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Fast neutral lithium beam probing of the edge region
of the spherical tokamak ETE
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The close relationship between the behavior of the edge plasma characteristics and the global
confinement in discharges in tokamaks has been extensively explored in recent years. A 15 keV
lithium beam with 80% neutralization efficiency, using a high ion current density emitter and a
modified Pierce gun design for extraction of ions, was developed for edge studies on the spherical
tokamak ETE—major radiusR=0.30 m, aspect ratioA=1.5, designed plasma current of 200 kA

with a torodial magnetic field up to 0.4)TAlready in the calibration phase this diagnostics
confirmed to be an efficient experimental tool, allowing accurate measurements of the fast varying
pressure of the discharges in ETE. The measurement of the temporal evolution of the density of the
plasma edge with fast neutral lithium beam is in accordance with data from Langmuir probe for the
region near the limiter and the one made by the Thomson scattering for the inner reg2894©
American Institute of Physic$DOI: 10.1063/1.1784534

I. INTRODUCTION lower energy devices are used, the signal-to-noise ratio be-
comes weak and in general a phase sensitive detection sys-
As an alternative to the conventional tokamaks, thetem must be used to improve this relation, which implies a
spherical tori, that are low aspect ratio devices which couldoss of temporal resolution of the measurement. To combine
lead to compact and low-cost fusion power plants, have athe desirable characteristics of good spatial and temporal
the main advantage the possibility of operation with a highresolution during measurements, FNLB diagnostics must
ratio of plasma pressure to magnetic field pressufbe re-  produce intense ion beam even with relatively low energy
search program of the spherical tokamak ETE is devoted taccelerating sources. This article show some important modi-
the study of operating regimes, confinement properties anfications made in the ion source and in the ion gun of a
current drive schemésin the present phase of development10—15 keV neutral lithium beam device that made it pos-
of ETE, only inductively heated plasmas have been studiedsible to probe the edge region of ETE discharge with good
As a next step, the study of improved confinement regimespatial and temporal resolution. Also, the measurement of the
has been planned, with the aid of auxiliary heating methodsfast varying pressure into ETE vacuum chamber when piezo-
In order to fulfill the planned scientific schedule for the ETE, electric valves are used for injection of gas, performed with
the investigation of the edge region of its discharge is manFNLB, are reported here.
datory.
It is well known that plasma boundary of tokamaks is
characterized by steep gradients of the plasma parametefs EXPERIMENTAL SETUP (FNLB)

and by the emission of impurity atoms from the walls and Experimental apparatus of the FNLB diagnostics can be
limiters2 Edge fluctuation phenomena are characterized bygeen in Fig. 1. A modified Pierce gun coupled to three elec-
frequencies of up to 100 kHzSo, an effective probing of rostatic cylindrical lenses is being used to accelerate and to
this region can only be done if good time and spatial resolufgcys the ion bearfiLi ions are emitted through the heating
tions can be achieved. of B-eucryptite compound(Li,O . Al,05.2Si0,) to tempera-
Due to the inherent characteristics of allowing high spa+,re over 1100°C in a self-heated molybdenum crucible of
tial and temporal resolution during the entire discharge life-g ;ym diameter and with a 2 mm depth receptacle. Deflec-
time without perturbation of the plasniathe fast neutral jon plates situated straight in front of the cylindrical lenses
lithium beam(FNLB) diagnostics is being applied to probe gre ysed to made small corrections on the trajectory of the
the edge region of ETE discharges. However, high energypeam. Neutralization system is based on a pulsed vapor so-
FNLB devices are capable of deeper probing of a plasma, bifiym chamber. For 15 keV lithium ions, 80% of the neutral-
with the disadvantage of worst spatial resolution. Whenjzation is obtained by charge exchange process. The optical
detection system is composed of an adjustable camera lens
Author to whom correspondence should be addressed; electronic mafocused onto the tip of a 7 m fiber bundle, connected to
rogerio@plasma.inpe.br plano-convex lens, 2 interference filter in cascfdé width
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at half maximum(FWHM) =3 nm| and photomultiplier The changes performed in the ion gun and in the ion

tube. The output signals, presently captured in a digital ossource were confirmed to be efficient which makes it pos-
cilloscope, will be acquired by the data acquisition system ofible to probe of the edge of the plasma in ETE with FNLB,

ETE? based on VME bus. without being necessary to use the phase sensitive detection
system. It will provide temporal resolution during measure-
IIl. IMPROVED ION CURRENT PROPERTIES ments dictated by the time scale of the atomic physics pro-

cesses and by the photon flux detected. For acceleration volt-
Initial Configuration of the ion gun used on the FNLB age of 10-15 kV, the product of beam atom Speed and the
diagnostics of ETE was similar to the one used in Nagoya,|ifetime of the excited leve(Li[2p-2s]) varies from 1.3 to
based on the design of high-current ion optics of a planan 7 ¢m, respectively. Due to collisions suffered by Li atoms
Pierce gurt,* where a linear trajectory of the beam is ex- in the 2 state leading to excitation to higher levels, deexci-

pected for the source emitting under Child—Langmuir condi+ation and ionization, the effective spatial resolution is less
tion. A divergence of the beam exists, however, due to thenhan 1 cm for both cases.

presence of an orifice of 6.5-mm-diam on the anode of the
gun to accommodate the emitter area of the ion source. Thig/ RESULTS AND DISCUSSION
divergence, directly related to the perveance of the jﬁun,
was monitored on the region of the neutralizer by a movabl
thin copper wire, capable of indicating the profile of the probe
beam. During the calibration phase, Li beam was injected into
The performance of the gun regarding the divergence othe ETE chamber which was filled with hydrogen at different
the beam was simulated by the KARATa particle-in-cell ~ pressures. The intensity of the light collected by the optical
code that can simulate the creation and acceleration of th@etection system coming from the Li resonance line
ion beam, showing its position and size on the trajectory(6708 A), increased for pressures ranging from 4
according to the variation of the distance cathode-anodex 107° Torr to 2x 1073 Torr. So, a direct ratio between the
changing of geometry of the cathode/anode, and polarizatiottensity of the output signal of the photomultiplier and
of the electrostatic cylindrical lenses. Best ion collimationworking pressure in ETE was established. This relation was
was obtained when the angle formed between the cathodésed to monitor the fast varying pressure in vacuum chamber
surface and the edge of the beam changed from gPigtce  when the gas was fed by the puff valves during discharges.
angle to 60°. A new gun was built taking into account this The graph of Fig. @) demonstrates the variation on the
modification. Figure 2 shows a comparison between experi-

éA. Fast varying pressure measurements with FNLB

mental results of the ion emission profile for the Nagoya- 1.6

type gun and for its modified version, where a decrease on 144

the FWHM of about Y2cm occurred in favor of the last one. . ® Modified ion gun
A tenfold increase of the Liemission ofB-eucryptite _ 21 -/ 3 0\ @ Nagoya-type gun

compound was also obtained after its transformation from
pasty to glassy form? Comparative results among this stable
and long-lived ion source with commonly used paty sources
and commercial loads are described in a previous arfticle.
The work function potential at the surface of the glassy com-
pound was found to be 6% lower than in the case of the
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powder counterpart. Current density of 1mA/&mas at- 0'0 :/ \=~.."._.

tained by this load when heated to 1200¢i@put heating e . . , : : . .

power of abount 40 W Lifetime of this glassyB-eucryptite 0 1 2 3.4 5 6 7 8
Radial position (cm)

allows ion extraction at necessary current level for more than

S5hin CO_ﬂtiﬂUOUS operation, against less than 1 h for the\g 2 eam profile measurement for Nagoya-type gun and its modified
commercial load. version.
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o ' ' ' e no effect of the plasma shortening the lifetime of the excited
-2 1 state of lithium atoms.
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121 / The measurement of the temporal evolution of the den-
141 ’ 10.0 sity n, of the plasma edge with FNLB is in accordance with
181 stfective apperture 1 data from the Langmuir probe for the region near the limiter
and the one made by the Thomson scattering for the inner
-20 -10 0 10 20 region.
time (ms) Plasma density measured by Langmuir probe for the re-
i . . . gion near the limiter(R=55 cm is in the range of 2-3
01 ] X 10 m™3; for the inner region of the edge plasniR
=14 § =48 cm typical Thomson scattering measurements are of
-2 . 410 2-3x 10" m™3. Temperatures ranged from 10 to 30 eV.
While probing this region, attenuation of the Li beam can be
neglected. In fact, through E¢l), which defines the attenu-
ation of local density of the neutral Li beamy(r) in its
path,16 less than 4% of the beam is lost until it reaches the
radial position ofR=48 cm, that is 7 cm away from the lim-
6.0 iter. For this case it was considered in the calculation of an
attenuation cross sectien-=4x 107 cn?. This value is the
sum of cross sections for ionization and charge transfer of
the lithium beant
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B. Measurements at the plasma edge
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where(ov); and v, are the effective rate coefficient for ion-
ization and the beam velocity, respectively.

No significant variation on the cross section for excita-
tion of Li atom was observed for a 10—15 keV lithium beam
interacting in a plasma with temperature ranging from 10 to
30 eV. While the conditions of low attenuation of the Li
beam, low sensitivity of the excitation rate for the[2s
—2p] transition withT,, and low beam velocity are obeyed

- T y y y y T for edge region of ETE plasma, local electron density in this
30 35 40 45 50 55 60 case is proportional to the intensity of the resonance line
() programmed time of aperture of puff vaive (ms) radiation L[2s—2p] at 6708 A, due to the interaction of the

o _ . beam with the electrons of the plasma. In fact, the principle
FIG. 3. Monitoring of the fast varying pressure inside vacuum chanibr: for density determination used for this situation is based on
by setting the time of aperture of the puff valve to 5 rti®, after its filling ; . .
and evacuation by vacuum syste), by varying the time of aperture of the the comparison of the photon flux profiles emitted from the
piezoelectric valve of injection of gas. lithium atoms due to interaction with plasma electravsg,
and due to the interaction with hydrogen g, under same

intensity of the output signal of the photomultiplier by puff- discharge conditions, according to the relation bélow
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ing of the gas into the vacuum chamber, being the time of N, (r) Q
aperture of the valve settled to 5 ms. There it is possible to  ng(r) = —&p—aqng, (2
L2¢) p

observe the time delay between the firing of the valve and its
effective opening, which is of approximately 6 ms. After whereQyandQ, are the excitation cross section for collision
that, a pressure of about8107° Torr is established in the of the beam atoms with neutral atoms in the gas and the
vacuum chamber. Figurg® shows the exact instant of the effective excitation cross section, respectively.

fast input of gas into the chamber and consequent reduction Presently, the energy delivered by the toroidal and ohmic
of the pressure due to vacuum pumping. It takes about 4 Beating capacitor banks represent jusbf the total energy
after the input of the gas until it has been completely evacuexpected to be delivered, in order to attain projected condi-
ated by vacuum system. Several measurements were done tigns of operation in ETE. Plasma current of 200 kA will be
puffing gas in the ETE chamber by changing the time ofreached and densities of the order of- @2 will also be
aperture of the valve. The graph of FigcBshows the me- attained, even in the edge region. Lithium beam attenuation
dium pressure value obtained for each case with respectiweill be stronger for this case and density reconstruction code
error bar. Here, radial resolution is about 2 cm, since there iwill be used to recover density profilé%.
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FIG. 4. Experimental measurementay radial profile of the density in ETE

Oliveira et al.

scattering based on time-delay technijci’uwill allow the
measurement of density profiles with ten spatial points per
laser shot, per polychromator. FNLB will use a flexible mul-
tichannel photomultiplier, composed of an array of 8 in-
dependent cells. In the best case, no cross talk and enough
intensity of the signal, up to 64 radial positions of the plasma
can be swept with this experimental arrangement of the op-
tical detection system. Initially, through convenient lens con-
figuration, the light from eight radial positions of the plasma,
conducted by a set of eight optical fibers, will be focused
onto eight cells of the photomultiplier, and a density profile
will be obtained in a single shot.

In spite of background radiation, mainly due tq Eimis-
sion, high spatial and temporal resolutions in measurements
with the actual configuration of FNLB diagnostics is being
obtained for ETE discharges. Modifications performed in the
ion gun and in the ion source were crucial in this phase.
Good conditioning of the machine through glow discharges
was also very important to eleiminate the tail of emission
and to improve signal-to-noise ratio during FNLB measure-
ments. Experimental results show good agreement with data
from Thomson scattering for the inner region of the plasma
and with Langmuir probe data for the region near the limiter.
The increase on the number of points to be observed with
FNLB probe will allow the study of the physics of the edge
region of a spherical tokamak, with such a diagnostics.
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