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A sheet-shaped thermal lithium beam probe has been devel oped for two-dimensional density measurements
in the edge region of the torus plasma. For the production of an intense and uniform beam, the optimization of
the nozzle shape and dit width of the beam injector has been performed. Beam density profiles at the observing
region in the plasma were estimated with numerical calculations using a Monte Carlo technique for several kinds
of nozzles and combinations with dlits. Experiments on the test stand were also carried out, and pretty good
agreement was found between numerical and experimental results. Based on these examination and optimization
for the nozzle and dlits, we have constructed a sheet-shaped beam injector for the large helical device. In spite
of the long distance (about 3m) from the injector, it is estimated that the thickness of the sheet-shaped beam is

~90 mm (full width at half maximum).
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1. Introduction

The study of particle and energy transport in the fu-
sion edge plasma s crucial, since it defines the boundary
condition of the core plasma and may affect the formation
of the edge pedestal or edge transport barrier. In addition
to the fluctuation induced cross-field transport, edge local-
ized modes (ELMs) or blobs [1-4] are also excited in this
region, which have a considerable portion of heat load and
particle flux to the vessel wall. From the view point of the
issues related to the plasma facing components (PFCs), it
is favorable if the particle and energy influx to PFCs can
be controlled, based on the accumulation of the knowledge
about the edge transport.

Recently it has been known that ELMs and blobs
do not always appear symmetrically in toroidal and/or
poloidal directions, even in tokamaks with the axisymmet-
ric configuration. Especially in helical devices, the edge
magnetic configuration is intrinsically three-dimensional
thus its structure is highly complicated. In view of such
conditions, the one-point or one-dimensional (1D) mea-
surement by using e.g., a conventional Langmuir probe
with an extremely small observation area is not sufficient
to know the overal picture of the phenomena. In order
to get rid of this disadvantage, the two-dimensiona (2D)
measurement with a thermal lithium beam probe (LiBP)
has been developed in the Compact Helical System (CHS)
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and the Large Helical Device (LHD) in National Institute
for Fusion Science. The 2D-LiBPin CHS[5] actually pro-
duces 2D density profiles, however, it is essentially a 1D
system, i.e., a 2D profile can be reconstructed by scan-
ning a pencil beam shot by shot. Therefore it has no time
resolution in a 2D reconstructed profile, and cannot deal
with transient phenomena two-dimensionally. On the other
hand, the 2D-LiBP by use of the sheet-shaped beam de-
veloped in LHD [6-8] is suitable for the two-dimensional
measurement. With the combination of the sheet-shaped
beam and the 2D optical detector, it is possible to detect
fast and transient phenomena two-dimensionally, to say
nothing of 2D density profiles.

For the precise measurement, the intense, uniform and
thin beam is necessary to achieve good time and spatial
resolutions. In this paper, evaluation of the sheet-shaped
beam produced with various types of nozzles is presented.
The optimization of nozzles and dlits was mainly carried
out by numerical simulations. Comparison test between
the simulation and the experiment are also presented. Brief
introduction of 2D-LiBP is shown in section 2. The opti-
mization process and evaluation of the sheet-shaped beam
for the 2D measurement is described in section 3. After
describing the comparison between simulation and experi-
ment in section 4, the setup for LHD and the beam perfor-
mance expected by the calculation are presented in section
5. Finally summary is given in section 6.

© 2007 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 2, S1096 (2007)

To plasma
Li particle

nozzle

Li vapor

Beam generator

Fig. 1 Schematic of sheet-shaped beam production.

2. General Description of 2D Thermal

LiBP

The 2D-LiBPisakind of abeam probe which utilizes
sheet-shaped 2D neutral lithium beam. Lithium atoms va-
porized in an oven at ~ 800K are conducted to the plasma
through three slots which shape the beam into a sheet. By
injecting the sheet beam into the plasma, a2D density pro-
file, e.g. at the poloidal cross section, is cut out from the
plasma column. Lithium atoms in the plasma emit pho-
tons by electron impact excitation. The rate of local pho-
tonemission I (r) at the positionr for the lithium resonance
lineLi | (670.8nm) is given by

1(r) = ne(r)nLi(r){ov)eVQ/4n )

where ng(r) is the local electron density, ny;(r) the local
beam density, (ov). the rate coefficient for 22S-22P elec-
tron impact excitation, V the observation volume, and Q
the solid angle determined by an optical detection system.
The(oV)e isassumed to be constant in our analysis because
it isamost constant within the range of factor 2 among 10-
100eV [9].

A 2D image of Li | emission from the plasma is de-
tected two-dimensionally by CCD or photomultiplier tube
(PMT) array with an interference filter of Li I line. From
theimage, 2D density profiles can be reconstructed [8] and
characteristics of the fluctuation, e.g. amplitude, spectra,
propagation, etc. can also be extracted.

3. Optimization of 2D Beam | njector

3.1 Numerical calculation

Figure 1 shows a schematic of the 2D beam injec-
tor. As indicated by arrows, lithium atoms pass through
the nozzle of the oven, reflecting at the wall of the noz-
Zle. Some atoms, of course, can pass through the nozzle
without any reflection. The lithium beam coming out from
the nozzle flies to the dlit which trims off the edge of the
beam, i.e. excesslithium atoms are intercepted. After pass-
ing through some dlits, the beam is shaped to be sheet.

Trajectories of lithium atoms from oven to the plasma
are numerically simulated using the Mote Carlo technique
to optimize the beam injector for the effectiveinjection. In

Table 1 Performance and characteristics of 2D beams produced
with various types of nozzles.

Type-1  Type-2 Type-3 Type-4

nozzle — 5” Yolal
i /]
Lﬁ__ - ajpmi B@j@j} S

P25mm 25mm X Smm P3mmX11  P3mmX11
Area of nozzle 490.9mm? 125mm? 77.8mm? 77.8mm?
/—ex//_ﬂ" 47.7% 31.8% 14.5% 14.5%
[l 423% 1.63% 0.32% 0.32%
/—nl//_e,, 0.016% 0.024% 0.022% 0.017%
F\;gigaat 240.0mm 43.75mm 38.5mm 37.4mm
o :exponent of
attenuation 243 2.12 1.88 1.92
Q= /1z¢

the calculation a source of the lithium atoms is located at
the bottom of the nozzle, and atoms are launched in ar-
bitrary directions according to the Monte Carlo manner.
Atoms striking the nozzle wall are all reflected in arbitrary
directions. No atom is trapped at the nozzle wall, since its
surface is hot enough to vaporize it again. Collisions be-
tween atoms are not taken into account because the beam
density is not so high. Thiscalculation processfor an atom,
i.e. freeflight and reflection at the nozzlewall, is continued
until it reaches the target plasma after passing through the
final dit or it returns to the bottom of the nozzle (source
position) again. The trgjectory tracing for an atom is ter-
minated when the atom is intercepted by the dlit. By mea-
suring the number of atoms at the target plasma, we can
estimate the beam flux and its profile to be injected to the
plasma.

First, the effect of nozzle shape isinvestigated in four
different types of nozzle, as shown in Table 1. The type-1
and type-2 are the single-hole nozzles. On the other hand,
the type-3 and type-4 are multi-hole nozzles which consist
of 11 small apertures whose diameter is 3mm, expecting
better collimation. Holes of the type-4 nozzle are fanned
out to spread the beam rapidly. The length of all nozzles
is 20mm. Generally speaking, for the type-3 and type-4
nozzles, the longer and narrower hole has better collima-
tion performance. However it is limited, by the technical
reason, to 20mm in length and 3mm in diameter, respec-
tively. In the calculation, a dit with a rectangular aperture
of 35mmx 6 mm is set 53mm apart from the nozzle. The
1 x 107 lithium atoms were launched into the nozzlein ar-
bitrary directions. Particle fluxes at the exit of the nozzle
T'e, dit I'y and plasma .l were calculated, and their ratio
to the flux at the entrance of the nozzle I's, are presented
in Table 1. It is found that the type-2 or type-3 dlit has the
highest I'y / I'en, i.€. highest beam density at the plasmato
be observed.

Another important factor of the beam performance
is its divergence after it passes through the nozzle. If
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the beam divergence is large, most of beam particles (Li
atoms) cannot pass through the final dit. In other words,
most of particlesareintercepted by the dlits, which are con-
sequently piled up around the dlits. Thisis an undesirable
situation because a stack of Li often troubles the instru-
ment. Furthermore this low efficiency in the beam produc-
tion means the superfluous consumption of Li. Thus the
beam with small divergence is favorable. In order to esti-
mate the beam divergence, the attenuation of the beam flux
from the exit of the nozzle was calculated. The results are
also presented in Table-1 with an index of @ where @ isan
exponent defined by,

I'(2) = I'eZ™® )

In Eq.(2), Z is a distance from the exit of the noz-
Zle along the beam. If the beam source is a point source
on a plane and it is entirely isotropic, a should be ~ 2. It
is found that « is larger than 2 in the case of single-hole
nozzles, i.e. type-1 and type-2. This can be explained that
quite afew particles pass through the hole diagonally with-
out any collision with the wall of the hole, hence the beam
divergesfrom theexit of the nozzle. On the other hand, « of
multi-hole nozzles (type-3 and type-4) islessthan 2, which
indicates that the beam iswell collimated by the hole. This
is due to the decrease of particles which pass through the
hole obliquely without any collision to the wall.

Thewidth of the sheet beam is also important because
it affects the spatial resolution. If the beam is relatively
thick, emissionsin the sheet areintegrated along the line of
sight. The thin beam can cut out the thin observing plane
from the plasma column. For the estimation of the beam
width, the full width at half maximum (FWHM) at the ob-
serving region was calculated, and the results are shown in
Table 1. It can be known that multi-hole type nozzles are
also better than single-hole nozzles.

In conclusion, we have decided to use the type-3
multi-hole nozzle for the 2D LiBP in LHD. The distance
from the nozzle to the plasmais so long (more than 3m) in
LHD that the fanned nozzle (type-4) is not hecessary.

3.2 Experiment

In order to examine the accuracy of the calculation
mentioned in section 3.1, measurements of the beam per-
formance with a type-4 nozzle were experimentally car-
ried out. The sheet beam injector was installed in the test
chamber. For the measurement of the beam flux, a quartz
micro balance which could be scanned in two directions
(R, @; seeFig. 2) across the beam was employed. With this
detector, flux profiles of the sheet beam can be obtained.
Flux profiles can also be seen directly, if a viewing win-
dow is installed, instead of the detector. In this setup, a
thin lithium film deposited on the window surface can be
seen, asshownin Fig. 2.

In Fig.3, the numerical and experimental results are
compared. Figure 3 (a) and (b) show the flux profiles along
R and @ axes which are depicted in Fig. 2, supposing the

Fig. 2 Picture of the deposited lithium film on window surface.
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Fig. 3 Comparison between numericaly (line) and experimen-
tally (dots) obtained beam flux profiles. Picture of the de-
posited lithium film on window surface.

major radius and toroidal directions, respectively. It can
clearly be seen that numerical (solid lines) and experimen-
tal (closed circles) results agree well, except for a few
pointsin the central regionin Fig. 3 (a). Thisresult encour-
ages us to use our ssimulation code for the optimization of
the beam injector in actual experimental devices.

4. Installation in LHD

Based on the optimization process described in previ-
ous section, the sheet beam injector with the type-3 noz-
Zle was installed in LHD to realize the 2D edge plasma
measurements. The beam isinjected into the LHD plasma
from the lower port through 3 independent dlits, as shown
in Fig.4. The schematic of the nozzle and three dlits are
shown in Fig.1. Note that the three dlits are behind the
gate valve, i.e. in the port. The direction of the sheet sur-
face was set to cut the poloidal plane, i.e. normal to the
sheet faces the toroidal direction @ (see Fig. 2 and Fig. 4).
The expected beam flux profiles at the observing volume
(Z = —1m) are presented in Fig. 6, where Z = 0 ison the
midplane. In the calculation actual dimensions were used
for the parameters related to the apparatus. From Fig. 6, it
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Fig. 4 Schematic of 2D measurement in LHD

3.4 3.6
R[m]

Fig. 5 Reconstructed 2D edge electron density profilein LHD.

can be seen that the radia (R direction) uniformity of the
sheet beam is about + 50% and the thickness of the sheet
beam (@ direction) is~ 9cm (FWHM).

The 2D edge density measurement was tried during
the electron cyclotron resonance heating discharge [6].
Figure 5 shows a 2D electron density profile reconstructed
from the Li | emission distribution on the sheet beam. The
2D emission signal was detected with a CCD camera in-
stalled in the horizontal port. The calculated closed mag-
netic surfaces and open ergodic region depicted with con-
tours and scattered dots, respectively, are superimposed on
the density profile. In this discharge, the beam could pene-
trate into the core region through the last close flux surface
(LCFS), since the line averaged density was relatively low
(~ 2.0x 10% m™3). It isfound that the 2D €lectron density
profile agrees well to the calculated magnetic surfaces, i.e.
the electron density rapidly increases from the LCFS, hav-
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Fig. 6 Expected beam flux profiles at the observing region in
LHD.

ing a finite density gradient. On the other hand, it can be
seen that the low density plasma spreads over the ergodic
region across the LCFS.

5. Summary

For the estimation of the beam performance of 2D
LiBP, we have developed a particle tracing code using
the Monte Carlo technique. The calculated beam flux was
compared with experimentally measured one. Both results
were found to agree well.

In the optimization process of the 2D beam injector
using the numerical calculation code, we have reached a
conclusion that a multi-hole type nozzle is better than a
single-hole type nozzle to produce an intense and efficient
sheet beam. Based on these results, we constructed the 2D
LiBPsystemandinstaleditin LHD. Inthe preliminary ex-
periment, 2D electron density profiles has been measured
successfully. It is found that the measured profile indicates
the edge magnetic configuration.

Acknowledgments
The authors would like to thank Prof. S. Takamura

and Prof N. Ohno for many useful discussions and Mr.
Y. Inadafor his help in the experiment. This work is sup-
ported by NIFS under Grant (No. NIFSO6UL PP507) and
by the Grant-Aid for Scientific Research from MEXT of
the Japanese government.

[1] S.I. Krasheninnikov, Phys. Rev. Lett. A 283, 368 (2001).
[2] JA.Boedo et al., Phys. Plasmas 8, 4826 (2001).

[3] D.A.D'lIppolito et al., Phys. Plasma 10,4029 (2003).

[4] D.A.Russal et al., Phys. Rev. Lett. 93, 265001 (2004).
[5] K.Nakamuraet al., Rev. Sci. Instrum. 76, 013504(2005).
[6] Y. Takahas et al., J. PlasmaFusion Res. 1, 103 (2006).
[7] Y. Takahashi et al., J. Korean Phys. Soc. 49, S175 (2006).
[8] H. Tsuchiyaet al., Rev. Sci. Instrum. 77, 10F526 (2006).
[9] T.Morisaki et al., Rev. Sci. Instrum. 74, 1865 (2003).

S1096-4



