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Confinement studies have been performed on the high-aspect-ratio, high-current-density Extrap-
T1 (Stockholm) reversed-field pinch. Experimental evidence is presented that the scaling of the
particle confinement time is not dominated by the dynamo activity. This results in an anticorrelation
between particle confinement time and energy confinement time, which becomes apparent in this
experiment, as the ratio of Spitzer to total input power is varied over the wide range 0.4-0.8.

PACS number(s): 52.55.Hc, 52.55.Pi, 52.25.Fi

The reversed-field pinch (RFP) [1, 2] is a toroidal
axisymmetric confinement scheme with several attrac-
tive advantages such as weak magnetic field at exter-
nal windings, high 8, compact size, and the possibility
for Ohmic heating to ignition. In contrast to the toka-
mak, the toroidal field is generated almost entirely by
internal currents. The field configuration of an RFP
is sustained against dissipative losses by a mechanism,
known as the dynamo, which couples the externally ap-
plied toroidal electric field to the poloidal current. It
has been shown that such coupling can be provided by
current-driven magnetohydrodynamic (MHD) instabili-
ties (resistive tearing modes [3—5]) and by energetic elec-
tron flow along stochastic field lines [6]. In this context, a
non-Spitzer component of the loop voltage is required for
the dynamo to sustain the RFP configuration. It is anti-
cipated that the MHD relaxation process and the asso-
ciated stochastization of the magnetic field lines of force
should strongly affect the particle confinement properties
of reversed-field pinches.

In this Rapid Communication, we present experimen-
tal evidence that the scaling of the particle confinement
time 7, is not dominated by the dynamo activity. The ex-
periments have been performed on the high-aspect-ratio
Extrap-T1 RFP (Ry/a = 0.5 m/0.057 m = 8.8, where
Ry is the major radius, and a is the minor radius of the
torus) [7]. The maximum average toroidal current den-
sity is 10 MA/m?, a factor of 2 higher than in other
RFP experiments. The effects of Spitzer input power Pg
and non-Spitzer input power P — Ps on particle confine-
ment time 7, and energy confinement time 7g are studied
over the wide range of Ps/P from 0.4 to 0.8. We relate
the Spitzer resistivity ns to the Spitzer resistance Rg
using the polynomial function model [8] to account for
the helical current path. The Spitzer resistivity is calcu-
lated from the spectroscopically measured effective ionic
charge Z.g. In the figures presented here, each symbol
represents an ensemble average value of data from 20 con-
secutive discharges taken during the flat-top phase, and
the error bars represent three times the standard devi-
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ation of the ensemble averages.
shown in Fig. 1.

In one series of experiments, the toroidal plasma cur-
rent I, was varied in the range 40-100 kA, with pinch
parameter © = Bg(a)/(Bs) ~ 1.7. Here, Bg(a) is the
poloidal magnetic field at the edge, and (By) is the cross-
sectionally averaged toroidal magnetic field. Within this
current scan, the current to line density ratio I/N was
varied in the range 0.7 x 10713-1.6 x 107'®> Am. In
Fig. 2 we show line average electron temperature T, from
line intensity ratios of Li-like oxygen and line average
electron density n. measured by interferometry, together
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—T T T T T T T

100} J

50} B

l, (kA)

Uyt (kV)

F.©

+

ne (102/m?)

L L L

0.0 0.1 0.2 0.3
t(msec)

FIG. 1. Example of pulse data for discharge no. 25954
(I =~ 90 kA, ©® =~ 1.7). From top to bottom: Toroidal
plasma current Iy. Total loop voltage Uior. Pinch param-
eter © = By(a)/(Bg) (upper curve) and field reversal ratio
F = By(a)/(Bgs) (lower curve). Line average electron density
n. measured by interferometry.
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with the particle confinement time, obtained from the
hydrogen influx [9], and the energy confinement time for
this current scan. In the analysis we have assumed a
parabolic density profile and a flat temperature profile.
Although these profiles may depend upon the operating
conditions, the possible error of inferred trends in the cal-
culated cross-sectionally averaged density and pressure,
and thus in 7, and 7g, will be small, since we measure
line averaged density and temperature. The ion temper-
ature is assumed to be equal to the electron tempera-
ture. In Fig. 3 we show the scaling of the fraction of
non-Spitzer input power (P — Ps)/P and the magnetic
fluctuation level § B/ B measured outside the vacuum ves-
sel, with I/N. Fourier mode decomposition of the fluc-
tuating edge magnetic field § B/B reveals that the dom-
inant mode numbers are (m;n) = (1; —20,...,—15) and
(m;n) = (0;1,...,5). This activity has been identified
as resistive tearing modes associated with the dynamo
process.

In another series of experiments, ® was varied from
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FIG. 2. From top to bottom: Line average electron tem-
perature T.. Line average electron density n.. Particle con-
finement time 7, (above the horizontal line) and energy con-
finement time 75 (below the horizontal line) obtained at pinch
parameter © =~ 1.7. The different symbols indicate high
ne > 0.75 x 10%° m~3 (O) and low n. < 0.75 x 102° m™3
() discharges. The error bars represent three times the stan-
dard deviation of the ensemble averages of 20 consecutive dis-
charges for each working point.
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FIG. 3. Fraction of non-Spitzer input power (P — Ps)/P

and magnetic fluctuation level § B/B, obtained at pinch pa-
rameter ® ~ 1.7. The different symbols indicate high n. >
0.75 x 10%° m~2 (O) and low n. < 0.75 x 10%® m™2 (o) dis-
charges. The error bars represent three times the standard de-
viation of the ensemble averages of 20 consecutive discharges
for each working point.

1.6 to 2.6 for fixed I/N = (0.7 £0.1) x 10713 Am. In
Fig. 4, we show (P — Ps)/P, 6B/B, and particle and
energy confinement times for this © scan.

In Figs. 2 and 4 we observe opposing trends for parti-
cle and energy confinement times. As a response to the
increase of density at constant toroidal plasma current,
Tg is increased while 7, is decreased. Within the © scan,
T is deteriorated at high ©, whereas 7, is improved. Al-
though 75 and 7, are based upon assumed profiles, and
7g is calculated with T; = T., large variations in the
temperature profile and in T;/T. would be required to
convert the present trend of 7g to one similar to 7,. Any
change in the density profile would affect both 7 and 7,
alike. In the following, we propose an explanation for the
observed opposing trends.

We note that the energy confinement time is slightly
higher for high n. data as compared to low n. data for a
given plasma current. Although the Spitzer input power
is significantly reduced for the low n. discharges, the non-
Spitzer input power needed to sustain the configuration
increases, resulting in higher total input power and, since
the measured [ remains essentially unchanged, slightly
lower energy confinement time. Also within the © scan,
the fraction of non-Spitzer input power increases. This
enhanced dynamo activity is consistently observed in the
increase of § B/B with I/N for constant © and the in-
crease of § B/B with © for constant I/N. Hence we con-
clude that the scaling of 7g is dominated by the input
power associated with the sustainment of the magnetic
configuration.

Concerning the scaling of particle confinement time
with §B/B, it has been shown that tearing mode activ-
ity leads to stochastization of the plasma. Particularly,
at high O, overlapping of m = 0 and m = 1 magnetic
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islands may cause stochastization of the entire plasma
column [4, 10]. Accordingly, an increase in this activity
would be expected to result not only in a degraded en-
ergy confinement time, but also in a deteriorated particle
confinement time as © is increased. Instead, we observe
that particle confinement is improved, although §B/B
increases with ©. These observations suggest that dy-
namo related particle loss is only a minor part of the
total particle loss in our experiment. Instead our obser-
vations indicate that the loss rate is dominated by trans-
port associated with pressure-driven instabilities which
establish the operational 8. Here a possible candidate is
pressure-driven resistive interchange modes which may
be expected to arise in the vicinity of the reversal surface
due to large pressure gradients in the edge region [11,12].
In order to maintain resonance with the magnetic field
in this region, such instabilities would possess very high
toroidal mode numbers and thus result in high frequency
field fluctuations. Accordingly, the magnetic signature
of this activity would be more difficult to detect outside
the vacuum vessel due to liner screening effects. Indeed,
we observe that the scaling of the externally measured
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FIG. 4. From top to bottom: Fraction of non-Spitzer in-

put power (P — Ps)/P. Magnetic fluctuation level, §B/B.
Particle confinement time 7, (above the horizontal line) and
energy confinement time 7g (below the horizontal line) ob-
tained at I/N < 0.8 x 107'®> Am. The error bars represent
three times the standard deviation of the ensemble averages
of 20 consecutive discharges for each working point.
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FIG. 5. Ratio of energy to particle confinement time as a

function of the fraction of nonradiative Spitzer input power
(Ps — Praa)/P for current scan and © scan. The different
symbols indicate high n. > 0.75 x 10*°* m~3 (0O) and low
ne < 0.75 x 10%° m™3 (o) discharges. The data from MST
and HBTX1C continue the trend within the Extrap-T1 data
towards lower fraction of (Ps — Praa)/P. The error bars rep-
resent three times the standard deviation of the ensemble av-
erages of 20 consecutive discharges for each working point.

fluctuation level 6 B/B is dominated by the more global,
and comparatively low n, tearing mode activity.

We can now explain the principal physics behind our
observation that the particle confinement time is anticor-
related with the energy confinement time within the ©
scan, and when low n. and high n. series are compared.
Spitzer heating power 7sj2 acts to increase the pres-
sure gradient, which in turn enhances localized pressure-
driven instabilities. This enhanced pressure-driven ac-
tivity results in an increased particle loss rate. Con-
sequently a high fraction of direct heating leads to de-
teriorated particle confinement. If, in contrast, a large
fraction of the input power is consumed by non-Spitzer
processes, less power is available for direct heating and
hence pressure-driven transport remains at a lower level.
Although a fraction of this non-Spitzer input power may
be dissipated in the plasma and contribute to heating
[13], we find that this fraction cannot compensate for the
reduction of direct heating when (P — Ps)/P is increased.
Since the scaling of 75 is dominated by non-Spitzer input
power, related to the dynamo activity, and the scaling of
Tp is coupled to direct heating and thus to pressure-driven
instabilities, 7 and 7, are anticorrelated.

Although pressure-driven transport is essential for reg-
ulating # to the operational value, this transport may
only be a minor part of the total power loss. In order
to study this contribution, we present in Fig. 5 the ratio
of energy to particle confinement time versus the frac-
tion of nonradiative Spitzer input power (Ps — Prad)/P
for both the current scan and the © scan. Typically, 15—
30 % of the Spitzer input power in our experiment is mea-
sured to be radiated. In the limit of high (Ps — Praa)/P,
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the energy and particle confinement times are compara-
ble suggesting that the dominant power loss channel is
thermal energy loss due to pressure-driven particle trans-
port. In Fig. 5 we also include the range of values con-
sistent with results obtained at the Madison Symmetric
Torus (Ro/a = 1.5 m/0.52 m = 2.9) [14] and HBTX1C
(Culham, Great Britain) (Ro/a = 0.8 m/0.26 m = 3.1)
[15, 16] at low ©, which appear to continue the trend in
our data towards low 7g/7, and low (Ps — Praq)/P. It
should be emphasized, that the scaling of 7g /7, is given
by (Ps — Praq)/P rather than the aspect ratio or the
volume to surface ratio of the different devices.

From the general trend seen in Fig. 5 the following
picture emerges. At a low fraction of (Ps — Praq)/P, the
ratio 7g /7p is also low. Here, the total energy losses can-
not be explained by particles leaving the plasma carrying
thermal energies. Hence, if convection is the dominant
power loss channel in this regime, the energy carried by
escaping particles has to be significantly larger than the
representative thermal energy. This is consistent with
the observation of high-energy electrons at the edge in
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many RFP experiments (see [17] for a recent review).
On the other hand, at a high fraction of direct heating,
(Ps — Praa)/P, pressure-driven activity is enhanced, re-
sulting in increased particle transport and a deteriorated
particle confinement time. In this case, the resulting en-
ergy loss is a significant part of the total energy loss.
Our observations suggest that particle transport in the
Extrap-T1 RFP is dominated by pressure-driven instabil-
ities, which regulate the operational 3 value. The scaling
of the energy confinement time, on the other hand, is
dominated by the non-Spitzer input power required to
sustain the magnetic configuration. Accordingly, 7 and
7p are found to be anticorrelated as the ratio of Spitzer
to non-Spitzer input power is varied. At high fractions of
Spitzer input power, convection of thermal particles can
account for a major fraction of the total power loss.
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