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Abstract

For the future superconducting RF cavity project like TESLA, reduction of the fabrication cost
is a great concern. Elimination of electron beam welding in the present fabrication process is one
way to do so. Spinning[1], explosive forming or hydro-bulge forming is a candidate to fabricate
such a seamless cavity. As a feasibility study, explosive forming was tried for the L-band three
cell copper structures and could successfully expand copper tubes by 60 % of the final cell shape.
The study of hydro-bulge forming has also started to get enough thickness at the equator section
of cavities. Both method need intermediate annealing to form the final cell shape. If one applies

these methods to the Nb/Cu clad cavities, large merits are expected on not material cost reduction
but also cavity performance.

1. Introduction §

The fabrication cost reduction of the super- . Niobium seamless tube
conducting RF cavities is a great issue for a big
project like TESLA. The elimination of electron
beam welding is a cure for this issue. Generally

speaking, such a fast deformation like : I}
explosive forming can be helpful to get a higher - , \
elongation so that one could make seamless Vacuum [
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cavities. Explosive forming is very simple and
looks a cheaper method. We have considered 3
this method for seamless multi-cell L-band
superconducting RF cavities, and started the <
feasibility test on the 3-cell copper structure. As .
the result of the first experiment, it was
developed that the thickness around equator
was not guaranteed enough by this method, 3§ =
and multi-step explosive forming with
intermediate annealing was required to complete
the final shape. On the other hand, the hydro-
bulge forming forces the material into the work
and supplies mass during forming. To obtain

the enough thickness around equator area, this ‘[m:———n%;&ﬁ N7 ws e 4
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method is more suitable. If one uses this : v
method as the first step, the sufficient 3 T S g
thickness could be obtained even one uses 3 ’ : ’ v
explosive forming as the second step. We have 77 ' o ’

started newly to develop this method. In this
paper, we present the results of these

Fig. 1. Idea of the explosive forming method
for seamless multi-cell cavities.



experiments.

2. Feasibility study with explosive
forming

2-1. Explosive forming

Fig.1 shows the schematic drawing of our
explosive forming for seamless cavities. It has
a fixture in which the work (tube) is set with
explosive compound ( blasting fuses; 5.4 mm®%
and 330 - 360 mm long ). Blasting itself takes
place in the water to make shock waves. The
whole fixture is immersed about one meter
under the water level. We have chosen the L-
band ( 1.3 GHz ) 3-cell structure so that the
experimental result is a good simulation for the
final 9-cell cavities. We designed and fabricated
the fixture including a set of dies with the final
cell shape. The components of the fixture are
shown in Fig. 2. The dies consist of 4 sections,
and each section is dividable into half to take
out the cavity after blasting. After mounting a
tube in the fixture, the spaces between dies and
the tube are evacuated and kept under vacuum
during forming process ( see Fig. 1 ). We
prepared two kind of seamless copper tubes 4
or 6 mm thick and 600 mm long with 60%
elongation from Hitachi Cable Co. Ltd.. The
outer diameter of tubes was fixed to 85 mm
which was the same as our L-band niobium
cavity's one.

2-2. Expansion limit in the explosive
forming

To complete the final shaped structure, we
have to expand tubes by 250 % in the outer
diameter at the equator area where needs the
maximum elongation. Our first interest in the
experiment is how much is the expansion limit
by this method and how much power is

Fig. 2. Photograph of the components included
in the explosive forming fixture.
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Fig. 3. Relationship between the number of
blasting fuse and the expansion in the
outer radius of copper tubes.

needed in the blasting. These depend on the
diameter size and thickness of tubes. We have
explosively formed tubes using the dies with
full cavity shape. The experimental results are
shown in Fig. 3. Here, the horizontal axis is
the number of the blasting fuse and the vertical
axis ( left ) 1s the expanded outer radius at the
equator by the blasting. For the 4 mm thick
copper tubes, bursts took place at the iris or the
equator. The burst at iris was out of
considerations because that was due to the
steep slope of the cavity wall around iris. The
burst at equator with more than 60% expansion
in outer radius needed more than 6 blasting
fuses made from PENT of 10.7 g/m. Here, the
expansion ratio (E) is defined as the following
equation;
E[%] = 100 - (R1-Ro0) / Ro (1).

Here. Ro 1s the outer radius of the tube before
explosive forming, and R1 is the maximum
outer radius after forming. For the 6 mm thick
tubes, the elongation limit is not clear because
data point is not enough. Anyway by this
experiment, one can conclude that the
expansion limit is around 60% so that
completing by one step is impossible by this
method.

In the cxplosive forming, the large thickness
reduction appears due to that tubes are only
expanded. This is a large difference from the
hydro-bulge forming mentioned later.
Thickness reduction is presented in Fig. 3 (
mark; x). For 4 mm thick tubes, the wall



thickness of the equator area is reduced from
the initial 4 mm to 2.5 mm by 60 % expansion.

2-3. Succeeded the 60 % intermediate
shaped structures

We have to give up the one step forming of
completely shaped structures by the explosive
forming. However, if the 60 % expansion is
repeated twice, we get 256 % expansion which
is enough to complete the final shape. Then, 60
% limit still opens the two step completing
included intermediate annealing. We fabricated
the intermediate dies with 60 % expansion and
tried explosive forming. We chose 6 mm thick
tubes for this experiment because for 4 mm
thick tube the equatorial thickness becomes too
thin after the second blasting. The experiment
successed and we made six intermediate
structures. One of them is shown in Fig 4.
They are waiting for the annealing.

Fig. 4. An intermediate shaped sturucture with

60 % expansion from the tube by
successively explosive formed.
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Fig. 5. Principle of the hydro-bulge forming.

3. Investigation of hydro-bulge forming

Even if one uses thicker tubes for explosive
forming, the large thickness reduction is inevit-
able around equator area of cells. As shown the
principle in Fig. 5, hydro-bulge forming which
expands tubes by inner pressure and supplies
mass by forcing the tubes from the either side
can avoid this problem. CERN people has
already succeeded to make multi-cell structures
over wide radio frequency range by this method
[2]. We have started the investigation of this
method in order to use it as the intermediate
forming before the final explosive forming.
However, this method itself has a worth to be
studied well as the other method for seamless
cavities.

3-1. Bursting limit

We have to know bursting limit by the inner
pressure in order to pressurize safely. We have
done the experiment using 4 mm thick and 300
mm long copper tubes made out of the same
quality used in the experiment of explosive
forming. Bursting took place at 190 - 200
kgf/cm? and the crack in longitudinal direction
of the tube was made. This experimental
bursting pressure is explaineu well by the
following formula of the tensile stress and by
the ultimate tensile strength of copper ( 2091

kg/cm? ).
olkg/cm?] = p-d / 2t 2)

Here, p[kg/cm?] is the inner pressure, d[cm]
inner diameter, t{cm] thickness of the tubes.

3-2. Optimum bulge pressure and
forcing tube pressure

Hereafter inner pressure of the tube is called
as bulge pressure. If the bulge pressure is not
high enough, forcing tube pressure is above it
so that buckling in longitudinal direction of the
tube is made. The buckling depends on the tube
length, forcing pressure and bulge pressure. To
see this relationship among these parameters,
we have carried out the experiment for L-band
copper single cell cavities, using intermediate
die with 65% expansion on the tube. The result
is shown in Table 1. When the forcing pressure
was 23 Tonf and the bulge pressure was 80
kgf/cm?, the buckling appeared but that did not
occur in other cases which the former was over
than 29 Tonf and the later was more than 150
kgf/cm2. When the forcing pressure was less
than 30 Tonf, the thickness at the equator
section was scattered and there are thinner (3.0



- 3.05 mm) locations. Fig.6 shows the

relationship between the forced tube length and —1-JMTE% 1 Find Siape T
the maximum expansion in outer diameter. One i Fomag -
can see a clear liner correlation. Here, the 100 ™, 2n4 FORMNG (AGd Arpediiy T
forced tube length is defined as the following gi B il
equation;
& PY
B ==~ =+ $-with 85% Dt
AL[mm]=Lo - L (3). g L4

Lo is the initial tube length and L1 is one after -g
the hydro-bulge forming. The maximum 2

expansion in the outer diameter is ; % 50 00 150 T
oL + FORCED TUBE LENGTH G
AD[mm] = Di(max) - Do (4).
Fig. 6. Relationship between the forced tube
To make a large expansion, it is most important length and the expansion in the
to forcing the tube in the longitudinal direction maximum outer diameter.
and to supply mass not to produce the large
thickness reduction.

3-3. Multi-step forming included
annealing

For the single cell structure, we have
investigated the expansion limit by hydro-bulge
forming using three kinds of die which has
respectively 48, 65 and 100 % expansion to
tubes at the equator area. We have failed in 100
% expansion and understood this method also
needs the multi-step forming included inter-
mediate annealing.

We made successfully six intermediate struc-
tures by the 65 % expansion die. They were T
annealed for one hour. The annealing tempera-  Fig. 7. Nearly full shaped structure with hydro-
ture was 500°C for three of them and bulge forming by two step included annealing.

Table 1. Experimental results by hydro-bulge forming with 65 %.

Cavity No. 1 2 3 4 5 6 7 8
Length[mm)]

LO : before 261 261 261 300 300 339 339 339

L1 : after 207 207 207 229.5 232 272 272 271
AL=L0-L1 54 54 54 70.5 68 67 67 68
Thickness[mm]

TO[end of tube] 38 - 42[38 - 41|38 - 42|38 - 4237 -43137 - 43|37 - 44|39 - 42
T1[center ) - 36 - 40133 - 38(34 - 38| 305 39|3.05 40|30 - 40|33 - 36
Forming condition

Forcing[Tonf] 23 33 33 33 30 30 29 36
Bulge

pressure[kgf/cm?] 80 150 170 170 170 170 170 170
Outer diameter[mm]

DO : before 85 85 85 85 85 85 85 85

D1 : after Buckling 125 126 139 137 137 137 140

Deformation rate{%]
100+(D1-D0)/DO - 46 48 64 61 61 61 65




750°C for the rest. By the second hydro-bulge
forming, the nearly full shape was formed,
however, the orange skin appeared in the
750°C annealed structures. This experimental
result 1s included in Fig.6 ( mark; O ). We have
not yet formed the final shape by this method,
but it will be made soon by improving the
forming process.

4. Future plan

In the first of all for the future plan, we will
make three cell structures by explosive forming
itself with intermediate annealing. The full
shaped single cell cavities will also fabricated
soon by multi-step hydro-bulge forming. Then
we will make three cell seamless cavities by the
combined method of hydro-bulge forming and
explosive forming.

We have a light prospect for the copper
seamless cavities by these methods, however,
for niobium cavities it will be more difficult
than copper cavities. It might be a better
policy that we aim at the Nb/Cu clad cavity
rather than niobium one, in which a niobium
sheet 1s bonded on the copper wall. This kind
of cavity has been realized for the heavy ion
superconducting accelerator at JAERI (3]
However, electron welding was one difficulty.
[f one could make seamless cavities from
Nb/Cu clad tubes, this problem is eliminated.
The difference in the mechanical property
between copper and niobium would be resolved
by explosive bonding the thin niobium tubes in
the thick copper tubes so that the copper
determines the main material property. The
Nb/Cu clad cavity brings two additional merits ;
one is the material cost reduction and the other
is the upgrade the thermal conductivity of the
cavity wall. The use of thicker copper walls
might could relax the detuning problem by the
Lorentz force at high field gradients [4].

5. Conclusion

We have following conclusions from these
experiments on fabrication method of seamless
cavities;

1) Explosive forming is a very simple method
but the expansion is limited by 60% from
tube to cell shape.

2) To make a large expansion, mass flow
during forming process is very important.
Hydro-buige forming is superior to explo-
sive one in this point. However, this method
also has the expansion limit around 65%.

3) Starting from the size of beam pipes, multi-
step forming included intermediate annealing
is required for either explosive forming or
hydro-bulge forming.
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