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simultaneously. Part of the increases in �
N

result from
improved stability in the absence of wall stabiliza-
tion and part is due to enhanced wall stabilization
from both strong shaping and broader pressure. The
physical mechanisms underlying these improvements
— penetration of the external shape into the interior,
and increased coupling between the plasma and wall,
respectively — are further enhanced by increased �,
thus producing the observed synergistic e↵ects. The
studies reported here were with an NCS q profile. This
has inherently low l

i

, which provides good coupling to
the wall. However, the general trends and specifically
the synergism are based on physical mechanisms that
can be expected to operate for other profiles. Similar
results can therefore be expected whenever wall sta-
bilization is important.

The increase in the � limit for broader pressure
profiles in strongly shaped DIII-D cross-sections is
confirmed experimentally by observations of L mode
NCS discharges with strong density and pressure
peaking, which are limited by hard disruptions to �

N

values near 2, and of H mode discharges that have
reached �

N

⇠ 4 and appear to be limited by a soft
roll-over in performance associated with either col-
lapse of the non-monotonic q profile or edge local-
ized modes [16, 22, 23]. Also the observed � limits in
JT-60 and JET L mode discharges [18–20], as well as
the circular cross-section TFTR ERS discharges [17],
have so far been limited to �

N

<⇠ 2, consistent with
the results obtained here.

Recent DIII-D experiments motivated by this
study have utilized the predicted and observed
improvement in the �⇤ limit from strong shaping
and broadened pressure profiles to reach record fusion
performance as measured by Q

DD

(defined as fusion
power/input power for the D–D reaction) or the neu-
tron production rate [32, 33]. Programmed H mode
transitions were timed to broaden the pressure profile
prior to the L mode disruption and avoid the low-�

N

limit for peaked pressure profiles. In these discharges
neutron rates continued to increase, commensurate
with increasing � and �⇤, after the transition. The
cross-section shapes were also optimized to obtain the
highest elongation and triangularity consistent with
control of the H mode transition.

JT-60 has also achieved record values of Qequiv

DT

⇠ 1
(estimated from measured Q

DD

values) in L mode
NCS discharges by forming the minimum q at larger
radius, so that the internal transport barrier is also
extended to larger radius [18], thus broadening the
pressure. However, these discharges were still limited
to �

N

⇠ 2. JET has similarly reached high Qequiv

DT

[20] but again in L mode with �
N

limited near 2.0.
Further improvements similar to those obtained in
DIII-D [32, 33] should be possible in both machines,
if stronger shaping and broader pressure could be
achieved by a transition to an H mode NCS configu-
ration, to the extent that some degree of coupling to
the wall can also be realized.

The � values so far achieved in the DIII-D H mode
NCS experiments [22, 23, 32, 33] are below the opti-
mized limits calculated here. However, the limiting
instabilities appear to be either due to unoptimized
profiles, or edge ‘peeling type’ modes driven by large
edge pressure gradients [54], similar to the VH mode
termination [57, 58]. These modes should be avoid-
able if the edge pressure or current density gradients
in high performance NCS H mode experiments can be
controlled. Control of this edge pressure and current
density remains an active area of further experimen-
tal research. Details from these experiments will be
reported in future publications.
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ABSTRACT. Systematic stability studies of the negative central shear (NCS) configuration reveal
a synergistic relationship between the gains in the ideal n = 1 magnetohydrodynamic (MHD) �
limit from optimizing the profiles and from optimizing the shape. For a circular cross-section with
highly peaked pressure profiles, �N = �/(I/aB) is limited to �N ⇠ 2% (mT/MA). Small to moderate
improvements in �N result either from broadening the pressure or from strong cross-section shaping.
At fixed safety factor the latter translates to a much larger increase in � and the root mean square �
denoted as �⇤. With both optimal profiles and strong shaping, however, the gain in all the relevant
fusion performance parameters is dramatic, and � and �⇤ can be increased by a factor of 5. The
calculations show that stabilization from a nearby conducting wall greatly contributes to this large
improvement, since coupling of the plasma to the wall is increased for the optimum profiles and
cross-section. Moreover, the alignment of the bootstrap current density profile with the total current
density profile is also optimized with broad pressure, strong cross-section shaping and high �N, thus
minimizing steady state current drive requirements. Sensitivity studies using other profiles show some
variation in the actual � limits, but the general trends remain robustly invariant.

1. INTRODUCTION

The advanced tokamak concept [1–3] aims to
achieve high �, high confinement and a well-aligned
bootstrap current fraction, in a tokamak configu-
ration consistent with steady state operation. The
improvements over the simple, zero dimensional
scaling laws such as the Troyon limit [4], �

N

⌘
�/(I/aB) 3, normally used to predict standard,
pulsed tokamak performance are obtained by taking
into account the dependence of the stability and con-
finement on the two dimensional equilibrium. Specifi-
cally, this means optimizing performance with respect
to the details of the current and pressure profiles and
the cross-section shape which, together, define the
equilibrium.

Here, � is defined as � = (2µ
0

hpi)/B2

0

, using the
volume averaged pressure and the vacuum field value
B

0

at the geometric centre R
0

. All �
N

values quoted
are in units of % · mT/MA, which appears to be the
universal, if not explicitly stated, practice. The term
‘bootstrap alignment’ is used here in a loose sense as
referring to a high fraction of the current resulting
from the neoclassical bootstrap e↵ect, with the pro-
file of this bootstrap current density having roughly

the same shape as the full current density profile with
little or no excess bootstrap current density. A more
precise definition than this depends on how much
auxiliary current drive one is willing to accept: a ques-
tion that is beyond the scope of this article.

The negative central shear (NCS) or second sta-
ble core [5] configuration, with elevated safety fac-
tor q( ) and negative shear (1/q)(dq/d ) < 0 in the
core ( is the poloidal flux), is one promising avenue
to achievement of the advanced tokamak goals, since
it showed simultaneously high �, reaching a record
value of � ' 11%, as well as high core confinement,
as evidenced by the dramatic peaking of the pressure
profile observed in the region of negative shear [5].
The high confinement is also supported by analysis
of the JET PEP mode [6], which showed transport in
the region of shear reversal consistent with standard
neoclassical levels [7, 8], calculated using the standard
neoclassical formulas based on small orbit assump-
tions, although it is now clear that these formulas
need to be modified in the core of NCS discharges
[9].

In the form of the second stable core VH mode
[10–13], simulations showed that the configura-
tion described in Ref. [5] could be modified to
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both the negative shear and the edge pressure gra-
dient in H mode or VH mode [10–13], and H fac-
tors of 3 to 4 have already been observed in DIII-D
high performance NCS discharges [16, 22, 23, 32, 33].
In the H mode discharges, the uncontrolled peaking
of the density profile is avoided while the internal
transport barrier remains intact and the ion ther-
mal transport is neoclassical, or below, over the
entire cross-section [32, 33]. Conversely, strongly
peaked NCS discharges appear unlikely to lead to
an advanced tokamak for any cross-section, since,
despite the observed improved confinement, the �

limits are low and the bootstrap current alignment
is relatively poor.

One final requirement for the advanced tokamak,
envisaged in Ref. [13], that has not been addressed
here, is the issue of wall stabilization over extended
time-scales. The stability calculations in Section 3
assumed stabilization from a conformal or self-similar
wall, and from Fig. 13, the high �

N

values well above
4 can clearly only be obtained with stabilization from
a moderately placed wall. Wall stabilization has been
demonstrated experimentally in low-l

i

DIII-D dis-
charges with monotonic or near-monotonic q profiles
[51, 52], and the rotation required to maintain sta-
bility has been found to be quite low [53]. Calcula-
tions for reconstructed NCS discharges strongly sug-
gest wall stabilization of those discharges as well, but
the necessary sensitivity studies have not yet been
done to conclusively rule out other profile e↵ects.
Experimental demonstration of a wall stabilized NCS
discharge with �

N

⇠ 5, as in Ref. [13], remains to be
pursued.

Higher-n modes are probably a little more restric-
tive in their � limits [2, 10, 13–15, 45, 47, 48], but
the general trends are expected to remain the same,
since stronger shaping and broader pressure should
increase the coupling of n > 1 modes as well as n = 1.
Variations in q

0

and q
min

might reveal some minor
qualitative di↵erences between the stability limits for
di↵erent n but q

0

and q
min

are fixed here, and this
remains to be checked in future work. The systematic
study by Phillips et al. [48] has noted some qualita-
tive di↵erences in the �-limit dependence on q

min

for
n = 1 and n = 2 modes in a circular cross-section.
On the other hand, the recent study by Lee et al.
[45] in a highly shaped cross-section showed a sur-
prisingly similar qualitative dependence of the stabil-
ity on q

min

for n = 1 and n = 2 modes. The two
studies had some significant di↵erences in addition
to the di↵erence in cross-sections (most notably, the
study in Ref. [45] systematically included wall sta-

bilization, whereas that in Ref. [48] did not), and it
remains to be determined whether the di↵erent trends
are due to the change in cross-section or to these
other di↵erences. For example, Ozeki et al. [47] found
the stability picture of n > 1 infernal modes [56] to
be quite complicated, depending sensitively on the
relation between the shear minimum and the pres-
sure gradient maximum. Resolution of these details
is therefore deferred to future work.

Resistive MHD modes might also modify this pic-
ture. Some work has been done in this area [43]. It has
been shown that the resistive interchange mode can
be unstable in NCS discharges [23, 43] and can limit
the peaking of the pressure gradient in the negative
shear region. This leads to a dependence of the resis-
tive � limit on pressure peaking similar to the ideal
limits in Fig. 10. However, the dependence on shaping
is much weaker. Bondeson et al. [50] also found that
the resistive interchange stability limited the pressure
peaking factor by locally limiting the achievable pres-
sure gradient in the negative shear region. For global
resistive modes some calculations were reported in
Ref. [23], but no systematic studies have yet been
published, and the limitations from these modes are
not yet fully understood. However, the trends could
be expected to be similar to those of the ideal limits.
This also requires further investigation.

6. CONCLUSION

This study clearly shows that strong cross-section
shaping, coupled to strong pressure profile optimiza-
tion, can lead to a dramatic improvement in the �

limit and other fusion-relevant figures of merit. With
stabilization from a moderately placed wall, �⇤ can
be increased by a factor of 5 over that for a circu-
lar cross-section, resulting in an improvement in the
fusion reaction rate by a factor of 25. The gain in � or
�⇤ is a consequence of both an increase in the normal-
ized �

N

(or �⇤
N

) limit and an increase in the current
carrying capacity I

N

= I/aB from strong shaping.
The optimum for strong shaping and broad pressure
is consistent with requirements for good bootstrap
alignment with high q

min

, and is also qualitatively
consistent with a broad H mode or VH mode pressure
pedestal with corresponding enhanced global confine-
ment.

Cross-section shaping or pressure profile optimiza-
tion alone yield much more moderate increases in
the � limit; a synergistic e↵ect between them results
in the much higher limits when both are optimized
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simultaneously. Part of the increases in �
N

result from
improved stability in the absence of wall stabiliza-
tion and part is due to enhanced wall stabilization
from both strong shaping and broader pressure. The
physical mechanisms underlying these improvements
— penetration of the external shape into the interior,
and increased coupling between the plasma and wall,
respectively — are further enhanced by increased �,
thus producing the observed synergistic e↵ects. The
studies reported here were with an NCS q profile. This
has inherently low l

i

, which provides good coupling to
the wall. However, the general trends and specifically
the synergism are based on physical mechanisms that
can be expected to operate for other profiles. Similar
results can therefore be expected whenever wall sta-
bilization is important.

The increase in the � limit for broader pressure
profiles in strongly shaped DIII-D cross-sections is
confirmed experimentally by observations of L mode
NCS discharges with strong density and pressure
peaking, which are limited by hard disruptions to �

N

values near 2, and of H mode discharges that have
reached �

N

⇠ 4 and appear to be limited by a soft
roll-over in performance associated with either col-
lapse of the non-monotonic q profile or edge local-
ized modes [16, 22, 23]. Also the observed � limits in
JT-60 and JET L mode discharges [18–20], as well as
the circular cross-section TFTR ERS discharges [17],
have so far been limited to �

N

<⇠ 2, consistent with
the results obtained here.

Recent DIII-D experiments motivated by this
study have utilized the predicted and observed
improvement in the �⇤ limit from strong shaping
and broadened pressure profiles to reach record fusion
performance as measured by Q

DD

(defined as fusion
power/input power for the D–D reaction) or the neu-
tron production rate [32, 33]. Programmed H mode
transitions were timed to broaden the pressure profile
prior to the L mode disruption and avoid the low-�

N

limit for peaked pressure profiles. In these discharges
neutron rates continued to increase, commensurate
with increasing � and �⇤, after the transition. The
cross-section shapes were also optimized to obtain the
highest elongation and triangularity consistent with
control of the H mode transition.

JT-60 has also achieved record values of Qequiv

DT

⇠ 1
(estimated from measured Q

DD

values) in L mode
NCS discharges by forming the minimum q at larger
radius, so that the internal transport barrier is also
extended to larger radius [18], thus broadening the
pressure. However, these discharges were still limited
to �

N

⇠ 2. JET has similarly reached high Qequiv

DT

[20] but again in L mode with �
N

limited near 2.0.
Further improvements similar to those obtained in
DIII-D [32, 33] should be possible in both machines,
if stronger shaping and broader pressure could be
achieved by a transition to an H mode NCS configu-
ration, to the extent that some degree of coupling to
the wall can also be realized.

The � values so far achieved in the DIII-D H mode
NCS experiments [22, 23, 32, 33] are below the opti-
mized limits calculated here. However, the limiting
instabilities appear to be either due to unoptimized
profiles, or edge ‘peeling type’ modes driven by large
edge pressure gradients [54], similar to the VH mode
termination [57, 58]. These modes should be avoid-
able if the edge pressure or current density gradients
in high performance NCS H mode experiments can be
controlled. Control of this edge pressure and current
density remains an active area of further experimen-
tal research. Details from these experiments will be
reported in future publications.
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both the negative shear and the edge pressure gra-
dient in H mode or VH mode [10–13], and H fac-
tors of 3 to 4 have already been observed in DIII-D
high performance NCS discharges [16, 22, 23, 32, 33].
In the H mode discharges, the uncontrolled peaking
of the density profile is avoided while the internal
transport barrier remains intact and the ion ther-
mal transport is neoclassical, or below, over the
entire cross-section [32, 33]. Conversely, strongly
peaked NCS discharges appear unlikely to lead to
an advanced tokamak for any cross-section, since,
despite the observed improved confinement, the �

limits are low and the bootstrap current alignment
is relatively poor.

One final requirement for the advanced tokamak,
envisaged in Ref. [13], that has not been addressed
here, is the issue of wall stabilization over extended
time-scales. The stability calculations in Section 3
assumed stabilization from a conformal or self-similar
wall, and from Fig. 13, the high �

N

values well above
4 can clearly only be obtained with stabilization from
a moderately placed wall. Wall stabilization has been
demonstrated experimentally in low-l

i

DIII-D dis-
charges with monotonic or near-monotonic q profiles
[51, 52], and the rotation required to maintain sta-
bility has been found to be quite low [53]. Calcula-
tions for reconstructed NCS discharges strongly sug-
gest wall stabilization of those discharges as well, but
the necessary sensitivity studies have not yet been
done to conclusively rule out other profile e↵ects.
Experimental demonstration of a wall stabilized NCS
discharge with �

N

⇠ 5, as in Ref. [13], remains to be
pursued.

Higher-n modes are probably a little more restric-
tive in their � limits [2, 10, 13–15, 45, 47, 48], but
the general trends are expected to remain the same,
since stronger shaping and broader pressure should
increase the coupling of n > 1 modes as well as n = 1.
Variations in q

0

and q
min

might reveal some minor
qualitative di↵erences between the stability limits for
di↵erent n but q

0

and q
min

are fixed here, and this
remains to be checked in future work. The systematic
study by Phillips et al. [48] has noted some qualita-
tive di↵erences in the �-limit dependence on q

min

for
n = 1 and n = 2 modes in a circular cross-section.
On the other hand, the recent study by Lee et al.
[45] in a highly shaped cross-section showed a sur-
prisingly similar qualitative dependence of the stabil-
ity on q

min

for n = 1 and n = 2 modes. The two
studies had some significant di↵erences in addition
to the di↵erence in cross-sections (most notably, the
study in Ref. [45] systematically included wall sta-

bilization, whereas that in Ref. [48] did not), and it
remains to be determined whether the di↵erent trends
are due to the change in cross-section or to these
other di↵erences. For example, Ozeki et al. [47] found
the stability picture of n > 1 infernal modes [56] to
be quite complicated, depending sensitively on the
relation between the shear minimum and the pres-
sure gradient maximum. Resolution of these details
is therefore deferred to future work.

Resistive MHD modes might also modify this pic-
ture. Some work has been done in this area [43]. It has
been shown that the resistive interchange mode can
be unstable in NCS discharges [23, 43] and can limit
the peaking of the pressure gradient in the negative
shear region. This leads to a dependence of the resis-
tive � limit on pressure peaking similar to the ideal
limits in Fig. 10. However, the dependence on shaping
is much weaker. Bondeson et al. [50] also found that
the resistive interchange stability limited the pressure
peaking factor by locally limiting the achievable pres-
sure gradient in the negative shear region. For global
resistive modes some calculations were reported in
Ref. [23], but no systematic studies have yet been
published, and the limitations from these modes are
not yet fully understood. However, the trends could
be expected to be similar to those of the ideal limits.
This also requires further investigation.

6. CONCLUSION

This study clearly shows that strong cross-section
shaping, coupled to strong pressure profile optimiza-
tion, can lead to a dramatic improvement in the �

limit and other fusion-relevant figures of merit. With
stabilization from a moderately placed wall, �⇤ can
be increased by a factor of 5 over that for a circu-
lar cross-section, resulting in an improvement in the
fusion reaction rate by a factor of 25. The gain in � or
�⇤ is a consequence of both an increase in the normal-
ized �

N

(or �⇤
N

) limit and an increase in the current
carrying capacity I

N

= I/aB from strong shaping.
The optimum for strong shaping and broad pressure
is consistent with requirements for good bootstrap
alignment with high q

min

, and is also qualitatively
consistent with a broad H mode or VH mode pressure
pedestal with corresponding enhanced global confine-
ment.

Cross-section shaping or pressure profile optimiza-
tion alone yield much more moderate increases in
the � limit; a synergistic e↵ect between them results
in the much higher limits when both are optimized
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ABSTRACT. Systematic stability studies of the negative central shear (NCS) configuration reveal
a synergistic relationship between the gains in the ideal n = 1 magnetohydrodynamic (MHD) �
limit from optimizing the profiles and from optimizing the shape. For a circular cross-section with
highly peaked pressure profiles, �N = �/(I/aB) is limited to �N ⇠ 2% (mT/MA). Small to moderate
improvements in �N result either from broadening the pressure or from strong cross-section shaping.
At fixed safety factor the latter translates to a much larger increase in � and the root mean square �
denoted as �⇤. With both optimal profiles and strong shaping, however, the gain in all the relevant
fusion performance parameters is dramatic, and � and �⇤ can be increased by a factor of 5. The
calculations show that stabilization from a nearby conducting wall greatly contributes to this large
improvement, since coupling of the plasma to the wall is increased for the optimum profiles and
cross-section. Moreover, the alignment of the bootstrap current density profile with the total current
density profile is also optimized with broad pressure, strong cross-section shaping and high �N, thus
minimizing steady state current drive requirements. Sensitivity studies using other profiles show some
variation in the actual � limits, but the general trends remain robustly invariant.

1. INTRODUCTION

The advanced tokamak concept [1–3] aims to
achieve high �, high confinement and a well-aligned
bootstrap current fraction, in a tokamak configu-
ration consistent with steady state operation. The
improvements over the simple, zero dimensional
scaling laws such as the Troyon limit [4], �

N

⌘
�/(I/aB) 3, normally used to predict standard,
pulsed tokamak performance are obtained by taking
into account the dependence of the stability and con-
finement on the two dimensional equilibrium. Specifi-
cally, this means optimizing performance with respect
to the details of the current and pressure profiles and
the cross-section shape which, together, define the
equilibrium.

Here, � is defined as � = (2µ
0

hpi)/B2

0

, using the
volume averaged pressure and the vacuum field value
B

0

at the geometric centre R
0

. All �
N

values quoted
are in units of % · mT/MA, which appears to be the
universal, if not explicitly stated, practice. The term
‘bootstrap alignment’ is used here in a loose sense as
referring to a high fraction of the current resulting
from the neoclassical bootstrap e↵ect, with the pro-
file of this bootstrap current density having roughly

the same shape as the full current density profile with
little or no excess bootstrap current density. A more
precise definition than this depends on how much
auxiliary current drive one is willing to accept: a ques-
tion that is beyond the scope of this article.

The negative central shear (NCS) or second sta-
ble core [5] configuration, with elevated safety fac-
tor q( ) and negative shear (1/q)(dq/d ) < 0 in the
core ( is the poloidal flux), is one promising avenue
to achievement of the advanced tokamak goals, since
it showed simultaneously high �, reaching a record
value of � ' 11%, as well as high core confinement,
as evidenced by the dramatic peaking of the pressure
profile observed in the region of negative shear [5].
The high confinement is also supported by analysis
of the JET PEP mode [6], which showed transport in
the region of shear reversal consistent with standard
neoclassical levels [7, 8], calculated using the standard
neoclassical formulas based on small orbit assump-
tions, although it is now clear that these formulas
need to be modified in the core of NCS discharges
[9].

In the form of the second stable core VH mode
[10–13], simulations showed that the configura-
tion described in Ref. [5] could be modified to
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both the negative shear and the edge pressure gra-
dient in H mode or VH mode [10–13], and H fac-
tors of 3 to 4 have already been observed in DIII-D
high performance NCS discharges [16, 22, 23, 32, 33].
In the H mode discharges, the uncontrolled peaking
of the density profile is avoided while the internal
transport barrier remains intact and the ion ther-
mal transport is neoclassical, or below, over the
entire cross-section [32, 33]. Conversely, strongly
peaked NCS discharges appear unlikely to lead to
an advanced tokamak for any cross-section, since,
despite the observed improved confinement, the �

limits are low and the bootstrap current alignment
is relatively poor.

One final requirement for the advanced tokamak,
envisaged in Ref. [13], that has not been addressed
here, is the issue of wall stabilization over extended
time-scales. The stability calculations in Section 3
assumed stabilization from a conformal or self-similar
wall, and from Fig. 13, the high �

N

values well above
4 can clearly only be obtained with stabilization from
a moderately placed wall. Wall stabilization has been
demonstrated experimentally in low-l

i

DIII-D dis-
charges with monotonic or near-monotonic q profiles
[51, 52], and the rotation required to maintain sta-
bility has been found to be quite low [53]. Calcula-
tions for reconstructed NCS discharges strongly sug-
gest wall stabilization of those discharges as well, but
the necessary sensitivity studies have not yet been
done to conclusively rule out other profile e↵ects.
Experimental demonstration of a wall stabilized NCS
discharge with �

N

⇠ 5, as in Ref. [13], remains to be
pursued.

Higher-n modes are probably a little more restric-
tive in their � limits [2, 10, 13–15, 45, 47, 48], but
the general trends are expected to remain the same,
since stronger shaping and broader pressure should
increase the coupling of n > 1 modes as well as n = 1.
Variations in q

0

and q
min

might reveal some minor
qualitative di↵erences between the stability limits for
di↵erent n but q

0

and q
min

are fixed here, and this
remains to be checked in future work. The systematic
study by Phillips et al. [48] has noted some qualita-
tive di↵erences in the �-limit dependence on q

min

for
n = 1 and n = 2 modes in a circular cross-section.
On the other hand, the recent study by Lee et al.
[45] in a highly shaped cross-section showed a sur-
prisingly similar qualitative dependence of the stabil-
ity on q

min

for n = 1 and n = 2 modes. The two
studies had some significant di↵erences in addition
to the di↵erence in cross-sections (most notably, the
study in Ref. [45] systematically included wall sta-

bilization, whereas that in Ref. [48] did not), and it
remains to be determined whether the di↵erent trends
are due to the change in cross-section or to these
other di↵erences. For example, Ozeki et al. [47] found
the stability picture of n > 1 infernal modes [56] to
be quite complicated, depending sensitively on the
relation between the shear minimum and the pres-
sure gradient maximum. Resolution of these details
is therefore deferred to future work.

Resistive MHD modes might also modify this pic-
ture. Some work has been done in this area [43]. It has
been shown that the resistive interchange mode can
be unstable in NCS discharges [23, 43] and can limit
the peaking of the pressure gradient in the negative
shear region. This leads to a dependence of the resis-
tive � limit on pressure peaking similar to the ideal
limits in Fig. 10. However, the dependence on shaping
is much weaker. Bondeson et al. [50] also found that
the resistive interchange stability limited the pressure
peaking factor by locally limiting the achievable pres-
sure gradient in the negative shear region. For global
resistive modes some calculations were reported in
Ref. [23], but no systematic studies have yet been
published, and the limitations from these modes are
not yet fully understood. However, the trends could
be expected to be similar to those of the ideal limits.
This also requires further investigation.

6. CONCLUSION

This study clearly shows that strong cross-section
shaping, coupled to strong pressure profile optimiza-
tion, can lead to a dramatic improvement in the �

limit and other fusion-relevant figures of merit. With
stabilization from a moderately placed wall, �⇤ can
be increased by a factor of 5 over that for a circu-
lar cross-section, resulting in an improvement in the
fusion reaction rate by a factor of 25. The gain in � or
�⇤ is a consequence of both an increase in the normal-
ized �

N

(or �⇤
N

) limit and an increase in the current
carrying capacity I

N

= I/aB from strong shaping.
The optimum for strong shaping and broad pressure
is consistent with requirements for good bootstrap
alignment with high q

min

, and is also qualitatively
consistent with a broad H mode or VH mode pressure
pedestal with corresponding enhanced global confine-
ment.

Cross-section shaping or pressure profile optimiza-
tion alone yield much more moderate increases in
the � limit; a synergistic e↵ect between them results
in the much higher limits when both are optimized
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simultaneously. Part of the increases in �
N

result from
improved stability in the absence of wall stabiliza-
tion and part is due to enhanced wall stabilization
from both strong shaping and broader pressure. The
physical mechanisms underlying these improvements
— penetration of the external shape into the interior,
and increased coupling between the plasma and wall,
respectively — are further enhanced by increased �,
thus producing the observed synergistic e↵ects. The
studies reported here were with an NCS q profile. This
has inherently low l

i

, which provides good coupling to
the wall. However, the general trends and specifically
the synergism are based on physical mechanisms that
can be expected to operate for other profiles. Similar
results can therefore be expected whenever wall sta-
bilization is important.

The increase in the � limit for broader pressure
profiles in strongly shaped DIII-D cross-sections is
confirmed experimentally by observations of L mode
NCS discharges with strong density and pressure
peaking, which are limited by hard disruptions to �

N

values near 2, and of H mode discharges that have
reached �

N

⇠ 4 and appear to be limited by a soft
roll-over in performance associated with either col-
lapse of the non-monotonic q profile or edge local-
ized modes [16, 22, 23]. Also the observed � limits in
JT-60 and JET L mode discharges [18–20], as well as
the circular cross-section TFTR ERS discharges [17],
have so far been limited to �

N

<⇠ 2, consistent with
the results obtained here.

Recent DIII-D experiments motivated by this
study have utilized the predicted and observed
improvement in the �⇤ limit from strong shaping
and broadened pressure profiles to reach record fusion
performance as measured by Q

DD

(defined as fusion
power/input power for the D–D reaction) or the neu-
tron production rate [32, 33]. Programmed H mode
transitions were timed to broaden the pressure profile
prior to the L mode disruption and avoid the low-�

N

limit for peaked pressure profiles. In these discharges
neutron rates continued to increase, commensurate
with increasing � and �⇤, after the transition. The
cross-section shapes were also optimized to obtain the
highest elongation and triangularity consistent with
control of the H mode transition.

JT-60 has also achieved record values of Qequiv

DT

⇠ 1
(estimated from measured Q

DD

values) in L mode
NCS discharges by forming the minimum q at larger
radius, so that the internal transport barrier is also
extended to larger radius [18], thus broadening the
pressure. However, these discharges were still limited
to �

N

⇠ 2. JET has similarly reached high Qequiv

DT

[20] but again in L mode with �
N

limited near 2.0.
Further improvements similar to those obtained in
DIII-D [32, 33] should be possible in both machines,
if stronger shaping and broader pressure could be
achieved by a transition to an H mode NCS configu-
ration, to the extent that some degree of coupling to
the wall can also be realized.

The � values so far achieved in the DIII-D H mode
NCS experiments [22, 23, 32, 33] are below the opti-
mized limits calculated here. However, the limiting
instabilities appear to be either due to unoptimized
profiles, or edge ‘peeling type’ modes driven by large
edge pressure gradients [54], similar to the VH mode
termination [57, 58]. These modes should be avoid-
able if the edge pressure or current density gradients
in high performance NCS H mode experiments can be
controlled. Control of this edge pressure and current
density remains an active area of further experimen-
tal research. Details from these experiments will be
reported in future publications.
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Tokamak power plants are studied with advanced and
conservative design philosophies to identify the impacts on the
resulting designs and to provide guidance to critical research
needs. Incorporating updated physics understanding and
using more sophisticated engineering and physics analysis,
the tokamak configurations have developed a more credible
basis compared with older studies. The advanced configura-
tion assumes a self-cooled lead lithium blanket concept with
SiC composite structural material with 58% thermal
conversion efficiency. This plasma has a major radius of
6.25 m, a toroidal field of 6.0 T, aq95 of 4.5, ab

total
N of 5.75, an

H98 of 1.65, an n/nGr of 1.0, and a peak divertor heat flux of
13.7 MW/m2. The conservative configuration assumes a
dual-coolant lead lithium blanket concept with reduced-
activation ferritic martensitic steel structural material and
helium coolant, achieving a thermal conversion efficiency of
45%. The plasma has a major radius of 9.75 m, a toroidal
field of 8.75 T, a q95 of 8.0, a b

total
N of 2.5, an H98 of 1.25, an

n/nGr of 1.3, and a peak divertor heat flux of 10 MW/m2.

The divertor heat flux treatment with a narrow power scrape-
off width has driven the plasmas to larger major radius. Edge
and divertor plasma simulations are targeting a basis for high
radiated power fraction in the divertor, which is necessary
for solutions to keep the peak heat flux in the range 10 to
15 MW/m2. Combinations of the advanced and conservative
approaches show intermediate sizes. A new systems code
using a database approach has been used and shows that the
operating point is really an operating zonewith some range of
plasma and engineering parameters and very similar costs of
electricity. Other papers in this issue provide more detailed
discussion of the work summarized here.

KEYWORDS: ARIES-ACT power plant, engineering and
physics design, neutronics

Note: Some figures in this paper may be in color only in the electronic
version.

*E-mail: ckessel@pppl.gov
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key challenge 

Kessel et al., Fusion Science and Technology 2015 



6 

Joint EAST/DIII-D Experiment Developed Fully Non-inductive 
High βP Scenario Under Relevant EAST Conditions  

•  Builds on previous high 
βP experiments  

[Politzer et al., NF 2005]  

•  Ip ramp rate consistent 
with superconductive 
EAST 

-  Similar plasma 
shape 

-  IP, BT, Pinj consistent 
with upgraded EAST 
capabilities 

•  Excellent energy 
confinement quality 
H98y2~1.5 obtained also 
at reduced NBI torque 

OH-coil clamped 

9

Very High qmin Plasmas With Sustained H89 ����
Have Been Achieved in High EP Scenario

Transport barrier 
near U=0.7

Both thermal and total energy confinement 
exceed expected H-mode levels

Holcomb, PoP (2015)  
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Goal Is to Develop Understanding Necessary to Improve 
Scenario and Enable Extension to EAST and Beyond 

•  High βP scenario experiments challenge present-day modeling 
capabilities 
–  Quasililnear models can dramatically underpredict the electron 

transport  

–  Sauter bootstrap model insufficient in some regimes 

•  Achieved a significant (~30%) beta increase relative to previous 
results, with sustained  βP ≥4, βN ≤4, βT ≥2% 
–  Ion energy transport is well predicted by neoclassical theory, also 

without ExB shear 

–  qmin>2 need not lead to reduced energy confinement 

–  Good bootstrap alignment does not require external control, may 
not require large toroidal rotation shear 

–  ITB is not always bad for global stability – synergy between 
increasing βN and expanding ITB 
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•  Quasilinear and 
neoclassical modeling 

•  Good confinement vs. 
toroidal rotation shear 

•  Fast ion transport at qmin>2 

Bootstrap 
Current 

Transport MHD  
Stability 

Goal Is to Develop Understanding Necessary to Improve 
Scenario and Enable Extension to EAST and Beyond 
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TGLF Can Dramatically Under-predict the  
Electron Transport 

•  Evolving both Te and Ti gives very high temperatures for all high βP 
discharges analyzed so far 

•  Fixing the electron temperature to the experimental profile yields good 
agreement for the ion temperature 
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High-βp Discharges Are Outside Range of Plasma 
Conditions Where TGLF+NEO Have Been Qualified 

•  TGLF+NEO have proven to be an accurate predictive theory-based 
transport model for the core of L-mode and H-mode inductive and 
DIII-D hybrid discharges 

–  TGLF: quasi-linear transport model, computes the spectrum of linear 
eigenmode instabilities [Staebler et al., Phys. Plasmas 2005] 

–  TGLF is calibrated to GYRO non-linear simulation results 

–  NEO: accurate numerical solution of the drift-kinetic equation, computes 
neoclassical and classical collisional transport [Belli & Candy, PPCF 2012] 

•  How are high-βp discharges different? 
–  The safety factor is much higher (qmin~4) 

–  Large bootstrap current produces strong coupling between safety factor 
profile and pressure profile 

–  Fast rotation and high-β	


•  High-βp discharges quite different from standard case used to 
calibrate electron transport from ETG modes 
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•  Evolving just the ion temperature (with self-consistent ion-electron 
exchange terms) yields a good prediction from TGLF+NEO  

•  Neoclassical is the dominant ion energy flux 
•  The TGLF ion energy fluxes are negligible inside rho < 0.7 

The Ion Energy Transport Is Well Predicted by NEO 
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Even Without ExB Shear, the Ion Energy Transport  
is Well Predicted by NEO 

•  Turbulence suppression other 
than ExB shear playing a major 
role here, e.g. Shafranov shift 
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Even Without ExB Shear, the Ion Energy Transport  
is Well Predicted by NEO 

•  Turbulence suppression other 
than ExB shear playing a major 
role here, e.g. Shafranov shift 
–  Different from previous TFTR 

results in plasmas with ITBs 
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Roles of Electric Field Shear and Shafranov Shift in Sustaining High Confinement
in Enhanced Reversed Shear Plasmas on the TFTR Tokamak

E. J. Synakowski, S. H. Batha,* M.A. Beer, M.G. Bell, R. E. Bell, R.V. Budny, C. E. Bush,† P. C. Efthimion,
G.W. Hammett, T. S. Hahm, B. LeBlanc, F. Levinton,* E. Mazzucato, H. Park, A. T. Ramsey, G. Rewoldt, S. D. Scott,

G. Schmidt, W.M. Tang, G. Taylor, and M.C. Zarnstorff
Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543

(Received 24 October 1996)
The relaxation of core transport barriers in TFTR enhanced reversed shear plasmas has been studied

by varying the radial electric field using different applied torques from neutral beam injection. Transport
rates and fluctuations remain low over a wide range of radial electric field shear, but increase when the
local E 3 B shearing rates are driven below a threshold comparable to the fastest linear growth rates
of the dominant instabilities. Shafranov-shift-induced stabilization alone is not able to sustain enhanced
confinement. [S0031-9007(97)02841-X]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Ra, 52.55.Dy

The possible role of the radial electric field in form-
ing and sustaining transport barriers in H modes and VH
modes has been discussed extensively [1 –4]. TFTR en-
hanced reversed shear (ERS) [5] and DIII-D negative cen-
tral shear (NCS) [6] plasmas possess transport barriers
deep in the plasma core, and large values of the radial
electric field Er and its gradient have been associated with
high confinement in these regimes [7,8]. However, it re-
mains an open question whether Er plays a causative role
in reducing transport in these cases. Indeed, high core
particle, energy, and momentum confinement obtained by
any means will lead to increased pressures and velocities,
and most likely to large values of Er and =Er .
While Er plays a central role in proposed mechanisms

for transport bifurcations and good confinement [9], other
proposals have been made in which it is not involved
[10,11]. The suggestion that Er is the key in balanced-
injection TFTR ERS plasmas takes the following form:
central fueling and heating results in steep gradients in
the plasma pressure p, which yield large gradients in Er
and the E 3 B flow shear [12,13]. With sufficiently
large flow shear, turbulence is decorrelated. This leads
to a reduction in transport, and to a further increase
in =p and confinement. Low current density yields a
large Shafranov shift D, and thus increased =p and
E 3 B shear, as compared to plasmas with peaked
current density profiles of the same stored energy. The
alternative explanation for the formation of core transport
barriers relies on the role of D itself. In Ref. [10],
reduction of instability drives and the formation and
sustainment of transport barriers is predicted for TFTR
reversed shear plasmas as a result of favorable precession
of barely trapped particles induced by large gradients in
the Shafranov shift D0. Similar arguments were made
examining ballooning-type instabilities in the plasma edge
[11]. Proposals based on both E 3 B and D0 effects
suggest a combined picture in which growth rate reduction
induced by large D0 enables the E 3 B shear to be

effective. In all of the above scenarios, good confinement
is expected to be reinforced by the stabilization of
ion-thermal-gradient turbulence from the peaking of the
density profile [14].
Results presented in this Letter indicate that E 3 B

shear effects are necessary, and that Shafranov shift
effects are not sufficient, to maintain the observed low
radial transport and fluctuation levels in ERS plas-
mas. Experimentally, it is difficult to separate the
roles of E 3 B shear and D0 effects. Since large
values of Er and =p accompany large Shafranov
shifts, a means of varying Er independent of =p is
required to decouple the two effects. In these ex-
periments, ERS plasmas were generated with simi-
lar neutral beam powers and heating profiles, which fixed
quantities central to D0-induced stabilization. However,
these plasmas had various applied torques and thus
different degrees of toroidal velocity Vf. For any
plasma species, the radial force balance equation is given
by Er ≠ =pysnZed 1 VfBu 2 VuBf, where n is the
density of the species in question, Z is the charge number,
e is the electronic charge, Vu is the poloidal rotation
velocity, Bu is the poloidal magnetic field, and Bf is the
toroidal field. Thus Vf variations result in changes in
Er and its shear. In a toroidal geometry, the gradient
in the quantity EryRBu characterizes the decorrelation
rate of turbulence [13], where R is the major radius. On
the outer midplane, the characteristic E 3 B shearing
rate can be written as g

E3B

≠ EryBf1yEr s�Ery�Rd 2
s1yBud�Buy�R 2 1yRg [15], where B is the total mag-
netic field magnitude. The causative role of Er in
sustaining enhanced confinement is in part indicated by
the observation that core fluctuation and transport levels
increase when g

E3B

is driven below a critical level,
but remain low and unchanged above that threshold.
This threshold behavior is anticipated in the work of
Ref. [12]. In determining Er , Bu was measured with
the motional stark effect diagnostic [16] before the

2972 0031-9007y97y78(15)y2972(4)$10.00 © 1997 The American Physical Society
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The possible role of the radial electric field in form-
ing and sustaining transport barriers in H modes and VH
modes has been discussed extensively [1 –4]. TFTR en-
hanced reversed shear (ERS) [5] and DIII-D negative cen-
tral shear (NCS) [6] plasmas possess transport barriers
deep in the plasma core, and large values of the radial
electric field Er and its gradient have been associated with
high confinement in these regimes [7,8]. However, it re-
mains an open question whether Er plays a causative role
in reducing transport in these cases. Indeed, high core
particle, energy, and momentum confinement obtained by
any means will lead to increased pressures and velocities,
and most likely to large values of Er and =Er .
While Er plays a central role in proposed mechanisms

for transport bifurcations and good confinement [9], other
proposals have been made in which it is not involved
[10,11]. The suggestion that Er is the key in balanced-
injection TFTR ERS plasmas takes the following form:
central fueling and heating results in steep gradients in
the plasma pressure p, which yield large gradients in Er
and the E 3 B flow shear [12,13]. With sufficiently
large flow shear, turbulence is decorrelated. This leads
to a reduction in transport, and to a further increase
in =p and confinement. Low current density yields a
large Shafranov shift D, and thus increased =p and
E 3 B shear, as compared to plasmas with peaked
current density profiles of the same stored energy. The
alternative explanation for the formation of core transport
barriers relies on the role of D itself. In Ref. [10],
reduction of instability drives and the formation and
sustainment of transport barriers is predicted for TFTR
reversed shear plasmas as a result of favorable precession
of barely trapped particles induced by large gradients in
the Shafranov shift D0. Similar arguments were made
examining ballooning-type instabilities in the plasma edge
[11]. Proposals based on both E 3 B and D0 effects
suggest a combined picture in which growth rate reduction
induced by large D0 enables the E 3 B shear to be

effective. In all of the above scenarios, good confinement
is expected to be reinforced by the stabilization of
ion-thermal-gradient turbulence from the peaking of the
density profile [14].
Results presented in this Letter indicate that E 3 B

shear effects are necessary, and that Shafranov shift
effects are not sufficient, to maintain the observed low
radial transport and fluctuation levels in ERS plas-
mas. Experimentally, it is difficult to separate the
roles of E 3 B shear and D0 effects. Since large
values of Er and =p accompany large Shafranov
shifts, a means of varying Er independent of =p is
required to decouple the two effects. In these ex-
periments, ERS plasmas were generated with simi-
lar neutral beam powers and heating profiles, which fixed
quantities central to D0-induced stabilization. However,
these plasmas had various applied torques and thus
different degrees of toroidal velocity Vf. For any
plasma species, the radial force balance equation is given
by Er ≠ =pysnZed 1 VfBu 2 VuBf, where n is the
density of the species in question, Z is the charge number,
e is the electronic charge, Vu is the poloidal rotation
velocity, Bu is the poloidal magnetic field, and Bf is the
toroidal field. Thus Vf variations result in changes in
Er and its shear. In a toroidal geometry, the gradient
in the quantity EryRBu characterizes the decorrelation
rate of turbulence [13], where R is the major radius. On
the outer midplane, the characteristic E 3 B shearing
rate can be written as g

E3B

≠ EryBf1yEr s�Ery�Rd 2
s1yBud�Buy�R 2 1yRg [15], where B is the total mag-
netic field magnitude. The causative role of Er in
sustaining enhanced confinement is in part indicated by
the observation that core fluctuation and transport levels
increase when g

E3B

is driven below a critical level,
but remain low and unchanged above that threshold.
This threshold behavior is anticipated in the work of
Ref. [12]. In determining Er , Bu was measured with
the motional stark effect diagnostic [16] before the

2972 0031-9007y97y78(15)y2972(4)$10.00 © 1997 The American Physical Society

Synakowski et al., PRL 1997 
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Excellent Confinement Reproduced  
with Halved NBI Torque 

•  Counter NBI 
sources reduce 
NBCD, 
noninductive 
fraction 

Gong et al., IAEA 2014 
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ETG Modes with a Larger Saturated Amplitude Can 
Provide the Missing Electron Transport 

•  Electron transport from ETG benchmarked 
against non-linear GYRO results for one standard 
case ! etg = 1.25 

•  Increasing the ETG intensity can bring TGLF Ti, Te 
prediction into agreement with data for etg = -1.0 
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γ k
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•  No significant increase in particle and momentum transport 

•  Non-linear transfer from high-k ETG to low-k turbulence may provide 
missing transport (requires multi-scale gyrokinetic simulations) 

The Particle and Momentum Transport Are Too Low 
Even with Enhanced ETG Intensity (etg=-1) 
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See Howard et al, today @ 13:30 
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q 

Standard (High Current) Steady-state Scenario in DIII-D 
Shows Enhanced Fast Ion Transport with Increased qmin 

•  Fast ion transport accounts for reduction of confinement 
factor H89 from ~2.2 to ~1.8 

•  Lower plasma current density in core equates to weaker 
poloidal field, larger fast ion drifts & banana widths 

Heidbrink et al., PPCF 2014 

Fast ion 
density 

(Ad-hoc enhanced 
transport) 

Classical Predictions 

Data 



19 

High βP Scenario Plasmas Achieve H89>2 and Near 
Classical Fast Ion Confinement with Very High qmin 

•  Temporally varying anomalous fast-
ion diffusivity DBvar is derived to 
match transport calculations to 
measurements of stored energy and 
neutron rate 
-  Indicates fast ion losses 

•  Measurements confirm that fast ion 
confinement approaches classical 
values in these discharges 

10

The fast-ion confinement approaches classical values in 
these discharges
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Standard High qmin Plasmas Have Many Core AE’s, but High 
βP Plasmas with H89>2 Have Modes Mostly Near Edge 

11

Standard High qmin Plasmas Have Many Core AE’s, But High 
EP Plasmas With H89>2 Have Modes Mostly Near Edge

ECE Fluctuation Spectra (eV2 kHz-1)

Standard High 
qmin: Alfven 
Eigenmodes 
inside U=0.4

High EP::
Dominated 
by modes 

outside U=0.6 

AEs near the axis can cause more fast ion transportHolcomb, PoP (2015)  

Holcomb et al., PoP 2015 

•  AE’s near edge less 
effective at causing fast ion 
losses 
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Standard High qmin Plasmas Have Many Core AE’s, but High 
βP Plasmas with H89>2 Have Modes Mostly Near Edge 

ALFVÉN EIGENMODE AND ENERGETIC PARTICLE
RESEARCH IN JT-60U

H. KIMURA, Y. KUSAMA, M. SAIGUSA⇤, G.J. KRAMER, K. TOBITA,
M. NEMOTO, T. KONDOH, T. NISHITANI, O. DA COSTA, T. OZEKI,
T. OIKAWA, S. MORIYAMA, A. MORIOKA
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibaraki-ken,
Japan

G.Y. FU, C.Z. CHENG
Princeton Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey,
United States of America

V.I. AFANAS’EV
A.F. Io↵e Physical–Technical Institute,
St. Petersburg,
Russian Federation

ABSTRACT. Recent results on investigations of Alfvén eigenmodes, fast ion confinement and fast
ion diagnostics in JT-60U are presented. It was found that toroidicity induced Alfvén eigenmodes
(TAEs) were stable in negative shear discharges with a large density gradient at the internal transport
barrier (ITB). If the density gradient was small at the ITB, multiple TAEs appeared around the q = 2
surface (pitch minimum) and showed a large frequency chirping (�f ⇡ 80 kHz). In low-q positive
shear discharges, the location of the TAEs changed from outside to inside the q = 1 surface, owing
to a temporal change of the q profile. A significant depression of the megaelectronvolt ion population
was observed only with high-n (n up to 14) multiple TAEs inside the q = 1 surface. Non-circular
triangularity induced Alfvén eigenmodes were observed for the first time. Considerable depression of
the triton burnup was observed in negative shear discharges. Orbit following Monte Carlo simulations
indicated that ripple loss was responsible for the enhanced triton losses. The fast ion stored energies
in ICRF heated negative shear discharges were comparable to those of positive shear plasmas. Tail
ion temperatures in high (second to fourth) harmonic ICRF heating experiments were first analysed
with an MeV neutral particle analyser. The behaviour of MeV ions produced by ICRF heating was
studied with gamma ray diagnostics. A scintillating fibre detector system for detecting the 14 MeV
neutron emission was developed for the triton burnup studies. Ion cyclotron emission measurements
discriminating between parallel and perpendicular components of the electric field were carried out
for the first time.

1. INTRODUCTION

In JT-60U, energetic particle physics is being
intensively investigated in connection with the devel-
opment of a steady state tokamak fusion reactor
and the physics R&D for ITER. Toroidicity induced
Alfvén eigenmodes (TAEs) [1] are recognized to be
highly important as MHD instabilities associated
with fusion alpha particles in ITER, since resonating
alpha particles can be expelled from the plasma core,

⇤Present address: Ibaraki University, Nakanarusawa 4-12-
1, Hitachi-city, Ibaraki-ken 316, Japan.

resulting in degradation of plasma performance and
damage of the first wall. TAEs have been observed in
JT-60U since 1993, during second harmonic minor-
ity ICRF heating. TAEs with a high toroidal mode
number, n, of around 13 appeared in high plasma cur-
rent (Ip) and low safety factor (q) discharges [2, 3]. It
was found that these modes have considerable a↵ects
on megaelectronvolt ion confinement. Experimental
data on such high-n TAEs should be important for
the prediction of TAEs in ITER. Control of TAEs
via current profile control using lower hybrid current
drive as well as current ramp operation was demon-

NUCLEAR FUSION, Vol. 38, No. 9 (1998) 1303
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Standard High qmin Plasmas Have Many Core AE’s, But High 
EP Plasmas With H89>2 Have Modes Mostly Near Edge

ECE Fluctuation Spectra (eV2 kHz-1)

Standard High 
qmin: Alfven 
Eigenmodes 
inside U=0.4

High EP::
Dominated 
by modes 

outside U=0.6 

AEs near the axis can cause more fast ion transportHolcomb, PoP (2015)  

Holcomb et al., PoP 2015 

•  AE’s near edge less 
effective at causing fast 
ion losses 

•  Similar to JT-60U results in 
plasmas with ITBs 

Kimura et al, Nucl. Fusion 1998 

ARTICLE ALFVÉN EIGENMODES AND ENERGETIC PARTICLES IN JT-60U

FIG. 15. E? (full line) and Ek (dotted line) spectra: emis-
sion from protons at the midplane outer edge.

FIG. 16. Correlation of the first harmonic of T (21 MHz)
and anticorrelation of the third harmonic of D (82 MHz)
with D↵ showing ELMs.

plasma centre (R ⇡ 3.1–3.2 m) are detected. This is a
major di↵erence from previous experimental results:
ion cyclotron emission (ICE) had only been detected
from the midplane outer edge in the other tokamaks.

The parallel electric field spectra have very low
amplitude, as shown in Fig. 15. This is compatible
with the hypothesis that the wave detected is the fast
magnetoacoustic mode. Good correlations between
ICE at fixed frequencies and ELMs are observed
as indicated in Fig. 16. The ICE from the centre
(21 MHz, 1st harmonic of T at 3.18 m) shows some
precursors before the ELM simultaneously with pre-
cursors in the D↵ signal, and a peak at the time of the
ELM. In contrast, the ICE from the edge (82 MHz,
3rd harmonic of D at 3.87 m) presents a minimum
at the time of the ELM. This signal from the edge
is a↵ected by both the flattening of the edge density
profile after an ELM and the loss of fast D ions from
the edge. Furthermore, oscillations in ICE due to the
expulsion of fast ions from the plasma centre during
fishbone type instabilities are detected. There is no
evidence of correlation with TAEs.

This system has the potential to enhance signifi-
cantly our understanding of the fundamental emission
mechanism.

5. CONCLUSIONS

In JT-60U, intensive investigations on Alfvén
eigenmodes, fast ion confinement and fast ion diag-
nostics have been carried out. The main results and
their significance are summarized below:

(1) TAEs are stable in negative shear discharges
with large density gradient at the ITB. If the den-
sity gradient is small at the ITB, many TAEs appear
sequentially at the location of qmin ( ⇡ 2) with n
changing one by one. Large frequency chirping modes
(�f ⇡ 80 kHz) were observed.

(2) In low-q positive shear discharges, the location
of the TAEs changes from outside to inside the q = 1
surface owing to temporal changes of the q profile.
Significant depression of the MeV ion population was
observed only with high-n (n up to 14) multiple TAEs
inside the q = 1 surface (tornado modes).

(3) NAEs (450–530 kHz) were observed for the first
time. These eigenmodes had a lower ICRF threshold
power than TAEs and EAEs for a number of shots
examined.

(4) Triton losses in the negative shear plasma
reached 60–90% of fusion produced tritons. The losses
can be explained by stochastic and collisional ripple
loss processes.

(5) The fast ion stored energy and pressure around
r/a ⇡ 0.5 (TAE region) in ICRF heated negative
shear discharges are comparable to those of positive
shear plasmas.

(6) An MeV neutral particle analyser was devel-
oped by the Naka Fusion Research Establishment in
collaboration with the A.F. Io↵e Physical–Technical
Institute. This was initially applied to the study of
tail ion temperatures in high harmonic (second to
fourth) ICRF heating experiments.

(7) Observation of gamma rays indicates that the
MeV ions produced by ICRF heating lose their energy
by classical slowing down processes in positive shear
plasmas with Ip � 2 MA.

(8) The new scintillating fibre detector system
gives time resolved measurements of 14 MeV neutron
emission, which is useful for triton burnup studies.

(9) ICE measurements discriminating between
parallel and perpendicular components of the electric
field support the hypothesis that the wave detected is
the fast magnetoacoustic mode. Emission from fusion

NUCLEAR FUSION, Vol. 38, No. 9 (1998) 1313
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The Alfven gap structure suppresses core TAEs in the high 
EP plasmas

Holcomb, PoP (2015)  

Standard high qmin EAST scenario

The Alfven Gap Structure Suppresses Core TAEs in 
the High βP Plasmas  

•  TAE gap closure due to gap height 
dependence on spatial derivative of 
Shafranov shift [Kramer & Gorelenkov] 

High βP scenario 

Holcomb et al., PoP 2015 
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Shorter Slowing Down Time in High βP Plasmas 
Contributes to Less Fast Ion Losses 

•  High βP plasmas have higher 
density and lower temperature 
than standard high qmin plasmas 

•  Shorter fast ion slowing down time 
! less fast ion losses because: 

-  AE instability drive is reduced 

-  Fast ions displaced by AE 
instabilities travel shorter 
distances prior to 
thermalization 

Holcomb et al., PoP 2015 
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•  Discriminating between 
bootstrap models 

•  Bootstrap current alignment 
Bootstrap 

Current 

Transport MHD  
Stability 

Goal Is to Develop Understanding Necessary to Improve 
Scenario and Enable Extension to EAST and Beyond 
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Large Edge JBOOT in High βP Plasmas Allows Magnetic 
Measurements to Distinguish JBOOT from Sauter and NEO 

Q. Ren et al, PPCF 2015 

•  Sauter model significantly overpredicts JBOOT at high collisionality 

7 
Lao APS October 2014 

Large Edge JBOOT in DIII-D High βP Discharges Allows Magnetic 
Measurements to Distinguish JBOOT from Sauter and NEO   

•  High εβP ~  1 high collisionality discharge from DIII-D EAST-demonstration 
experiment 

 

Ren, submitted to PPCF 2014 

Sauter Bootstrap Multiplier CBOOT 
Sauter CBOOT = 1 NEO JBOOT 

Sauter  NEO To
ta

l M
ag

ne
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2  
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High βP Discharges Exhibit Good Alignment of  
Bootstrap Current with Total Current 

•  Good alignment sustains large radius of ITB 
and ρ (qmin) 
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High βP Discharges Exhibit Good Alignment of  
Bootstrap Current with Total Current 

•  Good alignment sustains large radius of ITB 
and ρ (qmin) 

•  Current profile robust without external 
control 
-  With/without OANBCD 
-  With/without ECCD 
-  With large ELM perturbations 

High βP ! Highly self-organized profiles 
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Good Alignment May Not Require Large  
Toroidal Rotation Shear 

•  Analysis of JET ITB 
experiments 
suggested toroidal 
rotation shear was 
key to avoiding 
progressive shrinking 
of ITB radius [Tala et 
al, PPCF 2001] 

•  ExB shear contributes 
to large radius ITB in 
high βP regime 
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Good Alignment May Not Require Large  
Toroidal Rotation Shear 

•  ExB shear would be larger without 
toroidal rotation term at ρ~0.75  

•  Analysis of JET ITB 
experiments 
suggested toroidal 
rotation shear was 
key to avoiding 
progressive shrinking 
of ITB radius [Tala et 
al, PPCF 2001] 

•  ExB shear contributes 
to large radius ITB in 
high βP regime 
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Good Alignment May Not Require Large  
Toroidal Rotation Shear 

•  ExB shear would be larger without 
toroidal rotation term at ρ~0.75  
-  Similar to TFTR ITBs: 

•  Analysis of JET ITB 
experiments 
suggested toroidal 
rotation shear was 
key to avoiding 
progressive shrinking 
of ITB radius [Tala et 
al, PPCF 2001] 

•  ExB shear contributes 
to large radius ITB in 
high βP regime 

VOLUME 78, NUMBER 15 P HY S I CA L REV I EW LE T T ER S 14 APRIL 1997

transition into the ERS regime, when contributions
from the plasma Er to the total electric field experi-
enced by the beam neutrals were small [17]. After
this time, the time-dependent transport code TRANSP
[18] was used to calculate Bu . Vf and the carbon
pressure pc were measured with charge exchange re-
combination spectroscopy [19], and Vu was calculated
with the NCLASS code using the neoclassical treatment of
Hirshman and Sigmar [20].
Plasmas with reverse magnetic shear were generated

in the standard way [5] by heating them with a mod-
est neutral beam power (7 MW) during the period of
current ramp-up. Transitions to the ERS regime were
obtained during a 350 ms period of high-power beam
heating (28 MW) in a balanced configuration having
nearly equal power injected tangentially parallel (co) and
antiparallel (counter) to the plasma current. During this
period the central electron density increased rapidly due
to strong core particle fueling and improved core particle
confinement, reaching ,9 3 10

19 m23 (Fig. 1). Favor-
able ERS confinement was sustained for variable dura-
tions in the subsequent “postlude” period of lower-power
heating (14 MW), as indicated by the continued rise in
central electron density. Six neutral beam sources were
used in different combinations during the postlude phase,
ranging from pure coinjection to predominantly coun-
terinjection. This procedure varied Vf, and thereby the
E 3 B shear, while maintaining a constant D0.
The plasma pressure and pressure peakedness, total par-

ticle number, stored energy, D0, and global energy con-
finement time remained nearly constant throughout the
postlude period so long as the discharges remained in
the ERS regime. Eventually, however, the core transport
barrier was lost in some of the plasmas; they suffered
a back transition to poorer confinement, indicated most
simply by the decay in central electron density. There is

FIG. 1. The central electron density time evolution. Curves
are labeled according to the difference on co- vs counterinjected
power, P

co

2 P
ctr

, divided by the total injected power P
tot

.
The shaded region indicates schematically the neutral beam
heating wave form. The plasmas studied had a major radius
of 2.60 m, a minor radius of 0.95 m, a toroidal magnetic field
of 4.6 T, and a maximum plasma current of 1.6 MA.

a clear correlation between the applied beam torque and
occurrence of such a back transition (Fig. 1). Counter-
dominated, balanced, and slightly codominated injection
sustained ERS confinement until the end of beam injec-
tion, but strongly codominated injection reproducibly trig-
gered a back transition. Pure coinjection yielded the ear-
liest confinement losses. Following back transitions, the
electron particle diffusivity De increased by more than an
order of magnitude in the region of previously good con-
finement, and the peaked electron profile density collapsed
(Fig. 2). De was determined by a calculation of the par-
ticle source and electron flux Ge in the TRANSP code and
is defined by Ge ; 2De=ne 1 V

Ware

, where V
Ware

is the
Ware pinch.
The correlation of back transitions with varied applied

torques at constant plasma pressure suggests that reduc-
tions in E 3 B shear are involved in the loss in ERS
confinement. Increasing Vf in the coinjection direction
after the balanced phase leads to reductions in Er and
its gradient, as the change in the VfBu term in the car-
bon radial force balance equation is of opposite sign com-
pared to that of the =pc and the VuBf terms. Profiles
of Er and the components from the carbon force balance
equation are shown in Fig. 3 for a corotating plasma at
two times. The first time is shortly after the 28 MW bal-
anced phase, and the second is in the earliest stages of the
back transition. The local density and pressure at the lat-
ter time have just begun to fall. The =pc and the VuBf

contributions to Er are similar between these two times,
but the magnitude and gradient of Er are reduced signif-
icantly at the later time. While the local velocity shear
increases as a result of coinjection, gyrokinetic simula-
tions [21] indicate that it is far below that required to ex-
cite rotationally driven instabilities [22,23] which might
cause a loss in confinement. The VfBu term shown in
Fig. 3 is negative in the outer half of the plasma, a re-
sult of the measured counterrotation present even with
codominated injected power. NCLASS calculations indi-
cate that the working ion Vf is also counterdirected there.
TRANSP analysis shows that this is consistent with the
presence of a counterdirected torque, established by a ra-
dial current of thermal particles that arises to preserve
ambipolarity in response to ripple loss of about 10% of

FIG. 2. (a) Profiles of the electron density at four times for a
plasma that is codominated in the postlude. (b) Radial profiles
of De for the same plasma.

2973

Synakowski et al., PRL 1997 



31 

•  Relaxation oscillations 

•  MHD stability with ITBs 

•  Profile evolution with 
increasing βN Bootstrap 

Current 

Transport MHD  
Stability 

Goal Is to Develop Understanding Necessary to Improve 
Scenario and Enable Extension to EAST and Beyond 
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“Relaxation Oscillations” Identified as Repetitive 
Buildup and Collapse of H-mode Pedestal 

•  Previously believed to be caused by internal modes driven by ITB 
[Politzer et al., NF 2005]   

 
 

•  Strong impact of the oscillations on the βN waveform 
•  Let’s take a detailed look into one of these stored energy oscillations: 
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Stored Energy Drop Caused by Bursts Of n=1 External 
Mode, Driven by Pedestal Gradients 

•  ITB maintained 
at large minor 
radius despite 
large ELMs 

•  First n=1 burst has growth time 
<100 µs, non-sinusoidal spatial 
structure typical of ELM 

•  In contrast, ITB terminated by 
n=1 internal mode in higher Ip, 
inductive discharges !  
See Xu et al, today @ 16:00 
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At Maximum βN these Discharges Operate Against the 
Kink Beta Limit with Ideal DIII-D Wall 
•  Mode becomes unstable for ideal wall at position of DIII-D wall 
•  Large plasma-wall separation (dictated by need to reduce wall 

heating by fast ion losses) reduces ideal-wall beta limit  

•  ELMs can become particularly large as βN is pushed against the ideal-
wall kink limit because of amplification of the low-n components 
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Fast Ion Losses Can Be Large  
in the High βP Discharges 

•  Anomalous fast ion losses are high when the NBI power is high and the 
density is not 

•  Higher density ! shorter fast ion slowing down time ! less fast ion losses 

•  The pedestal density is 
particularly effective at 
slowing down the fast 
ions because of the 
lower temperature near 
the edge 
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Tailored Outer Gap Waveform Enables Higher Beta 
Without Unacceptable Levels of Wall Heating  

•  Outer gap is reduced as the density increases toward flattop 

•  Smaller outer gap increase the ideal-wall beta limit 

•  Measured growth time 
of limiting n=1 mode 
consistent with ideal-
MHD mode driven 
through stability 
boundary  
[Callen, PoP 1999] 
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Record β Values Sustained with Strong ITBs 

•  High beta phase terminates due to NBI pulse length limitation 
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Emerging Synergy Between Increasing βN and 
Expanding ITB 



39 
In

c
re

a
sin

g
 β

N
 

Emerging Synergy Between Increasing βN and 
Expanding ITB 

•  ITB expands with increasing βN 

•  Coupling to wall-stabilization improves, 
enabling higher βN 

Height Radius Width 
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•  High βP scenario experiments challenge present-day modeling 
capabilities 
–  Quasililnear models can dramatically underpredict the electron 

transport  

–  Sauter bootstrap model insufficient in some regimes 

•  Achieved a significant (~30%) beta increase relative to previous 
results, with sustained βP ≥4, βN ≤4, βT ≥2% 
–  Ion energy transport is well predicted by neoclassical theory, also 

without ExB shear 

–  qmin>2 need not lead to reduced energy confinement 

–  Good bootstrap alignment does not require external control, may 
not require large toroidal rotation shear 

–  ITB is not always bad for global stability – synergy between 
increasing βN and expanding ITB 

The Advanced Tokamak Shows the Ultimate Potential of 
Integrated Transport, Neoclassical, and MHD Physics  
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Pfusion~ βT2 B4 

•  For fixed toroidal field, higher fusion power requires higher βT 

AT Physics Trades Lower q95 for Higher βN  
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Increase βT by 
lowering q95 

– Standard 
Tokamak 
Approach 

•  For fixed toroidal field, higher fusion power requires higher βT 

AT Physics Trades Lower q95 for Higher βN  
 

Pfusion~ βT2 B4 
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Increase βT by 
lowering q95 

– Standard 
Tokamak 
Approach 

Increase βT by 
increasing βN  

– Advanced 
Tokamak 
Approach 

•  For fixed toroidal field, higher fusion power requires higher βT 

AT Physics Trades Lower q95 for Higher βN  
 

Pfusion~ βT2 B4 
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AT Physics Trades Lower q95 for Higher βN  
! Strong Reduction of Disruption Risk 

•  Disruption occurrence 
database from DIII-D: ~6000 
discharges 

-  All flattop disruptions, not 
caused by operator error 
or PS failures 

•  Disruptivity is constant or 
decreasing with higher βN 

–  Wall stabilization leads to 
“softer” limits 

•  Disruptivity decreases 
strongly with increasing q95 

–  Higher safety factor adds 
resilience to disturbances 

•  Similar to NSTX database 
[Gerhardt et al, NF 2013] 

Garofalo, et al., FED (2014) 
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AT Physics Trades Lower q95 for Higher βN  
! Strong Reduction of Disruption Risk 

•  Disruption occurrence 
database from DIII-D: ~6000 
discharges 

-  All flattop disruptions, not 
caused by operator error 
or PS failures 

•  Disruptivity is constant or 
decreasing with higher βN 

–  Wall stabilization leads to 
“softer” limits 

•  Disruptivity decreases 
strongly with increasing q95 

–  Higher safety factor adds 
resilience to disturbances 

•  Similar to NSTX database 
[Gerhardt et al, NF 2013] 

Garofalo, et al., FED (2014) 

*From Synakowski’s presentation at UFA Meting, APS 2014 

Quick take on recommendation of the 2014 FESAC SP report 
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Won’t Find Attractive DEMO Under ITER’s Lamppost 

•  Disruption mitigation technology must be fully tested by ITER 

-  Failure of the ITER Baseline scenario ≠ failure of the tokamak 

ACT2 ACT4 DIII-D 

R (m)  9.75 8.0 1.88 

a (m) 2.44 2.0 0.55 

BT (T) 8.75 9 2 

Qplasma 25 27.5 - 

βN 2.6 2.5 3.9 

βT 1.7 1.5 2.2 

βP 2.7 2.7 4.2 

q95 8 8 12 

ƒbs 0.77 0.81 0.80 

ƒGr 1.3 1.3 1.0 

H98Y2 1.22 1.24 1.6 

ARIES 
ACT-2/4 

ARIES 
ACT-1 

DIII-D 
ƒBS>80% 

ARIES 
ACT-3 
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High βP Regime !  
Reactor-relevant Steadystate Need Not Be So Hard 

•  Key challenges: extend to 
higher plasma current,      
τDUR >> τCR 

-  Hardware limitations: 
heating and current drive 
power 

Superconducting tokamaks in 
Asia will give key 
demonstrations: 

EAST, KSTAR, JT60-SA 

15Whyte, TTF, 04/15 

Tokamak reactor integrated steady-state are not 
consistent with presently achieved performance

DIII-D ARIES-AT
q95 6.3 3
H98 1.5 1.7
βN 3.7 5.4

G = βNH98/q2 0.14 0.90
fbootstrap 0.65 0.91

n / nGreenwald 0.5 0.9

Najmabadi et al. FED 
80 (2006)
Chan et al. NF (2011)
 

Sips IAEA 2005, Zarnstorff 
Demo workshop 2012 
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G98y2=βNH98y2/q95
2 G89p=βNH89p/q95
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High βP Regime !  
Reactor-relevant Steadystate Need Not Be So Hard 

FNSF-AT 

DIII-D EAST 

CFETR 

•  Key challenges: extend to 
higher plasma current,        
τDUR >> τCR 

-  Hardware limitations: 
heating and current drive 
power 

Superconducting tokamaks in 
Asia will give key 
demonstrations: 

EAST, KSTAR, JT60-SA 


