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EPR and TNS* 

f J. F. Clarke 

INTRODUCTION 

Curing the preceding year a number of significant events have occurred 
which affect the future directions of the US Controlled Thermonuclear 
Research (CTR) program. An important consequence of this has been the 
recognition of the need for an Intermediate CTR experiment, to be con-
structed before the first experimental power reactor (EPR). This device, 
called the next step (TNS), is the logical successor of the Technology Test 
Assembly with Plasma (TTAP)' concept which has been pursued at ORNL for 
the past two years. The TNS has derived its basic function from the TTAP; 
namely, operational testing of EPR-relevant technologies and plasma control 
techniques. Recent successes in the confinement and heating of tokamak 
plasmas, together with advances in the theoretical understanding of high-
beta equilibria, lead us to believe that the TNS can also anticipate many of 
the goals of the EPR in a cost-effective and timely manner. In this memo 
I shall discuss first the technical reasons which militate against the 
possibility of successful EPR construction of 1985, then the scientific 
and technological reasons which favor completion before 1985 of a TNS 
facility which would accomplish many of the purposes of the EPR. 

THE EPS 
The Role of Beta and Aspect Ratio 

2 1k 

In the EPR designs so far completed the attainr^nt of high beta has 
been heavily emphasized. This is because the fusion power which can be 
produced from a magnetic confinement system may be v i t ten as-

g . - I . 5 x l 0 3 ° S V ^ E f . (1) 

*The Next Step. 
fUnlts used in the equations of this paper are: length in cm, magnetic 
fields in T, temperatures and energies in keV, and densities in 
partlcles/cc. 
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The importance of achieving the highest possible value of 8 follows from 
the difficulty of obtaining high magnetic fields. The strength of the 
magnetic field B which can be utilized in a magnetic confinement device is 
constrained by technology. There is a limit on magnetic field for the two 
types of superconductor, Nb^Sn and NbTi, which are available in commercial 
quantities. In addition, practical engineering considerations, and economic 
constraints based on the high price of the high-fietd superconductors, 
prevent us from utilizing fields mueh in excess of 120 kG at the surface 
of the superconducting coil.*' The contribution of magnetic field towards 
the maximization of fusion power output is also limited by the fact that 
the magnetic field in the vicinity of a tokamak plasma is much lower than 
that attainable at the surface of the superconducting coil, thus: 

Here the aspect ratio, A, is the ratio of the plasma major radius, R, to 
the plasma minor radius, a, while A Is the space which must exist between 
the inner edge of the plasma and the inner edge of the toroidal field coil 
ir. a reactor tc accommodate structure, shielding and blankets. Since A/a 
is approximately equal to unity, plasmas of small aspect ratio make very 
inefficient use of the available magnetic field, and their power output 
when magnetically confined is drastically reduced. 

The S-dependence in Equation (1) could be used to regain some of this lost 
power If we were able to operate plasmas at high values of 6. However, 
the attainable 8 in a given plasma is limited by equilibrium and stability 
considerations. In the low-beta ohmically-heated tokamaks which have been 
operated to date, the total 8 can be written as 

8 = 2.2 q A 
(3) 
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where 8 p is the ratio of the plasma pressure to the magnetic field 
produced by the ohmic heating current; q is the magnetic safety factor 
which is limited by the occurrence of kink instabilities. This relation-
ship indicates that in order to attain the maximum value of 6, tokamaks 
should be designed with very low aspect ratio. Thus, by comparing 
Equations (2) and (3), one can see that lowering the aspect ratio raises 
the 6 but lowers the effective field, and therefore does not raise the 
power density significantly. 

The remaining factors in Equation (3), 8p and q, are determined by the 
stability of the plasma. Experiments have shown that for q values of <5 
there is a gradual deterioration in the quality of the plasma's energy 
containment and that the plasma is totally destroyed whsn q is <"2.5, due 
to a form of kink instability.^ On the other hand, the attainable values 
of 8 p have not been verified experimentally for the simple reason that 
ohmically heated tokamaks are only capable of reaching values of 8 <1. 

2 3 I, p 
In the EPR design studies ' use has been made of two theoretically 
predicted limits on the value of 8p. 

The first of these limits is related to the appearance of a magnetic 
separatrix on the inner side of a high-beta plasma when the tendency 
toward expansion in major radius is counteracted by the application of a 
uniform vertical field. A calculation of this effect indicates that 8 

7 p 
is limited to values ^A. A more sophisticated calculation is based on 
the shrinkage of the ohmic heating current profile due to the inward g 
shrinkage of trapped particles (the so-called Ware pinch effect). This 
leads to a violation of the Kruskal-Shafranov condition on the axis of 
the plasma and restricts 8 p to values Thus, the attainable 8 in 
these EPR designs is <3?!. 

In one of the EPR design studies^ use has been made of the noncircular 
plasma concept, whereby the effective aspect ratio of the plasma is 
extended by elongating the plasma cross section in parallel to the axis 
of the torus. In principle this allows Equation (3) to be modified thus: 



k 

6
D 2 6 = -jEy C z , (4) 

q " 

where C is a measure of the plesma elongation. Clearly if C can he equal 
to 2 or 3, the attainable 6 Increases significantly. However, one faces 
significant economic and practical difficulties in attempting to Implement 
this noncircular plasma concept. Stabllfty calculations'® have indicated 
that the minimum acceptable value of the magnetic safety factor q is larger 
in a noncircular device than in a circular device, a fact which offsets the 
advantage of the noncircular shape. Furthermore, the coils required to 
force the plasma into the noncircular shape are complicated and must be 
placed in inconvenient locations within the toroidal field coil, thus 
increasing the cost of the overall system. It seems unlikely that gains 
in B of more than a factor of 2 can be realized by this technique.'1 

The above considerations have led to EPR designs with low aspect ratio. 
Once an aspect ratio has been chosen, the magnetic field in the plasma is 
determined by the maximum allowable field at the conductor. Thus there is 
strong motivation to utilize the more expensive high-field superconductors. 
The use of high field superconducting magnets in a low aspect-ratio torus 
results- in extreme asymmetric forces on the coils, which must be minimized 
by the fabrication of asymmetric coils. The problem of fabricating thest 
asymmetric coils is further compounded by the criterion of large coil si2e 
established by the EPR designs. 

The Role of Energy Containment 

The size of the EPR plasma and its blanket and shield determines the size 
of the superconducting coil. The plasma size is determined by the scaling 
laws used to specify the energy containment of the plasma. All of the EPR 

12 
designs have used the so-called trapped-fon mode scaling to specify the 
energy containment time. This is obtained from a crude nonlinear estimate 
of the saturated amplitude of a theoretically predicted plasma instability. 

, , , q I 6 / U / l ° 6 > " < B t / S ) Z Bp Z e f f ( A / 3 ) 5 / 2 \ 
nx = 3.2 x 10 1' 

' TkeV 
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Because of the dependence on g indicated in this equation, a low £ pe p 
reactor would need to be extremely large in order to attain an nT near 
the ignition condition. This large plasma size, combined with the 
necessity for a blanket and shield between the plasma and the super-
conducting coils, has resulted in EPR superconducting coil sizes of 
roughly 8 x 12 m (horizontal and vertical dimension) weighing several 
hundred tons apiece. The low aspect ratio forced upon us by our desire 
to maximize the value of 6 clearly aggravates the problem of plasma 
size, since it is the existence of trapped particles produced by the 
low aspect-ratio toroidal magnetic field that provides the mechanism 
for the predicted instability which results in the scaling law of 
Equation (5)• 

The trapped-particle scaling law also has a serious effect on the amount 
of peripheral equipment necessary to operate a fusion reactor. Obviously 
the nT predicted by Equation (5) would be improved if higher 8 p e 

could be attained. However, in order to produce high values of the 
electron poloidal beta, power must be supplied to raise the plasma temp-
erature and sustain its density. Because of the power losses in a system 
dominated by a trapped-ion mode, large amounts of pulsed power are required 
to drive the reactor to its ignition condition. It is possible in prin-
ciple to reach the ignition condition in a smaller device, i.e., lower 
current in Equation (5). This is achieved by increasing the value of 
8pe at which the plasma operates. However, this option is ruled out by 
the assumed limit of 8 <1. pe 

Additional Constraints 

Analysis of thermal cycling effects and techniques of remote maintenance 
and assembly of the toroidal blanket and shield structure in a low aspect-
ratio EPR has revealed great practical difficulties, which could be 
alleviated by increasing the aspect ratio. 

A general listing of the problems encountered in the EPR designs produced 
13 to date is as follows: 
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1. Inherently unmanageable shape (low aspect ratio); 

2. Pulsed operation; 

3. Exacting tolerances on very large components; 

k. Radiation damage requiring replacement of internals by totally 
remote means; 

5. Very low inherent power density; 

6. Very large electric power demands; 

7. Excessively complex auxiliaries; and 

8. Questionable breeding potential. 

Many of these difficulties result from the plasma physics scaling laws and 
8 relationships discussed above. If one were able to increase the power 
density and the aspect ratio, most of these problems could be solved. 
The reason that this has not been done in the existing EPR designs is that 
trapped ion scaling £see Equation (5)^ has dictated so large and expensive 
a machine that any increase made in major radius in order to increase the 
aspect ratio would render the EPR too expensive to construct. 

TH.E ROLE OF TNS 

TNS should be a device which represents a major step forward in the 
development of fusion power. It should also be a feasible step with 
respect to its technological complexity and cost. Finally and most 
fundamentally, it must be a step along the path to a realistic power-
producing fusion reactor. In order to fulfill these requirements, the 
TNS must avoid the problems which plague the EPR described in the 
reference designs. From the above discussion, it should be clear that 
these problems stem from the constrsints which were believed to exist on 
the attainable plasma beta and the constraints which were projected for 
the energy containment time. In recent months two advances have been 
made which modify our view of the nature of these constraints. 
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The Impact of Experimental Scaling Laws 

In the first place, recent experimental results from the Massachusetts 
14 

Institute of Technology (KIT) Alcator device have indicated that the 
empirical scaling law which describes the electron energy containment 
time in tokamaks can be extended by one order of magnitude. The energy 
containment time scaling shown in the following equation predicts very 
optimistic performance for tokamak devices which can operate in the 
physical regime to which the scaling law applies: 

nr = 6.k x 10"19 a 2 n 2 . (6) e 

In fact a recent proposal has appeared to construct a collisional fusion 
reactor based on this scaling law.1^ The fundamental argument on which 
this collisional tokamak reactor was based is as follows. If the density 
can be raised to sufficiently high levels as we heat tokamak plasmas 
towarj the ignition condition, the col 1isionality of the plasma, which is 
be'.ieved to detsrmine the energy loss mechanism, could be maintained at a 
value equal to that of present-day experiments. Consequently, the scaling 
law for electron energy containment time shown in Equation (6) would apply. 
Unfortunately, if density and temperature are raised simultaneously, the 
resulting pressure of the plasma is quite large. The authors of Reference 
12 attempted to provide for this high pressure by using extreme plasma 
elongations (Equation and extremely high magnetic fields. For the 
reasons given above in our discussion of the EPR neither of these tech-
niques seems particularly attractive. In addition, there is no known 
method of heating plasmas which are dense enough to maintain present-day 
co?Iisionality in the reactor temperature regime. 

16 However, an interesting argument has been advanced by B. Kadomtsev that 
if one can maintain the dimensionless parameters, such as col 1isionality, 
which determine the nature of the physical processes occurring in 
plasmas, at values close to those attained in present-day experiments one 
can with some confidence project the behavior of reactor-grade plasmas. 
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We shall see that an extremely attractive TNS machine can be specified 
whose col 1isionality differs by less than one order of magnitude from 
present-day experimental collislonallttes. Consequently, we might expect 
to be able to use the scaling law shown in Equation (6) to describe the 
electron energy containment in TNS. 

Recent experimental results on the ORMAK device have provided us with 
additional information about the behavior of the plasma in TNS. Firstly, 
neutral injection heating has been shown to be capable of raising the 
plasma Ion temperature to values in excess of the electron temperature. 
Furthermore, the ion energy containment time was shown to be consistent 
with neoclassical ion heat conductivity, which in a reactor provides the 
ion energy containment time scaling. 

3 x lo" a 7 (Bt/5)2 T , / 2 

nTi T T7i • ( 7 ) 
' q 2 ( A / 3 ) 3 / 2 

Thus, over an extremely wide range of experimental parameters, empirical 
electron scaling and neoclassical ion heat conductivity describe the 
results of the present generation of experimental tokamaks. 

In addition to verification of the ion temperature scaling in a new 
regime of operation, the ORMAK experiments have indicated that high-
density plasma operation, on which we base our expectation for the 
continued validity of Equation (6), can be produced and sustained by the 
same neutral injection heating which produced the record ion temperatures, 
Thus, we have some indication that the high densities required for near-
coil isional operation of a TNS reactor-grade plasma can, in fact, be 
produced by available technology. 

Figure 1 shows the nx versus Ti plots for a possible TNS configuration 
using the scaling laws given by Equations (6) and (7). It is clear that 
these scaling laws allow the ignition condition to be reached in a 
moderate size plasma. This performance can be increased still further 
by the application of moderate plasma elongation and the use of higher 
magnetic fields made possible by the weak aspect-ratio dependence of the 



9 

scaling laws. Because the TNS device as shown attains quite high operating 
temperatures, and because the validity of the scaling law in Equation (6) 
improves with high density, the TNS is inherently a high-beta device and 
we must consider the applicable beta limits on such a device. 

The Impact of Relaxed 6 Limits c ^ p 

The second major advancement in recent months has been the recognition that 
the previously established limitations on the operating beta of a tokamak 
device are somewhat artificial. This follows from the fact that in a large 
hot tokamak, such as TNS, the time necessary for changes in internal mag-
netic fields to occur is >100 seconds, whereas the time necessary to heat 
the plasma Is on the order of several seconds. Thus, as noted by Clarke, ^ 
the high beta plasmas produced in such devices by neutral injection evolve 
from low-beta equilibria in a flux-conserving manner, and have different 
equilibrium and stability characteristics from the high-beta equilibria 
which have been traditionally computed for tokamaks. The detailed conse-

18 quences of this circumstance have been computed by Clarke, et al.; and 
19 

Dory, Peng, and Marcus. Stated simply, the overall results of these 
calculations is that in a flux-conserving tokamak there does not appear to 
be an equilibrium beta limit at all and one must look to MHD stability 
theory to provide a stability limit. 

The nonapplicabi1ity of the two beta limits previously quoted follows 
immediately from flux conservation. Flux-conserving tokamak equilibria as 

19 computed by Dory, Peng, and Marcus are not supported against major 
radius expansion by a uniform vertical field as was the case in the simple g 
calculation of Shafranov, so that no separatrix appears as the beta Is 
raised. Flux conservation also results in a freezing of the q profile as 
the plasma beta is raised. Consequently, the bootstrap current effect does 9 
not produce a violation of the Kruskal-Shafranov limit on a time scale of 
experimental interest. 

The beta relation in Equation (3) is only valid for high aspect-ratio 
low-beta tokamaks. For high-beta tokamaks the correct expression for 



T, (keV) 

Fig . 1. This f i g u r e shows the nx which could be obtained in a t y p i c a l TNS device of minor rad ius , a , 
using c l a s s i c a l ion heat conduct iv i ty loss and the empi r ica l e l e c t r o n energy containment sca l ing . Since 
the empir ica l e l e c t r o n sca l ing is independent of ion temperature, the hor i zonta l l ines on the r i g h t abscissa 
ind ica te the nx which would be obtained at a f i x e d densi ty of 2 .5 x 1 0 ^ p a r t i c l e s per cubic cent imeter . The 
diagonal l ines labeled w i th the product of t o t a l beta and minor radius ind ica te the empir ica l sca l ing behavior 
at constant beta . Feedback cont ro l on the pfasma dens i ty shou/cf allow the attainment of a s tab le operating 
point fo r the 100 cent imeter device in the v i c i n i t y of 25 kV at a beta of 10%. 
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beta Is given in the following equation, which reduces to Equation (3) 
in the limit of low beta and large aspect ratio: 

<B2> 
3 - Bp (8) 

T 

C a l c u l a t i o n s ' which describe the behavior of a flux-conserving 
tokamak indicate that as the plasma pressure is raised* the expression in 
Equation (8) continues to increase above the low beta limit set by 
Equation (3)• 

Applicat ion to TNS 

Point model calculation!1, of the dynamics of a one-meter plasma radius 
21 

TNS indicate that ignition condition can be obtained with as little as 
25 MW of injected power applied for roughly five seconds. It may easily 
be verified from the data shown in Figure 1 that such a device would 
produce on the order of 150 MW of thermal fusion power at ignition. Thus, 
one could expect such a device to achieve real energy break-even with as 
little as a two-second burn; and if the device were able to sustain its 
high beta equilibrium for a magnetic skin time, it would produce an energy 
gain of >50. Admittedly these are optimistic numbers, but the obvious 
improvements over the previous reactor concepts embodied in the existing 
EPR design should be evident. 

The advantages of operating at the high values of 3 permitted in a flux pe 
conservation tokamak are also evident if the behavior of TNS is analyzed 
using the trapped ion scaling of Equation (5). Because of the dependence 

2 on 6 the m: obtained from this scaling is substantially the same as the pe 
empirical scaling law. Therefore even if the empirical scaling laws 
observed in today's collisional experiments are the result of insipient 
trapped particle modes, an ignition condition should be attainable in a 
moderate size TNS if the 6 can in fact be raised by auxiliary heating. 

"Symbols defined in Reference 20. 
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A systematic treatment of the behavior of such a device, including a 
thorough assessment of the engineering advantages to be gained by oper-
ation at high aspect ratio and the MHD stability limits on beta, has yet 
to be performed. The worth of such an analysis is obvious, since prelim-
inary analysis reveals that a device embodying the scaling laws and flux-
conserving principles outlined above satisfies the three requirements for 
a TNS facility. It would be a major step forward in the development of 
fusion power since it represents the attainment of the ignition condition. 
Il possesses characteristics that make it a feasible step in terms of its 
technological complexity and cost, since it is compatible with supercon-
ducting magnet technology which we fully expect to have available by 1979, 
and since it is roughly half the size of the previously-considered EPR and 
requires far less peripheral equipment, such as neutral beam injectors. 
Finally and most fundamentally, it is a significant step along the path to 
a realistic power-producing fusion reactor. 
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