- 188K 0915-633X -

NATIONAL INSTITUTE FOR FUSION SCIENCE

i
5
3

i

Direct Observation of Potential Profiles with a
200keV Heavy lon Beam Probe and Evaluation
of Loss Cone Structure in Toroidal Helical _

~ Plasmas on the Compact Helical System -
_A. Fujisawa, H. Iguchi, S. Leé, T.P. Crowley, Y. Hamada, iz
H. Sanuki, K. Itoh, S. Kubo, H. Idei, T. Minami, K. Tanaka,

K. Ida, §. Nishimura, S. Hidekuma, M. Kojima, C. Takahashi,
S. Okamura and K. Matsuoka

" (Received - june 18, 1996)

NIFS-425 o July 1996

RESEARCH REPORT
-NIFS Series .

This report was prepared as a preprint of work performed as a collaboration
research of the National Institute for Fusion Science (NIFS) of Japan. This document is
intended for information only and for future publication in a joumal after some rearrange-
ments of its contents.

Inquiries about copyright and reproduction should be addressed to the Research
Information Center, National Institute for Fusion Science, Nagoya 464-01, Japan.

o -

Fis
J e

© . NAGOYA,JAPAN



DIRECT OBSERVATION OF POTENTIAL PROFILES WITH A 200KEV
Heavy IoN BEaM PROBE AND EvALUATION OF Loss CONE STRUCTURE

IN ToroIDAL HELICAL PLASMAS ON THE COMPACT HELICAL SYSTEM

A. Fujisawa, H. Iguchi, S. Lee, T. P. Crowley !, Y. Hamada
H. Sanuki, K. [toh, 5. Kubo, H. Idei, T. Minami, K. Tanaka, K. Ida,
S. Nishimura, S. Hidekuma, M. Kojima, C. Takahashi, S. Okamura, K. Matsuoka

National Institute for Fusion Science

Furo-cho, Chikusa-ku, Nagoya, {64-01, Japan

Abstract

This paper presents direct experimental observations of potential profiles
of a toroidal helical plasma in the Compact Helical System, using a 200keV
heavy ion beam probe. Electron cyclotron heated plasmas show a posiiive
potential profile in a low density regime (7i. = 3 x 10'%cm™3), while neutral
beam injection heated plasmas (n. = 8 x 10'%c¢cm™?) exhibit a negative po-
tential profile. A loss cone structure evaluated from the observed potential
is discussed to understand the behavior of high energy particle in a toroidal

helical plasma.
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Rotational transform of vacuum magnetic field configurations is an advan-
tage of toroidal helical plasmas for realization of a steady state fusion reactor.
However, the helical ripples inherent with such magnetic field structure give
birth to large deviation of high energy particle orbits from the magnetic f ux
surface(l], and it will result in deterioration of confinement property and
heating efficiency in a collisionless regime. Particularly, the loss cone regime
is larger in such devices with a small aspect ratio which is superior from
an econormical point of view[2]. Plasma potential is a key physics quantity
to affect the loss cone structure by inducing an £ x B motion te helically
trapped particles.

Even in tokamaks, the discoveries of the H-mode{3] or other improved
confinement modes stimulate interests in an internal electric field or poten-
tial structure which should be associated with the phase transitionj4]. The
potential profiles were measured in the ISX-B and the TEXT tokamaks with
a heavy ion beam probe (HIBP) [5, 6]. In toroidal helical devices, compli-
cated beam trajectories have prevented from easy measurements of potential
profiles with HIBPs. Direct measurements of accurate potential profile are,
however, significantly important in a toroidal helical device to investigate the
effects of the loss cone structure and the electric field shear on the confine-
ment properties.

The first application of the HIBP measurements, using a traditional
method[7], were performed on ECH plasmas of the Advanced Toroidal Fa-
cility (ATF) torsatron. In the Compact Helical System[8], which is a he-
liotron/torsatron device with a low aspect ratio, the radial electric field has
been deduced from plasma rotation velocity using a Charge Exchange Re-
combination Spectroscopy (CXS) [9, 10]. Recently, a 200keV HIBP has been
constructed with a new idea to manage complicated probing beam trajec-

tories, which is termed active trejectory control[ll, 12]. With this method,



we have succeeded Lo measure radial profiles of electrostatic potentials (or
electric fields) in the CHS plasmas, covering over the whole plasima region
within a short period (a few ms) of a discharge. In this letter. we will present
the potential profiles of electron cyclotron (ECH) and low density neutral
beam injection (NBI) heated plasmas. and will discuss relationship between
a loss cone structure and potential, and their roles on heating efficiency and
confinement property of high energy particles.

The Compact Helical System (CHS) is a heliotron/torsatron device whose
major radius 1s By = 1.0m, and averaged minor radius is @ = 0.2m; hence
the aspect ratio is R/a = 5. The CHS has a pair of helical winding coils and
four pairs of poloidal coils to control position and shape of the plasma. The
magnetic field configuration has a periodicity of { = 2 and m = 8 in poloidal
and toroidal directions, respectively. The potential measurements here were
performed in the magnetic configuration whose maguetic axis was located on
0.921m, and its magnetic field strength was 0.9T. In the present experiments,
the neutral beain was injected tangentially and the 33GHz gyrotron was used.
The working gas and the injected neutral beam are both hydrogen.

In potential measurements with HIBPs, a singly charged heavy ion beam
(primary beam) is injected into a target plasma, and then doubly charged ions
created with an electron impact ionization (secondary beam) come out with
the energy change corresponding to the plasma potential at the ionization
point. In case of toroidal helical devices, the secondary beams coming from
different observation points may be widely distributed in entrance positions
and angles at the energy analyzer. This problem causes a restriction of
observation range and energy measurement errors due to an uncertainty in
the beam injection angle. An introduction of secondary beam sweep system
gives the following advantages to the CHS HIBP; (1) a wider observation

range, {2) reduction in the energy measurement errors, and (3} allowance for



the energy analyzer location with a suflicient distance from the plasma to
avoid UV loading and leakage magnetic field.

The observation points are illustrated in Fig. la when a 72keV cesium
beam is used for the magnetic field configuration whose axis is located on
R.. = 92.1cm. The points in the figure are the projections obtained by trac-
ing a magnetic field line from the actual observation points, whose toroidal
angles are shown in Fig.1b, where { = 0° means a toroidal position of ver-
tically elongated f ux surfaces. The points are distributed along the toroidal
direction in about a half of the helical pitch (45°). The beam trajectories
for the observation points are confirmed to lead secondary beams into the
energy analyzer properly in gas ionization experiments[12]. The error caused
by an uncertainty in the beam injection angle into the analyzer is estimated
to be within 10V[12].

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 (7. = 3 x 10%cm™) and medium density
(R = 8 x 10'2cm™?), respectively. The central electron temperatures of the
low and medium density cases are 7.(0) = 900eV, 7.(0) = 400eV, respec-
tively. The squares indicate the potential profile of a co-injected NBI plasma
where the electron density is 7, = 8 x 10%¢cm™, and the electron and ion
temperatures are T.{0)=300eV, T;(0)=200eV, respectively. 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 where electrons are almost in a collisionless regime since
the electron collisionality is v (a/2) = 1.4. The definition of the collisionality
here is v*(r) = veg(r)/wp(r) with v = v/ey and wy, = (e, T/m)? /27 R,

where ¢ is the rotational transform. In the medium density ECH plasma,



the potential exhibits an interesting characteristic; the electric field is pos-
itive around core, while it has a large negative value (~ 70V /cm) near the
edge. The electron collisionality 1s v7(a/2) = 13.1, and the electron is in the
plateau regime. On the other hand, the potential in the low density NBI
plasma 1s negative with the center value of about —200 V. The collisionali-
ties of electrons and 1ons are v (a/2) = 6.0, v*(a/2) = 8.2, respectively. The
electrons and ions are both in the plateau regime.

Figure 2b shows radial electric field profiles deduced from polynomial
fitting curves to the obtained potential profiles. In the ECH plasmas, a
tendency can be seen that the positive electric field turns more negative as
the density increases. In the medium density case, the electric field exhibits
a strong negative fleld around the plasma edge although the statistical er-
ror bar is large. In the NBI case, the ion temperature, electron density and
temperature profiles are available from the data base. Hence, the experimen-
tal electric field can be compared with the electric field predicted with the
ambipolarity condition I'i{{E;) = [(E;), where I'i(E,) and Te(F,) represent
the electron and ion { uxes in the neoclassical theory, respectively[13-15]. A
dashed-dotted line in Fig. 2b represents a neoclassical radial electric field for
the NBI plasma. The expected electric field is quantitatively consistent with
the experimental result in this case.

In toroidal plasmas, important roles of the radial electric field on con-
finement (e.g., absolute trapping of particles, the reduction in turbulence,
or heating efficiency) have been discussed. In toroidal helical plasmas, the
electric field has a significant effect on helical trapped particle orbits whose
guiding center motion is expressed by df/dt = V, cos 8 /r+wgxp+wve, where
8, V), wpxp and wyp represent the poloidal angle, the toroidal drift velocity,
the rotation angular velocities due to £/ x B and VB drifts, respectively.

Here, the definitions are V, = ¢, W/¢Br, wpxp = F/Br, wyg = e, W/gBr?,



with W and ¢ being the energy and the charge, respectively. If the resonance
condition wgxp +wyvp ~ 0 {or W ~ —gd/zy) is satisfied, the helical trapped
particles run away from the plasma owing to the toroidal drift. Then a loss
cone will spread over the plasma.

An analytical formula was given to evaluate the loss cones for electrons
and ions{13, 16] when the potential profile is a monotornically decreasing
or increasing function. The loss cone for deeply trapped particies is ex-
pressed as W, < W < W,, where W is the particle energy, and W, =
d(0)/ (@) (el — 7) + cull — 2)), Wy = —gd(0)}f(2)/(enall — 2)
€1 +7)). Here, €, and ey, represent toroidal and helical ripple coefficients,
respectively, and r indicates the horizontal coordinate whose origin is on the
magtetic axis, and f(z) is a normalized function fitted to the experimental
profiles with f(0) = 1, f(&1) = 0. A loss cone of deeply trapped ions {or the
NBI plasma using the observed negative potential profile is shown in Fig. 3a,
where we choose ¢, = 0.16 and ¢, = 0.255. The loss cone plays a role when
the helically trapped particles can accomplish their one-turn orbits poloidaly
without a collision. This criterion is roughly expressed as wyp > v/en. Fig-
ure 3a plots the critical energy Woot to satisfy the criterion which is explictly
written as W23(eV) > 1.4 x 10-2n.(cm™3)B(T)r(cm)?e;, . 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.

Wken 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 Wy, _p. = 15T, Ap[Z2/A;*/3,
where Ay, A; and Z; are the atomic mass of the beam particles, the atomic
mass and the charge of the bulk plasmas, respectively. Above this energy
(~ 15T.), 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. transferring their energy to ions.
It becomes, therefore, more probable for the beam particles to enter into the
loss cone below this energy.

The neutral beam is tangentially injected in the CHS with the energy
about 35 keV (the hatched region in Fig. 3a). The energy transfer from
injected beams to bulk ilons occurs effectively in the regime between the
upper loss cone boundary and the energy of W, _,. (= 157¢). As for the
bulk ions, the ion temperature is below the lower loss cone boundary, the
bulk ions are confined by the rotation due to F x B motion. If the potential
becomes sufficiently negative for the loss cone region to be located above the
energy of Wy, —p,, the ion heating efficiency will be improved since the pitch
angle scatterings occur below the loss cone region.

We can also demonstrate a loss cone region for deeply trapped electrons
for the low density ECH plasma with a positive potential. It is shown in
Iig. 3b that the loss cone region above the energy of Wy, exists only in the
outside(z > 0). The critical energy Wy, for electrons is higher than that for
ions since the collision frequency is larger for the same energy; WZ3(eV) >
6.3 x 107 'n.(cm™)B(T)r(cm)?e; . Thus, the electron heated up by the wave
on the outside of torus will easily enter into the loss cone. 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 is shown by the dashed line in Fig.
3b. The similar dashed line in Fig. 3a shows the loss cone for electrons in
the NBI plasma.

This fact suggests that a scenario to realize a hot ion mode is possible
i a positive potential profile can be kept in an NBl-heated plasma with an
effective use of ECH. The heating efficiencies for electrons and ions in toroidal
helical plasmas can be ameliorated or deteriorated by the state of electrostatic

potential. Actually, in the Wendelstein VII-A (WVII-A) experiments high



jion confinement was attained in discharges with a strong negative potential
generated with perpendicular NBI heating{17]. On the other hand, a recent
discovery of a high ion temperature mode in the Heliotron-E plasma was
suggested to be related to the strong electric field shear[18].

The present profile measurements over the whole plasma region made it
possible to find an unique spatial structure of the electric field profile in the
medium density ECH plasma; positive electric field changes negative gradu-
ally from the core to the edge. The strong shear of the electric field around
the edge seen in Fig. 2b allows us to evaluate the possible impact on the
turbulent suppression. The theory based on stabilization of the interchange
instability suggests that the strong shear may result in reduction in f uctua-
tion driven transport by a few percents{19]. At the level of plasma heating
{~ 100kW}, the turbulent suppression is expected to be marginal.

Efforts have been made on the CHS to evaluate the radial electric field
with the CXS measurements[9, 10]. The deduced electric field profile in a
similar NBI heated plasma presented here (7, = 6.5 x 10"%cim™?) indicated
E, = 0 £ 10V/cm. The error bar arises from the fact that the amount of
photon was limited in that density region. The HIBP shows that the electric
field profile of the NBI plasma is negative, which 1s clearly different from that
in the ECH plasma of a similar electron density.

The momentum balance equation VP, = eZana(E + 7, X é) + }_fa is
used in the evaluation of the radial electric field from the impurity rota-
tion velocity, with assumptions that the friction force éa = (. Here, F,,
Z,, n and v, are the pressure, the charge, the density and the velocity of
the impurity identified by «, respectively. In higher electron density regime
(ne > 2 x 10 cm™?), presently stronger UV radiation from the plasma affects
the power supplies of secondary beam sweep system. After the applicable

region of the HIBP is extended to higher density discharges by reinforcing



the power supply capacity, simultaneous measurements of electric field pro-
files (HIBP) and impurity velocities { CXS) will allow to estimate this friction
force working on impurities, and give a new insight to impurity transports.
In summary. we have measured directly internal potential profiles in a
toroidal helical plasma of the CHS heliotron/torsairon, using an HIBP with
a newly proposed beam control method. The potential profiles show a clear
difference in the ECH and NBI plasmas which exhibit electron (positive elec-
tric field) and ion roots (negative electric field) characteristics, respectively.
Comparison is made between theoretical and experimental electric fields for
a low density NBI case. The consistency shown in this case needs further
investigation to examine whether it is valid for other operational conditions:
different temperature and density regimes, and so on. Improved confinement
modes of a low aspect toroidal helical plasma can be achieved by controlling
the loss cone structure through the potential profile. Therefore, it is a future
work for the HIBP measurements to clarify a physical mechanism of poten-
tial formation for exploration of improved confinement regimes in toroidal

helical plasmas.
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Figure Captions

Fig. 1: (A) Observation points projected onto a horizontal elongated cross-
section of magnetic { ux surfaces in case of a magnetic field configuration
with the axis location of 92.1cm. (B) Toroidal angle from the vertically

elongated cross-section of the actual observation points.

Fig. 2: (A) Potential profiles measured with a 200keV HIBP. The open and
closed circles represent potential profiles of low (fi. = 3 x 10'2cm™?)
and medium density (7. = 8 x 102cm™>) ECH plasmas, respectively.
The squares are the potential profile of a low density tangentially co-
injected NBI plasma (7. = 8 x 10%cm™). (B) Radial electric field
profiles deduced from the potential profiles. The dotted-dashed line
represents an electric field predicted from a theory for the low density

NBI heated plasma case.

Fig. 3: The evaluated loss cone for deeply trapped ions in a low density NBI
heated plasma using the negative potential profile measured with the
HIBP; #(0) = —200V. The dashed line W, means the ion energy at
which the ion can accomplish poloidaly one-turn orbits. The dotted-
dashed line Wyi—,. represents that energy transfer from high energy
ion beam to the bulk electrons and ions occurs equally. The loss cone
boundary for deeply trapped electrons is also indicated by the other
dashed line. The circles are the ion temperature measured with a CXR
system. (B) The evaluated loss cone for deeply trapped electrons in low
density ECH plasma where the peositive potential with ¢(0) = 200V is
observed. The loss cone boundary for deeply trapped ions is also indi-
cated by a dashed line. The open circles are the electron temperature

measured with a Thomson scattering system.
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