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Vortexlike turbulent structures in hot-ion mode plasmas with several keV are observed in the case with a
radially produced weak shear of electric fields E,. However, a strong E, shear formation due to a high ion-
confining potential ¢ . production clears up these vortices together with plasma-confinement improvement
and disappearance of both drift-wave and turbulencelike Fourier spectral signals. These findings are based
on three-time progress in ¢, in comparison to ¢, attained 1992—2002. The significant advance of ¢, is
well extended in line with proposed potential-formation physics scalings.
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Experimental verification of the effects of the formation
of radially sheared electric fields E, (or potentials) in
plasmas is one of the most critical issues to understand
physics bases for plasma-confinement improvements
found in various types of devices. One of the most essential
and inherent characteristic advantages of open-ended mir-
ror devices [1-9] is the ease of control of a radial potential
distribution and the associated E, shear profile or the
frequency of a nonuniform sheared plasma rotation [(), =
E./(r.B)] profile. Such a control of €, or E, in mirror
devices is easily carried out on the basis of driving axial
fast electron flows from plug electron-cyclotron heating
(ECH) regions [8,9] into open-ended mirror regions along
the lines of magnetic force [8—13]. (Here, r, denotes a
radius mapped to the central cell.) Thus, the profile control
of the axial electron flows due to ECH power control of the
radial distribution and intensity (see below) provides a
convenient “active control” method of the shear profile.
This allows for flexible and advantageous mirror experi-
ments for constructing common relations between the
shear profiles and reductions in fluctuation-driven radial
plasma losses (or transverse confinement) along with phys-
ics details of interior hot-plasma behavior.

Recently, three-time progress in the formation of ion-
confining potentials ¢, including a record of 2.1 kV in the
plug region (filled circles in Fig. 1), in comparison to ¢,
attained 1992-2002 [14,15] (open circles in Fig. 1), is
achieved in a hot-ion mode [14-17] having bulk-ion tem-
peratures 7; = several keV. The advance in the potential
formation leads to a finding of remarkable effects of
sheared E, (i.e., E. = dE,/dr =~ several 10 kV/m?) or
sheared (), on the suppression of not only a coherent
drift-wave-relevant Fourier component but also broadband
turbulencelike fluctuations (or vortexlike structures; see
below) in GAMMA 10. Here, the progress in the potential
formation is made in line with the extension of our pro-
posed scaling of ¢, with powers of plug (Ppgcy) and
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barrier (Pgpgcy) ECH [14,15] (see the data fit to the scaling
surface in Fig. 1) covering representative tandem-mirror
operational modes, characterized in terms of a high-
potential mode having kV-order plasma-confining poten-
tials [5,8,9] and a hot-ion mode yielding fusion neutrons
with T; = 10-20 keV [17].

The progress of higher ¢, formation in turn gives bases
for the following remarkable effects of the formation of a
strong central cell E, or (), shear, since the shear is
proportional to the central cell (®.) and plug (®Pp) poten-
tials. Along the lines of magnetic force, ®, is closely
connected with and raised by a ®p rise due to plug ECH
having the Gaussian power-lobe profile of Ppcy(0) X
{exp[—(r./a)?]}. In fact, such a proportionality of @ to

300 Ly
PPECH (kW) *° 2

FIG. 1. Three-time advance in ¢, including a record of 2.1 kV
(filled circles), in comparison to ¢, attained 1992-2002 (open
circles), extensionally fits well to the scaling surface of ¢, with
plug (Ppgcy) and barrier (Pggcy) ECH powers (see
Refs. [14,15]). Here, n. =2 X 10'® m™3 is exemplified for a
tandem-mirror configuration with n,/n, = 0.1 and T; = several
keV.
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@ is experimentally observed [11,12]. Here, (0) indicates
values at r, = 0, and @ and ¢ denote the absolute value
and difference of potentials, respectively.

Nonuniform plasma rotation can suppress existing
plasma instabilities and fluctuations. As a result, the con-
siderable reduction of cross-field plasma transport is ex-
pected. Analyzing results of Ref. [18] and other aspects of
the problem (in particular, see subsections 1.6.2 and 2.1.1
in Ref. [18]) provide the value W, = [V X (nVg)]./n(0) =
(nr2Q,)' /[n(0)r,] (i.e., the z component of the normalized
vorticity of plasma momentum density) as an appropriate
measure of the £ X B velocity (V) shear in the case of
rotating plasmas with nonuniform density profiles. [For
slab flows with a uniform density, Wy, = dVg/dx,
and W, = (2/B)[n/n(0)(dE,/dr) for the cylindrical ge-
ometry having the same e-folding lengths of the Gaussian
profiles for n and ®,.]

Here, we outline the GAMMA 10 device. It is a
minimum-B anchored tandem mirror with outboard axi-
symmetric plug and barrier cells [5,8,9], having an axial
length of z = 27 m, and the total volume of the vacuum
vessel of 150 m?. The central cell has a length of 6 m and a
limiter with a diameter of 36 cm, and the magnetic-field
intensity at the midplane B, = B,, is 0.405 T with a mirror
ratio R,, of 5.2. Ion-cyclotron heatings (ICH) (200 kW at
4.47 or 6.36 MHz, as well as 100 kW at 9.9 or 10.3 MHz)
are employed for the central-cell hot-ion production and
the anchor stabilization, respectively [19,20]. The plug and
barrier cells are axisymmetric mirrors; they have an axial
length of 25 m (B, =0497T, and R, =6.2).
Microwaves at 28 GHz are injected in the extraordinary
mode into the plug and the barrier regions to produce ¢,
and a thermal-barrier potential ¢, respectively. Absolute
values of ®p are measured with our originally developed
electrostatic end-loss ion-energy spectrometer (IES) arrays
[21]. Barrier potentials ®5 and ® are directly measured
with heavy-ion (Au®) beam probes (HIBP) [22]. Therefore,
one can obtain ¢, and ¢, as Pp — &, and O, — Py,
respectively.

In Fig. 2(a), the central-cell line density nl. of a hot-ion
mode plasma with T; = 4 keV increases during plug ECH
in association with reducing fluctuations. Various fluctua-
tion diagnostics, including a movable microwave interfer-
ometer, the Fraunhofer-diffraction method [23], two sets of
developed 50-channel soft x-ray detectors using micro-
channel plates [9,10,24] in the central-cell midplane, eight
Langmuir probes (i.e., every 45° at r. = 18 cm in the
central cell) for wave phasing and coherence diagnostics
[20], the above-described HIBP [22], and eight sets of IES
(for more detail, see Ref. [21]), as well as simultaneous
potential diagnostics with HIBP and IES, show consis-
tently the same characteristic features as described below.

At first, two data sets, one before [Figs. 2(b)—2(f)] and
one during [Figs. 2(g)-2(k)] ECH (Pgcy = 180 kW), are
compared. Frequency analyses of IES signals, for instance,
are shown in Fig. 2(b). The existence of electron drift
waves with the coherent mode numbers m = 1,2, ...

[20,23], giving a peaked structure (see arrows) over a
few kHz [23], and broadband turbulent fluctuations having
incoherent azimuthal phase relations are found. In
Figs. 2(e) and 2(j), W, deduced from measurements of
the density profile and ® with IES and HIBP is plotted.
It is found that a weak shear is formed in the case without
ECH [Fig. 2(e)]. On the other hand, a data set during ECH
[Figs. 2(g)—2(k)] having a stronger shear [Fig. 2(j)] shows
a significant difference. Figures 2(h) and 2(i) show a con-
siderable reduction of fluctuations over all radii, and par-
ticularly near the plasma axis and r. = 10 cm, where the
shear has the maximal values. Nevertheless, an appreciable
level of fluctuations still exists at about r. = 6-7 cm,
where no shear is formed. [Here, for reference, both E,
shear and W, values are plotted (see above).]

In Figs. 2(m)-2(q), a similar data set to that in
Figs. 2(b)-2(f) having turbulence is obtained, although
ECH (Pgcy = 120 kW) is applied in Figs. 2(m)—-2(q) as
in Figs. 2(g)—2(k). However, remarkably different behav-
ior is found in these two data sets. As one can see in
Fig. 2(p), a weaker shear than that in Fig. 2(j) is formed.
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FIG. 2. Data sets of (I) ICH plasmas having a weak shear (a
small W,) (b)—(f), and (II) with plug ECH (180 kW) producing a
strong shear (a large W,) (g)—(k). In (b), Fourier components of
coherent drift waves with mode numbers m (see Ref. [23]) and
broadband incoherent turbulent signals for IES, for instance, are
suppressed in (g)—(k) except at r. = 6-7 cm having approxi-
mately zero shear. (II) Another data set during weaker plug
ECH (120 kW) in (1)—(q) having a weaker shear as compared to
that in (g)—(k). Noisier and earlier saturated density rise in (1)
during ECH is found in comparison to that in (a).
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For this weak shear, a lower-level saturation of density rise
is found during ECH [Fig. 2(1)] with stronger density
fluctuations [compare n/. in Fig. 2(a) during ECH].

The difference in the density rise in Figs. 2(a) and 2(1) is
carefully investigated by the use of a widely employed
particle-balance equation, edN/dt =1, — I} — I,
[1,4,5,9,12,23]. Here, the contribution of nonambipolar
I, to total 7, is observed to be ignorable as compared to
ambipolar I, by using floated end plates having = M)
resistance (for more details, see Ref. [25]). In Fig. 3(a), a
rising rate edN/dt of the total particle number N during
ECH [see Fig. 2(a)] integrated along a specific axial flux
tube well balances the difference between particle source
currents /; deduced from H, detector-array data and an
axial-loss current /|| from IES placed along the correspond-
ing flux tube (for more details, see Refs. [1,5,12,23]). It is
noted that ) is obtained from the envelope of “‘saw-
toothed” end-loss signals in Fig. 3(b) because of a sinu-
soidal ion-repeller biasing for IES [21]. This shows
negligible 7). The property of I, > I, is consistently
confirmed by good agreement between the data on /|| in
Fig. 3(b) and Pastukhov’s theoretically evaluated I} [filled
circles in Fig. 3(b)], since the Pastukhov theory [7] predicts
I under the assumption of negligible / .

On the other hand, the data in Figs. 3(c) and 3(d)
correspond to the data set in Figs. 2(1)-2(q). By the use
of the same methods, an appreciable amount of 7| [see
diamonds in Fig. 3(c) during ECH, as compared with those
in Fig. 3(a) during ECH] is found; for instance, I, =
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FIG. 3. Improved confinement having a strong shear during

ECH in Figs. 2(g)—2(k) is analyzed from (a) a particle-balance
equation; no appreciable transverse loss I/, and consistently
good agreement with (b) Pastukhov’s predicted /) (filled circles)
are found. On the other hand, poor confinement with a weak
shear [Figs. 2(1)-2(q)] is accompanied by an appreciable 7/, in
(c). [Here, I, = (1/2)I; at += 100 ms in (c), for instance.]
Also, I at =100 ms in (d) is consistently about 2/3 of
Pastukhov’s predicted I;. The remainder of I} is interpreted by
1, before reaching mirror ends. This is consistent with an earlier
saturation of n/, in Fig. 2(1) as compared to its continuous rise in
Fig. 2(a) during ECH with a strong shear.

(1/2)1) at t = 100 ms in Fig. 3(c). It is also noted that I
observed at r = 100 ms in Fig. 3(d) ranges consistently
about 2/3 of Pastukhov’s predicted /. The remainder of
1/3 of the predicted /) is interpreted by the radial losses 7
before the axial-loss currents reach mirror-end regions.
This is consistent with the fact of an earlier saturation of
nl,. in Fig. 2(1) in comparison to its continuous rise in
Fig. 2(a) during ECH having a strong shear. Similar be-
havior is also found before ECH [at t = 75 ms in Fig. 2(a)]
associated with drift waves and turbulent signals
[Figs. 2(b)-2(f)] having a weak shear. Again, the particle
balance requires an appreciable 7, [Fig. 3(a)] along with
disagreement between the predicted /) and the data on /}| in
Fig. 3(b).

For identifying the spatial behavior and structure of
turbulence signals [Fig. 2(b)] with a weak shear
[Figs. 2(e) or 2(p)], in comparison to those with a strong
shear [Fig. 2(j)], contours of the central-cell soft x-ray
brightness I, are shown in Figs. 4(a) and 4(b). “Hot-
colored” regions indicate higher plasma-pressure loca-
tions. One can find spatially and temporally varied turbu-
lent vortexlike structures during a weaker shear period
[Fig. 4(b)] in the absence of ECH [Figs. 2(b)—2(f)].
These turbulent structures are, however, going to clear up

t1=51.79 ms
1 (r%l.unit)

FIG. 4 (color). Contours of central-cell x-ray brightness in the
cases with (a) strong and (b) weak E, shear formation. ‘“Hot-
colored areas” show higher plasma-pressure locations.
Vortexlike structures are found in (b). The temporal evolution
of a vortex is exemplified in (c) by the use of our developed x-ray
tomography systems. (I o n,n;T>3.)
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FIG. 5. The validity of theoretical surfaces for potential for-
mation [16] covering (a) the high-potential and (b) hot-ion
modes is extensionally investigated by using the advanced data
for constructing potential physics interpretations and controlling
potential enhanced E, shear. Data well fit to surfaces (c) and (d)
for the modes of (b) and (a) with central ECH, respectively,
along with (d) plug NBIL.

with ECH [Fig. 4(a)] together with the simultaneous dis-
appearance of the broadband Fourier component [compare
Fig. 2(b) with Fig. 2(g)] as well as a temperature rise
[Fig. 4(a)]. A combination of x-ray data from the above-
described detector array and another one having a 135°
separation in the central midplane allows us to reconstruct
a detailed vortex structure [Fig. 4(c)]. Its typical lifetime
from formation to disappearance ranges 100 us with a
rotational motion of an E, X B, drift approximately. In
Fig. 4(c), the center of the vortexlike structure appears at
r. = 5 cm and is faded at r. = 7 cm into a detector noise
level. Consequently, the existence of such vortexlike tur-
bulent phenomena may provide a correlation with the
appearance of the above-described additional transport
I, with confinement degradation [Figs. 3(c), 3(d), and
4(b)] in the case with a weak shear formation, while these
turbulence phenomena disappear and confinement is im-
proved with a strong shear formation [Figs. 3(a), 3(b), and
4(a)]. From a common physics viewpoint, such investiga-
tions by using easy controllability of E, shear in mirror
devices may provide an opportunity for exploring extended
and generalized cooperation researches related to the
mechanism identification of the H-mode pedestal, the
blob, and the internal transport-barrier formation [26].
Finally, for constructing physics interpretations and con-
trol methods of such potential and the associated E, shear
formation, the validity of our proposed potential mecha-
nism [16] for (a) the high-potential and (b) hot-ion modes
is extensionally tested in Fig. 5. The surfaces in Fig. 5 are
calculated from the strong ECH theory (plateau formation)
[6] in combination with the generalized Pastukhov’s theory
on energy confinement [7] (for more detail, see Ref. [16]).
Central ECH, increasing electron axial flows from the

central cell into the plug regions over ¢,, provides an
increase in the density ratio of the plug to central regions,
n, /n.. In Fig. 5, as found on the surfaces (c) and (d) with
central ECH along with (d) additional plug neutral beam
injections (NBI), the validity is still confirmed under these
auxiliary-heating conditions.

In summary, three-time progress in the formation of ¢,
including a record of 2.1 kV is achieved in the hot-ion
mode in comparison to ¢, attained 1992-2002 [14,15]
(Fig. 1). The advance in the potential formation leads to a
finding of remarkable effects of a strong E, shear or W, on
the suppression of not only coherent drift waves but also
vortexlike turbulent fluctuations (Figs. 2 and 4) in associa-
tion with confinement improvement (Fig. 3). The progress
in the potential formation is made in line with the extension
of proposed physics scalings [16] (Fig. 5).
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