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b SUMMARY

A radially-fed implosion heating coil has been
designed and fahricated at the Los Alams Scientific
Laboratory. The Marshall coil is a ocopper-plate-an-
epoxy-substrate coil designed to utilize up to 200- kV
to produce a 1-T magnetic field in a 20~cm bore with a
risetime of no more than 250-ns. The design and fab-
rication process of this coil and the design of the
high-voltage stand for the Marshall coil are discussed.

INTRODUCTION

The concept of a staged implosion or shock-heating
followed by an adiabatic compression of a theta pinch
plasma has been tested in the Staged Theta-Pinch Ex-
periment (STP) which sucressfully wused separate
shock-heating and compression circuits. If one cir-
cuit is used, the shock-heating and compression fields
must be supplied from one large high-voltage, low-
inductance energy supply that has a high cost per
joule. With separate circuits, the shock-heating
field can be supplied fram a high-voltage, low-induc—
tance capacitor bank, which although having & high
cost per joule, is relatively small. The slower
rising compression field requires a large energy
source, but the slower risetime allows it to be a rel-
atively low-voltage and high-inductance having a lower
cost per joule. Another benefit fram staging is the
fact that shock heating and compiession fields can be
programmed in such a manner that the plasma will have
a relatively large plasma-to-wall radius (a/b) ratio
which results in wall stabilization of the ¢ = 1
instability.

To reduce the load inductance, it is necessary to
use a fractional-turn coil. A full-turn, shock heat-
ing coil with a 20-cm bore requires 202-kV to 300-kV
capacitors to achieve a 250-ns risetime with low-
inductance source components. To reduce the required
voltage, the STP experiment uses a simple half-turn
ooil. Because the implosion-circuit current and the
compression—circuit current are passed through the
same coil, the load inductance is much lower than the
compression-circuit source inductance. This results
in a poor energy transfer from the compression power
supply and an undesirably short L/R compression-
circuit current decay time. One mcthod of resolving
the conflicting ooil inductance requirements is to use
a low-inductance fractional-turn implosion o©oil com-
patible with a separate multiple-turn, compression
coil. Dr. John Marshall oonceived a ooil to meet
these requirements, and this unique ooil is commonly

known at LASL as the Marshall coil.l'2

CONCEPT OF THE MARSHAIL COIL

The Marshall coil geametry samewhat rescmbles a
10-T end-fed, ten conductor, 60-kV coil used for the
CENTAUR exper iment used at Culham Laboratory in the

late 1960'5,3 however, the Marshall coil uses many
small conductors to allaw an external magnetic field
to penctrate through th: ooil. Although physically
similar to past ead-fed coils, the Marshall il poc-
sesses many unique features.

Fig. 1. Simple (two-conductor) Marshall coil showing
current flow.

The geometry of the Marshall coil is simple, but
difficult to describe. A simple half-turn, two—
conductor Marshall coil is shown in Fig. 1. A capac-
itor (C) and a switch (S) are connected across the two
circular conductor rings and the current path is ocom-
pleted through the Marshall coil. The current flows
radially imward fram the front ring, turns and flows
axially to the front of the coils, reverses direction
and makes a half-turn solencidal path to the point
where it flows radially outward to the rear ring. The
current exits on the opposite side of the ooil as-
sembly fram which it entered.

Figure 2 shows that the calculated inductance of
the prototype Marshall coil by varying only ane
parameter at a time. Inductance is most strongly
dependent on the bore diameter (D;) and on the frac-

tianal number of turns (N),
length (%), and it is rather insensitive to reason—
able values of insulator thicknesses. Because the
plasma diameter varies with time, the effect of the
plagsma on the coil inductance cannot be simply calcu-
lated; however, the presence of plasma with an a/b =
0.8 will drop the inductance by a factor of about 5.

less sensitive to ooil

Tn the bore, the oconductors are made of many
strips to force the current to make the required he—
lical path and proaduce a uniform field., The conduc-

tors must be made of strips elsewhere in the
allow the field of the multi-turn campression
penetrate and couple. Coils will be mounted
back as a module to reduce voltage-standoff

ocoil to
~oil to
back-to-
problems
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Calculated Marshall coil inductance by
variation of individual parameters.

between adjacent coilis and to maximize the open space
between radial feed platas; however, the windings of
adjacent ooils must be opposite hand to avoid produc-
ing a net radial field in the bore. A multi-turn ooil
would be wrapped around the cylindrical portion ("top
hat") of the coil. Figure 3 illustrates the concept
of a staged theta-pinch using Marshall ooils. Note
that the implosion power supplies are arranged radi-
ally around tne discharge tube and drive the Marshall
coils through a radial feed plate. The compression
ooil is isuvlated from the implosion field by magnetic
material (iron). The implosion flux is insufficient
to saturate the iron and oouple to the compression
circuitry, but the campression flux is sufficient to
saturate the iron. When the iron saturates, the com-
pression field penetrates between the Marshall ooil
conductors, and compresses the s wock-heated plasma
filling the bore. The width of the Marshall coil con-
ductors and the gaps between adjacent oonductors are
equal (50% transparency) oo that the implosion field
returning through the iron and the Marshall coil brim
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Fig, 3.

Staged Theta Pinch madular assembly using Marshall

conductors wil. not be increased by more than a factor
of two. As long as the conductor width is small com-
pared with the substrate insulator thickness, the ef-
fect of the 50% transparency requirement does not ap-
preciably increase the coil inductance over the solid
conductor case.

The radial implosion-heating power-supply arrange—
ment was selected to equalize and minimize the source
inductance. It ensures an equally distributed and
fast-rising implosion current in the Marshall ooil
while moving the capacitors and spark gaps away from
the immediate vicinity of the plasma column. The ra—
dial arrangement also allows a significant amount of
space for the implosion-heating systein camponents.

FABRICATION OF THE PROTOTYPE MARSHALL COIL

It was decided in the fall of 1975 to design, fab-
ricate, and test a prototype Marshall coil. Design of
the prototype coil was completed in February 1976. It
was fabricated at LASL and delivered for testing in
April 1977. The prototype Marshall ooil is illus-
trated in Fig. 4. Photographs of the coil during fab-
rication appear in Ref. 4. It has an outside diameter
of 84-cm, a bore diameter of 22-cm, a length of 25-cm,
and is desigred for 200-kv. The coil contails 90 cop-
per conductors (0.21-cm wide x 0.15-cm thick) that
make a half-turn down the bore. The indwtance of the
prototype Marshall ocoil is calculated to be 56.7-nH.
The epoxy substrate insulation thickness was selected
to be 1.80-cm to duplicate the electrical characteris-
tics expected fram the ceramic ooils necessary in a
reactor environment. The implosion current is ex-
pected to rise in 250-ns and decay off with an L/R
time of 70-us. The peak implosion-heating current is
approximately 400-kA and the peak wvoltage is about
140-kV. Because of the short duration and relatively
low currents, the mechanical loads on the Marshall
coil conductors are mot large. The pressures were

calculated to range fram 4.2:-psi in the brim area at
the outside diameter of tha brim to 61.8-psi
bore diameter.

at the
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Cutaway of the Prototype Marshall implosion
ooil,

Fig. 4

The 1-T implosion fieid was calculated to produce
58.8-psi pressure on the inside of the bore. While
the resulting stresses in the epoxy are low, the
strength of the epoxy is also low (design tensile
stress is a nominal 3000-psi). The strength of the
"hat" may be easily strengthensd by using same glass
fibers in the external epoxy ~oating; however, ade-
quate strength of the brim is a larger uncertainkty.

Several fabrication imethods for the prototype
Marshall coil were contiidered, The fabrication method
chosen was to directly plate the copper an an acti-
vated epoxy mandrel, machine conductor pattern, and
then pot the coil in epy. This fabrication method
was chosen because it required mo large extension of
existing technology, and details of this fabrication
are described in Ref. 4.

Fabrication of the prototype Marshall ooil took
fourteen months and cost approximately $60,000.
Clearly, less time-consuming and expensive production
methads must be found. The most 1likely methad would
be to do a hand layup of oopper conductors on a
die-cast epoxy substrate. This epoxy substrate would
oontain quides to allaw accurate positioning of the
oopper conductors. Tt the requirement for tapered
oonductors can be relaxed, rectangular cross-section
genecrator wire could be used. If this is not pos-
sible, many sheets of copper of the appropriate
thickness could be comented together, milled to the
propor shape, and then separated. 1f one were willing
to invest in a dic¢, the conduwtors could also be
stamped.

MARSHALI. COII. TEST SYWAND

A stand shown on Fig, 5 has been {abricated to

test the prototype Marshall coil. Because total sys-
tom inductance is not of critical importance, a non-
symmetric implosion-heating paver supply may be  used.
Two multichannel coaxial spark gaps will fire two

0.2-np, 125-kV capacitors (one charged plus, the other

chirgad mimus) to allow testing of the Marshall cooil
to a maximum of 250-kV. Such an arrangement is  pos-
sible because (1) the ifmbictanoe of  the current TLiow

MARSHALL
L Tcon
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Fig. 5. Marshall ooil test stand.

around the bore is about two-thirds of the inductance
of the total system, and (2) the current path througnh
the Morshall coil is always completely across the di-
ameter of the coil. Therefore, the inductance of each
conductor path is essentially equal. While utilizing
existing high-voltage technology, the Marshall coil
test stand suffers fran the high inductance of two
series spark gaps. For a radially-fed system shown in
Fig. 3, it is estimated that the coil and feed plates
will account fcr 89% of the circuit ind -tance with
only 11% of the inductance in the capacitc.s and  spark
gaps. In contrast, tine spark gaps and capacitors of
the Marshall coil test stand account for 55% of the
total system inductance; however, the test stand
should be able to adequately test the prototype
Marshall coil.

CQONCLUSIONS

The use of a b.wrshall coil has several advantages
for use with a theta-pinch plazma device., (1) it re-
duces the system cost by allowing the use of a rela-
tively high-cost-per-joule, but small size impiosion
power supply, couplad with a relatively low—cost-per-
joule compression power supply, (2) it reorients the
implosion power supuly to a series of  planes  orthogo-
nal to the plasma axis, which gives more room for ocom-
ponents, and (3) it allows *ailoring the fractional
tuins and lenyth of the coil to meet the implosian~
field requirements. The diwwlvantage of the Marshall
oil is that fabrication is difficult, and at present,
expensive.  Futuve ehgineering work on Marshall coil
must concern  ituelf with fatrication methods which
aliow high praduction rates and lowered ocosts.
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