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A Spheromak Ignition Experiment Reusing 
Mirror Fusion Test Facility (MFTF) Equipment 

T.K. Fowler 

Abstract 

Based on available experimental results and theory, a scenario is presented to 
achieve ohmic ignition in a spheromak by slow (- 10 sec.) helicity injection using 
power from the Mirror Fusion Test Facility (MFTF) substation. Some of the other 
parts needed (vacuum vessel, coils, power supplies, pumps, shielded building 
space) might also be obtained from MFTF or other salvage, as well as some 
components needed for intermediate experiments for additional verification of the 
concept (especially confinement scaling). The proposed ignition experiment 
would serve as proof-of-principle for the spheromak DT fusion reactor design 
published by Hagenson and Krakowski, with a nuclear island cost about ten 
times less than a tokamak of comparable power. Designs at even higher power 
density and lower cost might be possible using Christofilos' concept of a liquid 
lithium blanket. Since all structures would be protected from neutrons by the 
lithium blanket and the tritium inventory can be reduced by continuous removal 
from the liquid blanket, environmental and safety characteristics appear to be 
favorable. 
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1. Introduction 

The spheromak configuration is shown in Fig. 1. The magnetic field is like that of 
a tokamak, with twisted, helical field lines following closed, toroidal magnetic 
surfaces1. However, whereas in a tokamak the toroidal field component is 
provided by external coils that must penetrate the toroid, in a spheromak both 
toroidal and poloidal field components are produced by internal plasma currents 
roughly parallel to the helical field. The only external field required is the 
"vertical* field, parallel to the machine axis, needed to take up the radial "hoop" 
force. In experiments to date, this vertical field is provided automatically by 
currents induced in the surrounding, conducting wall, known as the "flux 
conserver"; that is, no external magnets are required. 

Experimental research on spheromaks continued through the 1980's at 
Princeton, Los Alamos National Laboratory (LANL) and Lawrence Livermore 
National Laboratory (LLNL) (as a target plasma for the field-reversed mirror). By 
1990, the work at national laboratories had ceased, in competition with the 
tokamak at Princeton, the RFP at LANL and the tandem mirror at LLNL. It 
continues at LLNL as the RACE accelerator concept, and at U.C. Berkeley and a 
few foreign universities. 

In terms of the usual Lawson figure of merit, the spheromak fell behind the 
competition, the best reported results being n = 4 x 10 1 3 cm - 3, T E = 2 x 10 - 4 s and 
T e = 140 - 400 eV, for a Lawson product nx E = 8 x 109 cm"3 s (8 x 10 1 5 in MKS 
units)2. However, in Section 3 we shall argue that these results are about what 
should be expected in the small devices available, comparable to tokamaks of 
1970 vintage. Moreover, we will show that the spheromak has the potential to 
catch up with and surpass the tokamak in this decade, and to produce a more 
attractive fusion reactor in the long run. 

The possibility for rapid development of the spheromak lies in the simplicity of 
producing very high magnetic fields with this concept. A standard method of 
producing spheromaks is shown in Fig. 2. 3 The only components required are an 
evacuated conducting cylinder (the flux conserver), shown in cross section, and 
the "gun" consisting of coaxial electrodes and a weak source of magnetic flux 
emerging from the center electrode (e.g., a solenoid inside this electrode). 

-1-



In present experiments, the gun voltage is provided by a capacitor bank. When 
the bank fires, the plasma formed in the gun is ejected into the flux conserver, 
where the closed magnetic structure of the spheromak forms automatically by 
processes first elucidated by Woltjer4 in an astrophysics context and in the fusion 
context by Wells5 and especially by J.B- Taylor6 as a theoretical explanation of 
RFP experiments (see Section 2). As we shall see, to reach ignition by this 
approach could require gigajoules of energy storage. However, as first 
conjectured for RFP configurations,7 it is also possible to create and sustain a 
spheromak by the continuous application of voltage to the gun. In experiments at 
Los Alamos reported in Section 4, this technique has been employed to sustain a 
spheromak for 1 ms, at a field of - 3 kilogauss (.3 T) and, in a smaller flux 
conserver, to reach a maximum field of 3 T. 3 In Section 6, we present 
parameters for an ignition experiment at a field of - 10 T obtained by continuous 
buildup at a power of 150 MW for 10 seconds, obtained from the MFTF 250 MW 
substation. 

2. Theory 

In the course of arriving at the final configuration shown in Fig. 2, the 
configuration first looks like Fig. 3, in which current from th3 gun flows along open 
field lines penetrating the toroid, to return through the flux conserver. Continuous 
buildup relies upon maintaining the configuration of Fig. 3, which tends to persist 
as long as voltage is applied to the gun and gas is available to replenish the 
plasma on the open lines. 

An equivalent circuit is shown in Fig. 4, in which the inductances represent the 
magnetic energy stored on ope.': and closed field lines, respectively, and 
resistances are those of the respective plasmas (plus flux conserver losses, for 
the closed-line circuit). Coupling between the open and closed circuits is 
accomplished automatically by fluctuations in currents due to MHD (or resistive 
MHD) instabilities, on the open lines ("primary") and the closed lines 
("secondary"). Called the MHD dynamo effect, the theory of this process can be 
summarized as: 8 
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Eu = [ - < V x B ) + Tin = Ee«+TlJ, (1) 

where E» is the electric field parallel to magnetic lines, 11 is the plasma resistivity 
and Vand B are fluctuations in the fluid velocity and magnetic field. 

The idea is that the open-line, central column tends to be MHD unstable and that 
fluctuations due to instability will grow until the effective electric field, Eeff = - < V x 
B), matches the loads represented by the equivalent circuit in Fig. 4. In Section 
4, we will discuss actual measurements of Eeff that support this concept.9 

Moreover, these measurements in a small spheromak were made in the 
circumstance of interest to us, namely, one in which the dominant "load" is the 
closed-line circuit so that most of the gun power is used to build and maintain the 
closed flux configuration useful for plasma confinement. This results if r0, the 
radius of the open-line flux at the center of Fig. 3, is small compared to R, the 
radius of the flux conserver. Then neither the magnetic energy (inductance) nor 
the ohmic loss on open field lines is significant compared to those on the closed 
lines. In this case, we may take Vg = J Eeff on the open lines and the coupled 
circuit reduces to 

p g = 'g v g S S E M A G + p « ( 2 ) 

where P g is the gun power and E m a g = I B2/2u.0 and Pa are, respectively, the 
magnetic energy and ohmic losses on the closed lines. In the experiments cited 
above, V g was about ten times the ohmic voltage drop on the open lines, 
consistent with the assumptions leading to Eq. (2). 

Another condition concerns the concept of helicity conservation. Helicity K is 
defined by 3- 6 

K = J B • t (3) 

where A is the vector potential. 

Taylor has conjectured that K, which is exactly conserved on each flux surface in 
ideal MHD theory, is also conserved when resistivity is taken into account if the 
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volume of integration includes the entire flux conserver volume. He further 
conjectured that equilibrium is achieved by minimizing the stored magnetic 
energy EMAG. at constant K, which yields the equation6 

V x B = Ho| = XB (4) 

with solution, in a cylinder (- g < z < ^ . 0 < r < R): 

V = rAe = r k"r

1 B 0 Ji (krr) cos k z z (5) 

B z = Bo Jo ( M cos k2z (6) 

B e = X k'r B 0 Ji (krr) cos k z z (7) 

B r = - k z k"r

1 B 0 J , (krr) sin kz z (8) 

where k z = rJL, krR = 3.83 (first zero of Ji) and 

* = 3 . 8 3 ^ 1 + ^ 8 3 ^ j . (9) 

Then also 

B2 >. 
E M A G ^ | - = — K . (10) 

2u.0 2uo 

That this solution, known as the Taylor state, describes spheromaks quite well 
has been demonstrated in a number of experiments.3 

Since resistance destroys helicity, the implication of Taylor's theory for buildup is 
that the gun must inject helicity as well as power. This condition can be met by 
adding a solenoid inside the center electrode of the gun, to produce a flux y g 

emerging from the electrode. !t can be shown that the rate of helicity injection is 
given by3>6 
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K = 2 V g V g . (11) 

Optimum load-matching is obtained with 

l g = — V g (12) 
Mo 

and, by Eqs. (2) and (10), 

p g = — vg Vg= r ^ K + P n . (13) 

Then initially, when PQ =• 0, Eqs. (11) and (13) are equivalent, which is to say all 
gun power contributes to building up helicity K with a minimum of excess energy 
in the form of fluctuations generated as the system continuously adjusts to the 
Taylor state at the new values of K. Buildup continues as long as j on the open 
lines exceeds that on the adjacent closed lines; or, equivalently, B z on the open 
lines exceeds B 0. Thus at steady-state we must match r0 and Vg such that 

Vg = « r | - B 0 . (14) 

To find the actual values of B 0 one must solve Eqs. (13), with K= 0, together with 
the heat flow equations in Section 7 to obtain the steady-state Pn determined by 
the field and temperature profile in the closed-line region. To be self-consistent, 
V g and B 0 must also satisfy Eq. (14). in early experiments, Pn was dominated by 
additional ohmic losses on open lines at the surface of a wire-mesh flux 
conserver; but in later experiments with a smooth flux conserver, only losses on 
the closed lines were significant, as assumed above (see Section 4B).2 

Given only the gun and flux conserver, experiments are limited to a duration 
given by the skin time, 

tskin = ~ = 69.8 A* (15) 
n 
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where A is the thickness of the flux conserver (in meters) and we took T| = 1.8 x 
10 - 8 o -m (copper). However, in principle steady-state operation is possible if we 
provide the "vertical" field by means of an external coil that matches the solution 
in Eqs. (5) - (8) at the location of the flux conserver. Note that, whereas the 
external field of the tokamak is larger than that inside the plasma, for the 
spheromak the field on the coil is less than that inside the plasma, thereby 
reducing external coil requirements. For the cylindrical spheromak, 

BMAG AXIS = 1.45 B (16) 

B 0 = 2.5 B (17) 

where here and hereafter B will denote the "edge" field (i.e., B z at r = R, z = 0). 
Finally, note that in order to inject tne spheromak initially and to maintain a 
relatively constant equilibrium radius during buildup, it is necessary to build up 
the spheromak and the external field together, much as the vertical field must be 
programmed in a tokamak. 

Thus, we are led to a concept whereby a spheromak confinement geometry can 
be built up and maintained in steady-state by means of a coaxial gun, with input 
power given by Eq. (13), together with an external coil to maintain equilibrium. 
This is the basis for the reactor design of Hagenson and Krakowski,10 discussed 
in Section 5, and the ignition experiment discussed in Section 7. 

One aspect of the theory that needs further work is the MHD stability of the 
configuration in steady-state. Like the tokamak, a spheromak is potentially 
unstable to an MHD kink mode called the "tilt" in spheromak literature. For times 
less than tsKiN in Eq. (15), the tilt mode is stabilized by image currents in the flux 
conserver (for L < 1.7 Ft).11 For this reason, a thin flux conserver may be useful 
during formation even if equilibrium is provided by an external coil. But long-term 
stability requires further analysis. Also, plasma rotation may be destabilizing.12 

Similar issues apply to tokamaks. 
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3. Ohmic Ignition 

While reaching ignition temperatures may require "auxiliary" heating as in 
tokamaks, a great simplicity would result if the magnetic field itself could ignite 
the plasma via ohmic heating. In principle, ohmic ignition is also possible in 
tokamaks,13 at very high current (beyond the capability of field and current 
allowed if the external field is produced by existing superconductors). However, 
in this regard spheromaks have an edge, since the principal field is that produced 
by the current. 

Ohmic heating, just r|j2 per unit volume, depends on the current density, j . For a 
tokamak, j is limited by the safety factor q (q > 1 in a tokamak, typically 2 to 3 
over the bulk of the volume). 

The relation is (in MA/m2) 

j = J ^ = f ( K ) 5 B L = 2 6 B J T o k a m a k ( 1 8 ) 

7ta z K K 7t " ° . a a 

for ellipticity 1 < K < 2, aspect ratio A = 3 (typical) and q = 2 on average; BT is the 
externally-provided toroidal field and a is the plasma minor radius. For the 
spheromak, 

X B 
j = — B = 2 . 0 - Spheromak (19) Mo a 

for L = R = 2a. [Note that this is about the same as Ea. (18) with BT replaced by 
B, A = 1 and q = 0.5 as in a spheromak.] Thus, since maximum values of BT or B 
are determined by the same factors (allowed stress and current density in 
external coils), higher values of j can be obtained in spheromaks. We will return 
to the condition for ohmic ignition in spheromaks in Section 6. 

Even if ohmic ignition does prove feasible, it may be necessary to provide a small 
amount of auxiliary power to fully ionize impurities introduced in the formation of 
the spheromak. Experiments addressing this question are in progress in the 
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BCTX facility at U.C. Berkeley, utilizing 40 MW of pulsed, lower-hybrid microwave 
power.14 

4. Databat i 

The current status of spheromak experiments and theory is discussed in a recent 
review article by Jarboe.3 

A. Helicity Injection 

Continuous maintenance of a spheromak configuration by constant voltage 
applied to a coaxial gun is illustrated in Fig. 5. 3 In this experiment, the edge field 
was maintained at a level of B = 0.3 T (I = 0.5 MA) for a period of 1 ms, limited by 
the equipment. From Eqs. (16) - (17), this corresponds to BMAG AXIS = -5 T and 
a maximum field at the machine axis of B 0 = 0.7 T. The flux conserver 
dimensions were R = L = 0.6 m. 

Probe measurements of Eeff during continuous helicity injection on a different, 
smaller spheromak are shown in Fig. 6. 9 Note the large negative value of Eeff s 
- 500 volt/cm measured on the machine axis (r = 0). It is this field that provides 
the Poynting flux that transmits helicity into the closed-line region. Note also the 
smaller positive Eeff = 10 -30 volt/cm near the magnetic axis where En itself is 
zero. According to Rusbridge and co-workers,9 these measurements are 
consistent with what is required to balance the loads as discussed in Fig. 4 and 
Eq. (14). Direct measurements of fluctuations also provide agreement with the 
interpretation of Eeff given in Eq. (1). The principal mode extracting power in the 
central open-line column is found to be a global n = 1 oscillation at a frequency of 
20 kHz, while the principal source of Eeff at the magnetic axis is turbulence. 

The highest field yet obtained by helicity injection was an edge field B = 1.5 T 
corresponding to a maximum B 0 - 3 T. 3 This result was obtained at Los Alamos 
by applying the capacitor bank employed in obtaining the data of Fig. 5 to a 
smaller flux conserver (R = L = 0.28 m). The discharge was terminated by 
instability when the flux conserver welds cracked under pressure from the 
magnetic field. 1 5 
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B. Ohmic Losses 

One disadvantage of spheromaks, compared to tokarnaks, is the power required 
to maintain the Taylor-state [Eqs. (5) - (8)] near the boundary where plasma 
temperatures are low and the plasma resistivity is high. Whereas in the tokamak 
the current, primarily associated with the poloidal field, can be allowed to die out 
near the edge, in the spheromak the current must persist to the edge in order to 
maintain the toroidal field there. The associated ohmic losses, included in PQ in 
Eq. (14), must be provided by the gun. 

A practical consequence of the above was encountered in early experiments 
when it was noted that the decay time t w of the magnetic field was independent 
of the temperature T at the magnetic axis, where 

That is, the plasma resistivity appearing in Pn, of the form TI = 4 x 10 - 8 T312, did 
not appear to respond to increases in T. The problem was eventually traced to 
the fact that the major contribution to Pn was coming from open lines terminating 
on the flux conserver due to its wire-mesh structure. With an improved, smooth-
wall flux conserver, the results of Fig. 7 were obtained, in which t w <* T inside the 
plasma.2 That the linear dependence of t w with T (not T 3 / 2 ) is the result of 
averaging T" 3 ' 2 over the profile is shown in Section 6. 

C. Density and Beta Limits 

As in tokamaks, one expects a minimum allowable density, for example, that due 
to beam-like instabilities if the current density is too high; 1 6 namely, 

j<r3Vi = 4.8x10- 1 4 nVT (21) 

with T in keV (here and hereafter), v, being the ion thermal speed (for deuterium). 
Eq. (21) is consistent with present observations (typically j/n < 2 x 10' 1 4 A - m at 
temperatures T = 0.1 keV). This expression imposes a lower limit on n for a 
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given field and temperature. We will use Eq. (21) in the model presented in 
Section 6. 

We also expect upper limits on density, firstly associated with (P) given by 

As expected, a pressure-driven instability was observed when <p) exceeded a 
critical threshold, around 0.1. 1 7 This is somewhat above the well-known Mercier 
limit, perhaps for the reasons discussed in the reference (e.g., j less than the 
Taylor-state value at the edge in this case). It may also be possible to increase 
<P) by shaping the flux conserver (or externally-supplied vertical field).3 However, 
we use (p) < 0.1 in the model of Section 6. 

Another density limit might be the Murakami l imit 1 8 (or associated newer 
versions) found in tokamaks under certain conditions, given by 

1.5 B 3.0 B , „ „ . 
n < = AqT=-a- <2 3> 

with A = 1 and q = .5 for spheromaks. However, such a limit has not yet been 
observed in spheromaks. 

D. Impurity Control 

The best results for t w , and for t E discussed next, have been obtained by 
applying titanium metal to the surface of the flux conserver, to act as a "getter" (a 
common technique in magnetic fusion experiments). 

In future experiments, it may be desirable to incorporate a "divertor" that opens 
up some of the magnetic flux surfaces near the wall to provide a path of escape 
for plasma and impurities that gather near the surface. Though complicated in 
tokamaks because of the strong external toroidal field, in spheromaks a divertor 
is easily created by a weak "bias" flux parallel to the machine axis (just another 
function for the external "vertical" field). In this connection, it is interesting that a 
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bias flux equivalent to about 5% of the total poloidal flux consistently improved 
results in the LANL CTX experiments.2'17 With the bias, impurities could be 
controlled with less frequent application of fresh titanium; the plasma did not "tilt"; 
and PQ continued to be dominated by the closed-line region. However, it is 
possible that the bias only compensated for flux penetration into the wall so as to 
eliminate open lines rather than create them. 1 9 

E. Energy Confinement 

The best values of the energy confinement time x E , obtained in CTX with a 
smooth flux conserver and gettering, are shown in Fig. 8. 2 For these results, T e 

= 0.1 keV. Higher temperatures, T e = 0.4 keV, were reported in a smaller CTX 
flux conserver but no T E values were reported (the discharge was terminated by 
instability).15 

Jarboe has noted that, while radiation may still be an important loss in these 
experiments, the maximum value of t E in Ref. 2, around T E = 2 x 1 0 - 4 s, is 
actually close to the Alcator-type scaling of conduction losses. He quotes the 
"neo-Alcator" version obtained from TFTR data and given by 2 0 

t E = 5x10- 2 2 nqR^,a (24) 

where RM is the major radius. For CTX values (n = 3 x 10 1 9 , a = 0.2 m, RM = 
0.4 m, q = 0.5), this gives 2.4 x 10"4 s. 

Despite this numerical agreement, the increase of T E with the temperature T 
shown in Fig. 8 is not representative of experience from tokamaks or theories 
devised to explain tokamaks. In Section 6 we will argue for a different 
interpretation of the data. The result given in Ref. 2, and reproduced in Fig. 8, is 
actually obtained from t w given in Fig. 7; namely, t E is taken to be 

x E = |(P) t „ . (25) 

In Section 6, we will show that t w « T is to be expected, which accounts for the 
odd behavior of x E »= T as plotted in Fig. 8 based on Eq. (25). The reason is that 
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t w , measured directly from the decay of the field, mainly reflects the large edge 
contribution to Pfi. These large ohmic losses at the edge truly destroy flux but 
they contribute little to core heating. Though Eq. (25) is faithful to the 
experimental practice of attempting to define x E in terms of the total power input, 
we will argue that a value more representative of heat conduction from the core 
could be as much as ten times the value quoted, since the latter tends to lump 
conduction losses and ohmic losses that are exaggerated in spheromaks by the 
requirement to maintain a high current density at the edge, as discussed above. 

With this interpretation, the correct best value of n t E in spheromaks, for a fair 
comparison with tokamaks, would be - 10 1 1 cm-3 s, very comparable to 1970 
tokamaks. Of course, the actual power that must be supplied by the gun does 
include all of Pa, and we shall take this into account in the ignition experiment 
model presented in Section 6. After ignition, Pn is much less than the alpha 
heating power. 

F. Ion Motion 

Preliminary evidence from Doppler measurements in the Berkeley BCTX indicate 
both organized rotation and random ion motion equivalent to hundreds of eV. 2 0 A 

Though random ion motion presumably originates as ordered motion associated 
with MHD fluctuations, it could become heat (viscous damping) and in turn heat 
electrons. 

5. Reactor Potential 

As further motivation for the ignition experiment we cite the spheromak reactor 
study published by Hagenson and Krakowski.io This study was carried out as 
part of a sequence of such studies comparing tokamaks, RFP's and spheromaks. 
An interesting result from these studies was the ratio of costs of the "nuclear 
island" (the components exclusive of the steam and electric generation costs). 
These costs are approximately in the ratio:21 

10 : 3 : 1 
tokamaks RFP Spheromak 
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The Hagenson-Krakowski design is sketched in Fig. 9. Physical parameters are 
given in Table 3, along with our parameters for an ignition experiment. Other 
parameters of interest are: 2 2 

Direct cost of the "nuclear island" $298 M 
(reactor equipment) (1980 $) 

Total direct cost including $988 M 
balance of plant (1980$) 

Cost of electricity (COE) including 44.7 mills/kWe 
interest, etc. 

Total thermal power 3416 MW 

Net electric power 1000 MWe 

Other designs were carried out for smaller power output, down to 250 MWe, but 
they may be based on too optimistic values of x E . Since x E is highly uncertain, 
their approach was to determine the x E required, rather than employ theoretical 
or empirical models. However, we find that their x E = 0.43 s for the 1000 MWe 
case is fairly close to that predicted by our model in Section 6, based on 
theoretical models derived from tokamaks. 

The neutron wall load for the above design is 19.8 MW/m 2 , 2 2 corresponding to 
an actual heat load on the first wall at the limits of water cooling (the same 
approach as the RFP design). Even higher wall loads would be possible using 
the liquid lithium blanket concept of Christofilos.24 A conceptual des;un of this 
type with a flux conserver the same size as the ignition experiment will be the 
subject of another report (R = 1.5 compared to R = 2.98 above, hence four times 
the wall load). As foreseen by Christofilos, because there is no "first wall," 
maintenance to replace components damaged by neutrons should be improved. 
Also, because of the benefits of shielding by the lithium, radioactive waste 
generation should be greatly curtailed. And, by continuous removal of tritium 
from the liquid blanked (easier in a smaller volume), it should be possible to 
reduce the inventory of tritium. 
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6. Model 

We turn now to the development of a formulary to design an ignition experiment. 
In this we follow closely the 1000 MWe reactor design of Hagenson and 
Krakowski.22 Coil parameters and fusion power can be scaled directly from their 
design. However, we will develop our own formulas for -uE, PQ and the ohmic 
buildup to ignition (not discussed by them). 

A. Energy Confinement 

Since little is known about energy confinement in spheromaks, we shall adopt the 
following model, due to Tang, 2 4 that has been shown to capture the results of a 
wide range of tokamak experiments with reasonable accuracy. In this model, 
inspired by electrostatic trapped electron modes, heat transport is described by 
an electron thermal diffusivity given by 

(26) 

where R m is the plasma major radius and LN and LT are density and temperature 
gradient lengths. The parameter c = 0.2 determines the transition from the 
collisional limit. For large values of veff = A - 1 v e e = A"1 v e j (v e e being the electron-
electron collision frequency), Xe °= v"gj°c n - 1 and t E ~ a2/X ~ n (Alcator scaling). 
For small veff (of greater interest here), substituting for the bounce frequency cobe 
gives 

T o 2 

A e 2 B 2 

• g ; 
1 1 / 1 1 N 

9 - LNLT + R m ( L N

 + L T J 

Uei 
. C CObe 1 + 

•Ueff . 

• g ; 
1 1 / 1 1 N 

9 - LNLT + R m ( L N

 + L T J 

>-<¥-; flfnL-r^g. ( 2 7 ) 

c e 2 B 2 

Then l-D heat transport (cylinder approximation) is given by 

"7 I mXe^f =H (28) 
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where H is the heat deposition per unit volume. [Here r is the minor radius 
parameter, not the cylindrical coordinate in Eqs. (5) - (8).] 

Covaliu2 5 has integrated Eq. (28) for constant H and 

f r2 \ a 

n = n 0 ( l - p j • (29) 

As expected he finds that the result is quite insensitive to o and to the boundary 
value of T e ( < < T, the core value). He then formulates an energy confinement 
time (electron channel): 

jfnT 
*E = - J H - ( 3 0 ) 

and performs a regression analysis to compare with the Kaye-Goldston empirical 
scaling law 2 6 derived from tokamak experiments in the mid-1980's, of the form 

T E = c 0 n a i aa2 Ba3 P a" (31) 

where in steady state 

P = JH : 

c 3 T 2 nT 
(32) 

A few examples representative of tokamaks ranging from Dlll-D to ITER are: 

Case 1 Case 2 Case 3 
B(T) 2 5 5 
a(m) 0.6 1 2.5 
n2Q 1 5 2 
P(MW) 2 150 (cc's) 200 (a's) 
t E (Covaliu) 0.112 0.093 0.71 
t E (Kaye-Goldston) 0.077 0.094 0.57 
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Here and hereafter, ri2o denotes density in units of 10 2 0m- 3 . 

While Kaye-Goldston scaling is no longer in great favor, the agreement above is 
impressive, the more so in that the Tang model has no adjustable parameters. In 
any case, we shall use it as a convenient scaling law that captures the trends and 
magnitudes of tokarr.ak performance. Rival theories include Rebut's VT model, 
based on ideas about magnetic turbulence on a micro-scale.27 My own prejudice 
leans toward electrostatic turbulence, in which case Tang's model is about as 
good as any for the time being (the other prominent electrostatic mode, the ITG, 
is only operative if the T profile is exponentially steep2 8). Strong evidence that 
the magnetic field cannot be greatly disturbed (broken lines, etc.) lies in the fact 
that tokamaks maintain a large negative electric potential relative to the walls, a 
sure indicator that most flux surfaces are sufficiently-well closed to confine 
electrons. Of course, good flux surfaces in tokamaks would not guarantee the 
same in spheromaks, especially when we must rely upon a continual state of 
MHD instability in order to maintain helicity injection (see Section 4A). This is an 
old question that will only be resolved by new experiments. However, in the next 
section we will argue that Covaliu's results can explain the CTX energy 
confinement results discussed in Section 4E. Moreover, after the initial formation 
of the closed-line region, which does require the (resistive) tearing of lines, 
further injection of helicity does not necessarily require tearing; the inductive 
action of rippling flux surfaces, still maintaining integrity, could do the job. 

If we accept Covaliu's version of Tang's model as a guide, we must translate it 
into spheromak terms as 

x E = 0.3756 B°-e n ° 0

6 5"° 4 ( 4 - \ P -°-6 (j J 

where Q = 5 (see Ref. 25); we use a = R/2; and the factor (2/q ) corrects for the 

r 2 
fact that Covaliu used q = 1 + 2 —^ (for which the average is q = 2). Here we 
have taken a = 1 which corresponds to the form n « V used by Hagenson and 
Krakowski (iy being parabolic in the minor radius r to lowest order). Substituting 
for P from Eq. (32), we obtain finally 
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B2R3 

T E = 0.0521 2 — - (33) 

PLOSS = 2 f | — =0.151 B 2 s I R2L (MW) (34) 

where we have taken Covaliu's T E to be representative of both ions and 
electrons. Now R and L are flux conserver dimensions as defined in Section 2, 
and T is the maximum temperature, at the magnetic axis. 

While tokamaks are typically collisional in the above sense for T < 1 keV, most 
spheromaks turn out to be collisionless and would therefore exhibit the scaling 
behavior of Eq. (33), called "gyrobohm" to indicate that X scales as (rL/a) XB 
v.here n_ is the gyroradius and Xg = T/eB is the Bohm rate. To see this, we set c 
(oWvetf) = 1 with cobe = (A" 1 / 2 ve/veeAqRM) to obtain the collisionality parameter 
C: 

C = 0.0886 (A5/2 q) ^J^fi ( 3 5 ) 

where C < 1 is collisionless (gyrobohm) and C > 1 is collisional (Alcator scaling). 
For tokamaks, typically A 5 / 2 q -50 while for spheromaks this factor is = 1 - 2 (A 
= 1.5-2, q = 0.5). 

B. Ohmic Losses and Ohmic Heating 

We calculate the ohmic heating inside a minor radius r as 

r 
/ R \ L r 4 x 10-8 

PQ (0 a Ci 2it ( g V R J2wdrj2 ~ ^ - (36) 
*• ' o 

with 

T(D = T [ l - g ( I ^ ) ] . (37) 
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Here TE is the edge temperature and again, approximately T « V as in Hagenson 
and Krakowski. Later, the factor Ci will be used to adjust the magnitude of PQ to 
agree with their scaling. Taking j = (Wn<,)B outside the integration, we obtain, for 
L = R, 

Evaluating Eq. (38) at r = a gives the total ohmic loss, PQ, that must be supplied 
by the gun, by Eq. (14). For TE « T, the temperature factors reduce to T T E 1 / 2 

and we choose Ci = 0.5 for a best match to the calculation of Hagenson and 
Krakowski (with TE = 0.046 keV for the 1000 MWe reactor) and also a 
reasonable match to the measured value of t w in CTX (corresponding to TE of a 
few eV). Thus we take as the total ohmic loss: 

1 <5 B 2 l 
P Q = ± 2 = ! = (MW) . (39) 

TVTE 

As noted earlier, this result would explain t w ~ T in Fig. 7, since, using Eq. (39), 
tw = EMAG/PQ « T, TE being relatively constant (and B 2 cancels, since EMAG ~ 
B2). 

To estimate TE, Hagenson and Krakowski calculated collisional heat diffusion 
along the open field lines leading to the divertor. However, since we find 
spheromaks to be collisionless, we take instead the convection limit, given by 

Pa = 2JIR5 (f3nTvf) 

where we take f = 3 to give an energy loss 9 T per electron-ion pair, and 5 = 
.01 m is the scrape off layer thickness. Prior to ignition, P = Pa which yields the 
result: 

T E = 0.05 (B/R V T ) 1 / 2 keV . (40) 

This result neglects residual radiation and is therefore an upper bound. After 
ignition, P = P a + PQ where P a is the alpha heating power. 

-18-



Finally, to represent core heating, in Eq. (38) we take Ci = 1 and r = 0.75 a, 
representative of the "good confinement" zone in tokamaks, with the result 

PcORE = 1 - o f H (MW) . (41) 

C. Density Limits 

From Eqs. (21) - (22), we see that n must lie within limits nMiN < n < n^Ax where, 
from Eq. (21), 

n M lN= 1.19x1020 j ^ = (42) 

with j = 1.45 (Vuo) B from Eqs. (4), (9), and (16) with L = Ft; and from Eq. (22), 

nMAX=17.8(f3>-Y (43) 

where we have taken 

<B2) = 1.75 B2 (44) 

and again B is the field at the edge. 

D. Model Summary 

The above results are summarized in the formulary given in Table 1. Also listed 
are formulas for the plasma current, the fusion power and the stored energy, 
current, ohmic power and mass of the vertical field coil scaled from Hagenson 
and Krakowski. These scalings fit their four reactor cases to an accuracy of 10% 
or better. Finally, the heat capacity of the copper in the coils is calculated at 110 
MJ per metric ton. 

In Table 2 we compare calculations from the formulary with the CTX results 
discussed in Section 4. Agreement is poorest for nMiN, so that our requirement 
to maintain n z. nMiN during the buildup, in Section 7, will be a conservative 
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assumption. (This discrepancy would be resolved if Tj, not measured, were 
actually a few times T e due to ion viscous damping of fluctuations as discussed in 
Section 4F.) 

The quantity T* in Table 2 is the self-consistent temperature calculated from 
Pcore = Pioss with t E given by the Covaliu model, Eq. (33). Note the agreement, 
T* being 0.14 keV compared to a measured value of T = 0.1 keV for the large flux 
conserver case, and T* = 0.5 keV compared to the measured value 0.4 keV 'or 
•he small flux conserver. On this basis, nxE - 10 1 1 (c.g.s.) in CTX, comparable to 
early tokamaks as already noted. 

Despite the agreement with measured temperatures, we emphasize the 
uncertainty in determining x E from a power balance. The experimental 
uncertainty in matching gun power to dEMAG^t and Pn is about a factor of two. 1 9 

Then, since PCORE « Pa. our model could overestimate x E by an order of 
magnitude if unaccounted gun power somehow directly augments PCORE-
Possibilities include a "heat pinch" associated with helicity propagation; or wave 
damping. At this writing, we do not know whether or not a heat pinch is to be 
expected. Wave damping does not appear to be a major factor, since calculated 
Landau damping and collisional damping times are typically much longer than the 
Alfven transit times characteristic of helicity propagation. Our model does not 
necessarily contradict another experimental observation, that as much as 80% of 
the stored magnetic energy decays as radiation.2 To be consistent, this radiation 
would occur at the edge where most of the ohmic dissipation occurs. 

With these caveats, we now proceed to explore the consequences for ohmic 
ignition using the model. 

7. Ignition Experiment Parameters 

Finally, we turn to the design of an ignition experiment based on the formulary of 
Table 1. We assume plasma buildup by ohmic heating, with the equation 

d r 
^ J 3 n T = P c O R E + Poc-PLOSS-PBREM (45) 

CORE 
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where P a and PBREM are the alpha and Bremstrahlung terms in the core. We 
also require at all times that 

riMiNsnsriMAX • (46) 

The most difficult period in the buildup is the early phase when T < TIGNITION 
defined by P a = PBREM- Since both P a and PBREM are proportional to n 2 , while 
PCORE is independent of n, buildup is easiest at low density and therefore we set 
n = nivsiN during this pfcase. Figure 10 illustrates buildup using this approach for n 
= c n nMiN for Cn = 1 and 1.2, and Fig. 11 shows that Eq. (46) is satisfied. In Fig. 
10, Ti and T are temperatures near the edge and T c is the core temperature, 
denoted by T in the text. For this case, with Zen = 1, ignition occurs at T c = 
4.291 keV, which point is reached in 9.95 s at a field B = 6.3 T for C n = 1 and 
6.8 T for C n = 1.2, at which time B < 2%. Ignition occurs at a somewhat higher 
value of B, around 7.5 T, at 2eff = 1.5. Note that the buildup is quasi-steady, so 
that the rate of rise of B is quite flexible, depending on available power. Up to the 
ignition point, the results in Figs. 10 and 11 can be reproduced quite accurately 
simply by setting 3: (nT), P a and PBREM equal to zero and equating P c o r e = P| o s s. 

Above ignition, P a exceeds PBREM and therefore aids the buildup. It is then 
advantageous to increase the density to n = nMAX a s B approaches the final 
values required for steady state. Steady-state values are given in Table 3 for the 
same flux conserver dimensions as those assumed in the buildup curves, 
namely, R = L = 1.5 m. This is half the size of the Hagenson-Krakowski 1000 
MWe reactor shown for comparison.22 

The buildup time has been matched to the available power and pulse length of 
the MFTF substation rated at a maximum of 250 MW for 30 s pulses. For MFTF 
operation, it had been agreed with PG&E that 30 s pulses could be available 
continuously with a 10% duty cycle, thanks to the stiffness of the nearby power 
grid. This substation, and other MFTF components, would be major assets 
toward the construction of a spheromak ignition experiment, thereby permitting 
expeditious construction within this decade once a decision is reached to 
proceed. The dimensions chosen would fit nicely into a section of the MFTF 
center-cell vacuum chamber. It may be possible to reuse some MFTF power 
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supplies to provide the proper voltage for the coils and the gun. Also, the weight 
and cost of the external coil could be reduced by half if the MFTF center cell 
magnets could be reused to provide a backing field, as sketched in Fig. 12. As 
shown in the sketch, the new coil, fitted closely to the flux conserver, would easily 
fit inside the 5 m diameter MFTF coils. Though superconducting, the conductor 
in these coils is actually over 95% copper, so that they can also be operated as 
normal coils. Closely packed they could produce about half of the required 
vertical field on axis, thereby reducing the mass of copper required for the new 
coils to less than 100 tons ($5M at S50/kG). At a heat capacity of 110 MJ/ton, 
both the MFTF coils and the new coils would have ample heat capacity to sustain 
ohmic and neutron heat deposition during a 10 second burn (comparable to the 
CIT tokamak previously proposed by the magnetic fusion community). 

More rapid ohmic buildup would also be possible, given sufficient power (e.g., a 
large motor-generato; set). Also, higher fields and smaller dimensions would be 
possible, given adequate reinforcement of the coil or flux conserver. Suoh 
approaches may be useful in defining intermediate experiments prior to 
commitment to an ignition facility. A few example sets of parameters, again 
derived from the formulary of Table 1, are shown in Table 4. 

8. Conclusions 

Based on the model developed in Section 6, we have found that ignition could be 
achieved in a spheromak at relatively low cost, reusing MFTF assets unique to 
LLNL. The database supporting this claim is arguably comparable tc that for 
toKamaks around 1970, which provided the confidence to launch the worldwide 
tokamak program as it exists today. The greatest uncertainty is the scaling of t E , 
as discussed in Section 6D. If successful, a spheromak ignition experiment could 
serve as the proof-of-principle to develop a spheromak fusion reactor potentially 
superior to the tokamak (greater simplicity, lower cost). 

In closing, we should note that much of what has been said here in favor of 
spheromaks applies also to the spherical tokamak concept developed by Martin 
Peng and co-workers at ORNL. 2 9 Peng's concept differs only in thai the central 
plasma column in Fig. 3 would be replaced by a physical copper conductor, so 
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that to some extent both concepts could be studied in the same device. The 
main differences are: 

1. To form a tokamak (q > 1), much higher currents are required in the center 
column, leading to intolerable ohmic losses if a "plasma" conductor were 
employed (hence the copper conductor). 

2. The need for higher current on axis to form a tokamak is somewhat 
compensated by the absence of large ohmic edge losses, as explained in 
the text. However, we find that the gun power needed to supply the 
spheromak edge losses is acceptable, even in a reactor. Of greater 
importance, in order to retain the simplicity of ohmic ignition, is the ohmic 
core heating, where the spheromak (at q < 1) still has an advantage 
relative to a low-aspect ratio tokamak. Until experiments prove otherwise, 
the physics of the two concepts appears to be about the same. For 
example, though the local beta at the magnetic axis is substantially higher 
for the spherical tokamak, beta relative to the field at the coils (which is 
what really counts) is about the same. 

3. The need for a physical conductor intruding into the confinement volume, 
even a copper conductor of relatively small cross section, appears to be a 
major drawback of the spherical tokamak for power reactor designs. And, 
incidentally, even if it were stable, a liquid lithium column is still much too 
resistive. 

Finally, we note the relationship of the spheromak to the field-reversed-mirror, 
which first motivated interest in the spheromak at LLNL. 3 0 In this regard, note 
that the Taylor state described in Section 2 is "force-free" ( j x B = 0), but in fact 
the spheromak does tolerate finite plasma pressure, at least up to (p> = 0.1 as 
discussed in Section 4. In principle, as the pressure is increased this equilibrium 
state evolves smoothly into one with no toroidal field, now known as the field-
reversed-configuration (FRC) to distinguish it from the LLNL concept that 
explicitly incorporated neutral beam injection in the concept. The FRC has a 
much higher beta than the spheromak, both locally and relative to the external 
vertical (mirror) field coil. However, it is also MHD unstable, so that kinetic 
effects or some other physics feature would be required to make it stable. Again, 
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one might find that a facility intended to study spheromaks would also produce 
FRC's (or, as sometimes happened, vice versa). 

ACKNOWLEDGMENT 

I am grateful to Jill Hardwick for providing Figs. 10 and 11 taken from material 
prepared for her Ph.D. dissertation at U.C. Berkeley. 

This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence L/vermore National Laboratory under contract No. W-7405-Eng-48. 

-24-



REFERENCES 

1. M.N. Rosenbluth and M.N. Bussac, Nucl. Fusion 12, 489 (1979). 
2. F.J. Wysocki, J.C. Fernandez, I. Henins, T.R. Jarboe and G.J. Marklin, 

Phys. Rev. Letters fig, 40 (1990). 
3. T.R. Jarboe, "Review of Spheromak Research", University of Washington 

UWAERP/37 May 1992; to be published. 
4. L. Woltjer, Proc. Nat. Acad. Sci. 44, 489 (1958). 
5. D.R. Wells and J. Norwood, Jr., J. Plasma Phys. 3_, 21 (1969). 
6. J.B. Taylor, Phys. Rev. Letters 3& 1139 (1974); Reviews of Mod. Phys. §2, 

341 (1986); with M.F. Turner, Nuclear Fusion 29, 219 (1989). 
7. T.H. Jensen and M.S. Chu, J. Plasma Phys. 25, Part 3, 359 (1981). 
8. C.G. Gimbett and M.L. Watkins, Proc. 7th European Conference on 

Controlled Fusion and Plasma Phys. (European Physical Society, 
Lausanne, 1975), Vol. 1, p. 103; Y.L Ho and G.G. Craddock, SAIC-
90/1307: APPAT; 137, 1990 (to be published). 

9. A. al-Karkhy, P.K. Browning, G. Cunningham, S.J. Gee and M.E. 
Rusbridge, Phys. Rev. Letters ZQ, 1814 (1993). 

10. R.L. Hagenson and R.A. Krakowski, Fus. Tech. 8, 1601 (1985). 
11. A. Bondeson, G. Marklin, Z.G. An, H.H. Chen, Y.C. Lee and C.S. Liu, Phys. 

Fluids 24, 1682(1981). 
12. U. Shumlak, Ph.D. Thesis, U.C. Berkeley, 1992, to be published. 
13. B. Coppi, Comments Plasma Phys. Controlled Fusion 3, 47 (1977). 
14. E.C. Morse and R. Stakowski, AlP Conf. Proc., Charleston, 244, "RF Power 

in Plasmas," 65 (1992); E.C. Morse and R.W. Ziolkowski, Fus. Tech. 14. 
1325(1988). 

15. T.R. Jarboe, F.J. Wysocki, J.C. Fernandez, I. Henins, G.J. Marklin, Phys. 
Fluids B 2, 1342(1990). 

16. H.P. Furth, in E. Teller, Ed. Fusion. Vol. 1, Part A, Academic Press, 1981, 
p. 150. 

17. F.J. Wysocki, J.C. Fernandez, I. Henins, T.R. Jarboe and G.J. Marklin, 
Phys. Rev. Letters £1, 2457 (1988). 

18. M. Murakami, J.D. Callen and LA. Berry, Nucl. Fusion 1£, 347 (1976). 
19. T.R. Jarboe, private communication. 
20. R.J. Hawryluk et al., "TFTR Plasma Regimes," IAEA PPCNF86, Vienna, 

Kyoto Conference! 51 (1987). 

-25-



20A. E. C. Morse, private comunication. 
21. R.A. Krakowski, private communication. 
22. R.L. Hagenson and R.A. Krakowski, "The Spheromak as a Compact Fusion 

Reactor," Los Alamos report LA-10908-MS/UC-20d, March, 1987. 
23. N.C. Christofilos, Lawrence Livermore National Laboratory report, 1971 and 

J.ofFus. En. S, 97(1989). 
24. W.M. Tang, "Microinstability Based Model for Anomalous Thermal 

Confinement in Tokamaks," Princeton report PPPL-2311, 1986. 
25. Z. Covaliu, "Sensitivity of a Tokamak Heat Transfer Model to Edge Effects 

and Density Profile," UC-BFE-013, U.C. Berkeley, June 18, 1990. 
26. S. Kaye and R. Goldston, Nucl. Fusion 25, 65 (1985). 
27. P.H. Rebut, P.P. Lallia and M.L. Watkins, Proc. 12th Int. Conf. on Plas. 

Phys. andCont. Nucl. Fus. Res., Nice, 1988, IAEA-CN-50/D-4-1. 
27. D. Hua, X. Xu and T.K. Fowler, Phys. Fluids B4, 3216 (1992). 
29. Y.M. Peng and D.J. Strickler, Nucl. Fusion26, 769 (1986). 
30. T.K. Fowler, in E. Teller, Ed. Fusion. Vol. 1, Part A, Academic Press, 1981, 

pp. 346-353. 

-26-



Table 1 
Spheromak Model Formulary 

Plasma 

nMiN=1-19—^7= x10 2 0 m-3 
RVT 

nMAX = 17.8 < p > ^ x 1020 m-3 

<B 2)=1.75B 2 

EMAG = 1-71 B 2R 2L(MJ) 

I = 2.52 BL (MA) 

1 3.83 f it f 
K ~ R L 1 + ^ 3 . 8 3 U R J . 

-* X -* 
J ( r ) = - B ( r ) 

Ho 

Facility 
2 2 

(EMAG)COIL = 4 B c 0 I L R c o i L L c 0 I L ' M J ' 

ICOIL = 2 L COIL BcolL (MA) 

PCOIL = 0.36 BCOILRCOIL LCOIL/A COIL (MW) 

MCOIL (Cu) = 64 RCOIL LCOIL A COIL (metric tons) 

STEADY STATE 

PGUN = Pa 

PTOTAL = Pn + PCOIL 

Coil Heat Capacity =110 MCOIL (copper only) 

K = 0.55 EMAG R 

B2R3 
t E = .0521 T 3 / 2 gyrobohm 

PLOSS = ^ ^ R2L (.151) (MW) 
T E 

PCORE = j3J2 (MW) 

P n = i £ J p k ( M W ) 

TVTE 

T E (MAX) = .05 - V / - ^ (keV) B 
R ^ V 

Pfusion = 12.9 <P>2 B 4R 2L (MW) 

-27-



Table 2 
Calibration with CTX 

Large Flux 
Conserver 

Small Flux 
Conserver 

Measured 
Model 

Calculation 
Model 

Measured Calculation 

R(m) 0.6 0.28 

L(m) 0.6 0.28 

"20 0.4 LO(nMiN) 3.2 

B(T) 0.17 (from I) 1.0 

l (MA) 0.25 

EMAG (MJ) 0.01 0.04 

T e (keV) 0.1 0.14 <2> 0.4 0.5 

* E ( s ) 2 x 1 0 - 4 0) 6 x 1 0 - 3 ( 3 ) 

• 4 x 1 0 - 3 

n r E (cgs) 8 x 1 0 9 2x1011 ( 2 ) 1012 

0) Measured T E taken as ^ <P> t w , where t w = 2 x 10"3 s is measured magnetic 

energy decay time. 

(2) Calculated t E f rom the measured ri2o, not n^iN. 

(3) Calculated from the measured T E . 
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Table 3 
Ignition Experiment Parameters 

1000 MWe Reactor 
Hagenson- Our Experiment-

Plasma Krakowski Model Steadv-State 
R(m) 2.98 2.98 1.5 
L(m) 3.72 3.72 1.5 

<P> 0.1 0.1 0.1 
T (keV) 20 20 20 
B(T) 5.04 5.04 8.59 
EMAG (MJ) 1494 1435 426 

fl20 2.26 2.26 6.57 
x E(s) 0.43 0.39 0.145 

PLOSS (MW) 576 462 
Pa (MW) 551 551 474 
Pfi(MW) 19 22.4 26.3 
Pfusion (MW) 2755 2750 2370 

Facility 
BcoiL (T) 2.55 2.55 8.59 
RcoiL (m) 3.96 3.96 1.875 
LcoiL (m) 4.95 1.875 
ACOIL ("1) 0.57 0.57 0.75 

(EMAG)COIL < M J ' 2136 2019 1945 

MCOIL (tons) 709 715 169 
PCOIL (MW) 84.5 80.5 125 

GUN (MW) 29.4 22.4 26.3 
PTOTAL (MW) 113.9 102.9 151 
Buildup Time (s) 12.9 

(EMAGJCOIL/PTOTAL 
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Table 4 
Intermediate Experiments 

T(keV) 

nx=10 1 3 (cgs) 
experiment 

1 

ignition-point 
hydrogen 

experiment 
4 

DT Burn,* 
short pulse 

20 

B(T) 5 10 30 

R(m) 0.17 0.66 0.13 

"20 36 9 87 

t E ( s ) 6x10- 3 0.19 1.15x10-3 

n2otE 0.2 1.7 1.0 

EMAG (MJ) 0.2 50 3.4 

Vertical field 
source 

flux 
con server 

coil flux 
conserver 

tSK IN f -=10 > | (s) 0.02 0.01 

Coil power 10 MW, 10 s 

'High stress, requires carbon fiber composite reinforcement 
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Fig. 1. Spheromak plasma configuration showing the major toroidal radius, 
RT, minor radius, rp, and separatrix radius, R. From Ref. 22. 

a. Initial stage 

( • ( V-n "|-JB^py 
/ 

Internal solenoid Center 
open-line 

column 

Fig. 3. Continuous helicity injection. From Ref. 3. 

I W W V — I 
Closed-line 

region 

—k^t—rmnp WM—i 
v 9 T Center open-line column I 

Fig. 2. Spheromak Injection. From Rel. 3. Fig. 4. Equivalent circuit for Fig. 3. 
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Time (ms) 

Fig. 5. Continuous helicity injection in CTX (AB/B < 10%). 
From Rel. 3, Fig. 7. (IAEA Kyoto Conl., 1986, 
Vol. II, p. 501). 

10 15 20 25 30 35 40 45 
Radius (cm) 

Fig. 6. Measurement of E e f f driving heiicrty injection in 
SPHEX. From Ref. 9. 

SO 100 

CENTRAL T e (eV) 
50 100 
CENTRAL Tc (eV) 

Fig. 7. Magnetic decay time In CTX. From Ref. 2. Fig. 8. Global energy confinement time in CTX. 
From Ref. 2. 
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Fig. 9. Schematic drawing of the P E = 1,000-MWe(net) FPC described on Table 4.1 .-I for 
PbLi-seli-cooled basecase. From Ref. 22. 



Core power balance results using gyroBohm scaling. 2r =15 
le(t)=B,(1 + t/tr.n=C„ n * - V 1 0 

RK4 solution to ODE set. x= time constant. 5t= time step 

ffi 5 

4 • 

3 • 

2 -

Case 1 Cn=1.0. t=0008. 6t=0 001 
Case 2: C„=1.2. t=0007. 5t= 00005 .--

' - - " ' " • • 

P a *P r 3 d ( tsec.T c keV): .- " . / - ^ ' - - " ' " • • 

t=995. Tc= 4.291 (Case 1) , -- ' ' ^ - X \ 
• t= 989. Tc=4291(Case2) . " ^ - ^ B

e 

- ' ' ^- ' 
--' /*' _ ^ . " • " 

,-' / - ' --"*" ,-' ^ -—'"~~ 
-' '/' T -—-'"""''" 

,.'y z.^-^" 
, / .--•' " 

y ^ ' 
,-/ ^ ' 

f^^—-"'—~~ 
' / 'bar 

, 
0 1 

Time, s 

Fig. 10. Buildup of core temperature Tc (T in text) to Ignition point (Pa = P r a d) wifh ohmic heating 
only. Courtesy J. Hardwiek, U.C. Berkeley. 



Core power balance results using gyroBohm scaling. 2rp= 1.5 
Be(t)=B,(1 + t /T)°- 5n p=C nn m .z c=1.0 

RK4 solution to ODE set. i=time constant. 8t=time step 

2x102 

5x1021 

o 2x10" 

5x10,s 

Cn= 1.2.1=0007. 5t= 00005 
C =10. t= 0.008. 5t=0001 

.08 

06 >n. 

04 

.02 
5 6 7 

Time, s 

Fig. 11. Density n p (n in text) during ohmic buildup programmed to guarantea n m i n s n p s n m „ tor 
two cases (n p = C„ nm| n: C n = 1 and C n = 1.2). Courtesy J. Hardwick, U.C. Berkeley. 
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Fig. 12. Possible layout for an igr.:;ion experiment utilizing MFTF 
components. Using the MFTF center cell ceils, as normal 
colls (not superconducting) could save half of the cost of 
new coils, of the Hagenson-Krakowski design, Ref. 22 
(shown In insert together with poloidal flux surfaces). 
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