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A neutrd lithium beam probe (LiBP) for the Compact Helical System (CHS) has been extended to a two-
dimensional imaging diagnostic (2-D-LiBP). Two-dimensional image of the plasma structure in the edge and
separatrix region of thel = 2 helical deviceis obtained by changing the beam injection angle mechanically, shot-
to-shot. The 2-D image has shown the asymmetric plasma structure in the edge separatrix region, suggesting that
2-D diagnostic is essential in the chaotic magnetic field region where magnetic surfaces are not defined by a flux

function.
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1. Inroduction

Imaging diagnostic methods are widely used in many
fields of science. We can derive information or insight
more from a visualized image than from simple one-
dimensional graphic data. The most popular exampleisthe
computed tomography (CT) image using X-ray for medi-
cal diagnostic. In the field of plasma diagnostics, the CT
methods have been adopted for soft X-ray or electron cy-
clotron emission (ECE) diagnostics to analyze MHD ac-
tivities in tokamaks [1]. Generally in these diagnostics, a
set of multi-channel detector arrays viewing from differ-
ent direction is used. Two-dimensional images of plasma
structure are reconstructed by the use of a numerical algo-
rithm assuming certain kinds of symmetry. Resolution of
the image depends on the number of detector arrays. CCD
cameras sensitive to the wavelength range from infrared
to soft X-ray are also popular, which can directly take the
2-D image of the objectives [2]. A bolometer camera is
another example [3]. However, the cameraimageisthere-
sult of integration along the sight line. Spatia resolution,
in general, is not adequate to interpret theimage as alocal
plasma structure. In order to overcome this disadvantage,
local gas puffing or thermal atom flux injection method is
applied, where local emission of the injected atoms are de-
tected [4]. However, observation areais limited to far edge
region because of strong attenuation of the injected atoms
due to slow atomic velocities.

Plasma diagnostics using accelerated particle beams
have advantages of good beam penetration and high spa-
tial resolution, because the observation point is localized
at the crossing of the beam path and the sight line. A
beam emission spectroscopy (BES) using a heating neutral
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beam [5] and a lithium neutral beam probe [6] are exam-
ples of such diagnostics. In general, they are mostly one-
dimensional diagnostics, because observation points lies
along the fixed injection beam path. Asfor the BES, atwo-
dimensional map of density fluctuations was successfully
obtained at the DIII-D tokamak experiment, where obser-
vation points are aligned across the beam as well as along
the beam [5, 7]. The method can be referred to the first
imaging diagnostic using the particle beam. Another exam-
ple is the LiBP on ASDEX-U, where electro-static beam
scanning is adopted to get a 2-D image of edge plasma
density distribution in a single shot [8]. However, in both
experiments, the observation areas are limited to small part
of plasma cross sections.

In this paper, we introduce an extension of a normal
one-dimensional LiBP to the two-dimensional imaging di-
agnostic, where a beam line with variable injection angle
isused [9]. The observation area covers significant part of
the edge chaotic magnetic field region of the helical de-
vice CHS. Since the beam injection angle is mechanically
changed shot-to-shot, the 2-D image of the beam emis-
sion is obtained with multiple discharges of identica op-
erational conditions. Although the method is not a single
shot imaging at the moment, it has brought new informa-
tion that cannot be obtained with one-dimensional mea-
surement. It is noted that studies of plasma behaviors in
an ergodic region is also important to improve the ergodic
divertor concept proposed in TEXTOR [10] and/or DllI-
D [11] tokamaks. 2-D diagnostics will also contribute to
such researches.

© 2007 The Japan Society of Plasma
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2. Description of 2-D-LiBP

The LiBP has been used in many fusion devices es-
pecialy for edge plasma diagnostics, because of its strong
beam emission in the visible range. The cross-section for
the Lil resonance line (670.8 nm) emission by electronim-
pact is larger than that for the H, emission by three orders
of magnitude. The beam with the current of mA level will
be useful. In contrast, for the BES, heating neural beam
with the current of tens amperes is used. In most of the
LiBPs, thermionic ion sources have been used, because of
its easiness in handling and small energy spread. It gives
fine probe beams with high spatial resolution.

Lithium atoms injected into plasmas are excited by
collisions with plasma particles, mostly with electrons in
the edge region, and emit photons. The number of photons
N, (X) detected by the optical system of solid angle Q, sam-
pling volume V and efficiency n is expressed as

Nyp(X) = Ne(X)b(X){TemVr Jet 1 (2/4m)V1, D

where ng(X) is the electron density, ny(X) is the lithium
atom density, (oemVr Vet ¢ IS the effective emission rate co-
efficient of the resonance line. The parameter x is the dis-
tance along the beam. The v; is the relative velocity be-
tween the injected lithium atom and the plasma electrons
that induce lithium atom excitation. It is noted that thelocal
beam emission intensity is proportional to the local elec-
tron density at the observation point. However, the inter-
pretation is not so simple, because other terms in the right
hand of equation (1) also depend on the electron density.
First, the beam density changes due to ionization loss in
the plasma, which is expressed as

Np(X) = nboexp(—ﬁ w—i\‘;—zvr)dx). 2

The integration is carried out from the point x = 0, which
isafixed point outside the plasma, to the observation point
X. The effective emission rate coefficient is a function of
electron density and temperature. Generally for edge plas-
mas, ion impact excitation can be neglected. The emission
intensity at 670.8 nm is proportional to the number of ex-
cited lithium atoms at 2P state. It is primarily determined
by the balance between excitation from the ground state
and spontaneous emission (with the life-time of 27 nsec).
However, it is also affected by various |oss processes from
the 2P state such as ionization, charge exchange, excita-
tion to upper levels, stimulated de-excitation to 2S state
etc. depending on the plasma density. The effective rate
coefficient described above thus has to be calculated using
collisional-radiative (CR) model.

The density reconstruction agorithm including the
atomic level up to n = 4 was developed by J. Schweinzer
et al. [12]. More simple agorithm using effective rate co-
efficients was developed by S. Sasaki, et al., [13], and by
K. Nakamura, et al., [ 7], in which electron temperature de-
pendenceis neglected. Since the electron impact excitation
cross-section for the lithium atom is aweak function of the

electron temperature in the range from ten to a few hun-
dreds eV, the assumption is reasonable for edge plasmas.
For details on the density reconstruction, see those refer-
ences. We use the latter method mostly in the experiments,
because the information on electron temperature profile is
not necessarily given for all region of the edge. Crosscheck
and estimate of error caused by this simplification is per-
formed occasionally with the help of Schweinzer's code.
The electron density is underestimated where the electron
temperatureislow, for example, below 5eV. But theregion
is limited far edge and it does not affect the experimental
results here.

3. Experiments

The CHS is a low-aspect-ratio torus (A, of 5) with
| = 2and m = 8 helical windings. The mgjor and mi-
nor radii are 1.0m and 0.2m, respectively. The maximum
magnetic field strength is 1.8 T on the axis. A hydrogen
plasma is produced and heated by electron cyclotron res-
onance heating (53 GHz ECH/400kW) and neutral beam
heating (40kV NBIg1.3MW).

Figure 1 show the schematic arrangement of the 2-D-
LiBP on CHS. The beam injector with tilting mechanismis
mounted on an upper port. Thetilting angleis +18 degrees.
The lithium neutral beam at the energy of 15keV and the
current of 0.1 mA isinjected into the plasma. The beam di-
ameter is about 20 mm in the CHS vacuum chamber. Light
collection optics is located on the side port of the torus.
The beam emission collected by the lens with a diame-
ter of 10 cm (effective F-number about 4) is transmitted to
8-channel optical interference filters via plastic fibers and
is introduced to Avalanche-Photo-Diode detectors (APD).
The APDs are followed by pre-amplifiers with frequency
response up to 100kHz. Twenty-five couplers for optical
fiber connection are prepared behind the light collection
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Fig. 1 Schematic of the 2-D-LiBP on CHS.
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Fig. 2 Observation area superposed with chaotic magnetic field
structure for the magnetic divertor configuration.

lensto cover the necessary observation area. The sampling
length is 2mm aong the beam and the spacing between
channelsis 8mm. Thus the observation area covers signif-
icant part of the edge and separatrix region as shown in
Fig. 2., where chaotic magnetic field structure outside the
last closed flux surfaces (LCFS) is superposed.

Two-dimensional beam emission profiles are obtained
by changing the beam injection angle shot-to shot. The
beam is modulated at 4kHz for phase sensitive detection
to improve signal to noise ratio. Its time constant is 3ms
in the present measurements, which gives time resolution
about 10 msec.

4. Experimental Results

Experiments for the magnetic divertor configuration
at the magnetic axis of Ry, = 1.016m and the magnetic
field strength of 0.93T is here introduced as an example
of beam probe imaging. The average electron density for
the target plasmais about 2 x 10'° m=2 in the NBI plasma.
Two-dimensional contour map of the beam emission in-
tensity is shown in Fig. 3. The dots in the image indicate
the observation points for the data set. The emission in-
tensity increases as the beam penetrates into the plasma. It
reaches maximum and then decreases as the beam further
penetrate, which is due to the beam attenuation in the core
plasma. Although the beam intensity changes gradually in
time, it does not affect the density reconstruction calcula-
tion, because the beam intensity is calibrated shot-to-shot
by detecting the beam emission at the gas puff phase just
before the magnetic field isterminated [9]. Thevertical po-
sitiony = Ointhefigureisthe equatoria plane of thetorus
and x = 1275mm corresponds to the position where the
L CFS crosses the equatorial plane.
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Fig. 3 Two-dimensiona beam emission image for the NBI
heated plasma.
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Fig. 4 Two-dimensiona electron density profile reconstructed
from the emission profilein Fig. 2.

The two-dimensional map of the edge density distri-
bution is reconstructed from the emission data as shown
in Fig. 4. Since the density reconstruction cal culation loses
accuracy in the core plasma region where beam attenua-
tion is too strong, the reliable density profile is limited
near and outside the LCFS, which is shown in the fig-
ure. It is suggested in the figure that the plasma shifts
upward in the chaotic field region near the separatrix, al-
though the chaotic magnetic field structure has up-down
symmetry. The density peak shifts further upward as hori-
zontal location goes outward. In order to see the effect of
magnetic field direction on the plasma shifts, experiments
for the reversed magnetic field direction have been carried
out. It is shown that he electron density distribution now
shifts downward. Comparison of vertical density profile
in the two cases is shown in Fig.5. The vertical scae is
normalized for profile comparison. It is noted that the up-
down asymmetry is sustained in steady state. The observed
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Fig.5 The normalized electron density profiles along vertical
line at x = 1325mm for normal and reversed toroidal
magnetic field.

asymmetry might be caused by the cross-field plasmaflow.
The experimental result suggests that the flow isin the di-
rection of ion B x VB drift. Since the B x VB drift is di-
rected opposite for ions and electrons, electric field will be
induced. Then the E x B drift will affect the final flow pat-
terns. The observed asymmetry will induce loss flux asym-
metry on divertor plates, which might cause severe prob-
lem in heat removal from the divertor plates. In order to
understand plasma behavior in the chaotic region, mode-
ing of plasmain quasi-equilibrium including flow seemsto
be necessary, which isleft for future study. Such study will
contribute to ergodic divertor studiesin tokamaks.

The gpatial resolution of the measurements along
the beam is about 10mm or less. Since the 15keV Li
beam travels 17 mm during the life-time of 2P state, the
beam emission shifts down stream of the beam from the
electron location that contribute to beam excitation. In
the present experiments, however, the electron density is
around 10'° m~2 near the LCFS, where shortening of the
life-time occurs due to the loss processes from the 2P
state such asionization, charge exchange, excitation to up-
per levels, stimulated de-excitation to 2 S state etc. Tak-
ing these rate coefficients into account [14], the spatial

shift and blurring becomes smaller. It is less than 10 mm
near the LCFS. It is noted that the spatial density distri-
bution should deform toward up-stream in the low-density
far edge region. Since the beam profile is parabolic and
the FWHM is about 20 mm, the effective spatial resolution
across the beam is better than 20 mm.

The temporal resolution of the measurement for each
observation point is 10 msec at the moment with beam cur-
rent of 0.1mA. The time resolution will be improved by
increasing the beam current. If the beam current is higher
by two orders of magnitude, density fluctuations can even
be measured asis done in the BES [5]. A lithium ion gun
with the beam current of 10mA is under development.

In summary, an imaging diagnostic combined with the
lithium beam probing has been devel oped for the study of
two-dimensional plasma structure in the chaotic magnetic
field region of the helical device CHS. The 2-D map has
shown an asymmetric plasma structure, which suggeststhe
necessity of new modeling for plasma equilibrium in er-
godic magnetic field region.
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