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Toroidal nonneutral plasmas confined on helical magnetic surfaces with a helical axis are experimentally
studied for the first time. Variations in space potential ϕs and electron density ne on closed helical magnetic sur-
faces are clearly observed similar to those of helical plasmas with plane axes in past experiments. The measured
data in this experiment are compared with numerical results obtained from Poisson’s equation applied to poloidal
cross sections of Heliotron J.

c© 2010 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: toroidal nonneutral plasma, pure electron plasma, magnetic surface confinement, variation of plasma
parameters on magnetic surface

DOI: 10.1585/pfr.5.S2028

1. Introduction
Experiments on nonneutral plasmas have been con-

ducted on various machines such as the Penning trap [1],
the Paul trap [2], and toroidal devices [3]. Recently,
toroidal nonneutral plasmas confined on helical magnetic
surfaces (HMSes) have been conducted [4, 5]. Unique
phenomena of nonneutral helical plasmas have been ob-
served, that have never been seen in neutral helical plas-
mas. For example, experiments on the Compact Helical
System (CHS) have clearly revealed that injected elec-
trons can penetrate quickly into the HMS from outside
the last closed flux surface (LCFS) [4]. To explain this
phenomenon, numerical work has been performed, and re-
cently, outward orbits that extend to the inward part of the
closed HMS have been found [6]. Another significant fea-
ture is that the plasma equipotential surfaces do not coin-
cide with the HMS [7]. Thus, the space potential ϕs is not
constant along magnetic field lines. This was also observed
in experiments where data were measured along the helical
plane axis of the Columbia Non-neutral Torus (CNT) de-
vice [8]. In addition, the CNT group had compared the ob-
tained data with the result output from the magnetohydro-
dynamic (MHD) equilibrium code they developed [8, 9].
However, all of those studies were performed only in de-
vices with plane axes. No experiment has been conducted
yet with a machine having a helical magnetic axis . To
systematically investigate basic plasma physics in toroidal
nonneutral plasmas , experimental studies in a device hav-
ing a helical magnetic axis are thus necessary.

The Heliotron J machine [10] at Kyoto University is a
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medium-sized helical machine having a helical magnetic
axis. Unlike the CHS device, it forms quasi-poloidally
symmetrical magnetic surfaces, and the magnetic field
strength B is almost uniform on poloidal cross sections of
straight-stretch portions of the HMS in the device. This
property may produce quasi-isodynamic plasmas with a
confinement time longer than that of past CHS nonneutral
plasmas. Also, like the CHS, Heliotron J can produce a
static closed HMS, and the LCFS is completely detached
from the vacuum chamber. These properties enable a sys-
tematic study of helical nonneutral plasmas. For the rea-
sons mentioned above, we have initiated experiments on
helical nonneutral plasmas in Heliotron J.

In this paper, we report the first results of experiments
on nonneutral plasmas confined on the HMS of Heliotron
J. Even in this machine, variations in ϕs and the electron
density ne on the closed HMS are clearly observed. Those
measured data seem to qualitatively agree with results ob-
tained from the one-dimensional Poisson’s equation ap-
plied to poloidal cross sections of Heliotron J. In section
2, the experimental setup is explained. Experimental data
are presented in section 3. These data are compared with
the one-dimensional simulation in section 4. Finally, in
section 5, a summary is given.

2. Experimental Setup
Experiments are conducted on Heliotron J whitch has

a helical magnetic axis. The average major and minor
radii of the machine are 1.2 and 0.38 m, respectively. Fig-
ure 1 shows a schematic drawing of a top view of Heliotron
J. Four poloidal cross sections where probes are installed
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Fig. 1 Top view of Heliotron J and Poincare maps of poloidal
cross sections of probe insertion locations. Arrows indi-
cate the positions and directions of the probes. Electrons
are injected outside the LCFS at the 3.5 poloidal cross
section [red dot in (A), top left panel].

during experiments are also shown. The toroidal angles
φ of the four poloidal cross sections are 71.05◦, 138.55◦,
228.55◦ and 251.05◦, respectively. They are labeled (A),
(B), (C), and (D) in Fig. 1. Henceforth, we call those posi-
tions as the 3.5, 6.5, 10.5, and 11.5 poloidal cross sections,
respectively. Since Heliotron J has L = 1 and M = 4,
the same HMS appears at each rotated 90◦ in the toroidal
direction.

Electrons are launched from the electron gun (e-gun)
[11], whitch has a LaB6 emitter as the cathode. The LaB6

cathode is quadrate (1.5 cm each), and the emitter also
has a quadrille shape with tungsten wires. The e-gun is
inserted horizontally along the r axis and set outside the
LCFS on the 3.5 poloidal cross section. The acceleration
voltage Vacc of the electrons is variable, but it is fixed at
Vacc = −600 V in this experiment. The pulse width of Vacc

applied to the cathode is also variable in the range between
∼ 10 μs and ∼ 100 ms, but it is likewise fixed at 10 ms for
this research. The electron temperature Te, ϕs, and ne are
measured with the same probing method employed in past
CHS experiments [7]. The probe can be used as not only
an emissive probe but also a Langmuir probe. In Heliotron
J experiments, the probe is installed on the 6.5, 10.5, and
11.5 poloidal cross sections. The probe shaft is sufficiently
long to reach the inboard edge of the LCFS.

The magnetic field B of Heliotron J is static in this
study. The strength of B on the helical magnetic axis of the
HMS is about 0.3 kG. A typical vacuum pressure is about
2× 10−8 Torr.

3. Experiments
3.1 Measured Ip − V characteristic curve

Figure 2 shows a typical current-voltage (Ip−V) char-
acteristic curve of the probe described above. No inflec-
tion point near ϕs is observed, indicating that the helical

Fig. 2 Typical current-voltage (Ip − V) characteristics obtained
with an electrostatic probe installed on the 11.5 cross sec-
tion of Heliotron J. Measured curve clearly indicates a
non-Maxwellian distribution of electron plasmas.

nonneutral plasma has not yet relaxed to its thermal equi-
librium. Therefore, to obtain ne values, we have used the
simplest relationship between Ip and ne

Ip ∼ eneveS , (1)

where ve is the electron speed, and S is the probe area.
Since the sum of ϕs and the kinetic energy of an electron is
almost conserved, ve can thus be approximately calculated
from

ve =

√
2e(φs − Vacc)

me
, (2)

where me is the electron mass.

3.2 Profiles of ϕs, Ip, and ne
Data were taken on the three different cross sections of

Heliotron J. Figure 3 shows a typical set of measured pro-
files of ϕs, Ip, and ne. All plotted data are time-averaged
values between t = 8 and 9 ms. Also, all coordinates for
measurement points are translated into the normalized mi-
nor radius Ψ1/2. Hence, Ψ1/2 = 0 and 1 correspond to Rax

and the LCFS, respectively.
Substantial differences between the two values of ϕs

measured in the upper and lower regions on each magnetic
surface (at the same value of Ψ1/2) are observed. Thus, ϕs

is not constant on the HMS. The difference in ϕs is larger
in the upper region of the HMS on the 6.5 poloidal cross
section. This means that the equipotential surfaces have
shifted upward from the HMS there. The absolute value of
the magnitude of the difference in ϕs, reaches about 500 V
at the LCFS, whereas at Ψ1/2 ∼ 0.3, the difference in ϕs

almost disappears.
When examined carefully, all the measured profiles

seem to have similar shapes. Also, φs ∼ Vacc near the heli-
cal magnetic axis. The measured Ip, on the data on the 6.5
poloidal cross section is larger than the other values, pos-
sibly because the e-gun is located near that cross section.
The value of ne calculated from these data is of the order of
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Fig. 3 Profiles of the space potential ϕs and probe current Ip of helical nonneutral plasmas confined on Heliotron J. Profiles of electron
density ne inferred from the measured Ip are also plotted.

1012 m−3 on the HMS of Heliotron J. This value is smaller
than that of CHS experiments, although the magnitude of
B is the same, of the order of 0.1 kG.

Similar differences also appear in the measured Ip,
which can be clearly recognized in Fig. 3. This reflects the
profile of inferred ne, showing that ne in the lower region
is certainly larger than in the upper one. These results are
similar to observations in past CHS experiments [7].

Next, we examine the variation in ne on the HMS of
Heliotron J. Since toroidally confined nonneutral plasmas
can relax to the minimum energy state [12], more elec-
trons should stay at the place on the HMS closest to the
vacuum chamber wall. The measured data show that val-
ues of ne in the lower region seem to be smaller in the
core region where Ψ1/2 < 0.6, whereas a completely oppo-
site relationship is recognized in the outermost edge region
where Ψ1/2 > 0.6. However, such a crossover of ne has not
yet been justified. This is because line tracing of magnetic
field lines shows that the toroidally averaged position of
the magnetic axis of the HMS located almost on the center
of the vacuum chamber in Heliotron J. Moreover, no ap-
parent macroscopic shift of HMS in a particular direction
occurs. The observed crossover of ne is thus still an open
questions and is examined in experiments that will be re-
ported elsewhere.

4. Two-dimensional Simulations
To numerically examine the measured data in Fig. 3,

we calculate ne using a two-dimensional model. Since

ϕs(r) has been obtained, ne(r) can be approximately cal-
culated from Poisson’s equation: ∇2ϕs = −ene/ε0. Note
that neither three-dimensional effects nor positive image
charge induced on the inner surface of the vacuum cham-
ber are considered. Figure 4 shows the resulting ne(r). The
calculated ne(r) is of the same order as the measured value.
Thus, within the experimental error, both ϕs and ne are con-
sistent with each other, which strongly suggests the exis-
tence of equilibrium in helical nonneutral plasmas having
a helical magnetic axis.

However, some disagreements appear between the
measurements and calculations. First, the peak position
of the calculated ne(r) is located at z ∼ −0.13, but it is at
z ∼ −0.1 for the measured ne(r). Second, apparent dif-
ferences in the magnitude of ne(r) are observed near the
helical magnetic axis at z ∼ 0. We consider the possible
reasons. First, values of ne near the helical magnetic axis
may be overestimated. This is because the measured Ip is
actually very small there, which can easily result in a con-
siderable experimental error. Second, as mentioned above,
we have solved Poisson’s equation along only the radial di-
rection (in fact, along the x-axis only) to avoid complicated
calculations. If larger gradients of ϕs existed along both the
y-axis and in the toroidal direction, such an overestimation
of ne would easily occur. In fact, larger variations of both
ne and ϕs have been clearly observed experimentally along
the x-axis (that is, the direction of the minor radius r) near
the LCFS (see also Figs. 3 and 4), whereas the variations
become much smaller near the helical magnetic axis. Fur-
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Fig. 4 Comparisons of calculated ne (solid line) and fitting curve
(dashed line) with measured data (solid circles) on the 6.5
cross section.

thermore, note that because Heliotron J has a helical mag-
netic axis, the spatial variation of B along the toroidal di-
rection would not be small. If ϕs also varied considerably
along the toroidal direction at the plasma core, the calcu-
lated ne would be larger. As a result, the discrepancy in
Fig. 4 will be reduced. Further data along the helical mag-
netic axis is needed to be measured in order to answer this
question.

5. Summary
For the first time, it is experimentally demonstrated

that toroidal nonneutral plasmas can form on an HMS

having a helical magnetic axis. The observed difference
in ϕs becomes larger near the LCFS, which is similar to
the results of past CHS experiments with helical nonneu-
tral plasmas having plane magnetic axes. ϕs(r) and ne(r)
data are obtained on three different poloidal cross sections.
Nonetheless, all of those data seem to have similar radial
profiles. This suggests the existence of a helically symmet-
ric equilibrium in helical nonneutral plasmas.
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