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Abstract

ENERGY CONFINEMENT AND PROFILE CONSISTENCY IN TFTR.

A new regime of enhanced energy confinement has been observed on TFTR with neutral beam
injection at low plasma current. It is characterized by extremely peaked electron density profiles and
broad electron temperature profiles. The electron temperature profile shapes violate the concept of pro-
file consistency in which (T/T,, is assumed to be a tightly constrained function of q,, but they are
in good agreement with a form of profile consistency based on examining the temperature profile shape
outside of the plasma core. The enhanced confinement regime is only obtained with a highly degassed
limiter; in discharges with gas filled limiters convective losses are calculated to dominate the edge elec-
tron power balance. Consistent with the constraint of profile consistency, global confinement is
degraded in these cases. The best heating results in the enhanced confinement regime are obtained with
nearly balanced co- and counter-injection. Much of the difference between balanced and co-only
injection can be explained on the basis of classically predicted effects associated with plasma rotation,

1. Introduction

A new regime of enhanced energy confinement has been
observed on TFTR with neutral beam injection at 1low plasma
current. It is characterized by extremely peaked electron density
profiles and broad electron temperature profiles. The best heating
results in this regime are obtained with nearly balanced co and
counter injection. The properties of these discharges (referred
to as "supershots") raise questions about some of the recently
achieved understanding of tokamak auxiliary heating physics -
electron temperature profile consistency, and the lack of
importance of toroidal rotation, among others. In this paper we
discuss the implications of our results in these areas. We begin
(Sec. 2) by putting the electron stored energy results in this new
regime into the context of previous scaling laws and TFTR data,
showing that these discharges exhibit enhanced electron energy
confinement as well as the high total stored energy and ion
temperature discussed in [1]. Next (Sec. 3) we study the electron
temperature profile shapes of these enhanced confinement
discharges, 1in comparison with L-Mode and ohmically heated
profiles on TFTR. In Section Y4 we address issues connected with
the electron density profile shape. In Section 5 we discuss the
role of rotation and balanced versus unbalanced injection.

2. Stored Electron Energy in Supershots

Figure 1 shows the electron energy content from a series of
scans of neutral beam power at I_ = 0.9, 1.4, and 2.2 MA, with the
plasma resting on the inner-wafﬁ carbon limiter. The scans at
higher current were performed without any special limiter
degassing procedures. They show typical L-Mode behavior: the
stored energy reaches equilibrium during the beam pulse, and broad
density profiles are observed. The 0.9 MA data were taken after
extensive degassing with low density He discharges [2]; they
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FIG. 1. Electron stored energy versus total heating power for 2.2 MA and 1.4 MA L-mode discharges
and for 0.9 MA enhanced confinement discharges. Also shown are enhanced confinement discharges
at 1.3 MA achieved by ramping the plasma current up from 0.9 MA during the injection pulse. The
curves represent 0.4 X wf", ,» Where W,La, is the L-mode scaling predication [4] for total stored energy
(see text).

generally show rising stored energy throughout the beam pulse, and
at higher powers they exhibit strongly centrally peaked density
profiles. Shots with severe MHD activity [3] which caused the
stored energy and neutron flux to fall at the end of the pulse
have been excluded from this data set. The higher current data
sets have been constrained to 0.25 < P o/Pinj < 0.75, while the
0.9 MA data set has been constrained to 8.35 <P o/Pin < 0.65, in
order to minimize the effects of unbalanced infectio , which are
greatest in the low-current region [1]. The current of 0.9 MA was
selected because at lower plasma currents (I_ = 0.7-0.8 MA) high
power operation 1is prevented by sever‘ep MHD activity and
disruptions, while the data set at higher currents (I_ = 1 - 1.1
MA) and P, . less than 10 M is very limited. Up fo 17 MW of
neutral bearl'l power has been injected into discharges with an
initial plasma current of 0.9 MA, without inducing strong MHD
oscillations or disruptions, by ramping the plasma current up to
1.3 MA during the 0.5 sec beam pulse. Due to our present beam
configuration, at these high powers Pco/Pi > 0.70, which has
been observed to result in significantly recpulzed heating compared
to balanced injection at lower powers. Also plotted on this
figure is the prediction of L-Mode scaling [4] (for H° » D*
injection) where the prediction of the scaling law for electron
energy has been taken to be 0.4 times the prediction for total
stored energy, since this ratio is characteristic of high power
TFTR results in the standard regime. While the higher current
results approach the L-Mode prediction at high powers, the 0.9 MA
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FIG. 2. Electron density and temperature profiles for a 1.0 MA enhanced confinement discharge (solid
points) and for a 1.4 MA L-mode discharge (open points). For the enhanced confinement discharge: ]
W, = 0.52 MJ. For the L-mode discharge: W, = 0.47 MJ. P_ /P, . = 0.7 for both.

co'” inj

supershot results clearly diverge from it. The stored electron .'
energy of the 1.3 MA current-ramp supershots is remarkably close }
to the standard regime 2.2 MA data. The magnetically-measured 1

total stored energies of enhanced confinement discharges show even §
more of a gain over standard L-Mode discharges. The total stored ¥
energy of 0.9 MA supershots equals that of 2.2 MA standard regime }
discharges at powers in the range of 11 MAd. The fact that kinetic ‘¥
stored energy calculations agree well with the diamagnetic '§
measurement results (* 5% in the 0.9 MA data set shown here) §

indicates that the thermal and beam ions gain in stored energy aséf
expected due to the high electron temperatures and peaked density §
profiles provided by supershots. 3
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FIG. 3. Electron temperature profile shape normalized to r = a/2 for the data sets of Fig. 1. The factor
of three is applied in order 1o centre the mid-radius on a single decade scale. The error bars represent
the root mean square (RMS) variation of the data.

3. Electron Temperature Profile Consistency

Figure 2 shows an overlay of the Thomson scattering
measurements of T_(R) and n_(R) from a supershot with I_ = 1 MA,
Br = 5T, and from a 1.4 MA discharge at the same toroiddl field.
Both discharges had a well-degassed limiter, but in the 1.4 MA
case B. nonetheless saturated after 0.3 sec into the beam pulse,

~ and t%e density profile did not gain the peaked shape

characteristic of the enhanced confinement mode. These results,
and others like them, violate the concept of electron temperature
profile consistency in which T (0)/<T,>, is taken as the measure
of profile shape and is posgulated to be a tightly-defined,
monotonically rising function of q,- This measure of profile
shape is, however, already suspect as an indicator of microscopic
transport mechanisms, since it can be largely enforced by sawtooth
oscillations (4,5], if x, is sufficiently peaked to the outside of

the discharge. On TE’TR it has been previously observed [6] that

the detailed electron temperature profile shape, outside of the

~ core of the plasma and in the region where Te > 1 keV, shows a
remarkable constancy, independent of heating power - and most

1

- temperature profile shapes normallzed at r = a/2 for the points

surprisingly - independent of d, Figure 3 shows electron

with P > 8 MW in the power scans of Fig. 1. The electron

 temperatures measured by Thomson scattering have been mapped to
. flux surfaces, and plotted as a function of midplane minor

radius. The two-sided electron temperature measurement ensures
that this process unambiguously corrects for the strong Shafranov
shift observed in the low current, enhanced confinement regime.
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FIG. 4. Time evolution of T,(r) from Thomson scattering, mapped to time dependent magnetic flux
surfaces for 9.5 MW balanced injection into a 0.8 MA discharge, in enhanced confinement regime.
Neutral beam injection heating fromt = 4.0 s t0 4.5 s.

The error bars indicate the R.M.S. variation of the data. The 0.9
MA supershot temperature profiles line up with the L-Mode profiles
in the region outside of a/3. The few current ramp shots show an
approximately 10% higher Te(0.8a)/T (0.4a) than the others,
Whether this is significant is difficufi to say. Ohmic discharges
at these same currents overlay well with this data, although in
their case the selection for T, > 1keV reduces the amount of data
available outside 0.7a. In general it is found here, as in the
data of [6], that the temperature profiles tend to fall off more
steeply in the region where Te < 1 keV. This suggests that
processes such as impurity radiation, charge-exchange, and
convection, which are likely to be more important at the colder
edge of the plasma, control T_ in this region and help set the
amplitude for the overall electron temperature profile.

While the mid-region temperature profiles are consistent
with previous results in TFTR, the central region of the
temperature profile in high-power enhanced confinement discharges
is truncated in comparison with high-q ohmic target discharges (t
= 4 .45 sec versus t = 4.0 sec in Fig. U4), despite the absence of
regular sawtooth oscillations during the heating phase [3]. One
hypothesis to explain this effect is that the neutral beams
provide a large source of cold electrons in the core region.
Time-dependent transport analysis of balanced injection shots
indicates that core region electron thermal convection losses
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FIG. 5. Edge temperature gradient versus absorbed beam power for the same data sets as in Fig. 1.

(5/2r_T_,) are comparable to electron conduction losses at the end
of injection. The argument that an effect of this magnitude is
adequate to alter Te(r) in the core 1is bolstered by the
observation that an even stronger central flattening of T_ is seen
early in the injection pulse (t = U4.15 sec in Fig. U4), when the
rapid build-up of central density results in a dwe/dt term which
is also comparable to conduction, but over a larger region.
Furthermore, when the cold electron source is turned off at the
end of injection, the central electron temperature rises (t = 4.6
sec in Fig. 4), and the profile shape regains the characteristic
central peak of a high-q ohmic discharge. (Issues associated with
the A' stability of these discharges are discussed in [3]).

If the electron temperature profile in the bulk of the minor
radius in supershots is controlled by a mechanism of profile
consistency such as transport coefficeients which depend strongly
on VT,/T,, and the core region is possibly clamped by convective
losses, Ehen we should look to the outer region for the enhanced
confinement properties of supershots. Figure 5 shows dT_./dr at
r = 5a/6 versus absorbed power for the data set of Fig. 1. As
expected for consistency with L-mode current scaling, the 1.4 MA
shots show a lower edge temperature gradient than the 2.2 MA
shots. However at high power the 0.9 MA supershots have a steeper
outer region temperature gradient than even the 2.2 MA shots. On
the basis of L-mode scaling, and profile consistency, these
gradients would normally be expected to vary inversely with
density, since in the L-Mode W_, is found to depend only weakly on
i,. In the power range of P-n > 10 %y, the 2.2 MA discharges in
this data set have i "% 101973, the 1,4 MA shots and the
current ramp shots both have fi, 5 34 % 10'9m3, while the 0.9 Ma
supershots have ﬁe = 2.7 x 107°m™ The lower line average
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density of the supershots is therefore not adequate to explain
their steeper edge gradients. This suggests that the reduced
recycling coefficient of the degassed limiters, coupled with deep
beam fueling, permits a low edge density and less convective
losses in the enhanced confinement regime, giving rise to a hotter
edge. Absolute Da measurements, coupled with neutral modeling
calculation, indicate v, of the order of 30 msec for the gas-
filled limiter case shown in Figure 4 of [1], and dT,/dr at 5a/b
in that case is only 3.5 keV/m. Transport analy51s of this
discharge indicates that at the edge of the plasma convective
losses dominate conduction in the electron power balance (as in
high recycling conditions in D-III [7]), explaining the low edge
electron temperature and, through the constraint of profile
consistency, perhaps the overall reduction in confinement.

4. The Electron Density Profile

The peaked density profiles observed in the enhanced
confinement regime appear to be the result of a beam build-up
instability [8]. In the discharge illustrated in figure 4, at 0.]
sec into the beam pulse transport analysis calculations indicate
that n (0)/n (0) = 0.4, and the beam density is strongly peaked on
axis, contrlguting most of the core density gradient. As the beam
ions slow down the background density builds up, and at the end of
the beam pulse n (0)/n (0) has dropped to = 0.2. The central
electron density rlses at about 70% of the beam fueling rate for
the first 0.3 sec of injection, and later rises at 20-30% of the
source rate. The importance of central beam deposition to this
build-up process may explain the sensitivity of the supershot mode
to plasma current. The minimum attainable initial target density
in cases with a wgll degassed limiter 1s observed to be
proportional to in the range of 0.8-1.2 MA, and the
Shafranov shift drgbs rapidly as a function of current, so that

ndl between the edge and the plasma core increases strongly with

The shift may be especially important, because the tightly
cgmpressed outer flux surfaces present a thin target to neutral
beam injection, and particles deposited in that region are
distributed around the volume of the flux surface, which is
largely hidden from the beam by the plasma core. Spectroscopic
measurements also indicate higher carbon influx rates at higher
currents. This further helps to explain the absence of peaked
density profiles and supershot behavior at high current. L-Mode
and ohmically heated plasmas generally have more peaked density
profiles at g, >5 as well, suggesting an increased susceptibility
to this process at high qg-

There are a number of ways in which a peaked density profile
can mediate improved confinement. One natural hypothesis is that
the peaked profiles reduce n; and/or Ng which could be important
factors in the instabllities which drive transport
(n z danT,; e/dﬂ.nn has not been measured on TFTR, but

'€

"e tan be calculateé from the Thomson scattering data. In the




IAEA-CN-47/A-1I-1 83

region inside 0.4a ne is significantly lower in supershots than in
standard discharges, dropping at high powers from values in the
range of 1.7 at 0.4a for standard discharges to 1.2 in the
enhanced confinement mode. An alternative hypothesis discussed in
section 3 above, is that high edge electron temperatures, in the
presence of reduced recycling and low edge densities, may result
in relatively low values for edge transport coefficients as in the
H-mode. In the presence of even constant edge transport
coefficients, electron temperature profile consistency arguments
which take into consideration the presence of a centrally peaked
density profile, but assume that the edge electron thermal
diffusivity responds only to the local ng, predict a significant
improvement in we [9].

5. Balanced vs. Unbalanced Injection and Plasma Rotation

As indicated in [1], the stored energy in supershot plasmas
shows a considerable improvement as the beam powers in the co and
counter directions are brought into balance. Because of the
present configuration of TFTR (3 co-beamlines and 1 counter-
beamline for the usual direction of I_) we have not obtained high
power data with pure counter- 1njegt10n and a well-degassed
limiter, At low currents (600-800 KkA), however, enhanced
confinement discharges with favorable time evolution and highly
peaked density profiles can be obtained with only 5 MW of balanced
injection power, and the full spectrum of P 3 can
explored. We find that the density increase at fﬁxeg 1nject10n
power drops with rising P /P but the peakedness of the
density profile falls off as gne moves away from balanced
injection in either direction. Stored energy and especially
neutron production fall off as well. Plasma rotation speeds of =
8 x 10° m/sec have been measured in co-injected discharges,
corresponding to a Mach number of = 0.7. Rotation speeds with
counter-injection are lower than with co-injection at the same
power.

A number of classically expected factors may lead to reduced
density peaking and poorer heating efficiency at high rotation
speeds with unidirectional injection [10]. In the rotating plasma
frame the beam ions, and especially the fractional energy
component beam ions (which constitute about one half of the total
beam), have considerably reduced energy. This results in larger
atomic cross-sections for beam deposition and a larger fraction of
the deposition on hydrogenic species in the form of charge-
exchange rather than impact ionization. Because of the lower beam
ion velocity in the plasma frame, the beam ion slowing down time
and therefore the beam ion density is substantially reduced. In
an extreme examplg (13 MW of co-injection at I_ = 0.9 MA with

(0) = 7.5 x m/sec) taking these effects into account in
sgmewhat simplified ecalculations results in a 30% reduction of
central electron source rate. The central beam ion density at the
end of injection is reduced by a factor of 3. If the presence of
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a central peak of circulating beam ions is important for
establishing a sharp electron density profile, it is reasonable to
expect that this sharpness will be reduced in a rapidly rotating
plasma. At the high Mach numbers we have observed, one expects
significant centrifuging of plasma density, and especially of
impurity density, to the large major radius side of the plasma.
Thomson scattering measurements show a definite trend in this
direction, correlated with unbalanced injection. Detailed scaling
studies have not been made, but effects of the magnitude expected
are observed. This centrifuge effect should tend to reduce beam
penetration to the center of the plasma. To determine whether
these classically expected effects of rotation are enough to
explain the differences in the density profiles we observe,
without additional changes in central particle diffusivity, will
require more detailed calculations and examination of the data.
The increased density rise in counter-injected discharges almost
certainly also plays a role in the broad density profiles observed
in the more slowly rotating counter-injected plasmas.

Lower beam velocity in the plasma frame results in a strong
reduction in the beam-target and beam-beam fusion neutron yield;
unidirectional injection reduces beam-beam neutron production as
well. In the example above the effects of plasma rotation reduce
the calculated neutron flux by a factor of 2, and good agreement
is obtained with the measurement. The importance of plasma
rotation for neutron production is most clearly illustrated by the
rapid rise in neutron production observed when a low-current
plasma is first heated with 5 MW of co-only injection, and then
the co beams are switched off and 5 MW of counter beams turned
on. The neutron emission rises by a factor of 2 in 50 msec.

With unbalanced injection a substantial fraction of the beam
power is invested in applying torque to the rotating plasma. Much
of this power .is expected to be returned to the bulk ions via
viscous damping mechanisms in the region where the gradients in
rotation speed are high, probably close to the plasma surface. In
this region ion thermal losses through convection and charge-
exchange are large however. Rotational energy may also be
partially lost from the plasma via the same mechanisms. In the
example discussed above, this process, plus the reduction in beam
penetration, results in a 50% reduction of central heating power,
and an overall 40% investment of beam heating power in driving
rotation. If the power is not coupled back to the plasma, the
lower total stored energy observed with co-only injection [1] is
reasonably well explained. Central ion temperature measurements
in co-only cases are also reduced compared to balanced injection
with similar parameters, consistent with the calculated reduced
central input power to the ions. Rotational energy is probably
coupled back into the bulk thermal plasma with some efficiency,
and it is thus a mix of this mechanism and the broader density
profiles observed with co-only injection which together result in
reduced stored energy.
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6. Conclusions

A new mode of enhanced energy confinement has been observed
on TFTR. It exhibits improved electron stored energy, as well as
improved thermal and beam ion stored energy. The broad electron
temperature profile shapes observed in this regime at high q_, do
not support a concept of profile consistency based on the
assumption that Te(O)/<T >, = £(q,), but do fit with a model based
on examining normalized proflle sﬁapes outside of the plasma core,
independent of q, (6, 111. The observation that increased
recycling results in a convection-dominated edge electron power
balance, which then correlates with reduced overall confinement,
fits well with an understanding of this regime based on profile
consistency arguments [9]. On the other hand it is also a
reasonable hypothesis that the reduction of n, and/or n; in the
core region plays an important role.

The peaked density profiles observed in this regime appear
to be due to a beam build-up process which results in highly
centralized beam deposition. Density profiles are most peaked with
near-balanced injection, and some classically expected mechanisms
have been put forward to explain this, but it is not clear whether
other effects are required. Neutron production and beam heating
efficiency are also highest with near-balanced injection,
Classical calculations including plasma rotation are adequate to
explain the difference in neutron production rate with co-only and
balanced injection, given the differences in plasma profiles. The
fractional power delivered to the plasma in the form of torque on
a rotating body is comparable to the fractional difference in
stored energy between co-only and balanced injection. Some of
this power, however, is probably re-invested in ion heating near
the outside in minor radius. The combination of the resulting
reduction in heating efficiency and the broader density profiles
observed with unbalanced injection together explain the importance
of balanced injection for obtaining the best results in the TFTR
"supershot" regime.
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DISCUSSION

A. BHATTACHARIJEE: I have a comment and a question. In the presence of
toroidal rotation, the density on any given flux surface becomes poloidally asymmet-
ric. This, as you know, was observed in PDX. However, the magnitude of toroidal
rotation necessary to explain the asymmetry experimentally observed was found to
be greater than the rotation actually observed, for example, by S. Semenzato et al.
at the Centre de recherches en physique de plasmas, Lausanne. It appears that the
same could be said of TFTR.

My question is: why is it that the rotation velocity observed is different for co-
injection and counter-injection when the beam power is held fixed?

R.J. GOLDSTON: On TFTR, as on PDX, we do see some in-out asymmetry
in the Thomson scattering density profiles, even in Ohmic plasmas. We have found,
however, that there is a systematic further asymmetry which correlates with
unbalanced injection. The degree of this further asymmetry is roughly in agreement
with what would be theoretically expected, but we have not yet carried out detailed
scaling studies on the asymmetry.

Counter-injection does indeed drive less central rotation speed than co-
injection, for fixed power, but the density is higher. We have not yet measured the
radial profile of the rotation, so I am hesitant to suggest an explanation.

B. COPPI: I should just like to comment that the lack of dependence of
T (0)/T(T,>,, on q, when q(r = 0) > 1 was in fact pointed out in the original for-
mulation for the principle of profile consistency. Therefore, the observations you

* The last term in Eq. (26) of this reference should read:

3p
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reported do not require a reformulation of this principle. In addition, the temperature
profile may deviate considerably from a Gaussian, depending on a variety of factors,
for example, the presence of trapped electrons, under the same formulation.

R.J. GOLDSTON: Thank you for the comment.

A. GIBSON: Now that you have the concept of profile consistency with so
many ‘ifs” and ‘buts’ and restricted it to such a special region of the profile, do you
still believe it has any physical significance, and if so what is it?

R.J. GOLDSTON: Researchers have frequently divided the tokamak into three
zones — a central sawtoothing zone, a middle ‘confinement’ zone, and an edge zone
dominated by convection and atomic physics. The refinement we proposed at the 13th
European Conference in 1986 and which we are discussing here is that the resiliency
of the profile applies mostly in the middle ‘confinement’ zone. Lower hybrid heating
experiments certainly show that the presence or absence of sawteeth can strongly
attack the core zone, and the H-mode is an example of how the edge can be modified.
The fact that modifications of the edge region can have profound effects on core
transport strongly suggests a transport mechanism which resists profile shape
changes. One example would be a model which includes v T, or d InT/dr in the
electron thermal diffusivity itself.





