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Nb3Sn FOR SUPERCONDUCTING ACCELERATORS AT 4.2 K 

M.Peiniger*, G.MU!ler, H.Piel, P.Thiins* 
Fachbereich Physik, Bergische Universitlt-Cesamthochschule Wuppertal, D- 5600 Wuppertal, FRG 

Abstract: Nb,Sn is a promising material for superconduc- 
ting (s.c.) accelerators because of its high critlcal temperature 
of 18.2 K and high thermodynamic critical field of 535 mT. 
Compared to Nb significantly reduced rf losses and higher 
accelerating fields should be possible at operation temperatu- 
res of about 4.2 K especially for frequencies between 1 and 
6CHz. The presently used Nb accelerating structures can be 
coated with a Nb3Sn layer by the vapour diffusion technique. 
We have formed uniform Nb3Sn layers on 1 and 3 CHz single- 
and multicell accelerating structures in specially constructed 
UHV furnaces. At 4.2 K and low rf fields quality factors of 
10” (1 GHz) and 7.109 (3 CHz! have been achieved which are 
reduced by a factor of about three at the maximum accelera- 
ting fields between 4 and 7.2 MV/m. The BCS surface resis- 
tance as well as anomalous loss mechanisms and field limita- 
tions investigated by multimode measurements and temperature 
mapping will be discussed. First results obtained in a Nb,Sn 
coated 3 GHz single-cell cavity made of high purity niobium 
are promlsing. 

Introduction 

The use of S.C. cavities is planned in an increasing 
number for storage rings, linear accelerators and for free 
electron lasers at frequencies between a few hundred MHz 
and several CHz. ’ Typical design values are accelerating 
fields of E, = 5 MV/m at cavity Q values of a few lo9 which 
are routinely reached by using S.C. niobium of high purity as 
cavity material. Unfortunately for frequencies above 
500 MHz niobium structures have to be operated at tempera- 
tures below 4.2 K in order to reach the required Q values. 
Especially this disadvantage should be overcome by using 
the Al5 compound NhsSn instead of niobium. Due to the 
critical thermodynamical field and critical temperature both 
about twice as high as those of niobium, maximum accelera- 
ting fields two times higher and Q values with 6 ,lO” at 
500 MHz and 2,lO’O at 3 GHz a factor of about 150 larger 
than those in niobium cavities are theoretically expected for 
Nb,Sn at 4.2 K. These expectations make Nb,Sn an interesting 
material for applicationsin future S.C. linear colliders’ 

Since 1974 Nb3Sn cavities have been developed in different 
laboratories mainly by using the vapour diffusion process.3-7”4 
This technique profits from the fact that the NbsSn layer 
can be formed on pure niobium cavities with already optimised 
rf performance. The formation of Nb3Sn layers on 3 GHz 
single- and five cell accelerating cavities made of low purity 
niobium has been described earlier.7~a This paper reports on 

first experiments with 1 GHz accelerating structures with 
correspondingly larger surfaces. Furthermore first experiments 
are reported on a Nb,Sn coated 3 GHz cavity made of high 
purity niobium. 

Experimental Procedures 

The 1 and 3 GHz. niobium cavities were made of low 
purity niobium (RRR = 20 401. The vapour diffusion process 
was carried out at temperatures between 1100 and 1200.C in 

l Now at Interatom GmbH, Accelerator and Magnet Technology. 
D- 5060 Bergisch-Gladbach. FRG 

special ultra high vacuum furnaces in which the tin pressure 
can be adjusted independently of the cavity’s temperature. In 
general homogenous Nb,Sn layers were formed by applying a 
prenucleation with SnC1, and by performing the coating 
process with a temperature gradient between the tin source 
and the cavity. 7 Furthermore a first successful coating 
experiment was carried out on a postpurified 3 GHz single-cell 
cavity with a RRR of 150.9 A uniform, 0.6 ~lrn NbsSn layer 
was formed without reduction of the purity of the niobium 
base material. 

After the Nb,Sn formation typically 0.1 to 0.3 &rn of 
the Nb,Sn layer was removed by oxipolishing. Finally the 
cavities were rinsed with demineralised and filtered water 
and (in some cases) dustfree methanol before they were 
mounted to the test system. 

Rf tests have been performed on a 1 GHz single-cell 
accelerating structure (fig.1) and on the high purity 3 GHz 
cavity by using standard microwave techniques and the 
temperature mapping technique which enables the determina- 
tion of the spatial distribution of the rf losses.t”~” The 
cavity temperature could be varied between 1.5 and 300 K. 
The 1 GHz accelerating cavity (fig.1) is equipped with a 
variable, coaxial beam pipe coupler which allows the determi- 
nation of the cavity Q over several decades and the exltation 
of higher order modes. Between 1 and 3.4 CHz 8 modes were 
found exhibiting Q values higher than 109. They were unam- 
biguously identified by comparlng the experimentally found 
frequencies, geometry factors and field distributions with 
values. calculated with the computer codes SUPERFISH”, 
URMEL and URMEL T13. 
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Fig.t: 

1 GHz Nb3Sn 
cavhy with ml- 
crowave coup- 
lers and vacuum 
connection as it 
is mounted in Its 
cryostat. 
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Test Results and Discussions - 

The Surface Resistance of Nb,Sn -. 
In all excited modes of high Q the surface resistance 
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R, was determined as a function of temperature T at low 
field levels. In fig.2 the R=(T) curves of the fundamental 
mode and the 3-EE-3 mode (URMEL notation) at 3.4 GHz, 
both measured in the 1 CHz accelerating cavity are given. 
The “steps” In the b(T) curve of the fundamental mode at 
about 9 K and 3.4 K are not caused by rf losses inside the 
cavity cell. They were found to be due to the rf losses on 
the niobium flanges (Tc= 9.2 K) and the indlum seals (TC = 
3.4 K) closing the short beampipes (fig.1). These flange 
losses are comparably less pronounced in the 3.4 GHz mode. 

At temperatures below TJ2 the experimental surface 
resistance is well described by the relation 

R,(T) = + exp (-k% ) + RrcJ = R,s,,(T) + R,, 

The surface resistance of Nb,Sn RNbgSn at 4.2 K and 
the reduced energy gap A/kT, (T, was measured to 18 K) 
were obtained by fitting this relation to the data. In fig.3 
R ,,,,14.2K) and the residual resistance R,, are given as a 
function of frequency. With regard to data obtained at 

al TM ,,,-mode 

f= 1GHz 

A/kTc=210t0.08 
RInE17nR 

bI3-EE-3-mode 

f i 3.L GHz 

AlkT,.Z.ZSt0.09 
I$,*= 92 nR 

Table 1: Summary of test results 

Fig.% 
Surface resls- 
tance of NbBSn 
as a function 
of reduced 
tern perature 
measured in 
the same ca- 
vity for two 
different modes 
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Flg.3: Surface resistance R, of Nb,Sn at 4.2 K. The measured 

P&S RNbgsn (full cIrclesI and k. (full triangles) are com- 
pared to the data of other laboratories (open symbols) and 
to the surface resistance of niobium at 4.2 K (dashed Itne)“. 

frequencies between 8 and 22 GHz~-~ we come to the following 
conclusions: 
1. All the has,, (4.2 K) data between 1 and 22 GHz are 

fitted well by an f dependence which Is expected from 
the two fluid model. 

2. Below 10 GHz RNbgSn (4.2 Kl 1s a factor of about 150 
lower than the surface resistance of tiobium (RRR q 40) at 
the same temperature. As a consequence, Nb,Sn accelerating 
cavities with quality factors of about 6 . 10” at 500 MHz 

:avity/treatment mode frequency temp. Qo(H,) max. surface fields max.acc. fielc 

[GHzl [Kl /109 E,[MV/m] Hp[mT] [MV/m]/lim 

nulti mode cavity TM010 1.00 4.2 3.8 8.7 24.0 5.4 /Q 

Ib,Sn 3.8 pm 2-ME-1 1.83 u 2.1 1.4 5.6 40.9 /Q 
lxlpol. 0.2 pm ” 1.83 d 2.1 3.0 5.5 39.9 /Q 
SIR = 20 - 40 2-EE-1 1.87 u 2.1 1.2 5.4 18.8 /Q 

1.87 d 2.2 1.7 8.0 28.8 /Q 
TEO-ME-2 2.97 2.2 3.2 11.7 /P 

2-EE-3 2.98 u 2.2 1.0 3.2 14.0 /Q 
,. 2.98 d 2.2 1.7 5.1 23.0 /Q 

3-ME-2 3.07 u 2.3 0.9 6.9 23.0 / MP 

II 3.07 d 2.3 1.45 6.5 21.6 /Q 
3-EE-3 3.39 u 2.2 2.1 7.4 32.2 /Q 

I. 3.39 d 2.2 1.65 4.2 18.2 /Q 
GHz cavity 

b3Sn 0.6 urn TM010 2.92 3.1 0.6 25.2 41.4 9.9 / Q 
xipol. 0.1 pm 
.RR = 1SO 

I 

Abbreviations: 

Nb,Sn : thickness of the 
Nb,Sn layer 

Oxlpol. : removal of Nb,Sn 
surface layer by 
oxipolishing 

RRR : residual resistance 
ratio of the Nb 
base material 

Q, P, MP : rf field limitation 
by Quenching, rf 
input power, elec- 
tron multipacting 

u. d : multipole partner 
of upper (u). lower 
(d) frequency 



and 2 . lOi at 3 GHz are theoretically obtainable at 4.2 K. 

There is no apparent frequency dependence of A/kT=. Its 

average value is 2.2 + 0.1 showlng the strong coupling 
behaviour of NbaSn. 

Anomalous Losses and Field Limitations 

As shown in fig.3 the residual resistance Rre, is signifi- 

cantly larger than RNbgSn at 4.2 K and exhibits a strong 

frequency dependence. On the other hand RJ at 4.2 K measured 
at low field levels is at least a factor of ten lower than the 
surface resistance of niobium at the same temperature. 

Cool down dependent rf losses: As in the earlier 
3 GHz tests * both in the 1 GHz accelerating structure and 
in the high purity 3 CHz cavity a significant part of the rf 
losses were found dependent on the cavity cool down rate. 
Lowest Rre. values were achieved after a very slow cool 
down of the cavity (2 1 K/S min) below Tc of the Nb,Sn 
layer. The additional rf losses caused by a faster cool down 
are uniformly distrlbuted over the cavity surface. Furthermore 
local regions of enhanced residual losses were found by 
thermometry created by a thermal breakdown. These losses 
vanished after a warm up of the cavity above Tc of the 
Nb,Sn layer. Both effects are presently interpreted to be due 
to frozen in magnetic flux generated by thermoelectric 
currents in the Nb/Nb,Sn interface. 

Cavity performance at high fields: In table 1 the rf data 
of the 1 GHz accelerating structure and the hlgh purlty 
3GHz cavity are summarlsed. Due to the dominating residual 
lossesbetween 2 and 4.2 K the rf data of the different 
modes were found nearly Independent on temperature in this 
range. In fig.4 the cavity Q versus accelerating field curves 
are given for both cavities. The strong reduction of Q, at 
low fields in case of the 1 CHz structure (curve a) is presently 

not understood. A similar behavlour was observed ln earlier 
3 GHz tests on NbaSn coated cavities of low purity.* On the 
other hand this phenomenon is not observed in the same 
structure at higher order modes above 7. GHz and in the high 
purity cavity (curve bi. 

Maximum surface magnetic fields between 18.8 and 
41.4 mT were obtalned in nearly all cases limited by quenching. 
In the 1 CHz structure four different quench locations were 
found by multi mode excitation. In the fundamental mode 
the quench locatlon caused a sudden drop in cavity Q by 
switching over into a high loss state at a well defined fteld 
level significantly below the breakdown field (flg.4). 
Q switches are observed frequently in Nb,Sn cavltlese 

After the measurements the Nb,Sn layer of the 1 GHz 
structure was stripped off and the pure niobium cavity was 
subsequently tested. As ln the coated state the cavity quenched 
at E = 5 MV/m and also the quench location was found to 
be tte same. This phenomenon of nearly equal maxlmum 
field in the pure Nb and Nb,Sn coated state is generally ob- 
served-7’* This confirms the assumptlon that the fields 
achievable In Nb,Sn cavities are in general limited by impurity 
inclusions in the niobium base material, As a consequence 
Nb,Sn coated cavities made of high purity niobium should 
therefore give higher breakdown Melds. The flrst result 
obtained In the 3 GHz cavity of high purity (fig.4. curve bl 
can be interpreted in this direction. For the flrst time an 
accelerating field of nearly 10 MV/m was achieved in a 
Nb,Sn coated 3 GHz structure. 
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Fig.s: Cavity Q as a function of accelerating field taken in 
the low purity I GHz (al and the high purlty 3GHz (b) accelera- 
ting cavities 

Conclusion 

Uniform Nb,Sn layers have been formed on 1 GHz 
accelerating structures. Flrst results on a single-cell accelera- 
ting cavity at this frequency have demonstrated, that the 
design values for current S.C. accelerator prolects can be 
obtalned in Nb,Sn cavities already at 4.2 K. now. The surface 
resistance of Nb,Sn at 4.2 K was determlned as a fundlon 
of frequency in the GHz range. The results correspond to 
limiting Q values at 4.2 K of 6.10” at 500 MHz and 2 * 10” 
at 3 GHz if the residual resistance can be improved In a 
first experiment Nb,Sn was coated successfully on a 3CHz 
cavity made of high purity niobium. A maxlmum accelera- 
ting field of. 9.9 MV/m was obtained which is by a factor of 
1.4 larger than ever achieved in a 3 GHz cavity of low purity. 
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