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Abstract. In this paper, arguments will be presented to support the attrac- 

tiveness of advanced tokamaks as fusion reactors. The premise that all improved 

confinement regimes obtained to date were limited by magnetohydrodynamic stabil- 

ity will be established from experimental results. Accessing the advanced tokamak 

regime, therefore, requires means to overcome and enhance the beta limit. We will 

describe a number of ideas involving control of the plasma internal profiles, eg., , 
j, V4; P, to achieve this. These approaches will have to be compatible with the 

underlying mechanisms for confinement improvement, such as shear rot ation sup- 

pression of turbulence. For steady-state, there is a trade-off between full bootstrap 

current operation and the ability to control current profiles. The coupling between 

current drive and stability dictates the choice of sources and suggests an optimum 

for the bootstrap fraction. We summarize by presenting the future plans of the U.S. 
confinement devices, DIII-D, PBX-M, C-Mod, to address the advanced tokamak 

physics issues and provide a database for the design of next-generation experiments. 

1. introduction 

Considerable research is going on in the fusion program worldwide to demon- 
strate tokamak performance in stability, confinement, and steady-state current drive 
above and beyond the criteria being used presently for the design of fusion reactors. 
In the U.S., tokamaks such as DIII-D, PBX-M, Alcator C-Mod, and to some extent 
TFTR have dedicated a significant fraction of their programs to advanced tokamak 
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research. The motivation of such a pursuit lies in the realization that the capital 
cost of a fusion reactor [l] is controlled by three key elements related to the plasma 
core: the toroidal magnetic field (BT),  the volume of the plasma and the hardware 
for driving the plasma current (Ip). In addition, the operating cost is significantly 
affected by the fraction of recirculating power and steady-state versus pulsed mode of 

operation. To design an economically attractive fusion reactor, one has to minimize 

these costs subject to the requirements for high fusion gain (Q) with 

where A = R/a  is the aspect ratio and the energy confinement time T is assumed to 
have to generic L/H-mode scaling r = H I ,  R3/' K'/~/P' /~,  and the desired fusion 
power output 

Pf, = p 2  B4 Vol 

where p G PN ( Ip /aB)  is used. Thus, as BT and Ip (or volume) are reduced, H and 
PN have to increase to maintain Q and Pfus above the threshold. 

To reduce the operating cost, steady-state operation is highly desirable [2,3]. 
This can be achieved by replacing the pulsed ohmic current by noninductively- 
driven current using radio frequency (rf) waves or neutral beam injection. Another 
key parameter, namely the current drive efficiency defined by'qm E nIR/Ph,t, 
enters into consideration. According to theory and experiments, ,L?N is limited by 
the Troyon coefficient, Cp [4,5]. The following inequality follows 

Two conclusions can be drawn from this inequality. First, there is a limit to 
confinement improvement determined by stability. Secondly, since the demonstrated 
current drive efficiencies are still marginal at best for reactor, a high Troyon coeffi- 
cient is a necessity for the operation of an advanced tokamak reactor. 
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The problem with marginal current drive efficiency can be alleviated if a 

tokamak can operate with a large bootstrap current. The bootstrap fraction f - s  is 

given by f ~ s  N 0 . 5 p p / a  where ,Elp is the poloidal beta. Similarly, because of the 

Troyon limit, f ~ s  is limited by stability [6], 

with q* = 2 x u 2 B ~ / p o  Ip R. For high bootstrap fraction and high fusion power 
density, it is desirable to operate at moderately high q* and high Troyon coefficient 
(Fig. 1). 
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FIG. 1. Operating space for advanced tokamaks. 

The goal of the advanced tokamak program is to optimize both energy confine- 
ment time and beta in a steady-state noninductively-driven discharge. A reasonable 
target is to achieve H = 3, ,& = 5,  and f ~ s  = 70% simultaneously in steady-state. 
These values have actually been achieved independently in a number of experiments 

for a finite duration [2,7-111. Important progress has been made both theoretically 
and experimentally in underst anding the underlying physics of the performance 
improvements and perfecting the reliability of the high performance regimes [12]. 

The challenge is to reach the target parameters simultaneously and demonstrate the 
relevance of such operation for steady-state reactors. 

GENERAL ATOMCS REPORT GA-A21813 3 



EXPERIMENTAL AND THEORETICAL BASIS FOR ADVANCED TOKAMAKS V . S .  Chan 

4 

In the following, I shall discuss: an approach to  meet the goals for an advanced 
tokamak based on the understanding of results obtained so far; the issues which 

remain to be resolved; and plans to resolve them on present, toltamaks in the U.S. 

2. An Approach to  Improved Performance 

It is clear from the above discussion that plasma stability is the dominant 
factor for improved performance. We know from experiments that the limit to 
the performance of many high confinement discharges is stability at high p.  This 
suggests that a viable a.pproach for advanced tokamaks is to increase the stability 
limit (p) of these high confinement regimes without negatively impacting the high 
confinement. At first glance, this might appear to be an impossible task, attempting 

to optimize both confinement and stability in a multiple dimensional parameter 
space. Fortunately, we have already identified a number of key features which 
need to be maintained for high confinement including: shape, plasma flow V+ and 

flow shear, current density J ,  pressure P, and safety factor 4 profiles, on-axis q(0)  

and edge current density J ( a )  [12]. Moreover, experiments and ideal MHD theory 
indicate that optimization of these same features may lead to the desirable increase 
in stability. These features will be discussed next. 

On DIII-D, plasma performance improves with plasma shaping [13,14]. Fig- 
ure 2 plots the fusion gain (PT) versus a shape parameter, ( I / U B ~ ) ~ R / ( ~  +- K'). 
Large value of the shape parameter corresponds to high triangularity. While the 
theoretical basis is not yet in hand, the result indicate that high triangularity is 

essential for high fusion gain. Furthermore, ,LIN H maximizes at 495 > 5 which is 
favorable for operation with large bootstrap fraction, Eq. (4)) and reduced disruption 
probability [15]. 

Another key parameter associated with transport reduction and confinement 

improvement is E x B rotation and rotational shear. On DIII-D, confinement 
improvement in H- and VH-mode is believed to be a consequence of increased 
sheared flow [16]. Figure 3 compares two similar VH-mode discharges, one using 
magnetic braking to independently control the plasma rotation [17]. The one with 
larger rotational shear has significantly lower transport consistent with theory pre- 

dictions. The rotation on DIII-D is produced by the momentum input from neutral 
beam injection. Other methods to drive sheared flows may be possible, such as 
ion Bernstein waves (IBW). The CH-mode discovered in PBX-M [18] is associated 
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FIG. 2. Plasma performance in 
DIII-D improves with plasma 
shaping. 
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FIG. 4. Formation of a transport barrier in the core region during IBW. 

with the formation of a transport barrier in the core region during IBW heating 

(Fig. 4). The density profile in the CH-phase is more peaked than the H-phase 
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suggesting the possibility of a larger bootstrap current favorably located away from 

the edge. Maintaining plasma rotation also improves the stability against low n 

modes [19]. Figure 5 shows an experiment to test the effectiveness of the DIII-D 

wall in stabilizing low n modes. ,G is able to reach a substantially higher value than 
predicted by ideal stability calculations with no wall stabilization when the plasma 

is rotating. The discharge becomes unstable to the (3,l) mode when the q = 3 
surface ceases to rotate. This result indicates maintaining the plasma rotation and 
a close-fitting wall are essential for high &. 
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FIG. 5. Maintaining plasma rotation improves the stability against low n modes. 

Peaked current profile or equivalently high internal inductance (e;)  is favorable 
for plasma stability in the first stable regime. This is confirmed by both theory and 
experiments. High 1; also leads to improved confinement. TFTR first demonstrated 
this by dynamic current ramp [20]. This was subsequently confirmed on JET [21] 

and DIII-D [22]. Another transient technique for peaking the current profile is by 
dynamic shape (IC) ramp [23]. In DIII-D, the most dramatic increase is in %-ramp 
H-mode in which K is rapidly elongated from 1 to 2.1. The plasma changes from 
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L-mode to H-mode, followed by further increase in Q to almost twice the H-mode 
confinement at the maximum -!i. Because of the transient nature of this technique, 

the current profile eventually relaxes to lower ti as does the confinement time to 

lower values. This suggests, however, that if current profile control is available, the 
high confinement may be maintained in steady-state. 

As mentioned, many of the high confinement modes obtained in experiments so 

far are terminated by MHD instabilities. These can be internal modes for the TFTR 
[24] high ,Op regime, or external modes for the DIII-D VH-mode [25]. The external 
modes, identified to be edge kinks, on DIII-D is believed to be driven unstable by a 

finite edge current due to a steep edge pressure gradient. The role of the finite edge 
current density is intriguing. The best confinement in DIII-D is obtained with finite 
edge current (Fig. 6). Yet it is also responsible for its termination. Plasma rotation 
and wall stabilization will certainly help in prolonging the high confinement phase, 
but will this be sufficient for steady-state? The answer might come in controlling 
the safety factor on-axis, g(0). 
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FIG. 6. The best confinement in DIII-D is obtained with finite edge 
current density. 
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Theory has long predicted the importance of q(0) for stability [26-281. How- 

ever, without a reliable technique to control q(O), theoretical predictions have not 
been seriously tested. With the success of the Motional Stark Effect (MSE) di- 
agnostic [29], J and q profiles can now be accurately measured and encouraging 
results regarding q(0)  and q' have emerged. In DIII-D and TFTR, improved core 

confinement is observed in high q(0)  , high pp discharges. In DIII-D, these discharges 
axe sustained by neutral beam current drive and bootstrap current [30,31]. The 
current profile broadens in the transition from ohmic to noninductive current leading 
to a rise in q(0). As q(0) rises above 2, MHD fluctuations disappear and core 
confinement improves, most dramatically in the core density (Fig. 7). This result 
is highly suggestive of a correlation in the DIII-D second stable core (SSC) regime 
[31] and the JET PEP-mode [32] both with negative central shear. The negative q' 
allows the core to enter into the second stable regime to ballooning modes. Together 

with favorable stabilizing features in the outer half, the DIII-D SSC discharges 
achieve beta values of &(O) = 44% and (PT) = 11%. Reduced transport in the 
negative shear region is demonstrated in the PEP-mode. It remains to demonstrate 
simultaneously both high ,L? and reduced transport for the negative shear operation. 
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FIG. 7. Improved core confinement is observed in high q(O), high Pp 
discharges. 
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To achieve that requires a technique to sustain the negative shear for long 
duration. Bootstrap current which naturally peaks off-axis provides close to the 

ideal current profile for the negative shear regime. TFTR [33], DIII-D [28], JT-6OU 
[ll], and other tokamak have produced discharges with bootstrap fraction f > 50% 
(Fig. 8). The high bootstrap fraction was achieved by operating at very high q* 

[see Eq. (4)]. For advanced tokamaks, it is necessary to demonstrate high bootstrap 

fraction with moderate q* and high Troyon coefficient. 
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FIG. 8. Bootstrap current consitutes up to 65% of the total plasma 
current for high ,Op TFTR discharge. 

According to theory, MHD stable discharges are only possible within certain 
windows in q(0)  [28]. Bootstrap current alone does not offer sufficient control to 
access these windows. Radio frequency (rf) wave current drive offers the best tool 

for this purpose. The ability to locally control the current density is one of the 
primary requirements. Hard x-ray measurements in PBX-M during lower hybrid 
current drive (LHCD) have confirmed the localization of fast electrons produced by 

the LH waves (Fig. 9). The central q has been modified by on- and off-axis LHCD 
on-axis [34]. On-axis fast wave current drive (FWCD) [35] has been demonstrated 

in DIII-D which clearly changes the sawtooth behavior although the available power 
(<2 MW) is in sufficient to test the beta limit. Finally, to maximize the efficiency 
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FIG. 9. Deposition of lower hybrid power and generation of ener- 
getic electrons in PBX-M. 

of rf current drive, density control is required. With divertor cryopumping, density 
control in H-mode discharges is demonstrated on DIII-D (Fig. 10). This points to 
the necessity for the design of an effective divertor compatible with high performance 
requirements in any advanced tokamak. 

3. Future Plans to  Address Outstanding lssues 

While existing tokamaks have produced a large volume of information for 

advanced tokamak operation, its contribution lies mainly in elucidating the physics 
understanding. The future path should be directed towards the demonstration of 
active control. This is made possible by the increasing availability of rf power (FW, 
LH, IBW, EC), sophisticated diagnostics (MSE, magnetics, CER, ECE) and multi- 
parameter digital plasma control systems. 

Rotation remains a central issue. Extension of the high confinement regime 
by wall stabilization of the edge kink mode will continue to be tested in DIII-D, 
PBX-M, and HBT-EP. Maintaining plasma rotation will be essential. The effective- 
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FIG. 10. Divertor pump reduces H-mode density; temperature rises. 

ness of both neutral beam and rf will be studied, FW and NBI in DIII-D, IBW and 
LH in PBX-M and FW and AlfvCn wave in C-Mod. Regarding wall stabilization, 
theory has presented experiment with a new challenge, namely, the resistive wall 
mode [36]. Theory indicates that this mode is unstable when the wall is close to 
the plasma. A window in wall distance exists for both the edge kink and resistive 
wall mode to be stable [37]. This window should be tested. Theory suggests that 
the latter mode should also be stabilized by rotation. 

Another key experiment is the modification and feedback control of ~ ( 0 ) .  The 
experiment should have a goal of demonstrating the stabilizing effect of high q(0). 

Hence, it is essential to do this experiment at high PN, close to the stability limit. 
DIII-D and C-Mod plan to use FW and pellet injection to achieve high q ( O ) ,  
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negative shear. PBX-M plans to do the same with LH and IBW. The combination 
of q(0) control, plasma rotation and wall stabilization offers the best prospect for 

high P N .  We expect to explore this both on DIII-D and PBX-M. 1, 

The calculated efficiencies for FWCD and ECCD are sufficient for what is 
required for a steady-state reactor. Experiments to  date are consistent with these 
theories, but verifying the higher efficiencies at higher temperature still remains to 
be completed. High power experiments are planned on DIII-D and C-Mod to do 
fully noninductive current drive in the mega ampere range. We have not discussed 

the possibility of enhancing current drive efficiency. This poses a great challenge but 

ideas exist and plans are unfolding to test these ideas. TFTR will study IBW current 
drive using mode conversion from FW. C-Mod has plans to study the synergism 
between LHCD and ICRF. DIII-D will investigate the parasitic damping of FW on 

fast neutral beam particles to enhance neutral beam current drive efficiency. 

More research is needed to learn to optimize the bootstrap current profile. 
What fraction of edge bootstrap current can be accommodated before running 
into stability problem? Quantitative answers will be provided by the edge MSE 
measurement in DIII-D. IBW in PBX-M can be used to control the pressure profile 
to shift the bootstrap current away from the edge. For the negative central shear 
SSC discharge, the bootstrap current profile is favorably aligned. Proper control of 
q(0) together with wall stabilization is expected to result in high stable /3. The high 
e; path to high /3 is attractive because of the efficient use of rf CD. However, the 
high plasma pressure will result in large bootstrap current buildup in the outer half 
of the discharge which works to decrease and weakens the stability. Also, wall 
stabilization may not be effective in this case. What is the steady-state limit of e;, 
and is this value high enough to  achieve the confinement and stability goals of the 
advanced tokamak? More theory and experiment will be required to answer this 
question. 

Lastly, we have to answer the question whether any of the enhanced confine- 
ment modes is relevant because of possible helium ash “poisoning” in reactors if the 
helium confinement is correspondingly improved. In DIII-D, edge localized modes 

(ELM) can effectively exhaust helium in H-mode discharges 1381. The divertor 
pump is also most effective in controlling density in ELMing H-modes. On the other 
hand, the highest confinement is achieved in ELM-free H-mode. Two challenges lie 
ahead: to control density reliably in high performance ELM-free H-mode, and to 

GENERAL ATOMICS REPORT GA-A21813 



KS. Chan EXPERIMENTAL AND THEORETICAL BASIS FOR ADVANCED TOKAMAKS 

demonstrat e high performance ELMing discharge. Some indication of the latter 
might already exist [lo]. 

4. Summary 

Research in high performance tokamaks has provided a firm physics and tech- 

nology basis to justify the consideration of advanced tokamaks as a serious candidate 

for an economically attractive reactor. The physics research has moved from a 

physics validation phase to an active control phase with the availability of multi- 
megawatt rf powers. What started out as many isolated ideas has now crystallized 
into two promising paths: the second stable core with negative central shear and 
high q(0) 112,391; and high-ti H-mode. Research in the next few years will focus 
on perfecting the techniques to control the key parameters discussed in this paper 

with the goal of demonstrating these two advanced tokamak operating regimes. The 
outcome of this research will provide timely input for the operation of the Tokamak 
Physics Experiment (TPX) and impact the planning of the high performance steady- 
state operation of ITER. 
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