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ABSTRACT. Magnetic field measurements in a reversed field pinch plasma have been made with an insertable
magnetic probe in REPUTE-1. The relaxation process of the magnetic field configuration in a high 8 (8 is the pinch
parameter) regime has been studied. The safety factor on axis, qg, decreases as 6 increases, and there exists a lower
limit to go(~0.10). Close to this limit, q, increases when the magnetic field configuration relaxes. These observa-
tions agree well with numerical results of non-linear resistive MHD theory.

1. INTRODUCTION

The reversed field pinch (RFP) [1], an axisymmetric
toroidal system like the tokamak, generates a magnetic
field configuration close to the force free minimum
energy state given by Taylor [2]. This process, by
which the magnetic field in a slightly resistive plasma
changes its topology through field line reconnection, is
known as ‘relaxation’. Recently, field line reconnection
driven by MHD kink instabilities has attracted
increased attention as the mechanism responsible for
the relaxation [3-8]. Caramana et al. [4] calculated the
non-linear evolution of the magnetic field structure of
an RFP with a single helicity. They showed that the
unstable non-resonant kink mode becomes stable when
the safety factor on axis, qqg, increases and that the
resonant surface is restored after the reconnection.
During this process, the magnetic field configuration
approaches the minimum energy state, which indicates
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that this type of reconnection (‘inverse reconnection’)
is one of the relaxation mechanisms. Sato and Kusano
{6] gave a physical interpretation of the dynamics of
this process, named ‘non-linear driven reconnection’.
They showed that axial plasma flow induced by the
kink instability is the cause of field line reconnection
and relaxation. Also Miyamoto analysed the effects of
the MHD kink mode on toroidal flux generation with
the help of the non-linear driven reconnection model
[9]. Since overlapping of magnetic islands at different
singular surfaces cannot be neglected in the RFP,
three-dimensional MHD simulation is necessary.
According to a study by Schnack et al. [S], strong
mode coupling of m = 1 tobothm =2 and m = 0 is
observed, and magnetic island overlap causes stochastic
field lines. In the case of a high pinch parameter,
6(> 1.6), the entire plasma becomes stochastic during
relaxation, while for the low 8(< 1.6) case an intact
flux surface remains in the outer region.
Experimentally, it is found that a coherent periodic
relaxation oscillation with large amplitude appears at
relatively high 6. In ZT40M [10-13], a toroidal flux
oscillation showed up with large m = 0 amplitude
soft X-ray sawteeth. Similar phenomena have been
observed in TPE-1R(M) [14] and ETA-BETA I
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[15]. So far, it is uncertain whether these phenomena
are caused by the same mechanism since the oscillation
appears not only in the current sustainment phase
(ZT-40M, ETA-BETA 1I), but also in the current rise
phase (ZT-40M) and around the current peak
(TPE-1R(M)). However, there are several features that
are common to these observations. First, the oscillation
occurs when 6 becomes relatively high (§ > 1.6 for
ZT-40M and TPE-1IR(M), 6 > 2.0 for ETA-

BETA II). Second, the oscillation is accompanied by a
change in the amplitude of the m = 1 magnetic fluctu-
ation at the wall. For example, in ZT-40M, the ampli-
tude of the magnetic fluctuation decreases when the
soft X-ray signal decreases. Third, during this process,
the toroidal flux and 8 also oscillate. The toroidal flux
increases and 6 decreases when the amplitude of the

m = 1 magnetic fluctuation decreases. These results
suggest that it is the MHD kink instability that, possi-
bly, is related to the relaxation process of the RFP
plasma. However, this process and the relaxation
mechanism itself are not sufficiently understood since
the time evolution of the magnetic field profile and the
change of q, during this process are not clear.

This paper presents the results of an experimental
study in REPUTE-1 of the relaxation processes taking
place in a high 8 (8 > 1.75) plasma just before the
current peak. The existence of a lower limit to gp, as
reported in Ref. [16], is confirmed, and the m = O,

10 kHz magnetic field oscillations are interpreted as
the results of two alternating processes: current peak-
ing and relaxation. The relaxation process appears to
agree satisfactorily with resistive non-linear MHD
simulations.

2. EXPERIMENTAL SET-UP

REPUTE-1 is an RFP device with a resistive shell
[17], the skin time of which is 1 ms for vertical field
penetration. The dimensions of this device are as fol-
lows: major radius R = 0.82 m, minor radius (limiter
radius) a;, = 0.20 m, and wall radius a,, = 0.22 m.
The machine is usually operated in an aided reversal
mode.

The magnetic probe system used in the experiment
is shown in Fig. 1. The tip of the magnetic probe can
approach the plasma centre. The leads from the coils
are brought out as a tightly twisted pair, and the sig-
nals are transmitted to differential amplifiers to reduce
the common mode noise. The magnetic fields in the
toroidal and poloidal directions are measured simul-
taneously at six radial positions 3.4 cm apart. The sur-
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face area of each magnetic pickup coil is 6 X 5 mm?,
and the centres of each pair of toroidal and poloidal
coils are 3 mm apart. The probe is inserted into a pro-
tective alumina jacket, the frequency response of which
exceeds 200 kHz, the cut-off frequency of the low pass
filter in the differential amplifier (Lecroy 8100). The
calibration of the coils is made on the vacuum toroidal
field and agrees within 5% with the geometrical esti-
mate. The magnetic probe signals are sampled each
microsecond with a CAMAC digital data acquisition
system and integrated numerically to obtain the mag-
netic field strength.

Digitizer Differential
DS-600 | (e Croy T amolifier |
8210,2264] |AmPitier

Vacuum Chamber

FIG. 1. Schematic view of insertable magnetic probe system.

- -
N O u
o O O
T
I

lo(kA)

[«]

[+
[o]
(@]
T
n

=3
]
A

-
4, I o]
T
..\.
JI N

Bta(kG) ¢1(me, VI(V)

(@] o
o O W;
4 Zﬁ
)

3
:

]

n " 1

0 05 1.0
tims})

FIG. 2. Time evolution of plasma parameters. Plasma current 1,
one-turn loop voltage V,, toroidal field at the plasma edge B,,,
pinch paramerer 8, and reversal ratio F are shown. The dotted
lines show the same parameters when no probe was inserted.
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FIG. 3. Discharge regime on F-8 diagram. Solid line shows F-0
value derived from Bessel Function Model.

The time evolution of typical plasma parameters in
this experiment is shown in Fig. 2. The peak plasma
current is approximately 135 kA at 0.7 ms and the
RFP formation time 0.25 ms. The toroidal flux is close
to 5 mWb at the initiation of the plasma current and
grows up to 10 mWb at the current peak. The line
averaged density lies between 0.5 X 10' and
1.2 x 10" cm™. As is shown in Fig. 2, plasma
parameters such as plasma current, loop voltage, and
magnetic fluctuation level at the plasma edge are not
affected by the probe even when it is inserted as far as
the plasma centre.

To obtain a high @ plasma at the current peak, a
decrease in the external reversed toroidal flux is
programmed by the external circuit. The value of F
(reversal ratio) tends to decrease as @ increases, as is
shown in Fig. 3. Typical F and 6 values are
F=-03andf =16.

3. DEPENDENCE OF FIELD PROFILES
ON THE PINCH PARAMETER

For computations, the toroidal magnetic field, B,,
and the poloidal field, B, are approximated by
smoothing functions, including a first order toroidal
correction. These functions are presented in detail in
the Appendix. Figure 4 shows the difference of pro-
files between low 6 (=1.57) and high 6 (=1.98) dis-
charges. The position of the magnetic axis normally
deviates from the centre of the limiter by 2—3 cm at
current peak time. The Shafranov shift A is only
0.5~1.0 cm. Therefore, the plasma shifts outward by
an additional 2 cm away from the centre of the limiter.
In the high 6 case, the toroidal current profile is more
peaked on axis, and the value of qq is smaller than in
the low 6 case. The profile of N (uoj- B/B?) is nearly
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FIG. 4. Field profiles in low 6(=1.57, closed circle and solid
line) and high 8(=1.98, open circle and broken line) cases. Toroi-
dal field B,, poloidal field B, toroidal current density j,, poloidal
current density j,, safety factor q, and Nug - B/BY) are shown.
Dashed lines show profiles derived from MBFM.
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FIG. 5. Safery factor on axis q, at the current peak versus pinch
parameter 8 with the q, of MBFM (F = —0.3). Open circles are
for F < —0.3 and closed circles are for F > —0.3.
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flat except at the plasma edge in the low @ case, and
the magnetic field configuration is close to that of the
relaxed state. However, in the high 8 case the profile
of A is peaked on axis, and the magnetic field configu-
ration is away from the relaxed state. The N profile
calculated from the Modified Bessel Function Model
(MBFM) [18] by using experimentally observed F and
0 values is also shown. The observed A profile agrees
well with the calculated one. Figure S shows the safety
factor on axis qo as a function of § and the calculated
value from the MBFM (F = —0.3). In the low 6
region (6 < 1.70), q, scatters between qo = 0.106 and
qo = 0.140, while in the high # region (6 > 1.70), g
scatters between qq = 0.096 and g, = 0.118. The
value of qq has a tendency to decrease with 6. The
experimental data of g, (F = —0.3) are close to those
of the MBFM. The value of q, saturates above

g = 1.70.

4. RELAXATION OSCILLATION IN THE
HIGH PINCH PARAMETER REGIME

In the previous section, it was shown that g
saturates in the high 6 regime. In this regime, a relaxa-
tion oscillation of the magnetic field in the plasma has
been observed just before the current peak as the pinch
parameter § exceeds a value of approximately 1.75;
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FIG. 6. Time evolution of the magnetic field in the plasma, safery
factor on axis qg, and m = 1 VUV fluctuation (f > 15 kHz) in high
6 case (6 ~ 1.7). Poloidal field at r = 3 cm is approximately zero
att = 0.5 ms.
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FIG. 7. Change of profiles of toroidal current density j,, poloidal
current density j,, safety factor q, and \ during relaxation oscilla-
tion. Times 1), t;, and t; are the same as those in Fig, 6.

this phenomenon is related to the saturation of q,. The
period of oscillation is about 0.1 ms, and the relative
amplitude (6B/B) is 20% at maximum. The time evolu-
tion of the magnetic field, of qq, and of the m = 1
vacuum ultraviolet (VUV) fluctuations during the oscil-
lation is shown in Fig. 6. The m = 1 component of
the VUV fluctuations (f > 15 kHz, obtained by a sur-
face barrier diode) is defined as the difference of two
VUV signals emitted from symmetrical positions with
respect to the plasma equatorial plane (at +14 cm).
Fromt =1t =0.60mstot =t, = 0.64 ms, the
toroidal magnetic field decreases in the central region
(r < 13.2 cm) and increases outside (r = 16.6 cm),
while the poloidal field outside (r = 13.2 cm)
decreases. However, fromt = t, to t = t; = 0.67 ms,
the magnetic field changes the opposite way. Figure 7
shows the change during the oscillation of the profiles
of the current, of q, and of \ as obtained from the
insertable magnetic probe. Fromt = t; tot = t,, q
decreases and the toroidal current profile and the

\ profile become peaked on axis. From t = t, to

t = t3, conversely, gy increases and the profiles
approach flat profiles. The values of F and 6 are
~0.15and 1.73 att = t; and —0.25 and 1.64 at

t = t3, which means that the discharge parameters
approach that of the relaxed state. These results indi-
cate that the field configuration becomes more relaxed
after go has increased. The m = 1 VUV fluctuations
decrease after the increase of qo (t ~ 0.70 ms), which
indicates that the m = 1 MHD activity is reduced after
the increase of qp. The rise time of q, is shorter than
or at least equal to the decay time of q, and is less
than 40 us (typically 20 us). In this discharge the

NUCLEAR FUSION. Vol.27. No.9 (1987)



Alfvén transit time 7, is approximately 0.7 ps, and the
rise time of qq is less than 60 X 7, (typically
30 X 7,).

During the oscillation, the toroidal flux calculated
from the magnetic field profile increases, which indi-
cates that this process is a mechanism for toroidal flux
generation. The poloidal flux does not always decrease
during this process; therefore, from these data it is not
clear that flux conversion from poloidal to toroidal flux
takes place. Since the oscillation is observed just
before the current peak when the plasma current is still
rising, this may obscure the flux conversion
mechanism. In a few cases, the plasma current
measured by a Rogowski loop shows the same kind of
oscillation as the internal magnetic field, but often
there is no clear correlation. In most cases, the toroi-
dal flux oscillations (measured by an external loop)
correlate with those on the internal magnetic field but
the phase of the oscillation is not always the same.
The locations of the toroidal flux loop and the internal
magnetic probe are 90° apart in the toroidal direction,
which may affect the results. The magnetic axis of the
plasma usually moves toward the major axis around
current peak time, known from the increase with time
of the poloidal magnetic field at r = 3 cm, even if the
oscillations do not take place. Most of the oscillations
are accompanied by a rapid shift of the magnetic axis
(=1.0 cm) toward the major axis, in addition to the
normal shift.

Figure 8 shows the relation between
Aqp (= qor — qo) and qq. Here qg; is the minimum
value of qqo and qq is the value of qo 40 us after qq
acquired its minimum. The value of Aq, becomes large
as qo; decreases below approximately 0.10 (qyr lies
between 0.11 and 0.12). This suggests that it is the
magnitude of Aqq that deterrhines the lower limit of qq
(~0.10), similar to the sawtooth oscillation of a toka-
mak internal disruption in the case of qo ~ 1.
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FIG. 8. Amplitude of oscillation of safety factor on axis,
Aqo(= oy — qo)) versus qy.
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5. DISCUSSION

As was shown in Section 3, qq saturates as the value
of @ is raised above about 1.75. The existence of a qq
limit has already been pointed out by Ortolani [16],
who suggested the scaling qo = 2a/3R for the RFP
[15]. In REPUTE-1, the same scaling gives 0.14
instead of the measured value of approximately 0.10,
which rather suggests the scaling a/2R. When qq is
reduced to its limit, a relaxation oscillation is
observed, which indicates a clear relation between the
two phenomena. During the oscillation, the plasma
MHD activity changes with gy: the m = 1 VUV fluc-
tuation decreases when qq increases. The toroidal mode
number n of the magnetic fluctuation at the plasma
edge is measured by two magnetic probes 20° apart in
the toroidal direction. The phase difference of the fluc-
tuations on the two magnetic probes (with the same
frequency as that of the VUV signal) is about 180°,
which indicates a toroidal mode number of 9. The
value of qq is nearly the same as m/n (~0.11); there-
fore, the fluctuation appears to be related with the q
profile. From our observations, it is, however, difficult
to determine whether this mode is resonant or not.
According to the model of Caramana et al. [4] the
magnetic field profile becomes unstable against the
tearing mode (resonant) since the parallel current den-
sity increases when the current peaks. By a Kadomtsev
type reconnection, the resonant surface is removed and
the magnetic field profile becomes unstable against the
ideal kink mode (non-resonant). This instability is
caused by a decrease in the magnetic shear due to the
reduction of qy. A stabilizing effect (inverse reconnec-
tion) then occurs with the increase of qq, and the relax-
ation of the magnetic field configuration takes place.
From our experimental data, it is not known whether
the m = 1 VUV fluctuation is mainly caused by the
tearing mode or by the ideal kink mode. But it is clear
that the relaxation of the RFP plasma is caused by
MHD instability.

Our experimental observations agree well with the
numerical results of non-linear resistive MHD simula-
tions [5, 8]. The rise-time of qq in these simulations is
typically (10—20) X 7,, which is consistent with our
experimental results (typically 30 X 7,). In Ref. [9] it
is shown that the toroidal flux can be generated by
inverse reconnection when the helicity of the unstable
kink mode (m/n) driving the reconnection is close to qo
and non-resonant before the reconnection. In our
experiments, the toroidal flux calculated from the
toroidal magnetic field profile increases after qo. The
observed mode helicity (m/n ~ 0.11) is nearly the
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TABLE 1. COMPARISON BETWEEN OHMIC HEATING TIME 754 AND OSCILLATION

PERIOD 7,

Device ZT-40M ETA-BETAII TPE-1R(M) REPUTE-1
I(kA) 120 75 75 130
R(m) 1.14 0.65 0.50 0.82
a(m) 0.20 0.125 0.09 0.20
T.(eV) 200 — 300 20
Vi(V) 66 <50 50 220

n (Q-m) 9.6 8 54 41

Ton x a*/n(a.u.) 4.2 2 1.5 1.0
Tosc(MS) ~0.7 ~0.2 ~0.15 ~0.1

same as qg, which is consistent with the theory of
Ref. [9].

The relaxation oscillation phase of an RFP plasma*
in the high 6 regime consists of two parts, a current
peaking phase and a relaxation phase. In ZT-40(M)
[19] and TPE-1R(M) [14], the soft X-ray signal gradu-
ally increases during the current peaking phase and
rapidly decreases during the shorter relaxation phase.
Also in REPUTE-1, the duration of the current peak-
ing phase is longer than or at least equal to that of the
relaxation phase. Therefore, the period of the relaxa-
tion oscillation is expected to correlate with the current
peaking time, as suggested by Werley et al. [19]. At
this point, it seems useful to estimate the Ohmic
heating time 7oy, which is proportional to the current
peaking time. The Ohmic heating time 7oy is calcu-
lated from B7g o Ba*/n, where 8 is the ratio of plasma
pressure to magnetic pressure and 7 is the plasma
resistivity, The results of four RFP devices are shown
in Table 1. In this calculation, the 8 values are
assumed to be equal since most of the RFP plasmas
have nearly the same 3, value (ratio of plasma pres-
sure to poloidal magnetic field pressure, ~10%) and
the 8 value is proportional to 8, for equal pressure
profile and magnetic field profile. The calculation
reveals a clear correlation between the value of a* and
the relaxation oscillation period 7. The value of a%/y
is proportional to RI/V, = R/R,, where R, is the
plasma resistance. In ZT-40M, R, is low and the
dimension of the device is large, which is the reason
why the period of the relaxation oscillation is the
longest. In TPE-1R(M), the short period of the relaxa-
tion oscillation, even if the electron temperature is
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high, is due to the small dimension of the device. In
REPUTE-1, the plasma resistance is large, which
causes a short period of this oscillation. The results
suggest that in all devices the current peaking is caused
by a thermal instability [4]. Further study is, however,
needed to better understand the relaxation phase of this
oscillation, since there are differences in the value of 6
above which this oscillation appears (§ > 1.6 for
ZT-40M and TPE-IR(M), 6§ > 1.75 for REPUTE-1,
and § > 2.0 for ETA-BETA HI) and in the current
behaviour (decaying or rising) during this oscillation.

6. CONCLUSIONS

Spatial measurements of the toroidal and poloidal
magnetic field components have been performed in the
experiment REPUTE-1, operated in the RFP mode.

When the pinch parameter, 8, was raised deliber-
ately, the safety factor on axis, qg, decreased until a
lower limit, qo ~ 0.10, was reached, in accordance
with results published in Ref. [16]. Detailed measure-
ments of the plasma parameters near this limit,
presented for the first time in this article, revealed an
m = 0 magnetic field oscillation resulting from two
alternating processes: current peaking and field relaxa-
tion. From the observation that qq increases during the
relaxation phase and from the time history of the
m = 1 VUV fluctuations before and after the relaxa-
tion (indicative of MHD activity), we conclude that the
relaxation mechanism can, at least in part, be
attributed to MHD instability, in accordance with
numerical results of non-linear resistive MHD theory.

NUCLEAR FUSION. Vol.27. No.9 (1987)



APPENDIX

In this Appendix, the fitting functions of the mag-
netic field are given [20]. The functions for the
toroidal field B,(r) and the poloidal field By(r),
including a first order toroidal correction, are:

Bt(r) = BtO(T - rﬂ) + B“(T - 7‘0) (1)
B,(r) = Bpo(r — Ta) + B (r — 7o) )

Here, r denotes the radial position (r = 0, geometrical
axis). The position of the magnetic axis and the major
radius are designated by ry and R. The plasma minor
radius a is defined as

@iim — To + A(@tim — To)

where ay, is the limiter radius (a;,, = 20 cm in this
experiment). The Shafranov shift A(a;, — To) is
defined later (Eq. (7)). The functions By(x) and By(x)
are defined as

4
Bio(z) = Z a,z’"? 3)
n=1
4
Bpo(:l:) = Z bn;r2"_] (4)
n=1

where a, and b, as well as rp are fitting parameters.
These parameters are chosen such that the toroidal and
poloidal currents fall to zero at the plasma edge (at the
limiter). The toroidal correction terms, B,; and B, are
described with the help of By and By, as

T —Tp

Bu(r = ro) = =~ Buo(r ~ 7o)
+A(r— TO)M 5)
dr
Bpl(r — 7'0) B r ;{7‘0 BpO(T - TQ)A(T — T‘Q)
+ A — TO)M (6)
dr
where
A=) = [[TZOAE -+ 0 @)
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The function A(r —rp) is defined as

I [Beo(r' — ro)J(r' — ro)dr’
[Bpo(r — 10)]*(r — 70)?

The toroidal current j(r) and the poloidal current jp(D
also contain toroidal correction terms described as

(8

Alr —ro) =

7e(7) = Jeo(r — 7o) + Ju(r — 7o) ®

jp(r) = jpo(r - 7‘0) + j]vl (T‘ - 7‘0) (10)

The zeroth order current densities are calculated as

. 1 1 d

Jeo(r — T0) = ;._07‘ -~ a[(r —10)Bpo(r — 1)) (11)
1 d

jpo(T' - T‘D) = —lTOE_‘Bm(T‘ e 1‘0) (12)

The first order toroidal correction terms are
represented by the zeroth order terms, which are

. T —To 2 dp IR

Ju (T‘ —7'0) - R [Bpo(f' _ TO) dT‘ Jto(r TD)J
-l—A(r—ro)d————jw(r ) (13)

dr

T —T7To.

Jm(r = To) = —f 2 Jpo(7 = T0)A(T = 7o)
+ Al — rO)M__TO) (14)

dr

Here, dp/dr = (j X B),. The safety factor q(r) is
defined as

T —T0 Bto(‘l‘ —_ 7‘[])

q(r) = —¢ Boo(r = 7o) (15)

The ratio of the current density to the magnetic field A
is defined as

A = ,U'()LE
B? (16)
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