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A rotamak is one kind of compact spherically shaped magnetic-confinement device. In a rotamak the plasma

current is driven by means of rotating magnetic field (RMF). The driven current can reverse the original equilibrium

field and generate a field-reversed-configuration. In a conventional rotamak, a toroidal field (TF) is not necessary

for the RMF to drive plasma current, but it was found that the present of an additional TF can influence the RMF

current drive. In this paper the effect of TF on the RMF current drive in a rotamak are investigated in some detail.

The experimental results show that addition of TF increases the RMF driven current greatly and enhances the RMF

penetration dramatically. Without TF, the RMF can only penetrate into plasma in the edge region. When a TF is

added, the RMF can reach almost the whole plasma region. This is an optimal strength of toroidal magnetic field for

getting maximum plasma current when By and radio frequency generator power are fixed. Besides driving current,

the RMF generates high harmonic fields in rotamak plasma. The effect of TF on the harmonic field spectra are also

reported.
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1. Introduction

A rotamak is one kind of unique device that
can realize field-reversed-configuration (FRC) through
current drive by rotating magnetic field (RMF).[U In
a rotamak, the electrons are trapped and rotated syn-
chronously with external applied RMF, the plasma
current is produced while ions are regarded as sta-
tionary background. The principle of current drive by
RMF in a rotamak has been extensively studied.>~7!
For driving current effectively, RMF is chosen to sat-
isfy weg € w <K wee and wee/Yei > a/d, where
wei and wee are ion and electron cyclotron frequency
around the RMF B, respectively, 7. is the electron—
ion collision frequency and a is the plasma radius,
§ = (2 pow)'/?
the RMF frequency w. Except its compact configura-

is the classical penetration depth at

tion, the current in rotamak is driven and maintained
by RMF which is usually powered by radio frequency
(RF) generators, it has another advantage of the pos-
sibility of operation in continuous mode. Owing to its
unique feature, the rotamak has stimulated more and
more interest in fusion plasma recently.

The current drive in rotamak and realizing FRC
have been studied in experiments and theories since

the early 1980s and a lot of progress has been
made.[2~13] Tt is reported recently that if an additional
toroidal field (TF) is added, the current drive is im-
proved and the rotamak can run as a low aspect ratio
spherical tokamak (ST).' Up to now, what causes
the TF to improve current drive is unknown, there
are only several ambiguous theoretical papers.['516 So
further study about the influence of TF on the RMF
current drive is necessary for understanding the rea-
son of TF improving the RMF current drive. In this
paper the RMF current drive with and without TF
and the change of plasma behaviour are presented.
Our experimental results show that the TF will im-
prove RMF penetration and increase the plasma cur-
rent greatly. TF also affects the harmonics fields stim-
ulated by RMF. This paper is organized as follows. In
Section 2 a brief introduction of the experimental de-
vice is given. In Section 3 the experimental results are
presented. In the end there is a summary in Section 4.

2. Experimental setup

Figure 1 is the structure of the rotamak device.
The rotamak chamber is a spherical vessel made from
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Pyrex with 50 cm diameter. The chamber is pumped
by a 5001/S turbo pump and the background vacuum
is around 1.333 x 10~*Pa. The RMF is produced by
passing RF currents, from two 400kW/500kHz RF
generators, dephased by 90 °, through two pairs of or-
thogonal Helmholtz coils located on the outside of the
chamber. The plasma current generated by RMF is
kept in equilibrium by vertical magnetic field which is
produced by two vertical field coils with 83 cm diam-
eter. The coils are connected in parallel and powered
by a 20kW DC power supply. The coils can produce
a field up to 130G in the vessel centre. In addition,
by using an axial current (I, in Fig.1), a TF can be
added to the rotamak plasma. The system that pro-
duces TF consists of a set of six wires fed through
the central axial stainless steel pipe with an exter-
nal diameter of 4cm. The steady toroidal magnetic
field B, is produced by discharging a capacitor bank
(maximum 152kJ) through the wires. The discharge
current threads the central axis six times, resulting
in a total I, current up to 18 kA, which can produce
a TF By = 288G at the half-radius of the chamber,
r=12.5cm.
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Fig.1. Schematic diagram of rotamak.

A Rogowski coil through the central tube and
around a poloidal cross section is used to measure
the driven plasma current. Align with the meridian
plane of the chamber, there are 15 diagnostic ports
with 6 mm inner diameter, which allow inserting probe
into chamber for measurement. Miniature magnetic
pickup coils and hall probe, which retractable through
quartz guide tube sealed in diagnostic port, are used to
measure the oscillating magnetic field and the steady
magnetic field in the plasma respectively. A double
floating Langmuir probe is used to measure the elec-

tron density and temperature of plasmas. Based on
the shot to shot repeatable discharges the radial pro-
files of the parameters are got.

It is important to match the generator and plasma
load for coupling the energy from the RF generators
to plasma as large as possible. For this purpose there
is a matching and tuning circuit in each RMF coil pair
and there are RF voltage meters and current sensors
for measurement. In air-core transformer model,'”]
each matching and tuning circuit can be simplified as
Fig.2. Here L. and R, are inductance and resistance of
RMF coils, AL is the change of inductance caused by
plasma, R, is the reflection resistance of plasma. Vi,
and [i,, Viq and )4 are the voltage meters and current
sensors for monitoring the voltage and current input
from generator and load on the RMF coils respectively.
During experiments, by adjusting the value of match-
ing inductance Ly,, the capacitance of matching and
tuning capacitors Cy, Cr, let the phase between the
Vin and Iy, Vip and I,p become zero and then the

maximum plasma current will be produced.
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Fig.2. The matching and tuning circuit.

During experiments, hydrogen continuously flows
through the chamber. The filling pressure is controlled
by a mass flow controller. The discharges are very
stable and reproducible from shot to shot when con-

ditions keep same.

3. Experimental results

3.1. Effect of TF on the RMF current
drive

Figure 3 is a typical time evolution waveform of
plasma currents and the axial magnetic field B, in
r = 3.5cm in the cases with and without TF. Table 1
is the typical parameters of the two cases. For com-
parison, in both cases the power from RF generators
Pyt and the gas filling pressure P are kept unchanged.
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Fig.3. The typical time evolution of plasma currents and
the axial magnetic field B, in » = 3.5 cm in the cases with
and without TF.

Table 1. The typical parameter for shot of Fig.3.

without TF with TF
P;/Pa 0.18 0.18

Py /KW 2x180 2x180
By/G 25 45

L. /kA 0 9.0

I /kA 2.7 4.7
Ne/cm ™3 1.4x1012 1.2x1012
To/eV 22 30
Irmr/A 88 51

R,/Q 26 87

The power from each RF generator is 180kW and the
gas filling pressure is 0.18 Pa. In the case without TF,
the biased vacuum vertical field B, is 25 GS at the
centre of chamber. In the case with TF, a 9kA axial
current is added and the vertical field B, needs to be
increased to 45 GS for keeping the increasing plasma
current in equilibrium. Figure 3 shows clearly that the
addition of TF dramatically increases the RMF driven
current, the plasma current increased from 2.7 KA
without TF to 4.7KA with TF, almost doubled. It
also indicates that after launching the RMF, the mag-
netic field produced by RMF driven plasma current re-
verses the vacuum vertical field (marked by dash line).

In the case without TF, this is a compact FRC!!10
and in the case with TF a spherical tokamak (ST)
configuration is generated, as reported in Refs.[1,14].

Besides improving the total RMF driving current,
the addition of the TF can also change the plasma cur-

rent density profile. The plasma current density can

be deduced from Jy = 1 (95 — 0B
to \ Oz or

ments only the magnetic fields along the z = 0 central

. In experi-

channel have been scanned, and the first term in Jy
expression is omitted, which implies that the infinite
cylindrical configuration approximation is used, which
is not quite accurate in our case. By comparing the
profiles of our Jy with that obtained in the previous
rotamak operation,* where the complete (7, z)-scan
of the magnetic field was performed, we find that ne-
glecting the first term in Jy results in underestimation

of the Jy value, around 20%. But current density pro-

files are not much different. So Jy = ——% is used
po Or

to characterize the current density profile in the cases
with and without TF.

Figure 4 is the profile of B, in the z = 0 cen-
tral channel at the middle of the shots in the cases
with and without TF in the same discharge condition

as Fig.3. Figure 5 is the current density profiles cal-
1 0B,

culated by using Jp = ———— from Fig.4. Before
po Or

calculation, the experimental measurement B, data
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Fig.4. The profile of B, in z = 0 channel with and without
TF.

are fitted by a proper polynomial curve. From Fig.5, it
is found that the current density in the rotamak has
a distinct character that consists of two rings. The
profiles are hollow with two peaks located on both
sides of the magnetic axis, forming the inner and outer
rings. The peak value of the outer ring is larger than
that of the inner ring. In the TF case, however, the
peak current density of the inner ring becomes larger
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than that in the case without TF, roughly three times
larger. And at the same time the peaks of two rings
are closer to the magnetic axis in ST.
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Fig.5. The current density profile with and without TF.

The RMF current drive in the rotamak is strongly
dependent on the biased vertical magnetic field. Fig-
ure 6 shows the relation of the plasma current with
the vertical magnetic field By in the cases with and
without TF when the RF power and gas filling pres-
sure are fixed at the same values as the Fig.3. It is
indicated that in both cases, the plasma current I, in-
creases almost linearly with By, but in the discharges
with TF the I, grows faster with B, than in the case
absent from TF. Using the linear fit to the data, we
obtain that the slopes are 86 A/G and 118 A/G in the
cases with and without TF respectively. It is worth
mentioned that the Solov’ev equilibrium!'® predicts
this ratio to be é—p _Sa 99 A/G, where a is the

v Ho
radius of plasmas. The experimental results are very

close to the predicted results. This implies that the ro-
tamak plasma current should satisfy equilibrium mag-
netic configuration, and the rotamak has the common
properties as other magnetic confinement devices.
Another important result from Fig.6 is that the
addition of TF not always enhances the RMF current
drive. Actually in low vertical field the presence of
TF will decrease the plasma current. It was reported
that in cases without TF, for a certain RF power, the
current can not increase with B, infinitely, there is
a critical By (28 G as shown in Fig.6) that above this
value current termination will occur.!'7-1% From Fig.6,
it seems that below this critical By, the presence of
the TF is disadvantageous for the RMF-driven plasma
current. When the vertical field exceeds the critical
value, the addition of TF increases the RMF current.
However, similar to the case without TF, there is a

current termination point also in the case with TF
(By =~ 48G in the present case), when B, > 48G
a stable plasma current can not be achieved. So the
presence of TF postpones the occurrence of the cur-
rent termination from low Bj region to high B, value
(from 28 G in the case without TF to 48 G in the case
with TF).

s without TF
o with TF

50001

B,/G

Fig.6. The dependence of plasma current Ip on the biased
vertical field.

The I,—B, relation in the case with TF in Fig.6
is found with the condition that the axial current is
fixed at 9kA. In order to deep study the effect of the
strength of TF on the RMF current drive in case with
TF, we keep the other parameters unchanged; only
varying the TF, i.e. the axial current I,. The power
from two RF generators is P,y = 2 x 180kW, the gas
filling pressure is 0.18 Pa, as those in the previous case.
The results are shown in Fig.7 for the two cases of the
vertical fields 35 and 45 GS. It is shown that in a cer-
tain vertical field, RF power, and filling pressure, there

is a
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Fig.7. The relation of plasma current and the toroidal
field current I,.
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range of the axial current values that the stable plasma
can be obtained. For B, = 45 G, for example, when
the axial current is smaller than 3kA or larger than
18 kA, it is difficult to get or maintain stable plasma
current. The second conclusion from Fig.7 is the exis-
tence of the optimal value of the axial current for the
largest plasma current, and this optimum is different
for each value of By, for instance, 5 kA for B, = 45 GS.

3.2. Effect of TF on harmonic fields os-
cillation and RMF penetration

It is important to know the extent that the RMF
can penetrate into the plasma and the relation be-
tween the RMF penetration and the current drive in
the rotamak. For studying the RMF penetration dur-
ing the current drive in the rotamak plasma, the oscil-
lating magnetic fields have been measured by pickup
And it is found that besides the fundamental
fields, there are high order harmonics generated by

coils.
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Fig.8. Frequency spectra of B, and By

Besides the change of the harmonic field frequency
spectra, the addition of TF improves the RMF pene-
tration greatly. Figure 9 is the radial profile of 1w fun-

RMF and their frequency spectra are different in the
shots with and without TF. Figure 8 gives the spec-
tra of time derivative signals of Er, By in the same
condition as that in Fig.6. It indicates clearly that
significant harmonics are generated in the rotamak
plasma. In the case without TF, the harmonics are
dominated by 1, 3, 5, 7 et al odd orders, the ampli-
tude of even orders are small in comparison with the
odd ones. For instance the amplitude of third order
is larger than second order. From Figs.8(c) and 8(d)
when TF is added, amplitudes of both even and odd
orders become large. Opposite to the case without
TF, the amplitude of the second order now is larger
than the third ones. The ratio between the maximum
magnetic amplitude of harmonics and the fundamen-
tal one is Bs, /B, ~ 26% in the case without TF, and
Byow/Briw ~ 45% in the case with TF. The reason
for generating the harmonics is the Hall term J x B
which was reported elsewhere. 2]
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damental field. For comparison, the RMF magnetic
profile in vacuum (without plasma) is also plotted. It
is found that the penetration of RMF is very different
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in the cases with and without TF. In the case absent
from TF the RMF can only penetrate into plasma
in the edge region, in the region from edge to 15cm
of the chamber. When TF is applied, penetration of
RMF is improved dramatically, it now can be pene-

trated almost whole volume of the plasmas and the
maximum field positions are shifted to inner region.
Owing to the penetration of RMF and the generation
of J, in plasma, the amplitude of By in both cases can

be larger than its vacuum value.[6:13]
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Fig.9. Radial profile of By and By without TF (a,b) and with TF (c,d).

Another evidence of improving RMF penetration
by TF is the change of plasma reflection resistance.
In these shots, the powers coupled into the load are
almost the same, which are monitored by Vig x Iq
in Fig.2. But the RF current through RMF coils de-
creases from 88A in the case without TF to 51A with
TF. The plasma reflection resistance calculated from
Ry, = Via/Ia — Rc(R. = 4Q) increases from 26 Q to
87Q. According to the air-core transformer model,
the plasma reflection resistance can be written as!!”]
kzLCrp

L,
where k is the coupling coefficient between the RMF

R, =

coils and plasma current through the mutual induc-
tance M = kv/L.Ls, L is the inductance of plasma,
L. is the inductance of RMF coil in Fig.2, r, is the
plasma resistance. In the discharges with and without
TF, the Ly is not much different, which is evidenced
by the little change of the matching and tuning capac-
itor when matching the discharges. And the r, will be
smaller in the case with TF owing to higher plasma

temperature (reported in Section 3.3). The increase
of R, is owing to the increase of the coupling constant
k. It implies that the penetration of RMF is improved
in the cases with TF.

3.3. Effect of TF on plasma density and
temperature

The electron density and temperature in the dis-
charges with and without TF are measured by double
floating Langmuir probe. Figure 10 is the electron
density and the temperature profiles in the z = 0cm
central channel in the same discharge conditions in
Fig.3. It is shown that the addition of TF increases
the electron temperature. The electron temperature
increases from 20 eV in the shots without TF to 35eV
when the TF is added. In both cases, the electron
temperature is almost uniform in the whole plasma
region. But the maximum electron density in the case
with TF is a little lower than that in the case without
TF.
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Fig.10. The electron temperature and density in cases with and without TF.

4. Conclusions and discussions

The effect of toroidal magnetic field on the RMF
current drive in a rotamak is studied. The experimen-
tal results show that addition of an external TF in-
creases the RMF driven current greatly and enhances
the RMF penetration dramatically. Without TF, the
RMF can only penetrate into plasma in the edge re-
gion. When a TF is added, the RMF can reach almost
the whole plasma region. This is an optimal strength
of toroidal magnetic field for getting maximum plasma
current when B, and RF generator power are fixed.
The electron temperature increases also in the dis-
charge with TF. The driven current is linearly pro-
portional to the vertical field in the both cases with
and without TF. But the addition of the TF post-
pones the ‘current termination’ which occurs in the
small vertical field By in the discharges with TF and
stable discharge can be obtained in higher B, with
larger current. Besides driving current, the RMF can
generate high harmonic fields in a rotamak plasma.
In the case without TF the harmonics are dominated
by odd orders. The presence of TF enhances the even
harmonics greatly.

From Fig.9, it is seen that the RMF magnitude is
almost zero in the inner region of the plasma in the
case without TF. So the inner current ring appear-
ing in Fig.5 in this case is not driven by RMF. There
should be other reasons to produce this current. One
possible mechanism for generating the inner current
ring is the convective flux of the particles in the rota-
mak plasma. As reported in Ref.[7] there is a poloidal
swirling flow in RMF driven plasma, which provides
a torque for the inner current ring, through the Hall
term u,B,, where u, is the radial component of the

swirling flow.

The value of the radial flow speed w, can be es-

on n
timated from neu, = —D| — = —DL—CO, so that

or a/2
2D | . . .
u, & ———. Using the formula for diffusion rate,

B, 2D
D) =nen kT,/B? we get Jg = Y ~ — J‘Bzz
nL any
2 kT, _
- (—) neB ° ~ —18kA/m >, which is close to the
a z
experimental value.

The reason for improvement of the RMF driven
current by TF is not clear as yet. Bertram!'®
and Watterson!'d investigated the effect of the TF
on RMF driven current respectively in the cylin-
drical configuration and obtained ambiguous results.
Bertram’s numerical and analytical results indicate
that, for a plasma of low resistivity, imposing a strong
TF reduces the amount of current that can be driven,
for a resistive plasma the effect is complicated. When
the magnetic field strength is near that of RMF,
Bior ~ B, the present of TF would increase the
driven current a little. When the TF increases, the
driven current is reduced. Whereas from Watterson’s
analytical results, the addition of the TF is always
harmful to the penetration of RMF and reduces the
current drive, no matter the plasma resistivity is low
or high. As shown in our experiments, however, the
TF always increases the RMF driven current, only if
the biased vertical value is larger than that of the ter-
mination value. One reason that the present theories
can not explain the experimental phenomena properly
may be that the theoretical analysis is conducted in
cylindrical configuration, and the real shape of the ro-
tamak is a spherical torus. Another reason for the dis-
agreement between the theory and experiments maybe
that, from the increase of the electron temperature in
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the case with TF, the addition of TF may improve

the plasma confinement. So in the future theoretical

study, the analysis should be conducted in spherical

configuration, the real shape of the rotamak device

and the energy transportation process should be in-

cluded also.
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