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Traveling Wave Direct Energy Converter (TWDEC) was proposed to apply to D->He nuclear fusion power
generation system, and is studied as an energy source of a spacecraft recently where miniaturization of the device
is important. Not only the modulation process, but also the deceleration process are important to treat a trade-off
between device size and efficiency. The suitable scheme of the constant deceleration, of which experimental
investigation was insufficient, was studied. Based on the theory of the scheme, a decelerator for simulation
experiments was assembled and deceleration experiments were performed. The efficiency of the highest record
in simulation experiments and a fair agreement with the theory were obtained. The problem was also clarified
that the improvement of the modulation process was necessary.
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1. Introduction

In nuclear fusion power generation by D->He reaction,
no high energy neutrons are produced and direct energy
conversion (DEC) can be applied. The proposed DEC sys-
tem is composed of a cusp-type direct energy converter
(CuspDEC) and a traveling wave direct energy converter
(TWDEC) [1]. The CuspDEC is placed in the front stage
where thermal ions and electrons are discriminated and
their energies are converted by conventional electrostatic
converters. High energy protons pass through the Cusp-
DEC and are led to the TWDEC placed in the latter stage.
The kinetic energy of proton is converted into electricity
by a realizable voltage.

Recently, the TWDEC is studied as an energy source
of a spacecraft [2]. For usage in space, miniaturization of
the device is important. Generally, large size is required
to achieve high efficiency, and there is a trade-off between
device size and efficiency in TWDEC. TWDEC is com-
posed of a modulator and a decelerator. The incident pro-
tons are velocity modulated in the modulator and density
modulated (bunched) in the downstream where the decel-
erator is settled. The bunching length is dominant in the
axial size of the device [3], and a high modulation voltage
is required for short bunching length, while it causes large
velocity deviation of protons which results in low conver-
sion efficiency.
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In order to obtain high efficiency in the condition of
short bunching length, the decelerator applicable to parti-
cles with large velocity deviation is needed. In the previous
experimental studies on TWDEC, the optimum decelera-
tion scheme was employed [4,5]. In this scheme, the struc-
ture of the traveling wave is matched to the particle with
the standard velocity, and variation of velocity deviation
cannot be treated. On one hand, the constant deceleration
scheme was proposed theoretically [6], in which adjust-
ment of deceleration voltage enabled variation of region
trapping particles in phase space. The decelerator designed
with the constant deceleration scheme has a possibility to
miniaturize TWDEC with high conversion efficiency.

In this research, we examine the constant decelera-
tion scheme experimentally as a first step for miniaturized
TWDEC with high efficiency. Based on the theory, we de-
sign the decelerator for a TWDEC simulator, and perform
deceleration experiment. Through the comparison with nu-
merical calculation, the constant deceleration scheme is
evaluated.

In Sec. 2, the experimental setup is explained with di-
viding into the experimental device, the theory of the con-
stant deceleration scheme, and the design of the decelera-
tor. In Sec. 3, the experimental results are shown, and dis-
cussion with a numerical result is also presented. In Sec. 4,
conclusion of the paper is given.

© 2015 The Japan Society of Plasma
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2. Experimental Setup

2.1 Experimental device

A Schematic view of the experimental device is shown
in Fig. 1. The device consists of sections of an ion source,
an accelerator, a modulator, a decelerator, and measure-
ment.

In the ion source section, helium gas is supplied and
the plasma is generated by an application of a magnetic
field and a radio frequency (RF) power modulated by con-
tinuous pulses. In the accelerator section, ions are ex-
tracted by applying Vi to the electrode P and the electrode
E is grounded. In addition, a cylindrical focusing electrode
applying V., is installed downstream of the extractor to sup-
press the diffusion of the beam.

The modulator is composed of four grid electrodes de-
noted M; (i = 1,...,4) (numbered in order in the direction
of particle flow). All intervals between electrodes are /4
where A is the wavelength of the traveling wave. The RF
voltage of Vo4, the frequency of which is 7MHz, is ap-
plied to the electrode M,, while the electrodes M;, M3,
and My are grounded. In this condition, standing wave
field (SWF) is created in the region between M; and M,
and that between M, and M3.

In the decelerator of the actual device, deceleration
field is induced by incident bunched particles. In the simu-
lation experiments, however, the induced field is too weak
to decelerate as the beam current is small, so the decelera-
tion field is excited by applying deceleration voltage (Vgec)
externally. This scheme was called active decelerator [7]
used in the previous experiments. Vg is supplied by an
RF source synchronized with Vi;q4.

In the measurement section, a Faraday cup is installed
which is composed of an ion repeller grid (IR), a secondary
electron repeller grid (SER), and a collector electrode (C).
The ions are discriminated by IR applying sweeping volt-
age V.. The collector current I, is averaged by a boxcar
integrator synchronized by plasma production RF pulses,
and recorded with swept V.. From the obtained charac-
teristic of I.(V;), an energy distribution of ion beam f(E)
can be derived from the following formula:
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Fig. 1 Schematic view of the experimental device.
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where E and e are ion energy and unit charge, respectively.
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2.2 Principle of constant deceleration

scheme
In this section, the scheme of constant deceleration is

briefly reviewed [6]. In the scheme, traveling wave with
constant deceleration is created, and a part of the incident
particles are trapped in the potential valley of the travel-
ing wave. They make a bouncing motion in the potential
valley, and are decelerated with the traveling wave.

The trapped condition of the particle can be under-
stood by relative motion of the particle to the traveling
wave. In Fig.2, a trapped particle in a potential valley of
the traveling wave is illustrated, where s, u, and ¥p are nor-
malized position, velocity, and potential in the decelerator,
respectively, the detail of which is described in Ref. 6. At
the standing point in Fig. 2, which is expressed by phase
angle 6, the inertia and the potential force are balanced.
The particle make a bouncing motion between 6| and ds;.
If ¥p is small or the energy of the particle is large, motion
of the particle is beyond the potential hill, and the particle
is not trapped. It is more advantageous that the standing
point is around the bottom of the valley, but it is limited by
the relation:

a= 2_7r Ybm Sin b, 2)
Uph
where «, upyn, and Ppp, are deceleration, phase velocity of
the wave, and a maximum value of ¥p, respectively. If we
take a small value of 6;, small « is necessary, which means
decelerator length must be long.
The trapping region in a phase space is obtained by
the following equation.

ou =+V2S,

y/Dm
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The region of Eq. (3) is indicated as the inside of the curve

| Trapping region
3 7

LIJD

Standing P(‘;;int

A u Bs/2n
i i e

és, 0 o5,

a8

Fig. 2 A trapped particle in a potential valley.
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Fig. 3 Trapping region in the phase space.

Table 1 Installation position of decelerator electrodes.

Electrode Di D2 D3 Ds Ds Des¢ D7 Dg
position[mm] 0 14 26 38 48 57 66 73

in Fig. 3, where three kinds of standing points are shown.
As 6 increases, the trapping region becomes narrow.

2.3 Design of the decelerator

In a design of the decelerator for simulation exper-
iments, energy reduction around 50% is taken as a goal
within various limitations of the used devices. The in-
cident helium ion energy is taken to be 3.2keV and the
length of the decelerator of 3.5 phase length with 8 elec-
trodes is less than 0.1 m, thus deceleration « is taken to be
8 x 10" m/s®. When deceleration voltage Ve = 400 Vp,
(Vop: zero-to-peak voltage) the phase of the standing point
0 = 0.83. The corresponding trapping region is shown in
Fig.3.

The electrode system consists of 8 grid electrodes de-
noted D; (i = 1,2,...,8) (numbered in order in the direc-
tion of particle flow) and grounded grid electrodes at the
upstream of D; and the downstream of Dg. Vy. is applied
to the electrodes D; by a coaxial delay line on which are
terminals to connect the electrodes at every /2 phase po-
sitions. The axial positions of D; are taken to be at every
7/2 phases of the decelerating traveling wave, and deter-
mined as shown in Table 1.

The electrode system and the coaxial cable are assem-
bled and calibrated. The electrodes D; (I = 5,6,7, 8) are
connected to Dy (k = 1,2, 3,4), respectively, as the phases
of connected pair of electrodes are the same. Because of
space capacitance of electrodes, the amplitudes and phases
of Vgec have some errors to the ideal values as shown in
Fig. 4. The errors of the phase are not so large, but those
of amplitude are about 20%. This electrode system is set-
tled in the downstream of the modulator as D; locates at
the bunching position which is determined by numerical
calculation with Voq = 400 Vop.
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Fig. 4 Calibration of decelerator voltage.

3. Experimental Result and Discus-
sion

The deceleration experiment was performed under the
conditions of Vex = 3.2kV, V. =520V, and V00 = 360 Vp.
The amplitude of Vg was varied and characteristics of
I.(Vier) and energy distributions f(E) were obtained. As
for the phase of Vg, 8 kinds of different phases from that
of Vinog Was applied for each amplitude. The deceleration
efficiency explained later was calculated for 8 cases, and
the case with the largest deceleration efficiency was taken
for evaluation.

In Fig.5, f(E) of decelerated beam are shown by
red curves. Here, (a) and (b) are for Vg, = 100 Vg, and
230 Vop, respectively, where the values of amplitude are
those on Dy4 or Dg. In the figure, f(E) of the incident beam,
that is, Vinoa = Vaec = 0 Vop is also shown by black curves.
As for the incident beam, the value of f(FE) is relatively
large, so it is scaled by 1/3 in the figure. According to
Fig.5(a), f(E) on Vg application spreads into both high
and low energy regions compared with that of the incident
beam. The particles in low energy region are more than
those in high energy region, thus the averaged energy de-
creases, that means the beam is decelerated by the applica-
tion of Vge.. In Fig. 5 (b), it is found that energy decrease,
and thus deceleration is enhanced.

The deceleration was quantitatively evaluated. The
average energy of the particles can be defined by (E) =
fooo Ef(E)dE/ fooo f(E)dE. Deceleration efficiency can be
found by n = ((Eo) — (E)) / (Eo) where (Ej) means the av-
erage energy of the particles when the modulator and the
decelerator are not operated.

Figure 6 shows 1 versus Vy.. The deceleration effi-
ciency increases as Vg, increases. This is because num-
ber of trapped particles increases as Vg increases. In the
case of Vgec = 230 Vp, deceleration efficiency of 32% was
achieved which is the highest record in simulation experi-
ments.

Deceleration effects are also examined by numerical
calculation. The calculation is a one-dimensional particle
orbital calculation without space charge effect, which is
explained in the previous paper [7]. Under the same con-
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Fig. 5 Energy distribution of the decelerated beam.
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Fig. 6 Deceleration efficiency versus deceleration voltage.

dition with the experiment of Vye. = 230 V,, variation of
energy distribution function was examined.

Figure 7 shows energy distributions of the incident
and decelerated beams (black and red curves, respec-
tively). The figure can be compared with Fig.5 (b) di-
rectly. Both distribution functions of the decelerated beam
are similar except around the energy of the incident beam
(3.2keV). In Fig. 5 (b), there exists significant amount of
the component of the incident beam in the decelerated
beam while it is quite small in Fig.7. In the experiment,
modulation effect is not enough as in the previous report
[3], thus the components of low modulation effect have
poor interaction with the deceleration field. As a result,
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Fig. 7 Calculated energy distribution.

the component of the incident beam remained in the de-
celerated beam. If the modulation and the deceleration are
enough as in Fig. 7, the achieved efficiency will be 55%
within the one-dimensional simulation.

4. Conclusion

In this study, we designed the decelerator of a
TWDEC simulator based on the constant deceleration
scheme, and performed deceleration experiments. As a re-
sult, deceleration efficiency increased as the deceleration
voltage increased, which was consistent with the theory of
the scheme. The maximum deceleration efficiency is 32%
which is the highest record in simulation experiments. The
problem was also clarified that the large amount of incident
component which was not affected by modulation and de-
celeration field remained in the decelerated beam, which
was not found in the orbit calculation. This component
must be related with the problem on modulation process,
thus further experimental study on modulation is neces-
sary.
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