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The operation characteristics of traveling wave direct energy converter (TWDEC), which was ex-
pected to be used for direct energy conversion of fast protons produced in an advanced fusion, was
studied in the condition that the incident particle flux had a wide energy spread. The end-loss flux of
GAMMA 10 tandem mirror was employed as the incident flux, as it had a broad energy spectrum. The
bias-type TWDEC was constructed and installed at the end of GAMMA 10, and the initial experimental
result was presented. The result was not inconsistent with an expected TWDEC characteristics. For the
next full-scale experiment, the design of modulator and decelerator was examined. The more efficient
design was presented for the incident flux with a broad energy spectrum.
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1. Introduction
Traveling wave direct energy converter (TWDEC)

was proposed as a device for direct energy conversion
from high energy protons produced in D-3He fusion
reaction[1]. Huge part of the output energy of D-3He
fusion reactor is carried by kinetic energy of protons,
the energy of which is too enormous to convert by a
conventional electrostatic energy converter. Thus, the
development of TWDEC is one of the most impor-
tant issues to realize an efficient fusion power plant
acceptable in a sustainable society.

The TWDEC consists of a modulator and a de-
celerator. Fast protons from the reactor are guided
into the modulator where radio frequency (RF) elec-
tric field modulates their velocity. The modulated
proton beam is bunched in the downstream where
the decelerator exists. This density-modulated pro-
ton beam induces RF frequency current between de-
celerator electrodes and a circuit connected externally,
thus the RF frequency potentials are induced on the
electrodes, and they travels with almost the same ve-
locity as that of protons in the direction of the beam.
The energy of bunched protons is recovered by elec-
tric field of this traveling wave. The recovered energy
is RF electric energy, and it can be used as the en-
ergy source of the modulator and can be supplied to
commercial power source.

The numerical and experimental studies were re-
ported previously[2, 8, 4, 5], but the study on energy
broadness of the incident flux was not enough. In
TWDEC, phase matching between incident particles
and traveling wave is so important as it directly af-
fects the conversion efficiency. In the experimental
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study, the TWDEC simulator used was a small scale,
so the thermal energy spread was small. The authors
performed a direct energy conversion experiment us-
ing the end-loss flux of GAMMA 10 and a CUSPDEC
experimental device[6]. According to the examination
of the end-loss flux, it has a wide energy spread. The
new project of the application of a TWDEC simula-
tor to GAMMA 10 was started[7]. In order to study
the dependence on relative energy spread, bias-type
TWDEC was proposed. All electrodes in the TWDEC
is biased with variable negative voltage, and the elec-
trons are repelled by this potential. The incident ions
are accelerated, and the relative energy spread can be
controlled by the adjustment of the negative bias.

This paper reports the initial result of the exper-
iment applying a TWDEC simulator on GAMMA 10.
The next full-scale experiment is in progress with im-
proved electrodes and RF systems. This paper also
reports design works of this improvement by showing
some results of orbit calculations.

The contents of the paper are as follows. In Sec.2,
the initial result of the experiment is presented. The
design works for full-scale experiment is presented in
Sec.3. The summary of the paper is in Sec.4.

2. Initial results of TWDEC simulator
on GAMMA 10

2.1 Experimental arrangement
The TWDEC simulator for GAMMA 10 was in-

stalled in the extended tube[6] at the west end of
GAMMA 10. The magnetic coils are settled on the
tube, and the guiding field can be applied. Fig.1 shows
a schematic illustration of the device.

The upper part of the figure indicates inside of the
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Fig. 1 Schematic illustration of bias-type TWDEC for
GAMMA 10.

tube, where grid electrodes are aligned. The first elec-
trode is grounded, and the potential of the remained
electrodes can be controlled by not only RF voltage
but also DC voltage. The electrodes in the upstream
are for the modulator. A pair of uniform modulation
fields are formed. In the downstream, the decelera-
tor consisting of over four electrodes is settled. In
the real TWDEC, RF voltage on the decelerator elec-
trodes is induced by passing through of density mod-
ulated beam. In the simulation experiments, however,
the beam current is too small to induce enough volt-
age for creating deceleration field. Thus, the traveling
RF voltage synchronized with the modulator RF is
applied to decelerator electrodes by an external RF
power source. All grids except the first one can be
biased with negative voltage. By applying negative
voltage, electrons are expected to be repelled and only
ions come into the TWDEC.

In the bottom, an End-Loss Analyzer (ELA) is
settled, which has three grids (ion repeller, primary
electron repeller, secondary electron repeller) and a
collector. Three grids are biased appropriately, and a
collector current is measured. In the experiments of
this paper, the primary electron repeller and the sec-
ondary electron repeller are biased with −0.8 kV and
−1.0 kV, respectively, which are enough for repelling
electrons in the end-loss flux of GAMMA 10 without
an ECH application. The voltage of the ion repeller is
varied with shot by shot. In order to evaluate precise
effect of the TWDEC, it is necessary to bias the ELA
with the same DC voltage[8] as those on the TWDEC
electrodes (indicated by ‘(b)’ in the figure). It will be
realized in the full-scale experiment and the ELA in

the present experiments works on the ground voltage
(‘(a)’ in the figure).

The system needs an RF power source for the
modulator and the decelerator. In the initial experi-
ment of the following section, one RF power source is
used for both the modulator and the decelerator. The
phase difference between the voltage of the modulator
and that of the decelerator (Δφ) should be controlled.
The change of the length of the delay cable is used for
this adjustment.

In this RF system (indicated by ‘(a)’ in the fig-
ure), the phase difference can be controlled, but the
amplitudes of both RF voltage are the same. The new
RF system (‘(b)’ in the figure) is now ready for the
next experiment, in which both phase and amplitude
for both RF can be controlled independently.

2.2 Experimental results
In the operation of GAMMA 10, the plasma is

produced and heated by an application of ICRF with
gas puffing following to the injection of seed plasma by
plasma guns. The perpendicular ion temperature of
the central cell is 3-5 keV, and the parallel one is esti-
mated to be 0.2-0.4 keV. During the ICRF pulse, ECH
is applied for higher confinement of the plasma, when
the electrons are heated and high energy electrons are
created. The objective plasma in this paper, however,
is the one without ECH, so the electron temperature
of the central cell is about 0.1 keV, and high energy
electrons do not exist. In this condition, the plasma
potential at the central cell is 0.3-0.5 kV, and those at
the plug cells are the same or slightly lower.

In the initial experiment, DC bias voltage was not
applied, and only RF voltage was used. The ELA sig-
nal of collector current IC was measured with other
signals of GAMMA 10 plasma. The effect of guid-
ing field was confirmed that the collector current in-
creased as the intensity of guiding magnetic field was
enhanced.

The reaction of collector current due to RF appli-
cation was observed. A typical example of time evo-
lutions of signals is shown in Fig.2, where (a) diamag-
netic signal, (b) line density, and (c) collector current
of DEC ELA. RF voltage was applied during 20ms
pulse as in the figure as shown at the top of the fig-
ure, when there was no ECH application. According
to the figure, the collector current increases during
RF pulse. The increment of the collector current was
changed by the voltage of ion repeller of ELA (VIR)
and RF conditions.

In order to evaluate the increment of IC, the time
averaged value of IC was calculated for 110 ∼ 130ms
and 135 ∼ 145ms in the same shot: the former value
is IC for RF on, and the latter one is for RF off. The
difference between them is the increment of collector
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Fig. 2 A typical example of time evolutions of (a) diamag-
netic signal, (b) line density, and (c) DEC ELA sig-
nal (collector current).

current (ΔIC).
The data are summarized as Fig.3 where ΔIC

is shown as a function of VIR. This roughly means
the variation of the amount of ions for each energy
corresponding to VIR. From Fig.3, it is found that
dependence of ΔIC on VIR varies according to the
phase difference Δφ. For Δφ = 90degree, incre-
ment of low energy (VIR ≤ 0.2kV) is large and that
of high energy (VIR ≥ 0.4kV) is small. On the con-
trary, for Δφ = 180 degree, increment of high energy
(VIR = 0.8kV) is relatively large though increment of
low energy (VIR ≤ 0.4kV) is not so large.

This is natural because a TWDEC uses the princi-
ple of inverse process of a linear accelerator, so it works
as not only a decelerator but also an accelerator owing
to Δφ[9]. When the bunched particles in the modu-
lated beam arrive at the entrance of the decelerator,
an appropriate Δφ provides deceleration field for those
particles. In such a case, particles are always in the
deceleration field as the field is running in the same ve-
locity with the particles, resulted the device works as
a decelerator. On the contrary, another appropriate
Δφ provides acceleration field for the bunched par-
ticles, and they are always in the acceleration field
resulted the device works as an accelerator. In the
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Fig. 3 Increment of collector current due to application of
RF versus voltage of the ion repeller.

precise discussion, the device is designed as a decel-
erator, so the accelerated particles are not always in
the acceleration field because phase matching is lost
after a large acceleration. However, the decelerator in
the present experiment is short, so phase matching is
not lost during passing through the decelerator. As a
result, contrasted results due to Δφ are possible to be
obtained in the present experiment.

2.3 Comparison with orbit calculation
This variation due to Δφ is confirmed by 1-D or-

bit calculations[5]. The calculation code was extended
that the incident proton flux had a shifted Maxwellian
distribution:

f(E) ∝ (E − Es)0.5 exp
�
−E − Es

T

�
(1)

where T is parallel proton temperature and Es is con-
stant. In the calculation, Es = 300 eV and T =
300 eV, and the same positions of electrodes as the
experiment are settled. The amplitude of the RF
is 100V0p, which is also the same as the experi-
ment. The energy distribution of the protons pass-
ing through the TWDEC is examined and shown in
Fig.4(a). The abscissa is the energy of protons (E),
and the ordinate is the number of protons in which a
moving average is applied to eliminate noisy compo-
nents caused by finite number of particles. According
to the figure, the difference among three cases for Δφ

is rather small.
In order to compare the experimental results, VIR-

IC characteristic is simulated by using

IC(VIR) ∝
� ∞

eVIR

N(E)
√

EdE (2)

where e is a unit charge and N(E) is the number
of protons with an energy of E. The obtained IC
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for each Δφ (IC−α denotes IC for Δφ = α degree
in the following) is normalized by the averaged value
((IC−0 + IC−90 + IC−180)/3), and shown in Fig.4(b).
The same symbols as Fig.3 are attached to distinguish
the curves for Δφ. From this figure, the same ten-
dency with Fig.3 can be seen For Δφ = 90degree,
IC is relatively large in the low energy, but it is rela-
tively small in the high energy. On the contrary, for
Δφ = 180 degree, vice versa.

Although the evaluation is rather rough, the ion
flux flowing into the TWDEC simulator was affected
by RF field, and the reaction is not inconsistent with
the TWDEC operation. The continuous variation of
IC to VIR is necessary to obtain a variation of distri-
bution functions and conversion efficiency which will
be performed in the next full-scale experiment.

3. Design work of improvement of elec-
trode and RF system

3.1 Characteristics of modulator for
wide energy spread flux

In the TWDEC employing a modulator of single
uniform RF field, the problem of modulator design is a
trade-off between a conversion efficiency and a length
of the device. The high modulation voltage (Vm) re-
sults in the wide energy spread of the beam, and thus
the low conversion efficiency. On one hand, the the-
oretical expression of the bunching length includes a
factor of Vm in the denominator, that means low mod-
ulation voltage results in long length of the device.
Small scale simulators have a limitation of the device
length. Moreover, another problem is also caused that
beam transfer for long length results in the divergence
of the beam.

The TWDEC simulator for GAMMA 10 also has
significant limitation of the length of the device. The
previous modulation system (Fig.1(a)) was designed
with considering this limitation. By employing a pair
of uniform RF field appropriately, the bunching length
can be shortened. In the new design, the wide energy
spread was also taken into account.

The 1-D orbit calculation code with a shifted
Maxwellian distribution incident flux was employed
again. According to a typical experimental result,
Es = 100 eV and T = 400 eV were taken, and just
one modulator consists of a pair of uniform field was
settled at 0 ∼ 0.06m. The axial distribution of pro-
tons in the steady state was examined.

The calculation results are shown in Fig.5.
Fig.5(a) indicates samples of axial distribution for
t = 0, TRF/4, TRF/2, 3TRF/4, where TRF is a period
of applied RF, for Vmod = 250V0p. The peak in
the graphs means a bunching of protons, and it is
found that they moves to the right hand. When those
graphs are mapped to the deepest plane, the envelope
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Fig. 4 Results of orbit calculations. Here, (a) calculated
energy distribution of protons passing through the
TWDEC in the same condition with experiments,
and (b) simulated VIR-IC characteristic with taking
a normalized value in the ordinate.

as shown in the figure by thick curve is obtained (noisy
components caused by finite number of particles are
eliminated by a moving average). This envelope indi-
cates amplitudes of density oscillation, and the peak
of the envelope means a bunching point where the en-
trance of the decelerator should be settled.

In the same way, envelopes for Vmod = 300 and
400V0p are also calculated and shown in Fig.5(b). Ac-
cording to the figure, the extent of the bunching be-
comes well as the modulation voltage increases. As
for the bunching point, it is found to be almost the
constant of 0.13m even if the modulation voltage is
varied. This is quite different from the case of nar-
row spread flux, and is the effect of the energy spread.
The usual characteristic was found that the bunch-
ing length became short as the modulation voltage in-
creased when we set the lower T . This results means
that Vmod should be adjusted appropriately. The mod-
ulation voltage is independently controlled in the new
system (Fig.1(b)).

205

H. Takeno et al., Application of TWDEC Simulator to End-Loss Flux of GAMMA 10 Tandem Mirror



0 0.2 0.4
0

50

100

150

0 0.2 0.4
0

50

100

150

axial position [m]

nu
m

be
r o

f
 p

ar
tic

le
s

0

TRF/4

TRF/2

3TRF/4

time

(a)

0 0.2 0.4
0

50

100

150

Vmod=250V0p
300V0p
400V0p

(b)

axial position [m]

nu
m

be
r o

f p
ar

tic
le

s

Fig. 5 Particle distribution along the axis. Here, (a) in-
dicates how to obtain an envelope, and (b) shows
envelopes for some modulation conditions.

3.2 Employment of new design
method for decelerator electrodes

In the previous experiments, the decelerator was
designed as shown in Ref.[5]. In this method, the par-
ticles with an average incident velocity was taken as
an object, and the optimum deceleration field for this
object particle is constructed.

There is another design method shown in Ref.[8].
The particle distribution in the phase space is consid-
ered in this method. An appropriate traveling wave
field is constructed, and the particles with an averaged
incident velocity will be decelerated with a constant
deceleration. Large part of the particles are trapped
in the valley of potential of traveling wave and decel-
erated with a bounce motion in the valley. In the case
of the flux with wide energy spread, a lot of particles
will appear which has less velocity matching with a
traveling wave when we design by the former conven-
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Fig. 6 Conversion efficiency as a function of incident par-
allel proton temperature. Open circles are for a
decelerator designed by conventional method, and
closed circles are for that by new method.

tional method. For the flux with wide energy spread,
the latter new method will have larger capability to
trap particles with less velocity matching. Moreover,
the variation of the deceleration along the axis is too
large in the conventional method, so the number of
electrodes are limited to construct with enough accu-
racy.

We confirm this consideration by using 1-D or-
bit calculation. Fig.6 shows conversion efficiency as a
function of incident proton temperature. The modu-
lator used in this calculation is that in Fig.5(a) and
the DC bias of −1.5 kV is supplied. The structure of
the decelerator was designed for T = 400 eV, and the
same structure is used for other values of T , but the
value of Es was adjusted to keep the averaged energy
of the particle matches with the designed value. Open
circles are for the conventional method, in which the
number of electrodes are limited to be six, and closed
circles are for the new method which has eight elec-
trodes. According to the figure, the new method pro-
vides better efficiency than the conventional method.
The efficiency decreases as T increases, but about 10%
is kept fro T = 400 eV in the case of new design al-
though it is nearly zero in the case of conventional
one. The new method is desirable and it is employed
in the new electrodes system.

4. Summary
In order to examine the operation characteristics

of TWDEC for the incident particle flux with a wide
energy spread, a bias-type TWDEC simulator was in-
stalled at the end of GAMMA 10. The initial exper-
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imental was performed and the result obtained was
not inconsistent with an expected TWDEC character-
istics. For the next full-scale experiment, the design of
modulator and decelerator was examined. The bunch-
ing position is not so changed for a flux with a wide
energy spread, so the independent amplitude adjust-
ment of modulation voltage is desirable. The deceler-
ation electrodes should be designed by a new method
which provides trapping of large part of the particles
in the potential valley of traveling wave. The full-
scale experiments with the new system is in progress
and will be reported in the near future.
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