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INTRODUCTION
»
(J. L. Tuck)

The broad strategy of our Sherwood activity at Los Alamos
was stated in the introduction to the last semiannual report.

Briefly, we are interested in pulsed confinement; we have had
some success with pulsed open systems. We feel that the time has
come to study pulsed closed systems and, more specifically, flute
stable closed systems. Pulsed systems imply sudden plasma creation;
auxiliary activities, such as E x B heating, hydromagnetic plasma
trapping thus provide support for the pulsed concept.

In May, just as the last report went to press, Scylla IV,
operating at 470 kJ, suffered a short circuit between the collector
plates. The accident has taken approximately half a year of intense
labor to repair. Within a few days, cautious electric testing will
commence, but with Scylla IV now brought up to the full design, by
completion of the 3 MJ power crowbar.

Scylla I resists retirement to the Smithsonian Institution by
continuing to be useful - e.g., providing comparison spectra for
identifying solar corona lines taken on recent rocket flights.

For another division (GMX) we have been concerned in the
design of magnetic 6-pinch coils for explosive after-compression.

Explosive compression can provide the equivalent of many megajoules

*
Thisg section has been reproduced exactly as submitted without eny
editorial changes.



of electromagnetic compression. There can be little doubt, that if the
presently achieved1 explogive compressions could be piled on top of an
appropriately chosen intermediate stage in the presently achieved Scylla
electromagnetic compression, very strong thermonuclear reactions would
result, The final fields already achieved in such systems (but without
plasma) are 1 MG with glass walls and 10 MG without any such inert

material inside the compression conductor. These should be contrasted

with the 90‘kG of Scylla IV. There are, however, special problems
associated with the explosive method - the electrical coils must be light

to allow efficient acceleration by the high explosive. This makes them
mechanically too weak to withstand the electromagnetic forces for more than
one full power discharge. Thus full scale plasma tests before the explosive
destruction of the coil are not possible. _The present experiments2 have
been plagued by asymmetrical electromagnetic compressions for rather trivial
reasons - the normal side feed of the Scylla type coil interferes with the
explosive. The current was therefore brought in at each end of the coil;
this however, introduced completely unacceptable electromagnetic perturba-
.tions.

There are several ways to design an end fed coil where the currents
are constrained to take a helical path to one end and back, which compen-
sates the magnetic field of the axial current component. Electrical checks
of this arrangement though scarcely necessary, have confirmed that highly
symmetrical magnetic fields can be produced, and the coil of Fig. 3 has
given a 10-fold field amplification by explosive compression. End fed
coils are probably superior to the old established side fed Scylla coil

arrangement, and might have supplanted them in electromagnetic 6-pinches




Figure 1, End fed coil arrangements for producing symmetrical
longitudinal magnetic fields.

Figure 2. In this type, the unbalanced radial magnetic field is made
small by making 1, the path length of the line integral IB- dl
round the current, through the feed point, large.



except for the fact that they are mechanically weak and it is probably not

possible to make coils strong enough to last more than one electromagnetic shot.

Thus the outlook for achieving a very strong thermonuclear reaction
by explosive compression looks good.

Turning now to the closed flute stable magnetic bottle program
(caulked cusp). A criterion of merit for such systems is not entirely
obvious. In a flute stable system, there exists some range of magnetic
surfaces, moving from the inside of the machine to the wall, over which
l f —%l l is decreasing.

For reasons of magnetic energy economy, one places the wall at the
last magnetic surface before I -%l turns unfavorable. The thickness of
this flute stable magnetic wall, measured in cyclotron radii defines the
quality of the wall. We then require to exfress this quality in terms
of the effort needed to produce it, One way to express this effort might
be the mean magnetic field strength in the wall. Another more searching
method proposed in the text, is to express it in terms of the number of
mega joules required to establish the whole bottle.

So far most progress has been made on the multifilar type of bottle,
with two levitated conductors. Its competitor, the helixion, is very
complicated to calculate. For a zero approximation to the helixion,
we have calculated the I —%l stability regions for a series of 14 rings
spaced around a torus, encircling the minor axis. This proved to have
extensive f —%l stable regions and be the most economical magnetic field
distribution we have yet seen. But this is not a practical comstruction.
In the next approximation, we extend the array of rings into a continuous

helix. So far, this has been shown to give quite controllable field
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Fig. 3.

Photograph of the Tuck-Marshall Coil




minima. But only a few of the extremely complicated magnetic field lines
has, with our current use of computer time, been computed.

Another consideration also rises: Closed flute stable systems nec-
esgarily rely on averaging along the field lines, The unpleasant possi-
bility exists that particles in an unfavorable region may drift to an
unacceptable extent, before they ever reach the region where the compensa-
ting drift 1s to be made. Thus it is advantageous to have the positive and
negative compensating regions spaced closely along the field lines. This
problem is being studied quantitatively. However, it is clear by inspection
that the multipolar caulked cusp is inferior to the helixion in this
respect,

The caulked cusp program is going more slowly than expected. For
one thing, it is taking a different shape than expected. Certain design
possibilities have come to be appreciated in good time before building
anything; for example, low voltage operation, with conducting liner and
no feed point; magnetic energy storage, for safety at high stored energies.

In conclusion, on an unconnected subject: The dense plasma focus
(reported within) has achieved the surprising yield of more than 1011
neutrons from a fewmn3 of plasma, in a time of ~ 10-7sec. Mach-Zehnder
interferograms, as obtained for Scylla IV, should do much to elucidate

this interesting plasma formation.
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TOROIDAL CAULKED CUSP

(John Marshall)
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Introduction

The study of high-density, closed-field geometry reactors has not
received much attention in the Sherwood program, probably because of engineering
difficulties. The Caulked Picket Fence or Caulked Cusp offers in principle
the possibility of a maghetic bottle for such a reactor. It combines the
extreme hydromagnetic stebility of a quadrupole field null with bridged field
lines between cusps, so as to stop the excesgive plasma leakage inherent in
the nonadiabatic behavior of perticles in the region of a field null. The
bridged field lines between cusps should take care of the leakage of scattered
particles from a dense plasma, which of course would be there even in the
absence of nonadiabatic behavior.

Pioneering work has been done in the experimertal realization of the
Caulked Cusp concept by Kerst and by Ohkawa both of whom are working with
toroidal octupole machines. In their machines the cusp lines are bridged
around four conducting rings inductively driven by currents in the walls of
the toroidal outer vessel of square cross section. These currents originate
in a capacitor bank, and both Kerst and Ohkawa use ratler modest stored energies.
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This of course simplifies the engineering of the machines, but it limits

the particle energies which can be contained. As a result, the plasms
energles are quite low, and this makes it possible to hang the ring conductors
on supports. In addition, because of reduced charge exchange cross sections,
as well as smaller particle velocities accompanying the low plasma
temperatures, the vacuum requirements are quite modest. On the other hand,
since the low plasma temperatures and energy content are low, there are a
number of important dlagnostic methods which cannot be applied.

It i1s felt at ILASL that there is a need for carrying the Caulked
Cusp type of confinement to high plasma energies and temperatures. It is
realized that great difficulties will have to be overcome, but it is possible
that more information will be obtaineble than at low energies. The major
difficulties are that large field energles will be required, that the machine
will be of large dimensions, and that the internal conductors will have to
be truly levitated. Mechanical supports are not permissible because of
contamination difficulties arising from their bvombardment by the plasma.

The coaxial guns in use at LASL appear to be capeble of supplying
usable quantities of D plasma of approximately 10 keV average D energy, and
of injecting this plasms across a field. Design figures are being based on
gun performance and on cross field injection experiments of Baker and Hammel.
The indications are that the high~density, relatively slow plasma, which
follows the fast plasma from a coaxial gun, can be rejected by appropriate
depolarization conductors while the fast plasma can still penetrate the
field. On the otker hend, no significant amount of plasma appears to be
capable of passing through a quadrupole null if the field lines from the
cusps on the two sides of the null are bridged in vacuum so as to allow the
plasma to depolarize itself.



Magnetic Field Requirements

In order to be satisfactory, the magnetic field must satisfy a
number of conditions. These can be enumerated as follows:

1. The field must have enough strength and distance between the
plasma and the wall to contain 10-keV D's. Somewhat incomplete experimental
data indicate that this requirement implies, in quantitative terms, that
there should be a blanket of approximately 5 gyro radii between the separatrix
and any weall. The geparatrix is the flux surface connecting to the field
null,

2. The internal conductors must be levitated. In other words,there
must be no mechanical supports crossing from conductors to walls, since
these would necessarily intersect the separatrix, where there is expected to
be energetic plasma. Levitation requires that there be no large impulse
delivered by the field to the conductors during the time of the experiment;
since the field energies are so large, the motion due to a large impulse
would probably be destructive.

3. The field must be capeble of stable hydrcmagnetic confinement of
plasma. The best information at present is that this implies that [ g—z- s
taken along & closed magnetic field line, must decrease as the line chosen
as the path of integration is teken farther and ferther from the plasma.

., The field should be reasonsbly constant in msgnitude and shape
for at least a number of milliseconds after plasms 1s injected. 1In
addition,there should be the %inigum possible electric fields in the
contaeinment region, so that ;2 plasma drifts will not be excessively

large.

5. The magnetic field strength must be sufficiently low to permit
a reasonable mechanical structure to support the forces.

6. The injection region should have e field at the wall small enough
to make cross field injection possible. As a rough guide, & limit of 10
kG has been taken in preliminary planning.
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Quadrufilar Field Configuration

The simplest field which appears to be cepable of satisfying these
requirements is a bridged cusp toroidal quadrupole or quadrufile. The
word quadrupole strictly applies to the field at large distences from two
magnetic dipoles arranged so that their dipole moments cancel each other.
Quadrufile or quadrufilar is used here to denote the field near the origin
which is produced by four wires at a long distence arranged symmetrically
so that the total field is zero at the origin. Such a field can be

generated by the arrangement shown at A in the diagram below; the form of

INDVCED
PINe CuSRENTS

Tomoiost VacouM VEsssL LEVrTarED RInes
& PriMvARY CommrsNnT ConOuvcToR A

the magnetic field is depicted at B on the following page. A field null
appears at a point approximately midway between the levitated conducting
rings. The current in the rings has to be driven inductively since

no meterial object can be allowed to intercept the plasma.

The major reason for choosing the toroidal gquadrufilar configuration
in place of some other multifile is that it alone is free of net

translational force on the levitated conductors. The inner ring is subject
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B

to outward forces which amount to a hoop stress, while the outer ring is
compressed magnetically inward toward the null, In the case of the
octufile with rings in the four corners of a square, two above the median
plane and two below, there is in addition a net translational force driving
the rings toward the median plane. If the rings were superconducting and
thus capable of carrying steady currents, it would be possible to support
them magnetically at the expense of some field symmetry, but for the moment
this 1s not practical.

Unfortunately it appears to be somewhat more difficult to achieve
a large region of hydromegnetically steble confinement in a quadrufile than
in an octufile. In this connection it must be remembered that mechanical
equilibrium does not require that the field resemble that of a pure quadrufile
at all. The essential requirement is that there should be only two levitated
rings, one on the inside and one on the outside of the toroidal null.

1k




Stability and Field Shape

As is stated above, the criterion for stability of a containment
field ageinst hydromesgnetic fluting is taken to be that f%g- decreases
as the closed field line, along which the line integral is taken, is chosen
farther from the plesme containment region. Inspection of the field plot
in Fig. 4 shows that there are reglons in which the variation of the integral
is favorable and regions in which it is unfavorable. The favorable regions
are those in which the field lines are convex inward, and the unfavorable
where they are convex outward. In the favorable regions the length of the
path is smaller and the field strength is larger farther out. Both effects
produce a favorable variation of the integral. It is immediately obvious
that stability can be enhanced by msking the field large in the unfavorsble
regions and small in the favorable regions. Since B is in the denominator,
the value of the integral is strongly increased as the path is taken close
to the field null, and in such a field configuration there is always some
flux surface outside of the separatrix inside of which the containment is
stable.

To achieve the desired blanket of 5 gyro radii between separatrix
and wall, any realizeble field shape can be teken and the field strength
multiplied by a factor such that it does not exceed limits set by practicebility.
The linear dimensions are then multiplied by whatever factor is necessary to
reglize the desired blanket. In practice, it will be found that the amount
of energy required will then depend on the details of the field shape. Since
the most expensive part of the machine is likely to be the energy storage
system, and since, even if it were not expensive, the handling of large
amounts of energy presents serious problems, a reasonasble criterion as to the
excellence of a given field configuration is the amount of energy required
to create the field subject to the constraints: (a) That the field near
the wall adjacent to the field null shall not exceed 10 kG; this figure is
chosen to assure that cross field injection will be possible. (b) That
enough area be clear of hardware in the hole in the doughnut so that an iron
core can be put through it to handle the necessary flux. The latter is

15
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Fig. 4. Field lines for various values of [ %@_




the flux between primary current conductor and the inner levitated ring
including the amount soaked into the conductors. (c¢) That the maximum
field in the bridges between cusps not exceed an smount dictated by

strength of materials; 50 kG might be a reasonsble figure to start with.

At present, the process of searching for an optimum field shape has
barely commenced. The computer code developed by R. A. Dory for use in
designing the toroidal octufile at the University of Wisconsin has Just
been adapted to computation of these particular field shapes on IASL
computers, and only test problems have been run. However, some cslculations
by amother method (see report of Baker and Mann below) indicate that a
satisfactory field can probably be designed which will use between
5 and 10 MJ of energy. The field shape will be roughly as indicated below.

\HXIJ‘ oF TororD
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The back side of each of the levitated rings is hollowed out to reduce the
field in the middle of the bridge, to decrease the net stability against
fluting toward the rings, and to increase the stability against outward
loss of plasma by adding & region of favorable curvature with a somewhat
lower field strength.

Magnet and Vacuum Envelope Construction

The diagrams given sbove have been made on the assumption that the
outer primery current is carried on a one-turn conducting doughnut, the
surface of the doughnut becoming & flux surface of the field through the
skin effect. This is a very convenient way of designing a pulsed magnet
and the current conductor can do double duty as the vacuum envelope. It
is a method which lends itself to very accurate field shaping through
machining of the surface but it also has some difficulties.

The major problem is that, because of the rings, the doughnut must
be split so as to come apart into an upper and a lower half like a clam
shell, and that it must also be interrupted in at least one place around
its circumference, to permit current to be fed to it. The vacuum seal must
then have & T joint and the insulator at the current feed has to link the
rings; it must thus be split and reassembled. If the primery conductor
actually forms the wall of the vacuum chamber, a serious difficulty can
arise from voltages appearing across the feed points. The electric fields
resulting from these voltages will, in general, be norma.l t}% th% magnetic
field, and will result in plasma drift with velocity v = g5 - This
velocity is parallel to the Poynting vector and hence, if there is an
energy sink in the machine, plasme will drift towaxrd it. If energy is
allowed to leave the machine through its terminals, plasme will arift to
the insulator, and there is a good chance that a short circuit might
develop which would have to dissipate a large fraction of the field
energy. Thus, to prevent serious damage to the machine, a nearly
perfect crowbar would have to be put across its terminals. Such a crowbar
i s beyond the present normal state of the art.

18



A way of avoiding the problem of plasma drifting against the
insulator is the use of a resistive metal liner to the doughnut. The
energy dissipated by eddy currents in the liner can be made arbitrarily
small by meking the time constant of the rise of the field long compared
to the L/R time of the liner. In the machine considered at LASL, a
stainless steel liner l/32-in. thick would have an L/R time of roughly 500
usec. Thus the field would probably have to rise with about a 10-msec
time constant, and gbout 5% of the total field energy would be dissipated
in the liner. At first this seemed prohibitively long because of the
additional energy which would have to be supplied to provide the energy of
the field soaked into the conductors. Then it became apparent that if long
containment times should actuelly be achieved, it would be convenient to
have a nearly constant field shape during the contaimment time, and that
the farther the field has sosked into the conductor, the more slowly does
the additional field soak in. Furthermore, if the field has soaked a
large distance into a conductor, current has too and, since the current is
carried in a larger area of Cu, the resistive voltage drop is smaller.

This reduces plasma drift toward the conductors since it reduces the Poynting
flux.

With long rise times, the skin effect determination of flux surfaces
becomes less attractive, and more serious consideration can be given to
the determination of the field by placing current carrying conductors in
calculated positions. In any event, in order to match normal energy storage
devices, it becomes convenient to have a large number of turns in the primary
winding of the machine. The result is that at the present time the device
is seen as essentlally a fiberglass and epoxy plus copper coil structure
built up on a thin stainless steel liner. The liner could be fabricated
from units the size of an automobile fender, welded together along radial
seams, each half making what would look like an enormous somewhat distorted
angel food cake pan. Two viton O-rings would be used to make the seals
in the equatorial plane.

19



The inductance of a one-turn doughnut with two secondary rings is
likely to be ~ 1 pH. In order to achieve a 1lO-msec rise time with 10 kV
on the windings, it would be more convenient to have ~ 1 mH of inductance.
This implies that the machine should have about 30 turns in its primery
winding. These turns could be laid on top of a solid metal doughnut,
which could be used for shaeping the field, and this would relax considerebly
the precision required in applying the 30 turms. More Cu (or Al) would be
required here since the current, in effect, would have to be carried around
the doughnut three times in the primary winding: once in the 30 turns, once
in the image current on the outside of the doughnut under the 50 turns, and
once on the inside of the doughnut to generate the contaimment field. This
point will have to be studied carefully before final design.

Magnetic Core

The current in the levitated rings has to be driven inductively. A
simple way of looking at the system is that the primary is a single turn
doughnut of high conductivity, of such a thickness that field does not soak
through it completely. The current on the inside of the doughnut is
then exactly equal and opposite to the current on the two conducting rings.
Thig follows since, as the field in the doughnut wall is zero, [ H.d? linking
the rings in the metal of the wall is zero also, and therefore the net current
inside is zero. The exterior surface of the doughnut, however, can carry
current too. It represents a parasitic inductive load across the load
which has to be driven. In order of magnitude, the inductence of this
load will also be ~ 1 pH, and thus it would ebsorb half of the energy from
the source. In order to avoid this, the simplest approach is to thread a
ferromagnetic circuit through the hole in the doughnut to increase the
inductance of the parasitic current path. This amounts to an ordinary

transformer core.

If the inner levitated ring is assumed to have effectively zero
resistance, the flux through it will not be able to change with time.

20



Thus all flw: in the inner bridge between cusps must be compensated during
a shot by an equal and opposite flux linking the hole in the doughnut.
Stacked transformer Fe normally cannot be magnetized at all efficiently
beyond about 15,000 G, so this puts a lower limit on the area of the hole
in the doughnut for a glven field configuration. There is still too little
known about the optimum field configuration to be able to specify the hole
ares, but it sppears that s 1-m diam clear hole would almost certainly be
adequate. In selecting this area, allowance has been made for flux biasing
the Fe. If before a shot the Fe core is already magnetized in the reverse
direction by a dec winding, twice the flux change is obviously available from
e glven area of Fe. The only difficulty is that the changing flux in the
core during a shot induces a large emf in the dec winding} operation of the
machine would then be impossible if the emf is allowed to drive the current
it normally would through the power supply connections or through a short
across the winding terminals. According to Lenz's law, the emf is in the
direction to maintain the original flux in the core. The ordinary way of
taking care of this problem is to insert a choke coil between the power
supply and the bias winding. The trouble is that this choke turns out to
have twice as much Fe in it as the core linking the doughnut. For the
machine under consideration, the situation is saved by the long time constant
of the conducting rings around the core (of the order of 20 sec). If the

f lux blas winding is opened, first by a switch with a resistor across it,
and then completely, the bilas current is transferred to the rings; no

choke is necessary since the bias winding is open.

Energy Storage I, Capacitor Bank
& AP

Of the order of 10 MJ of energy will have to be stored to produce
the containment field of the machine., The conventional method of storing
energy for such purposes is in capacitor banks, and this can readily be
done at LASL. Because of the availability of capacitors capable of slow
energy storage and costing 2 cents per joule, it should be possible to assemble
the necessary stored energy for about $3 x 105. There would undoubtedly be
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frequent capacitor failures, and it would probably be necessary to provide
clearing fuses which would isolate a failed capacitor; the machine could
then be fired even after one or two loud explosions during the charge phase.
These capacitors are sald to be operable only if they are crowbarred to
prevent voltage reversal. The bank would be provided with ignitrons for
this purpose, but in addition a mechanicael crowbar of very low resistance
would be applied across the machine terminals. This switch should have

a resistance of the order of 10 % Q and be operable with a jitter of less
than 1 msec; this is based on the assumption that the crowbar would be
applied to the 30-turn, l-mH machine primary. The switch would have to
close a circuit carrying sbout 1.5 x 10° A.

Energy Storage II, Inductive Energy Storage

Although approximately 10 MJ of capacitive energy storage is
installed at LASL, nothing approaching this quantity has ever been connected
to one load, and very few capacitor banks are ever run at full rated
voltage. A considerable amount of maintenance would probably be required
if & bank as large as this one is used. The most likely fault to occur is a
short circuit across the bank; such a fault always results in an explosion
and frequently there 1s damage from blast or from resulting shrapnel.
Consequently, alternatives to a 10-MJ capacitor bank should be considered.

The current through a short circuit across a load fed from a storage
inductor can never exceed the current stored in the inductor. To deliver
a large amount of energy suddenly to a fault in such a circuit, the fault
must approach an opened circuit, and the only real problem in inductive
energy storage in the past has been the opening of circuits. The worst
danger is likely to be fires from arcs in broken circuits, and this should
be no worse than with dc magnet circuits.

Consider an inductive energy storage system driving an inductive
load; the most obvious way of drawing the circuit is shown on the
following page. To begin with, switch 1 would be closed and the generator



Sw. 1 Sw. 2

would be operated to build up a current i; = Is in the storage circuit.

At some time, switch 2 would be closed and switch 1 would be opened.
Breeking the current in inductor L; produces a large voltage across the
terminals of Lo and transfers energy to it. However, the circuit cannot
and does not work this way because the instantaneous opening of an inductive
circuit would produce an infinite voltage. Actually the switch would arc,
and this might be considered as a resistance that varies in a complicated way
with time. Analysis of circuits containing resistances of varying time
dependence shows that the efficlency of energy transfer from L to Lo is

the same whether the resistance varies as a step function from zero to a
constant velue, increases linearly with time after t = 0, or increases
quadretically with time. The efficiency in each case is

3 Ip 1a(t = =) L Io
n = £ ee————— -
2 I Ig (Ly + L2)?

It has been found (H. R. Lewis, IASL) that the energy transfer
efficiency is the same for an arbitrary dependence of resistance on time,
so long as the resistance varies in such a way as to bring I; to zero at
large times. In the case of a step function from zero to R (a switch opened
across a resistor R), the current in the load varies as

L I, L
is = = - 1 Lo
2 I —CE;JLTTT- (} e >.

The maximum energy transfer efficiency is l/h, and is achieved with Ly = In.
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At first sight an energy transfer efficiency less than l/ll- appears
very poor. It must be remembered, however, that for an occasional shot
the cost of energy itself is small, and thet only the initial cost and
maintenance of the installation should be considered. For this reason a
more careful look has been taken at the problems involved.

Resistor

It is important to remember that half of the stored energy is
dissipated in the resistor, even if the resistor is the arc across an opened
aritch. Obviously the resistor must have & capacity for sosking up energy
rarely met with in practice. It heppens that in actual fact this is the
easiest and cheapest component of the system to build. The resistor would
be electrolytic, and would consist of ~ 1 m® of & selt solution, the salt
concentration being adjusted to produce an appropriste resistance. The
electrodes would be large stainless steel sheets interleaved and hanging in
the electrolyte like the plates of & storage battery. The inductance of such
a configuration can be made negligible, and only the outside plates are
subject to magnetic forces. The dissipation of 20 MJ in 1 m® of water would
reise the temperature about 5° C. A test cell has been operated successfully
with a 150 C rise in a much shorter time. The only problem was that the
rapid thermal expansion of the electrolyte threw water upward from the
surface of the cell. Electrolytic resistors with smaller temperature rises
are in routine operation in the laboratory.

Switch

With a low inductance resistor across it, the switch has to bresk
the full storage current, but never has to stand off voltage greater
than RIS. A reasonable arrangement might be a combination of a mechanical
switch capable of carrying the storage current (~ 3 x 10° A) and a fuse,
preferably of very low inductance, which will open ~ 1 msec after the switch
opens. There may be suitable commercial fuses, but if not, a foll type
under high pressure, such as has been tested by H. Eerly at the University
of Michigan, could be used.
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Storage Inductor

The storage inductor is probably the most difficult part of the sgystem
to construct, simply because of its large size. It must store ~ 40 MJ and,
for reasons of economy, should be chargeasble with an existing power supply.
It can be shown that the maximum amount of energy, U, which can be stored in
an inductor, is related to the maximum power output, w, of the charging
‘supply by the formuls

U = 3 wr,

where T is the L/R time constant of the storage inductor circuit, and w is
the maximum power output of the supply when it is connected to this particular
load. There is available at IASL a power supply capable of delivering 2.5 MW
at 72 kA and 35 V. The storage inductor then should have a time constant
of at least 32 sec.

An exemination of Fe core inductors shows that it is probably
easier and cheaper if there is little or no Fe; furthermore, calculations
are certeinly simpler if a pure air core inductance is used. The reason
is that for completely unsaturated Fe, an air gap of 50 m® would be
required to store the energy at 1k ,000 G. An enormous amount of transformer
Fe would be required, as well as a large amount of Cu. The most efficient
use of conducting material without Fe is made by a coil having approximately
the "Brooks" shape, as indicated in the following sketch.
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The inductance of the coil is L = 0.0255eN° uH, where a is in cm
end N is the total number of turns. The resistance is R = 2.% oN2, where
p is the resistivity of the winding material and £ is the space factor
(fraction of winding volume filled by conductor). For Cu, p = 1.7 x 10 © Q-cm,
and for Al it is 2.83 x 108 , &t 20°C. Using the foregoing expressions
for L and R, setting L/R = 32 sec, and assuming a space factor of 0.8,
suitable inductors are found to have the following characteristics:

Meterial Dimension, a(cm) Outside Diameter Mass of Material (toms)
Cu 158.7 633 cm (21 £t) 268
Al 20k.5 818 cm (27 £%) 174

Assuming that Al and Cu cost the same per pound, it would be more economical
to meke the inductor from the former.

It was assumed in the section on Magnet and Vacuum Envelope
Construction that, to match to a 10-kV capacitor bank with gbout a 1lO-msec
rise time, the machine winding would have an inductance of ~ 1 mH. This
winding would require 1.% x 10° A for a 10-MJ energy comtent. A storage
inductor would then have to start with 2.8 x 105 A to deliver the current
to0 the load. In order to charge the inductor considered ebove with the
existing power supply, which has only one fourth of this current capacity,
the inductence should be 16 mH; the rise time of 10 msec would then imply
a L4O-kV terminal voltage. The optimum arrangement for matching power
supply, storage inductor, and switch willl have to be determined, if it is
decided to use magnetic energy storage.

One consideration favoring higher wvoltage and lower current is the
formidable bus bars required for these currents, and the necessity of
loceting the inductor at some distance from working aerees because of
stray field. The latter will be gbout 5 G at 30 m, and will fall off
inversely as the cube of the distance. It might be possible to reduce the
stray field considerably by & certain amount of Fe in the return flux path.
This would also improve the inductor somewhat.
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The inductor would have a smell number of turns for an inductance
of 1 mH or 16 mH, e.g., 14 or 56 turns, respectively, for Al. On
the other hand, the individual strands would need to have a small cross
section so as to minimize skin effect. These rather contradictory
requirements can be satisfied by the use of a large number of leads in
parallel. The coil would be assembled from a number of pancekes, for
example with 30 pancakes,each pancake consisting of 100 leads in parallel,
each lead meking a helf turn from inside to out. The lead to lead voltage
inside a pancske would be very small so that insulation would be quite easy,
but the coil would require some mechanicsl strength because of the high
megnetic field and large dimensions. Actually the hoop stress in the coil
would be of the order of 300 tons, well within the strength of the winding.

If the cherging time of the inductor is 3 min at 2.5 Mi--a generous
estimate~~the coil would be expected to rise about 50 C in temperature per
shot . Heat from inside the coil would have natursl conduction paths
along the leads to the large number of connections between pancekes, and
these could be air cooled. The time between shots will be much more
severely limited by the cooling of the levitated conductors in their Dewar
flasgk than by the cooling of the inductor. Therefore no expensive water
cooling of the coil would be necessary.

Levitation (with W. Borkenhagen)

There are obvious difficulties in levitating a few tons of Cu
and steel rings in the doughnut during the time of the experiment. The
problem is aggravated by the necessity of precise positioning during a
period of a number of msec. It is assumed that precision is required so
that calculations of the behavior of the plasma in the field will apply
to the actual machine, and so that measurements of plasme diamagnetism
will be successful. In addition to these scientific requirements, there
is the practical necessity that the rings should be close to their
magnetic equilibrium positions at any time when there is a possibility of
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of energy being fed into the machine terminals., If, for example, the
rings were lying in the bottom of the doughnut, and the field were
accidentally energized by a prefire of capacitor bank ignitrons, a large
force would he generated driving the rings upward toward their equilibrium
position; 10 MJ corresponds to the kinetic energy of a mass of 2 tons
nmoving at a speed of about 100 m/ sec., Clearly, if even a small fraction
of the stored energy were transformed into kinetic energy of motion of the
rings, a catastrophe would result.

The requirement of accurate positioning of the rings is made more
difficult by the necessity of operating through ean "ultrs high vacuum"
wall. ©Since no grease or oil of any kind will be permitted in the system,
e bellows seems to provide the best solution. Ordinary metal bellows are
probably not able to survive the accelerations required of the withdraweble
ring supports, but there appear to be several conceiveble means of by-passing
this difficulty.

The levitation procedure, as conceived gt present, is as follows:
Originally the ring conductors are supported by a set of withdrawsble
pins or crutches. The pins are held in position relative to the doughnut
wall by latches, and are arranged to be withdrawn rapidly by stored high-
pressure air acting on pneumatic cylinders. The entire doughnut is mounted
on a mechanicel linkage controlled by a one-turn cam driven by a flywheel.
The cam is deslgned to drive the doughnut into a free fall trajectory in
which it remains for 50 msec, for & drop of 1.25 cm. Immediately following
the start of free fall of the doughnut, the pins ere withdrawn from under
the rings. A downward acceleration of 15 g is sufficient to move the
‘pins 10 em in 10 msec. This leaves the rings falling freely st the same
speed as the doughnut and in the original relative position. After the
pins are out, the machine is left in free fall for 30 msec, at which
time another set of pins is driven into the machine in the same way thet the
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first set was pulled. Ten msec later they are In contact with the rings
and the cam program continues with a deceleration and elevation phase.

Plans are belng made to construct a working model of the levitation
machinery. Air cylinders and bellows have been ordered, and a working
space will soon be avallable in which the model will be set up.

I__qg’ection

As was stated at the outset, it is plenned to use the cross field
injection technique in the proposed machine. For this purpose it will be
necessaxry to have at least one large hole in the machine well unencumbered
by current conductors, but with as little distortion of containment field
inside the hole as possible. Outside the hole there should be a
continuation of the containment field for a sufficient distance so that
measures can be taken to reject the slow plasma. If the field shape is
determined by a conducting metal wall, the outside field can be matched
adequately by local coils outside the hole in the wall. If it is determined
by wires accurately lald in their calculated positions, the extension of
the field in the injection region should strictly be made by bulging
the winding all the way around the doughnut as in the sketch on the following
page. If the outer flux surface is pulled outward a sufficient distance
it should be possible to part some of the wires far enough to allow
plasma injection without perturbing the contaimment field.
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CAUIKED CUSP DESIGN CALCULATIONS

(D.A. Baker, L.W. Mann)

Approach to Field Design

The requirements of the magnetic field for the Caulked Cusp device
were described at the beginning of the preceding section of this report.
The following approach has been used to design a suitsble field: (1)
Calculate a field configuretion which has the right topology, i.e., an
outer toroidal boundary, representing the primery winding, which encloses
a pair of ring conductors corresponding to levitated secondaries, and is
everywhere steble in the sense that the vacuum value of [df/B decreases
outward from the proposed plasma region. (2) Scale the resulting field
values so that the field strength at the injection point is small enough
to allow injection from a coaxial gun. (3) Scale the torus cross section
so that an adequate plasms region is separated by several gyro radii from
the wall. (4) Scale the inside major diameter of the torus to be
compatible with the magnetic core and primary windings required. (5)
Examine the resulting configuration from the point of view of field energy
end forces.

These steps will be repeated with new configurations until an
acceptable result, optimum in some sense, is obtained.

Results

Step (1) has proceeded using a modified version of the MAFCO
computer code of Perkins and Brown (IRL) in which current rings are
located such as to produce & field of the right topology. Figures
5, 6, T, and 8 represent flux surfaces of the torus cross~-section found
in this manner. The outer curve is the outermost "stable line" where
the primary is to be loceted, next inside is the approximate separatrix
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CASE 1

FIELD LINES AROUND TWO CONCENTRIC RINGS COIL 1 AT
130, I = 1800 COIL 2 at 160, I = 1000
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Fig. 5. Flux surfaces of torus cross section



CASE II

FIELD OF FOUR RINGS COIL 1 AT R =130, I = 1800 COIL 2
AT 160, I =1000, COILS 3, 4 AT R = 145, Z = +10, -10, I = -200
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Fig. 6. Flux surfaces of torus cross section
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CASE III

FIELD OF FOUR RINGS COIL 1 AT R =130, I = 1800 COIL 2
AT 160, I = 1000, COILS 3, 4 AT R =145, Z = +10, -10, I =75
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Fig. 7. Flux surfaces of torus cross section
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CASE 1V

TWO SPLIT COILS, R
R = 160, Z = +5,-5, I

130, Z = +5,-5, I = 900 EACH AND
500 EACH
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Fig. 8. Flux surfaces of torus cross section
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where the plasms is to be concentrated, and the two inside curves represent
the levitated conductors. More recently the flux surfaces have been
determined using e modified version of R. A. Dory's boundaxry value code.
This program allows better control of the flux surfaces to be computed
since the current sources need not be determined in advance. An example

of a field configuration obtained in this way is shown in Fig. 9.

The results of sceling the problems in Figs. 5-8 are shown in Table I.

TABIE T
Total Confinement
Torus Flux Rod Current Current Field Energy
Case Dimensions (cm) (Webers) _ (10° A) (108 A) (M)
D 0D Inner Outer
I 125.2 420 2.58 L4.68 2.60 7.28 9.k
II 163.2 Ti2 L399 7.75 L4.31 12,06 27.0
III  124.0 W10 2.52 5.1 2.86 8.00 10.1
v 117.0 370 2.25 k.35 2.h42 6.77 7.62

Notes: Injection fleld = 10 kG
Wall
[Bdf = 10° G-cm corresponding to 5 gyro radii for a 10-keV D ion

Separatbrix
[ dl/B decreases away from separatrix throughout field volume

The injection field in all cases has been scaled to 10 kG. Each torus
cross section has been scaled so that for a 10-keV D ion the walls are
five gyro radii from the separatrix line at the worst point—-the outermost
bridge. The torus major inside diameter has been seperately scaled so
that a backbiased core capable of a 30-kG flux change occupies T0% of

the hole ares. Thig leaves spproximately 10 cm for primary windings and
vacuum flanges. The Justificaetion for scaling this diemeter independently
of the cross section stems from calculations with the boundary velue code.
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DORY CODE FIELD LINES
PROBLEM NUMBER 106

Field configuration calculated by Dory's code

Fig. 9.
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Tt was found thet, for a given cross-section geometry, the surfaces are
independent of the torus dismeter to a very good approximation.

Conclusion

From the comparison of the confinement field energies in Table I,
it is clear that Case IV is advantageous. This result has led to the
investigation of configurations similar to that showm in Fig. G.

All of the gbove calculations are based on the epproximation of a
small skin depth. For a magnetic field with a long period, further
corrections will be required for the final design.
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LINEAR MODEL OF CAUIKED CUSP

(D.A. Beker, R.S. Dike, and J.E. Hammel; E.L.Kemp)

A full-scale linear section of the Caulked Cusp machine is being
built. The section will be 1.5-m long and for ease of construction will
have no curvature. The model will be used to study the problems associated
with plasme injection into the actual machine. The section will be placed
in the vacuum tenk now being used for the transverse injection experiments
and will be powered by the 1-MJ in Rack 6 of Zeus. The section has eight

turms in series giving an nI = 5 MA for each‘i'nterior conductor.

Included in the experiment will be a coil placed outside the
injection port. This multipurpose coil will, it is hoped, (a) reduce the
perturbation caused by the ihjec’cion port, (b) remove the slow component of
the gun plasmas as described in the section 6f this report on transverse
injection (p. ST), and (c) serve as a focusing guide field for the stream.

Figure 10 is & schematic of the physical arrangement. The field
of the external guide coil is a distorted mirror a.rrangement which is
able to reduce the internal field distortion to a few percent. A
shorting plate outside the mirror of the guide coil will be included
to0 remove the slow component of the gun stream.
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Fig. 10. Schematic of linear section of Caulked Cusp machine model
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FIELD PENETRATION STUDIES

(D.A. Baker, M.D.J. MacRoberts, L.W. Mann)

Introduction

A Fortran program has been written for the IBM-709% to compute
the speed at which pulsed fields penetrate an infinite hollow cylindrical
conductor and the electric field at the surface of the conductor. This
code can thus be used to determine conductors which minimize magnetic
field energy loss and to indicate methods of programming rod currents to
minimize the surface electric fileld on the conductors. The latter feature
will reduce the B x B arift of plasma to the conductors.

Amroach

The electric and megnetic fields in an infinite hollow cylinder
will have the following simple form:

2\
E = ZE (z,t), a<r<b

3 - 9s (r,t),

where a and b are the inner and outer radius, respectively, of the
cylinder. Upon applying Mexwell's field equations and neglecting the
displacement term, the differential equation

F o, 1 .3 _ B
31‘2 r51_' r2 MO’&

can be developed. If the initial condition on the fields is that
B(r,0) = E(r,0) =0; a<r<b

and the boundary conditions are
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Bla,t) =0 and B(b,t) = }‘-2%@ ,

B(r,t) can be computed by an implicit numerical differencing scheme.

The electric field is

E(r,t)=—l— [B-&-r%] .

TUO

Results

The manner in which the B field penetra:beé an infinite hollow
conducting cylinder is shown in Fig. 11. The current in the cylinder is
of the form

I(t) = Im sin wt,
vhere I = 10° and w= (n/2)10° .

The set of curves is for a Cu cylinder of inner radius 5 cm, outer radius
10 cm at times of 0.1, 0.5, and 1 msec.

The computed electric field at the surface of a Cu conductor is
given in Fig. 12. The case shown is for a sinusoidal rising current which
is ideally crowbarred at its péak, i.e., the current and megnetic field
remain constant at their pesk value for t > t/L.

The paresmeters used in the calculation were: outer radius = 10 cm,
quarter period of the current = 0.25 msec, u and ¢ for Cu, tube wall thickness =
1, 2, end 5 mm, and 2 , 4, 6, 8 and 10 cm (solid conductor), total conductor
current = 10%A (1 MA). For a solid conductor, a drift velocity of 0.375
cm/msec is obtained at the conductor surface for the time of peak magnetic
field (20 kG). This drift velocity is independent of the value of peak
current since, at a given time, E and B each scale linearly with conductor
current. It is seen from Fig. 12 that decreasing the wall thickness
increases the surface E field at all times. The thinner walls take a
shorter time for the fields to soak in and therefore level out sooner to
higher values of the dc E field. For wall thicknesses > 2 cm the fields
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Fig. 11. Field penetration into a hollow copper cylinder
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SURFACE ELECTRIC FIELD FOR AN IDEALLY
CROWBARRED HOLLOW COPPER CYLINDER
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Fig. 12. Surface electric field for crowbarred hollow copper cylinder
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have not yet reached their steady state values by 4 msec., Figure 13
shows the effect of increasing the period of the sinusoidal rising
current to 10 msec. The drift velocity in the solid conductor is
reduced to 0.116 cm/msec,

Tt would be desirsble to minimize the surface electric field on
conductors during the time active plasma is present in the magnetic
field in order to minimize the assoclated £ x B drift to the conductors.
The computer program was used to determine if programming the rod
current would accomplish this. Figures 14 and 15 show the surface
B and E fields respectively for the case of an exponentially damped
arxrrent sterting at the meximum of a sinusoidal rise. The date epply
to a cylindrical Cu rod of 20-cm radius with current rising to 1 MA
in 10 mgec and then falling exponentially as I . e® | The results
are shown for ten values of « ranging from O to 200. In general, as
the damping is increased the surface eléctric field drops and even
reverses. A case was run to find the programmed magnetic field
required to cause the surface E-field to drop suddenly to zero (and
t0 remain there) at the time of pesk magnetic field. The surface
‘E-Pield was reduced to zero at the sacrifice of sbout 25% of the
meximm B field after the first 500 usec with an e-folding time of
ebout 20 msec thereafter.

Conclusions

The computer program will permit the following three types of
studies to be made with regard to the E and B flelds associated with
an infinite cylindricsl hollow conductor.

1. B field penetration as a function of time,for a parameter
set. The code will also allow veriation of the conductivity as a
function of the radius.
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