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Superconducting accelerating systems are presently 
under design, test or construction for large e+-e--sto
rage rings and Linear Accelerators for Nuclear Physics 
research. Recent results from different laboratories and 
the progress in rf superconductivity of the past year is 
summarized briefly. New experiments with superconducting 
accelerating structures for velocity of light particles 
at frequencies between 350 MHz and 3 GHz show that an 
accelerating field of 5 MV/m is within reach today. The 
thermal stability of s.c. cavities has been increased 
significantly by improving the thermal conductivity of 
niobium with different techniques or by sputtering nio
bium onto copper cavities. Experiments with high ther
mal conductivity cavities at 500, 1500 and 3000 MHz and 
new developments in the design of superconducting struc
tures are discussed. 

Introduction 

This year is the 20th anniversary of the first 
acceleration of electrons in a superconducting lead 
plated resonator at Stanford 1. Between 1968 and 1970 
very successful experiments with X-band-resonators fab
ricated from niobium 2 formed the basis for large scale 
systems built thereafter. 

In the beginning of the 70's construction of the 
Stanford Superconducting Recyclotron 3, the Illinois 
Microtron using a superconducting accelerating section 
and the CERN - Karlsruhe s.c. Particle Seperator 5 was 
started. In 1974 a superconducting resonator success
fully accelerated a beam to 4 GeV in the CORNELL Syn
chrotron 6 and in 1976 the construction of the ARGONNE 
s.c. Heavy Ion Postaccelerator was begun 7. Several of 
these devices have now been operated for many thousands 
of hours reliably and under routine conditions. It was 
shown that the drastic reduction of the rf surface re
sistance in s.c. cavities could be achieved even in 
complex resonators. The early expectations, however, to 
reach the very high electric accelerating or deflecting 
fields promised by the elementary theory of supercon
ductors in radio frequency fields were not fulfilled. 
In analysing the performance of s.c, resonators it is 
necessary to consider their geometry. S.c. structures 
for proton and heavy ion accelerators therefore have to 
be discussed separate from accelerating structures for 
electrons. According to the title of my talk I want to 
focus on velocity of light structures. 

LABORATORY CERN 

PROJECT PROTOTYP 
FOR LEP 

TYPE OF STRUCTURE SPHERICAL 

FREQUENCY (MHz) 350 500 

OPERATING TEMPERATURE 4.2 K 4.2 K 

BEST VALUES OF E (MV/m)** 5.4 B.7* 
a 

3.5- 109 1.109 SINGLE CELL CAVITIES Q at high field 

The accelerating fields of 2 - 3 MV/m achieved in 
operating s.c. electron accelerators are about 10 to 15 
times lower than promised by BCS - theory. This moderate 
achievement has lead to the impression that high duty 
factor electron accelerators should be based on classi
cal technology and the cascaded microtron now under con
struction at Mainz is certainly an attractive alterna
tive for energies below I GeV. 

The early results at X-band frequencies and very 
encouraging and recent experiments at Sand L-band, how
ever, show that there are no additional fundamental li
mits and further research and development of s.c. rf 
technology should be rewarding. A new technology needs 
definite projects for its development and the 130 MeV 
s.c. recyclotron presently under construction at the 
Technische Hochschule in Darmstadt is a welcome oppor
tunity. 

The most ambitious continuous wave s.c. accelera
ting systems are planned today for the new high energy 
electron positron storage rings. It is recognised that 
for these accelerators superconducting accelerating 
systems are superior to normal conducting ones. Already 
energy gradients of 3 MeV/m result in significant power 
savings and the smaller number of cavities and their 
large iris diameter will increase threshold currents for 
beam instabilities and will therefore lead to higher 
luminosities. The experimental efforts and results con
nected with prototype experiments for electron positron 
storage rings have been summarized and discussed in last 
years conferences at Santa Fe 8 and Chicago 9,10. I do 
not want to repeat the description of the successful 
storage ring experiments of the groups at CERN, CORNELL 
and KARLSRUHE, but try to give a brief summary of recent 
achievements. 

Current Projects 

Table I summarizes essential parameters and accomp
lishments of current projects in superconducting rf. Five 
projects span the frequency range from 350 MHz to 3 GHz. 
At CERN a five cell 500 MHz structure was developed du
ring 1982 and used for a storage ring test at PETRA 10 
This five cell array has recently been tested and 5 MV/m 
were obtained after a proper surface treatment which was 
not possible prior to the test in PETRA. The experiments 
at CERN prepare the later use of s.c. accelerating units 
in LEP to upgrade its energy beyond 50 GeV. The present 
rf design for LEP asks for a frequency of 350 MHz. A 
single cell cavity was built for this frequency. This 

KEK DESY CORNELL 
DARMSTADT/ 
WUPPERTAL 

PROTOTYP PROTOTYP PROTOTYP RECYCLOTRON 
FOR TRISTAN FOR PETRA FOR CESR 130 MeV 

SPHERICAL ELLIPTICAL ELLIPTICAL SPHERICAL 

500 1000 1500 3000 

4.2 K 4.2 K I. 8 K 1.8 K 

6.5 5.5 I 1.8* 13.0* 

4. I _109 5- lOB 1'10
10 

3- 10
9 

MULTICELL RESULTS - 5-CELLS 3-CELLS 9-CELLS 5-CELLS 5/20-CELLS 

E (MV/m)** 5.0 5.8 5.5 5.4 5.7/4.2 
a 

0.7- 10
9 0.6- 10

9 5- lOB 4.5- 109 4/3- 10
9 

Q at high field 

Table I: Essential parameters and achievements of current projects in superconducting rf, including all storage ring 
projects. 
*) Cavities fabricated from high thermal conductivity niobium **) Under continuous wave operation 
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cavity was operated recently up to an accelerating field 
of 6 MV/m. This experiment shows that the choice of fre
quency is not primarily decisive for the obtained acce
lerating gradients. At KEK in Japan a 3 cell 500 MHz 
structure is scheduled for a beam test in the TRISTAN 
accumulation ring during the next months 11. At DESY a 
project on superconducting rf was started with I GHz as 
operating frequency. There a twin module of two nine 
cell structures hous ed in one cryostat ( fig. I) is 

~ DESY cryostat housing two nine cell (I GHz) acce
lerating structures. 

under construction and pre~ared for an experiment in 
PETRA during this summer 1 . At CORNELL a design of ro
tational symmetry is tested in order to compare its per
formance with the muffin tin structures already success
fully operated in the CORNELL synchrotron and in CESR. 
Two five cell cavities (1.5 GHz) are presently prepared 
for a beam test in CESR 13. The 5 and 20 cell 3 GHz 
structures (fig. 3) of tabl e I are building blocks of a 
superconducting cw electron linac of 40 MeV which serves 
as the accelerating sections for the Darmstadt Recyclo
tron. This accelerator project is built in collaboration 
between the Universities of Darmstadt and Wuppertal. In 
a pilot experiment the 5 cell cavity was used to accele
rate electrons during many experiments in the course of 
last year to an energy of approximatel y I MeV 14. The 
accelerating field of the structure of 5.7 MV/m and the 
Q of 4.109 remained unchanged during this period. 

The accelerating field of 5 MV/m which has been 
achieved in so many different laboratories at very diffe
rent frequencies is one of the noticable achievements of 
the last year and one can be confident that 5 MV/m is 
today a good design value for velocity of light accele
rating structures. 

Structure Design 

The high Q of s.c . accelerating structures is the 
main benefit of cryogenic accelerators. This feature 
relaxes the requirement to design structures for a maxi
mum of relative shunt impedance r/Q, which is an essen
tial figure of merit for normal conducting cavity arrays. 
Other design criteria can be considered, the most im
portant of which are summarized in the following: 

The individual cells of the array should be of 
spherical or elliptical shape to avoid one side electron 
multipacting. Chemical surface treatment and the subse
quent rinsing procedures should be possible without an 
enhanced danger of residues (nose cones for example 
should therefore be avoided). All cells should be equal 
to avoid an unnecessary complexity of the higher order 
mode spectrum of the array. The band width of the most 
dangerous higher order modes should be as large as possi
ble which leads to relatively large iris diameters. The 
tuning of the end cells should take into account the 
flatness of the field distribution of the critical 
higher modes 15. This is specificaily important if all 
rf couplers are to be located at the beam tube. Beam 
tube couplers avoid geometrical disturbances of the in
dividual cavity cells and reduce the complexity of cry
ogenic engineering. They are therefore used in most of 

the recent designs. 

Many of these conditions have influenced the de
sign of present superconducting accelerating structures 
and have changed them compared to designs now in use. A 
very powerful computer code (URMEL) has been developed 
by T.Weiland 16 . It allows the computation of all higher 
order modes excited in resonators of rotational symmetry. 
The recent design of the s.c. accelerating structure for 
LEP 15 has made for the first time the attempt to take 
all design criteria listet above into account. The new 
LEP cavity is shown in fig. 2. The dimensions of the 

Fig. 2: Design of the new s.~. prototype resonator for 
--- LEP 

wide portion of the beam tube are chosen to achieve a 
flat field distribution not only for the fundamental but 
also for the higher order modes (TMOII and TMOI2) which 
are most critical in the envisaged storage ring appli
cation. Figure 3 shows the accelerating structures of 
the Darmstadt Recyclotron. The beam tube diameter has 
been chosen for a free propagation of TMI 10 mode. The 
wide beam tube propagates all dipol modes excited inside 
the structure for frequencies above 3.5 GHz and all mo
nopole modes (TMonp) with the exception of the fundamen
tal mode. Should the normal conducting and demountable 
coupling port not be sufficient to load critical modes, 
appropriate loading antennas can be added without distur
bing the s.c. structure. 

Fig. 3: 20 cell accelerating structure of the Darmstadt 
s.c. Recyclotron and schematic of a five cell 
structure including input coupler (I) and 
tuning system with motor driven course (2) and 
piecoelectrically driven (3) fine tuner. 

Dynamic tuning is a necessity for s . c. structures. 
In present designs this is done by changing the length 
of the structure by motor driven, pneumatic or pieco
electri c mechanisms (see fig. 3) . 

The proper choice of the operation frequency for 
s.c. accelerating cavit ies shall not be addressed in 
detail. The developments of the last years have shown, 
that in the frequency range from 350 to 3000 MHz a 
significant frequency dependence of the maximum obtain
able accelerating field cannot be found for extended 
structures. For accelerating fields below 5 MV/m the 
correct choice of frequency is determined by accelerator 
physics requirements and economy. For storage ring fre
quencies in the range from 300 to 500 MHz at operating 
temperatures of 4.2 K appear as a good choice. For li
nacs where large apertures are not required 2 to 4 
GHz at an operating temperature of around 2 K are very 
suitable. 
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Field Limitat ions and Thermal Stability 

The origin of field limitations far below theoreti
cal promise is s ince long one of the main subjectives 
for research on s.c . cavities . In 1979 the technique of 
tempera ture mapping was developed at CERN and it was 
demonstrated that well loca lized defec ts were one of the 
prime causes f or quenching 17. This was assumed since 
l ong, but this diagnos tic method allowed the localisa
tion, investigation and the guided r emoval of these de
fects and helped t o improve the reliability with which 
accelerating fields of around 5 MV/m could be obtained 
also in multicell cavi ties. The observed defects are of 
a large variety. Chemical residues (drying stains), 
metal inclusion (iron, t antalum, tungs ten), cracks in 
welds, welding splutte r or voids were found to be res
ponsible for excessive l ocal losses, which can lead to 
a quench of the cavity fie ld . The detec tion of the 
quench location allows its removal for example by grin
ding. After each grinding procedure a short chemi cal 
cleaning is necessary which always includes the danger 
of new defects (i.e. chemica l residues or dust). Fig. 4 
shows as an exampl e the temperature map of the first 
20 cell structure for the Darmstadt Recyclotron with 
c learly visible defects and a quench field of 3.7 MV/m. 
Af ter grind ing in sever al locations of enhanced losses 
the accelerating field was improved to 4.2 MV/m, but a 
new defect was introduced as can be seen from fi g . 4. 

Fig. 4: Temperature map of the 20 cell accelerating unit 
of the Darmstadt Recyclotron after first t est 
(fig. 4a , quench fie ld 3.7 MV/m) and after grin
ding (fig . 4b , quench field 4.2 MV/m, showing 
the crea t ion of a new defect during the repair 
cycle. The coordinate S(Z) measures the surface 
distance along the axia l direc tion Z of the 
structure. The t emperature elevation (~T) in the 
iris regions is due to the reduced cooling of 
these zones in the subcooled he lium bath. 

For a long time it was in the center of interest to 
avoid or to remove such defects and little interest was 
paid t o the question of the thermal stability of s.c. 
cavi ties. It was pointed out by H. Padamsee 18 that the 
threshold field for thermal instabilities can be increa
sed substantially if the thermal conductivity of the 
cavity wall is improved. To achieve this two a lternat ive 
approaches have been followed recently. In one attempt 
one tries to increase the conductivity of the niobium 
itself. Another possibility is to deposit a very thin 
layer of niobium onto a high conductivity material like 
copper. At CERN the thermal conductivity of niobium from 
different manufacturers has been measured 19 . A t ypical 
temperature dependence of A is given in fig . 5. The 
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Fig . 5: Tempe rature dependence of the thermal conduc
tivity of niobium sheet material of different 
Residual Re s istivi t y Ratios (RRR). 

residual resistivity ratio (RRR) o f niobium is to a good 
approximation proportional to its thermal conductivity 
at 4.2 K. The material used so far shows rrr-values be
tween 20 and 40 whereas the theoretical limit is as 
high as 35000 20 . This large difference indicates that 
there is ample room fo r improvement. In standard r eac tor 
grade niobium the interstitial impurities 0, N, C and 
H 20 dominate the poor conductivity of this material. 
Thes e impurities can be controlled to a large extend 
during the electron beam melting of the raw niobium and 
the consecutive forging, rolling and annealing steps. 
Influenced by the above considerati ons, W.C. Heraeus 
(Hanau, W. Germany) r e fined its production process and 
sheet material with RRR values of 80 and 135 could be 
produced (fi g . 5). The difference between the two kinds 
of material is explained by the different vacua during 
the final annealing . For the very large shee t material 
necessary for the 500 MH z cavities at CERN a standard 
vacuum furnace with diffusion pumps has to be used. The 
material with RRR = 135 was annea led in the UHV-furnace 
in Wuppertal. One 500 MHz and one 3 GHz cavity was f ab
rica t ed from RRR = 80-mat erial and te sted. At 500 MHz 
E = 8.7 MV/m was obtained 21 at first test (high fie ld 
Qo of 1'109 at 4.2 K). At 3 GHz in four experiments, 
each time after a new surface treatment, quench fields 
between Ea = 7.5 and 12 MV/m were reached. Bo th experi
ments (at 500 MHz and 3 GHz) exceeded a ll previous re
sults at CERN or at Wuppertal. Another 3 GHz cavity was 
built from RRR = 135 niobium and tested. In two experi
ments (with a new surface treatment each time) 13.6 MV 
and 16.3 MV/m were obtained. These values were limited 
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by large field emission currents and the available rf 
power. In fig. 6 the recent results from CERN, DESY and 
WUPPERTAL are plotted against the RRR value of the 
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Fig. 6: Dependence of the quench field of different 
single cell cavities and their thermal 
conductivity. 

materials used. The scatter of the data at a fixed RRR 
value is due to different defects. For a given defect 
the quench field should increase with the square root of 
the RRR value. Although the number of experimental re
sults for high RRR cavities is still low fig. 6 indi
cates the tendency of a quench field increasing with 
thermal conductivity. At CORNELL two methods have been 
used to improve the thermal conductivity of commercial 
niobium 13. The starting materials were standard reactor 
grade niobium (500 - 1000 ppm Ta) and electrodeposited 
niobium with a low tantalum content. X-band cavities 
were outgased between 1950 and 22000 C at 10-8 to 
10- 10 Torr in an induction furnace with cold walls. 
Maximum RRR values of 550 (for standard niobium) and 
1400 (for the Ta-free material) were obtained. In 40 
tests magnetic surface fields between 250 and 1250 G 
were measured. (This corresponds to accelerating fields 
of about 6 MV/m to 30 MV/m). Although the Ta-free nio
bium is expensive and the very high temperature outgas
sing is hardly conceivable for large cavity arrays, 
these ~eriments show the expected correlation 
Ea - IRRR as indicated also in the data displayed in 
fig. 6. Another much more suitable procedure to clean 
standard niobium from the most critical oxygen is the 
evaporation of Yttrium onto the niobium surface, deve
loped at CORNELL. During high temperature treatment of 
several hours at 12000 C the interstitial oxygen migrates 
into the Yttrium layer which has a higher affinity to 
oxygen than niobium. This oxygen enriched layer is then 
chemically dissolved. Starting with a material of 
RRR = 25 an RRR of 100 could be obtained. A cavity was 
welded together after its cups had been treated accor
ding to this procedure. A surface magnetic field of 
600 G. (Ea approx. 13 MV/m) was obtained at a low field 
Q of 5.10 10 . Heavy field emission was encountered at 
this field level. 

At CERN a quite different approach is persued to 
increase the thermal stability of s.c. cavities 22. A 
single cell 500 MHz cavity was built from OHFC and a 

niobium layer of a thickness ranging from 1.5 to 5 ~m 
was deposited by sputtering. The cavity was rf tested 
and a very encouraging accelerating field of 8.6 MV/m 
was obtained. The low field Q of 2.109 (4.2 K) degraded 
to 3.108 at the maximum field. Due to its very high con
ductivity the cavity remained stable and only the avail
able rf power (190 W) determined the maximum field. The 
Q deterioration is due to defects which have most like
ly been introduced during the sputter process and appear 
to be avoidable . 

If one considers these new results one is lead to 
conclude that the high field limits set by the BCS 
theory can be reached if one only continues along the 
discussed line. This, unfortunately, is not true. At 
peak electric surface fields of 20 to 30 MV/m (corres
ponding to accelerating fields of about 7 to 10 MV/m 
electron field emission from the cavity walls becomes 
the dominating limitation. Field emission currents grow 
exponentially with the electric field and cannot be com
pensated by even the highest thermal conductivity (t.c.) 
which is technically feasible. The high t.c. cavities 
at CERN, CORNELL and WUPPERTAL are already limited in 
their performance by heavy electron loading. The quench 
of the CERN cavity at 8.7 MV/m is caused by field emitted 
electrons which is clearly seen in the two temperature 
maps shown in fig. 7. The reduction of field emission 
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Fig. 7: Two temperature m~ps of the CERN 500 MHz cavity. 
Fig. 7a shows the temperature increase induced 
by electrons emitted from single source. 
Fig. 7b shows the cavity during quenching ini
tiated by field emission. The temperature in
crease ~T of the outer surface of the cavity is 
plotted against the surface coordinates s(Z) and 
S(¢). S(Z) is the length (in arbitrary units) 
measured along the meridian of the cavity sur
face and S(¢) gives the azimuthal location. 

currents is one main problem to be solved. A very useful 
tool is the reduction of the emissivity of field emitting 
sites by He ion sputtering 23. During this process a s.c. 
cavity is operated at high electric field under a partial 
He-pressure of about 10-5 Torr and the ions produced by 
the emission current are accelerated back onto the emit
ting site. The effectivity of this sputter process in
creases with the obtainable electric surface field. Ca
vities not limited by defect induced quenches allow a 
more effective use of this technique. In the 3 GHz cavi
ty RRR = 135, tested in WUPPERTAL, the field emission 
current was reduced after only 20 minutes of the ion 
sputtering by many orders of magnitude. The apparent 
Fowler Nordheim field enhancement factor B was reduced 
from 570 to 135 and the cavity could be operated at about 
twice the field. This can be seen from fig. 8 where the 
Q value of this cavity is plotted against the accelera
ting field before and after the ion sputtering. Experi
ments on artificial emitters (graphite particles are 
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Fig. 8: Dependence of the cavity Q on the accelerating 
field before and after He-ion sputtering. 
(T = 1.5 K) 

interesting candidates) introduced into s.c. cavities 
are underway at CERN, to gain more insight into the na
ture of rf field emitters and to learn more about the 
physical process responsible for the observed reduction 
of emission currents by He ion sputtering. D.C. field 
emission experiments on broad area niobium electrodes 
using modern surface analytical tools (i.e. scanning 
electron microscopy and scanning Auger spectroscopy) 
have been started at the University of Geneva. They 
will hopefully give more insight into the nature of the 
field emitting sites on cavity surfaces. The role of 
secondaries emitted by the impact of field emitted 
electrons in rf cavities needs experimental and compu
tational analysis. Work in this direction is going on 
at CERN and CORNELL. 

A careful discussion of our present knowledge of 
field emission goes beyond the scope of this report but 
it is clear that the work in this field has to be conti
nued in order to improve the performance of soc. cavi
ties further. 

Conclusion 

In the past year accelerating fields of 5 MV/m have 
been obtained with manufacturing procedures, suitable 
for large scale production of extended accelerating 
structure in the frequency range from 350 MHz to 
3000 MHz. Large storage ring projects are planned on 
this basis. Recent work has improved the design of 
s.c. cavities. 

Progress also can be stated in achieving a better 
thermal stability of s.c. cavities either by sputtering 
niobium onto copper or by significantly increasing the 
thermal conductivity of commercial niobium. This deve
lopment contributes a safety margin to design accelera
ting fields of 5 MV/m and relaxes the conditions for the 
surface preparation of s.c. cavities. At the same time 
these experiments have opened a new possibility to come 
closer to the theoretical limits promised by the BCS 
theory. Field emission is the next hard barrier to be 
overcome. 

The construction of the 130 MeV s.c. Recyclotron 
in Darmstadt offers a welcome opportunity to push the 
technology of rf superconductivity. The results of the 

oncoming storage ring experiments in CORNELL, DESY and 
KEK offer new tests of accelerating units with accele
rating fields in the 5 MV/m region. The plans to go be
yond 50 GeV in the LEP storage ring have a good founda
tion with the present achievements and a large scale 
application of this kind will have an unprecedented im
pact on rf superconductivity and its role in the design 
of new high energy accelerators. 
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