on the outer  housing l imi t s  c w  

opera t ion  a t  t h i s  level .  

The mechanical s t a b i l i t y  of the resonator i s  exce l len t ,  the s t a t i c  

r f  efgenf requency s h i f t  being 5 Hz a t  E, P 1 MV/m. 
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Very- low Velocity Accelerating S t ruc  t u r e s  

A primary reason f o r  developing coaxia l - l ine  resonators  a t  ANL i s  

t h a t  the exce l l en t  mechanical s t a b i l i t y  opens the p o s s i b i l i t y  of going to  very 

low p a r t i c l e  ve loc i t i e s .  

Figure 6 shows a conceptual design f o r  a very low ve loc i ty  

s t r u c t u r e .  There a r e  4 acce l e r a t i ng  gaps formed by three d r i f t  tubes, two of 

the d r i f t  tubes being driven by a coaxia l ,  quarter-wave l i ne .  With an a c t i v e  

length  along the beam ax i s  (9eps plus  d r i f t  tubes) of l 0  cm, and a resonant  

frequency of 48.5 MHz, the s t r u c t u r e  shown would acce l e r a t e  p a r t i c l e s  i n  the 

ve loc i ty  range .007 v/c < .010. The length of the quarter-wave, coaxia l  

l i n e  would be approximately one meter. 

I n i t i a l  design work ind i ca t e s  t h a t  a superconducting resonator  with 

the above c h a r a c t e r i s t i c s  can be made with acceptably low surface f i e l d s  and 

adequate mechanical s t a b i l i t y .  

CONCLUS IONS 

The use of superconducting niobium r f  resonators  fo r  the 

acce l e r a t i on  of heavy-ions i s  an es tab l i shed  technology. The ve loc i ty  range 

presen t ly  covered i s  from .04c t o  .25c. The design and f ab r i ca t i on  of the  

s eve ra l  inductively- loaded, d r i f t  tube type acce l e r a t i ng  S t ruc  t u r e s  required 

t o  cover t h i s  range has so f a r  proven s t ra ightforward.  

For the near fu ture ,  development work a t  ANL w i l l  focus on extending 

the ve loc i ty  range down to a t  Least .007c. 
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Figure 4 .  Resonator Q vs.  accelerating f i e l d  level  Ea, measured a t  4.2K. 

Curve V i s  for the V-type s p l i t  ring resonator with an interior length of 

35 .6  cm. Curve Q i s  for a coaxial quarter wave l ine  resonator with a 2 0 . 3  cm 

interior length. 
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Figure 6. Cross-section of a conceptual design for a very low velocity 

superconducting resonator. The two high-voltage drift tubes are driven by a 

tapered coaxial line. 
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