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In this paper we present space potential profiles directly observed in a toroidal helical plasma of the
Compact Helical System~CHS! @K. Matsuokaet al., Proceedings, 12th International Conference on
Plasma Physics and Controlled Nuclear Fusion, Nice, 1988~International Atomic Energy Agency,
Vienna, 1989!, Vol. 2, p. 411#, using a 200 keV heavy ion beam probe. The potential profiles exhibit
widely varied characteristics, including positive and negative polarities for electron cyclotron and
neutral beam-heated plasmas, respectively. The behavior of high-energy particles in the CHS
plasmas are deduced from loss cone diagrams evaluated from the observed potential profiles.
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I. INTRODUCTION

Intrinsic rotational transform of the vacuum magne
field is an advantage of toroidal helical plasmas for reali
tion of a steady-state fusion reactor. However, helical ripp
of the magnetic field structure give birth to a large deviat
of high-energy particle orbits from the magnetic flu
surfaces,1 which results in deterioration of confinement a
heating efficiency in the collisionless regime. The problem
more severe in a device of small aspect ratio because o
larger loss cone region, although it is superior from an e
nomical point of view.2 The plasma potential is a key physic
quantity affecting the loss cone structure by givingE3B
rotation to helically trapped particles.

Even in tokamaks, discoveries of the high confinem
mode ~H mode!3 and other improved confinement mod
have stimulated interest in radial electric fields and poten
structures associated with the mode transitions.4 Potential
profiles were measured in the Impurity Study Experime
B~ISX-B! tokamak and the Texas Experimental Tokam
~TEXT! with heavy ion beam probes~HIBP!.5,6 However,
the complicated beam trajectories in toroidal helical devi
prevented from the easy application of an HIBP to meas
potential profiles. Direct measurements of accurate poten
profile are, however, significantly important in a toroidal h
lical device to investigate loss cone structure and effects
electric field shear on the confinement properties.

The first application of HIBP measurements in a toroid
helical plasma, using a traditional method,7 was performed
on electron cyclotron heated~ECH! plasmas of the Ad-
vanced Toroidal Facility~ATF!. In the Compact Helical Sys
tem ~CHS!,8 which is a heliotron/torsatron device with a lo
aspect ratio (;5), the radial electric field was originally
deduced from impurity rotation velocity using charge e
change recombination spectroscopy~CXS!.9,10 Recently, a
200 keV HIBP was constructed to more directly measure
potential in CHS. The HIBP uses a new idea to mana
complicated probing beam trajectories, which istermed ac-

a!Also at the Rensselaer Polytechnic Institute, Troy, New York 12181.
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tive trajectory control.11,12 With this method, we have suc
ceeded in measuring radial profiles of electrostatic potent
~or electric fields! in the CHS plasmas, covering all plasm
radii within a short period~a few ms! of a discharge. In this
paper, we will present potential profiles of ECH and neut
beam injection~NBI! heated plasmas in a low-density r
gime, and will discuss the relationship between loss co
structure and potential, and their roles on heating efficie
and confinement of high-energy particles.

II. EXPERIMENTAL SETUP

CHS is a heliotron/torsatron device whose major rad
isR051.0 m, and averaged minor radius isā 5 0.2 m; hence
the aspect ratio isR/ā55. CHS has a pair of helical winding
coils and four pairs of poloidal coils to control the positio
and shape of the plasma. The magnetic field configura
has a periodicity ofl52 andm58 in poloidal and toroidal
directions, respectively. The potential measurements h
were performed in the magnetic configuration, whose a
was located atRax50.921 m, and with a field strength of 0.
T. In the present experiments, a hydrogen neutral beam
tem or a 53 GHz gyrotron were used to sustain the hydro
plasma.

In potential measurements with HIBPs, singly charg
heavy ions~primary beam! are injected into a target plasma
and then doubly charged ions are created by an electron
pact ionization~secondary beam!. They come out with an
energy change corresponding to plasma potential at the
ization point. In the case of toroidal helical devices, the s
ondary beams coming from different observation points
widely distributed in entrance positions and angles at
energy analyzer. This problem causes restrictions in the
servation range and energy measurement errors due t
uncertainty in the beam injection angle. A unique feature
CHS HIBP is that the beam trajectories are controlled us
a secondary beam sweep system, in addition to the stan
primary beam system. This beam control method is based
1357/$10.00 © 1997 American Institute of Physics
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field
a guiding principle11 to determine sweep voltages and obs
vation points, and gives the following advantages to the C
HIBP: ~1! a wider observation range,~2! reduction in the
energy measurement errors, and~3! allowance for the energy
analyzer location at a sufficient distance from the plasma
avoid uv loading and a leakage magnetic field.

The observation points are illustrated in Fig. 1~a!, when
a 72 keV cesium beam is used for the magnetic field c
figuration, where the experiments were performed. T
points in the figure are the projections obtained by trac
magnetic field lines from the actual observation points. T
toroidal angles of the observation points are also shown
Fig. 1~b!, wherez50° is the toroidal position of a vertically
elongated flux surface. The points are distributed along
toroidal direction over about half of the helical pitch~45°!. In
gas ionization experiments, it was confirmed that the sw
voltage combinations for these observation points lead
ondary beams into the energy analyzer at the proper an
and positions. The error caused by uncertainty in the be
injection angle into the analyzer is estimated to be less t
10 V.12

III. POTENTIAL PROFILES

Figure 2~a! shows potential profiles obtained durin
steady-state ECH and NBI plasmas. The open and clo
circles indicate the potential profiles of ECH plasmas w
low (n̄e5331012 cm23) and medium density
(n̄e5831012 cm23), respectively. The central electron tem
peratures of the low and medium density cases
Te(0)5900 eV and Te(0)5400 eV, respectively. The
squares indicate the potential profile of a coinjected N
plasma where the line-averaged electron density
n̄e5831012 cm23, and the electron and ion temperatur

FIG. 1. ~a! Observation points projected onto a vertically elongated cr
section of magnetic flux surfaces for the case of a magnetic field con
ration with the axis location of 92.1 cm.~b! Toroidal angle of the actua
observation points. The angle is measured from the vertically elong
cross section.
1358 Phys. Plasmas, Vol. 4, No. 5, May 1997
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areTe(0) 5 300 eV andTi(0)5200 eV, respectively. Thes
profiles are averages of steady states for about 20 ms, an
error bars are mean standard deviations.

The potential is positive with a central value of abo
200 V for a low-density ECH plasma, where the electro
are nearly collisionless since the electron collisionality
ne* (ā/2)51.4. The definition of the collisionality here i
n* (r )5neff(r)/vb(r), with neff5n/eh and vb5i(ehT/m)

1/2/
2pR, where i, n, and eh are the rotational transform, th
collision frequency, and the helical ripple coefficient, resp
tively. In the medium-density ECH plasma, the potential p
file exhibits an interesting characteristic: the electric field
positive in the core, while it has a large negative val
(.70 V/cm) near the edge. The electron collisio

s
u-

d

FIG. 2. ~a! Potential profiles measured with a 200 keV HIBP. The open a
closed circles represent potential profiles of low (n̄e5331012 cm23) and
medium-density (n̄e5831012 cm23) ECH plasmas, respectively. Th
squares are the potential profile of a low-density tangentially coinjected
plasma (n̄e5831012 cm23). ~b! Radial electric field profiles deduced from
the potential profiles. The dot–dashed line represents a radial electric
predicted from a theory for the low-density NBI-heated plasma case.
Fujisawa et al.
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ality is ne* (ā/2)513.1, and the electrons are in the plate
regime. On the other hand, the potential in the NBI plasm
negative, with a central value of about2 200 V. The colli-
sionalities of electrons and ions arene* (ā/2)56.0 and
n i* (ā/2)58.2, respectively. The electrons and ions are b
in the plateau regime.

Figure 2~b! shows radial electric field profiles deduce
from polynomial fits to the measured potential profiles.
the ECH plasmas, there is a tendency for the positive elec
field to turn more negative as the density increases. In
medium-density case, the electric field shows a strong s
near the plasma edge although the statistical error ba
large. In the NBI case, ion temperature, electron density,
electron temperature profiles are available from the datab
Hence, the experimentally obtained electric field can be co
pared with the electric-field predicted by the ambipolar
condition G i

NC(Er)5Ge
NC(Er), where G i

NC(Er) and
Ge
NC(Er) represent the electron and ion fluxes in neoclass

theory.13–15 The dash–dotted line in Fig. 2~b! shows this
neoclassical radial electric field. The plasma parameters u
in the neoclassical calculation are shown in Fig. 3. The th
retically expected electric field is very similar to the expe
mental one.

IV. LOSS CONE DIAGRAMS

In toroidal plasmas, the important role of the radial ele
tric field on confinement~e.g., through absolute trapping o
particles, suppression of turbulence, or heating efficien!
has been discussed. Particularly, in toroidal helical plasm
the radial electric field has a significant effect on helica
trapped particle orbits whose guiding center motion is
pressed bydu/dt5V' cosu/r 1 vE3B 1 v

“B , whereu, V' ,
vE3B , andv

“B represent the poloidal angle, the toroid
drift velocity, and the rotational angular velocities due to t
E3B and “B drifts. Here, the definitions areV'

5 « tW/qBr, vE3B5E/Br, v
“B5«hW/qBr2, with W and

FIG. 3. Plasma parameters in the NBI plasma. The open and closed c
show electron and ion temperatures, respectively. The squares indica
electron density.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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q being the energy and the charge, respectively. If the re
nance conditionvE3B1v

“B . 0 ~orW. 2 qf/«h! is satis-
fied, the helically trapped particles escape from the plas
due to their toroidal drift, resulting in a larger loss cone.

An analytical formula can be used to evaluate loss co
boundaries for electrons and ions, when the potential pro
is a monotonically decreasing or increasing function.13,16The
loss cone boundaries for deeply trapped particles are
pressed asWm,W,Wp , whereW is the particle energy,
Wm52qf(0) f (x)/@eha(12x2)1e ta(12x)#, and Wp

5 2 qf(0) f (x)/@eha(12x2)2e ta(11x)#. Here, e ta and
eha represent the toroidal and helical ripple coefficientsx
indicates the horizontal coordinate whose origin is on
magnetic axis, andf (x) is a normalized function fitted to the
experimental profiles withf (0)51 and f (61)50. The loss
cone for deeply trapped ions of the NBI plasma was eva
ated using the observed potential profile, as is shown in
4~a!. The values ofe ta50.16 andeha50.255 have been as
sumed. The loss cone plays a role when the helically trap
particles can complete one poloidal orbit without a collisio
This criterion is roughly expressed asv

“B.n/eh . Figure
4~a! plots the energyWrot needed to satisfy this criterion
which is explicitly written as Wrot

2.5(eV).1.431022ne
(cm23)B(T)r (cm)2«h

22. This criterion is not valid near the
magnetic axis because the banana width is larger than
local structure due to the small poloidal field.

The neutral beam is tangentially injected into CHS pla
mas with an energy of about 35 keV@the hatched region in
Fig. 4~a!#. The energy transfer rate from the high-ener
beam particles to the bulk ions and electrons is a function
electron temperature. The beam energy that heats ions
electrons equally is given byWpi5pe515TeAb(Zi

2/Ai)
2/3,

where Ab , Ai , and Zi are the atomic mass of the bea
particles and the atomic mass and the charge of the b
plasma particles, respectively. Above this energy (;15Te),
the beam particles selectively heat electrons, preserving p
angle. Below this energy, the injected beam particles exp
ence pitch angle scattering, and simultaneously transfer t
energy to the bulk ions. It becomes, therefore, more proba
for the beam particles to enter the loss cone below this
ergy.

In CHS, effective energy transfer from the injecte
beams to the bulk ions occurs in the regime between
upper loss cone boundary andWpi5pe(515Te). The bulk
ion temperature is below the lower loss cone bounda
Hence, the bulk ions are confined byE3B rotation. If the
potential becomes sufficiently negative so that the loss c
region is located aboveWpi5pe , then the ion heating effi-
ciency will be improved since pitch angle scattering on
occurs below the loss cone region.

A loss cone diagram for deeply trapped electrons
also been calculated for the low-density ECH plasma wit
positive potential. It is shown in Fig. 4~b! that the loss cone
region above the energy ofWrot exists only on the weak field
side (x.0). The critical energyWrot for electrons is higher
than for ions since the collision frequency is larger for t
same energy;Wrot

2.5(eV).6.331021ne(cm
23) B(T)r (cm)2

«h
22. Thus, an electron heated up on the weak field s
of the torus will easily enter the loss cone. With th

les
the
1359Fujisawa et al.

to¬AIP¬license¬or¬copyright;¬see¬http://pop.aip.org/pop/copyright.jsp



th
y
.
th

os
p
h

po-

ulk
en-
e
ro-
but

tron
red
ne

eat-
an
a
at-
s-
tro-

at-
n a

he
eld

re-
ture
H
ter

fro
le

sh
g
a
s
sp
ith
he

ten-

the
one
the
positive potential the ion loss cone region is localized to
outside periphery of the plasma. The loss cone boundar
shown by the dashed line in Fig. 4~b!. The dashed line in Fig
4~a! shows the loss cone for deeply trapped electrons in
NBI plasma.

In order to demonstrate the effect of potential on the l
cone structure, Fig. 5 shows the loss cone for deeply trap
ions without potential (f [ 0) on a linear scale, together wit

FIG. 4. The loss cone diagrams for deeply trapped particles evaluated
the measured potential profile with the HIBP. The loss cone plays a ro
the region above the dashed lineWrot . This line delineates the~ion or
electron! energy at which the particle can complete one poloidal orbit.~a!
The ion loss cone for low-density NBI-heated plasma withf(0)
52 200 V. The electron loss cone boundary is also indicated by a da
line. Along the dot–dashed lineWpi5pe , energy transfer from the heatin
beam ions to the bulk electrons and ions occurs equally. The open
closed circles are the electron temperature measured with a Thomson
tering system and the ion temperature measured with a CXR system, re
tively. ~b! The electron loss cone for low-density ECH plasma w
f(0)5200 V. The ion loss cone boundary is also indicated by a das
line.
1360 Phys. Plasmas, Vol. 4, No. 5, May 1997
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the loss cone in the NBI plasma. The loss cone without
tential covers locations withr . 0.37 on the weak field side
and is not dependent on particle energy. As a result, the b
ion temperature is in this loss cone region, although the
ergy may be lower thanWrot . For comparison, the loss con
boundary indicated by the dashed line is for a potential p
file with the same absolute value as the measured profile,
with the opposite sign;f(0)5200 V. The potential profile is
self-consistently determined by a balance between elec
and ion fluxes, including the loss cone loss. The measu
bulk ion temperature is located below the wider loss co
region, which is caused by the helical resonance.

The present loss cone analysis suggests that a high h
ing efficiency and confinement of high-energy particles c
be realized if a positive potential profile can be kept in
NBI-heated plasma with an effective use of ECH. The he
ing efficiencies for electrons and ions in toroidal helical pla
mas can be ameliorated or deteriorated for different elec
static potentials. Actually, in the Wendelstein VII-A
~WVII-A ! experiments a high confinement condition was
tained in discharges with perpendicular NBI heating whe
strong negative potential was created.17 In addition, the re-
cent discovery of a high ion temperature mode in t
Heliotron-E plasma may be related to the strong electric fi
shear.18

V. DISCUSSION AND SUMMARY

The complete radial potential profile measurements p
sented here made it possible to find the fine spatial struc
of the electric field profile. In the medium-density EC
plasma, the electric field changes from positive in the cen
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FIG. 5. Comparison between loss cone structures with and without po
tial. The loss cone without potential is located at ofr.0.37 on the low field
side of plasma, and is independent of the particle energy. Note that
particle energy is shown in a linear scale. For comparison, the loss c
boundary for a potential with the same magnitude but opposite sign from
measured potential is indicated by the dot–dashed line.
Fujisawa et al.
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to negative at the edge. For this case, an exhaustive num
cal calculation would be necessary to evaluate the loss co
The strong shear of the electric field around the edge giv
hint of turbulence suppression. A theory based on stabil
tion of interchange instabilities suggests that the strong s
may result in suppression of fluctuation-driven transport b
few percents.19 At the level of plasma heating (;100 kW) in
this experiment, the turbulence suppression is expected t
marginal.

Efforts have been made on CHS to evaluate the ra
electric field with the CXS measurements.9,10 The deduced
electric field profile in a NBI-heated plasma similar to t
one presented here (n̄e56.531012 cm23) indicatedEr50
6 10 V/cm. The error bar arises from the fact that the nu
ber of photons was limited for that density regime. On t
other hand, the HIBP shows that the electric field of the N
plasma is clearly negative.

The momentum balance equation“Pa5eZana(E
1va3B)1Ra is used to evaluate the radial electric fie
from impurity rotation velocity measurements with an a
sumption that the friction forceRa50. Here,Pa , Za , na ,
and va are the pressure, the charge, the density, and
velocity of the impurity identified bya, respectively. Pres
ently, in higher electron density regime
(ne.231013 cm23), strong uv radiation from the plasm
affects the power supplies of the HIBP secondary be
sweep system. This problem will be solved easily by incre
ing the power supply current capacity in the near futu
Then, simultaneous measurements of the electric field
files ~HIBP! and impurity velocities~CXS! will allow an
estimate of this friction force acting on impurities, and gi
new insight into impurity transport.

In summary, we have directly measured internal pot
tial profiles in a toroidal helical plasma of the CHS heliotro
torsatron, using a HIBP with a newly proposed beam con
method. The potential profiles show a clear difference
ECH and NBI plasmas that exhibit electron~positive electric
field! and ion root~negative electric field! characteristics,
respectively. Confinement properties and heating efficie
of a low aspect ratio toroidal helical plasma can be improv
by controlling the loss cone structure through the poten
profile. Therefore, direct measurements of potential are
sential to clarify the physical mechanism of potential form
tion, which will be a key issue when searching for bet
confinement regimes in toroidal helical plasmas.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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