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Traveling wave direct energy converter (TWDEC) was proposed as an efficient energy recovery device for
14.7 MeV protons produced by D-3He fusion reaction. Protons are velocity-modulated and bunched up, then
induce traveling wave field which traps and decelerates themselves. In simulation experiments, it was found that
the amount of particles was larger during application of modulation/deceleration field in the condition providing
high efficiency than other conditions. This paper treats the phenomenon and will present results of analytical
experiments and discussion. We found that ions were scattered due to modulation, and variation of the number
of ions was corresponding to variation of deceleration effect. The possible mechanism of the phenomenon is
scattering of particles due to bunching and its suppression due to trapping by deceleration field. In other words,
high efficiency would be obtained by suppression of scattering.
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1. Introduction

In D-3He fusion power generation, most of energy
produced by fusion reaction is carried as kinetic energy of
charged particles such as electrons, thermal ions, and high
energy protons of 14.7 MeV. The proton energy cannot be
treated by conventional electrostatic converters due to tech-
nical limitations. To overcome this problem, application
of a traveling wave direct energy converter (TWDEC) [1]
is expected. Direct energy converters (DECs), which are
made up of a cusp-type direct energy converter (CuspDEC)
[2] and a TWDEC, were proposed as efficient energy re-
covery devices for D-*He fusion reaction in the previous
research [3].

The charged particles from a reactor are incident into
DECs, the energy of electrons and thermal ions are pro-
cessed in CuspDEC and that of protons are in TWDEC.
The CuspDEC is placed in the upstream, and designed
to discriminate thermal ions and electrons from incident
plasma. These particles are gathered into collectors, and
those energy is converted into DC power. TWDEC is de-
signed based on inverse process of a linear accelerator, and
works for energy recovery from 14.7 MeV protons. It con-
sists of a modulator and a decelerator. Incident protons
are introduced into the modulator and bunched up in the
downstream by axial velocity modulation using RF elec-
tric field. The decelerator is located at the bunching point
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and bunched protons excite an electrostatic traveling wave.
The wave is designed to be decelerated and traps protons
by its potential well so that trapped protons are deceler-
ated. Reduced kinetic energy of the protons are converted
into the RF energy through an external transmission circuit
connected to the decelerator.

In previous research on modulation process, numeri-
cal calculation predicted a possibility of ion scattering due
to bunching [4]. Actually, a phenomenon suggesting ion
scattering was found in simulation experiments [5]. In
such a situation, some ions go out of the system and their
energy is lost. Thus, cause and influence on deceleration of
the phenomenon should be investigated [6]. In this work,
we performed experimental analysis on radial scattering of
ions by using an array of concentric electrodes, and inves-
tigated influence on deceleration process in various decel-
eration experiments.

In Sec. 2, the experimental setup and evaluation meth-
ods are shown. Overview of the TWDEC simulator and
experimental procedure are explained. Measurement de-
vices and evaluation are also explained. In Sec. 3, experi-
mental results are shown, and discussion is also presented.
In Sec. 4, conclusion of the paper is given.

2. Experimental Step
2.1 TWDEC simulator

A schematic view of the experimental simulator is
shown in Fig. 1. The device consists of sections of ion
source, extraction, modulation, deceleration, and measure-
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Fig. 1 Experimental simulator.

ment. These sections are placed coaxially.

In the ion source section, a helium plasma is generated
by supplying an RF power of 15MHz to an RF antenna.
The discharge is assisted by magnetic field created by two
magnetic coils shown in Fig. 1. The discharge is performed
by repetitive pulse operation, and the pulse has a frequency
of 667 Hz and 67% duty ratio.

In the extraction section, extraction voltage Ve is ap-
plied to an extraction electrode at the end of the ion source.
In this paper, Vox = 1.6kV and 3.2kV are used. The ex-
tracted ions are bundled into a beam shape by applying V.
to a cylindrical convergence electrode placed in the down-
stream of the extraction electrode.

In the modulator, we adopted the dual-frequency mod-
ulation method to improve deceleration effect. The dual-
frequency modulation was proposed as favourable mod-
ulation method to improve ion bunching [7, 8]. Actual
structure of the modulator has four coaxial disk electrodes
with a hole of 6 cm diameter covered by mesh. A sinu-
soidal wave voltage of 7MHz (Vih0q1) and synchronized
one of 14 MHz with leading phase difference of 0.5 rad
(Vmod2) are applied to the second (M) and the third (M3)
electrodes, respectively, and other electrodes are grounded.
The axial intervals between electrodes are the same as the
running length of the ions in quarter period of 7MHz. The
effect of dual-frequency modulation was confirmed as gen-
eration characteristics of the third harmonic component [8]
and variation of energy distribution function [9] in the pre-
vious papers.

For deceleration experiment in the simulator, forma-
tion of traveling wave in the decelerator is achieved by
application of external RF voltages (Vge.) instead of in-
duction due to bunched ions. This is called ‘active de-
celerator’ [10]. In the actual experiments, two function
generators synchronized with each other are used. Those
signals are pulse-modulated and amplified as Vj,0q; and
Viaec- The phase of the signals can be controlled indepen-
dently, and that for Vi,0q1 is zero. As for Ve, phases of
Ogec = nr/4 (n = 0,1,...,7) are settled for examination
of deceleration effect for each experimental condition. We

designed the decelerator based on the constant deceleration
scheme [11]. In this scheme, traveling wave with constant
deceleration traps ions in its potential well and trapped ions
are decelerated together. The axial position of electrodes
corresponding to 0.5 phase interval can be determined by
deceleration « according to V. For Vo = 1.6kV and
3.2kV, we take @ = 5.5 x 10'' m/s? and 7.8 x 10! m/s?,
respectively, and 6 and 8 electrodes are placed, respec-
tively. The first electrode is at the bunching position. The
structure of the electrodes are the same as that in the mod-
ulator. Each 0.5z lagging voltage can be obtained by an
RF source of Vg of 7MHz synchronized with Vy,0q4; and
delay lines.

2.2 Measurement and evaluation

At the end of the device, a Faraday cup (FCP) is in-
stalled which consists of an ion repeller grid (IR), a sec-
ondary electron repeller grid (SER) and an ion collector
electrode (C). The entrance hole of the cup has also grid,
and the size of the hole as well as those of the holes of
IR and SER are the same diameter of 6 cm with those
of TWDEC electrodes. The ions are discriminated for
each energy by applying sweeping voltage (Vi) to the IR.
In the experiment, collector current /. discriminated for
each energy is obtained. The distribution function of the
ions f(E) is given by f(E) = Vii/* (dle) / (AViR)ly=p/e-
where E and e mean ion energy and unit charge, respec-
tively. The average energy of the ions are given by (E) =
fow E-f(E)dE/ fooo f(E)dAE. We used deceleration rate de-
fined by R4ee = ((Ep) — (E)) /[{Ey) for evaluation of de-
celeration effect, where (E() means the average energy of
incident ions without modulation and deceleration.

An array of concentric ring electrodes used for mea-
surement of radial distribution of ions is installed at the
end of TWDEC simulator instead of the Faraday cup. Its
structure is shown in Fig. 1. The array consists of six ring
electrodes which are P;-Pg counting from the center. The
size of each electrodes is shown in the figure. The elec-
trodes are placed by removing the decelerator and the FCP,
and the electrode array is axially movable to obtain axial
variation of the radial distribution.

In the experiment, a multi-point boxcar integrator
(MPB) was used to obtain time variation of energy distri-
bution. The MPB was developed by authors [12]. The tim-
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Fig. 2 Timing chart of RF (Viy0a15 Vinod2> Vaec) applications and
MPB sampling.
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ing chart of RF applications and sampling by MPB in the
actual experiment are shown in Fig.2. The sampling tim-
ing is determined by taking period of steady state of plasma
production and sweeping energy range into account. For
Vex = 1.6KV, Vinodij2 and Vg are in 300 - 1000 ps from
the start of plasma production, so every 40 us during 320 -
920 us are taken. For Ve = 3.2kV, 320, 640, and 960 us
are taken for 400 - 1000 us RF application.

3. Results & Discussion
3.1 Radial behavior of ions

Ion beam currents were measured by the concentric
ring electrodes. In order to discuss the variation of radial
distribution due to beam modulation, the results are sum-
marized as in Fig. 3. Note that the abscissa (L) means axial
position of the array of concentric ring electrodes based
on bunching position, and ordinate (R.) means ratio of the
modulated beam current relative to the corresponding cur-
rent without modulation.

The current measured by P; of the most inner elec-
trode is consistently smaller than 1. Those of P, and P;
change a little around 1 for all axial positions. That of P4
decreases in the downstream of bunching point. For Ps, all
currents except at L = 30mm are over 1. That of Pg of
the most outer electrode is consistently larger than 1.2, and
larger values are found around bunching point. When we
summarize roughly, internal components of the ion beam
decrease due to modulation while external ones increase,
and the variation is large in the downstream of the bunch-
ing point. Thus, it can be said that ions are scattered by
field of ions bunched by modulation.

3.2 Time variation of the amount of particles

An example of the energy distribution of the ion beam
measured by the FCP is shown in Fig. 4. The energy dis-
tribution of the beam is originally as that by black curve,
and becomes as that by red curve due to deceleration. In
spite of the condition of V, = 1.6kV, the original beam
has a peak at 1.8 keV. This energy difference may be due
to potential of the plasma in the ion source. The differ-
ence of initial beam energy affects deceleration process in
the designed decelerator. However, the present difference
(0.2keV) is almost the same as that by modulation voltage
(190V), so the particles can be trapped with bouncing mo-
tion in the potential well of traveling wave. From this re-
sult, we can calculate the number of ions by integrating the
energy distribution function: f f(E)dE. Time evolution
of the energy distribution is obtained by MPB sampling in
one measurement, so time evolution of the number of ions
is also obtained.

The time variation of the number of ions of 1.6keV
ion beam is shown in Fig. 5. The number of modulated par-
ticles is denoted by black squares, and those of decelerated
particles are denoted by red triangles for f4e. = 57/4 when
Rgec = 39.1% and blue inverse triangles for 64.c = 37/4
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Fig. 3 Ratio of the modulated beam current relative to that with-
out modulation for each ring electrode (P;-Pg).
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Fig. 5 Time variation of the number of ions of 1.6 keV ion beam.

when Rgec = —11.1%. The number of particles increases
as time elapses from 40 us to 280 us due to plasma pro-
duction. During RF application from 300 us to 920 us, the
number of ions decreases without deceleration. In the case
with deceleration of high Ry, decrement of the number of
ions is suppressed and the same level before RF application
is recovered around 700 us. In the case with deceleration
of low R4ec, however, decrement of the number of ions is
enhanced and the level is lower than without deceleration.

The time variation of the number of the ions of 3.2
keV ion beam is also examined, and is shown in Fig. 6 by
using the same symbols as those in Fig.5 (high/low Rge.
are obtained by different 64.). In the three conditions, the
number of ions is the same with each other at 300 us. After
RF application, the number of ions without deceleration
increases a little. In the condition of high Rge., the number
of ions is larger than without deceleration, while it is less
in the low Ry.. condition.
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Fig. 6 Time variation of the number of ions of 3.2 keV ion beam.

By applying modulation, spatially gathered ions repel
each other, and are scattered. Thus, the number of ions in
the beam path limited by the size of the holes of TWDEC
electrodes decreases, and that introduced into the FCP with
the same hole size decreases.

3.3 Relation between the number of ions and
deceleration effect
We examined relation between variation of the num-

ber of ions and deceleration rate in the conditions of Ve,
= 150, 180, 220 Vo, (Vop, means zero-to-peak voltage).
When we vary 6gec, Rgec changes even in the same Ve
condition. The results of Vex = 1.6kV are summarized
in Fig. 7. Note that the ordinate of Fig. 7 means the num-
ber of ions on 920 us relative to that on 280 pus in the same
measurement. According to Fig.7, a positive correlation
is found between the number of ions and the deceleration
rate in each V. condition. The number of ions is large
when the deceleration rate is high, and vice-versa.

We also examined relation between the deceleration
rate and the number of ions for Vo, = 3.2kV, and the re-
sults are shown in Fig.8. Figures 8 (a) and (b) show in-
crease rate of the number of ions and the deceleration rate
versus initial phase of traveling wave 6., respectively.
Note that the ordinate in Fig. 8 (a) shows increase rate of
number of ions from 320 us to 960 us. The chained line
shows the level without RF application which means the
pure incident beam. In the modulation indicated by the
blue solid line, the increase rate is smaller than the inci-
dent beam, which is considered to be due to ion scatter-
ing. The red squares are those of deceleration, and they
roughly vary sinusoidally to f4... The deceleration rate in
Fig. 8 (b) changes from —17% to 53% in accordance with
the increase rate. The result in Fig. 8 also shows variation
of the increase rate is corresponding to variation of the de-
celeration rate.

From those results, we can conclude there is a strong
correlation between the number of ions and the decelera-
tion rate. As for the mechanism of this correlation, we can
consider as follows.

In the constant deceleration scheme, the decelerator is
designed so that an electrostatic wave travels and is decel-
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Fig. 7 Relative number of ions (N;) versus deceleration rate
(Rdec) (Vex =16 kV)
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Fig. 8 Dependences on initial phase of traveling wave (64..) of
(a) increase rate of the number of ions from 320 us to
960 us (R;) and (b) deceleration rate (Rge.) for 3.2keV
ion beam.

erated axially. Ions are trapped by the potential well of the
traveling wave so that the trapped ions are decelerated. For
deceleration, required trapping is in the axial direction, but
the effect also restricts radial ion motion. The modulated
ion beam is scattered by the field created by bunched ions,
however, restriction by the trapping corrects ion orbits in
the axial direction. So the number of ions in the beam col-
umn could be changed by application of deceleration field.

As TWDEC works based on the inverse process of a
linear accelerator, the deceleration effect depends on the
initial phase of the traveling wave g... In the phase of
better effect, the number of trapped ions are more, which
results in higher deceleration rate. On one hand, the trap-
ping also affects radially, so the number of ions in the beam
column increases. That’s why the number of ions and the
deceleration rate correlates.

As for scattering phenomenon, the existence of the
phenomenon was just confirmed experimentally [5], and
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its detailed examination has not been done. Further simu-
lation experiments, such as measurement at a larger radius
are required. At the same time, the scattering phenomenon
itself is possible to become an obstacle in the experiments
without a decelerator. As an operation only with a modula-
tor is nothing but a simulation experiment, influence of the
scattering phenomenon can be relatively reduced by em-
ploying a thick ion beam.

4. Conclusion

We carried out experimental analysis on ion scatter-
ing in a TWDEC simulator. As a result, we found that ions
moved outward due to bunching by modulation. Subse-
quently, deceleration experiments were performed, and it
was found that number of ions changes having a correla-
tion with deceleration effect. The number of ions increases
in the preferred deceleration conditions while it decreases
in the other conditions. Thus, it can be said that the ion
scattering is restricted by the trapping effect by the poten-
tial well of traveling wave.
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