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THE 2X1IB VACUUM VESSEL: A UNIQUE DESIGK*

S. M. Hibbs and M. 0. Calderon
Lavrence Livermore Laboratory,
University of California
Livertpre, Califarnia 94550

Surma:

The 2XI1B mirror confinement experiment makes
unique depands on its vacuum systen. The confinement
coil set encloses a cavity whose surface {s cosprised
of both simrle end compound curves, Within this
cavity and at the core of the machine is the operating

vacuum which is on the order of 107> Torr. The vacuum
container fits fnside *he cavity, presenting an inside
surface suftable for titanium gefter cumping and a
means of removing the heat losd {mposed by incandes-
cent syblimaror wires. In addition, the cavity is
constructed of ic and inp meterials
{nonmetals) co avoid atistortion of the pulsed confine-
ment field. It is also isolated from mechanlcal shocks
Induced in the machine's main structure when the coils
are pulsed. This paper describes the design, construc-

tion, and operation of the 2XIIB high-vacuum vessel that

has been performing successfully since early 1374.

Introduction

The conceptual design satisfying the requirements
outlined above 1s due originally to M, 0. Calderon and
was first used inm 2XI1, 2XIIR's immediate predecesser.
The 2XI1B vacuuc vessel is much larger, more complex,
and contains some refinements over the origimal. This
Is the first published report on eithexr vessel. Pis-
cussion will be confined o the 2¥118 version without
referring to the differences between the two.

Three concentric shells, raken rogether, are
called che vacuum vessel. The vesgel consists of thr «
layers:

1. The vacuum wall consists of Cornlngr Glass
Workg' Fyroceram sheets, sealed at the adges
with Dow Corning RTV silicome rubber.

2. Closely surrounding che vacuum wall is an
exostructure made of NEMA G~10 fiberglass-
epoxy laminate sheets.

3. Fitting closely inside the vacuum wall ia a
lizer, also of pyroceram sheets.

Beginning Reguirements

Materials

Three factors contributed to the selection of
macerials:

i"L‘his work was performed under the ausplces of the U.S.

Energy Research & Development Administration, under
contract No. W-2405-Eng-48.

l-R‘\zt’emnce to a company or product .ame does not imply
approval or recommendation of the product by the Uni-
versity ol California or the U.5. Energy Research and
Development Administration to the exclusion of others
that may be suitable.

1. The pressure insf{de the vacuum wall had to be

1 = 107° Torr or tover. This required an
impermeable material with a smooth surface and
no capacity for water absorption.

2. The vessel had to exist inside a pulsed coil
se:l‘z
fron 3 ro 19 kG in 550 us.3 requiring all

materials to be d ing and ic
This implied that wetals had to be excluded.

where the field strength increases

3. The inside surface of the liner had o be
roughened so that sublimated titanium, the
getter pumping mediun, vorvld adhere. The
liner also had to be able to withstand

P to the 1 titanium wires.

Geomotry

When design work began on the vacuum vessel, the
coil set geometry was already fixed. The coil set was
designed so that the inside cavity would permit the
installation of a vacuum vessel whose walls would not
be struck by escaping plasma. Emphasis wes also
placed on providing the largest possible minor lobe
radius in the yin-yang compression coil set to leave
large ports for weutral beam injection. The vacuum
vessel was generally proportioned to use as much space
inside the coil set cavity as was possible, Special
attention was devoted to mexiwum utilization of the
large ports that had been so carefully designed into
the compression coil set. Because the side arrs of
the vacuum vessel are wost constricted where they pass
through the minor lobes, they flare outside the coil
set, forming & horn shape. This was necessary to
permit access by the largest possible number of
neutra) beams as well as by one retractable titaniuu
sublimator per port. The materials chosen were, aul
still are, avallable only in flat sheets, restricting
the capability of filling the entire available space
in che coll set cavity.

Cooling

Although the 2XI1B plasma tempezature is on the
order of 100 x 10% k,% the plasma particle density of
about 1013 cm_J still has virtually the thermal
emissivity of a vacuum and the plaswa is therefore not
a significant heat source.

The principal heat source is the incendescent
titaniym sublimator wires. They impose a thermal
load on the liner surfaces of about 26 kW and ordinar-
1ly operate at a duty cycle of about 17Z, requiring
a mzany of cooling the vacuum vessel.

The Des(sn

From the foregoing requirements grew the design
of the three compiete layers for the vecuum vassel,
all elosely conforming to the coil set cavity and to
the openings leading out of it (Fig. 1). Conceptually,
it is best to bogin by visualizing just the middle layer,
the vacuum wall, in the coll set cavity. The pyroceram
from which it ia made 1s a proprietary devitrified
glass-ceramic that is amooth, vigid, and nonparcus.
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Flg. 1. 2XIIB vacuum vessel,

It is sold in its unstrengthened condition in 4 ft x
8 fr » 0.2-in.-thick flat sheets, originally ss
architectural facing for high-rise buildings, but
lately only for use as henchtops. Gaps 1/8-in. wide
exist at all edpe and corner joints. RIV silicone
rubbcr is used at these joints to make the vacuum
seal. All the space within che vacuur wall is mein-

tained at the 2XIIB operating pressure of 1 % 10-9
Torr. The space between the vacuum wall and the coil

set cavity surface is kept at about 1 X 1075 Torr and
is called the guard vacwun, This 15 a low quality
vacuum, compatible with the epoxy surface of the
cavity. The resulting presswrz differentiel across
the vacuum wall offers no significant loading of the
pyroceram.

Pyroceram 1is only slightly stiffer and astronger
than ordinary plate glasa, so it is surrounded by
and bonded to the exostructure, which is made of the
1/2-in.-thick laminated sheet already described. All
Joints in the exostructure are clogely fitted, joined
with pins of the sace materisl, and epoxied into
match-drilled holes. The edge surfaces themselves
are not bonded, elthough this would yield a atronger
structure. BRonding only the pins makes future
disassembly poasible, though difficult, by drilling
out the pins.

A gpace of 0.1 in. is maintained between che
vacuum wall and the exostructure by RTV rubber, which
resiliently tiee the layers together. The exostruc-
ture existe entirvely witbin the guard vacuum, and the
holes through the laminate maintain both sides at
guard vacuum presdure. It 13 cooled by & network aof
polypropylene water tubes ewbedded in grooves milled
in 1ts outer surface., The :entral region of the

exostructure 1s inherently weak, having no continuous
load-carrying members crossing it. A reinforcing
yoke was added there to correct the deficiency. No
detalled analytical work was done on the yoke; it was
simply sized to occupy most of the space remaining
in the coil set cavity, and its members were oriented
as advantageously as possible. The yoke is made of
pleces of I-in.-thick NEMA G-1u .aminate, pinned and
epoxy bonded together.

The complete exostructure is suspended on rods,
made of spiral-vound NEMA G-10 laminate, from outside
the machine. It hangs free, without touching the
surface of the coil set cavity. The four rods
attached at the north and south horns bear the 3000~
1b weight of the entire vacuum vessel, while the
reamining four rods are left slightly slack and serve
only to balance the vessel. Flexible silicone rubber
boots and diaphragms seal off the guard wvacuum at the
ports while still permitting the vessel o be
mechaniecally isolated from the rest of 2XIIB.

Because the RTV rubber joints and mounts of the
Pyroceram vacuum wall will not tolerate exposure to
the hot gublimators, a liner, also of Pyroceram panels,
g installed inside the vacuum wsll. The liner panels
aze all supported mechanically within the vacuum wall
by various fasteners (Pig. 2) and by each other. The
liner ia virtually a house of cards. Corners snd
edges of the liner parele overlap to protect che RTV
rubber seals. Thc fasteners are of nlumina ceramic
with a few stainle:s steel atraps. The straps are
the only metal parts in the entire vessel and simply
have to be tolervated. The fastemora support the liner
and maintain a 0.2-in. space between it and the vacuum
wall. Heat from the sublimators is transmitted by
radiation and conduction throngh the two Pyroceram
walls to the water-cooled exostructure. The fnner




Fig. 2. Ceramic liner fasteners.

surface of the limer is sandblasted before installatfon
to provide good adhesion of the getter titanium. The
panels zay be periodically {and very carefully)

removed and sandblasted again to remove the titanium
deposit when 1t becomes so thick that it peels.

Further Reguiremnts

The design cholces descrided above lead in turn
to some additional considerations that must be
satisfied.

More Geometry

The form in which the materials were supplied
made it necessary to conform a vessel made of flat
plates to a cavity of curved surfaces, It was
obviously impnssible to use all of the cavity volume
so a continucus process of optimization was required
to get the largest inside volume consistent with the
best possible access,

Suspension

The fast risetime of the coil set induces large
impuleive forces In the adjacent metal parts chat are
rigidly atrached to the coil set. The choice of a
fragile material for the vacuum wall and liner wmakes
it necesssry to minimize shock trarsmission to the
vacuum vessel from the main structure. From this
requitenent came the rod suspension system already
described,

Vacuum Wall Pressure Differential

The ivherent fragility of the vacuun wall
dictares chat no eignificant differentisl pressure
may be imposed across Lt. WHe have never tested the
wall's tolerence for a pressure differential, but
when 2XIIB 1§ under vacuum the pressures on both
sides of the vacuum wall are continuously Dwnitored
by a capacitance manometer, 1If the differeatial
reaches 0.2 Torr, a crosdover valve opens to connect
the high vacuum region with the guard vaeuum, protect-
ing the vacuum wall. This system was never called
upon to perform in 2XIIB, but the vacuum wall in
2¥11 survived a sudden up-to-air accident threugh a

1/2-in.~dlam. hole without danage.s

Fig. 3. Exostructure preassembly fn cavity model.

Construction

Given a predetermined coil set cavity, ome
starts either designing or building from the ourside
layer (exostructure) and works inward. Detailed
drawings with full tolerances were prepared for the
exostructure and then it was built that wey. Fully
toleranced drawings of the vacuum wall were also pre-
pared, but the Pyroceram parts were not cut immedi~
ateiy. Scale drawings were made of the liner panele
and their computed dimensions penciled in, but final
dimensioning and tolerancing were not done until later.

Because vacuum vessel construction had to be done
in parallel with coil set construction, a method was
nreded to test the fic of the exdstructure irside the
cavity before the cavity actually existed. This was
made posaible by a cavity model, shown in Fig. 3, made
of plywooed, light aluminum sheet, and foamed-in-place
polyurethane. As exostructure parts were finished,
they were worked aud fitted by hand to ensure perfect
fits and squareness throughout. The first completed
exostructure preassembly is shown in the cavity model
vith temporary assembly brackets (alao visible)
raintaining squareness. With rhe brackers left in,
the expstructure was disasgembled into its twelve
boxlike modules and che pin holes were drilled. The
pins were epoxied into their hples, the corner
trackets wer: removed, and the entire exostructure
was assembled again outside the cavity model (Fig. 4).
The vacuum wall was modeled in 1/4-in. Mpsonite
hardhoard from the detailed drawings and fiited inside,
duly considering that the Masonite was not of the
same thickness as the pyroceram. These model vatuum
wall panels were trimmed and fitted by hand and their
corrected dimensions transferred back to the dravings.
Then the pyroceram vacuum wall panels were cut.

The next step was installing the polvpropylene
water lires in the grooves visible in the illustrations
and pottiag them in place with Dow Csrning 732 RTV
rubber. The third and final test assembly is shown
in Fig. 5 with all the tubing in place. After fimal
installation, all the water lines were fed out
through the guard vacuum wall to the atmosphere
through drilled~out Swagelok bulkhead fittings. All
64 water circuits were continuous; thera were no
connections inside the guard vacuum,




Fig. 4. Second exostructure preassembly.

Finally, the exostructure and its reinforeing
yoke were assembled inside :he real coll ser cavity,
wvhich by then was in place in 2X1IB, One module at
a time was inserted through the variocus ports and
joined to the others with more epoxied pins. The
suspension rods were put in and adjusted and, as the
cavity model had indicated, the exostructure was free
to swing ebout 5/8 in. in all directions before
striking the cavity surface.

This was immediately followed by the permanent
installarion of the vacuum wall. Although the exo-
structure would have tolerated it, we were eareful not
to put our weight on it, working instead on platforms
cancil d from the ! The RIV rubber
supporting the panels was applied around each of the
holes visible in the exostructure illustrations. A
gap was lefe in each "doughnut" co permit gas flow
through the hole ic sur: d P the p
equal on both sides of the exostructure. Dow Corning
3145 RTIV rubber was used here because it aliows 30 min
of working time before skinning over. The less
expensive formulationa skin over in only about 10
min. All the edge and rorner joints were sealed with
clear Dow Cornimg 732 RTV tubber, chosen so that
flawa and bubbles would be easy to locate. Diaphragm
and boot seale cut from sheet silicone xubber made
flexible connections between the vacuum wall and the
main etructure of 2XI1IB, isolating the high vacuum
from the guard vacyum and the vesgel's extremities.

Because the vacuun wall will not support any
significant pressure difference, sulfur hexafluoride

(SFE) gas was introduced into the air inside the guard
vacuun space. A portable Sr.-‘6 sniffer was usad to
search the joints and seals for leaks. This was a
difficult technique to use because the silicone and
RTV rubbers wvre glightly permeable to SFG' meking leaks

difficult to distinguish from the resulting background.
In addition, SF6 1s a heavy, exceptionally persistent

e ke i

gas. In the end, though, the vacuum wall proved to
be tight.

Concurrent with leak checking, complece measure-
ments were taken inside the finished vacuum wall and
used to derive the actual liner panel dimensioms. As
we had initially suspected, tolerance accumulations
ereated dimensionsl differences even between panels
chat should have been identical. Tha liner panels were
then cut and installed in a carefully predetermined
order that avoided exposing the installers to the H
danger of having panels suspended overhead while they }
worked. i

Notes on Cuttinp Pyroceram

It 18 characteriatic of unstrengthened pyroceram
to be extremely notch sensitive. Any crack or
sharp-cornered cut will immediarely propagate, even
in the absence of applied stress, and destroy the
sheet. We have developed a cutting technique in which
a Pyroceram sheet ig placed flat on a table flooded
with melted wax. The wax places the entire paael in
compregsion when it cools, and the panel may be safely
cut by repeated pagses of iLacreasing depth with a
diamond-edged circular saw blade. Our saw 1s sus-
pended very much as it would be in a radial arm saw,
and it can be positioned to make a cut snyvhere on
the panel, All cuts must pass from edge to edge and
Eully penetrate the shezt before the wax is reheated
or the panel will be destroyed., Residual wax 1s
renoved from the panels by an ordinary sceam cleaner.
Pyroceram may be drillad in the free condition with
diamond-faced core drills, and we countersink aome

Fig. 5. Final preassembly with cooling lines installed.
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holes with diamond-impregnated sceel couatersiuks.
vrilling must be done with great care because
pyroceram has a laminar structure that s:alls
easily.

Conclusion

The completed vacuum vessel has been in service
for about ten months. It has been almost trouble
free. The diaphragm seals at the ends of the coil set
were replaced when their fallure permitted leakage
between the guard and high vacuum regions. Tt was
discoverad that voltages induced in the titanfum
layer by the pulsed magnetic flelds were causing
sparking ac the corners and jointa between liner
panela, dislodging large burats of cold gas from the
titanium layer within the plasuwa region. The panels
vere sandblasted clean and all the edges carefully
stoned to a full radfus. This did not completely end
the sparking, hut reduced it to a tolerable level.

Only ane thing would be done differently i{f such
a vacuum vessel as this were to be builec again. The
cerapic liner panel fasteners in use have not failed,
bu. :elther have they inspired great confidence. A
more secure fastener has been developed and will be
used the nexc time the liner is cleaned and
reinstalled.

Both the 2XIl and 2XIIB vacuum vesgels have been
satisfactory. The materials, suspengion, sealing,
and construction have all been entirely adequate.
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