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FOREWORD

This Symposium on the Engineering Problems of Fusion Research held
at Los Alamos April 8 - 11, 1969, was the third United States Symposium.
The papers represent a wide spectrum of engineering disciplines but all
focused directly on fusion engineering. An equally important function
of this Symposium was to provide direct personal contact between the
engineers working in the various U. S. fusion laboratories. The Steering
Committee believes that this personal contact is essential for the growth
of fusion engineering. The papers contained in these Proceedings represent
the ideas of the author without technical editing.,

The Steering Committee is grateful to the Atomic Energy Commission and
the 1os Alamos Scientific Laboratory which sponsored the Symposium, and to
Dr. N. E. Bradbury, Director of the Laboratory, and Dr. R. F. Taschek,
Division Leader of the Physics Division. We are particularly grateful to
Mrs. Harriett Sass who worked tirelessly during the planning phase of the
Symposium and also organized the Proceedings for publication., Furthermore,
we would like to recognize the valuable services of the Laboratory Public
Relations group under R. Y. Porton., Special thanks also go to Mrs. Barbara
Ray, Mrs, Sue Wooten, and Tom C. Langhorst,

The next Symposium is planned for the fall of 1970 at the Naval Research
laboratory in Washington, D. C.

E. L. Kemp, LASL, Chairman
T. H. Batzer, LRL

W. F. Gauster, ORNL

W. C. Gough, AEC, Washington
R. G. Mills, PPL

VanNess, IRL

M. P. Young, NRL

=
=



WELCOMING ADDRESS

by

N. E. Bradbury, Director
Los Alamos Scientific Laboratory

It is my pleasure to welcome you here this morning for this conference.
I am amazed at its depth and length, and am also very pleased. First, it
is quite clear that the problems which are faced by all of us in the Sherwood
business are not entirely separate to each laboratory. They cut across all
laboratory activities to the extent that we can save dollars or earn dollars
by learning what other people have done, what problems they have solved, to
that extent they can learn what we have solved -- all of us profit. It is a
tragedy to have to reinvent things at different places or invent them in
parallel, Secondly, I can be very sure that the questions you are facing
today -- engineering design, engineering detail -- are merely the embryos of
problems which you will be facing in some number of years. I won't hazard
a guess as to how many. In some number of years you will have to face these
problems for a real, power-producing fusion demonstration, so you might as
well get to work on them now., They are hard enough today, but I suspect
they will be tougher. Anyway, it 1s a very great pleasure to have this
meeting here. I have taken a quick look over its agenda. I am impressed,
as I said, with its length and detail, the breadth of its problems, and T
wish you every success in dealing with it. I hope your time is both

pleasant and constructive. Thank you for coming.
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Opening Remarks

by

R. F. Taschek, Division Leader
Physics Division, IASL

I just want to extend a welcome from the Physics Division, in particular
from the Sherwood or Controlled Thermonuclear Research people, and tell you that
if you have problems of any kind, the Division office is quite close by and you
can readily find access to it through Ed or any one of the local people. I think
I can only perhaps reiterate some of the things Dr. Bradbury mentioned about en-
gineering and technology in this particular field. I have had the impression that
nearly all activities that end up in an applied form at some time or other go through
sort of an evolution. That obviously is an oversimplified term -~ if it is a physics
type of application, it begins with physics; it then goes through a stage which is a
combination of physics and technology and then goes into technology, and I am not
attempting to distinguish between technology and engineering as long as they are
intermingled so intensely nowadays that one doesn't know precisely where one begins
and the other ends. In any case, I think right now the CTR activities are probably
in this intermediate phase of physics and technology. Certainly the physics prob-
lems haven't been solved, and as Dr. Bradbury mentioned, one is only just beginning
to get into the technology that one might foresee some years hence. This is quite
an exciting time to be in the field because almost all people in the field and many
out are pretty much convinced by now that the CTR program won't die and there will
indeed be a true application, I think that the status of the technology is indicated
in part by your program. At present it involves such very sophisticated things as
use of superconductors, levitated systems, intense magnetic fields, and so on. It
seems to me that if you compare what you might look forward to ten years from now
in this field, that there even now exists no other technology either in nuclear
reactor systems or nuclear weapons or rocket propulsion that is likely to contain
more than a fraction of the difficult technological materials, engineering, and
similar problems that this field is likely to have. It is therefore, good to be
in on the beginning of it to see, and guide also, the directions in Qiich you are
heading at this particular time and in which you are really mapping out the future;

so I leave you to start the real business of this meeting., Thank you.




Al

Ab

A5

A6

Bl
B2

B3

SYMPOSIUM ON ENGINEERING PROBLEMS (F FUSION RESEARCH

10S ALAMOS SCIENTIFIC LABORATORY

UNIVERSITY OF CALIFORNIA
Los Alamos, New Mexico
April 8 ~ 11, 1969

PROGRAM

Tuesday, April 8, 9:30 a.m,

Welcoming Address: N. E. Bradbury, Director
Los Alamos Scientific Laboratory

Opening Remarks: R. F. Taschek

RING CONDUCTOR EXPERTMENTS
Chairman, R. G. Mills, Princeton University
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J. E. Hammel, and A. R. Sherwood, Los Alamos Scientific Laboratory
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Stevens Institute of Technology
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and E. R. Wells, Oak Ridge National Laboratory
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B8 SOME REMARKS ON THE ENGINEERING PROBIEMS ENCOUNTERED IN THE CHALICE EXPERIMENT,
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Wednesday, April 9, 9:00 a.m,

(Parallel session)

COMPONENTS AND TECHNOLOGY

Chairman, K. E. Wakefield, Princeton University

CI-1 CAPACITOR DEVELOPMENT FOR SCYLIAC, Grenfell P. Boicourt, Los Alamos Scientific
Laboratory
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G. P. Boicourt and E. L. Kemp, Los Alamos Scientific Laboratory
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CI-4 AN INERT-FLULD COOLED AND MAGNETICALLY SHIELDED LOW-POWER KLYSTRON MILLIMETER SOURCE,
W. P, Ernst, Princeton University

CI-5 EXTENSION OF THE ASTRON ACCEIERATOR TO 8 MEV, Kenneth A. Saunders, Lawrence Radiation
Laboratory, Livermore

CI-6 ANALYSIS OF FLUX REVERSAL IN TAPE CORES, S. D. Winter and R. W. Kuenning, Lawrence
Radiation Laboratory, Livermore
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Gary G. Berg, Lawrence Radiation Laboratory, Livermore

CONTROL AND INSTRUMENTATION

Chairman, John Iast, Culham Laboratory

CII-1 DIGITAL CONTROL OF A RESEARCH DEVICE, E. D. Simon, S. P. Durritt, M. Pelovitz,
Princeton University

CIT-2  PROGRAMMING CONSIDERATIONS OF THE PRINCETON FLOATING MULTIPOLE CONTROL SYSTEM,
M. Pelovitz, S, P. Durritt, and E. D. Simon, Princeton University

CII-3 DESIGN AND TESTING OF SERVO STABILIZING SYSTEMS FOR LEVITATED SUFERCONDUCTING RINGS,
P. A. Thompson, G. V. Sheffield, and F. H, Tenney, Princeton University

CII-4 REDESIGNED CONTROLS FOR THE ASTRON MAGNETIC FIELD USING OPERATIONAL AMPLIFIERS,
Jerry W. Robinson, Lawrence Radiation Laboratory, Livermore
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Wednesday, April 9, 2:00 p.m.
(Parallel session)

INDUCTIVE CIRCUIT SWITCHING, G. Bronner and J. G. Murray, Princeton University
STANDARD COMMERCIAL IGNITRONS AS HIGH VOLTAGE SWITCHES, N. M, Turlitzin, Princeton
University

100-kvV PRESSURIZED TRIGATRON SWITCH, J. K. Burton, U. S. Naval Research Laboratory
SCYLLAC SPARK GAP AND TRIGGER SYSTEM DEVELOPMENT, R. F. Gribble and C. F. Hammer,
Los Alamos Scientific Laboratory

A FERRITE LOADED PIGGY-BACK CROWBAR GAP, R. F. Gribble, lLos Alamos Scientific
Laboratory

SOLID DIELECTRIC SWITCH, Darrell L. Call, lLos Alamos Scientific laboratory

PULSED POWER FROM EXPLOSIVE GENERATORS, FRugene C. Cnare and M, Cowan, Sandia
Corporation, Albuquerque

USE OF EXPLOSIVE GENERATORS TO POWER THE 6-PINCH, R. A. Damerow and J. C. Crawford,
Sandia Corporation, Albuquerque; D, B, Thomson, R. S. Caird, K, J. Ewing, W. B. Garn,
and C. M, Fowler, Los Alamos Scientific ILaboratory

HIGH ALTITUDE PULSED PLASMA POWER SUPPLY, C. M. Fowler, D. B. Thomson, K. J. Ewing,
R. S. Caird, and W. B. Garn, Los Alamos Scientific Laboratory

VACUUM AND UNIQUE DEVICES

Chairman, T. H. Batzer, LRL

MOLECULAR FLOW AND SURFACE ABSORPTION IN GENERAL AXTALLY SYMMETRIC GEOMETRIES BY THE
MONTE CARLO METHOD OF CALCULATION, K. E. Wakefield, Princeton University

THE 2X VACUUM SYSTEM, Carl J. Anderson, Lawrence Radiation laboratory, Livermore

A SIMPIE, INEXPENSIVE TITANIUM SUBLIMATOR, J. S, Culver, Oak Ridge National Iaboratory
ACTIVE METAL BRAZING TECHNIQUE FOR METAL TO NON-METAL SEALS, Richard H. Bulmer,
Lawrence Radiation Laboratory, Livermore

AN ON-OFF ILIQUILD HELIUM CRYOPUMP, Balwant S. Denhoy, Lawrence Radiation Laboratory,
Livermore

Q-MACHINE HOL PLATE DEVELOPMENL, F. E. Wittman, Dale B. Henderson, and H. Dreicer,

Los Alamos Scientific Laboratory

A TWO-TERMINAL MARGINAL OSCILIATOR EASES NMR PROBE-CABLE RESTRICTION, A. W. Weissenburger,
Princeton University

CONSTANT VOLTAGE PULSE OUTPUT SOURCE STUDY, Francis B. Headley, lawrence Radiation
Laboratory, Livermore

LIQUID RESISTOR DEVELOPMENT, Roy A. Haarman, Los Alamos Scientific Laboratory

SKIN EFFECT PULSE TRANSFORMERS, Robin J. Harvey, Stevens Institute of Technology
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HOOP LEVATOR DESIGN FOR A PLASMA OCTUPOLE

Neil C. Lien and Igor N. Sviatoslavsky

Physical Sciences Laboratory, The University of Wisconsin

Stoughton, Wisconsin

ABSTRACT

Plasma confinement time in a multipole device is limited to a large extent by the

supports which hold up the hoops during an experiment.

For this reason, the new

University of Wisconsin Octupole is designed with removable supports which leave
the hoops suspended freely in a magnetic field when the device is electrically
pulsed, The levator mechanism is designed to operate in a 10~8 torr vacuum and
support a 335 pound load on the end of a ball-socketed probe which follows a path
such that the ball moves in a vertical straight line.
and operate is small to obtain the stroke lengths of 4-1/2 in. and 6-1/4 in. which
are required. High strength and light weight materials are used to minimize
inertia effects. A bellows seal at the pivot point of the mechanism eliminates the
need for sliding seals. The actuator is an electrically pulsed, pneumatic device
designed to withdraw the probe support in 20 milliseconds, hold it withdrawn for
20 milliseconds, then partially reinsert it in 20 milliseconds to catch the hoop
and absorb its energy of fall, and then return it to its original position. The
actuator is pulsed by a three-way pilot-operated solenoid valve connecting it
alternately to a high pressure and a low pressure pneumatic source. An inter-
mediate pressure is used to give the initial thrust for removing the probe.

Check valves and volume chambers are used to provide damping cushions and

the means for probe location at the instant when the hoop is caught. Forces are
directly transmitted through a ball-socketed connecting link from the levator to
the actuator and through rigidly mounted body and end caps to the vacuum tank.
An adjustable dummy piston rod guide determines the stroke and hoop elevation.

Test results indicate the desired requirements are met.

Plasma confinement time in a multipole device is
limited by the presence of supports which hold up the
conducting hoops that in turn provide the magnetic field.
The Wisconsin Levitated Octupole, Figure 1, is de-
signed to withdraw the hoop supports during the time
the experiment is electrically pulsed for plasma in-
jection and confinement and later reinsert them to
catch the falling hoops. The device for removing the
supports is called a levator. Each outer hoop,
welighing 1,680 pounds, has five levators and each
inner hoop, weighing 935 pounds, has three levators.
The levators have the following design requirements:

1. Simple, dependable and economic.
2. Time sequence.
a. Hoop supports withdrawn in
30 ms or less.

b. Hoop supports remain withdrawn
20 ms or more.

The available room to mount

c. Hoop supports partially re-
instated in 20 ms or less.
d. Reproducibility to within
+ 1 ms.

The kinetic energy of the hoop fall to be
absorbed at any elevation without bounce.

Probe steady state adjustment capability:

a. + 0.4 in. in the vertical direction.
b. + 0.25 in. in the radial direction.
c. 0.125 in. eccentrically.

Probe tip motion to be in a vertical straight
line, to make it capable of catching the hoop
at any elevation. Probe stroke 4-1/2 in.
upper, 6-1/4 in. lower. When withdrawn
the probe tip should be outside y critical
the last MHD stable flux surface.




6. The probe to be electrically insulated from
the remaining mechanism, and a lead pro-
vided for connecting to instruments outside
the vacuum chamber.

7. Probe load design criteria:

a, Normal vertical loading, 335 Ilbs.
b. Emergency vertical loading,
1000 lbs.
c. Radial loading, + 250 lbs.
d. Tangential loading capable of
deflecting probe 0.125 in. ~ 50 lbs.

8. The probe housing to be part of a 1078 torr
vacuum system with a metal bellows vacuum
seal suitable for angular motion. One seal
to be used for attachment of the housing to
the vacuum chamber.

9. All valves, restrictors and volume chambers
to be an integral part of the actuator.
Actuator body and end caps to be rigidly
mounted to the vacuum chamber wall with
all porting accomplished from below.

10. Connecting link to be ball socketed at piston
and probe driving arm to allow for angular
displacement. Both sockets to be access-
ible for greasing.

11. Assembly of unit to be accomplished within
a 5 in. radial distance.

12. All materials to be non-magnetic.

The support mechanism, Figure 2, was designed
to be assembled and to work within the limited space
boundaries. The mounting to the vacuum chamber is
accomplished with one "O" ring seal. The hoop is
supported in a socket on the ball end of a probe
extending into the vacuum chamber through a small
hole in the wall. This probe constitutes one bar of
a four bar linkage geometrically proportioned such
that the center of the ball end travels in a vertical
straight line within the angular displacement of its
supporting bars. The actuator is attached to the end
of one bar called a drive arm. The angular displace-
ment of this arm is sealed across the vacuum barrier
by a bellows. Using a bellows in this manner greatly
reduces the force and velocity propagation between
convolutions and substantially increases its life. The
pivot bearings are of a teflon-lead compound impreg-
nated into a spherized bronze interlayer backed by a
bronze sleeve. These bearings are capable of op-
erating in a 109 torr vacuum without lubrication.
The drive arm of the box section construction is made
from type 205 stainless steel for high strength and
welding compatibility to type 347 stainless steel
bellows.

The probe made from titanium 6A1 4V for light-
ness was designed for the design loads taken simul-
taneously. If the hoop is displaced up to 1/8 inch side-
wise during magnetic levitation, the hoop socket is
designed to catch the ball end and deflect the probe to
home with approximately a 50 pound lateral load. The
probe is also electrically insulated from its mounting
and a wire extending externally is provided for instru-
mentation purpose and fail safe electrical eircuits.

The ball end position is radially adjustable + 1/4 inch
by varying the shim thickness between the drive arm
pivot block and the housing in addition to a 1/8 in.
eccentric adjustment of the ball center by rotating the
probe about its mounting axis. The lower position of
the ball center is adjustable by changing the length of
the comecting link as shown in Figs. 2 and 3. The
vertical upper position of the hall center is adjustable
+ .4 in. by rotating the threaded dummy piston rod
guide. To overcome the detrimental effects of inertia
on an oscillating mounted actuator the actuator body
was rigidly mounted to the vacuum chamber and a

light ball socketed hollow connecting link was designed.
Each end of the connecting link is lubricated through a
common grease fitting, Driving the piston of the
actuator upwards withdraws the probe from the induced
magnetic field to a position outside W critical.

Pneumatics was chosen over hydraulics for the
actuator for reasons of simplicity and economy while
retaining dependability.

Basically, the principle of operation of the actu-
ator is very simple. A piston is manipulated between
a constant intermediate pressure P-3 on one side and
a high pressure P-1 or low pressure P-2 on the other.
Switching from P-1 to P-2 then back to P-1 drives the
piston in one direction and back. Check valves and
adjustable volume chambers provide the desired
characteristics.

A detailed discussion of the operation of the
levator follows. It is divided into five sections, each

referenced to a figure corresponding to it.

Starting Conditions

Figure 4a shows the actuator and probe in their
primary function, that of supporting the hoop,
which they will do 99.7% of the operating time. The
solenoid is de-energized, P-1 is comected to the top
of the piston. The force of P-1 (~~ 200 psig) has to be
greater than the combined weight of the hoop and the
force of P-3 to provide the necessary reaction for
countering the energy of the hoop fall. This additional
force also holds the piston against the adjustable
dummy piston rod guide, thus properly locating the
hoop vertically.




Probe Withdrawal

In Figure 4b we show the probe being retracted.
The solenoid valve has been energized connecting the
top of the cylinder to P-2. The piston starts moving
when the pressure above it falls below P-3 (A~ 70 psig).
The delay between the start of the electric pulse and
the piston movement is 35 ms and depends on the
values of pressures as well as line impedances and
inertia of moving parts. The value of the intermediate

pressure P-3 depends on the speed needed for probe
withdrawal.

Probe Deceleration

Figure 4c shows the piston being cushioned and
the probe about to clear y critical. The main exit
port is blocked by the cushion nut and CV-2 prevents
the air from leaking out of the cushion.

A soft cushion is desirable for prolonging the life
of the mechanism but it also stores a lot of energy
causing the piston to bounce, and the probe to penetrate

VY critical at the very instant plasma is being confined.
The problem was solved by incorporating an adjustable
volume chamber AV-1 in the cylinder head with a check
valve CV-3, such that this volume was part of the cush-
ion only in one direction. The stored energy in it was
trapped, and was unavailable to do work on the piston
to bounce it. The air in AV-1 bleeds out through a
restricted line into the cylinder exit port. This line
gets blocked off as soon as the cushion nut enters the
cylinder port. In this way we have almost eliminated
the bounce while retaining a soft cushion.

The duration the probe remains withdrawn depends
on the length of the electric pulse to the solenoid
valve. At present, it is adjustable between 10 - 35 ms.

Partial Reinsertion of the Probe

In order to catch the hoop as it is dropping, the
probe has to be partially reinserted into the plasma
chamber. Figure 4d shows the probe catching the
hoop which had dropped from the level where it was
released.

The solenoid valve is de-energized, returning the
top of the cylinder port to the high pressure P-1.
Check valve CV-2 allows the pressure to act over the
whole piston moving it rapidly downward. As the
piston moves down it compresses the air under it.
The air cannot return to P-3 because of CV-1 but can
go into the adjustable volume chamber AV-2 through
CV-4. The piston slows down and stops against a
very soft cushion.

Absorbing the Energy of the Hoop Fall

As the hoop contacts the probe (Figure 4e) it
drives it down forcing the piston up. Check valve
CV-4 is closed and the alr in AV-2 is trapped. As
the piston moves up, the air under it expands and its
pressure drops. CV-1 remains closed until the
pressure drops below P-3 after which it stays at P-3.
The pressure on top of the piston rises above P-1 as
the piston moves up since the air is trapped in the
line due to CV-5. It is this constant pressure rise
which counters the fall energy of the hoop. The
system is now equivalent to a mass on springs and
performs several oscillations with a period of 300 ms
before it damps out. Then as the air in AV-2 bleeds
back to P-3 through a needle valve the piston slowly
moves down, returning the hoop to its starting
location as shown in Figure 4a.

A primary concern in the design of the actuator
was to insure that the hoop would not bounce off the
probe at any time. If while approaching the maximum
point of its first oscillation (regiou of possible hoop
bounce as marked by asterisk on Figure 4e) the probe,
on which the hoon is now supported (but not attached
to), decelerates faster than one g, then the hoop can
separate from the probe. The rate at which the air
bleeds out of AV-2 during the first oscillation
determines how far the piston returns downward and
how fast it decelerates. The adjustment of the needle
valve which bleeds the air out of AV-2 is critical,
but once done, should not have to be readjusted. In
our tests we were actually able to make the load
bounce at will. A simple adjustment of the needle
valve corrected this condition.

A prototype levator was constructed and tested
extensively with and without load. Check valve modi-
fications were necessary to improve performance and
prolong life. Otherwise, performance was as pre-
dicted.

The load consisted of a steel bucket filled with
lead bricks. It was suspended from the probe on
straps which were fitted with an aluminum block and
a socket of Ampco alloy similar to the hoop socket.
The levator was then pulsed and the load caught
under strictly gravity conditions. This is the
toughest situation the levator will ever be confronted
with. A total of 15, 000 pulses with full load have
been made on four different levators with no
apparent signs of wear or failure. These tests were
performed under simulated operating conditions with
two levators fed from one set of pressure reservoirs,
as will be the case in the actual device.

The bellows was also tested under simulated
operating conditions with the probe in a vacuum
chamber. Although more tests are forthcoming, the
bellows has so far withstood 2000 pulses with no ill
effects.

Al-3



Linear variable differential transformers and
conventional piezoelectric pressure transducers were
used to monitor displacement and pressure respec-
tively. The outputs were displayed on a memory
scope which proved to be invaluable for studying re-
producibility. Outputs of an upper and a lower
levator were also simultaneously displayed on the
scope. From these tests it became apparent that
separate electric pulsing systems for the solenoids
of the upper and lower levators would be desirable.
1t also became apparent that throttling valves or the
P-2 lines of the upper levators would be useful for
impedance matching.
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MAGNETIC PROPERTIES OF THE ORNL LEVITATED TOROIDAL QUADRUPOLE

by

M. Roberts, I. Alexeff, W. L. Stirling, and W. Halchin

Oak Ridge National Laboratory
Oak Ridge, Tennessee

ABSTRACT

Electromagnetic levitation of internal conducting hoops
in a toroidal quadrupole has been achieved, producing a
magnetic field for plasma confinement experiments. High
magnetic field strengths are now available in this low-
inductance quadrupole and a possible technique for pro-
ducing time-invariant magnetic fields in the device is

presented.

INTRODUCTION

The useful plasma confinement properties of the
toroidal multipole field configurationl require the
current carrying conductors to be embedded in the
plasma. Optimum use of this geometry necessitates
levitation of the conductors, the highest magnetic

field strength and time invariant magnetic fields.

LEVITATION

Electromagnetic 1evitation2 is accomplished by
the induction of eddy currents in the walls surround-
ing the current carrying conductors (Fig. la). The
eddy current magnitude is proportional to R_l or 01/2
(since the wall thickness (rh) is greater than the
electromagnetic skin depth (8)). With liquid nitro-
gen cooling (from 273°K), eddy currents are increas-
ed a factor ~ 101/2 and most (> 90%) of the field is
confined to the vacuum space; cooling also increases
the L/R magnetic field decay time. As the ratio of
repulsive (hoop-wall) forces to attractive (hoop-
hoop) forces (Fig. 1b) is equal to 01/2 rhh/rhw
equilibrium is achieved by both cooling and sepa-
rating the hoops; it is necessary that Tin ES Zrhw
to prevent collapse of the toroidal quadrupole.

A downward displacement of the hoops produces a

difference in magnetic pressures equal to the force

*
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of gravity (Fig. lc). When sinusoidally excited
the hoops oscillate at a low frequency (f ~ 16 Hz)
with a small amplitude (Ax/x < .25) apparently re-
sulting from the non-smooth time variation of the
force. In model experiments, severe hoop oscil-
lations have resulted when the iron core was driven

into saturation resulting in a nonlinear coupling.

The sketch (Fig. 2) shows that the quadrupole
is basically a transformer with the plasma f£illing
the toroidal chamber between the two hoops and the
contoured wall. Figure 3 shows the lower half of
the quadrupole (with the hoops levitated); the en-
tire apparatus is enclosed inside a four foot dia-

meter vacuum tank.

HIGH MAGNETIC FIELD

A maximum magnetic field (or current) requires
a minimum of secondary inductance since the iron
core has a maximum flux density. The simplest scheme
of making a minimum inductance quadrupole is to form
a dual coaxial toroid (Fig. &), driving the wall
currents and inducing the hoop currents; this scheme
requires an extremely high supply current (.4 MA)--
but has very little excess energy storage, using a
strip-line connection from the generator. In
practice, a transformation ratio (Fig. 4b) is usua-
1ly used, which then introduces a third element,
(Fig. 4c) the wall carrying induced eddy currents.

This current carrying wall serves as a magnetic wall
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to minimize stored energy in the coupling field. The
field between the hoop current and eddy current is
the confining field, and that between the primary
current and eddy current, the coupling field. Energy
comes from the source through the coupling field to
the quadrupole field via the connecting gap. Since
the confining wall has a radial cut to prevent short-
ing the emf there is a section of azimuth at which
the magnetic wall (the eddy current distribution)

does not match the vacuum field shape. Proper place-

ment of the primary windings matching the wall current

density can provide a nearly continuous azimuthal
current pattern, although only an approximation (two
horizontal current sheets) to that density profile

exists in our present model.

At present, 1/3 of the maximum fields (Fig. 4d)
are available for use (representing 140 kA out of
possible 420 kA). The wall currents are carried
around the iron core by a copper jumper inside which
the primary coil is placed. The total quadrupole
inductance (calculated and measured) is about 170 nH
and the total jumper-primary inductance is about
30 nH.

presently at v 6-1/4 kG (v 1/3 max), the pressure

With the fields in the jumper strip-line

separating the coil from the copper is 1.5 atm
(v 1/10 max).

Figure 5 shows the three components of the power
supply. A slow (high inductance) 18 kJ capacitor
bank is being used to supply the single half-cycle
main field. The levitating field is supplied by a
triangle shaped pulse envelope of 60 Hz sine waves;
the 3 N resistor prevents the capacitor discharge
from shorting through the a.c. supply. A battery
supplies mmf blasing currents through a protective
diode. All three supplies use the same 38 turn
primary coil pair. Biasing the iron core allows a
change of magnetic flux from -¢ to + ¢ inducing 2I
in the secondary, although only a single half cycle

is possible in this mode.

TIME INVARIANT MAGNETIC FLUX

The difference

¢ - k(x) ¢

core quad
r

where k(r) varies from O to 1 in the cross section

represents an azimuthal electric field at radius r
having consequences potentially dangetous3 to plasma

confinement. There is a decay of ¢ or an in-

quad

crease in ¢core because the ohmic loss in the hoop
must be supplied either from the quadrupole magne-
tic field or from the driving source. The poynting
vector can be made zero (no energy input) only by
providing a source of energy inside the material of

the hoop or using superconductivity.

Taking advantage of the low propagation veloci-
ty of energy into a good conductor, it is possible
to store energy in the copper material in the form
of the magnetic field of a non-simple current dis-
tribution (Fig. 6). The amount of energy available
is the difference in magnetic field between the
initial current distribution and the final relaxed
distribution. The material thickness (radius) must
be greater than about two electromagnetic skin-
depths to allow a radial current variation; the re-
laxation time varies inversely with the excitation

frequency.

Figure 7 shows an equivalent circuit for the
energy storage. The net current passes through
parallel annular paths ian the copper hoop represen-
ted by the parallel L-R strings. Upon active crow-
barring of the primary (supplying the primary ohmic
loss) the charged internal inductors can relax,
supplying the internal ohmic losses as long as
dLint/dt = R, a time related to the excitation
frequency. The equality dLint/dt = R represents a
possible mode, but not a necessary one and it pre-
sumably requires deliberate programming of the
current excitation for optimum benefit.

dLint/dt = R, then I and §

As long as
are constant result-

core

ing in a steady, time invariant situation indis-

tinguishable from the superconducting case. The

wall current also must not change if there is to be

no time varying flux anywhere; the same energy

storage arguments do apply to the wall as well.

Figure 8 shows the type of measurements made
with a typical result indicating a reduction of 250
in electric field when a solid cold hoop is used
instead of a hollow cold hoop. A factor 6 in this

represents the reduction in driving force resulting




from the smaller resistance in the solid hoop leaving
a factor 40 of improvement attributable to energy
storage. More recent accurate data show two orders
of magnitude reduction in E for 10 psec and one
These

data (using the solid hoop only) come from comparing

order of magnitude reduction for 100 usec.

E at the same B but during the second and first
quarters of the cycle, when one would and would not
expect energy storage. Further experiments with
programmed currents are evidently necessary to
lengthen the period of time invariance for useful

results.
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ORNL LEVITATED
TOROIDAL QUADRUPOLE

Fig. 2. A representation of the ORNL levitated
toroidal quadrupole illustrating the primary (Ip),
secondary (Ig), and eddy (I.) currents and the
magnetic separatrix ws.

Fig. 3. The lower half of the ORNL quadrupole
showing the hoops levitated and illustrating the
access holes, the iron core, and the jumper beneath.
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MECHANICAL DESIGN OF A QUADRUPOLE INJECTION EXPERIMENT

by

R. W. Kewish, Jr., R. S. Dike, J. E. Hammel, and A. R. Sherwood

los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico

ABSTRACT

A plasma gun is frequently used as a source of plasma for contain-
ment experiments in controlled fusion. In these experiments usually guns
with low plasma energy output have been used. We have designed and are
building an injection experiment using the much more energetic plasma from
a coaxial gun, The coaxial gun plasma with its highly directed energy will
be injected into a2 quadrupole geometry capable of stopping the 2,5-kev
stream. The limitations placed on the design by the experimental require-
ments are: (1) an injection field of at least 6.5 kG but less than 10 kG
(for self-depolarization of the plasma stream); (2) an MHD stable config-
uration which has at least 10 gyro radii across the stable region for 2.5~
keV protons; (3) a maximum of 0.8 MJ in the magnetic field (because of
availability); (4) coils suspended at one point by a dipole guarded current
feed. With 2.5-keV lons it is mandatory that the support and feed be
guarded because bombardment of any obstruction would hopelessly contaminate
the system; (5) a maximum field of 40 kG; and (6) maximum current of 600 kA
(because of current joints which lead to the necessity of designing a two-
turn coil).

The quadrupole coils, liners, and flux-smoothing shrouds were designed
with the aid of a computer code developed by Baker and Mann.! The guarded
feed is a force-free configuration with its null line closed by a cross~feed
at the coil surface. The design of this complicated region was guided by an
examination of the analytic expression of the dipole field supplemented by
probe measurements of a model of the feed region, This paper will discuss
the results of the model analysis and the mechanical design of the experi-
ment with the imposed constraints.

I. INTRODUCTION

A plasma gun is frequently used as a source of
plasma for containment experiments in controlled
fusion. The process by which a plasma stream enters
and is trapped in the containment geometry is not
well understood. A toroidal quadrupole has been de-
signed which will be used to study the injection and
trapping processes and the efficiency of these pro-

cesses in producing a quiescent plasma within the

*
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1

D. A. Baker, J,E. Hammel, and L.W. Mann, Bull, Am
Phys. Soc. Ser. 2 12, No. 6, 909 (1967).

quadrupole field. This quadrupole design is distin-
guished by an arrangement in which each interior coil
is suspended from a single support which is magnet-
ically guarded by a linear dipole current. Also in
this experiment the increased plasma loss produced

by such a dipole guarding field will be measured.

The experiment is designed within certain con-
straints which are as follows: (1) a minimum of about
10 gyro-radii of MHD stable field for 2.5-kev ions
was felt to be reasonable; (2) the maximum field must
be no larger than 40 kG, a restriction imposed by de-
sign considerations and materials available; (3) the
total field energy must not exceed 0.8l MT, because

this is the bank energy readily available in the
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experimental area; (4) from past experiments with

the coaxial gun streams, the limits of the injection
field must be between 6.5 and 10 kG to assure plasma
(5) coil design

must include a dipole guarded current lead from which

penetration and self-~depolarization;

the coil can be suspended or supported; and (6) max-
imum current should not exceed about 700 kA because

of design limitations on current connections.

IT. GENERAL GONFIGURATION

The quadrupole field is formed by a pair of
driven coils inside a conducting liner and baffle
system, The usual toroidal multipole has an outer
wall which completely encloses the confinement re-
gion (Fig. 2a).

independent of the vacuum vessel, greater freedom in

With the magnetic field geometry
the quadrupole design is possible. It is desirable
to have the outer field shaping conductors as open
as possible for ease of injection and diagnostic ob-
servation. A completely open design (see Fig. 2b)
could not be found because the requirements on the
A baffle

arrangement was able to produce the desired injection

injection field strength could not be met,

field strength while retaining many of the advantages
of a completely open design. The baffles are shown
in Fig. 2c. Openings to the interior of the contain-
ment geometry are completely symmetric which allows
injection and diagnostic access without field perturb-
ing ports. Since the baffles see large magnetic
forces, they are supported by aluminum channels which
are in turn supported by steel rods from the liners.
All these supports are well outside the containment
region.

A computer code developed by Don Baker and
Lawry Mann1 was used to calculate the field config-
uration from many possible coil, liner, and baffle
arrangements. The computation assumed the skin depth
to be infinitely thin. The design chosen was that
configuration which had the largest number of ion
gyro-radii of MHD stable flux within the imposed con-
straints. Some results of the optimized computer de-
sign are shown in Fig. 1. A schematic of the final
design is shown in Fig. 3. The outer conductor sur-
faces are not part of the vacuum vessel so the whole
machine is placed within a 7-ft,~diam. stainless steel
tank, More detailed views of the arrangement are

shown in Fig. 4.

COIL DESIGN

Because of limitations in current joint design,2

III.
the coils each have two turns. In order to match the
calculated current distribution, the ring was split
along the symmetry axis for the two-turn configura-
tion. The major problem on the design of the coil
itself 1s the cross-over region where the first turn
connects to the second turn. Figure 5 shows the de-
sign of the region in expanded view. Epoxy and
fiberglass hold the two parts together; this is dis-
cussed later,

By previous experience we knew that the two-turn
coil would have perturbations in the magnetic field
caused by the two-turn design. A solution to this
problem is the use of a copper shroud covering the
coil as seen in Fig. 6. The shroud is more than two
skin depths thick, which forces the field to conform
to the shape of the shroud. In order that the shroud
not be a shorted secondary turn for the coil, it is
interrupted by two 1/2'" Micalex insulators which are
held in place by the epoxy. The coil assemblies are
thus a three-part sandwich of an Al alloy two-turn
coil covered by an epoxy-fiberglass insulator which
is in turn covered by the copper flux-smoothing shroud.
Great care has been taken to assure impregnation of
the fiberglass with no voids. The space occupied by
the fiberglass is evacuated prior to the epoxy pour
with the copper shroud itself being used as the pot-
ting vessel. Figure 7 shows the apparatus for cast-
Epoxy is mixed and heated in a separate container
The fiber-

glass-wrapped coil and the shroud are evacuated in the

ing.

then evacuated to remove all of the air.

same tank that will house the final assembly of the
experiment. The epoxy is then pressure-fed into the
bottom of the coil in several places. Several stand
pipes indicate when the coil is fully impregnated.
Finally the apparatus is let up to air, and the coil
with the epoxy is cured in water at 90°C for 24 to 36
hours. A prototype coil has been so made, and careful
disassembly showed that there were no voids in the
€poxy.

The highest field is 40 kG at the surface of the
inner coil and this puts the inner coil at high ten-
sional stress., A computer problem was run by D. Baker
and L. Mann on the stress in a coil when energized
and crowbarred? On the basis of these results it was

decided to use a special aluminum alloy to meet the




strength requirements., This alloy, 7039-T64, caused
Vendors bidding to make the coil

have not been able to demonstrate that they can sat-

us many problems,

isfactorily weld 7039; therefore, Kaiser Aluminum
Metallurgical Iaboratory (the original developer of
the alloy) was finally called in to do the welding.

IV. DIPOLE GUARD AND CURRENT FEED

Because bombardment of a current feed with 2,5-
keV protons would contaminate the system, it is man-
datory to use a current feed magnetically shielded
The dipole guard field added to

the quadrupole field produces a field similar to

by dipole guarding.
that depicted in Fig. 8. This configuration can be
arranged to produce no net magnetic force on the
leads and thus reduces the strength requirements on
the leads. Two line nulls in the field are produced
by this arrangement, and plasma entering the null re-
gion will flow unimpeded along a null line. To pre-
vent contamination, only flow toward the outside of
the machine can be tolerated; therefore, a special
design is made which closes these nulls as they ap-
proach the inner conductor. The closing of the nulls
is accomplished by adding a steeply rising field to
the dipole field as the coil is approached, This
added field is produced by a cross-over current be-
tween dipole legs just before the coil surface is
reached. A computer solution to the field of a sim-
ple hairpin of current im a background field showed
that the null region could thus be effectively closed.
A more accurate study of the effect of the dipole
cross-over current in closing the null was studied

by magnetic probing of a mock-up of the dipole guard
region. A full-scale mock-up of the dipole and cross-
over combined with a background field simulated by a
Helmholtz coil was used to find the configuration
needed. The model was driven at 1 kHz (to approxi-
mate the skin depth in the real case) and probed by
a small coil mounted so that amplitude and direction
of the field could be measured., Figure 9 shows the
field in the plane of the nulls and how the field
lines dip under the dipole cross-over current element,
Figure 10 shows one of the field plots made in study-
ing the dipole. The length of each arrow is propor-
tional to the field strength. In a later design,
Fig. 11, the dipole cross-over is lowered to the sur-
face of the coil. The advantage of this design is
that it minimizes the perturbation of the dipole on

the quadrupole field.

Thus the design at the two dipole legs feeding
the coil is as shown in Fig. 12a and it is equivalent
The
legs of the dipole field elements are made of Amzurk,

electrically to the current shown in Fig. 12b.

a high-strength, high-~conductivity copper alloy.

V. LINERS

The liners are 1/4" copper cylinders backed by
aluminum rings for mechanical strength. The 24 alum-
inum backing rings on each liner form a cylinder 24"
thick,

dipole current feed for the coll can pass, but a sim-

Each liner must have a port through which the

ple port in the liner would cause a large perturba-
tion in the field.

To reduce this perturbation, a scheme similar to
that proposed by John Marshalla was employed in the
liner design. This scheme depends on the fact that
a wall can be moved outward from the containment re-
gion of the machine without disturbing the interior
field, if the wall is placed on a flux surface which
If this
is done locally at the port position, the port per-

In

would be an extension of the interior field.

turbation can be reduced to a negligible amount,
our case the extension is not straight-forward be-
cause a separatrix is crossed in moving the wall.
An analog method was used to give an approximate
shape and position for the wall, and a magnetic prob-
ing of a model of the port region gave the final con-
figuration for the port region. For this reason the
liner is slotted down its entire length with small
A bridge

the same width as the coil crosses the slot at a

tabs extended from the edge of the slot,

This

bridge has a hole to accommodate the dipole current

larger radius than the liner surface, Fig. 13.
feeds. Extensive probing with the model shows no ap-
preciable perturbation of the magnetic field in the
experimental region due to the dipole port, and only
a small perturbation at the baffles which are com-
pletely circular. A conducting shield is placed in
the slot at the same radius as the inside surface of
the liner to minimize the field distortion due to the
baffles.

VI. HEADERS AND CROWBARRING

The machine includes headers which feed the
colls coaxially up to the point where the configura-
tion is changed to form the dipole., The field rises

to the peak in 250 psec. Finally, this experiment is

to be crowbarred using a fast metallic solid dielectric
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. 5
switch.”?  The entire assembly of the machine is

shown in Fig. 1l4.
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FINAL QUADRUPOLIE DESIGN
Field energy 0.81 My
Turns/Coil 2

Number of gyro-radii across stable region 5.5
(2.5 kev deuterons)

Injection field 7.3 kG
Maximum field inner coil 40,0 kG
Maximum field outer coil 24,1 kG
Field inner bridge at the separatrix 32.4 kG
Field outer bridge at the separatrix 19.6 kG
Current/turn, inner coil 0.61 MA
Current/turn, outer coil 0.41 MA

Fig. l. This table shows some of the results of the
final computer design.
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Fig. 2. Alternative designs of the machine, open

and closed, and the final design baffled or
semi-~open machine,
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Fig. 4. Simple picture of the quadrupole without the

baffles.

Fig. 5. Exploded view at the cross-over of the two-

turn coil. Current feed path is shown.
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Fig. 6. Cross-sectional view of a coil,
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Fig. 7. Epoxy casting apparatus.

FIELD PRODUCED BY THE DIPOLE
FIELD OPPOSING HELMHOLTZ COIL
FIELD

Fig. 8. Representation of the combined dipole field
and the field produced by the coil. Line

null is shown,

DIPOLE CROSSOVER AS
ACTUALLY DESIGNED

Pig. 9. Field in the mid-plane of the dipole legs.
Field lines from the region of the null be-

come large before dipping under the cross-

over,
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current Cross-over.
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Fig. 1l. Dipole and cross-current design giving a

smaller perturbation in the containment
region than the design shown in Fig. 10.

A3-5



(a)

coiL

(b) T Ul EQUIVALENT

Fig. 12. Real configuration (a) of the coil feed in
cross-section, (b) equivalent current.

QUADRUPOLE INJECTION EXPERIMENT

CROW-BAR HEADER PRIMARY CABLE
PLATES FOR OUTER COIL HEADER TO OUTER COIL

Fig. 13. Liner with slot and hole for current leads.

DIPOLE FEED LINES
TO INNER COIL

DIPOLE FEED LINES
TO OUTER COIL

PRIMARY
CABLE HEADER
TO INNER COIL

CROW-BAR HEADER
PLATES TO INNER COIL

PLASMA GUN
ASSEMBLY

COAX CONDUCTOR TUBES ScALE
TO ENERGIZE INNER COIL [ )

Fig. 14, A detailed illustratifon of the final design
of the machine.
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THE PRINCETON SPHERAT OR*
by

P, Bonanos, U,R. Christensen, D,H., Mullaney
Plasma Physics Laboratory
Princeton University
Princeton, New Jersey

ABSTRACT

The engineering aspects of the Princeton spherator
are presented. The magnetic and mechanical design of the
coils, structure, and vacuum system are described, Recent
modifications including the installation of a superconducting
poloidal field coil suspended within the vacuum tank are also

related,

A cross section of the spherator assembly is
shown in Fig. 1. The main elements of the ma-
chine are;

a. A 60-inch diameter, 40-inch high vacuum
tank with an internal volume of 1900 liters.

b. A ring coil of circular cross section
suspended within the vacuum tank, which produces
a poloidal field. (PF coil)

c., A system of four coils external to the
vacuum tank arranged in symmetric pairs and
producing an axial field, (EF-1 and EF-2 coils)

d. A linear conductor centered about the
vertical axis of the machine which produces a
toroidal field., (TF coil)

The magnetic system of the spherator is a
superposition of the three field configurations,
The poloidal field opposes the axial field within
the bore of the PF coil giving rise to two stag-
nation points, The addition of a toroidal field
component generates a set of nested toroidal
surfaces, The surface passing through the stag-

nation point is a separatrix within which the sur-

faces are closed. It is the visible plasma boundary.

*Work performed under the auspices of the U.S.
Atomic Energy Commission.

Figure 2 shows how the separatrix varies with the
ratio of poloidal to an ideal homogeneous axial
field, If the height and radius of the separatrix
surface are equal, the plasma volume appears

spherical, hence the name of the device.

The magnetic geometry is altered by
selecting, in advance, the number of active turns
in each of the four EF coils. Each EF coil con-
tains 24 turns, 4 layers at 6 turns per layer. Each
layer is provided with an electrical tap at the in-
ner and outer turns and one layer has a tap per
turn., With suitable external jumpers, therefore,
from 1 to 24 turns from each coil may be ener-
gized. The polarity of each coil is reversible.
The cross section and tap arrangement of EF-1
and EF-2 coils are identical; the only difference

is their diameter,

The center conductor of the toroidal field
coil has a cross section as shown in Detail "A'!
of Fig. 1. Eighteen hollow trapezoidal copper
conductors are arranged in a circle around a
phenolic core, Each conductor is taped with
Dupont "H'" film, and the assembly is overwrapped.
Around the conductor bundle are the OH coil seg-

ments - three copper sheets running the length
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of the conductor. The composite is again over-
wrapped and enclosed by a stainless steel pipe
that is also the central wall of the vacuum vessel.
The return bus, also of hollow copper construct-
ion, completes the series connection of the TF
coil and is visually the dominant feature of the
machine. The coil is rated at 520, 000 ampere-~

turns when pulsed.

The major engineering effort on the spher-
ator since the original assembly has been in

modifications to the poloidal field coil,

The first coil was of hollow copper con-
struction, water cooled and with a substantial
lead passing through the plasma volume to feed
current and coolant to the coil. It was supported
and guyed by six 1/8-inch diameter Inconel 718
rods, The coil was rated at 130, 000 ampere-
turns, Early experiments with the machine in-
dicated a high plasma loss to the supports and
current lead. A second coil wound with solid No.
15 AWG enameled wire with a 0, 148 inch O, D,
coaxial lead was installed. The coil, weighing
200 pounds, is hung on three wires, each with a

diameter of 0,035 inch. The coil was rated at

34,000 ampere-turns, could be pulsed 200 times
a2 day, and then had to cool down overnight, The
third coil is a superconductor suspended from
three 5/32-inch O, D, tubes, which are also used
to fill the coil Dewar with liquid helium and allow
the vent gas to be recovered and liquified, The

coil is rated at 130, 000 ampere-turns.

The spherator structure consists of two
main elements, the EF support rings and ribs
and the TF support cage. The major load on the
EF-1 coils is mutual attraction, while the EF-2
coils experience vertical loading in either direc-
tion depending on the poloidal field geometry.
The self load on the TF return bus tends to open
the rectangular loops. Interaction with the axial
field produces a torque on the horizontal rays,
The torque is in one direction on the upper rays
and in the reverse direction on the lower rays.
Figure 3 is a photograph of the assembled
machine. The top structural spider, vertical
TF bus support columns, cross bracing to
restrain the applied torque, and vacuum tank

are clearly visible,

A general specification is shown in Table 1.

Table I

Spherator Characteristics

Toroidal Field Coil

No. of turns

Ampere-turns

Maximum current (amperes)

Pulse duration (eq. sq. wave sec,)
Maximum current density (amps/in, 2)
Material

Resistance cold/hot (milliohms)

Peak power (megawatts)

Ab=2

18

520, 000

28,900

0.6

145, 000

Hollow OFHC Copper
11.2/15. 4

12.7




Axial Field Coils (EF Coils)

No. of turns (max)
Ampere-turns
Maximum current (amperes)
Pulse duration (eq. sq. wave sec.)
Maximum current density (amps/in, z)
Material
Resistance cold/hot (millichms)
EF-1 coils
EF-2 coils
Peak power {megawatts)
EF-1 coils
EF-2 coils

Poloidal Field Coils

First Coil
No. of turns
Ampere-turns

Maximum current (amperes)

Pulse duration (eq. sq. wave sec.)

Maximum current density (amp/in. 2)

Second Coil {Installed June 1968)
No. of turns
Ampere-turns
Maximum current (amperes)

Material

Third Coil (Installed March 1969)
No, of turns
Ampere-turns
Material
Maximum current (amperes)

Dewar capacity (liters)

Liquid helium consumption ({ /hr)

Superconducting life with 200 liter
supply Dewar (hrs)

Vacuum System

Volume (liters)
Internal Surface (sq. cm.)
Base Pressure (torr)

Pumping Speed (f /sec.)

24

260, 000
10, 830

1.5

13, 500

Hollow EC Aluminum

15.4/16.0
9.4/9.8

1.88
1.15

12

130, 000
10, 830
1.5

94, 000

1, 620

48, 600

30

No. 15 AWG ETP

Copper Wire

2,275
130, 000
Nbj Sn
57.1

12
20-32

1, 900
10

4 x 10-8
2680
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COILS FOR THE SUPERCONDUCTING LEVITRON*

Clyde E, Taylor and Thomas J. Duffy
Lawrence Radiation Laboratory
University of California
Livermore, California 94550

ABSTRACT

The Superconducting Levitron system now under construction consists

of an 80 cm diam, 600 kA, superconducting levitated ring wound with
NbgSn tape conductor; six stationary superconducting coils wound with
Nb-Ti wire; and an array of stabilizing control coils, also superconducting,

wound with multi-core Nb-Ti material designed for low ac loss.

The coil

system is described in detail, Tests were made on several inductively

energized NbqSn coils to determine critical temperatures.

are described.

These tests

INTRODUCTION

The Superconducting Levitron is a dc single
floating-ring apparatus which represents about the
minimum advance over the present Levitron in size
and complexity which will achieve significant plasma
parameters. It is designed to produce a variety of
field configurations including a minimum <B2> well,
and the quasi-linear field. Although initial plasma
will be produced by gun-injection, the machine is
designed to accommodate neutralbeam injectionat a

later date.

Figures 1 and 2 show a cross section of the
machine, The main features of the magnet system
are:

a) The floating ring.

b) Six non-floating coils which provide a va-

riety of field shapes.

c) Twelve superconducting stabilizing coils
which are elements of the servomechanism
which maintains the ring in the desired
position,

d) The toroidal coil which is water-cooled Al
and Cu.

e) The large magnetic damping plates located
on either side of the ring.

The main purpose of this paper is to describe

the main parameters and design considerations

*Work performed under the auspices of the U.S.
Atomic Energy Commission.

ok
| B| = constant on flux surfaces.

involved in each of the above mentioned magnet
systems. The vacuum chamber is a rather con-
ventional, all-metal, stainless steel tank with 77
flanged aluminum foil gasketed joints. The large

cover flange is 82 in. in diameter.
FLOATING RING

This coil must be superconducting because any
support member or electrical lead would penetrate
the plasma which completely surrounds the ring
and would therefore seriously limit plasma lifetime
because of collisions with the solid material.

The ring parameters are listed as follows:

a) Major diam-— 80 cm.

b) Minor diam {(overall)—9 cm.

c) Design current— 160 A/turn at 12°K.

d) Maximum field at conductor— 34 kOe.

e) Heat capacity between 5° and 12°K— 500 J.

f) Number of turns— 3750.

g) Stored energy—250 kJ (self-ind. only).

h) Inductance—19.5 H.

i) Conductor—Nb3Sn tape, 0.5 cm wide
X 0,0065 in. total thickness, varnish insu-
lated. Thickness includes 0.002 in, copper
on each side.

j) Conductor length—32,400 ft.

k) Mass of ring (incl. steel container)—109 kG,

The minor diameter of the ring must be as
small as possible to allow maximum plasma vol-

ume; therefore, high current density is a require-
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ment. The operating time available between ring
re-cooling cycles depends on having minimum heat
input and maximum heat capacity. The latter re-
quirement favors NbSSn as the superconducting ma-
terial because its high critical temperature of 18° K
allows a much higher operating temperature com-
pared to Nb-Ti, and therefore a much greater heat
capacity. Figure 3 shows the internal energy per
unit volume vs., temperature for a number of ma-
terials. It is apparent that helium gas at a density
corresponding to 100-atm pressure at 300°K has a
much higher heat capacity than nearly all metals,
with the notable exception of Hg. The supercon-
ducting levitron ring will be pressurized with helium
gas to about 100 atm at room temperature and per-
manently sealed. Thus, all available void volume
around the conductor will be filled with helium, At
4,2°K, the pressure will be about 1 atm, and the
ring will contain very little liquid, The coil oper-
ating environment will therefore be gaseous helium
rather than liquid.

The limited space available in this small ring
makes it difficult to design electrical leads which
pass through a highly stressed, internally pressured
shell, and which are reliable for ultra-high vacuum
service. Therefore, the ring will be inductively
energized, thus eliminating the need for external
electrical connections., The coil turn-on procedure
is to energize the external coils while the ring is in
the normal state; this generates a pre-determined
magnetic flux linking the ring. The ring is then
cooled to the superconducting state. The currents
in the external coils are then set to the desired
levels (in general, with opposite direction from that
used to generate the ring flux) and the ring current
will automatically adjust to maintain the initial flux

linkage constant.

After much testing, the material selected for
the ring conductor is 0.5-cm-wide by 0.0065-in. -
thick tape made by General Electric Company. This
tape has 0.002 in. of copper soldered to each side
of the core, which is a 0.001-in.-thick Nb alloy
strip with NbSSn in a thin layer on both sides. The
tests that were necessary to evaluate this material
required operation at temperatures well above
4.2°K in order to duplicate the actual ring operating

conditions. Several small coils were made using
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These

coils were energized inductively in a gaseous helium

0.5-in.-wide material of various designs,

environment and, while persistent, were allowed
to slowly warm up to the temperature where resis-
tive heating begins. It was discovered that under
certain conditions a maximum temperature is often
reached which is well below that temperature which
might be expected from "short-sample" perform-
ance.1 This appears to be a type of "stability"
limit imposed by the existence of local diamagnetic
currents which cause critical conditions to be
reached locally somewhere in the conductor while
the overall transport current in the conductor is
well below critical. This general type of ‘'stability"
problem has been analyzed by Hart.2 Figure 4
shows some preliminary results using several types
of tapes. The main problem is that the critical
temperature of high current-density coils which

are ''stability limited" is apparently decreased

when the thickness of the NbSSn supperconducting
layer is increased. Therefore, there is an optimum
conductor design which will allow maximum cur-
rent density under any given operating conditions,
Our small coil tests are continuing using an im-
proved calorimeter and 0,5-cm-wide 'cape.3 Our
condition of 160 A at 34 kOe and 12°K requires
enough superconductor to carry 656 A at 34 kOe

and 4.2°K,% or 152 A at 100 kOe and 4.2°K.

The ring consists of six double "pancake"
modules. Each module has one "'spiral-in' and
one '"'spiral-out" coil connected in series at the
inside radius. The entire coil is connected in
series. Three different grades of tape are used,
depending upon the maximum field expected at
various locations within the winding. There will
be about 30 internal series connections in the tape.

Figure 5 shows a cross section of the ring.

RING RE-COOLING

Many re-cooling methods were considered, but
the simplest appears to be heat conduction to helium-
cooled blocks which are mechanically pressed
against the ring. Since heat conduction across
mechanical contacts in high vacuum is poor, espe-
cially at low temperatures, an experiment was con-
ducted to obtain design data.5 Figure 6 shows

typical heat flux vs. temperature of the warmer



contact surface for a particular contact pressure,
using one indium-coated surface and one plain copper
surface. These data agree closely with some earlier
preliminary measurements made by Bradford at
Culham. 6 An approximate analytical model of ring
cool-down time can be easily calculated by approxi-
mating the data of Fig. 6 by the straight-line rela-
tion:

a/A (W/em?) = 0.03 (T - 4.2°K).

Since the ring heat capacity is mainly due to
the helium gas, the change in internal energy of the
ring is approximately CVAT where the average C
between 6°K and 12°K is, from Fig. 3, 2.8 J/g-°K
for v = 65.2 cc/g.

The cooling rate is given by

a dat

where
m = mass of helium gas, g
t = time, sec

q = watts

u = internal energy, J/g.
Separating variables and integrating, we get the
time T for cooling from temperature T, to temper-

ature T:
T T

S) dt = -m du
1i VAA

T =

From above, du =C_ dT where C_ =2.8 J/g-°K
and

a/A = B (T-T,)
where B = 0.03 W/em? - °K. We have

T - m C T,-T
T=-m \ C._dT/AB (T-T,) = log el
v 0 AB °8 T-T

Ti 0

In this case, m = 25 g of helium, A =10 cm2

Tl =12°K, T = 6°K, To =4.,2°K, T = 5,5 minutes.
Actually, we expect about 15% greater heat capacity
due to the internal energy of the metal, but a more
refined calculation allowing for this additional effect

(i.e. Cv metal
much. We will use a higher contact pressure than

= C'T3) does not change the time very

the data of Fig. 6, which will increase heat trans-

fer. Therefore, recooling is expected to require

less than 10 minutes,

Data on a copper-mercury contact using a
copper cone in a socket was reported by a group at
Garching,7 who found a higher heat transfer coeffi-
cient than we find for flat copper-indium contacts.
However, the later contact system was chosen
because it is simpler for our configuration and
seems to result in a reasonably short re-cooling

time.

The ring coil form is also the inner half of the
pressurized toroidal shell. The remainder of the
shell is formed by welding two additional segments
in place after the coil is wound., This shell must
withstand not only the 100 atm internal helium pres-
sure but must also withstand the bending forces
that occur if the ring drifts laterally out of its mag-
netic equilibrium position, which can happen if the
servo-system fails. High local stress can occur
if the ring goes out of control at maximum current
and comes to rest against the surrounding stops.
For this reason, the shell material is forged
ARMCO 21-6-9 steel which has high strength and

toughness at cryogenic temperatures.

To keep ring heating minimum, a single re-
flective heat shield is placed outside the shell.

MAIN FIELD COILS

Table I gives the dimensions and maximum
performance required of the non-floating coils.
Dimensions are for the winding, and not the coil
form.

These coils will be layer-wound, using a
single-core Nb-Ti composite conductor with oxide
"insulation'" and with fiberglass cloth between
layers. The smaller coil uses 0.015-in. core,
0.030-in. o.d. wire, and the two larger coils use
Total wire
required is 50,000 ft of 0,015-0.030 and 133,000 ft
of 0.014-0.032,

using Supercon wire.

0.014-in. core, 0.032-in. o.d. wire.

The coils are now being wound

Each coil is wound in a
single-piece stainless steel form with 0.25-in.

inner wall thickness and 0.5-in. wide flanges; the

A 0,060-in.
cover is welded over the coil after winding., Liquid

thick sections are required for stiffness.
helium is supplied to the enclosed coils by a gravity

circulation system. The coil leads pass through
the helium piping to the external supply dewar
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where a terminal connection is made between the
superconducting leads, the normal leads, and a
persistent switch.

STABILIZING COILS

The ring de-stabilizing forces, which can occur
at maximum current levels, are expressed as
""'spring constants' for small displacements from
the central position. Referring to Fig. 7, the major
"spring constants' are identified as

AFy AFz AMx
Ay Az T A0,

In the presence of a toroidal field, there are, in
addition to the above,

AFy AMx
Aex ' Ay C

The above forces are given for two field configura-
tions produced by the currents given in Table II.

The ring current is -600 kA and the toroidal
current is 1200 kA. Table III gives the forces on
the ring. These forces are very large; for example,
in Case 1:

AFy _ AMx _
Tyl = 2,220 Ib/em and = = 3,330 ft-lb/cm.

Note that the axial force AFz/Az is negative, indi-
cating that the ring is highly stable for axial motion.
It is obvious that very high velocities can be acquired
by a ring which is out of control. Therefore, two
large plates are located parallel to the plane of the
ring, above and below the ring outside the plasma
region. The plates provide eddy current damping
which will limit the velocity of the ring to safe values

in case of loss of control.

The control coils are superconducting. The
choice of superconductor rather than conventional
copper coils is based on several factors:

a) Lower cost.

b) High current density, therefore smaller

coils.

c) It is easier to cool the coils with liquid

helium in our case, than to shield the low
temperature environment against thermal

radiation from warm coils.
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d) Mechanical support is simpler if the coils
can be attached directly to the eddy-current
plates.

Much recent progress has been made in the
development of low-loss conductors for pulsed
applications. 7(7)7ne ofr thercontrol coils is now being
wound with a twisted multicore material for testing.
The four pairs of x-y control coils are located at
z =+ 17 cm, parallel to the plane of the ring (see
coordinate system of Fig. 7), with the centers at
X, y =48 cm, coil diam = 56 cm, The coil cross

section is shown in Fig. 8.

To balance the maximum AFy/Ay destabilizing
force for 1-cm displacement, given in Table III,
these coils must carry 7342 A-turns each or 14,684
A-turns for a '""gain" of two.

The two pairs of tilt-stabilizing coils are located
with their centers at x, y = 60 cm, normal to the
plane of the ring, with coil diam = 50 cm. The coil
cross section is identical to that of the x-y coils.
9790 A-turns are required for a "'"gain" of two.

TOROIDAL WINDING

This coil is water-cooled and located outside
the vacuum tank. It must be easily demountable to
gain access to the vacuum tank for removal of the
cover, etc, The return conductors are located at
a radius of 200 cm to permit a man to have access
to flange covers on the perimeter of the tank,

The coil must be matched to four existing
300-kW Temescal power supplies. This requires
90 turns. Direct current operation allows 600
kiloampere-turns using the four power supplies in
parallel and 1200 kA-turns at four times overload
for 45-sec pulses using the supplies in series-
parallel. At 1200 kA-turns, the current is 13,333 A,
V = 250 volts, and the overall current density in
the 6.5-in.-diam core is 5600 A/ em?,

subjected to very large twisting forces and the con-

The core is

ductors must, therefore, be integrally bonded to-
gether to have enough strength,

The core will be copper, using wedge-shaped
hollow conductors to fit together efficiently, and the
remaining conductor will be aluminum, water-
cooled. About 0.8 of the total power is dissipated
in the core.




Azimuthal uniformity requirements on the to-
roidal field will allow grouping the 90 return con-
ductors into 30 equal groups of 3.

It is interesting that this gingle piece of appa-
ratus includes four quite unique types of coils,
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