
VOLUME 87, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 5 NOVEMBER 2001

19
Nonambipolarity of Fluctuation-Driven Fluxes and Its Effect on the Radial Electric Field
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The nonambipolarity of the fluctuation-driven particle transport is demonstrated experimentally. Con-
vective radial transport of electrons by fluctuations is found to be significantly stronger than that of
ions, leading to a mean fluctuation-driven radial current balanced in steady state by other bipolar particle
losses. Fluctuation suppression leads to a sudden disappearance of this current and results in significant
modification to the radial electric field. The observed change in the electric field is in good agreement
with the measured fluctuation-driven flux.
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A complex interplay between turbulent fluctuations and
plasma flows has become a focus in fusion plasma re-
search in the context of particle and energy transport and
confinement improvement (for reviews, see, for example,
[1,2]). This interest is driven mostly by prospects of re-
ducing the turbulent transport and improving the plasma
confinement. The effect of the electric field and its radial
gradient (shear) on the turbulence-induced transport has
been extensively studied both theoretically and experimen-
tally [1,3]. E 3 B shear flows seem to be responsible for
reduction in the turbulent transport, and thus it is very im-
portant to understand the physics of the shear flow for-
mation. Among other mechanisms, turbulence itself can
generate plasma flows, for example, through the Reynolds
stress mechanism [4] or due to the finite-Larmor-radius
(FLR) effect [5,6]. In any case such flow generation
would be manifested as the fluctuation-driven radial cur-
rent Jr � e��ñi Ṽri� 2 �ñeṼre��, where ñs and Ṽrs are fluc-
tuations of density and radial velocity for electrons (s � e)
and ions (s � i), which can change the radial electric field.

In this Letter we report the first measurements of the
nonambipolar fluctuation-driven particle flux and demon-
strate its effect on the radial electric field and the particle
confinement. The results suggest that fluctuations can dra-
matically affect the structure of the radial electric field.

Poisson’s equation relates the time rate of change of the
radial electric field Er with all the flux processes that might
generate a radial current [2]:

´0´�

e

≠

≠t
Er �

X
s�i,e

X
k

Gk
s , (1)

where ´� represents the perpendicular dielectric constant
and the summation over k is to represent all transport
processes in the plasma. These may include neoclassical
diffusion, ion orbit loss (substantial in the reported ex-
periments), and fluctuation-driven transport, among others.

The condition of quasineutrality for a plasma requires
that the total particle flux is ambipolar. A particular pro-
cess k can be said to be ambipolar if Gk

e � G
k
i . How-

ever, the quasineutrality of the plasma does not require that
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each particular process be ambipolar: a bipolar contribu-
tion from one process can be balanced by one (or more)
bipolar components from another process.

To test the ambipolarity of the fluctuation-driven fluxes,
we propose a technique to independently estimate the two
fluxes for the ions and electrons. We perform the experi-
ments on the H-1 heliac [7]. H-1 is a three-field period
toroidal heliac with major radius R0 � 1.0 m and mean
minor radius a � 0.2 m. Plasma is produced in argon
at low magnetic fields (,0.2 T) using less than 100 kW
of rf power. Typical plasma parameters are ne � 1 3

1018 m23, Te � 10 eV, Ti � 40 eV, and ion gyro radius
ri $ 0.2a [8].

Mach (or paddle) probes are often used to provide in-
formation about plasma flow velocities [9,10]. In the case
where the characteristic probe dimension rp is less than ri ,
the Mach probe is referred to as “unmagnetized.” This is
the situation for the following experiments on H-1, where
ri � 6 cm and rp , 0.5 cm. A theory suitable for un-
magnetized Mach probes has been described [11]; how-
ever, it is applicable only for Ti , Te. This condition is in
general not satisfied in H-1; however, the theory is readily
extended to cover this. An expression relating the ratio of
the upstream (I1

s ) and downstream (I2
s ) ion saturation cur-

rents R � I1
s �I2

s to the ion drift velocity is given by [12]

Vdi � V̄di 1 Ṽdi �
pq�T̄e 1 T̃e� ln�R̄ 1 R̃�

4m�V̄ti 1 Ṽti�
, (2)

where q is the ion charge, m is the ion mass, Vti is the ion
thermal velocity, the bar represents time-averaged quanti-
ties, and the tilde represents fluctuating quantities.

Since the Mach probe is unmagnetized, it may be ori-
ented to be sensitive to the ion radial velocity Vri and its
fluctuations Ṽri . This provides an independent estimate
for the ion fluctuation-driven flux G

fl
i � �ñṼri�, where the

angular brackets represent time averaging over a sufficient
number of fluctuation periods.

The fluctuation-induced flux for the electrons is assumed
a result solely of Ẽ 3 B, where the main contribution
comes from the poloidal Ẽ component (Ẽp) and the
© 2001 The American Physical Society 195003-1
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toroidal B component (Bt). Thus, the electron fluctuation-
driven flux is given by Gfl

e � �ñẼp��Bt.
To estimate the two species fluctuation-driven fluxes we

require Te, Ti, and Ẽp . The ion temperature has been es-
timated using a retarding field energy analyzer [8]. Al-
ternatively, an estimate of the local time-averaged density
ne, which is obtained using the multichannel spectroscopy
diagnostic [13], allows an estimate of Ti directly from the
ion saturation currents, since Is � ne

p
Te 1 Ti . Either

method allows the ion thermal velocity Vti required for
Eq. (2) to be determined. Both methods give reasonable
agreement.

Triple probes provide a measurement of Te and the
plasma potential fp [14]. The poloidal electric field is
estimated from two poloidally separated triple probes as
Ẽp � �fp2 2 fp1��Dy, where Dy � 30 mm is the dis-
tance between the probes.

To measure all the necessary quantities to independently
estimate the two fluctuation-driven fluxes, we require a
probe complex (see Fig. 1). This probe consists of a ra-
dial Mach probe surrounded in the poloidal direction by
two triple probes. Simultaneously we measure the radial
electric field using a “fork” probe. It consists of two triple
probes constructed similarly as the probe in Fig. 1, but sepa-
rated radially (rather than poloidally) by Dr � 15 mm.
The radial electric field is determined as Er � �fr1 2

fr2��Dr. Plasma fluctuations are dominated by coher-
ent, low frequency ( f � 5 50 kHz) pressure-gradient-
driven resistive MHD modes and spectra may be found
in Ref. [15]. Probe signals are digitized at 1 MHz, well
above the observed fluctuation activity.

All five probes are radially and poloidally aligned using
the electron beam mapping technique. Here we use the
advantage of the stellarator vacuum magnetic structure.

Figure 2(a) shows the chord averaged density as mea-
sured by the 2 mm interferometer during an argon dis-
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FIG. 1. Schematic of the triple-Mach probe complex. The tips
of all three probes lie on the same flux surface. The central
probe (Mach) is aligned to be sensitive to the radial flow. The
inset shows an enlarged view of the probe tips.
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charge with a spontaneous transition from low (L) to high
(H) confinement modes [8]. In Fig. 2(b), the radial profile
of the ion saturation current obtained in the L (triangles)
and H (diamonds) modes is shown. One can see that the
density rises considerably from L to H modes and that the
gradient in the outer regions steepens. Figure 2(c) shows
the root mean square (rms) of the fluctuations in the ion
saturation current obtained in the L (triangles) and H (di-
amonds) modes. Fluctuation levels drop by more than a
factor of 10 from the L to the H mode in the region of
maximum fluctuation level.

In our experiments, we find that the major contribution
to Ṽri comes from R̃. Under most conditions, R has a
time average �1.1 and fluctuates between approximately
0.9 and 1.3. Then ln�R� � x̄ 6 x̃ � 0.1 6 0.2. That is,
x̃�x̄ � 2 and, therefore, R̃ tends to dominate even substan-
tial fluctuations in either Te or Ti (T̃�T̄ , 0.4).

We find that the fluctuating ion radial velocity in the re-
gion of maximum density fluctuations is up to 10 times
smaller than the measured Ẽ 3 B drift. For example, at
r�a � 0.4, the rms of the fluctuating ion radial velocity is
less than 200 m�s, while the corresponding Ẽp�Bt is more
than 2 km�s. Not surprisingly, the inferred estimates for
the two fluctuation-driven fluxes also differ significantly in
this region, as shown later in the Letter. In other words,
the fluctuations produce a flux that is nonambipolar. This
nonambipolarity of the fluctuation-driven fluxes leads di-
rectly to a radial current being produced.
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FIG. 2. (a) Chord average density from the 2 mm interferome-
ter, measured in a shot with a spontaneous transition from low
to high mode. (b) Radial profile of ion saturation current in the
L (triangles) and the H (diamonds) modes. (c) Radial profile of
the fluctuation level in ion saturation current in the L (triangles)
and H (diamonds) modes.
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Strictly speaking, the fluctuation-driven fluxes that we
measure are local fluxes, which could arguably be different
from the flux-surface-averaged fluxes. Nonetheless, mea-
surements at other toroidal and poloidal locations reveal
the same tendency. The fluctuating ion radial velocity (and
subsequently the ion fluctuation-driven flux) remains sub-
stantially smaller than the electron counterpart does.

Existence of the radial current driven by fluctuations
suggests that the physical mechanism leading to the con-
finement transitions from the L to the H mode in H-1
should be revised. In this case, the picture that fluctuations
are suppressed, transport is reduced, and confinement im-
proves is not quite applicable, since turning fluctuations
off predominantly affects the electron flux.

Consider what must occur during a spontaneous transi-
tion from low to high confinement modes as in Fig. 2(a).
Prior to the transition, the plasma is in steady state and
Poisson’s equation becomes

´0´�

e
≠

≠t
Er � GAN 1 Gothers � 0 , (3)

where GAN � Gfl
e 2 G

fl
i is the nonambipolar anomalous

flux and Gothers is intended to represent all other fluxes,
which may, for example, include GNC

e , the electron neo-
classical flux and G

OL
i , the ion orbit loss. So Gothers �

2GAN balances the anomalous nonambipolar flux. A
spontaneous transition from the low to the high mode oc-
curs in approximately Dt � 1 ms. During this time, the
fluctuations are suppressed and subsequently GAN drops
out from Eq. (3). This leaves an imbalance in the Poisson
equation, which we may approximate over this transition
time as

´0´�

e

DEr

Dt
� 2GAN. (4)

This may be solved to estimate the change expected in
the radial electric field in going from the low to the high
mode across the transition.

Figure 3(a) shows the inferred electron fluctuation-
driven flux (diamonds) during a radial scan in the L mode
(just below the magnetic field threshold for the H mode).
The corresponding ion flux in the L mode is shown in
triangles. The nonambipolarity of the fluctuation-driven
fluxes is quite evident. Note that Gfl

e is negative (inwards)
in the inner two-thirds of the plasma and reverses to out-
wards in the outer third. In the inner region of the plasma,
the measurements therefore show a fluctuation induced
pinch of particles, particularly for the electrons. The
squares show the electron fluctuation-driven flux in the H
mode, which is reduced by nearly 2 orders of magnitude.

Figure 3(b) shows the radial profile of Er as measured
during an L-mode scan (diamonds). It is remarkably fea-
tureless over most of the plasma radius, until the outer few
centimeters (r�a � 0.8 1.0), where it becomes largely
negative. This is seemingly to compensate ions whose gyro
195003-3
FIG. 3. (a) Radial profiles of the inferred fluctuation-driven
flux in the L mode for electrons (diamonds) and ions (triangles)
and in the H mode for electrons (squares). (b) Radial profiles
of the radial electric field in the L mode (diamonds) and in
the H mode (squares). The dashed profile (triangles) represents
Er �L� 2 �eGANDt���´0´��.

orbits cross the last closed flux surface and are therefore
readily lost in this region. The electric field in the quiescent
high mode is also shown in Fig. 3(b), plotted with squares.
In this mode, the electric field develops a substantial shear
throughout the outer two-thirds of the plasma. The dashed
profile in triangles in Fig. 3(b) shows the L-mode radial
electric field Er�L� plus the contribution DEr expected
from the suppression of the nonambipolar anomalous flux,
according to Eq. (4). This expected Er �L� 1 DEr and
the measured H-mode radial electric field Er �H� are in
good agreement. This is consistent with the fact that the
fluctuation-induced fluxes are nonambipolar and lead to a
radial current. In particular, the observed DEr (positive
in the inner region, negative in the outer region) agrees
with the direction of the anomalous fluxes. When the
plasma is dynamically readjusting itself from the low to
the high mode, the balance is lost and the radial electric
field changes accordingly. During the change in Er , other
plasma transport processes also adjust as a result of Er , and
they eventually establish a new balance in the H mode.

In this picture, the causality of the spontaneous L-H
transition [like the one shown in Fig. 2(a)] should be as
follows. Close to the threshold conditions for the suppres-
sion of the fluctuation-driven transport, Er (or its shear)
dynamically increases [16]; the nonambipolar GAN (or, in
fact, the turbulent-driven radial current) is reduced, lead-
ing to a further increase in Er shear. This Er shear reduces
195003-3
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ion orbit loss, as shown in simulations [17], leading to the
improved confinement and peaking in the density profile.

It has been noted [2] that the flux driven by electrostatic
fluctuations in the plasma can be nonambipolar. Several
mechanisms can lead to this nonambipolarity. For ex-
ample, FLR effects [5,6] reduce the ion radial velocity.
In particular, the electric field is averaged out over the ion
gyro orbit and so the E 3 B drift is reduced to

Ṽri �

µ
1 1

1
4

r2
i =2

∂
Ẽp

B
. (5)

The FLR effect slows down ions such that Ṽri , Ṽre

and, therefore, the fluctuation-driven fluxes become non-
ambipolar. In the region of maximum density fluctuations,
kp � 20 m21, and the ion Larmor radius is ri � 6 cm.
The reduction due to FLR effects, from Eq. (5), should be
less than 40%, although for higher kp the effect will be
stronger. It appears that FLR alone is not sufficient to ac-
count for the observed reduction of Vri , and other damping
mechanisms must be present.

The polarization drift, Ṽp � �M�eB2� �dEr �dt� is of
similar magnitude to the E 3 B velocity in our experi-
ments and can also lead to the nonambipolarity in the
turbulent particle flux [5]. Because of the difficulty in
determining the phase of dEr�dt from the experimental
signals, it is not possible for us to quantify its contribution
to the ion velocity reduction.

The nonambipolarity of the fluctuation-driven particle
transport reported here can also be due to the damping of
the large-scale (kp � 10 20 m21) E 3 B flows of ions.
It has been reported previously [8] that mean poloidal ion
flows in H-1 are also heavily damped. Magnetic pump-
ing processes have been shown to be responsible for the
flow damping in toroidal devices [18]. This effect is
expected to be particularly strong in H-1, which has a
very high magnetic field ripple along the field line, B̃ �
�0.4 0.5� jB0j. From this point of view, it is not surpris-
ing that the time-varying fluctuation-driven flows are also
strongly damped.

A reduction in one of the fluctuating velocities is not
the only way to generate a nonambipolar fluctuation-driven
flux. Fluctuations can induce Reynolds stress, and this is
known to generate flows [4]. Experimental measurements
of the Reynolds stress in stellarators [19,20] have been
shown to be comparable to the mean flow acceleration.
One can attribute the radial current associated with the
nonambipolarity of the fluxes as the driving mechanism
of the flow. In our measurements, we can estimate the
effective radial current due to the Reynolds stress as [4]

Jr �
mine

eB

≠

≠r
�ṼriṼpi� . (6)

We estimate the contribution from the Reynolds stress
using fluctuating ion velocities in both radial Ṽri and po-
195003-4
loidal Ṽpi directions measured with radially and poloidally
oriented Mach probes (not simultaneously). The current
calculated from (6) can be only about 10% of the non-
ambipolar fluctuation-driven current, Jfl

r � e�G̃fl
e 2 G̃

fl
i �,

and is therefore not the dominant mechanism for generat-
ing the nonambipolar current in these experiments.

This Letter presents the first experimental confirmation
of the possibility of nonambipolar fluctuation-driven flux.
Individual estimates of the electron and ion fluctuation-
driven fluxes are made in this Letter to make the compari-
son. The ion fluctuation-driven flux is determined using
a radial Mach probe, while the electron fluctuation-driven
flux is assumed to be due to the Ẽ 3 B drift. The fluctuat-
ing radial ion velocity is considerably smaller than the cor-
responding electron quantity, and subsequently the fluxes
are found to be nonambipolar. It is shown that the modifi-
cation of the radial electric field from the low to the high
mode is consistent with the suppression of the radial cur-
rent in the region where the fluctuation transport is maxi-
mal. Therefore, fluctuations are shown to directly affect
the structure of the radial electric field.

We thank J. H. Harris for useful discussions, A. Gough
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support during the experiments.
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