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ABSTRACT. Anomalous ion temperature and plasma resistance have been studied in reversed field pinch dis-
charges of the REPUTE-1 device. The ion temperature measured by Doppler broadening of carbon V (2271 A) has
been observed to be anomalously high in hydrogen discharges with low electron density (1, < 0.5 X 10" cm™);
also the plasma resistance is anomalously large in these discharges. The ion temperature and the plasma resistance are
shown to increase with the MHD fluctuation level. The profiles of ion temperature and soft X-ray emission have been
found to be more peaked in the lower electron density regime than in the higher one. A high ion temperature and a
large plasma resistance are observed simultaneously when the profile of the soft X-ray emission Igx is more peaked.

If Isx is mainly affected by the electron temperature profile (Isx o n2T;-), the experimental observations are in
qualitative agreement with a calculation showing that the heating power of ions is larger when the electron temperature
has a more peaked profile in a magnetic configuration.

1. INTRODUCTION

In present reversed field pinch (RFP) plasmas, the
energy confinement time 7 is shorter than the thermal
relaxation time between ions and electrons, 7.;. A
rough estimate of the ion temperature T; attained only
by the classical collisional process gives the relation
T; = (7g/7.)T., which implies that the ion temperature
should be lower than the electron temperature (7o; > 7g).
The observed ion temperature, however, is comparable
to or even higher than the electron temperature [1-5].
In high 6 discharges of ZT-40M, both the calculated
neutron temperature and the O VII Doppler broadening
temperature are about 1500 eV, while the electron tem-
perature is about 300 eV [6, 7]. A direct ion heating
mechanism caused by a non-collisional process should
be considered to explain the high ion temperature.

The combined activity of plasma flow and magnetic
field fluctuations — the ‘dynamo activity’ — sustains
the RFP magnetic configuration against resistive decay.
Ohm’s law gives the following expression:

E = 5j + (6V X 6B) (1)
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where the second term on the right hand side repre-
sents the dynamo activity, and ¢ ) indicates the

time average on the resistive diffusion time-scale. This
activity provides an energy dissipation channel without
magnetic helicity loss in addition to the Ohmic dissipa-
tion channel. The experimental loop voltage has been
found to be larger than that expected from Ohmic
dissipation, and the loop voltage in the steady state of
RFP discharges can be estimated by the magnetic
helicity balance equation, including anomalous helicity
dissipation in the plasma edge [8, 9].

Experiments in HBTX-1B showed that the loop
voltage and the ion temperature increased when the
limiter was inserted deep into the plasma [10]. A
possible interpretation of this is that the insertion of
the limiter increases the energy loss due to fluctuations,
and this excess energy input, dissipated through fluc-
tuations, may be transferred to the ion thermal energy
by a mechanism including a large viscosity of ions
[11-13] or microinstabilities [14]. However, this
hypothesis is not completely confirmed by experiments,
although there are a few experimental observations
showing that an increase of fluctuations raises the
plasma resistance [15] or causes a high ion temperature
[16, 17].

Recently, Giubbilei et al. [18] suggested that extra
magnetic field energy is released, which heats ions
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directly by viscous damping and which heats electrons
ohmically, when a plasma with a more peaked current
profile relaxes to a state with a flatter current profile.
These relaxation phenomena were observed in many
RFP discharges with high 6 as cyclic oscillations in the
sustainment phase of discharges [19-23]. Anomalously
high ion temperatures are commonly observed in high
0 discharges and the current profile is peaked; in this
case, MHD instabilities can grow easily and high
MHD activity is expected. This suggests that MHD
fluctuations or a relaxation process are associated with
the ion heating mechanism.

We discuss here the anomalously high ion tempera-
ture measured by Doppler broadening of carbon V
and the large plasma resistance in hydrogen discharges
of REPUTE-1 RFP plasmas and investigate how the
observed MHD fluctuations in soft X-ray signals and in
the toroidal magnetic field affect the plasma resistance
and the ion temperature.

2. EXPERIMENTAL SET-UP

The REPUTE-1 device (major radius = 0.82 m,
minor radius = 0.22 m) has a resistive shell with a
skin time of 1 ms for vertical field penetration. The
operational plasma current is usually in the range of
100-400 kA. The RFP configuration is obtained about
0.4 ms after the plasma current rise, and the plasma
current reaches its maximum at about 1 ms. To obtain
a longer discharge duration, the F and 8 values of this
experiment are chosen to be about -0.4 and 2.0,
respectively, regardless of the electron density. An
example of a 300 kA discharge is shown in Fig. 1.

The central chord averaged electron density n, is
measured by CO, laser interferometry. An array of
internal poloidal magnetic probes is used to determine
the poloidal mode structure of the toroidal magnetic
field [24, 25]. The electron temperature T, is measured
by Thomson scattering, using a ruby laser and a soft
X-ray pulse height analyser (PHA).

The radial profile of the soft X-ray emission Igx can
be measured with a surface barrier diode array; each
detector is equipped with a 0.15 um aluminium rectifier
and has a 4 um polypropylene filter in front of it
to cut off the visible and UV part of the spectrum
[19, 26]. Assuming that bremsstrahlung from a
hydrogen plasma is dominant, we expect Igx o« n2T3"
for our electron temperature range, T, = 100-200 eV
[19]. The contribution of the line emission from light
impurities, such as that of C V and O V, has been
evaluated from a previous HBTX experiment for which
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FIG. 1. Time evolution of a 300 kA RFP discharge in REPUTE-1.
(a) Plasma current and loop voltage, (b) toroidal flux, (c) F and 6,
(d) central chord averaged electron density, (e) C V (2271 A) and

OV (2781 A), (f) central chord of soft X-ray emission.

Isx o n2T40 was reported [27]. Thus, the soft X-ray
emission profile is sensitive to the electron temperature
profile.

There are two eight-channel visible spectrometers
which can be used to determine the ion temperature of
impurities by measuring the Doppler broadening of
their spectral lines. A cylindrical lens of quartz with a
diameter of 2 mm, located on the exit slit, magnifies
the image of the entrance slit on the surface of the
detector [14]. With the cylindrical lens, the proper
inverse dispersion of the two spectrometers (5.4 A/mm)
is improved to about 0.038 A/mm.

An optical fibre light guide of 3 m, with 11 channels,
is used for measuring the profiles of the C V Doppler
broadening temperature. The fibres have a diameter of
200 pm and are made of quartz to transmit UV emis-
sion. The C V line is strongly attenuated (~ 15 dB/m)
so that the cable length must be as short as possible,
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and each channel consists of 16 optical fibre cables.
The observable region of this system ranges from

x= —9.0cm to x = 9.0 cm, where x is the horizontal
co-ordinate. A lens is placed in front of the light
guide, and the focus of the lens is on the horizontal
plane, including the plasma centre.

The C V line begins to appear when the plasma
current is more than 200 kA, while the appearance of
the O V (2781 A) line is independent of the plasma
current. When the plasma current is higher than
250 kA, the C V line has enough intensity to measure
Doppler broadening. The plasma current in this experi-
ment is 300 + 10 kA, so that it is possible to deter-
mine the temperature of the C V ions. It can be seen
in Fig. 1(e) that the C V line shows no sign of burn-
through, while the O V line clearly exhibits burn-
through already early in the discharge. Thus, we
consider that the C V temperature inferred from
Doppler broadening reflects the central ion tempera-
ture. Around the current flat-top, the C V (2270.9 A)
spectrum can be fitted well with a single Gaussian;
however, in the termination phase of discharges,
another line, presumably C II (2270.2 A), begins to
appear. Figure 2 shows a C V spectrum fitted by a
single Gaussian at the current flat-top and a spectrum
fitted by double Gaussians in the termination phase of
discharges (t > 1.5 ms).

3. EXPERIMENTAL RESULTS

3.1. Dependence of ion temperature and
plasma resistance on the electron density

The measurements of the ion temperature T; and the
electron temperature T, were performed 1.0 ms after
the plasma current rise, which almost corresponds to
the current flat-top in the case of 300 kA discharges.
Figure 3 shows the dependence of T; measured by C V
(2271 A) and T. on the central chord averaged electron
density n.. The squares are average data of the ion
temperature for 50 or 60 shots (the error bars indicate
the standard deviation among shots). The open and
closed circles represent the electron temperatures
measured by a soft X-ray PHA and by a ruby laser
(Thomson scattering method), respectively. The ion
temperature is strongly dependent on n,, and the relation

T; (eV) = (98.9 + 6.0)n;'* * %! (10 cm™) )

is obtained. The dependence of T, on n, is obviously
weaker:

NUCLEAR FUSION, Vol.31, No.8 (1991)

ANOMALOUS TEMPERATURE AND RESISTANCE IN REPUTE-1

1.0 T

(2) E o = 227094 ;
L T3 = 5446V ;

’5 05- t =1.0ms 3
< f
0.0 N ]
-1.5 0.0 1.5

AX(A)

b 1.0 [T T T
() E )Xo = 2270.9A 3
F T =353eV f
’5 E t =1.7ms 3
< 05F 3

1

—-15 00 T s
AX(A)

FIG. 2. Examples of CV spectra, (a) with a single Gaussian
around the current flat-top, and (b) with double Gaussians in the
termination phase of discharges.
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FIG. 3. Dependence of the ion temperature T; measured by C V
(2271 A) and the electron temperature T, on the line averaged
electron density n,. The squares are data of the mean C V Doppler
broadening temperature. The closed and open circles are data of
the electron temperature measured by Thomson scattering and by
the soft X-ray pulse height analyser, respectively. The solid lines
represent T(eV) = 98 n;"* (10" em™) and T,(eV) = 93 u;%3
(10" em™).
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FIG. 4. Dependence of the plasma resistance R, on the line
averaged electron density n,.

T. eV) = (93.4 + 6.4)n;%% £ %! (10" cm™) 3)

The electron density in the discharges is controlled by
varying the initial filling pressure, and the bank voltage
is changed to adjust the current.

When n, = 1.0 X 10" cm™3, both T, and T, are
about 100 eV; the thermal relaxation time between ions
and electrons is about 400 us and the energy confine-
ment time is about 40 us. Since the ion temperature is
expected to be about 10 eV according to the classical
thermal relaxation from electrons to ions, the observed
ion temperature is anomalous and it must be concluded
that a direct ion heating process exists. Furthermore,
the anomalous ion temperature is obviously prominent
in discharges with lower electron density (T,/T, = 4);
for the ZT-40M experiments, T,/T, = 4-5 was
reported [7].

Figure 4 shows the dependence of the plasma
resistance R; at t = 1.0 ms on the electron density.
The plasma resistance can be calculated from the plasma
current and the loop voltage V,, omitting the contri-
bution of the plasma inductance (R, = (V,— Liip)/lp,
where L; is the plasma self-inductance). The plasma
resistance decreases when the electron density increases
from 0.3 X 10" cm™ to 0.8 X 10" cm™ (the error
bars indicate the standard deviation among shots). The
electron temperature in the lower electron density
regime is higher and thus, neglecting other effects such
as those of the profiles of the plasma resistivity and
Z.;, Spitzer's formula n o« T;*2 predicts that the
resistance in the lower electron density regime is
smaller.

Figure 5 is a plot of T; and R, in three different
density regimes. It can be seen that the ion tempera-
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ture is positively correlated with the plasma resistance;
the correlation coefficient is very large (about 0.6).

3.2. MHD fluctuation versus ion temperature
and plasma resistance

We examine first the dependence of T; and R, on
fluctuations in the central chord of the soft X-ray
signal. The fluctuation level of soft X-rays is defined
as follows:

t+ 7/2 _
Ix = \/T_l S (Isx — Isx)?dt Q)

t— 72

where Iy and Igy are the intensity of the soft X-ray
and its time averaged value. This value is defined as

t+ 72
st = T-] S stdt (5)

t—71/2

where 7 = 100 us. Figure 6 shows the dependence of
T; and R, on the relative soft X-ray fluctuation Tsx/Tsx.
The electron density of the plotted data ranges from
0.4 x 10" cm™to 0.6 X 10" cm. Each point in
the figure is the average of 10-20 shots, and the error
bars indicate the standard deviation among shots. The
plasma resistance and the ion temperature increase with
increasing soft X-ray fluctuation: the correlation coeffi-
cients range from 0.4 to 0.5. It must be noted that

this correlation becomes worse in the higher electron
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FIG. 5. Relation berween the ion temperature T, and the plasma
resistance R, The three symbols represent the different regimes of
electron density: ® — 0.4 x 10" cm™ < n, < 0.5 x 10" cm™;
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FIG. 6. lon temperature T; and plasma resistance R, versus the
relative fluctuation level of soft X-rays.

density regime. The fluctuation frequency ranges from
about 10 kHz to 100 kHz, and mainly slower oscilla-
tions with 10-20 kHz contribute to the fluctuation
amplitude. In the case of the REPUTE-1 RFP, the
fluctuations with 10-20 kHz reflect sawtooth-like MHD
activity caused by a competition between the resistive
diffusion of the magnetic configuration and the relaxa-
tion [19, 20].

Secondly, we investigate which poloidal mode of
MHD fluctuations affects the ion temperature and
the plasma resistance. We use the measurement of
the toroidal magnetic field with the internal magnetic
probe array. The m = 1 relative amplitude is defined as

AB, , -
Am-y = ==t ‘ (©6)
z0

where B, is the time averaged toroidal magnetic field
and AB,,, - | is the m = 1 component.

Figure 7 shows the dependence of T; and R, on
Aq, - 1. The electron density of the plotted data ranges
from 0.4 X 10" cm~ to 0.6 X 10'* cm™. Each point
in the figure is the average of 10-20 shots, and the
error bars indicate the standard deviation among shots.
The ion temperature and the plasma resistance tend to
increase with the amplitude of the m = 1 mode; the
correlation coefficients range from 0.3 to 0.4. This
correlation becomes worse in the higher electron den-
sity regime, as in the case of soft X-ray fluctuations.
On the other hand, the ion temperature and the plasma
resistance are not correlated with the relative amplitude
of the m = 0 and m = 2 modes. The correlation
coefficients between these modes are less than 0.1, as
found by regression analysis.
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3.3. Peakedness'of the soft X-ray emission profile
versus ion temperature and plasma resistance

The parameter which indicates the degree of peaked-
ness of the soft X-ray emission profile is defined as
the reciprocal number of the effective width ¢ of
the profile:

a

asx = — ™

o = Y, (1 — 1)’ f(r) ®)
i=1

=Y, rf(r) )

i=1

where a is the plasma radius, r; is the radial distance
of the line of sight in the i-th channel of the surface
barrier detector array, and f(r) is the normalized emis-
sion profile of the soft X-ray. Note that a higher value
of the peaking factor agy leads to a more peaked profile.
Figure 8a shows the dependence of agx on n; it
can be seen that the soft X-ray emission has a more
peaked profile in discharges with lower electron
density. The dependence of T; and R, on agx is shown
in Fig. 8b, where the electron density of the plotted
data ranges from 0.4 x 10" cm™to 0.6 X 10" cm™.
Each point is the average of 10-20 shots, and the error
bars indicate the standard deviation among shots. The
ion temperature and the plasma resistance are positively
correlated with the soft X-ray peaking factor; the corre-
lation coefficient is about 0.4. A high ion temperature
and a large plasma resistance are observed when the
soft X-ray profile is peaked.
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FIG. 7. Ion temperature and plasma resistance versus the relative
amplitude of the poloidal m = 1 mode A,, - ;, which is observed in
the toroidal magnetic field.
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FIG. 8a. Peaking factor of the soft X-ray emission profile oy
versus the electron density. The soft X-ray emission profile is found
to be more peaked in the lower electron density regime.
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FIG. 8b. Ion temperature and plasma resistance versus the
peaking factor of the soft X-ray profile.

The results of the measurement of the ion tempera-
ture profiles from C V (2271 A) have been obtained
with the light-guide system of optical fibres. Figure 9
shows the ion temperature profiles without Abel inver-
sion, in three different regimes of the electron density.
The solid lines are the fitting curves, for which

Ti(r) = TiO)(A — (r/a)P)* (10

where T;(0), p and q are fitting parameters. In case (a)
of Fig. 9, T, = 270 eV, p = 2, q = 3; in case (b),
T;(0) = 230eV, p = 4, q = 14. In case (c), the ion
temperature in the observable range is constantly

170 eV, and the ion temperature profile cannot be
fitted by this function. Figure 10 shows the Doppler
broadening temperatures of other carbon ions with
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lower ionization potential — C III (4647 A) and C IV
(4658 A). The temperatures are less than 100 eV and
are almost independent of the electron density. Thus,
we conclude that the ion temperature profile becomes
more peaked in the low electron density regime.

4. DISCUSSION

4.1. Anomalous ion temperature and plasma
resistance in the low electron density regime

Similar to other RFP experiments [14], our
experimental results show that the C V Doppler
broadening temperature has a strong dependence on n,
(T; « ng'*). The electron temperature, however, has a
weak dependence on n, (T, o n;%%), while other RFP
experiments showed that the electron temperature has a
strong dependence on the electron density. It is possible
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FIG. 9. Ion temperature profiles without Abel inversion measured
from the C V (2271 A) line.
(a) 0.4 x 10" cm™ < n, < 0.5 x 10" cm™
() 0.5 x 10" cm™ < 71, < 0.6 x 10" cm™
n(

IA 1A

(c) 0.6 x 10" cm™ < 0.7 x 10" em™.
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FIG. 10. Doppler broadening temperatures of carbon ions with
lower ionization potential.

that in low electron density discharges the C V Doppler
broadening temperature is different from the hydrogen
temperature, which is the main ion temperature of our
plasma. The thermal relaxation time between H* and
C** is

. % -3 CV \ 3/2
rght - sy = S X0 (g T
ny 12

where ny is the hydrogen density in 10'* cm~. When
ng=0.1x10"cm™, T =100eV and TF'/12 < TH,
the relaxation time is about 80 us. Since the energy
confinement time of REPUTE-1 RFP plasma is less
than 100 us in the low electron density regime, the
C V Doppler broadening temperature does possibly not
relax to the hydrogen temperature if the heating power
rates of different species are not the same.

The anomalously large resistance is strongly corre-
lated with the anomalous ion temperature, and the
plasma resistance is given by

27R edge
Rp @ = o <?> & + deg

Ze In A <27rR

=523 x 1073
where In A is the Coulomb logarithm, £, is a profile
factor calculated by the helicity balance equation
without anomalous helicity dissipation, and R;"ge is the
plasma resistance due to anomalous helicity dissipation
in the plasma edge. When the empirical scaling law of
T, with n, (Eq. (3)) is inserted into Eq. (11), the
dependence of R, on n, is given by
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R, (MQ) = 0.26 X 107 Zy £, 00 + RE%e (12)

where n, is in 10' cm™. In the ZT-40M experiments,
the relation between plasma resistivity and electron
density 5 o nd’ was found [28].

Equation (12) shows that the large plasma resistance
in the lower electron density regime may be caused by
a change of the electron temperature profile (corre-
sponding to £,), an increase in Z and an increase
in the anomalous helicity dissipation in the plasma
edge (corresponding to R5%). The effect of a change
of the current profile on £, is neglected, since the
F and § values in this experiment are fixed at -0.4 and
2.0, respectively. We have already shown the signifi-
cant positive correlation of T; and R, with agx. Since
the emission profile of soft X-rays is sensitive to the
electron temperature, as noted previously, we consider
that the large agy is caused by the peaked profile of
the electron temperature. We have calculated the effect
of the electron temperature profile on the profile fac-
tors £, and £, which are related to the total plasma
resistance and to the plasma resistance including
only Ohmic dissipation, respectively (see Appendix).

In the calculation, the electron temperature profile is
assumed to be

Te(r) = (T0) — Te(@) (1 — (t/))° + Te(a)
13)

T(a)

0.1 T,(0)

where the parameter 3 determines the peakedness of
the electron temperature profile. The magnetic con-
figuration is determined by a modified Bessel function
model, with the assumption that the pressure is zero
and u(r) = 2604/a(l — (r/a)%)*, and the anomalous
helicity dissipation in the plasma edge is neglected.
Figure 11 shows the profile factors &y, &, Af(= & — &)
as a function of B. It is assumed that « = 1.25 and
6, = 2.14 (corresponding to F = -0.4 and 6 = 2.0),
which are typical values of REPUTE-1 discharges.
Both profile factors increase with 8. This calculation
shows that the profile factor & is larger when the
plasma has a more peaked electron temperature profile
(larger B8). Thus, the larger plasma resistance in the
lower electron density regime can be ascribed to the
increase in &, due to the more peaked profile of the
electron temperature. Moreover, the rate of A in-
creasing with § is larger than that of £,,, i.e. the
heating power of ions increases more rapidly than
that of electrons with an increase in the peakedness

of the electron temperature profile, on the basis of the
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FIG. 11. Calculation results for the profile factors &,, £, and A
as a function of the electron temperature profile determined by the
parameter (3 (see Eq. (13)).

assumption that the energy dissipation due to fluctua-
tions and the Ohmic dissipation contribute to ion and
electron heating, respectively. This is consistent with
the experimental result that direct ion heating becomes
more prominent in the lower electron density regime
if the energy confinement time of ions is not much
changed.

Assuming that the local heating powers of ions and
electrons are represented by —(8V X 5B) -j-and nj-§,
respectively, the heating power profiles of ions and
electrons can also be calculated as a function of 3.
The heating power profiles are shown in Fig. 12. When
the electron temperature profile becomes more peaked
(larger ), the heating power profile of ions is more
peaked, so that the ion temperature profile should also
become peaked if the ion energy diffusion profile is
not drastically changed. Although the contribution of
Z.s and R;dg" can be neglected, these calculation results
are qualitatively consistent with our experimental
results that the ion temperature has a more peaked
profile and an anomalously high value in the lower
electron density regime.

4.2. Ion heating due to MHD fluctuations

The soft X-ray fluctuations observed in this experi-
ment indicate the intensity of the sawtooth-like oscilla-
tions caused by the relaxation process. The significant
positive correlation between the ion temperature and
the soft X-ray fluctuation level supports the assumption
that the energy released during the relaxation process
is directly used for ion heating. Experimental and
simulation studies show that in the relaxation process
the m = 1 instability is the driving force of the mag-
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netic field reconnection; many studies proposed that a
non-linear reconnection process is essential for the
relaxation phenomena of RFP plasmas [29-33]. We
have found that the large amplitude of the m = 1
mode is associated with the high ion temperature

and the large plasma resistance. This indicates that
the kinetic energy of plasma flow driven by the

m = 1 instability is transferred to the ion thermal
energy during the relaxation process.

Assuming that the velocity of plasma flow u is 0.03
times as large as the Alfvén velocity in our 300 kA
discharges and that this kinetic energy is transferred to
the ion thermal energy in the relaxation time 7., the
heating power density of ions is

1/2p,u?
Trel

Q = = 18 MW/m? (14)

where p,, is the mass density; the plasma parameters
used are given in Table I. The assumed plasma flow
velocity is acceptable, since a growth rate calculation
of the m = 1 internal kink modes has confirmed that

o
S

FIG. I12. Heating power profiles of ions and electrons, Q,(r) and
Q.(r) in three different cases of electron temperature profile deter-
mined by the parameter 3 (see Eq. (13)). (a) 8 = 1.5, (b) B = 1.0,
(c) B = 0.5.
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TABLE I. PLASMA PARAMETERS OF
300 kA RFP discharges in REPUTE-1

Plasma current, 300 kA.

Loop voltage, V, 150 Vv

Plasma volume, Vp 0.78 m®

Input power density, I,V/V, 58 MW/m?
Central magnetic field, By 05T

Plasma density, n, 7.5 x 10 m™
Alfvén velocity, v, 1.5 x 10® m/s
Relaxation time, 7, 20 ps

the velocity of the plasma flow driven by the instabili-
ties can reach values that are 0.1 times as large as the
Alfvén velocity [34]. The total heating power of
plasma can be estimated from the plasma current and
the loop voltage as

Qo = 5 = 58 MW/m? as)
P

where V, is the plasma volume. The ratio of Q; to
Qo i about 0.3, Figure 11 shows that the ratio of
A€ to £ is about 0.3 when 8 = 2.0. The Kkinetic
energy of the plasma flow is sufficient to be a source
for the ion thermal energy.

The question is how the kinetic energy of the
plasma flow is transferred to the ion thermal energy.
One of the most likely possibilities is viscous damping;
the ion viscosity is about m;/m, (= 1800 in the case of
hydrogen) times larger than the electron viscosity;
the ions are heated preferentially by viscous damping.
It cannot be excluded, however, that other possible
mechanisms, such as microinstabilities and stochastic
heating, participate in the direct ion heating. In a
cascade process, the energy of the fluctuating electric
field (together with the fluctuating magnetic field) with
a small wave number is continuously transferred to the
field with a large wave number, and the energy of the
stochastic electric field with a large wave number is
absorbed at the ion cyclotron frequency [35].

Our experiments have led us to the conclusion that
the MHD fluctuations associated with the relaxation
phenomena, or the dynamo activity, are probably
responsible for the anomalous ion temperature and the
anomalous plasma resistance, and that the energy
released during the relaxation process is transferred
to the ion thermal energy.
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5. CONCLUSIONS

The ion temperature measured by C V (2271 A)
Doppler broadening has been found to be anomalously
high compared with the electron temperature measured
by Thomson scattering and a soft X-ray PHA in the
lower electron density regime (n, < 0.5 X 10' cm™).
The high ion temperature is correlated with a large
plasma resistance caused by an increase in the MHD
fluctuation level. The ion temperature and the soft
X-ray emission (which is considered to reflect the
electron temperature profile) have more peaked profiles
in the lower electron density regime. The calculations
have shown that the ion heating power should increase
and its profile should become more peaked as the elec-
tron temperature profile becomes more peaked. These
results show that the energy dissipated by the MHD
fluctuations is transferred to the ion thermal energy,
and the m = 1 mode is suggested to play an important
role in the direct ion heating mechanism.

Appendix
PLASMA RESISTANCE OF RFP PLASMAS

The plasma resistance of RFP plasmas is divided
into two components (see Refs [8, 9]): Ohm’s law for
RFPs is given as

njo = Eo + (8V X 86B) (A.1)

in the sustainment phase. Executing the integral of
Eq. (A.1) multiplied by j, we obtain the energy
balance equation:

VoI, = S nj2dv + S — (87 X 8B)-jdv (A.2)
where V, = 27RE, is the loop voltage and I is the
toroidal plasma current and z represents the toroidal
direction. In terms of the plasma resistance, Eq. (A.2)
can be rewritten as
RJI2 = RyI? + ARJI2 (A.3)
Ryl? = mo <2’r—§> L2 = S nidv (A.4)
wa
R = (20 6 + Ry
Ta
= S —(8V x 6B)Y-jdv (A.5)
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The first and the second terms on the right hand
side of Eq. (A.3) represent the plasma resistance due
to the Ohmic dissipation and that due to the fluctua-
tions, respectively. In Eqs (A.4) and (A.5), &, is the
profile factor for helicity dissipation, £, is the profile
factor for Ohmic dissipation, 7, is the plasma
resistivity at the centre and R%° is the plasma
resistance due to anomalous helicity dissipation in
the plasma edge. The total plasma resistance can be
calculated by the magnetic helicity balance equation:

v, = S nj-Bdv — % S $B-dS (A.6)

where @, is the toroidal flux and ¢ is the scalar poten-
tial of the electric field.

On the basis of the hypothesis that the Ohmic dissi-
pation and the dissipation by the fluctuations contribute
to the heating of electrons and ions, respectively, the
local heating powers of electrons Q.(r) and ions Q;(r)
can be defined as

Q1) = n(®)j(r)? (A7)

~(8¥V x 8BY-j = E-j(r) — 7(Djr)>  (A.8)

Qi(r)

where 7(r) is the radial profile of the plasma
resistivity.
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