VOLUME 89, NUMBER 27

PHYSICAL REVIEW LETTERS

30 DECEMBER 2002

Core Electrostatic Fluctuations and Particle Transport in a Reversed-Field Pinch
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Potential and electron-density fluctuation profiles, ¢ (r) and 7 ,(r)/n,, are measured for the first time
in the core of a reversed-field pinch using a heavy ion beam probe. It is found that the fluctuations
are broadband and correlated with the core resonant m/n = 1/6 tearing mode. The electrostatic-
fluctuation-induced particle transport in the core of standard RFP plasmas, estimated from measured
(i, ), is small compared to the total particle flux. Measurements of fluctuations and estimates of
fluctuation induced particle transport in improved confinement RFP discharges are also presented.

DOI: 10.1103/PhysRevLett.89.275001

The reversed-field pinch (RFP) belongs to the class of
magnetic confinement configurations that are driven to-
wards a minimum energy state that can be described by
Taylor’s theory [1]. Compared to tokamaks and stellara-
tors, RFP plasmas usually have much larger density and
potential fluctuation levels which may be largely related
to substantial magnetic fluctuations that may be needed to
sustain the Taylor state [2]. Large fluctuation levels in turn
limit the confinement time of the RFP to milliseconds,
which is much smaller than that of a tokamak. In general,
people believe that interactions among various fluctua-
tions are the cause of large particle and energy transport
that limit the confinement time of magnetic plasma de-
vices [3]. For the Madison Symmetric Torus (MST) RFP,
it has been found that the electrostatic fluctuations can
account for significant edge particle losses but not energy
losses [4]. However, almost no experimental information
has been obtained on localized electrostatic fluctuations
and their interactions in the core of the RFP. The heavy
ion beam probe (HIBP) is well known for its ability to
make local measurements of the plasma potential ¢,
potential fluctuations ¢, and density fluctuations 7i,/n,
in magnetically confined plasmas. The beam does not
perturb the plasma which it probes; thus the electrostatic
fluctuation induced particle and energy fluxes can be
addressed. HIBPs have been successfully applied on to-
kamaks and stellarators [5—9], but this is the first time a
beam probe is used to diagnose the hot core of an RFP. A
few factors have made the HIBP measurements challeng-
ing: highly three-dimensional, low amplitude magnetic
field (~0.3 T, and By ~ By) largely determined by the
plasma current itself and not well known, small signal
levels due to the small electron impact ionization cross
section of the Na* ions being used, and small diagnostic
ports on MST.
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The schematic of the MST-HIBP system is shown in
Fig. 1. Singly charged or primary ions are injected into
the plasma by an accelerator. Typical ion species used by
this probe (for the data presented) are Na* and K* with
energies ranging from 40 to 70 keV. The primary beam
changes direction in the plasma mainly due to the Lorentz
force proportional to v X B. Along the primary beam
trajectory in the plasma, the beam ions are further
ionized to higher charge states (doubly) mainly through
electron impact ionizations. The higher charge state ions
diverge from the primary ion trajectory due to increased
Lorentz forces. Only those secondary ions from a limited
ionization location reach the energy analyzer. The plasma
potential fluctuation is equal to the energy fluctuation of
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FIG. 1. Schematic of the MST-HIBP system. The inset shows

radial variation of the toroidal and poloidal magnetic fields.
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the detected secondary ions, while the plasma density
fluctuation 7,/n, is proportional to the fluctuation in
intensity of the detected secondary ion current. Because
of the fact that the poloidal and the toroidal magnetic
fields By and B, are comparable in MST (see the inset
plot of Fig. 1), singly and doubly charged ions travel along
fairly complicated three-dimensional paths. In order to
get signals out from the MST-HIBP, actual primary and
secondary beam lines are toroidally tilted a little bit (not
shown in Fig. 1). Also the entrance and the exit ports are
separated by 10° in the toroidal direction [10].

Typical MST-HIBP signals of a standard RFP
discharge are shown in Fig. 2. The plasma current 7,
line averaged electron-density n,, reversal factor F
[=B,(a)/(B,)), core dominant mode speed v, plasma
potential ¢, and secondary intensity signal I, over a few
sawtooth cycles during the flattop period are shown. In
the MST plasma, the core dominant mode is m/n = 1/6,
where m and n are poloidal and toroidal mode numbers,
respectively. The power spectra of ¢ and 71, /n, as well as
their coherence and phase are plotted in Fig. 3. The HIBP
signals are digitized at 1 MHz, thus enabling the resolu-
tion of fluctuations from 0 to 500 kHz. Plots are truncated
at 100 kHz in the figure due to the observation that above
100 kHz, fluctuation powers become too small to affect
the measured total fluctuation levels and electrostatic
particle flux. The spectra are calculated from an ensemble
of 199 events, with each event having a time period of
0.5 msec, during which the RFP plasma may be treated as
being in a quasistationary state.
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FIG. 2. MST-HIBP signals (Shot No. 1010624039): (a) plasma
current; (b) plasma density; (c) reversal factor F; (d) m/n =
1/6 mode speed; (e) plasma potential measured by the HIBP;
(f) HIBP secondary ion current. Note: The sharp drops in
the plasma potential that coincide with dips in F are instru-
mental in nature and do not necessarily reflect the true plasma
potential.
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It has been found that the potential fluctuations peak at
the core resonant tearing mode frequencies (Doppler
frequency) in the power spectra, yet the low frequency
components that correspond to fast equilibrium changes
or m = (0 modes dominate the total power. However, the
density fluctuations, 7,/n,, that are coherent with the
core resonant tearing modes’ frequencies dominate
the power spectrum. This observation is consistent with
the fact that the HIBP gives a local measurement of
ii,/n,, while localized ¢ measurements may be affected
by edge electric field fluctuations that have m = 0 struc-
tures. The small peak in the 7i,/n, power spectra below
10 kHz may be due to a path effect that is caused by
density fluctuations along the beam trajectory [11].

The fluctuation profiles ¢ (r) and 7i,(r)/n, are obtained
by changing the injection angles of the diagnostic beam
using the probe’s novel crossover sweep system [10].
These profiles are shown in Fig. 4. These measurements
are made in the standard plasmas with 7, ~ 380 kA, n, ~
103 cm™3. The measured ¢ ~ 30-50 V., #,/n, ~
0.1-0.18 within the measurement range of r/a =
0.25-0.75. Error bars indicate standard deviations.

Potential and density fluctuation measurements have
also been obtained in improved confinement plasmas.
Improved confinement is achieved by current profile
modification using an inductive pulsed poloidal cur-
rent drive (PPCD) technique. PPCD plasmas with pa-
rameters similar to those of the standard discharges (I, ~
390 kA, n, ~ 103 cm?) give a measured ¢ ~ 30 V,
and 7,/n,~0.1 and are relatively flat within the
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FIG. 3. Power spectra, coherence, and phase of fluctuations

for the 380 kA standard plasmas: (a) power spectrum of ¢;
(b) power spectrum of 7,/n,; (c),(d) coherence and phase
between ¢ and 7i,/n,. Measurements are taken at r/a ~
0.33-0.42.
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FIG. 4. Radial profiles of (a) ¢(r) and (b) 7i,(r)/n, for the
standard /, ~ 380 kA plasmas in MST.

measurement range of r/a = 0.25-0.7. It is also found
that the shapes of the standard and PPCD profiles of the
MHD correlated part of 7i,/n, are similar to the results
from previous FIR measurements [12].

The electrostatic fluctuation induced radial electron
transport is given by

TE = (l_%Be - ]_COBQS)[PHP¢]1/2')’H¢ sin0n¢,
' |BI2 ’

)

where k, and k4 are wave numbers in toroidal and poloi-
dal directions, P, and P4 are the power spectra densities
of ,/n, and ¢, v,, and 6, are, respectively, the coher-
ence and phase between 7i,/n, and ¢. Integration of the
expression above and evaluation utilizing HIBP measured
quantities results in an estimate of the total electrostatic
particle transport due to fluctuations. The present HIBP
setup is unable to resolve k, and k, as is typically done
from its two point measurements [13]. Thus, we use the
alternative method of estimating their values by dividing
the spectrum into <30 kHz and > 30 kHz regions. For
f <30kHz, m/n = 1/6 mode dominates and thus k, ~
kg ~m/r~n/R~4m~!. For f>30kHz, assuming
the perturbations are propagating at about the same ve-
locity as the measured plasma flow velocity, which is
~30 km/s, then the wave numbers estimated in this
manner range from 6-40 m™~! (up to 200 kHz), which are
comparable to previous edge Langmuir probe results [14].
Above 200 kHz, no coherence is found between 7 and ¢.
Utilizing these wave numbers and the measured 7, and
cZ), the electrostatic induced electron fluxes are estimated
and plotted in Figs. 5(a) and 5(b) for low frequency
(<30kHz) and high frequency (> 30 kHz), respec-
tively. For comparative purposes, the total fluxes, pre-

275001-3

< 30kHz

-
N

—— Total flux (standard) 4
Total flux (PPCD)

+ —A— HIBP measured (standard) b
—O— HIBP measured (PPCD)

-
o
T

r
o N A O @
T
L

Particle Flux T (x 10®°m 257

N
— T

t

b

!

t

>
o

[

>—%—4
|

IS

0.4 0.5 0.6 0.7 0.8
Normalized minor radius (p =r/a)

<)
=
o
o
ol
w

> 30kHz

Total flux (standard) 4

-
n

-
o

© Total flux (PPCD)
‘e 8l —A— HIBP measured (standard) 1
80 6 —O— HIBP measured (PPCD)
%
-4 // 1
x
5 o % z} 1
FR . 3 . S S O 1}7} %,@,,_
52
N ) i
4 ‘ ‘ ‘ ‘ ‘ ‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized minor radius (p =r/a)
FIG. 5. Measured fluctuation induced particle transport

profiles: (a) <30 kHz and (b) > 30 kHz. A for the standard
380 kA plasmas and o for the 390 kA PPCD plasmas. Solid and
dotted lines are the total flux densities for the standard and
PPCD discharges, respectively. Error bars indicate standard
deviations.

dicted by particle balance through the measurement of
the density profile and particle source, are shown for
each case.

Within the measurement uncertainties, the electrostatic
fluctuation induced particle transport estimated by the
HIBP measurements is too small to account for the total
particle flux in a standard plasma. These results are con-
sistent with the RFP transport model: within the reversal
surface, the magnetic fluctuations dominate the particle
flux and the electrostatic transport is small in the core of
MST. This is the first experimental verification that elec-
trostatic transport is small in the core of standard RFP
plasmas. While the total particle transport is greatly
reduced in a PPCD discharge, the estimated electrostatic
fluxes remain small, bracketing the total particle trans-
port within the error bars.

In summary, we have successfully demonstrated the
ability of the MST-HIBP to simultaneously measure
plasma potential fluctuations ¢ and relative electron-
density fluctuations 7,/n, in the core of a hot RFP
plasma. These first experimental measurements of con-
current electrostatic fluctuations have enabled us to con-
firm that electrostatic particle transport is too small to
account for the total particle flux. The successful appli-
cation of a beam probe on MST is predicated on the
development of novel crossover sweep systems and mag-
netic plasma suppression structures. Although substantial
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equilibrium changes during sawtooth periods limit mea-
surements to duration of the discharge between sawtooth
events, some improvements in hardware, such as the
addition of a feedback control, may extend measurements
to a full sawtooth period, thus enabling the study of
additional important physics issues, such as discrete dy-
namo events and magnetic reconnections.
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