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An Experimental Study of Plasma Confinement and Heating Efficiency
through the Potential Profile Measurements with a Heavy Ion Beam
Probe in the Compact Helical System

Abstract

In the Compact Helical System (CHS), electrostatic potential profiles in
steady states and transient phases of various plasmas have been measured with a

200keV heavy ion beam probe(HIBP). Potential profiles in steady states of the ECH
and NBI plasmas show electron and ion root characteristics, respectively. Recent
extension of the ECH system, in terms of power and controllability of focus point
and polarization direction, produces a plasma with high central electron temperature
of 2keV in 500kW ECH (53.2GHz) fundamental heating in 1.7T operation. A
300kW ECH heated plasma using second harmonic resonance at 0.9T has a positive
profile with ¢(0)=400V, which exhibits a unique characteristic suggesting an internal
momentum transport barrier at p=0.4. When the NBI is applied on this plasma,
positive potential around the core region is kept for more than 10ms which is longer
than the energy confinement time of a few ms, although the potential around the edge
turns to be negative in about 5ms. During this phase, a dynamical behavior of
potential, or transition phenomenon in a few hundred s, is also discovered around
the core. A loss cone evaluation based on the measured potential profiles gives an
insight of high energy particle behaviors for both positive and negative potential
profiles. A periodic change in the potential profile and internal potential fluctuation
were detected in MHD bursts phenomena observed in low density NBI plasmas.

1. Introduction

The Compact Helical System (CHS)[1] is a heliotron/torsatron device which
has a smaller aspect ratio of about 5; major and averaged minor radius are 1.0m, and

0.2m, respectively. Such a small aspect ratio device has a potential of higher -limit
for MHD stability, and it could be superior from an economical point of view.
However, large toroidicity of such a device give birth to large deviation of ripple
trapped particles from the magnetic flux surface. It will result in deterioration of
confinement property and heating efficiency in a collisionless regime. Plasma
potential is a key physics quantity to affect the confinement property and heating
efficiency by inducing an ExB motion to the orbits of helically trapped particles.

The radial electric field of the NBI plasmas in CHS has been deduced from
plasma rotation velocity measurements with a Charge Exchange Spectroscopy
(CXR) system[2]. A 200keV HIBP has begun to operate to stady roles of the space
potential on the CHS plasma[3], and measured electrostatic potentials (or electric
fields) profiles in both ECH and NBI, covering over the whole plasma region within
a short period (a few ms) of a discharge. The gyrotron system has been recently
enhanced to explore the plasma behavior in low collisional regime for electrons[4].
In fact, the electron temperature has been observed to be about 2keV around the core
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in the 1.7T operation with fundarnental resonance heating of 53.2GHz.

In this paper we will describe three main experimental topics concerning
with the potential measurements; (1) potential profiles in steady state of ECH and
NBI plasmas, and a unique potential profile in high power ECH operation, (2) a time
evolution of potential profile and its dynamical behavior around the core while the
NBI is applied on high power ECH heated plasma, (3) a DC potential oscillation and
local potential fluctuation associated with the MHD dynamical evolution. The high
energy particle behavior will be discussed by evaluating a loss cone structure from
the obtained potential profiles.

2. Brief Description of Experimental Set-up
2-1. 200keV HIBP System

In principle of the potential measurements with the HIBPs, singly charged
heavy ions (primary beam) arc inmjected imto plasmas, then doubly charged
ions(secondary beam) come out from the target plasma with the energy change
corresponding to the space potential at the birth point. The analyzer of HIBP is
required to distinguish a few dozen volts change (potential) in several hundred
kilovolts bearmns (primary beam energy).

In the CHS HIBP, a secondary beam sweep system is introduced in addition
to the primary sweep system to manage 3-D trajectories in the toroidal helical
plasmas. This method, which we call active trajectory control, gives the following
advantages; (1) reducing the potential measurement error caused by uncertainty of
beam injection angle into the energy amalyzer, (2) expanding the applicable
configurations and the observation regions, (3) keeping the energy analyzer away
from locations where the magnetic field will disturb the determination of the beam
ENErgy.

2-2. ECH and NBI Systems

A 500 kW (106.4GHz) gyrotron has been installed for high power ECH
experiments in relatively high density regime. In addition to the previous two
gyrotrons with 700 kW at 53.2 GHz, the total power becomes 1200 kW as power
sources. Two outputs of those three gyrotrons are selected to transmit and inject the
power to the CHS. The combination of the quasi-optical transmission line and
launchers ecnables the following unique functions: (1) highly focused elliptic
Gaussian bearn (2) focal position controliability by steering mirror and (3) arbitrary
linear polarization controllability[4].The CHS has been equipped with co-and ctr-
injected meutral beam systems whose maximum powers are 1.1MW, and 0.7MW,
respectively.

3. Experimental Results
3-1. Potential Profiles in Steady States

The experiments presented here were performed on the magnetic field
configuration whose axis is located on Ro=02.1cm and its strength is 0.9T. The
necessary energy is 71keV for 0.9T operation when a cesium beam is used. The
actual observation pomts are distributed along the toroidal direction, and these points
in Fig. 1a are the projections obtained by tracing the magnetic field line from the
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FIG. 1. {(a) Projection of observation points with HIBP {(b) Toroidal angle of observation
points.

actual observation points. The toroidal angle Cor of the actual observation points is
also shown in Fig. 1b, where Lwor corresponds to the vertically elongated magnetic
flux surface in Fig. 1a. The other configurations can be also accessed with our
system, although the observation region is limited for some configurations.

Figure 2a demonstrates potential profiles obtained during steady states of
ECH and NBI plasmas. The open and closed circles indicate the potential profiles of
ECH plasmas with low (ne=3x102 cm3?) and medium density (ne=8x10!2cm3),
respectively. The central electron temperatures of the low and medium density cases
are Te(0)=900eV, Te(0)=400eV, respectively. The squares indicate the potential
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FIG. 2. (a) Potential profiles and (b) electric field profiles in steady states of ECH
and NBI plasmas. The expected electric ficld profile from the neo-classical theory is
presented by a dotted-dashed line for comparison.



TAEA-CN-64/C1-5

profile of a co-injected NBI plasma where the electron density is ne=8x10'%cm-3 and
the electron and ion temperatures are Te{0)=300eV, Ti(0)=200eV, respectively. The

port-through NBI power was 500kW. These profiles are averages for about 20ms of
steady states, and the error bars mean standard deviations.

The potential is positive with the center value of about 200 V for a low
density ECH plasma with gyrotron output power of 100kW where electrons are

almost in a collisionless regime since the electron collisionality is vex(a/2)=1.4. The
definition of the collisionality here is v*(r)=ves(r)/wo(r) with Ve(r) =v(r)/en and
v=1(enT/m)2/2%R, where 1 is the rotational transform. In the medium density ECH
plasma, the potential exhibits an interesting characteristic; the electric field is
positive around core, while it has a large negative value (=70V/cm) near the edge.
The electron collisionality is ve“(a/2)=13.1, and the electron is in the plateau regime.
On the other hand, the potential in the low density NBI plasma is negative with the
center value of about -200 V. The collisionalities of electrons and ions are

ve*(2/2)=6.0, vi"(a/2)=8.2, respectively. The electrons and ions are both in the plateau
regine.

Figure 2b shows radial electric field profiles deduced from polynomial fitting
curves to the obtained potential profiles. In the ECH plasmas, a iendency can be seen

that the positive electric field turns more negative as the density increases. In the
medium density case, the electric field shows a strong shear around the plasma edge
although the statistical error bar is large. In the NBI case, the ion temperature,
electron density and temperature profiles are available from the data base. Hence, the
experimentaily obtained electric field can be compared with the electric field
predicted with the ambipolarity condition T'™NC(En=TNC(E:), where I'™C(E:) and
['NC(E:r) represent the electron and ion fluxes in the neoclassical theory, respectively.
A dashed-dotted line in Fig. 2b represents a neoclassical prediction for the NBI
plasma[5]. The theoretically expected electric ficld has a similar tendency to the

experimental result in this case.

3-2. High Power ECH Operation and Combined Heating of ECH and NBI

The new gyrotron system can produce a plasma with the central electron
temperature of 2keV with the line averaged electron density of 6x10i2cm3 when
500kW fundamental resonance heating is performed on the magnetic field
configuration of Rx=92.1cm and 1.7T, and the microwave beam is focused on the
magnetic axis. Figure 3 shows the electron temperature profile measured with a YAG
Thomson scattering systern whose repetition rate is 10ms. Note that negative x
means the inside of the torus.

The potential profile measurements were carried out when 300kW gyrotron
power was input into the magnetic field configuration of Rx=92.1cm and Bo=0.9T.
Figure 4 demonstrates the obtained potential profile represented by the open circles,
and the deduced electric field profile for a steady state with the line averaged electron
density ne=3x102cm3, Compared to the potential profile of 100kW ECH heated
plasma shown in Fig. 2a, the potential profile of 300kW exhibits a sharp peak around
the core. Here, negative p means that the observation point is located below the
magnetic axis. The existence of a sharp change in the gradient of potential (radial
electric field) around p=0.4 suggests a momentum transport barrier.
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Figure 5a shows time evolutions of potential profiles for sequential two shots
when the NBI is performed on 300kW ECH target plasmas. The port-through power
of the NBI was 800kW. The dashed-dotted line indicates the averaged minor radius
of the temporal observation point. Figure 5b shows the HIBP observations of time
evolutions of potential at several fixed spatial points. Around the plasma core, the
potential increases by Ad(p=0)=200V for 1ms just after the NBI is applied. If we
estimate the full width half maximum in the time derivative of potential dé/dt(p=0,t)
for these changes, we obtain ATrwem=790Us at to=50.3ms by fitting a function of
{(1+yexp[-a(t-to)]) 1 to the wave form in the transient phase.

And then the central potential gradually decreases and successive abrupt
drop and rise by A¢(p=0)=-200V with ATrwam=150us and Ad(p=0)=400V with
ATrwav=450Us occurs at to=54.5ms, 55.9ms, respectively. This rapid structural
formation around the core suggests a bifurcation of ambipolar condition Te(E:)=I«(Er)
since the time scale is different in the magnitude from the energy confinement time
of about a few ms.

On the other hand, the potential decreases gradually at points of p>0.4. The
electric field at the edge of p>0.8 turns to be negative in about 5ms from the
beginning of the combined heating. In these two shots, the positive potential profiles
become to be flat around nearly zero before the ECH turns off. After the ECH turns
off, the central potential turns to be negative rather rapidly with ATFwIM=800us, and
the potential profile gradually relaxes into a steady state.

3.3. Dynamical Change of Potential Profiles Associated with MHD Bursts

Sequential periodic bursts associated with an m=2 mode have been observed
with magnetic probe arrays in a low-B NBI heated plasma (8=0.2%)[6]. Figure 6a
indicates a typical example of the MHD phenomena detected with a poloidal Mirnov
coil at Bo=0.9T, together with the toroidal beam driven current. The characteristics
of these bursts are changing according to the evolution of a discharge. The expanded
views for carly and later stages of the discharges are shown in Figs. 6b and 6¢. In the
early stage, the bursts are characterized with high oscillation frequency about 40kHz
to 50kHz at initial value, which decreases as a function of time. In the later stage of
the discharges, the bursts are divided into two successive phases. The first phase is
similar to those at the early stage of the discharge, and after this phase the bursts
develop into the second phase which is characterized with low oscillation frequency
about 5kHz to 10kHz, and larger amplitude in the Mimov signals. Here, we will
concentrate on the later stage of the bursts.

A poloidal array of pick-up coils shows that the wave propagation direction
changes from the ion to the electron diamagnetic directions as the first phase turns to
the second one. The Doppler frequency due to the plasma rotation (=keEuB) is
estimated to be about 5kHz if the electric field strength is assumed to be about
30V/em around the edge as is shown in Fig. 2b. Therefore, the change in the
observed frequency should be ascribed to the propagation speed of the mode in the
plasma frame. The rapid increase in the magnetic field of the second phase is also
confirmed not to be caused by the plasma horizontal movement by comparing two
signals from poloidal pick-up coils located on horizontally symmetrical positions.

The HIBP has found a periodic oscillation of a DC potential profile
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FIG. 6.(a)Overview of raw and integrated signals from a poloidal array of pick-up
coils and beam driven toroidal current measured with a Rogowski coil. (b)Expanded
view of bursts in the early stage of discharge, and change of its oscillation frequency
(c)Expanded view of bursts in the later stage of discharge and change of its
oscillation frequency.

accompanied with the evolution of the bursts in the second phase. Here, we divided
the measured potential into the following two parts, ¢ =<¢>+8¢, where <¢> and d¢
are time average during 400ps (DC potential) and fluctuation part around the DC
potential. Figure 7a shows the DC potential changes at several spatial points during a
cycle of the bursts. The DC potential profile is not changing during the first phase of
the bursts. On the other hand, Figs. 7b demonstrate that i the second phase the
potential reaches its shallowest value as the magnetic field fluctuation takes its
maximum. Narnely, the rotation speed of plasma becomes slower. Then the potential
profile becomes deeper again as the mode becomes stabilized. The recovery of the
potential at the edge seems to be delayed to the central potential in a few hundred s,
however, detail spatial and temporal structure of the potential oscillation needs
further observations. The relative potential variation seen in this oscillation is about
40V at the center. The occurrence of this instability is anticipated to deteriorate
confinement properties. In fact, the angular momentum change in the plasma
accompanied with this potential profile oscillation, is roughly estimated to be about
5x10-"Nmsec, in other words, the plasma loses electric charge of about 4x10-5C in a
cycle{7].

Moreover, the internal structure of this mode can be inferred from fluctuation
part of the potential. Figure 7c shows that the potential fluctmation is well correlated
with the magnetic field fluctuation in the first phase. When it becomes closer to the
second phase, the potential fluctuation becomes smaller and finally disappears in the

_7_
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FIG. 7. (2)DC potential changes at several spatial points, accompanied with the
growth of magnetic field fluctuation amplitude in the second phase of the bursts in
the later stage of discharges (bl) Change of DC potential profiles in increasing
phase of magnetic fluctuation amplitude (b2) Change of DC potential profiles in
decreasing phase of magnetic fluctuation amplitude (c) Correlation of potential
fluctuation with magnetic field fluctuation.(d) Spatial dependence of the ratio of
potential fluctuation amplitude to magnetic field fluctuation amplitude, together with
the g-profile. A parameter proportinal to plasma displacement & is also indicated in a
dashed-dotted line.
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second phase. and this is valid within the observation point of p<0.8. Figure 7d
indicates the potential fluctuation amplitude normalized by magnetic fluctuation
amplitude, together with another potential fluctuation normalized by a product of the
magnetic fluctuation amplitude and electric field strength which is assumed to be
E=-30p(V/cm). The definition of the latter is explicitly written as £=6¢/BEr, and the
parameter § is proportional to the plasma displacement under the assumption that
potential should be constant on the magnetic flux surface. This result implies that the
mode in the first phase is dominant in the plasma inside (p<0.8).

Contrarily, in the second phase we have not observed a coherent potential
fluctuation with the Mirnov coil signals at a position of p<0.8. And the total intensity
of the secondary beam, which suffers from path integral effects[8], shows fluctuation
synchronized with the magnetic field fluctuation. As is shown in Fig. 7d, the g-value
of the vacuum field at the plasma edge is slightly below 1, and the NBI driven
current flows in the direction to make the q(a) smaller. These facts suggest that the
mode in the second phase should be localized in a plasma edge of p>0.8, and the
evolution of the first and the second phases should be originated from different
modes. Switching process between two different modes may occur at the turning
point from the first phase to the second one. The information of the plasma inside, as
the HIBP presented, is essential to identify the instabilities to cause the bursts which
will limit plasma performance.

4. Behaviors of High Energy Particles in Loss Cone Diagrams
The loss cone structure can be easily estimated from obtained potential
profiles by use of an analytic formula. According to Ref. [9], the loss cone for deeply

trapped particles is expressed as Wm<W<Wy, where W is the particle energy, and
Win=-g(0)(x)/(na(1-x2)+Ea(1-X)), Wp=-qd(0)f(x)/(era(1-x2)-Em(1+x)). Here, €a and
£na Tepresent toroidal and helical ripple coefficients, respectively, and x indicates the
horizontal coordinate whose origin is on the magnetic axis, and f(x} is a normalized
function fitted to the experimental profiles with f(0)=1, f(1)=f(-1)=0. For the
magnetic field configuration with Rx=92.1cm, we choose £x=0.16 and &m.=0.255.

A loss cone diagram for the NBI plasma is demonstrated in Fig. 8a. The
loss cone plays a role in a collisionless regime when the helically trapped particles

can accomplish their one-turn orbits poloidally without a collision. This criterion is
roughly expressed as ®gmas>v/en. Figure 8a plots the critical energy W to satisfy the
criterion which is explicitly written as Wro2 5(eV)>1.4x10-2ne(cr3)B{T)r{cm)2en2.
This criterion is no longer valid around the magnetic axis since there the banana
width is larger than the local structure owing to the small poloidal field.

When the NBI is injected into this plasma, the energy transfer rates to ions
and electrons are a function of electron temperature. The beam energy to heat ions
and electrons equally is represented by Wprpe=15TeAb[Zi%/Ai}23, where Av, A: and Zi
are the atomic mass of the beam particles, the atomic mass and the charge of the bulk
plasmas, respectively. Above this energy (=15Tk), the beam particles heat selectively
electrons, preserving the pitch angle. On the other hand, the injected beam particles
experience pitch angle scatterings in the region below this energy, and
simultaneously the beam particles transfer their energy to ions. It becomes, therefore,
more probable for the beam particles to enter into the loss cone below this energy.
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FIG. 8. (a)l.oss cone diagrams for deeply trapped ions in the NBI plasmas with
&(0)=-200V. The dashed linc shows loss cone boundary for deeply trapped
electrons. (b) Loss cone diagrams for deeply trapped electrons in ECH plasma with
$(0)=200V. The dashed line shows loss cone boundary for deeply trapped ions. The
longer dashed line represents the loss cone boundary for electrons in 300kW ECH
heated plasmas. The loss cone plays a role in the region above the dashed line Wror.
This line means the particle (ion or electron) energy at which the particle can
accomplish poloidally one-turn orbits.

The neutral beam is tangentially injected in the CHS with the energy about
38 keV (the hatched region in Fig. 8a). The effective energy transfer from injected
beams to bulk ions occurs in the regime between the upper loss cone boundary and
the energy of Wri-pe(=15Te). As for the bulk ions, the temperature is below the lower
loss cone boundary. Hence, the bulk ions are confined by the rotation due to ExB
motion. If the potential becomes sufficiently negative for the loss cone region to be
located above the energy of Wp=pe, the ion heating efficiency will be improved since
the pitch angle scatterings occur below the loss cone region.The dashed line in the
figure shows the loss cone for electrons in the NBI plasma.

A loss cone diagram for deeply trapped electrons can be also demonstrated
for the low density ECH plasma with a positive potential shown in Fig. 8b. It is

shown in Fig. 8b that the loss cone region above the energy of Wrexists only in the
outside (x>0). The critical energy Wra for electrons is higher than that for ions since

the collision frequency is larger for the same energy; Wr25(eV)>6.3x10-nc(cm-

HB(TDr{cm)2en2. Thus, the electron heated up by the wave on the outside of torus
will easily enter into the loss cone. In case of the potential profile of the 300kW ECH

heated plasma, the loss cone boundary around the core region moves toward high
energy side as is indicated by a longer dashed line. As for ions, the loss cone region
in this positive potential is localized only in an outside periphery of the plasma. The
loss cone boundary for ions is shown by the dashed line in Fig.8b. Therefore, highly
effective heating due to high energy ions are expected in the plasmas with positive
potential.

As is shown in Fig.4, a positive potential was observed to be maintained for



IAEA-CN-64/C1-5

a longer time than the energy confinement time except the edge region during a
combined heating phase of the NBI and ECH, although the positive potential tends to
become negative gradually before the ECH off. In the phase of positive potential, it is
expected that the deposited high energy particles of NBI may be well confined in the
plasma and these high energy particles may heat the bulk plasma effectively. It was
observed that in some shots positive potential was held for about 20ms untit ECH
turns off. The mechanism of potential generation need further investigation to realize
high heating efficiency and confinement of the toroidal helical plasmas.

5. Summary

In summary, we have obtained the following results in CHS after a new ECH
and a 200keV HIBP system started to operate. (1)High electron temperature about
2keV was achieved at the first time when fundamental 500kW heating was
performed at Bo=1.7T. (2)Steady state potential profiles varied widely between NBI
and ECH heated plasmas which show negative and positive profiles, respectively,
and loss cone diagrams were evaluated using the obtained potential profiles to
discuss the behavior of high energy particles. (3)A unique potential profile
suggesting existence of a momentum transport barrier was found around the core
when 300kW ECH heating was performed at Bo=0.9T. (4)A transition phenomenon
in electric field, suggesting a bifurcation of solutions in the ambipolar condition, was
observed around the plasma core during the combined heating phase of the NBI and
ECH. (5) Internal structure of the MHD bursts, which may deteriorate confinement
properties, was investigated through the potential profile and its fluctuation
measurements. The HIBP is a powerful tool to study the physics of toroidal helical
plasmas through static and dynamic behaviors in potential, and to give a better
understanding of heating efficiency and confinement.
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