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Abstract. Fusion energy research aims to develop an economically and environmentally sus-
tainable energy system. The tokamak, a doughnut shaped plasma confined by magnetic fields 
generated by currents flowing in external coils and the plasma, is a leading concept. Ad-
vanced Tokamak (AT) research in the DIII–D tokamak seeks to provide a scientific basis for 
steady-state high performance operation. This necessitates replacing the inherently pulsed 
inductive method of driving plasma current. Our approach emphasizes high pressure to 
maximize fusion gain while maximizing the self-driven bootstrap current, along with exter-
nal current profile control. This requires integrated, simultaneous control of many character-
istics of the plasma with a diverse set of techniques. This has already resulted in noninduc-
tive conditions being maintained at high pressure on current relaxation timescales. A high 
degree of physical understanding is facilitated by a closely coupled integrated modelling ef-
fort. Simulations are used both to plan and interpret experiments, making possible continued 
development of the models themselves. An ultimate objective is the capability to predict be-
haviour in future AT experiments. Analysis of experimental results relies on use of the 
TRANSP code via the FusionGrid, and our use of the FusionGrid will increase as additional 
analysis and simulation tools are made available. 

1.  Introduction 
The primary goal of next-step fusion devices such as ITER will be demonstration of sufficient fusion 
performance to merit consideration of fusion as a viable energy source. “Conventional” scenarios 
such as the High Confinement mode of operation (H-mode) appear capable of fulfilling this re-
quirement. However, reliance of these scenarios on a transformer makes them inherently pulsed 
rather than steady state as preferred for a power generating station. Advanced Tokamak (AT) re-
search [1-4] focuses on developing steady-state scenarios with fusion performance comparable to the 
conventional H-mode. 

For steady-state operation, all plasma current must be supplied noninductively. To minimize de-
pendence on external systems, the self-generated bootstrap current [5], IBS,, must provide most of 
the plasma current. The bootstrap current fraction fBS = IBS/Ip  p  q N, where 

P,T  = 2μ0 / BP,T
2  is the ratio of the plasma pressure to the poloidal (P) or toroidal (T) magnetic 

field pressure, N = aBT T/Ip is the normalized beta (with minor radius a  in m, toroidal magnetic 
field B in T, T in percent and plasma current Ip in MA). The remaining current is provided by ex-
ternal sources. 

Fusion gain increases with the triple product nT E T EB2 , where n is the plasma density and 
T is the temperature. Maintaining high gain requires high T  and energy confinement E. Simulta-

neous optimization for both bootstrap current and gain depends on maximizing P T  N
2 , This ne-



 
 
 
 
 
 

cessitates operation near the pressure limit. This 
requires control of magnetohydrodynamic (MHD) 
stability and transport processes in the plasma. 

Requirements for AT operation [1,6,7], specifi-
cally the DIII-D approach [8], have been described 
elsewhere in more detail. Here, we briefly summa-
rize this approach, which relies on neutral beam 
(NBCD) and electron cyclotron current drive 
(ECCD). Following this approach, we have demon-
strated fully noninductive conditions with N = 3.6 
for several E and nearly noninductive conditions 
for longer than one current relaxation time R. 

Simultaneous integration of the individual scien-
tific elements into steady-state high performance 
scenarios remains the greatest challenge, due 
largely to the many couplings between the different 
scientific elements. A comprehensive integrated 
modeling effort is carried out along with these ex-
perimental efforts. Experiments are both planned 
and interpreted in light of these simulations. This 
benefits both the experiments and the models, since 
the results guide development of both. This sup-
ports a major goal: to develop a predictive capability for application to the design of advanced sce-
narios in next-step burning plasma experiments. 

Experimental data analysis relies heavily on the TRANSP [9] code, provided as a service via the 
FusionGrid [10]. We anticipate using other such services for future analysis, modeling and simula-
tion. 

2.  The physics elements of Advanced Tokamak research 
Our approach is to build physics understanding and control capability of the scientific elements and 
then combine the knowledge and tools to produce AT configurations. The elements fall into four 
general categories: (1) Facilitating operation at high ; (2) noninductively modifying and maintain-
ing the current profile; (3) modifying and controlling transport; and (4) controlling particles and en-
ergy exhausted through the boundary. We briefly touch upon the first two; full detail is given in [8]. 

These experiments make use of variations on a typical DIII-D AT discharge (Fig. 1). Early in the 
current ramp, a momentary increase in the heating power triggers an early transition to H–mode. 
This broadens the temperature and density profiles and, with the addition of an H-mode pedestal, 
results in a hot core plasma, slowing the resistive evolution of the current profile and allowing ac-
cess to plasmas with high qmin  after the plasma current has reached flattop. The high power phase is 
timed to coincide with the desired value of the minimum safety factor qmin , typically 1.5–2.0 s for 
qmin 2.5  and 2.5–3.0 s for qmin 1.5 . 

2.1.  High beta operation 
The need to simultaneously maximize power density ( T) and bootstrap ( P) motivates operation 
near the pressure limit. Present experiments operate with N  3-4; higher values are anticipated in 
the future. We maximize the  limit through optimization of the plasma geometry and pressure pro-
file [11–13], and active control of MHD instabilities such as the Resistive Wall Mode (RWM) [14–
16]. 

Geometry (elongation  and triangularity ) and pressure profile shape both impact stability lim-
its [11]. Both calculation and experiment [12,13] demonstrate that increasing  and  increases the 
ideal, low-n N limits that often limit performance. Pressure profile control is more difficult, since it 
relies on transport control, a less developed research area. We approach this by building an under-
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standing of transport behavior and designing 
scenarios that are consistent with this underly-
ing transport. 

AT  plasmas in DIII-D routinely operate 
above the no-wall  limit. This is allowed by 
rotational stabilization of the RWM, in turn 
facilitated by active control of error fields that 
might otherwise slow the toroidal rotation. 
Coils recently installed in the vacuum vessel 
are designed to provide direct RWM stabiliza-
tion regardless of rotation. Efforts to exploit these coils in experiments have begun, with detailed 
results described elsewhere [15–17]. 

2.2.  Noninductive current profile control 
In conventional tokamak scenarios, most plasma current is driven inductively, with the plasma act-
ing as the secondary of a transformer. These scenarios are inherently pulsed, decreasing their attrac-
tiveness for a power plant. The AT eliminates this constraint, allowing steady state operation without 
sacrificing fusion performance. Current is provided by means other than transformer action. The 
bootstrap current [5], driven by radial gradients in the kinetic profiles, provides most of the current 
in high  steady state plasmas. AT discharges in DIII-D typically have fBS  50%–70%, with simula-
tions indicating feasible scenarios with fBS  90%. In target plasmas (prior to ECCD activation), the 
remaining inductive current in the plasma amounts to about 25% of the total current, centered 
around the mid radius (Fig. 2) [1]. It is this current that must be replaced by additional noninductive 
sources. 

ECCD can effectively provide this off-axis current. Simulations of a discharge with and one 
without EC indicate a difference in current density at the location where the EC waves are deposited 
(Fig. 3) [18]. Measurements, made by motional Stark effect (MSE) [19], are in good agreement with 
the simulation, and indicate that approximately 130 kA is driven by ECCD near the absorption ra-
dius. 

3.  Integrated self-consistent scenarios 
Predictive modeling with the ONETWO [20] code, was carried out based on previously reported 

discharges (Fig. 4) [6]. The discharge forming the basis of this study has qmin > 1.5, N
max 3.1, 

fBS  55% and fNI  90%. The simulations indicate that increasing the neutral beam power by 
4 MW would result in the plasma reaching fNI  100% at somewhat higher . These calculations 
were repeated using the theory-based GLF23 model [21], with similar results. 
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TRANSP [9] is another code that is ex-
tensively used for modeling and analysis. 

Unlike ONETWO, this is run remotely using the FusionGrid [10]. This has proven very successful, 
since this code demands a large processor resource, and is therefore well suited to rely on a central 
processor farm such as the TRANSP cluster at Princeton Plasma Physics Laboratory (PPPL). This 
also eliminates the previous need for PPPL personnel to maintain TRANSP installations at remote 
labs, often on computer systems that are substantially different than their own. 

Although TRANSP is extremely useful in its own right, it also serves as a model for other analy-
sis, modeling and simulation tools to be deployed in the same way. Development is underway on 
several such codes. In the present work, TRANSP is used to interpret data (Fig. 5) and prepare data 
for simulations such as those discussed above. 

Experiments based on the above simulations resulted in establishment of fully noninductive 
conditions (Fig. 5). The TRANSP inductive current profile is not fully relaxed, indicating here that 
the models used are not fully self-consistent. NVLOOP [22] calculates the same quantity based only 
on the temporal behavior of the EFIT equilibria, and in this case, indicates the inductive current has 
been eliminated throughout the plasma. fNI  100%, T = 3.5% and N = 3.6 is maintained for 0.6 s, 
until the pressure profile evolves to an unstable state. A similar discharge was maintained with 
fNI  90%–95% for 2 s, limited by available hardware duration. 

4.  Summary 
AT research in DIII-D seeks to provide a scientific basis for steady state high performance regimes 
in next-step tokamaks. Our approach combines key advances in separate scientific areas into an in-
tegrated scenario. This has led to demonstrations of fully noninductive, high beta plasma states that 
will be directly applicable to experiments on ITER. Integrated modeling, primarily using ONETWO, 
is used to both interpret and plan experiments. TRANSP is used extensively for data analysis, and 
provides a demonstration of the potential power of the FusionGrid for providing computing re-
sources for a variety of resource intensive tasks. We look forward to using other such tools as part of 
future AT research. 

Acknowledgment 
This is a report of work supported by the U.S. Department of Energy under DE-FC02-04ER54698. 

References 
[1] Wade M R, et al., Phys. Plasmas 8 (2001) 2208. 
[2] Greenfield C M, et al., Phys. Plasmas 11 (2004) 2616. 
[3] Litaudon X, et al., Nucl. Fusion 43 (2003) 565. 

0.2 0.4 0.6 0.8 1.0

0

100

A/
cm

2

120096 4.16s

(NVLOOP) inductive
(TRANSP)

ECCD

NBCD
boot-
strap

total

Current density components

Fig. 5. TRANSP simulations are used to cal-
culate contributions to the current profile
from each source. The inductive current is
calculated by subtracting these sources from
the total current calculated by the EFIT equi-
librium code. This is compared to an
NVLOOP calculation.

t (s)
3.8
5.0
7.0

6

4

2

0

q  = 1.5

ρ
0.0 0.2 0.4 0.6 0.8 1.0

Total

BSECCD

NBCD

1.5 t = 7.0 s
1.0

0.5
0.0

–0.5
OH

ECCD + NBCD

ECCD + NBCD + Bootstrap

Shot 111221

Shot 111221

Modeling

Modeling

0.0
0.2
0.4
0.6
0.8
1.0
1.2

βN

2 3 4 5 6
Time (s)

0
1
2
3
4

7β
N

, 
P

IN
J
 (

1
0
 M

W
)

N
o

n
in

d
u

c
ti

v
e

C
u

rr
e
n

t 
F

ra
c
ti

o
n

P NBI
4MW

M
A

/m
2

q

j

PEC

(a) (b)

(c)

(d)



 
 
 
 
 
 

[4] Ishida S, JT-60 Team and JFT-2M Group, Phys. Plasmas 11 (2004) 2532. 
[5] Bickerton R J, Connor J W, Taylor J B, Nature Phys. Sci. 229 (1971) 110. 
[6] Murakami M, et al., Phys. Plasma 10 (2003) 1691; Wade M R, et al., Nucl. Fusion 43 (2003) 

634. 
[7] Taylor T S, Plasma Phys. Control. Fusion 39 (1997) B47. 
[8] Greenfield C M, et al., Plasma Phys. Control. Fusion 46 (2004) B213. 
[9] Hawryluk R J, Physics Close to Thermonuclear Conditions, edited by B. Coppi et al. 

(Commission of the European Communities, Brussels, 1980), Vol. 1, p. 19. 
[10] Schissel D P, et al., Fusion Eng. And Design 21 (2004) 245. 
[11] Turnbull A D, et al., Proc. of 16th Fusion Energy Conf., Montreal, 1996, Vol. 2 (International 

Atomic Energy Agency, Vienna, 1997) p. 509. 
[12] Makowski M A, Casper T A, Ferron J R, Taylor T S, and Turnbull A D, Proc. of 30th Euro. 

Conf. on Controlled Fusion and Plasma Physics, St. Petersburg, 2003, ECA Vol. 27A 
(European Physical Society, Geneva: EPS2003), P-2.113, 
http://eps2003.ioffe.ru/PDFS/P2_113.PDF. 

[13] Kessel C E, Ferron J R, Greenfield C M, Menard J E, and Taylor T S, Proc. of the 30th Euro. 
Conf. on Controlled Fusion and Plasma Physics, St. Petersburg, 2003, ECA Vol. 27A 
(European Physical Society, Geneva: EPS2003), P-4.044, 
http://eps2003.ioffe.ru/PDFS/P4_044.PDF. 

[14] Garofalo A M, et al., Phys. Plasmas 5 (2002) 1997. 
[15] Strait E J, et al., Phys. Plasmas 11 (2004) 2505. 
[16] Garofalo A M, et al., Proc. of 31st Euro. Conf. on Controlled Fusion and Plasma Physics, 

London, 2004, (European Physical Society, Geneva: EPS2004). 
[17] Chu M S, et al., Phys. Plasmas 11 (2004) 2497. 
[18] Murakami M, et al., Phys. Rev. Lett. 90 (2003) 255001. 
[19] Rice B W, et al., Phys. Rev. Lett. 79 (1997) 2694. 
[20] St. John H E, Taylor T S, Lin-Liu Y R, and Turnbull A D, Plasma Physics and Controlled 

Nuclear Fusion Research 1994, Proc. of 15th IAEA Conf., Seville, 1994, Vol. 3 (IAEA, 
Vienna, 1994) p. 603. 

[21] Kinsey J E, Staebler G M, Waltz R E, Fusion Sci. Technol. 44 (2003) 763. 
[22] Forest C B, Kupfer K, Luce T C, Politzer P A, Lao L L, Wade M R, Whyte D G, and 

Wròblewski D, Phys. Rev. Lett. 73 (1994) 2444. 


