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DIRECT ENERGY CONVERSION FOR IEC FUSION FOR SPACE APPLICATIONS
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Professor Emeritus, National Institute for Fusion Science, Toki, Gifu, Japan
*Fusion Studies Laboratory, 103 S. Goodwin Avenue, Urbana, IL 61801, USA

Abstract

The paper describes a concept of exiracting fusion power from D-*He fueled IEC devices. The fusion system consists of a
series of fusion modules and direct energy converters at an end or at both ends. This system of multiple units is linear and is
connected by a magnetic field. A parr of coils anti-parallel to the magnetic field yields a field-null domain at the center of each
unit as required for [EC operation A stabilizing coil installed between the coil pairs eliminates the strong atiractive force
between the anti-parallel coils. Accessible regions for charged particle trajectories are essentially isolated from the coil
structure. Thus, charged particles are directed along magnetic field lines to the direct energy converter without appreciable
losses. A direct energy converter unit designed to be compatible to this unique system is also described. It basically consists of
a separator and a traveling wave converter. A separator separaies low energy ions and electrons from the 14.7-MeV fusion
protons and then converts their energy into electricity. In the traveling wave direct energy converter, fusion protons are
modulated to form proton bunches. It couples with a transmission line to couple AC power out. The overall conversion
efficiency of this system, combined with D-"He IEC cores, is estimated as high as 60%.
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1. Introduction

Inertia Electrostatic Configuration (IEC) devices'™
offer the community an ideal candidate for deep space
propulsion due to it’s relatively small reactor mass and
capability of burning advanced fuels such as D-*He.
Indeed, the IEC works without magnetic fields and
requires minimum shielding. Indeed, the parasitic D-D
reactions, at optimum plasma energies, constitute ~10%
of the reactions and ~2% of the power produced. The
fusion core of an TEC reactor is confined inside a
negatively biased grid structure that resides inside a
grounded vacuum vessel. Various ion and electron
sources are external to the cathode structure. The electric
field associated with the grid accelerates the ions toward
the center, focusing them into a dense peak. A
representative density in the core is roughly 50 times
the ion density at the grid region. As a result total
fusion reactions will be enhanced, since the fusion
reaction rate is proportional to the square of the ion
density. Indeed several prior IEC propuision studies have
confirmed the attractiveness of this approach. But one of
the key issues requiring further study invelves the
method to extract the fusion energy released.

With *He(d, p)*He reactions, the fusion protons
carry eighty percent of the liberated fusion energy. The
recovery of this energy with direct energy conversion is
essential for space propulsion. A directed exhaust of
protons is possible, but this approach suffers from a low
thrust (but very high specific impuise). Thus, the present

study focuses on conversion of the fusion energy to
electricity, which can then be used for propulsion and
also station keeping. In an IEC, the proton birth velocity
distribution is esseatiaily isotropic; thus for present
purposes these protons must be redirected. The present
study applies a peripheral magnetic field around the TEC
s0 as to “divert” protons with undesired directions and
channel them into a direct energy converter. In this
research, a configuration is developed whereby the
magnetic field encloses the IEC but is essentially
cancelled in the fusion reactive region. This is the
essential point since internal magnetic fields can
adversely affect IEC operation. Use with multiple IEC
units allow a high total proton flux and energy production,
while achieving system redundancy, which is viewed as
essential for space missions.

Conventional electrostatic methods for direct
electrical generation involve plates held at a high
potential. Unfortunately, this requires potentials well
over ten MV, which introduces severe voltage holding
problems. One of the authors (H.Momota) has proposed a
method to avoid this problem by empioying traveling
wave direct energy converters (TWBEC) for nse with
D-*He fusion protons®. Detailed numerical analyses and
preliminary experiments on the direct energy system
have been carried out in Japan *®, confirming the
feasibility of this approach and suggesting overall
conversion efficiencies as high as 709%. While this results
in a lower efficiency than using a direct proton beam into
a thruster for space propulsion, it does offer some
important advantages. Most importantly, the leaking



unburned fusion fuel (including *He) can be contained in
the vacuum chamber and recycled. Further, the TEC
requires some recycled electric power, which is easily
obtained by diverting a fraction of the TWDEC output. It
should be noted that the total system including direct
energy converters is installed inside a vacuum chamber,
whereby unburned fuels can be recycled avoiding
unwanted loss of expensive fuels. With this approach
converted electric power can be utilized with efficient,
“off the shelf* electric thrusters such as an ion diode or a
hall thruster.

In the next section, we will start by introducing an
“Accessible Region” which covers the region containing
charged particle trajectories following birth in the TEC.
The concept is identical to “Stdrmer Region” which was
first introduced to describe the aurora region.
Configurations considered here have a vanishing
magnetic field at the TEC region, otherwise the
accelerated ion beam suffers unwanted divergence.
Therefore, the accessible region of zero canonical
angular momentum has to include the IEC region and
must be isolated from the chamber wall as well as from
the coil structure, while being channeled to the adjoining
module or direct energy converters. A simple
configuration where a pair of coils is installed anti-
parallel to a uniform magnetic field provides the desired
vanishing magnetic ficld near the center. This accessible
region is completely isolated from the chamber wall as
well as the coils. However, a support structure is required
due to the strong attractive force between the two coils.
This structure is not completely isolated from
bombardment and will result in a significant drair of
charged particles from the plasma. However to reduce
these losses the uniform magnetic channel is replaced
with a corrugated one, eliminating the attractive force
between the coiis. Consequently, only small pipes for
feeding coil currents and coolant flow are used at the
coaxial position. The estimated proton bombardment loss
of the support structure is less than 0.36%.

The series of IEC modules is connected through a
magnetic expander to the direct energy converter, which
wil] be iniroduced in the following section. The direct
energy system consists of a separator, a modulator, and a
decelerator. The separator separates leaking fuel ion
components and electrons from the 14.7-MeV fusion
protons and converts their energy into electricity. The
separator consists of hex-pole magnetic field and
collector plates. Because of the light mass of the
electrons, their trajectories lie on a magnetic surface that
is connected to an electron collector plate installed at the
edge of the flux surface. Low energy ions are scattered
stochastically due to the lack of magnetic invariants at
the null-field region. The kinetic energy carried by low

energy ions and electrons is converted to electricity at the
respective biased collector plates. Detailed studies are
still underway.

One of the hardest technological challenges is
recovering the energy carried by the fusion protons. Their
energy of 14.7-MeV is much higher than normally
encountered in complex high voltage systems. The
present design effectively represents a linear accelerator
operating in reverse: The bunching of energetic protons
excites an oscillating, AC signal on the coupled
transmission line. The phase velocity of the transmission
line is decreased along the beam path to provide
synchronization to the decreasing velocity of the
modulated protons. A fraction of the excited electric
power is utilized to modulate the proton beam at an upper
stream. Thus the mechanism of the traveling wave direct
energy converter is self-exciting and can be as 2 series
operation of traveling wave tubes. Preliminary
experiments have been successfully carried out in Japan
and numerical simulations have showed an overall
conversion efficiency as high as 70%.

The final section of this paper is devoted to
concluding discussions. Results will be summarized and
issues left as future studies are pointed out.

2., Accessible Island in 2 Module

A collision-less charged particle in an axially
symmetric magnetic field conserves its Hamiltonian H
and the canonical angular momentum £, defined
respectively as:

M
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Therefore, the following inequality defines the real
vahies of the velocity components:
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The quantity y(7,z) is the magnetic flux and g7, z) is the
scalar potential. Cylindrical coordinates are used with the
z-axis along the axis of symmetry. Since a particle is
restricted to be in the region where the inequality (3) is
satisfied, the region defined by this inequality is called
the “Accessible Region”. In an IEC, any charged particles
such as leaking unburned fuel ions, fusion products, and



electrons are nitially located at the origin. Therefore the
canonical angular momentum of charged particle in an
TEC vanishes. Further, the scalar potential can be 1ignored
at a point distant from IEC region. Thus for our case an
accessible region of a particle can simply be represented
as

]w(r,z)ls—zf-r\/ZMvW 4)

The quantity M is the mass and W is the energy of the
particle. A representative accessible region yielded by a
pair of coils installed anti-parallel to a uniform magnetic
field is illustrated in Fig.1. Coil currents are chosen such

Fig.1: A pair of magnetic coils with fields anti-parallel to the
uniform magnetic field yields an accessible region
isolated from coils and vacuumm wall. It also provides a
field-nufl region near the center to allow instaliation of an
1EC.

that the magnetic field at the center cancels out
completely. One such favorable configuration employs
“Helmholrz Coils”, where spacing of the coils is equal to
the coil radius R. This configuration provides a wide
region with vanishing magnetic field. The coil current is
chosen so as to eliminate magnetic field at the center. The
resultant magnetic field is hex-pole combined with a
magpetic field that is roughly proportional to
(r2+z2 2 /R* . The accessible region can be isolated from
both the chamber wall and the coils if the applied coil
current is sufficient. Nevertheless, an attractive force
between the coils is typically 2 x 10°N, if the coil current
is 1-MAT and its major radius is 1m. A large fractional
area of support structure in an accessible region spoils the
favorable characteristics of the region. A corrugated
magnetic channel is used to reduce or eliminate support
structures.

Positioning the coils has to be done so in such a way

that maximizes their stability. Then the canceling coils
can be floated at their equilibrium position. Adjustment
of the positional stability of a floating coil includes
movement of the center of mass or rotation of it around
the center of mass. The magnetic field that is measured
by excluding the current on this coul is termed the
“External Magnetic Field” while the magneiic field
attributed to the current on this cotl only is termed the
“Internal Magnetic Field’. Forces due to the internal
magnetic field cancel out each another due to the equality
law of action and reaction. Hence they do not contribuie
to a change in motion of the center of mass orto a
rotation around it. The inner field acts only to deform the
shape of the coil, which must be supported by the coils
mechanical structure. Thus, the flux function and related
magnetic field have o be studied on the basis of the
external magnetic field B throughout the study of on
positional stabilities.

A floating coil whose equilibrium position is at z=Z
is considered first. The coil has a major radius of R and a
circular cross section of radius a. Positional modes
inchude shifts perpendicular to the magnetic axis, shifts
along the magnetic axis, and tilts. Those modes are
llustrated in Fig.2. Assume the floating coil shifts along

Fig.2: Mustrations of various positional modes: [4], [B, and id
are a vertical shift mode, an axial shift mode, and a tilt
mode, respectively.

the x-axis (perpendicular to the magnetic axis on the z-
direction) by a small amount 4, from it’s equilibrium
position x=f. It then suffers an additional force is:

8F,(RZ;d, )=
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The ficating coil is therefore stable against shift modes
perpendicular to the magnetic axis if the system satisfies
the inequality
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Stability of a floating coil against an axial displacement
can be analyzed in a similar fashion. Assuming the
floating coil shifts by an amount dz, the force on the
floating coil in the direction of the z-axis can be
expressed as

8F (r.z)=—]Jo-BI(r,2+5, )-r’dbdr dr'=
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The first term on the right hand side of this equation
represents the force acting on the coil in the equilibrium
position. Therefore, it should vanish:
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Thus, the stability criteria is:
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Finally, we will discuss the stability condition of a
floating coil against a tilt around the x-axis. The torque
associated to the tilt angle d is
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Therefore, the fioating coil is stable against tilt modes if
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is satisfied. If all the conditions (6), (9), and (11) are
satisfied, the position of the coil is stabie. It should be

noted that quantities 2<B." >. in (6), <8’ >, in (9),
or &

and 3<RB{>, in (11) tend to 9BY"’  9B{*’ and 3B("
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respectively. Ampere’s law, however, states
that these quantities are identical in a vacuum:
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Therefore, a floating coil with zero cross section can’t be
stable. In the case of finite cToss section of a floating coil,
conditions (6), (9), and (11) can be made consistent. This
is attributed to the fact that no external magnetic field
near regions r=R=a contributes to condition (6) for a
perturbation d,. However, this field does contribute near
regions z=Z+a. For a perturbation d, or d, however, the
status is quite different. The external magnetic field near
regions (r=Rxz) contribute greatly to the dynamics that
do not lie near the region z=Z+w. Keeping this in mind, a
stable configuration for a floating coil can be sought by
installing carefully stabilizing coils.

Wholly stable configurations studied so far appear
to intersect the accessible region. That gives appreciable
amounts of unwanted particle or energy losses due to coil
hombardment. Thus studies of these lines are left for the
future. Consequently, condition (6) will be ignored for
practical purpose. Thin pipes for feeding current or for
recycling coolant to the coil can support the floating coils
mechamically, if shift modes perpendicular to the
magnetic axis are only weekly unstable. A possible
configuration is illustrated in Fig.3, in which the
stabilizing coil 1s installed at the center of two floating
coils. Each floating coil with a major radius of 1.5 m
curries 25 MAT. Detailed system parameters are listed in
the Table 1. The accessible region created by a pair of
floating coils and a stabilizing coil is isolated from both
magnetic coils and chamber wall. The region between the



outer lines and circles around the floating coils is the
accessible region for 14.7-MeV protons yielded throngh
’He(d, p)*He reactions. Lines from the center represent
thin accessible regions of electrons. Due to additional

Fig.3: Accessible region by a pair of floating coils and a
stabilizing coil is isolated from magnetic coils and
vacuum wall, Region between outer lines and circles
around floating coils is the accessible region for 14.7-
MeV protons. Lines from the center are thin accessible
region for electrons.

Table 1: Representative Parameters of the Coil System

Flioating Coil (each of two)
Major Radius: Ry 1.5m
Cross Section: pa* X 0. 0752 m?
Current: 1, -2. 25 MAT
Conductor Hell cooled Nb.SnO,
Axial Position: Z, 0.75m
Stabilizing Coil
Major Radius +1.5m
Cross Section X 0. 447 m?
Current 0. 7811 MAT
Conductor Hell cooled Nb,SnO,
Axial Position Om
Solenoid
Inner Radius 2.1m
Current/Length 0. 76213 MAT/m
Magnetic Field 0.9577T

coils, the area of null-magnetic field near the center
decreases 10 a 75% of the original one. Nevertheless,
within the sphere of a radius 0.32 m, the magnetic field is
less than 1% of the original magnetic ficld; and inside the
sphere of a radius of 0.09 m, the magnetic field is less
than the (0.1% that is relevant for biased grid region of an
TEC to obtain a favorable operation. Thus we are able to
keep an area of vanishing magnetic field large enough to
install an TEC by installing a bombard-less coil system.

The force balance of the floating coil is obtainred,
since the radial component of the averaged external
magnetic field at the point < B*’ > defined by the
equation (8) takes the value zero at the point (R,Z).

.. (e} (e}
QUBHU[IE:S §__<~...g.z‘;...m>,..(g,z) and %(R,Z}

defined by equations (9) and (11) respectively, are
obtained numerically to give the same value —0.181847
T/m. Since the coil current /, is negative, the system is
stable against axial shift modes or tilt modes. The
stability of vertical shift modes, is defined by a positive

value of éf_&( .z - This quantity takes a value of
= ,

0.181761T/m in our configuration. Thus, the system is
unstable to these modes. It may possible to obtain a stable
system against any modes by installing additional
stabilizing coils. Those coils have to be installed close to
the floating coil and consequently intersect the isolated
accessible region. If the coil shifts vertically from its
equilibrium position by a distance of only 0.001m, the
resulting force acting on a floating coil is 3.85x10° N.
Fortunately, 4 pipes connected to the coil, one for current
feeding coaxial cable and other two for coolant recycling,
are capable of supporting this force. Each pipe is made of
conventional materials with a stress of 30 kg(w)/mm® and
has 0.005m outer radius and 0.0005 m thickness.
Bombardment loss of particles onto these pipes is
estimated to be less than 0.36%. Thus in view of practical
applications, it is best to negiect the instability of vertical
modes at this time.

Fortunately, an area where the magnetic field is
weak enough to operate an IEC of high efficiency exists
in a magnetic channel suitable for direct energy
conversion. The bombardment losses of particles on the
coil structure are so small that modules can be analyzed,
if necessary, in series along the magnetic channel,
extending to a direct energy converter.

3. Direct Energy Conversion

With *He(d, p)*He reactions, 14.7-MeV fusion
protons carty eighty percent of the fusion energy reieased.
The recovery of their energy with direct energy
converters is essential for space propulsion. The energy is,
however, much higher than the practical for use of a
biased electrostatic electrode. Energy carried by leaking
unburned fuel ions as well as electrons should be
recovered also. All the equipments are installed inside a
vacuum chamber; therefore, unburned fuel can be
recovered and recycled after it is pumped out from the
container. Recovered energy will be utilized to accelerate



unneeded ions up to an optimum momentum. One
propulsion method assumes that energetic fusion ions
and leaking unburned charged particles are converted
directly to thrust. In this method, however, the
momentum ejected per second through the thruster is
fixed. Since the burning fraction of “He(d, p)*He fusion
may be less than several percent, the majority of the
expensive fuels including helivm-3 must be ionized and
would be exhausted to the space without releasing fus
energy. While the present scheme avoids this waste b
recycling fuel, the recovery of their energy with a dire..
energy converter is still essential.

Charged particles flowing out of fusion core include
14.7-MeV fusion protons as well as unburned fuel ions
and others. These particles will be accelerated by an
expanding magnetic channel and conducted to the
separator. At the downstream of the expander, a magnetic
separator is installed. The magnetic field attributed to the
solenoid at the separator is 0.1198 T. Since magnetic field
18 0.9577 T at the entrance of the expander, more than
87% in the total kinetic energy of charged particles is
converted to the kinetic energy

Table 2: Representative Parameters of the Separator

Separator Coil (each of two)
Major Radins 3.0m
Cross Section 0. 08mx0. 05m
Current 0. 2 MAT
Conductor Hel cooied NbTi
Axial Position 1.5m
Solenoid
Inner Radios 3.2m
Current/Length 0. 0953 MAT/m
Magnetic Field 0. 1198 T

parallel to the magnetic field during passage through the
expander. The magnetic separator is formed at a region
past the expander by installing a pair of coils anti-parallel
to the axial field. Detailed parameters of the separator are
listed in the Table 2. Pitch angles of electrons, leaking
unburned fuel ions, and low energy fusion products such
as “He are scattered randomly at the field- null region”
and recombined at the surface of collector plates installed
at the edge of respective accessible regions. An example
of the magnetic separator is illustrated in Fig.4,

The region between outer solid lines and solid
semi-circles around the coils in Fig. 4 is the accessible
region for accelerated 200-keV deuterium ions. Dotted
lines crossing the center are the thin accessible regions
for electrons. Since the mass of electron is extremely
small, they arc conducied along the first line to the
electron collector plate installed at the edge of their

Fig. Fig.4. Magnetic configuration of the hex-pole separator:

Electrons and leaking unburmned fuel fons are conducted to
the collector plates. 14.7 MeV fusion protons are passing
through the separator atiributed to their large inertia.

accessible region. Accelerated leaking unburned fuel
ions are also trapped at the separator and conducted to ion
collector plates at the edge of the region. Low energy
fusion products such as “He are collected as well.

T

Fig.5. Installations of collector plates: Electrons are conducted
to the electron collector plate through a thin accessible
region, as is shown by the arrow. The accessible region of
ions, on the other hand, extends out well past both sides of
the electron stream. A majority of ions are therefore
conducted to jon collector plates installed at the edge of
tot1 accessible region in both sides of electron flows.
Block arrows in the figure show ion flows, while the thin
block arrows show electron flow.

Fig.5 shows the structure of a collector. Despite the
simplicity of this system a conversion efficiency higher
than 45% is obtained. The 14.7-MeV protons carry the
majority of fusion power in D-*He fusion system. Since
the inertia of these protons is very high, they pass through
the separator without suffering either trapping or an
appreciable change in pitch-angle. The energy spectrum
of fusion protons is exhibited in Fig.6.
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Fig.6. Energy distribution of *He(d, pj'He produced protons.
94% in the total energy is carried as the free energy.

Their distribution function can be approximated by a
shifted maxwellian distribution:

n

fo)=1= expl-(-v,)* /v7] (13)
T

Where v, =35.307 x10” m/s is the velocity of fusion
protons. Due to the thermal spread of fuel ions in an
exothermic reaction, fusion protons exhibit a thermal
spread of 0.9 MeV. Nevertheless, 94% in the total energy
is available for conversion. Using biased ion collector
plates requires an electrostatic potential as high as 15 MV.
This value exceeds the present technological capability
lirnit. Therefore, to avoid this problem, a traveling
oscillator is proposed to convert beam energy into
electricity. Figure 7 shows an equivalent circuit of a
converter.

:
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Fig.7: An equivalent circuit of beam-AC electricity converter.
The applicable voltage is, however, too low to fully
utilize beam energy of 14.7MeV protons.

The alternating electric voltage applied to the grid
modulates the velocity of the charged particle flow. This
modulated beam then results in an electro-motive force
on the electrode plate. The electrode is connected to an
LC resonance circuit while a fraction of the output AC

voltage is fed back to the gnd. By adjusting the phase a
self-excited alternating electrical power is obtained. The
maxirmum voltage applicable to the electrodes is,
however, a few mega-volts in order to break the voliage
down. This system seems most useful for a low-energy
particle beamn. For a 14.7-MeV fuston proton beam,
however, only a few percent of the beam energy will be
converted to electricity. However, replacing the electrode
plates by grid meshes to form a series of electrodes
provides a drastic upgrade of the system for use with the
14.7-MeV proton beam. The layout of the upgraded
traveling wave direct energy converter is illustrated in
Fig 8. At the modulator (0,L), the fusion proton velocity
flow is modulated by an applied alternating voltage:

V(z,t )=V, coskz - sinex (14)

Consider the case where the applied voltage in the
modulator is small and consequently changes in the
velocity are a perturbation of the initial velocity of
particles. Here wave number k& stands for p/L. After
passing through the modulator, the velocity of a particle
that entered with a velocity v, at the time 2, is changed to
velocity v given by:

V
—qu—’”meoswto
4v,

Y =¥,

(15)

Since the distribution function (13) is modified at the
medulator and no oscillating electric field appears down
streamn, the distribution function at the time f and the
position z (>L.) is expressed by:

Fomt=—t— expl G-v, F /72
©r (16)
x{1+ v-v, _LLo_qu cos(wt—ﬂ)}
Vv

v.fr v M

In order to examine the bunching, equation (16) is
integrated to obtain the particle density of fusion protons:

n(z,t):n[1+kz§§—'/;"-sin(kz—wt)] (17

Vp
for z> L

Equation (17) shows that the modulation of the number
density of beam protons. In order to examine the
bunching, equation (16) is integrated to obtain the
particle density of fusion protons:



Fig.8. Traveling wave direct energy converter composed of an array of modulator grids upstream followed by an array of
decelerator grids downstream. Each grid is connected 1o a transmission line. The modulator forms bunches of the
charge, modulating the 14.7-MeV proton beamn. Bunching the charge induces grid meshes an alternating electromotive

force electromotive force.

n(z,t) =n[1 +kz ;q;/;' -sin(kz—wt)}

Vp

(17)

for z> L

Equation {17} shows that the modulation of the number
density of fusion proton increases along the flow line. At
a point near

z=Mv;/k7L’qu (18)

bunching of the proton beam is completed, and an array
of meshed grids is instaled at this point. Once a meshed
grid is located in the bunched beam region, it suffers
from an induced electrostatic electromotive force
through a space capacitance Cs. Each meshed grid is
connected to a transmission line; therefore, the induced
electromotive force excites an alternating AC signal

i mEn ai CE.;:::: min o oamm o osm
- , el
=] L
R

Fig.9: Transmission Line connected o an array of decelerator’s.

A part of voltage in the line is fed back to the modulator.

on the line. A part of the voltage is fed back to the
modulator. The principle of circuit is iltustrated in the
diagram of Fig.9. The potential V?(¢)of the bunching
beam at the nth grid induces an electromotive force on
the grid through the stray capacitance C, between the
beam and the grid. The potential V (z)at the nth terminal

(indicated by a symbol ? on the figure)is related to the
capacitance C, connected to adjacent terminals with the
inductance L and resistance R being connected in series
to ground. The circuit equation for this system takes a
forim:

24+ & v, -1-51/",z Ve _
C L Lc

[ ntl +Vn—] + -E(VR-H + Vn"l )] = ?s(v’!b +‘ZV:]

(19)

The derivation of this equation follows from applying
Ohm’s law ard the equation of continuity for currents
into and out of a terminal. Due to interactions with the
grid potential, the bunching beam changes its velocity
and the consequent potential of the beam v (z¢) in
the grid region takes a form E; sin(f&;(z )dz — ) .
The solution to equation (19) can be written in the form:

V,(t)=f,(t)-cos(8,— rt) (20)

with a slowly varying amplitude. This assumes that the
phase velocity of the transmission line is identical to the

beam velocity. Then the equation (19) can be separated
into two: one represents the high frequency part

C 1
2(1—cosd)+—=—-—— t
[ (1= casd) c wZCL)!P( )

=E’ C—é,/(R/L)’ +o’
o
xsin( [£(¢ )} &8, + cos' —LE )
b JRILY + o

and for the slowly varying part

(21)
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=E! &,}(R/L)Z +o’

%

(22)

R/ L

X cos{ k(¢ M §~0,+ cos”! )
™ 1/(R/L)2 +o’

Here, we have introduced the quantity: 6=6,,,-6, that
is constant of n due to the same circuit constants at each
terminal. Then, the quantity V,,, +V,_, is expressed as

2V, cosd . There are now two equations for the slowly

varying amplitude. A non-trivial solution to equations

(21) and (22) exists only if the dispersion equation:

1

= (23)
wCL

C
2(1— S+ — —
(1 —cosd)

is satisfied and the phase relation is presented. For a case
of increasing solution, the phase relation is:

Ik(rf)df——(?,,-i—cos"i——:() (24)
by JRLY +o°

Then, the solution to the equation {19} is:

V,(t)=E; C 0l - exp(~Rt / 2L)Icos(8,,- w) (25)

The quantity 0 =Jw’L’+R* 7 R is the Q-value of

the resonance. The solution (25) shows that an oscillation
grows automatically by itseif. Indeed, the solution takes a
simpler form if the value Rf/2L is much smaller than
unity:

V,(1)=E.C,OR/2L (26)

For a large value of Rt/ 2L, however, the potental
saturates at a certain level given by:

Ivn(t)|=E:nCSQ

Thus the amplitude of the excited oscillation on the
transmnission line is proportional to the electromotive
force on a grid multiptied by the Q-value of the
resonance, therefore, inversely proportional to the load
resistance R that designates the load on the power output.

The base of this model is the condition that the beam
velocity v(#} is identical to the phase velocity of the
transmission line @/ k,(z). The equation of motion for
bunching proton beam:

27)

2

d
MFZ(U=-—qk(z)V°sin(Ik,,(z)dz—or) (28)

gives the needed wave number for the transmission line
to meet this requirement. Thus the spacing of meshed
grids must be arranged to satisfy the condition:

@ 3qVier _
k()= -2 yy13

V.P Vp

(29

In a decelerator, energy carnied by buaching protons
is converted to electricity on a transmission line by
selecting the relative phase between bunched protons and
the traveling wave at a relevant value. The physical
process of this conversion is exactly the inverse of that is
in a linear accelerator, which converts electric energy
into a kinetic energy of the charged particles by choosing
the relative phase between a traveling wave and charged
particle to be an adequate value. The relative phase
difference is inverse o that of the decelerator. In both
processes, a reasonable value of relative phase provides
the auto-phasing that appreciably improves the overall
conversion efficiency. The relative phase is kept constant
automatically and consequently the bunching of fusion
protons is maintained.

Details of the grid mesh structure have been studied, as a
part of a converter design for a 1-GW, D-*He fueled FRC
power teactor %%, Direct energy converters were installed
at both ends of a field-reversed configuration. The radius
of the grid arrays is 5m and averaged power flow at the
entrance of the decelerator was approximately 10
MW/m’. Each meshed grid is made of coaxial rings of
water-cooled pipes. The spacing of pipes was typically
1.06 m. In order to decrease unwanted bombardment loss
of fusion protons onto the grid structure, pipes with an
outer diameter of 0.01 m are employed. Then the average
transparency of protons was 98.8% for every passage of
grid structure. Major characteristics of grid pipes are
listed in Table 3.

Tabie 3: Major characteristics of Grid Pipes
Materiai: Stainless Steel
Cooling: Water Flow in the Pipe
Maximum Length: 10m
Outer Diameter: 0. 0lm
Inner Diameter: 0. 009m
Water Pressure at the Inlet: 15MPa
Water Temperature at the Inlet: 20 °C
Flow Velocity: 10m/s

By applying a flow velocity of 10 m/s, a maximum flow



temperature of 200 °C and a maximum flow pressure of
15 MPa are obtained. These values are compared with the
saturation temperature of water 335 °C and the limiting
stress pressure of stainless steel of 42 MPa or that of
copper 31 MPa. Meshed grid structures are immersed
into a 14.7-MeV proton flow. After the

separator, however, the flow density is as low as
4.25x%10" protons/m’sec. Because of this low flux
density and high bombarding energy, pipes are estimated
to last more than 100 vears against sputtering due to
protons,

Numerical simulations of the traveling wave direct
energy converter for the D-"He fueled FRC power reactor
have been carried out intensively in Japan. A fairly large
flexibility is retained in determining the size of a
traveling wave direct energy converter. Flashover voltage
requires a certain spacing of the grid and peripheral
technologies such as the high power rectifier sets a lower
frequency. In order to Yimit the size of the converter to a
reasonable value, the wavelength of the modulator was
selected to be 6.28 m. Accordingly, the characteristic
frequency of the system was 8.54 MHz, which frequency
seems reliable to rectify for AC-DC or AC-DC-AC
converters. Electrostatic potential due to a non-neutral
proton bean in: the TWDEC is a couple of hundred
kilovolts and gives no contribution to the proton
dynamics. Then automatic startup and saturation of the
alternating power on the transmission line occurs in
about 600 periods (70ps) after switching it on. The
maximum conversion efficiency is obtained by choosing
the voltage on the grid as 1.7 MV. This is accomplished
by adjusting the load resistance or Q-value of the
resonance circuit. The optimization with respect to the
position of the decelerator shows that the entrance of the
decelerator should be 10% beyond the point where the
modulation takes its maximum. The obtained conversion
efficiency is as large as 65 %, if the bombardment loss of
fusion protons to the grid pipes can be neglected.

4. Conclusion and Discussion

A concept has been proposed to allow the extraction
of fusion power from nearly aneutronic fusion fuels, such
as D-"He in an IEC, and to convert it into electricity.

An IEC fusion core is installed at the center of a pair
of coils that cancels the uniform magnetic field providing
channeling of ions into direct energy converters. To
eliminate the strong attractive force between the coils, a
stabilization coif is instailed between the coils.
Instaliation of the IEC requires a negligible magnetic
field in the dense core region. With the present design, a
spherical region at the center of a module is obtained
with a radius of 6% of the canceling coil. This result is
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achieved when the magnetic field is less than 0.1% of the
uniform magnetic field. Fusion charged particles are
trapped within an accessible region, extending outside of
the IEC but isolated from magnetic coils and the vacuum
chamber. To minimize charged particle bombardment,
the pipes for current feeding and for coolant recycling
must have a high transparency perpendicular to the beam.
This contiguration allows for operation of the IEC’s
in series along the magnetic channel. An IEC module, or
aseries of IEC modules, is connected to the direct energy
converter through a magnetic expander, which changes
the perpendicular component of kinetic energy of
charged particies into the parallel component. The direct
energy converter consists of a separator and a traveling
wave direct energy converter. Low energy charged
particles such as electrons, leaking unburned fue! ions,
and fusion the fusion product, “He are separated from the
14.7-MeV fusion protons at the separator and are guided
to collector plates installed at the edge of respective
accessible regions. Since the fraction of energy carried by
low-energy charged particles is small in an IEC fusion
system, the structure of the collector plate can be
relatively simple. Because of their large inertia, the
14.7-MeV fusion protons pass through the separator and
travel to the modulator. The modulator modifies the
velocity of fusion protons to provide bunching
downstream. This bunched proton flow excites an
alternating electric oscillation on the transmission line
that couples to the flow through an array of meshed grids
immersed into the flow stream. Studies of meshed grid
performance and numerical optimization analyses
confirm the reliability of the design for the traveling
wave direct energy converter. These studies assumed
converters connected to a field-reversed configuration as
opposed to an IEC. Nevertheless, the results remain
applicable if the power density of proton influx is
retained at approximately 10 MW/m’, A grid array with a
radius of 2 m allows conversion of 125 MW of fusion
power carried by protons into electricity. These
considerations define a representative energy conversion
for the TEC. A representative drawing of this system with
250 MW ; of fusion power is shown in Fig.10. The
number of IEC modules is arbitrary and the converter
could be employed on both wings. For a case of single
ended system, a strong magnetic mirror must replace one
of the TWDEC. The radius of TWDEC depends on the
fusion power handled: 2 m for a 150-MWe system and 5
m for a 1,000-MWe system. The size of IEC module is
fixed, being determined mainly by the energy of fusion
protons. The length of the direct energy converter is also
fixed by the proton energy.
The weight of the conversion system is one of great
importance for space propulsion. The weight of an IEC



Separator

Series of IEC

Fig.10: A representative drawing of the system with 250MW of fusion power carried by 14.7MeV protons. Output electricity is 150MWe.

Modulater Decelerator

For a single ended system, a strong magnetic mirror has to replace one of the TWDEC.

module for D->He fusion is ~6 tons, and the weight of a
pair of direct energy converters is 35 tons for a 250-MW,
system. Thus the total weight is approximately 185 tons
provided that a 10-MW, IEC module is available. The
weight normalized by the output power decreases as the
fusion power increases. A definite number, however,
requires developments on IEC studies yet to be
determined.

The present study focuses on conversion of the
fusion energy to electricity, which can be used for
propulsion and also station keeping. A direct exhaust of
protons is possible, but this approach suffers from an
unwanted waste of leaking unburned fusion fuel
(including helivm3). Indeed, the burn fraction of the fuel
particles is estimated to be less than a few percent.

Since a 250-MW D-*He fusion system consumes 14-kg
helium-3 per year, on the order of 1,000-kg a year of
helium-3 is wasted. This unwanted loss of expensive
helium-3 fuel is avoided in the present conversion system,
since all fuel species are contained inside a closed foop.
The overall efficiency will, however, decrease to less
than 60% in such a conversion system. Further, the
associated waste heat, ~100 MW, must be into space. If
no steam motor generator is employed in the system, the
temperature of the radiation panel can be as high as
600°K.. Then a radiation panel of ~ 7000 m* would be
required for a 250-MW D-*He fusion system with direct
energy converter system. This represents additional but
acceptable added weight to the system.

In conclusion, the D-"He burning IEC fusion
system appears 1o be atiractive in view of the reliable
engineering basis for developing the system, the small
weight-to-power ratio, the relatively small heat removal
system as well as the available recycle leaking unburned
fuels. Nevertheless, intensive studies of the IEC fusion
core are essential to bring this system to a demonstration
stage.
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