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[57] ABSTRACT 
In a superconducting cavity resonator, the need to 
separate the input and output coupling lines from the 
resonator cavity by the use of vacuumtight microwave 
windows is avoided by instead having the tubular 
line(s) for coupling electromagnetic energy into and 

’ out of the cavity open into the resonator cavity from 
below the cavity. 

- 5 Claims, 3 Drawing Figures 
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SUPERCONDUCTING CAVITY RESONATOR 

BACKGROUND OF THE INVENTION 
The invention concerns a superconducting cavity res 

onator with at least one tubular line, for coupling elec 
tromagnetic energy in and out of the cavity, which 
opens into the resonator cavity without vacuumtight 
separation. ‘ 

Superconducting cavity resonators, which either con 
sist completely of superconductive material or have a 
superconducting surface bounding the resonator cav 
ity, are particularly well suited as resonators and as sep 
arators for particle accelerators. Such resonators also 
have other applications, for instance, as frequency 
standards. Niobium is usually preferred as the super 
conductive material for cavity resonators, but other su 
perconductive materials, particularly lead, can also be 
used. 1 

As a rule, one or several tubular lines, for instance, 
- rectangular waveguides or tubular coaxial lines which 
open into the resonator cavity are utilized 'for coupling 
electromagnetic microwave energy into and out of the 
resonator cavity. 
As the alternating currents produced by the micro 

wave ?elds in the walls of the cavity resonator only 
have a very small depth of penetration into the super 
conductive material, the condition of the surface layer 
in which these ac currents ?ow is of great importance. 
Particularly the surface resistance and therefore the 
quality factor Q of the resonator, as well as the critical 
magnetic ?eld H,‘m measured under the action of alter 
nating ?elds, depend substantially on the condition of 
the surface. A high critical magnetic ?eld is important 
so that the cavity resonator can be operated with high 
frequency power as high as possible with at the same 
time, high Q. If the critical magnetic ?eld is exceeded, 
the ac losses increase steeply and the quality Q of the 
resonator decreases considerably. 

In order to achieve a high Q and a high critical mag 
netic ?eld Hr“, on the one hand the cavity resonators 
should be initially manufactured with surfaces already 
as smooth and free of contamination as possible and on 
the other hand, provision should be made during the 
operation of the cavity resonators so that the surface 
properties do not deteriorate. For smoothing and puri 
fying the surfaces during manufacture, chemical and 
electrochemical polishing methods are used, and in the 
case of niobium surfaces, annealing methods are also 
used. When annealing is used, in addition to a puri?ca 
tion of the niobium surface by outgassing, a grain 
growth of the niobium also occurs so that the number 
of grain boundaries at the niobium surface is de~ 
creased. ln niobium cavity resonators, particularly high 
Q and critical magnetic ?elds can be achieved by pro 
viding the surface bounding the resonator cavity with 
a niobium oxide layer through anodic oxidation. 
Through the oxidation of the surface, the resonatorsur 
face effective for superconduction is relocated away 
from the surface proper into a lower and purer niobium 
layer. At the same time, the niobium oxide layer serves 
as a protective layer for this deeper-located effective 
surface as described in “Physics Letters,” vol. 34A, 
1971, p.439 to 440. 
During operation the superconducting cavity resona 

tor must be cooled to low temperatures. For this pur 
pose, the resonator is arranged in the helium tank of a 
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2 
cryostat. By pumping off the helium vapor above the 
liquid helium present in the helium tank, temperatures 
down to 1.2 K can be obtained. Generally, prior to the 
present invention, the tubular lines for coupling the 
electromagnetic energy in and out of the resonator cav 
ity were introduced from above into the cooling 
medium vessel of the cryostat and also open into the 
resonator cavity from above. Also at ?rst in known res 
onators, these lines opened directly into the resonator 
cavity and were not separated from the resonator cav 
ity in a vacuumtight manner, i.e., the entire interior of 
the lines formed a common gas space with the resona 
tor cavity, so that the lines could be utilized at the same 
time for evacuating the resonator cavity as described in 
“Journal of Applied Physics,“ vol. 39 (l969), p.2606 
to 2609 and 44l7 to 4427. 
However, more accurate investigations on resonators 

with bare, superconductive surfaces and lines opening 
into the resonator cavity from above demonstrated that 
the quality of the cavity resonators decreased over an 
extended period of operation. This effect was explained 
by surface contamination, which gets from the parts of 
the vacuum system which are at room temperature, i.e., 
particularly from the tubular feed lines, to the resona 
tor cavity which is at a low temperature, due to cryo 
pumping action. To avoid this surface contamination, 
the parts of the tubular feed lines which are at a higher 
temperature, were separated from the resonator cavity 
in a vacuumtight manner by means of inserted vacuum 
tight microwave windows made of for instance, ce 
ramic material. In such resonators for evacuating the 
resonator cavity, there is provided between the micro 
wave window and the resonator cavity proper a sepa 
rate pump line which is hermetically sealed off after the 
cavity resonator is evacuated, before the latter is 
placed in the cryostat. If the microwave window which 
closes the resonator cavity off against the tubular feed 
line is immersed in the liquid helium together with the 
resonator cavity, the entire vacuum-wise boundary of 
the resonator cavity is at the same temperature, and 
gases can no longer get from warmer parts of the vac 
uum system to the walls of the resonator cavity by cryo 
pumping action. Such systems are described in “Ap 
plied Physics Letters,” vol. l3 (1968), p.390 to 391; 
“Applied Physics Letters," vol. 16, (1970), p.333 to 
335; article by M. A. Allen et al., “Superconducting Ni 
obium Cavity Measurements at SLAC," SLAC-PUB 
890, Stanford Linear Accelerator Center, Stanford, 
Cal., March l97l. 
Separating the input and output coupling lines, from 

the resonator cavity by means of vacuumtight micro 
wave windows, however, is a very expensive design. In 
practice it is often difficult to even manufacture suit 
able microwave windows. Closing off the resonator 
cavity vacuumtight against the tubular input and output 
lines by a microwave window has the further disadvan 
tage that gases that may enter into the resonator cavity 
due to leaks cannot be pumped off while the resonator 
is in operation. This could be accomplished only by ad 
ditional pump lines, which again bring with them the 
danger of contamination because of the cryo-pump ac 
tion. 

In a superconducting cavity resonator with at least 
one tubular line which opens into the resonator cavity 
for coupling electromagnetic energy into and'out of the 
resonator, it is an object of the present invention to 
avoid the vacuumtight separation of the line from the 



3,845,424 
3 

resonator cavity by a microwave window, without im 
pairment of the functioning and, in particular, of the Q 
of the resonator. 

DESCRIPTION OF THE INVENTION 

According to the invention, this problem is solved by 
letting the line open into the resonator cavity from be 
low. 
The soution according to the present invention is 

based on the surprising discovery that, contrary to pre~ 
vious understanding and belief, contamination due to 
cryo-pumping action has only a relatively small in?u 
ence on the Q of the superconducting cavity resona 
tors. A much stronger detrimental effect is that of small 
dirt and dust particles, which in spite of the most care 
ful cleaning procedures remain in the tubular feed lines 
to the resonator cavity and, in the case of feed lines 
opening into the resonator cavity from above, drop into 
the resonator cavity and carbonize in the strong micro 
wave ?eld prevailing there. Such dirt particles can drop 
into the resonator cavity even if it is closed off vacuum 
tight by a microwave window, since they can drop off 
from this microwave window itself or from the parts lo 
cated between the microwave window and the resona 
tor cavity proper. This is because these parts cannot be 
annealed to completely remove dust and dirt, because 
of the usually required solder and sealing joints and the 
different materials used, and also because these parts 
cannot be subjected to the other chemical and electro 
chemical methods for cleaning the resonator surface. It 
should also be noted that in a high vacuum, even the 
smallest dirt or dust particles drop down in free fall due 
to the absence of any air resistance. 

In accordance with the present invention, by arrang 
ing the tubular line, to open into the resonator cavity 
from below, any dropping of dust or dirt particles into 
the resonator cavity is avoided without the need for a 
vacuum-wise separation of the resonator cavity from 
the parts of the tubular line which are at a higher tem 
perature. The line can therefore serve at the same time 
as a pump line for evacuating the resonator cavity. 
An opening of the line or lines from below is under 

stood here to mean that the line rises before opening 
into the resonator cavity. In other words, the last sec 
tion of the line before opening into the resonator cavity 
should run at an angle against the horizontal or verti 
cally from below, so that the parts of the line adjacent 
to the opening of the line are at a lower level than the 
opening itself. The line coming from below can also 
open into a laterally situated part of the wall of the res 
onator. However, it is preferable to let the line open 
into the resonator cavity at the bottom side of the reso 
nator. 

in the case of several tubular lines opening into the 
resonator cavity for coupling electromagnetic energy in 
and out, it is preferable that all lines open into the reso 
nator cavity from below, so that in no case can dirt or 
dust particles drop into the resonator cavity from 
above. Also specially provided tubular lines which do 
not ‘serve for coupling electromagnetic energy in and 
out but serve exclusively as pump lines for evacuating 
the_resonator cavity, should preferably open into the 
resonator cavity from below. Such additional pump 
lines may be of advantage particularly in resonators 
with large physical dimensions. ' 
The lines brought through the bottom of the cryostat 

in which the cavity resonator is situated, may open into 
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4 
the resonator cavity coming from below in a straight 
line. However, it is particularly advantageous if before 
opening into the resonator cavity, the line or lines form 
a bend. Since gas molecules that may come from the 
end of the line which is at a higher temperature cannot 
traverse in a straight line, such a bend forms a cooling 
trap for gases entering through the line and thereby ad 
ditionally prevents the contamination of the resonator 
surface due to the already mentioned cryo-pumping ef 
fect. It is particularly advantageous if in an arrange 
ment of the cavity resonator in the coolant vessel of a 
cryostat the bend of the line or lines, which serves as 
a cooling trap, is situated lower in the coolant vessel 
than the'lowest point of the resonator cavity. In such an 
arrangement, when the coolant is ?lled into the coolant 
vessel of the cryostat, the bend in the line is cooled 
down ?rst'so that residual gases that may be present in 
the resonator cavity are drawn off from the resonator 
cavity into the bend through the cryo¢pumping effect 
of thebend. In addition, if the line or lines has a bend 
the line can be introduced into the cryostat from above 
the cryostat and still. achieve the advantages of the 
present invention since the portion of the line entering 
the resonator cavity will still be entering from below 
the cavity. 
The opening of the lines into the resonator cavity 

from below has advantages not only in the case of cav 
ity resonators with bare, superconductive surfaces, but 
also in the case of a niobium cavity resonator, the sur 
face of which is anodically oxidized since even in the 
case of a surface protected in this manner, dirt and dust 
particles dropping into the resonator cavity have a det 
rimental effect on the electric properties of the resona 
tor. 

DESCRIPTION OF DRAWINGS 

The invention will be explained further with the aid 
of several ?gures and examples. 
FIG. 1 shows schematically, in cross section, a cavity 

resonator of the TEOH type arranged in the coolant ves 
sel of a cryostat with coupling lines entering from be 
low; 
FIG. 2 shows a different cross section through the 

cavity resonator according to FIG. 1; 
FIG. 3 shows schematically, in a longitudinal cross 

section, part of a separator structure of the HEM,"I 
type with a coupling line entering from below. 
The cavity resonator of the TED“ type shown in 

FIGS. 1 and 2 is operated at X-band, i.e., in the range 
of about 8 to 12 GHz. The longitudinal cross section 
shown in FIG. 2 is perpendicular to the longitudinal 
cross section shown in FIG. 1. The cavity resonator 
consists of a cupshaped resonator part 1 with a resona 
tor cavity 2 in the form of a circular cylinder and is 
closed downward by a coupling member 3. At the bot 
tom of the coupling member 3 is attached a disc-shaped 
?ange 4, into which two rectangular waveguides 5 and 
6 which serve as the coupling lines are soldered or 
welded. Inside the coupling member 3 are provided two 
coupling stubs 7 and 8, which continue the lines 5 and 
6 toward the resonator cavity 2. The coupling stubs 7 
and 8, which form part of the coupling lines, open into 
the resonator cavity 2 from below through coupling ap 
ertures 9 and 10. For sealing against the outside, in 
dium ring seals 11 and 12 are provided between the res 
onator part 1, the coupling member 3 and the ?ange 4. 
In the assembly of the cavity resonator the individual 
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resonator parts are bolted together. The overall resona 
tor is located in the helium vessel 13 of a conventional 
cryostat, which can be ?lled with liquid helium 14. The 
parts of the cryostat which serve for thermal insulation 
and surround the helium vessel, such as vacuum spaces 
and a radiation shield, are not shown in FIG. 1. The tu 
bular lines 5 and 6 form a bend 15 within the helium 
vessel 13 and are brought out of the cryostat upward 
through the cover 16 of the cryostat. A pump connec 
tion 17 for pumping off the helium vapor is provided in 
the cryostat cover. For feeding in the microwave en 

' ergy, the lines 5 and 6 may be connected at their end 
18, which is at room temperature, with a suitable mi 
crowave source, for instance, a klystron. To evacuate 
the lines 5 and 6, and the resonator cavity 2, there is 
provided at at least one of the lines 5 or 6 a branch 19 
which is suitably arranged, i.e., so that it does not inter 
fere with the propagation of the microwaves, which can 
be connected with a vacuum pump. The bend I5 is situ 
ated in the coolant tank at a lower level than the lowest 
point of the resonator cavity and serves as a cooling 
trap for gas molecules that may enter from the ends 18 
and 19 of the lines 5 and 6. The lines 5 and 6 and the 
resonator cavity 2 are already evacuated via the con-' 
nection 19 prior to immersion of the resonator into the 
helium bath 14. If the resonator is immersed into the 
helium bath, or after insertion of the resonator into the 
helium vessel 13, the latter is ?lled with helium, the 
bend 15 is the ?rst part of the whole arrangement 
cooled to a low temperature. 

DESCRIPTION OF EMBODIMENTS OF THE 
INVENTION 

In a specific example of an embodiment of the cavity 
resonator shown in FIGS. 1 and 2 the parts 1, 3 and 4 
consist of solid niobium. The resonator cavity 2 has an 
inside height and an inside diameter of 4l mm; the cou 
pling apertures 9 and 10 have a diameter of 1.5 mm 
each. The coupling stubs 7 and 8 each are 40 mm long 
and have a rectangular cross section of about 10 X 23 
mmg. The rectangular waveguides 5 and 6, which may, 
for instance. consist of alloy steel, have the same inside 
cross section. The niobium surfaces bounding the reso 
nator cavity 2 are smoothed ?rst mechanically and sub 
sequently further by chemical or electrochemical pol 
ishing methods and are ?nally provided with a protec 
tive niobium oxide layer of between about 0.1 and l um 
thickness by anodic oxidation. All other parts of the 
resonator as well as the waveguides 5 and 6 were very 
carefully cleaned. 
A resonator treated in this manner was ?rst inserted 

into the helium vessel 13 of the cryostat with feed lines 
5 and 6 opening into the resonator from above, i.e., up 
side down from the illustration in FIG. 1,_the feed lines 
5 and 6 being brought out in a straight line without a 
bend through the cryostat cover 16. With this arrange 
ment of the resonator an unloaded Q0 of about 2 ' 109 
with a critical magnetic ?eld of about 50 milliteslas was 
measured at a temperature of about 1.5 K and a micro 
wave frequency of 9.5 GHz. After disassembling the 
resonator, carbonized dirt particles were found at the 
underside of the resonator cavity underneath the cou 
pling holes. 
When the feed lines 5 and 6 were brought in from 

below in the manner shown in FIG. 1, an unloaded Q0 
of 2 ' 10"’ and a critical magnetic ?eld of about 1 l0 mil 
liteslas were achieved with the same resonator, the 
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6 
same surface treatment and also otherwise unchanged 
conditions. After disassembling the resonator, no 
changesof any kind could be ascertained at the walls 
of the resonator cavity. Comparable values of the Q 
and the critical magnetic ?eld have heretofore been 
reached only with resonators, where the resonator cav 
ity was separated in a vacuumtight manner ‘from the 
feed lines by microwave windows. In contrast, with the 
present invention the costly microwave window with all 
the disadvantages connected therewith is eliminated 
without impairment of the good electrical properties of 
the resonator. Similar improvements have also been 
achieved by bringing in the lines from below in niobium 
resonators with bare inside surface. ' 
Regarding the bending of the rectangular wave 

guides, it should be noted that in order to obtain the 
lowest possible re?ections in the curved part of the 
waveguide, it is advisable not to force maintenance of 
the original rectangular cross section shape through lat 
eral guide rolls in bending. It is electrically better to ?ll 
the wave guide prior to bending with an incompressible 
material and to bend it around a core of suitable diame 
ter without lateral guidance. The cross section of the 
waveguide is deformed trapezoidally in the process. 
Lead is well suited as such ?ller material. If one wishes 
to give the waveguide an intermediate anneal for step 
wise bending, the use of a copper core has been found 
practical, which can subsequently be dissolved by 
means of nitric acid in the case of a waveguide consist-, 
ing of alloy steel. 
Feeding in the tubular lines from below is applicable ‘ 

independently of the speci?c shape of the cavity reso 
nator for the most varied types of resonators. For in 
stance, FIG. 3 shows a section of a particle separator 
for particle accelerators of the HEMOH type in a length 
wise cross section. The resonator wall 32 which en 
closes the resonator cavity 31 and consists, for in 
stance. of niobium is of rotational symmetry with re 
spect to the longitudinal axis 33, so that the cross sec 
tion of the resonator cavity is always circular. A tubular 
line 35 for coupling in the microwave energy opens into 
the resonator cavity 31 from below via a coupling hole 
34. The line 35 may, for instance, be a rectangular 
waveguide, but it can also be designed as a coaxial line 
and have an additional inner conductor 36. In opera 
tion the resonator according to FIG. 3 is arranged in a 
cryostat with horizontal longitudinal axis. The line 35 
can then be bent similarly as the line 5 shown in FIG. 
1 and be brought out of the cryostat at the top. Another 
possibility consists, as already mentioned, of feeding 
the line from below through the bottom of the cryostat. 

The examples of embodiments shown in the ?gures 
can be modified in many ways. The line 5 in FIG. 1 can, 
for instance, have also several bends. However, it is al 
ways essential that the line opens into the resonator 
cavity from below. . 
What is claimed is: 
l. A superconducting cavity resonator with one or 

more tubular lines for coupling electromagnetic energy 
in and out of the resonator with a coolant vessel sur 
rounding said superconducting cavity resonator 
wherein the invention comprises tubular lines for cou 
pling having a bend prior to opening into said resonator 
cavity, with said lines opening into said cavity from 
below and said bend situated in the coolant vessel 
lower than the lowest point of the resonator cavity and 
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acting as a cooling trap for gas molecules entering 
through said lines. 

2. The superconducting cavity resonator of claim 1 
wherein said lines open at the bottom of said resonator 
into said resonator cavity. 

3. The superconducting cavity resonator of claim 1 
wherein said lines open into said resonator cavity with 
out vacuumtight separation. 

4. The superconducting cavity resonator of claim 1 
and further including one or more pumping lines open 
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ing into the resonator from below, said pumping lines 
having a bend before opening into said cavity. which 
bend is disposed lower in the coolant vessel than the 
lowest point of the resonator cavity, to thereby serve as 
a cooling trap for the gaseous molecules entering 
through the pumping line. 

5. The superconducting cavity resonator of claim 4 
wherein said pumping lines open at the bottom of said 
resonator into said resonator cavity. 

* * * >|< * 


