
PPPL-2263 
UC20-D,F,G 

;*:-<? 3 ??r PPPL-2263 

P P P L — 2 2 6 3 

DE86 0 0 2 5 3 7 

THREE NOVEL TOKAMAK PLASMA REGIMES IN TFTR 

By 

H . p , F u r t h 

OCTOBER 1985 

P L A S M A 
PHYSICS 

LABORATORY 
w w i i or im mam a UNUKITO 

PRINCETON UNIVERSITY 
PRINCETON, NEW JERSEY 

m-
W P J U m FOR «BB O . 8 . OttMSMHK OT WKESGX, 

OOBTMCT W-AC02-76-CBO-3073. 



DISCLAIMER 

Tliis report was prepared as an account of work sponsored by an agency of the United States -
Government Neither the United States Goiernmeot cor iny agency thereof, nof any of tbeir 
employees, makes any warranty, express or implied, or assumes any lecal liability or responsi­
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer­
ence hti-sin to any specific commercial product, process, Of service by trade name, trademark, 
manufacturer, or otherwise does not necesitrily constitute or imply its endorsement, recom­
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or «ny agency thereof. 

THREE NOVEL TOKAMAK PLASMA REGIMES IN TFTR 

Harold P. Furth 

Princeton University, Plasma Physics Laboratory 
Princeton, New Jersey 08544 

ABSTRACT 

Aside from extending "standard" ohmic and neutral beam heating studies 
to advanced plasma parameters, TFTR has encountered a number of special 
plasma regimes that have the potential to shed new light on the physics of 
tokamak confinement and the optimal design of future D-T facilities: 
(1) High-powered, neutral beam heating at low plasma densities can maintain 
a highly reactive hot-ion population (with quasi-steady-state beam fueling 
and current drive) in a tokamak configuration of modest bulk-plasma confine­
ment requirements. (2) Plasma displacement away from limiter contact lends 
itself to clarification of the role of edge-plasma recycling and radiation' 
cooling within the overall pattern of tokamak heat flow, (3) Moncentrai 
auxiliary heating (with a "hollow" power-deposition profile) should serve to 
raise the central tokamak plasna temperature without deterioration of 
central region confinement, thus facilitating the study of alpha-heating 
effects in TFTR. The experimental results of regime (3) support the theory 
that tokamak p: wile consistency is related to resistive kink stability and 
that the global energy confinement time is determined by transport 
properties of the plasma edge region. 
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1. Introduction 

During the past year, TFTR has reached its original machine design 
specifications (B̂ . = 5.2 T, I = 2.5 HA) and has begun the exploration of 

1 2 auxiliary heating regimes. ' As illustrated in Fig. 1, a considerable 
range of plasma densities has already been explored in TFTR, thanks to the 
fairly strong toroidal field and the availability of an ORNL pellet 
injector. The present state of progress towards fusion-relevant parameters 
is illustrated in Fig. 2, which follows a scheme suggested by J.G. Cordey: 
The central ion temperature is plotted vs. the central deuterium density 
times the "central region energy confinement time" (cf. Section 6). Initial 
neutral beam heating at powers up to 6 MW has been helpful in reaching high 
TJ in the low density plasma regime and high m E , along with moderately high 
T,, in the high density regime. 

R. promising feature of the TFTR experiments has been that they have not 
only advanced the frontier of fusion plasrca parameters, but have also 
uncovered some new physics that may turn out to be useful in guiding future 
tnkamak research plans. The following three sections briefly discuss three 
TFTR regimes that have exhibited particularly interesting phenomena: low-
density, hot-ion plasmas; adiabatically compressed plasmas in the free-
expansion mode; and high density, noncentrally heated plasmas. Theoretical 
implications of the latter regime are pursued in Sections 5 and 6, and 
prospects for the TFTR D-T phase are summarized in Section 7. 

2. The Energetic ion Regime 

In the TFTR energetic ion regime, the central electron density 
typically rises from 1.5 • 10 3 cm to 3 • 1 0 1 3 cm - 3 during the injection 
of beam particles. The central electron temperature T is 3-4 keV. The 
energetic ion component, which is characterized by a me-.n slowing-down 
energy of 35-45 keV, constitutes an estimated 2/3 of the central ion 
density. An appropriately low level of background plasma density so as to 
permit entry into this regime can be obtained in TFTR by operating at 
reduced plasma currents (typically 800 kA). The total energy confinement 
time is then found to be of order 70 msec, with the plasma energy stored 
mainly in the ions. The average central region ion energy, including alJ 
components, is in the range 20-40 keV. The well-thermalized "cold 
background ions" have a central temperature close to 10 keV. 
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The TFTR energetic ion regime exhibits some remarkable incidental 
phenomena. The toroidal rotation velocity rises to ~6 • i0 cm/sec, 
corresponding to a rotational kinetic energy -4 keV for deuterons and 
-100 keV for heavy impurity ions. (The momentum confinement time is found to 
be of the same order as TT>*) There is also strong evidence that the 
injected ions are driving SPI appreciable part of the plasma current, in 
agreement with theoretical expectation. The intensive beam fueling 
apparently serves to depress Zeff from its average value of 4-5 to a level 
of <2 near the axis. 

The success of the initial TFTR experiments in the energetic ion regime 
offers some encouraging prospects • As the beam power is raised from 6 MW to 
its nominal value of 27 MK [with the full-energy component rising from 3 MW 
to 20 MW) the energetic ion regime should be maintainable up to somewhat 
higher plasma densities, thus permitting higher current operation, greater 
ntE-values for the background plasma, higher T e, and correspondingly slower 
thermalization rates for the hot ions. 

The expected fusion yields in the TFTR energetic ion regime were 
calculated for deuterium plasma by means of a Fokker-Planck code that has 
given accurate predictions in the case of previous neutral beam injection 
experiments, such as PLT. At present, the calculated TFTR neutron yields 
tend to exceed the measurements by a factor of about 1.5-2.0. (The larger 
discrepancy is found systematically at higher density, but its origin has 
not yet been identified.) Figures 3a and 3b illustrate the predictions of 
the code of Ref. 4, respectively, for the low density regime 
t n

e o £ 6 " TO cm ), where essentially all the central region ions are 
energetic, and for a moderate density regime (n e o < 10 cm ), where the 
energetic ion component typically accounts for only a small fraction of the 
central ion population. Thr> object of these studies was to compare the 
Q-values and dominant reaction processes of low and moderate density TFTR 
regimes characterized by the same central electron temperature 
[ T e o = 10 keV (P/15 MW) 1'' 2]. The calculations of Fig. 3 assumed balanced 
co- and counter-injection at 120 keV and used a realistic beam-species mix. 
The code takes the actual Orbits of the energetic ions into account; ions 
are removed from the energetic population when they have decelerated to an 
energy of (3/2) T^. The calculations were time stepped until steady-state 
conditions were reached. 
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Figure 3a shows that beam-beam reactions strongly predominate in low 
density TFTR deuterium plasmas. If balanced D and T injection were used, 
the Q ^ = 1 point would ideally be achievable with 13 MW of input power. 
(This result is, of course, contingent on attainment of the specified T e o 

and Zecf< if, for example, the central region Zfi£j were 2.5 rather than 
-1.0, then 25 MW of beam would be required to reach Q = 1.) In the moderate 
density deuterium case of Fig. 3b, two-component (TCT) reactions tend to 
dominate, but the contribution of ordinary thermonuclear reactions is also 
important. For an idealized D-T case where a 100% tritium target plasma is 
used so that only TCT reactions occur, the 0. - 1 point is reached at 22 MW. 
(Since thermonuclear and beam-beam reactions are seen to account for about 
half of the total D-D fusion yield, the case with balanced D and T injection 
gives a similar result: i.e., the Q-value is not very sensitive to the 
species mix.) 

The tentative conclusion of these studies is that the low density 
regime may well offer a path of least resistance to the achievement of 
Q = 1. For. example, the ideal n(o) T^-value for the electrons could be as 
small as - 3 . 1 0 cm sec in the low density case, as compared with 

12 -3 - 5 . 1 0 cm sec in the moderate density case. 

Turning to the potential for practical application of the energetic ion 
regime, the possibility of achieving Oj-values in th^ range £1 by means of 
counter-injected deuterium and tritium beams was pointed out in Ref. 6 as an 
interesting approach to a moderate-sized tokamak test reactor. The initial 
TFTK observations indicate that the required combination of good energetic 
ion confinement and rapid removal of the thermalized ion component may be 
achievable in practice. ft critical issue will be, whether the beam-fueling 
process will indeed "flush out" the impurity ions, so that 2 f i f f can be kept 
small. The TFTR results tend to confirm that a true steady-state tokamak 
plasma regime could be maintained by biasing the injected momentum so as to 
provide beam current drive. Some representative parameters for a tokamak 
radiation test facility based on this concept might be: R = 3 m, 
I = 2.5 MA, beam power - fusion power ~ 100 MW, neutron wall loading 
0.5 - 1.0 Ml'Vm2. 
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3. Adiabatic Compression and Free Expansion 

In a gross sense, the major-radius compression technique works well in 
TFTR: the plasma temperature and density increase, the energy of beam-

o 

injected ions is doubled, and fusion reaction rates are enhanced corre­
spondingly, Adiabatic compression heating is, in principle, the least 
intrusive and most predictable of auxiliary heating methods. In practice, 
however, the initial TFTR experiments have demonstrated an anomalous loss of 
plasma density and energy content during compression (cf. Fig. 4) that 
corresponds to a noticeable degradation of confinement relative to the 
precompression state. 

One potential defect of the initial TFTR compression experiments has 
been found to relate to resistive HHD instability (cf. Fig. 5.1. During the 
first phase of the compression, while the plasma major radius R is moving to 
the center of the vessel (8 - 2.5 m), the q-value at the vessel wall is 
rising continuously (Fig. Sa). The subsequent forced decrease of this q-
value is seen to be accompanied by a sequence of HHD kink oscillations 
fFig. 5b) much like those usually found during the initial TFTR current 
rise. The apparent cause of this phenomenon is the induction and unstable 
relaxation of skin currents in the supposed "vacuum region" between the 
compressed plasma core and the vessel wall — which in fact turns out to be 
a region of quite good electrical conductivity. Since the appearance of the 
magnetic oscillations is found to coincide in time with various anomalies on 
the interior of the hot plasma, the skin-relaxation phenomenon could turn 
out to be at least partly responsible for the nonaSiabaticity of the TFTR 
compression. 

In addition, however, there must clearly be a more fundamental p-ablems 
When the plasma is compressed only to the midway point so that the low-
frequency oscillations of Fig. 5 are not encountered, one still observes the 
high-frequency component of the magnetic probe signal, as well as an 
anomalously rapid broadening of the temperature and density profiles. 
During this "free expansion phase," where the edge of the hot-plasma core is 
remote from the usual tokamak limiter contact, the plasma is not exposed to 
the usual cooling by influx of impurities and recycling hydrogen gas. The 
normal relationship between the T e(r) and n(r) profiles is then inter­
changed, with the Te(r)-profile becoming the broader of the two. The 
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paradoxical result for energy confinement is that removal of the normal 
edge-cooling processes seems actually to enhance the rate of heat transport 
(which can be inferred from the rate aC profile broadening, even though the 
total energy content of the free-expansion plasma tends to be conserved). 
There is a possible explanation in terms of microinstability phenomena 
excited at the plasma edge when the local value of d(log n)/d(log T) or 
J/nT ' « T/n becomes too large. The free-expansion plasma appears to offer 
yet another among a growing list of examples where tokamak transport 
throughout the plasma volume is enhanced by changes in edge-plasma 
conditions. This topic is pursued at greater length in Section 6. 

4. Noncentral Heating 

If tokaraak heat transport were describable in terms of a simple local 
diffusivity X(r), chen energy confinement would be maximized by depositing 
all heating power at r = 0. The inadequacy of this type of confinement 
model was shown clearly by the T-10 BCRH studies : the gross energy 
confinement time T E was found to remain roughly constant during a shift of 
the resonance point from r = 0 out to r/a ~ 0.7. That this phenomenon is 

11 not peculiar to the ECRH regime was subsequently shown in TFTR by 
comparing two neutral beam injection cases with the same target plasma, 
beam-particle energy, and input power: a hydrogen beam case with a 
centrally peaked beam-power deposition profile P„(r), and a deuterium beam 
case with "hollow" P„(r). The T_-values for these two cases wen; found to 
be nearly identical — as were the T e(r) profiles and peaX temperatures 
T . Similar results have been found for neutrsl beam heating in ASDEX. 

TFTR experiments where reduced beam penetration is achieved by 
combining pellet densification with neutral beam injection (cf. Fig. 6a), 
have demonstrated the same phenomenon in even more striking form: While the 
peak of P„(r) lies at r/a - 0.8, the associated T (r) profile (Fig. 6b) 
closely resembles that of the hydrogen beam case of Ref. 11, and the 
measured values of T E and T f i o are found to remain consistent with the normal 
empirical scaling laws for neutral beam heating. 

The observed insensitivity of gross confinement to the heating-power 
deposition profile implies that central region confinement must become very 
favorable as P H(r) is made increasingly hollow. Using the steady-state 
definition 
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r 

, , 3 / 2 ^ d r l r l n ( T e + V T (r) = j? (1) 
{ d r i r i p H ( r i> 

with the total imput power corrected for dn(Te + T^J/dt, to obtain P H, the 
authors of Ref. 13 find that in the case of Fig. 6 very high values of 
TE(r)/TE(a) are indeed reached for r/a ~ 0.5, where T

B(a) is the conven­
tional definition of T E . This finding is reflected in the favorable 
position of the "NB Pellet" data points in Fig. 2. 

One notes, incidentally, that large interior values of T
E(r) could be 

obtained trivially for T(r)-profiles that are fla<: over the region of 
interest, hut since the actual temperature profile remains peaked in 
Fig. 6b, the TE(r)-variation in Fig. 6c must reflect a genuine reduction in 
the central region values of X(r). In contrast to the phenomenon of Fig. 6b, 
one finds in ste.llarators with noncentral ECRK that the T (r)-profile 
behaves in the normally expected way, becoming quite £la*; on the interior of 
the region of peak power deposition. 

5. Tokamak Profile Consistency and Resistive Kink Stability 

A certain family resemblance of tokamak Te(r)-profiles has long been 
noted in the experiments. The potential importance of this phenomenon for 
the theory of anomalous tokamak transport was pointed out by B. Coppi and 
has also been pursued by F.W. Perkins and others. These analyses have 
made use of the obvious constraints on the current-density profile J(r) that 
result from the two boundary conditions on the MHD safety-factor profile: 
q(0) > 1 and q(a> = Bta'/2IR. If one makes an ad hoc selection of a 
specific current-profile shape — such as the Gaussian — these constraints 
are sufficient to dufine the magnitude and shape of J(r) uniquely, and 
therefore also to define the shape T e{r)/T f i o <but not the magnitude of T e) 
in resistive steady state. 

1 7—1 Q Detailed studies of resistive kink mode stability suggest that an 
ad hoc profile-shape assumption may not be necessary: For specified q(o)-
and q(a)-va.lues, the requirement of kink stability (negative A') at all mode 
numbers m and n imposes fairly narrow constraints on the J(r)-profile, even 
when q<a) is large; as q(a) is reduced, the J(r)-profile is channeled into 
singular shapes; finally, when the q(a)-value has approached tuo close to 
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the important 2/1 resonance, there is no solution at all. [These remarks 
assume the ordinary experimental case. If there is an effective external 
stabilizing shell or plasma layer, and/or if the time-averaged q(o)-value is 

1 9 permitted to go below unity, then kink-stable J(r)-profiles may be 
maintainable all the way down to the vicinity of the 3/2 resonance.] 

Do actual tokamaks follow the prescriptions of A'-stability analysis? 
20 Current TFTR studies, based on detailed radial T -measurements and 

computations of J{r) by means of the TRANSP Code, indicate that the TFTR 
plasma is fairly adept at A'-minimization. For q{a) > 4, the experimentally 
derived fa's are generally either negative at all m and n, or are positive, 
but sufficiently small so that the corresponding magnetic islands are 
calculated to remain narrow and localized. In the range q(a) < 3, where the 
maintenance of an all-negative set of A's is a more difficult problem, the 
calculations show that islands of moderate size tend to be present 
continuously. Actual disruptions are found to occur experimentally at times 
when the computed A'a show a strong increase, corresponding to an excursion 
of J(r) from near-optimality. On the whole, Raf. 20 offers considerable 
support for the predictions of A' analysis, but the available results are 
still preliminary; in particular, the computation of the experimental J(o) 
is, subject to the usual uncertainties of how best to model the combination 
of neoclassical resistivity and sawtooth activity. Figure 7 gives a 
(slightly idealized) illustration of the range oi:' stable J(r)-profiles in 
TFTR: (A) The high-q(a) case is generally seen towards the end of the 
current-ramp-up phase; (B) the low-q(a) case is typical of steady-state 
operation. 

How might the a)kamak plasma manage to find minimum-A' solutions? One 
possibility would be that a modified form of Taylor's "dynamo mechanism" is 
at work, as in the HFP. In view of the paucity of unstable modes, however, 
this seems unlikely, and one is led instead to a model where heat transport 
is enhanced in the vicinity of those singular points q(r m n) = m/n, where 
A' > 0. Particularly if this phenomenon occurs mainly towards the small-r 
side of the singular points, the resultant local flattening of T (r), and 
therefore of J(r), tends to stabilize the m/n kink by reducing dq/dr at 
r — while, of course, impairing the stability of modes with neighboring 
values of m/n by steepening the q(r)-profile at their singular points. 
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This type of self-adjustment would seem fairly effective as a computer 
scheme21 for finding minimum-^' protiles. There is no direct experimental 
evidence, however, that it occurs in tokamakss Substantial magnetic 
oscillations are seen only just prior to disruptions; stationary magnetic 
islands could go undetected by magnetic probes — and might be considered a 
logical consequence of magnetic coupling to imperfectly conducting external 
stabilizing shells or plasma layers — though the maintenance of their 
invisibility in rotating plasmas may present special problems. 

There are still other possibilities: An important one is that the 
condition A' £ 0. may encourage the formation of electrostatic convective 
cells near the singular points. Even HHD-unrelated transport phenomena, 
such as microinstabilities, could give rise fortuitously to resistive kink 
stable profiles. (The plausibility of this suggestion is enhanced if we 
consider that tokamak experimentalists are part of the feedback loop: They 
adjust the operating parameters and "condition" the tokamak vacuum chamber 
until stable profiles are achieved* then they take "real tokamak data.") 
Fortunately, the discussion of tokamak energy confinement in the next 
section does not depend on the nature of the profile-selection process — 
only on the assumption that experimental J(r)-profiles must tend naturally 
towards A'-stability. 

6. Energy Confinement in the Tokamak 
1 c The principle of profile consistency may help account for a number of 

22 
apparent tokamak anomalies. The Alcator C group found a surprisingly 
rapid restoration of the standard Te(r)-profile following injection of a 
pellet partway into the tokamak plasma. Coppi has suggested that gross 
resistive instabilities may be responsible, and that the physical mechanism 
is similar to that causing enhanced outward propagation of heat pulses 
originating from the sawtooth mechanism. In both cases, the allusion to 
resistive kink mode theory requires that very small perturbations of J(r), 
arising from perturbations in T g(r) oh a resistive-diffusion time scale, 
should b=.ve a relatively drastic impact on local transport. 

Strong supporting evidence :*or tokamak profile consistency is provided 
by noncentral tokanak heating experiments, such as that of Fig. 6. These 
results also support a fairly p-.-rsuasive argument that the profile of J(r), 
rather than of T e(r), is the key issue: The conspicuous absence of the 
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profile-consistency phenomenon in edge-heated stellarators implies that 
the need to provide resistive kink stability may indeed be responsible for 
the tokamak profile shape. 

The assumption of profile consistency can be used to deduce from the 
data of Fig. 6 yet another interesting aspect of tokamak confinement: The 
"global confinement time" T-. must reflect the magnitude and scaling of the 
local transport coefficient X(r c) at some radius fairly close to the plasma 
edge (typically r /a >0.7). For the sake of simple illustration,, the 
following analysis will neglect convection and ion heat conduction (assaming 
T = Ti = T) and will identify profile consistency with A'-stability. The 
heat flow equation is written as 

-n(r)X(r>§ = *<r) = ± fQ dr, ^ (P R - P R ) , (2) 

where P R is the radiation cooling power. If a profile shape is prescribed 
according to T = T (r) = T 0F (r/a), then X ( r ' follows from 

X l ; n(r) T F' (r/a) * o 

where <(i(r) and n{r) can be viewed as controllable by the experimenter, while 
X(r) and T Q are experimental results. We see at once that, if T Q remains 
constant while $(r) is varied, x'r) J:ia- ^e made arbitrarily small — and 
correspondingly T E(r) can be made arbitrarily large in the central plasma 
region — by choosing a pattern of noncentral heat deposition, as in Fig. 6. 

What determines the central temperature T Q? According to Eg.. (3), T Q 

is quite arbitrary too, but in reality there must be some lower bound on 
X( r)/ imposed by an "irreducible" heat transport rate X ^ r ) , which includes 
neoclassical diffusion at a minimum, and may contain strong anomalous 
enhancements as well. Rewriting Eq. (2) in the form 

-*(r)-[x B<r) +X s(r)} f - *(r). (4) 
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we define X s(r) a s *^e transport enhancement needed to give the desirable 
temperature profile. In general, there is some degree of latitude in the A' 
stability condition, so that T/TQ = Fg(r/a) need not be enforced precisely 
at all radii. Accordingly, wa can thirk in terms of two different types of 
transport region: In Region I, the profile Fs(r/a) is maintained by appro­
priate variations of y (r). In Region II, the local value of X^r) is such 
that Xs' r) would have to become negative to maintain F s. Since the best we 
can actually do is X s = 0, it follows that in Region II the T(r)-profile is 
determined in the "normal" way by X m alones 

dT 
-r»(r) X„(r) " ^ - *(r). (5) 

In this region, we write T = T m(r), which generally will .»ot coincide with 
T s(r). The vanishing of X g at the interface ensures that regions of types I 
and II are tied together by a T(r)-profile with continuous T and dT/dr. 
Since X_ is a real physical transport coefficient, it determines the 
magnitude of dT/dr, and therefore of the whole T(r (-profile, when <f>(r) and 
n(r) are specified. 

The noncentral heating experiments are a powerful tool for discovering 
in what ranges of the tokamak profile type-II regions ave located. Equation 
(5) implies that there will be a clear difference in the magnitude of the 
local dT/dr, depending on whether pjj' r^ i s P e a ) ; e d inside or outside a 
type-II region, since the associated heat flux $ through the region will be 
correspondingly different. The tokamak experiments exhibit relatively 
little overall temperature variation or profile change for Pjj(r) peaked at 
various radii out to r/a > 0.7, thus demonstrating that type-II regions 'Jan 
only lie at. the outer edge of the tokamak profile. This conclusion is 
consistent with the experimental observation that changes in edge-plasma 
conditions (such as neutral hydrogen influx or impurity admixture) affect 
transport rates throughout the tokamak plasma. For simplicity we will 
assume a single Region II, extending to the limiter; however, in the case of 
tokamak plasmas bounded by a separatrix — for which the A'-analysis would 
tend to yield appreciably different requirements — there may well be a 
(bistable?) type-I profile at the very edge of the plasma. 
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We now consider more detailed implications of the A'-interpretation of 
profile consistency for the overall structure of the tokatrak temperature 
profile. Experimentally, one finds that both % and P_ increase towards the 
plasma edge, so that temperature profiles in Region II tend to have positive 
curvature. The Ts-curve shown in Fig. 8, on the other hand, reflects the 
critical importance of maintaining a limited downslope of temperature at the 
q = 2 point. The presence of a Tm-type profile at q = 2 would be expected 
to result in m = 2, n = 1 instability — a prediction that is readily 
verified in tokamak experiments with enhanced edge-radiation cooling. if 
instability is to be forestalled by the benign action of a profile-shaping 
diffusivity x s/ then clearly r c should lie outside the q = 2 point. 

It is also easy to see that r will tend to move towards the smallest 
permissible radius. The plasma heating process in Region I tends to push 
the temperature up against the stability limit T g(r), which in turn must 
always lie below the extrapolated T -curve. (This is because )C can only 
act to diminish confinement — i.e., the plasma would be hotter in the 
absence of HHD activity.) The least restrictive temperature limitation is 
obtained when T s and T m coincide to the maximum permissible extent *- i.e., 
when r is as small as possible. With a bow to the authors of Ref. 10, one 
concludes that t*ie most natural location for r is jast outside the q = 2 
point. If this conclusion is correct, it follows that in the case of Fig. 6 
the global T-, could be improved somewhat b/ shifting the power deposition to 
smaller radii. 

The present line of argument also allows us to clear up. an apparent 
weakness of the ^'-version of profile consistency: namely, that even for 
fixed q(o) and q(a) the set of permissible J(r )-profiles generally has some 
finite breadth — whereas a physically meaningful profile-consistency model 
should offer a truly singular prescription for T (r). The apparent latitude 
in T{r) can be eliminated by the auxiliary hypothesis that the plasma 
temperature will "push up" towards its highest A'-stable, or nearJy A'-
stable profile. (A conspicuous illustration of this process is provided by 
tokamak plasmas at the q > 1 stability boundary.) A specific T (r)-profile 
selected in this way seems likely to show at least some dependence on the 
distribution of PH(r) — as appears to be the actual case in the experi­
ments. Another side benefit of this model is that, if the steady-state 
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temperature profile is assumed to be pressing against the very edge of the 
family of A"-stable curves, then a fast response to heat-pulse propagation 
or pellet injection becomes easier to understand. 

The A"-model of profile consistency provides a natural explanation of 
the evolution of the electron temparature profile during the tokamak 
current-rise phase. initially, a skin current tends to form, giving highly 
A'-unstable nonroonotonic J{r)-profiles, which relax rapidly. Subsequently, 
a centrally peaked profile, like that of Fig. 7, Type A, can maintain itself 
stably as long as q(a) is still fairly large. The final phase is charac­
terized by sawtooth activity in the q < 1 region, with the Type-B profile 
emerging as q(a) decreases to its steady-state value. The present argument 
that the magnitude of T e o is determined by dTe/dr near the plasma adge, 
tends to account naturally for the experimental observation that the highest 
values of T e o occur transiently for the centrally peaked Type-A profiles, 
while a somewhat higher total energy content is measured subsequently during 
the Type-B steady-state phase. 

What are the implications for global tokamak energy confinement? 
According to the present picture, the heating power P H should be concen­
trated inside r so that its contribution to the heat flux <f> may help raise 
jdT/drJ at the critical point r r where the magnitude of the temperature 
profile i> determined. For the same reason, one desires to minimize the 
radiation cooling power P„ in the region inside r . Assuming, for 
simplicity, that Pj, vanishes in the region r > r c while P„ vanishes for 
r < xc, we conclude from Eqs. (1) and (2) 

<n> V 
V a > i TE<rc> ~ -ffrj- (6) 

LI 2 
a ° < 0 X(r ) ' 

where an average density \ n ) = (2/a ) J dr., r 1 n(r^) Fa(r^/a) has been 
defined. Equation <6) has several interesting implications: 

1. "Empirical" scaling laws for T E do not tell us anything about the 
physics of microscopic transport in the 'hot, central part of the tokamak 
plasma. 
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2. The exact nature of the plasma heating power input in the region 
r < r c is unlikely to have a direct effect on T E (though side effects of 
auxiliary heating at the plasma edge may be important). 

3. The "degradation" observed with strong auxiliary heating must be 
due mainly to associated changes in local plasma parameters at r . In the 
case of the empirical scaling of Ref. 23, this point of view would suggest 
v (r ) « dlL/dr — but one can also interpret the Ref. 23 scaling in terms 
° f X m l r c > = 4 1 / 2<r c)/B p. 

4. Central peaking of the density profile .is helpful for enhancing TU,, 
as illustrated by the "OH Pellet" points in Fig. .1 [but large values of 
d(log n)/d(log T) or J/nT ' = T/n near the plasma edge may well be damaging 
to X(r }, as suggested by the TFTR free-expansion experiments of Section 3j. 

5. If an MHD-related profile-shaping mechanism is depressing tokamak 
•temperatures, the "irreducible" central region confinement properties may 
yet turn out to be quite favorable. Suppression of the m = 1 mode should 

19 clearly be advantageous. Another promising approach will be to establish 
better control over the edge plasma, which at present is relatively poorly 
confined and therefore potentially suitable — as well as conveniently 
accessible — for improvement by special techniques. !•- this connection, 
the L-mode/H-aode transition comes to mind. Extension of the A'-analysis to 
iioicircular geometry might help us to understand the nature of this 
phenomenon and perhaps stimulate further improvements of tokamak edge 
confinement. 

7. Initial D-T Experiments 

Current experimental developments on TFTR suggest that the exploration 
of two special D-T plasma regimes may prove to be particularly rewarding: 
(1) The low density, energetic ion regime is expected to facilitate the 
achievement of Q = 1, and could be of substantial nuclear engineering 
interest as the prototype of a compact steady-state fusion test reactor. 
(2) The high density, noncentrally heated regime should lend itself particu­
larly well to the detection and study of alpha-heating effects, since the 
central plasma region is expecced to have relatively favorable nTE-values, 
along with minimal levels of nonfusion background power deposition. An 
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experiment of particular interest will be to create a moderate-q(a) 
deuterium plasma regime with weak sawtooth activity and look for a-driven 
sawtooth excursions when tritium fuel is added. 

The coziination of these two types of experiments in the TFTR D-T phase 
seems likely to make a useful contribution to both the physics of burning 
plasmas and the engineering of fusion reactors. 
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Figure Captions 

Fig. 1. Plasma density range of the initial TFTR experiments. Strong 
central peaking is obtained during low density ohmic and neutral beam 
heating and high density pellet injection. 

Fig. 2. The TFTR "Cordey diagram." Central ion temperatures are plotted 
against the product of deuterium ion density and central-region energy 
confinement time in the central region. 

Fig. 3. Q-values are calculated for (a) low density and (b) moderate 
density TFTR deuterium plasmas at various neutral beam injection powers. 
The relative importance of the individual fusion-reaction mechanisms is also 
shown. The minimum power requirement for D-T breakeven is indicated by the 
dashed line, 

Fig. 4. Degradation of energy confinement during adiabatic compression is 
implied by the marked divergence of measured electron temperature profiles 
[dashed lines) from the ideal adiabatic predictions (solid lines). 

Fig. 5. During major-radius compression, the q-value at the surface of the 
plasma core remains constant, but the q-value at the vacuum chamber wall 
(a) must first increase and then return to its starting value. The 
declining phase of q is accompanied by MHD oscillations (b): the last three 

g 
bursts have been identified as m/n = 6/1, 5/1, and 4/1 kinks. The 
associated E-variation is shown in (c). 

14 — H Fig. 6. Neutral beam injection (5 MW 0) into a plasma of 10 cm central 
density (I = 2.2 MA, B t = 4.8 T) gives rise to the noncentral power-
deposition profile (a). The electron temperature profile, however, remains 
normal Cb), as does the global energy confiaement time r^. when computed as 
a function of r, -r™ is found to be strongly enhanced in the central plasma 
region. 
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Fig, 7. Two tokamafc current-density profiles having positive A'-stability 
except in the q < 1 region, which were selected for their resemblance to 
typical TPI* caaes 2 0: (A) q(o) = 1 and a large q(a)-value t~5); 
(B) q(o) < 1, and a reduced q(a(-value (~2t8}f 

Fig, 8. Qualitative picture of the transition from Region I to Region II. 
Kie edge-plasma temperature profile T m is matched to the MHD-stable profile 
T„ at r . Profiles of the form T' , resulting from excessive edge radiation 
cooling/ tend to be incompatible with the preservation o£ kink stability at 
q = 2. 
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