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[57] ABSTRACT 
A novel AC superconducting article comprising a 
composite structure having a superconducting surface 
along with a high thermally conductive material 
wherein the superconducting surface has the desired 
physical properties, geometrical shape and surface fin-
ish produced by the steps of depositing a supercon-
ducting layer upon a substrate having a predetermined 
surface finish and shape which conforms to that of the 
desired superconducting article, depositing a support-
ing layer of material on the superconducting layer and 
removing the substrate, the surface of the supercon-
ductor being a replica of the substrate surface. 

2 Claims, 8 Drawing Figures 
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AC SUPERCONDUCTING ARTICLES AND A shapes are involved. In fact, many uncomplicated su-
METHOD FOR THEIR MANUFACTURE perconductor geometries, depending upon the desired 

This is a continuation, of application Ser. No. location for the active superconductor surface, are not 
160,926 filed July 8, 1971 which in turn was a stream- susceptible to presently known techniques for remov-
line continuation of application Ser. No. 701,594 filed 5 ing surface irregularities. 
Jan. 30, 1968, now abandoned. This invention relates The fabrication of a superconducting radio fre-
to AC superconducting articles and to a method for quency (RF) cavity highlights the difficulties presently 
making the same. encountered in the art relating to the general fabrica-

tion of superconducting AC devices where low energy 
10 losses are desirable. In principle, all that is required for 

Many known DC devices such as electromagnets and a superconducting niobium RF cavity is a solid high pu-
energy storage cells have, for certain applications, been rity niobium structure having the desired shape and 
replaced by equivalent superconducting devices whose surface finish. As a practical matter, however, to ma-
performance generally is far superior. In contrast to the chine an RF cavity from a solid piece of niobium where 
DC case, however, when AC magnet fields and/or cur- 15 complex internal shapes are involved is nearly impossi-
rents are involved, superconducting devices appear to ble not to mention the prohibitive cost of the high pu-
possess energy losses which may be comparable to o£ rity niobium required. Furthermore, except for the very 
even greater than their conventional counterparts. Al- highest purity niobium the losses are such that the ther-
though the energy losses in superconductors depend mat conductivity of thick niobium walls would be too 
upon both frequency and magnetic reversibility, it is 20 low to allow the heat dissipated in the cavity to be ex-
presently believed that the major limitation in the per- tracted at the rate necessary to maintain the inner wall 
formacne of AC superconducting devices is due to the of the cavity at a temperature sufficiently close to that 
presence of hysteretic losses arising from the magnetic of the surrounding liquid helium bath employed to 
irreversibility in the superconductor. For this reason, maintain the material in the superconducting state. At 
superconducting AC devices depend for their practi- 2 5 present, therefore, no satisfactory technique exists for 
cality upon reducing the energy (AC) losses to an ac- fabricating an AC superconducting article, such as an 
ceptably low magnitude. The energy loss in a supercon- RF cavity, in one piece, where low AC losses are re-
ducting AC device is determined by the following fac- quired, 
tors: 

1. operating frequency; 
2. peak amplitude of the AC magnetic field at the Accordingly, it is a main object of the invention to 

surface of the superconductor; provide an AC superconducting article having low AC 
3. operating temperature; losses. 
4. physical properties of the superconducting mate- It is a further object of this invention to provide a su-

rial employed; and 3 5 perconducting niobium RF cavity. 
5. the geometrical and physical characteristics of the It is an even further object of this invention to pro-

surface. vide a method forfabricating superconducting RF cavi-
In most cases the operating frequency is determined ties in one piece, 

by the nature of the device and is therefore essentially It is another object of this invention to provide a 
fixed. The second and third factors influence not only 4 0 method for fabricating in one piece a multiplicity of in-
the energy loss but the performance of the supercon- tegrally connected RF cavities, 
ducting device as well. In AC devices such as RF cavi-
ties for beam separators the magnetic field is required 
to be as high as is possible for the superconductors em- This invention is predicated upon the discovery that 
ployed. In addition, since the critical field of supercon- 4 5 a useful AC superconducting article with desired purity 
ductors increases with decreasing temperature it is nec- of material and geometrical configuration can be pro-
essary to operate such devices at as low a temperature duced by the steps of depositing a superconducting 
as is economically practical. Hence, the only remaining layer upon a substrate o f predetermined surface finish 
factors which may be truly varied to minimize the en- ^ and shape which conforms to that of the superconduc-
ergy losses are the physical properties and surface char- ting article, depositing a supporting layer of material on 
acteristics of the superconductor employed. An ideal the superconducting layer and removing the substrate 
material would exhibit zero loss at the highest magnetic to form a composite structure of the superconducting 
field. Of all elemental superconductors, niobium is pre- layer and supporting material, the surface of supercon-
ferred for Ac applications where a high magnetic field ^^ ductor being a replica of the substrate surface, 
is required. Niobium in its commercially available In accordance with the above process a novel super-
state, however, will yield relatively high AC losses. Re- conducting article is produced having the desired sur-
cent experimentation has established that the presence face finish and shape which in its broadest aspect com-
of impurities in the virgin material is the major contrib- prises: a supporting structure and a coating of super-
uting factor to such AC losses. Thus, ultra-high purity conducting metallic material bonded to the surface of 
niobium should and does exhibit almost perfect mag- said substrate, the material consisting of niobium hav-
netic reversibility and as such almost zero electrical re- ing the following ingredients in parts per million: C < 1 , 
sistivity. Equally important is the reduction of AC 0 2 < 5 0 , H 2 <1 , N 2 >1 , F e < 18, Ni<20 , Cr<20, Ta<10 , 
losses attributable to surface imperfections which W < 2 . 
would otherwise limit the advantages to be gained from ^ Although the invention will be hereafter explained in 
the use of ultra-high pure niobium in a practical super- detail with reference to either a single superconducting 
conducting device. This further complicates the fabri- RF cavity or a multiplicity of integrally connected RF 
cation of a superconducting AC device where complex cavities, it is not to be construed as limited thereto. 

SUMMARY 
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Other AC superconducting articles useful for AC 
power transmission lines, transformers, gyroscopes, 
etc. may be fabricated according to the teachings of 
this invention. 

Further objects and features of the present invention 
will become apparent from a reading of the following 
specification and claims in connection with the accom-
panying drawings in which: 

FIGS. 1 - 7 illustrate the novel steps used to fabricate 
a single superconducting RF cavity in one piece. 

FIG. 8 shows a number of examples of complex single 
RF cavity geometries which may be fabricated in ac-
cordance with the invention. 

As hereinbefore mentioned, niobium in its virgin 
state does not possess the superconducting properties 
required for certain AC applications and is particularly 
unsuited without purification for application to RF cav-
ities. Moreover, conventional processes such as elec-
tron beam melting, chemical vapor deposition and 
electroplating etc. are not capable in themselves of 
both purifying the niobium to a satisfactory extent and 
providing a desired shape. Some of these processes can 
produce niobium having the necessary properties if the 
niobium deposit is subsequently vacuum outgassed and 
annealed. However, the niobium deposit produced is 
not in readily usable form. As a result of a recent inno-
vation in the conventional electroplating technique, 
dense structurally coherent deposits of niobium are re-
alizable. This process may be advantageously employed 
in the present invention to fabricate RF cavities of 
complex shape as will be explained later in the specifi-
cation. The electroplating process referred to above is 
a Faradaic fused salt process employing an all fluoride 
electrolytic bath consisting essentially of: a base melt of 
at least one fluoride of potassium, rubidium, or cesium 
and at least one fluoride of other elements higher in the 
electromotive series than the metal to be deposited, 
and at least one fluoride of each metal to be deposited. 
The preferred salt constituency for depositing niobium 
consists of potassium fluoride (KF), sodium fluoride 
(NaF), lithium fluoride (LiF) and potassium niobium 
fluoride (K2NbF7). The proportions of the fluorides in 
the melt, the temperature of the melt and the electro-
lyzing current density are adjusted to produce a dense, 
fine grain, structurally coherent high purity deposit 
upon a substrate which serves as the cathode. The nio-
bium deposited is over 99.99% pure with an impurity 
composition as shown below in Table I. Even this ex-
tremely b w concentration of impurities is unsatisfac-
tory for RF cavity application. It is not until the con-
centration of the interstitial impurities 0 2 , H2 and N2 
are substantially reduced that the material is rendered 
suitable to serve as an RF cavity. Hence, ultra-high pu-
rity niobium for purposes of this invention disclosure 
consists essentially of niobium with impurities whose 
concentrations do no exceed those given in Table I. 

TABLE I 

TABLE I-Continued 

Impurity 
High Purity Niobium 

p.p.m. 

Ultra-high 
Purity Niobium 

p.p.m. 

C 
O, 
H2 
N2 
Fc 
Ni 
Cr 

< 1 
< 5 0 

< 1 
> 1 

<18 
<20 
<20 

< 1 
< 1 
< 1 
< 1 

<18 
<20 
<20 

10 

15 

20 

25 

30 

35 

40 

45 

5 0 

55 

60 

65 

Ultra-high 
High Purity Niobium Purity Niobium 

Impurity p.p.m. p.p.m.. 

Ta < 1 0 < 1 0 
W < 2 < 2 

The usual approach considered for fabricating a su-
perconducting RF cavity is to deposit a thin layer of su-
perconductor on the inside surface of a preformed 
structure of material of high thermal conductivity and 
to polish the superconducting surface to the required 
finish. The preformed structure acts as a support for 
the superconducting layer when the cavity is evacuated 
for actual use and, of course, provides the desired 
shape for the inner wall of superconductor. It is impor-
tant that the surface finish be as nearly perfect as possi-
ble. The term "perfect" for purposes of this disclosure 
is intended to means a surface substantially free of im-
perfections. Although, the exact mechanism through 
which surface imperfections contribute to AC losses is 
not clearly known, it has been observed that at mag-
netic fields below the lower critical field of a supercon-
ductor, the magnitude of the AC losses decreases as the 
quality of the surface finish is improved. Polishing to 
achieve the quality of surface finish required for low 
AC losses is a most difficult if not impossible operation 
to perform, especially where complicated geometrical 
shapes are involved. Furthermore, the ultra-high purity 
requirement for the niobium necessitates vacuum out-
gassing. This requires that the support material have a 
melting point at least above that necessary to vacuum 
outgas niobium. It must also have a high thermal con-
ductivity. This requirement of high thermal conductiv-
ity is as stated hereinbefore to permit the heat dissi-
pated in the cavity walls to be extracted at the rate nec-
essary to maintain the interior niobium wall at a tem-
perature sufficiently close to that of the surrounding 
cryogenic liquid used to maintain the niobium in the 
superconducting state. Few easily fabricated materials 
possess the combined high melted point and high ther-
mal conductivity required for satisfactory performance 
as a cavity support structure. For these reasons vacuum 
outgassed niobium cavities have not been fabricated by 
this conventional approach. 

All problems associated with this conventional ap-
proach have been solved by a unique combination of 
novel steps. These steps are illustrated in FIGS. 1-7 in-
clusive of the drawings. The first step, shown in FIG. 1, 
is the fabrication of a substrate designed to conform to 
the inside shape of the desired RF cavity. This may be 
accomplished by a simple machining operation. The 
substrate itself forms no part of the end product i.e. the 
RF cavity; its sole purpose is to function as a mold or 
core to produce the desired geometrical form and sur-
face finish required for the superconducting surface 
within the RF cavity. The only restriction placed on the 
material employed for the substrate is that it must be 
compatible with the subsequent steps of this invention. 
Copper has been used satisfactorily. Other materials 
such as iron, ferrous alloys or nickel could also be used. 
After forming to shape, the substrate is mechanically 
polished and/or electropolished to obtain an extremely 
smooth surface finish. Since the substrate is to be used 
to provide the surface finish for the superconductor, its 



3 , 9 0 6 , 4 1 2 
5 6 

surface must have a finish equal to or better than the The next step after the porous layer of tungsten is de-
finish required of the superconductor. posited is to remove the copper substrate leaving a 

The second step in the process as shown in FIG. 2 composite niobium porous tungsten article as shown, in 
consists of depositing a coating of niobium severalmils FIG. 4. The copper substrate may be removed by dis-
in thickness over the finished substrate surface. Al- 5 solving it in dilute nitric acid. Alternatively, the sub-
though any process may be used which will result in a strate could be removed either electrolytically or by 
high purity niobium deposit, the aforementioned fused melting the substrate or by a machining operation or 
salt electroplating process is preferred, because of the any combination of the above procedures. The active 
dense, fine grain, structurally coherent and uniform de- niobium surface will be that surface which was origi-
posit produced. In addition, the electroplating process 10 nally in contact with the copper substrate and will 
has a relatively high throwing power which simplifies therefore have a surface finish which is a replica of the 
the formation of uniform deposits over complex original substrate surface. The composite niobium 
shapes. Moreover, by the use of this process the shape tungsten article is then vacuum outgassed and annealed 
and finish of the niobium at the niobium substrate in- at a temperature range between 970°-2400 o G and at 
terface faithfully replicates the shape and finish of the 15 a pressure range between 10"12 - 4 X 10~8 Torr reduc-
substrate. After removal of the substrate, surface fin- irig the concentration of each of the interstitial impuri-
ishes with a roughness of less than 5 micro-inches RS ties nitrogen, oxygen and hydrogen to less than one 
(root mean square) have been measured. Accordingly, part per million. Vacuum outgassing at this tempera-
many desirable complex geometrical shapes with very ture and pressure range will also result in some sinter-
smooth finishes may be fabricated by the process of this 20 ing of the porous tungsten which will both increase the 
invention. The simple configuration shown in FIGS. mechanical strength of the tungsten and improve the 
1-7 is used merely to illustrate the process quality of the tungsten-niobium bond. A schematic rep-

Articles formed at this intermediate state in the pro- resentation of one vacuum outgassing system employed 
cess by depositing relatively high pure niobium upon is shown in FIG. 5. The composite niobium tungsten ar-
the surface of the substrate have a plurality of uses. For 25 t ide is placed upon platform 10 contained within the 
example, when the substrate is copper or other material vacuum chamber 12. The flanged extension 14 of the 
having a high effective thermal conductivity, the inter- niobium tungsten article is connected by means not 
mediate product is independently useful as a conductor shown to the shaft 16 of the ion pump vacuum system 
for AC power transmission. In the case of a tubular sub- 18 which when activated will pump the interior of the 
strate, the niobium may be electroplated onto either its 3 0 cavity to a pressure in the aforementioned range appro-
inner or outer surface. The substrate may function as priate to the outgassing temperature. A secondary or 
the supporting structure for the niobium or it may be auxiliary vacuum pump system 20 is connected to the 
subsequently removed after another support structure interior of vacuum chamber 12 for maintaining a vac-
is provided. Where the substrate is removed, the nio- uum in the chamber interior of approximately 10 - 5 

bium will possess a shape and surface finish substan- 3 5 Torr. The secondary pump system is optional; its pri-
tially equal to those of the substrate. This shape is mary purpose is to protect the tungsten from oxidation, 
maintained by the support structure. Furthermore, This could be alternately accomplished by injecting a 
complex conductor shapes for other AC superconduc- very pure inert gas into the interior of chamber 12. A 
ting devices such as AC transformers and gyroscopes resistance furnace 24 and power supply 22 are used to 
may be fabricated at this intermediate stage in the pro- 4 0 heat the cavity to a temperature within the aforemen-
cess. tioned range appropriate to the outgassing pressure in 

The third step in the process of fabricating a super- the interior of the cavity, 
conducting RF cavity as shown in FIG. 3 consists of de- After outgassing, the ends of the cavity are cut off by 
positing a porous refractory material over the electro- a machining operation at the points illustrated in FIG. 
plated niobium. Although tungsten is preferred, any re- 6 thus forming the completed cavity as shown in FIG. 
fractory material such as molybdenum, tantalum, nio- 7. The completed cavity is a hollow section with an ex-
bium, graphite, iridium, platinum or refractory ceram- posed perfectly finished interior wall of ultra-high pu-
ics may be chosen. The refractory coating is preferably rity niobium bonded to the supporting outer porous 
deposited by plasma plating. In this process refractor tungsten wall. The ends of the cavity section have an 
powder is introduced into the high velocity, high tem- outer lining or layer of ultra-high purity niobium. The 
perature effluent of a non-transferred arc being di- coated end surfaces are necessary as sealing surfaces 
rected against the surface upon which the tungsten de- when it is desired to join a number of cavities together 
posit is desired. Other processes such as powder metal- in actual operation. 
lurgy, electroplating or chemical vapor deposition are ^ In accordance with this invention many cavity config-
equally applicable. Alternatively the supporting refrac- urations can be fabricated as a single solid section. In 
tory material may be provided by bonding a preformed FIG. 8a, b and c, RF cavity sections of complex shape 
structure to the surface. The tungsten coating forms a are illustrated showing the initial substrate configura-
structure which serves to support the niobium during tions and finished end products. 
the vacuum outgassing and to provide the mechanical 6 0 While the invention has been described in terms of 
support necessary in the finished RF cavity. In addition, the fabrication of one RF cavity as a single composite 
when the RF cavity is actually put into use, the porosity structure it is clear that by suitably forming the sub-
of the tungsten enables the cryogenic liquid bath sur- strate to represent the interior shape of a series of cavi-
rounding the cavity to circulate through the pores giv- ties and by following the steps of this invention, the re-
ing rise to an extremely high effective thermal conduc- suiting composite structure will form a multiplicity of 
tivity between the niobium inner cavity wall and the integrally connected cavities. 
surrounding cryogenic bath. This is especially effective The objectives of the present invention i.e., the fabri-
when the cryogenic bath is superfluid liquid helium. cation of practical AC superconductive devices with 
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acceptably low losses may be achieved in some cases propagating or sustaining an alternating electromag-
without practicing all of the steps as outlined. The con- netic field at high power density with extremely low AG 
ductor for AC power transmission represents one such losses comprising: a hollow thermally conductive sup-
case. In this and other cases where vacuum outgassing porting structure of predetermined thickness forming 
may not be necessary a refractory material is not re- 5 the outer surface of said cavity, said structure having at 
quired for the supporting structure. Therefore, non- least one open end; a relatively thin coating of ultra-
refractory materials which have the required thermal high pure niobium bonded to the inner surface of said 
and mechanical properties may be employed. Addi- structure; and an equally relatively thin coating of ul-
tionally, in devices where the power loss per unit area tra-high pure niobium bonded to the open surface of 
is sufficiently small, the supporting structure need not 10 said structure and having an exposed surface roughness 
have as high a thermal conductivity as that provided by of less than five micro-inches RMS whereby very high 
the porous support. In these cases a solid non-porous RF power densities are obtainable with very low AC 
support is adequate. power losses. 

Other modifications and variations of the present in- 2. A superconducting RF cavity as defined in claim 
vention are possible in the light of the present teachings 15 1 wherein said structure consists of a refractory mate-
without departing from the underlying scope of the rial selected from the class consisting of tungsten, mo-
present invention. lybdenum, tantalum, niobium, iridum, platinum, graph-

What is claimed is: ite and the refractory ceramics. 
1. A superconducting RF cavity for continuously * * * * * 
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