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Abstract
By manipulating magnetic reconnection in Madison Symmetric Torus (MST)
discharges, we have generated and confined for the first time a reversed-
field pinch (RFP) plasma with an ion temperature >1 keV and an electron
temperature of 2 keV. This is achieved at a toroidal plasma current of about
0.5 MA, approaching MST’s present maximum. The manipulation begins
with intensification of discrete magnetic reconnection events, causing the ion
temperature to increase to several kiloelectronvolts. The reconnection is then
quickly suppressed with inductive current profile control, leading to capture
of a portion of the added ion heat with improved ion energy confinement.
Electron energy confinement is simultaneously improved, leading to a rapid
ohmically driven increase in the electron temperature. A steep electron
temperature gradient emerges in the outer region of the plasma, with a local
thermal diffusivity of about 2 m2 s−1. The global energy confinement time
reaches 12 ms, the largest value yet achieved in the RFP and which is roughly
comparable to the H-mode scaling prediction for a tokamak with the same
plasma current, density, heating power, size and shape.

1. Introduction

The reversed-field pinch (RFP) is a toroidal magnetically confined fusion plasma distinguished
in part by its toroidal magnetic field, which is reversed in the plasma edge relative to its
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direction in the plasma core. This plasma is also characterized by multiple resonant surfaces
where magnetic tearing and reconnection can occur. In the plasma core are resonant surfaces
for tearing modes with poloidal mode number m = 1. At a single radius closer to the plasma
boundary is the resonance location for tearing modes with m = 0. This location is the toroidal
field reversal radius, across which the toroidal field reverses. Collectively, these modes produce
a number of strong effects on the plasma, two of which are important here: energy transport
and collisionless ion heating.

The dominant m = 1 modes are driven unstable by a gradient in the radial profile of the
plasma current. The tearing and reconnection associated with these modes leads to a stochastic
magnetic topology in the core, which in turn produces rapid transport, with a central electron
thermal diffusivity of several hundred m2 s−1 [1, 2]. The m = 1 mode amplitudes and degree
of stochasticity increase rapidly and substantially during magnetic reconnection events, or
sawtooth crashes. During these events, the m = 0 modes are also driven to large amplitude by
nonlinear coupling with the m = 1 modes [3, 4]. In the Madison Symmetric Torus (MST) [5]
RFP, these reconnection events occur periodically throughout most discharges, each event
lasting only about 100 µs. Given the increase in stochasticity in the plasma core, each of these
events causes a rapid drop in the central electron temperature [6]. However, the ion temperature
usually increases, sometimes by several hundred percent [7–9]. Substantial ion heating has
been linked to reconnection in other RFP devices as well [10–14], and both particle acceleration
and heating are commonly associated with reconnection in magnetized astrophysical and space
plasmas such as the solar corona [15] and the earth’s magnetosphere [16]. In MST, the ion
temperature increase occurs globally due to the large number of reconnection sites in the
plasma, but heating due to the m = 1 modes in the core occurs only when the m = 0
modes are involved in the reconnection event [8, 9]. Reconnection events occur occasionally
in which there is activity in only the m = 1 modes. In such cases, no additional ion heating
is observed anywhere in the plasma. When heating does occur, it always corresponds to
a drop in the stored magnetic energy. Reconnection facilitates the conversion of magnetic
energy to ion thermal energy, and recent measurements on MST in plasmas produced from
different working gases (hydrogen, deuterium and helium, separately) reveal that the fraction
of magnetic energy appearing as ion thermal energy increases as the square root of the ion
mass [17].

In this paper, we demonstrate manipulation of magnetic reconnection in the MST for
two purposes. The first is intensification of ion heating during reconnection events. The
second is the subsequent sustained reduction of both ion and electron energy loss. The ion
heating during reconnection events is intensified primarily with a relatively small adjustment
to the magnetic equilibrium. This causes the rapid generation of a multi-kiloelectronvolt ion
temperature. Inductive modification of the current profile, a standard technique, immediately
after such events then suppresses reconnection and stochasticity and reduces ion and electron
energy transport. This allows the capture of a substantial fraction of the reconnection-based
ion heat with a sustained central ion temperature >1 keV. It also allows a rapid ohmically
driven increase in the electron temperature, reaching a maximum central value of about 2 keV.
The generation of ion heat and subsequent initial suppression of reconnection occurs over a
few milliseconds, during which time the amplitude of the tearing modes can vary by as much
as 100-fold.

In plasmas with the highest electron temperature, steep gradients develop around the
toroidal field reversal radius, corresponding to an electron thermal diffusivity of about 2 m2 s−1.
The largest gradient in the ion temperature profile also occurs in this region. Between the
gradients in the electron temperature profile, centered on the reversal radius, is a flat region.
The width of this region coincides roughly with the estimated width of an m = 0 island. The
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m = 0 modes are calculated to be linearly unstable during the improved-confinement period,
but their amplitudes are small.

Globally, the combined electron and ion energy confinement time is improved 12-fold
(to 12 ms) relative to plasmas without reconnection suppression. This confinement time as
well as the peak ion and electron temperatures are the largest values yet achieved in a RFP
plasma with reconnection suppression. The energy confinement of these plasmas can also be
described as approximately ‘tokamak-like,’ comparing with the H-mode scaling prediction for
a tokamak with MST’s plasma current, density, heating power, size and shape.

The balance of this paper is organized as follows. In section 2 we describe MST, the
current profile control technique and two key diagnostics. The generation and capture of hot
ions and electrons is demonstrated in sections 3 and 4. Sections 5 and 6 are devoted to local and
global confinement improvement in these plasmas, including a comparison with confinement
in tokamaks.

2. Experimental apparatus and diagnostics

The MST plasma has a major radius of 1.5 m and a minor radius of 0.5 m. The discharges
described herein have a toroidal plasma current of about 0.5 MA, approaching the upper limit
of MST’s present current capability. The discharges are fueled with deuterium, with a central
line-averaged electron density of about 1019 m−3. The sole external means of plasma heating
is ohmic dissipation due to the driven plasma current.

A key diagnostic for measurement of the ion temperature, Ti, in this work is based
on charge-exchange-recombination spectroscopy (CHERS). As applied here, this diagnostic
provides the temperature of fully stripped carbon ions at multiple radial locations (one location
per discharge) with roughly 2 cm spatial resolution and a temporal resolution of 100 µs [18].
Another key diagnostic is multipoint, multipulse Thomson scattering [19]. A recent upgrade
to this diagnostic now allows each of the diagnostic’s two lasers to fire multiple times with a
high repetition rate. As applied in this case, the electron temperature, Te, profile is measured
every 0.5 ms over a significant fraction of the discharge duration [20]. This capability is an
important advance for high-β plasmas such as the RFP, for which a diagnostic based on the
tokamak-standard electron-cyclotron-emission is not applicable.

Suppression of both the m = 1 and m = 0 tearing modes is achieved with a well-
established technique for inductive control of the current profile [21, 22]. The key control
parameter in this technique is the surface parallel electric field, E‖(a) = E · B/B =
(EθBθ + EφBφ)/B, where Eθ and Eφ are the surface poloidal and toroidal electric fields,
Bθ and Bφ are the surface poloidal and toroidal magnetic fields and B is the total surface
magnetic field. Waveforms from a discharge utilizing this technique are shown in figure 1.
The current profile control begins at about 10 ms, reflected by E‖(a) becoming positive in
figure 1(a). From 10–18 ms, this current drive is effected through the toroidal magnetic field
circuit. Four sets of capacitors are discharged in a preprogrammed sequence that causes Bφ

to grow more and more negative. This reflects an increase in the stored magnetic energy, one
consequence of the current profile control. This induces an Eθ which contributes positively
to E‖. The increase in Bφ affects strongly two RFP equilibrium parameters, the toroidal field
reversal parameter, F ≡ Bφ(a)/〈Bφ〉, and the pinch parameter, � ≡ Bθ(a)/〈Bφ〉, where
〈Bφ〉 is the toroidal field averaged over the plasma cross section. These parameters, shown in
figure 1, reach values much larger than in a typical MST plasma. The increase in the pinch
parameter reflects a change in the plasma internal inductance, which is due in part to on-axis
peaking of the current profile during this period. This central peaking was measured directly
in MST several years ago with the application of current profile control roughly similar to that
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Figure 1. In a 0.5 MA discharge with inductive current profile modification beginning at 10 ms, time
evolution of the (a) surface parallel electric field, (b) surface toroidal magnetic field, (c) reversal
parameter, (d) pinch parameter, with suppressed zero on the vertical axis, (e) toroidal plasma
current, (f ) central line-averaged density, (g) amplitude of the m = 0, n = 1 tearing mode, plotted
on a logarithmic scale and (h) central ion temperature. Mode amplitude measured with toroidal
field sensing coils at plasma boundary. Apparent drop in ion temperature around 23 ms is an artifact
of the diagnostic neutral beam termination. Shot number 1070829100.

described here [23]. This technique has been applied successfully in several RFP devices, but
optimization continues [21, 22, 24–26].

Additional details concerning this technique as applied on MST can be found in a previous
publication [27], but there is one notable difference between the waveform of E‖ shown in
figure 1 and that shown previously. The waveform previously consisted of triangular-shaped
pulses, each corresponding to the discharge of one capacitor bank. The pulses in the present
waveform are more rounded and, for the most part, longer lasting. This is due to the addition
of an inductor in series with each capacitor bank. But for purposes of capturing reconnection-
based ion heat, described in the next section, the inductor in series with the first capacitor bank
is removed. This allows a faster rise in E‖ and more effective capture of the added ion heat.
This fast rise is discernible just after 10 ms in figure 1(a).

3. Achieving Ti > 1 keV

An example of intensified ion heating followed by capture of a portion of the ion heat is shown
in figure 1, which contains the amplitude of the tearing mode with m = 0 and toroidal mode
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number n = 1, as well the central ion temperature measured with CHERS. Occurring at around
6 and 8 ms in figure 1 are two global reconnection events corresponding to a rapid increase in
both the m = 0 and m = 1 modes. During the event near 8 ms, the stored magnetic energy
(not shown) drops by an estimated 34 kJ (∼13%) in about 60 µs, implying a power greater
than 500 MW. The magnetic energy is estimated with a simple equilibrium model based on
measurements of the magnetic field at the plasma boundary [28]. A fraction of this power
is channeled to the impurity and majority ions [17]. During the two events shown early in
figure 1, the central Ti exceeds the upper range of the CHERS diagnostic, hence the gaps in the
Ti data. However, Ti can be measured in the decay phase following each event, and these data
imply that the central Ti may exceed 3 keV during heating. This is the largest ion temperature
yet observed in the RFP, and it is achieved by operating simultaneously at large toroidal current
and low density, and by increasing the degree of toroidal magnetic field reversal.

It has previously been demonstrated that, all else being equal, an increase in the toroidal
current from 0.25 to 0.5 MA causes the central (carbon) ion temperature during reconnection
events to roughly triple, reaching 1.5 keV [9]. Hence, the discharge shown in figure 1 has a
toroidal plasma current of about 0.5 MA, figure 1(e). However, the degree of toroidal field
reversal is also important. As the reversal parameter F approaches zero, corresponding to weak
field reversal, the degree of ion heating during reconnection events is strongly diminished, even
with large current. With F = 0, which also corresponds to an edge safety factor, q(a) = 0,
the resonant surface for the m = 0 modes is removed from the plasma, and the heating is
essentially eliminated. In contrast, stronger reversal can lead to much stronger ion heating.
In the discharge shown in figure 1, F is about −0.25 between the large reconnection events.
This corresponds to q(a) = −0.05. Hence, the degree of ion heating is sensitively dependent
on the equilibrium. A similar relation between the reversal parameter and ion heating was
also observed in the ZT-40M RFP [12]. Adjusting F to be more negative moves the m = 0
resonant surface further inside the plasma, and further away from the stabilizing influence of
MST’s thick conducting shell. This may facilitate more intense heating.

Low electron density is also important in the generation and capture of reconnection-
based ion heat. The line-averaged density early in time in figure 1 is about 0.45 × 1019 m−3,
corresponding to about 8% of the Greenwald density limit [29]. With substantial toroidal field
reversal, low density leads to periods where magnetic fluctuations are spontaneously reduced,
and global energy confinement is somewhat improved [30]. Two such periods, which are
characterized in part by periodic small bursts of m = 0 mode activity, occur after the large
events in figure 1. These periods often terminate with reconnection events having particularly
large mode amplitudes. Relative to typical MST plasmas, the ion temperature in plasmas such
as that in figure 1 decays more slowly following reconnection heating. This may result in part
from somewhat improved ion energy confinement following the reconnection events.

The combination of intensified heating and slower ion temperature decay allows capture
of substantial ion energy with current profile control. In the discharge in figure 1, inductive
modification of the current profile begins at 10 ms, leading to the eventual suppression of
the m = 1 and m = 0 tearing modes, including the small bursts of m = 0 activity. The
minimum amplitude of the m = 0, n = 1 mode during reconnection suppression is about 100
times smaller than its peak at 8 ms. The ion temperature in this plasma is sustained at greater
than 1 keV with a small temperature decay rate. This is due in part to increased ion energy
confinement. The global ion energy confinement time is roughly estimated to increase from 1 to
10 ms during reconnection suppression. This is based on a power balance calculation, including
electron–ion heating and losses due to both convection and charge exchange. Charge exchange
is one of the dominant channels of ion energy loss, and it is measured to drop roughly ten-fold.
This is due to a drop in the neutral density which is precipitated by a drop in recycling of neutral
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Figure 2. Shot-averaged ion temperature profiles near the end of improved-confinement periods
with and without strong reconnection-based ion heating preceding the improved confinement.
Magnitude of outermost data point in each profile is assumed. Error bars reflect standard deviation
of shot average for each spatial point.

deuterium. Concurrent with this drop, the line-averaged electron density rises modestly, as
shown in figure 1, reflecting an increase in density in the plasma core, and reflecting an overall
improvement in particle confinement.

The capture of reconnection-based ion heat results in an ion temperature profile that
is everywhere increased with respect to previous improved-confinement plasmas that did not
exploit this form of ion heating. This is illustrated in figure 2. Given that the CHERS diagnostic
provides the ion temperature at only one spatial point per discharge, the profiles shown in this
figure are from an ensemble of similar discharges, approximately ten per spatial point. Both
profiles were gathered late in periods of reconnection suppression, after several majority-
impurity-ion equilibration times, in plasmas with the same toroidal plasma current (0.5 MA)
and a line-averaged electron density ranging from 0.7 × 1019 to 1.0 × 1019 m−3, or 11% to
16% of the Greenwald density limit. The temperature profile resulting from reconnection
heating was compiled at 20 ms in discharges like that in figure 1. With a Rutherford scattering
diagnostic [31], the deuteron temperature was also measured at one location in these plasmas,
confirming a large increase in the majority Ti.

Before closing this section, we note a degree of ‘stiffness’ in the ion temperature profile
in MST. This is based on a comparison of Ti profiles from two plasma regimes, standard
confinement and improved confinement, with central temperatures differing by almost a factor
of four. The standard-confinement profile is extracted from figure 4 of a recently published
paper on ion heating during reconnection in standard-confinement MST plasmas [8]. The
improved-confinement profile is that with the larger temperature in figure 2 of this paper. Profile
stiffness has long been noted in tokamak plasmas in both the ion and electron temperature
profiles. See, for example, Mikkelsen et al [32] and Ryter et al [33], and references therein.
Profile stiffness is linked to a critical gradient threshold, ∇T/T , above which energy transport
increases substantially. Over the spatial region where a profile is stiff, the profile shape does
not vary as, e.g., the temperature at the periphery of the region varies. The central temperature
is proportional to the temperature at the periphery. The apparent stiffness in MST Ti profiles is
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Figure 3. Shot-averaged ion temperature profiles from improved-confinement and standard-
confinement plasmas. Improved-confinement profile is from figure 2. Standard-confinement profile
is average of data from −0.9 to −0.5 ms, inclusive, in figure 4 of [8]. Standard profile scaled such
that innermost data point is identical to that of the improved-confinement profile. Data plotted
versus impact parameter of CHERS diagnostic chords. Error bars reflect standard deviation of shot
average for each spatial point. Error bars for standard-confinement profile about the size of the plot
symbols.

shown in figure 3. The standard-confinement profile was compiled several milliseconds after
ion-heating reconnection events, somewhat akin to the improved-confinement profile. The
significance, or lack thereof, of this profile stiffness remains to be determined, particularly given
the dominance of current-gradient-driven stochastic magnetic transport in standard plasmas.
A similar comparison of the two improved-confinement Ti profiles in figure 2 also shows a
degree of stiffness, but there is greater disparity in the profile shapes.

4. Achieving Te ∼ 2 keV

With the recent advance in Thomson scattering on MST, we can now compare the temporal
evolution of Ti and Te in a single discharge. In figure 4 are the central ion and electron
temperatures from a discharge similar to that in figure 1. As in figure 1, current profile control
is applied at 10 ms, preceded by intense ion heating. Fluctuations are reduced, and confinement
improved, just before 13 ms. The ion temperature slowly decays during this period, while the
electron temperature ramps up strongly. This ramp continues until the end of the reduced
fluctuation period at around 20 ms. This is encouraging for the application of inductive current
profile control in RFP plasmas with even larger toroidal current. Since the profile control
depends on the rampdown of toroidal flux, the duration of the control is limited by the amount
of toroidal flux initially embedded in the plasma. For a given equilibrium, the embedded flux
increases with toroidal current. Hence, larger toroidal current implies longer current profile
control. Larger current will be possible in MST with a proposed upgrade to MST’s poloidal
field power supply. The data in figure 4 also illustrate clearly the fact that the ions and electrons
are largely thermally independent in these plasmas. The large electron temperature and low
plasma density lead to an electron–ion energy equilibration time of hundreds of milliseconds,
much longer than the present duration of improved confinement.
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current profile control beginning at 10 ms, and a period of reduced fluctuations beginning just
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0

0.5

1

1.5

2

0 0.1 0.2 0.3 0.4 0.5

E
le

ct
ro

n 
te

m
pe

ra
tu

re
 (

ke
V

)

ρ (m)

Figure 5. Electron temperature profile measured at 19.5 ms in the discharge shown in figure 1.
Magnitude of outermost data point is estimated based on probe data from plasmas at lower plasma
current.

The complete electron temperature profile was measured at 19.5 ms in the discharge in
figure 1. This profile is shown in figure 5. The central temperature of about 2 keV represents
a roughly four-fold increase over that (0.5 keV) achieved in MST plasmas at the same plasma
current and electron density but without suppression of the tearing modes. In addition to the
large central temperature, the shape of the Te profile is also noteworthy. The profile is fairly
flat in the core with a steep gradient in the region ρ > 0.3 m. The steep gradient is bisected
by a narrow flattening roughly centered on the toroidal field reversal radius. This gradient, as
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Figure 6. Radial profiles of (a) toroidal magnetic field, (b) ion temperature gradient associated
with reconnection-heated profile in figure 2 and (c)–(d) electron temperature gradient and electron
thermal conductivity associated with profile in figure 5. Estimated m = 0 island width indicated
by dashed line in (a). Dashed lines in (d) represent estimated error. For (c) and (d), electron
temperature profile is adjusted slightly around ρ = 0.34 such that the gradient remains negative
everywhere.

well as a more modest gradient in the ion temperature profile, is discussed in more detail in
the next section.

5. Local confinement improvement

Electron thermal diffusion is small in the large-gradient region of figure 5. This is illustrated
in figure 6, which contains four profiles over a relatively narrow spatial extent. Profiles of the
toroidal magnetic field, electron temperature gradient and electron thermal diffusivity, χe, are
from the same shot and time as for the Te profile in figure 5. The ion temperature gradient
is from the high-temperature profile in figure 2, based on a shot average. The diffusivity
associated with the two steep Te gradients is about 2 m2 s−1, likely the minimum value in the
plasma. In the region ρ > 0.4 m, the diffusivity increases monotonically out to the plasma
boundary and is substantially larger than 2 m2 s−1. The diffusivity in the region ρ < 0.3 m is
uncertain at present due in part to the apparent hollowness in the Te profile. This may be an
artifact of the small population of runaway electrons in the plasma core, but additional data are
required to address this issue. The region with two steep gradients coincides with the toroidal
field reversal radius, where Bφ = 0 and q = 0. In addition to the large gradients in Te, we note
that the coarsely measured Ti profile also exhibits its largest gradient in the vicinity of q = 0.

It is quite possible that the two regions of minimum χe are magnetically stochastic. The
m = 1 modes resonant in this region have |n| > 35, and their respective resonant surfaces are
spaced less than 0.001 m apart. Hence, even if these modes are of small amplitude, overlap of
their respective magnetic islands is likely. Even so, stochastic electron energy transport scales
as the square of the mode amplitude [34], so if the mode amplitudes are sufficiently small,
stochastic transport may be small as well.

9
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The local flattening in the Te profile shown in figure 5 implies locally large transport. This
region coincides with the q = 0 surface, and the width of this region is roughly consistent
with that of an m = 0 island structure. The estimated island width, W , is shown in figure 6(a)
and is calculated from W = 4

√
(rsbr)/(nBθq ′), where rs is the radius of the mode resonant

surface, br is the radial magnetic perturbation at rs, n is the toroidal mode number, Bθ is the
equilibrium field at rs and q ′ is the radial derivative of q at rs [35]. The quantities rs, Bθ and q ′

are calculated based on reconstruction of the magnetic equilibrium using MSTFit [36]. These
reconstructions are constrained not only by internal and external magnetic measurements,
but also by measurements of quantities such as temperature and density. The radial field
perturbation at rs is estimated using the output of the linear stability code, RESTER [37],
which allows one to calculate br at the resonant surface based on the measured toroidal field
perturbation at sensing coils located at the MST plasma boundary. There are multiple resonant
m = 0 modes of finite amplitude in this plasma. For this estimate, we consider the single
largest mode, which in this case has n = 3, and arrive at W ∼= 3 cm. Note that while the m = 0
modes are calculated to be linearly unstable, their amplitudes are small during this period of
improved confinement.

6. Global confinement improvement

The combination of large ion and electron temperatures, along with the simultaneously
reduced ohmic input power of about 2.3 MW, results in a global energy confinement time
≡ Wth/(Poh − dWth/dt) of about 12 ms. Here, Wth is the volume-integrated stored thermal
energy and Poh is the volume-integrated ohmic input power. In discharges without reconnection
suppression but at the same plasma current and density as that described for the discharges
here, Poh is about 5 MW, and the energy confinement time is about 1 ms.

The improved energy confinement time quoted here is calculated near the end of the period
of improved confinement, corresponding to the time of maximum electron temperature. In
calculating the stored thermal energy, we used the electron and ion temperature profiles shown
in figures 5 and 2, respectively. The electron density profile was measured in the same shot
and at the same time as the electron temperature profile. The ion density profile is assumed to
have the same shape as the electron density profile, but with a smaller magnitude to account for
the estimated impurity dilution of the deuteron density. The ohmic input power is calculated
in two ways. The first utilizes global power balance, subtracting from the total input power
the time rate of change of the stored magnetic energy. The magnetic energy is derived from
MSTFit. The second means of calculating the ohmic input power is based on simple Ohm’s
law, Poh = ∫ ηJ 2 dV , where η is the plasma resistance and J is the current density, calculated
by MSTFit. The plasma resistance depends on Te and Zeff , the effective ionic charge. The latter
quantity is determined from measurements of x-ray bremsstrahlung [38]. Both approaches to
calculation of the ohmic input power provide the same result.

The improved-confinement time of 12 ms is achieved at a total beta, βtot =
〈p〉/[B2(a)/2µo], of about 10%, where 〈p〉 is the volume-averaged plasma pressure and B(a)

is the total (poloidal + toroidal) field at the plasma boundary. This is well below the present
maximum beta of 26% achieved in MST at lower current and much higher density [39, 40].
Beta in the present discharges is limited in part by the relatively small ohmic heating power.

The previous best confinement time in MST was about 10 ms, also achieved with inductive
current profile control, but at substantially lower plasma current, 0.2 MA, and with lower
maximum temperatures, Te(0) ∼ 0.6 keV and Ti(0) ∼ 0.2 keV [22]. This confinement time
was compared with what is predicted by the IPB98(y,2) ELMy H-mode tokamak confinement
scaling, using relevant MST discharge parameters in the scaling formula [41, 42]. The formula

10



Plasma Phys. Control. Fusion 52 (2010) 124048 B E Chapman et al

Figure 7. MST confinement compared with a ‘fiducial’ tokamak specified by the IPB98(y,2)
ELMy-H mode empirical scaling (reprinted from ITER Physics Guidelines, ITER report N 19
FDR 1 01-07-13 R 0.1).

is τ = (0.0562)I 0.93
φ B0.15

φ P −0.69n0.41M0.19R1.97ε0.58κ0.78, where P is the loss power, n is the
line-averaged density, M is the average ion mass, R is the major radius, ε is the inverse aspect
ratio and κ is the elongation. The tokamak data underlying this scaling come from the ITER
physics database [43]. To compute data points for MST, most MST parameters were input
directly into the formula. However, for Bφ , an equivalent tokamak field was used given MST’s
plasma current and the assumption that q(a) = 4. This same methodology is applied for
the present-day 0.5 MA MST plasmas, requiring an equivalent tokamak field at the plasma
boundary of about 2.5 T. Fortunately, the scaling dependence on the toroidal field is weak.

MST standard- and improved-confinement data are overlaid with the tokamak database in
figure 7. The two data points in blue are those reported previously for 0.2 MA plasmas [41, 42].
The two data points in red are new additions for the 0.5 MA plasmas described in this paper.
Both of the improved-confinement data points lie within about a factor of two of the scaling
prediction. Note that this simple comparison is not meant to imply that this or other tokamak
confinement scalings apply to the RFP. Instead it is meant to demonstrate that the best RFP
energy confinement is roughly comparable to that achieved in an equivalent tokamak, but with
a much smaller toroidal field. As shown in figure 1(b), Bφ ∼ 0.1 T in these 0.5 MA MST
plasmas.

7. Summary and discussion

We have demonstrated here the extension of improved confinement in MST to higher plasma
current (near the upper bound of MST’s present capability) and higher ion and electron
temperatures. Among the potential reactor attributes of the RFP is ohmic heating to ignition.
This is based on the RFP plasma’s relatively large electrical resistance. The RFP still has
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far to go toward reactor-relevant temperatures, but results thus far imply that even higher
temperatures than those shown here should be possible at larger plasma current.

Not only do these plasmas represent an advance in fusion performance, but their
characterization has benefited tremendously from improvements in MST’s diagnostic set,
particularly with respect to measurement of the electron temperature. The gradients that
form in the electron, and ion, temperature profiles suggest the importance of the region around
the toroidal field reversal radius. Particularly for the electrons, it appears that this region acts
as an energy transport barrier. The shape of the Te profile in figure 5 is roughly similar to that
of Te profiles measured previously in lower-current discharges with the aforementioned 10 ms
confinement time [22]. The Thomson scattering system at that time provided the electron
temperature at only one spatial and temporal point per shot. Hence, compilation of complete
profiles, based on shot averaging, required many, many shots. Nonetheless, these older profiles
were fairly flat in the core with a substantial Te gradient just beyond ρ = 0.3 m. For a given
plasma current, this profile shape has thus far been associated with the largest central electron
temperatures and energy confinement times.

It has been demonstrated that to maximize Te and energy confinement, one must control
not only the centrally resonant m = 1 tearing modes, but also the m = 0 and nearby high-n
m = 1 modes [22, 42]. A possible reason for this is provided by the data described above. If the
m = 0 or nearby m = 1 modes are destabilized, one can easily imagine an interruption of the
transport barrier, thereby adversely affecting the electron temperature and energy confinement
further inside the plasma. This notion is supported by the temporal evolution of the soft-x-
ray emission profile during small m = 0 bursts occurring during periods of spontaneously
improved confinement in MST [44]. With each burst, x-ray emission is observed to decrease
from the edge to the core, corresponding to an inward propagating ‘cold pulse.’

It has previously been demonstrated in plasmas such as those described here that magnetic
stochasticity has been substantially reduced in the plasma core. One piece of evidence for this
was obtained via the diagnosis of high-energy (100 keV) runaway electrons [45]. The rate
of transport in a stochastic field increases with particle velocity, so the mere existence of
such high-energy particles is suggestive. But their rate of transport was measured directly
and found to be velocity independent. Another piece of evidence was acquired with x-ray
tomography, which revealed the presence of two distinct, non-overlapping islands in the core
of these plasmas [46]. Given that energy transport is still finite in these plasmas, some other
transport mechanism, possibly rooted in electrostatic fluctuations, must be playing a role. Such
a mechanism may play a role in, e.g., the relatively flat central electron temperature profile.

Although it has now been demonstrated with current profile control that energy
confinement can be improved substantially over essentially the entire range of plasma current
accessible to MST, the degree of improvement so far increases only modestly with current,
figure 7. One potential reason for this is that the formerly measured 10 ms confinement time
was achieved in conjunction with intensive boronization, but the present 12 ms confinement at
higher current did not utilize boronization. Boronization is now being revived on MST so that
we will be able to test its effect on energy confinement. Also important is that we have yet to
identify the optimal waveform for the surface parallel electric field, and, hence, we have yet to
identify the maximum energy confinement time of which MST is capable. To this end, we have
just commissioned a solid-state programmable power supply for much improved control of the
Bφ waveform. Further optimization of confinement and understanding how the confinement
scales with, e.g., current and density is a major goal of the MST program.

Looking more broadly at the state of improved confinement in the RFP, at least three routes
to improved confinement have been identified: the active profile control technique described
in this paper and two routes that do not depend, at least explicitly, on profile control but are
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instead self-organized (spontaneous), subject to certain operational conditions. One of these
self-organized routes was first observed in TPE-1RM20 [47] and MST [30, 48] and depends
in part on stronger-than-normal toroidal magnetic field reversal. But unlike inductive current
profile control, the reversal parameter and overall magnetic equilibrium can remain nearly
constant with time. Magnetic fluctuations are reduced in these plasmas, although not to the
same degree as with active profile control. The other self-organized route, discovered recently
in RFX-mod, appears to depend in part on the achievement of a relatively hot, low-resistance
plasma, and once again the magnetic equilibrium can be steady [49]. This route is characterized
by a single very large amplitude tearing mode in the core, with a reduction in the other core-
resonant modes. Of these three routes, current profile control in MST has thus far led to the
highest values of temperature, beta and energy confinement time. And this technique has led to
substantial gains in other devices as well, with a five-fold improvement in energy confinement
in TPE-RX [50]. The self-organized route depending on stronger magnetic field reversal has
led to as much as a tripling of the energy confinement time, and the route characterized by a
single large tearing mode has thus far led to a five-fold confinement improvement.
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