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In order to implement a new setup for neutral-beam activated impact excitation spectroscopy
at the nuclear fusion experiment “TEXTOR” (Tokamak Experiment for Technology
Oriented Research) a 2.45 GHz ECR multicusp ion source was built. Special emphasis was
given to extract an intense He * -ion beam, which will be used in the forthcoming
experiment. After neutralization the slow (2.2 X 107 cm/s, 1 keV) He atoms are injected
into the tokamak plasma. Necessarily the atom beam has to have a small divergence.

To optimize the extraction optics, calculations concerning the multihole extraction aperture
have been made, taking different ECR-plasma parameters into account. The divergence
shows a strong dependence on the extracted beam current density (>5 mA/cm?) and the
chosen optics. The ion source has to be operated in a pulsed mode (max. 5 kHz, duty

cycle 50%) due to experimental requirements.

I. INTRODUCTION

Neutral beams have been suggested and used’? as di-
agnostic tools for measurements concerning fusion plasma
parameters, Especially neutral-beam-activated charge ex-
change spectroscopy proved to be an important tool in
analyzing ion density distributions and temperatures.’
Neutral atom beams are also used to determine electron
temperatures and densities in the plasma edge region of
tokamaks.* Recently, a thermal helium beam has been em-
ployed to determine the radial eleciron temperature distri-
bution in the plasma boundary of the tokamak TEXTOR
(Tokamak Experiment for Technology Oriented
Research).’ Helium is an excellent candidate as an atomic
probe because it has a high ionization energy and therefore
can penetrate far into the tokamak plasma. First attempts
to measure the electron temperature of a plasma using a
helium beam have been made in the past,ﬁ‘g but were not
satisfactory due to the lack of including multistep pro-
cesses into the interpretation of spectroscopic data. Re-
cently, a collisional radiative model has been developed'®
that includes these processes and is capable of modeling the
penetration and excitation of a slow helium beam passing
through a plasma. The electron temperature in the plasma
edge can be evaluated by comparing the intensity ratios of
suitable chosen emission lines with the predictions of the
model.

For the feasibility of these excitation measurements a
He beam with a density of 2 X 107 cm ~ 3 and a diameter
of 40 mm has to be provided at the interaction region,
resulting in an equivalent neutral current of 70 pA/cm? at
an energy of 1 keV. For this purpose a He-ion beam has to
be neutralized either in a He-gas or in alkali-metal vapors.
In the latter case a considerable amount of metastable he-
lium atoms will be produced.!!

Electron cyclotron resonance (ECR) ion sources are
capable of producing high beam current densities of inert
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and reactive gases.'>”'® We have chosen to use an ECR ion
source in our experiments because of the reliability and the
stable conditions under which these sources can be oper-
ated.

In this report the operational characteristics of the
source will be described with respect to the experimental
necessities. Special regard will be given to the application
of an ECR ion source used as a ool for plasma edge diag-
nostics. We will describe two types of multicusp ECR ion
sources, one with a cylindrical resonator, the other with a
rectangular resonator, which can both be operated in a
pulsed high current mode. Calculations for the extraction
show the difficulty in delivering high currents to the exper-
imental region if only a two grid extraction optic is used.
Finally, the experimental setup at TEXTOR will be briefly
discussed.

Il. EXPERIMENTAL ARRANGEMENT

For our purposes it seems to be adequate to use a
compact multicusp ECR ion source. The cylindrical type
of source (Fig. 1) that we tested, is in many parts similar
to other sources.'>'® The resonator was adjusted to a
TE211 mode (diameter =17 cm, length = 8.5 cm) by
moving the sliding short to the appropriate position. The
coaxial coupler could be slightly adjusted. The impedance
of the ECR plasma is matched to the transmission line
with a three stub tuner. The cylindrical plasma chamber
consisted of a quartz tube with a length of 9 cm and an
outer diameter of 7 cm. The tube is sealed by an indium O
ring onto the stainless steel base plate. The quartz tube was
surrounded by a 12-pole multicusp configuration consist-
ing of rectangular NdFeB-permanent magnets (1X0.6% 3
cm). The remanence of these magnets is about 11001250
mT and the Curie temperature is 310 °C. The gas inlet is
integrated into the base plate. Different types of multigrid
extraction optics can be mounted. The maximum active
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FIG. 1. Schematical drawing of the cylindrical ECR microwave-cavity
source.

diameter of the extraction opening is 3 cm. For test pur-
poses we used two different types of grids: We employed a
graphite grid optics, where we could adjust the distance of
the two grids, and we used two-grid silicon optics. 17 Water
cooling was included into the high voltage insulator. No
additional cooling of the extraction region was necessary.
The source is designed for a maximum extraction voltage
of 3 kV.

Operation is possible either in a cw mode or in a pulsed
mode. Due to future experimental requirements we used
the pulsed mode, and all tests concerning the operation of
the sources were done by chopping the UHF transmitter
with a rectangular pulse generator. The pulse frequency

could be widely changed, but was mainly between 100 Hz -

and 5 kHz. In order to keep the heat load low, a duty cycle
of 10% was chosen during the test period. Figure 2 shows

the total extracted current for different gases. The Child—-

Langmuir limit could be reached for Ar, Ne, and O, but for
He the total extracted current was below this limit for an
extraction voltage of 1250 V. The UHF peak power was 4
kW, showing . a reflected power of about 10%, which cor-
responds to a power density of more than 1 W/cm®. The
gas pressure, which could be measured only in the extrac-
tion region with a penning vacuum gauge, was about
2 X 10~ 2 Pa for Ar, Ne, and O and about 6 X 10~?Pa
for He.

We had the possibility to mtegrate different types of
extraction optics into our setup. Due to experimental ne-
cessities we tried to include an extraction optics, which
combines high output current densities and a low diver-
gence. Different calculations were made, where our ex-
pected ECR-plasma parameters have been included. The
calculations were done for an integrated green tape-silicon
two-grid extraction optics, assuming oxygen as a working
gas and an extraction voltage of 1000 V. The silicon optics

2545 Rev. Sci. Instrum., Vol. 63, No. 4, April 1992

Tiotal

Alcm?
mAlem ) Child -

Langmuir Y
50+ yd
40+ /

301 e "He

o o1 02 03 0k 05 06 07WM

FIG. 2. Total extracted ion currents for different gases. Extraction voltage
1250 V, extraction gap width 0.89 mm, transparency of the silicon ex-
traction optics 35%.

are manufactured with rectangular holes of 0.85 mm < 0.85
mm and had a transmission of 35%. The anisotropically
etched silicon grids are bonded to a holder, which consists
of DuPont Green Tape.™ Details can be found in Ref. 17.
Figure 3 shows the results of the calculations using differ-
ent ion saturation current densities as a parameter. The
resulting ion current density J _ ion (mA/cm?) 1 m away
from the point of extraction depends on the grid distance
and the ion saturation current. Assuming an ion saturation
current of 10-20 mA/cm?, a grid distance of 1.2 mm seems
to be the best choice. The divergence of the ion beam will
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FIG. 3. Calculations of (a) the ion current density an(mA/cm") 1m
apart from the point of extraction and (b) the divergence angle for dif-
ferent gnd separations and ion saturation currents (4: 5 mA/cm? A: 10
mA/cm?, O: 15 mA/cm?, e: 20 mA/cm?). The computatlons were per-
formed for silicon optics with 1 cm diam.
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FIG. 4. The 2.45 GHz ECR ion source at the tokamak TEXTOR.

be less than 10°. As we expected higher saturation currents
for He, we have chosen a grid distance of 0.9 mm. We
measured a divergence of 8°+0.5° for an oxygen beam,
which is in good agreement with the calculations, and a
divergence of about 9.5°+0.5° for a He beam. The ion
beams were not mass or energy analyzed. The divergence
of the beam is directly dependent on the ECR-plasma pa-
rameters, which are changed by varying the gas pressure
and the rf power.

Although the cylindrical source worked very well dur-
ing our test performances, the only drawback was the ca-
pacitive coupling of the waveguide to the resonator with a
coaxial coupler. After a longer period of operation the tem-
perature of the coupler changed and the UHF had to be
retuned. Additionally we had rf leaks at this location.
Therefore we decided to build an ECR source with a rect-
angular resonator and direct coupling of the waveguide to
the resonator by using of a pyramidal horn antenna (Y,
= 28.5°, 4y = 25°). The resonator had a height of 6.1 cm
and a volume of 1100 cm®. The resulting output was com-
parable to the cylindrical source output, but the gas pres-
sure was lower (4~5 X 10~ 2 Pa for He) and the reflected
power was higher (30%). The ignition of the source was
much easier to achieve and we had no rf leaks and nearly
no heat load onto the coupling. As this source is easier to
handle it seems appropriate to us to use this system for the
planned experiments.

The ECR source will be included in an existing setup
at TEXTOR®* (Fig. 4). The He-ion beam will be directed
to a Li-vapor neutralization cell'® through the gap of an

2546 Rev. Sci. Instrum,, Vol, 63, No. 4, April 1992

analyzing magnet, which is used for another source. The
non-neutralized beam fraction is deflected onto an ion
dump, the current to which serves as a monitor signal for
the injected atom beam. The He atom beam will be di-
rected into the plasma of the tokamak. By measuring the
intensities of two different speciral lines of He, it should be
possible to obtain the temperature of the electrons in the
plasma using an impact excitation model.'® As the atom
beam is chopped the background radiation can be sub-
tracted from the recorded signals.

lll. CONCLUSION

We have investigated two types of single-mode multi-
cusp ECR ion sources. The cylindrical as well as the rect-
angular type are capable of delivering high total currents
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up to the Child—Langmuir limit. The UHF-power density
is more than 1 W/cm®. The drawback in operating these
sources is the high divergence of the He-ion beam (about
10°) and the high pressure in the extraction region, the
latter can be improved by better pumping, which will be
included in the future. Investigations concerning the de-
crease of the beam divergence are in progress.
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