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We have developed and installed a new, second escaping fast ion probe for the small major radius
side of the compact helical system. This is a Tokamak Fusion Test Reactor type scintillator-based
probe and is intended to detect unconfined helically trapped fast ions whose orbits largely deviate
from magnetic flux surfaces. We observed a localized light spot on the scintillator screen in neutral
beam-heated discharges and it was confirmed to be a true fast ion signal. The analysis suggests that
the probe detects partially thermalized, pitch angle scattered beam ions. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1538330#
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I. INTRODUCTION

Escaping fast ion measurements have been carried o
the compact helical system~CHS! heliotron/torsatron by the
use of a scintillator-based probe. We installed the first esc
ing fast ion probe for the large major radiusR side in
1997.1–4 This probe has detected lost co-going barely tran
beam ions, which deviate substantially from magnetic fl
surfaces to the outboard side, and transitional ions. It ha
far provided valuable information for not only losses of ne
tral beam~NB! ions via neoclassical transport processes
also fishbone type magnetohydrodynamics~MHD! induced
losses.5,6 In order to measure energetic ions having differe
types of orbits and to understand NB ion behavior in furth
detail, we have designed and installed a new, second es
ing fast ion probe for smallR side of the CHS. This new
probe is intended to detect unconfined helically trapped
ions whose orbits deviate significantly from magnetic fl
surfaces to the inboard side. In this article, we describe
idea of the new escaping fast ion probe for the smallR side
of the CHS and initial experimental results.

II. EXPERIMENTAL SETUP

A. CHS and perspective for trapped ion orbits

The compact helical system is a heliotron/torsatron ty
device with device major radiusR of 1 m and an average
minor radius of about 0.2 m.7 The toroidal and poliodal pe
riod numbers areN58 and l 52, respectively. The toroida
magnetic fieldBt can be increased up to 2 T.Bt is typically

a!Electronic mail: isobe@nifs.ac.jp
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directed to be counterclockwise as seen from the above.
target plasma is initiated by electron cyclotron resona
heating~ECRH!. Two NB injectors~NB 1:38 keV/0.8 MW;
NB 2:30 keV/0.8 MW! are installed in the same direction
Both NBs are usually coinjected.

One of major concerns in the CHS experiment is t
confinement property of energetic ions, especially helica
trapped ions, because of rippled magnetic field. In orde
make this argument clear, we show Mod-Bmin contours, i.e.,
traces of the bottom of the helical ripple well for the standa
configuration (Rax50.921 m) of the CHS in Fig. 1.8 It can
be seen that Mod-Bmin contours are not well aligned with th
magnetic flux surfaces. Figure 1 suggests that a helic
trapped ion orbit deviates from the magnetic flux surface

FIG. 1. Mod-Bmin contours of the vacuum magnetic field of the CHS (Rax

50.921 m).
9 © 2003 American Institute of Physics
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the inboard side, and will cross the outermost flux surfa
and then intersect the vacuum vessel wall at the smallR side
because these ions tend to move along the bottom of
helical ripple well.

B. Lost fast ion probe at small R side

After we chose a diagnostic port suitable for our purpo
and a probe position where ions are expected to be lost
probe design was carefully carried out by the use of a th
dimensional computer aided design~CAD! software because
the plasma touches the inboard vacuum vessel wall at a
tically elongated cross section, and then the space avail
for the probe installation is very limited at the smallR side of
the CHS. The poloidal cross section of the vacuum ves
and the CHS plasma where the probe is installed is show
Fig. 2~a!. The probe tip is atR50.68 m andz510.06 m
from the equatorial plane, and is 1–2 cm away from
plasma boundary. We choose a smaller ZnS~Ag! scintillator

FIG. 2. ~a! Poloidal cross section of the vacuum vessel and plasma w
the lost fast ion probe is installed.~b! Schematic drawing of the outsid
appearance and structure of the probe.
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smeared on a quartz substrate of 1.6 cm31.6 cm than that
(2.5 cm32.5 cm) of first probe because in addition to th
limited space, somewhat slowed down, pitch angle scatte
beam ions are expected to be detected. The outside ap
ance and structure of the new probe are schematically il
trated in Fig. 2~b!. The idea of this probe basically originate
in the fast ion probe used for a Tokamak Fusion Test Rea
~TFTR!.9,10 The scintillator plate is mounted inside a moly
denum box and is set with its back against the plasma.
probe contains two apertures, which disperse the beam
according to gyroradius and pitch angle onto the scintilla
The vector perpendicular to the plane of the apertures is
rected to be upward, i.e., in the1z direction. The first aper-
ture is 0.8 mm high and 1.0 mm wide and the second ap
ture is 0.8 mm high and 8.0 mm wide. Ions with larg
gyroradii hit the scintillator surface farther from the apertu
than those with smaller gyroradii. Concerning the pit
angle, ion strike points are dispersed across the line pas
through the center of two apertures according to their pi
angle. The two-dimensional~2D! scintillation image due to
fast ion impacts is guided to a viewing window mounted
a diagnostic port by the use of a glass lens and metal mi
system inside the stainless steel probe shaft and then tr
ferred to an image intensified a charged-coupled-dev
~CCD! camera~Princeton Instruments Co., model PENTA
MAX512! via a quartz optical image fiber~Mitsubishi
Densen Co., model SBD15-A1010!. The image data are typi
cally accumulated during 50 ms and stored in a perso
computer based on the Windows NT system. In order
record a time trace of scintillation light intensity with fa
sampling frequency, the 2D scintillation image is split by t
use of a pellicle beam splitter and is measured by a ph
multiplier ~Hamamatsu Co. model H5784!.

III. OBSERVATION OF LOST HELICALLY TRAPPED
FAST IONS

A localized bright spot on the scintillator screen due
fast ion impact has been observed in the neutral beam-he
plasma of the CHS. Figure 3 indicates a typical scintillati
light spot appeared on the screen inBt51.76 T andRax

50.921 m. The local magnetic field strength at the probe
position is 1.56 T in this case. The grid of the pitch ang
versus gyroradius centroid is computed by taking accoun
the local magnetic field vector at the probe position and g
metrical information such as the direction of the aperture a
scintillator plate and their size. The analysis indicates that
gyroradius and pitch angle@x5arcos(v i /v)# of escaping
ions we detect is 0.5–1.5 cm and 60°–75°, respectively.
energy of detected lost fast ions is roughly 5–20 keV. W
changed the injection angle of the NB from a tangency
dius of 0.87 m, which is parallel and the best angle in
plasma heating, to 0.49 m, to check whether the position
the light spot on the scintillator screen changes. No sign
cant difference in the scintillation image was observed
tween parallel and perpendicular NB injection. The possi
reason for this observation might be that the loss cone st
ture is the same irrespective of beam injection angle. In or
to interpret this observation, a careful analysis will be carr
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out by the global calculation for beam ions including col
sion effects. The full gyromotion following orbit calculatio
indicates that fast ions making a localized bright spot h
unconfined helically trapped and transitional orbits. Orbits
lost trapped fast ions reaching the probe are shown in Fig
Because the NB is tangentially injected in the CHS, these
supposed to be pitch angle scattered, partially thermal
ions during their deceleration process. A typical tempo
evolution of line averaged electron densityne , Ha light in-
tensity, and scintillation light intensity, i.e., fast ion loss ra
to probe is shown in Fig. 5. After the NB is injected, th
ZnS~Ag! begins to emit the scintillation light and its intensi
gradually increases in time. The fast ion loss rate to prob
enhanced further after the second NB is injected. The p

FIG. 3. Typical light spot appearing on the scintillator screen due to fast
impact. NB is tangentially coinjected.Bt andRax were 1.76 T and 0.921 m

FIG. 4. Orbits of lost helically trapped fast ions.~a! pitch anglex570° at
probe position.~b! x565°.
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to observe is that the temporal evolution of the scintillati
light is different from that of theHa light intensity. No sig-
nal is seen in the timing of breakdown due to ECRH
though theHa light is very strong in that timing. This mean
that there is no light leakage into the probe box. WhenBt

direction is switched from counterclockwise to clockwis
again no signal was observed as expected. This is bec
ion gyromotion becomes opposite due to reversedBt direc-
tion and then ions cannot strike the scintillator surface. Th
experimental facts are evidence to support the fact that
measured light originates in escaping fast ions.

IV. SUMMARY

In order to detect unconfined helically trapped fast io
a new, second escaping fast ion probe has been fabric
and installed for the smallR side of the CHS. Because th
space available for probe installation is very limited on t
small R side, the probe design was carefully performed.
neutral beam heated plasmas, the localized bright light s
appears on the scintillatior screen. WhenBt is reversed, no
signal was observed, suggesting the observed light is du
impact of escaping fast ions onto the scintillator. The ana
sis indicates that the energy and pitch angle of escaping
ions we measure are roughly 5–20 keV and 60°–75°. T
orbit calculation shows that detected escaping fast ions h
unconfined helically trapped and transitional orbit. These
supposed to be slowed down, pitch angle scattered b
ions. Two escaping fast ion probes are now available in
CHS for the large and smallR sides. The fast ion behavior
related to the ripple transport and the MHD-induced tra
port is going to be investigated in detail by the use of tw
probes.

n

FIG. 5. Fast ion loss rate to probe inBt51.76 T andRax50.921 m. Both
NBs are tangentially coinjected.
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