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Electrostatic fluctuations have been measured in a large reversed-field pinch, and are large (7./n

~20%-40%, T./T~10%-25%).

Frequency and wave-number spectra are broad (An~70-150,

Am~3-6), and differ from measured magnetic fluctuation spectra. The transport inferred from correla-
tion measurements indicates that electrostatic fluctuations can account for significant particle losses, but

contribute < 15% to energy loss.
PACS numbers: 52.55.—s

In toroidal magnetic confinement devices, cross-field
transport exceeds diffusion predicted by collisional pro-
cesses. Some theoretical models invoke electrostatic tur-
bulence to explain this anomalous transport. Charge sep-
aration results in a fluctuating electric field, E= —Vd;
the ExB drift then drives transport. Electrostatic fluc-
tuations may be responsible for particle transport in
tokamak [1-4] and stellarator [5] edge plasmas, and
perhaps also energy transport. Early measurements on
ZETA [6] indicated that the role of electrostatic losses
could be significant. More recent investigations have be-
gun in several reversed-field-pinch (RFP) experiments
[7-9]. The RFP and tokamak have similar edge plasma
equilibrium density and temperature. However, the RFP
contains greater magnetic shear, unfavorable magnetic
curvature, and fewer magnetically trapped particles.

In this Letter, we report measurements of edge electro-
static fluctuations (in density, potential, and electron
temperature) in the MST RFP. We find that the ampli-
tudes are large and the frequency and wave-number spec-
tra are broad, similar to fluctuations in tokamaks. The
deduced fluctuation-induced particle transport is compa-
rable to the total particle losses. However, the fluc-
tuation-induced energy transport is relatively small.

MST [10,11] is a large RFP (a=0.52 m, R=1.5 m),
with typical plasma parameters I, < 600 kA, 7, =(0.5-
2.0)x10'% cm 73, T,0=<500 eV, and pulse length < 80
msec. The present studies were conducted in low-current
plasmas [I, <250 kA, 7, =(0.6-0.8) % 101 em 73, T.o
<180 eV], shown in Fig. 1. For these conditions, a
single-turn loop voltage V;=15.5 V, pinch parameter
© =B,(a)/{B,)=1.85 (where (B,) is the volume-averaged
toroidal field), and reversal parameter F=B,(a)/(B,)
= —0.15 were obtained.

Probe measurements were made at r/a = 0.92 (where
r/a=1 at the wall), 40° above the outer midplane.
Graphite toroidal rail limiters extend 1 cm from the wall
at the inner and outer midplane. Triple probes were con-
structed using 0.5-mm-diam tungsten tips, spaced 1.6 mm
apart. Two triple clusters, separated by 11.4 mm, were
fixed on a single probe support. Measurements were
made using a triple probe technique [12]. Ion saturation
current J; was collected by a floating double probe biased
to ~300 V [= (5-10)kT.]. The floating potential V,
was measured across a 100 kQ impedance to the ground.
The local plasma density #,, electron temperature 7, and

plasma potential ®p were then inferred by
ksTe=Be(Ve—V,), n=(J,(M;/T,)"?, o
efbpl =er+ akB T.

)

where kp is Boltzmann’s constant, V, is the potential of
the positive-biased tip, and a, B, and ¢ are constants. Al-
lowing for effects due to probe geometry, sheath expan-
sion [13], and secondary electron emission from thermal
electrons, the values a~2, f~1, and {~1 were used
[14]. Use of the ideal values of a=3.3, $=1/In2, and
¢=+/2 yielded a 20% difference in the calculated radial
particle losses.

Exact determination of these coefficients is complicated
by thermionic and secondary electron emission caused by
nonthermal edge electrons, which are known to exist in
MST [15] and other RFP’s. We have made simple esti-
mates of these effects using a hot-electron secondary-
emission coefficient of ~1.3 and allowing for possible
space-charge limitations on this emission. For average
hot-electron temperatures of 10-20 times the thermal
electron temperature in the edge and densities 2%-3% of
the background plasma density, the resulting error is
=<25%in a, =< 10% in B, and <20% in ¢.

Data were digitized at a frequency of 1 MHz. Three-
pole filtering with a 3-dB corner at 300 kHz was used.
For statistical analysis of the fluctuations, several hun-
dred time series data records were typically used, with
several records taken from each shot. Analysis was re-
stricted to time intervals in which the plasma current was
within 10% of its peak value. Modes were assumed to be
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FIG. 1. Wave forms of I, and V;, F and ©, and 7,.
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FIG. 2. Fluctuation power spectra of Vy (---), T (----), and
J, (—).

stationary over the 512 msec width of each record.

Electrostatic fluctuations in the edge of MST are
broadband and turbulent. Typical power spectra, shown
in Fig. 2, peak at low frequencies and fall monotonically
with frequency. Radial profiles of relative fluctuation
amplitudes (2-200 kHz) are shown in Fig. 3. The fluc-
tuation amplitudes shown in Fig. 3(a) are large, with
|72 |/n ~20%-40% and |T,|/T ~10%-25%. The relative
fluctuation levels increase with radius except at r/a
=0.92. Pressure fluctuation amplitudes also vary widely,
|P.|/P~20%-50%. Plasma potential fluctuation ampli-
tudes, e|‘i)p1|/k3 T, tend to be rather uniform outside
r/a=0.92. Within uncertainties, we find no significant
evidence that force balance, |P.|/P~e|®y|/ksT, is
violated [Fig. 3(b)].

To compare to measurements of magnetic fluctuation
spectra on MST [16,17], the wave-number-frequency
spectra have been approximated using two-point phase-
shift measurements [18]. The resulting toroidal mode
number spectra are shown in Fig. 4 (with n =k,R, where
¢ indicates the toroidal direction). At low frequencies
(10-25 kHz), electrostatic n spectra are broad, with a
width An~70 [Figs. 4(a) and 4(b)]. This is in contrast
to the radial magnetic-field fluctuation n spectrum, which
is dominated by a tearing mode peak at n~2R/a~6 and
An =< 10.

At higher frequencies (50-100 kHz), the electrostatic
n spectra broaden even further to An~150. At these fre-
quencies, the n spectrum for ¥ tends to peak in the ion
drift direction at n~10-30 (k,p;~0.05-0.15, where
ps~0.8 cm in the edge). Because of uncertainties in the
phase-shift measurement, this value is at th~c limits of the
diagnostic accuracy. The n spectrum for J; shifts to the
electron drift direction, peaking at n~10-40. While the
B, spectrum also shows a similar shift in this frequency
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FIG. 4. Low- and high-frequency n spectra for (a) J, and
(b) ¥, and (c) m spectra for V.

band, the width is significantly smaller, An~60.

Poloidal mode spectra for ¥V [Fig. 4(c)], obtained from
measurements using two electrostatic probes separated by
19 cm, show a much narrower width. At low frequencies,
the spectrum is centered at m =1 and has Am~3. The
spectrum again broadens with frequency, to a width of
Am~6, peaked at m=1-2, at 50-100 kHz. While
showing some general similarities to the electrostatic m
spectra, the m spectra for B, are much more sharply
peaked about m =1, especially at low frequencies where
Am~1.

The contrast between electrostatic and magnetic mode
spectra might imply that the two are uncorrelated.
Indeed, we measure that J; and B, are weakly correlated,
as illustrated in Fig. 5. Although there is strong coher-
ence between each of two closely spaced electrostatic and
magnetic signals, the cross coherence between J; and é,
is only modest, and only at low frequency, where the
magnetic fluctuations are large.

The radial particle and energy flux generated by an
ExB drift were calculated from r,=(A5,)> and Qf
=3(P,5,)/2. Using ¥, =ExB/B? and E= —ik,®,, the
spectral representations are [19]

T, =Im{A. () *ko(f ) ())/B ,
Qr =31Im(P. () *k,()Dy(f))/2B ,

2
3)

where nonsubscripted symbols represent mean quantities,
and () denotes an ensemble average. We have neglected
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_FIG. 5. Squared coherence (7?) of two B, (---) and of two
Jy (-:--), each separated toroidally by 1.8 cm, and between B,
and J, separated by 0.5 cm (——).
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the component due to poloidal fluctuating electric field,
which was found to be smaller by a factor of 100. Using
Egs. (1), the radial fluxes were then found from the mea-
sured Js, Vy, and T, by

(J¥kyV)) <f:‘kyt7f>+ (JXkrkpT,)
- a

Tp=nlm| =5 2TB eJB ’
4)
3P (js*kyl;f) <fe*kyl7f) <js*kaBfg)
=30 + + ,
Qp =" Im |\ = 2TB “ T eIB

(%)

where the wave numbers ky and kr characterize I7f and
T,, respectively. However, since measurements of spatial
differences in T, are dominated by significant uncertain-
ties, we have assumed kr =ky. _

The squared coherence between J; and —V(i)f is mod-
est; Y2 =UfkyVp/|Js| |V <0.1-0.4, and decreases
with radius. The cross power terms involving tempera-
ture fluctuations in Eqgs. (4) and (5) can be important.
The third term in these equations can contribute an in-
ward flux of both particles and energy, and is nearly
100% of the first term at larger radii. At r/a=0.92,
however, this third term adds only a 10% effect. The
second term in Eq. (4) contributes an additional outward
flux of particles of 30%-50% of the first term. Figure
6(a) illustrates the contributions of 7, to the total parti-
cle flux at r/a =0.94.

The total calculated radial particle flux I',, shown in
Fig. 7(a), is observed to decrease with radius at the edge,
as seen in tokamaks as well [2]. From the calculated flux
at r/a=0.92, a global particle confinement time limited
to electrostatic losses was estimated as 7, =N/4x’rRT,
<1 msec, where N was determined from 7, assuming a
parabolic profile, and toroidal and poloidal symmetry was
assumed. This confinement time is comparable to esti-
mates of 7, obtained from a 1D particle/neutral trans-
port code with source terms inferred from inverted H,
emission profiles.

The decrease in fluctuation-induced flux with radius in-
dicates that an additional plasma loss channel, which is
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believed to be scrape-off effects of the toroidal rail lim-
iter, dominates near the tank wall. A simple model of 1D
particle balance in an edge scrape-off layer, V-, =S;,
with parallel convection at the ion sound speed and radial
transport due solely to electrostatic fluctuations, yields

Ty, fnelTi/M1'?

. 2 Si, (6)

where 2L is the total scrape-off length in the edge, T is
the electron temperature at the limiter, and Ar is the radi-
al scale length of the calculated flux. Using the measured
Ar=0.8 cm and S;, as determined from H, emission, and
assuming 7, =20 eV, Eq. (6) then yields L ~150 cm,
which is comparable to the distance along field lines be-
tween limiters. _

The separate contributions of (7.0, and (7,5,) to the
total energy flux spectrum are shown in Fig. 6(b), and
the total energy flux is shown in Fig. 7(b). A global ener-
gy confinement time from fluctuations has been calculat-
ed using the estimate 7g, = 3% NT.o/47°rRQg, where a
parabolic profile in temperature has also been assumed.
When simple convection _based on the first term in Eq.
(5) was assumed, and T, effects were ignored, energy
confinement times of —4 msec or larger were calculated.
However, temperature fluctuations add an inward energy
flux, resulting in 7g.~7 msec at r/a=0.92. This is
significantly larger than the global energy confinement
time in MST of ~0.5-1 msec at low plasma currents.

In summary, we find that fluctuation amplitudes of
electron density and temperature in the edge of MST are
large, with |7i,|/n~20%-40%, and |T.|/T ~10%-25%.
No significant evidence for violation of force balance
along the magnetic field is found. Toroidal and poloidal
mode spectra for electrostatic signals have been mea-
sured. The spectra are broad and centered nearly at
m =1, n=0, although some shift at higher frequency ex-
ists. This is in contrast to observed radial magnetic-field
fluctuation spectra. Indeed, correlations between electro-
static (J;) and magnetic (B,) fluctuations are small in
the edge of MST. Measured fluctuation-induced radial
particle losses limit the particle confinement time to ~ 1
msec, which is comparable to the total particle confine-
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ment time. Electrostatic energy fluxes are relatively
small, contributing less than 15% of the global energy
transport.

If one were to attribute transport in the RFP only to
electrostatic and magnetic fluctuations, then our results
would imply that magnetic fluctuations do not contribute
substantially to particle transport. This is sometimes an-
ticipated to be the case in view of ambipolarity con-
straints for either localized modes or global tearing
modes. However, the relatively large magnetic fluctua-
tions might still drive significant energy transport.

Despite the geometric difference between the RFP,
tokamak, and stellarator, there is a qualitative similarity
in the amplitude and spectral breadth of edge electrostat-
ic fluctuations in the three configurations. Moreover, it
appears that the edge energy transport in the RFP from
electrostatic fluctuations alone might be of similar magni-
tude to the transport in a tokamak or stellarator of simi-
lar minor radius and plasma current (but higher magnet-
ic field).
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