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To recover the energy of fast protons created in D-3He fusion, a secondary electron (SE) direct energy
converter was proposed, in which protons penetrated aligned metal foil electrodes, and their energy was converted
into that of emitted SEs. Simulated experiments showed the problem of energy recovery of the SEs, which arose
because of the magnetic mirror effect disturbing the arrival of SEs at collectors in the guiding magnetic field. To
solve this problem, we propose the use of ring-type magnets to realize lower mirror ratio structures. As a result,
better energy recovery is obtained for low mirror ratios because a larger part of the energy of the SEs is converted
into components parallel to the magnetic field, which correspond to the direction normal to the surface of the
collector.
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1. Introduction
In D-3He nuclear fusion reactors, most of the en-

ergy released by the reaction appears as the kinetic energy
of charged particles such as electrons, thermal ions, and
14.7 MeV high-energy protons. An energy recovery de-
vice for high-energy protons, called a traveling wave direct
energy converter (TWDEC), was proposed [1]; however,
some protons are not decelerated, but accelerated, so the
efficiency of the device is limited. Therefore, an additional
device was proposed, called a secondary electron (SE) di-
rect energy converter (SEDEC), to recover protons passing
through the TWDEC [2].

An outline of the SEDEC is shown in Fig. 1. In the
SEDEC, a lot of metal foil electrodes are aligned in the di-
rection of the proton beam. The incident protons penetrate
the foil electrodes, and SEs are emitted and collected by
collectors located at both sides of the proton beam. There-
fore, the kinetic energy of the SEs is recovered as electric
power. In other words, a proton’s energy can be recovered
indirectly by collecting SEs.

A series of experiments on SEDEC were performed
[2–5]. The magnetic field perpendicular to the beam (along
the x direction in Fig. 1) was introduced to guide the SEs
to collectors and not to anteroposterior foils. A magnetic
field was created by a pair of permanent magnets (PMs)
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Fig. 1 Outline of the SEDEC.

behind the collector, where Fig. 2 shows the spatial distri-
bution of the magnetic field lines. In the initial stage, small
plate PMs were used (Fig. 2 (a)) where the magnetic field
at the collector (Bcollector) was stronger than that at the foil
(Bfoil). The SEs were subsequently reflected because of
the magnetic mirror effect [3]. When we used large PMs,
we can realize a mirror ratio Rm = Bcollector/Bfoil slightly
smaller than 1 to achieved better SE collection [5].

In this study, we examine the dependence of energy
recovery on the mirror ratio. According to the theory of
the conservation of magnetic moment, the ratio between
the parallel and perpendicular (here, the directions relative
to the magnetic field) kinetic energies of an electron varies
in the magnetic field with the parallel gradient. In the struc-
ture shown in Fig. 2, the perpendicular energy component
is not recovered as there is no electric field parallel to the
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Fig. 2 Spatial distribution of magnetic field lines produced by a
pair of permanent magnets of (a) plate type, (b) ring type,
and location of the foil and collectors. Red broken curves
are the SE’s trajectories.

surface of the collector. Thus, the perpendicular energy
is not useful, but the large parallel energy is advantageous
for energy recovery. Thus, better energy recovery can be
expected for lower mirror ratios. We examined this con-
sideration experimentally by using ring-type PMs. A ring-
type magnet originally has null points on axis, thus the
distribution of field lines are as in Fig. 2 (b). This orien-
tation allows us to obtain a small value of Bcollector, i.e.,
Rm � 1. Moreover, we can vary Rm within 1 by changing
the distance between the PMs while keeping the collectors
at fixed positions. By modifying Rm, we can achieve better
energy recovery for low mirror ratios.

The remainder of this study is organized as follows. In
Sec. 2, the experimental setup and evaluation methods are
shown. In Sec. 3, the experimental results are shown, and
the discussion is presented in Sec. 4. In Sec. 5, the contents
of this study are summarized.

2. Experimental Setup
A tandem electrostatic accelerator (National Electro-

statics Co., 5SDH-2) was used as a high-energy proton
source. The proton energy was 1.2 MeV in this study. The
accelerated protons were transported to an SEDEC simu-
lator by various orbit adjusters using electric and magnetic
effects.

A schematic view of the SEDEC simulator is shown
in Fig. 3. One sheet of aluminum foil, 18 µm thick, was in-
stalled in a container and electrically isolated. The center
of the foil intersected the ion beam, and it was placed on
axis of the ring-type PMs. The surface of the foil was ori-
entated at 45 degrees to the ion beam and to the axis of the
PMs. The container of a rectangular parallelepiped worked
as a collector, where the distance between the beam and the
collector was 25 mm. To prevent the ion beam from being
directly incident upon the container, a shield with a hole
and a back electrode were placed at the beam entrance and
downstream of the beam, respectively.

A magnetic field was created by the pair of ring-type
PMs. They were magnetized axially with a surface flux

Fig. 3 Structure of the experimental SEDEC simulator.

Fig. 4 Magnetic field strength between the collector plates.

density of 96 mT, and were arranged as shown in Fig. 3.
They had a thickness of 20 mm, with outer and inner di-
ameters of 100 and 60 mm, respectively. Four distances
between the beam and each PM (d) were considered: d =
40, 44, 50, 58 mm. Figure 4 shows the calculated axial dis-
tribution of the magnetic field along the axis for each case.
According to Fig. 4, we can obtain Bfoil and Bcollector and
thus Rm for each value of d (Rm = 0.08, 0.35, 0.64, 0.88,
respectively).

The current voltage (I-V) characteristics of the foil,
back electrode, and collector were measured. When mak-
ing these measurements, a bias voltage was applied to all
electrodes except the objective electrode. For example, the
shield, back electrode, and collector were biased to mea-
sure the current of the foil electrode as displayed in Fig. 3,
where “I-V characteristic of the foil” describes the rela-
tionship between the bias voltage and the measured cur-
rent.
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The current of the ion beam generated by the ion
source varied over time. Therefore, when evaluating the
characteristics of each electrode, the measured current was
normalized by the current of the ion beam reaching the foil,
so that the effect of the time variation of the ion beam could
be taken into account. As a result, the obtained current
value was measured in units of “current per 1 nA” of the
incident ion beam.

3. Experimental Results
3.1 Emission of SEs

The I-V characteristics of the foil and the back elec-
trode are shown in Fig. 5.

The measured current value represents the sum of the
current of the incident ion beam and that of the SEs. As
for the characteristic of the back electrode, the current was
always zero, which means that the ion beam stopped at the
foil and did not reach the back electrode. This is consistent
with previous experiments by taking the thickness of the
foil and the proton energy into account.

We further examined the characteristics of the foil.
When a negative bias was applied to all electrodes ex-
cept the foil, the foil formed a relatively positive potential,
which caused the generated SEs to return to the foil, and
hence, the net quantity of produced SEs was zero. There-
fore, a saturation current in the negative bias represents the
amount of ion beam, which, according to Fig. 5, is the same
value as used for the normalization (i.e., 1 nA). Conversely,
all SEs were emitted and did not return when a positive
bias was applied. Therefore, the saturation current for a

Fig. 5 I-V characteristics of the foil and back electrode.

Fig. 6 I-V characteristic of the collector.

positive bias represents the sum of the current produced by
all SEs emitted and that of the ion beam. Hence, the dif-
ference between the two saturation currents represents the
amount of true SE emission.

According to Fig. 5, the amount of SE emission
slightly changes with Rm. The cause of this variation may
be due to variation of the incident angle of the ion beam
and the surface condition at the incident position of the
foil. Each time we changed Rm, we had to stop the opera-
tion of the accelerator, so the trajectory of the ion beam was
adjusted, and the beam collimation was only done by the
entrance of the collector. Although the amount of the beam
is kept by the measurement and normalization, the incident
beam angle and the incident point may have changed, and
hence, the SE emission may also have changed [6].

3.2 Collection of SEs
The I-V characteristics of the collector are shown in

Fig. 6, where the measured current represents the sum of
the current due to the collected SEs and that of the scattered
ions. In similar consideration to that regarding the foil, the
saturation current for a positive bias (i.e., for a collector
with a relatively negative potential) does not include the
SEs. However, the saturation current for a negative bias
does include SEs and high-energy scattered ions. If we
assume that a large fraction of the scattered ions have en-
ergies higher than the saturation voltage (i.e., −70 V), the
difference between the two saturation currents represents
the amount of collected SEs.

According to Fig. 6, the amount of collected SEs
seems to change with Rm, but it is not clear. In the next
section, we will present a precise examination of this be-
havior.

4. Discussion
4.1 SE collection rate

We can evaluate the SE collection rate by comparing
the amount of SE emission and the amount of SE collec-
tion obtained in the previous section. In Fig. 7, we have
summarized the amount of SEs emitted and collected (as

Fig. 7 Emission/collection current (triangles) and collection rate
(circles) versus the mirror ratio.
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currents) as a function of Rm.
According to Fig. 7, SE emission and collection

change with Rm, and the collection is larger when the emis-
sion is larger. We define the collection rate by the collec-
tion current divided by the emission current, which is also
shown in Fig. 7. The broken horizontal line shows the av-
erage value (0.93) of the collection rate, which is within
the error ranges for all data. Thus, the collection rate does
not change with Rm. According to Fig. 7, the absolute SE
emission current and collection current change with Rm.
This variation is not due to Rm. The emission current de-
pends on local conditions, such as change of the incident
beam angle and the incident point caused by adjustment of
the beam trajectory. The collection current variations cor-
respond to the varying emission current. Finally, most of
emitted SEs are collected because of no mirror effect under
the condition of Rm < 1.

4.2 Energy distribution of the collected SEs
The collector current Ic can be expressed by Ic = Ii −

Ie, where Ii and Ie are the scattered ion current and SE
current, respectively. The energy recovery of SEs can be
achieved by a negative Ic and a positive bias (V) in Fig. 6.
Ii is constant to V , so variations of Ic due to V correspond
to those of Ie. Here, we examine the variation of Ie due to
V .

The variation of Ie due to V arises from the energy dis-
tribution of the SEs, which can be relatively evaluated by
−dIe(V)/dV = dIc(V)/dV , where the derivative can be eval-
uated by the finite difference of the discretely measured Ic.
As a typical example, values of Rm = 0.08 and 0.64 are
shown in Fig. 8 by symbols. To examine their decreasing
tendencies, we introduced fitted functions in the form of
A exp(−βV), where A and β are fitting coefficients. The
obtained fitted functions are also shown in the figure by
curves.

The obtained fitting coefficients β are shown as a func-
tion of Rm in Fig. 9. According to Fig. 9, β increases as Rm

increases, which means the amount of collected SEs with
high energies is relatively large for low mirror ratios. As
we expected, SEs have larger parallel kinetic energies for
low values of Bcollector, and thus low values of Rm. The
results shown in Figs. 8 and 9 are consistent with this ex-
pectation.

4.3 Energy recovery
Energy recovery is actually achieved in the conditions

described by the fourth quadrant in Fig. 6. The product
of the absolute value of the measured current and the bias
voltage gives the recovered power. Here, the scattered ion
current cancels the SE current, where this cancelation cor-
responds to energy lost by the energy converter. Next, we
will examine the actual energy recovered, including energy
losses, in a simulated experiment.

The recovered electric power versus the bias voltage

Fig. 8 Finite difference of the SE current versus the bias voltage.

Fig. 9 Fitting coefficient versus the mirror ratio.

Fig. 10 Recovered electric power versus the bias voltage.

is shown in Fig. 10. According to Fig. 10, when we take
an appropriate bias condition, we can maximize the elec-
tric power. The optimized powers, in the unit of nW, are
0.29, 0.24, 0.14 (0.138), and 0.14 (0.136) for Rm = 0.08,
0.35, 0.64, and 0.88, respectively. Larger power values are
obtained for smaller mirror ratios, although the effective
figures have no difference between Rm = 0.64 and 0.88,
where translated values are different.

5. Summary
We performed simulated experiments of a SEDEC in

magnetic fields with lower mirror ratios. It was found that
the SE collection rate did not depend on the mirror ratio.
In terms of the energy distribution of the collected SEs,
a larger distribution in high-energy regions was found for
lower mirror ratios, which was consistent with theoretical
considerations based on the conservation of magnetic mo-
ment. As a result, better energy recovery was achieved
for lower mirror ratios in the simulated experiment, and
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the obtained recovery rates were 0.24 × 10−6, 0.20 × 10−6,
0.12 × 10−6, and 0.11 × 10−6, for Rm = 0.08, 0.35, 0.64,
and 0.88, respectively.
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