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A high current dc electrostatic quadruple (ESQ) accelerator 
is being developed for negative-ion-based neutral beam heating 
and current drive on the next generation tokomak. Beam 
energy and current will eventually be in the MeV and multi- 
ampere range. This CCVV (constant-current variable-voltage) 
accelerator uses a series of identical ESQ modules. We have 
successfully tested a prototype CCVV accelerator up to 200 
keV with a 100 mA He+ beam (with space charge equivalence 
of 140 mA of D-) for a pulse length of 1 s. Testing was also 
done with a 42 mA H- beam (H- beam current was limited by 
source performance). There was almost no beam loss in the 
ESQ accelerator. No emittance growth was found if the beam 
injected from the preaccelerator into the ESQ accelerator had 
low aberration. We are presently designing a proof-of- 
principle one-channel CCVV accelerator that would accelerate 
1 .O A of D- to 1.3 MeV energy. 

I. INTRODUCTION 
Next generation tokomak fusion reactors, e.g. the Inter- 

national Thermonuclear Experimental Reactor (ITER), require 
D- neutral beams with energy as high as 1.3 MeV and with 
pulse lengths as long as two weeks. To meet these 
requirements, we are developing CCVV accelerators that can 
carry high current in a single channel. The ESQ sections 
provide strong focusing and quickly remove secondary 
electrons before they gain significant energy. Concept and 
design details of the CCVV accelerator and the neutral beam 
line were reported earlier by Anderson et a2.l v2 

One important characteristic of this design is that the 
accelerator is modular. A prototype, which has a matching/ 
pumping module plus one lOO-keV acceleration module, was 
built for testing. It is capable of accelerating 0.14 A of D- 
beam up to 200 keV. This beam has the same equivalent 
current (i.e. the same space charge) as 0.20 A of H- ions or 
0.10 A of He+ ions. Earlier we tested the prototype with 42 
mA of H- beam. At present we lack an ion source that can 
produce 0.2 A of H- ions (or 0.14 A of D-) in a single channel 
operating with long pulses. In this paper, we report the result 
of testing the prototype with 0.10 A of He+ beams. 

In testing the CCVV accelerator prototype, we measured 
the beam current and the beam emittance before and after the 
ESQ modules to determine the amount of beam loss, 
aberration and emittance growth. Measured envelope 
parameters were compared with calculated envelope parameters 
to evaluate the usefulness of the envelope code. 
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II. APPARATUS 
A schematic diagram of the CCVV prototype is shown in 

Fig. 1. There are two ESQ modules; the first has three 
quadrupole units and the second has two. The quadrupole elect- 
rodes are round rods, supported at one end by flat plates. Beam 
acceleration occurs at the free rod ends and in the gaps between 
plates: The prototype is designed to transport the beam at 100 
keV through the first ESQ module and then accelerate the 
beam to 200 keV energy in the second ESQ module. 

Between the ion source and the ESQ modules is a Pierce 
type preaccelerator designed to inject 0.14 A of D- at 100 keV 
energy into the first ESQ module. Permanent magnets are 
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Fig, 1. Schematic Diagram of the prototype ESQ Accelerator 
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Fig. 2. Circuit diagram of the ES0 accelerator. 
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embedded inside the second electrode of the preaccelerator to 
trap electrons only when the apparatus is used to produce 
negative ion beams. These permanent magnets are removed for 
positive ion beams. 

Stripping of negative ions produces electrons which in turn 
produce X-rays. In order to minimize the stripping loss, thus 
optimize the power efficiency of the acceleration system, the 
apparatus is designed for high conductance pumping to quickly 
remove the gas from the beam axis. 

The ion source is a 20-cm-diam, 23-cm-deep multicusp dc 
source developed for volume-production of H- (or D-) ions.3 
The same ion source, operating without the “filter rods”, can 
be used to produce He+ ions . With a 3-cm-diam aperture, the 
ion source can produce up to 100 mA of H- beam in 10 ms 
pulses. Nevertheless, a 2-cm-diam aperture was used when we 
tested the ESQ with a 42 mA H- beam because the smaller 
aperture produced a H- beam with less aberration and lower 
effective beam temperature. In the case of testing the ESQ 
with a He+ beam, a 2.6-cm-diam aperture was used to produce 
more than 100 mA of steady He+ beam current. 

A combination of voltage divider and floating power 
supplies is used to provide voltages on the ESQ modules. A 
schematic circuit diagram is shown in Fig. 2. The floating 
power supplies allow maximum flexibility in tuning the ESQ 
during the test phase. Generally, the power supplies are held 
to within 1 % tolerance of the specified voltages. The 
voltages indicated in the diagram are the actual values used to 
obtain the emittance diagram shown in Fig. 4. 

III. EXPERIMENTAL RESULTS 
We have successfully accelerated a 105 mA He+ beam to 

202 keV with the prototype CCVV accelerator. The pulse 
length was not limited by breakdowns; we have demonstrated 
pulses longer than 1 s. Typical potential difference across a 
quadrupole is about 25 keV. The drain current for the ESQ 
electrodes in the first and the second modules are typically in 
the order of 20 mA and 10 mA respectively. Only ~3% of the 
He+ beam was lost in the ESQ; the uncertainty of the 
calorimetric measurements can be as high as 2-3%. 

Figure 3 shows the projectional emittance diagram of a 100 
mA He+ beam leaving the preaccelerator at 101 keV energy 
(the ESQ was removed from the beam line in order to make 
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Fig. 3. Emittance Diagram of a 100 mA He+ beam 
leaving the preaccelerator at 101 keV energy. 

this measurement). The 63% intensity contour on the diagram 
gives a normalized emittance of 0.015 x-cm-mrad. With a 
2.6-cm-diam beam-forming aperture, this emittance value 
corresponds to that of a 0.5 eV Gaussian beam. Aberrations in 
the beam optics are preserved as the beam propagates through 
the ESQ modules. Figure 4 shows the emittance diagram as 
the beam emerges from the ESQ at 200 keV energy (the 
emittance diagram on the other transverse axis has a much 
wider beam envelope thus confirming an elliptical beam spot). 
In propagating through the two ESQ modules, the projectional 
emittance increases by 13% from 0.015 to 0.017 ?r-cm-mrad 
It5% of experimental errors. 

When the beam current was reduced to 84 mA, the 
aberrations introduced in the preaccelerator disappeared and we 
found no emittance growth in the ESQ. Figures 5a and 5b are 
the x-x’ and y-y’ emittance diagrams of a 84 mA He+ beam 
leaving the ESQ at 200 keV. 

Figure 6 shows the result from the envelope code’ using 
input data from the actual potentials applied to the ESQ 
electrodes and from the measured beam parameters leaving the 
preaccelerator (in absence of the ESQ modules). Comparing 
Fig. 5a and 5b with Fig. 6, we found a small discrepancy 
between the measured and the calculated beam envelopes at the 
ESQ exit which is corrected by assuming that the addition of 
the ESQ module at the end of the preaccelerator increases the 
divergence of the beam entering the ESQ by 20 mrad. We 
shall check this assumption in future experiments. Neverthe- 
less, the envelope code was proven to be the most valuable 
tool in assisting tuning of the ESQ accelerator. We are 
improving the code to account for the gap focusing between 
units of quadrupole electrodes. 

Similar results were obtained when we operated the ESQ 
accelerator with H- beams. Using the ESQ accelerator, we 
have accelerated 42 mA of H- to 200 keV. The beam loss 
within the ESQ modules was estimated to be 9%. presumably 
due to stripping of the H- ions by the H:! gas. We measured 
no emittance growth within the 5% experimental uncertainty. 
Most of the current drain from the quadrupole electrodes in the 
matching/pumping ESQ module (i.e. the first module) were 
related to the electmns from beam stripping and their secondary 
electrons. The electrical power consumed by the ESQ module 
was less than 2% of the beam power. 
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Fig. 4. Emittance Diagram of a 92.3 mA He+ beam 
leaving the ESQ accelerator at 200 keV energy. 
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Fig. 5a. Emittance (x-x’) of a 84 mA, 200 keV He+ beam. 
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Fig. 5b. Emittance (y-y’) of a 84 mA, 200 keV He+ beam. 

IV. DISCUSSION 
In summary, we have successfully accelerated 0.10 A of 

He+ beam (equivalent to 0.14 A of D-) to 200 keV using the 
prototype CCVV accelerator. Beam loss and emittance growth 
are both small; the latter can be improved by providing beams 
with better optics at the prcaccelerator. Tuning the accelerator 
can be done with the assistance of the envelope code. 
Eventually, when the performance of the CCVV accelerator is 
well characterized, frequent tuning would not be necessary and 
the floating power supplies can be replaced by voltage dividers. 
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Fig. 6. Beam envelopes of a 84 mA He+ beam in the ESQ. 

We are proposing to build a proof-of-principle 1.3 MeV, 
1.0 A (D-) CCVV accelerator ( Fig. 7)4. This new accelerator 
will have quadrupole units approximately 2.5 times larger in 
length and in diameter than the present prototype. By keeping 
the same electric field strength, the new ESQ accelerator will 
accelerate ion beams at 250 keV per module; thus only 4 ESQ 
modules are required to reach the 1.3 MeV final beam energy 
(here the preacceleration is 300 keV). The accelerator will also 
produce beams of half or three-quarter energy with no change 
in current. 
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