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The main activities in rf superconductivity at the University 

of Wuppertal today are the construction of the superconducting 

recyclotron at Darmstadt together with the Institut fur Kern- 

physik der Technischen Hochschule Darmstadt (TH), the analysis 

of field and Q limitations and the development of NbgSn coated 

structures which would open the possibility to operate an 

accelerator at a temperature of 4.2 K even at frequencies 

above 1 GHz. Moreover we concentrate upon the determination 

of fundamental parameters of superconductors, like the surface 

resistance and its temperature dependence at 20 to 26 GHz and 

at 80 to 86 GHz. 

I. The Superconducting Recyclotron of the Darmstadt Wuppertal 

Collaboration 

1. General Layout 

The superconducting recyclotron is described in l .  I shall 

restrict myself to a report on the present state. 

The project was granted in the beginning of 1983. The new 

buildings at the TH Darmstadt are almost completed. The 

superconducting recyclotron operating at 3 GHz is designed 

to accelerate a C.W. electron beam to 130 MeV with an 

energy spread of IO-~. The general layout is shown in Fig. 1 . 
An electron gun (Dowlish Developments) accelerates a beam 

of up to 2 mA to max. 300 keV with an energy stability of 1 0 - ~  

A chopper and prebuncher system will match the phase space 

so that the electron beam has a bunch length of 1.1 Deg. 

and an energy spread of 2 6 keV when it leaves the in- 

jector, i.e. when it is accelerated by a S cell structure 

(Eacc = 6 MV/m) and two 20 cell structures (Eacc = 5 MV/m) 

to at least 11 MeV. The beam is then bent isochronously 

by 180° and injected into a linear accelerator consisting 

of eight one meter long structures with a design accelerating 
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field of 5 MV/m. To reach a final energy of 130 MV the beam 

is recycled twice through this linear accelerator. The para- 

meters of the recyclotron are given in table 1. The construc- 

tion will happen in three steps: building up and operation of 

the injector (and the whole cryogenic system) with a maximum 

energy of 1 1  MeV, completion of the linear accelerator with 

its 8 superconducting structures, installation of the re- 

circulation system. 

All room temperature components of the recyclotron are 

designed and constructed by the TH Darmstadt, The cryogenic 

system and the superconducting accelerating structures are 

our contributions to this accelerator. 

2. Cryogenic System 

The cryogenic system consists of a refrigerator including 

transferline and a modular constructed cryostat. The refri- 

gerator (Gebruder Sulzer AG, Winterthur, Switzerland) has an 

output power of 100 W at 2 K, It can operate in a refrige- 

ration as well as in a liquefying mode. The pressure in the 

cryostat is designed to be constant within i 1 mbar, the 

liquid helium level within 2 1 0  mm. The first operation will 

be next month (Aug. 1984). The cryostat, designed at Wupper- 

tal and manufactured at Arthur Pfeiffer, Vacuumtechnik GmbH, 

ABlar, is constructed in a modular way so that an exchange 

of structures is easily possible. It consists of five accele- 

rator moduls, each houses two one meter structures. This 

modul is shown in Fig. 2. It is designed as a bath cryostat 

with a liquid nitrogen radiation shield. This guarantees a 

more safe operation of the cryostat system because it is not 

necessary to warm up the whole cryostat to room temperature 

during shut down times. The vacuum jacket and the helium 

vessel are made from stainless steel (1.4301 resp. 1,4429 to 

avoid magnetisation), the radiation shield is fabricated 

from aluminium. All helium vessels are connected to one 

another. This construction minimizes heat losses and the 
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Table 1: Parameters  of t h e  r e c y c l o t r o n  

General  

max. energy 
min. energy 
energy sp read  
max. beam c u r r e n t  
duty  c y c l e  
o p e r a t i o n  temperature  

S t r u c t u r e s  

frequency 
mode 
e f f e c t i v e  ( t o t a l )  l eng th  
number of  ce l ls  
Q-value a t  2  K 
a c c e l e r a t i n g  f i e l d  
d i s s i p a t e d  power 

I n j e c t o r  

gun v o l t a g e  
v o l t a g e  s t a b i l i t y  
c u r r e n t  o f  t h e  gun 
s t r u c t u r e s :  2  2 0  ce l l  (1 m) 
max.energy 
energy sp read  

Linac 

s t r u c t u r e s :  8 20  ce l l  ( 1  m)  
r a t i o  t o t a l  l e n g t h  t o  e f f e c t i v e  l e n g t h  
energy g a i n  
max. c u r r e n t  ( i n c l .  two r e c i r c u l a t e d  beams) 

Cryogenic system 

l eng th  of  i n j e c t o r  c r y o s t a t  
l eng th  of  l i n a c  c r y o s t a t  
d iameter  o f  helium v e s s e l  
l i q u i d  hel ium i n  t h e  c r y o s t a t  
s tandby losses 
consumption o f  LN2 
r e f r i g e r a t o r  power a t  2 K 

130 MeV 
6 MeV 

? l  3 K e V  
20  UA 

1 ( c . w . )  
2  K 

2 5 0  KV 
I 0-4 

1  mA 
1  5  c e l l  ( . 2 5  m )  

11 MeV 
26  KeV 

1.9 
40  MeV 
6 0  UA 
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standby losses of the whole 23 m long system are expected 

to be about 25 Watts. All cold parts are superisolated. 

The minimization of heat losses also requires that the 

whole cryostat is housed in one vacuum system. Before 

mounting the whole system each modul can be vacuum tested. 

All cold flanges are of conflat type, copper sealed, only 

connections from the cavity to the beam tube (niobium to 

stainless steel) are sealed with indium. Flange connections 

between the beam vacuum and the liquid helium bath are 

avoided if ever possible. 

Structure design, construction and tests 

The S.C. accelerating structures to be used in the recyclo- 

tron are a five cell structure as a capture section and 

ten one meter long 20-cell structures. All structures are 

velocity of light structures. Fig. 3a shows a cross sectio- 

nal view of the five cell structure with the coupling probe 

mounted in a tuning frame, Fig. 3b shows a photo of the 

20 cell structure. Table 2 summarizes characteristic para- 

meters of the structures. 

The structures are designed to operate at 2997.9 MHz in the 

a-mode. Each cell has a spherical shape to suppress multi- 

pacting. The opening at the iris has a diameter of 35 mm. 

Table 2: Parameters of the structure (20 cell) 

reduced shunt impedance 2010 n/m 

geometrical factor 293 n 

Epeak/Eacc 3.0 

Hpeak/Eacc 4 1 ,8 Oe/ (MV/m) 

~ ~ , , / a  4.5-10-' ~ v / m / m  

cell coupling coefficient 4 % 

C 
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Fig. 3b: Photo of the 20 cell structure 

The cell to cell coupling is about 4 %. The diameter of 

the end cells (0 89.34 mm) is smaller than that of the 

middle cells (0 90.06 mm) to correct the influence of the 

cut off tube. The diamter of the cut off tube is 50 mm 

and has been chosen for a free propagation of the TM 110 

mode. It propagates all dip01 modes exited inside the struc- 

ture for frequencies above 3.5 GHz and all monopol modes 

with the exception of the fundamental mode. The micro- 

wave power is fed into the structure via a demountable 

antenna in the cut off tube. The coupling coefficient can 

be adjusted by the length of the antenna. 

The structures are fabricated from 2 mm niobium sheet metal. 

Each sheet is inspected after a 5 pm chemical polishing. 

That side of the sheet which shows less visible defects, 

(scratches, pits etc.) is defined to become the inner side 

of the cell. Then the sheets are deep drawn to the form 

of a half cell. Next each cup is stress annealed before 

cutting the ring with which the sheet metal is held during 

the deep drawing. Before welding of two cups each cup is 

a~ain inspected and visible defects are ground. Anodizing 

to a light yellow or dark blue colour is used to find defects 

and impurities. Welding edges are chemically polished (10 pm), 

and within two days the cups are welded to give a cell. 

The equatorial welding seam is carried out first from out- 

side with 80 % penetration then from inside with about 

30 % penetration. In all S.C. tests carried out with cavities 

welded in this way we never found a quench located on the 

equatorial welding seam. 
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In this stage all cells are frequency tuned by chemical 

polishing to the design frequency. Each cell has to be 

tuned by a different amount to reduce the frequency band 

width of all cells from about 3 MHz caused by productional 

tolerances to about 200 K H z  after tuning. The end cells 

are prepared in the same way. After machining of the wel- 

ding edges twenty cells are stacked together to form a 

20 cell structure and the field distribution is measured. 

Although the coupling coefficient from cell to cell is 

quite large ( 4  8 )  the 7-mode of the structure is not sepa- 

rated well from its nearest lower pass band mode because 

of the low Q-value of 6000 at room temperature. This 19n/20 

mode shows a high exitation of the end cells, but it has 

zero excitation in the middle cell of the structure. To 

suppress the admixture of this mode to the n-mode we put 

a further cell in the middle of the chain of the 20 cell 

structure - to form a 21 cell structure - and excite the 
structure by coupling the rf-power into this middle cell. 

In this arrangement the contribution to the T-mode field 

distribution due to the admixture of other modes is less 

than the accuracy of the bead pull measurement. 

After finding the flat field distribution the structure 

is welded at the irises. This welding is carried out from 

the outside. Because of the narrow slit between two cells 

and the small curvature at the irises it is very difficult 

to do the welding so that the inner surface becomes smooth. 

In the past it was often necessary to grind the welding 

seam from inside. As a consequence of the high sensitivity 

of the n-mode against errors in coupling from cell to cell 

the field distribution became unflat. This unflatness is 

removed by a slight mechanical deformation of the appropriate 

cells of the structures. 
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These steps of construction have been tested with several 

five cell structures and one 20 cell structure. The pro- 

duction of the structures for the recyclotron has started, 

the cups are deep drawn and stress annealed. The mechani- 

cal working and the EB welding are carried out at Inter- 

atom GmbH, Bensberg, the heat and chemical treatment and 

the rf measurements are done at Wuppertal. 

The dynamic frequency tuning at low temperatures is done by 

changing the length of the structure. As shown in Fig. 3 

the tuning system consists of two tuning mechanism: one 

is a motordriven coarse tuner and the other a piecoelectri- 

cally driven fine tuner. Related to a frequency change 
df 

df per change of length of the structure dl of KH z 
a 250 mm 

for the 20 cell structure the tuning range of the coarse 

tuner is 1 MHz with a resolution of better than + 200 Hz. 
The tuning range of the fine tuner is max. 5 KHz, the reso- 

lution is better than -5 Hz. In a first test in which a 

five cell structure was tuned to the frequency of a single 

cell cavity it turned out that the structure is very sensitive 

to accustic vibrations. Nevertheless, the frequency of the 

five cell structure could be locked. Further experiments are 

necessary to improve the electronic system of the tuning 

device. 

In more than twenty low temperature tests carried out 

with five cell structures we could show that the design 
9 values of Q = 3-10 and Eacc = 5 MV/m at 2 K can be reached. 

Typical values which could be achieved with "standard" pre- - - 

9 paration are Q = 4.10 and Eacc = 6.5 MV/m. Here "standard" 

preparation means a sequence of the following step of treat- 

ment: after cleaning in an alkaline bath under ultrasonic 

agitation the structure is chemically polished in a solution 

of HF (40 % ) ,  HN03 (65 % ) ,  and H3POq (89 8 )  (1:1:1). Since 

the end of a long structure which enters the acid first will 

be polished more than the other, the structure is polished 
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upside down again. Typically 20 to 30 um are removed. Then 

the structure is rinsed with demineralized dust free water 

until the conductivity of the outlet water nearly equals 

the conductivity of the inlet water. Then the structure is 

dried in a dust free atmosphere and evacuated. In a first 

low temperature test defects and regions of enhanced dissi- 

pation are localized by temperature mapping. Local 

grinding of the defect region eventually followed by local 

chemical polishing is carried out after warm up. The struc- 

ture then is surface treated as described again and even- 

tually heat treated at 1 2 0 0 ~ ~  to 1 5 0 0 ~ ~  in a vacuum of 

l f 7  mbar or better as the last step of preparation. 

Up to now we have tested one 20 cell structure. In a first 
9 low temperature test we reached a Q-value of Q. = 1 0  and 

an accelerating field of Eacc = 3.7 MV/m. The temperature 

"landscape" of the structure measured at Eacc = 2.8 MV/m 

is shown in Fig. 4a. The quench occurred in cell 5 near 

iris 5 (left peak in Fig. 4a). After warm up the structure 

was inspected with an endoscope. In cell 5 and 9 visible 

defects were found, but not in cell 19. The visible defects 

were ground. In the next low temperature test the map shown 

in Fig. 4b was taken at a field of Eacc = 3.5 MV/m. The 

ground defect region disappeared and a new defect on iris 

9 was created. But the quench occurred in this test in 

cell 19 and not in cell 8. This can be seen on temperature 

maps (or even better on maps showing the heat flux through 

the cavity wall which can be calculated from these tempera- 

ture maps, for a detailed analysis see the talk of G. Miiller 6), 

which were taken at higher fields than 3.5 MV/m. The heat 

production in cell 19 increased more rapidly than that in 

cell 8. The quench occurred at a field of Eacc = 4.2 MV/m. 

As described above the field distribution of the structure 

was unflat, the field in the quenching cell was about 5.7 MV/m 

which also can be deduced from the temperature maps. 
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A 
-2000 MO0 

F i q .  4: Temperature maps of 2 0  c e l l  
s t r u c t u r e  - 

a )  map t a k e n  a t  Eacc = 2 . 8  MV/m 

quench i n  ce l l  1 9  a t F a C c  = 3 . 7  MV/m 
-HOD - 

b) map t a k e n  a t  Eacc = 3.5 MV/m - 
quench i n  c e l l  1 9  a t  Eacc = 4 . 2  MV/m 
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All five and 20 cell structures were manufactured from nio- 

bium material which had an RRR of less than 40. 

4. Pilot Accelerator and Injector Model 

To test several components of the superconducting recyclo- 

tron we have together with our colleagues of the TH D a m -  

stadt built up and operated a small superconducting linear 

accelerator which served as a pilot project. The experi- 

mental setup is schematically shown in Fig. 5. A 200 KeV 

continuous electron beam was chopped at 3 GHz by two trans- 

verse deflecting rf-cavities and a chopping orifice. With 

a five cell structure like the capture section of the 
9 recyclotron which had a value of Q = 4-10 and an accele- 

rating field o f  Eacc = 5.7 MV/m at 1.8 K this beam was 

S u p e r c o n d u c t i n g  C W  Accelerator 

Ch : R F  Chopper Covities 
FC : Forodoy Cup 
G : 25OkV Electron Gun 
HeC : 1.8 K He Cry oslot 
L : Mognetic Lens 
M : 90' Bending Magnet 
P :Pump 
O : Ouodrupoles 
S :Choppingslit 
Sp : Electron Spectrorncler 
X : Crystal Spectrometer l m  
Si  : Silicon Detector 

Fig. 5: Experimental setup of pilot accelerator 
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Fiq. 6: Energy spectra of Mott-scattered electrons for 

different accelerating fields 

accelerated to 850 KeV. It was analysed by the spectra 

of Mott scattered electrons from a carbon foil by a 

cooled Si-detector. The spectra are shown in Fig. 6. 
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To improve the beam transport system the structure had to 

be cooled down and warmed up for more than six times during 

a period of one year. The structure was always kept under 

vacuum, no deterioration of Q and Eacc could be observed. 

Also all other components of the accelerator including 

the cryostat performed according to our expectations. 

11. Development of Superconducting Structures 

The study of the physical nature of field limitations far 

below theoretical limits is our main subject of research. 

Until now defects seem to be the most severe problem. A de- 

tailed discussion is given in 6. 

In order to reach high fields and high Q-values we try 

to avoid or to remove big defects by clean preparational 

methods and grinding and to stabilize defect by increasing 

the thermal conductivity of the niobium. We found that e.g. 

the use of low conductivity ( <  - 18 MR cm) demineralized water 
during the last step of preparation is essential to reach 

high Q-values. The lower the conductivity of the rinsing 

water when it leaves the structure the higher the Q-values 

we reached, Q. = 3 -  10' to 1 -  10" in a 3  GHz single cell 

cavity. The highest Q-value, Q. = 7- lol*, we reached after 

bake out at 1800~~. The maximum accelerating field was inde- 

pendent of the Q-value and could be increased by grinding 

typically to Eacc 7 MV/m, once we reached 10 MV/m. ' All 
these data were taken from cavities fabricated from niobium 

with an RRR less than 40 (the RRR of the cavity with which 

we reached 1 0  MV/m is unknown). 

Since W.C.Heraeus GmbH., Hanau has refined its production 

process and sheet metal with an RRR of 80 to 135 could be 

produced the maximum accelerating field in cavities fabri- 

cated from this material increased at least by a factor of 

two. 
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Fig. 7 :  Fowler-Nordheim plot of field emitted electron 
current measured in a cavity fabricated from h 
thermal conducting niobium at fields up to 

Eacc = 16.3 W / m  

We have built two single cell cavities, one from the RRR = 80- 

material and one from the RRR = 135-material. In the first 

one we reached a field of E acc = 1 2  MV/m and Q = 3.10' at this 

field level. The field was limited by quenching. In the second 

cavity we could reach fields up to Eacc = 16.3 M V / ~  without 

quenching. We could not get up higher because of large field 

emission currents and the available rf-power. Fig. 7 shows 
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a Fowler Nordheim plot of the field emitted current during 

this test. It was measured with a pick up probe in the cut 

off tube. Increasing the field for the first time we measured 

a F.N. field enhancement factor B of 570, after 5 min-rf- 

processing B decreased to 320 and after 20 min. He-pro- 

cessing B again decreased to 135. Because of the insuffi- 
cient radiation protection a long term He-processing is not 

yet possible. Fig. 8 shows the corresponding dependence of 

Q (Eacc)' 

Fig. 8: Q (Eac,) measured in a cavity fabricated from 

RRR = 135 material 
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Fig. 9 summarizes the maximum achieved accelerating fields 

as a function of RRR. It shows that Eacc increases with in- 

creasing RRR, different values of Eacc for the same RRR 

may be due to different sizes of defects. The temperature 

dependence of the thermal conductivity of the niobium for 

different RRR is shown in Fig, 10. In addition Fig. 1 0  shows 

the thermal conductivity of a probe of the RRR = 80-material 

which was fired at 1 9 0 0 ~ ~  under UHV-conditions: This is 

characterized by an increase of the thermal conductivity near 

2 K due to the phonon peak. We are now investigating the 

possibility to increase thermal conductivity in the range 

from 2 K to 5 K. 

A CERN 350 tdHz 
D ** 500 *. 
0 CORhZU 1.5 G H z  
+ DESY 1 .. 

WPPERTAl3 =* 

I rrr 

Fig. 9: Maximum achieved accelerating fields in cavities 

fabricated from material of different RRR 
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Fiq. 10: Temperature dependence of the thermal conductivity 

of the niobium for different RRR 
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The fact that we were limited at field level of 16 MV/m 

by electron loading due to field emission and not by 

quenching possibly demonstrates that field emission may 

be the next limiting phenomenon. 

111. - Nb3Sn structures 

The possibility to operate a superconducting accelerator 

at a temperature of 4.2 K would reduce the cost of the 

cryogenic system. Therefore, we study the rf-properties of 

superconducting Nb3Sn surfaces in multicell accelerator 

structures. 

The Nb3Sn layer (about 3-5 um thick) is produced by vapor 

deposition of tin on a Nb surface in a furnace at about 

1150~~. Normally a thin surface layer of about 1 um is 

taken away by oxi-polishing before testing. Fig. l 1  shows 

the temperature dependence of the surface resistance of a 

Nb3Sn single cell cavity operated at 3 GHz.  In the 

temperature range from 9 K to 4.2 K (fit 1) one can see 

the exponential decrease of RS with an energy gap Ao/kTc = 

2.2. Below 4.2 K Rs decreases further to a residual resis- 
9 tance of 55 nn corresponding to a Q value of Q. = 5-10 . 

Fig. 12 shows the Q as a function of the accelerating field: 

Curve 1 was measured after the first (fast) cool down. 

These data can be reproduced until the cavity is warmed 

up above Tc. Curve 2 was measured after the cavity was 

warmed up above Tc and again cooled down but very slowly 

(i.e. about 1 K per l0 min.) near Tc. Then the cavity was 

warmed up again and cooled down (fast) for a third time. 

The cavity behaved as shown in curve 1. The physical reason 

for this different behaviour is up to now not clear (frozen 

magnetic flux due to thermal electric currents ? ) .  

The maximum accelerating field we reached in a 3 G H z  single 

cell cavity is Eacc 8 = 7.4 MV/m at Q = 7-10 in the temperature 
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g 1 :  Temperature dependence of Rs of NbjSn measured 

in a 3 GHz cavity. Fit 1 fits the data in the 

temperature range from 9 K to 4.2 K, Rres and bo/kTC 

are free parameters. Fit 2 fits the data below 

4.2 K, respectively. 
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F i g .  12: Q (Eacc) o f  a NbgSn c a v i t y  ope ra t ed  a t  3 GHz 

Curve 1 shows t h e  behaviour  a f t e r  a " f a s t "  c o o l  
down n e a r  , Curve 2 a f t e r  a  s l o w  c o o l  down 

range  f rom 4 . 2  K t o  2 K ,  independent  o f  temperature .  

The f i e l d  was l i m i t e d  by quenching,  e l e c t r o n  l oad ing  

was obse rved  a t  f i e l d  l e v e l s  as i n d i c a t e d  i n  F i g ,  12 .  

The p r e p a r a t i o n  of a 5 ce l l  Nb3Sn s t r u c t u r e  i s  under way. 
Moreover it is  planned t o  deve lop  a s i n g l e  ce l l  c a v i t y  as 

w e l l  as a t h r e e  ce l l  s t r u c t u r e  a t  a f requency of 1 G H z .  

A d e t a i l e d  d i s c u s s i o n  on Nb3Sn s u r f a c e s  i s  g iven  by 

G. Arnolds-Mayer. 

I V .  Rf - superconduc t iv i ty  a t  h igh  f r e q u e n c i e s  

The s u r f a c e  r e s i s t a n c e  and i t s  tempera ture  dependence i n  

t h e  f r equency  ranges  of 20  t o  26 G H z  and 83 t o  88 G H z  were 
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measured for TE- and TM-mode in pill-box cavities. l 0  

Fig. 13 shows the experimental setup for the 80 GHz mea- 

surements. Because of the high attenuation of the wavequides 

at these frequencies the microwave power was fed through 

the bottom of the cryostat, in the 20 GHz setup it was 

possible to feed the power from the top. Frequency gene- 

rator was a YIG-tuned gun oszillator (20 GHz) or an Impatt 

oszillator (80 GHz), respectively. 

The temperature dependence of the surface resistance was 

measured in the range from 4.2 K to 1.4 K. In the TE121-mode 

of a welded pill-box cavity a maximum Q (21.5 GHz, 1.4 K) 
0 

of 4- 10" was reached, corresponding to a residual resistance 

below 3 nR (Qres > 3-10 1 1  ) .  This value is of the order of the 

lowest residual resistance reached in niobium cavities at 

low frequencies. At 80 GHz the lowest residual resistance 

which was reached was 485 nR and only determined by the 

difficulty of cleaning this very small cavity on its inside. 

The measurements of temperature dependence of the surface 

resistance is a test for theories of superconductivity. 

Fitting the experimental data with BCS- or an anisotropic 

extended theorie it turned out that the accuracy of the 

measurement was not high enough to distinguish between these 

theories, 

Fitting the data according to BCS theory one gets a reduced 

energy gap bo/kTc = 1.85k0.02 in the frequency range of 20 

to 26 GHz and 1.97+0.04 at 80 to 88 GHz. It seems therefore 

to be possible, that the energy gap increases with increa- 

sing frequency. 

On the other hand the measurement of the value Rs(4.2K)-Rres 

at different frequencies may give a distinction of the 

applicability of the mentioned theories. Fig. 14 shows 
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helium gas line 

vacuum jacket 

radiation shield 

helium vessel 

demountable 

bottom of cryost 

UHV pumping line 

Fig. 13: Experimental setup for testing 80 G H z  - cavities 
- 165 - 
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P i g .  14 :  Frequency dependence of Rs for N b ,  

R~ U a ( W )  

t h e  dependence of t h i s  value of t h e  frequency. ',l0 

I t  seems t h a t  t h e  an i so trop ic  theory f i ts  t h e  experimental 

data b e t t e r  than BCS-theory. 
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Fig. 15 shows the same analysis for NbgSn surfaces 1 2 ,  the 

analysis is up to now not finished,therefore the shown data 

are very preliminary. 

Fig. 15: Frequency dependence of Rs for Nb3Sn 

m measured at Wuppertal 

o other laboratories 
(very preliminary data) the line indica 

RS = m 2  
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