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For the purpose of neutral-lithium beam tokamak-plasma diagnostics we have developed a 
compact, high current (several tens of mA/cm’) 2.45~GHz electron cyclotron resonance 
(ECR) Li+ plasma ion source in coaxial geometry, coupled to a helium-buffered lithium feeding 
system working according to the heat pipe principle. The accel-decel-type ion extraction system 
features either seven holes or one single aperture. First experimental results for the extractable 
Li+ and He+ ions in both cw and pulsed-mode operations are presented. 

I. INTRODUCTION 

For the successful development of future thermonu- 
clear fusion reactors, a detailed knowledge of plasma-wall 
interaction and impurity transport processes in the outer- 
most regions of magnetically confined hot plasmas is of 
foremost interest. Injection of a beam of fast (10-100 keV) 
neutral lithium atoms into the tokamak edge plasma has 
been shown to provide a wide range of diagnostic 
information,’ by analyzing the line radiation followin 

!? 
col- 

lisions of the Li atoms with the plasma particles.‘- For 
high-resolution measurements, neutral beam-equivalent 
currents of several mAfcm2’ are needed. 

ECR ion sources are excellent candidates to produce 
ion beams to be neutralized for the above-mentioned pur- 
poses, because of their reliability and extended lifetimes 
even with reactive feeding gases or vapors.! This led us to 
develop. a compact 2.45-GHz ECR ion source ( lo-cm long, 
discharge plasma tube diameter 23 mm) in coaxial 
geometry.7 As its follow-up, we have now constructed and 
operated a 2.45-GHz ECR Li+ ion source with Li vapor as 
the working medium, to produce the required high Lif ion 
current densities. The Li vapor is introduced into the ECR 
plasma region from a He-buffered heat-pipe-like feeding 
system. In this way, the source can also serve as a He+ ion 
gun, considering the recent interest in slow as well as fast 
neutral helium beams for tokamak plasma diagnostics.8’9 

In the present contribution we describe the construc- 
tion of the new Li+ source, in particular its lithium vapor 
feeding system. First results are presented for the achiev- 
able Lif and He+ ion beam currents when operating the 
ECR discharge either in the pulsed or cw mode. 

il. IoN soumx coNsTRticTl0~ 

A. ECR plasma discharge 

A schematic view of the present ion source discharge 
geometry, featuring a 2.45-GHz ECR plasma within a sim- 
ple magnetic mirror field, is shown in Fig. 1. 

Variable microwave power is fed from a 2.45-GHz 
magnetron via a Teflon vacuum window, which insulates 
the microwave line from the discharge chamber and per- 
mits one to bias the latter at extraction voltages of up to 30 

keV. A 90” rectangular-to-coaxial wave guide transition 
protects the vacuum window from Li-vapor deposition 
(see below). 

The magnetron can be operated in both the cw and 
pulsed modes, producing up to I-kW power in the cw 
mode. The plasma tube (inner diameter 35 mm) and the 
microwave antenna (diameter 8 mm, tip diameter 6 mm, 
cf. Ref. 7) are made of stainless steel. Since 2.45-GHz 
microwave cannot be transported in this discharge vessel 
geometry, the antenna tip had to be placed next to the first 
ECR point where the magnetic field strength reaches 87.5 
mT. 

The axial magnetic mirror field is produced by two 
water-cooled solenoids completely encased by iron yokes. 
This allows one to reach a magnetic mirror ratio of up to 4, 
if the distance between the solenoids is appropriately en- 
larged (cf. Fig. 2). Such a relatively high magnetic mirror 
ratio provides good axial plasma confinement and makes it 
possible to couple up to I-kW microwave power into the 
plasma. In this way, rather dense plasmas can be gener- 
ated, which are well suited for the production of the de- 
sired intense ion beams. 

The ion extraction is of the accel-decel type, featuring 
either seven 2-mm-diam apertures or one single 5.3-mm 
diam hole, in both cases offering a total free plasma area of 
22 mm2. Distances between extraction aperture and accel 
electrode, and between accel and decel electrodes are 4.5 
and 3 mm, respectively. With the decel electrode grounded 
and the accel electrode biased negative with typically 
-200 V, the plasma discharge vessel could be set at a 
positive voltage: U,,,, of ~10 kV. 

B. Lithium feeding system 

The lithium feeding system schematically shown in 
Fig. 3, is directly coupled to the plasma chamber. It works 
according to the heat pipe principle, in a similar way as 
widely utilized for alkali vapor spectroscopic 
measurements” and charge-exchange cells.” Its design is 
based on a heat conductive element devised by Grover et 
al. l2 Three heater systems keep the required temperature 
gradient and assure that the temperature of the whole 
plasma tube exceeds 200 “C! (Li melting point 186 “C), 
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FIG. 1. 
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Schematic drawing of the ECR ion source discharge vessel situated within the magnetic mirror field and coupled to the lithium vapor 
and the microwave inlet. 

such that the metal vapor condenses at any point of the 
tube in the liquid phase. 

Three layers of a stainless-steel mesh line the inner wall 
of the tube until close to the first ECR point. This “wick” 
is saturated with lithium and thus serves as a lithium res- 
ervoir. As buffer gas we used helium to determine the total 
pressure in the discharge vessel in the order of 10m3 mbar 
(the residual gas pressure in the vacuum jar is about low6 
mbar during discharge operation). There is a pressure drop 
between the hot zone in the plasma region, where the tem- 
perature rises above 500 “C, and the extremities of the tube 
(T~200 “C!). Li vapor lost from the plasma will flow to- 
ward the cooler parts of the tube and condense as liquid at 
the mesh. For continuous operation it is necessary for the 
liquid to return steadily toward the plasma region. As is 
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FIG. 2. Course of axial magnetic Aeld strength in the ECR discharge 
region, for two different distances and settings of the magnetic coil cur- 
rent. 

pipe 

common for heat pipes, this is achieved by capillary forces. 
There is always a depletion of liquid in the hot zone due to 
evaporation, whereas in the cooler parts the liquid lithium 
will accumulate. With a suitably chosen wick the capillary 
forces can always overcome the viscous retarding forces, 
thus ensuring a steady influx of the liquid into the plasma 
region, controlled by the temperature of the hot zone and 
the total pressure in the discharge vessel. Lack of the work- 
ing liquid would cause the mesh to “dry up” and thus stop 
the influx of Li vapor. 

There are two possibilities for loss of lithium vapor or 
liquid, a desired one due to the extraction of Li+ ions, and 
another one by the flux of Li atoms from the hot zone 
through the ports of the discharge tube. The latter loss, 
which has to be kept as small as possible, is proportional to 
the squared ratio of the radius to the length of the dis- 
charge tube. l1 Since our tube is 30-cm long, this Li loss 
remained in the order of 1% only. Under steady-state con- 
ditions the metal thus circulates in a quasiclosed cycle, and 
it is well feasible to control the lithium flux into the plasma 
as well as the respective lithium partial pressure, by just 

solenoids 

heating systems 

FIG. 3. Commonly chosen temperatures of the heat pipe heating systems. 
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FIG. 4. Ratio of extracted ion currents (after magnetic sector field ana- FIG. 5. Course of total extracted Li+ ion current vs microwave power 
lyzer, He pressure fixed) of 7Li+ and 4He+, respectively, vs central heat coupled into the ECR discharge (operating heat pipe, He pressure fixed, 
pipe temperature. extraction voltage 7 kV). 

varying the temperature of the tlrst heater and the He gas 
pressure. To assure thermal steady-state conditions of the 
“heat pipe” oven for different microwave power input, 
pulsing of the discharge has proven necessary, in which 
way a stable beam production for many hours could be 
achieved. Figure 4 shows the ratio between extracted Li’ 
and He+ ion currents vs the temperature of the first heater. 
Whereas with steady-state heat pipe operation the fraction 
of He+ ions in the extracted beam remains smaller than 
I%, the situation becomes just opposite with the heaters 
switched off. In this way it is very easy to change the 
composit ion of the extracted ion beams, which feature is of 
considerable interest for their prospective application for 
fusion plasma diagnostics. 

higher ion beam quality than the single aperture extrac- 
tion, because of which the former was exclusively used for 
obtaining data shown in Fig. 5, which has been measured 
with a shielded Faraday cup (entrance aperture 40-mm 
diameter) about 40 cm downstream of the ion extraction 
aperture. Further investigations including extracted ion 
beam emittance measurements will be made in the near 
future. 
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111. FIRST OPERATING EXPERIENCE 

W ith the discharge tube inner diameter being compa- 
rably small (35 mm, see above), microwaves launched into 
the plasma can only be absorbed in the first ECR zone next 
to the antenna tip. Consequently, the source had to be 
operated at relatively high neutral gas/vapor pressure, i.e., 
‘plasmas could only the generated above 5 X low4 mbar, 
and the most convenient working pressure is about 10m3 
mbar. The imposed high magnetic mirror ratio serves for a 
good axial plasma confinement and permits coupling of up 
to 1-kW microwave power into the discharge, to produce 
quite dense plasmas suitable for extraction of correspond- 
ingly strong ion beams. W ith the present extraction area of 
22 mm’, ion current densities of up to 30 mA/cm2 at 
4-6-kV extraction voltage could be reached so far. How- 
ever, running the discharge at elevated microwave power 
necessitates pulsed operation and/or forced cooling of both 
the plasma tube and the antenna tip, to avoid their exces- 
sive thermal loading. At least for pulsed operation the ex- 
traction system with seven holes provided considerably 
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