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The energetic atomic hydrogen in an MeV range produced by the ion

cyclotron range of frequency heating in JT-60U plasma was directly measured

with a charge-exchange neutral particle analyzer. Particle signals from

the detector were successfully separated from the neutron and 7 ray

background by the pulse height analysis (PHA) method used first in all

detector channels. The net flux of atomic hydrogen was easily obtained by

summing counted numbers of PHA channels over the peak formed by atomic hyd-

rogen.
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1. Introduction

Charge-exchange (CX) neutral particle measurement! is the most
reliable diagnostic method to evaluate an energy distribution of ions in a
plasma. In recent years, the CX diagnostic method has been applied to the
measurement of MeV-range ions in JET2 3 and TFTR% 5 to predict alpha
particle behavior in a next-step fusion device like ITER® and a tokamak
fusion reactor.

In JT-60U, alpha particle behavior is planned to be investigated in a
D-3He plasma heated by neutral beams of 500 keV and by the ion cyclotron
range of frequency (ICRF) waves. In recent experiments, the toroidal Alfvén
eigenmodes (TAE mode)”- 8 % have been intensively studied with MeV
protons produced by the ICRF heating. Direct measurement of the MeV
protons during the TAE excitation became important. For these studies, a
charge-exchange neutral particle analyzer covering the energy up to 4 MeV
for alpha particles has been developed and installed in JT-60U under the
collaboration between the A. F. loffe Physical-technical Institute, Russia, and
the Japan Atomic Energy Research Institute(JAERD. A pulse height analysis
(PHA) method has been used first in all detector channels to distinguish
particle signals from neutron and y ray background.1? In this report, first
results of the measurement of energetic atomic hydrogen up to 1 MeV
using the analyzer in the ICRF heating are presented.

2. Characteristics and setup of the analyzer

Energetic neutral particles entering the analyzer are ionized by
stripping in a thin carbon foil of thickness 400 A. The energy and mass of
secondary ions are separated by a combination of magnetic and electrostatic
fields(E//B type). The analyzer has eight detectors consisting of CsI(TD
scintillators of thickness 10 um and photomultiplier tubes (PMT). The
detectable energy range for alpha particles is 0.5-4 MeV. The ratio of the
highest energy channel to the lowest energy channel(Eg/Ej) is 4.08. The
energy resolution of the analyzer is 6-11%. The absolute detection efficiency,
defined as a ratio of detected particle number to the particle number
entering the analyzer, is 30-40% for alpha particle energies over 1 MeV. The
setup and line-of-sight for the neutral particle analyzer on JT-60U is shown
in Fig. 1 and Fig. 2, respectively. The analyzer views the JT-60U plasma
vertically at the major radius of 3.56 m.

The analyzer has a special feature in the data processing system. A
pulse counting system is widely used in neutral particle analyzers because
the system is simple and useful when a sufficient neutral particle flux is
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expected and the background noise arising from neutrons and v rays is
negligible. However, a pulse counting system is not feasible when the
neutral particle flux is small and the noise level is high. Therefore, a 16-
channel pulse height analysis system has been adopted in all detector
channels of this analyzer.1® Qur new system distinguishes pulses from
energetic ions from the background due to neutrons, 7Y rays and optical
lights from the plasma by utilizing the different pulse heights. The voltages
to each PMT are adjusted for the particle species and energies of each
detector channel in order to separate pulses of the particles from the

background.

3. Measurement results and discussion

The measurement of energetic protons was carried out in a plasma
heated by deuterium neutral beams and ICRF waves. The plasma current
was 3.5 MA and the toroidal magnetic field at the center of the vacuum
vessel was 4 T. The frequency of the ICRF waves was 116 MHz and the 20cH
resonance layer of the ICRF waves was located at 3.5 m of major radius,
which is near the center of the plasma. The resonance layer was located at
the sight volume of the analyzer. Figure 3 shows time evolutions of (a) line-
averaged electron density, central ion and electron temperatures, (b)
deuterium neutral beam power and ICRF power, (c) neutron yield. The line-
averaged electron density was 2.3x101% m-3 at 8 sec. Neutral beam and ICRF
power was 15 MW and 4 MW, respectively.

The magnetic and electric fields of the analyzer were adjusted to
measure energetic atomic hydrogen of 0.25 MeV (Ch1) to 1 MeV (Ch8) in
this discharge. Moreover, photomultiplier voltages were applied to measure
each energy of protons, following the calibrated formula A/E=k(U/Up)B (A:
pulse height, E: particle energy, U: photomultiplier voltage) with a
coefficient k for protons and a power b for each photomultiplier.10 Figure 3
(d) shows temporal behavior of total count rate of Ch8 of the analyzer. As
the neutron yield built up by neutral beam injection, the detector started to
count signal pulses. The total count of Ch8 increased ~30% by injection of
the ICRF waves. Meanwhile, an increment in neutron emission was ~20%.
This result means that the detector of the analyzer counted not only
neutrons and ¥ rays but particle flux produced by the ICRF heating. Other
detectors showed similar time evolution.

Figure 4 compares pulse height distributions of Ch2, Ch4, Ché and
Ch8 at the NBI alone phase (7.3 s) and at the NBI + ICRF phase (7.8 s). The
sampling time duration was 50 ms. In the NBI alone phase, neutrons and ¥
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rays were detected with a high count number at low PHA channels. The
background signal decays in 6 PHA channels for Ch2 and in 3-4 PHA
channels for Ch4 to Ch8. It should be noted that the background noise level
was negligibly low at PHA channels above the background detected by low
PHA channels. On the other hand, a clear peak was observed at central PHA
channels in the NBI+ICRF phase. In the experiment, the deflection
magnetic and electrostatic fields and photomultiplier voltages were applied
for the measurement of protons. From this reason, we could conclude that
the observed peak in each pulse height distribution was formed by energetic
protons. It was confirmed from Fig. 4 that pulses from energetic ions could
be successfully distinguished from neutron and y ray background by the
introduction of the PHA method. Therefore, we could directly obtain a net
flux of the energetic atomic hydrogen by summing the counted numbers of
PHA channels over the peak due to protons. A time evolution of atomic
hydrogen flux of 1 MeV is shown in Fig. 3 (d). The background noise
included in the evaluated net flux of atomic hydrogen was less than 1%.
Energetic protons can be observed only in the ICRF heating phase. It was
found from this measurement that minority protons were accelerated up to
an MeV range by the ICRF wave.

The full width of the half maximum of a proton peak in Fig. 4 is 4-5
PHA channels, which corresponds to ~40% of energy of each detector
channel. Calibration experiment showed that scintillator detectors of this
analyzer had a broadening of 35%-40%, 20%-30% and 15%-25% for 0.2 MeV,
0.4 MeV and 0.95 MeV of mono-energetic protons, respectively. The
measured broadening is a little wider than that obtained from the
calibration experiment. The cause of this broadening is now under

investigation.

4. Summary

Charge-exchange (CX) neutral particle measurement in an MeV
energy range was performed in a combined heating with deuterium beam
and ICRF waves, using a CX diagnostics system developed under
collaboration between Iloffe Institute, Russia, and JAERI. In order to
distinguish the pulses of the alpha particles and protons from the
background due to neutrons, y rays and optical lights from the plasma, the
pulse height analyzer was introduced to the signal processing system. Pulse
signals due to energetic atomic hydrogen were successfully separated from
the neutron and y ray background as expected, using the pulse height
analysis system. The net flux of proton was easily obtained by summing
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count numbers of PHA channels over the peak formed by energetic protons.
From the charge-exchange neutral particle measurement, MeV-range
protons produced by the ICRF H-minority heating were directly observed.
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Fig. 2 Line-of-sight for the charge-exchange neutral particle analyzer
(CX-NPA) on JT-60U.
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