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We study about Niobium refining and elliptical cavity fabrication process for superconducting cavity. In order to carry

out Niobium purification, 600 KW electron beam melting furnace was introduced in our factory. It makes possible the stable

refining to obtain a cavity quality grade by optimization of melting condition. We performed the trial manufacturing of two

single cell cavities are made from our high purity Niobium ingots (RRR>300). Maximum accelerating voltage of welding-

type and seamless - type cavities were achieved 41 MV/m and 37 MV/m at 2K, respectively. These values surpass the

specification of international linear collider project. Also, seamless tube for three cell cavity was prepared as scale up study.

Because an average grain size in the tube for three cell is smaller than that for single cell, it is expected that smoother

surface is obtained after hydrofroming process.

1. Introduction

Accelerators are a technology used in a wide variety of
fields that have been producing excellent results in re-
search on the origin of the universe, cancer treatment,
and analysis of the structure of matter. Any device that
can accelerate charged particles can be called an accelera-
tor and there are several methods of accelerating parti-
cles, for example, applying voltage electrostatically, using
electromagnets, and using high frequency resonance by
accelerator cavities, but the most appropriate method is
chosen for the application and the type and energy of the
particles. Recently, accelerator cavities for which niobium
is cooled to the superconducting state are mainly used for
MeV to GeV linear accelerators. Large superconducting
accelerators are being constructed around the world,
such as the European XFEL in Europe, LCLS-II in the
U.S,, and RISP in South Korea. The International Linear
Collider (ILC) project in Japan has been proposed”. Nio-
bium materials used in such facilities must be highly pure
because they are used in the superconducting state that is
sensitive to impurities. The upper limit on the amount of
impurities are specified in the ASTM standards as the
high purity superconducting grade (ASTM Type 5)?. Nio-
bium is rather expensive among pure metals and there
are still some problems with technologies for mass-pro-
ducing accelerator cavities at present, so technologies for
manufacturing accelerator cavities at low cost with high
productivity are demanded.

The authors have taken a two-pronged approach to de-
veloping superconducting accelerator cavities in order to
solve the problems mentioned above.

The first is to establish a technology for refining high
purity niobium ingots. The goal is to discover a technolo-
gy for supplying niobium materials that provide the re-

quired purity and acceleration performance at the lowest
price possible. A 600-kW electron beam melting furnace
has been introduced in the factory of ULVAC Tohoku, Inc.
to develop methods for manufacturing such niobium in-
gots.

The second part of our approach is a manufacturing
technique called the seamless method. In this method, ni-
obium seamless tubes that are produced by an ULVAC
original technology are directly formed into cavities. The
aim is to establish a method to manufacture supercon-
ducting accelerator cavities at a lower cost than those
manufactured by the welding method® * that is mainly
used at present. Some research has suggested that the
seamless method in which no welding is required for the
main bodies of accelerator cavities has cost advantages®'®.
We believe manufacturing costs need to be closely reex-
amined throughout all the actual processes from purifying
raw materials to processing accelerator cavities, as UL-
VAC has been doing.

This paper introduces ULVAC's two-pronged approach
to improve the purity of niobium and to prototype super-
conducting accelerator cavities by the welding and seam-
less methods along with their characteristics.

2. Manufacturing high purity niobium ingots

In order to manufacture high purity niobium ingots by
electron beam purification, it is best to purify them at high
power under high vacuum to effectively remove impuri-
ties, especially gases and high melting-point metals. UL-
VAC has commercialized metal products manufactured by
electron beam melting. By using techniques accumulated
through such development projects and the advantages
we have as a vacuum equipment manufacturer, ULVAC
designed a 600-kW electron beam melting furnace for



600 kW electron beam melting furnace.

Figure 1

manufacturing high purity niobium. Figure 1 shows the
appearance of the electron beam melting furnace.

After the furnace was first put into operation, melting
tests were carried out dozens of times in order to figure
out the conditions required for high purification. In this
field, the residual resistivity ratio (RRR) is usually used to
evaluate purity. This value is often included in specifica-
tion values when accelerator materials are purchased. The
formula below shows the RRR for niobium”.

RRR=p (300K) /p 9.3K)

This formula shows the ratio of electrical resistivity at
300 K to that at 9.3 K. The superconducting transition
temperature of niobium is approximately 9.3 K. At the mo-
ment when the temperature falls below this value, the
electrical resistance becomes zero. The finite number im-
mediately before superconducting transition is used in the
formula. In this state, lattice vibration ceases and so al-
most no electrons will scatter. Therefore, it can be con-
cluded that electrical resistance is only caused by scatter-
ing due to impurities. Thus, the RRR is used as an index
for judging the amount of impurities. As the purity gets
higher, the RRR value becomes larger.

In the ILC project, the RRR required for niobium mate-
rials is more than 250 as specifications. Currently, high
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purity ingots that satisfy such a value can be produced us-
ing this melting furnace (Figure 2). When the furnace
was first introduced, its ultimate pressure, electron beam
irradiation power, irradiation method to materials, and
other matters were being adjusted, so a particularly high
RRR could not be achieved. Around the 30th trial, we
started to understand the relationship between all the
variable parameters and the RRR to some extent, so it
started exceeding 250 after the 30th trial and reached as
high as 650 under some conditions. Note that it is not that
the RRR values varied under the same melting purification
conditions (after the 30th time, in particular). The varia-
tions in the data are because of differences in the melting
conditions depending on the purpose. For example, in one
trial we attempted to satisfy the specification value in a
shorter amount of time (low cost process) and tried to get
the highest purification effect (high RRR) in another. Ta-
ble 1 shows the chemical analysis results of an ingot with
an RRR of 330 as a typical example of high purity. This
shows that the ingot is high purity superconducting grade
(ASTM Type 5).

3. Mechanical characteristics of high purity
niobium materials

Purified ingots are formed into plates and tubes

Table 1 Impurity element analysis of Niobium ingot and ASTM Type 5 specification.
(ppm)
H (0] N C Zr Fe
ASTM Type5 5 40 30 30 100 50
ULvAC <10 <10 10 <10 <10
Si W Mi Ti Al Ta
ASTM Type5 50 70 30 50 50 1000
ULVAC <10 10 <10 <5 <10 140
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Figure 3 Hardness curve with respect to machining ratio of
high purity and low purity Niobium.

through processing steps. Mechanical characteristics of
the materials (e.g., simply whether they are hard or soft)
need to be understood to process ingots. Therefore, the
degree of processing curve (how the hardness changed
when the material was rolled) was created to get an idea
of how to machine the metal. The degree of processing
refers to a quantitative value that shows how much the
material has deformed by processing. For example, if the
thickness of a plate is halved, the degree of processing is
50% and if the thickness becomes one tenth, the ratio is
approximately 90%.

In this experiment, a high purity ingot (RRR=250) and
a low purity ingot (RRR=40) were used for comparison.
The low purity ingot was a commercially available one
with a purity of 3 N. Both types of ingots, which had thick-
nesses of approximately 10 cm, were repeatedly rolled
and the Vickers hardness was measured at different
times. Figure 3 shows the degree of processing curve ob-
tained from these measurements. Firstly, for the low puri-
ty material, the hardness starts increasing when the de-
gree of processing is approximately 40% and it suddenly
jumps up when the ratio exceeds 60%. After that, when
the ratio exceeds 80%, the rise of the hardness becomes
slow. This is possibly because in the low purity material
containing many impurities, as processing proceeds, dis-
locations get twisted around the impurities and the hard-
ness increases immediately after the processing begins.
However, as the material is further processed, it reaches
the limits of processing where most dislocations stop
moving any further. On the other hand, for the high purity
material, work hardening is not seen until the degree of
processing becomes relatively high and the hardness fi-
nally starts increasing when the ratio exceeds 86%. The
limits of processing was not seen even when the material

was processed to the degree of processing of 99%. This
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Figure 4 Fabrication process for welding type cavity.

shows that dislocations do not get entangled much be-
cause there are so few impurities in the high purity mate-
rial. In this experiment, the thickness became 0.3 mm at
this stage and further reduction processing became im-
possible due to the limitations of the rolling machine, so
data at higher the degree of processing could not be ob-
tained. The authors will continue to study the relationship
between purity and work hardening in the future.

From these results, when low purity niobium materials
are heat treated at the degree of processing of approxi-
mately 80%, where the materials are close to the limits of
processing and strain is sufficiently accumulated, it is pos-
sible that recrystallization occurs. On the other hand, not
much strain has been accumulated for high purity niobi-
um materials at this stage, so it is probably best to heat
treat them after the degree of processing exceeds 95%.

4. Prototyping an accelerator cavity and
evaluating its characteristics

4.1 Prototyping a single-cell accelerator cavity using
the welding method

A high purity niobium ingot with an RRR of 330 was
used to produce a single-cell accelerator cavity using the
welding method. The ingot was cut and rolled and the ob-
tained square plates were formed to circular plates as
shown in Figure 4. The plates were heat treated in the
course of the processes, when required, depending on the
accumulated processing strain. The circular plates were
formed to a bowl shape called a "half cell" by stamping.
The edges of two half cells were placed against each other
and welded. Beam pipes and flanges were welded to both
ends and the inside was given a mirror finish. This com-
pleted the prototyped cavity. The bulged section of an ac-
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Figure 5 Q- E property of welding type cavity.

celerator cavity is called a cell. The prototyped cavity has
only one cell, so it is a single-cell cavity. There were con-
cerns that the RRR would decrease as a result of process-
ing and heat treatment. However, the RRR of the circular
plate was 324 while the RRR of the original ingot was 330.
The difference is within the measurement error, so these
two values can be regarded as being on the same level.
This shows that processing and heat treatment do not af-
fect the electrical resistivity adversely, in other words, al-
most no impurities or strain remain. No apparent prob-
lems with the welding such as scratches and deformation
were seen on the prototyped single-cell accelerator cavity.

This accelerator cavity s acceleration characteristics
were evaluated at the Inter-University Research Institute
Corporation High Energy Accelerator Research Organiza-
tion in Japan (KEK). The accelerator cavity was measured
by putting it in a cryostat and liquid helium was used to
fill the space between the cryostat and the outside of the
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Figure 6 Manufacturing flow of seamless tube.

Figure 7 Niobium seamless tube for single cell cavity.
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Figure 8 Schematic diagram of manufacturing process of
seamless cavity. a) seamless elementary tube, b) after necking,
¢) after 50% hydroforming, d) after 100% hydroforming.

accelerator cavity. The cavity was cooled to 2 K. High fre-
quency waves were introduced from the ports at both
ends of the accelerator cavity. The ratio of the energy ac-
cumulated in the accelerator cavity to the loss of the high
frequency waves was calculated to obtain Q,, which shows
the energy efficiency relative to the input electric power.
In addition, the net electric field (accelerating electric
field, E,..) that particles passing through in the accelera-
tor cavity felt was calculated from the input electric power
(for details, refer to documents 8 and 9 in the Refereces).
As the input electric power is increased, heat is generated
due to the high frequency surface resistance of the accel-
erator cavity and when the temperature exceeds the su-
perconducting transition temperature, it returns to a nor-
mal conducting state (quenching). The accelerating



Figure 9 Single cell seamless cavity.
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Figure 10 Q- E property of seamless type cavity.

electric field at the time of quenching is called the maxi-
mum accelerating electric field (E,..max.). When the input
electric power is effectively used as energy to accelerate
particles (i.e., when the Q, value is higher) and particles
can be accelerated to higher energies without quenching
(i.e., when the Eaccmax. is higher), the performance of
the accelerator cavity is evaluated as excellent.

Q, of this single-cell accelerator cavity prototyped by
welding was 1.1 % 10" (when Eacc was 31.5 MV/m) and
Eaccmax. was 41 MV/m (Figure 5). These values satisfy
the characteristics required for the ILC project (Q,>1.0 X
10" when Eacc is 31.5 MV/m and E,. max.>35 MV/m).
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Figure 11

This demonstrates that ULVAC high purity niobium mate-
rials are at a practical level as materials for superconduct-
ing accelerator cavities.

4.2 Prototyping a single-cell accelerator cavity using
the seamless method

In order to reduce the cost of manufacturing accelera-
tor cavities, ULVAC has been working to use seamless
tubes to manufacture accelerator cavities by hydroform-
ing, a method very different from the welding method. To
manufacture a seamless tube from an ingot, the ingot is
forged, a hole is bored, and then the tube is extended as
shown in Figure 6. The tube material was spun to obtain a
longer tube while using stronger plastic working. After
this process, the tube was ground to adjust the dimen-
sions. The outer diameter of the completed seamless tube
for single-cell cavities was 130 mm, the inner diameter
was 123 mm, the thickness was 3.5 mm, and the length
was 400 mm (Figure 7).

The seamless tube was processed to form a cavity as
shown in Figure 8. Both ends of the cell of the original
tube (Figure 8(a)) were pushed in to the minimum diame-
ter by necking to form necks (Figure 8(b)). The next pro-
cess was hydroforming to expand the tube in two steps in
which liquid was poured into the tube at a high pressure
and then the tube was pressed against dies located out-
side until it formed the specified shape. The tube was heat
treated between the first step (Figure 8(c)) and the sec-
ond step (Figure 8(d)). The necking and hydroforming
were carried out at KEK. The reason why the tube was
processed in multiple steps after necking, instead of form-
ing it into the final shape in the hydroforming process in
one step, is that the required elongation percentage esti-
mated from the change in the circumference of the equa-
tor (the most deformed part) from the shape of the origi-
nal tube to the final shape is at least 60% (the elongation

(b)

Inverse pole figure (IPF) map of Niobium tube, (a) after weak process, (b) after strong process.



percentage of the seamless tube used was 45%), and it is
difficult to obtain such niobium materials. Therefore, heat
treatment for crystal recovery is required in the course of
hydroforming.

The seamless tube was successfully formed into the cell
shape through the processes mentioned above without
rupturing. Both ends of the tube were cut off and beam
pipes and flanges were welded on. The inside was given a
mirror finish. Figure 9 shows the final shape obtained.

The acceleration characteristics of this seamless accel-
erator cavity were also evaluated at KEK like the welding
prototype in the previous section. Q, was 8.0 x 10° when
E.. was 30 MV/m and E, . .max. was 37 MV/m (Figure
10). These values are slightly smaller than those obtained
for the welded accelerator cavity. This is possibly because
there were some parts where crystal structures were un-
even in the seamless tube material and defects like de-
pressions were formed because of differences in the ease
with which crystals of different sizes stretched and such
differences were exaggerated in the processes involving
large displacement, i.e., necking and hydroforming. If
such defects could not be completely removed by grind-
ing the inside, it may have disturbed the electric field in
the accelerator cavity in the characteristics evaluation,
which may have deteriorated the acceleration perfor-
mance. Specific causes will be studied by conducting in-
ner surface inspections and other inspections. The polish-
ing conditions used in the internal polishing process were
determined based on those for the welding method be-
cause the technology for the welding method had been
established. Therefore, the surface state may not be ap-
propriate for accelerator cavities, so the internal polishing
conditions probably need to be optimized too.

Guidelines for material design required for seamless
accelerator cavities are explained below based on the pro-
totyping. Cast structures formed during ingot production
contain crystal grains of a few cm in some places. These
grains are broken by plastic working afterwards. Howev-
er, it has been proved that if crystal structures are not suf-
ficiently broken, large crystal grains and aggregate struc-
tures of crystal grains with similar crystal orientations are

Figure 12 Niobium seamless tube for three cell cavity.
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Figure 13 Crystalline orientation of seamless tube for a)
single cell cavity and b) three cell cavity.

formed starting from the remaining grains in the heat
treatment after processing’®. Figure 11 shows differences
in crystal structures caused by differences in processing
strength observed by the electron back scatter diffraction
method (EBSD). In the structure with the estimated de-
gree of processing of less than 70% shown in Figure
11(a), large crystal grains and aggregate structures are
seen as indicated by the arrows in the figure. On the oth-
er hand, in the structure with the estimated degree of pro-
cessing of at least 95% in Figure 11(b), the grain size in
the structure is rather uniform. When a seamless tube is
expanded in the hydroforming process, if the tube has
large crystal grains and aggregate structures as shown in
Figure 11(a), the elongation of microstructures around
them may not follow and then they may break or defects
may be formed, which may deteriorate the acceleration
performance as this study showed. Therefore, it is de-
sired that the cast structures of seamless tubes that can
withstand hydroforming be properly broken and that the
uniformity of the grain sizes of crystal structures be high
for the entire tube. To that end, the amount of processing
by forging and tube expansion, and controlling crystal
growth by determining the conditions for heat treatment
carried out after processing are the most likely key points.



5. Prototyping seamless tubes for three-cell
accelerator cavities

As explained above, the authors have succeeded in
forming seamless single-cell accelerator cavities. Howev-
er, a standard accelerator cavity that is to actually be used
in the ILC project and European XFEL project has nine
cells (nine-cell type). Therefore, the authors started proto-
typing seamless tubes to forming three-cell cavities as the
next step in the development of seamless accelerator cavi-
ties. The first step is producing a nine-cell accelerator cav-
ity by connecting three three-cells. The next step is pro-
ducing a nine-cell accelerator cavity from a single
seamless tube.

A seamless tube was produced in the flow shown in Fig-
ure 6 as was the tube for single-cell cavities in the previ-
ous section. A seamless tube for three-cell cavities was
prototyped through the processes mentioned above (Fig-
ure 12). The outer diameter was 138 mm, the inner dime-
ter was 131 mm, the thickness was 3.5 mm, and the length
was 830 mm. One difference with the seamless tube for
single-cell cavities was that the diameter of the tube was
increased by 8 mm. This was to reduce the amount of ex-
pansion needed to reach the final diameter from the origi-
nal diameter in the hydroforming to avoid the risk of the
tube rupturing in the process. Another difference was that
the number of rollers in the spinning machine was in-
creased from two to three. This modification made it pos-
sible to transmit the force from the rollers to the tube
more evenly, which improved the processing dimension
accuracy. The tube for single-cell cavities was machined to
the target dimensions after the spinning process. The
modification to the rollers made it easy to form cavities
with dimensions within the target tolerances upon com-
pletion of the spinning process. Omission of the grinding
process improved the yield of materials by 25%. The pro-
totyped seamless tube is currently being prepared for hy-
droforming.

Evaluation results of a test piece cut from the seamless
tube are explained below. First, the RRR was 350 and no
degradation was seen after it was processed. As for its me-
chanical characteristics, the tensile strength was 155 MPa
and the elongation percentage was 53%. We know that
these values compare favorably with those of existing
high purity niobium materials for cavities. As mentioned
above, when tubes are formed into seamless accelerator
cavities, controlling crystal structures is very important
to reducing the risk of rupture. Crystal structures in the

seamless tube for three-cell cavities were compared to
those of the seamless tube for single-cell cavities de-
scribed in the previous section by using EBSD. Figure 13
shows the observation results. More smaller crystal
grains are seen in the tube for three-cell cavities. The av-
erage diameter of crystal grains in the tube for single-cell
cavities is 121 um. On the other hand, it is 89 um for the
tube for three-cell cavities. This is probably because stron-
ger processing was able to be applied to the material
thanks to the modification to the spinning machine. Re-
garding the crystal orientations, the crystal grains for
which the incline is within 15 degrees from (001), (101),
or (111) are illustrated using the same color for each ori-
entation. If aggregate structures exist, they are seen as a
string of crystals of the same color as shown in Figure
11(a). However, potential aggregate structures are not
seen for both types, which shows that the crystals are
rather randomly oriented. From these results, it can be
said that the tube can withstand deformation by hydro-
forming as is the case with the tube for single-cell cavities
and that the surface roughness should be able to be re-
duced because the average diameter of crystal grains in
the tube for three-cell cavities is smaller. The authors will
make more prototypes and evaluate them to quantitatively
evaluate what crystal structures are most desirable for
hydroforming.

6. Conclusion

This paper explained the development of materials
through a series of processes from purification of niobium
ingots to prototyping of accelerator cavities. A high-power
electron beam melting furnace was introduced to manu-
facture ingots. The authors have demonstrated that high
purity ingots with an RRR of more than 250 that is re-
quired for general materials for superconducting accelera-
tor cavities can be manufactured. ULVAC will develop
technologies focusing on throughput and cost reduction
by closely inspecting raw materials and melting purifica-
tion conditions. Such high purity niobium ingots made by
ULVAC were used to prototype single-cell accelerator cavi-
ties using the welding and seamless methods. The perfor-
mance of the prototyped cavities was relatively good as
both types satisfied the acceleration characteristic (E,..
max. > 35 MV/m) specified in the ILC project. However,
the Q, value of the seamless accelerator cavity needs to be
improved. ULVAC will work to improve the value by con-
trolling crystal structures and optimizing the polishing



conditions. In addition, seamless tubes for three-cell cavi-
ties were prototyped as a higher-level development of the
seamless accelerator cavities. The results indicate that
strong processing was applied which reduces the risk of
rupture during hydroforming thanks to the modification
to the processing equipment. ULVAC will aim to produce
seamless nine-cell accelerator cavities and verify their cost
advantages in comparison with the welding method.

This paper is planned to be revised and printed in “TEI-
ON KOGAKU" (Journal of Cryogenics and Superconduc-
tivity Society of Japan) 52-2, to be issued in March 2017.
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Tablet displays that we use may be taken for granted, but the display would not work, without the Vacuum technology applie
The Vacuum technologies that we have created over the past 60 years have been applied to a wide range of areas,
including semiconductors, electronic devices, flat-screen TVs, solar cells, automobiles, pharmaceuticals, and food products.

“Ultimate in Vacuum Technology"
We will further develop the ULVAC brand by pursuing the development of new technologies that complement vacuum technologies.
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