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57 ABSTRACT 
The plasma column in a stellarator is compressed and 
expanded alternatively in minor radius. First a plasma in 
thermal balance is compressed adiabatically. The vol 
ume of the compressed plasma is maintained until the 
plasma reaches a new thermal equilibrium. The plasma 
is then expanded to its original volume. As a result of 
the way a stellarator works, the plasma pressure during 
compression is less than the corresponding pressure 
during expansion. Therefore, negative work is done on 
the plasma over a complete cycle. This work manifests 
itself as a back-voltage in the toroidal field coils. Direct 
electrical energy is obtained from this voltage. Alterna 
tively, after the compression step, the plasma can be 
expanded at constant pressure. 
The cycle can be made self-sustaining by operating a 
system of two stellarator reactors in tandem. Part of the 
energy derived from the expansion phase of a first stel 
larator reactor is used to compress the plasma in a sec 
ond stellarator reactor. 

19 Claims, 9 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more specific information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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1. 

THERMONUCLEAR INVERSE MAGNETIC 
PUMPING POWER CYCLE FOR STELLARATOR 

REACTOR 
CONTRACTUAL ORIGIN OF THE INVENTION 

The U.S. Government has rights in this invention 
pursuant to Contract No. DE-AC02-76CH03073 be 
tween the U.S. Department of Energy and Princeton 
University. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to a method 
for generating electricity from a fusion reactor and 
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more particularly to a method for direct conversion of 
alpha-particle energy into electricity in a stellarator 
reactor. 
The guest to tap the energy of nuclear fusion by 

employing magnetic fields to confine an ultrahot plasma 
and generating electric power has been in progress for 
more than three decades. 

Several toroidal magnetic confinement fusion devices 
have been proposed. One such device is the tokamak 
where a toroidal current induced inside the plasma both 
heats the plasma and provides the poloidal magnetic 
field. There are several drawbacks, however, associated 
with the tokamak. The large plasma current needed for 
confinement in a tokamak, carries a large free energy 
that can be tapped by instabilities which destroy the 
confinement. Another problem associated with the 
plasma current is that it must be maintained by some 
means other than a transformer, since otherwise the 
pulse length is limited by the number of volt-seconds in 
the transformer windings. 
Another toroidal confinement machine is the stellara 

tor, where the poloidal field is produced externally to 
the plasma by current-carrying conductors wound-heli 
cally around the torus. This configuration does not 
require the large plasma current needed in a tokamak. 
Stellarators are capable of achieving betas several times 
greater than betas achievable in a tokamak. Stellarators 
are also capable of steady-state operation. 
A major problem in the design of a commercial fusion 

stellarator reactor, as with other conventional power 
sources, is the conversion of the thermal energy pro 
duced into electrical energy. 

Conventional designs call for the use of the thermal 
energy produced by fusion reactions to convert water 
to steam. The steam is used in a dynamic conversion 
processes to drive turbines and turbogenerators. This 
dynamic conversion process requires turbines, pumps, 
generators, large cooling systems and extensive piping 
systems. This auxiliary equipment is expensive, unreli 
able and relatively inefficient. 

Direct energy conversion techniques for tokamaks 
have been suggested in Fusion Energy Conversion, by 
George H. Milley, published by the American Nuclear 
Society, 1976. The problems associated with tokamaks, 
however, have been discussed above. 

Therefore, in view of the above, it is an object of the 
present invention to provide a novel cycle of operation 
for a stellarator fusion reactor. 

It is another object of the present invention to pro 
vide a novel cycle of operation for a stellarator fusion 
reactor for directly converting fusion energy into elec 
trical energy. 

It is another object of the present invention to pro 
vide a novel cycle of operation of a stellarator fusion 
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2 
reactor which may be used in advanced neutron-beam 
fueled reactors. 

Is is a further object of the present invention to pro 
vide a cycle of operating two stellarators in tandem, 
such that the cycle is self-sustaining. 

It is still another object of the present invention to 
provide a stellarator reactor capable of directly generat 
ing electricity. 

It is still a further object of the present invention to 
provide a stellarator reactor system which is self-sus 
taining. 

Additional objects, advantages and novel features of 
the invention will become apparent to those skilled in 
the art upon examination of the following or may be 
learned by practice of the invention. The objects and 
advantages of the invention maybe realized and attained 
by means of the instrumentalities and combinations 
particularly pointed out in the appended claims. 

SUMMARY OF THE INVENTION 

To achieve the foregoing and other objects in accor 
dance with the purpose of the present invention, as 
embodied and broadly described herein, the method of 
this invention may comprise a three step process in 
which the minor radius of a stellarator is compressed 
and expanded. In the first step an ignited plasma is in 
thermal balance. The plasma is compressed adiabati 
cally and the plasma (3 decreases. In the next step the 
plasma volume is kept constant and the plasma tempera 
ture and 62 are driven up by the excess thermonuclear 
alpha-particle heating. As 3 approaches the maximum (3 
attainable, the rate of energy loss increases until it bal 
ances the alpha-particle heating power and the plasma is 
again in a state of thermal balance. In the final step the 
plasma is expanded back to its original radius. When the 
plasma expands the corresponding pressure is higher 
than the corresponding pressure during compression 
since g stays at (3 during the expansion. Therefore, 
negative work is done on the plasma over the complete 
cycle. This work manifests itself as a back-voltage in the 
toroidal field coils and direct electrical energy is ob 
tained from this voltage. 
As an alternate cycle, net work can also be done on 

the external system by allowing the plasma to expand at 
a constant pressure in the second step of the method, 
rather than keeping the plasma at constant volume. 
A magnetic confinement fusion reactor for directly 

generating electricity using the methods of the present 
invention comprises: a vacuum vessel; helical stabilizing 
coils; toroidal confining coils; means for generating a 
current through the toroidal coils; means for compress 
ing a plasma disposed in the vacuum vessel; means for 
maintaining the volume of the plasma constant; means 
for expanding the plasma and means for transmitting 
current generated by the plasma from the toroidal coils. 
By operating two or more reactors in tanden, such 

that part of the energy produced by one reactor is used 
to compress and/or maintain a constant plasma volume 
in a second reactor the cycle can be made self-sustain 
ing. 
The present invention provides a method and appara 

tus for obtaining electrical energy directly from a stell 
erator fusion reactor. Therefore, the present invention 
obviates the need for any of the intervening machinery 
associated with a turbogenerator. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic representation of a cross-section 

of a stellarator reactor at various stages during the ther 
monuclear inverse magnetic pumping power cycle. 
FIG. 2 is a graph showing a comparison of heating 

power with power losses for the plasma in the stellara 
tor with machine parameters as given in Table I. 
FIG. 3 shows the network done normalized to ma 

chine dependent parameters. 
FIG. 4 is a pressure-volume (P-V) schematic for the 

cycles of the present invention. 
FIG. 5 shows a graph of the thermal efficiency versus 

the compression ratio for the cycles of the present in 
vention. 

FIG. 6 is a temperature-entropy (T-S) schematic for 
the cycles of the present invention. 
FIG. 7 shows a temporal evolution of the plasma 

temperature after adiabatic compression, for the reactor 
with parameters given in Table I. 
FIG. 8 is a schematic representation of currents in 

coils and electrical energy flow between reactors as a 
function of time for a coupled reactor system. 
FIG. 9 is a schematic representation of two stellarator 

reactors coupled together such that the operation of the 
system is made self-sustaining. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Reference will now be made to the present preferred 
embodiments of the present invention, an example of 
which is illustrated in the accompanying drawings. 
FIG. 1 illustrates the power cycle of the present inven 
tion, for direct conversion of alpha-particle energy to 
electricity for a stellarator reactor. This power cycle 
provides an alternative scheme in energy conversion for 
deuterium-tritium (D-T) fueled reactors and could be 
come an important method in energy conversion for 
advanced neutron-lean fueled (e.g. D-He) reactors. 
The direct energy conversion is achieved by alternately 
compressing and expanding the plasma minor radius of 
a stellarator reactor 10. The cycle may be used in a 
stellarator reactor as shown by reactor 10 in FIG.9. the 
cycle will now be discussed with reference to a single 
stellarator reactor 10. (A description of a two-reactor 
system is described subsequently.) Reactor 10 includes 
external toroidal magnetic confining coils 12, helical 
stabilizing coils 13, and vacuum vessel 19. A generator 
15 provides electrical energy to coils 12 via line 34. 
Control means 37 operatively associated with lines 32 
and 34 engage and disengage load 17 and generator 15 
from toroidal coils 12 in response to plasma parameters. 
The cycle is composed of three stages. 

In a preferred embodiment of the present invention, 
ignited plasma 16 is thermally stable and in thermal 
balance at stage 0. (Conditions for an ignited plasma 
may be found in the published literature. For example, 
reference is made to Controlled Thermonuclear Reac 
tions by Samuel Glasstone and Ralph Lovberg pub 
lished by D. Van Nostrand Co., Inc., Princeton, N.J., 
1960.) The plasma (3 is slightly above f3. 
A=(P/B/87T), i.e. the ratio of plasma kinetic to the 
internal magnetic field pressure, and go, the maximum 
attainable (3, is set by the onset condition for MHD 
ballooning instabilities. During the compression phase 
(from stage 0 to stage 1), plasma 16 is compressed adia 
batically by increasing the external toroidal compressed 
magnetic field strength 14 generated by toroidal coils 12 
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and the plasma (3 decreases. At stage 1, the end of the 
compression phase, 6 is less that go and the plasma 16 is 
no longer in thermal balance since the thermonuclear 
alpha-particle heating power exceeds the rate of energy 
loss (due to neoclassical transport, turbulent convec 
tion, and Bremsstrahlung radiation). During the heating 
phase (from stage 1 to stage 2), as the plasma tempera 
ture is driven up by the excess heating power, the 
plasma volume is kept constant by further increasing 
the external field strength 14. As g approaches (3c, the 
rate of energy loss increases until it balances the alpha 
particle heating power when g reaches £3c. The plasma 
16 is again in thermal balance and is thermally stable. 
This is stage 2 of the cycle. 
To complete the cycle, the external field 14 is then 

reduced so that the plasma 16 expands back to its origi 
nal radius during the expansion phase (from stage 2 to 
stage 0). When the plasma 16 expands, the plasma g 
tends to increase. However, g is already at Ac at stage 2, 
hence ballooning instabilities force (3 to stay at 3 
through turbulent convection during the entire expan 
sion phase. As a result, the plasma pressure during the 
expansion is higher than the corresponding pressure 
during the compression. Therefore, negative work is 
done on the plasma 16 during a complete. cycle. Note 
that if there is no 3 limit, then more work can be ob 
tained during a complete cycle. This work manifests 
itself as a back-voltage in the toroidal field coils 12 and 
direct electrical energy is obtained from this voltage. 
By operating two or more reactors in tandem, the cycle 
can be made self-sustaining. 
As an alternative cycle, network is done on the exter 

nal system by letting the plasma expand at constant 
pressure between stages 1 and 2, rather than keeping the 
plasma at constant volume. These two methods (heating 
phase at constant plasma volume and at constant plasma 
pressure) are discussed below as the preferred embodi 
ments of the present invention. As will be recognized by 
those skilled in the art, there are many other possible 
methods, that can also result in net work done, e.g. the 
plasma minor radius varies sinusoidally during the cy 
cle. 

If the external magnetic field 14 is considered to be a 
"piston,” then the external system absorbs work done 
by the pumping action of the plasma 16 on the piston. 
This action will be referred to as "magnetic pumping'. 
It is "inverse magnetic pumping' over a full cycle be 
cause work is done on the external system by the plasma 
16. Note that this concept of magnetic pumping differs 
from the traditional definition which refers to "gyro 
relaxation,'. 
The detailed physical processes at, and between, vari 

ous stages of the cycle are analyzed below. To simplify 
the analysis, the plasma column is modeled by a straight 
cylinder. The plasma density, temperature, and the 
magnetic field 18 are assumed to be uniform across the 
minor radius except for a sharp discontinuity across the 
boundary between the plasma 16 and the confining 
vacuum magnetic field 14. Throughout this analysis, the 
plasma is assumed to behave like an ideal MHD fluid. 
Due to the nonlinear temperature dependence of the 

alpha-particle heating power term and the power loss 
terms, the thermonuclear plasma in a stellarator can 
have more than one thermal equilibrium, i.e., the ther 
monuclear power can balance the power losses at differ 
ent temperatures, or have no equilibrium at all. A quali 
tative discussion about the possible thermal equilibria 



5 
and their stability is given here. The reactor parameters 
listed in Table I are used in the discussion here. 

TABLE I. 
STELLARATOR REACTOR PARAMETERS 

Plasma density (cm) 6 x 1014 
Plasma temperature (keV) 10 
Toroidal magnetic field (KG) 50 
Plasma (3 (%) 19.3 
Major Radius (m) 10 
Minor Radius (m) 2 
eh 0. 

For a fixed plasma density (n=6X 1014 cm-3), the 
thermonuclear alpha-particle heating power per unit 
volume is plotted versus plasma temperature as the solid 
curve in FIG. 2. In the same figure, the power loss per 
unit volume due to neoclassical diffusion (discussed 
below) and Bremstrahlung radiation as a function of 
temperature appears as the dashed curve. (The power 
loss due to turbulent convection is not included in this 
dashed curve but its effect on thermal equilibrium is 
disclosed below). FIG. 2 indicates that there are two 
equilibrium solutions. The first (point A) is thermally 
unstable. If the plasma temperature decreases slightly, 
the neoclassical diffusion and Bremsstrahlung radiation 
losses will begin to dominate and hence the plasma 
temperature will decrease to zero. On the other hand, if 
there is a slight increases in plasma temperature, the 
alpha-particle heating power will dominate and thus the 
plasma temperature will proceed on a thermal excursion 
until the loss rate matches the heating power at a stable 
thermal equilibrium, which is the second equilibrium 
solution (point C). (Similar discussions for tokamak 
reactors have been given by Conn, Fusion, Academic 
Press, N.Y. (1981), and by Kolesnichenko and Reznik, 
Plasma Physics and Controlled Nuclear Fusion Re 
search, 1976, Proc., 6th Int. Conf. Berchtesgaden, 1976, 
vol. 3, IAEA, Vienna 1977, 347.) Thus, to start a stel 
larator reactor, it is only necessary to raise the plasma 
temperature to the unstable equilibrium at point A, even 
if the desired operating condition at the stable equilib 
rium is at a higher temperature. It is interesting to note 
that if ao is reduced to 1.5 m, but all the other reactor 
parameters remain unchanged, then the stable thermal 
equilibrium occurs at some temperature between 7-8 
keV. The stable thermal equilibrium (point C) in FIG. 2 
requires a plasma temperature of approximately 11 keV. 
If (3= 19.3%, then (3 at point C exceed (3c. As a result, 
pressure driven turbulent convection will increase the 
power loss, raise the loss curve, and force the stable 
equilibrium to occur at a lower plasma temperature 
(point B) such that Baf3. (As £3 approaches (8c, the 
plasma will follow the broken curve in FIG. 2). 

After adiabatic compression, due to the increase in 
both the alpha-particle heating power and the power 
losses, the solid curve in FIG. 2 shifts upward and the 
equilibrium point shifts toward higher plasma tempera 
ture and power (the upper-right hand corner). As dis 
cussed below, the increase in the alpha-particle heating 
power is greater than the increase in the power losses. 
This implies that, immediately after compression the 
plasma temperature is located somewhere between the 
corresponding thermal equilibria (points A and B) of 
the shifted curves. Consequently, the plasma tempera 
ture continues to rise until it reaches a new stable equi 
librium. 

Before the compression, the ignited plasma 16 is in 
thermal balance, at a stable thermal equilibrium. The 
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plasma (3 is slightly above f3. Thus, the plasma pressure 
gradient exceeds the critical pressure gradient by a 
small amount. Turbulent convective cells are driven by 
this excess pressure gradient and carry part of the out 
ward particle and energy fluxes as discussed by Ho and 
Kulsrud, PPPL-2251; the rest of the fluxes are carried 
by neoclassical transport as discussed by Ho and Kuls 
rud, PPPL-2253. This is stage 0 in the power cycle. The 
plasma and magnetic field parameters are: 

Plasna 3 Ao = 6c. 
Plasma pressure Po, 
Plasma minor radius: a0, 
Internal magnetic field: B0, 
External magnetic field: 

The subscript 0 refers to the physical quantities at stage 
0. 

During the compression phase from stage 0 to stage 1, 
the plasma 16 is compressed adiabatically as the external 
toroidal magnetic field strength 14 is increased. Adia 
batic compression occurs if the compression time is 
shorter than the burn time (the time for the thermonu 
clear alpha-particles to increase the plasma temperature 
by an amount comparable to itself). It is important for 
the compression to be adiabatic because otherwise, the 
alpha-particles could heat up the plasma and more work 
would be required during the compression phase. On 
the other hand, as explained below, the compression 
phase must be carried out slowly compared with Ti and 
Ta (the 90 deflection times for ions and alpha-particles) 
so that the compression is three-dimensional. 
The plasma (3 decreases during the compression be 

cause the internal magnetic field pressure increases 
faster than the plasma kinetic pressure. This can be 
shown explicitly if the plasmag is expressed in terms of 
Po and Bro. Using the adiabatic compression law 
(PVY = const with y = 5/3), the definition of g, and the 
frozen flux condition, the plasma (3 can be expressed as 

B(i) = - - - T (Biysm) / 
- 8c 

2/3 
Here r(t)=ao/a(t) is the compression ratio. During the 
compression, ry increases from unity to ao/a, and thus (3 
decreases. If £3 is roughly constant, then the plasma g is 
below geafter compression. This is stage 1 in the power 
cycle. The plasma and magnetic field parameters are: 

Plasma 3: A < go = 6c. 
Plasma pressure: P1 > Po, 
Plasma minor radius: a 1 < a.0, 
Internal magnetic field: Bi > B0, 
External magnetic field: Bel & Beo. 

The subscript 1 refers to the physical quantities at stage 
1. 

After the adiabatic compression, the increase in al 
pha-particle heating power per unit volume is larger 
than the increase in neoclassical energy diffusion and 
Bremsstrahlung radiation losses per unit volume. Also, 
turbulent convective transport can be assumed to be 
absent after compression since (3 is less than £3c. This 
imbalance between the heating power and the power 
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loss causes the plasma temperature to increase while the 
plasma volume is kept constant by further increasing 
the external magnetic field strength 14. The increase in 
temperature can be understood in more detail from the 
volume-averages energy balance equation 

T (2) 3n -- = P(t) - (Pe(t) + Pony() + P(t)). 

The first term on the right-hand side of this equation is 
the heating power from the thermonuclear alpha-parti 
cles. The first term inside the bracket is the energy loss 
rate due to neoclassical diffusion, i.e. 

T (3) 
re 

T - 3. 3. Peo = i + te 

As discussed by Ho et al., PPPL-2253, the electron 
energy confinement time is 

e - 10-5 in 14 B4'Rman’ (4) 
T = sec 

(5.4 + C) (2eh(r))'/'T 

and the ion energy confinement time is 

TE'st E. 

Here the minor radius an and the major radius R are in 
meters, B4 is in 10KG, electron or ion density in 14 is in 
101 cm-3, plasma temperature T4 is in 10 keV, eh is the 
depth of the helical magnetic well caused by external 
helical windings, and the normalized ambipolar electric 
field strength Ce(e/T)(ad/ar)n(an/ar) can be ap 
proximated by unity. The second term inside the 
bracket in Eq. (2) is the convective energy loss rate. The 
last terms is the energy loss rate due to Bremsstrahlung 
radiation and is equal to cn2VT, with "c" a constant. 
Note that density is not a function of time during the 
heating phase since the plasma volume is held fixed. 
Also note that before the compression, thermal balance 
means that dT/dtrac0. The ratio of the value of each 
term on the right-hand side of Eq. (2) after the adiabatic 
compression to the value of the corresponding term 
before the compression will now be studied. Because of 
the increase in plasma density and temperature after the 
adiabatic compression, the rate of thermonuclear alpha 
particle energy production is larger than that before the 
compression by the ratio 

2 (5) P(t) in 14 Corys 13.5 MeV 
Pa(to) T no.2<ory>03.5 MeV 

<ovo 

Here 3.5 MeV is the energy of an alpha-particle gener 
ated from D-T reactions, and Corv <0 and Corv) 1 are 
the Maxwellian reactivities at stage 0 and stage 1, re 
spectively. If r=1/0.6 and To= 10 keV, then T1 = 19.8 
keV. Using the formula for <ov> D-T given in NRL 
Plasma Formulary (D.L. Book Ed.), Naval Research 
Laboratory, Washington, D.C. (1980), Eq. (5) has a 
value of 32.1. To obtain the ratio of the neoclassical 
energy loss rate per unit volume after the compression 
to that before the compression, we let Pneos3nT/re. 
Then, it can be shown that 
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neoli) -- 4 (6) 

which has a value of 7.72 for r = 1/0.6. The turbulent 
convective transport is assumed to vanish at the end of 
the compression phase since (3 drops below (3c. Finally, 
the ratio of the Bremsstrahlung radiation energy loss 
rate after compression to that before the compression is 

P(t) (7) 
P(to) - */ 

which has a value of 10.85 for r=1/0.6. From Eqs. 
(5)-(7), we can conclude that alpha-particle heating will 
further increase the plasma temperature after the adia 
batic compression since the relative increase in the al 
pha-particle heating power is larger than the relative 
increase in the energy loss rates. This phenomenon of 
plasma temperature rise after compression is of funda 
mental importance to the success of the power cycle of 
the present invention, since the plasma must have a 
higher pressure during the expansion plase than during 
the compression. As the temperature rises, the plasma (3 
increases since the plasma volume is held fixed. As g 
approaches (3c, the convective energy loss re-emerges 
and the convective energy loss rate gradually catches 
up with the increase in the alpha-particle heating 
power. After the compression, the plasma temperature 
asymptotically approaches the limit at which (3= 3c in a 
characteristic time defined as the "thermal relaxation 
time' (see FIG. 7). At stage 2 in the power cycle, the 
plasma is again thermally stable and in thermal balance, 
at a stable equilibrium. The plasma and magnetic field 
parameters are: 

Pasna 3 R2 = 3c, 
Plasma pressure: P2 > Pi, 
Plasma minor radius: a2 F all, 
Internal magnetic field: Bi2 = B;1, 
External magnetic field: Be2 > Be. 

To complete the cycle, the external magnetic field 14 
is decreased so that the plasma 16 expands back to its 
original minor radius. This is the expansion phase. 
When the plasma expands, the plasma £3 tends to in 
crease. According to Eq. (1), 6 increases as ry de 
creases. However, g is already at 3 at stage 2, hence 
ballooning instabilities force (3 to stay at gc (recall that 
Asc is assumed to be a constant) through turbulent con 
vection during the entire expansion phase. Conse 
quently, the plasma pressure during the expansion phase 
can be expressed as 

B(t) 
P(t) = 3 

Upon applying the frozen flux condition, this expression 
can be written as 

Vo2 (8) 
P(t) = Po 

which varies exactly as though it has an adiabatic index 
ty = 2. As a result, the plasma pressure during the expan 
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sion is higher than the corresponding pressure during 
the compression. Therefore, negative work is done on 
the plasma 16 during a completer cycle. This work 
manifests itself as a mean back-voltage in the toroidal 
field coils 12, and direct electrical energy is obtained 
from this voltage. This electrical energy may be trans 
fered to a load 17 via line 32. Using the pressure-volume 
(P-V) relation, the amount of work done on coils and 
the thermal efficiency of the cycle are calculated below. 
It is now clear that if the compression phase has been 
carried out faster than Ti, then the compression would 
be two-dimensional (y=2) and the pressure variation 

10 

during the compression would follow Eq. (8) instead of 15 
PV5/3=const. Consequently, no net work would be 
done on the external system since the plasma pressure 
during the compression phase would equal the corre 
sponding pressure during expansion. 

Finally, the cycle described here satisfies the Kelvin 
Planck statement of the second law of thermodynamics 
by losing heat (obtained from thermonuclear alpha-par 
ticles) to the outside through turbulent convection. 

During the heating phase, between stages 1 and 2, the 
plasma can either be held at constant volume or be 
allowed to expand at constant pressure while receiving 
energy from the thermonuclear alpha-particles. In a 
complete cycle, both methods result in network done 
on the external system. The work done and thermal 
efficiency for each of these methods are now calculated. 
The preferred embodiment of the thermonuclear 

inverse magnetic pumping power cycle with heating 
phase at constant plasma volume is discussed first. To 
calculate the amount of work delivered during this 
cycle, it is only necessary to consider the work per 
formed by the plasma during the compression and ex 
pansion phases. No work is performed during the heat 
ing phase because the plasma volume is constant. 
The work done on the plasma during the adiabatic 

compression is 

Invoking Po=g-Bo?/87T and the pressure balance equa 
tion Po--B0287T =B02/87r, Po can expressed as 

Ac Bo (9) 
P = a -si-. 

Using this expression, oW can be written as 

3 8 (10) oW = --- a-L( - ) is B. 
where L=27tR is the length of the system. The work 
done by the plasma during the expansion phase is calcu 
lated by using Eqs. (8) and (9). The result is 
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Vo (11) 
2W6 = J. PdV 

2 

(3 ao'L(r. 1) i.e. Bio. 

Therefore, the amount of net work done on the coils 
during a complete cycle is 

12 Wet (12) 

ao L r 2 /3 -- -- f3 

This expression shows that either a higher compression 
ratio or a larger go will give a larger amount of deliv 
ered work. The network done normalized by the ma 
chine dependent parameters (1/8)ao'L{31/(1 + 6)- 
Beo2 is 

2 3 1 nor = ry - 2 4A3 + 

which is plotted versus the compression ratio in FIG. 3. 
Although it is desirable to operate the cycle at a high 
compression ratio, the attainable compression ratio may 
depend on the highest achievable toroidal magnetic 
field. This field is limited by the allowable static and 
dynamic loading on the machine structure. The amount 
of work delivered by the cycle can be represented by 
the area of the triangle 0-1-2 in the pressure-volume 
diagram shown if FIG. 4. 
The performance of this cycle is characterized by the 

thermal efficiency mth which is defined as 

net (13) 
7th =e QH 

where OH represents the heat obtained by the cycle 
(engine) from a heat source (thermonuclear alpha-parti 
cles). To calculate the heat received by the plasma 
during the heating phase, use the first law of thermody 
namics, 

OH = U -- W2. (14) 

Here U2 is the change in plasma internal energy be 
tween stages 1 and 2 and can be expressed as 

Since the plasma volume is held fixed during the heating 
phase, QH = 1 U2. From P2 = {3B22/87T, the frozen flux 
condition, and the adiabatic compression law, it can be 
shown that 

Bc (15) 
! -- 3 

3 
16 QH Bio. 

Using Eqs. (12) and (15), the thermal efficiency can be 
expressed as 

(16) r2 
nth = 1 - 
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The important thing to note is that the efficiency of this 
cycle is a function only of the compression ratio and 
increases with it. The thermal efficiency is plotted ver 
sus the compression ratio in FIG. 5. As the compression 
ratio approaches infinity, the thermal efficiency ap 
proaches a value of . 
The thermal efficiency can be visualized by looking 

at the temperature entropy (T-S) diagram for the cycle, 
FIG. 6. The thermal efficiency is the ratio of the area of 
the triangle 0-1-2 to the area beneath the path 1-2. 
Up to this point, the discussions have been restricted 

to the case in which there is a limiting g. However, the 
cycle will become more efficient and more work can be 
obtained if gc is very high or if there is actually no g 
limit (this situation may occur in a heliac). For this case 
the work required to compress the plasma is given by 
Eq. (10). The plasma pressure at stage 2 may now reach 
a higher value than in the case where there is a glimit. 
Note that turbulent convection is absent here since 
there is no g limit. During the expansion, the plasma 
pressure variation follows PV5/3= const since 6 will no 
longer be prevented from rising. Hence, 

where the subscript 0' denotes conditions at stage 
0'-the moment when the expansion phase is completed 
and the plasma volume returns to its original value at 
stage 0. At stage 0', Pod Po and the power losses are 
greater than the alpha-particle heating power. Thus, the 
plasma temperature will decrease. While the tempera 
ture is decreasing, the external magnetic field is reduced 
in order to keep the plasma at constant volume and heat 
diffuses to the outside by neoclassical transport. The 
cycle is completed when the plasma temperature and 
external magnetic field return to their original values at 
stage 0 (point C in FIG. 2). 
The net work is 

Wet = - Tao L(r./- 1)no(To - TO) (17) 
where To can be related to T2 using the adiabatic law. 
The thermal efficiency is 

(18) 
/3 mth = 1 - 

which is the Otto cycle efficiency. Note that this cycle 
is identical to the Otto cycle. 
The preferred embodiment of the thermonuclear 

inverse magnetic pumping power cycle with heating 
phase at constant plasma pressure is now discussed. In 
this power cycle, the compressed plasma is allowed to 
expand at constant pressure until the plasma (3 reaches 
Asc. At this point (stage 2), the plasma radius is between 
the minor radius before the compression and that after 
the compression. Next, the plasma column is expanded 
further with 6 staying at 6 until the minor radius 
reaches the pre-compression value. The cycle is now 
complete. 
To calculate the amount of work delivered during 

this cycle, note that the work required to compress the 
plasma is the same as that of the previous cycle, see Eq. 
(10). To calculate the work done by the plasma on the 
confining field (1W2-2Wo), it is necessary to know the 
plasma minor radius at the end of the constant pressure 

10 

15 

20 

25 

30 

35 

45 

50 

55 

65 

H936 
12 

heating phase. Starting with P2 = {3B22/87T, using the 
frozen flux condition, and noting that P2 = P1, it can be 
shown that 

a2=aor/. (19) 

The work done by the plasma on the coils during the 
constant pressure heating phase is 

mL/(a) - ai)Po 
Ac 

1 + £c 8 Bio. 

Using Eq. (9), the work done by the plasma during the 
final constant Ac expansion phase is 

Vo 
Wo - ? PdV 

V 

- + as L(? - 1) P-B; = 8 ao-lir, 1 - 8. P0 

Therefore, the amount of network done on the coils 12 
during a completer cycle is 

20 Wer (20) 

8 

where Worm=2 r 5/3-(5/2)ry/3+ is plotted versus 
the compression ratio in FIG. 3. Again, the amount of 
work delivered by this cycle is represented by the area 
of the triangle 0-1-3 in the pressure-volume diagram, 
FIG. 4. 
The thermal efficiency, which again depends only on 

the compression ration, is 

3/3 - 1 (21) 
w 

/3 
mth = 1 - -- 5 3/3 - 

The thermal efficiency is plotted versus the compres 
sion ratio in FIG. 5. As the compression ratio ap 
proaches infinity, the thermal efficiency approaches a 
value of 4/5. Now, the thermal efficiency is the ratio of 
the area of triangle 0-1-3 to the area beneath the path 1-3 
in FIG. 6. Thus, for the same compression ration, this 
cycle delivers less work but at a higher thermal effi 
ciency than the previous cycle. From the standpoint of 
reactor economics, it is probably the net work done, 
rather than the thermal efficiency, that is important. 
The power delivered by the power cycle via direct 

energy conversion depends on the period of the cycle. 
One of the major factors that governs the period is the 
thermal relaxation time, i.e. time for the plasma (3 to 
reach (3c after adiabatic compression. The rate of energy 
transfer of an individual alpha-particle to the back 
ground plasma 16 is now considered. The time evolu 
tion of the plasma temperature after the compression is 
also studied using the volume-averaged energy equation 
for electrons. From the numerical solution of this equa 
tion, the thermal relaxation time is estimated. 
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The rate of thermonuclear alpha-particle energy 
transferred to the background plasma is given by Trub 
nikov, Review of the Plasma Physics (M. A. Leon 
tovich, Ed.), Consultant Bureau, New York (1965), vol. 
l, in the form 

(22) 

where ea is the alpha-particle energy, and to/Pand Tcl/e 
are, respectively, the characteristic energy transfer time 
between the alpha-particle and electrons, and the char 
acteristics energy transfer time between the alpha-parti 
cle and electrons. In this analysis, we assume T 
=Te=Ti. To obtain the characteristic energy transfer 
time, not that after the compression (at stage 1), the 
plasma with stage 0 parameters give in Table I has 
n1 = 16.7 x 1014 cm-3 and T= 19.8 keV if r = 1/0.6. 
Thus 

e(0) 
T = 176.8 d > 1 

and 

where ea(0)=3.5 MeV is the energy of an alpha-particle 
generated from D-T reactions, and me and mo are the 
electron and alpha-particle mass, respectively. Using 
these limits, the expressions for to:/e can be simplified 
accordingly. Trubnikov, cited above, showed that 

a/D -- a 2 e/2 (23) 
T 

4\24 ina 
and 

(24) 

ra/e - N. A -Pa?- a/D 
- 2E/3T need 

For e(0)=3.5 MeV, it can be shown that to/e=- 
ta/P/57. Thus, at the time of birth of an alpha-particle, 
the rate of energy transfer to the electrons is about sixty 
times faster from an alpha-particle that to the deuterons. 
At the critical energy given by 

--(NE)(i), 
the rate of energy transfer from an alpha-particle to the 
electrons is equal to that to the ions. At T1= 19.8 keV, 
eccri=0.29 MeV. Thus, the thermonuclear alpha-parti 
cles lose most of their energy to electrons and for prac 
tical purposes, the alpha-particles energy transfer rate 
can be approximated by 

71a. T 

8 me 

aka - (25) 
dt 

Using Eqs. (23) and (24), the characteristics energy 
transfer time can be expressed as 
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1/2 (26) 
ra/e - 1.7 x 101 

14 
Sec. 

Substituting the values of density and temperature of 
the plasma immediately after the compression that Eq. 
(26) gives to/e=0.05 sec. Note that using Eq. (4), it can 
be shown that after the compression, the plasma energy 
confinement time res0.32 sec. Hence tc/e (te. 
To obtain the temporal evolution of the plasma tem 

perature after the compression, assume Te=Ti and use 
the volume-averaged energy balance equation for the 
plasma: 

dT (27) 
dit 3n = P(t) - (Peo(t) + P(t)). 

In this equation, the turbulent convective energy loss is 
not included since we have assumed that there is no 
convective loss for f3<Asc (in reality, however, convec 
tive loss emerges gradually as A approaches ge as was 
mentioned above). Let the time at the end of the com 
pression phase be zero. Then, the power deposited by 
the alpha-particles to the background plasma per unit 
volume, P(t), at any time t after the compression can be 
expressed as 

28 
t 4 no? dea (28) 

Pa(t) = J. drr-i- <avor -- (t,f) 
ho 

). 4. 

Here the first term on the right-hand side of this equa 
tion represents the alpha-particle power deposition at 
any time t)0 by all the alpha-particles generated in 
some intermediate time between Ost's t (0.2t'2 -o); 
nois the density before the compression, and deg(t,t)/dt 
given by Eq. (23) represents the rate of energy transfer 
at time t, of an individual alpha-particle generated at 
some previous time t'. The factor (1 +2r)/3 in the 
second term is the increase in alpha-particle energy due 
to two-dimensional adiabatic compression (compression 
is two-dimensional if the compression phase is carried 
out faster than Tai- and 90 deflection time between an 
alpha-particle and background ions). 

Equation (27) is an integrodifferential equation, but it 
can be converted into a second order differential equa 
tion by taking a time derivative. Using Eqs. (25) and 
(26), it can be shown that 

- dr (lit. - oc 

dea f 
<over - d - (t, t'). 

1 -at-las 
T dt dt 

Using this expression, we find that the time derivative 
of Eq. (28) can be written as 

dP. P 3 1 T. 
dt = - a - - F - P + 

4-2 -os. 33 Mey r" -- <ory) a/e 
where Cov> t is the Maxwellian reactivity at time t. 
Then, after taking the time derivative of Eq. (27), using 
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the above expression for dPa/dt, and performing some 
straight forward algebra, it can be shown that 

2 (29) 

(#) + 5 

<oty) - (Peo -- P) 

ra/e 
T 

2 /e dT. , 3. 
ro dr2 -- 2 

T 
dt 

ra/e a a/e 
1 n -- (Peo -- P.) nT (Pneo + P.) + 

O 

in 12 
A. as MeV) 

This equation can be solved numerically. Two initial 15 
conditions are needed. The first one is 

T(0)=r/3 To (30a) 

from the adiabatic law. Note that T(0) denotes the 20 
plasma temperature at time 0 (stage 1) and To denotes 
the plasma temperature at stage 0.) To determine the 
second initial condition dT/dt-0, we need to know 
Pa(0). If the adiabatic compression time is faster that 
Toi, then the alpha-particle heating power per unit vol 
ume immediately after the compression is increased 
from the corresponding heating power before the com 
pression by the ratio 

25 

3O 

a(0) - - (it 2r2 ) n12(e/ra/e(0) 
P(O) 3 noe/ra/e(0) 

R it. 
35 

Here 0 denotes the time at the beginning of the com 
pression. The second initial condition for Eq. (29) can 
now be written as 

dT 
dt 

( 1 + 2r. 
3rino 3 

Using the initial conditions given by Eqs. (30a) and 
(30b), the solution of Eq. (29) for the reactor with pa 
rameters given in Table I with r=1/0.6 is obtained and 
plotted versus time as the solid curve in FIG. 7. This 
figure shows that the plasma temperature asymptoti 
cally approaches a limit of 35.5 keV. 

If we let the thermal relaxation time for the plasma g 
to reach Acbe the time that it takes the plasma tempera 
ture to reach 90% of the limiting temperature at 35.5 
kev, then this time is approximately 0.16, as illustrated 
in FIG. 7. This condition would represent the end of the 
heating phase. 
Note that the thermal relaxation time is somewhat 

larger than to/e. In the limit that the relaxation time is 
much greater than to/e, Eq. (28) can be simplified by 60 
assuming < over as <ove. Furthermore, the second 
term on the right-hand side of Eq. (28) is generally small 
compared to the first term and thus can be neglected. 
The power delivered to the plasma now becomes 

s:0 
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P(t) = r;-- Kory) re. 

). P(0) - (Pie -- P) 
t=0 

16 
which is the instantaneous fusion power. This result 
simplifies Eq. (27) to a first-order equation. The tem 
poral evolution of temperature described by this simpli 
fied equation is plotted versus time as the dashed curve 
in FIG. T. 

Finally, note that if the turbulent convective loss 
were included in the calculation, then the resulting 
power loss would be higher due to the turbulent con 
vection as g approaches (3c and the rate of temperature 
rise would become slower. However, the thermal relax 
ation time would probably be about the same, since 
turbulent convection also forces the asymptotic limit of 
the plasma temperatures to drop to a lower value at 
which f3= 3c. 
To make the power cycle self-sustaining, part of the 

work done by the plasma on the coils during the expan 
sion phase must be stored in order to supply power for 
the next compression phase. However, the amount of 
energy to be stored is large compared with the network 
done by the plasma during the cycle. Thus, even if the 
ratio of the energy lost (during the transfer to, plus the 
loss in the storage system) to the total energy trans 
ferred from the reactor to the storage system (this ratio 
is defined as the re-circulation inefficiency) is only a few 
percent, the total energy lost in recirculation may still 
exceed the work done during the cycle. Consequently, 
the power cycle may require a lower re-circulation 
inefficiency than can be provided by conventional en 
ergy storage systems, e.g. capactive, inductive, and 
inertial (motor-generator-flywheel). To obviate this, in 
a preferred embodiment of the present invention two 
(or more) stellerator reactors are operated in tandem. 
The major electrical energy loss in this system is the 
resistive dissipation in the coils 12, but this loss may be 
small compared with the net work performed by the 
cycle as is discussed below. 
The reactor system of this preferred consists of two 

identical stellerator reactors, 10 and 20 as shown in 

(30b) 

FIG. 9. Reactor 20 includes external magnetic confin 
ing coils 22, helical stabilizing coils 23 and and vacuum 
vessel 29. The cycle with heating phase at constant 
volume will be used for discussion here, however, as 
will be recognized by those skilled in the art other 
power cycles may also be used. The operation scenario 
is illustrated in FIG. 8. 
When the plasma in reactor 10 is expanding, some of 

the resulting work is transferred via line 44 and used to 
compress the plasma in reactor 20. When the expansion 
phase in reactor 10 is completed, the plasma in that 
reactor returns to its precompression state (stage 0) 
while the plasma in reactor 20 completes the compres 
sion phase and is at stage 1. The plasma is reactor 10 is 
now maintained at stage 0 temporarily while the exter 
nal magnetic field strength in reactor 20 is increasing so 
that the plasma volume in reactor 20 can be kept con 
stant as the plasma temperature is increasing. During 
this period, the power use to increase the magnetic field 
strength in reactor 20 comes either from the electrical 
power generated by the thermonuclear neutrons in 
reactor 10 or from that in reactor 20 itself. When the 
plasma in reactor 20 reaches thermal balance (stage 2), 
it is allowed to expand. Some of the resulting work 
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obtained from reactor 20 during its expansion phase is 
transferred via line 42 and used to compress the plasma 
in reactor 10. The balance of the energy is transferred to 
load 27 via line 36. The cycle continues in this manner. 
The current in the coils 12 and 22 of reactor 10 and 20 
respectively as a function of time is illustrated in FIG. 8. 
Note that this coupled reactor system is analogous to a 
two cylinder internal combustion engine. 
The averaged total electrical output power obtained 

from direct conversion is defined as 

Wet - didt (32) 
Pdirect = Tp 

Here P is the resistive power dissipation in the coils, 
is the period of one complete cycle, and ddt is the cyclic 
time integral, i.e. time integration over the period T. 

Having generally described the invention, the follow 
ing specific example is given as further illustration 
thereof. The power cycle with heating phase at con 
stant plasma volume is considered. Note that the neo 
classical energy loss Pneo, which could in principle be 
converted into electrically, is not included in Eq. (32). 
For a stellerator reactor 10 with reactor parameters 
given in Table I, the thermal relaxation time required by 
the plasma to reach stage 2 after the adiabatic compres 
sion with r=1/0.6 is approximately 0.16 sec. If the 
compression and expansion phases are each carried out 
in 0.01 sec (note that ti=O(10-3) sec for the plasma 
with parameters given in Table I), then Ts0.18 sec. 
With this information and using Eq. (12), it can be 
shown that Wnet/t=2.2 GW. 

If the plasma radius remains constant, then at r = a, 
the thermonuclear neutron power P= 12.2 GW. The 
electrical power obtained from the neutrons at a con 
version efficiency mc=1/3 is mPa = 4.1 GW. Thus, 
Wine/t is about 50% of mePn. Note that Wnet/ for 
each reactor in the coupled stellarator system may be 
lower than the 2.2 GW since T for the coupled system 
is longer (see FIG. 8). Also note that the actual values of 
Wnet/T and Pn should be lower than the results ob 
tained here since the radial profiles of density and tem 
perature must be taken into account properly. 
To calculate the resistive power dissipation in the 

coils, 12, note that 

Troom (33) 
P 

! Tcoil 

The factor Ton/Tcoil is an approximation for the ther 
modynamic efficiency of the refrigeration cycle, i.e. 
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7th = Tcoil 

where Toon and Toil are the room temperature and the 
cryogenic temperature of the cooled coils, respectively. 
The current in the coils 12 is given by 

c Be 
I = N 

where c is the speed of light and N is the number of 
turns of the coil per meter. The coil resistance is ex 
pressed as 
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I 
R = n 

where l = 2ntaLN is the total length of the coil (ac is 
the distance between the coil and the center of the 
plasma), A is the coil cross sectional area, and m is the 
resistivity. If b is the width of the coil (measured along 
the direction of the minor radius), then A =b/N. Thus, 
Eq. (33) can be written as 

c2 acL Troom (34) 
P = b Tcoil B2 

Using the reactor parameters in Table I and setting 
ac=3 m, b = 0.5 m, Ton=293 K., Tcoil = 77. K. (the 
boiling point for liquid nitrogen), it can be shown that 
the total resistive power dissipation in a copper coil 
during a complete cycle is on the order of a few percent 
of Wne. Hence, dPidt can be neglected and Pdirect = 2.2 
GW. 

It may be thought that more neutron power could be 
obtained by increasing the confining magnetic field 
strength 14 and operating the plasma 16 at a higher 
pressure without pulsing the minor radius. However, 
this mode of operation is undesirable since the neutron 
wall load would exceed the present day engineering 
limit which is below 10 MW.m2. 
A power cycle for direct conversion of alpha-particle 

energy into electricity for stellarator reactors has been 
described. The direct energy conversion is achieved by 
alternating compression and expansion of the plasma 
minor radius. 
For the stellarator reactor with parameters given in 

Table I, the averaged power obtained from the cycle 
with compression ratio 1/0.6 is about 50% of the elec 
trical power obtained from the thermonuclear neutrons 
from the same reactor without compressing the plasma. 
Thus, the cycle provides an alternative scheme for ex 
tracting energy from D-T fueled reactors. This scheme 
can be used either alone or as a supplement to the elec 
trical power generated from thermonuclear neutrons. 
For advanced neutron-lean fueled reactors, this power 
cycle may become an important scheme for energy 
conversion. 
The foregoing description of a preferred embodiment 

of the invention has been presented for purposes of 
illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise form 
disclosed, and obviously many modifications and varia 
tions are possible in light of the above teaching. The 
embodiment was chosen and described in order to best 
explain the principles of the invention and its practical 
application to thereby enable others skilled in the art to 
best utilize the invention in various embodiments and 
with various modifications as are suited to the particular 
use contemplated. It is intended that the scope of the 
invention be defined by the claims appended hereto. 
The embodiments of the invention in which an exclu 

sive property or privilege is claimed are defined as 
follows: 

1. In a stellarator fusion reactor having a fusion 
plasma in thermal balance disposed therein and external 
toroidal magnetic field coils and helical stabilizing coils 
said fusion plasma including alpha-particles and occu 
pying a volume Vo and said magnetic field coils produc 
ing a toroidal confining magnetic field, a method of 



H936 
19 

generating electricity in said external toroidal magnetic 
fields coil from the energy of said alpha particles, 

(a) compressing said plasma adiabatically to a volume 
V1; 

(b) maintaining the volume of said compressed 
plasma at said volume V1 for a time substantially 
equal to a thermal relaxation time, such that the 
temperature of said plasma is driven up by thermo 
nuclear alpha-particle heating thereby providing a 
heated plasma; and 

(c) expanding said heated plasma to said volume Vo 
and simultaneously generating, electrical energy in 
said external toroidal field coils by a back-voltage 
produced by said expanding plasma. 

2. The method of claim 1 wherein the step of com 
pressing said plasma is performed by increasing the 
toroidal confining magnetic field produced by said to 
roidal magnetic field coils. 

3. The method of claim 2 wherein the step of main 
taining the volume of said compressed plasma is per 
formed by further increasing the toroidal confining 
magnetic field produced by said toroidal magnetic field 
coils. 

4. The method of claim 3 wherein the step of expand 
ing said compressed plasma is performed by reducing 
the toroidal confining magnetic field produced by said 
toroidal magnetic field coils. 

5. The method of claim 4 wherein said method is 
repeated cyclically. 

6. In a stellarator fusion reactor having a fusion 
plasma in thermal balance disposed therein and external 
magnetic field coils and helical stabilizing coils said 
fusion plasma including alpha-particles and occupying a 
volume Vo and said external toroidal magnetic field 
coils producing as toroidal confining magnetic field, a 
method of generating electricity in said external toroi 
dal magnetic field coils from the energy of said alpha 
particles, said method comprising the steps of: 

(a) compressing said plasma adiabatically to a volume 
V1; 

(b) expanding said compressed plasma, at constant 
pressure, to a volume V2 at which 6=f3c, said vol 
ume V2 being greater than V1 and less than Vo, 
such that temperature of said plasma is driven up 
by thermonuclear alpha-particle heating thereby 
providing a heated plasma; and 

(c) expanding said heated plasma from said volume 
V2 to said volume Vo, said A remaining at a value 
equal to ge; 

whereby electrical energy is simultaneously gener 
ated in said external toroidal magnetic field coils by 
a back-voltage produced by said expanding plasma. 

7. The method of claim 6 wherein the step of com 
pressing said plasma is performed by increasing the 
toroidal confining magnetic field produced by said to 
roidal magnetic field coils. 

8. The method of claim 7 wherein the step of expand 
ing said compressed plasma at constant pressure is per 
formed by reducing the toroidal confining magnetic 
field produced by said toroidal magnetic field coils at a 
rate sufficient to maintain said plasma at a constant 
pressure. 

9. In a stellarator fusion reactor system having a first 
and a second stellarator reactor, each of said first and 
second stellarator reactors having a fusion plasma dis 
posed therein and external toroidal magnetic field coils 
and stabilizing helical coils, said fusion plasma including 
alpha-particles and occupying a volume Vo and said 
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toroidal magnetic field coils producing a toroidal con 
fining magnetic field, a method of generating electricity 
in said external toroidal magnetic field coils from the 
energy of said alpha-particles, said method comprising: 

(a) compressing the plasma in said first reactor adia 
batically to a volume V1; 

(b) maintaining the volume of said compressed 
plasma in said first reactor at said volume V1 for a 
time substantially equal to a thermal relaxation 
time, such that the temperature of said plasma is 
driven up by thermonuclear alpha-particle heating 
thereby providing a heated plasma; 

(c) expanding said heated plasma in said first reactor 
to said volume Vo and simultaneously generating 
electrical energy in said external toroidal magnetic 
field coils of said first reactor by a back-voltage 
produced by said expanding plasma; 

(d) transferring a portion of said generated electrical 
energy to said second stellarator reactor in an 
amount sufficient to compress the plasma in said 
second reactor to a volume V1; 

(e) compressing the plasma in said second reactor 
adiabatically to a volume V1; 

(f) maintaining the volume of said plasma in said 
second reactor at said volume V1, for a time sub 
stantially equal to a thermal relaxation time, such 
that the temperature of said plasma is driven up by 
thermonuclear alpha-particle heating thereby pro 
viding a heated plasma, while maintaining the vol 
ume of said plasma in said first reactor at said vol 
ume Vo; and 

(g) expanding said heated plasma in said second reac 
tor to said volume Vo and simultaneously generat 
ing electrical energy in said external toroidal mag 
netic field coils of said second reactor by a back 
voltage produced by said expanding plasma. 

10. The method of claim 9 further including the steps 
of: 

transferring a portion of the electrical energy gener 
ated in said second reactor external toroidal mag 
netic field coils to said first reactor in an amount 
sufficient to compress the plasma in said first reac 
tion to a volume V1. 

11. The method of claim 10 wherein said method is 
repeated cyclically. 

12. The method of claim 11 wherein steps (a) and (e) 
are performed by increasing the toroidal confining mag 
netic field produced by said first and said second reactor 
toroidal magnetic field coils. 

13. The method of claim 12 wherein steps (b) and (f) 
are performed by further increasing the toroidal confin 
ing magnetic field produced by said first and said sec 
ond reactor toroidal magnetic field coils. 

14. The method of claim 13 wherein steps (c) and (g) 
are performed by reducing the toroidal confining mag 
netic field produced by said first and said second reactor 
toroidal magnetic field coils. 

15. A magnetic confinement fusion reactor for gener 
ating electricity comprising: 

(a) toroidal vacuum vessel having a fusion plasma 
disposed therein, said plasma including alpha-parti 
cles; 

(b) helical magnetic stabilizing coils disposed about 
said vacuum vessel; 

(c) external toroidal magnetic confining field coils 
disposed about said vacuum vessel; 

(d) means for generating a current through said toroi 
dal coils; 
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(e) means for compressing said plasma; 
(f) means for maintaining the volume of said com 

pressed plasma constant, said means operable to 
maintain said compressed volume for a time sub 
stantially equal to a thermal relaxation time; 

(g) means for expanding said plasma; and 
(h) means for transmitting current from said toroidal 

coils generated by said plasma. 
16. The reactor of claim 15 wherein said means for 

compressing said plasma comprises means for increas 
ing the current through said toroidal coils. 

17. The reactor of claim 16 wherein said means for 
maintaining the volume of said compressed plasma 
comprises means for further increasing the current 
through said toroidal coils. 

18. The reactor of claim 17 wherein the means for 
expanding said plasma comprising means for reducing 
the current through said toroidal coils. 

19. An electric current generating system comprising: 
(a) a first toroidal vacuum vessel, said vacuum vessel 

having a fusion plasma disposed therein, said fusion 
plasma including alpha-particles; 

(b) A first set of helical magnetic stabilizing coils 
disposed about said first toroidal vacuum vessel; 

(c) a first set of external toroidal magnetic coils dis 
posed about said first toroidal vacuum vessel, said 
first set of toroidal coils operable to generate a 
magnetic field, to confine and compress said 
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plasma, when an electric current is passed there 
through; 

(d) means for generating a current through said first 
set of toroidal coils; 

(e) means for transmitting electrical current, gener 
ated by said plasma, from said first set of toroidal 
coils; 

(f) a second toroidal vacuum vessel, said vacuum 
vessel having a fusion plasma disposed therein, said 
fusion plasma including alpha-particles; 

(g) a second set of helical magnetic stabilizing coils 
disposed about said second toroidal vacuum vessel; 

(h) a second set of external toroidal magnetic coils 
disposed about said second toroidal vacuum vessel, 
said second set of toroidal coils operable to gener 
ate a magnetic field, to confine and compress said 
plasma, when an electric current is passed there 
through; 

(i) means for transmitting electric current, generated 
by said plasma, from said second set of toroidal 
coils; 

(j) means for transferring electrical current from said 
first set of toroidal coils to said second set of toroi 
dal coils. 

(k) means for transferring electric current from said 
second set of toroidals coils to said first set of toroi 
dal coils. 
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