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Abstract 

ACHIEVING HIGH FUSION REACTIVITY IN HIGH POLOIDAL BETA DISCHARGES 
INTFTR. 

High poloidal beta discharges have been produced in TFTR that achieved high fusion 
reactivities at low plasma currents. By rapidly decreasing the plasma cunent just prior to 
high-power neutral beam injection, relatively peaked current profiles were created having 
high /; > 2, high Troyon-normalized beta, fa > 3, and high poloidal beta, ftp > 0.7 R/a. The 
global energy confinement time after the current ramp was comparable to supershots, and the 
combination of improved MHD stability and good confinement produced a new high e/Jp, 
high QDD operating mode for TFTR. Without steady-state current profile control, as the 
pulse lengths of high /}„ discharges were extended, /,' decreased, and the improved stability 
produced immediately after by the current ramp deteriorated. In four second, high epp 

discharges, the current profile broadened under the influence of bootstrap and beam-drive 
currents. When the calculated voltage throughout the plasma nearly vanished, MHD 
instabilities were observed with fa as low as 1.4. Ideal MHD stability calculations showed 
this lower beta limit to be consistent with theoretical expectations. 
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1. Introduction 
Tokamak operation at high poloidal beta {eBp - 1, e = a/R) offers 

several important advantages to future fusion reactors: low plasma current, 
!iigh bootstrap current fraction, and the possibility of improved confinement 
due to equilibrium modification. However, since the plasma current is 
relatively low at high eBp, the achievement of high fusion reactivity generally 
requires operation at a high Troyon-normalized beta, B^ = 10 8 (B) QBQ I Ip, 
and a high L-mode normalized confinement, H = tE^EjTERp. The previously 
reported TFTR high poloidal beta experiments have explored this advanced 
operating regime by making use of s. rapid plasma current ramp-down to 
produce high // discharges which have improved MHD stability properties 
[1,2]. The stability improvement obtained with the rapid Ip ramp-down is 
significant. At very low current (0.3 MA < Ip < 0.6 MA), neutral beam 
injection into plasmas prepared with Ip ramps produced high // discharges 
with broad pressure profiles that avoided the macroscopic MHD instabilities 
limiting supershots to eBp <0.7 [3,4]. Diverted discharges with eBp 2 1.3 
have been produced, and the plasma with highest normalized beta in TFTR 
(J3# - 4.9) was achieved following a 0.85 MA to 0.4 MA current ramp-down. 
These very low current discharges illustrated operation at the tokamak's 
poloidal beta limit [5], and allowed moderate-n ballooning modes to be 
identified with soft x-ray and ECE fluctuation measurements [6]. High /,• 
discharges have also been produced with a current ramp in DIII-D [7], and 
sligntly elongated discharges (»c - 1.2) achieving record values of fly > 6 
when /; > 2 have been recendy reported [8]. 

Although the first high eBp discharges in TFTR were produced with Ip < 
0.85 MA, the current ramp-down technique was used recently to produce high 
Bp discharges with up to 1.4 MA of plasma current. High /;, high eBp 

discharges achieved /)# ~ 3.5 at 1.0 MA; whereas, MHD instabilities restrict 
supershots to operate below /J# < 2.5. Since fusion reactivity scales roughly 
as the square of the stored energy in TFTR, this 40% improvement of the beta 
limit produces a two-fold increase in the fusion reactivity for a given value of 
plasma current. Figure la illustrates this result by showing the peak neutron 
rates obtained both when using the lp ramp-down technique and during 
supershot operation. The higher neutron rate observed below 1.4 MA is a 
direct result of the improved MHD stability of the transiently-modified 
current profile. 

The high /;, high eBp discharges also achieved high QDD (the ratio of 
fusion power to applied power) since discharges with Ip > 0.85 MA have 
global energy confinement comparable to that obtained in typical supershots 
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[9], For high EJ3p plasmas with currents between 1.0 MA and 1.2 MA, the 
global energy confinement times were between 0.12 s < Tfc < 0.16 s. QDD as 
high as 1.3 x 1 0 - 3 was measured at 1.0 MA and ePp ~ 0.95. For lower 
currents (< 0.85 MA), the global energy confinement decreased in a manner 
consistent with ITER-89P L-mode scaling [10] (i.e. i£ « / p

0 - 3 5 ) . When the 
ratio between the pre-ramp and post-ramp current levels was greater than 1.5 
and when the neutral beam power was large enough to produce £J5p - 1, the 
L-mode normalized global energy confinement time, H, was found to be 
between 2.5 and 3.7. 

Figure lb illustrates TFTR's two high QDD operating regimes as a 
function of epp and q* where q* = 5a2BoK/R*Ip and R* « R 2KI (1 + K 2 ) . 
High QDD supershots can be produced in plasmas with 1.2 MA <Ip < 1.9 MA 
(3.5 < q* £ 5) provided the injected balanced neutral beam power increases 
with increasing current. As described elsewhere [4,11], supershot operation is 
limited by the presence of sawteeth and associated confinement degradation at 
high current and by pressure-driven MHD instabilities at low current. TFTR's 
high Pp, high QDD operating region occurs between 1.0 MA < Ip < 1.2 MA (5 
< q* < 6) when high power NBI (approximately 25 MW) is applied 
immediately after a rapid Ip ramp-down. This regime is referred to as the 
high pp operating regime. Because of the existence of these two operating 
modes, future DT experiments in TFTR can study collective alpha-particle 
physics in discharges having high epp, high /5jv, and evolving current profiles. 

The tendency for high J;, peaked current profiles to broaden in time also 
illustrates the need for steady-state current profile control to maintain stable, 
high QDD discharges at high epp. For Ip £ 0.85 MA, high /,-, high /?w 
discharges have only been maintained for approximately 0.5 s—equivalent to 
one alpha-particle s! owing-down time—before the onset of beta-limiting 
disruptions or beta collapses. At lower current, high ePp discharges with 0.4 
MA £ Ip S 0.6 MA have been maintained for more than 2 s by reducing the 
injected power and Ps- These high ePp discharges lasted long enough to 
allow the current density to relax naturally to a broad profile dominated by 
beam-driven and bootstrap currents. The magnitude of the non-inductive 
current was calculated using the TRANSP code [12] to constitute over 90% of 
the total plasma current. These discharges have enabled TFTR to study the 
MHD instabilities occurring in long-pulse, high e@p plasmas. 

2. Achieving high fusion reactivity at high Pp 
Figure 2 illustrates the time-histories of high ePp discharges created 

using a rapid 1.6 MA to 1.0 MA current ramp. The timing and power level of 
the neutral beam injection differs slightly for each discharge. In one case, 10 
MW of co-injected neutral beam heating was applied during the ramp-down 
(in order to eliminate sawteeth), and a short 0.3 s, 27 MW pulse of balanced 
NBI was applied immediately following the Ip ramp. In the other case, 22 
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MW of balanced NBI was gradually applied so that the peak value of /Jyy 
occurred approximately 0.5 s from the end of the current ramp. Both 
discharges are known to be just below the beta limit since subsequent 
discharges with slightly higher heating powers disrupted. These four 
discharges define a time-dependent instability threshold. After 0.3 s from the 
end of the Ip ramp, the plasma disrupts when pV~ 3.5. After 0.4 s, disruptions 
occur at /}# - 3.1, and, after 0.5 s, a beta collapse occurred at /}# - 2.7 
associated with the presence of intense m/n = 2/1 oscillations. 

The evolving instability threshold that follows a current ramp is 
believed to result from the evolution of the plasma current profile. The time 
history of the internal inductance, /,• s 4 (f dV Bp

2/2\io) I |irj/?*/p2, (calculated 
using the TRANSP code for the discharge labeled "a") is a measure of the 
current evolution. The internal inductance increases from about 1.4 to 
approximately 2.7 during the Ip ramp and then decreases slowly thereafter. 

The observed threshold for MHD instability in supershots occurs at 
much lower P^. At 1.4 MA, beta collapses occur for some discharges with 
1.3 < PN < 2.1, and disruptions have occasionally occurred in supershot 
discharges as low as /3/v ~ 1.8. However, for PN> 2.1, all 1.4 MA supershots 
either disrupt or have a beta collapse, and the highest normalized beta 
achieved for a supershot before the onset of MHD instability is pV - 2.4. 

Figure 3 compares the behaviors of the high /,-, high efip discharges 
shown in Figure 2 with the time evolution of 1.0 MA and 1.6 MA supershots 
operating near the supershot beta limit. For each supershot, the power level 
was adjusted to achieve p# - 2. Beta collapses with m/n = 2/1 occurred for 
each discharge type, however, one 1.6 MA supershot remained 
macroscopically stable for a 0.9 s heating pulse. As the figure indicates, the 
Ip ramp-down increased p# from 2.0 to 3.5—by a factor approximately equal 
to the ratio of the initial to the final current levels. Since the plasma's stored 
energy scales as PN X (YIp I aB), the 1.0 MA high /; discharge and the 1.6 MA 
supershot have nearly equal plasma energies. (A slighdy lower energy 
resulted for the 1.0 MA high ij plasma since ePp approached unity and its 
volume, V, was reduced as its cross-section became oblate, K- 0.8.) When the 
1.0 MA high Pp discharge is compared to the 1.0 MA supershot (epp - 0.63), 
the increased stability produced by the current ramp allowed the neutron 
production rate to double. 

Figure 4a shows the TRANSP calculated current profiles for the three 
examples in Figure 3. The rapid current ramp-down creates a current profile 
with a high central current density and an outer current-reversal layer. The 
figure also lists the measured values of the density peaking factors, ne(0) I 
(ne), and the calculated pressure profile parameters, (p2)/(p)2. The pressure 
profiles include the calculated pressure of fast beam ions (typically, 40% for 
supershots and 60% for the Ip ramp-down discharges). The high /; discharge 
has a broader density and pressure profile than either supershot; however, the 
current ramp did not produce profiles as broad as L-mode discharges. 
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The combination of broad pressure and peaked-current profiles has been 
shown to produce enhanced stability in TFTR. Figure 4b shows the calculated 
thresholds for n = 1 MHD instability for TFTR discharges having safety 
factor profiles, q(\(f), representative of either supershots or Ip ramp-downs. 
For peaked pressure, the stability boundary increases only slightly as /,• 
increases from 1.0 to 2.5. However, for broad pressure profiles, high /,• 
discharges are calculated to be stable to n = 1 modes for /jyv < 5, and this 
computed threshold corresponds to the maximum normalized beta achieved in 
TFTR using a current ramp. 

Since current ramps have been used to achieve enhanced confinement in 
L-mode discharges [6,7,13,14], it is useful to compare the global energy 
confinement obtained after a current ramp to those obtained with comparable 
supershots. Figure 3 also shows the approximate values of the global energy 
confinement times computed both magnetically and with the aid of the 
TRANSP calculations of /,-. As described in Ref. 9, global T£ for the two 
supershots ranged between 0.15 s and 0.17 s; whereas, for the 1.0 MA high 
efip discharges, global tfc was in the range of 0.12 s to 0.14 s except during 
brief periods when each discharge entered a short, ELM-free, limiter H-mode 
[15,16]. Although many transitions from a supershot to a limiter H-mode have 
been observed {e.g. ELMs are present at the end of the supershot shown in 
Figure 3a), limiter H-mode transitions are nearly always seen following a 
current ramp-down in discharges with lp > 0.85 MA. Similar behavior 
following a current ramp-uown has been reported in JTPP-T-IIU [17]. The lp 

ramp-down shown in Figure 3b resulted in the longest ELM-free period 
observed in TFTR H-modes, and recent theoretical modeling indicate high U 
current profiles may help stabilize ELMs [18]. When Ip exceeded 1.0 MA, Ip 

ramps did not produce ELM-free periods, and global energy confinement 
decreased. Reduced confinement for Ip > 1.0 MA prevented high /,• 
discharges from reaching the beta limit with 28 MW, and fusion reactivity 
decreased as indicated in Figure la. Since the global energy confinement 
times were nearly equal for the three examples in Figure 3, the confinement 
multiplier relative to TEJTERp °* ^» 0 - 8 5/ vP exceeded 3.5 for the high EPP 

discharges. The 1.0 MA supershot had H - 2.8 while H - 2.6 for the 1.6 MA 
supershot. 

3. Using high (?D2> high Pp discharges for alpha physics studies 
High ePp DT discharges have been simulated using the TRANSP code 

in a manner similar to previously reported DT supershot simulations [19]. 
These simulations show that Qorcan achieve 0.22 at 1.0 MA using the Ip 

ramp-down technique, and the values of QDTIQDD - 169 were comparable to 
supershot ratios. The alpha pressures for high pp DT plasmas were calculated 
to be a factor of two lower than the high QDD supershots, and /J^O) exceeded 
0.2% in a 1.2 MA high pp simulation. The alpha particle slowing-down time 
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was calculated to be 0.5 s, and this is comparable to the maximum pulse 
length over which stability can be enhanced with a current ramp. Because the 
central current density following an lp ramp-down is nearly equal to the pre-
ramp-down current level, prompt alpha losses increased to only 19% at 1.0 
MA when compared to an estimated 8% loss for a 1.6 MA supershot. 

' During the upcoming DT experiments, short heating pulses applied to 
high /,- plasmas will allow the study of the influence of alpha particles on the 
stability of high Pp plasmas. Since the DT simulations suggest that the time 
evolution of global alpha parameters (e.g. (Pd) and V(JV\) span a similiar 
range in both supershot and ramp-down discharges, alpha stability 
experiments can be made with a variety of q{\f) profiles and with £/5p up to 
unity. We are particularly interested in the stabilizing effects of (1) high 
normalized pressure gradients, as- (2Rq21B-) (dp/dr), which occur at high 
Pp and may stabilize high-n, TAE modes [20] and (2) high edge shear, s=(r/ 
q) (dq I dr), which is produced following the current ramp-down. Stability 
properties of TAE modes in high £pp TFTR discharges are presently being 
studied [21,22]. 

4. Observation of current relaxation in high cjSp discharges 
dominated by non-inductive currents 

• Due to the transient nature of the current profile modification that 
follows an lp ramp-down, the enhanced stability created by the rapid current 
ramp-down deteriorates as the heating pulse length is extended. In order to 

* investigate mis effect further, high ePp discharges were maintained for a 
constant-current relaxation time [23] by substantially reducing both the 
neutral beam power and the plasma current so that epp - 1 while /3/y ^ 2. 

Figure 5 illustrates the time evolution of two long-pulse, high efip 
discharges. Figure 5a shows a discharge prepared with a 1.0 MA to 0.6 MA 
current ramp with 9 MW of neutral beam heating (5.5 MW co-injected and 
3.5 MW counter-injected), and Figure 5b shows a discharge following a 0.85 
MA to 0.4 MA current ramp with 8 MW of nearly balanced injection. As 
described in Refs. 1, 2, and 5, over 20 MW has been applied for short 
intervals producing jSjv > 4 with high /,-. The discharges illustrated in Figure 5 
represent the longest-lived high ePp plasmas so far produced in TFTR. At 0.6 
MA, a disruption terminated the discharge after 1.9 s of neutral beam hearing 
at Pff - 2. At 0.4 MA, a mild beta collapse dominated by mln = 3/2 
oscillations occurred after only 0.5 s when QN - 2.5; however, the 3/2 
oscillations subsided and the discharge remained at efip -1 for an additional 2 

• s when it suffered a beta collapse at Pf/~ 1.4 associated with 3/1 oscillations. 
For both current levels, when the power was reduced so that pp/ < 1.1, high 
amplitude MHD oscillations did not occur for the entire 4 s beam pulse; 

* however, these plasmas had a relatively large surface voltage, and TB (and Pp) 
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gradually decayed to a low-current L-mode in a manner similar to that 
described in Ref. 13. 

The current profiles following the current ramp were highly peaked, /,• > 
3, and they evolved on a constant-current, resistive time scale to a relaxed 
state with a very small voltage throughout the plasma. Figure 6 shows the 
current and voltage profiles calculated by TRANSP at the beginning and end 
of each high £j3p discharge. The large negative surface voltage and the outer 
current reversal layer produced by the Ip ramp-down are indicated. After 
approximately 2 s, the measured surface voltages were less than 50 mV, and 
the TRANSP-calculated voltage profiles vanished except near the magnetic 
axis. The sum of the bootstrap and beam-driven currents were calculated to 
constitute approximately 90 % of the 0.6 MA discharge and more than 75% 
of the 0.4 MA discharge. Measurements of the <7(0) evolution using a 
motional Stark effect (MSE) diagnostic [24] were made during the first 2 s of 
each discharge, and the TRANSP calculations were in reasonably good 
agreement with the measurements of the 0.4 MA discharge. Work to better 
integrate the MSE measurements with TRANSP is in progress. 

Ideal MHD stability analyses for n = 1 free-boundary modes were 
performed for the equilibria reconstructed by TRANSP at several times 
indicated in Figure 6 by either "S" or "U" (for stable or unstable). As shown, 
the appearance of MHD instabilities approximately corresponded to 
theoretical expectations. The equilibrium calculated to be unstable at 4.5 s in 
the 0.4 MA discharge could be stabilized by a slight reduction in the peak 
pressure. Although the initial plasma profiles were far from stability 
boundaries at the reduced power levels, as the profiles evolved, the calculated 
onset for n = 1 instabilities appears to describe operational stability limits of 
the high efip, nearly steady-state discharges. 

5. Summary 
High /,- discharges have been produced with a rapid current ramp-down 

technique allowing supershot beta limits to be exceeded for short times in 
if IK. For 1.0 MA discharges following a current ramp, the fusion reactivity 
can double relative to 1.0 MA supershots since the normalized beta limit was 
extended from approximately 2.0 to 3.5. The rapid current ramp did not 
prevent 1.0 MA discharges from achieving global energy confinement times 
comparable to supershots. The combination of improved stability with good 
confinement produced a second high QDD operate mode for TFTR. 

The current profiles produced from the current ramps have not been 
maintained with current drive, and, consequently, high /;, enhanced stability 
deteriorates as the pulse lengths are extended. Our observations of beta-
limiting phenomena which occur after an Ip ramp-down are summarized in 
Figure 7. Enhanced stability relative to supershots has been observed for 
approximately 0.5 s. This is sufficiently long to allow the formation of (/Jo) > 
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0.2 %. By reducing the injected power and operating at low current (Ip < 0.6 
MA), high h!pp discharges with large fractions of non-inductive current have 
been sustained for a more than a current relaxation time. 
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Figure Captions 

Figure 1. (a) Contours of the observed peak neutron rates as a function of 
plasma current for TFTR supershots and high epp discharges, (b) 
TFTR's operational diagram showing two high QDD operating 
regimes as a function of £j3p and the cylindrical safety factor, q*. 

Figure 2. The time evolution of high fip discharges created with a 1.6 MA 
to 1.0 MA curreiit ramp. Four discharges are superimposed to 
show the appearance of MHD limiting instabilities at lower 
values of Pfj as time progresses. 

Figure 3. Comparisons of the time evolution of (b) high eft, discharges 
with (a) 1.0 MA and (c) 1.7 MA supershots. From top to bottom, 
the plasma current and the injected neutral beam power, the 
evolution of fty, the DD fusion neutrons, the D a light, and an 
estimate of the global energy confinement time. 

Figure 4. (a) Calculated current profiles and total pressure parameters for 
the discharges shown in Figure 3. (b) Ideal n = 1 MHD instability 
thresholds calculated using q(y) profiles approximating supershot 
and high /j current profiles. 

Figure 5. High efip discharges maintained for more than a constant-current 
relaxation time. From top to bottom, the injected beam power, the 
plasma current with calculated beam and bootstrap currents, the 
evolution of epp, and the calculated values of /j and <7(0). MSE 
measurements of <7(0) are superimposed onto the TRANSP 
calculated values. 

Figure 6. The current and voltage profiles calculated by TRANSP for the 
discharges shown in Figure 5. 

Figure 7. The observed onset of beta-limiting instabilities as a function of 
time after the end of a current ramp. 
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