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Biuno. Coppi, Wmchester, and Donald B. Montgomery,
Wayland, Mass., assignors to the United States of
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ABSTRACT OF THE DISCLOSURE

Toroidal plasma containment device having means for
inducing high total plasma currents and current densities
and at the same time enhanced plasma heating, strong
magnetic confinement, high energy density containment,
magnetic modulation, microwave-induced heating, and
diagnostic accessibility.

BACKGROUND OF THE INVENTION

This invention was made in the course of, or under a
contract with the United States Atomic Energy Com-
mission.

In the field of plasma physics, various devices have
heated- and magnetically confined plasmas of ions and
electrons in a column away from the inside walls of vac-
uum chambers, as illustrated by the construction and use
by Princeton University of the stellarators described in
“Project Sherwood-—The U.S.  Program in Controlled
Fusion,” by Amasa Bishop, Addison-Wesley Publishing
Company, 1958, and/or U.S. Pats. 3,002,912; 3,012,955;
3,015,618; 3,016,341; = 3,088,894; 3,171,788; and/or
3,278,384, While these stellarators have been useful to the
understanding of basic plasma phenomena, the heating
means used heretofore has been slow or has heated the
plasma to temperatures far below the thermonuclear igni-
tion temperatures due to a lack of adequate confinement
and inability to sustain a sufficiently high total plasma
current and current density. Also in the plasma confine-
ment devices of high performance known heretofore, the
magnetic confining fields have been relatively weak (i.e.,
below about 35 kg. for extensively operated toroidal facili-
ties). Additionally, these structures have often allowed
the onset of instabilities and other plasma effects leading
to the loss of confinement.

Ttiis an object of this invention, therefore, to overcome
the heretofore known confinement heating difficulties by
providing high currents and current. densities so as to en-
bance the plasma resistivity over that resulting from the
effects of electron collisions; the resistivity enhancement
resulting from magnetic field modulation which produces
trapping of part of the electron population and from a
weak turbulence that is caused by the strong current
densuy inside the plasma.

It'is also an object of thls invention to

(1) confine a current carrymg plasma in a very strong
precise magnetic field produced. by 1mproved magnet

' means;

(2) provide hlgh total plasma currents for confining high
energy density plasmas by reahzmg a toroidal plasma
column with low ratio of its ma]or radius to its minor
radius;

(3) provide the possibility for mducmg plasma turbu-
lence and heating by injection of microwaves.

SUMMARY OF THE INVENTION

This invention provides means for enhancing the plas-
ma resistivity of ‘a diffused pinch- and- speeding up heating

10

15

20

25

30

35

45

65

60

65

70

2

and providing plasma stability therein. Accordingly, this
invention is aimed at confining a toroidal plasma column
having a large plasma current density in a strong mag-
netic confining field of at least 100 kilogauss that is pro-
duced by high strength magnet means around the entire
plasma section in an evacuated chamber. More partic-
ularly, this invention contemplates a diffused plasma pinch
configuration in a plasma container, hereinafter referred
to as an Alcator, having means for producing strong mag-

netic fields having a high degree of symmetry, a favorable

aspect ratio R/a, high values of current density, and a re-
sistivity which is larger than the so-called classical one,
due to electron-ion collisons and represented by the
Spitzer formula. This formula gives a plasma resistivity
approximately equal to 2.5%10-6/T¢3/2 ohm-centimeter,
where T, is the electron temperature expressed in kiloelec-
tron volts. To this end, there is provided in one embodi-
ment a specific high current carrying toroidal plasma col-
umn forming a diffused pinch configuration with a kinetic
pressure smaller than or equal to the magnetic pressure
produced by the plasma current, and wherein the plasma
current density produces a mild plasma turbulence at such
a level that it does not destroy the plasma configuration
itself but is sufficient to produce interactions between the
plasma particles and collective plasma resistivity larger
than that of the classical Spitzer formula. In addition, the
electrical resistivity in high temperature toroidal plasmas
can become larger than the one given by the classical
Spitzer formula by virtue of the separation of the electron
population into circulating electrons and trapped electrons
in the spatially varying toroidal magnetic field. The fact
that the current is carried only by the circulating electrons
and that these interact with the trapped electrons and the
ions results in resistivity enhancement. In order to achieve
the beforesaid goals, special low temperature magnet
means are provided for producing a strong, precise, axial
magnetic confining field. In another aspect, this invention
provides an improved method for confining, heating and
diagnosing a plasma. With the proper selection of the
components and their operation, the desired plasma heat-
ing and confinement for purposes of research and diag-
nostics and/or controlled thermonuclear reactions are
achieved.

The above and further novel features and objects of
this invention will be understood in more detail from the
following detailed description when the same is read in
connection with the accompanying drawings, and the
novel features will be pointed out in the attached claims.

BRIEF DESCRIPTION OF THE DRAWINGS

In the figures, where like elements have like reference
numbers:

FIG. 1 is a perspective view, partially cutaway, of the
main working elements of Alcator, a number of control

> elements of the system being shown in block diagram

form;

- FIG. 2 is a schematic circuit diagram of most of the
working elements in FIG. 1 and several not shown in
FIG. 1;

FIG. 3 is schematic section view taken along a ver-
tlcal plane drawn through the line 3—3 in FIG. 1 look-
ing in the direction of the arrows, the figure being pn—
marily intended to show vertical positioning of various
magnetic field coils in Alcator;

*FIG. 4 shows a single turn of a Bitter-type coil for
the Alcator device;

FIG. 5 shows copper Bitter-type plates of the type mak-
ing up the single turn of FIG. 4;

FIG. 6 is-a graph of experimental values of Ipgy. V.
Energy and confirms that the energy in the tokamak de-
vices is proportional to 12, a fact which was predicted
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well before the results of a relevant experiment were re-
ported and used as a basis for the design of Alcator;

FIG. 7 is a graph of typical electrostatic potentials of
low-frequency modes arising in a configuration with vary-
ing magnetic field; and

FIG. 8 is a graph of expected dependence of the ratio
of measured resistivity u to the Spitzer resistivity as a
function of the ratio of the electron flow velocity to the
ion sound velocity for an induced current that is raised
up to the critical Kruskal-Shafranov and then kept con-
stant at this limit.

In the explanation to follow there is first a brief overall
discussion of the Alcator device, then an in-depth ex-
position of the theory underlying the inventive concept
herein disclosed, and then a more detailed explanation
of the apparatus. In the explanation the term “annulus,”
and variations thereof, and “torus,” and variations thereof,
are used interchangeably to describe a ring-shaped or cir-
cular structure having a major radius R and a minor
radius a. It should be kept in mind, however, that the
term toroidal is broader than the term annular.

The present disclosure, as above mentioned, relates to
a high magnetic field toroidal plasma device intended to
realize physical regimes in which thermonuclear reactions
in a controlled form can occur. The basic functioning of
the Alcator apparatus is that of diffused pinch with plasma
kinetic pressure smaller than the magnetic pressure. Ap-
paratus of this kind has been investigated heretofore in
the U.S.S.R. and called tokamak; see, for example, a
journal article by Artsimovich et al. in Atomnaya Ener-
giya, 22, 325 (1967) and a further journal article by
Artsimovich et al. in Plasma Physics and Controlled
Thermonuclear Fusion, vol. I, p. 543. Alcator differs,
however, in many important respects from the Russian
devices, a number of those differences are mentioned
herein.

One of the basic discoveries underlying the Alcator
project was the finding and utilization of what is termed
“non-classical resistivity.” Prior to that discovery it was
thought that plasma resistivity in a toroidal plasma con-
fined in strong magnetic fields and where the electron
flow velocity that is equal to the current density divided
by the particle density, is smaller than the electron ther-
mal velocity was well represented by the above-mentioned
Spitzer formula (see “Physics of Fully Ionized Gases,”
by Lyman Spitzer, Jr., Interscience Publ., 1956), a con-
dition which would render fusion possibilities of appara-
tus of the Alcator-type considerably more difficult. In
other words, it has been found that interactions between
particles and collective effects generating a turbulent (also
called “anomolous” herein) resistivity increase as the
current density increases, as shown in FIG. 6. (The cur-
rent density j is proportional to By/R, where By is the
containing magnetic field magnitude, as later discussed,
and R is the major radius of the containing annulus, as
before mentioned.) Thus, Alcator has been designed with
the object of attaining the largest possible total current
and current density at the same time, It is also important
to consider that the total energy density of the contained
plasma is proportional to the square of the magnetic
field (B, herein) generated by the plasma current and
that the plasma heating time decreases at least as the
square of the plasma current denmsity. These aims are

attainable in Alcator by optimization of the toroidal mag--

netic field By (due to external conductors) and the geo-
metrical characteristics of it.

The -discussion herein relates to apparatus and method
of operation of such apparatus in order to attain regimes
in which controlled nuclear fusion processes can occur
(e.g. deuterium gas is fused to form helium within a man-
ageable environment), By way of brief overall explana-
tion, the deuterium gas is placed at a reduced pressure
within an annular cavity 8; it is made slightly conductive
by an ionization process, later discussed herein, to form
a plasma; and it is then subjected to heating in a mag-
netic field by the current induced by an air-core trans-
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4 .
former 15 located within the central hole, labeled 25,
of the torus. The gas is heated by the electric current flow,
the rate of heating and ultimate temperature being a
function of the plasma current density (or more ac-
curately, current density. and plasma resistance, as more
particularly discussed hereinafter). The annular plasma
thereby formed is maintained in the annular form by the
containing field By provided by a toroidal coil 1 made of
Bitter-plates 3; the poloidal field B, is generated by the
electric current within the plasma, as is noted above. The
field By, of course, is also annular in shape, being dis-
posed substantially wholely within the toroidal cavity 8,
and the field B, acts substantially orthogonally to the
field By. The aspect ratio (i.e., R/a) should be main-
tained as small as possible for a given magnetic field By
more particularly, Alcator is a low-aspect ratio device,
that is, R/a <5.

This paragraph contains a very brief, oversimplified
explanation of some of the elements shown in FIGS.
1-3, and their function. The Alcator apparatus generally,
labeled 101 in FIG. 1, comprises the toroidal coil 1 con-
sisting of a plurality of Bitter plates 3 formed into an
annular configuration. The coil 1 has a central annular
opening or cavity 8 to receive and contain the deuterium
gas which forms the plasma and which serves as the
fuel in the fusion process. The coil 1 provides the field By
(see FIG. 2). An air-core transformer 15 (unlike the
tokamak devices which use a magnetic steel core) serves
to create a current in the gaseous plasma in this way.
The coil 15 is energized prior to the experiment by a
D-C power supply 19 and is then rapidly discharged
by introducing a resistance 21 into the circuit. The rapid
discharge creates a large changing magnetic flux linking
the gas within the cavity 8. The gas at this juncture is
ionized and conductive making it effectively a single turn
secondary of a transformer of which the primary is the
coil 15, The coil 15 also gives rise to an unwanted field
By’ (see FIG. 3) which must be forced outside the cavity
8 by a plurality of compensation coils 16 connected in
series with said coil 15, as later discussed. During the
whole operation, of course, the Bitter coil is energized
and the field By is present. The assembled coil 1 is held
together against the tremendous forces caused by the
various magnetic fields primarily by a pair of fiber glass
stress hoops 26 and a set of aluminum wedges 26, and
the whole electrically active portion of Alcator is main-
tained at cryogenic temperature by a dewar 27. The an-
nular cavity 8 is actually the inner opening of a composite
annular tube 28 made of an outer copper stabilizing shell
6 surrounding a stainless steel shell 5. Inside the stainless
steel shell, and forming the inner surface defining the
cavity 8, there is a thin nonconvoluted, gold-plated Inconel
liner 4. The immediately following paragraphs deal with
a plasma in an Alcator device in which By is 120,000
gauss, R is 54 centimeters and @ is 12 centimeters, ie.,
a low-aspect ratio device.

A salient feature of high-temperature torodial plasmas
with low aspect ratio is that the fraction of trapped
particles,

n__T_(l_Bmin. 12

'no anx. (1)
where Bun, and Bp,y. are the minimum and maximum
magnetic field values along a given line of force, can be

quite large, as much as 60% in the Alcator experiment.
More specifically, the magnetic field is given by

B=B,/(1-}-x cos ¢)

B,
Bmsx."' 1 —z
and
B,
Bmin.“" 1 +$

where B, is the field value on the magnetic axis, x is the
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ratio of the radius of a considered magnetic surface to
the torus major radius, and ¢ is the poloidal angle. So,

; 2z \U2-
o 1+x) (2)
and the average over 'the plasma cross section is
1A 12
(= ) 240, 1+x) ads (3)

where A is the aspect ratio. In the case of Alcator,
A=~4.5 and
(ng/ny)~49%

From Eq. 3 it can be seen that (ngp/n,) is given with
fairly good accuracy by the lowest order term in x inside
the integral. That is,

BRIONC:

Consequently, better “accuracy is expected from an ex-
pansion in 1/4 of transport coefficients that depend on
the number of trapped particles, when considering their
average over the area, than their average value over an
outer magnetic surface corresponding to x~1/4.

At high temperatures, the electric field Eq; applied along
the torus to drive an ohmic heating current is small,
since this current is bounded by the Kruskal-Shafranov
limit. Thus the energy gained by a particle in its motion
under’ the “influence of Ej; :once around the torus is
negligible in' comparison with its thermal energy. Con-
sider in particular regimes wherein the electron average
collision frequency is well below the value of the average
bounce frequency of the electrons trapped in the mag-
netic field, Then the current is ¢arried by the circulating
(untrapped) electrons and the resisitivity is provided by
their loss of momentum to the ions and to the trapped
electrons. It is assumed that the average number of cir-
culating electrons that became trapped, as a consequence
of electron-electron collisions, will be equal to the number
of -trapped electrons. that became circulating, and that
the average momentum loss to the trapped electrons is
15 of that lost to the ions in an equal number of col-
lisions, -

Therefore the momentum balance equation for cir-
culating electrons can be written as

0="eE, Mo e [1+ (nT)] Uell

_.n.,[l ( )]

#yyy is the flow velocity for the circulating electrons and
Ve is the collision frequency taking into account that the
current results from a displacement of and a distortion
of a Maxwellian distribution in the direction of the
eléctric field Ey;. Therefore

(4)
while

(8)
Here

e,

1’ '—--S
|| == 8p T e

where ngp is the average Spitzer resistivity. The average
current. density: is evidently

"ll =-—encue,[
and the average resistivity
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Therefore

(6)
and in the case of Alcator
5~2.675p
Since, under constant current conditions,
-ﬁll‘] n

is the ohmic heating power density, the presence of
trapped particles can give it an important enhancement
and reduce the heating time.

A more careful approach to the problem of transport
coefficients in a varying magnetic field configuration is
given by the so-called neoclassical transport theory that
has been developed in the limit nq/n,<1 corresponding
to (2x)¥2«1. On the other hand, the numerical results
of this theory cannot be extended to a case wherein
x=~1/A4 and A~4.5, as in Alcator, since ny/n, is then
a bad expansion parameter. The neoclassical electrical
conductivity averaged over a given line of force, can
evidently be written as

O'Nc=0’sp[1—a1(2$)1/2‘-042(2w) ) ]

and, when considering its average over the area of the
magnetic surface cross section,
] (7)

FnoT [1_2,, (_2_)””_2 2.,
NC~0sp 5 1 A SaZA

under the assumption that the temperature T,, and there-
fore ogp, is constant over the cross section. Now the
value of «;, as obtained by Rosenbluth (lecture of the
International Center for Theoretical Physics, Trieste,
July 1970) is about 1.35, which be compared with 1.33
as obtained from Eq. 6, but used in Eq. 7 would lead
to ﬂ'sp/d'Nc~3 5 for A=4.5, and ay=0.

An important matter to be taken into account in
assessing the expected resistivity is the presence of fluctua-
tions and, in particular, of current-induced fluctuations.
A resistivity results from the loss of momentum by the
circulating electrons to the wave by inverse Landua damp-
ing and loss of momentum by the wave to the ions and
the trapped electrons.

It can be seen that in the regimes of interest uer as de-
fined by Eq. 5 is well below the electron thermal velocity.
Also, the jon temperature Tj is expected to be not much
smaller than the electron temperature T.. It is then
possible to rule out the presence of ion sound waves.
Hence, by exclusion, the fluctuations of interest are due
to drift-like modes or possibly to trapped particle modes.
In what follows, the threshold velocity above which re-
sistivity induced by fluctuations sets in is called uyy,, and
the ion sound-wave velocity ve=(Ts/m;)1/2 is considered
as a numerical reference value. The maximum current
density is fixed by magnetic and geometric characteristics
of the confinement configuration and, for a circular cross
section,

R
Here j;; is in a./cm2, B, in gauss, R in cm., and
0.64<e<0.8

for a safety factor 2<<q,<2.5.

To illustrate how wuyn, can be found in the present case
and the resistivity evaluated, the electron population is
taken to be composed of two species, trapped ones and
circulating ones, both represented by a Maxwellian dis-
tribution with temperature T, displaced from each other
by uey. In order to consider current-driven driftlike
modes, the realistic configuration is mocked up by a one-
dimensional slab. Referring to FIG. 7, it can be seen that
driftlike modes are characterized by odd electrostatic

Jn=e

(8)
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potentials along a given magnetic field line, as indicated;
{ in the figure measures the distance along a given mag-
netic field line. Then, in the slab geometry with the
magnetic field along the z-direction, normal mode solu-
tions take the form

o= (z,) exp (tkyy+ikz+1wt)

FIG. 7. The frequencies « are considered such that
where k) is intended to represent the situation shown in

kyvin<e<lk| vine and it follows that 10

Frow=r, 1 | 1—iC0—a,+yar) lkwl/vm]

v

ne-r=— nré [1 —i{w—w,) Ikulvthe]

where 7, and nyp represent the number density of trapped
and circulating particles, respectively, and

we=(kycTfeBn)(dn/dz)
is the drift frequency. Similarly, for the ion species,

-~ .l k2
m___nl{ (1 )! R ll.qui
T x ( = )]} %
Ve Jenlvens exp Ifoeni?

The dispersion relation then is

1____ (1 .1 k[lzvs _ '\/7-1:

kuvere :—f (wo— o, +Fytiey)

+ (w—w.)+(’,f7‘;)”2 (a—a) exp (—g—) |0

and to lowest order, for

15

20

30

w, >’C“7)5 35
is
T;\ kitv’s . Vo, { [
1 nvYs_
W=W» (1 ) Iklllvthe n; l luﬂ”] 40

_(1+T)knvs] (H_g)kn’vs
— ’ﬁ)l/z (1—}-; ) @, exp ( ku”veh, )]}

Therefore, for
T; vgzk
ral>(147:) *572

a transfer of momentum from the circulating particles to
the wave occurs, while the trapped electrons and the ions
absorb momentum from the wave. Since

engteyy=—Jy and ne-fnp=n

the threshold for instability is the same as the one that
would be obtained without separating the electrons into
two populations; that is,

J1|>( +T )[kllvs m;

For
T;
ueu/va>>(1+~T~) ks,

50

55

12 ¢

L wtz
B P (—ku’vuﬁz)]

%y 60

65
the rate of momentum transfer from the circulating elec-
trons to the wave is roughly

oP;

Y ~ Ty Niymeo, 2oll e

Vthe Mo
where Ny is the effective occupation number; that is,
k2¢k2 bé
N 87!' bwk

70

and ¢, is the dielectric constant. The resulting resistivity, 75

8

under the assumption that all of this momentum is trans-
ferred to the ions, is

ﬂF=‘\/7—r(N ~

ne T,

Moki¥ine
€ng

and, like the collisional resistivity, can be enhanced by
a factor ny/n.. This conclusion does not take into ac-
count, however, that the presence of fluctuations may
alter the particle orbits and make insignificant the dis-
tinction between trapped and circulating particles in the
terms indicated previously.

Now a heating process is considered at constant density
in which the current rises faster than v, during the first
phase. Then the current is saturated at the Kruskal-
Shafranov limit, but

o< T 12
continues to increase up to the point where the ohmic
heating is balanced by the thermal losses. Then the curve
of the ratio of the total resistivity to the Spitzer resistivity
as a function of J, /(ngevy), including fluctuations and
trapped-particle effects, should be as indicated in FIG. 8.
That is, the resistivity should undergo a hysteresis if, at
high temperatures, separation of electrons into trapped
and circulating ones occurs.
For a numerical estimate it is noticed that

Jy Ju o Br eBr ( ) )(102) (101“) (1 kev. )1/2
nev, —~Rnev, 0.75/ \ 105

Therefore referring to Alcator, where BT_1.2><105 G,
and R=>54 cm., it follows that

Ju o <34 (10“) 1 kev. )1/2( )
0.75

nevy”
The condition for the ex1stence of drift waves in the

absence of temperature gradients is, roughly,
w, > kl Vs
where
w,=mocTefeBnr.dn/dr
and

kwa=(n°[qR)(Te/m;)V2

where mo is the poloidal wave number, and r° the toroidal
one. So the condition becomes

n d_")“

gR \dr

me v,
no 7,
and it involves relatively large values of m°/n°.
From the experimental point of view a hysteretic pat-
tern as shown by FIG. 8 has not been observed or
looked for thus far. One reason why the resistivity may

not be settled at the large value n/nsp”, which is ob-
tained from considering the separation of partlcles into
trapped and circulating ones for we) <k v, is that this
separation may not occur as a result of scattering proc-
esses type or of different type. Drift ballooning modes
with odd microinstabilities can result from the presence
of temperature gradients in the plasma, can have pro-

files of ¢ as indicated in FIG. 7, and can have frequencies
equal to the average electron bounce frequency.
Accordingly, the Alcator device 101 discussed herein
is adapted to reach very high plasma temperatures and
maintain particle density of the order of 1014 per cubic
centimeter by inducing a resistivity which is larger than
the classical Spitzer resistivity. The deuterium gas is re-
ceived within the annular cavity 8 and initial ionization
to produce a plasma is provided by energy from a low
power microwave source 32’ tuned to a resonant cavity
mode whose maximum electric field is in the center of
the anpular cavity 8. The microwave energy is intro-
duced through a waveguide 14’ that passes through an
access port 43 to the cavity 8, An electron flow in the
plasma, thereby formed, is produced by interaction be-
tween the air-core transformer 15 and the plasma, as
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before discussed. The electron flow velocity induced
thereby is larger than the threshold velocity for the
onset of anomalous resistivity but less than the thermal
velocity. An air-core transformer to produce such an
electron flow must be capable of delivering at least about
1.2 volt-second. Details of an air-core transformer able
to supply the necessary 1.2 volt-second capability are
included in later paragraphs, but first it is in order to give
in one place a number of the parameters of the Alcator
device described herein and this is done in Table 1 below.

TABLE 1
Plasma current density. (f;) ---- 1.4X10% a./cm2.
_ Plasma density —eeeeeeroo-———_ 1.2 10% particles/
cm.3,
Aspect 1atio R/@ oo 4.5
Major radius R e 54 ¢cm
Minor 1adits '@ oo 12 cm
Poloidal field By —ooocceee 11.5 kg
Toroidal field By <o 120 kg.
Electron temperature (Te) —vvmee Up to 5 kev.
Toroidal coil 1
Power _ 21 mw.
Platean time o cceeee e 200 milliseconds
Current e e 130 ka.
Turns - 250
ID. .- 32.5 cm,
Air-core transformer 15
Volt-second .o 1.2
Excitation power ae.oeceeee- 6 mw
Stored energy ——— e ___ 6 mj.
Maximum voltage —e—eoe—oooo 20 kv.
TUIDS e 300
Maximum voltage in plasma __.. 65 v.
Vertical field in plasma ...... o gauss
Maguoetic field - 140 kg. (maxxmum)
Stress - _— 21,000 p.s.i.

Average. current density 1>< 10¢ amperes/cm.2.

The air-core transformer 15 is shown consisting of two
adjacent coils with a vertical separator therebetween. It
is ‘energized by a transformer excitation supply 19 to
provide an electric current flow in the transformer and
a field By’ encircled by the plasma in the cavity 8. The
transformer; as before mentioned, comprises the coil
15:which acts as the primary, the plasma being the sec-
ondary thercof, At this juncture, the transformer energi-
zation current is terminated or caused to decay in a
determined fashion by first opening the switch designated
S; and by closing sequentially the switches designated
8, and 83, the transformer stored energy being dissipated
in a resistance 21. The resistance values are chosen to
cause controllable collapse of the transformer flux link-
ing the plasma at a predetermined rate to induce the
required electric current flow in the ionized gas forming
the plasma. The resistance actually used is 0.4 ohms to
dissipate 6 mega-joules of stored energy in the trans-
former in 15 to 20 milliseconds. The sequential steps
followed are: first the energization of the transformer 15
by closing S; and a switch 52 to a three-phase power
supply, thereby to energize the transformer system; next
the switch 52 is opened and then S; is opened introducing
the resistance 21 into the circuit and causing rapid decay
of the excitation current and abrupt rise of a plasma cur-
rent; next, and before complete collapse of the excitation
current; S, is closed, removing most of the resistance 21
from the circuit, reducing the rate of collapse of said
excitation current, and leveling off the plasma current;
next the switch S; is closed to reduce further the excita-
tion current collapse and maintain the level of plasma
current, the induced current in the system passing, in each
condition, through a free-wheeling diode 53. The switch
S; must carry 40 ka. and hold off 20 kv. when it opens
across the resistor 21. The switch actually used in Alcator
is a vacuum breaker unit with three parallél vacuum con-
tacts and commutation is accomplished by timed firing
of a capacitance bank across the open contacts, Each
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winding, making up the coil 15 in FIG. 1, is made of a
band-sawed spiral construction to supply the combina-
tion of strength and ampere turns necessary to deliver
said 1.2 volt-second.

The main toroidal coil 1 that furnishes the containing
toroidal field By is of Bitter-type construction, as before
imentioned, and the central cavity (labeled 18’ in FIG. 1)
surrounds the annular housing shown at 28 which receives
the gas and contains the plasma. The Bitter plates 3 are
wedge-shaped, as best shown in FIG. 1, and of rectangular
outline, as best shown in FIG. 3. The plates 3 are oriented
to have the thick edge 33 of the wedge form the outer
boundary of the annulus and the thin edge 34 of the

- .wedge form the inner boundary thereof. Each of the

plates 3 has a perforation 35 which in the assembled
plates forms the central cavity 18’ The Bitter plates are
made of copper interleaved between similarly-shaped steel
plates 10 adapted to carry the high stresses encountered
in the device 101 at the very high magnetic fields neces-
sary to establish an environment in which fusion can
occur. The Bitter plates 3 would not withstand the me-
chanical forces (e.g., 80,000 p.s.i.) encountered in Alcator
were it not for the interleaved steel plates 10, and the
latter are dimpled, as indicated by the numeral 11, so
that the steel plates act as springs to distribute the high
stresses encountered under all thermal expansion condi-
tions. Each turn of the coil 1, as shown in FIG. 4, is
made up of a pair of steel plates 37 and between which a
pair of copper Bitter plates 38 and 38’ is sandwiched. An
insulation plate 39 in each turn isolates that turn from
adjacent turns in the coil 1. The shape of Bitter plates
used in Alcator and the method of assembly therefor to
provide a helical coil 1 is shown in FIG. 5. It should be
noted, however, that the copper Bitter plates labeled 3" in
FIG. 5 have elliptical perforations 35’ (rather than the
round perforations 35) to provide a cavity of elliptical
cross dimensions to the gas. This ellipticity is another em-
bodiment of the present device and would have the advan-
tage of allowing higher current densities.

Access to the cavity 8 is allowed by ports 40, 41, 42,
43 and 44 which pass through openings between some of
the assembled plates at spaced regions around the hous-
ing 28 for providing easy diagnostic accessibility. The
Bitter plates adjacent to said regions are made thinner
than at other portions of the device 101 to compensate for
reduction of magnetic fields at the regions. The ports 42
and 41 (or similar ports) serve respectively as entry ducts
for introducing the gas from a supply 46 to the chamber
8 and removing other gas therefrom initially to create
a vacuum in the space. Also, in Alcator a vacuum is drawn
in the space between the liner 4 and the stainless-steel
shell 5 to prevent electrical breakdown of the ceramic
break in the steel shell 5. The working elements in FIG.
1, as before mentioned, are contained within liquid nitro-
gen which is necessary for the high field operation so
necessary to proper functioning of the device 101. The
ports 40-44 are designed to permit passage through the
dewar 27 and the liquid nitrogen without excessive heat
loss and are, therefore, of special double-wall construc-
tion in the cryogenic region. Some of the ports 40-44
have removable sections for limited insertion and the
chamber 8 is designed to eliminate windows at the LNy
temperatures. In addition to the ports 40-44, access is
allowed to the chamber 8 by oblique tubes 58 and 59.

A wave guide 14 permits the injection of microwave
energy from a CW 80 kw. 3 102 Hz, microwave source
31 at an oblique angle to the axis of the chamber 8 for
the purpose of inducing turbulence in the plasma during
the period of high induced current in the plasma. The high
density (==10% particles/cm.3?) of the Alcator plasma cor-
responds to an ion plasma frequency of the order of
3102 Hz, and this frequency, in turn, corresponds with
state of the art high energy microwave sources. The
microwaves act to enhance the anomalous resistivity by a
scattering action, as now explained,
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The plasma within the chamber 8 contains circulating
particles (electrons and ions) and trapped particles (elec-
trons and ions) preferably in an equilibrium of about
fifty percent circulating particles along the endless, sym-
metrical, circular equilibrium axis of the chamber 8. The
microwave scattering acts upon the trapped particles and
is important because those of the trapped particles that
have their orbit lying at the outer edge of the plasma torus
are subject to an unfavorable mangetic curvature and, at
sufficiently high temperatures, can give rise to so-called
trapped particle instabilities. Microwaves from the source
31 act to mix trapped particles so that they can experi-
ence also the favorable part of toroidal magnetic field By
toward the inner edge of the torus. The scattering rate
must be larger than the growth rate of the trapped-parti-
cle source frequency.

Proper functioning of Alcator depends not only upon
the creation of high mangetic fields, but it depends, also,
among other things, upon proper distribution of such
fields. Such proper distribution is accomplished, of course,
to some extent by the design of coils 1 and 15, but there
is provided, also, the compensation coils discussed in this
paragraph. Two sets of compensation coils are used: one
set is the transformer compensation means designated 16
in FIG. 2 and comprising compensating coils 63, 64, 65,
63’, 64’ and 65’ in FIGS. 1 and 3; and the other set is
the main coil compensation means designated 66 in FIG.
2 and comprising compensating coils 60, 61, 62, 60’, 61’,
and 62’ in FIGS 1 and 3. The compensating coils 60—62
and 60'-62’ reduce any vertical field due to the helical
nature of the coil 1. The compensating coils 63~65 and
63'-65 prevent (or reduce) the flux numbered 50 and 51,
due to the field B,’, from entering the plasma-containing
cavity 8. The air-core system leads to particular problems
in regard to coupling of the transformer to the toroidal
coil 1 annd to the toroidal field compensation coils 60-62
and 60’-62’. To cancel the induced voltage effect without
spoiling the overall compensation, a remote anti-trans-
former coil system 57 is employed in which equal and
opposite flux linkages are induced in series with all coils
linked to the main coil system of Alcator. The anti-trans-
former 57 comprises a coil 54 in series with the coil 1, a
coil 55 in series with the transformer 15 and series com-
pensating coil 16, and a coil 56 in series with the main
coil compensation means 66. The coils 66 and 56 are
energized by an electric power source 19’.

An attempt has been made in the foregoing explanation
to include only those aspects of Alcator that are deemed
to be important for an understanding of the mechanism
in the belief that a certain amount of brevity herein will
enhance rather than detract from understanding. Further-
more, the patents and journal articles incorporated by ref-
erence herein provide background and supplemental ma-
terial. A few further details may be of interest, however.
The copper shell 6 is split at 6. The ends of the split
section, as shown schematically in FIG. 2, can be con-
nected together by closing a switch S, which is connected
through coaxial conductors 7 and 7’ and a resistance 21’
to dissipate the magnetic energy associated with the
plasma current jy;. The three-phase input to the system
is at 4160 volts. The system is operated in a pulse mode,
the pulse being of four second duration including rise and
fall times. Forty-four mega-joules are delivered to the
main coil 1 and six mega-joules to the transformer 15.
Selected turns in the coil 1 can be shorted by the switches
shown schematically at 70’ and 71 to provide a bumpy
magnetic field By. Prior to introducing the deuterium, a
vacuum is drown on the cavity 8 to the order of 10—8 torr
by a combination of mechanical (and/or other) vacuum
pumps 17 and cryoabsorption pumps 9. The deuterium
is then introduced to provide a gas pressure of the order
of 10-2 torr.

What is claimed is:

1. In a diffused pinch device of the tokamak type hav-
ing poloidal and toroidal magnetic fields for confining a
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toroidal plasma column with a plasma current induced
therein along an endless, circular equilibrium axis in an
annular vacuum cavity, the improvement comprising:

(a) a toroidal magnetic field producing toroidal coil

having turns around an annular vacuum cavity defined
by plates formed into an annular configuration in the
shape of conducting wedges of rectangular outline
orientated to have thick edges forming the outer
boundary thereof, and thin edges forming the inner
boundary thereof, the plates being interleaved in a
sandwiched configuration so that the annular vacuum
cavity contains a toroidal plasma current carrying
plasma column having microinstabilities therein; and
(b) means for inducing a plasma current in the toroidal
plasma column at an electric plasma current density
for provoking microinstabilities that result in a mild
plasma. turbulence and a turbuent electrical resistivity
that is greater than 2.5X 10-6/T.3/2 ohm-centimeter,
where T, is the electron temperature expressed in
kiloelectron volts;
the desired plasma turbulence setting in when the
electron fiow velocity, which is proportional to
the electrical plasma current density divided by
the particle number density, is smaller than the
electron thermal velocity but larger than an ap-
propriate threshold value, which is equal to or
smaller than the ion sound-wave velocity, said
ion sound-wave velocity being equal to the elec-
tron thermal velocity divided by the square root
of twice the ratio of the mass of the plasma ions
to the electron mass;
the toroidal plasma current carrying plasma
column being imbedded in a toroidal magnetic
field and having an aspect ratio of plasma
column major radius to minor radius of less
than five;
the combination of the toroidal magnetic field and
aspect ratio of less than five acting to permit
the inducing of the plasma currents without
provoking instabilities that would destroy the
toroidal plasma configuration, and
said device being adapted to reach plasma tem-
peratures of up to 5 kev. at plasma particle num-
ber densities of up to 104 particles per cubic
centimeter as a result of heating due to the
induced plasma currents.

2. The devices as claimed in claim 1 in which the plasma
in the toroidal plasma column forms the secondary of a
transformer of which the primary is a coil magnetically
coupled to the plasma to induce the plasma currents
therein having microwave source means for providing
further plasma resistivity and heating by the injection of
microwaves into the plasma at a frequency below that
which would create reflection therefrom, the heating in-
volving the transfer of energy to the plasma from the
transformer rather than from the microwave source means.

3. The device as claimed in claim 1 in which the
toroidal magnetic field has a strength of 120,000 gauss in
the annular vacuum cavity, and an air core transformer is
disposed within the central hole of the annular vacuum
cavity with a capability of delivering at least about 1:2
volt-second for providing the means for inducing the
plasma current in the toroidal plasma column.

4, The device as claimed in claim 1 in which the
toroidal magnetic field producing toroidal coil has in-
sulated, plate-shaped wedge conductors and dimpled stain-
less steel plates interleaved therewith around the annular
vacuum cavity to receive a gas that is ionized to a plasma
and heated by the plasma current induced therein to form
a plasma having a plasma current density of 1.4X103
a./cm.2, a plasma density of 1.2)X10% particles/cm.3,
an aspect ratio R/q of 4.5, a major radium R of 54 cm,,
and a minor radius @ of 12 cm. in a poloidal field B, of
11.5 kg. and a toroidal magnetic field By of 120 kg, at
an electron temperature of up to 5 kev., and the coil has
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stress hoops and second wedges around the outside thereof
for containing the hoop stresses produced by the By field,
the dimpled stainless steel plates acting like springs to
distribute the stresses encountered under the thermal
expansion conditions produced in achieving the given
parameters.

5. The device as claimed in claim 1 having a metallic
shell that surrounds the toroidal plasma column with a
meridian slit that can be shorted, and means for shorting
the shell at predetermined times for the purpose of
coupling magnetic energy out of the toroidal plasma
column.

6. The device as claimed in claim 1 in which the annular
plate-shaped conducting wedges of the coil are shaped to
provide ports-for accessibility to the toroidal plasma
column, the thickness of the wedges varying to compen-
sate for the reduction in the toroidal magnetic field that
would otherwise occur at the ports.

7.. The device as claimed in claim 1 in which the annu-
lar plate-shaped, conducting wedges have means for short-
ing the same to cause magnetic field ripples that increase
the resistance of the plasma in the toroidal plasma column,

8.- The device of claim 1 having trim coils around the
outside of the toroidal magnetic field producing coil for
cancelling unwanted fields and for preventing unwanted
flux linking in the annular vacuum cavity.
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9. The device of claim 1 having overlapping insulated
copper wedges and means for cooling them to liquid nitro-
gen temperatures.

10. The device as claimed in claim 1 in which the
toroidal magnetic field producing toroidal coil has turns
formed from anpnular, plate-shaped, conducting wedges
of rectangular outline defining elliptical perforations along
the endless axis to provide a cavity of elliptical cross-
section for the toroidal plasma column.

11. The device as claimed in claim 10 in which the
plasma cross section is elliptical.
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