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A KEVIEW OF DIRECT ENERGY CONVERSICI FOk FUSION REACTORS*

W L. barr and . W. Moir

LAWRENCE LIVERMORE LABORATORY, LiVERMOR® CALIFORNIA

The direct conversion to electrical energy of the energy carried
by the leakage plasma from a fusion reactor and b- the ions that are

not converted to neutrals in a neutral heam inject r is discussed.
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The conversion process is electrostatic deceleration and direct

Beam direct converte - have been

§;3§§§ rarticle collection as distinct from plasma expansion against a
EEEEE; time-varying magnetic field or conversion in an EXB duct (both MHD).
f§§§§§ kelatively siuple 1-stage plasma direct converters ar - discussed
~g§. !5 wnich can have cfficiencies of about 50.. More compl ¢ and costly
Eg fmeasured in $/kW) 2-, 3-, 4-, and 22-stage concepts se been testeu
é% at efficiencies approaching 90«
EE tested at 15 keV and 7 kW of power at 70 + 2 efficiency, and a test
Ex of g 120-keV, 1-MW version is being prepared. Designs for a 120-keV.

4-MW unit are presented. The beam direct converter, besides saving

o power supplies and on beam dumps, should reise the efficiency of
creating a neutral beam from 40 . without direct conversion to 70

with direct cenversion Tor a 120-keV deuterium beam. The technological
linits deterniining power handling and lifetime such as space-charge
effects, heat removal, electrode material, sputtering, blistering,
voltage holding, and insulation design, are discussed. The application
of plasma direct converters to toroidal plasma confinement concepts

is also discussed.

Tre first significant fusion reactor
apptication of electrostatic direct energy
conversion was a concept put ferth by
Post to dapply the idea of ¢ linear periodic
focdsed accelerator in reverse.(l) The
exhaust or leakage plasma from a mirror
reactor was magretically quided, expanded,
and trausformed into a thin fan shape {see
Fig. 12}. This process both reduced the
plasma to a thicknass of order one debye
length and converted random motion to
directed motion, Hext, the electrons

U.S.E.R.D.A. under Contract No.W-7405-Eng-48.

were separated from the ions by a transverse
magnetic field with the help of a negative
electrical barrier (which is possible bacause
the fan thickness is of crder a Debye length).
Next, the ions were decelerated and collected
on various electrodes (22 electrodes) at
potentials near the kinetic energy of the
ions. The electrons were collected at low
(ground) potential and formed the return
current from the ion collector stage. This
concept has been surcessfully tested at

over 90" efficiency with a steady-state
plasma source. Simpler concepts based on




triode, tetrode, etc. vacuum tubes have
resylted in 1-, 2-, etc, stage concepts,
callad Venetian blind direct converters,
which have lower efficiency but also much
lower costs (S/kW). A 4-stage concept 3
seems to have many of the advantages of
the previous two.

More recently, attention is turning to
the application of direct conversion to
neutra)-beam injectors to increase their
efficiency (i.e. to reduce pawer con-
sumed}, to reduce the power supply re-
quirements, and to ease the design of the
charged particle beam dump. We have
developed and tested a so-called in-line
beam direct converter concept 4) where
the neutrals created from accejersted
ions in a charge-exchanged cell continue
througn the "in-line" direct canverter
electrodes. The ions which are not con-
verted to neutrals however are decelerated
and caught on these in-line electrodes.

In this paper, we discuss the beam
direct converters, the plasma direct
converters, technolpgical problems, and
application of plasma direct converters
to toroidal reactors (tokamak and reversed-
field mirror reactors).

BEAM DIRECT CONVERSION

To efficiently produce neutral beams
for fusion reactcrs, the energy carried
by the unneutrali.ed portion of the ion
beam may have to be recovered in a direct
converter. Neutral beams are produced by
passing an accelerated ion beam through a
gas cell where a fraction is neutralized
by charge exchange, but a significant
fraction is not. When a beam of 100-keV
o* is passed through the optimum thickness
of D2 gas, about half of the beam pow:r
remains unneutralized. At higher energies,
the unneutralized fraction becomes even

greater. [t is therefore neces.arv to
recover this power if the 1njector is to
be efficient. The ions can ve mannetically
deflected into a beam dump from wnich power
can be recovered thermnally, but the direct
recovery of electrical power is more effi-
cient and can allow a more compact design.
The first bear direct converter concept
involved magnetic deflection and then
recevery in an immersed-qrid direct con-
verter.(S) This converter type was tested
steady state at 20 keV and 200 H/cm2 in a
series of experiments in 1970.(4) The
problem with the magnet was that the pack-
ing of a farge array would be difficult
A concept of immersed grids in an in-line
direct converter was developed by Fume"*.(s)
This in-7ine concept solved the packing
problem and resulted in a compact beam
line, but beam interception vn the grids
severely limited the beam power density
times pulse time, and for steady state
the power was extremely limited {few
hundred W/cm“™). In 1974, an in-line,
nonintercepting electrode converter was
proposed.{n) Designs and computer siru-
latigns using the DART code were then
done(7) and a comparative analysis of the
immersed-grid concept of Fumelli's and
the nonintercepting concept was mau‘eu(8
Analytical and computer studies of both
the immersed-grid and nonintercepting-
electrode concept were reported on in
1975 by Raimbauit.
converter can handle much higher power

The nonintercepting

densities than the immersed-grid concept,
but the product of beam thickness and
current density is somewhat restricted as
discussed below. To overcome this limita-
tion, we propose to divide the beam into
two blankets. Raimbault has recently(lol
proposed an iateresting concept employing




aspects of both immersed-grids and non-
intercepting electrodes that promises to
raise the beam thickness and power density
both.
Principle of the Nonintercepting Concept
The nonintercepting beam direct con-
verter 4 makes use of the fact that the
space charge of an unneutralized ion beam
will cause the beam to diverge. By stop-
ping the neutralizing electrons with an

applied negative potential, mast of the
jons can be caused to leave the fast-
atom part of the beam and be collected
on appropriate electrudes. The neutral
{atom} component cf the beam is not
affected. Figure 1 shows a cutaway view
of an injector system(ll) with this type
of direct converter. lons are extracted
from the source, accelerated to 120 keV,
and passed through a gas cell where 41%
of the D" ions are converted to 0° atoms
at 120 kev. (The neutralization would
be 432 efficient if the cell were very
tung). The gas cell is cooled to reduce
the flow of gas into the direct converter
region where the gas pressure is kept
below 1072 Pa {8 x 1072 Torr) by baffled

DIRECT CONVERTER
120nev 10N SOURCE o

Fig. 1 A 120-%e¥ neutrai injector with
a beam direct converter to recover power
from unneutralized ions.

cryopumps. Higher pressure than this
would result in an unacceptably high den-
sity of cold {ons which would be acceler-
ated into the negative electrode.

The negative electrode is water-
cooled and is held sufficiently negative
(-15 kV) to prevent the electrons pro-~
duced in the neutralizer cell from reach-
ing the positive electrodes. The positive
electrodes are also water cooled and are
oriented so that they intercept as much
of the diverging ion beam as possible.
They are held at high positive potential
(about +110 kY here) that is adjusted to
maximize the recovered electrical power.
Another water-cooled negative electrode
prevents backstreaming electrons from
reaching the ion coilectors,

There is a complication due to the
fact that existing ion sources produce
not oniy the desired ions (usually 0%},
but 21so several other species {such as
D;w D;) that break up in the neutralizer.
The result is that at 120 keV, about 20%
of the ion current at the direct converter
{105 of the ion beam power} is in half-
eénergy ions, and about 8% of the ion
current (3% of the ion power) is in one-
third energy fons. These fractional
energy ions are turned back by the high
positive potential in the collector
region and are caught on the curved
collector which is at ground potential.
The purpose of the curved collector is
to prevent the fractional energy ions
from striking and heating the LN-cooled
baffles near the cryopanels.

Calculated ion trajectories are shown
in Fig. 2 for both full-energy (120-keV)
ions and half-energy ions. The collector
in this case was held at 110 kY. The
calculations were done in two dimensions
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Fig. 2 Computer simulation of a beam
direct converter at 17 A/m of 123-se¥
p*. Total length is 1.0 m: {a} full
energy. {b) half energy. and (¢} equi-
potentials.

with the DART(‘Z) camputer <ode, which
calculates fon trajectories in the

applied potential plus the self-consistent
space-charge potential of the ions and
electrons. Vacuum potential due to the
specified electrode geometry and voltages
is first calculated using an aver-relaxa-
tion technique. [on trajectories are thea
calculated for that potential in aorder to
get a first approximztion to the space
charge of the fons. Two groups of
electrons are then added, each with a
Maxwell-Boltzmann {#-8} density distrib-
ution. The primery electrons that
neutralize tine incoming ions ars included
onfy on the entrance side of the first
minimum in potential with a M-B referenced
to ground potential. Secondary eiectrons

praduced at the positive ion «ollector
are incluced everywhere aith o Mo6 ret-
erenced te the collector potenstal,  The
combined potentiai, vacuww plus wpace-
charge, is receliwlated and tne slectron
density is recalculated. This process

is repeateg until there is no further
cnonge, andg then the entire process is
repeated antil tnere is no further change.

In fig, 2. :ht; current density profite
iy Gausvian ;l‘-”' "dl. a L3 amy . and
votn groups ot electrons mave a tecper-
ature h!c 3t eV, Both groups of slecs
trons nave dmpertani effects. Mrimaey
electrons prevent the blowap of the jon
bear until the electyon drnsity 1y
reduced by the negalive potentisl.
secondary clectrons Tinit the builduy
0! tne potentiol mesimun inside lhe
coliector 10 a fow k?c above collector
vallags. For Inis reason, seoondary
clectrons ¢llow the rollwelion & Bigh
potential ot o much nigher densily ion
beam than would e possivle otheswive,

Secondary slectrons are aluo produced
at the negative electrodes.  ihw space
charge af these encrgetic electrens is
negligibie. butl their current asd power
may not pe. Their trajectories are
calculated Lo determine the loss in
direct converter efficiency.

Aithaugh o finite amount of space
charge is necessary for efficient recovery,
tao ruch space-charge produces unacceptable
losses. To stop the electrons, the nega-
tive electrode must be 2bhic to produce a
negative potestial even in the presence
of the positive space charge. An
increase in beam density requirves an
increase in the applied negative voltage,
and simultaneously produces greater diver-
gence of the beam once the ejectrons are




turned back. The power loss at the nega-
tive electrode thus increzses with in-
creased beam density, and the efficiency
of the direct converter decreases. An
approximate scaling law for the efficiency
can be derived by assuming that the ions
are collected when the outermost part of
the beam is deflected through a 45° angle.
The analysis shows that, for a parabolic
density prafile, the direct converter
efficiency - scales with ion density and
energy d4s:

g - k(‘p')z(d/L).
Here, Ag % anIAOH is Che square of the
ion plasma frequency, d is the thickness
of the beam, and - is the time required
for an ion 10 go & distance L. The scale
length L is defined by L qEL, where Hy
is the ion energy, and £ is the applied
retarding electric field between the
colflector and the neq.tive electrode.
Khen n, the central beam density in a
garabolic profile, is expressed in terms
of beam current |, the scaling displays

the expected ! » Ho3/2 at constant -:

P 3 3]
o "(4 )t/;

0

.
(HOIG)3/2

where ft is the width of the beam and ¥ is
the ion mass.
determined by trajectory calculations.
The best fit to results at high current
vere g < 1.0 and k = 0.1 for a flat-
topped beam profile. Calculations have
also been done for a Gaussian profile.

In that case, g is smaller than in the
flat-topped case because more of the beam
power is concentrated in the center of
the bean where recovery is poor. For the
Gaussian profile, g * 0.9 and we assume
k = 0.11 as before, although k has not
been studied in this case.

The constants k and g 3re

In practice, the efficiency :s not as
good as this simple scaling predicts.
The fraction of the beam that is made up
of fractional-energy ions is lost in the
Part of these fractional-
energy jons strike the negative electrode

present designs,

and produce secondary electrons, some of
which reach the collector. These effects
are peculiar to the particular ion source
that is used since both the relative
currents and the current profile are
different for different sources,

We have experimentally tested a heam
direct converter of this type. 13) A
steady-state MATS-II1 jon source was
masked to produce 3 slab beam 15-mm
thick and 6Q0-mm wide consisting mostly
of & ions. The ion energy was varied
over the range from 10 keV to 15 keV,
and the fuli-energy ion current varied
from about 50 mA to 130 mA. Since the
ion current from the source varies as
HC3/Z. we expected and found the same
efficiency at all beam enargies.

A photograph of the direct converter
is shown in Fig. 3. The device was con-
structed from molybdenum and was cooled

by radiation only. When the voltages

Photograph of a scaled direct
converter tested at 2 kW of 15-keV-K*.
Efficiency is 70%.

Fig. 3



are varied, the various electrodes
range from warm up to white hot. At the
optimum setting, the collector is only
dull red since most of the power is
recovered eiectrically.

The efficiency was determined by
measuring the currents and voitages at
all electrodes and by measuring thé_ion
Lwam power with a calorimeter. The calori-
meter can be seen in its retracted position
in the photo. By recording the total beam
power transmitted through the direct con-
verter with no applied voltages and also
with voltages set to stop all ions, the
neutral component of the beam could be
subtracted out to give a measure of the
total incident ior. beam. The currents to
the different electrodes were measured as
the voltage at the collector electrode was
varjed from zero up to above the source
voitage. Maximum recovered power, and
hence maximum efficiency, occurred at
about 0.98 of source voltaye. Measured
efficiency was typically n = 0.70 + 0.02
for the total ion beam, including the

~20% of beam _urtent in half-energy protons.

Figurs 5 .r:«5 a plot of the measured
currents t: the positive collector and to
both nega.- ¢ etectrodes versus the
voltage applied to the coilector. The
negative electrodes were both held at
-3 kY, the sgurce voltage was 12 kV, and
the total ion beam power was 1450 W as
measured with the calorimeter. At 11.8 kv,
the collected power reached a maximum of
1050 W, and the drain on the negative
power supply was 48 W. Therefore, in
this case the efficiency was

. 1050 - 48 _
n -~*—ﬁﬁgﬁ—--‘0.69.

100 I E R

90}~ -
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80 -
70 - -
60 [~ =
50 }~ .

ol -

Current — mA

30— -
Negative electrodes (-3kV)

Collector voltage — kY

Fig. 4 Data taken on the device shown
in Fig. 3 with 12-keV H*. The effect
of nalf-energy jons can be seen.

The 1450 W includes the half-energy
ions whose effect can be seen at about
6 kv in Fig. 4.

A larger version of this direct con-
verter is being constructed and will be
tested on the Lawrence Berkeley Laboratary's
120-keV¥ test stand. The direct converter
is designed to recover the 800-kW (6.75-A},
1/2-s pulse of full-energy 0" jons, The
direct converter will be located about
5 m fram the 10-cm-square source, where
the beam profila is Gaussian with an
elliptical cross sectior. The computer
calculations indicate that the highest
heat load on the collector will occur
when the collector is at ground potential
and the negative electrodes are at their
-15 kV operating patential. Then, most
of the ions diverge and strike the




collector with their full kinetic energy.
The ion power will be distributed rather
uniformly over the collector curface, so
thai the power density is calculated to
be less than 200 H/cm2 everywhere on the
collector. The collector structure is
shown in Fig. 5. The electrodes are all
made of water-cooled copper and are
nickel plated to reduce sputtering.

A1l electrodes and apertures have
elliptical cross <ections to follow the
contour of the beam power density. The
first aperture is the smallest, with
major and minor diameters of 36 cm and 9
cm, respectively. At maximum power and
best focus, the beam power density strik-
ing the aperture will be 500 H/cmz. The
aperture has a tungsten insert to allow
for less than optimumn focus and alignment.
Total power density (neutrals plus ions}
at the center of the beam will be 37 kW/

sz.

Second

negative

i
i
"
i
!
negative
|

% First

—Aperture

i

Fiy. 5 A direct converter being built
to recover 800 kW of 120-keV D*.

The recgvered power will nct be used,
but will be dissipated in a variable
resistor that will be adjusted to give
the desired voltage at the collector.
All high-voltage cables will be kept
short to reduce the stored energy that
could be dissipated in a spark.
Diagnostics will be electrical and also
calorimetric. Testing is expected to
begin in November of this year.

In anticipation of favorahle results
from these tests, a preliminary design is
being developed for a direct converter to
be used on the injectors for the TFTR
(Tckamak Fusion Test Reactor). MWe are
assuming that the ion sources will be
10-cm x 40-cm versions of the 10-cm square
source being developed in Berkeley. The
power density at the direct converter will
be higher on TFTR than in Berkeley because
of the larger source. However, the more
important difference is due to the shorter
distance between the direct converter und
the source on TFTR. There, the 4-MW beam
of unneutralized ions will have nearly a
flat-topped profile and will be the full
10-cm thick. The space charge potential
at the center of the beam after the
electrons are removed will be more than
50 kV, requiring about 80-kV negative
voltage on the negative electrode to
penetrate in order to stop the electrons.

Such a kigh negative potential is not
practical because of the power loss and
because of tne danger from sparking. One
possible solution is to reduce the beam
height to 5 cm, which would reduce the
required negative potential to about
-20 kV. This, unfortunately, would )
reduce the output of each beam by a i
factor of 2, which could be made up by
doubling the number of beams. Ancther i

AT
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possible solution to the problem is to
modify the source to produce a shadow down
the center of the beam. The negative
electrode in the direct converter could
then have a web in the shadow. This
effectively halves the beam thickness and
reduces the space charge potential to
one fourth of what it was. Figure 6
shows some trajectories run in this
geometry. Those ions, especially the
fractional-energy ions, that pass close
to the web are strongly deflected and
appear to be the most serious problem
with this scheme.

Fig. 6§ Calculated trajectories (a)
and equipotentials {b) for 90 A/m of
120-keV D* with central shadow.

Principle of the imersed-Grid Beam

Jirect Converter

The idea is to direct the ion beam
through a rugged but stili tenuous
grounded grid (cathode}. To reflect
electrons with a similar gria which is
held at a potential about 3 kTe/e nega-
tive (central grid) and to then decelerate
the jons with a positive collector (plate)
at a potential approaching but somewhat
below the beam energy. The grid set can
either be in-line or the jons can be

magnetically deflected into the beam
recovery unit. This concept has been
discussed at some length in Ref., 4. where
experiments done in 1970 at 20 keV and
200 N/cm2 were reported. Further analysis
was presented in Ref. 8. In this refer-
ence, is developed a fairly fundamental
power limit, For example, with the in-
line inmerseqd arid concept being pursued
by Fumeili and Coworkers, 6 the grids
are sufficiently small that for pulse
durations of interest (1 ms) the temper-
ature is uniform across tne grid diameter.
in that case, for ribbons 0.)-mu by }.0-nm
made of molybdenum, a power deasity times
pulse length of 560 W-s/cmd will raise
the grid from 300 ¥ to 2200 K, where
thermionic emicsion losses will exceed
the recovered power. This value of
500 H-s/cm2 corresponds to a power den-
sity of ! kH/cm2 for 0.%-5 pulses,
whereas the 120-keV converter at 4 Mi
discussed above is designed to operate
at 10 kH/cm2 for 0.5 s, and quite possibly
auld go to steady-state operation. At
steady state the power density is either
limited by thermionic emission from
immersed grids to about 50 w/cm2 ar by
the convective cooling limit of possibly
as high as 2 kW/cm™. The low limits on
power densities and pulse lengths for
jmmersed grids are the effects which led
us towards the nonintercepting-grid beam
direct converter con-epts.

PLASMA DIRECT COWVERSION
Another type of direct converter is H
required to recover the power from the i
igns that leak out from ¢ magnetically
confined plasma. In a mirror fusicn
reactor, only a small fraction of the
injected beam power results in fusion
before it escapes out the mirrors. [t




i thergfore important to the overall
riErticn: o to recover this power, just
a% 11 iy irpurtant to recover the un-
neatrelized ion power in the injectors.
iie functions of the direct conversion
process <an be seen by foliowing @ typi-
cal uarticle. A fuel ion will move back
and forth between mirrcr points in the
reactor until tne particle diffuses hy
Loulomb <ollisions into the loss cone
Then it vasses over the ma«imur field
Y1 T where ity energy is essentially
transverse to L. As it moves outwardly
in the expander, whose field may drup to
a few hundred auss, the perpendicular
encrygy wiil drop linearly with B accord-
ing to tne principle of adiabaticity
W, 7B, const, 30 that, by the conserva-
tion ot total energy. the velocity, which
started out perpendiculer to 8 is now
nearly; perallel to 6. Therefore. tne
arpander serves two purposes: it produces
< directed bear of ions, and it reduces
the current and power densities in the
bean:.

Fiasma direct converters can be
divided into two general types according
to whetner the electrons are separated
out magnetically or electrostatically.
For magnetic separatic.), the plasma is
quided and expanded magnztically into a
thin slah from which the magnetic field,
and hence the electrons, can be abruptly
diverted. The ions continue on with only
a slight deflection i1 the expansion
resulted in a sufficientiy weak field.
For electrostatic separztion, the plasma
stream is expanded in two dimensions to
produce directed motion and to reduce the
power flux to a level (-100 H/cmzl whera
immersed grids can be used to reflect
the electrons. The fate of the electrons

is different in the two types of separa-
tion. With magnetic separation, the elec-
trons are removed from the beam and can
ce collected, while an immersed negative
grid simply reflects the electrons with-
out disposing of them. The sink for tne
electrons 1n this case is provided by a
grounded grig which precedes the negative
grid in the beam line ¢nd establishes
ground potential.

immersed-grid plasma direct converter

The average energy of the electrons
hitting the grounded grid is sligntly
tess than kTe. A numerical method using
a random-walk technique is being developed
and can be used to calculate the electron
energy more precisely. The loss of the
electron power is small if kTe is much
less than the mean energy of the escaping
ions.

The simplest direct converter of the
immersed-grid type has only one ccllector
stage. Figure 7 shows a 1 stage direct
converter module. The first grid is
grounded, and the second onz is held at
a negative potential equal to about
-3 kTE/e to stop nearly all (l-e'3 95 )
primary eiectrons. High-pressure helium
at about 1000 K is used to cool the
grounded grid so that the electron and

the intercepted ion power can be recovered
in a thermal cycle. The negative grid is i
water cocled to prevent thermionic emis-
sion and to keep the tube size smail for
a mipimum interception of jons. The ion

collector is also helium cooled and

louvered so that it is opaque i{o the 3
directed ions but rather transparent for
gas pumping. It is nheld at the positive
potential determined from the ion energy
distribution to give the maximum recovered :

power. For mirror machines, lhis potential




is just equal to the paralle} cumponent of
the minimum energy per unit of charge. so

that all ions can reach the collector and
none are reflected. This potential is
given by

= s, cos20/(R-1),

3,
Jca]l 0

where 2 is the maximum angle between the
velocity vectors and the ragnetic field
lines, q is the embipolar potential, ard
R is the mirror ratio in the confining
magnetic field. [Ia wirror machines, ¢

5 kTe/eA

Tne design shown in Fig 7 is for a
mirror reactor(]a) for whicl. the minimum
energy of the escaping ions i, 96 keV,
the average energy is 146 eV, and
~ = 0.20 radians. After allowing for
tre 8% of the incident power that is
carri J by electrons, the efficiency
of the direct coaverter is 52 .

Behind the ion collector is a cryopunip
with a water-cooled and an LN-cooled
baffle. The pressure in thc expander
must be kept below about 1073 pa (8 x 107
Torr) to reduce the losses caused by

]

Fig. 7 A single-stage direct converter
module designed to handle 1.75 MW/m&,
Mean energy is 96 keV. Efficiency is 52%.

charge er(nafie bDetaven @ oans and Gds
mplecules,  Econonile dpiersane the
optimur opereting proni,re for o reactor,

Any rumber of Intermediate stages .oon
be added to this bdsic - Zructure Dy . ine
the concept of the Veaetian hlira direct
converter, For that, the direct converter
is tilted at a slignt angle relative to
the incoming bear: 50 that the rons
follow parabolic trajectories. intee-
mediate stages. edcn siviiar tu 4
Venetian blind and cath neld at suntin -
ively higher potentia}, are adied wih
the slope of the individual plates nd-
justed for maximum transmission of tne
incoming ions. If an jon has insuféy-
cient energy to reach tne aest nigher
potential, it will be turnci bLach, hut
with the wrong slope to gei through Lhe
plates. Conseauently, tne ion. teng Lo
be caught an the collector thgt is at the
highest petential that the ioa can rrach.
Since the ions are coliected on the hacks
of the collectors, an etectros suppressar
grid is located directiy tehind each
intermediate collector stage to control
secondary electrons.

Figure 8 shows a three-stage dirert
converter module designed for a ~irronr
frsion reactor{IA) for whicn tne leskaye
ions have a mean energy of 172 kel and a
minimun: of 100 keV. MWith that enerqgy
distribution, the efficiency of the
direct converter is 60 after allowing
for the 8 of the incident power
which was carried by electrons. The
module is 2.6-m square and the inter-
electrode spacings are each 1.0 m. The
1.0-m spacings are sligntly Jess than the
maximum allowed by space charge for the
given power flux and energy distribution.
Since the average power flux into the
direct converter is only 45 N/cmz, the

it




Fig. 8 A three-stage module of a
Venetian blind direct converter. At
0.5 MW/m?, the efficiency is 60%.

negative grid and the two intermediate
electrodes with their suppressor grids

are made of carbon fiber and are cooled

by radiation. The third stage is made

up of a chevron pattern to allow gas pump-
ing without transmitting either ions or
radiation. It and the walls are cooled

by 1000 K helium to allow thermal recovery
of the excess ion energy and the radiated
heat. A water-cooled baffle, a liquid-
nitrogen cooled baffle, and then the
cryopump follow the third stage. The
support posts are water cogled in order

to keep the high-voltage insulators cool.
This design can handle up to 100 N/cm2

of incident ions, and more intermediate
stages could be added. There is lixtle

to be gained by adding mare than about
five stages, however, because of the

increased interception on early stages.
Figure 9 shows possible locations of
the two direct converters discussed above
on a mirror fusion r'ea.:tcr.“4 The
single-stane direct conveiter at the
bottom in the figure was kept smali so
that the lower half of the reactor r°n be
Tuwerad to allow access to the blanket.
Only 207 of the power was allowed to go
to the l-stage unit, while BO% goes upward
to the 3-ctage converter. One of the
3-stage modules is shown being replaced.
We have experimentally tested a 2-
stage version of the Venetian blind direct
converter using an ion source and
ieter using a plasma source, at the end
of a magretic expander. The measured
efficiency varied with the energy of the
incident ions in gocd agreement with the
calculated efficiency. The measured
efficiency of 65% was only sTightly less
than the calculated 69%.
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Fig. 9 Showing possible locatiors of
the two direct converters cn a mirror

fusion reactor, with ore nodule being

replaced .
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Slab-Gegmetry Plasma Direct Converter

We have studied two different direct
converters of the slab-geometry type.
Both depend on a magnetic expander to
form the ptasma stream into a siab of
well directed ions. The magnetic field
deviates abruptly at the entrance to the
direct converter. Electrons, behaving
adiabatically, are guided away, while
energetic ions cross the field lines
and enter the direct converter.

The sinplest of the twp direct con-
verters is the space-charge dominated,
4-stage device(3) shown in Fig. 10, It
is similar to the beam direct converter
discussed above. The first electrode
is an electron repeller to stop any
electrons that are not magnetically
diveried. Without the electrons to
neutralize their space charge, the ions
repel one another and the beam diverges.
Low-energy ions diverge morz rapidly than
high-energy ions, thus providing some
sorting of the ions according to energy.
The four electrodes are each at success-
ively higher positive potential, and
the resultirg electric field enhances
the sorting. The voltages applied to
the four collectors are adjusted to
maximize the power recovered. Their
values depend on the jon energy

Fig. 10 Four-stage, space-charge
dominated, plasma direct converter
requiring stab geometry.

distribution.

Optimization was done using the DART
computer code to calculate ion trajec-
tories in the applied electric field plus
the self-consistent space-charge field.
The efficiency depends on the energy dis-
tribution and on the amount of space
charge. Lower space charge allows higher
applied voltages, and hence greater
recovered power. An anaiysis shows that
for a given energy distribution, the
efficiency scales by the same expression
as for the beam direct converter, but
with different coefficients. For a
triangular-shaped distribution (to
approximate the efflux from a mirror
reactor) and for a 300-tn-1 expansion
into a thir slab, w> find

7= 0.80 - 0.10 (up:)z(d/L)

For example, we expect n = 0.65 if the
linear power density around the periphery
of the fan-shaped expander is 3 MW/m of
200-ke¥ 0 with a beam height of 0.73 m.

No allowance was made here for the
power carried by the electrons, but it
seems reasonable that the electron power
might also be partially recovered since
the electrons are magnetically deflected
out of the ion beam.

The other slab-type direct converter
used periodic electrostatic focusing and
vias proposed by Post(]) in 1969. Because
of the large number of stages, this device
is capable of high efficiency even with a
broad energy distributian. However, its
sensitivity to space charge makes this
concept most useful for ion energies above
400 keV.

Immediately following the region of
electron separation is the first stage
of the direct converter. This stage is




held at a negative potential to ensure

In the
collector regian, the ion beaw is wlec~
trostatically deceterated and kept from
spreading out by the fo-using effect of
When the
ion loses most of its energy, this focus-

the stopping of ail electrons.

periodic electrostatic lenses.

ing becomes unstable (overfocused), and
the ion is driven into a collector cup,
where it is caught on a high-voltage
electrode. The dc current from these
high-voltage electrodes provides an out-
put of electrical power.
We have ana]yzed(]s) one particular

kind of deceleration and focusing field

given by,

The cosh term gives weak focusing, whereas
the sinh term gives strong focusing, which
allows higher densities to be handled in
the prescuce of space-charge blowup.

nthzr potential functions could be in-
vestigated in order to optimize the
However, we take the
in this case,

collection process.
same form but with A = 0.
there are three parameters (VU, L, and C)
whose values can be adjusted in searching
for the most efficient collection com-
patible with practical dimensiors and
electric field values. In Fig. 11, a
anllector is located every L/2, whereas
for the cosh term a collector is located
every L; thus, the direct converter
overall length is effectively halved by
the use of strong focusing for the same
number of collectors.

In Fig. 11, the curved electrodes and
the plane parallel electrodes 1ie on

fin tessesteny o

Fig. 11 A 22-stuge plasma direct

converter using periodic electrostatic

focusing in slab geometry.
equipotential surfaces as defined by the
above equation.
the electrode is made of a grid of wires

Un the collection side,

to allow the ions te pass through and be
caught on collectors at potentials that
are higher than those of the grids.

The DART computer code was used to
optimize the efficiency by varying the
Individual trajectories
were followed in ion beams with a specified

parameters.

energy distribution and current density.
Certain qualitative features emerge from
this parameter search. Far C greater

than optimum, efficiency declines because
of particles being collected too soon {at
On the other hand,

for C less than optimum, efficiency loss

too Tow a potential).

is mainly caused by so-called "retrograde"
particles, those particles that turn
around and escape without being collacted.
In this type of direct converter, space
charge has a deleterious effect. The
electric field due to space charge in the
beam tends to defocus the beam. Increasing
C partially counteracts this effect since
the focusing field is proportional to C.
The condition that the applied perpendi-
cular field, E, = 3V/3Z, be stronger than
the field due to space charge everywhere
in the beam reduces to

(wp'r)2 < C,
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where w_ i3 the jon plasma frequency and
T = L/V as before, but now L is the spacial
period in the periodic structure. Thus,
as the power density is increased C must
w150 be increased, with the penalty
described above.

By optimizing the parameters in our
numerical simulation studies of beams
with different densities, we find(]6’17)
that the efficiency, n, varies as

n=ng - k(pr)z(d/L)z.

This relation was also predicted by
Marcus and Natson.(]a) When restated in
terms of the linear power density. PE
(watts per metre of periphery around the
expander), the efficiency becomes

n=ng -k* P!L N-z,
where W is the mean ion energy. Beam
thickness, d, is assumed to be propor-
tional to N]/2 here. For a flat-topped
energy distribution with W = 600-kev 0"
and PE = 3 Mi/m, we find numerically that
n = 0.65 if ny = 0.85. We have included
all non-space-charge-related losses in o

In the desian of a reactor, a compromise
must be made between a large expander giv-
MQalwlﬁaMIwmeahmhn,mda
small expander that is less expensive.
figure 12 shows a drawing of a conceptual
design of a reactor equipped with
a fan-shaped expander and a periodic-
focusing direct converter. The overall
diameter is 275 m, and the gutput from
the direct converter is 1 GW in this
design.

The periodic facusing concept was
tested jn a series of scaled experi-
ments. 16, Physical size scales
with orbit size in the expander, and
space-charge effects scale according to

Fig. 12 A mirror fusion reactor with
2 fan-shaped expander and periodic
focusing direct converter.

the expressions discussed above. The
experimental results agree with those
from numerical simulation.

Alternate Concepts for Plasma Direct
Energy Conversion

Several other concepts have been
proposed.
Parabolic Trajectory Concept: The idea
1s to form the plasma stream into a

narrow, well directed slab and remove the
electrons by electric and/or magnetic
fields. Then the ions enter a region of
uniform electric field whose direction is
nearly but not quite directed against the
ion flow direction. The ion will slow
down and bend following & parabolic
trajectory. Since different energy ions
have different trajectories, the slowing
down progress leads to spacial separa®.on
of the different energy groups and allows
collection on many electrodes whose
voltages nearly match the initial ion
energy. The concept was independently
conceived by a Soviet group(2]) and by
Barr. The idea was analyzed and
shown to be very efficient {98%). How-
ever, the concept has been shawn to
be sensitive to space-charge effects;




nonce, the cuncept seens uninteresting
fron a cost per unit of power standpoint.
£4B Concepts: The idea is to use the
aitferent € x B/i° drifts of different
enerqy particles to produce eneryy
seraration.  Twe different concepts were
propused,(5’23i but neither seemed very
promnising and viere not pursued.

Cyclotron Resongnre: The concept due to

‘orrestar 25! is to form & slab beaw as
ir the case of the 22-stage concept but
nave o nagnetic field continue throuah
tne deceleration region. A periodic
transverse electric or magnetic field is
superimcouwed so that spetial cyclotron
reconance occurs for particles as they
slow down. Once near resonance, the
partici» energy transverse to the guide
field increases ropidly with a correspond-
ing increase in gyroradius. Collectors
are arranged to catch these slowed down
ions. A netailed evaluation of this
concenpt has nct been made nor has a com-
parison to the z2-stage periodic focus-
ing cuncept been made.

Traveling Wave: An electrostatic wave

is imposed with electrodes such that the
ampiitude increases with distance and

the wave velocity slows down. The

ea®51 s to rrap ions in the wave

and then slow these trapped ions down.
The concent is space-charge limited to
about the same power as the 22-stage
concept and appears to be limited to
about 50". efficiency. Good coupling or
ioading of the electrical circuit by the
beam may be a probiem.

Electric_field Deflection: This concept,
due to Hamilton, is based on the idea
that an electrostatic deflection of a
beam results in a larger-angle deflection
for lower-energy (momentum) jons than for
higher-energy ions. Once energy separa-

tion occurs, then deceleration by imeersed
grids can be done. This concept has rot
been studied sufficiently to determine

its limitations, but it is expected to

be about 70: efficient and to handie

about és much power as the 22-stage
concept.

Cost_Analysis and Comparison

The choice of a particular type of
plasma direct converter will depend on
the economics of the particular applica-
tion. For a fusion power reactor, the
parameter to be minimized will probably
be the total cost per unit of net
electrical power output (S/kWe). Other
considerations, such as the effect of
vwaste heat on the environment, may how-
ever, require high efficiency even if
that means an increased cost. In the
case of a D-T fueled mirror reactor, the
output from the direct converter accounts
for r,ughly half of the gross electrical
output. Therefore, the efficiency of the
direct converter has a strong effect on
the net electrical output. An expensive
direct converter may produce the lowest
S/kWe even if it is only sltightly more
efficient than any less-expensive one.
This situation also exists in an advanced
fuel reactor, since the direct converter
will handle most of the power. On D-T
fueled tokamaks and on fusion-fission
hybrids, the direct converter handles
only a small fraction of the total power.
and its choice will be dictated by other
considerations such as magnetic field
geonetry and pumping requirements.

Cost estimates can be scaled from the
various conceptual designs that have been
published on different direct converters,
In comparing the costs, it must be kept
in mind that the assumptions that were
used in making the different cost esti-
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nates were not all the same. However,
the following examples demonstrate the
main differences:

Venetian Blind: 1In Ref. 14, a 3-stage
Venetian biind direct converter for jons
with 170-ke¥ mean energy (See Figs. 8 and
9) was estimated to cost $260 per kilo-
watt handled. Of this, $90/kW was due
to the cryopump, Since the efficiency
was about 60%, the cost amounts to $430/
kWe. It appears that a minimum of about
$290/kWe would be obtained (but the
efficiency would drop to 53%) if the
number of stages were reduced to two and
if the area of the cryopump was reduced.
The decrease in efficiency is due mostly
to the loss of ions by charge exchange
because of the reduced pumping. Pumping
costs dominate at lower ion energy. At
8D keV, the minimum cost would be about
$460/kHe, and 154 of the ions would
charge exchange before reaching the
direct converter.

Periodic Electrostatic Focusing: In Ref.
19, an estimate of 5280 per kilowatt
handied (1976 dollars) was obtained for
a 22-stage direct converter and a large
fan-shaped expander (Fig. 12). That
design was for ions with a mean energy
of 600 keVY and for a power density of

3 MW/m. Since the efficiency was about
73%, the net cost was $380/kWe. At lower
energy, the cost would be much higher,
varying roughly in proportion to the
inverse fourth power of the energy.

This is because of the planar expansion
and the sensitivity of the efficiency

to the power per linear metre, while the
cost varies approximately as the surface

area.
Space-charge Dominated four-Stage: HNo
cost estimate has been made far this

type of direct converter, but the cost

at 200 keV must be roughiy the saue as
for the periodic focus vevice at 600 keV
and the same power density because the
expander would be nearly the sawe in
both cases. However, at 200 keV the
cost of the cryopump is significantly
greater than at 600 keV. At 200 keV and
at 6 Md/m the net cost would be approxi-
mately 5280/kWe for a 55
direct converter.

efficient
The cost would increase
rapidly as the energy is decreased because
of the planar expansion and because of the
greater pumping area that would be needed.
Technology

The design of a direct converter nust
offer solutions to the technologica)l
problems associated with heat removal and

voltage holding in the presence of 1 M/

7 - P
m of incident energetic ions and electrons.

Heat Removal: Because direct converters
are not 100* efficient, a significant
fraction of the incident power is con-
verted to heat. This heat must pe removed
to 1imit the temperature of the various
surfaces, yet it must be remgved at as
high a teiperature as possible to allow
its use in a thermal bottoming cycle.
In the case of immersed-qrid direct con-
verters, the probiem is complicared hy
the fact that most of the structure nust
be kept highly transparent to the in<ident
ions. For this reason, both conceptual
designs of Venetian blind direct con-
verters that have been done used radi-
atively cooled intermediate stages. 1ne
walls and the last stage receive the
radiated heat and are convectively copled
with high-temperature { 1000 K) helium.
The grids can be radiatively cooled if
the total incident power fluz is less than
about 1 MH/mZ. At higher power flux, the
grids become hot enough to emit thermionic
electrons that seriously degrade the
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efficiency. Up to about 5 MH/mZ, con-
vectively cooled tubes can be used if the
loss due to interception on the tubes
and the manifolds can be tolerated.
Convective cooling at higher tempera-
ture and hence high pressure is complicated
by the different high voltages. Either
heat exchangers designed to stand off
high voltage, or insulators designed to
confine high pressures at high tempera-
ture, may be used.

Choice of Materials: Those structures
that are cooled by radiation must be

made of conducting materials that can
withstand high temperatures (up to

1800 K). The choices are the refractory
metals or carbon. Either woven or
monolithic structures made of carbon have
interesting possibilities. One objection
to the use of carbon is that the sputtered
carbon could cause the embrittlement of
nearby hot, refractory metals.

Convectively cooled grids require
materials that have high tensile strength
to withstand the hoop stress and the
thermal stress in small, thin-walled tubes.
The alloy Ta-10 W was chosen as a superior
material under similar conditions in the
first wall of the Fusion Engineerin
Research Facility [FERF) design.(27?

Electrode Damage and Voltage Holding:
Electrodes will be bombarded Ly ions
causing both short-term and long-term
problems. The short-term problem is
expected to be a degradation of voltage
holding due to roughening of the surface
due to blistering produced primarily

by te'® vombardment. This problem s
discussed in Ref. 28. For typical

power levels (-100 W/cm®), the dose of

10"® cn? §s reached in & hours.
Voltage-holding tests on tungsten and
niobium electrodes that were blistered
with a 300-keV He* beam showed a signi-
ficant voltage-holding degradation, but
proper conditioning such as high-temper-
ature operation allowed voitage to be
held as hi?h as with unbombarded elec-
trodes. 29 Sputtering may also lead to
roughening of the surfaces, but again at
elevated temperatures the voltage-holding
properties may not be degraded.

The long-term damage problem will be
the erosion of electrodes due to sputter-
ing and build up of sputtered material.
This process will set replacement times
for electrodes and will be most severe
for the thin radiation-cooled grids of
the immersed-grid concept. Present
estimates give an erosion rate of 0.02
mm/yr for tungsten wires and a consider-
ably faster rate for carbon fibers.

Chemical Compatibility: One material
under cnnsideration for electrode
material is graphite due to its good
high-temperature properties and low cost.
One potential problem is chzmical sput-
tering due to formation of methane.
Another potential problem is the tritium
holdup that is not possible to predict
because of the lack of experimental data.

(30}

Another problem is the chemical

reaction with metals at high temperatures.
For example, one concept called for
graphite platelets strung on tensioned
tungsten wires. The tungsten wires will
quickly form a carbide layer which is so
brittle as to be unusable. Present concepts
that use graphite electrodes use metals only
at relatively low temperatures (-1000 Kj.
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Insulators: Insulators used in direct
converters will have to be very well
designed to stand up to the harsh environ-
ment. , radiation will have to be kept
down to @ certain level to prevent the
insulator from becoming a semiconductor
with a catastrophic breakdown.
Replacement will be set by neutron-
induced damage and possibly surface
deteriortion due to neutron and charged
particle sputtering. The insulators will
have to be well shielded from sputtering.
Special cooling will be required to pre-
vent the insulator properties from being
seriously degraded by high temperatures.
The whole question of insulator require-
ments and an assessment of the technology
of insulators for mirror fusion reactors
has recently been reviewed.(3]
Application of Plasma_Direct Converters
to Toroidal Reactors

A number of problems arise when
applying plasma direct converters to
toroidal reactors. A divertor must be
designed which will lead or guide plasma
leakage ions and electrons out of the
toroidal confinement region to the
magnetic expander before cross-field
diffusion to the walls can cause plasma
cooling due to wall reflux. In the

reversed-field mirror reactor, an axial
diverter is part of the equilibrium
configuration itself and is not expected
to be a problem. In the case of the
tokamak, poleidal and toroidal {(bundle}
diverters are being investigated, and
difficult technological problems are
in evidence. Once the plasma is diverted
and guided past the toroidal coils,
magnetic expansion is not difficult.

The next prablem appears to be the
conflict between the direct converter
aoperating efficiently at higher energies

B

( 50 kev) and the plasua wanting to
operate at lower energies { 50 keV) due
to power-density related costs. The
reason the direct converter wants to
operate at relatively high energies is
that the ions can be lost due to charge
exchange in the flight path from the
divertor to the collector, i.e., in the
magnetic expander. The probability of
charge exchange drops rapidly as the
energy is increased. For example, we
find the direct converter efficiancy is
halved if the mean energy drops from above
100 keV to 50 keV in one particular
case.(17) We find a very encouraging
effect that tends to alleviate this
problem: the edge (separatrix) of the
toroidal plasma is at a fairly high
positive potential due to ambipolar
plasma flow to the grounded wall (first
direct converter electrode). The plasma
ions have a mean energy of order 3/2 kTi
when they leave the toroidal region, but
gain an energy et where > is same as yet
undetermined multiple of Te. A deleteri-
ous effect s that the temperature of the
leaking ions will tend to be lower than
the bulk of the contained ions because
of a number of effects such as radiation
cooling of the outer layers, and cooling
due to wall reflux.

The technalogical and economic aspects
of the converter design are not expected
to be different for toroidal application
than for mirror application except as
noted above.

CONCLUSION

A number of different concepts for
direct energy converting plasma end
losses and ion beams in neutral-beam
injectors have been proposed and experi-
mentally verified. Theoretical analysis
aided by computer simulation has resulted




in design scaling laws that have been
tested at relatively low voltages and low
powers; now we are in the process of
going from the scientific feasibility
stage to the development stage. We are
preparing tests at over 100 keV and
powers exceeding 1 MW (0.5 MH/m2 for the
plasma direct converter). Past accomp-
lishments include a 22-stage plasma con-
verter tested at 91% + 2% efficiency with

a steady plasma, a 2-stage Venetian blind
plasma converter at 65% + 2% with a plasma
source, and a 15-keV, 2-kW ion beam at 70 +
2% efficiency. We are preparing a 120-keV
1-Mi ion beam recovery test and a 100-keV,
(J.5-l'4lal/mz Venetian blind plasma converter
test. For the future, we plan to integ-
rate the beam direct converter into the
neutral-beam injector for the TFTR.
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