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A neutral particle analyzer (NPA) with horizontal and vertical scanning capability
has been used to make initial measurements of the fast ion distribution during neutral
beam injection (NBI) and ion cyclotron heating (ICH) on the Advanced Toroidal Facility
(ATF). These measurements are presented and compared with the results of modeling
codes that predict the analyzer signals during these heating processes.

Experimental Setup

ATF1 is an / = 2, m = 12 torsatron with a moderate plasma aspect ratio (ma-
jor radius Ro = 2.10 m, average plasma radius a = 0.27 m). ATF has three forms
of plasma heating: electron cyclotron heating (ECH), NBI, and ICH. For the experi-
ments discussed here, target plasmas were produced using 400-kW, 53-GHz ECH with
subsequent heating provided by ~ 1.7 MW of NBI and ~ 0.2 MW of ICH.

The orientation of the neutral beam injectors on ATF is shown in Fig. 1. These
beam lines are aimed tangentially, 13 cm inside the magnetic axis to minimize beam
scrape-off on the vacuum vessel walls. The opposing orientation of the injectors allows
balanced injection with no net momentum input or net beam-driven current. Fast hy-
drogen neutrals are injected at energies up to 35 keV; the delivered power is distributed
among the three energy components in the ratio 75:18:7.

Initial ICH experiments have been carried out using a fast-wave ICH antenna.2

This antenna is tunable over the 10- to 30-MHz frequency range. Experiments have
been conducted with D(H) and D(He3) plasmas with the frequency adjusted to obtain
fundamental resonance with the minority species of interest.

The NPA used on ATF is an E\\B mass- and energy-analyzing spectrometer3 similar
to that used on TFTR. This analyzer has two mass columns (allowing for simultaneous
measurements of H and D) with an energy range 0.5 < A{amu) • E(keV) < 600. The
NPA is mounted on a carriage that allows it to be horizontally and vertically scanned.
When the analyzer is scanned horizontally, its viewing angle can be changed from per-
pendicular to tangential (in both directions) to the axial magnetic field. The vertical
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scanning capability allows the analyzer to scan from below to above the plasma col-
umn in ATF. The location of the NPA and its orientation relative to the neutral beam
injectors are shown in Fig. 1.

Neutral Beam Injection

Several horizontal scans of the NPA have been performed during NBI at various
densities. These experiments were performed by injecting hydrogen beams (~ 35 keV)
into a deuterium plasma, thus allowing the NPA to obtain simultaneous measurements
of the thermal and fast ion distributions. The hydrogen spectra measured by the NPA
at three horizontal angles during a low-density discharge (ne = 8 x 1012 cm"3) are shown
as the solid lines in Fig. 2. The three peaks seen in the spectra for angles near tangential
(<p ~ 50°) correspond to the full-, half-, and third-energy components of the injected
beam.

In an attempt to understand the fast ion slowing-down processes associated with
these measured spectra, a modeling code has been developed chat is based on the Fokker-
Planck equation for a homogeneous magnetic field and uses the FIFPC code developed
at ORNL.4 This model (1) calculates the fast ion source distribution using appropriate
plasma conditions; (2) computes the neutral density profile using a neutrals transport
code; (3) uses FIFPC to solve for the ion distribution, given this source function and
plasma conditions; and (4) calculates the signal expected to be measured by the NPA
by integrating the charge-exchange contributions along the analyzer chord. To simulate
the experiment, input parameters to the code were based on experimentally measured
values. The electron temperature and density profile were measured at several different
times during the NBI portion of the discharge by a 15-chann^l Thomson scattering
system5; the temporal evolution of the central electron temperature was monitored by
the central channel of a 16-cLannel electron cyclotron emission system.6 The central ion
temperature was obtained from Doppler broadening of central impurity lines.

The results of this calculation are shown as dashed lines in Fig. 2 along with the
measured spectra for three horizontal viewing angles. The agreement is quite good
considering that the error bars associated with the calculation are fairly large since
several of the input parameters (especially the neutral density profile) are not very well
known. The spectra shown in Fig. 2 were obtained 12 ms after initiation of NBI. The
agreement between the model and the data is not nearly as good for later times in the
beam portion of the discharge. This probably results from the model's inadequacy in
handling finite orbit effects (including losses) and radial diffusion of these fast ions.

ICH Experiments

To assess the potential of ICH as an auxiliary heating method for ATF, various
measurements were made by the NPA to examine the production of a high-energy tail
during ICH and the confinement and thermalization of this tail. The results presented
here for the NPA scans were obtained with a D(H) plasma with an on-axis magnetic
field of 0.95 T. The ion cyclotron resonance frequency was adjusted to 14.4 MHz so
that the fundamental resonance of the hydrogen minority intersected the center of the



plasma.
During these experiments, a high-energy hydrogen tail up to 50 keV was observed

by the NPA (see Fig. 3) without any significant bulk heating being observed. The
hydrogen concentration in this discharge—as determined from the ratio of the measured
line intensities of the B aimer alpha transitions of hydrogen and deuterium—was found
to be < 2%. The magnitude of the high-energy tail was found to be very dependent on
the hydrogen concentration in the plasma. Figure 4 shows the variation of the measured
spectra with the measured hydrogen concentration.

The measured spectra were also found to vary as the analyzer viewing orientation
was changed. This variation is shown in Fig. 5, where contours of measured flux are
plotted versus energy and horizontal viewing angle. Two slightly asymmetric peaks near
the perpendicular (90°) are evident. At present, this angular distribution is suspected to
be the result of orbit effects associated with the location of the resonance layer. Recent
horizontal scans have been made with the frequency changed to 12.8 and 16.0 MHz.
There is a clear difference between the angular distributions of the NPA measured flux
in these cases.

The existence of a 50-keV ICH-induced tail suggests that there is a class of parti-
cles in ATF that can gain energy from the launched wave and still be confined up to
fairly high energies. Since the electron density (ne = 5 x 1012 cm"3) and temperature
(Te = 800 eV) are fairly low, these particles not only transfer energy to the plasma
slowly but also suffer little pitch angle scattering as they slow down. From a heating
efficiency point of view, these effects are undesirable, since only a small amount of power
is transferred to the plasma; however, from a physics point of view these effects are ad-
vantageous, since oollisionless orbit calculations can be used. Such calculations are now
in progress to determine if orbit effects can explain the observed angular distribution in
Fig. 5.
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FIG. 4: Variation of the measured
high-energy tail with the hydrogen concen-
tration.

FIG. 2: Measured (solid lines) and modeled
(dashed lines) NPA spectra at three hori-
zontal viewing angles 12 ms after beginning
of NBI. The horizontal viewing angle, <£, is
defined such that 90° is perpendicular to
the magnetic axis.
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FIG. 5: Contour plot of the flux measured
by the NPA versus horizontal viewing angle
and particle energy.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


