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Abstract
Electron heat transport on TFTR and other tokamaks is several orders
of magnitude larger than neoclassical calculations would predict. Despite
considerable effort, there is still no clear theoretical understanding of this
anomalous transport. The electron temperature profile, T (r). shape has
shown a marked consistency on many machines, including TFTR. for a
wide range of plasma parameters and heating profiles. This could be an
important clue as to the process responsible for this enhanced thermal
transport. In this paper we describe what is meant by 'profile consistency"
in TFTR and then discuss an experiment which uses a fast current ramp to
transiently decouple the current density profile </(r), and the T,[v) profiles.
From this experiment we can determine the influence of J(r) on electron
temperature profile consistency.
'Permanent address: Balliol College, University of Oxford, t~K
"Permanent address: University of Maryland. College Park. MD
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Temperature Profile Consistency

Observations of the consistency of the electron temperature profile have
been reported on many machines (TFTR. Alcator, ASDEX, J E T , T-10
e t c ) il-10". In investigations of profile consistency, the profile shapes have
traditionally been quantified in terms of the profile peaking parameter.
T (Q)j(T ).
This peaking parameter was found to scale strongly with q(a)
'1.2]. The independence of the T,(r) profile shape on the density or den
sity profile shape weakened arguments that pressure-driven electrostatic
modes were responsible for T {r) profile consistency. Instead, the strong
dependence of (lie peaking parameter on q[a), together with the strong cou
pling of T {r) and J(r) through the plasma conductivity, suggested that the
current profile might have a role in the electron temperature profile consis
tency, eil her through tearing modes 11] or through microscopic instabilities
' V2'. The inherent difficulty of electron temperature profile measurements
in tokaniaks made testing of these ideas difficult.
However, it has been realized that much of the scaling of the profile
peaking parameter is due to the presence of sawtooth oscillations J~.13\
This dependence of the profile peakedness on the presence of sawteeth has
been experimentally observed on PLT, ASDEX, and TFTR. In low q dis
charges where the current profile has been decoupled from the electron
temperature (either with LHCD as on Alcator [2;, ASDEX [14], and PLT
15" or transiently with a current ram]) as on TFTR) so that sawteeth are
absent, the profiles become peaked. Further, in high q{a) neutral beam
heated discharges (supershots) with strong central convection due to XB
particle deposition [5], the profiles broaden, becoming similar in shape to
lower q(a) discharges. While these results contradict the old versions of
profile consistency and call into question the role of J(r), they also form
the basis for even stronger statements of T (r) profile constancy.
The study of electron temperature profile shapes, available from the
multipoint Thomson scattering, ECE radiometer, and Michelson interfer
ometer diagnostics, on T F T R has supported initial impressions that profile
shapes are indeed more constant than known constraints can account for
3-fi . The shape of the profile outside approximately QAa (outside the
sawtooth reconnection region in low q discharges) is found to be nearly
invariant over a wide range of density. ed»e q and neutral beam heating
power. In some cases, the profiles are more consistent with the additional
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restriction that T . > 1 keV, e.g.. the 0.8 MA ohmic discharges beyond O.Ta.
ID these studies, the profile shapes are obtained by first symmetrizing
the raw electron temperature profiles to remove Shafranov shift correc
tions, and then normalizing to the electron temperature at the half radius.
Normalizing at the half radius, rather than the center, avoids the confusion
introduced by sawteeth and similar effects. The symmetrization is typically
done with a 'slice and stack' method where the Shafranov shift is calcu
lated by assuming the electron temperature is constant on a flux surface.
The results from this method agree well with the Shafranov shift calculated
from 3. the calculated current profile and toroidal effects.
Taking the profile for high q(a) ohmic discharges (with very small saw
teeth) as the 'limit' profile (Fig. la), it is found that the profile shape can
be approximately fitted with the function
t

T .(r)/T * (1 - 0 . 9 5 r / )
t

0

a

2 / 3

e-

l r / 3 0

.

This function will then be used as a reference shape, not necessarily unique.
In discharges with large central heat loss. e.g.. with sawteeth or strong
convection due to beam injection, this 'limit' profile shape is flattened in
the core. It is this process that Gaussian profile consistency attempted to
model. At the lowest q{a). i.e.. with large sawteeth present, the profiles
can be approximately fitted with the above function or a Gaussian, but at
higher q[a) the profiles clearly differ from the Gaussian form proposed by
B. Coppi [12].
T [r)/T — exp-'2q{a)r/3a ].
1

t

a

The constancy of the temperature profile shape outside approximately 0.-1(7
implies that the logarithmic derivative of the temperature in this region is
also invariant. This may have some implications for theoretical attempts
to understand the profile conserving mechanism.
In Fig. lb, the-electron temperature profile shapes from high q(a) neu
tral beam heated discharges (co-injection) are compared to the limit profile
shape. The error bars represent the shot to shot variation in the pro
file shapes for discharges with heating powers from 3.6 to 10.6 MW. The
Ohmic profile is more peaked, but outside of about a/3 the profile shape
is unchanged within the experimental accuracy of the T {r) measurements
(approx. 10%). Figure lc shows profile shapes, averaged over three simi
lar shots, for balanced -\BI heated discharges (supershots). The strongly
e
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peaked beam deposition profile results in large central convective losses
[5,16; causing a flattened profile. The independence of the profile shape
outside a / 3 on q(a) is seen in Fig. Id where the average profile shape from
three similar olimic q(a) = 2.8 discharges is compared to the timit profile
shape.
Further evidence that it is the sawteeth that are responsible for flat
tening T (r) (not only in the Kadonitsev sense, but on a time average over
many sawteeth) within the reconnection region is found during the initial
current ramp. For a short period of time, as the current diffuses in, <y(Q)
will be greater ihan one. During this time the T (r) profile is close to the
ideal profile constancy shape, independent of q(a); but when 17(D) drops
below one, savvtoothing begins and the central portion of the T (r) profile
flattens (Fig. 2).
The recovery of a drastically perturbed T [r) profile may be studied
during the reheat phase following pellet injection. In Fig. 3 normalized
T {r) profiles, beginning just before the pellet is injected (pellet injection is
at 2.02 seconds), are shown. At 2.03 seconds, the central electron temper
ature has dropped from approximately 3.5 keV to 0.8 keV, and the profile
shape is no longer constant. But by 3.0 seconds, the central electron tem
perature has recovered to 2.4 keV and the shape outside of 0.4a is npw the
limit profile shape.
As illustrated by the above examples, an assumption of profile con
stancy describes accurately the shape of T [r) outside of r/a == 0.4 for full
size TFTR plasmas. These results are consistent with the idea thai \
varies with the healing profile shape to keep the profile constant. However,
detailed transport analysis is required to determine the strength of this
constraint. These results would also suggest that in a specific discharge
the temperature profile shape will resist changes expected from changes in
the heating profile. This picture fits nicely with the observed discrepancy
between the rate of the heat pidse propagation and the power balance anal
ysis for \ e [ l " j . The next section of this paper will discuss experiments in
which transient perturbations were used to determine the roie of the current
profile in electron temperature profile consistency.
t
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Current Profile Consistency

The observation of profile consistency, coupled with the observed degra
dation in energy confinement with auxiliary heating (which tends to mod
ify the heating profile), suggests that the thermal diffusivity, \ , may be a
strong function of the temperature profile. This could be a direct depen
dence of \ on the T (r) profile, its derivative, or upon related quantities
sue!) as the current density. J(r), or q(r). For many tokamaks, these pro
files are fairly strongly coupled, making determination of the dependence of
\ on T (r) or J(r) or their derivatives difficult. However, in T F T R where
the resistive time constant can be several seconds, T {r) and the calculated
J(r) are not in equilibrium for one or two seconds following the beginning
of the current flattop. It is interesting to note that the electron tempera
ture readies its 'profile consistent' shape before the plasma current profile
reaches resistive equilibrium. Figure 2 shows three electron temperature
profiles measured during the initial current ramp. The discharge begins
sawtoothing at about 1.4 seconds, modifying the central profile shape, but
the profiles outside of r/a = 0.4 are remarkably invariant. Analysis of
these discharges has provided useful information on the role of J[r) in pro
file consistency. Experiments done with fast current ramps have even more
strongly, if transiently, decoupled the J(r) and T (r) profiles.
t
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As most inferred current profiles on TFTR are stable or marginally
.stable to low m tearing modes, tearing mode induced transport has been
suggested as- a possible explanation for the observed consistency of the T (r)
profile. The hypothesis is that tearing mode stability can depend sensitively
on the current profile shape; thus, modes should grow quickly as a result
of small perturbations to the J[r) or T -(r) profiles, feeding back through
enhanced local heat transport to keep T (r] and hence J(r) stable anil,
indirectly, consistent. The current ramp experiments offer the opportunity
to test this hypothesis. The discharge was monitored for MHD activity
during and following the ramp, and a code was developed to calculate the
stability of TFTR current profiles to tearing modes.
Fast current ramps were done both with ohmic and neutral beam heated
discharges. To avoid the problems inherent in analysis of the initial current
ramp e.g.. unknown initial J(r);, a stable, low current plasma was estab
lished and allowed to equilibrate for approximately one second. In the firsl
example (Fig. 4) the plasma current, was ramped for 0.25 seconds at a rate
e
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of 3.2 MA/sec to a final plasma current of 2.2 MA. The initial edge q was
about 5.2 which then dropped to 3.3. While this ramp rate did not result
in disruptions, bursts of MHD activity were observed during the ramp as
the q = 5,4.5,3 rational surfaces passed through the edge of the plasma

(Fig. 5).
In a second example (Fig. 6). the addition of 6 MW of neutral beam
heating coincident with the current ramp resulted in slightly different MHD
characteristics;. Rather than the descending sequence of edge modes, inter
nal m/r. = 2/1 and 3/1 modes were destabilized, along with the rnjn = 4/1
mode when the q = 4 surface passed through the edge of the plasma (Fig.
7). Farter current ramps were not possible due to hardware limitations.
Ramps at slower rates were not notably different, except for the absence of
the bursts of MHD activity.
Since the purpose of this experiment was the study of plasmas in which
J(r) and T (r) were not in equilibrium, the assumption of classical resistive
current diffusion in the calculation of j[r) must be examined.. Previous
experiments have suggested that the current diffusion can be anomalous at
high ram]) rates ;18j. Measurements of the current profile shape are not
available yet on TFTR, so for this work the current profiles were calculated
with a time dependent current diffusion code [19]. These calculations pre
dict the time dependent A (= 3^ — /,/2) and location of the q = 1 surface.
These predictions can then be compared to the experimental measurements
of these quantities as a check on the current diffusion simulation.
The time dependent A is sensitive to the gross current profile shape, but
not to details of J{T) in the core region. In the experiment, the measured
A overshot- the final value, dropping front about 0.9 to 0.55. below the
typical value for a 2.2 MA plasma of 0.75. The A then recovered with
a time constant of about 0.5 sec, reaching a value of 0.75 by the end of
the discharge. This result is consistent with the classical resistive current
penetration calculations which predict strong skin currents in the plasma
edge (Fig. 8a). The location of tlv^ q( )l surface may be inferred from
measurement of the sawtooth inversion radius. The time evolution of the
q{r)l surface measured in this way was in reasonable agreement with that
calculated by the resistive current diffusion code (Fig. 8h), The offset is
due to small uncertainties in the T (r) profile.
A small edge disruption was observed, coincident with the passage of
the q — 4 surface through the edge of the plasma. This disruption was
e
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seen experimentally as a short increase in A. the presence of an m/rc = 4/1
oscillation, and the loss of edge plasma temperature. The m/n = 4/1 mode
caused a rapid drop in the edge temperature: at r = 70cm (approximately
12cm from the limiter) the electron temperature dropped from 500 to 100
eY. This high resistivity region allowed the skin current to diffuse rapidly
causing a short increase both in the A experimentally observed and in
the current diffusion simulations. Thus the observed MHD activity did
not cause measurable anomalous current penetration, but in this case did
enhance the current diffusion by lowering the plasma temperature. Bursts
of MHD activity were also observed at the passage of the m/n = 5/1
and 9/2 rational surfaces through the plasma edge. These bursts were notobserved to affect the current diffusion or plasma temperature. Thus in
these discharges low m number tearing modes apparently affect current
penetration through modification of the T (r) profile.
The calculated current profiles were also tested for theoretical tearing
mode stability with a A'„, code. The code solves the equation
e

n

(d-jch- 4- l/rd/dr)ii< .= (mqft /[rB (m
0

T

-

nq)){dJ/dr)C

to get the perturbed helical flux function, ^ ( r ) , from which
+

A' , = ((9c/ft-) -<ft?/8r)-)/iF
m B

is calculated |20j. Toroidal effects are included to the extent that q(r) and
J(r) are mapped from the toroidal equilibrium code to raclial coordinates.
[The mapping is done by averaging the minor radius over the flux surface
to map c to r and averaging J(4\R) to get J(ii-) and thus J(r).' Pressure
and DR effects [21] are ignored in these calculations. Positive values of
^'m.n '"dicate instability and the island width, w. can be predicted by
solving A'(u') = 0 [22]. The stability calculations were done at each time
point, giving the stability of each mode, i±' , „(r). throughout the shot. The
calculations were done for modes with m/n > 1 and in the range 6 2 " - '-•
Comparison of the i±' calculations with the observed MHD activity
during the current ramp in these two examples (Figs. 5 and 7) showed good
agreement. The S'
calculations accurately predicted the unstable edge
tearing modes, even though this is where the shape of the current profiles is
least well known. In addition, the calculations also predicted the instability
of the m/n = 2/1 mode at the correct time, but the m/n — 3,1 mode was
n

1

m n

m

n

calculated to be stable (Fig. i"). Other modes were calculated to be stable,
even for the most strongly perturbed current profiles. These results are
suggestive, but it is likely that the calculation of the current density profile
is not sufficiently accurate (and the theory sufficiently incomplete) to make
a detailed comparison meaningful at present.
Measurements of the electron temperature profile throughout the cur
rent ramp showed that the T (r) profile shape remained relatively constant
while the calculated J(r) was strongly modified (Figs. 9a and 9b). The
central T changed on the same time scale as the plasma current, i.e.. about
a half second. In the ohmic current ramp experiment, due to the large skin
current, the ohmic heating power dissipated in the edge (r > 60cm) in
creases by an order of magnitude. However, this results in a change in the
total heat flux through the edge region of only about 50%. This change in
the heating profile is too small to be useful in determining the dependence
of transport on the heating profile. In the neutral beam heated cases, the
change in the heat Mux due to the change in ohmic heating profile was even
less. Calculations of tearing mode stability showed that the current pro
file, although strongly modified, remained predominantly stable to tearing
modes. This result was supported qualitatively with the Miniov coil mea
surements. Further, while the 4/1 did strongly affect transport, the other
modes had *.io measurable effect on the temperature profile or current dif
fusion. The conclusion is that low m tearing mode induced transport plays
a minor role in maintaining electron temperature consistency.
r
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Summary

In conclusion, the study of electron temperature profiles on TFTR lias
disproven some of the old ideas on profile consistency, and suggested a new
form of profile constancy to take its place. Much of the old data on pro
file consistency can be explained by the effect of sawteeth on the electron
temperature profile. The above analysis is consistent with a profile conserv
ing mechanism which constrains the profile shape between the sawtoothing
region and the plasma edge. More detailed radial transport analysis is re
quired to determine how strongly \ responds to changes in the heating
profile shape. Tlu' electron temperature profile shape outside 0.4a is found
to be independent of the density and heating profile, as was the case before:
c

but. in addition, it 's also independent of q{a). A series of fast current ramp
experiments were done tc investigate the cruestion of whether it is the J(r)
or X (r) profile which is constrained. The results of this experiment shows
that the J{r) profile can be strongly modified, but that T [r) is constant
in the fashion described above.
e
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List of Figures
Figure la. The solid curve is the average of two normalized electron
temperature profiles from ohmic high q{a) discharges. The profiles have
been mapped to flux surfaces to correct for the Shafranov shift. The dashed
curve is a fitting function which approximates the T (r) profile shapes for
TFTR large major radius discharges (22022,22024). The dotted line is the
old profile consistency shape, T (r)/T (0) = exp(2<? r )/(3a ), for q{a) = 7.
(q (a) = 7. < r? > = 0.8 - 1.0 x 1 0 / ™ , I = O.SMA. B = 4.5T. and
T«{01=s 3.6-4.2fcel\)
Figure l b . The average cf the normalized profiles from five neutral beam
heated discharges with injected powers from 3.8 to 10.5 M\V, again com
pared to an approximate limit profile shape (24001-24004,24006) (q ,i[a) ==
7.7. •-: n, v = 1.1 - 1.8 x 1 0 / m , I = 0.8MA. B = 4.8T, T,(0) ^
4
-bkeV.)
Figure lc. The average of profile shapes from Mm * similar high q[a)
balanced NB1 discharges ('supershots') (24280,24281,24lS2). [q^a) ^ 7.8.
• n •= 2.2 x 1 0 / m , I = Q.8MA, B = 4.8T, T (0) = o.SJtel"..)
Figure Id. The average of profile shapes from three low q{a) ohmic
discharges (24088.24096,24909). iq^ia) = 2.9 , < n .•= 2.9 - 5.2 •<
10 /rH . I = '2.2MA , B = 4.8T , T (0) = 1.8 3MeV.)
Figure 2. Electron temperature profiles during the current ramp phase
of a 2.2 -MA plasma. The profiles are from 1.0, 1.5, and 2.0 seconds into
the discharge. Sawteeth began at approximately 1.4 seconds and are pre
sumably responsible for the change in profile shape. [q^ i{a) — 3.3. 2.8. and
2.5 at 1.0. 1.5. and 2.0 seconds, respectively, from shot 12035.)
Figure 3. Normalized electron temperature profiles showing the T,\r)
profile shape during the reheat following pellet injection. The times i>f
the profiles are for 2.0 seconds, just before pellet injection. 2.03 seconds,
just after injection, and at 3.0 and 3.5 seconds. The electron temperature
dropped from 3.8 keV on axis at 2.0 seconds to 0.8 keV at 2.03 seconds
with the pellet, injection. (Shot 13640)
Figure 4. Current, density, temperature, and loop voltage for an nljniic
current ramp shot. (Shot 17906)
Figure oa. The envelope of MHD activity during the current ramp shi>t
in Fig. 4. The bursts of MHD activity are identified by mode numbers
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found from the phase analysis of the poloidal and toroidal array of Miniov
coils.
Figure 5b. The A ^ s calculated for the modes observed in Fig. 5a.
Figure 6. Current, density, temperature, and loop voltage for a current
ramp shot, with 6 MW of NB power, (shot 18741)
Figure ?a. The ein-eiope of MHD activity seen during the neutral beam
heated current ramp in Fig. 6. The MHD behavior is different than in the
ohmic case of Fig. 4.
Figure 7b. The calculated i\' 's for the modes seen in Fig 7a. The
agreement between experiment and calculation is not as good as in Fig. 5.
Figure Sa. A vs. time, calculated, and measured for the current ramp
shot in Fig. 4.
Figure 8b. Approximate sawtooth inversion radius (dots) determined
from the soft x-ray imaging system and the calculated q = l surface for above
assuming resistive, neoclassical current diffusion. The chord averaged inver
sion radii have been corrected by 1.3 to correct for chord averaging effects.
Also plotted is l/q(o), which is found to approximate the normalized in
version radius in equilibrium.
Figure 9a. Selected calculated current profiles from the NBI current
ramp shot (Fig. 6). For most of the current ramp the J(r) profile is hollow
(although toroidal effects keep q{r] monotonic in "linor radius). The times
lor the profiles are: a - 2.5 sec. b - 2.7 sec, c - 3.U sec. d - 3.5 sec. and e
- 4.0 seconds.
Figure Ob. The normalized temperature profiles corresponding to the
current profiles in Fig. 9a. Despite rather large changes in the current
profile, the temperature profile shape remains invariant. The times for the
profiles are as in Fig. 9a.
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