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ABSTRACT

Fusion reactors as presently cpntemplated are excessively complicated,
are virtually inaccessible for some repairs, and are subject to frequent
loss of function. This dilemma arises in large part because the closed
surface that separates the "hard" vacuum of the plasma zone from atmos—
pheric pressure is located either at the first wall or between blanket and
shield. This closed surface is(one containing hundreds to thousands of
linear meters of welds or mechanical seals which are subject to
radiation damage and cyclic fatigue. In situ repalr is extremely
difficult. This paper examines the arguments favoring the enclosing of the
entire reactor in a vacuum building and thus changing the character of
this closed surface from one requiring absolute vacuum integrity to ome
of high pumping impedance. Two differentially pumped vacuum zones are
imagined — one clean zone for the plasma and one for the balance of the
volume. Both would be at substantially the same pressure. Other advan-

tages for the vacuum enclosure are also cited and discussed.






In reviewing the various design studies on fusion reactors from ORNL,
Culham, Julich, Frascati, Princeton, Wisconsin, Brookhaven, and Japan,l'8
plus the more recent studies on the Experimental querlReactor_(EBR) of
ORNL, General Atomic, a‘nd-Argonne,g"11 one is impressed with the depth,
scope, and progress of the work that has been accomplished since con-
ceptual design studies were first initiated in 1969. As a word of caution
to new readers of fusion system study papers and as a reminder to those
who -have been in the field for some time, we must clearly recognize that
. these studiES are transitory since they must be based on physics and
engineering understanding that is neither absolute nor complete,. but which
is actually in a continuous state of flux. The studies, therefore, must
_be subject to constant revision as our understanding increases, and no
one study or seeming conclusion should be regarded as gospel or as the
last word.

‘The. design studies qited above, although they may be inexact and
exploratory, are in reasonable depth, and all .examine a_large number of
specific problems within the frameﬁorkﬂof a total reactor so that .for the
most part the individual problems are nof'solved by the expedient of
obscurely transferring the difficulties elsewhere. . This necessary
integration of a large number of parts into a credible whole does not
lead to simple systems, however. Thus, much as we may be impressed by
the scope of the studies, we are likely at the same time to'be distressed
by the fact that all studies converge with a picture of a.fusiqn.reactpr
that is extremely complicated. I believe it is fair to say that if a

composite were drawn of "everyman's" fusion reactor as presently




envisioned, and if it included all the elements deemed necessary, it would
be so coﬁplicated, so susceptible to loss of function, so irreparable,
that no agency would fund it and no utility would dare use it. Figures
1-3 showbviews of the three Experimental Power Reactors (EPRs) — machines
that would be precursors to a commercial reactor. They are indeed
complicated — even more so than one would be led to believe by an inspec-
tion of these somewhat simplified figures. They are put together with a
juxtaposition of blanket, toroidal coils, poloidal coils, welds, seals,
etc., so as almost to defy any kind of reasonable disassembly and main-
tenance, and yet these EPRs do not include (or give only token attention
to) iikely necessary additions such as divertors, fuel injectors, neutral
" beam injectors, vacuum pumps, cryogenic pumps, diagnostic equipment,
control equipment, and just plain, garden variety hardware.

John Clarke has recently taken an objective view of the dilemma of
the complicated reactor and suggests that there may be some physics relief
in sight.l2 He states that a share of the difficulties arises from the
plasma physics scaling laws used heretofore and from some presumed limits
on B, and he suggests that the empirical scaling laws can now be favorably
modified based on recent experimental results from the MIT Alcator, from
ORNL ORMAK, and from a reassessment of B limits in possible future tokamak
devices such as TNS (The Next Step) which are heated by neutral beam
injection. The scaling law modifications'allow machines with a higher
aspect ratio, a higher power density, better B field utilization, and
(neglecting impurity effects) a longer burn time. The concept of flux
conservation provides for high values of 8.l3 The fundamental problems
that Clarke feels were encountered in the EPR designs are reproduced here

from his paper.



GAINS FROM
New Physics Better Engineering

1. Inherent unmanageable shape (low

aspect ratio); High Low
2. Pulsed operation; Mod Mod
3. Exacting tolerances on very

large components; Low High
4, Radiation damage requiring replace-

ment of internals by totally remote

means; - : Low High
5. -Inherent, very low power density; High Low
6. Very large electric power demands; Mod Low
7. Excessively complex auxiliaries; Low Mod
8. Questionable breeding potential. Low Mod

I have modified this list by adding two columns to it. One column
indicates where the new physics scaling, in my opinion, helps significantly
(High), helps moderately (Mod), or does not obviously -help (Low). The
second column shows the areas, again in my opinion, where better engi-
neering ideas and designs would be not only valuable but also probably
obligatory. It can be seen that the two disciplines, engineering and
physics, must complement one another. If they are able to do so, then
with highly plausible updating of plasma physics and substantial inven-
tiveness in engineering, there can emerge a reactor that stands a chance
of being a credible machine. To span the credibility gap, as my friend
Peter Mohr of LLL might say, we, as engineers, must add "simplification
and lightness" to the fusion machine. If we get too locked in by current

ideas or by current concepts, as I mentioned in the first paragraph, then




this addition can be insuperably difficult; if we are receptive to
innovative ideas, then progress can be made. There is at least one
particular route to follow that may lead to simplification and lightness,
the first step of which allows the others to proceed. The first step is to
enclose the reactor, the total nuclear island, in a vacuum building. The
vacuum building concept has been an important part of the Frascati FINTOR
conceptual design,“ but in that reference was not singled out and dis-
cussed as having any great technological importance. Since I was actively
involved in the FINTOR design, I would like to make up for that omission
and discuss here the advantages of a vacuum enclosure.

The vacuum vessel could be in the form of a spherical or elliptical
shell capable of being maintained at a pressure < 10”6 torr and divided
into two principal vacuum zones — that of the building proper and that of
the plasma zone. These would be differentially pumped, the separation
between the two being only one of high pumping impedance created, for
instance, by a reactor zone covered with thin aluminum foil. In the
Italian version, the main containment vessel was an ellipsoid with a
major and minor diameter of 60 and 26 m. It was made of concrete
to provide biological shielding and lined with steel for vacuum integrity
and to serve as a tritium barrier. Vessels of fhis size and larger have
been made by NASA at Plumbrook.l!" Incidentally, the biological shielding
required for a fusion reactor must consist of three to five feet of con-
crete enclosure — which is thick enough to support the atmospheric
structural load. It remains necessary then only to assure that the
enclosure has vacuum integrity. ,

Some of the advantages gained in the use of a vacuum containment

vessel are the following:




More effective control of heat transfer

The proximity of 4 K toroidal field coils and divertor coils

to 1000 K blankets, 500 K shields, room temperature vertical
field coils, etc., creates a heat transfer problem that abso-
lutely must be minimized. The penalty paid because of energy
transfer into a cryogenic coil and the consequent refrigerator
load is ~ 500 W/W. The most effective means for decoupling

the energy exchange is to.reduce it to a.problem of radiation
heat transfer and to introduce the use of inexpensive thin

foil radiation shields. At a penalty of 500 W/W, 100% of the
plasma power generated is ﬁon—productively used for refrigefation
when the thermal energy loss from the blanket or other thermal
surfaces to the coil is equal to only 0.2%. We can perhaps
afford a heat leak of 0.002% of the total blanket energy, or
about 20 kW thermal loss to the cryogenic coils in a 1000-MW(t)
reactor. Since this energy can come from any heat source — not
just the blanket — thermal isolation is extremely important.

Elimination of all remote field welding in reactor region

The primary vacuum in many of the present reactor concepts is
established by peripheral seam welds generally made between
adjacent.blanket modules. The total length of these welds

that must have 100% integrity against leakage can be thousands
of meters. In the event of a leak, it must first be found — no
small task — and then repaired. In the event of replacement

of blankets, the entire weld must be cut. All the operations —

leak hunting, repair, cutting, replacement — must almost certainly




be done remotely, and this is an incredibly difficult task.

‘Furthermore, these weld zones will be subject to both thermal

stress and thermal cycling with almost certain leakage with
time. These welds are not necessary and can be eliminated by
moving the primary vacuum to the room temperature enclosure.

Environmental protection for refractories

The refractory metals which are candidates for blanket zone

materials — niobium, vanadium, molybdenum, tungsten, titanium,

‘tantalum — cannot be run at elevated temperatures without a

ptotective atmosbhere. Cover gases such as argon may be
acceptable, but considering the need to minimize insofar as
possible all convective and conduction heat transfer, a vacuum
background is a better solution.

Relaxation of pressure loads

The welding of the blanket modules, one to the next, creates a
structure that is effectively an externally loaded pressure
vessel. This high temperature vessel 1s subject to creep
buckling. The problem may manifest itself in two ways: 1if the
walls are made thin for good neutronics, good tritium breeding,
and minimum neutron heating, they may fail by buckling; if the
walls are thick enough to resist buckling at some temperature,
T, then the additional neutron heating of the thicker material
causes the temperature to rise to T + AT, again lowering the
creep buckling resistance. A series of nested blanket modules
physically assembled side by side circumvents this pogential

problem.



Replacement ease: blanket module

With the blanket modules assembled as a nested set with a
minimum of mechanical connections and no welded connections,

it is possible to visualize module replacement with a minimum

of difficulty by remote means. The optimum replacement technique
could then'be one using simple linear translation of first wall
or blanket units exiting between the coils.

Tritium control: accidental release

The use of a vacuum vessel operating at room temperature creates
a highly effective diffusion barrier against tritium release.

Remote handling

In addition to the blanket modules, there is remote handling
involved in a significant number of other reactor components —
such as injectors — that probably can be repaired or replaced in
a total vacuum environment more readily than in one where the
vacuum is in only the plasma zone. In fact, anything that
penetrates the reactor vessel to communicate in one way or
another with the plasma — pressure transducers, temperature
transducers, plasma diagnostic probes, etc. — can be much more
readily replaced when it does not have to pass through a vacuum-
tight intervening wall.

Operation time

The effective on-line time of the reactor should improve with
the use of a vacuum enclosure since the need to let the plasma
zone up to air or up to argon is eliminated. This decreases

markedly the "bake in' or outgassing times.
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Hands on and remote handling compatibility

The reasonable concern of experimentalists that a vacuum enclosure
is inhibiting and causes an unreasonable difficulty for some
experiments is satisfactorily answered by the fact that pump-
down time from atmospheric pressure to 10~% torr is approximately
10 hours for facilities such as Plumbrook having a larger volume
than would be required for a fusion reactor. Thus, work or
experiments requiring "hands on'" operation (neglecting the
problems of radiation) could be done within a 24-hour period.

For the remainder of the experiments, tests, routine maintenance,
etc., the vacuum could be retained. Bear in mind, however, that
a fusion reactor, prototype or commercial, is no longer a physics
experiment and hands on access is not inherent in the design.

Reduction of physical size

The elimination of welds which would have established the primary
vacuum in the region of the plasma or the blanket if a vacuum
building were not used also eliminates the need to provide

space and access to these welds. This .can reduce the total

reactor diameter as much as 2-3 m.

There are lesser advantages and some disadvantages for the introduction

of a vacuum building as part of a fusion complex. The disadvantages and

the means to circumvent them are cited below.

1.

Large surface areas and continuous outgassing

The differential pumping of the plasma zone and the remaining
volume minimizes this problem. Simple, high impedance closures
can be made such as spring clips, baffles, O-rings, or metal

bonds that are easily placed or removed.



2. Components that '"abhor'" vacuum

There are undoubtedly some components that function more
effectively in a normal pressure environment — parts with low
vapor pressure characteristics such as lubricated bearings,
.certain parts of injectors that may arc or have corona discharge,
etc. These parts are outside of the blanket shield zone and

can be individually pressurized.

3. Vacuum welding

Within the blanket shield area there is the problem that adjacent
parts operating at high temperature may vacuum-fuse together if
‘they are initially in physical contact. The simple closures
mentioned in (1) must therefore include a coating or barrier

that prevents the weld. Further study is needed here.

4, The vacuum building itself

The building of a large vacuum enclosure is not trivial.
However, the biological shielding required anyway ( ~ 2 m of
concrete) can certainly also be used as structure. The NASA
space program experience would be helpfdl here.

There may be a fear or reservation that vacuum enclosures of the
physical size needed to house a fusion reactor are structurally unreasonable
or visionary or too costly. This incorrect assumption is countered by the
existence of the NASA Plumbrook facility. A cross section of that facility
is reproduced in Fig. 4. I have registered on the figure the approximate
dimensions of the ORNL fusion power DEMONSTRATION POWER REACTOR or TNS,
both of which are currently under study. Clearly the volume, the dimensions,
and the shielding would be more than adequate. Figure 5 shows a plan

view of the facility including assembly areas, disassembly areas, hot cells,
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offices, cryogenic areas, etc. — in short, everything needed in a repre- .
sentative way for a fusion reactor facility. Plumbrook, in 1962 dollars,
cost ~ $29 M as indicated in the cost breakdown of Table 1. In terms of
1976 dollars, using an average escalation rate of 6.5% for labor and
materials, the cost would be ~ $70 M. I have indicated with a check
mark (¥) those items on the cost breakdown uniquely related to the vacuum
system. They amount to about 33% of the total. These added costs may
be more than recovered by savings in the reactor cost.
The idea, it seems to me, is worthy of serious consideration and

further study — perhaps for TNS.
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Table 1. Space power facility: actual construction
costs representative of 1962-1963 dollar values

Site development . +« « « ¢ o ¢ o & o « o $  407,516.63
Electrical installation . . . . . . . . 626,000.00
Water, sewer, gas installations . . . . : 230,688.00
Steam distribution system . . . . . . . ~ 85,562.48
Maintenance, assembly & disassembly

BYCA v « 4 ¢ o + e e e e o e e e s . 3,803,657.27
Operations and shop areé e e e e e e 1,882,261.84
Office area ". . « ¢« ¢« v ¢ ¢ ¢ ¢ o o o 440,028, 49
Control area . . « + « o o o o &« o .‘h 473,073.79
Security & monitoring area . . . . . . . 58,000.00
Concrete housing & shield for test |

chamber . . . ¢« ¢ ¢« ¢ ¢ ¢ ¢ ¢ o ¢ o o o 4,570,580.91

9/Aluminum cold wall test chamber - |

fabrication . . . . . .. 0. 000, 4,649,933.80
YAluminum cold wall test chamber - -

cryogenic piping . . . . . . . . . . 641,324.67
YAluminum cold wall test chamber - :

cleaping, leak checking, insulation . 398,085.02
YCryogenic and other cooling systems . . 2,385,292.53
YPumping systems . . . . . . . . . .4 . 1,659,607.90
Instrumentaiton and controls . . . . . . 1,224,302.02
Water treatment system . . . « « « o« o & 153,668.58
Safety & radioactivity monitoring o

equipment . . . . . . . . . 0 . ... . =0~
Cranes . . « o« o« o o o o o o o o o o o 175,514.75
Special foundations for equipment . . . ' 100,000.00
Decontamination equipment . . . . e . 50,000.00
Mechanized entry doors . . . . . . . . .. 2,562,871.47
Slavemasters and manipulators . . . . . ' 1,091.86
Special tools for shop in hot area . . . 7,554.89
Design and engineering . . . . . . . . . 2,250,468.14

TOTAL L L] . . . . . L] L] L . . . . L] * . i28L845) 085 '00

a/ indicates those items uniquely related to the vacuum
system.
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