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I .  I n t r o d u c t i o n  

For t h e  a p p l i c a t i o n  of RF-superconduct ivi tyin a c c e l e r a t o r s ,  s t o r a g e  r i n g s  and 

RF-separators Niobium i s  most widely used a s  superconduct ing m a t e r i a l .  A few 

c a s e s ,  where lead  o r  Nb Sn were t r i e d ,  w i l l  no t  be cons idered  h e r e .  With one 3 
except ion  ', a l l  c a v i t i e s  were made of pure Niobium - e i t h e r  from s o l i d  m a t e r i a l  

o r  s h e e t .  The s p e c i f i c a t i o n s  f o r  t h e  Niobium used - o f t e n  r e f e r r e d  t o  a s  "Stan- 

fo rd  - s p e c i f i c a t i o n s "  a r e  shown i n  Table I .  

TABLE I: Ordering S p e c i f i c a t i o n s  f o r  Niobium 

Niobium "Reactor grade", p u r i t y  99,8% 

Tantalum con ten t  l e s s  t han  1000 ppm 

E l e c t r o n  beam melted 

co ld  forged 

Shee ts  c ros s - ro l l ed  

F u l l y  r e c r y s t a l l i z e d  

The Tantalum con ten t  used t o  be 300 ppm, b u t  s i n c e  l a s t  year  t h e  s u p p l i e r s  r e p o r t  

d i f f i c u l t i e s  about  achiev ing  t h i s  p u r i t y .  The now quoted Ta con ten t  of 1000 ppm 

may have consequences f o r  t h e  h e a t  t r a n s f e r  because i t  reduces  t h e  thermal  con- 

d u c t i v i t y .  A t y p i c a l  chemical a n a l y s i s  i s  shown i n  Table 11. It should be pointed 

out t o  t h e  niobium s u p p l i e r ,  t h a t  s c r a t c h e s  on the  shee t  s u r f a c e s  should p o s s i b l y  

be avoided;  cover ing  t h e  shee t  by a  p r o t e c t i v e  paper l a y e r  be fo re  d e l i v e r y  would 

be very  h e l p f u l  t o  ma in t a in  smooth s u r f a c e s .  The fo l lowing  r e p o r t  c o l l e c t s  t h e  

methods f o r  f a b r i c a t i o n  of c a v i t i e s  out  of t h i s  m a t e r i a l .  

11. Mechanical P r o p e r t i e s  of Niobium 

We s t a r t  w i th  a  c o l l e c t i o n  of mechanical p r o p e r t i e s  of Niobium, t h e  knowledge of 

which i s  necessary  f o r  des igning  and f a b r i c a t i n g  c a v i t i e s .  It i s  c l e a r ,  t h a t  they  

depend very  much on t h e  s t a t e  of t h e  m a t e r i a l ,  e . g .  on t h e  p u r i t y  and on previous  

hea t  t r ea tmen t s  (where t h e  temperature,  t h e  t ime and t h e  vacuum a r e  impor t an t ) .  

Experience shows, t h a t  t h e  behaviour of t h e  m a t e r i a l  may d i f f e r  without  any no t i ce -  

a b l e  change i n  s p e c i f i c a t i o n s  o r  chemical a n a l y s i s ,  from one charge  of m a t e r i a l  t o  

t h e  o t h e r .  Very l i t t l e  i s  known about mechanical p r o p e r t i e s  of Niobium a t  low tern- 

p e r a t u r e s .  
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Table  11 : T y p i c a l  A n a l y s i s  o f  "Reactor g r a d e  Niobium" 3  
-.- 

WMICAL ANALYSIS IN PPM 

TOP Bottom 
A 1  <20 <2 0 

INGOT HARDNESS, BHN 
Average 5 5 
Low 4 4 . 9  
Hi& 85.7 

500 kg load 

METALLOGWHY TEST RESULTS 
Micro no: AM-310 
Material is IOOX recrys ta l l ized .  
ASTM Grain Size Ave. no. (LONG.) 3.5 

PRDDUCT HARDNESS 
50HV10 

Table  I11 c a n  be used a s  a  g u i d e - l i n e  f o r  t h e  d e s i g n  of  Niobium c a v i t i e s .  The 

d a t a  a r e  c o l l e c t e d  from many s o u r c e s  3,5-10 . For  comparison,  t h e  v a l u e s  f o r  pure  

oxygen f r e e  copper  a r e  a l s o  g i ven ,  which show t h a t  i n  many r e s p e c t s  Niobium can  
~ -~. 

be handled l i k e  s o f t  c o ppe r .  F i g .  1 shows t h e  s t r o n g  i n f l u e n c e  of  t h e  oxygen 

c o n t e n t  on t h e  h a r d n e s s .  An im por t an t  f e a t u r e  o f  Niobium i s  t h e  f a c t ,  t h a t  i t  

g e t t e r s  oxygen, bu t  a l s o  hydrogen,  c a rbond iox ide ,  hydrocarbons  and o t h e r s  a t  

t e m p e ra tu r e s  above 2 0 0 ~ ~ .  The b r i t t l e n e s s  caused  by d i s s o l v e d  g a s e s  c a n  be r e -  

0 moved by a  h e a t  t r e a t m e n t  i n  vacuum. Hydrogen can  be o u tga s sed  a t  2 800 C ,  f o r  
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0 
removing oxygen tempera tures  above 1500 C a r e  needed.  I n  a d d i t i o n ,  Niobium i s  

always covered w i t h  an  ox ide  l a y e r .  

Table  111: Mechanical  p r o p e r t i e s  of N b  and Cu 
--.- 

Nb: p u r i t y  99.8%, e l e c t r o n  beam me l t ed ,  co ld  fo rge d ,  r e c r y s t a l l y z e d  

Cu: Oxygen f r e e ,  anne a l e d ,  99.95% p u r i t y  

d e n s  i t  y  

m o d u l u s  o f  e l a s t i c i t y  

t e n s i l e  s t r e n g t h  

b e n d i n g  s t r e n g t h  

y i e l d  p o i n t  

e l o n g a t i o n  

v i c k e r  s h a r d n e s s  

m e l t i n g  p o i n t  

h e a t  o f  f u s i o n  

s p e c  i f  i c  h e a t  (300 K )  

r e c r y s t a l l .  t e m p .  

t h e r m a l  e x p a n s i o n  
1 . 4 3  X I O - ~  3 . 3  X 

1 o -?  
( L 4 . 2 - L 2 7 3 ) / L 4 . 2  

.,.P 

a n n e a l e d  s e v e r a l  h o u r s  a t  1 8 0 0 ~ ~  a n d  1 0 - ~ t o r r ;  ..- s e e  F i g .  1 

F i g .  1 :  V i c k e r s  h a r d n e s s  o f  N i o b i u m  v e r s u s  O x y g e n  c o n t e n t  
3 

-- 
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A n o t h e r  p r o p e r t y  o f  p u r e  N i o b i u m  i s  i t s  d u c t i l i t y :  I t  c a n  b e  c o l d  

w o r k e d  u p  t o  99% without  i n t e rmed ia t e  anneal ing .  I n  p r a c t i c e ,  however, anneal ing  
0 

i n  vacuum a t  %l000 C was found t o  be advantageous. 

The conclus ions  from these  p r o p e r t i e s  f o r  f a b r i c a t i n g  Niobium c a v i t i e s  can  be 

summarized a s  fo l lows:  

- Shaping by machining, deep-drawing, spinning i s  p o s s i b l e ,  s i m i l a r  a s  f o r  

s o f t  copper 

- Welding needs a  high temperature and much hea t  input  because of t h e  high 

h e a t  of  fus ion  and has t o  be done i n  completely oxygen-free environment, 

i . e .  i n  vacuum o r  i n  a  very  c l e a n  i n e r t  gas  atomosphere. 

Machining t e s t s  have been c a r r i e d  through a t  a l l  p l aces ,  where Niobium c a v i t i e s  

have been b u i l t .  Machining Niobium needs much experience,  e s p e c i a l l y  i n  shaping 

the  t o o l  f o r  f r e e  removal of t h e  c h i p s .  Machining speed and cool ing  has t o  be 

ad jus t ed  t o  avoid hea t ing  up t h e  m a t e r i a l .  Sometimes one charge of m a t e r i a l  i s  

more d i f f i c u l t  t o  machine than o t h e r s .  In  some cases  a  previous hea t  t rea tment  

r e s u l t i n g  i n  l a r g e  g r a i n  s i z e s  was repor ted  advantageous, i n  o t h e r s  b e t t e r  r e -  

s u l t s  were obtained without  h e a t  t r ea tmen t .  

The to l e rances  achieved a r e  of t h e  order  < . O 1  mm, i . e .  a s  good a s  f o r  o the r  

m a t e r i a l s .  I n  gene ra l  deformations caused by hea t  t rea tment  and welding have 

much more in f luence  on t h e  f i n a l  t o l e rances  than t h e  i n i t i a l  machining. 

Table I V .  shows some parameters f o r  machining which a r e  recommended by Niobium 

s u p p l i e r s  and have been proven u s e f u l  a t  many l a b o r a t o r i e s .  They must be con- 

s ide red  a s  a  s t a r t i n g  p o i n t ,  s i n c e  every worker c o l l e c t s  h i s  own experience i n  

shaping t h e  t o o l s  and ope ra t ing  t h e  l a t h e  o r  m i l l .  

As i s  shown i n  the  t a b l e  many l u b r i c a n t s  o r  coo lan t s  have been t r i e d ,  some of 

which underlying c e r t a i n  savety  r e g u l a t i o n s  l i k e  Tr i ch lo re thy lene ,  which can 

only be used,  i f  t h e  l a t h e  i s  equipped wi th  an  gas exhaust system. Although a l l  

o t h e r  coo lan t s  g ive  s a t i f a c t o r y  r e s u l t s  i t  i s  s t i l l  g e n e r a l l y  agreed t h a t  T r i  

should be used f o r  very  d e l i c a t e  s u r f a c e s  and small  p a r t s .  

The s u r f a c e  roughness achieved by c a r e f u l  machining can be a s  small a s  < 5 ~ .  I n  

one case  a  su r face  roughness of 0 .2  p has been r epor t ed .  
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Table  I V :  Pa ramete rs  f o r  Machining Niobium 

C u t t i n g  t o o l :  

Approach a n g l e :  

S ide  r a k e :  

S i de  and end c l e a r a n c e :  

P l a n  r e l i e f  a n g l e :  

Nose r a d i u s :  

Cut t i n g  speed : 

Feed,  roughing :  

Feed, f i n i s h i n g :  

Depth of c u t ,  roughing :  

Depth o f  c u t ,  f i n i s h i n g :  

Lub r i can t  S : 

Achieved s u r f  a c e  roughness  : 

High speed s t e e l ,  sometimes a l s o  used:  

t u n g s t e n  c a r b i d e  (Widia) ( on ly  f o r  f a s t  

l i g h t  c u t s ,  danger  of b r eak ing  t h e  t o o l ) .  

15O - 20' 

20' - 25' 

5O 

loo - 20° 

0 . 5  - 0.75 mm 

20 - 25 mlmin HSS 

75 - 90 m/min Widia 

0 . 2  - 0 . 3  mm/rev 

0 . 0 1  - 0.1 mm/rev 

0 .75  - 3  mm 

0 .03  - 0.1 nun 

T r i c h l o r e t y l e n e ,  Te t r ach lo r ca rbon ,  Chloro tene  

( s a f e t y  r e g u l a t i o n s ! )  w a t e r ,  f r e o n ,  a i r ,  o i l  

5 5 U  

I V  Shee tmeta l  Forming Techniques 

Cons ider ing  t h e  f a b r i c a t i o n  of many c a v i t i e s  e s p e c i a l l y  f o r  low f r e q u e n c i e s  ma- 

c h i n i n g  from s o l i d  i s  no t  p o s s i b l e  f o r  economical r e a s o n s .  Seve ra l  s h e e t  me t a l  

forming t e chn iq u e s  have been a p p l i e d :  

- Spinn ing :  The s h e e t  i s  f i x e d  a g a i n s t  a  d i e  on a  l a t h e  and r o t a t e d ;  t h e n  t h e  

m a t e r i a l  i s  p r e s sed  a g a i n s t  t h e  d i e  by a  hand l e .  This  method is  used f o r  

s i n g l e  p i e c e  p roduc t i o n ,  s i n c e  t h e  t o o l s  a r e  r e l a t i v e l y  i nexpens ive .  

- Deep-drawing: The s h e e t  i s  formed i n  a  h y d r a u l i c  p r e s s  between a  d i e  and 

a  punch. T h i s  r e q u i r e s  expens ive  t o o l s  and i s  t h e  a p p r o p r i a t e  method f o r  mass 

product  i o n .  

- Hydroforming: The s h e e t  i s  p r e s se d  i n t o  t h e  d i e  by h y d r a u l i c  p r e s s u r e  of o i l .  

- Coining:  The m a t e r i a l  f i l l s  a f t e r  p r e s s i n g  t h e  e n t i r e  space  between two 

t i g h t l y  f i t t i n g  d i e s .  

1. Spinning ---- ---- - 

14 
Exper ience i n  s p i nn ing  Niobium e x i s t s - a t  C E R N ~ ~ ,  K E K ' ~ ,  U n i v e r s i t y  of Wuppertal , 
and a t  t h e  companies W . C .  ~ e r a e u s ~ ,  and siemens15. The d i e  i s  made o f  hard wood 
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brass, bronce, steel, which is sometimes polished and hardened or aluminum ano- 

dized with a thick oxyde layer. 

At CERN'~ the first spinning step is done using an aluminum die with the 
0 exact cavity dimensions. Then an annealing at 1000 C in a vacuum of 10-~ torr 

has been considered advantageous. After that the spinning is continued using 

a hard wood die with a slightly smaller diameter. Finally the piece is pressed 

into the aluminum die again and the spinning is completed. 

Preferably the die should be on the inner cavity surface to achieve the best 

surface quality. 

The handle can be brass or steel; sometimes it is equipped with a steel roll. 

Periferal speeds of 150 - 1000 m/min are reported; the hig5 speed is considered 

advantageous to reduce the need of intermediate annealing. 

The tolerances achieved by thismethod are about 0.2 - 0.3 mm on a 'L 600 mm 

diameter. 

2. Deep drawing ------ ------- 

16 17 18 
Deep drawing is used at Cornell , Genua , Interatom , Siemensl9 and others. 
Fig. 2a - 2c show examples for dies and punches used by Siemens for deep-drawing 
of separator-half-cells. If one aims at tight tolerances and good reproducibility 

one has to deal with the following difficulties: 

- thickness tolerances of the material 

- elastic properties of Niobium may change from on charge to the other 

- removing the parts from tthe die is sometimes difficult and may result in 

dimensional changes. Experiments on suited die surfaces and lubricants might 

be necessary. 

- in some cases machining of the inner surface after deep-drawing was considered 

necessary in order to achieve the tolerances and the surface finish required. 

Table V shows a typical procedure, which was worked out at Siemens l9 for fabri- 

cating the CERN-Karlsruhe RF-particle separator. Later on this scheme was abmdoned 

in favour of machining the whole cavity from solid. More recently Interatom l8 has 

built S-Band cavities for the University of wuppertal14 using a deep-draw technique 

without intermediate heat treatment or final machining. 
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F .  2. Deep-drawing too ls  used by ~ia:.ens") (Table V) 
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Table  V :  Typ i ca l  deep-drawing procedure  
1 9  

1. M a t e r i a l  3 mm, c r o s s  r o l l e d  

2 .  c u t  c i r c u l a r  p l a t e s  141 g 
3 .  c u t  c e n t r a l  h o l e  35 g 
4 .  a n n e a l  a t  9 0 0 ° ~ ,  1 h ,  1 0 ' ~  t o r r  

5 .  make mechan i ca l l y  p l ane  

6 .  machine f l a t  on bo th  s i d e s  2 .65 nun t h i c k n e s s !  

7 .  deep-draw 1. t o o l  ( o u t e r  edge)  

8 .  i n c r e a s e  c e n t r a l  h o l e ,  make c e n t r a l  t o  o u t e r  r a d i u s  

9 .  deep-draw 2.  t o o l  

1 0 .  an n e a l  1 2 0 0 ~ ~ ~  1 h ,  1 0 - ~  t o r r  

11. deep draw 3 .  t o o l  

1 2 .  machine seam f o r  e l e c t r o n  beam weld ing  

3.  Other forming ------- t e chn iques  --- 

The c y l i n d r i c a l  p a r t  o f  t h e  KfK-DORIS-Cavities i s  s imply r o l l e d  and l o n g i t u d i -  

n a l l y  welded. The d i ame te r  t o l e r a n c e  ach ieved  i s  0 . 3  - 0 . 5  mm. 

A t  HEPL 20 t h e  c a v i t i e s  a r e  shaped by hydroforming and a r e  machine; a f t e r w a r d s .  

SUC 21 h a s  i n v e s t i g a t e d  a  s p e c i a l  t e c hn iq ue  c a l l e d  c o i n i n g .  There t h e  exac t  

amount o f  m a t e r i a l  i s  brought  between two d i e s  and i s  squeezed u n t i l  i t  f i l l s  

t h e  e n t i r e  volume. Removal o f  t h e  ~ a r t s r e q u i r e s a  h e a v i l y  ox i d i z e d  niobium sur -  

f a c e .  

V .  Welding 

Niobium can  o n l y  be hea t ed  o r  mel ted i n  vacuum o r  i n  a  c l e a n  i n e r t  ga s  athmos- 

phere  t o  avo id  b r i t t l e n e s s .  Two welding t e chn ique s  a r e  wide ly  used:  E l e c t r o n  beam 

welding and Tig (tungsten-inert-gas,argon-arc) - weld ing .  Both methods need much 

ex p e r i enc e  and many t e s t s  f o r  each new geometry,  o f t e n  f o r  each new m a t e r i a l  a r e  

r e q u i r e d .  I n  any c a s e  welding from i n s i d e  i s  t o  be  p r e f e r r e d ,  i f  p o s s i b l e .  It i s  

d i f f i c u l t  t o  d e c i d e  which method i s  s u p e r i o r ,  t h e  c h o i c e  i s  u s u a l l y  made by t h e  

a v a i l a b i l i t y  o f  t h e  i n s t a l l a t i o n s  e x i s t i n g  a t  t h e  i n d i v i d u a l  p l a c e .  I n  t a b l e  V 1  

a  comparison i s  t r i e d .  F i g .  3a-d show some examples of seam shapes  used f o r  e l e c -  

t r o n  beam weld ing ,  t h e  v o l t a g e  and c u r r e n t  v a l u e s  g iven  can on l y  be used a s  s t a r t i n g  

p o i n t s  f o r  d e t a i l e d  welding t e s t s .  F i g .  4a-c co n t i nu e  t h i s  f o r  TIG welded p a r t s .  

Some paramete rs  f o r  TIG-welding a r e  c o l l e c t e d  i n  Tab l e  VII. 
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Table VI: Comparison between EBW - and T I G  - 
Elec t ron  beam welding ' TIG-welding 

Requires t i g h t  t o l e rances  of t h e  Tolerance requirements  a r e  no t  so 

p a r t s  t o  be welded, which a r e  d i f -  s t r i n g e n t ,  s i n c e  t h e  to rch  i s  guided 

f i c u l t  t o  achieve  wi th  l a r g e  p a r t s  manually. This  makes a l s o  more com- 

formed from s h e e t .  ( ~ u t  : s e e  F i g .  3 c  ! h l i c a t e d  shapes p o s s i b l e .  On the  

o the r  hand, some t o o l i n g  i s  requi red  
Complicated shapes of t h e  weld have 

f o r  f i x i n g  the  p a r t s  during welding. 
t o  be avoided, a s  a l l  movements i n  

the  box must be mechanical ly and Although t h e  welds a r e  macroscopi- 

remote c o n t r o l l e d .  c a l l y  uneven and much broader  than 

wi th  EBW t h e  RF-resul ts  a r e  not  
Welding from o u t s i d e  o f t e n  g ives  

d i s t i n g u i s h a b l e .  No s p a t t e r  has been 
r i s e  t o  uneven inner  s u r f a c e s .  

observed. 
Spat te red  l i t t l e  Niobium b a l l s  

o f t e n  have t o  be removed mechanically Pumping of t h e  box i s  a l s o  necessary 

o r  chemica l ly .  before  f i t t i n g  i t  wi th  Argon o r  He 

Af te r  some welding (Q about  1 m 
Rather long wa i t ing  t imes a r e  needed 

of weld) t h e  outgassed contaminants 
fo r  pumping and coo l ing .  

have decreased the  p u r i t y  of t h e  argon 

The great advantage is the that so  much, t h a t  an exchange of t h e  argon 
l i t t l e  hea t  i s  brought i n  and only becomes necessary .  Very c l ean  Argon 
l i t t l e  deformation by s t r e s s  r e l i e v e  (or  ~ e )  i s  a b s o l u t e l y  e s s e n t i a l .  
can occur .  Also d e l i c a t e  p a r t s  i n  

the  v i c i n i t y  of t h e  weld remain c o o l e r .  

( e . g .  ceramic windows). 

EBW i s  considered more expensive,  but  

conclus ive  numbers a r e  not a v a i l a b l e .  

Table V I I :  Parameters f o r  TIG-welding 

Thickness (mm) Current (A) Welding speed (cm/min) 
--- 
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Fig. 3: Examples for Electron Beam Welds 

Interatom-Wuppertal 

+ .5 110 - 130 kV 

3.8 - 4.4 mA 

1 

shrinkage 0.15 mm 

CERN (500 MHZ-cavity) 

55 kV 

42 mA 

shrinkage 0.15 mm 

I. Ben- Zvi 

100 kV 

20 mA 

shrinkage negligible 

electron monitor inside! 
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F i g .  4: E x a m p l e s  f o r  A r g o n - A r c - w e l d s  

4 a :  D O R I S - c a v i t y  c y l i n d e r  w a l l  --- 

4b: D O R I S - c a v i t y  e n d p l a t e  - -- 
c y l i n d e r  w a l l  

4 i m p r o v e d  v e r s i o n  o f  4 b  
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F i g .  5: 

EBW-tests I n t e r a t o m  

. c;.*' ' 5.. . 
X "  

1 s i n g l e  p i e c e ,  1 mm 

beam from bo th  s i d e s  

g r a i n  s i z e !  

--. - 2 p i e c e s  lmm 
d . S- . -- 
. . I  - 

3ir 
t 

SW, 

remaining s l o t ,  
.-;.= . '  -. - .- . - , .  . --- - m -  s h i f t  ! 

remaining h o l e  

s h i f t  ! 
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. .  ' . remaining ho le  and s l i t ,  

s h i f t  

same a s  above, 

more cu r r en t  
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F i g .  6 :  TIG-welding t h e  DORIS-cavities 

a :  f i s s u r e s  i n  c y l i n d e r  w a l l  

b :  e n d p l a t e  - cyl<.nder  w a l l  

c :  D e t a i l  o f  b 

d :  c r o s s i n g  o f  welds i n  c y l i n d e r  w a l l  and c o r n e r  
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F i g .  5a-e show a  few examples of  e l e c t r o n  beam welding t e s t s  made by In t e r a t om.  
2 2 

The f o tog raphs  F i g .  6a-d t aken  du r ing  t h e  f a b r i c a t i o n  of t h e  DORIS-cavities show 

t h a t  argon-arc welding sometimes g i v e s  r i s e  t o  d i f f i c u l t i e s :  F i s s u r e s  i n  t h e  

l o n g i t u d i n a l  weld of t h e  c y l i n d e r w a l l  o r i g i n a t i n g  i n  t h e  weld and ex tend ing  i n t o  

t h e  m a t e r i a l  n ex t  t o  t h e  weld could be exp la ined  by a  no t  comple te ly  c l e a n  box 

(Siemens) .  S imi l a r  c r a c k s  t o g e t h e r  w i th  a  mat s u r f a c e  of t h e  weld were observed 

a t  Heraeus,  which were exp la ined  by some mys t e r i ou s  behaviour  of t h e  m a t e r i a l  

t h a t  d id  no t  show up by any chemical  o r  m e t a l l u r g i c a l  a n a l y s i s .  Th is  problem 
o  -8 

cou ld  be overcome by h e a t i n g  t h e  m a t e r i a l  t o  1800 C i n  a  vacuum of  10  t o r r .  A l l  

welds done a f t e r  t h i s  h e a t  t r e a tmen t  appeared sh iny  and vacuum t i g h t .  The weld 

i n  t h e  co rne r  between e n d p l a t e  and c y l i n d e r  w a l l  of DORIS I shown i n  F i g .  6c-d 

was ve r y  uneven, e s p e c i a l l y  a t  t h e  c r o s s i n g  between t h e  l o n g i t u d i n a l  weld i n  t h e  

c y l i n d e r w a l l  and t h e  co r n e r  weld.  It was rewelded from i n s i d e  a t  KfK. The two 

DORIS-cavities made by TIG-welding were 1-3 mm o u t  of t o l e r a n c e s .  Apparent ly  more 

e f f o r t  i s  needed t o  f i x  t h e  p a r t s  i n  t h e  box d u r i n g  weld ing ,  a l though  no t  a l l  

t o l e r a n c e  problems can  be a t t r i b u t e d  on l y  t o  t h e  welding.  

C E R N * ~  r e p o r t e d  about  TIG-welding wi thout  a  box, where a  s t ream o f  a rgon  i s  guided 

a long  t h e  weld i n  such a  way, t h a t  no a i r  con tamina tes  h o t  p a r t s .  

Another welding method has  been de s c r i bed  by 1sagawaZ4, and was a l s o  used a t  YfK 

f o r  welding niobium tubes  on s h e e t  2 5 :  Clean,  smooth niobium s u r f a c e s  a r e  mounted 

i n  a n  u l t r a h i g h  vacuum f u rna c e  and pressed  by niobium we ig h t s .  By d i f f u s s i o n  a t  
0 

1800 C t h e  p a r t s  a r e  t i g h t l y  welded. Th is  method c e r t a i n l y  avo id s  con tamina t ion  

b e t t e r  than  any o t h e r  and combines a  h e a t  t r e a tmen t  which i s  cons idered  d e s i r a b l e  

f o r  o t h e r  r e a s o n s  w i t h  t h e  weld ing .  For l a r g e  c a v i t i e s  made of s h e e t ,  however, i t  

might be d i f f i c u l t  t o  app ly  t h e  nec e s sa ry  we igh t .  

V 1  Costs  -- 

It i s  imposs ib le  a t  t h e  moment t o  answer t h e  q u e s t i o n  about  l a r g e  s c a l e  f a b r i c a t i o n  

c o s t s  p r e c i s e l y .  Exper ience e x i s t s  on ly  f o r  some s i n g l e  c a v i t i e s  and very  p r e l im ina ry  

q u o t a t i o n s  have been ob ta ined  f o r  t h e  p roduc t i on  of  Q, 1600 m o f  c a v i t i e s  i n  t h e  

f requency r a n g e  350-700 MHz. More conc lu s ive  numbers can on ly  be ob t a ined  a f t e r  a  

r e a l  de s ign  has  been made, which c e r t a i n l y  has  t o  t a k e  i n t o  accont  minimizing t h e  

f a b r i c a t i o n  c o s t s .  S ince  t h e  m a t e r i a l  c o s t s  have been i nc r ea sed  cons ide r ab ly  dur ing  

t h e  l a s t  y e a r ,  i t  seems a d v i s a b l e ,  t o  r e c o n s i d e r  niobium-saving f a b r i c a t i o n  methods 

l i k e  s p u t t e r i n g  o r  e l e c t r o p l a t i n g  t h i n  l a y e r s  of Nb o r  explosion-bond t h i n  Nb- 

s h e e t  on copper .  T h i s ,  of  cou r se  h a s  t o  t ak e  i n t o  accont  t h e  q u e s t i o n s  of  h e a t  
4 

t r a n s f e r  and t h e  p r o ' s  and c o n ' s  of t h e  h e a t  t r e a tme n t  a t  h igh  t empe ra tu r e s .  By 
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electroplating one may increase the Nb purity with positive consequences for 

heat transfer. 

In addition to the fabrication and material costs one has to take into account 

the costs for surface treatments which generally are dominated by manpower and 

installation costs. (One surface treatment of the DORIS cavity requires DM 200,-- 

for chemical solutions + 2 man-days + an existing installation that has costed 

about DM 100.000,-- + 4 days treatment in a furnace that has costed 1 Million DM!) 

Table V111 collects some figures of the amounts involved which should show the 

direction, where to go to arrive at reasonable fabrication costs. 

Table VIII: Costs 

VII. Conclusions 

1. Single cavities 

DORIS 1/11 (TIG, 4 m  wall) 

DORIS I11 (offer: EBW) 

CERN 500 MHz (EBW, 2 mm) 

2. Mass production 

Interatom 3 GHz 

Corne l l 26 1..5 GHz 

1.5 GHz 

Inquiries 1600 m: 

Single cells 350 MHz 

Single cells 500 MHz 

7-cell-Iris 700 MHz 

The fabrication methods for niobium cavities have been reviewed. Machining, 

sheet metal forming and welding techniques have been described. Handling of 

niobium presents no particular difficulties, but it requires much experience, 

The transfer of the know-how gained in the laboratories to the industrial scale 

is possible, but needs some training. It cannot be repeated often enogh that 

niobium is avery softmateria1,and that therefore all inner surfaces and es- 

including couplers,tuners . . .  

fabrication 
KDM 

2 0 

3 0 
(+ 10 tools) 

16 

fabrication 
KDM /m 

2 7 

KDM /m 

12- 30 

14-31 

7- 9 

material 

18 

7.2 

material 
KDM /m 

% 3.5 

KDM /m 

3 0 

2 5 

17 

. 38 

48 
(58) 

23.2 

total 
KDM /m 

30.5 

30:: 

5 4:: 

PDM/m 

42-60 

39-56 

24-26 
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pecially all flanges have to be protected against accidental scratches. To 

reduce material costs methods of producing thin Niobium layers on a copper 

substrat should be investigated again. 
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