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ABSTRACT 

An interleaved, fractional-turn coil design is explained, and 
the current flow in the coil is discussed. A quarter-turn, 9-in. 
i.d., 11 in. long coil was built and connected to four 25 kV banks 
with a combined energy of 25 kJ. The system produced 63-kV 
theta voltage around the coil and generated 13 kG rising in 1.6 
p.sec. This coil is shown, and the mechanical and electrical ad
vantages are discussed. 
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I. INTRODUCTION 

At the present time, there is much interest in 
developing systems that will generate high mag
netic fields with short rise times. These ~ids are ---.. 
applied in "theta-~' experiments in controlled 
thermonuclear research. The fields are axial like 
that of a solenoid and may be about 10 em in 
diameter, varying in length from 10 em to more 
than a meter. Figure 1 shows a conventional ·one
turn coil. These coils are driven with low-induc
tance, energy storage capacitor banks. Typically, it 
is desired to reach a field of the order of 1 ()5 G in 
a few microseconds. 

High voltage and extremely low inductance 
are necessary in order to transfer efficiently a 
large amourit of energy into such a field in the 
short time desired. The usual installation employs 
a large number of capacitors, with spark gap or 
ignitron switches operating at voltages between 20 
and 100 kV. The higher voltages are more desir
able, but the insulation problem becomes difficult 
with the close spacings required for low induc
tance. At voltages in the region of 100 kV, a major 
problem is achieving accurate timing with low in
ductance in the spark gap switches. However, the 
rewards of short rise times and high effective coil 
voltages are so attractive that some systems, such 
as the Los Alamos 100-kV Scylla,1 have been 
built. . 

A means of achieving a high effective coil 
voltage at a reasonable bank voltage has been de
veloped at Frascati, Italy. There, the Cariddi ma
chine has six, 20-kV capacitor banks, connected 
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Fig. 1. Conventional One-Turn Coil 
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in series at equal intervals around a one-turn coil. 
The circuit schematic is shown in Fig. 2. When 
the switches close, the six capacitors are effectively 
in series around the coil; thus the assembly has 
voltage multiplication. If 20 kV were applied to 
each 1/6-turn, there would be 120 kV around the 
coil. Since the inductance of a solenoid coil is in
versely proportional to the square of the number of 
turns, the Cariddi coil, as seen by the six banks 
in parallel, has 1/36 the inductance of a one-turn 
coil fed by one capacitor bank. 

In large systems the peak currents reach 
several megamps. At these currents, the magnetic 
pressure between the two collector plates is hun
dreds of atmospheres; and the problem of holding 
the plates together becomes severe. For instance, 
the Scylla IV theta pinch2 uses over one hundred 
1 ¥2-in. high-strength steel bolts to contain the 
pressure generated by 20 MA. 

At Jiilich, Germany, the collector plate for a 
0.5-MJ theta pinch is split into a large number of 
parallel plates, alternate plates carrying current 
in opposite directions. This interleaving technique 
is conventional for high current de bus work but 
unique in this application. All the inner plates 
are in equilibrium with equal magnetic pressure 
on each side. Only the two outside plates are under 
unbalanced pressure; however, the reduced current 
density decreases this pressure. This type of col
lector also has a low inductance because it is es
sentially many collectors in parallel. A difficulty 
with the Jiilich system is the complicated me
chanical design required to connect the one-turn 
coil to the mulliplate collector. 

Fig. 2. Circuit Schematic of Six Capacitors in Series 
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II. INTERLEAVED COILS 

It is possible to combine the ideas of the 
fractional-turn coil and the interleaved plates to 
generate a new coil design. The most important 
modification is to extend the interleaved plates to 
form a coil so the plate-to-coil transition is not 
necessary. 

Figure 3 shows an interleaved, one-turn coil. 
Each alternate feed plate is distorted upward or 
downward to form a half turn of the one-turn 
coil. The plates are connected together beyond the 
coil. This design would have serious asymmetries 
in its field, caused by flux leaking out through the 
large gaps between alternate plates. Since the 
end plates are one-half turns, a particularly strong 
bilateral asymmetry would be found at each end. 
These asymmetries could be alleviated by using 
thinner plates, but this has the effect of reducing 
the packing friction of the coil, allowing more 
flux leakage near the ends. It is also undesirable 
from the point of view of the mechanical strength 
of the coil. A better way to make the field sym
metrical is to fill the open side of each half turn 
with a metal filler. Such fillers cannot be appreci
ably penetrated by ·a rapidly changing magnetic 
field because of skin· effect. Thus, a metal filler 
can be used to prevent undesired flux leakage. 

It would be possible to use totally insulated 
filler plates, but the mechanical problems of sup
porting and insulating them make the design com
plicated. Since the fillers create a boundary to the 
magnetic field inside the coil, the forces on them 
are the same as though they were active elements; 
therefore, mechanical support of the filler plates 
is essential. 

Fig. 3. Interleaved, One-Turn Coil 
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Another arrangement is illustrated in Fig. 4. 
Here the fillers are integral extensions of the half
turn coil. This design provides mechanical rigidity 
to the filler; and because there is only one gap to 
insulate, the insulation problem is simplified. 

An approximate picture of the current distri
bution in a half-turn plate is shown in Fig. 5. One
half of the current from the feed plate leads off 
initially in the wrong direction, flows with 1/r 
density into the filler section, and converges to 
the corners of the insulated slot. Most of the cur
rent flows through the inner corner of the cut onto 
the inner coil surface, where it bounds the field 
inside the coil. A fraction of it, however, flows 
on the outer surface, the amount depending on the 
strength of the return field. Note that the net 
theta current in the filler section is zero. The 
other half of the current heads off in the proper 
direction, but flows on the broad interplate sur
face until it reaches the cut in the adjacent filler 
section. Here it converges so that opposite the cut 
all of the current flows on the inner and outer 
surfaces. 

Fig. 4. Interleaved Coil with Integral Filler 

The cunenl clislributiun in F'ig. 5 is valicl fur 
the assumption that the skin depth and the thick
ness of insulation between plates are vanishingly 
small. This assumption requires an infinite current 
density at the corners of the cut. In practice, the 
finite skin depth and the field between the plates 
modify the field at the corners and allow a very 
large but finite current density at the corners and 
on the flat surface opposite the gap. Excessively 
high current densities and their associated high 
magnetic fields are to be avoided, because the 
large forces created by the magnetic. field may 



Fig. 5. Approximate Current Distribution in a 
Half-Tum Plate 

exceed the strength of the coil material. Such con
ditions can be avoided by a complete absence of 
sharp corners on the coil plates. Rounding every 
corner to a radius of curvature approximately 
equal to one-half the thickness of the plate allows 
a gradual change of field so that excessive cur
rents are not required. Corners over which there 
is no current flow need not be rounded. 

III. GATE COIL 

A plasma gun experiment in the Sherwood 
program at Los Alamos required a 9-in.-diam, 
11-in.-long coil that would produce 10 kG in 2 
p.sec. The coil was intended to produce a magnetic 
gate, first allowing a fast-moving blob from a 
plasma gun to pass through the unenergized coil, 
then quickly producing 10 kG and reflecting the 
slower component of the gun plasma. A conven
tional one-turn coil of these dimensions would 
have an inductance of about 0.1 p.H and require 
a 60-kV capacitor bank to produce the desired 
field in 2 p.sec. 

The interleaved, fractional-tum concept was 
used to design a coil for this application. A quar
ter-turn design was chosen since it would give 
1/ 16 the inductance of a une-Lw·u wil. Tl1is al
lowed the capacitor bank voltage to be reduced to 
a reasonable operating level. The capacitor bank 
was connected in the same way as the Cariddi 
bank in Fig. 2, except that only four banks were 
u ed. 

Figw·e G is a schematir. of thP. mil that was 
LuilL. Each layt?r c()mi .~tP.n of two idcntiwl plates 
positioned as shown , so thP.re was a vertical gap 
1111 1111e lctyef and a horizontal gap on tho adjacent 
layer. Each plato had a luug LalJ a.ud a ,:;hort tflh. 

The insulation is omitted in Fig. 6 to improve 
r.lrrrity. 

A3sumc that current enters the short tl'lh l'lnfl 
leaves thP. long tab. The arrows on the outside 
plates show the approximate pattern of current 
flow on a typical inner plate. The econd set of 
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Fig. 6. Mechanical Schematic of an Interleaved, 
Quarter-Turn Coil 

plates is used to complete a low-inductance elec
trical circuit and form the second half of 
the quarter-tum coil. Thus, two sets of plates and 
four separate capacitors produce an interleaved, 
quarter-turn coil. A number of sections are stacked 
together to make a long solenoid. 

Figure 7 shows the coil with the phenolic 
end cover removed. The coil, consisting of eight 
layers of aluminum plates, had a 9-in. i.d. and 
was 11 in. long. All the plates were mechanically 
identical; and by rotating altemate layers by 90 
deg, the quarter-turn design was formed. Each 
plate was insulated from its mate and from its 
adjacent neighbor by a polyethylene insulator 

Fig. 7. Interleaved, Quarter-Tum Coil with Enu 
Cover Removed 



molded in the form of a semicircular trough. An 
additional 1j 16-in. polyethylene sheet was in
stalled between each layer. The entire assembly 
was held in position by phenolic wedges that 
were supported by 1-in. brass rods that extended 
the entire length of the coil. 

The problem of connecting the multitude of 
cables into the coil was complex. The alternate 
long tabs practically covered the short high-voltage 
tabs. This difficulty was overcome by using cart
ridge connectors, which are also shown in Fig. 7. 
The cables were connected to the high-voltage and 
the ground cartridges. Slotted taper pins on the 
cartridge fitted into tapered holes in the ends of 
the plate tabs. The taper pins were seated by 
screws that drew the cartridge into the tab. Thirty. 
two cartridges were used to install 192 cables, 
each 46 in. long, into the coil. No sparking was 
detected when the coil was carrying the maximum 
current of approximately 2 MA. 

The measured inductance of the coil was 8.6 
nH. The inductance of the capacitor bank had to 
be a small percentage of the coil inductance in 
order to efficiently transfer energy into the coil. 

The bank consisted of sixteen 5-p.F, 25-kV, 
low-inductance capacitors. Each capacitor had its 
own ignitron integrally mounted to it as shown 
in Fig. 8. The total inductance of each capacitor 
and ignitron assembly-3 was 40 nH. The total in
ductance of the bank and cables was 3 nH; the 
bank capacity measured 86 p.F. 

The coil and bank are shown in Fig. 9. The 
hank operated up to ~b kV with no difficulty ex
cept occasional prefires at the maximum voltages. 
At 25 kV, the coil generated 13 kG rising in 1.6 
p.sec. The bank transferred 63% of its energy into 

the field; the maximum voltage around the coil 
was 63 kV. 

Fig. 9. Interleaved, Quarter-Turn Coil and Bank 

IV. CONCLUSIONS 

The interleaved, fractional-tum coil has 
several unique features. Its inductance is inverse
ly proportional to the square of the fraction of a 
turn; therefore, a large diameter fractional-turn 
coil can be designed to have a low inductance. 
The capacitor bank voltages add in series, so the 
voltage around the coil can be large while the 
capacitor voltage is modest. The interleaved trans
mission line minimizes the feed inductance and 
also minimizes the forces on the transmission 
system. The only significant force is the outward 
radial force of the coil, and this is the direction of 
the maximum strength. The interleaved, fraction
al-tum coil design should be very nsefnl for l::~rrrP 

diameter, fast rise-time coils, for coils that must 
generate large theta voltages, or for both applica
tions. 
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