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Spontaneous Formation of Closed-Field Torus Equilibrium via Current Jump Observed
in an Electron-Cyclotron-Heated Plasma
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Spontaneous current jump resulting in the formation of closed field equilibrium has been observed in
electron-cyclotron-heated toroidal plasmas under steady external fields composed of a toroidal field and a
relatively weak vertical field in the low aspect ratio torus experiment device. This bridges the gap between
the open field equilibrium maintained by a pressure-driven current in the external field and the closed field
equilibrium at a larger current. Experimental results and theoretical analyses suggest a current jump model
that is based on the asymmetric electron confinement along the field line appearing upon simultaneous

transitions of field topology and equilibrium.
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Toroidal plasma current is needed in tokamaks to keep
the plasma loop in equilibrium and to form nested mag-
netic surfaces for confinement. Usually, it is initiated,
ramped-up, and maintained by induction from a central
solenoid. For the last several decades, intensive investiga-
tions have been conducted to start-up and maintain the
plasma current by using various noninductive methods
including radio frequency wave injections, beam injec-
tions, and helicity injections [1,2], aiming to remove the
central solenoid from future tokamak reactors. Without the
central solenoid, the structure of reactors can be greatly
simplified. This is highly desirable in spherical tokamaks
because of its limited central space [2,3].

Among the various phases of noninductive current drive,
the start-up phase is the most dynamic since it involves
changes of field topology, which would drastically affect
the plasma equilibrium and confinement. When the equi-
librium and confinement change, characteristics of current
generation would also change. This would in turn affect the
temporal evolution of field topology. Such dynamic pro-
cesses accompanying changes of field topology are univer-
sal in both laboratory and space plasmas [4]. Therefore,
investigation of the start-up process is not only important
for successful start-up in tokamaks but is also of general
interest.

Electron cyclotron (EC) heating has been effective for
noninductive start-up, and in a number of experiments
some plasma currents were observed in EC heated plasmas
with external vertical field B, [5—8]. Especially, those with
steady B, provide a simple situation and are suitable to
investigate the start-up process, and it is remarkable that
closed field equilibria can be obtained by EC heating under
steady B, as shown in CDX-U and DIII-D [7,8]. In these
experiments the generated plasma current /, changed with
B,. It attained a maximal value at a weak B, level. At
stronger B, levels, it decreased inversely proportional to B,
consistent with the formula

I, = 2(p)S/RB,, (1)
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which was predicted for the regime of open field equilib-
rium where the self-poloidal field produced by the plasma
current was small compared with B, [9]. Here, (p) is the
spatially averaged plasma pressure, S(= 7a?) the plasma
cross section, and R the plasma major radius. Meanwhile,
the B, necessary to maintain the plasma loop in equilib-
rium is given by the Shafranov formula [10],
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where B, = 2u(p)/B;: = 87*a*(p)/woly and B, =
wol,/27a is the self-poloidal field. Equation (1) is an ap-
proximation of Eq. (2) at smaller /,, where the term with
B, is dominant, while equilibria at larger /, shall obey
Eq. (2). Although closed field equilibria have been ob-
tained in previous experiments [7,8], this change of equi-
librium characteristics has not been well understood. Here
we report the experimental results showing that a sponta-
neous current jump bridges the open field equilibrium at
smaller /, and the closed field one at larger I,. We also
propose a current generation model for the current jump.

The experiments were carried out in the low aspect ratio
torus experiment (LATE) device [11]. The vacuum cham-
ber is a cylinder with a diameter of 1.0 m and a height of
1.0 m [see Fig. 1(s)]. The center post with an outer diame-
ter of 11.4 cm encloses 60 turns of conductors for the
toroidal field. Four sets of poloidal field coils produce the
external vertical field. There is no central solenoid for
inductive current drive. Three 2.45 GHz magnetrons and
a 5 GHz klystron were used for EC heating. In all cases,
microwaves were injected from radial ports with injection
angles slightly deviated (about 15°) from normal to the
toroidal field.

Figure 1 shows a discharge by a 5 GHz microwave pulse
under an external vertical field of B, = 85 G with a decay
index of n = 0.1 and a toroidal field of B, = 720 G (all at
R =25 cm). The evolution of the plasma image on the
video camera shows that breakdown takes place near the
fundamental EC resonance layer at R = 10 cm and the

B,
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FIG. 1 (color). Time evolution of typi-
cal discharge. (a) Plasma current, (b) line
densities, (c) hard x-ray intensity, (d)—
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(k) contour plots of current distribution
and poloidal flux (the center of the
plasma current is denoted by +), (1)—
(r) visible light plasma images. Three-
dimensional field lines for the cases
of (d) and (j) are shown in (s) and (t),
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plasma expands to the lower field side in a few milli-
seconds. In accordance with the plasma expansion, a
plasma current is initiated and grows slowly up to 2.3 kA
as shown in Fig. 1(a). Then the current suddenly increases
(current jump) and reaches 7.0 kA, after which it is steady
to the end of the microwave pulse.

Evolutions of the plasma current profile and the poloidal
flux surface were analyzed by using the magnetic data from
13 flux loops with taking into account the eddy currents
induced in the vessel walls [12] and displayed in
Figs. 1(d)-1(k). Here, we employed a model current profile
similar to that used in [11]. The profiles before the current
jump are stretched vertically near the second harmonic
resonance layer at R =20 cm [Figs. 1(e) and I(f)].
When the current jump starts, it shifts to the higher field
side [Fig. 1(g)] and a small closed flux surface touching the
center post appears [Fig. 1(h)]. Then the current profile as
well as the closed flux surface expands toward the vessel
wall [Fig. 1(i)]. At the final steady stage, the current profile
is detached from the center post and a large closed flux
surface in the shape of low aspect ratio is formed
[Fig. 1(j)]. It is remarkable that the open field configuration
changes spontaneously into a closed field one by EC
heating alone as shown in Figs. 1(s) and 1(t). The hard x-
ray signal from the vessel wall [Fig. 1(c)], indicating the
presence of an energetic electron tail beyond 100 keV, is
strongly enhanced when the current profile expands near to
the vessel wall. After the microwave is turned off the
current decays and closed flux surface shrinks toward the
center post under the steady B, field [Fig. 1(k)]. The
plasma images shown in Figs. 1(I)-1(r) correspond to
Figs. 1(e)-1(k), respectively, and reflect the changes of
field topology.

The current profile in the final stage [Fig. 1(j)] encom-
passes the second to forth harmonic EC resonance layers.
The line averaged electron density estimated from two
chord signals at R = 17 cm and R = 27 cm [Fig. 1(b)]

respectively.

are about 6 X 10" cm ™3 and 4 X 10'! cm ™3, respectively,
exceeding the plasma cutoff density of 3.1 X 10'! cm™3.
These results suggest that electron Bernstein waves (EBW)
mode-converted from electromagnetic waves maintain the
plasma. EBW is an electrostatic mode and its absorption is
significant even at harmonic resonances, while the absorp-
tion of the electromagnetic modes is quite weak in the
present low temperature plasma.

Formation of closed field equilibrium via current jump
has been observed for a wide range of B, in both 2.45 and
5 GHz experiments as shown in Fig. 2. All the character-
istic currents including the current just before current jump
Iipg, the current at which initial closed surface appears i,
and the final current after current jump [y, are roughly
proportional to B,. For each B,, there is a threshold mi-
crowave power Py, over which the plasma current can
reach ;¢ and current jump takes place. Even when micro-
wave power P ; is larger than P g, none of these character-
istic currents change. In this case, only the time needed for
I, to reach I,y decreases. These results suggest that current
jump takes place when the deformation of the field struc-
ture due to the self field from the plasma current reaches a
certain level.

The plasma loop may be at equilibrium for radial force
balance even during the current jump since its character-
istic time is much longer than the Alfvén and ion sound
transit times (several microseconds). For the sake of sim-
plicity, we consider equilibrium by using Eq. (2). The
formula can be cast into the dimensionless form

_ S8R [ 3\- 1
v <na 2 2>P I )

where B, =

2 (R/a)By Fo— [ b

== and [, = /& . Here, the
Ko \f(p) P 8 ma\/(p)

first term is proportional to I, and is responsible for the

current-hoop force and the second term is inversely pro-
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FIG. 2 (color online).
rent jump versus B,.

Various characteristic currents for cur-

portional to 7, and responsible for the pressure-ballooning
force. The equilibrium characteristics for various aspect
ratios R/a are plotted in Fig. 3. Two terms in Eq. (3)
balance at the pressure-current (PC) turning point in this
figure and the lower part from this point is the pressure-
ballooning-force dominating regime and the upper part is
the current-hoop-force dominating regime.

The ratio of the self-poloidal field to the external vertical
field, B,/B,, is a measure of the deformation of the poloi-
dal field from the external field. When [, increases and B,
becomes comparable to B,, closed flux surfaces appear.
The point where B, = B, is near the PC turning point
when the aspect ratio is low as shown in Fig. 3. This result
and the results shown in Fig. 2 suggest that the plasmas
before current jump are in the pressure-ballooning-force
dominating regime and the plasmas after current jump are
in the current-hoop-force dominating regime. The current
jump bridges both regimes. Furthermore, it has been con-
firmed in both 2.45 and 5 GHz experiments that once a
large closed flux surface is formed via current jump, 1, can
be further ramped-up by increasing P,; with a B, ramp for

equilibrium of the plasma loop at larger currents [11],
being consistent with the above picture.

The equilibrium characteristics predict that 7, at the
initial discharge stage where [, is very small is given by
I, =1/B,, or I, =2mwa*(p)/RB,, as mentioned in the
introduction. This has been confirmed in a 2.45 GHz ex-
periment at a low microwave power of Py = 5 kW, where
Langmuir probe measurement was possible. /,, at the initial
discharge stage much before the current jump is propor-
tional to electron pressure and inversely proportional to B,,
as shown in Figs. 4(a) and 4(d), respectively. This is the
return current along the helical field line [see Fig. 1(s)] that
cancels the charge separation due to the VB and curvature
drifts [9]. It is noted that 7, in Fig. 4(a) deviates from the
relationship of I, = 1/B, near the current jump, being
consistent with the characteristics shown in Fig. 3.

The equilibrium characteristics indicate that B, is con-
stant when 7, p increases through the PC turning point. This
implies that an efficient current generation in the sense of
current increment with very small increments of plasma
pressure is required for the transition through the PC turn-
ing point (Note that B, is steady in the experiments). This
current generation may be related to the change of field
structure from an open to a closed one [5].

We consider the single particle orbit of electrons. The
vertical drift velocity of electrons in the external fields of
B, and B, is given by vZ=v||(BV/Bt)—m(vﬁ+vi/2)/
eRB,. When v, = 0, the electrons make a circular orbit
along the toroidal field on the equatorial plane. This condi-
tion makes an ellipse in the velocity space; (v — g/2)? +
v} = (g/2)% where g = eRB,/m. This v, = 0 ellipse is
located on the side of the current carrying electrons in the
velocity space, manifesting current generation by means of
the asymmetric confinement [13].

In order to investigate the electron confinement in the
presence of the self field, the electron orbits, which start at
the vessel center at various velocities and pitch angles, are

v a
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FIG. 4.

(a) Temporal evolutions of plasma current (/,), elec-

tron pressure (p.), (b) electron temperature (7), and (c) density
(n.). (d) Relationship of IpRp/ p. versus B, at the initial dis-
charge stage. R;, is the plasma major radius.
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FIG. 5 (color). Poloidal flux surfaces and confined areas in the
velocity space for various levels of the self field.

numerically investigated as shown in Fig. 5. Because of the
mirror shaped B, field, some electrons around the v, = 0
ellipse are also confined (trapped and passing) in the
external field in the sense that their orbits do not cross
the vessel wall. These selectively confined passing elec-
trons are provided from the thermal bulk by the perpen-
dicular EC heating (ECH) and subsequent pitch angle
diffusion. Their population may be, however, quite few in
this stage. The asymmetric passing area expands towards
the lower energy range as the self field B, from the
pressure-driven current increases. When B, increases to a
certain level, the passing area front reaches the peripheral
region around the thermal bulk (say, keV range). Here, the
current generation due to the asymmetric confinement
would begin in full scale since the electron population
becomes significant and the pitch angle scattering becomes
frequent near the thermal bulk. The resultant current in-
crease enlarges the passing area further and current in-
crease would be quickly accelerated since both the
electron population and pitch angle diffusion rate increase
drastically towards the thermal bulk, resulting in the cur-
rent jump. The pressure increment is most small when
currents are carried by these unidirectional lower energy
electrons, meeting the equilibrium requirement for the PC
transition. Furthermore, the 90° scattering time for 1 keV
electrons estimated for the present density (5 X
10" cm™3) is 1.3 ms, being consistent with the experi-
mental current jump time. Such a filling of passing area
toward the lower energy range takes place first at the
inboard side of the current loop, where deformation of

the field is stronger compared with the outboard side as
shown in Fig. 5, being consistent with the experimental
results shown in Figs. 1(f)-1(j). After B, ~ B,, the EC
current drive can become effective since forward electrons
are all confined.

As shown in Figs. 1(a) and 1(j) a large fraction of the
current (60%) still flows in the open field area outside the
last closed flux surface (LCFS) even after the current jump.
This current may be generated by the toroidal precession of
trapped electrons enhanced by EC heating under large
mirror ratios of this area in the low aspect ratio configura-
tion [8]. The outward shift of energetic passing electron
orbits from LCFES can also contribute to the current since
the poloidal Larmor radius is still large (~5 cm for 10 keV
electron) at I, = 7 kA. On closed flux surfaces there may
also be a significant trapped-electron driven current in
addition to the EC-driven current since B, ~ 1 as inferred
from Fig. 3. In a discharge, where B, was ramped-up for
equilibrium at larger currents, the current fraction inside
LCFS was observed to increase to 66% in accordance with
the expansion of LCFS as the current increased to I, =
12 kKA.

Interestingly, as the aspect ratio becomes low, the point
where B, = B, approaches the PC turning point on the
equilibrium characteristic curves as shown in Fig. 3, that is,
both transitions in field topology (from open to closed
fields) and equilibrium (from pressure ballooning to cur-
rent hoop) coincide. The equilibrium characteristics pre-
dict that when R/a is strictly fixed, a current increment
with no pressure increment is required for the transition
through the PC turning point. This seems to be impossible.
Some changes of R/a, that is, a decrease of R/a just before
the PC turning point and an increase of R/a at and after the
PC point, may assist the transition as inferred from Fig. 3
and seen in Figs. 1(f)-1(j).
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