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ABSTRACT 

The TFTR tokamak has reached its original machine design specifications (I = 2.5 '1\ and 
B_ = 5.2T). Recently, the D* neutral beam heating power has been increased"to 6.3 MW. By 
operating at low plasma current (I » 0.8 HA) and low density <n~e =• i x IO i 1, high ion 
temperatures (9 ± a keV) and rotation speeds (7 x 10 m/s) have been achieved durina 
injection. At the opposite extreme, pellet injection into high current plasmas has been 
used to increase the line-average density to B x 10 m and the central density to 1.6 x 
10 m . This wide range of operating conditions has enabled us to conduct scaling studies 
of the global energy confinement time in both ohmically and beam heated discharges as well 
as more detailed transport studies of the profile dependence. In ohmic discharges, the 
energy confinement time is observed to scale linearly with density only up to n„ ~ 4.5 x 
10 m" and then to increase more gradually, achieving a maximum value of - 0.45 s." In beam 
heated discharges, the energy confinement time is observed to decrease with beam oov*r and 
to increase with plasma current. With P b = 5.6 MW, n e = 4.7 x 10 m , I = 2.2 MA and B T = 
4.7T, the gross energy confinement time is 0.22 s and T^(0) = 4.8 keV^ Despite shallow 
penetration of D° beams (at the beam energy < 80 kev with low species yield), T p(a) values 
are as large as those for H' injection, but central confinement times are substantially 
greater. This is a consequence of the insensitivity of che temperature and safety factor 
profile shapes to the heating profile. The radial variation of T E is even more prorounced 
with D° injection into high density pellet-injected plasmas. 
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INTRODUCTION 

Since the last IAEA conference (Efthiraion and co-workers, 1985; Eubank and co-workers, 1985) 
the operating range of the TFTR tokamak has increased substantially with operation of the 
toroidal field, B„, and plasma current, I D up to the full design values of 5.2T iat major 
radius R = 2.48 m) and 2.5 MA. The total D" neutral beam power has been increased up to 6.3 
HW with the beam energy up to 90 keV. Both ohmic and neutral bean experiments have utilized 
the recently installed ORNL repeating pneumatic pellet injector (Combs and co-workers, 
198S), In addition, an energetic ion regime, which is achieved by high power neutral beam 
injection into low density discharges, has been explored. Table 1 lists parameters of 
typical discharges in the different modes of operation. 

TABLE 1 Parameters of Discharges in Various Modes of Operation 

(R = 2.58ra, a = 0 . 82m> 

S t a n d a r d P e l l e t s t a n d a r d P e l l e t E n e r g e t i c Maximum 
OH OH !IB NB Ion (Minimum) 

Shot 14619 13640 14734 14773 14261 __ 
[MA) 2 .2 1 .4 2 . 2 2 .2 0 . 7 2 . 5 
[Tl 4 .7 3 .9 1.7 4 . 7 3 .9 5 . 2 

2 .S 3 .5 2 . S 2 . 8 7 . 5 8 ( 2 . 3 ) 
[MWl 0 

4 . 8 
0 
7 

5 . 6 
4 . 7 

5 .7 
7 . 0 

4 . 6 
1 .0 

6 . 3 
7 

V 0 1 

T e ( 0 ) 

[ IO 1 V 3 ] 6 .1 16 6 . 2 1 0 . 2 2 .0 16 V 0 1 

T e ( 0 ) [keVl 2 .S 1.3 4 . 9 2 .7 3 .7 5 
T t ( 0 ) [keV] 2 . 3 1.3 4 . 8 2 .6 8 . 3 ± 1 . 5 9±2 
T E ( a > [ s i 0 . 4 4 0 . 4 5 0 . 2 ? 0 . 2 2 - 0 , 1 0 0 . 4 5 

As a result of the extension in parameters, improved cleanliness, and the performance sf the 
pellet injector, significant progress has been made in increasing the line-average electron 
density, n , and the gross energy confinement time, r-,(a). Neutral beam injection has been 
used to heat the plasma in both the "standard" regime at high density and high current as 
well as in the "energetic ion" regime at low density and current. The extended operating 
range has enabled us not only to explore the parametric dependence of the confinement time 
and heating efficiency, but also to study the role of "profile consistency" in establishing 
the profiles of electron temperature and -afsty factor, q(r). Even when a strongly nor.-
central heating profile was applied, the temperature and pressure profile shapes were 
observed to be altered only weakly and no significant change was observed in the gross 
energy confinement, implying a relatively long energy confinement time in the core region. 

This paper reviews the present status of confinement studies in TFTR. Fallowing a brief 
description of the characteristics of ohmicaily heated plasmas, recent neutral beam heating 
and confinement results in the standard regime will be described. r.fterwards, the results 
in the energetic ion regime will be summarized. 

CONFINEMENT OF 0HMICALLY HEATED PLASMAS 

In the present extended operational range, ohmic-heating confinement studies have 
concentrated on exploring the range of applicability of the scaling law established 
previously, t B(?) • n e q aR a (Hawryluk and co-workers, 1984; Efthimion and co-workers, 
1984) where n e is the line-average density, and q is the cylindrical limiter safety 
factor. Figure 1 shows results of these studies. The extended operational space ranges to 
a minimum of q a ~ 2.4, and a maximum density of n e - 5.3 x 10 m with Dj gas puffing and 3 
x 10 m~ with either D, pellet injection or He gas puffing (corresponding to values of the 
parameter n a<10 m~ 3) R(m)/B,j, (T) of 3.3 and 5.6 respectively). 

The main impurity species in the TFTR plasma are carbon (the material of the outer moveable 
limiter) and oxygen. At low densities (ne = 1 x 10 in" 3), substantial contributions to Z - -
from nickel and titanium are observed, which decrease rapidiy with increasing density. As 
the density limit is approached, oxygen line radiation increases and a poloidally asymmetric 
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r a d i a t i o n f e a t u r e , MARFE ( L i p s c h u l t z and c o - w o r k e r s , 1984 ) , a p p e a r s en tne i n n e r m a j o r -
r a d i u s p e r i p h e r y of t h e p l a s m a . The i n i t i a l a p p l i c a t i o n of chromium f j e t t s r i n g p r i o r t o a 
r u n was e f f e c t i v e i n r e d u c i n g t h e oxygen r a d i a t i o n , i n i n c r e a s i n g t h e d e n s i t y l i ^ t by 20% 
and i n r e d u c i n g Z f f (from v i s i b l e b r e m s s t r a h l u n g ) t o 1.4 a t n g = 4 . 7 x 10 m" . The 
r e d u c t i o n i n 2 f f and t h e r a d i a t e d power f r a c t i o n , ^ r a ^ / P a H 1 t o $ 4 0 , ! - r o m t h e l e v e l s 

p r e v i o u s l y r e p o r t e d (Hawryluk and c o - w o r k e r s , 1984; Ef thi ra ion and c o - w o r k e r s , 1934) i s a l s o 
s t r o n g l y c o r r e l a t e d w i t h an u n i n t e r r u p t e d h i g h - p o w e r o p e r a t i n g p e r i o d o f » 2400 d i s c h a r g e s . 

The a n a l y s i s of t h e e n e r g y con f inemen t t ime was per formed by u s i n g t h e t i m e - i n d e p e n d e n t 
snapshot r a d i a l - p r o f i l e a n a l y s i s code (SNAP). The l a r g e s t v a l u e of T E t a ) w i t h t>2 p u f f i n g 
was 0 .44 s a t n » 4 . 8 x 10 m , which i s r o u g h l y c o n s i s t e n t w i t h t h e s c a l i n g T£ « ' ' e ^ a ' 
i n He p l a s m a s , T B ( a . v was1 o b s e r v e d n o t t o s c a l e l i n e a r l y w i t h n e a s t h e d e n s i t y was i n c r e a s e s 
t o n = 8 x 10 m " 3 . In h i g h - d e n s i t y He p l a s m a s , t h e dependence o f T E on q a was weaker 
t h a n i n D p l a s m a s . T r a n s p o r t a n a l y s i s of t h e h igh d e n s i t y He plassnas u s i n g T i x x i Ka Dopple r 
b r o a d e n i n g measurements of t h e i on t e m p e r a t u r e i n d i c a t e s t h a t t h e r o l l - o v e r i n T £ w i t h 
d e n s i t y i s due main ly t o e l e c t r o n t r a n s p o r t . A n e o c l a s s i c a l m u l t i p l i e r n e c e s s a r y t o e x p l a i n 
t h e r o l l - o v e r by i on t r a n s p o r t a l o n e g i v e s r i s e t o the d i f f e r e n c e be tween T g ( 0 ) and T__(0! 
s u b s t a n t i a l l y g r e a t e r t h a n t h e measured d i f f e r e n c e , i n c l u d i n g t h e e x p e r i m e n t a l e r r o r s . 

The i n i t i a l o h m i c a l l y h e a t e d p e l l e t i n j e c t i o n e x p e r i m e n t s have used two d i f f e r e n t p e l l e t 
s i z e s (Schmidt and c o - w o r k e r s , 1 9 8 5 ) . A s i n g l e 4 nm D 2 p a l l e t r a i s e d n 5 ( 0 ) t o 1.5 x 

i 2 0 - ~ 3 , r e s u l t i n g in a s u b s t a n t i a l l y peaked d e n s i t y p r o f i l e (n ( 0 ) / n = 2 . 0 , " a s opposed t o 10* 
«• 1.4 wi th gas p u f f i n g ) . More e x t e n s i v e e x p e r i m e n t s have been made w i t h m u l t i p l e (up t o 5) 
2 . 7 mm p e l l e t s i n j e c t e d i n t o a s i n g l e d i s c h a r g e . P e l l e t i n j e c t i o n h a s e x t e n d e d t h e n , r a n a e 
t o 8 x I 0 1 9 m " 3 i n a e u t e r i u n d i s c h a r g e s , and h a s r e s u l t e d i n n a ( 0 ) T E ( a ) of 7 x I O ' 9 S T 3 s w i t h 
T e ( 0 J t - T (01] of 1.3 k e v . The v a l u e o f ? E l a ) of 0 .4S s i s comparab le t o t h e l a r g e s t v a l u e 
a c h i e v e d w i t h gas p u f f i n g . 

GLOBAL CHARACTERISTICS Of BEAM-tfEWTSD DISCHARGES 

I n t h i s s e c t i o n , t h e d i s c h a r g e c h a r a c t e r i s t i c s i n t h e s t a n d a r d n e u t r a l beam h e a t i n g r = g i n e 
and t h e dependence of t h e g r o s s ene rgy c o n f i n e m e n t t ime on n e u t r a l heam power , plasma 
c u r r e n t , and i n j e c t i o n s p e c i e s w i l l be d e s c r i b e d . 0° beams were used tD i n j e c t up t o S.3 M'.J 
i n t o bo th D + and H + t a r g e t p l a smas w h i l e H° beams o p e r a t i n g a t r e d u c e d power (_< 4 MW) wer? 
i n j e c t e d i n t o D + p l a s m a s . " i g u r e 2 compares t h e e v o l u t i o n of p lasma c u r r e n t , s u r f a c e 
v o l t a g e , and l i n e - a v e r a g e e l e c t r o n d e n s i t y f o r an ohsi ic and a n e u t r a l beam h e a t e d d e u t e r i u n 
d i s c h a r g e . These two d i s c h a r g e s a r e among t h o s e i n a power scan i n which t h e beam h e a t i n g 
power was v a r i e d s y s t e m a t i c a l l y . The f l a t - t o p plasma c u r r e n t of 2 .2 MA, w-th B T = 4 . 7 T, 
R = 2 . 5 8 in, and a = 0 .82 m c o r r e s p o n d s t o q a of 2 . 9 . In t h e n e u t r a l beam d i s c h a r g e , the 
t o t a l D" beam power (Pi n - j> was 5 .6 MM from two c o - t a n g e n c i a l b e a m l i n e s , each w i t h t h r e e 
s o u r c e s o p e r a t i n g be tween 70 and 90 keV (73 keV a v e r a g e ) . The beam d u r a t i o n was 0 .5 a . 
'With i n j e c t i o n n i n c r e a s e d s u b s t a n t i a l l y (by - 50% a t t h e h i g h e s t power) c o n s i s t e n t w i t h 
t h e d i r e c t beam f u e l i n g r a t e ( ' lurakami and c o - w Q r k e r s , 1985) . In o r d e r t o o b t a i n a c o n s t a n t 
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Pig. 1 Gross energy confinement versus 
» eqR a for ohmically heated discharges 
with and without pellet injection. 
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density just before the end of the beam pulse (ffe = 4.6 x 10 l 9m~ 3 at t = 3.25 s), the pre-
injection density was adjusted. The surface voltage (V g u 7_) dropped from 1.1 V to 0.7 V 
during injection. The total radiated power l p

r a ij) increased with injection, but the 
fraction P j/( po K + pi n-j' w a s reduced to ~ 20* frora - 40% with ohmic heating alone. 
Impurity concentrations generally increased with increasing power, and both the visible 
bremsstrahlung measurement and the conductivity measurement (with tha neoclassical 
correction) indicated that Z -^ increased from 2 to 3 as the neutral bean power increased up 
to 5,6 MW, Figure 3 shows variations of central electron temperature (from Thorason 
scattering) and central ion temperature (from TiXXI Doppler broadening) with absorbed beam 
power (P . ). The sawtooth oscillation {or internal disruption) varied with respect to the 
Thomson scattering timing of 3.25 s at which detailed transport analyses were made. The 
bars shown indicate the variation of T^ during sawteeth (as measu-ed from electron cyclotron 
emission) and the timing of the instantaneous Thomson scattering measurement within the 
sawtooth period- The Thomson scattering measurement for the discharge at the highest beam 
power happened to be made just before a large internal disruption, and the T a(0) value for 
this discharge is at the upper end of the bar. The Doppler broadening measurements of T, (0) 
have been corrected for radial emission profile effects (< * 10%). In this regime, "the 
difference between impurity and bulk ion temperature measurements is negligible. The line 
drawn in the figure corresponds to a central ion heating efficiency n,- (= AT. (0) n\./?,.a) of 
1.5 x 10 keV m * MW '. 

Pig, 3 Variations of central electron and ion temperature as a function 
of absorbed beam powsr. The central electron temperature from Thomson 
scattering is shown together with the amplitude of sawtooth oscillations 
of T e!0) from electron cyclotron emission measurements indicated by the 
bars. The experimental central ion temperature is compared with that 
predicted by a model based on X-i = ^X? • 

Figue 4 shows the vai iation of the total stored energy (W '••J. ) in t^e thermal ions 
(w.) snd electrons fw ) with heating power (P- e a t) for the 2.2 MA power scan and for 1.8 Mfl 
discharges utilizing either H° or D° injection. The changes in poloidal beta (6 ) due to 
beam injection as calculated by kinetic analysis agree (within ~ 10*) with diamagnetic 
measurements of AS . and equilibrium measurements of M . The heating power <pheat' * s 

defined as the sum of the ohmic (PQU) and absorbed beam power (P v s) less the calculated 
fast-ion charge-exchange loss ( P c x ) , which is typically ^15% of P a b s in these experiments. 
The stored energy increases linearly with heating power to 1.1 MJ (total stored energy is 
1.4 MJ, including the fast ion energy). However, the rate of increase of stored energy, 
d'rf /dp. t, is appreciably less than the ohmie confinement time. 

One possible explanation for the difference might l.ave been that the heam power was not 
completely transferred to the plasma. However, the following observations eliminate this 
possibility. Nearly 100% (± 15%) power accountability has been demonstrated in various 
discharges by simultaneous measurements of radiative and charge exchange losses with 
bolometry and limiter power with an infrared photometry. This demonstrates that the beam 
power is being delivered to the toru3. Furthermore, the power accountability is good even 
in neon-seeded discharges in which the fraction 'raj/Pheat aPP r a ached one (Murakami and co­
workers, 1935), Thus, the power transfer from the beams to the bulk plasma can not be 
seriously affected by either beam orbit losses or beam charge exchange which would not be 

4 



measured by the perpendicular bolometer a r r ay . Tangential charge exchange spectra have a lso 
been examined to inves t iga te possible enhanced beam ion l a s se s . The spectra are reasonably 
cons i s t en t with c l a s s i c a l expectations in D" in jec ted discharges . Agreement was a lso 
observed during major-radius compression experiments in which the fas t ions were accelera ted 
from 82 to 150 kev (Hong and co-workers, 1985), cons is ten t with c l a s s i c a l expecta t ion . 
These observations inply that the beam power i s del ivered to the plasma and thus the l e s s -
than-expected increase in stored energy i s due to confinement degradation with the auxi l i a ry 
hea t ing . 

The gross energy confinement time T E (a) (= H

D / ? j , e a t ' f o r t h e d a t a shown in F ig . 4 f i t s 
na tu ra l ly to a form of a t " / ? hea ' - w n " e r e t ' l e ' incrementa l" confinement time j = 0.!0 s for 
2.2 MA discharges . within the s c a t t e r of the da ta , t - ( a ) can also be f i t by a power law 
dependence of PC«a+. where y - 0 .6 . Figure 5 shows the var ia t ion of T E (a ) with power, and 
shows a continuous de te r io ra t ion with heat ing power. Also shown are empirical scal ing laws 
derived by Goldston (1984) based on smaller tokamaks with neut ra l beam i n j e c t i c n . [We 

heat 'S T - ) . The resulting express the term <nT> in Eq. (3) in Goldston (1984) in terms of (P 
form of Eq. M l ) can be transformed to a quadratic equation for T|, and so solved. The t„ 
calculated in this manner is _> 10% higher in the transition region from ohnic to auxiliary 
heating than given by expressing <nT> in terms of ( P f t e a r T ™ ) - ] 

1.5 

+ 

0.5, 

-
1 1 1 1 i T 

" M^*^ • " 
- .£%**- -

2.2 MA 1.8 MA 

• • V~0'~ 
4 H'-O* _ 

o 

-J 1 1 l l 

• OHIO')" 

I.IMWI 

Pig. 4 Variation of the total stored 
thermal energy with heating power for 
the 2.2 HA power scan and 1.8 MA 
discharges utilizing both 0° and H° 
injection. 

Fig. 5 Variation of the gross energy 
confinement time for the power scan and 
comparison with Goldston's (19B4) L- and 
H-mode scaling predictions. 

Figures 4, 6, and 7 show the dependences of T E(a) on injection species, density, and plasma 
current. Figure 4 demonstrates that there is no differs- .̂ £ in t E(a) between H° and D° 
despite shallower penetration of 0° beams compared to H° beams, as previously discussed 
(Murakami and co-workers, 1985). The insensitivity of T E(a) to beam penetration is also 
demonstrated in Fig, 6 which shows a weak dependence of T ETa) on the density in beam-heated 
discharges with and without pellet injection (Schmidt and co-workers, 1935). These points 
will be discussed in more detail below. Furthermore, Fig. 7 shows that T P(a) increases 
approximately linearly with I Q, as found in smaller tokamaks with injection. At the highest 
plasma current, T E(a) is somewhat larger than the Goldston L-mode scaling. The strong 
plasma current dependence is encouraging. Indeed, at I = 2.2 HA, a T E(a) value of 0.22 s 
has been achieved at n e = 4.7 x 10 n T 3 with T.(0) = 4.9 keV. 

As we have discussed, confinement behavior of beam heated discharges are different from that 
of ohmically heated discharges. Conventionally, the energy transport in tokamaks has been 
described by a three region model; a core region where internal disruptions are important; 
a confinement region outside the core where a large pressure gradient is sustained; and an 
edge region dominated by a combination of atomic physics effects and rapid transport. This 
model will be used as a basis for discussing the behavior of the TFTR discharges. The 
transport in the confinement region will be discussed and then that in the core region. The 
role of the plasma edge will be discussed in relationship with our future work. 
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ENERGY TRANSPORT IN THE, CONFINEMENT REGION 

The 2.2 Mfv power scan described in the previous section was used to study the variation of 
plasma transport with beam power. Both SNAP and the time-dependent transport analysis code 
TRANSP (Hawiyluk, 1980; Goldston and co-workers, 1981) have been used. The radius of 2a/3 
was chosen to represent the confinement region. In this analysis, XJ W S S assumed to be 
equal to 3 xj where x^ is the neoclassical ion thermal diffusivity (Chang and Fiinton, 
1982). Ion temperatures were calculated on the basis of the instantaneous Thomson 
scattering profile, and no attempt was inade to include direct effects of sawteeth on the ion 
power balance. Figure 3 shows that the predicted ion temperature is in agreement with the 
experimental values, especially when thn uncertainties in both T (0) end T,(0) are taken 
into account. Classical beam power deposition and slowtng-down calculations usiTig a Fokker-
planck code (in SNA?! and a Monte-Carlo code (in TRANSP) show most (~ 4/5) of the beam power 
is transferred to the ions in the power scan experiments. However a substantial oortion of 
the power to the ions (P),;) ^ s then coupled to the electrons through classical electron-ion 
collisions. In fact, about 30% of the total heating power i3 lost by the electron channel 
throughout the entire range of beam power. Since the electron stored energy within r = 2a/3 
is only 40-50% larger than the ion energy, the electron energy confinement t B e (2a/3) is 
substantially smaller than the ian confinement time tE,(2a/3) and the total energy 
confinement is largely determined by the electron confinement, as shown in Pig. 8(a). 
Uncertainties in the ion heat conductivity multiplier of ± 50% would alter t„- by 30% while 
T E e and rE hardly change (< 5%). 

As perhaps expected from the de 
thermal diffusivity x e' 2 a/3) increases with increasing beam power, as shown in Fig. 8(b). 
T n e X e value further out (e.g., r = 0.9a) rises more decisively with beam power. However, 
in the core region, the x e value at r = 0.4a stays level or decreases with increasing P b_ 
as described below. 

CONFINEMENT IN THE COBS REGION 

The confinement characteristics of the core region are not only of great fundamental 
interest but also of importance for the performance of future ignition devices. The obvious 
phenomena in the central region are the sawtooth oscillations (internal disruptions), 
(McGuire and co-workers, 1985), which are believed, however, to play a minor role in the 
overall energy balance. Both the location of q = 1 surface and the electron temperature 
profile shape are observed to be functions of the limiter safety factor and not of the 
heating profile. One interesting consequence is that for non-central heating profiles the 
central confinement during injection can be appreciably longer than the gross energy 
confinement time. 
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T_(a); (b! the solid points show electron (j; ) and ion (x;) thermal 
diffusivity as functions of beam absorbed power, assuming that x- - ^ 

The open points are deduced ion thermal diffusivities required to 
match the measured T.(0). 

Figures 9(a), ib) and (c) show the responses of T e(0), T^(0), 
to internal disruptions in a q a = 3.6 beam-heated discharge. 
profiles (from electron cyclotron emission) before and after an internal disruption. There 
is also a modest [< 5%) variation of n e(0) deduced from a 5-channel ?IR interferometer. 
Based on these profiles, the therraal energy within a radius, r, has been calculated, as 
shown in Fig. 9(e). The change in the stored thermal energy as a result of the internal 

and central rotation, V (0), 
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Fig. 9 Effects of sawtooth oscillations in a beam-heated discharge: (a) 
the central electron temperature (from electron cyclotron amission 
measurements);. <b) the uncorrected ion temperature (from TijQj); (c) the 
central toroidal rotation velocity (from TiKa); (d) comparison of T 
profiles before and after the internal disruption at the times indicated 
in (a); and (e) comparison of the electron and ion stored energy before 
and after the internal disruption. 
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d i s rup t ion i s small . The neutron source r a t e , which i s donir.ated by beam-target reac t ions 
does not ahow s u b s t a n t i a l reductions as a r e s u l t of the i n t e r n a l d i s r u p t i o n , ind ica t ing t h a t 
there i s no s i gn i f i c an t loss of beam i o n s . A confinement time associa ted with sawtooth 

S T = t .(.To/AT (where t i s the sawtooth pe r iod) , i s of the order of 0.7 si 
much longer than e i t h e r the gross or e lec t ron energy confinement t imes. rn the power scan 
o s c i l l a t i o n s , T E ' 

experiment, f | ' i s a l so ~ 0.7 s , independent of beam power. 

In addi t ion , i t has been observed in the TFTR ohmic heat ing s tudies that T^tr) p ro f i l e s s re 
determined by q (Taylor and co-workers, 198S). S imi lar ly , in PDX neu t r a l beam heat ing 
s tud ies (Goldston, 19B4; Kaye and co-workers, 1984) the r a t i o <T a >/T e (0 ) , where <Te> i s the 
volume-average T , was observed to be a function of 1/q a , independent of beam power. Figure 
10 shcvs the sawtooth-a 'Je raged <T e >/T e (0) as a function of 1/q a , and Fig. 11 i l l u s t r a t e s the 
va r ia t ion of the q » 1 radius (as determined by the sof t X-ray imaging system) with l / q d for 
the same TFTR data s e t . That both <T^>/l eC0) and r(q = 1)/a are uniquely determined hy 1/q d 

implies that there are na tura l p r o f i l e shapes for T e ( r ) and q ( r ) associa ted with the l i m i t e r 
safe ty f ac to r . Coppi (19B0), Perkins (1984), and o the r s have discussed the s ign i f i cance of 
a constrained p ro f i l e shape for anomalous t r a n s p o r t . Recently, Furth (1985), and Furth and 
co-workers (1985) have discussed the cons t r a in t s on current p rof i l e shape imposed by the 
r e s i s t i v e Jtink s t a b i l i t y requirements and i t s r ami f i ca t ions . 
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0.2 o.3 
I/Ha 

F i g . "0 R a t i o of v o l u m e - a v e r a g e 
e l e c t r o n t e m p e r a t u r e tr> c e n t r a l e l e c t r o n 
t e m p e r a t u r e as a f u n c t i o n of t h e i n v e r s e 
of t h e l i m i t e r s a f e t y f a c t o r . A l l d a t a 
p o i n t s a r e a v e r a g e d o v e r s e v e r a l 
s a w t o o t h p e r i o d s , e x c e p t t h e d a t a shown 
by a v e r t i c a l l i n e which i s bounded by 
two v a l u e s fo r t h e T ( r ) p r o f i l e s (shown 
i n 9d) b e f o r e and a f t e r t h e l a r g e 
i n t e r n a l d i s r u p t i o n . 

I t was found i n TFTR (Murakami and c o - w o r k e r s 1985) t h a t , d e s p i t e s h a l l o w p e n e t r a t i o n of 0° 
i n j e c t i o n , i - l a ] v a l u e s a r e as l a r g e a s t h o s e w i t h more p e n e t r a t i n g H° i n j e c t i o n , and t h a t 
t h e c e n t r a l c o r e c o n f i n e m e n t i s s u b s t a n t i a l l y g r e a t e r w i t h D« i n j e c t i o n . Not o n l y i s t h e T e 

p r o f i l e s h a p e i n d i s t i n g u i s h a b l e between C° and H° i n j e c t i o n , b u t t h e T e ( 0 ) and T | ( 0 ) v a l u e s 
t h e m s e l v e s a r e a b o u t e q u a l t o t h o s e w i t h H" i n j e c t i o n i n TFTR. S i m i l a r r e s u l t s have been 
o b t a i n e d i n n e u t r a l beam h e a t i n g e x p e r i m e n t s i n ASDEX [Spe th and c o - w o r k e r s , 1 9 8 5 ) . These 
o b s e r v a t i o n s a r e s i m i l a r t o t h e T-tO e l e c t r o n c y c l o t r o n h e a t i n g r e s u l t s which showed t h a t 
T E ( a ) r e g a i n e d r o u g h l y c o n s t a n t a s the r e s o n a n c e l a y e r was moved from r = 0 t o r ~ 0 .7a 
( A l i k a e v and c o - w o r k e r s , 19B5) . D" i n j e c t i o n i n t o h i g h - d e n s i t y p e l l e t - i n j e c t e d p l a smas i n 
TFTR (Schmidt and - o - w o r k e r s , 1985) have d e m o n s t r a t e d t h e s a n e phenomenon i n even more 
s t r i k i n g form. F i g u r e 12 shows thu f r a c t i o n ( F w ) of t h e p lasma s t o r e d e n e r g y w i t h i n r = a / 3 
as a f u n c t i o n of t h e f r a c t i o n <F ) of t h e h e a t i n g power d e p o s i t e d w i t h i n r = a / 3 . In ohmic 
d i s c h a r g e s (shown by t h e h a t c h e d a r e a i n c l u d i n g - 200 s h o t s w i t h a q a r a n g e s i m i l a r t o t h e 
n e u t r a l beam c a s e ) , F„ i n c r e a s e s as F i s r a i s e d by i n c r e a s i n g q a . With n e u t r a l beam 
i n j e c t i o n , P can be changed i n a much wider r a n g e . A change i n F by a f a c t o r of 5 s t i l l 
l e a d s t o a r ange of F M a s nar row as t h e ohmic o a s a , and U M F.^ v a r i a t i o n i s b a s i c a l l y 
governed by q a r a t h e r t h a n by F . S ince F w / F = T E ( a / 3 ) / T E ( a ) , t h i s i n d i c a t e s t h a t t h e c o r e 
con f inemen t w i t h p o o r l y p e n e t r a t i n g beams f in p a r t i c u l a r w i t h p e l l e t - f u e l e d b e a m - h e a t e d 
p l a s m a s ) i s s u b s t a n t i a l l y g r e a t e r t h a n t h e g r o s s ene rgy c o n f i n e m e n t . 

8 



Since the beam heating profile F p is primarily governed by density, the central energy 
confinement tends to improve with increasing plasma density as shown in Fig. 13. In fact, 
within the presently available data, x e ( a / 3 > - s n o t m u c h different from the ITi'OR type y.e = 
5 x 10 / n . However, this conclusion should be taken with care, since the available n g 

range for a given value of I is Limited (as seen in Fig. 13) and analyses of data are 
incomplete at this time. 
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Pig. 12 Fractional total stored energy 
within r = a/3 versus fractional heating 
power deposited within r = a/3. The 
shaded areas are the areas occupied by a 
large number (~ 200) of ohmically heated 
discharges. 
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heated discharges. Closed circles and 
triangles show beau-heated discharges 
with pellet injection. 

ENERGETIC ION REGIME 

Operation of TFTR at low I (0.'1-1.0 MA) and high beam power has allowed access to a very-
low-density regime (n"e - 1 :< 10 m~ ) characterized by high ion temperature and high 
toroidal rotation velocity [Grove and Meade (1985)]. Figure 14 shows the time evolution of 
uncorrected ion temperature measurements (from TiXJil X-ray Doppler broadening an'. 
perpendicular passive hydrogen charge-exchange analysis) and of central electron temperature 
(from electron cyclotron emission measurements) for a typical discharge in this regime. 
Substantial corrections to the raw ion temperatures are calculated (Medley and co-workers, 
1985). The dominant adjustment to the Doppler broadening measurement is the expect".: 
temperature difference between impurities and hydrogenic ions, which is maintained L--
preferential coupling of the beam power to impurity ions (Eubank and co-workers, 1979). The 
charge exchange analysis is corrected for opacity and for the high rotation velocity. The 
thermalized central hydrogenic ion temperature is calculated to be 3.3 ± 1.5 kev on the 
basis of both measurements. The ion heating rate calculated from this temperature is 
similar to that obtained in the standard neutral beam regime. The toroidal rotation 
velocity (as measured from Doppler shift of TiXXI K line radiation) observed in this 
discharge is 6.5 x 10 m/s, corresponding to a ratio of the rotation velocity to the 
deuteron thermal veloc-ity (Vj t h = (T i(0)/m i) 1 /' z) of - 1. The rotation velocity increase; 
linearly with P^ nj/h a throughout the entire operating regime (with a tne only weak function 
of Ip), as shown in Fig. 15. Analysis of this discharge indicates that the beam ion density 
is almost as large as the background ion density and that the average central ion energy (~ 
23 kev) is ~ 70* due to unthermalized bean ions. The high rotation velocity substantially 
complicates the energy transport anal/sis: direct beam heating is reduced, but additional 
viscous heating terms arise. The effort to include these effects in the analysis is in 
progress. Preliminary analysis shows that the ion power balance is dominated by convection 
and that T E(a) is of order 100 ms. Despite a relatively large population of beam ions in 
the plasma, behavior of ion heating, momentum confinement and global energy confinement are 
similar to those observed in the standard neutral beam regime. 
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There are several additional interesting features of this new regime. (1) The surface 
voltage during injection decreases substantially to ~ 0.05V. The surface voltage at the en<i 
of the injection pulse decreases with increasing power and increases with plasma current. 
TRRNSP analyses and BALDUR simulations, which do no*- include toroidal rotation, predict a 
neutral beam driven current of ~ 300 kA. (2) A relatively high neutron source strength (4 x 
10 /s) has been obtained in this regime. 

This regime is of interest not only for its intriguing physics, but also for its relevance 
to the two-component mode of operation for which TFTR was designed. Future experiments will 
seek a better understanding and optimization of this regime. 

CONCLUSIONS 

Recent ohraic and neutral beam heating experiments have resulted in substantial improvements 
in plasma parameters. Ohmic discharges spanning a wide range of operating parameters 
clearly provide good target plasmas for neutral beam injection. with the recent 
installation of two additional neutral beamlines and provisions for higher voltage operation 
and for varying injection angle, confinement studies of higher power injection experiments 
will be focussed on further extending the plasma parameters and on obtaining a clearer 
understanding of the transport properties. The observation that the temperature profiLe is 
a weak function of heating profile suggests a couple of intriguing experimental imp!Lcations 
(Furth, 19B5). First, the properties of the edge region determine the local temperature 
there, and possibly therefore the overall stored energy and central temperature, since the 
shape of the overall temperature profile is relatively fixed. Hence better control of the 
plasma edge region may be crucial to attain improved gross energy confinement in high power 
beam injection experiments, as suggested by studies of various enhanced confinement modes. 
Second, since high density non-central heating profiles can result in favorable central 
confinement time, this regime could lend itself to the detection and study of alpha-part.'.cle 
effects in future DT experiments at modest overall Q. 
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