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This talk is divided into three parts. In the first I shall discuss 

what aspects of Nb metal RF cavity builders should be concerned with and the 
reasons for these concerns. The technology of Nb production and the procedures 

which have most bearing on achieving the desirable properties will be discussed 

in the second part. Here I shall try to delineate where possible improvements 
can be forthcoming. In the last part I shall discuss methods of improving 
Nb purity after production. 

I. Nb Properties Specifications 

The desirable properties of Nb we buy to make superconducting rf cavities 

can be specified in three categories 

a) Surface Texture 
b) Workability 
c) Purity 

I omit some of the obvious, but important, dimensional tolerance specifications 
essential to manufacturability. 

a. Surface Texture 
The main reason to be concerned with surface texture is to avoid 

defects that can lead to thermal breakdown. I shall only briefly discuss this 

category as G. Muller will be discussing defect classification and diagnostic 
methods in detail in the next talk. We can specify that the Nb be free 
of embedded inclusions, deep scratches and surface cracks. We may further 
specify that the Nb sheet not be ground as is standard finishing practice 

in most industries, because grinding tends to camofl auge residual surface 
cracks. Problems in this area can be readily determined by visual inspection, 
anodization followed by microscopic examination for discolorations, and 
soaking the Nb in water for some hours to look for iron inclusions that rust. 
A very useful tool in the inspection would be SLAM (scanning laser acoustic 

miscroscopy)(') which can rapidly scan large areas, picking out cracks as 
well as interior and surface inclusions larger than 50 pm. 
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b. Workabil i ty 

Spherical and elliptical fib cavities are today made by spinning and deep 

drawing. Both operations require good cold working properties for sheet t4b. 

These are determined by smal l grain size and near 100% crystal l ized Nb. 
Figure 1 shows the scale of ASn1 grain sizes 3 to 8. Good workability is 
achieved with the finer grains, 5 to 6 being the minimum desirable size, 

corresponding to 50 to 70 W. Both grain size and recrystallization fraction 
are determined by straightforward metallographic techniques. 

c. Purity 

This issue has only come to the forefront in the last few years. Its 

major importance is due to the influence that the interstitial impurities, 
0, N, C and H have on the thermal conductivity of Nb. As shown in Figure 2, 
Computer simulations of thermal breakdown in Nb cavities(2) show that a 

given defect will breakdown at a higher field level if the thermal conductivity 
of the Nb is increased. The field level increases roughly as the m, the 
residual resistivity ratio, which, as I shall discuss in more detail, is 
a convenient measure of the Nb thermal conductivity as well as the overall 

Nb purity. In Figure 2b we compare calculations of the thermal model with 

RF test results on 8 X-band elliptical Nb cavities with RRR values between 
25 and 1400. In the calculations of Figure 2a we have used the detail temp- 

erature dependent thermal conductivities shown in Figure 3. 

There are several methods to evaluate the purity of Nb. Primarily we 

are concerned with interstially dissolved gases 0, N, H as well as inter- 
stitial C. These have a far greater effect in lowering the electron mean 

free path than other impurities. A measurement of the residual electrical 
resistance at low temperatures provides a convenient guage of the total 

impurity content. It has become customary to quote this value in the form of 

a ratio = electrical resistance at room temperature (=14.5 pn-cm)/electrical 

resistance at low temperature, typically 4.2 K'. In Table 1 I list the RRR 
values for 1 wt ppm of the most comnonly found impurities. (3) 

Since Nb is superconducting at 4.2 K it is necessary to drive it into the 
normal state with a d-c magnetic field higher than Hc3 = 1.7 Hc2 IL 4 kGauss. 
Higher fields may be necessary if Hc2 is locally enhanced due to work damage 
(dislocations). 
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Residual r e s i s t i v i t y  measurements have been performed a t  Cornel l on 

various sheets o f  connercial grade Nb purchased from Wah Chang, KBI, 

Fansteel , and CBMM (Braz i l  ) . (4) The sheet thicknesses range from .005" t o  

0.125". Results p lo t ted  i n  the histogram, Figure 4, show t h a t  most 

comnercial Nb used i n  c a v i t y  production has an RRR between 20 - 30. 

A second method t o  character ize Nb p u r i t y  i s  t o  measure the thermal conduc- 

t i v i  ty i n  the superconducting (SC) state. The theore t ica l  ca lculat ions o f  

Kadanoff &  arti in(^) g ive  the  r a t i o  o f  the  thermal conduct iv i ty  i n  the SC 

state, K,, t o  the thermal conduct iv i ty ,  Kn, i n  the normal state, and the 
(6)  Wiedemann Franz Law , K, = LoT/p, re la tes  the  nc thermal conduct iv i ty  t o  

the r e s i s t i v i t y .  From these, a convenient re la t i onsh ip  

RRR = 400 K, (4.2 k) wattslm-k 

i s  derived. 

While i t  i s  most convenient f o r  SC c a v i t y  app l ica t ion  t o  use one o f  the 

two methods so f a r  discussed t o  determine the ove ra l l  Nb pur i ty ,  i t  i s  a lso 

important t o  know the ind iv idua l  impur i ty  const i tuents t o  devise methods t o  

produce purer Nb. I sha l l  therefore make a shor t  digression t o  discuss 

some o f  the d i r e c t  methods f o r  measuring gaseous impur i t ies.  I n  t h i s  discussion 

i t i s  a lso appropriate t o  mention methods used t o  measure metal1 i c  impur i t ies.  

A b r i e f  overview o f  the  various methods, t h e i r  domain o f  appl icat ions 

and s e n s i t i v i t i e s  i s  shown i n  Table 2. (7) For metal l i c  impur i t ies  the 

c o m n  methods are emission spectrography(8) and spark source mass spectrometry, (9) 

the second being more sensi t ive.  The less  c o m n  methods are  ac t i va t i on  

analysis,('') using slow o r  f a s t  neutrons, protons as wel l  as y rad ia t i on  fo r  

ac t iva t ion .  I n  emission spectrometry, a small po r t i on  o f  the sample i s  

vo la ta l i zed i n  a discharge and a f r a c t i o n  o f  the  f ree  atoms ra ised t o  an 

exci ted state. By analyzing the  r a d i a t i o n  from the discharge, the chemical 

composition i s  deduced from the loca t ion  o f  the spectral  l i nes .  The l i n e  

i n tens i t i es ,  su i tab l y  cal ibrated,  serve as a basis f o r  quan t i t a t i ve  analyses. 

I n  spark source mass spectrometry, a spark i s  i n i t i a t e d  between two 

electrodes made o f  the  sample mater ia l .  The p o s i t i v e  ions produced are 

accelerated and analyzed i n  a double focussing mass spectrometer. This method 

has a lso been appl ied successfully t o  quan t i t a t i ve  determination o f  0, N, C 

and H i f  the vacuum o f  the source and analyzer regions are maintained clean 
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and wi th  low outgassing rates. A recently perfected r e f  i nement ( l 1 )  uses 

a laser f o r  a source and provides absolute concentrations without use o f  

standards. This i s  possible from known ion izat ion coef f ic ients  as a funct ion 

of laser power density, and by con t ro l l i ng  the power density. 

The c lassical  methods f o r  0, N, C and H determination involve extract ion 

of the impurit ies i n  the form o f  gases, followed by separation 'and quant i ta t ive  

measurement. ( l 2 )  I n  vacuum fusion extraction, used f o r  0. N and H, a 

weighed metal sample i s  melted i n  vacuum inside a cruc ib le  sometimes i n  

the presence of a f l u x  such as P t  t o  keep the charge molten. The cruc ib le  

may be graphite i n  which case 0 i s  removed as CO. I n  i n e r t  gas fusion a 

ca r r i e r  gas, such as Ar,  i s  used t o  sweep out  the evolving gas. I n  hot 

vacuum extract ion a so l i d  sample i s  heated i n  a vacuum, UHV i f  necessary, and 

the gases evolve by diffusion. The released gases are measured by the increase 

of pressure using a thermal conduct iv i ty  c e l l  o r  other sensi t ive pressure 

guage. I n  the case ofC0,the gas i n  converted t o  CO2 by passing over a hot 

CuO cata lys t  and the quant i ty  o f  CO2 measured by pressure change o r  by 

infra-red absorption o r  by changes i n  conductivi ty o f  a so lu t ion o f  BaOH (o r  

N ~ o H ) . ( ' ~ )  The C content of Nb can be s im i l a r l y  determined i n  a fusion 

apparatus using a f lowing stream o f  O2 t o  convert C i n t o  CO. 

How close do the c lassical  methods of measuring the i n t e r s t i t i a l s  come 

t o  agreement wi th  RRR measurements?2 Table 3 compares analyses provided by 

four companies w i th  RRR measurements performed a t  Cornell. On the average 
a 20% discrepancy remains i n  the comparison. 

To s u m r i z e  the speci f icat ions section, from the many years o f  experience 

bu i ld ing and tes t ing  Nb cav i t i es  f o r  accelerators the surface qual i ty, 

workab i l i ty  and pu r i t y  requirements can be accurately speci f ied and measured. 

11. Technoloqy o f  Nb Production 

I shall  trace the various steps i n  the production o f  sheet Nb and po in t  

out  some areas o f  necessary control and potent ia l  improvement i n  the various 

stages o f  manufacture. I n  t h i s  discussion, the various procedures f o r  extract ing 

Nb metal from the ore w i l l  be omitted, except f o r  the remark tha t  i f  i n  the 

future i t  becomes necessary t o  l i m i t  the Ta content, several suppliers have 
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shown i t possible t o  keep the Ta content low by careful selection. 

Af ter  extraction, electron beam melt ing i s  the main pur i f i ca t ion  method. (14) 

I n  Figure 5 I show two typ ica l  setups f o r  electron beam furnaces. The beam 

i s  arranged t o  h i t  both the feedstock as well as the top o f  the ingot t o  

maintain a molten pool. As the t i p  o f  the ingot me1 ts, mol ten metal globules 

f a l l  i n t o  a pool on the ingot  which i s  contained i n  a water cooled copper 

sleeve o r  cyl inder. Impurit ies are boi led out o f  the pool and pumped away. 

Power impact i s  maintained t o  keep the pool m01 ten out t o  wi th in  a few mn 

o f  the crucib le wall. As melt ing progresses, the ingot formed i s  continuously 

withdrawn through the sleeve. The ra te  o f  withdrawal has t o  be carefu l ly  

coordinated wi th the melt ra te  o f  the raw material t o  insure thorough melting 

of the feed material and proper outgassing of the formed ingot. 

The outgassing of Nb a t  high temperatures i s  described by the fol lowing 

reaction and equi l ibr ium equations (Table 4). 15 

Hydrogen desorbs read i l y  from Nb a t  temperatures above 800°C; two dissolved 

H atoms combine t o  form molecular H2 which then desorbs from the surface o f  

the Nb. The removal o f  oxygen takes place by evaporation o f  NbO and NbOp from 

the metal surface. The removal o f  N from Nb i s  governed by the formation and 

evaporation o f  N2. Carbon desorbs only as CO. For high 0 content Nb, both 

decarburization v ia  CO as well as removal o f  0 v ia  NbO (Nb02) takes place. For 

low 0 content, only a v o l a t i l e  oxide forms. Thus i nsu f f i c i en t  0 can leave 

a few ppm o f  C i n  Nb which can only be removed by annealing i n  an 0 atmosphere 

(eg. I O - ~  t o r r  a t  1650°C) t o  establ ish an excess 0 surface coverage. 

From the average o f  several ingot analyses suppl i ed  by manufacturer's o f  

comnercial grade pure Nb, we found <O> = 100 ppm,<N> = 30 ppm, <C> = 30 ppm, 

implying <RRR> = 30. Using re la t ions i n  Table 4 a t  the melting temperature o f  

Nb (2450°C) we conclude tha t  Pop = I O - ~  to r r ,  Pp42 = 4 X I O - ~  t o r r  and 

pCO I O - ~  t o r r ,  resu l t ing i n  a t o t a l  pressure estimate 1. 2.5 X I O - ~  t o r r ,  

roughly consistent w i th  pressure readings o f  i ndus t r ia l  vacuum furnaces. 

(Note tha t  i f  the 0 content i s  a t t r i bu ted  t o  water vapor i t  would imply a 

pa r t i a l  pressure o f  4 X l os4  t o r r  which seems improbably high unless a water 

leak were present.) I f  the pa r t i a l  pressures o f  02, N2 and CO could be reduced 

t o  1 X I O - ~  t o r r  each, then: 

CO = 9, CN = 14.5, Cc = 2.44/C0 

+ RRR = 184 (neglecting C) 
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Thus i t  would seem tha t  major gains i n  pu r i t y  should be possible by improving 

the qua l i t y  o f  the vacuum i n  indus t r ia l  e-beam furnaces. 

As shown by the equations i n  Table 4, an a1 ternat ive approach i s  t o  ra ise  

the temperature o f  the molten pool a t  the top o f  the ingot  by applying more 

power. Table 5 shows that  substantial  gains i n  RRR can be expected by 

superheating the pool 100 t o  200°C. Experience w i th  e-beam me1 t i n g  T i  

ingots show the fo l lowing dependence of the pool temperature on beam power. 

(Figure 6). (1 6 )  

Present day comnercial furnaces may show a vacuum be t te r  than tha t  estimated 

from the ingot  analyses (2.5 X I O - ~  to r r ) .  However another important aspect 
of the problem i s  tha t  equi l ibr ium may not be reached i n  one o r  two melts o r  

i n  the fast melt ing ra te  used i n  indus t r ia l  production. Mu l t ip le  melts 

o r  slower melts could be essential t o  reach the equ i l ib r ium consentrations 

given by the equations i n  Table 4. At Fansteel (l7) melt ing an ingot  8 times i n  

a vacuum I. 1 X I O - ~  t o r r  allowed the top t o  reach an RRR o f  90. (4) one 

addi t ional  slow melt of par t  of t h i s  ingot  i n  a furnace a t  AMES*laboratory a t  

a vacuum 6 I O - ~  t o r r  improved the RRR t o  165, close t o  the calculated 

equi l ibr ium value. Many years ago, Smith (l8) achieved the following impur i ty  

reduction wi th  mul t ip le  mel t ing (Table 6). Both Wah Chang (l and Hereaus (20) 

have recent ly reported s im i l a r  capabi l i t ies.  

Improvements can also be expected from optimizing other me1 t conditions; f o r  

example larger  diameter ingots would increase the surface area o f  the molten 

pool. I n  t h i s  d i rec t ion  the a l ternate  furnace design ca l led  the e-beam 

cold hearth furnace (*l)  could be very e f fec t i ve  (Figure 7). This design 
provides maximum exposure o f  the melt t o  the vacuum environment by melt ing 

i n  a rectangular hearth and a t  the same time casting a s lab shape, more 

sui table f o r  r o l l i n g  than the round ingot, as I shal l  discuss la te r .  A 

disadvantage i s  that  the large area o f  contact t o  the cool ing water leads t o  

high losses which must be compensated by addi t ional  power w i th  more electron 

guns placed along the length of the hearth. 

One problem sometimes observed w i th  e-beam me1 ted ingots i s  the nonhomogeneous 

d i s t r i bu t i on  o f  impurit ies. (4) Variations i n  the gaseous content o f  the paw 

material could pers is t  i n  the f i n a l  product. Scrambling the raw material i s  

a possible remedy. The skin of the ingot  has been found t o  contain more impurit ies 

than the i n te r i o r .  A s l i c e  from the Fansteel ingot  mentioned e a r l i e r  was 

* F. Schmidt, AMES Laboratory, Iowa State University, Ames, Iowa 50011 
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dissected i n t o  many pieces and the RRR measured. (4)  (See Figure 7) Top t o  

bottom inhomogeneity has a lso  been observed. The f i r s t  p a r t  o f  the mel t  

which usua l ly  ends up a t  the bottom get ters the vacuum system i n  the ea r l y  stages 

o f  the me1 t. Machining away the "bark" and c u t t i n g  away a short  sect ion 

from the bottom are  recomnended for  a purer f i n a l  product. 

A f t e r  a sa t i s fac to ry  i ngo t  i s  cast  the f i r s t  step i s  usua l ly  t o  forge 

the ingot  i n t o  a rectangular s lab o f  thickness and width appropriate t o  f i t  

ins ide  the r o l l i n g  m i l l .  Some manufacturers pursue hot  fo rg ing  (900 - llOO°C) 

a t  atmospheric pressure t o  f a c i l i t a t e  working and avoid cracking due t o  the 

l a rge  grains present. This procedure produces a t h i c k  oxide scale which i s  

machined away. I f  possible, hot fo rg ing  should be avoided t o  reduce the 

r i s k  o f  contamination. Evidence i n  the l i tera ture  (") shows t h a t  Nb f ree  

from i n t e r s t i t i a l s  has a lower y i e l d  point,  (Figure 9) so t h a t  co ld  fo rg ing  

should be possible w i t h  improved pu r i t y .  Fansteel successful ly co ld  forged 

an 8" diameter by 6 f t long ingo t  (average RRR = 70) t o  a 2.6 X 8" rectangular 

slab, over a fac to r  of 2 cross-sectional area reduction. 

A f t e r  forging, the slab i s  annealed a t  a temperature high enough t o  

g ive  near 100% r e c r y s t a l l i z a t i o n  (1000 - 1200°C), r o l l e d  t o  an intermediate 

thickness (S 0.5It), annealed, r o l l e d  t o  the  f i n a l  sheet thickness and then 

f i n a l  annealed t o  y i e l d  grains S 50 pm diameter w i t h  near 100% recrys ta l  l izat ion .  

Choosing the proper annealing condit ions i s  important t o  produce the cor rec t  

g ra in  size, near 100% rec rys ta l  l i z a t i o n  and highest possible RRR. The 
r e c r y s t a l l i z a t i o n  temperature depends on the  impur i ty  content and sets the 

minimum temperature. The % r e c r y s t a l l  i z a t i o n  depends on the amount o f  co ld  

work and increases w i t h  annealing temperature. Success i n  achieving a high 

RRR depends on avoiding fur ther  contamination during the anneal. The d i f f u s i o n  

lengths o f  0, N and C i n  one hour are given i n  Table 7 along w i t h  the d i f f us ion  

coef f ic ients.  (23) The amount of 0 pickup above l l O O ° C  f o r  a t h i n  sheet i s  
approximated by (24) 

AC(at %) = 1.29 F 
X V (cm-' ) X PO2 ( t o r r )  X  sec) 

1 + 1.3 X 10-' exp (71 50) 
f 

F - i s  the  surface area t o  volume r a t i o  v 
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At l l O O ° C  and 1oe6 t o r r  oxygen p a r t i a l  pressure, a 2 m sheet w i l l  p ick up 

23 w t  ppm o f  0, which impurity, i f  present alone, would l i m i t  the RRR t o  21 7. 

Once again a good vacuum (p 1om6 t o r r )  i s  essential during the f i n a l  anneal. 

Later I shal l  mention a way t o  protect  the Nb during f i n a l  anneal i f  the 
pressure i s  higher. 

During r o l l  ing,many dis locat ions are produced which a1 so lower the RRR. 
Rol l ing a section o f  2" ingot  t o  0.062" thickness (97% deformation) lowered the 

RRR from 165 t o  110 showing t ha t  i f  the dis locat ions were present alone the 

RRR would be 350. Thus dis locat ions produce a s i gn i f i can t  but  minor contr ibut ion 

t o  the electron scattering. 2 5 

111. Post Production Pu r i f i ca t i on  

The post pur i f i ca t ion  methods may be c lass i f ied i n t o  two categories, 

(1 ) UHV, high temperature degassing, 

(2) s o l i d  s ta te  get ter ing.  

For (1) the relevant outgassing re lat ionships were given e a r l i e r  i n  

discussing pu r i f i ca t i on  during e-beam me1 t ing.  However, f o r  s t ruc tura l  

reasons the post pu r i f i ca t i on  temperatures need t o  be he1 d several hundred 

degrees lower than the me1 t i n g  point.  To make any gain i n  removal o f  0 and 

N, UHV conditions become essential,  i.e., p I O - ~  t o r r .  Table 8 shows the 

residual 0 and N content a t  1900 and 2000°C f o r  pressures o f  1 0 ' ~  and I O - ~  

t o r r .  The pressures must be a t  these excel lent  l eve ls  i n  the hot zone. 

Unfortunately t h i s  i s  found not t o  be the case i n  high temperature UHV 

furnaces used f o r  f i r i n g  cav i t ies ,  eg. a t  HEPL, KFK, BNL and Wuppertal. 

These furnaces usual ly  increase the 0 content. I n  Table 9, chemical 

analyses as well  as RRR measurements are presented f o r  Mb samples f i r e d  a t  

2000°C i n  BNL and KFK furnaces a t  nominal pressures between 1 0 - ~  and I O - ~  t o r r  

as measured by the ion  pump current. (26) 

The low pressures required can be achieved i n  furnaces where the par t  

t o  be degassed i s  the only hot  element and very e f f i c i e n t  pumping arrangements 

tha t  avoid excessive baff l ing by rad ia t ion  shields are used. These methods 
4 have been used a t  MP1 t o  obtain RRR > 10 i n  Ta f ree  Nb. ( 3 )  ~t cornel l  we 

have degassed X-band e l  l i p t i c a l  cav i t i es  a t  2000°C by res i s t i ve  and induction 
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heating o f  the c a v i t i e s  i n  an ion  pumped vacuum chamber. RRR values up t o  

1200 were obtained. The main disadvantage of these methods i s  t h a t  a t  the  

high temperature necessary, l a rge  st ructures creep and deform under the i  r 

own weight o r  due t o  pressure exerted by supporting f i x tu res .  

Conditions f o r  removal of carbon are more favorable. Heating between 

1650 and 1800QC i n  an oxygen atmosphere o f  1 0 - ~  t o r r  i s  usua l ly  s u f f i c i e n t .  (15) 

However the decarburizat ion usua l ly  increases the 0 content, so i t  becomes 

necessary t o  fo l l ow  up w i th  a high temperature UHV degassing. Removal o f  H 

i s  the easiest. ( l 5 )  Heat treatment above 800 C i n  a moderately good vacuum 

(p < I O - ~  t o r r )  i s  e f f e c t i v e  i n  reducing H t o  below 1 w t  ppm. 

Sol i d  s ta te  get te r ing  i s  a process whereby a metal which has a higher 

a f f i n i t y  t o  0 ( o r  N and C) i s  brought i n t o  contact w i t h  Nb and acts as 

a s ink f o r  i n t e r s t i t i a l  d i f fus ion o f  impur i t ies.  (ni The technique has 

been appl ied i n  the  past l a r  e l  t o  Vanadium using T i  (28) and Zr (") o r  sinks 

and t o  a lesser  extent  t o  Nb q30f using Zr as a sink. 

A t  Cornell we have developed t h i s  process using a vapor deposited 

Yt t r ium (Y) f i l m  on the Nb surface. (31 ) Nb sheet, o r  c a v i t y  h a l f  she l l s  

o r  a f i n i shed  c a v i t y  i s  wrapped loosely i n  Y f o i l .  I n  prac t ice  i t i s  

convenient t o  capture the Y ' f o i l  w i t h i n  two layers o f  per forated sheet 

Nb and place the composite i n  c lose proximi ty  t o  the surface o f  the p a r t  under- 

going p u r i f i c a t i o n  (Fig. 10). D i rec t  contact w i t h  Y f o i l  i s  avoided t o  

f a c i l i t a t e  the clean up of the Y f i l m .  The assemblage i s  heated t o  1250°C i n  a 

vacuum o f  I O - ~  t o r r  o r  b e t t e r  f o r  4 hours. At t h i s  temperature the  vapor pressure 

of Y i s  1.7 X 10" t o r r  (32) so t h a t  several pm o f  Y are depostied on the Nb surface. 

The Y, which has a higher a f f i n i t y  t o  0 than does Nb, t raps the 0 d i f fus ing 

r a p i d l y  from the bulk t o  the  surface. The d i f f u s i o n  length  of ) a t  1250°C 

i s  1.4 mn per hour so t h a t  removal i n  4 hours i s  very e f fec t i ve .  During the  

heating cyc le  the  impur i ty  atoms from the furnace vacuum are a lso  intercepted 

by the  Y coat ing and prevented from f u r t h e r  contaminating the  Nb. A f t e r  p u r i f i c a -  

t ion ,  the Y l aye r  i s  dissolved i n  HN03 fol lowed by a 1 minute etch i n  

standard buf fered chemical p01 i sh used f o r  Nb c a v i t y  processing. 

So l i d  s ta te  get te r ing  by Y offers several technical  advantages over 

UHV high temperature outgassing. Lower p u r i f i c a t i o n  temperatures a l low complicated 

st ructures t o  be t reated without r i s k  of deformation. Less s t r ingent  vacuum 
condit ions are possible due t o  the pro tec t ive  nature o f  the f i l m .  
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By app l ica t ion  o f  t h i s  process, the RRR o f  comnercial grade Nb improved 

from 25 t o  between 80 and 100 and of mu l t i p le  e-beam melted Nb from between 60 

t o  80 t o  between 310 and 360. (4s31 ) Y-treatment appl i e d  t o  mu1 t i p l e  e lectron 

beam me1 ted Nb supplied by AMES Laboratory improved from 165 t o  540. 

The effect iveness o f  Y i s  superior t o  t h a t  o f  T i  o r  Zr. (31) The vapor 
6 pressure o f  Y i s  almost 10 times higher than t h a t  o f  T i  and almost 10 times 

higher than Zr, a l lowing s u f f i c i e n t l y  t h i c k  coatings. Both Zr and T i  have 

substant ia l  s o l i d  s o l u b i l i t i e s  i n  Nb whereas Y has none, (33) reducing the 

p o s s i b i l i t y  o f  contamination. Figure 11 compares the effectiveness o f  Y w i t h  

T i  and Zr. Comnercial grade Nb (thickness 1.5 m) improved i n  RRR from 20 t o  

29 i n  1 hour a t  1250 using T i  and t o  76 i n  the same t ime a t  the same tempera- 

t u r e  using Y. A comparison between Y and T i  a t  the same vapor pressure 

instead o f  the  same temperature a1 so shows Y superior. At  1160°C the vapor 
pressure o f  Y i s  the same as t h a t  of T i  a t  1250°C; however w i t h  Y the RRR i s  

50 compared t o  29 w i t h  T i .  T i  i s  however, considerably less  expensive than Y 

so t h a t  using i t  f o r  longer times and a t  higher temperatures can y i e l d  RRR 

improvements comparabl e t o  Y (34) bu t  w i t h  r i s k  o f  increased T i  contamination, 

(Fig. 12). 

I V .  Conclusions 

There i s  much room f o r  improvement over comnercial grade Nb and several 

possib le techniques have been discussed t o  br ing  about these needed improvements. 

Some o f  these techniques have already been appl ied by i n d u s t r i a l  Nb suppl iers. 

RF c a v i t y  bu i lders  need no longer use Nb w i t h  RRR o f  20 - 30 since Nb w i t h  

RRR's between 80 - 120 i s  now avai lable.  The s o l i d  s t a t e  get te r ing  technique, 

developed a t  Cornell, should eventual ly  f i n d  i t s  way t o  i n d u s t r i a l  app l ica t ion  

as the  need f o r  even purer Nb arises. This technique allows y e t  another f a c t o r  

o f  3 improvement i n  conduct iv i ty  over and above t h a t  rea l i zab le  by m u l t i p l e  

e lec t ron  beam me1 t ing .  Thus i t  should soon be possib le t o  obta in  sheet mater ia l  

w i t h  RRR's as h igh as 500, by improving me1 t condi t ions and fo l lowing up w i t h  

get ter ing.  

It i s  important t o  keep i n  mind a disadvantage o f  higher p u r i t y  Nb f o r  

rf cav i t i es .  Fig. 13 shows the BCS surface res is tance vs. the mean f ree  path 

SRF84-21 Proceedings of SRF Workshop 1984, Geneva, Switzerland



of Nb for several frequencies. (35) Very roughly the surface 

resistance increases as the fourth root of the mean free path. 

Already at RRR1s of 100, the BCS Q decreases by - 40 - 50% as has been 
observed with 1500 Mhz cavities at Cornell. For cavities designed to 

operate in the BCS resistance regime (i.e., 4.2K) this drop in PO 

would constitute an important additional refrigerator load. 

The beneficial effects of thermal conductivity improvements on 

cavity field levels are already forthcoming. Table 10 shows the 

recent best results on cavities made from high RRR Nb at Cornell, CERN 

and Wuppertal. 

In 1972 J. Turneaure (37) reviewed the maximum surface magnetic 

fields obtained in a number of cavities over a frequency range 

including 1.3 Ghz to 10.5 Ghz and plotted the results as a function of 

cavity area. The dashed curve in Fig. 14 is approximately the upper 

limit of the best results obtained at the time. At about the same 

period, P.B. Wilson (38) proposed a statistical model for breakdown. 

He characterized defects by the fraction r of the critical field at 

which they breakdown, and assumed a defect distribution that rises 

sharply around r H (Hc = 1500 Gauss, rl = 0.6). The sharpness of the 
1 c 

rise was chosen as (r/l-r)' with a = 3. From these considerations, 

the area dependence of the breakdown field level was found to be 

nearly A-"~, which is plotted as the solid line in Figure 14 and 

agrees well with upper limit to the 1972 data as represented by 

Turneaure. Since their inception in 1978, a lot of data on spherical 

and elliptically shaped cavities has been accumulated in a number of 

laboratories over a wide frequency (and area) range from 350 Mhz to 

8600 Mhz, in single as well as multi-cell structures. Remarkably, 

when these new data are plotted as a function of cavity area, the best 

- results once again fall (mostly) under the Turneaure-Wilson limit. 

Most "guided-repairn cavity results also fall under this line. 

However, the higher thermal conductivity cavity data clearly 

breakthrough the statistical limit, especially in the large area 

cavities. The expectations of field level increases with thermal 
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conductivity are indeed being realized. 
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Table 1 - The E f f e c t  o f  Impur i t ies on the  RRR o f  Niobium 

E l  ement 

0 

N 

C 

H 

Ta 

Table 2 - Impur i ty  Analyses Techniques 

Vacuum fusion, Hot 

Vacuum Extract ion, I n e r t  

Gas Fusion 

Method Elements Determined 

Emission Spectrometry 

Spark Mass Spectrometry 

Laser Mass Spectrometry 

Act iva t ion  Analysis 

RRR f o r  1 w t  ppm 

5000 

3900 

41 00 

1550 

550,000 

Metal l i c  

A1 l 

C, 0, N, H 
Most 

Combustion 

Lower L i m i t  
o f  detect ion 

0, c 

1 - 10 ppm 

3 ppb - 300 ppb 

'L P P ~  
1 ppb - 100 ppm 

0.1 - 10 ppm 

1 - 10 ppm 

1 - 10 ppm 
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Table 3 - A comparison between measurements of 0 ,  N, C concentrations by 
classical methods and RRR measurements. 

% discrep- 
ancy w.r.t. 16 
measured 2 12 26 6 4 72 

value 

RRR,,, 27 62 68 175 74 20 4 6 40 28 2 5 

% dis- 
crep- 
ancy 
w.r.t. 4 3 0 9 40 4 25 1 l 20 1 1  12 
measured 
val ue 
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Table 3 (cont.) 

% Descrepancy 
w.r.t.measured 16 
value 

AMES Lab 

% Discrepancy 
w.r.t. 14 58 6 16 163 
measured value 

RRRc = Calculated RRR 

RRR,,, = Measured RRR 

*Ledoux & Co., Teaneck, NJ 07666 
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Table 4 - Outgassing reactions and equations f o r  Nb. 

"20  O2 NbO, NbO, 
40 40 ~ b + o t  

CO = 2.1 X I O - ~  P exp (6041 0/T) 
O2 

CO = 1.48 X 10" PH20 exp (45200/T) 

CH = 0 . 3 8 r  exp (4200/T) 
H2 

C, = 0 . 9 4 r  exp (231501T) 
,2 

Pco CC = 1 .07 - exp (33600/T) 
C. 

P ~ ~ 9  ' ~ ~ 0  i n  t o r r  

T i n  O Kelv in 
CH,Co, C,, and CC i n  w t  ppm 

- 354 - 
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Table 5 - E f f e c t  o f  superheating m01 ten pool on the p u r i t y  o f  a Nb ingot.  

P a r t i a l  pressure = 1 x I O - ~  t o r r  each o f  02, N2 and Co. 

P a r t i a l  Pressure = 1 x 1 0 - ~  t o r r  each o f  02, N2 and CO 
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Table 6 - Mul t ip le  e-beam melting Nb - analysis ppmweight e ight .  (18) 

Start ing Material  1s t  Melt  2nd Me1 t 3rd Me1 t 

0 894 580 95 18 

N 580 64 20 15 

C 460 --- 40 30 

RRRcal cul ated 

Table 7 - Diffusion ~ o e f f i c i e n t s " ~ )  and d i f fus ion lengths f o r  U, N and C i n  Nb. 
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Table 8 - Equ i l ib r ium concentrations f o r  0 and N due t o  UHV outgassing Nb 
a t  h igh  temperatures. 

Table 9 - E f f e c t  o f  F i r i n g  Nb i n  KFK, BNL and HEPL UHV furnaces 
customari ly used f o r  f i r i n g  SC Cavit ies. 

P 
T 

0 

N 

RRR 
Calculated 

Treatment 0 N C RRR,,, RRR 
C 

As received 95 4 1 8 40 3 2 

F i red  a t  KkK, 
2O0O0C 10- 152 3 2 5 28 25 
t o r r  

1 0 ' ~  t o r r  

1900 2000 

As Received 3 1 9 15 86 80 

4 

4 

555 

I O - ~  t o r r  

1900 2000 

F i red  a t  2 OO°C 
a t  KFK 10-8 t o r r  136 3 3 5 2 5 28 ................................................................................. 
As received 3 1 9 15 79 80 

1 .l 

2.5 

1183 

40 

12.6 

90 

Fi red a t  2000°C, 
HEPL 5 X 10-7 -- - - -- 7 1 - - 
t o r r  ................................................................................. 

11 

7.9 

240 

As received 48 17 < l  0 7 2 75 

F i red  a t  2000°C, 
BNL 10-7 t o r r  
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Table 10 - Recent best  r e s u l t s  on improved thermal conduc t i v i t y  c a v i t i e s  

Laboratory Frequency Cavi ty  

(Mhz) 

Cornel l 5 c e l l  I lm0 1, couplers 

Cornel l 1500 

50C 

1 c e l l  
e l l  i p t i c a l  

1 c e l l  
spher ica l  

Wuppertal 36 

+ 5 c e l l  equivalent  acce lera t ing  f i e l d  if l i m i t e d  by thermal breakdown. 

* 5 c e l l  equivalent  acce lera t ing  f i e l d  if l i m i t e d  by f i e l d  emission. 

RRR X Method "peak Epeak 
MV/m Gauss MV/n 

Q30 

Q30 

112 

135 3000 1 c e l l  
spher ica l  

34 

39 

2 9 

4 1 

850 

71 5 

528 

67 2 

Y t r e a t -  
men t 

Y t r e a t -  
men t 

M u l t i p l e  
me1 t s  
(Hereaus) 

M u l t i p l e  
me1 t s  
(Hereaus ) 

18.2' 
13.3* 

15.3 

13.9 

16 
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Fig. 1 .  ASTM grain sizes 3 t o  8, 100 X magnification. 
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TEMPERATURE (K)  

Fig. 3 .  Thermal conductivity functions used i n  the calculat ions.  
The numbers next t o  each curve are  the RRR values. 
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Fig. 4. Distribution of RRR for Comnercial Nb sheet stock at 
Cornel l . 
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Fig. 5 .  Schematic for two types of electron beam furnaces for 
melting Nb ingots. 
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Fig.  9. E f f e c t  o f  Improved p u r i t y  on t h e  s t r e s s - s t r a i n  
curves o f  Nb. 
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Fig. 11. A comparison between Y ,  T i  and Zr f o r  the effectiveness of 
pur i fy ing Nb. 
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Fig. 13. Effect of e lectron mean f r e e  path on the BCS surface 
resistance o f  Nb. 
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