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Preliminary experiments with edge current injection in a
reversed field pinch
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Abstract. The first dc helicity injection is tried applying a voltage between two parallel
plates, and effects on plasma performance are studied in the reversed field pinch plasma.
The injected current is nearly proportional to the applied voltage Vi with a small
offset-induced voltage (~-—30V), and a transient increase in the toroidal flux and a
decrease in the poloidal field {plasma takes the more relaxed state) is found near the
injection port, regardless of the polarity of V. The induced voltage measured as a
function of the insertion depth shows the presence of high-energy electrons.

Reversed field pinch {(RFP) [1] is a type of toroidal plasma confinement device; it is
of interest in plasma physics as a magnetic relaxation process constrained by
magnetic helicity connected with anomalous heating and anomalous resistance. In
current-carrying toroidal devices, a method of continuously driving the toroidal
current is necessary for steady-state operation [2,3). The basic idea is to inject
‘belicity’ into the plasma based on Taylor’s principle [4, 5], and a recent trial of dc or
ac helicity injection may lead to more efficient methods of doing this [6,7]. The
relaxation process during this injection is also a major concern in RFP, because
there exists a nonlinear response such as a dynamo activity. Recently, a simulation
study [8] has been done to demonstrate the suppression of the MHD instabilities by
dc injection in RFP. ‘

Although a helicity injection scheme may be an important potential tool for
current drive and MHD stabilization, as far as we know our report is the first
published one concerning attempts to change the plasma properties by dc helicity
injection in RFP. Here we present the experimental results on de helicity injection in
the form of the product of the potential difference and the magnetic flux in the RFP
machine, REPUTE-1 [9] (major and minor radii are R=82cm and a=22cm,
respectively). This is the first trial to see the effects on the global plasma
performance in comnection with the relaxation phenomena, and alse to check
whether or not this affects impurity production owing to plasma—surface interaction’

t Present address: Interdisciplinary Graduate School of Engineering Sciences, Kyushu University,
Kasuga, Fukuoka 816, Japan.

0741-3335/93/121661 + 07 $07.50 © 1993 IOP Publishing Ltd 1661



1662 Letrer to the Editor

REPUTE-1 Gate
Yacoum Insulator Valve

vesse‘/’ \ l- l - C

r=22¢m

Feedthroughs

| Helicity Probe Head |

~ 60 uH Thyristor
834w i - Pl ' ~3I0mQ Diode
[ :{,‘ 2.35 cm ¢ * Stainless Steel
11.2 mF—L
118 em = = LeRY T

198 em 20 em +

®

= PRr=—=="% -
Stainless Steel

Figure 1. Experimental set-up for helicity injection.

performance in conmection with the relaxation phenomena, and also to check
whether or not this affects impurity production owing to plasma~surface interaction
[10-12], including hot energy electrons near the plasma boundary [13,14], by
inserting an injection probe.

The injection probe is as follows (see figure 1, same as type B in reference [12]):
a rectangular solid is made of ceramic (macor), 1.18 cm poloidally, 2.98 cm toroidally
and 20 cm radially. Two stainless steel plates (0.3 cm thick and 2.35 cm wide) facing
the poloidal direction are put into on both sides of this insulator. Two plates of this
probe, which is rotatable (e.g. it is possible to face the toroidal direction) and can be
moved radially, are connected to the power capacitor bank (11.2mF with 1.9kV
magimum charging voltage) through a resistance R,~30m& and an inductance
L.~60 uH by a thyristor switch. Typical target plasma parameters analysed here
are, plasma current I, is 130 kA, mean plasma density 7, is (3-4) X 10 m™%, F and
© are around —0.2-0.4 and 1.8-2, respectively. Here, F and @ are the toroidal and
poloidal fields respectively at the wall normalized by the mean toroidal field. The
discharge duration time is ~1.3 ms and the time of the maximum plasma current is
~0.65 ms. -7 ) ’

In this experiment, the injected current starts at z = (.2 ms (plasma is initiated at
¢t =0ms) and the time to reach the maximum current is ~1.2 ms. The obtained data
are taken under the condition that the head of the injection probe is inserted to a
typical distance D =5 cm from the wall (outer side of the torus). For the case of
D <5cm, the change of plasma parameters by the injection is reduced compared
with D =5 cm case. For D <2 cm case, the probe current I is unsettled (I, differs
from shot to shot) and a further insertion of D >35cm degrades the plasma
behaviour [12]. The obtained current /, is nearly proportional to the applied voltage
Vy between two parallel plates for individual time, e.g. [y ~2kA at ¢t =0.4 ms and
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Iy~3kA at t=0.65ms for the Vg =300V case. Here, the positive Vj; is defined
such that the electron drift side (along the poloidal field) is positive with respect to
" the ion drift side. The maximum I, obtained, which is limited by the damage of the
injection probe, is ~9kA (r=1.4ms) with a charging voltage of the capacitor of
1.6kV. Although some thin scratches and erosions on the stainless steel plates are
observed, the surface of the macor is relatively clean with no distinct tracks.

From the analysis of the waveform measurements of the circuit current and
voltage, the effective resistance and inductance of the load (probe part) are roughly
R ~30mQ and L ~several wH, respectively. Note that we can calculate that
Ry =44m and Ly ~ 0.92 wH if the current path is an annular structure (one turn),
126 cm long (radius of 20 cm) with a cross section of Ar=35cm and Az =2.35cm,
. and the electron temperature of T, =7 eV with Z.x (effective charge) = 1.

Three components (toroidal, poloidal and radial directions) of edge magnetic
fields at ¢ (toroidal angle from the injection port) = 19° [15] show that fluctuation
levels of low {5~-50kHz) and high (50-200kHz) frequencies do not change very
much with changing V. On the contrary, low-frequency parts of I, (¢ =127°) and
one-turn loop voltage V] increase slightly with |V

The mean current density f, of the plasma current [, = 130 kA (nearly the same
as the estimated total poloidal current from the equilibrium) is 85 A cm ™. When we
take the surface area as the probe surface (radial direction Ar =5 cm and toroidal
direction Az =2.35cm), the mean injected current j =225 A cm™ for I; =3 KkA. In
this experiment, the relative helicity injection rate of VyB,S/Vi® is 2.5% (B, is
poloidal field, S is surface area of the injection probe facing the plasma poloidally
and & is toroidal flux), and the relative ohmic injection rate of Vgl /LW is typically
4%. According to Ho [8], we need that the total injected current [y is an order of I,
and the relative injection rate is several tens of % (and also injected current density f
is more than j, especially at »~0.82) to stabilize the MHD instability (tearing
mode). This shows that the experimental values of injection rate and current seem to
be too low (near the detecting place of the magnetic probes), in addition to the
effects such as the current diffusion, to have this stabilizing effect, although locally
this stabilizing criterion may be satisfied.

Here, we teport the change of plasma parameters with this dc injection scheme.
Figure 2 shows a relative increase in the toroidal flux near and far from the injection
port (¢ = —55° and 130° respectively from the injection port) as a function of the Vi
at t =0.4ms. From this figure we can see that the flux increase up to ~10% is
independent of the polarity of Vy; and that the increase is localized near the injection
port. There is a tendency that this flux increase saturates with or nearly independent
of |Vy| for [Vy|>100V. However, the flux increase reduces near the time of the
plasma current peak even near the injection port: time evolution of the toroidal flux
exhibits a ‘hump’ near the time of t = 0.4 ms. The reason why the voltage is not zero,
ie. ~—30V, when the power supply is off (without an injection) will be discussed
later. Rotating this injection probe by 90° (two paraliel plates face the toroidal
direction) leads to the same trend of transient increase in the toroidal flux near the
injection port, which means that there is no clear sensitivity on the injection angle.
Increasing I, from 130kA to 200kA, this flux change reduces, mainly due to the
decrease in the relative injection current I/, and the enhanced plasma-probe
interaction. ‘

In addition to the change of the toroidal flux, the edge poloidal field B, is also
modified by this injection, as shown in figure 3. Here, this field is measured at
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Figure 2. Relative changes of toroidal flux Ad /¢ near (¢ = =55 full circles) and far
(¢ = 130°, open triangles) from the injection port as a function of applied voltage 'V
between two plates at : = 0.4 ms.

¢ =19 [15] (# = 0.4 ms), and the average B, decreases by <10%, also regardless of
the polarity of V. The edge toroidal fields, also measured at ¢ =19°, decrease
slightly at ¢ =0.4ms for Vi >0.-From the soft x-ray measurements by the surface
barrier diodes (¢ = 60%) [16] with an injection, the increase in this intensity is more
at the outer chord {(r =12 cm) of the plasma than at the central chord. This shows
that the injection affects the plasma more at the outer region of the plasma columa.
However, the impurity intensities such as CV and OV (¢ =40°) do not increase
appreciably with V;; (the H, intensity at ¢ = 180° does not change either). Even
though a small increase in V| is observed with an insertion of D <5cm [12], the
degradation in the plasma properties is not found for the case of the injection.

If we can combine the data of the toroidal flux at ¢ = —55° (figure 2) and the
average poloidal (figure 3) and toroidal fields at ¢ =19°, F and @ values near the
injection port can in principle be derived. This means a breaking of the toroidal
symmetry, opposing the generally accepted RFP equilibrium description, but here
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Figure 3. Relationship between edge poloidal field B, (¢ =19°) and applied voltage V},
at r=04ms. Here, open boxes, open triangles and full circles show poloidal fields
measured at the inner and outer sides of the torus and the average field, respectively.
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Figure 4. Time evolution of F-© trajectories with (near the injection port, short-dashed
curves) and without (long-dashed curve) helicity injection. Here the shaded aveas are
taken at ;= 0.4ms (for three cases of Vy~—300V, ~—30V (without injection) and
~250V) and open areas mear the time of the maximum plasma current /7™ For
comparison, theoretical curves from BFM (Bessel function model) and from the p
profile (index of « is indicated) are also shown.

we define Jocal F and © values for convenience from a view point of a localized
effect. Figure 4 shows the time evolution of F-© trajectories with and without this
injection measured near the injection port. Note that the mean F—© trajectory with
an injection (far from the injection port) is nearly the same as the one without an
injection. Here, shaded areas are taken at ¢t =0.4 ms (for three cases of positive and
negative applied voltages and no injection) and open areas are at ¢ ~0.65 ms (at the
time of the maximum plasma current /7). Curves from the Bessel function model
(BFM) and modified Bessel function model [17] are also shown for comparison; the
poloidal beta value of 8, is 0.1 with « is a parameter to express the u profile (ratio
of the current density to the magnetic field) as being proportional to [1 — (r/fa)?]*.
Compared with the injection case, the plasma takes the broader p profile with an
injection regardless of the polarity of V), i.e. a more relaxed state (near the BFM
curve) at £ =0.4ms, but this effect fades away as time goes on (shifts to the right
region of the more peaked u profile).

It is not certain why the plasma response is nearly the same regardless of the
polarity of Vg, but it indicates that the effective current flow takes the same pattern.
Of course the direct arc with the shortest path between two plates can be excluded
because of the observed (localized but global) effects on the plasma properties
described above. The first possibility is that the current path does not obey
accurately the mean magnetic field line such as in the model proposed by Rusbridge
[18]. However, other RFP experiments might have shown markedly different results
if the Rusbridge model were employed. The second possibility is the increased
conductivity due to the edge heating by this forced current. At least significant edge
heating may not occur because the injected current increases smoothly with time:
the effective electrical circuit values can be expressed as time constant ones
mentioned before. The third possibility is a trigger to change the equilibrium by this
injection, e.g. from one MHD siability region to another. The relaxation phenomena
may be expected to allow various angles of helicity (current) injection to cause the
same plasma behaviour. According to XKondoh et 4l [19], the plasma can take the
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relaxed state, considering the attractor of the dissipative structure in the resistive
MHD plasma to be due to the injection of the energy not the helicity.

We apply a voltage between two separate conductive electrodes (single-disc
type) with an insulation on one surface, located on the A¢ =140° toroidal away
from each other. This set-up is recommended in order to have a higher impedance Z
[8], but we do not observe the change of plasma parameters in this configuration.
This fact, combined with the aforementioned results, including Ky and L, values
discussed at the end of section 2, indicate that the injected current path is localized
near the injection port and then the current is lost by touching the wall near the
injection port. Therefore, it is required in future in order to demonstrate this helicity
injection scheme more clearly and globally around the torus that the number of
injection ports and the local current density are increased as well as designing a
more efficient injection probe.

Now we discuss a phenomenon of the non-zero voltage between two plates
without an injection. With an advance of the probe head into the plasma, we
observe the rise of |V| from 0V (plasma edge) to ~ =30V (5cm insertion). The
non-zero voltage of Vi can be predominantly explained by the high-energy electrons
[13,14]. In order to have V= ~—30V, we need high-energy electrons of ~30eV
(several times higher than the bulk electron temperature near the plasma edge) with
a relative population of several %, whose result agrees with the thermocouple
experiments in REPUTE-1 [14]. This result also supports the previous ones on this
machine [20] based on the kinetic dynamo theory (KDT) [21].

In conclusion, effects on plasma performance are studied for the purpose of
testing the dc helicity injection scheme in the REPUTE-1 RFP device for the first
time, applying a voltage between two parallel plates inserted into the plasma edge
(D ~5 cm). The injected current Z, is nearly proportional to the applied voltage Vy,
and a transient increase in the toroidal flux by <10% and a decrease in the edge
poloidal field by ~10% (plasma takes the more relaxed state} is found near the
injection port, regardless of the polarity of V.

Although this injection affects the plasma more at the outer region of the plasma
column, enhanced impurity production or a degradation of plasma performance are
not observed. The induced voltage Vy; without an injection measured as a function of
D refiects the presence of the high-energy electrons.

The author wishes to acknowledge the continuous encouragement of Professor H
Toyama. He is also grateful to K Yamagishi, S Ohdachi, T Qikawa, K Shimano and
the REPUTE-1 group for operating this device during experiments. This work has
been partly supported by a2 Grant-in-Aid for Scientific Research from the Ministry of
Education, Science and Culture, Japan.

References

[1] Bedin H A B 1990 Nucl. Fusion 30 1717

[2] Ohkawa T 1970 Nucl. Fusion 10 1335

[3] Fisch N 1978 Phys. Rev. Lew. 41 873

[4) Taylor J B 1974 Phys. Rey. Ler. 33 1139

[5] Taylor J B and Turner M F 1989 Nuel Fusion 29 219 .

[6] Ono M, Greene G 3. Darrow D, Forest C, Park H and Stix T H 1987 Phys. Rev. Ler, 59 2165
{7] Schoenberg K F e af 1988 Phys. Fluids 31 2285



Letter to the Editor 1667

[8] Ho Y L 1991 Nucl Fusion 31 341
[9] Asakura N et al 1986 Plasma Phys. Control. Fusion 28 805
[10] Shinohara 8, Yamagishi K, Ohdachi S, Ejiri A, Mayanagi K, Shimazu Y and Miyamoto K 1992
Plasta Phys. Control. Fusion 34 627
[11] Shinohara $, Yamagishi K, Ohdachi 8, Toyama H and Miyamoto K 1992 J. Phys. Soc. Japan 61 3030
[12] Shinohara 8, Ohdachi S, Toyama H, Miyamoto K and Banno T 1993 Phys, Fluids B 5 464
[13] Ingraham J C, Ellis R F, Downing J N, Munson C P, Weber P G and Wurden G A 1990 Phys. Fluids
B 2143
[14} Shimano K 1993 private communication
[15] Ti H, Toyama H, Yamagishi K, Shinohara $, Fujisawa A and Miyamoto K 1991 Rev. Sei. [nstrum. 62
2326 -
[16) Asakura N, Nagayama Y, Shinohara S, Toyama H. Miyamoto K and Inoue N 19389 Nucl. Fusion 29
893
[17] Fujisawa A and Miyamoto K 198% J. Phys. Soc. Japan 58 473
{18] Rusbridge M G 1982 Nucl. Fusion 22 1291
[19] Kondoh Y, Hosaka Y, Liang J-L 1993 National Institute for Fusion Science Research Report no
NIFS-212
f20] JIi H, Toyama H, Fujisawa A, Shinohara § and Miyamoto K 1992 Phys. Rev. Ler. 69 616
{21] Jacobson A R and Moses R W 1984 Phys. Rev. A 29 3335



