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PREFACE

The Symposium on Thermonuclear Fusion Reactor Design was co-
sponsored by the USAEC and Texas Tech University on June 2-5, 1970,

The program consisted primarily of invited papers and was aimed at
researchers with backgrounds in physics, electrical engineering,
nuclear engineering, etc., but not necessarilv at those with prior
research experience in fusion reactor design. Some of the participants
were already involved in various aspects of this research area and a
small number of contributed papers were therefore also included to
take full benefit of their experience.

Since the symposium was to a large extent tutorial in nature
some of the papers were based on results which had been or were going
to be presented at other conferences or in orofessional journals.

Only the abstracts of these papers are included here in order not to
preclude other publication, Several of the papers were prepared
especlally for thls symposium as evidenced by the length of the
proceedings,

The participants came from 2u states and 2 foreign countries.

The distribution of participants between the various science and
engineering disciplines was very broad and the participants contributed
to the success of the symposium by their active comments and questions,
) It has been found worthwhile to include in these proceedings a
salected list of publications and reports pertaining to fusion reactor
design studies. This list was compiled with the kind cooperation of
W.C. Gough, USAEC, In the interest of saving time and enabling an
early printing of the proceedings, only very minor editing and

retyping of the various manuscripts have been done. Certain errors

e
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and a non-uniform format will be evident but none of these were
found important enough to justify delaying the printing of the
proceedings.

The program covered a broad range of the various aspects and
concepts of fusion reactor design. A status report on fast breeder
reactors was specifically included in order to gain the proper
perspective for evaluating the fusion studies, Some of the contributed
papers were devoted to possible space application of fusion and this
was also the topic of a speclal evening discussion session. The
symposium appeared to succeed in its goal of presenting a broad
review of the most important and recent fusfon reactor studies in the

U. S. to an audience with widely varied background and interests,
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TECHNOLOGICAL ASPECTS OF STEADY-STATE AND PULSED REACTORS#

F. L. Ribe
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Abstract

A comparison is made between the steady-state (S.S.) reactor, as
described by Rose and by Carruthers, Davenport and Mitchell, and the pulsed,
theta-pinch-like reactor described by Ribe, Oliphant, Quinn and Borkenhagen.
In the case of the S5.S. reactor an engineering demand on the thermonuclear
energy flux through the vacuum wall (1300 W/cmz) sets the size and plasma-
physical properties of a reactor. The plasma radius Rp is 1.25 meters,
and the inner diameter of the superconducting coil, which furnishes the
steady magnetic field surrounding the vacuum chamber and lithium blanket is
6 meters. Both charged-particle-heated and injection-heated reactors are
considered, with plasma 8 (ratio of plasma pressure to magnetic confining
pressure) in the 5-10% region and necessary plasma containment times be-
tween 0.6 and 3 seconds. Such a reactor is estimated to produce its use-
ful electrical output at a cost of about 2.5 mils/kwh with less than 10
percent circulating power.

In the pulsed reactor the plasma is admitted and burned during magnetic
pulses of tens of milliseconds duration, separated by off periods 20 to 30
times as long. The plasma is much smaller (Rp ¥ 10 cm) and denser, and
the magnetic energy per MW(th)output is a factor of 50 less. Here a
demand on the # = 1 plasma D-T fusion-energy production determines the thermo-

nuclear flux through the vacuum wall and coil, which are now inside the

% This work performed under the auspices of the U. S. Atomic Energy Commission



tritium-breedirg lithium blanket. That portion (20%) of the flux which
actually heats the coil can be removed either by fast He-gas flow or

3 Btu/ftlhroF.

liquid-Li flow at a heat transfer coefficient h % 3 x 10
Either technique corresponds to present fast-reactor practice. The Cu
coil and its Mo backing (for supporting the magnetic stress) allow an ample
tritium breeding ratio, T/n = 1.28.

The circulating power fraction of the pulsed reactor is at least
n25%, set primarily by joule-heating of the internal coil. The cost/kw(E)
output of the S.S. and pulsed reactors must be the same (~ $200/kw(E)) on
economic grounds, and the costs of their "conventional plants'' for thermal-
to-electrical energy conversion will also be about the same per kw(E). The
extra conventional plant necessary to furnish the larger circulating power
in the pulsed case must be made up by a smaller cost of the "core', con-
sisting of magnet, blanket and vacuum chamber. Since tie magnetic energy
is 50 times smaller in the pulsed case, the necessary factor-of-two saving
of core cost can probably be made, even when an external pulsed cryogenic
magnetic energy store is used., This may allow the cost per kw(E) of the

pulsed reactor to be equal to or less than that of the steady-state reactor.
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I - INTRODUCTION

Over the past twelve years considerable effert has gone into ‘
the study of plasmas and plasma containment towards the goal ot
power from controlled fusion. Throughout most of these studies
the containment volumes have been of such s.ze that plasma
sources of conventional design have been available to do a
reasonable but usually inadequate job. If we are to continue
making progress on the plasma containment problem then it will
soon be clear if not already, that we need to expend much more
effort on plasma sources in order to fill our experimental
containment volumes with interesting plasma. This means
densities near 1014 cm”3 and ion temperatures of kilovolts.

In this paper we will address ourselves to the problems in
open ended low B reactors where the plasma can not be heated or
created in situ but which must be generated outside the svstem.
This does not mean that it will be impossible to generate or
heat plasmas in such systems but we hope to outline the problem
from the point of view of an external source.

In trying to determine injector requirements for open ended
fusion reactors there are many factors to be considered and in
this paper we will only deal with some of them. For instance,
we will show that the Lawson criterionl will have a direct effect
on the injected current per unit volume that is required to
sustain a reactor or build up density in an experiment. If we
are given an nt confinement criterion then one finds that the
current required for fixed energy is only a function of the
power output of the reactor or the square of the plasma density.

Assuming the injector is to also provide the heat energy of the .
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system, then the current must be provided at some high energy.
Should it eventually be possible to thermalize the charged
reaction products such that they provide an internal source of
heating, then the injector energy requirements can be reduced
somewhat but this will have no effect on the current require-
ments. Thus, for the studies considered here we will neglect
charged particle heating and therefore put an increased burden
on the injector but it should provide an upper limit as to what
must be done.

With the injector providing all the heating we then turn to
problems of making a neutral atomic beam at the desired energy
and injecting it into the reactor. Such problems as beam
intensity, beam brightness, the conversion of ion beams to
neutral beams and reactor wall area necessary for use by the

injector are considered.

II - CURRENT REQUIREMENTS

In order to determine the current required to fuel a
reactor one needs only realize that in order to keep the plasma
density about constant you need to replace the plasma particles

which undergo fusion or are lost from the system. That is if we

write for ions in a steady state D-T reactor with np = N, o= n/2
dni n2 n
__._.—dt = Sl - -2-—- <gy> - -:[—; = ( (l)

where S; is the source of ions per unit volume and To is the

containment time due to geometrical losses. If we look at the
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two loss terms we recognize that their ratio is just the
fractional burn up (fb = % nTt, <ov>) for the case where
Tc/Tf << 1 and Te is the fusion reaction time.

In the limit of low fractional burn up we can approximate

that Si = n/-rc or if we want a current per unit volume we have

I = ——
5= . (2)

Multiplying the numerator and denominator by n we see that the
current (per unit volume) is nze/n'rc and the Lawsonl or nt
criterion becomes all important. If we further write the fusion

power for the system per unit volume we have
P, = nn, <ov> Q., (3)

where ny and n, are the particle densities for the two reacting
nuclei which are usually taken such that n, =n, = n/2 and le
is the energy released per fusion. We solve Eq. (3) for a D-T

reactor and solve for the density to obtain

n- = . (4)
<gv>Q

Substitute this into Eg. (2) and solve to find

4p Ve 2PV
I = £ = F (5)

<gv>Q nrt fb Qev

where Qev is in eV. This does not leave much to the imagination
because if we are to run a 1500 MW(th) plant at some fractional
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burn up, we find the current is determined except by uncertainties
in the parameters. Table I lists values of the current from

Eq. (5) for various reactions. However, in the table we use

only the energy released per fusion and assume no contributions
from the blanket or secondary reactions, i.e. Q = 3.65 MeV,

DD
Q = 17.6 MeV and QD3 = 18.3 MeV. If blanket reactions and

DT

secondary reactions are to be considered, the current require-
ments will not change appreciably but the fusion power will
increase by as much as 68.4/3.65 or 18.7 for the D-D cycle
according to calculations by Post.2 One should be careful
however because we are assuming a fractional burn up and this
will charge as a function of nt over which we may have little
control.

There is a second almost independent way of arriving at the
required current density. This involves dealing with Eg. (2)
directly and trying to estabilsh an economic size requirement.
For instance, if we plot the volume required for a 1500 MW(th)
plant as a function of density for various reactions using
Eg. (3), we obtain Fig. 1. The two lines represent extremes for
<gv> determined by the energies given.

Using the criterion established by Carruthers et al.3’4
and based on limitations of first wall cooling and cost
estimates, they suggest that an open ended cylindrical system
must have dimensions of about 1.25 m plasma radius and 10 m
long. This gives a plasma volume of about 50 m3 and from Fig. 1

we find that a density between 2 and 30.1014 cm—3 is required



depending on the cycle and energy. Because open ended systems
are limited in their confinement time to something like the
ion-ion collision time and this varies as T3/2/n, we choose the
higher temperatures and thus the lower density.

To complete the requirements for solving Eq. (2) we need
to again use the Lawsonl criterion for the reaction under consid-
eration. Several authors have recalculated this condition for
different assumptions and we use that given by Carruthers et al.3
for an injection heated system but do our own calculation for
the D—Hi cycle. Since calculations of this type generally
assume Te = Ti we run into difficulties at high energy because
of the large bremsstrahlung contribution. Most injection heated
systems will run with To << Ti unless electron heating is
externally provided.5 However, we approximate the nt criterion
as the minimum value consistent with injection heating and high
overall thermal conversion and injector efficiencies. These
assumptions tend to put an optimistic value on the containment
problem but result in a pessimistic value of the current
required. Thus, for this analysis we establish Table II for
the current density and total current required for the various
reactions.

If we compare the results of Tables I and II we observe
that the numbers compare quite well for the two cases even
though the minimum value of nt was used whether it corresponded
to the energy at which <ov> was taken or not. Also, the nrt

calculations for D-D normally take into account the energy gain




by neutron absorption in sodium and this was omitted here. With
this understanding of the uncertainty in the numbers, it is
still clear that these are formidable currents and we will see
that they require a substantial scaling in size and/or numbers

from existing injectors.

ITI - ENERGY CONSIDERATIONS

For the three reactions considered we have roughly
determined the current requirements and to do so required an
estimate of the temperature. Now however we need to establish
a requirement on the injection energy, independent of current
or density considerations, and we do this to maximize reactor
parameters or possibly containment parameters.

Whatever criteria we use to determine the injection energy,
there are going to be many secondary things which must be
considered. For instance if we choose the plasma ‘temperature
to maximize o, <ov> or <ov>/T2 we need to realize that electron
cooling of plasma ions is important and we will have to inject
at somewhat higher energies than the desired ion temperature.
This is over and above the fact that kTi = % UO where U, is the
injection energy. To give an example of the numbers, Rose6
calculates for a D-T mirror system where charged reaction
products are not completely thermalized, that at 5% burn up
and 120 keV injection energies, Ti ~ 90 keV and Te = 37 keV.
This is why the Lawsonl criterion used in the last section is

not completely valid because Te # Ti as we pointed out.



If we simply use the cross section for the three reactions
as a criterion for optimum injection, we see from Fig. 2 that
they vary over a wide range. That is, for the two branches of
the D-D reaction the peak occurs at about 2 MeV, for the D-T
reaction it comes at about 120 keV and for the D—HZ at around
400 keV.7 Later we will see that for any of these energies,
the stress imposed on the source at the required currents
appears extremely difficult.

In order to integrate the cross section over the velocity
distribution to obtain <ov>, we need to know the details of
the velocity distribution. For mirror systems this will depend
on the mirror ratio and therefore our results should contain
these details. Post2 and others have made these calculations
and to show how they compare to a Maxwellian we use the
calculations of Kuo-Petravic et al.8 They find the peak in

<ov> for D-T to be 1.1.1071°

cm3/sec at 60 keV in the cm system
or 90 keV in the lab. The same cross section integrated over
a Maxwellian is given by Glasstone and Lovberg9 and Rose6 who
obtain 9.6.10—16 at 80 kevV. The point of this is that the
reaction rate parameter <ov> is greater for a loss cone
distribution than a Maxwellian at the same temperature and
increases as the anisotropy of the distribution prcduced by a
larger mirror ratio.

For the present study we are not interested in the

magnitude of <ov> but are trying to determine the temperature

at which it is a maximum. Therefore, we will assume a
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Mexwellian and use the values given by Glasstone and Lovberg9
for the D-D and D-T reactions. That is, for a D-D reaction

the peak in <ov> occurs above 1 MeV and for a D-T reaction it
peaks at about 60 keV. For the D-He® reaction we use the value

10 which occurs with a broad peak at 200 keV.

given by Post

Millsll and Rose6 point out the advantages of using
<0v>/T2 as a criterion for the operating temperature because
the pressure the magnetic field can support is limited.
Therefore for a fixed system or a system in which B and B are
limited, we write the reaction rate as R = n2<ov>/4 and since
n = BBZ/4ukT for Te = Ti' we obtain

- 82B4 <gv>

2

R
64u°  (kT) 2

. (6)

Figure 3 presents a plot of Eq. (6) from Rose6 and the dashed
portion of the curves represent the region where for Te = Ti
the bremsstrahlung losses exceed the power produced by fusion.

In Table II we summarize the temperature one would hope
to maintain in a reactor as a function of the three different
criteria. From this and Fig. 3 we see that we should establish
a higher operating temperature than the <0v>/T2 criterion would
give because this is below the minimum ignition point for all
but the D-T reaction.

Criteria such as that suggested by Table III does not take
into account the classical confinement limit in open ended

systems. That limit is the time for particles to diffuse into

the loss cone and leave the system due to collisions. Since
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it depends on the temperature as T3/2, if one operates a mirror

system at higher temperatures the confinement time increases.
Kuo~Petravic et al.8 survey calculations of this type and find

the confinement time for a D-T plasma goes as

11 . 3/2

nt = 4.6.107" U_’“ log R/&n D cm ° sec (7)

where R is the mirror ratio, &n D is the Coulomb logarithm and
Uo is in keV. If we were to set this equal to the Lawsonl
criterion and solve for the injection energy Uo’ we would find
U, = 570 keV for R = 3. This may be a bit unrealistic but it
gives some idea of where the crossover occurs. One should be
careful however because the Lawson1 criterion is a function of
energy and assumes steady state conditions during the time rt.
Equation (7) obtains the nt. criterion by taking an instantaneous
value of n2/ %% in a decaying plasma where loss is only by
Coulomb encounters.

Most advocates of mirror reactors take the criterion of
Eg. (7), couple it with other calculations and choose to operate
somewhere between the <ov> and <ov>/T2 criterion. Similarly,
if it is possible to convert the energy of particles lost
through the mirrors to electricity at high efficiency as

suggested by Postlo

, then one would like to increase Uo to
minimize the percentage energy loss as the particles are collected.
It might therefore be well to tabulate the energy suggested by

various investigators rather than use any of the criteria of
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Table III or Eq. (7) and this is done in Table IV. Here we
see for most reactions that injection energies above 100 keV
are desirable and this presents several problems which we will

point out in the next section.

IV - POSSIBLE INJECTION SOURCES

Thus far we have determined the approximate current require-
ments and at least a range of energies for injection. Let us
now look at the problems that come about in trying to satisfy
these requirements and where we need to spend more of our time
in research and development. For much of what is said in this
and in the following section we describe effects with hydrogen
gas but in real reactors the gas would be tritium, deuterium, or
helium and the remarks apply equally well on a quantitative
basis for these gases,

Since this analysis is confined to open ended systems, one
has two limits on the injection direction, i.e. injection can
be perpendicular to the field lines, parallel to them and
presumably at any angle in between. Let us look at the two
limits and see what kind of systems are possible. 1In order to
inject across a magnetic confining field and have the plasma
stop somewhere within a desired region, one can go about it in
two ways. One way is to inject beams of charged or neutral
atoms and have them dissociate or ionize within the region by
either collisions with other ionized species or by Lorentz

forces.13 The other way is to shoot bursts or possibly a

13



steady state stream of plasma towards the region, have the stream .
polarize and cross the magnetic induction and then depolarize
and stop before it gets out. A problem with this method appears
to be that if the region already contains a plasma that has
established magnetic field lines as equipotentials, it may not
be possible to add plasma without losing an equal amount along
field lines. Attempts to overcome problems of this kind have
led investigators to shoot these plasma streams through gas cells
in an attempt to change ions of the plasma stream into neutral
atoms such that they could then be trapped in the containment
region by ionizing collisions as with beams. Because of the
large divergence angle of plasma from sources of this type,
they have not been attractive for injectors and yet they may
prove important because of their acceleration mechanism. We
will take a further look at these sources later.

Let us now return to steady state neutral injection where
atomic beams are created from ion beams using some form of
source such as that shown in Fig. 4}4 In these sources H2 gas,
for instance, flows through an arc where it is ionized into
fractions of H+, H;, H; and H with the percentages dictated
by the cross sections but depending strongly on the arc current
and gas pressure. These ions in the form of a plasma pass through
the anode of the arc and are then accelerated by a strong
electric field. 1In order to separate the desired charge state

from all of those extracted and accelerated, a magnetic lens

is frequently used. The lens also serves to focus the beam
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onto the aperture of the gas cell for charge exchange. Because
initially the extracted beam is only an ion beam it becomes
necessary to add charges of the opposite polarity to prevent
space charge blow up. This is normally accomplished by

simply ionizing the background gas with the energetic ions and
allowing the beam to self neutralize. For low energy beams
however, it is not possible to provide sufficient ionization
without operating the background gas pressure undesirably high.
If it becomes necessary to accelerate only one species from the
source, say H+, then it is possible to extract the ions at say
5 keV, magnetically select the des:.red ion and then post
accelerate this specie to the necessary higher energy. 1In

this way the energy spent on the undesired ions is minimized.
These and other considerations make the generation and handling
of intense beams extremely difficult and thus far highly
collimated, energetic beams have been limited to less than
about 1 ampere. However, a beneficial feature of such beam
systems is the fact that one can make beams of almost

arbitrary energy just by adjusting the extraction voltage.

Once we have a space charged neutralized ion beam of the
desired energy we now must change it back into the atomic state
if we are to inject neutral atoms. This is done by running the
beam through a charge exchange cell where electrons from gas
atoms are captured onto the fast ions. Because a fast ion or
atom can ionize a gas atom, it follows that a gas atom, ion or

electron can ionize the energetic atoms of the beam. Figure 5
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gives the electron capture and ionization cross section for u*
in H, as a function of the fast particle energy. Of course
such cross sections depend on the gas used used for the cell
but above a certain energy the cell gas which has the best
conversion efficiency is frequently the same gas as the beam
ions.

Looking at Fig. 5 one sees that for beam energies above
50 keV the ionization cross section 901 is much greater than the

electron capture cross section o This means that even for

10°
thin cells the charged beam is likely to emerge from the gas
cell still charged and this is highly undesirable. Since the
dissociation cross section does not decrease with energy as
rapidly as the charge exchange cross section, H; has the best

neutral conversion efficiency at very high energy. D'yachkov15
has studied this problem for a lithium vapor jet crossing
beams of H , H; and H; and finds the probability of producing

. o . .
a single H” is given as

n(H ) = 0.65
+, -0.4

”(Hz) = 255 UO (8)
+, ~0.37

n(H3) = 500 UO

where Uo is the initial ion energy in keV. To clarify the use

of these expressions, if one desired to inject with 300 keV atoms
you could start with 300 keV H and would end up with 650 ma

of H® for each amp injected into the gas cell. If you started
with 600 keVv H; or 300 keV per particle, you would get 200 ma

of H° per amp of original ion and with 900 keVv Hg you get 400
ma per amp.
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A second problem that must be considered is the efficiency
of the source in producing the various ion species. Morgan16
and Stewart17 have found that the source shown in Fig. 4 1is
capable of producing 65-80% H; ions with a gas efficiency of
60-70%. Similarly Morgan et al.l4 have used slightly different
versions of the duoplasmatron to produce even higher percentages
of H' with even higher gas efficiency. Unfortunately however,

+ . .
no one has yet produced a source of H3 with either a large

fraction ion specie or high gas efficiency and this probably

+
3

of the cross sections involved. It would therefore seem desirable

is because of the manner in which one gets H, and the magnitude
from a point of view of gas efficiency to run H' or H; beams

at sufficiently low energy that large fractions of H° can be
oobtained from gas cells. We must either do this or perfect a
mechanism whereby ions can be recycled through a cell a number
of times until they become neutralized.

Assuming that we have neutral atoms let us now return to
the problem of trapping them in the containment region by
injecting across lines of magnetic induction. Rather than
present any calculations let us just remark that if we are
trying to refuel an operating reactor, then injecting anything
into a high energy density plasma is likely to have a very short
mean free path for ionization! Rose and others have worried
considerably about this problem and conclude that since it is

desirable to spread the new fuel across the diameter of the reactor
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rather than just its outer skin, one will have to go to larger
collections of molecules and form them into pea size pellets
for injection. In the meantime, for present plasma physics
experiments we do not have high energy density targets and the
simple trapping of beams is considerably less than 100%.

Dandl et al.18

have shown that a modest energy density target
plasma can be orders-of-magnitude more efficient in trapping
than the 10»4 obtained from Lorentz forces. This may be very
important in trying to raise the temperature of plasmas in
toroidal geometries to the ignition point. For these closed line
experiments it is more important to provide high energy than
high currents because the target plasma may already be
sufficiently dense.

The Lorentz force or Lorentz trapping13 that has been
mentioned several times is caused by the v x g electric field
in the particle frame which can be intense enough to strip
weakly bound electrons from their ions. Since most gas cells,
which are used to convert the ion beam to an atomic beam,
provide equilibrium distributions of excited atoms and these go
as n” 3 where n is the principal quantum number, the highly
excited atoms are ionized and trapped and then the plasma builds
up in this manner. Unfortunately the Lorentz trapping
efficiency is extremely small. At high energies however, an
excited neutral beam may be undesirable for reactor fueling

because of Horentz ionization in the beam filling ports which

must pass through the magnectic field in the blanket region.
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Unless these large fields are somehow diverted at the ports,
plasma may build up in an undesirable area.

Moving now to injection along magnetic field lines as is
done in the 2X experiment,19 we find that we must consider
whether we are dealing with a steady state or a pulsed reactor.
In a steady state device there may be little opportunity to
change the magnetic field in order to adiabatically trap
particles and for that reason we must count on collisions.

That is, if we inject a steady state beam of particles which
are either in the atomic (neutral) or ionized state, or a burst
of plasma from a pulsed source along magnetic field lines, the
particles will leave as fast as they enter unless a momentum
transfer collision is made. If such a collision is made,
because of the presence of a dense already trapped plasma, then
particles which were originally in the velocity space loss cone
may be scattered out of such a region and could be trapped.
This 1s an interesting possibility for refueling, providing of
course such collisional trapping does not produce (equivalent)
losses of their own, especially because of the plasma access

at the ends of the device.

If the magnetic field of the system is to be pulsed, then
pulsed plasma sources could be used and as the plasma moves
into the evacuated containment region to provide a new fuel
charge, the mirror fields can be programmed to adiabatically
trap charged particles. This kind of trapping can be very

efficient because the plasma can be guided along field lines
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into the desired region and no inefficient conversion of ions
to neutrals is required. A problem with this system is that
all of the plasma fuel must be injected in a time short
compared to the bounce time of the plasma from the far magnetic
mirror. If we are talking about kilovolt plasmas and contain-
ment lenths of 10 m, then we have something like 40 usec to
inject all of the particles suggested by Tables I and II. For
a D-T reactor for instance this would be equivalent to

N = nv = 1022 particles Or a.10’ amperes. While this current
seems high it is only a factor of lO2 from several existing gun
sources; however, the requirements on a neutral beam source
are at least a factor of 103 away from what is presently
available.

From these arguments one might conclude that pulsed gun
sources are a better approach than steady state beam sources
and as far as the ability to produce large currents goes, this
is correct. The problem with gun sources is that their energy
and gas efficiency are not as high as beam sources and economics
1s going to be an important consideration in the injector for
any future reactors. Never the less, if we are working with
a pulsed reactor it may be possible to provide substantial
heating of a dense cold gun plasma by magnetic compression and

thereby get to the necessary ignition temperatures.

V - SOURCE CONSIDERATION

Thus far we have attempted to outline the source require-

ments and in the last section we have alluded to solutions with
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pulsed guns and neutral beams--describing some problems as we
see them for both systems. By considering a few additional
details of the source problem we should be able to see direc-
tions in which to proceed. As fundamental considerations
indicate limitations, we should also look for other ways to go.
For a start, let us look at pulsed sources.

In pulsed sources gas is injected via a fast acting valve
into the inter-electrode space of some kind of axisymmetric
coaxial system. Since the coaxial or Marshall20 gun is the
simplest and most widely used, let us use it as our example.

This system, shown in Fig. 6, normally has the gas valve

located in the center electrode and is pulsed to dump a plenum
containing 1017—1020 atoms into the interelectrode region.

After the plenum is emptied, 50 to 300 usec depending on the
type, a voltage is applied across the gun electrodes by
connecting a bank of capacitors charged to the desired voltage.
Avalanche breakdown occurs and the radial current interacts

with the azimuthal magnetic induction behind the current sheet

to accelerate the plasma by J x B forces. This simple picture
leaves out many sophisticated effects but it clearly indicates
that the force is a body force which does not act on each particle
individually and that the amount of the force is determined by
such external parameters as the capacitance and inductance of the
system. The driving piston acts throughout the axial distance of
the gun but frequently there is more than one current path and
the coupling is less than anticipated. This is especially true
when running with large particle densities or high filling

pressures as would be required for fueling injectors.

2]



Previously we have mentioned the lower gas and energy
efficiencies of these sources. This comes about because of the
inefficient coupling of the capacitor energy to the particles
as well as the surface and atomic effects which take place in
the source. The gas efficiency probably could be increased
with an increase in size of the systems but solving the energy
efficiency problem is not as evident. Larson et al.21 have
reported energy balance measurements of a rather typical system
and they find only 45% of the capacitor bank energy goes into
the particles as kinetic energy. However, if systems of
converting high explosive energy to magnetic energy can really
be developed as by Marshall and coworkers,22 one may be willing
to live with a lower energy efficiency for an inexpensive source
of sufficient intensity. One cannot help but feel that
obtaining scaling laws for these sources is just as important
as obtaining those for containment vessels because unless in situ
plasma generation turns out to be possible, such sources will
be a limitation in any thermonuclear future. If pulsed sources
could be developed and some means found to focus them through a
gas cell, they could also play an important role in transverse
neutral injection for fueling steady state devices. However,
because of the intense beam flux, different gas cells for
neutralization would also have to be found.

Moving on to steady state neutral beam sources we encounter
a different kind of problem. Here the energy efficiency is
capable of being high as is the gas efficiency; however, if one

goes to the energies suggested in Table IV then neither of
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these efficiences may be very high. The problem was partially
outlined earlier in this section where it was observed that
gas cells are not efficient at high energy and thus we might
be tempted to go to high energy H; acceleration because of the
larger dissociation cross section. Unfortunately efficient
sources of these ions are not available and as a result the
source gas and energy efficiency is also low.

Most ion sources used today have an energy scaling that
in some fashion is governed by the Child-Langmuir law for space
charge acceleration. This law, for plane parallel electrodes,
governs the space charge limited current density which may be
extracted at a potential Uo when the separation of the

electrodes is z and is given by

a¢ 1/2 u 3/?
5 M 2 P .

Z

(o)

Since it is not possible to arbitrarily reduce z because of the
need to be able to hold off the accelerating potential, we are
basically limited in the extractable current. While many
present day ion sources can approach the limit of Eg. (9), it
does not appear possible to exceed this value within present
acceleration methods.

If we use a modest energy like 50 kV where from Fig. 5 it
would appear that the gas cell problem may not be too bad, and
assume we can stably hold this voltage over long periods at a

spacing of 0.4 ¢m, then Egq. (9) gives us 7.8.104 amps/m2 for
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protons. Using the example of Carruthers et al.4 again, we
have a plasma to vacuum wall radius ratio of 0.7 or a wall
radius of 1.75 m. This gives for the axisymmetric cylindrical
reactor a surface area of 110 m?. For the current requirement
of Table I for a D-T reactor at 5% burn up we then only need
2.2.10-2 m2 or considerably less than 0.1% of the reactor surface
area.

This sounds satisfactory until you realize that the source
cannot be at the reactor vacuum surface but must be located
some distance beyond the blanket or as much as 6 m from where
it is needed. 1In order to transport the beam this distance and re-
tain a reasonable fraction of the current, the beam brightness

becomes an important consideration. Kelley23 defines the

effective brightness of a beam as

B = 900 IM2 (10)

UAl A2/L

where M is the mass in amu, U is the energy in MeV, I the beam
current in ma, A; the initial aperture size in cm2 and A, the
final aperture size in cm2 when Al and A2 are separated by L cm.
Thus if our original area requirements were small we would need
bright beams to keep the final aperture or area small. Morgan24
reviews Kelley's paper and summarizes the effective brightness

of beams by several investigators in Table V. It is interesting
to note that the brightest beams are the lower energy ones

even though one can write Eg. (10) in terms of Eg. (9) to show

that B « y3/2,y = y1/2
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In order to generate bright beams one needs to work with
reasonably small aspect ratios for the extraction aperture. The
aspect ratio is defined for circular beams as the beam diameter
(d) divided by the extraction electrode separation (z). For
aspect ratios larger than unity the beam quality is down and for
our study we choose d/z = 1. This means that the diameter of
the beam of our previous example is only 0.4 cm or an area of
0.13 cm2. Since we need 2.2.10-'2 m2 of beam, this requires
approximately 1700 sources which may be an economic impossibility.
Fortunately, however, we may be able to combine many sources
into one by using the arc of a single devise to illuminate a
large surface. If the large surface can be a grid or a higly
transparent electrode, then the extraction surface can also be
a grid and spaced near the plasma grid. In this manner a single
unit acts as though it were composed of many low aspect ratio
sources all operating in parallel.

The problem with these grids or collimated extraction
surfaces is that they get extremely hot when running high energy
beams. That is, the periphery of each hole intercepts some of
the energetic plasma and if the surface cannot conduct the heat
away, it melts. Several groups are working on this problem
and the conclusion seems to be that if the sources are required
to operate at energies above a few keV steady state, the current
limit is not determined by Eg. (9) but by materials properties
and heat conduction. Thus far, a rule of thumb appears to be
that a current density of 0.1 A/cm2 is probably close to the

limit. Using this as a criteria we find that at 5% burn up in
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a 1500 MW(th) D-T reactor we will need a minimum of 1.7.104 cm2

wall area and this starts to look like a few percent of that

available.

VI - CONCLUSIONS

In this paper an attempt has been made to survey the filling
problem of the present and next generation plasma physics
experiments of the mirror type. These projections should also
be relevant for the start up requirements of possible reactors
although no attempt has been made to take the time history of
build up into account.

There are two general conclusions that this study sought
to bring out. The first is the need to recognize that the
injection problem is far from solved and that there are many
areas in pulsed and steady state beam sources that need
invetigation. The second tries to underline the difficulty of
producing the required neutral atom currents at energies

above 20-50 keV.
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TABLE I
. Amperes required to maintain a steady state 1500 MW(th) reactor.
Forsen:
Fractional Burnup D-D D-T D—HZ

0.01 4.1.104 8.5.10° §.2.10°

0.05 8.2.10° 1.7.103 1.6.10°

0.10 4.1.10° 8.5.102 8.2.102

TABLE II

Amperes per unit volume and total amperes required for a steady
state 1500 MW(th) plant for various reactions using a 50 m3 volume

and the lowest density from Figure 1.

D-D D-T p-n3
e
amps/volume 2.4.102 32 11
amperes 1.2.10% 1.6.10° 5.4.10°2
TABLE III

Energy in KeV at which o, <ov> and <ov>/T2 peak for various
reactions assuming a Maxwellian distribution.

Parameter D-D D~-T D—HZ
s (7 2000 120 400
wovs (9) >1000 60 >1000
<ovssre (8) 15 14 70

29



0¢

TABLE V. EFFECTIVE BRIGHTNESS OF SOME ION BEAMS

Particle Particle Effective Neutral or
Device Ion Source Energy Current Brightness Ion Species
(keV) (ma) (mA/MV cm® rad?)

0rRGA-12272%/27  ~atutron 160 155 4.9 x 10° u°
ALICE?S Calutron 20 50 3.3 x 10° #°
29 7 +
PHOENIX-II Duo-Plasmatron 40 50 5.7 x 10 H2
pcx-1.51430 Duo-Plasmatron 40 66 4.8 x 10° HY
20 92 1.35 x 10° HO

pex-214+30 Duo-Plasmatron 600 100 5.17 x 10’ HY




Injection energy (KeV) for open mirror systems
by various investigators

TABLE

Iv

D-D D-T D—Hi
post (%) 150-400 60-140
Thonemann et.al.(lz) 200
Lawson (1) 100 50
post (11) 400 300 400
Lazar and Haste(s) 130
Kuo-Petravic et.al.(8) <100
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I FUNDAMENTAL CONSIDERATIONS FOR TOROIDAL FUSION REACTORS

A. Nuclear Physics

1. Reactions

Table I. Nuclear Fusion Reactions

E E

1) D+ T ~ Hel(3.52MeV )+ n(14.06Mev) 17.58 3.52
D +D ~ He> (0.82MeV )+ n( 2.45MeV )

2) 3.6 2.4
D+ D —~ T (1.01MeV)+ p( 3.03MeV)

3) D+He3 — He4(3.67MeV)+p(l4.67MeV) 18.34 18.34

4) T+ T - He4+n+n 11.32

2. Cross Sections, Reactivity, and Relative Output

The first two figures are compiled from data presented in
Glasstone and Lovberg. !

Figure 3 is a correction of Fig. 2 taking into consideration
the difference in temperatures of the electrons and ions and the partial
pressure of the product alphas.

3. The Blanket

Except for the nuclear reactions described under item 1,

all the nuclear physics of a thermonuclear reactor is involved with the

blanket. These questions are not in the scope of this lecture.

39



0

n
2
@
<
@
Z
S
O
ul
"
0
2]
o
@
o

(a)

D

iy

/7]

|
ENERGY, (keV)

Fig. 1.

//g-o D-He>
0 0

0

oV (cm/sec)

(b)

D-He

/
/

20

10

10 100
TEMPERATURE (keV)

Energy Dependence of Cross Section and Reactivity.




0.1

0.0l

0.00!

%

*
<18 _cm3
10 sec{kev)?
. \
Ignition Points
(;;,) [.P for T-T >100 kev.
TZ)oT

Mills:

<

\
\
\
\
\

\

\ —
\ -2
\&T2>TT

Fig. 2.

T, kev.

Reaction Rate as a Function of Temperature.

100


file:///VT2yTT

|Ol9

RELATIVE OUTPUT
O
@

lol?

Fig. 3.

- T S N S M T T T

i FIELD, kG
120 _
100

- \ S0 ]

— —

- -

- O —

- —

- n

| ! N N S I J 111
| 10 100
TEMPERATURE , keV
Relative Power Output (in arbitrary units ) of 3 -Limited Reactor.

L2




B. Plasma Physics

1. Resistivity
2 . ..
a ) Spitzer has calculated the resistivity of an ionized hydro-

genic gas to be (the electron temperature, Te, measured in keV )
-7 3/2
p = (1.653 X 10 )lnA/Te (ohm-cm) . (1)

In this expression A is the ratio of the Debye shielding distance to the im-
pact parameter of a close collision producing a 90O deflection. See Ref. 2,

Numerically,

A = 9.308X 1013Te/ZZIne1/2 (2)

. -3
with the electron density, n_, expressed in cm ~, and Z and Z_are the

1
charge numbers of the two interacting species. Figure 4 presents this

relationship.

b) The presence of a strong electron current produces tur-
17
bulence and anomalously high resistivity, Figure 5 shows the correlation

of anomalous resistivity with the ratio of the electron drift velocity to the

electron thermal velocity.

2. Egquilibriation Times

a) The self collision time is given by Spitzer2 as

Teq = (0.45 X 1012)A1/2T3/2/nZ4InA , (3)

where A is the mass number.
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Under plasma conditions typical of those assumed for a thermonuclear
reactor, the self collision time for electrons will be of the order of a
microsecond, and for the ions, of the order of 50 microseconds. There-
fore, these populations may be considered to have a well defined tempera-
ture.

b) Electron-Ion Equilibriation Time

2
Spitzer gives this as

T . = (0.9899 X 1013)A.T 3/2/n.Z.2h1A .. (4)
el 1 e 1 1

el

For a 50-50 D-T plasma the electrons will be exchanging energy

with a gas of average mass under 2.5. In this special case

_ 13 3/2
T, = (2.472 X 1077)T_ /nihlA . (5)

This is plotted in Fig. 6.

c) Alpha Heating of D-T Plasmas

With Ai =4 and Zi = 2anda A appropriate for alpha-electron
collisions, the alpha-electron cooling time may be calculated from (4)
above. The alphas will cool according to this decay time towards the
electron sea temperature until their velocity is low enough that they ex-
change more rapidly with the ions. See Butler and Buckingham. 3 The

energy vs time curve for an energetic alpha will therefore be similar to

Fig. 7.
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3. Bremsstrahlung

Bremsstrahlung radiation from a hydrogenic plasma has been

2
calculated by Spitzer. The result is

n
- 2 1
P = (0.4854 % 10°2%)n %7 1/2(1+zz. —1> — STER
B e e 1 n 3
1 e cm -SecC

4. Synchrotron Radiation

The point of departure for the study of synchrotron radiation

4 .
is the work of Trubnikov and Kudryavtsev. When metallic reflection is
considered quantitatively, the amount of synchrotron radiation to be ex-

pected from a device may be calculated.

Typical results are illustrated in Fig. 8.

5. Confinement and Stability

a ) Magnetic confinement will depend on the ratio of plasma

pressure to magnetic pressure, 8, defined as

8 kT
B :__E.iz_ . (7)
B
o

b) Classical analysis yields the following diffusion coefficient:

D = 13OB/T3/2 cmz/sec . (8)

¢ ) Bohm suggested the following semi-empirical relation,

D = 5.8X 109T/B cmz/sec . (9)
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d) Experiment

For many years toroidal confinement seemed to be consistent
with Bohm. In recent years Bohm has been exceeded by a factor of at
least one order of magnitude and perhaps two in Tokamaks.

e ) Confinement time, 7,
2
T =~ a /4D

where a is the radius of a cylindrical plasma. Assuming conditions of

5
B =10 gauss, T =10keV, 8 = 0.1, and a = 100 cm,

T . 10 minutes
classical

- e
Bohm 17 milliseconds

One second is required.

C. Reactor Considerations

1. Lawson Criterion

2 —
- = 0
[nip(l p)(O’v)UT+3nikT+PBT n 3nikT+PBT (10)

In this expression p is the fraction of n, that is tritium, U is the
total energy released in a single fusion event (~ 22 MeV ), Tis the plasma
confinement time, and PB is bremsstrahlung power, which from (6 ) above

can be written as

2._1/2
Py, = bn T . (11)
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By dividing (10) by n, we find that this gives n.Tasa function of

—_— 2 2
[p(l-p)(Ov)U(niT)+3kT+le/ (niT )]n = 3kT+bT1/ (niT)

or

3kT(1/n-1) .
(Gv)p(1-p)U-(1/n-1)(bT"? (12)

2}
2
il

2. Equilibrium Condition

2i1 - p)(Gv )cE" = Smk(T.+ T ) $13)

in this expression E* is the energy released to charged particles in the
plasma {alpha energy ), and c is the fraction of this that remains after
bremsstrahiung and synchrotron radiation. The feed rate (m ions (or
electrons } per second per cubic centimeter ) determines the variation of

density in time by

dn1

—— -~ - — 4 )

— - m : (14)
and in equilibrium

3.0
T (T T,

2 — %
n p(l-p)(0v)cE

or
3k(T_1+ Te)
nT = — ” , (15)
2p(l ~-p)l(ov)cE

a result of the greatest importance. Figure 9 compares these criteria.
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3. Scaling Laws
From the definition of 8 and the fact that fusion results
from binary collisions, it follows that the output of a reactor will

scale as follows:

Power ~ r3BZB4 . (16)

4. Wall Limitations
The power output available from a given size of machine will
be limited by the physical properties of materials, no doubt the vacuum
wall. The operating level may be characterized by the parameter intro-

7,8,9

duced by Rose and his students, the neutron energy transport per

unit area of the wall. A typical characteristic is shown in Fig. 10,

D. Hypothetical Machines

1. Closed vs Open
Open machines (mirrors ) cannot provide the confinement
time sufficient to meet the equilibrium condition. Energetic injection
is therefore necessary to maintain the reactor in steady state.
2. Closed Configurations
This category includes stellarators and Tokamaks, but also
floating ring machines, toroidal 8 -pinches, and astrons. Closed ma-
chines imply unfavorable field curvature.
a) Stella.ra.tor1

This type of machine requires stabilizing windings.
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Theory is not sufficiently advanced to predict the 8 limit. It
may be in the 10-20% range.
b) Tokamakll' 12
This type of machine uses an induced plasma current to
provide the rotational transform. The following definitions are needed:
Aspect ratio, A = Major Radius/Minor Radius
q-= BZ/AB ,where BZ is the externally applied solenoidal

6

confinement field, and B, is the poloidal field generated by the plasma

6
current. The reciprocal of q is the rotational transform in units of 2.
q is sometimes called the stability margin.

Bg = SwnkT/Bez, therefore B, = B(1+A2q2) .

30 must be less than A, possibly as small as 1. There-
fore B must be limited to the 1-4% range.
¢) Common Features
Both machines are governed by the equilibrium condition
(15) above, and the presence of the ohmic heating current is significant
only at low temperatures. Therefore, characteristics such as relative
output (Fig. 3 ), the difference in temperature between the electron and
ion seas (Fig. 11), and the relative tritium burnup per pass (Fig. 12)
are all similar.
d) Differences

Helical windings vs induced current. Possible beta ad-
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vantage for stellarators. The cyclic operation of Tokamak is not a
severe disadvantage, since the operating period is long ( minutes to

hours ).

E. Sizes and Costs

1. Estimates
Preliminary cost estimates have been made ( see, for example,
13 .., 10 14 . .
Carruthers ~, Mills ', Rose ). These machines, if successful, would
appear to be economically competitive.
2. Fuel

Note from the following table that it is the fuel cost that domi-

nates the cost difference.
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Table II. Comparative Power Costs

Oyster Creek Oyster Creek Fusion Power
Nuclear Station Coal Station Station
Capital Charge 1.55 1.52 1.75
Operations and
Maintenance 0.50 0.42 0.53
Fuel Cost 1.62 2.37 0. 02
Power Cost,
mills/kWh 3.67 4,31 2.30
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II CONTROL AND IGNITION OF TOROIDAL FUSION REACTORS

A. Stability

1. Variation of the Equilibrium Condition

The equilibrium condition requires the constancy of a function,

2 _—
Y = m7 p(l-ple(ov)/(T +T ) . (17)
Defining a function, S = c(_o_v)/T,l+ Te, we have
2
vV = mT p(l-p)s , (18)

and

(19)

for stability.

Thus the equilibrium tends to be unstable against fluctuation in
the fuel feed rate, the confinement time, and the fuel mixture (unless
p = 0.5). The behavior with respect to S (essentially the temperature
dependence ) can be understood from Fig. 13.

2. Need for Control

Feedback control is necessary if one desires to operate at
more advantageous temperatures below the maximum of the stability
function. Figure 14 illustrates the problem.

B. Various Forms of Feedback Control

Stabilization can result from '""Bohm-type' confinement.
Most convenient, perhaps, is mixture control. Figures 15,16, and

17 demonstrate these effects.
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C. High Field Effects

Synchrotron radiation reduces the stable temperature point.
The effect on the stable operating point is shown in Fig. 18.

D. Ignition Problems

1. Ohmic Heating
As the temperature rises, bremsstrahlung increases, but
the plasma resistivity falls. Consequently, with constant ohmic heating
current density, the electron temperature saturates. The time, t, to

reach a temperature, T, is given by:

AD Tl/Z D+T1/2 ZATl/2
t = EE 2arctan ) + In 1/2) - B ,
D-T
(20)
a solution of
2 -
A%Hsr‘/ _err Ly (21)

with D= (C/B )1/4.

The temperature approaches an asymptotic value, Tm, of DZ.

The time requirement to reach half the limit, t1/2’ is given by

tl/z = 0.79AD/B

T = (0 22x1016)'/

m - . J/n ev

tl/z = (0.58 X 1021)j1/2n-3/2 seconds.

Figure 19 shows typical behavior,
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2. Low Temperature Equilibrium
Figure 20 shows the equilibrium among 1) ohmic heating,
2) bremsstrahlung, and 3 ) alpha heating. The lower branch is stable.
The upper branch is unstable and represents an ignition limit.
3. Intrinsic Slowness of Ignition by Ohmic Heating Alone
Figure 21 presents the number of seconds to reach 6keV
from various initial points by Tokamak ohmic heating ignition alone
14

for a plasma of density 1.0 X 10" .

E. Compression

An analysis of Tokamak compression will be found in the
. 16 _. . . . . L
literature. Figure 22 shows its effectiveness in speeding ignition.

F. Establishment of Equilibrium Regime

Figure 23 shows two examples of a complete ignition and in-
jection sequence to establish an equilibrium burn. Compression
takes place between 1 and 2 seconds, and injection of cold fuel begins
at 4 seconds. Various injection rates lead to various equilibrium

densities.
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Plasma Radius = 100 cm.
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ABSTRACT
By "“turbulent heating" we mean that the appropriate direct current
power applied to the plasma is converted by the plasma to radiofrequency
oscillations that result in intense heating of the plasma. At Oak Ridge
National Laboratory, we have been producing plasma in steady-state experi-
ments in mirror machines either with hot electrons or with hot ions. In

11

the hot-electron case, electron temperatures of ]05 eV, and 10" " electrons/

cm3 have been produced; in the ion case, ion temperatures of 103 eV and

13 ions/cm3 are now being studied. In both cases, the heating efficiency

10
(dc power in, related to hot-confined plasma leaking out) ranges from a

few up to 10%.
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Recent studies have concentrated experimentally and theoretically on
the mechanisms of the heating processes. We find two classes of insta-
bilities present and competing for the applied power: plasma electron
oscillations, driven by currents along the magnetic field, and resulting
in hot electrons; and plasma ion oscillations, driven by currents across
the magnetic field, and resulting in hot ions. (The electrons in the
latter case are "frozen" to magnetic field lines and participate in the
oscillations in only a "subdued" fashion.)

Recent theoretical and experimental work has produced the following
results. First, in both the electron and the ion heating cases, the
character of the "turbulence-excited" radiofrequencies is not such as to
produce rapid, gross losses of plasma; second, density and temperature
Timitations on plasma heating observed in the past are now understood and
possibly can be overcome; third, the details of the heating mechanisms
are becoming sufficiently well understood that we think it is possible to
apply these mechanisms to larger, different, and possibly more interesting

magnetic field configurations, including systems of "closed" geometry.
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We first survey the experimental results of past experiments in
turbulent heating in mirror machines at the Oak Ridge National Laboratory.
We restrict ourselves to discussing the Oak Ridge experiments and calcu-
lations because they lead directly to an understanding of the heating
mechanisms. Since our theory has grown smoothly from our experiments, we
have not made an exhaustive survey of the literature concerning turbulence
calculations. Thus, we may have overlooked previous pertinent work by
others.

The first set of experiments involved injecting an electron beam
through a hollow, gas-filled anode, into a magnetic mirror, as shown in
Fig. 1. Experimentally, we found that the plasma electrons were heated
1 cm'3, had a lifetime on the

! sec, and were heated with an efficiency of a few percent.]’2

to a temperature of 105 eV, a density of 10
order of 10~
Since the plasma was hot and reasonably dense, we tried to use this

hot-electron plasma as a blanket that would intercept and ionize gas atoms

flowing into the hot ion plasma confined in a mirror machine. Experimental-
ly, the blanket was formed by placing the beam-plasma interaction region
off-axis in a large mirror machine. Electrons heated by the interaction
were trapped between the mirrors, and precessed azimuthally in the radial
magnetic field gradient, forming a shell or "blanket". This b]anket3 is
shown in Fig. 2. Unfortunately, the empirical studies were not capable
of forming plasma blankets of sufficient density (ne > 1014 cm'3) to ac-
complish shielding against gas influx, and the project was terminated.

A study of the radiofrequency emission from the hot-electron plasmas,

using special high-frequency probes and corre]ators,4 has led to an under-

standing of the heating mecham'sm5 and of the density limitation. The
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correlators suggest that noise, present in the plasma gun, excites oscil-
lations that grow at Yhe and are convected along the electron beam. The
parameters of the operating system were empirically so chosen that: (1)
the amplitude of the rf is now computed to reach a maximum in the midplane

of the mirror machine; and (2) , S0 fringing-field effects couple

WY w
pe v ce
the rf plasma oscillations to cyclotron oscillations. Thus the electrons
are heated to high temperatures by electron-cyclotron resonance.
The density limitation on the heating of electrons comes from the
fact that the e-folding distance X5 for the rf to grow is given approxi-

mately by X = vo/wpe’ where Vo is the velocity of the incident electron

is the electron plasma frequency. Since w__ is proportional

beam, and w pe

pe
to the square root of the electron density, a large increase in the electron
density results in the growth distance becoming so short that the maximum
rf amplitude is generated not in the mirror machine, but back in the electror
gun.
To maintain electron heating at higher electron densities in systems
of finite size, we must increase the growth e-folding distance. One pos-

sibility of accomplishing this is by using relativistic electron beams.

The growth distance for plasma oscillations increases as y3/2 for longi-

tudinal osci]]ations,6 and y]/z for transverse osci11ations,7 where
v2 -1/2

y = |1 - Wi » vV is the velocity of the electron beam, and ¢ is the
c

velocity of light. Another technique might involve the placing of an
electron gun closer to the desired plasma-heating region. In any case,
since we now understand the limitation in heating plasma electrons at

high density, we can begin to consider ways of overcoming this limitation.

81


file:///ijiii

One interesting observation is that the high-frequency rf fields in
the plasma probably do not produce radial plasma losses. OQur probe studies
demonstrate that the plasma itself confines the rf to the central region
around the beam. Thus the rf does not extend to the plasma surface to
cause plasma losses there.

In the case of ion heating, our results have been rather encouraging.
By placing a hollow, gas-filled anode between the coils of a magnetic-
mirror machine,8 we have obtained ion temperatures of a few keV at a den-

13 1'ons/cm3.9’]O

sity of about 10 The heating efficiency is high — on
the order of 5 to 10%. The temperature and density are sufficient for a
weak thermonuclear reaction to be observed. Unfortunately, the hot-ion
lifetime is limited by charge exchange on neutral gas atoms to about

100 usec. The apparatus is shown schematically in Fig. 3.

In order to apply this turbulent heating process to higher plasma
densities, volumes, and systems of better confinement, it is necessary to
understand the heating mechanism. Also, we wish to understand some strange
properties of this ion-heating device, such as why we observe hot ions
in the device (Ti ~ 1 keV) when at the same time the electrons are cold.

As a result of an integrated diagnostic study, coupled with a theo-
retical study, we now think that we understand the heating process for the
jons. We suspect that in the ion-heating case, the heating occurs by means
of the electron flow across the magnetic field, in contrast to the electron
heating case where the heating occurs by the electron flow along the
magnetic field.

Auto- and cross-correlation studies show that the plasma has a fila-

mentary turbulence pattern, with potential "rods" extending along the mag- ‘
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netic field fluctuating randomly with respect to each other at high
amplitudes with frequencies near i ® Since this leads to electric fields
which are perpendicular to the magnetic field, high electron temperatures
are not required to maintain high electric fields. Moreover, since the
fluctuating fields are perpendicular to the magnetic fie]d,g they are
ideal for heating ions without accelerating them into the loss cone of
the magnetic mirrors. In fact, due to the rapid growth rate of the heat-
ing instability (see Table 1), ions scattered into the loss cone are
probably accelerated back out of the loss cone before being lost, leading
to longer trapping.

The next step in this research was to determine how this instability
near Wi is excited. The critical step occurred when one of the authors

1 where

(I.A.) attended the Fusion Torch Study Group in Washington, D. C.,
a paper presented by H. K. Forsen described the "centrifugal splitting"
that can occur when particles precess azimuthally in a radial electric
field and an axial magnetic field. In cylindrical coordinates, particles
of different mass precess with different azimuthal velocities due to the
fact that centrifugal force is mass-dependent. In particular, in a cylin-
drical system, electrons and ions precess with sufficiently different
velocities that a variety of "two-stream" azimuthal heating modes, de-

scribed below, can occur. These instabilities all require a large azi-

muthal precessional velocity, i.e., a high radial dc electric field. We

have attempted to confirm the presence of such fields and have obtained

three pieces of experimental data that suggest they are, indeed, present:
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1.

X-Ray Data. We have used commercial xenon-filled proportional
counters to examine the soft x-ray photon spectrum]2 emitted
the plasma in the range of 2-10 keV (from the counter's sensi-
tivity threshold to the energy corresponding to the applied
potential). We find that in the plasma, the electrons from
the initial electron beam are both spread in energy (which is
expected from beam-plasma interactions) and degraded in energy
to about half the value acquired in falling through the applied
potential. This degradation in energy, with no electrons pre-
sent having energies near that corresponding to the applied
potential, is most easily understood if the core of the plasma
is 5 kV negative with respect to the wall of the apparatus.
Such a negative core would produce a radial E-field of about
10 kV/cm in our finite geometry plasma.

13

Spectral Data. Using a recently discovered technique ~ of

using normally forbidden satellite spectral lines from helium
that is added to the plasma, we have measured electric field

strength, electric field polarization, and electric field fre-

14

quency in the plasma. We find that the electric field has a

peak value of about 8 kV/cm, is perpendicular to the magnetic

field, and has a frequency w that lies in the range 0 Sl Y

i << .
or, in other words, w wpe’ e

Precessional Velocity Measurements. By placing two probes at

different azimuthal spacings, and by filtering out the intense
rf near Wi’ we have followed the azimuthal propagation of small

density fluctuations in the plasma. We find that they move in
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the direction corresponding to the E x B drift, and have a velocity

corresponding to a radial t field on the order of 10 kV/cm.

Table 1 summarizes our present theoretical knowledge of the various
two-stream azimuthal instabilities which can result when a strong dc radial
£ field such as described above exists in the plasma. Note that in all cases
the computed maximum e-folding growth time is short compared to the observed
ion charge-exchange lifetime of 100 usec. For all cases it has been assumed
that mpe < Wt

A11 the instabilities heat ions preferentially, except #2 which can
heat electrons as well as ions under the proper conditions of wavelength
parallel to the magnetic field relative to wavelength perpendicular to the
magnetic field. Al11 the instabilities in these high E-field modes tend to
occur at short wavelengths, which tends primarily to heat the ions rather
than to move them across the magnetic field. Number 5 does not require a
relative drift of ions and electrons.

The instability that we suspect most strongly as causing the observed
heating in our device is #1, since it has both the most rapid growth rate,

17 1he

and a predicted rf emission spectrum that agrees with experiment.
physical nature of this instability is shown schematically in Fig. 4. We
assume that although the ions precess azimuthally on the average, on the

time scale discussed here they are essentially unmagnetized (w Nvowos > w ).

pi ci
The electrons, on the other hagd, ;re magnetized (w << “pe < wce) and
precess with a velocity V= EL——%——-. The electrons are precessing more
B

rapidly than the ions. In addition, we assume that the plasma density de-
creases rapidly with increasing radius (experimentally, an/n X 1 over the

radius of the plasma).
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Table 1

Theoretically Predicted Instabilities

Instability Requires Growth Time Azimuthal Wave1en§th

(max ) for max growth
W
1. Radial density gradient!5'18 1072 sec Ky iy —%&
2. Electrons move axia]]y,]6’19 1077 sec” >
jons azimuthally.
[V
3. Radial density gradient caused 1077 sec k., X —%%
by applied E field.
20 7 3 " “pi
4. Collisions between electrons 1077 sec k ~ —%l
and ions. r u
w
5. Shear in rotating ion c]oudZ] 10'7 sec kr X —%l
;
+Au is relative drift of ions and electrons;
My is the ion drift velocity.
*Computer solution for one case.
**k
Not studied.
These are the growth times predicted by linear theoryzo’Z];

quasi-linear theory (not yet published) predicts growth times
~ 100 times shorter.
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Assume that an azimuthal potential fluctuation is produced from random
noise, as is shown. We now demonstrate that this azimuthal potential fluctua-
tion will grow. Ions, being unmagnetized, approach a positive potential
fluctuation and slow down, thereby increasing the local positive charge.
Electrons being magnetized, precess from the outer, more tenuous electron
cloud to the region of the local positive charge and replace the initial
more dense electron cloud, further enhancing the local positive region.
Similarly, it can be shown that a negative potential fluctuation will
grow so that both electron and ion perturbations provide positive
feedback that causes rapid growth of radial plasma "spokes".

The strong charge fluctuations result in rapid ion heating. Strong
phase mixing is present and is easily observed in a computer simulation
of the response of the plasma column to a suddenly-applied potential step.

On the basis of the turbulence model above, we can compute the steady-
state, or "saturated" turbulent electric field present in the plasma co]umn.]E
We find that the calculated turbulent electric field yields a calculated
flow of radial electron current that is in excellent agreement with the
value observed experimentally in our plasma device.22

If we wish to ignite a large volume of plasma by our turbulence process,
some modifications are necessary. The present fundamental limitation of the
heating process is that it works best in columns of small radial extent, both
because a small radial distance allows us to obtain high radial electric
fields with modest applied potentials, and a small radius allows us to
obtain large centrifugal effects for moderate azimuthal velocities. There-

fore, to fill mirror machines having a large radial dimension by this tur-

bulence process requires us to use many small columns in parallel, as shown
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in Fig. 5. We can either have injected many separate plasma columns to
utilize the density-gradient-dependent turbulence process (No. 1), or we
can use one or more of the more slowly growing turbulence processes that
do not require the gradient. In the latter cases, since a uniform plasma
density suffices, we can simply fill the machine with cold gas or plasma
and ignite it with an appropriate voltage pulse.

Applications of this system to heating plasma in toroidal configura-
tions seem to be obvious. Rings placed around the plasma column, as used
by Kawabe and Eubank at Princeton,23 place a high potential drop along the
surface of the plasma column, as is shown schematically in Fig. 6. As the
Princeton workers have clearly demonstrated, turbulence near Yye areatly
increases the surface resistivity of the plasma, and the current, in conse-
quence, diffuses inward to fill the plasma column. Since the current must
flow across the magnetic field in the vicinity of the rings, our ion-heating
turbulence process can occur there. Variations of various electromagnetic
coupling processes may also help to couple in energy with the appropriate
currents perpendicular to the magnetic field.

In conclusion, we now feel that we understand both the hot-electron
and hot-ion turbulent heating processes in mirror machines sufficiently
well to be able to deduce meaningful scaling laws and to make extrapola-
tions to systems of larger volume, density, and temperature. In addition,
we can discuss plasma heating in systems of closed geometry. The turbulent
heating is simple, efficient, and need not Tead directly to severe plasma

losses.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.

FIGURE CAPTIONS
Photos of hot-electron plasma taken with visible light (top)
and with bremsstrahlung x-rays (bottom), with explanatory
overlay showing schematic of apparatus. The intense x-ray
spots at the ends of the x-ray image are due to hot electrons
that escape from the plasma and emit intense x-rays during
bombardment of the metal surfaces of the sides of the magnet
coils.
Schematic of the hot electron blanket experiment. The reflex
discharge was about three meters long.
Schematic of the hot ion plasma experiment, Burnout V.
Schematic of the proposed ion-heating instability in Burnout V.
An azimuthal charge perturbation takes electrons from the dense
core, superimposing these electrons on the negative
density perturbation, thus reinforcing it. Similarly, ion and
electron motion are such as to reinforce positive density fluc-
tuations.
Concept of using a multi-electrode structure to turbulently
heat the ions in a large-volume plasma device by means of
many cylindrical, turbulent plasma cells.
Schematic of the turbulent-heating mechanism now used at the
Princeton Plasma Laboratory to couple electrical energy
radially into a plasma column (which could, of course, be

toroidal).
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SOME NEUTRONIC ASPECTS OF A DT FUSION REACTOR*

J. D. Lee

Lawrence Radiation Laboratory, University of California
Livermore, California 94550

ABSTRACT

Fusion reactors based on the Deuterium-Tritium (DT) fusion reac-
tion must produce tritium to be a viable power source. A survey of
papers on the subject shows that attractive tritium production 1looks
achievable. Some other neutronic considerations of DT fusion power

are also discussed.

* This work was performed under the auspices of the United States
Atomic Energy Commission

This paper was prepared for presentation at the Symposium on Fusion
Reactor Design, June 2-5, 1970, at Texas Tech University, Lubbock, Texas

98




INTRODUCTION

Two of the four fusion reactions being considered for fusion reactors
produce energetic neutrons. These reactions are:

The Deuterium-Deuterium —— He3 (0.82 MeV) + n(2.45 MeV) and
the Deuterium-Tritium  —— He® (3.5 MeV) + n(14.1 MeV).

Hereafter, these reactions will be referred to as the DD and DT reactions.
By virtue of its high cross section at low temperature as well as its
high energy release, the DT fusion reaction is considered most likely

to be used in early fusion reactors. Based on this, the DT reaction

and its resulting 14.1 MeV neutron is the starting point for this
discussion.

To make use of the DT fusion neutron, which carries 80% of the fusion
reaction energy, the fusioning DT plasma must be surrounded by a blanket.
This blanket has two functions. First, it must intercept the 14.1 MeV
neutrons and convert as much of their kinetic and potential energy to
thermal energy as practical. Second, it must breed tritium to fuel the
DT fusion reactions.

Unlike deuterium (D) which is a stable hydrogen isotope with a 0.015%
abundance, tritium is an unstable, 12.6 year half 1ife hydrogen isotope
not found in nature. Tritium breeding is therefore the most crucial
requirement the blanket must meet for if sufficient tritium camot breed
a fusion reactor based on the DT reaction would not be feasible.

Fortunately, blanket calculations with 1ithium as the fertile material
have shown tritium breeding in excess of that required is possible. The
bulk of this presentation will deal with tritium breeding and energy gener-
ation in DT reactor blankets. Some of the radiological aspects such as
tritium inventory, direct neutron and gamma radiation and contamination
of a DT fusion reactor will also be discussed.
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TRITIUM BREEDING AND ENERGY GENERATION

As explained in the introduction, fusion reactors utilizing the
attractive DT fusion reaction must have the means to breed tritium.
The only conceivable means of producing tritium in the amounts needed
is by neutron transmutation. The neutron source being the DT fusion
reaction. They also must have the means to convert to heat the kinetic
and as much of the potential energy of the 14.1 MeV DT neutron as prac-
tical. To accomplish this, the DT fusion source must be surrounded by
a neutron intercepting blanket.

For a DT fusion system to be viable, the blanket must be able to
breed at Teast enough tritium to make up for tritium consumed by fusion
plus losses such as tritium's 12.6y half life g decay to helium 3.

This means for each 14.1 MeV DT fusion neutron produced, one plus tritons
must be bred in the blanket.

Lithium appears to te the only fertile element with any likelihood
of producing required tritium from interactions with neutron. Natural
Tithium is composed of 2 stable isotopes, Li® (7.42%) and Li7 (92.58%) .
Both isotopes undergo neutron reaction resulting in tritium. Lithium-6
undergoes an exothermic reaction of the form:

Li® (n,e) T + 4.78 MeV
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Fig. 1. LiG(n,T) He? cross section vS. energy.

Figure 1 shows the Li6(n,a)T cross section! for neutrons between .01 MeV
to 11 MeV. The Lithium-6 thermal cross section is about 950 barns.
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Lithium-7 undergoes an endothermic reaction of the form:

Li’ (n,n'a) T - 2.47 MeV

600 1 T

I 1 | I
MeV (n, tn)
500 — —]
400 — ]
2
: ¢
2
= 300 —
T Threshold
b
200 — a —
100 |- 1sd —
0 JY | | | | | |
2 4 6 8 10 12 14 16
E ~— MeV
n
. N 4 .
Fig. 2. Li'(n,tn') He" cross section vs., energy.

Figure 2 shows the Li7 (n,n'a)T cross section for neutrons up to

14 MeV.

Early references to the tritium breeding problem such as in the
books by Bishop,2 Glasstone and Lovberg,3 and Rose and Clark" mentioned
the Li® (na)T reaction as a means to breed tritium.

In 1962 Myers®> et al at Lawrence Radiation Laboratcry nerformed
some one dimensicnal diffusion theory calculations on a number of
different blankets.
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TABLE 1 -700M 1 DIMENSION DIFFUSION CODE RESULTS BY MYERS

K - TOTAL TRITIUM ATOMS PRODUCED )
K7 = TRITIUM ATOMS PRODUCED BY LI7(N,TN) HE™ PEP INCIDENT NEUTRON

MaTERIAL

EUTECTIC FLIBE WITH WATER LAYER
K
K7
EuTECTIC FLIBE
K
K7
L16 EUTECTIC FLIBE
K
30 moLE PERCENT LIF FLIBE
K
K
15 moLe PERCENT LIF FLIBE
K
7
LiTHIUM METAL
K
K K7
Limiium-6 METAL

K
LINO3

K

K7
LI!\DZ

K
K7

ER INCIDENT NEUTRON

ToTAL RADIAL THICKNESS OF BLANKET-CM
9 21 39 &0 ) 26

295 | 649 | 1.066 4§ 1,332 | 1.435 ) 1,448
073 | 135 AA L 187 1 1| 1D
A4 96 | 1,135 1 1,532 ) 1,641 1 1.662
092 | .V 2251 241 | 285 1 24
J29 | 604 | 1,116 0 1,361 | 1440} 1.5
066 1,0% | 1.465 | 1.645 | 1.6/9
051 J32 7 Qb 148

033 | 303 O | 1,418 | 1,638 | 1.6%2
024 | ,046 0030 070 9721 972
264 | 578 O3 0 1,232 | 1,455 | 1,528
254 1 503 008+ 72 JTJB ) JTH
065 | .08 | 621 82| o5 o7 |
201 | 22 652 1 1,013 11,238 1 1,298
J14 | 326 J42 01 1,104 11,313 | 1,365
JA09 | 239 A05 b2 | e
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Table 1 gives results of these calculations. The geometry used
was cylindrical with an inner radius at 77 cm. Flibe is a mixture of
Tithium fluoride (LiF) and beryllium fluoride (Ber). Eutectic flibe
composition is 48 mole % LiF. These results indicate attractive tri-
tium breeding ratios are attainable. In fact, only the all 1ithium-6
blanket failed to provide required tritium breeding. Also note the
Li7(n,n'a)T reaction can be an important part of the total tritium
breeding. In the case of the natural 1ithium blanket, material #6,
lithium-7 reactions account for nearly half the tritium. One major
drawback of Myer's calculations is that the fluoride and nitrogen cross
sections were unavailable so &ygen cross sections were used in their
places.

In a 1965 thesis Impink® studied the effect on tritium breeding
for a number of blanket variables. Impink's standard blanket was made
up of a 2 cm molybdenum first wall, a 6.25 cm coolant containing flibe,
then a 56 cm primary attenuator containing 79 v/o flibe plus 21 v/o
graphite. The flibe 1is composed of 66 mole % 1ithium fluoride and
34 mole % beryllium fluoride. A sample of Impink's results are listed
in Table 2.
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TABLE 2

TRITIUM BREEDING CALCULATIONS BY IMPINK

FirsT WALL CoOoLANT PRIMARY TRITIUM PER
CHANNEL ATTENUATOR NEUTRON
(VARIATION IN FIRST WALL)
NONE STD. STD. 1.0717
Nt Qaw " " 1.0042
M Aaw " “ 1.1414
M 2 cm (sD) " " 1.1679
(VARIATION IN L16 ISOTOPIC ACTION)
M Q2cM NAT NAT 1.1499
" 0.20 NAT 1.1306
" 0.50 0.50 1.2163
(ADDITIONAL BE IN PRIMARY ATTENUATOR)
Mo (2 cm) STD, NONE 1,1499
" " +5cmBe 1,5526
" " +9cMmBED 1.4942
NI (1 cm) " + 10 cm BE 1.5328

Impink found tritium breeding in flibe to be less than Myers esti-
mated. This lower breeding is attributed in part to Impink's better
treatment of the fluorine cross sections.

In a companion thesis Homeyer’ dealt with thermal and chemical pro-
blems in blankets. Figure 3 displays sample results of nuclear heating.
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Figure 3 - Nuclear heating rates in the blanket and magnet coil by Homeyer
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Mo ' 0.813 Li BeF, + 0.187C w. 9 mole %bB ' l Mo
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The heat rate in watts/cm3 is based on a 14 MeV neutron energy flux of 1 MW/mz. .

Recoverable energy was 17.4 MeV per incident 14.1 MeV neutron.
106



Lot

TRITON PRODUCTION PER 14 MeV NEUTRON INCIDENT ON VARIOUS BLANKETS BY BELL

]
PROBLEM | B () My @ R | T VR g
TUO 0 L1 - INFINITE MEDIUM 1.05 0.8 |0 1.8 | 1.88
TUO1 0 FLiBe ) INFINITE MEDIUM 1.2 0,10 |O 1.I2 |11.12
3 0|Be+1001L° | = INFINITE MEDIUM 2.74 |0 0 2.74 | 274
WA | 0|BeC+0.001L1% - INFINITE MEDIUM 23 o |o |28 |23
TR |77 K 112.0 0.6 10.9 0.8 0.5 |L63
wB |77 L1 137.0 040 073 |oss | L3 |17
wic |77 L1 177,01 0.72 0.8 |03 |15 |18
A | 77 FLIBE 12,0 0.3 |0.10 0.9 |0.8 | L1
| B |77 FLIBE 137.0 0.9 {010 {006 {107 |12
x| 77 FLIBE 177.0 L2 |01 {0 L2 | LR
W |1 Cu 3.3 1133108 039 |0.3% |LD | L%
T | D0 Mo 13.3 w3008 (o4 039 |17 | 166
w10 VoIp 13.3 1 0.5 B + 0.5 Lr 733120 (02 |05 {231 |2.46
WA | 10 Vo | 1.3 10758+ 050 | 733|247 10,00 1006 |25 |26
W6 |10 Y B3 1058+ 0.5 L 733|160 0.0 |0.08 |1.71 | 1.79
e |10 Mo | 133 |05+ 0.5 L 73301700 {02 (09 |1.& |19
WA |1 Cu 133 |05BeC+050 | 313 |01 (010 |14 |1LY
e | 10 Cu C B3 05RE+050L | B35 1005 (0.8 | 180 | Lgd
w76 Mo 77.0 1 0.5 B + 0.5 Fuiee | 17,0 | 1L.46 | 0,06 |0.13 |1.50 | L63
WA |76 " 770 {0758 +025% |1w.0]|17% Jo.@ ‘01 |17 |19
B |76 o 77.0 FLIBE 17.008 jo.8 (019 {09 |14
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In another 1965 paper® Bell of LASL describes tritium breeding
calculations in a number of different blankets. Table 3 lists Bell's
blanket descriptions and their resulting tritium breeding. Calculations
were made using the DTK neutron transport code with 25 energy groups and
the S4 approximation. Blanket geometry in each case was an infinitely
long cylindrical annulus. The 14 MeV neutron source is inside R], material
M2 is between R2 and R3, where the R's refer to radii in cm. ZG and T7
are the ‘tritons produced per incident 14 MeV neutron by the Li (na)T
and Li7(n,n'a)T reactions, respectively. Total tritium produced (T)
is the sum of T6 and T7. L is the leakage and 7% is the sum of T and
L. Bell's infinite medium results indicate that 1ithium, beryllium plus
a little Tithium-6, and beryllium carbide plus a little 1ithium-6 are
attractive tritium breeding materials, while flibe is marginal. Flibe's
major problem appears to be inelastic scattering by fluorine which can
degrade the fast neutron's energy below the Li7(n,n'a)T and Be (n,2n)
thresholds. The fluorine cross sections are the most uncertain of the
lot and should be suspect.

Bell's results also show that pure lithium blankets can give attractive
breeding but need to be thicker than blankets containing berylilium,
While problem numbers TU & and TU 7A show that flibe plus beryllium can
give attractive breeding.

Up to this point, I have dealt with idealized blanket studies.
These are very useful in that they indicate attractive tritium breeding
looks possible and show what directions one might go to come up with
real blanket designs.

I would now 1ike to discuss in some detail neutron studies that
consider to some extent structural, and heat transfer requirements, and
also the tradeoff between tritium breeding and energy generation. The
bases for these discussions are the pabpers presented at the International
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Nuclear Fusion Reactor Conference held in England at the Culham Labor-
atory last September.

Lithium Blankets

In a paper entitled "Tritium Breeding and Energy Generation in
Liquid Lithium Blankets,"® I- examine some of the neutronic aspects of
a lithium blanket.

Liquid 1ithium appears uniquely qualified to meet all blanket re-
quirements except structural.

1. It is the fertile material from which tritium must be bred.
2. It is a reasonably good fast neutron moderator.

3. It is an excellent heat transfer fluid, assuming MHD Tosses caused by
the presence of strong magnetic fields can be made acceptably low.

4. It is not subject to radiation damage.

In its simple form, the liquid 1ithium blanket would consist of an
annulus (cylindrical or spherical) through which 1iquid Tithium flows.
The D+T plasma would be maintained inside the inner surface of the annulus.

To calculate tritium breeding and energy generation, two neutron
transport codes were used. One being a three dimensional Monte Carlo
code called SORS-N;10 the other, a one-dimensional discrete ordinates
code called ANISN.!l The SORS-N code employed 66 neutron energy groups.
The ANISN problems were run with a 19-energy group, P0 cross section
set and an SN order of 4. In both cases, neutron cross sections were
derived from the Lawrence Radiation Laboratory, Livermore, (LRL),
Howerton Evaluated Neutron Cross Section Library. A1l the SORS-N pro-
blems were run with five batches of 500, 14.1 MeV source neutrons each.

The SORS-N runs calculated tritium breeding and energy generation
per source neutron. The ANISN runs calculated only tritium breeding
per source neutron.
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To examine the effects of structural material present in a liquid
1ithium blanket, a number of SORS-N calculations were run on blankets
with various volume fractions of niobium.

Blanket geometry for these problems was a spherical annulus made
up of three zones (zones 2-4). Outer radii (RO) of these zones (includ-
ing the inner zone simulating the plasma region) were 100, 101, 202 and

302, respectively.

With only Tiquid lithium in the three blanket zones, tritium breed-
ing and energy generation per source fusion neutron are 2.10 T/n and
vely. Table 4 lists the complete results by zone

17.14 MeV/n, respecti

TABLE 4

Tritium Breeding and Energy Generation with
100 v/o Lithium in Zones 2, 3, and 4.

Zones

2(1 em) 3(100cm) 4 8991) Leakage  Totals

(Input)

Atoms/cm-barn

Iso. fractions, Li6

Li'

0.03679 0.03679 0.03679
0.0742 0.0742 0.0742

0.9258 0.9258 0.9258

(Results per Source Neutron)

Triton generation
LiG(n,a)T reactions
Li7(n,n'a)T reactions
(n,2n) reactions

Neutron energy
deposition (MeV)

Neutron energy
deposition (%)

Standard deviation (%)

0.02263 1.6894 0.3928
0.00524 0.69084 0.3065
0.01739 0.99857 0.08637

0.00229 0.09284 0.00471

0.2196 14.3098 2.4989

1.28 83.5 14.6

2.1 1.0 1.3

— 2.1048
— 1.0025
— 1.1023

— 0.0998

0.116 17.144

0.665 100.0

8.4
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Tritium breeding reactions

1.

for this idealized blanket. The tritium breeding ratio of 2.1 is quite
attractive, about 10% higher than Bell got in his infinite medium Li

case. But note that this is in an idealized structureless blanket pre-
sented for comparison with more realistic blanket-containing structure.

To account for required blanket structure, zone 2 (1 cm) was made
all niobium and the liquid lithium in zones 3 and 4 was varied for 100%

1ithium to a homogeneous mixture of lithium diluted with 20 v/o niobium.

Figure 4 graphically displays the results of SORS-N analysis of these
blankets.

2.5

2.0 B —20
£ 3(9\/\
N S
o - /
S 1.5 "'u,,,) . - (n,2n) 19
« /' \.
« I.OT o =e18
£ o—
° ° 6
o \ (Ll (n a,)'r) [ )
0.5 - o 17
(Li”(n,n'a)T) .
0 i | | 16
0 0.05 0.10 0.15 0.20

Niobium volume fraction

Fig. 4 Tritium & energy generation per 14.1-MeV source neutron ve.
niobium volume fraction (first wall 1.0~cm niobium).

The increase in energy generation and the decrease in tritium
breeding with increasing niobium is attributed to the increased capture
in the niobium which has an energy release of 7.17 MeV vs. 4.78 MeV for
the 1ithium-6 capture reactions.
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The tritium breeding ratio drops to 1.0 at a niobium fraction of
about 20%. This fraction is higher than that considered necessary for
an achievable blanket structure. It appears blankets containing only
Tithium and required structure can meet tritium breeding requirements.

A second series of problems was run with the inner zone of niobium
reduced in thickness from 1.0 to 0.1 cm. Figure 5 displays these results.
The only noticeable effect caused by the change is the slight increase

. T . . . . .
in Li’ tritons and a reduction in energy generation at low niobium fractions.

2.5 T T | 21

Tritium breeding reactions
(n,2n) X 10 reactions

Energy generation — MeV

1
2.

0 0.05 0.10 0.15 0.20

Niobium volume fraction

Fig. 8 Tritium & energy generation per 14.1-MeV source neutron vs.
niobium volume fraction (first wall 0.1-cm niobium).

A major reason for a thin wall is heat transfer. Cooling the first
wall (or vacuum wall) is a very demanding requirement. Bremsstrahlung
and cyclotron radiation heat its inner surface, while neutrons and secon-
dary gamma heat it volumetrically.

The neutron-caused heating can be estimated by using the results
SORS-N calculated for the blanket with the 0.1 cm Nb first wall. Energy
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deposition in this wall per W.1 MeV source neutron is 0.17 MeV, therefore
wall heating is estimated to be 12 watt/cm3 for 1 MW/m2 of neutrons incident

on the first wall.

To get a better feeling for what goes on inside a lithium blanket
containing structure, SORS-N was used to calculate the tritium breeding
and energy-generation profiles in a blanket containing a homogeneous
mixture of 95% liquid lithium plus 5% Nb by volume. The blanket was
made up of seven cylindrical annular zones with the inner radius of the
first blanket zone (zone 2) at 220 cm. The fusion neutron source was
simulated by a 115 cm disc source of isotropic 14.1 MeV neutrons at the
center of and normal to the blanket axis.

TABLE 5

Tritium Breeding and Energy Generation

per Zone per Source Neutron.

Zone R (cm) 16 T’ T Energy SD(%) E(%) E(%/cc)

) 230 B _£P]asm§_§one) . . _ .

2 222 0.0202 0,0357 0.0559 0.698 1.4 3.75 1.35 X 10—3
3 226 0.0410 0.0703 0.1113 1.369 1.6 7.35 1.305 X 10—3
4 234 0.0824 0.1356 0.2180 2.598 0.9 13.95 1.205 X 10—3
) 250 0.1635 0,2211 0.3846 4.370 1.2 23.45 9.64 X 10.-4
6 282 0.2718 0.2536 0.5254 5.451 2.5 29,20 5.45X 10“4
7 346 0.2711 0.1212 0.3923 3,508 3.0 18,82 1,49X 10“4
8 410 0.0685 0.0130 0.0815 0.634 5.5 3.40 2,24 X 10—5

TOTALS 0.919 0.850 1.769 18.627 2.0

Results are listed in Table 5. Note that 95% of the tritium
breeding (1.69 triton per neutron) and 96.6% of the energy generation
(18.0 MeV per neutron) occurs in the first 126 cm of the blanket. Also
note that eneray densitv, shown in the last column, varies by more than a
factor of 10 over the blanket radius.
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It is desirable to have a fast-running neutronic code for parametric
blanket studies. The ANISN code (a one-dimensional discrete ordinates
transport code) has the mtential for short running time. It also can
be recast in subroutine form for use in an overall blanket design code.

To compare the results of ANISN and SORS-N, the first set of blanket
problems was rerun with ANISN.

The ANISN problems used the same zone geometry and material com-
positions as the SORS problems. Zone 1 [plasma-vacuum region (R0 = 100
cm)] was broken up into three equal-thickness intervals with a distri-
buted 14.1 MeV neutron source in the first interval. Zone 2 [niobium
vacuum wall (1 cm)] had three equal intervals. Zones 3 and 4 [2,100-
cm-thick blanket regions with liquid lithium diluted with from O to 20%
by volume with niobium] had ten equal intervals.

A quadrature (SN) order of four was used with the following set of
direction cosines and weights:

Cosine () Weight
-1.00000 0
-0.881917 0.166667
-0.333333 0.333333
+0.333333 0.333333
+0.881917 0.166667

And a nineteen-energy group set of isotropic neutron cross sections
with six groups of downscatter was used.
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2,50

Total triton production per source neutron

= = = ANISN —

SORS-N

1.00— Zone R, (cm) Material s
] 100 1/2H% +1 /203 (1074 g Jcc)
3 202 } Blanket, Li+ Nb
4 302 anket, Ll
0 | | 1
0 0.05 0.10 0.15 0.20

Volume fraction of Nb in a liquid lithium blanket

Fig, © Comparison between SORS-N and ANISN calculated blanket
tritium production,

Figure 6 compares ANIS
neutron. ANISN- underes
100 v/o Li blanket to

N to SORS-N total triton production per source
timates the SORS-N results by = 15% for the
= 5% for the 80 v/o Li, 20 v/o Nb blanket.
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Fig., 7 Comparison of SORS-N and ANISN calculated blanket tritium-
producing reactions.

Figure 7 compares individual triton reactions and shows that the fast
neutron Li7 (nf,n'a)T reaction is the major contributor to ANISN's under-
estimation of triton production.

Running time on the CDC 6600 averaged = 0.6 min. per ANISN run com-
pared to = 1.6 min. per SORS run.

In light of the relative crudeness of the ANISN problems [specifi-
cally, the small number of energy groups (19), isotropic scattering, SN
order of four and cross sections generated using a flat flux spectrum]
the results of the ANISN runs compared to SORS are considered quite good.
ANISN is considered a useful tool to run blanket parameter studies. It
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also can be rewritten as a blanket neutronic subprogram for use in a thermo-
nuclear reactor systems code while SORS cannot be. The more exact

but more costly SORS code will be used to check and normalize ANISN

results and for three-dimensional analysis when required.

To determine what effect 1ithium-6 concentration has on tritium
breeding in a liquid lithium blanket, a series of blanket calculations
were run using the ANISN code.

The basic blanket model consisted of a spherical annulus (Ri = 100 cm,
R0 = 330 cm) with a homogeneous mixture of 95% lithium and 5% niobium
(structure). The sphere enclosed by the blanket was a D-T neutron (14.1
MeV) source. The 1ithium-6 to lithium atom fraction was varied from
1 to 10% in five consecutive ANISN runs.

2.0 T T I

7 6

1
T +7
N

1.5

T"N
NN

e

1.0

-9 ®
7‘- .
0.5

| Natural lithium
/ /

|

~
- eme@ on maen@ on or o o e - o oo

Tritons per source 14, 1-MeV neutron

/ I
y |
0 | ] ] 11 1
0 0.02 0.04 0.06 0.08 0.10
Li6/ Li atom fraction
Fig. 8 Tritium breeding vs. LiG/Li atom fraction in 95 v/o +

5 v/o Nb homogenous blanket. [T6 and T' refer to Lif(n,a)T
and Li‘(n,n',a)T reactions, respectively.]
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Figure 8 shows the results of the five runs, where 76 and T7 rep-
resent the number of L16(n,a)T and Li7(n,n'a)T reactions, respectively,
per source neutron.

From these results it is apparent that 1ithium-6 enrichment of
natural lithium is not worthwhile. In fact, the lithium can be depleted
in Tithium-6 to 1% while still giving the respectable tritium breeding
ratio of & 1.2.

The raw material for fueling a deuterium-tritium fusion plant will
be water and lithium, and possibly beryllium. Deuterium makes up 0.015%
of natural hydrogen, and tritium (as shown) can be bred from 1ithium.

But what is the tritium and energy generation potential of our
Tithium resources? Given a gram of natural 1ithium (composed of 7.42
a/o L16 + 92.58 a/o Li7) how much energy could be generated?

The answer, of course, depends on what kind of blanket is used.
There are two basic choices:

1. Maximize energy generation per fusion reaction by converting
only Lithjum-6 to tritium [by the L16(nth,a)T + 4.97 MeV reaction]
at a bredding ratio of 1.0 and usirg the fusion neutron's kinetic
energy to multiply more neutrons for generating more energy.

2. Maximize energy generation for the lithium used by converting
as much Lithium-7 as possible by the Li7(nf,n'a)T - 2.47 MeV
reaction.

Four blanket schemes are presented as examples of these two basic
choices.

Scheme 1

A blanket consisting of Li® + Na(30 v/o), Be(60 v/o), and
Nb (10 v/0)is an example of a blanket compatible with choice 1.
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Such a blanket is estimated (by SORS) to give a total gener-

ation of approximately 30 MeV per D-T fusion at a breeding ratio
of 1 triton per fusion. Such a blanket could potentially convert
all the lithium-6 in natural lithium, producing 6.37 x 102] tritons
per gram of rmatural lithium or in terms of energy, 8.54 x 103 kWh
per gram of natural lithium supplied.

An example of a blanket compatible with choice 2 basically would be
all lithium (95 v/o) plus required structure (5 v/o Nb). Figure 8 showed
breeding ratio vs. Li6/Li atom fraction for this blanket as estimated
by the ANISN transport code. Total energy generation per fusion with
this blanket was estimated by SORS to be = 22 MeV. This blanket might
be used in the following three ways: (schemes 2 through 4).

Scheme 2

The entire blanket loop (including required makeup) could be loaded
with natural 1ithium and run until all the excess tritons produced
when the breeding ratio was greater than 1.0 are consumed. If no

tritium decay is assumed (by shipping the tritium between plants),

the total triton atoms generated would be = 2.74 x 1022
gram of natural Tithium. Therefore, at 22 MeV per fusion, = 2.60
X 104
9 graphically displays approximate integrated blanket reactions and

per initial

kWh of energy could be generated per gram of l1ithium. Figure

tritium excess vs. integrated power for scheme 2.
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Fig. 9 Integrated lithium and tritium reactions and tritium excess vs.
integrated power per initial gram of natural lithium (without
tritium decay).
Scheme 3

Lithium utilization scheme 3 is the same as scheme 2, except
that the excess tritium is stored, then used by the same reactor
that produced it. Specifying an average power density of 40 watts/
initial gram of 1ithium supplied, tritium decay of He3 reduced the
energy generation by D-T fusion (at 22 MeV per fusion) to = 1.49 x
10t kWh per initial gram of lithium; or 1.7 x 10% kWh, if the He3
produced is used for D-He3 fusion.
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Fig. 10 Integrated lithium and tritium reactions and tritium excess per

initial gram of natural lithium vs. time (average power
density = 40 W/initial gram of lithium).

Figure 10 displays approximate integrated lithium and tritium
reactions (including decay to He3) and tritium excess as a func-
tion of blanket age, for scheme 3.

Scheme 4

The last scheme considered also employs the basic Tithium
blanket but at a constant L16/Li atom fractions required to give an
effective tritium breeding ratio of 1.0. From Figure 8 we estimate
this atom fraction to be = 0.003. This fraction would be maintained
by replacing depleted blanket 1ithium with natural Tithium at the
required rate. This scheme would produce and consume = 2.58 x 1022

tritons per gram of natural 1ithium used while generating = 2.53 x
]04 kWh of energy.
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Table 6 compares the tritium and energy generation potential of a ‘
gram of natural lithium of the four schemes.

TABLE 6

Comparison of the Four Lithium Utilization Schemes.

Schemes
1 2 3 4
22 22
Tritium potential, 6.37X10°0  2.74x10°%2  1.78x10 2.58X 10
atoms per gram
of lithium
. 3 4 4 04
Energy potential, 8.54X10 2.69X10 1,49X10 2.53X1
kWh per gram 4
of lithium (1.71X10
if the H83
is used.)

From a Tithium utilization standpoint, scheme 4 appears to be the
best choice. Its energy generation potential of = 2.53 x 104 kWh (8.64 x
107 BTU's) per gram of natural lithium usedin only 5% below the highest
achieved (scheme 2's) and requires tritium shipping and storage only for
start up.

At initial start up, scheme 4's blanket loop would be filled with
natural lithium. Excess tritium would be bred until the isotopic con-
centration of Lithium-6 is depleted to the point where the tritium breed-
ing ratio is 1. Figure 9 shows that during this period, = 3.8 x 102]
excess tritons are produced pergram of lithium which could be used to
start up rew D-T reactors. These excess tritons could also be allowed
to decay into }b3 and "burned" in D-He3 reactors.

Referring again to Figure g ,it is obvious that any tritium breeding
ratio up to = 1.65 could be maintained by tailoring the Li6/Li atom
fraction if more excess tritiums were desired. But the higher the breed-
ing ratio, the lower the energy generation potential of the 1ithium resources. ‘
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For example, if a breeding ratio of = 1.5 were maintianed by keep-
ing the Li6/Li atom fraction at = 0.03, the energy potential of a gram of
natural 1ithium would be = 6.65 x 103 kWh, assuming all the tritium is
"burned" in a D-T reactor giving ~ 22 MeV per fusion. This is only 26%
of what was obtained from scheme 4 at a breeding ratio of 1.0.

Economics will dictate what Tithium utilization scheme is employed.
If Tithium is expensive, the high lithium utilization scheme 4 would be
advantageous. On the other hand, if the capital cost of the fusion plant
dominates and the cost of 1ithium-6, beryllium, and sodium is low, then
a higher energy yield per fusion scheme like number 1 (=30 MeV vs = 22 MeV)
qould be better.

In another Culham paper, entitled "Preliminary Design Considerations
for an Astron Reactor System,”!2 I examine the tradeoff between tritium
breeding and energy generation in a blanket containing beryllium for
neutron multiplication by the reaction,

4 _1.67 Mev,

Be(nf,2n) 2He
lithium for tritium breeding, sodium for energy generation by the re-
spective reactions,

4

NaZ3 (n,y) Na2* + 6.97 Mev

Na24 871 Mg2? + 5.51 Mev,
15h

and niobium for blanket structure.

Neutronic analysis of the blanket employed the SORS!10Monte Carlo
neutron-transport code. The code uses 66-group neutron cross sections
derived from the Howerton-evaluated LRL (Lawrence Radiation Laboratory,
Livermore) neutron cross-section library. Five batches of 500 neutrons
each were used for each problem.

123



Blanket geometry was taken to be an infinite length cylindrical
annulus with an inner and outer radius of 280 and 380 cm, respectively.

To reduce the power density near the inner radius and increase tritium
breeding from lithium-7, the blanket was divided into two zones. The
inner zone contained only natural lithium coolant and niobium structure
with volume fractions of 75 and 5, respectively. Zone 1 thickness was
10 cm. The neutronic analysis treated zone 1 as two 5-cm-thick regions,
regions 2 and 3. Region 1 simulated the D-T plasma and contained a

14.1 MeV isotropic neutron line source at the center of and normal to
the blanket axis.

The outer blanket zone was 90 cm thick and subdivided into five
regions (4 through 8) of increasing thicknesses. This zone contained
35% beryllium, 40% coolant, and 5% structure by volume. Both blanket
zones 1 and 2 contain 20 v/o heat pipe void. Neutron analysis of a
blanket in which zone 2 contained 50 v/o beryllium, 25 v/o coolant and
5 v/o structure, is also presented for comparison.

The materials in the two blanket zones are homogeneous mixtures
of the required elements. Values of weight and atom densities of these
are based on an average material temperature of 1075°K. The beryllium
density used is D% of theoretical to provide for a 10 v/o interconnected
void for escape of felium generated by the Be(n,2n) 2He reactions. (See
Table 7).

TABLE 7

EFlement Densities

Element Density p (g/cc) N(atoms/cmS) x 10724
Be 1.592 0.1065
Li 0.447 0.0388
Na 0.742 0.01945
Nhb 8.25 0.0535
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With the volume fractions of the beryllium, sodium or lithium
coolant, and the niobium structure fixed by heat-transfer and structural
requirements at 35, 40 and 5 v/o, respectively, the ratio of lithium-6,
1ithium-7, and Na in the coolant was varied to examine the trade-off
between tritium production and energy generation per 14.1 MeV fusion
neutron. Table 8 lists the results of four such variations of the

coolant mixture
TABLE 8

Tritium Breeding and Energy Generation

vs. Coolant Mixture With Total Coolant = 40 v/o

Coolant fluid (v/o) pggéfligtrir]on genE?Zfigo};l, E
Case Li6 Li(nat) Na (T/n) (MeV/n)
1 0.1 0 39.9 0.936 24.21
2 0.2 0 39.8 0.998 23.94
3 40 0 0 1.84 22,46
4 0 40 0 1.639 23.08

For comparison, a blanket with 50 v/o beryllium, 25 v/o coolant,
and 5 v/o niobium structure in region 2 gives the results listed in Table 9.

TABLE 9
Tritium Breeding and Energy Generation vs.

Coolant Mixture With Total Coolant = 25 v/o

Coolant fluid (v/o) Tritium Energy
T : production generation, E
Case Li Li(nat) Na (T/n) (MeV/n)
11 0.1 0 24.9 1.24 26.05
12 25 0 0 2.07 24.61
13 0 25 0 1.69 24.73
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Energy generation — MeV/neutron

Figure 11 graphically displays these results.

30 ; I — . l ]
Case Coolant composition v/%
7T No Lié Na Nat. Li i
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Fig. 31 Energy generation vs. breeding ratio for varying coolant

Breeding ratio — tritons/neutron

mixtures.
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Cases 1 through 4 and cases 11 through 13 are blankets with total
coolant volume fractions at 40 percent and 25 percent, respectively.
is interesting to rote the natural lithium coolant cases (4 and 13) com-
pared to the 1lithium-6-sodium mixture cases. It does not appear worth-
while to separate 1ithium-6 and mix it with sodium.

It

More detailed results from case 4 are listed in Table 10.

TABLE 10
Tritium Breeding and Energy Generation By Zone for Blanket, Case #4
Outer Trit

Re,%ioon Rra;ici:;s) — fusionogtsaugign fu];:?oerf%%ut. 31:\1;
No. o /n T!/n T/n E/n(MeV) %
1 280 - Plasma Region
2 285 0.100 0.068 0.168 1.92 2.4
3 290 0.117 (0.066 0.183 1.98 2.4
4 293 0.085 0.033 0.118 2.50 1.9
5 300 0.100 0.030 0.130 2.41 2.3
6 320 0.428 0.083 0.511 7.71 1.6
7 340 0.286 0.036 0.322 4.13 4.0
8 380 0.187 0.020 0.207 2,43 2.4

Totals 1.303 0.336 1.639 23.07

The T/n, T//n, T/n and E/n are again the lithium-6, 1ithium-7 and
total triton producing reactions and energy generation per fusion neutron
in the seven blanket regions and their totals.

It is apparent the presence of beryllium in the blanket (case 4 has
35 percent by volume) causes a marked increase in energy generation, 23
vs. 18 MeV per 14 MeV neutron or 28 percent, over the all 1ithium blanket

discussed earlier.
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In another Culham paper, Steiner!3 compared the nuclear behavior of
two designs differing only in their vacuum wall-coolants. One design
employs Tithium, the second 1ithium-beryllium fluoride (flibe). Cal-
culations were performed using the ANISN one-dimensional discrete or-
dinates transport code e mploying 100 neutron and 21 gamma energy
groups, an eight order quadrature and a third order Legendre expansion.

Blanket geometry was a slab with perfect reflection at the inner
surface. Blanket configuration contained a % cm niobium vacuum wall,
3 cm vacuum wall coolant (lithium in design 1, flibe in design 2), % cm
niobium second wall, 60 cm 1ithium coolant diluted by 6 percent niobium
structure, 30 cm graphite moderator, and 6 cm 1ithium coolant diluted
by 6 percent niobium structure. Total blanket thickness was 100 cm.

As shown in Table 11 tritium breeding in Steiner's blanket are 1.35
and 1.22 for designs 1 and 2. These are attractive but somewhat lower
than the 1.77 and 1.64 breeding ratios the SORS-N Monte Carlo calculated
for the 1ithium and Tithium plus beryllium blankets discussed earlier.
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SUMMARY DESCRIPTIONS OF DESIGNS 1 AND 2 (STEINER)

TABLE 11
De THICKNESS
II\}EU%(E)E OFsﬁggIDgJON OF(ER%;%CS)N DesiaN 1 DesIon 2
1 Vacuum WaLL 0.5 NIOBIUM NIOBIUM
2 Vacuum WaLL CoolanT 3.0 LITHIUM FLIBE
3 SeconD WALL 0.5 NioBIUM NIOBIUM
4y CooLANT 97 LiHium 947 LimHIUM
+ 60.0
STRUCTURE 6% N1oBIUM 6% NioBIum
MODERATOR 30.0 GRAPHITE GRAPHITE
CO?_LANT 6.0 947 L1THIWM 9% LitHIum
STRUCTURE ' 6% NicBIuM 6% NIOBIUM
ToraL 10 e

NoTE: ALL PERCENTAGES ARE VOLUME PERCENTAGES

SUMMARY OF TRITIUM BREEDING CALCULATIONS® (STEINER)

DES1GN T6 T7 T L
1 0.89 0.46 1.35 0.023
2 0.8 0.36 1.2 0.020

* Basis: ONe 14-MEV NEUTRON INCIDEN% ON THE VACUUM WALL., T6 IS THE TRITIUM
9REEDING TRITIUM BREEDING RATIO IN “LI, T7 IS THE TRITIUM BREEDING RATIO IN
L1, T 1S THE suM OF T6 AND T7, AND L IS THE NEUTRON LEAKAGE.
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Steiner did an excellent job for analysing heating in his blankets. ‘
Figure 12 shows the striking difference in heating rates in the first
three blanket regions between having 1ithium or flibe as vacuum wall
coolants, designs 1 and 2, respectively.
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r"?S- 12 Spatially-D_ependent Heating Rates for the First Three Regions
of Designs 1 and 2. (Steiner)
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HEATING RATE (watts/cm’)
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Heating rates are based on a wall loading of 10 MW/m2 of 14 MeV

neutrons incident on the vacuum wall.

Figure 13 shows heating rates over the entire blanket design No. 1.

Heating rates here are also based on a wall loading of 10 MW/mZ.
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Fig. 13 Spatially-Dependent Heating Rates for Design 1. (Steiner)

131

100



Based on the preceeding discussions, I believe it is safe to say
that required tritium breeding from DT fusion neutrons is indeed achievable
in realistic blankets. Blankets that meet structural and heat transfer
requirements. What remains to be seen is the economics of real blankets.

Before leaving the subject of tritium breeding, I would 1ike to
make some comments about an intriguing concept reported by Lidsky in
his Culham paper !* entitled "Fission-Fusion Symbiosis." In this paper
he suggests we could use the excess tritium breeding capacity that
blankets have to produce fissile U233 or Pu239 by capturing the excess
neutrons in TH232 or U238. This fissile fuel would then be used to
augment the fuel production in a converter fission reactor to give a
much shorter doubling time than the envissioned fission breeder reactor
will give.

The suggestion is to combine a DT fusion reactor and a fission con-
verter reactor into a system where the advantages of each offset the
disadvantages of each. The neutron rich but power balance poor DT fusion
reactor and neutron poor but power rich fission converter reactor could
make a very attractive couple.

In his paper Lidsky sites as an example a molten salt converter
fission reactor and a toroidal fusion reactor combination. The fission
reactor had a conversion ratio of 0.96 and the fusion reactor blanket
produced 1.126 tritons and 0.325 fissile atoms per DT fusion neutron.
The overall fuel doubling time was 5 years and the capital cost per net
electrical kW was estimated to be 3 180 $/kwe.

If such a system is viable, I see two major advantages. First, it
has a much shorter fuel doubling time, 5 years, than an all fission
breeder plant which Lidsky referenced as being a minimum of 15 years.
When compared with a demand doubling time of more 1ike 10 years, the
advantage is obvious. Second, if viable, such a system would negate
the need for development of fission breeder reactions, which in turn
would allow more effort to be placed on fusion research and development
hastening the day of pure fusion power.
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RADIOLOGICAL ASPECTS

When considering a new power source to meet the future power re-
quirements of our planet, its environmental implications must be con-
sidered. Nuclear energy's advantages over fossil fuels are obvious:

No burning of our oxygen and hydrocarbon resources, and no release of
carbon dioxide and other combustion products to name the most obvious.

On the other side of the coin, nuclear energy poses radiological
problems that must be dealt with. In my opinion, the radiological
problems of nuclear energy can be dealt with while the burning of
oxygen and release of carbon dioxide etc. cannot long be dealt with
assuming the energy demand continues to grow as projected.

What are the radiological problems of fusion and how do they com-
pare with those of fission?

In my comparison of fusion and fission, I do not mean to imply
fission is hazardous and fusion is not. I only want to show that deal-
ing with the radiological problems of fusion systems should be much
easier than dealing with the radiological problems of fission systems.
Two obvious advantages of fusion are:

1.  Fusion reactions produce stable helium while fission products are
a multitude of highly radioactive elements.

2. Fusion reactors will be incapable of a nuclear run away. The
fusioning plasma is so tenuous there is never enough fuel present
at any one time to support a nuclear excursion. A fission reactor
must contain a critical mass of fissionable material containing
an extremely Targe amount of potential energy.

Both the DD and DT fusion reaction produce fast neutrons and pro-
duce and consume tritium, respectively. These neutrons and the tritium
are the primary causes of the radiological problems fusion reactor system
designers must deal with.
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The DT reaction with its resulting 14.1 MeV neutron and required

tritium and tritium breeding poses a greater radiological problem than
DD fusion. The radiological problems of a DT fusion reaction will be:

—
.

Shielding primary and secondary neutrons and gammas.
2 Containing radioactive materials during normal operation.
3. Containing radioactive materials in case of an accident.
4

Storage of radioactive waste products.

To get some feeling for the magnitude of these problems, I would
like to crudely compare a DT fusion reactor and a fission reactor.

For this evaluation, the tritium producing DT reactor blanket is
assumed to be composed at 75% lithium, 5% niobium structure, and 20%
void (by volume). A 1.5 meter thickness and lithium depleted to 4%
Lithium-6 was found to give the desired breeding ratio of 1.3. Results
of the blanket neutronic calculations follow:

TABLE 12

Reactions: Per 14.1 MeV Neutron
Tritium breeding 1.31
Energy 17.1 MeV
Li7(n,n'a)T reactions 0.704
Li%(n,o)T reactions 0.602
Nb?3(n,y) Nb°% reactions 0.232
Li’(n,y) Li® reactions 1.79 x 1074
Nb93(n,2n) Nb92 reactions 0.125

The 14.1 MeV neutrons produced by the DT fusion reaction is the
primary source of the radiological hazard.

These neutrons are the major components of the penetrating radiation
that must be shielded. These neutrons also produce secondary gammas in .
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the blanket due to inelastic and capture reactions. These reactions in
turn cause a contamination hazard by activation of the blanket materials.

1. Since about 80% of a DT reactor's power is born as fast neutrons
and gammas compared to about 10% in a fission reactor, neutron and gamma
shielding problems in a DT reactor should be more difficult than in a
fission reactor.

2. During normal operation, tritium leakage should be the major con-
taminationproblem for a DT reactor. Morley and Kennedy in another Culham
paper, "Fusion Reactors and Environmental Safety,"!> compare dose rates
from a tritiun leakage rate of 0.1% (5 x 10° Ci/y/1000 MH_) of tritium
burned to dose rates from the noble gas fission product krypton-85 (half
life = 10.8y) which is currently discharged to the atmosphere. At a total

6

power level of 10 Mwe the tritium world dose rate at equilibrium is

stated to be 0.12 mrem/y vs. 1.8 mrem/y for krypton 85.

3. In comparing the potential accidental contamination problems of
fusion and fission, two factors are considered.

(1) Amount and kinds of radioisotopes present.

(2) Radiological tolerance to these radioisotopes.

I have estimated the radioisoé}e inventory based on a 2000 MW(th)
plant and the blanket reactions shown in Table 12. The tritium inventory
in a 2000 MW fusion plant has been estimated!® at & 1 kg or 9.48 x 100
curies. Luckily the by-product of the required tritium breeding neutron-
1ithium reactions is stable helium. Lithium-7 does undergo a neutron
capture reaction but its probability is so Tow and 1ithium-8's half life
is so short (0.085 sec) it is of no consequence.

The remaining blanket material, niobium-93 structure, undergoes
both an n,2n reaction producing niobium-92 (half 1ife 10.1 days) and
a capture reaction producing two isomeric slates of niobium-94 (half
lives 6.6 min and 2 x 104 years).
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Inventory calculations of these materials assume the short half
1ife materials are in équilibrium and the long half 1life niobium-94
isomer has been building up for 1 year. Results are:

Material Half Life Inventory (Curies)
Lithium 8 0.0855 3.27 x 10°
Niobium?2 10.1d 2.0 x 10°
Niobium? 2 x 10%y 1.13 x 10°
Niobium® ¥* 6.6 m 3.43 x 10°

For comparison a 2000 MW fast fission reactor would contain =1000 kg
of plutonium!? which is 6.13 x 104 curies. To get a feeling for the
relative hazard potential of the fusion reactor radioisotope inventory
compared to the plutonium inventory of a fast fission reactor each
are weighted by the reciprocal of their Continuous Maximum Permissible
Concentrationl® (MPC's) in air.

) )
ey * MpC(Nb?) ' MPC(Nb> )
Relative Hazard =
A(Pu239
ﬁﬁt(ﬁﬁ?§%)
_ 4.7 x10%+4.5x10'%+1.1x10°
1.0 x 10/
1.0 x 1013 104
_ ! -
10

While the analysis was quite crude, I believe it gives a good
indication that the relative biological hazard potential of the material
contained in a fusion reactor is 3 to 4 orders of magnitude less hazardous
than the plutonium in a fission reactor.

4. To compare the relative difficulty of long term storage of radio-
active waste products both the chemical-physical problems of containment
and hazard potential of the materials stored must be compared. I have
estimated the latter by comparing niobium activated in a DT reactor
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blanket to the fission products of a fission reactor in the same manner
as above. Results indicate the hazard potential of the fusion blanket
waste products to be 3 20 times less than fission products.

Even though the analysis is crude and the use of MPC values are
questionable, I think the results are useful in getting a feeling
for the relative difficulty of dealing with the radiological problems.

Let me now sum up what I think are the radiological advantages of
a DT fusion system:

1.  The basic DT reaction does not produce radioactive waste
products.

2. The necessary tritium breeding reactions do not produce
radiocactive waste products.

3. Tritium is less hazardous than plutonium.

4. Tritium should be easier to contain than the noble fission
gasges.

5. Blanket activation can .be controlled by proper choice of
materials while one is stuck with fission products.

6. DT fusion can lead the way to even cleaner cycles such as
D He3 fusion.

7. Fusion reactors can not have a nuclear excursion.

CONCLUSION

Blanket neutronic calculatiors to date show that attractive tritium
breeding is possible making the DT fusion cycle an attractive choice.
In my opinion the simplest blanket, an all lithium blanket, is also the
best. Lidsky's proposal of a fusion-fission system should be given serious
consideration in the hope that fission breeder development can be skipped
and the day of fusion hastened.
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While we have made a good start, much more fundamental neutronics
work remains to be done, for example:

1. Cross section measurement, theory, evaluation and library
development is needed in neutronics and photonics.

2. Highly efficient shielding methods need to be developed to
1imit neutron and gamma heating problems in the supercon-
ducting magnets required to contain the plasma.

3. Rigorous methods must be developed and used to analyse and
deal with the radiological hazards involived.

4. Neutron damage to materials subjected to 14 MeV neutrons must
be understood and dealt with efficiently.

5. Neutronics must be integrated into an overall system analysis
procedure dealing with heat transfer, structure, and costs, etc.

I hope this presentation has been informative. For those of you
who wish to pursue the subject further, the Culham Conference papers!®
would make excellent reference material.
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A THERMAL ENERGY CONVERSION
SYSTEM FOR A FUSION REACTOR*

G. A. Carlson

Lawrence Radiation Laboratory, University of California
Livermore, California, 94550

ABSTRACT

The blanket of a fusion reactor performs several functions. The
primary function is the conversion of neutron kinetic energy to thermal
energy and the transfer of this energy to a thermal power plant. Another
important function, unique to the deuterium-tritium (DT) fuel cycle, is
the regeneration of tritium at a rate that exceeds its consumption in
the fusion reaction.

An analysis is presented which describes a self consistent, workable
blanket for a DT fusion reactor. The very high neutron energy flux at
the first wall is effectively distributed throughout a blanket constructed
of niobium, using lithium as a moderator-coolant and sodium heat pipes
to transfer heat radially. The lithium also provides adequate tritium
breeding. The blanket is made up of modules containing small diameter
tubes which  must be designed to withstand only small internal pressures.
The heavily loaded vacuum wall is external to the blanket, in a Tow tem-
perature, neutron-free environment.

The analysis includes heat transfer calculations for the first wall,
the heat pipes, and the Tithium coolant. Fluid flow calculations include
consideration of magnetically induced pressure gradients.

* This work was performed under the auspices of the United States Atomic
Energy Commission
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INTRODUCTION

As with any power plant, the production of useful power from a
fusion reactor plant requires conversion of the energy of the reaction
products into electricity. In general, the reaction products of a fusion
reactor are energetic charged particles and energetic neutrons. The
fusion source also emits considerable electromagnetic radiation.

Several fuel cycles are under consideration for fusion reactors,
and the fraction of reaction energy present in each of the forms is a
function of the particular fuel mix and operating conditions. Reaction
energy in the form of neutron kinetic energy is converted by a neutron
moderator into thermal energy for use in a thermal power cycle. Charged
particle energy may also be converted into thermal energy, but direct
conversion is an attractive alternative. Direct conversion of the energetic
charged particles would be accomplished through electrostatic deceleration
and subsequent collection of the particles on a set of electrodes. Such
a system has been proposed by Post! and has been treated from an engin-
eering standpoint by Werner.Z This paper will consider the design of
a thermal conversion system for the recovery of fusion neutron energy.

A particular fuel cycle and a particular set of operating conditions
which are believed to be representative of a typical fusion reactor are
chosen. Most of the discussion is devoted to the fluid mechanical and
thermal aspects of the conversion system, but structural aspects are
also considered. It will be seen that some special problems arise in
the design of the conversion system. It is believed that these problems
are all amenable to solution and that a workable thermal conversion
system for a fusion reactor is indeed possible.

FUSION FUEL CYCLES

The primary reactions which are considered for a fusion reactor
are shown in Table 1. The numbers in parentheses are the kinetic energies,
in MeV, of the reaction products.
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4 (3.5) + n (14.1)

—— _.He

2

3 (0.82) + n (2.45)

1

| 3 (1.0) + .H' (3.02)

1

1
102 + 2He3 e 2He4 (3.6) + JH' (14.7)

Table 1 - Primary Fusion Reactions

The deuterium-helium reaction (DHe3) produces only cnaraed particles
and, therefore, is an attractive candidate for use with only a direct
energy conversion system. The deuterium-deuterium cycle (DD) produces
neutrons carrying 34% of the total reaction energy and charged particles
carrying the other 66%. (The two DD reactions occur with almost equal
nrobability). The deuterium-tritium cycle (DT) has 80% of its reaction
energy available as 14.1 MeV neutrons. DD and DT reactors may erploy
both direct and thermal energy conversion systems. Because of the 80%
neutron energy for DT, however, it appears that thermal conversion systems

are essential for DT reactors.

In order to obtain net electrical power from any of these fuel cycles
it is necessary that the recoverable fusion power exceed the power losses.
Power losses are of two tynes, direct and indirect. Direct losses are
those associated with the escane of either radiation or reactant particles
from the plasma. Indirect losses are those associated with operation of
auxiliary equipment such as magnets and particle injectors.

Power balance against direct losses is primarily a question of the
rates of energy qgain and loss for each unit volume of the reacting plasma.
The rates of the fusion reactions are strong functions of the mean energy
of the reactants. Figure 1 shows fusion reaction cross sections (pro-
portional to reaction rate) as a function of the energy of deuterons
striking stationary targets. Observe that the DT reaction has the largest
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cross section for energies below about 500 keV. For energies below

100 keV the DT cross section is more than two orders of magnitude larger
than that for DD or DHe3. Studies have shown that a DT reactor can
produce net power at reactant energy levels substantially below those
required for other fusion cycles.3

PARTICULAR SYSTEM

A DT fusion reactor was chosen for this study for two reasons.
First, DT absolutely requires a thermal energy conversion system because
80% of the reaction energy appears as energetic neutrons. The second
reason is that the first fusion reactors to be built will probably operate
on the DT cycle because of its lower required reactant energy.

The assumed plasma parameters are shown in Table 2. It is believed
that these parameters are appropriate for a DT fusion reactor. The Tower
electron temperature is typical of the mirror type containment system.

Mean plasma ion energy, W} = 90 keV
Ton temperature, T, = (2/3) Wi = 60 keV
Electron temperature, Te = 20 keV

Plasma radius = 1.0 m

15 3

Plasma ion density, ng = 1 x 10°Y ions/cm

Plasma neutron power density =100w/cm3

Table 2 - Plasma Parameters

The plasma is assumed to be magnetically contained in a cylindrical
volume inside the coils of a superconducting magnet. Moderation of the
fusion reaction neutrons takes place in a region called the blanket, a
cylindrical annulus placed between the plasma and the magnet. The applied
magnetic field is assumed to be axial and about 70 kgauss in strenath.

The physical arrangement of the plasma, blanket and magnet are snown in
Figure 2.
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The radii of the blanket are 2.2 m inside and 4.1 m outside. The
inside radius is chosen such that power flux at the first wall is not
excessive. The thickness of the blanket is determined by the requirement
to reduce the neutron energy to a negligible fraction of 14 MeV. The
blanket is assumed to consist of several (5 or more) axial units of
length 5 m each. The units are structurally independent, but coolant
tubes are assumed to make a single axial pass through all of the units.
we shall design a blanket unit to convert fusion neutron power into
2000 Mw of blanket thermal power.

FUNCTIONS OF THE BLAIKET

Before we consider the details of blanket desicn let us consider
the several important functions of the blanket. The primary function
of any fusion reactor blanket is the conversion of the neutron kinetic
energy to thermal energy and the transfer of this energy to a thermal
power plant. To perform this function the blanket rust contain a fast
neutron moderator material and a fluid coolant.

An equally important blanket function, unique to the DT cycle, is
the regeneration of tritium by nuclear reaction at a rate that exceeds
its consumption in the fusion reaction. Tritium breeding is necessary
because the isotope does not appear in nature. Tritium is radioactive
and beta decays to helium-3 with a 12.3 year half 1ife. Both naturally
occurring isotopes of lithium, lithium-6 (7.4%) and lithium-7 (92.6%),
react with energetic neutrons to produce tritium. The reactions are
shown in Table 3. Thus, it appears that the blanket must contain lithium
in order to accomplish the tritium breeding function.

n o+ L ————+]T3 + 2He4 + 4.78 eV

T¥ + n' + _He' - 2.47 MeV

—_—_ ]

Table 3 - Tritium Breeding PReactions
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The third blanket function is structural: containment of the various
blanket materials and exclusion of the atmosphere from the blanket and
nlasma regions. The structural material must have good neutron economy
and an acceptably low rate of radiation damage.

DESCRIPTION OF A PARTICULAR BLANKET

The blanket for this study uses liquid natural lithium both as the
primary neutron moderator and as the blanket coolant fluid. The lithium
also provides the required tritium breeding. The blanket structural
material is taken to be niobium. The coolant temperature is assumed to
increase from 1000°Kat the blanket entrance to 1150°K at the exit.

A cross section through the blanket is shown in Fiqure 3. This
blanket is essentially the one considered by Werner at the Culham Fusion
Conference."* The blanket is made up of heat transfer modules that form
an interliocking structure. Radially, the blanket is divided into a
number of moderating zones. In this case, two zones are assumed; each
with a radial depth of about 1 m. It will be seen that the bulk of the
neutron energy is deposited in the first zone, and thus the more severe
heat transfer problems occur there. Circumferential division is primarily
for fabrication and assembly convenience.

Hote that the first wall of the blanket is not a "vacuum wall" as
it is in some fusion blanket concepts. In this blanket the hiahly loaded
vacuum wall is moved outside the blanket where it enjoys several advantages:

1. It exists in a region of essentially zero neutron flux and
therefore 1is not subject to radiation damage and neutron heating.

2. The temperature is low and the problems of structural creep
are eliminated.

3. The wall material and the maximum thickness of the wall are
no longer influenced by requirements for neutron economy.
The wall can be as thick as necessary for structural rigidity
and constructed of a common material such as stainless steel.
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The blanket proper contains two primary elements: axially directed
tubes for the flowing lithium coolant and radially directed heat pipes
for radial heat transport. We choose sodium as the appropriate heat
pipe working fluid. In sections to follow, we shall consider the thermal
and fluid mechanical operation of these two elements in some detail.

THE FIRST WALL

The fusion reaction takes place inside the volume enclosed by the
first wall. The energetic neutrons to be moderated in the blanket must
pass through the first wall, causing neutron heating. Radiation from
the plasma also heats the first wall. We must ensure that the total
heat load on the first wall is not excessive.

Neutrons

The neutron energy flux at the first wall may be calculated from
the plasma power density and the dimensions of the system. In this case,
the energy flux is 2.20 kw/cmz. Note that this neutron flux results in
a neutron power less than the 2000 MW for which we are designing the
blanket unit:

7 W

)
m2

(2r (2.2) (5.0) m?)

Neutron power (2.20 x 10

1520 Mw
The additional 480 Mw arises from nuclear reactions in the blanket itself.

The energy lost by the neutrons traversing the first wall has been
calculated using SORS-N, a Monte Carlo neutron-transport code.> For an
0.1 cm thick niobium first wall the neutron energy loss is 0.17 MeV. The
energy loss is very nearly proportional to wall thickness for walls thinner
than 0.1 cm.

The actual required thickness of the first wall may be calculated
based on allowable stress. Recall from Fiqure 3 that the first wall is
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actually made up of the end caps of many heat pipes, and thus the stress
in the wall is determined by the vapor pressure in the pipe. Assuming

a cylindrical end cap of radius 3 cm, a vapor pressure of about one
atmosphere (sodium at 1150°K) and an allowable stress of 5000 psi results
in a first wall thickness of less than 0.01 cm.

To be conservative from a stress standpoint and realistic from a
fabrication standpoint, we shall take the first wall thickness to be
0.1 cm, and thus absorb 0.17 MeV per incident neutron. This results in
a neutron heating load of 26 w/cm2 for the first wall.

Charged Particles

It should be mentioned that the charged particles of the fusion
reaction, which are carrying 20% of the reaction energy or 380 Mw per
blanket unit, are prevented from impinging on the first wall by the
magnetic containment system. This is fortunate because impingement of
the charged particles on the first wall would contribute an unacceptable
heating load of 550 w/cm2. The charged particles leak from the system
on magnetic field lines, and may be dealt with outside the reactor by
another thermal conversion system, or perhaps a direct converter.

Radiation

If the fusion plasma were a black body throughout the spectrum, it
would radiate according to the Stefan-Boltzman law at a rate:

12 ;4 2

= 5,67 x 100°° T w/cm

%R

24 w/cmz. Fortunately, this

At T = 60 Kev (7 x 10%K), g = 1.4 x 10
stupendous power flux does not occur because the plasma is nct a black
body. The fusion plasma does emit two types of radiation which must be
considered in the heating of the first wall. These are bremsstrahlung

radiation and electron synchrotron radiation.
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Bremsstrahlung occurs when an electron passes close to a nucleus
and is accelerated by the nuclear charge. In the fusion reactor, the
bremsstrahlung lies principally in the x-ray region of the spectrum.
The bremsstrahlung power density in the plasma has been calculated by
Glasstone and Lovberg® and may be written:

30

P = 2.14 x 107

B Ny Ny TE w/cm3

where Te is the electron temperatures in KeV and Ny and n, are the
number densities of deuterium and tritium, respectively, in ions/cm3.
For the present case, the bremsstrahlung energy flux on the first wall
is:

2
(2.14 x 107%0) (0.5 x 101%)? (20)% {190.0)

54 w/cml

0
oo
l

Because of the x-ray frequency of bremsstrahlung, this tectal energy flux
is absorbed by the first wall.

Electron synchrotron radiation emerges from the fusion plasma due
to electrons gyrating in the applied magnetic field. Since this radiation
lies in the infrared and far infrared regions of the spectrum, reflection
by the first wall surface significantly reduces the heat load. The syn-
chrotron radiation absorbed by the first wall is a function of the thick-
ness of the plasma (important because reabsorption is significant), the
electron temperature and number density, the magnetic field strenagth,
and the coefficient of reflectivity of the wall. Mills? has shown that
the absorbed synchrotron radiation is more than two orders of magnitude
less than the bremsstrahlung heat load for the plasma parameters of this
study and magnetic fields as strong as 75 kilogauss. The synchrotron
radiation heat load on the first wall will therefore be neglected.
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An additional heat load on the first wall may arise from gamma
radiation backscattered from neutron-gamma reactions in the blanket.
This effect has not been calculated for this blanket because SORS-N,
the neutron transport code, does not consider the transport of gamma
radiation. SORS-N assumes the energy of neutron-gamma reactions to be
deposited at the site of the reaction. An investigation by Steiner8
which included gamma transport concluded that backscattered gamma was
not significant for a lithium cooled blanket. (Steiner did find sig-
nificant first wall heating from backscattered gamma for a blanket
cooled with Tithium-berylljum fluoride (flibe).) Therefore, with
some justification, we ignore backscattered gamma radiation.

Total First Wall Heating

The total heat load on the 0.1 cm thick first wall is the sum of
the neutron energy deposition and the bremsstrahlung radiation, a total
of 80 w/cmz. For niobium the temperature difference across the wall
is 15°K. The 80 w/cm2 to be removed from the outside surface of the
first wall is well within the capabilities of high performance liquid
metal heat pipes. Heat pipe fluid will vanorize in the wick which
covers the outside surface of the first wall, and the vanor will carry
the heat radially outward. The maximum heat removal capability at
such a wall is determined by the flux at wiaich nucleate boiling occurs
in the wick structure, For typical sodium heat pipes it annears that
200 w/cm2 is a reasonable 1limit.

POWER DENSITY I THE BLANKET

The neutron energy deoosition in the blanket has been calculated
using SORS-N, the same neutron transport code used to calculate energy
deposition in the first wall. For this calculation, the blanket is
assumed to be a radially uniform homogeneous mixture made up of its
various component materials in proper proportions. The volume fractions
for this blanket have been estimated to be 0.75 natural lithium, 0.05
niobium and 0.20 heat pipe void. Although the heat pipes contain a
working fluid, in this case sodium, the amount is negligibly small from
a neutronics standpoint.
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Before we consider the radial variation of power density in the
blanket let us look at some overall results of the neutronic calculations.
The average total energy deposited per incident 14.1 MeV neutron is 18.6
MeV. It is this energy multiplication, due to various nuclear reactions
in the blanket, which increases the 1520 Mw of neutron power per blanket
unit to 2000 Mw of blanket thermal power. The energy multiplication
can be further increased by increasing the fraction of niobium in the
blanket or adding other materials which undergo neutron multiplication
reactions (such as beryllium) or exothermic neutron capture reactions
(such as sodium).

The tritium breeding reactions of lithium-6 and lithium-7 result in
a tritium breeding ratio (tritons generated per triton used) of 1.66,
more than sufficient to sustain the reaction if an effective recovery
method can be devised. One approach investigated by Werner? indicates
that tritium recovery should not be a problem. Recall that this blanket
uses natural Tlithium. Although lithium-6 constitutes only 7.4% of natural
lTithium, it accounts for somewhat more than half of the tritium produced
because of a higher average reaction cross section. Although it might
seem that tritium breeding could be greatly increased by using lithium-6
enriched 1ithium, such is not the case because the lithium-6 reaction is
a neutron capture reaction while the 1ithium-7 reaction is (n,n'a). Thus,
replacing Tithium-7 atoms with 1ithium-6 increases the probability of
1ithium-6 reactions, but decreases the probability of lithium-7 reactions
followed by 1ithium-6 reactions, a process which yields two tritons per
source neutron. It turns out that natural lithium is very nearly the
optimum mix for maximum tritium breeding.

The various tradeoffs concerning tritium breeding and blanket energy
generation have been considered in some detail by Lee.10

The average energy which leaks beyond the outside radius of the
blanket per incident 14.1 MeV neutron is 0.0752 MeV. This amounts to
a neutron power loss of 8 Mw per blanket unit, only 0.4% of the blanket

thermal power. Although the power loss is trivial from an energy utilization
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standpoint, it is necessary to deny its access to the superconducting
magnet with neutron and gamma radiation absorption shields.

The radial variation of blanket power density is shown in Figure 4.
The maximum power density is about 46 watts/cm3. Approximately 90% of
the total thermal power appears in the first 100 cm of the blanket, which
we have previously designated as the first radial moderating zone. The
average power density in this zone is 21 watts/cm3. We shall deal only
with the first zone in our consideration of blanket heat transfer and
fluid flow.

HEAT TRANSFER

The consideration of heat transfer in the first radial zone of the
blanket may be separated conveniently into two elements. First is the
operation of the heat pipbes which transnort heat radially outward from
the region in the zone where the power density exceeds the average to
the region deficient in power. Second is the transfer of heat into the
axially flowing lithium coolant in the deficient power region and out
of the coolant in the excess power region.

Heat Pipes

Heat pipes are self-contained thermal conductance devices which

can transfer large quantities of heat as latent energy by evaporating

a working fluid in a heating zone and condensina the vapor thus produced
in a cooling zone. The condensate is returned to the heating zone by
capillary pumping. The heat transfer is essentially isothermal. In the
present application the heat pipes consist of radial passages between
radial rows of axially directed coolant tubes. Capillary wicking covers
the outside surfaces of the coolant tubes.

The purpose of the heat pipes is to redistribute the energy de-
posited in the blanket zone so that the coolant everywhere handles
exactly the average power density (21 watts/cm3). As shown in Figure 4,
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the power density of the blanket equals 21 watts/cm3 at about r = 268 cn,
or 48 cm from the first wall. The average power density in the first

48 cm of the blanket is 31 watts/cm3; so the "excess" blanket power to
be transported radially outward is 368 Mw. If we also distribute the
first wall heat load (55 Mw) uniformly throughout the first blanket zone
the total heat to be transported radially outward past the r = 268 cm
station is increased to 400 Mw.

The peak axial heat flux in the heat pipes (radial direction in
the blanket) is 400 Mw divided by the total heat pipe cross sectional
area at r = 268 cm. Estimating the flow area as 20% of the available
circumferential area results in a peak axial heat flux of 2.4 kw/cmz.
This is within the capability of sodium heat pipes, at least in zero
magnetic field applications. In the present application, however, the
heat pipes are perpendicular to the magnetic containment field; so the
electrically conducting heat pipe fluid is subjected to magnetically
induced pressure gradients. This effect is discussed in the section

on fluid flow.

Lithium Coolant

The pwer handled per unit volume of lithium is the average power
density divided by the lithium volume fraction, or 21/0.75 = 28 w/cm3.
The heat to be transferred between the 1ithium coolant and the heat pipe
fluid depends on the difference between the local power deposition in
lithium and the average power handled. Unfortunately, the exact power
deposition in the Tithium is unknown because the neutronics calculations
assumed a homogeneous blanket. As an estimate, we take the local lithium
power to be the blanket power density divided by 1.0 minus the void fraction.
3 at the firs:
wall and a minimum of 6.5 w/cm3 at the outside radius of the first zone.
Thus, the greatest heat transfer to or from the lithium coolant occurs
at the first coolant tubes, where the excess power deposition is 58 - 28
= 30 w/cm3. We shall consider the heat transfer for these critical tubes.

This results in a mximum 1ithium power density of 58 w/cm
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An energy balance for a circular tube with uniform internal heat
generation yields:

9, = Rag/2

where g is the surface heat flux, R is the tube radius, and QG is the
volumetric heat generation (in this case, g is the excess power deposition,
30 w/cm3). Since we must limit 9 to < 200 w/cm2 to prevent nucleate
boiling in the heat pipe wick, the maximum tube radius we can consider

is R = 13 cm. To be conservative we shall take R = 3 cm.

The radial temperature profile inside the lithium tube depends
upon the characteristics of the flow. Turbulent convection would result
in the smallest temperature variation. Laminar flow, which may persist
even at high Reynolds numbers because of the parallel magnetic field,!!
results in greater temperature variation. Here we calculate the worst
case by assuming solid body conduction. The centerline to wall tem-
perature difference is given by:

qu

- G
AT = Ak

where k is the thermal conductivity of the lithium, approximately 0.63
w/cm®°K. For R = 3 cm, the temperature difference is AT = 110°K. If the
minimum operating pressure of the lithium is 1 atmosphere the boiling
point is over 1600°K; so the maximum 1lithium temperature, 1150 + 110 =
1260°K, is of no concern.

FLUID FLOW

Both the heat pipes and the 1lithium coolant tubes are inside the
magnetic field region. Thus, in addition to normal flow losses, the
electrically conducting fluids are subjected to magnetically induced
pressure gradients.
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Heat Pipes

Fluid flow in a heat pipe consists of vapor flow in the core of
the pipe and liquid flow in the capillary structure 1lining the inside
of the pipe walls. The two flows are parallel but in opposite directions.
The maximum fluid circulation in a heat pipe and the accompanying maximum
heat transfer capability are calculated by equating the sum of the liquid
and vapor flow pressure drops to the pressure rise across tihe capillary
meniscus.

In the present application the vapor and liquid flows in the heat
pipe are perpendicular to the applied magnetic field. The magnetic
effect on the vapor flow is negligible because of the low electrical
conductivity of the vapor. However, the magnetic effect on the liquid
flow is very important, and must be considered in the desian of the
heat pipe. Electrical eddy currents flow in the liquid in a plane per-
pendicular to the fluid velocity, causing thinning of the side-wall
boundary layers with accompanying increased viscous losses. These elec-
trical currents are increased if the channel walls are electrically con-
ducting, resulting in a magnetic body force in the liquid which opposes
its motion.

Modification of the heat pipe equation to include the magnetic
effect on liquid flow has been reported by Carlson and lioffman.12 The
report lists three important steps for minimization of the magnetic effect:

1. The wick structure should have as small a wall electrical
conductance as possible.

2. There is a great advantage to a compound wick structure
with large liquid flow channels covered with a fine mesh or
screen to provide the capillary pumping.

3. Maximum performance requires optimizing the liquid-vapor area
apportionment in the heat pipe for the particular magnetic
field to be encountered.
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For a particular heat pipe with length 1 m and diameter 2 cm using
sodium at 1000°K as the working fluid, the following maximum axial heat
fluxes are calculated in Ref 12. The parameter C is the ratio of wall
to fluid electrical conductance.

Zero magnetic field: q = 5.1 kw/cm2

Magnetic field = 70 kilogauss:

4.4 ku/cm®

=0 q =
C=0.001 g =2.5
C=0.01 qg=0.8

It appears that such a heat pipe could satisfy the requirements of the
present application (q = 2.4kw/cm2) if C can be maintained sufficiently
close to zero. The nonconducting wall case, C = 0, is especially promising,
but whether suitable insulators compatible with high temperature sodium

can be found is not known.

For the non-zero C cases, if we neglect the effect of contact
resistance, the conductance ratio may be written:
owt

c = X
O‘La

where O and o are the electrical conductivities of the wall and liquid,
respectively, a is the half-width of the flow channel, and tw is the
effective channel wall thickness. At 1000°K the conductivities of niobium
and liquid sodium are about equal; so C is approximately tw/a. While

C = 0.01 may be possible for thin-walled niobium heat pipes with a = 1 ¢m,
it appears that C = 0.001 is impossible.

Electrical contact resistance between the liquid metal and a metallic
heat pipe wall would decrease the value of C. This effect has not been
investigated. Another possible solution to the problem is a sandwich
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construction of the heat pipe wall. A very thin metal layer (small tw)
would be bonded to the primary metal structure with an intermediate

oxide insulator.!3 If all else fails, it may be necessary to investigate
the possibility of an electrically non-conducting working fluid for the
heat pipes. Then, of course, the magnetic effect would be comnpietely
eliminated.

Lithium Coolant

The 1ithium coolant makes a single axial pass through the blanket.
Assuming 5 axial blanket units and a 1ithium temperature rise of 150°K
yields a volumetric flow rate of 33 m3/s in the first radial zone. For
the given cross section of the blanket the 1ithium flow velocity is a
moderate 2.5 m/s. The Reynolds number for a tube with radius 3 cm is

3 x 105.

The flow of the 1ithium within the blanket is narallel to the maanetic
field and therefore not subjected to the maanetic pressure dron considered
for the heat pioe liquid flow. For normal turbulent flow in smooth walled
pipes, the pressure drop of the 1ithium is only 8.7 x 103
1.3psi. This pressure drop may be further reduced if the magnetic field
is effective in laminarizing the flow. This effect has been renorted
by Globell but only for Reynolds numbers un to 4000.

H/mz, or about

Although the 1ithium flow is parallel to the magnetic field within
the blanket, it must cross the field as it enters and exits the blanket
regfon. In these entry regions, the flow is subjected to two maanetic
effects. First is the Hartmann effect: electrical eddy current flow in
the liquid in a plane perpendicular to the fluid velocity. This is the
same effect discussed previously in the section on heat nipe fluid flow.
Second is the “end loop effect": electrical eddy current flow in a nlane
perpendicular to the magnetic field. These currents are caused by maanetic
field gradients. Unfortunately, the two effects can be evaluated senaratelv
and the results superimnosed only for the case of nonconducting walls.
With conducting walls the two effects are coupnled because both tyres of
eddy currents flow through the walls.
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For the case of nonconducting walls the entry reqion nressure drop
due to the Hartmann effect is given by:

P, = uT Jom &
where u is the flow velocity, B is the average maonetic field strength,
o is the electrical conductivity, n is the viscosity, ¢ is the entry
length, and R is the tube radius. The entrv region pressure dron due
to the end loop effect is qiven by Shercliffl“ for the special case
2 = 0 (step change in field strength):
- 2

A PE = 0,27 ocuB™R
where B is the strenath of the maanetic field to be entered. The con-
stant in this equation is a decreasina function of 2/R. Hoffmanl® has
calculated 0.16 for 2/R= 1 and 0.035 for 2/R = 8.

The way in which the fluid should be broudht into and out of the
field is not obvious. An abrupt entry through a large diameter manifeld
at a position of high magnetic flux density weould minimize the Hartmann
effect. On the other hand, a gradual entrv through small diameter tubes
at a position of weak magnetic field gradients would minimize the end
loop effect. Furthermore, the degree to which either of these approaches
can be adopted is uncertain because a detailed descrintion of the magnetic
field is not available.

In order to calculate a "worse than real” example, we make the
following assumptions: For the Hartmann effect assume R =3 cm and ¢ =
3m. Then, for B = 35 kgauss,

oy = 2.0 x 10 WP = 3.0 psi

For the end loop effect assume R = 3cm and &/R = 8. Then, for B = 70 kqauss,

sPp = 3.5 x 10° N/m° = 51 psi.
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Doubling the sum of APH and APe to account for both entry and exit and
adding the normal viscous pressure drop (1 psi) yields a total Tithium
pressure drop of 110 psi. Such a pressure drop requires neither a high
operating pressure nor excessive pumping power. The pumping power in

this case would be 25 Mw, or only 0.3% of the 5 unit blanket thermal power.

The consideration of the 1ithium pressure losses in the magnetic
field entry and exit regions for the case of conducting wall tubes is
beyond the scope of this paper. It appears, however, that losses in
this case may be excessive unless the conductance ratio C can be very
small. Insulated walls may therefore be a necessity in the entry regions.

THERMAL POWER PLANT

This paper does not include any calculations for the thermal power
plant facilities external to the fusion reactor blanket. However, the
total system flow diagram is imagined to look like that shown in Figure 5.
The binary, potassium-steam Rankine cycle shown with the temperatures
indicated is considered to be within current technology. The binary
cycle was chosen over a single fluid cycle to illustrate increased cycle
efficiency. At the conditions cited the system yields a thermal effic-
iency of 50%. Details of the cycle analysis may be found in Ref. 16.

CLOSURE

The DT fusion reactor blanket discussed herein appears to be a
workable system for the conversion of neutron kinetic energy into thermal
energy. The very high neutron energy flux at the first wall is effec-
tively distributed throughout a blanket constructed of niobium, using
Tithium as a moderator-coolant and sodium heat pipes to transfer heat
radially. The 1ithium also provides tritium breeding adequate to sus-
tain the reaction. The blanket is made up of modules containing small
diameter tubes which must be designed to withstand only small internal
pressures. The heavily Toaded vacuum wall is external to the blanket,
in a Tow temperature, neutron-free environment. While the heat transfer
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and fluid flow calculations presented describe a self consistent, work-
able system, no claim is made as to optimum design.

One problem which requires much more investigation is the apparent
necessity for the heat pipes and the 1ithium coolant inlet and outlet
tubes to have walls which are electrically nonconducting, or at least
of very low conductance. Additional analyses and experiments are required
to determine if this apparent necessity is real, and material combatibility
studies will be required to determine if the nonconducting wall is feasible
for high temperature liquid metal flows.
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MIRROR MACHINES AND DIRECT CONVERSION*

R. W. Werner

Lawrence Radiation Laboratory, University of California
Livermore, California, 94550

ABSTRACT

Direct conversion of fusion reactor charged particle energy to
electrical form is discussed. The method of conversion, using a series
of electrostatically focused collector electrodes permits efficiencies
in excess of 90%. The source of charged particles are the "classical
losses" in mirror machines, i.e. the loss of charged particles into
the escape cone of the mirrors.

The concept is one proposed by Post of the Lawrence Radiation
Laboratory.

This paper was prepared for presentation at the Symposium on Fusion
Reactor Design, June 2-5, 1970, at Texas Tech Univ., Lubbock, Texas.

* This work was performed under the auspices of the United States Atomic
Energy Commission.
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INTROBUCTION

In the normal context of the definition, "direct conversion" is
concerned with those processes by which energy in its various forms is
converted directly to electricity without the necessity of an inter-
mediate step, or more accurately, using fewer intermediate steps than
conventional converters. Direct conversion also implies the elimination
of moving parts. Different forms of direct converters come readily to
mind: thermionic generators, thermoelectric generators, semiconductors,
magnetohydrodynamics, etc. The development of these converters to date
has been such that few of them have achieved or even have the potential
of achieving efficiencies that approach the more conventional, traditional
methods of conversion such as a Rankine or Brayton cycle. Since traditional
systems themselves rarely achieve efficiencies as high as 50% and more
commonly average out at about 33% because of heat engine Timits, this
is a serious shortcoming for direct converters as a class of mechanisms.
Nevertheless, they hold a strong position in current technology because
of their unique characteristics and special applications, particularly
in space technology.

To this Tist of direct converters we would now 1ike to add a direct
converter for fusion reactors which need not have the limits of effic-
iency that we associate with the other converters. This is one proposed
by Dick Post of the Lawrence Radiation Laboratory.! 1In the direct con-
verter as it relates to fusion reactors and to mirror machines in par-
ticular, it is the conversion of kinetic energy of the charged particles
of the reaction products with which we will be concerned and it will be
shown that in principle, and in contrast to the other converters where
efficiencies are limited, direct conversion of plasma energy to electrical
form can be done at exceedingly high efficiency and that this efficiency
can be in excess of 90%. That this is possible is based on the fact
that the usual Carnot 1imit as it applies to mirror machines and charged
particles does not control efficiency and on the added fact that the
particle flux escaping from a mirror system does so in a thermodynamically
orderly way. Carnot limits state that no heat engine can be more effic-
ient that the efficiency defined by the ratio of the difference in the
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maximum temperature of the working substance minus the rejection tempera-
ture divided by the maximum temperature. In our case, working fluid
temperatures, the charged particle kinetic energy, are millions of degrees
Kelvin and rejection temperatures are only hundreds of degrees Kelvin

so that efficiency by Carnot standards is effectively 100%. The relation
between energy and temperature is that 1 ev = 1 x 104°K. The thermo-
dynamically orderly escape of charged particles is due to the fact that
they follow magnetic field lines. Before the principles of this direct
converter can be discussed, it is necessary to consider the fuel cycles
availablg to then provide some brief background on mirror machines and

to review what are termed "classical losses" in reactors of this type
(which will be seen to be the source of the charged particle energy).

As a preamble, a comment on "Why the interest in direct conversion" is

in order.

WHY DIRECT CONVERSION FOR MIRROR MACHINES

It is a reasonable question to ask why, aside from the engineering
advantages already mentioned, one should be concerned with direct con-
version for fusion at a time when a stable plasma has not yet been established.
It seems that there are a number of compelling reasons for this interest.
First, it has long been recognized that "classical losses" in mirror
machines, i.e. the loss of charged particles into the escape cone of the
mirrors, produce a rather tight race between nuclear power production
and collisional Toss. The reaction mea free path in a system containing
say 10]4 or 1015 partic]es/cm3 has a value like 6000 miles. This 1is an
astronomical number compared to the container size and quite evidently
many reflections must occur in a mirror machine before a reaction takes
place, and ample opportunity is afforded for small angle scattering to
place a particle in the loss cone. The loss into the mirrors determines
directly the power that must be injected. To relate nuclear power pro-
duced to power injected a figure of merit has been introduced and is
called "Q". The value of "Q" quite clearly must be greater than one to
produce net power output and must be several times one to produce net
power output economically. If direct conversion can be utilized in
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mirror machines at high efficiency and the energy recovered and fed back
for reinjection then the effective value of "Q" will rise markedly.
Direct conversion also allows consideration of fuel cycles such as D-He3
where all the energy is in the form of charged particles. For these
two reasons direct conversion is not only of interest in its own right

but must influence present plasma investigations and direction of research.

FUSION REACTIONS

The principal fusion reactions are shown in Figure 1. Generally
speaking, the reaction or the plasma considered with the greatest emphasis
at this time at this state of development in plasma physics, is the one
involving deuterium and tritium. This is because that particular reaction
has the largest cross section and by that yardstick is probably the least
formidable to attain. By attainment is meant not merely the production
of fusion neutrons which has been done but the sustaining of a viable
plasma from which a positive power balance can be achieved. The numbers
in parentheses are the energies in MeV of the fusion reaction products.
For example, in the D+T reaction, the energy that is produced takes two
forms, three and one half MeV is in the form of charged particle energy
and 14.1 MeV is evidenced as a high energy neutron. The excess energy,
of course, is due to the mass deficiency of the reaction products. The
utilization of the neutron energy and the conversion of its kinetic energy
to thermal energy has been discussed elsewhere. Form a direct conversion
standpoint, our interests center on the charged particles in the reaction

products. The reaction in which all of the energy released is in the

form of charged particles is the D-He3

reaction. The energy released
is quite large, 3.6 MeV as He nuclei and 14.7 MeV as protons. It is
this reaction to which we will principally direct our attention. The
other two reactions, the D-T and the D-D, remain of strong interest for
direct conversion influenced, of course, by the proportion of charged

particle energy to total energy that each produces and also by the pro-

bability of successful attainment of plasmas of that particular composition.

The latter two reactions would have to be used in conjunction with an
appropriate thermal cycle to recover the neutron energy. The cross
sections for these three reactions are shown in Figure 2. Notice that
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. D+ T°—= He (35) + n(14.1)

. He' (82) + n(2.45)
= T° (1.0) + H(302)

2 2

> D+D'—

3. D+, He'—= He' (3.6) + H(14.7)

THE PRINCIPAL FUSION REACTIONS

Eigure 1
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at energies less than about 100 KeV the D-T cross section is about

two orders of magnitude higher than the sum of the D-D reactions and
about three orders of magnitude higher than the D-He3 reaction. However,
as energy is increased, the D-T cross section diminishes markedly while
the D-D and the D-He3 continue to rise until at about 1000 KeV the three
cross sections are about equal. Plasma temperatures in excess of 100 KeV
will be of interest for the mirror machine direct converter.

END LOSSES IN A MIRROR MACHINE

At the Lawrence Radiation Laboratory a major effort in fusion re-
search for many years has been directed towards "mirror machines" and,
as everyone probably realizes, a "mirror machine" is a magnetic bottle
in which plasma particles are contained within a cylindrically shaped
chamber. These particles are contained by being reflected back and forth
between regions of magnetic field at each end of the container which
are higher than the magnetic field in the central region. This is shown
schematically in Figure 3.

The dominant direct loss mechanism, the "classical loss," in a
mirror machine is that which is associated with scattering of charged
particles into the escape cone of the mirrors. This loss is substan-
tially higher than all other direct loss mechanisms that arise such as
bremsstrahlung radiation and synchrotron radiation. The rate of end
loss depends on the density of the plasma, the mean collisional (scattering)
cross section between the charged particles and on the charged particles
mean relative velocity. End losses arise from binary collisions between
the ions of the plasma and, therefore, depend on the square of the plasma
density. The end loss rate per unit volume can be represented by an
equation of the form:

g% = -n? V> f(RM) (1)

where <ov>¢ is a mean scattering rate parameter o multiplied by the mean
relative velocity v and f(RM) is a function expressing the effect of the
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PLASMA PARTICLES IN MAGNETIC FIELD tend to
travel in helixes around lines of magnetic force.
Electrons (—) and positive ions (+) rotate in opposite

directions.
00O (I X X
o000 (T L X J
[ X X X ] [ X X N ) (A X XK ] (X X X ) 0000 (I X T )
o000 [ X N N ] (X X X ] o000 0000 (T X X J

¥>>

|

w

MAGNETIC MIRROR EFFECT is produced by a "magnetic bottle"
in which the magnetic field increases at each end. The stronger
field bends the path of the approaching particle into even tighter
circles and exerts a force that reflects it away from the ends of
the bottle .

Figure 3
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mirror ratio RM = BM/B . This is discussed in some detail by Post.?

0
The probability of particle loss into the loss cone as a function
of RM’ the mirror ratio, comes about in the following way. Assuming
that no collisions with other charged particles occur, then a particle
moving under the influence of a magnetic field must conserve its total
kinetic energy. That is, for a particle moving along a 1line of force,
the sum of the perpendicular energy W, and the parallel energy W, must
be a constant. Therefore, for two discrete points a and b on a given
line of force, the following relation must hold:3

Wy, + w“él = W, o+ w“b (2)

Y

A
UOO0

——

— e e afu—— — g

Figure 4 - Constancy of Particle Kinetic
Energy Along a Line of Force

Equation (2) represents one of the adiabatic invariants of the
motion of charged particles in magnetic fields. Adiabatic conditions
are said to exist when the magnetic field varies slowly in time com-
pared to the gyromagnetic frequency and varies slowly in space over
a distance of the same order as the gyromagnetic radius. The gyro-
magnetic frequency is:

eB
Wy e (3)
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And the gyromagnetic radius:

mv,c

rg Y (4)

Another adiabatic invariant is that a particle moves in a magnetic
field so as to maintain its magnetic moment u equal to a constant.
That is:

. Ia
wo= g (5)
where I is the current produced by a particle moving in a circular
orbit of area A. Since A can be expressed in terms of rg from (4)
and the current is equal to e/t _, where g is the gyromagnetic period,
(the time for one particle rotation) which is equal to 1/2« v from (3)
then:

1 2

) 7 mv, ) Eﬁ
L "B

N

Consider the situation shown in Figure 5:

w o JUNIN S wnl— ———
\

Figure 5 - Pitch Angle 6 of a Particle
in a Magnetic Field
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The field is assumed to increase from its value at a to a maximum
value at b. The velocity of the particle towards b is:

Vi = v, cos 8, (7)
and its perpendicular component:
v = vysine, (8)

From equation (2) the total kinetic energy is conserved and from equation
(6) the magnetic moment is invariant.

If we rewrite equation (2) in the following form:

1 1
MV, + 5z my o= 5 omy (9)

and the constancy of the magnetic moment as:

mv>2 mv2 »
L - =2 - IV op2 (10)
B Ba Ba a

then dividing (9) by B and substituting from (10) the following is
obtained:

2 2 2 i
ﬁl v v4 sin ea an
B B Ba
So that,
v2 = y2 (1 - B sin2 ) (12)
il Ba a

For particle reflection to occur v“ must be zero and it then follows:

B
sin2 6 = (13)
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If B = BM’ the field at the mirror, and consequently BM/Ba = RM
(the mirror ratio), then for a particle to be bound between mirrors:

sin 8, 2 (ﬁﬁ—)% (14)

Equation {14) states that any particle with an initial velocity vector
which is at a pitch angle smaller than 8, will be lost out the end(s)
of the mirror machine.

If we now refer back to equation (1) it can be seen that the term
f(RM) represents the probability P that a particle, having scattered,
will fall into the Toss cone of the mirror machine and escape. The loss
cone is defined as the region in velocity space within which particles
will be lost. (See Figure 6). This can be stated as:

Q "
- c _ 2n sin 6 ds
P = 2r o 2 (15)

"
i

]
(2]
o
wn
<D

O

FOR _CONTAINMENT
%

. 1
sin 6 > (5—
- 'R
M

Figure 6 - Loss Cone in a Magnetic Mirror System
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Since cos 6 = (1 - sin? e)l/2 and using (14) we obtain that:

R, - 11%
P=1-(M ) (16)

Rm
Having established that the loss of particles is one which is in-
evitable and that the probability of escape is as stated in equation
(16), it now remains to be established how these particles may best be
utilized.

THE GENERAL PROCESS OF DIRECT CONVERSION

The process of conversion of charged particle energy to electrical
energy may be imagined to take place in a sequence of four steps:

Expansion
Charge separation
Deceleration and collection

W NN

Conversion to a common potential

As shown pictorially in Figure 7 the reaction products escaping from the
mirrors at already low ion density" (typically 108/cm3) would be allowed
to further decrease their density by expansion into a larger chamber
where the density would be reduced to about 106/cm3. The expansion pro-
cess would be done adiabatically similar to an expansion in a nozzle.
Adiabatically in fusion terminology means that the change in magnetic
field with distance is sufficiently low so that particles still stay on
field lines. In this case, the expansion is controlled by coupling an
external radial magnetic field to the mirror field and allowing the re-
sultant field to decrease from its high level at the mirrors (perhaps

150 kilogauss) to levels of about 500 gauss. The effect of this expansion
is to decrease the ion density and also to convert the particles' rotational
energy to translational energy. At the end of this expander field, the
electrons are separated off electromagnetically and the positive jons,
which contain the bulk of the energy compared to the electrons, yield

this energy to a series of electrostatic collectors. Each collector is
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kept at a different potential, the potential of the first collector
being lower than the average potential of the particles and the last
collector being higher than the average particle potential. This
collector system is in effect an electrostatically focused linear de-
celerator. Each ion slows down until it loses almost all of its kinetic
energy at which point it's deflected into a collector electrode. Collec-
tion efficiency is proportional to the number of collectors. That is,

as the number of collectors increases, the potential difference between
collectors decreases and the particles can be collected more closely to
the point where they have lost all their kinetic energy to the collectors
which theyhhave passed. By a series of external inverters and rectifiers
coupled to the eollectors useful power is produced in the form of high
voltage dc.

THE EXPANDER

The expander section of a direct converter can be represented by
a fan shaped enclosure which contains a magnetic field winding producing
a radial field. This is shown in Figure 8. The lines of this field
couple to the fringing field of the mirror and within the expander chamber
the field is allowed to weaken as a function of radius until it reaches
a low value. Also, the initial bundle of flux lines is transformed to
a flat fan-shaped pattern.

From the continuity of magnetic flux:

rEhEBE = constant (17)

the first relationship for the expander is established.

The function of the expander is twofold: it must reduce the density
of the particle stream and it must convert the particles perpendicular
energy to translational energy. The density reduction is required be-
cause it appears that space charge effects will set the upper 1imit on
the power handled by the collector structure of the direct converter.
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Therefore, space charge limits imposed by the collector must establish
the proportionate scale of the expander which precedes it. The power
handling 1imit can be scaled from the relationship:

w. X T = constant (18)
where:

wy = plasma frequency in the particle beam at entrance to the col-
lector and v = the transit time through a focusing length of the collector
structure.

The plasma frequency is defined by:

5
2
wp 2 (iﬂaﬂ-é- ) (19)

So that the influence of the plasma frequency term as it relates to
space charge is due to the rumber density, n, of the particles.

The total power to be handled by the collector is proportional to
the energy flux in the beam and to the entrance area of the collector.
If the collector entrance and the expander exit regions are contiguous
and their areas are equal then:

P o(J-W-A) (20)

or P o i) (v) (hrp)]

where h is a typical collector dimension (the particle stream height)
and re is the radius of the expander. W is the particle energy. From
(wp 1) requirement in (18) it is seen that w o(vn) and < a(%) and that
the number density n is:

na(i—z- (21)
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By substitution of (21) into (20) it is seen that:

P a [w5/2 (;—E” (22)

The 5/2 power scaling with energy makes it advantageous to operate at
high particle energies. Since power is inversely proportional to h,
then subdivision of a single flux fan into a number of stacked fans
might permit operation at lower energies, other limits permitting. Thus
in a stacked system:

P [w5/2 NZ] (23)

where N is the number of stacks.

It is assumed conservatively that on emergence from the mirror the
particle energy is all rotational. The conversion of rotational energy
to translational energy is inversely proportional to the field change
from the mirror to the expander terminus. The loss due to efficiency
of conversion of rotational energy to translational energy is given by:

E = B, (24)

If the field at the expander is relatively small, for instance BE = 500
gauss and BM’ the field at the mirror, is quite large, = 150,000 gauss,
it can be seen that the loss due to incomplete conversion is extremely

small.

Having reduced the density of the plasma and having also given the
particle high translational energy as a function of expander radius, the
next step in the process is to separate the electrons from the ions.
This will be seen to introduce an additional loss. It has been proposed
by Post that this separation can be accomplished by rapidly diverting
the field Tines at the expander exit in a direction perpendicular to the
plane of the fan. This was shown in Figure 8. The electrons, behaving ‘
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adiabatically, will continue to be guided by the field lines while the
ions will cross the field lines and enter the collector. The reason for
this behavior difference is that the condition for adiabatic invariants
for electrons is more easily satisfied than for positive ions. After
separation, recovery of energy from both electrons and ions is possible
by the same general technique. However, the electrons carry only a
small fraction of the total energy and we will be concerned only with
the recovery of the ion energy. The ions, in their non-adiabatic be-
havior as they leave their guiding centers and proceed into a field

free zone, receive a small transverse momentum kick in the plane of the
fan because they must cross field lines as a condition for emergence.
Busch's Theorem® states that the velocity imparted to the charged particle
in a direction transverse to the field is given by:

vl = = B,y (25)

where y is the height above the plane of symmetry (See Figure 9).

Since the transverse energy component sz = mv§/2 then:
_e2 2 2
Wy, = 5= By (26)

If this is normalized to a proton and expressed in KeV then:

4

3>| NI
N

= 2 y2
W, 4.79 x 10 B2 y (27)

where A is the atomic mass, Z is the atomic charge (or atomic number)
of the charged particle and B is in tesla (10_4 gauss). From the Figure 9
it can be seen that the mean transverse kick is:

] 4 72 2
W, = [4.79 x 10" BX]

h h
X o(y) y2dy //// Kﬂ o(y) dy (28)
0 0
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where o(y) is the particle density. If the particle density is assumed
to be constant, then o(y) = 1 and:
3

— 2 2
W, = Z 82 2 (a.79 x 10%)

For a representative example:

=]
I

— - 2 2
- (;—) (5. x 1079) —g— (4.79 x 10%)

5 KeVY

Mean particle energies are ~ 800 KeV. Thus this "kick" loss amounts
to approximately 0.4%.

THE COLLECTOR SYSTEM

As the positively charged particles emerge from the expander and
begin to enter the coltector, they do so with a spread in energy, the
lower end of which is set by the plasma potential the upper end by
the exponential fall off of the energy distribution. This distributicn
function is discussed by Fowler and Rankin.® Suffice it to say that in
order to recover the energy of the particles in a highly efficient
manner it is necessary to provide some systematic means of energy sort-
ing. This can be done by directing the particles through a series of
decelerating electrodes so that each particle is decelerated until its
energy is small compared to its original energy at which time the particle
is diverted into a collector element which closes the current loop. This
means that the currents are delivered over a wide range of potentials.
The first electrode must therefore be at the plasma potential and successive
electrodes each at some increment higher until the maximum potential is
reached. Clearly a system must be used which does not allow the particles
to be prematurely diverted into a collector when they still have signifi-
cant energy. The collector system must be a region of retarding force,
slowing down the particle stream. Space charge effects will tend to defocus
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the stream and cause particles to divert to the collector early. This

must be compensated for. The system of electrodes must collect the Tow
energy particles first while continuing to focus the higher energy particles.
A system which has been proposed and experimental work initiated on, uses
the focusing properties of periodic electrostatic Tenses whose focusing
ability is energy sensitive. As the particles energy decreases, it will
reach a point where the lense system potentials will cause the particle

to be overfocused or diverted. An example of a collector system is shown
in Figures 10 and 11. Ihe first figure shows several unit cells of a
collector and the next shows some relative potentials that might be applied
to a larger number of collectors. Here the system is made up of two main
elements: (1) fins at potentials ranging from %% (the plasma potential)

to 9 with their potential increasing in the y direction and (2) diverter
grids at potentials alternately higher on one side of the plane of symmetry
than the other and also generally increasing in the y direction. In the
example shown in Figure 11 the fin potential is equal to the average poten-
tial of the diverter grids on either side of it and opposed grids are
alternately positive or negative with respect to each other. It is assumed
that the fins accomplish the focusing of the charged particles. At a point
where the charged particles velocity in the y direction is sufficiently
small and close to zero the potential difference between opposing diverter
grids will cause the particle to be accelerated in the x direction towards
the more negative grid. It is possible at this point to allow the particle
to be collected at the grid itself. However, if the grid has sufficiently
high porosity it is then advantageous to allow the particle to proceed
through the grid structure and be collected by the aft segment of the up-
stream fin and therefore at a more favorable potential.

HVDC VIA INVERTER AND RECTIFIERS

After collection of the particles over the energy range from % to
o it is necessary to bring all potentials to a common potential, v so
that it is available at the bus bar in a form that has some commercial
utility. Post has proposed that this can be done in a highly advantageous
and economical way by using a system of inverters and rectifiers. He

188




COLLECTOR ELECTRODE CONFIGURATION

681

\ A
DN N N N NN NN

I N N G N N A N

Figure 10

COLLECTION
ELECTRODE

HIGH TRANSMISSION
GRID

PARTICLE
ORBIT



®=.5 =15 $=3.5 ®n=4.5
/ ®z=|.0/ $=20 / $=4.0
; 0 0T
l.764 |.236 .76 | .24 J°2. 324 J4.79)| 4.24
l'lll“'A "lulll "lulll l'hu"I | l'nll'l 'lllllll TIL
L 72 LA
g SYM-—PLANE

I26

74 226

_,ﬂ

4.26

374 ,5.26

N

COLLECTOR STRUCTURE FOR A DIRECT CONVERTER

Figure 11




states that: "The expander-collector system accomplishes the act of
direct conversion of particle kinetic energy to dc electrical energy,
but delivers this energy at several different‘potentials. While in-
verter circuits could be used to convert this dc energy to ac, a more
attractive possibility is to convert to a common dc potential, for
direct connection to a HVDC transmission line. A circuit to accomplish
this operation is shown in Figure 12. A common potential is defined

in terms of the several collector currents and potentials, Ij and Vj:

N
I.V./ x I. (30)
JJ j=1

=1

As shown, inverters are used to diminish all potentials » V, and
rectifiers to raise all potentials < V. Currents are directly summed.
From the definition of V it follows that the ac power from the inverters
is just safficient to power the rectifiers. However, the total power
handled (sum of inverter and rectifier power) is relatively small. The
total power handled by the I-R system is given by:

I, -

+P,={viz _ T
Vi<V J VoV

R 1-[x 1y, -1 _LVD

Vs ¥ 1 v,
For the example given earlier (calculated for the Fowler-Rankin
distribution function) PI-R = 0.28 Po’ j.e. the inverters and rectifiers

each handle 14% of the total power. Since the efficiency of these
devices, as established in HVDC practice, is about 0.99, the net Toss
thus introduced will be only about 0.3%.

CHARGE TRANSFER AND IONIZATION LOSSES

A loss mechanism in the direct converter is that due to charge
transfer and jonization Toss. Charge transfer loss calculations’ were
based on cross sections of hydrogen ions in hydrogen gas, (See Figure 13)
and in helium gas (See Figure 14). Deuteron cross sections were assumed
to be the same as hydrogen ions at 1/2 the deuteron energy.
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Charge transfer in expander: Deuterons at 800 KeV were assumed to
transit a 75 meter expander. The probability of charge transfer is:

Per = 1 - exn (—ZCT - 2) (31)
where:
19 mo1 P(torr)
T = 9 - 2.58 x 10 .
o ]6 L]
= 3,54 x 10 St p

at the 800 KeV deuteron level (400 KeV H2) the cross sections are:

20

]

- 5 .
et 4 x 10 cm?/mol (H2)

19

2 x 1077 cm?/atom (He)

i

and the length as stated is:

¢ = 7.5%X 104 cm

The following table shows the probability of charge transfer in the
expander as a function of pressure and assumed background gas:

Pressure (torr) PCT (in H2) PCT (in He)

1x 1073 .0104 0517

1x 1078 .00106 .00530

1x 107° .000106 .000531
Table 1 - Probability of Charge Transfer in the Expander

Charge transfer in collector: Deuterons at 800 KeV were assumed to

transit 10 elements of a 20 element, 20 meter long collector. Because
the cross section is strongly energy dependent the deuteron's transit
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through the 10 collector elements was treated as 10 one meter transits

at energies between 760 KeV and 40 KeV in 10 equal steps of 80 KeV each. .
The charge transfer loss results are sensitive to minimum ion energy

(40 KeV assumed above) because the cross section is a strong function of

energy. Because of this, real collector dynamics should be used when

more refined collector charge transfer losses are calculated. Table 2

shows the probability of charge exchange in the collector

Pressure (torr)

Max. Loss Min. Loss
In H2 In He In H2 In He
1072 242 | 150 | .o184 | .0152
1072 0273} 0171 | .o0o20 | .o0160

Table 2 - Probability of Charge Exchange in Collector

Ionization losses in the collector: were based on an average cross section
(Oi) in hydrogen and helium of 10']6 cmz/mo1. This average value was

used because the ionization cross section is a weak function of energy.
The probability of an jon causing an ionization, Pi’ is equal to the

path Tength (2) times the mean free path (Zi)‘

P, = 2. -2 (32)

= - 19 mo1l P(torr)
. . 2.69 x 10 (cc(STP) ) 760

™
1]
Q

©
n

3.54 «. P g

The probability of imization loss in the collector is shown in Table 3.

Pressure (torr) Max. Loss Min. Loss
In H2 In He In H2 In He
1070 .0708 | .0708 | .0035 | .0035

Table 3 - Probability of Ionization Loss in the Collector
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The maximum loss case assumes all the initial energy of a primary ion
undergoing charge exchange is lost and for each ionization the ion and
electron produced are accelerated out opposite ends of the collector
taking 1600 KeV with them. The minimum loss case assumes only the kinetic
energy remaining in the primary ion at the time of charge exchange is
lost, and for each ionization only the energy picked up by acceleration
between 2 adjacent electrodes is lost, which in this case is 80 KeV.
Fortunately, a collector design that efficiently collects the primary

ions should also efficiently collect the secondary ions and electrons

born in the collector, making the minimum loss case the more realistic.

The total charge transfer and ionization losses estimated in the
expander-collector operating at the described conditions are 0.106% +
0.554% = 0.660% in hydrogen and 0.530% + 0.515% = 1.045% in helium.
In this low pressure range the losses are approximately proportional
to pressure.

SOME_COMMENTS ON THE FUEL CYCLES

It is evident that for direct conversion three fuel cycles are
possible; the D-T cycle, in which direct conversion is used in con-
Jjunction with thermal conversion from a blanket which provides neutron
multiplication and tritium breeding; the D-D cycle, where tritium breed-
ing is not required but thermal conversion is a necessary contribution
to the total power output; and the D-He3 cycle, in which charged particles
are the only product and consequently no blanket is necessary. However,
within this cycle some D-D side reaction is inevitable (in proportion
to the relative cros sections) and therefore a nominal blanket would
be required to cope with perhaps 5% of the total energy release.

It is also evident that within these three fuel cycles two para-
meters are subject to control: (1) the composition of the particular
fuel and (2) the mean energies of the various fuel ions.

The source of deuterium and tritium for the fuel is by straightforward
separation processes for deuterium and by breeding in the blanket for
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tritium. The source of He3 fuel is either from the radioactive decay

of tritium as an external means or from the accompanying D-D reactions
as an internal source. Post has shown that if the latter method is
employed exclusively, then the fractional density of He3 fuel ions can
be #.25 at high temperature. The D-D reaction is repeated here to show
the He3 source.

He® (.82) + n(2.45)

2 2
D= + ]D

113 (1.0) + ]H](3.02)

OVERALL EFFICIENCY

The overall efficiency of the direct converter can best be illus-
trated by the use of a reference case. We will assume that:

a. Mirror Field, BM = 150 kilogauss

b. Expander Field BE = 500 gauss

c. Radius of Expander RE = 75 meters

d. Height of the particle flux hE = 1 meter
e. Fan Angle g = 240°

f. Etot (ave) = 800 KeV

g.

Number of collectors = 20

A. The loss due to efficiency of conversion of rotational energy to
translational energy is:

- % B (33)

B. The transverse "kick" loss the particles receive on exiting the
expander field free zone is:

2
2 2
Eg, %8B (4.79 x 10%) h
.- = TE 3 2 (34)
tot tot
or ny ~ .99
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C. The total charge transfer and ionization losses in the expander
and collector were shown to be ~ .0066 in hydrogen and .0104 in helium.
If we use an average of these two the loss is ~ .0085, and,

neri ¢ 99

D. The fraction of particles intercepted by the diverter grid is
simply:

1-r7T

where T is the grid porosity of "G

= .97

E. Some fraction of the charged particles are intercepted by columns
intruding into the expander zone. It can be shown® that a representative
value for this fraction is:

12

p .025 (36)

IE

or ng = -975

F. The efficiency of the inverter-rectifier system to bring notentials
to a mean value V is:

"R .997

G. We assume 20 collectors. The collector efficiency is:

=Z|—

n. a 1 -

where N is the number of collectors
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The various efficiencies are indicated in the following table:

Conversion e 99.7
Field exiting g 99.6
Avoidance of Charge Transfer

& Ionization neT 99,
Diverter grid "6 97.
Expander columns nIE 97.5
Inverter Rectifier 99.7
Collector 95.

Overall 88%

Table 4 - Direct Converter Efficiency

The overall efficiency assumes that losses occur sequentially and
is therefore the product of all efficiencies.

CONCLUSIONS

We have attempted to show in the preceding that direct conversion
has some rather important advantages. It seems evident that high effic-
iencies are attainable and the usual Carnot limits are not governing.
The implication of 88% efficiency compared to the efficiencies realized
with conventional systems, (say 40%) means that waste heat load is reduced
by a factor of 5 (60% vs. 12). If more collectors are used or the diverter
grid made more tenuous for instance, then waste heat can be reduced even
further.

We have examined in a preliminary way the engineering problems
associated with a direct converter and can say unequivocally that none
presents a problem that is not resolvable within current technology. As
far as costs are concerned, the direct converter, although admittedly
large, has no elements within it that have critical dimensions. It is our
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opinion that tolerances in fabricated parts are not at all critical.
Consequently, costs are attractive and we have estimated that for a
1000 MW system, the direct converter can be produced for approximately
$20/kw. This compares with $70-80/kw for conventional systems. The
final figure shows a conceptual 1000 MW direct converter.
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HEAT PIPES FOR RECOVERY OF TRITIUM IN
THERMONUCLEAR REACTOR BLANKETS#*

R. W. Werner
Lawrence Radiation Laboratory
Livermore, California

Abstract

Controlled thermonuclear reactors, using deuterium-tritium as a
fuel for the fusion reaction, require a means of regenerating tritium
so that cycle continuvity is maintained. This paper suggests a unique
way for satisfying the tritium needs. It is proposed that heat pipes
using sodium as a working fluid be used astritium transporters in the
blanket structure of a fusion reactor. The tritium produced by the

14T - 2.47 Mev)

reactions (n + i + T + “He + 4,8 MeV) and (n + i3 n
in the lithium moderator of the blanket would be diffused through the heat-
pipe tube wall and transported within the heat-pipe body to an accessible
processing point outside the blanket. By diffusion through the tube

wall to a vacuum environment for the second step, the tritium would be
brought outside the heat-pipe body and then processed for re-cycling.

Heat pipes are explained as heat-transfer devices and as gas

handlers in a fusion reactor environment.

#This work was performed under the auspices of the U. S, Atomic Energy
Commission.
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FUEL BURNUP AND DIRECT CONVERSION OF ENERGY IN A DT PLASKA%

T. A, Oliphant
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Abstract

In feasibility studies for thermonuclear reactors it is of interest
to set up mathematical models for studying the various physical phenomena
which take place in the fuel plasma. Among these phenomena are the follow-
ing: 1) The rate of fuel burnup, 2) the heating of the plasma by the
reaction products, 3) direct conversion of energy by the expansion ol the
plasma against the containing field, and 4) the possible development of
instabilities in the plasma at various stages in the burn process. To get
a detailed theoretical understanding of these phenomena it is necessary in
some sen@e to solve for the distribution functions of the various species
present in the plasma. The numerical methods which have been developed
for this purpose fall roughly into two categories: 1) solving the transport
equations numerically as integro-differential equations and 2) the computer
simulation, or Lagrange-particle method. Application of these methods to
various problems are discussed in Methods of Computational Physics, Vol. IX.

For plasmas, the first method usually involves the numerical solution
of the Fokker-Planck equation. A problem ideally suited to the use of this
method is the Fuel Burnup and Direct Conversion of energy problem. In this
problem one may assume to a reasonable approximation that the distribution

function of the various species are isotropic in velocity space. Under

*This work performed under the auspices of the U. S. Atomic Energy Commission
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this assumption the only independent variables remaining in the equation
are the velocity magnitude v, and the time t, The resulting system of
coupled, nonlinear equations is easily solved by standard numerical tech-
niques. Calculations of this type were reported at the CTR conference

at Culham in September 1969. Calculations with an additional independent
variable in phase space can be done by such methods, but already the
calculations become considerably more involved and further increases in
dimensionability seem to 'be out of reach' at present.

There are many situations in which one needs to compute to some
approximation, problems with more than two independent phase space variables,
The Lagrange particle or simulation model allows the numerical solution of
such problems. The plasmas treated this way have been for the most part
collisionless plasmas, or plasmas which may reasonably be assumed to obey
the Vlasov equation. In problems relevant to the full time scale of thermo-
nuclear burn phenomena the collisionless model is not adequate. In such
cases it is necessary to use methods for simulating binary collision
effects. Such methods are in the process of being developed, In particular,
it has been found possible to set up a simulation of classical resistivity
and electron runaway. This method works for any degree of approach to

equilibrium including highly nonequilibrium cases.
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by

Gilbert Melese-d'Hospital
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This paper was presented at the Symposium on Fusion
Reactor Design, June 2-5, 1970, at Texas Tech
University, Lubbock, Texas
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STATUS REPORT ON FAST BREEDER REACTORS (Why Breeders?)

World reserves of low cost uranium and growth of nuclear power
require commercial fast breeder reactors some time between 1980 and
1990. High gain breeders consume small amounts of uranium and there-
fore will extend existing resources of economic fission fuels by orders
of magnitude. While development work on fast breeders has been going
on for approximately two decades, large electric power producing
breeders are still some years in the future. Technical feasibility of
fast breeders has been proven, but competitiveness of large breeders
with more conventional fossil fired or thermal reactor plants is still
to be demonstrated. Advanced breeders, such as gas-cooled fast re-
actors with carbide fuels and direct cycle gas turbines, promise to
have power costs comparable to the most optimistic estimates made for
fusion reactors by the end of this century.
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INTRODUCTION

It has been recognized by early nuclear power pioneers such as E. Fermi
and W. Zinn that fast neutron fission reactors could breed more fissile
material than they consume, and that such breeding would eventually become
necessary to extend the known resources of uranium for economic electric
power. As a matter of fact, the first fast reactor, Clementine, was operated
in 1946 at Los Alamos with mercury cooling. It is interesting to remember
that the first electric power from fission came from the first fast breeder
reactor: EBR I produced 100 Kw of electrical power in 1951 at Arco, Idaho.

Since that time, a large amount of research and development has been
carried on around the world in the fast breeder field, mostly in USA, USSR
and Western Europe. While a number of experimental facilities have been
operated, the first large electric power producing demonstration plants are
only now being built. A significant amount of development is still neces-
sary to transform those fast breeders into commercial power plants. The
timetable is still somewhat uncertain and varies from one country to
another, but it is generally agreed that by the mid-1980s, large fast breeder
plants should be economically competitive.

In our report, we are going first to look at the requirements for elec-
tric power and more specifically for nuclear power and consider the fuel
requirements and the resources available. We will then briefly mention the
principles of fast and thermal breeders, and compare the two main types of
fast breeders (LMFBR and GCFR). We will try to explain the main reasons for
worldwide interest in FBR and state the main remaining development problems.
We will then recall the historical evolution of FBR and describe the exist-
ing programs. Finally we shall make an attempt at cost comparison between
fission and fusion reactors and suggest a timetable for those various con-
cepts.
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ELECTRIC POWER REQUIREMENTS

The increasing needs for electric power around the world lead to
doubling times for power generation between 7 and 10 years. The fraction
of total power requirements corresponding to electric power is also rapidly
increasing. In the next thirty years (1970-2000), the US electric industry
will build nearly ten times as much generating capacity as exists today.

The present thermal generating capacity in the US is expected to increase
from 270 000 MWe in 1970, to over 1 100 000 MWe by 1990 and 2 300 000 MWe

by 2000 [Ref. 1]. The electrical energy generated in thermal plants which
was 600x10° Kwh in 1960, and is 1300x10° Kwh in 1970, is expected to in-
crease to over 5500x10° Kwh by 1990. Therefore the level of fuel consumption
in 1990 will be over four times the level in 1970. The annual fuel needs

in millions of tons of coal (or coal equivalent) will increase from about

535 in 1970 to over 2200 by 1990.

The present fuels for thermal plants producing electric power are now
gas, oil, coal and uranium. In the US in 1970, most of the electrical energy
comes from coal (about 300x10® ton/year), oil (about 270x10® bbl/year), and
natural gas (3x1012ft3/year). Present forecasts show a decrease in coal
uses by 1990 (~226x10% ton/year) and an increase in oil needs (by a factor
of about 2.4) and gas needs (about doubled). This forecast assumes that by
1990 approximately half of the electrical generation capacity of thermal
plants in the US will come from nuclear energy (500 000 to 600 000 MWe
nuclear) and that about 70% of the total electric energy generated will come
from nuclear plants. The nuclear fuel requirements in net tons of U3O8, in-
crease from approximately 8000 in 1970, to 52 000 in 1980 and 90 000 in 1990.
By the end of this century, it is expected that about half of the total US
energy requirements will be provided by electricity, i.e., more than one-
third of the total energy produced will come from nuclear power.

While the previous data correspond to US needs, similar requirements
exist in the Western world. For instance, the annual needs in EEC countries
will be about 30 000 metric tons of natural uranium in 1975; by 1980, they
should be between 56 000 and 80 000 tons [Ref. 2]. For 310 000 to 410 000
MWe of installed nuclear power in the year 2000 in EEC countries, a total
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of 325 000 to 525 000 metric tons of natural uranium will be required
between 1970 and 2000.

Let us recall that the forecasts for nuclear power growth in the US
show about 150 000 MWe installed by 1980, 500 000 MWe by 1990 and 10° Mwe
by the year 2000 [Ref. 3]. Fiqure 1 from the EEI Fast Breeder Reactor
Report for 1968 shows that the US resources at less than $10/pound of
U308 are about 0.66x10° short tons. Those low cost resources should be
exhausted by about 1985, even with plutonium recycle in light water re-
actors. The total estimated resources below $15/pound of U308 of about
108 short tons would be reached some time around 1990. While those 1968
AEC estimates are subject to increases as new reserves are discovered,
large investments in exploration, mining, milling and diffusion plants
would be needed to meet the increasing ore requirements of LWR; without
breeders, a total of about 3x10®° short tons of U3O8 would be needed by
the year 2000. With the introduction of advanced converters such as HTGR
in the 1970s, the need for uranium ores will already be reduced signifi-
cantly since new fissile material (U-233) is bred in another material
{thorium) and the total uranium requirements of HTGR are about half those
of LWR (see Table I from Ref. 4). Furthermore, HTGR fuel cycle costs are
not as sensitive to increase in ore costs as are LWR fuel cycle costs and
more expensive ores could therefore be used economically in HTGRs. But,
even with a mixture of HTGR, LWR and fossil-fueled plants, it is estimated
that about 2.5x10° tons of U308wou1d be used in the USA in the 50-year
period between 1970 and 2020. Introduction of fast breeder reactors in
1984 is estimated to reduce those requirements to 1.1x10° tons of U308,
which is equivalent to a saving of 4x10!! tons of coal [Ref. 5]. The annual
ore requirements would peak below 10> tons of U3O8 by 1990 and would de-
crease to about half this number by the year 2020.

The previous data correspond to US needs; we have already seen that
similar requirements exist for Western Europe. The situation is worse there
since the uranium resources are rather meager (only about 50 000 tons of
natural uranium reserves in France), while the requirements are much larger.

For instance, the annual needs of EEC countries by 1980 will already be
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between 56 000 and 80 000 tons [Ref. 2]. It is also estimated that nuclear
energy in Japan will provide 30% of the total electric energy production

by 1978 [Ref. 6]. Furthermore, those countries have no industrial enrich-
ment facilities and now have to import enriched uranium from the US,

unless they build natural uranium reactors (Magnox or HWR) which do not
appear to be competitive in those countries at the present time, or build
their own commercial enrichment plants. Therefore breeding appears to be
even more urgently needed in Western Europe and in Japan than in the USA.

FAST BREEDER REACTOR PRINCIPLES

Natural uranium contains only 0.7% of the fissionable material U-235,
the remainder being U-238. In such reactors as LWR or HTGR, the uranium
fuel is enriched through the gaseous diffusion process, to about 4% of
U-235 in LWR for instance. While U-235 fission occurs in the reactor, a
small fraction of the fertile material is transformed into new fissile
material which itself is partly consumed in the reactor: U-238 yields
Pu-239 in LWR and Th-232 yields U-233 in HTGR. But, in a light water re-
actor, less than 5% of the total weight of fissile and fertile material
in the core is fissioned before the core is removed for reprocessing;
furthermore, a large amount of natural uranium depleted in U-235 has been
used in the diffusion plant to produce the 4% enriched uranium. Fuel
utilization is better in an advanced converter such as HTGR, approximately
by a factor of 2 (see Table I), but the fission fuel is still not used as
efficiently as it would be in a breeder. The breeding principle consists
of transforming the fertile material (U-238, Th-232) into new fissile
material (Pu-239, U-233). A breeder produces more new fissionable material
than it consumes, thus leading to enormous extension of the reserves of
uranium and thorium: from a few decades with converter reactors, to
hundreds or perhaps even thousands of years with fast breeders [Ref. 5].

defore we look in more detail at fast breeders, let us mention that
breeding is thought to be feasible in thermal reactors operating with the
Th-232/U-233 cycle. The ratio of neutrons produced to neutrons absorbed
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in the artificial fissile material U-233 is about 2.2 in a thermai spectrum,
which gives a maximum theoretical conversion ratio of 1.2 (ratio of new
fissile material to fissile material consumed). Some of the excess neutrons
leak out of the reactor or are absorbed in structural materials, and thus
breeding will be at best marginal in thermal reactors. There are several
types of such near breeders or Tow gain thermal breeders. The most ad-
vanced is the High Temperature Gas Cooled Reactor moderated by graphite
and cooled by helium, which now operates on the U-235/Th-232/U-233 cycle:
a 40 MWe prototype has been in operation at Peach Bottom since 1967, a
330 MWe plant will be operating in Colorado in 1972 and large HTGRs (600
to 1100 MWe) are now being marketed in Europe and in the US. The existing
HTGRs are non-breeders, but if the ore costs justify it, their fuel cycle
could be adapted to higher conversion ratios, perhaps by addition of some
Be0 to the graphite moderator. Two thermal breeder concepts are under de-
velopment in the US, the Light Water Breeder Reactor (at Bettis Laboratory)
and the Molten Salt Reactor (at Oak Ridge National Laboratory). While
their breeding gain will always be very low, economic thermal breeders
could significantly extend the ore resources by utilizing the important
thorium reserves (comparable to the uranium reserves). The thorium cycle
has also been considered with heavy water moderation in Canada. Those
thermal reactors will probably only develop as high efficiendy advanced
converters since, at least for the time being, their potential marginal
breeding is not justified by current economics.
What are now the main characteristic features of fast breeder reactors?
As indicated by their name, most fissions occur at high energies (fast
spectrum), and they produce more fissile material than they consume
(breeding). Compared to existing thermal nuclear reactors where most
fissions occur at thermal energy, the main differences with fast breeders
are
— No moderator: 1in order for most fissions to occur at energies

from, say 0.1 Mev to a few Mev, only fuel (fertile and fissile),

structural materials (fuel clad, boxes, control rods) and coolant

are found in the core.
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— A large number of neutrons are produced per neutron absorbed
in fissile material: approximately 2.3 neutrons are produced
for each neutron absorbed in Pu-239, or about 2.65 neutrons
if fast fission in U-238 is taken into account.

— Some of the neutrons produced in the core are absorbed in
U-238 to produce Pu-239. Others are absorbed in natural
uranium or depleted uranium surrounding the core (blanket)
to produce more Pu-239.

— Most nonfuel materials have low neutron absorption cross
section in a fast flux as compared to fuel materials (fissile
and fertile). Thus, in a large reactor surrounded by blankets,
losses by leakage or parasitic absorption may be kept very low.

— The breeding ratio could thus be high, 1.3 to 1.5 with oxide
fuels, 1.5 to 1.6 with carbide fuels. Hence rather low
doubling times could be obtained (the doubling time is the
time required by the reactor to produce enough fissionable
material to refuel itself and another reactor of the same power).
The doubling time of large fast breeders could be made comparable
to the doubling time of electric power generation needs, i.e.,
7 to 10 years.

— Since fast reactors are not moderated, their fuel inventory is
high (compared to thermal reactors) and their power density is
of necessity very high (an order of magnitude higher than thermal
reactors).

— Control of fast reactors must also take into account the fact
that the characteristic times (neutronic and thermal) are smaller
than for thermal reactors.

— Fast breeders are also more sensitive to small dimensional changes
in the core, as they affect both reactivity and cooling.

As shown in Table II, a number of fast breeder concepts could be consid-
ered with various types of fuel and fertile materials, coolants, reactor

213



arrangement and power cycles. For various technical and historical reasons,
the main types of fast breeder presently under consideration for power
reactors are (see Fig. 2)

LMFBR: Liquid metal cooled (Na) with an intermediate sodium
circuit (nonactive) and a steam cycle; (U02-Pu02) fuel
in the core and depleted UO2 in the blankets.

GCFR:  Gas cooled (helium) with a steam cycle and the same type
of fuel as LMFBR

Table III derived from Ref. 3 gives a comparison of advantages and disad-
vantages of the two main coolant approaches, namely sodium cooling and gas

cooling. Table IV shows a simplified comparison of reactor coolants [Ref. 4]:

water and helium for thermal reactors, helium and sodium for fast breeders.
For typical design conditions of large LMFBRs and GCFRs, the heat transport
per unit core frontal area with helium is about 80% of its value with sodium,
while the heat transfer per unit fuel surface area is about 60%. Thus, while
from a heat transfer viewpoint,pressurized helium is not quite as good as
sodium, the gas still can effectively and economically (i.e., with reasonably
Tow pumping power) remove the nuclear heat from the core. A comparison of
typical performance of those two types of fast breeder is shown on Table V
both for demonstration plants (~300 MWe) and large reactors (~1000 MWe).
Comparable doubling times and cycle efficiencies are obtained with the two
systems in both cases (demonstration plant and commercial reactor) and with
two types of fuel (oxide and carbide). The specific inventory is lower for
LMFBR (because of good sodium cooling properties), but the breeding ratio

is also lower (because sodium acts as moderator); thus the doubling time is
about the same for GCFR and for LMFBR.

INCENTIVES FOR FAST BREEDER REACTOR DEVELOPMENT

Let us restate the main reasons for the world-wide interest in the de-
velopment of FBRs.

— The reserves of low cost uranium ores in the USA will probably
be exhausted some time between 1985 and 1990 (see Fig. 1).
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While existing light water reactor costs are very sensitive
to increase in ore costs, tne fuel cycle costs of advanced

converters, and a fortionl breeders, are rather insensitive
to such increase. Furthermore, the uranium requirements of
fast breeders are very small, since, in principle, 100% of

the uranium could be burnt, rather than only a fraction of

a percent in LWRs.

FBRs, as well as HTGRs, will have a much higher thermal effi-
ciency than LWRs: 39 to 42% versus 32%, which reduces the
thermal effects of the nuclear power plants. The steam con-
ditions will be comparable to the most modern fossil-fueled
plants.

FBRs will offer a premium market for all the plutonium pro-
duced in LWRs. As shown on Fig. 3 (from Ref. 3), about 250
metric tons of plutonium will come out of US light water
reactors by 1984. At a price of $8/gram, it represents two
billion dollars worth of plutonium.

The large stockpiles of depleted uranium, estimated to be
approximately 400 000 tons of U-238 by 1980, could be used

as fertile material in FBRs: 1in a 30-year period, about 50%
of the U-238 in a FBR will be converted into fissile plutonium.
Thus the otherwise wasted depleted uranium could greatly in-
crease the world energy resources.

The projected power costs of FBRs will be lower than those of
other reactors (which are already competitive with fossil fuel
plants). Table VI adapted from Ref. 7 shows the range of pro-
jected costs of 1000 Mde plants after appropriate R3D programs.
LMFBRs should give cheaper power than LWRs some time between

1984 and the year 2000 according to the various estimates.
Similarly, LMFBRs could become competitive with HTGRs as early

as 1986 by assuming high costs for HTGR and low costs for LMFBRs.
By taking median values, the data from Table VI show that LMFBRs
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should become competitive with LWRs by about 1989 and with
HTGRs by about 1995. Similar results obtain with the Gas
Cooled Fast Reactor which should be the cheapest system by

the end of this century [Ref. 7] since the running costs of
GCFR and LMFBR are the same and the plant costs of GCFR should
be Tower.

A Cost-Benefit Analysis of the US Breeder Program has been performed
by the US AEC [Ref. 8]. This study compares the anticipated R&D costs of
the breeder program to the expected savings in energy costs. This evalua-
tion mainly considers tne Liquid Metal Fast Breeder Reactor but it also
mentions the effect of a parallel breeder program. With LMFBRs introduced
in 1984, rising uranium costs, constant fossil fuel costs and a 6.3% per
year growth rate of electrical energy demand (11.4 years doubling time),
the benefit-to-cost ratio is 3.64 (for a discount rate of 7%). This is the
ratio of anticipated savings to development costs, discounted to 1970. If
GCFRs are introduced at the same time as LMFBR, the benefit-to-cost ratio
may be shown to increase to 4.47, assuming a LMFBR installed capacity double
that of the GCFR. Those results correspond to gross discounted savings com-
pared to a non-breeder economy from 9 to 12 billion dollars, or more than
200 billion (1970) dollars benefits from 1984 to 2020 [Ref. 5]. In this
analysis, the electrical energy demand increases from 2000x10° Kwhr per year
in 1980 to 18,500x10°2 Kwhr in 2020. These studies assume a mixture of LWRs.
HTGRs and FBRs introduced at different rates and dates.

DEVELOPMENT PROBLEMS OF FAST BREEDER SYSTEMS

The development problems of the two FBR systems are somewhat different,
except for fuel development since both LMFBR and GCFR use the same type of
U02-Pu02 stainless steel clad fuel pins. Tables VII and VIII show the status
of FBR technologies [Ref. 9] and the major development areas for LMFBR and
for GCFR [Ref. 3]. No basic feasibility problem is involved, and those de-
velopments are only required to obtain economic power from fast breeder
power piants. FBR developments, system and component design, fuel
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considerations, and core heat removal were discussed at the 1968 American
Nuclear Society Meeting in Washington and are reported in Refs. 10 and 11.
Before we emphasize the most important remaining problems, let us briefly
describe these two FBR systems.

Figure 2 shows very schematically the sodium and the gas fast systems.
In the LMFBR, the reactor core is cooled by a flow of primary sodium which
exchanges its heat in a primary heat exchanger with a secondary sodium
coolant. This nonradioactive secondary sodium raises steam in another heat
exchanger and the steam expands in a steam turbine driving a generator. The
primary sodium loop which has to be heavily shielded is sometimes contained
in a large pool of sodium where one finds the reactor core, blankets and
shields, the primary pumps, and the primary heat exchangers. In a GCFR,
the primary loop comprising the reactor core and internals, the helium circu-
lators and the steam generators, is contained within a Prestressed Concrete
Reactor Vessel which holds the gas pressure (70 to 120 atm). The steam
raised in the heat exchanger then expands in a steam turbine. In some ad-
vanced concepts, the hot gas out of the reactor expands directly into gas
turbines which drive both helium compressors and generators [Ref. 12]. As
previously mentioned, the cores of the LMFBR and GCFR are very similar, con-
sisting of assemblies of vertical fuel elements, each containing a number
(200 to 300) of fuel pins cooled by axial flow of sodium or helium respect-
ively.

The advantages claimed by the proponents of these two systems, which
both have high thermal efficiency and potentially low doubling times, are
mainly

LMFBR: a) Good heat transfer characteristics with low coolant
pressure
b) Potential for low specific fissile inventory
c) Good emergency cooling possibilities, especially if
the core can always be kept under sodium.

GCFR: a) Inert, and transparent coolant which does not inter-
fere with core neutronics
b) Potential for high breeding gain
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c) Simplified operation and maintenance, and no need
for intermediate coolant loop.

The GCFR design contemplates commonality of fuel with LMFBR, obtained by
equalizing the pressure on both sides of the cladding [Ref. 13]. GCFR fuel
will use artificial surface roughening to improve the surface heat trans-
fer coefficient [Ref. 14]. Furthermore, as indicated in Table VII, a great
deal of the HTGR technology is applicable to GCFR.

Besides the fuel problems which are common to both systems and will be
discussed later on, the special development problems seem to be in the area
of steam generators for sodium cooling and helium circulators for gas cool-
ing. In view of the chemical reactions between sodium on one hand, water,
steam and air on the other hand, the design of reliable, safe and economic
sodium-cooled steam generators is a difficult problem which is now under
development in a number of countries, such as France, Gerimany, Japan, UK,
US and USSR [Refs. 10 and 11]. Core heat removal does not appear to be a
problem in helium-cooled fast breeders under normal operation, but cooling
must be insured under all circumstances, including the removal of afterneat
once the reactor is shut down. Therefore reliable and redundant helium
circulators (and drives) must be provided. A large amount of circulator
design and testing is now taking place for thermal helium cooled reactors
(HTGR) whicn should also be applicable to fast systems [Ref. 15]. Extension
of the PCRV experience is also required since helium pressure in a GCFR is
about double that found in thermal systems [Ref. 12]. Both LMFBR and GCFR
require fast and reliable in-core instrumentation, although of a different
nature: thermocouples are needed in both systems for measurement of coolant
temperature at the exit of the fuel elements. But sodium might boil and be
ejected out of the core in case of supersaturation, and acoustic monitors
may be needed for early detection of boiling in order to avoid failure
propagation and the effects of a positive void coefficient of reactivity.
Detailed experimental verifications of core thermal and mechanical behavior
are required for both FBR systems.
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The maximum fuel burnup required for large economic fast breeders
varies from 7-8% to about 10%, according to European or US estimates
[Ref. 7]. Satisfactory experience has been obtained in fast test facili-
ties in the US (EBR II) and in Europe (Rapsodie in France and Dounreay in
UK), but only up to 5 to 8% with mixed oxide fuels. While the desired
burnup has nearly been reached, the fast fluence (which indicates the
amount of radiation damage) was usually a factor 3 to 4 lower than the
fluence desired for large breeders (2-4x1023 n/cm? > 0.1 Mev). Even with
demonstration plants of approximately 300 Mde, the fast flux will be only
about 1/3 and the fast fluence/burnup ratio only about 1/2 of the values
for 1000 MWe reactors. The Fast Flux Test Facility (FFTF) will have a
fast flux comparable to that of large FBRs (~7x10!5 n/cm?-sec above 0.1 Mev),
but this large test reactor (400 MWt) will only start operation in the US
in 1974-75.

As shown in Table IX the design characteristics of fuel elements for
fast breeder reactor prototypes are very similar, even with gas cooling.
The fuel pin is small (0.5-0.6 cm pellet diameter), long (~100 cm) with a
thin stainless steel clad (0D/ID: 1.12-1.16). The maximum linear rating
is 13-18 Kw/ft (425-585 w/cm), the design hot spot clad temperature is
665-730C and the maximum burnup is 50-100 Mwd/Kg (fuel). A core plan for
a 300 MWe GCFR demonstration plant is shown on Fig. 4 which is very similar
to a LMFBR core.

Although fuel swells at high burnups, swelling of the stainless steel
clad under high fast neutron fluences may even be more limiting. This
radiation swelling of the steel depends both on fluence and temperature and
may therefore cause serious distortion and bowing of the fuel elements.
Close to 10% volume expansion of 20% cold-worked 316 stainless steel could
be expected at fluences of about 1023 n/cm? (>0.1 Mev) at 500C. Figures 5
and 6 show the strong dependence of radiation swelling upon fluence
(significant only above ~0.5x1023 n/cm?) and upon temperature (maximum for
stainless steels around 450C). Some metallurgical improvements could be
expected, but the nonuniform swelling of the fuel elements may have to be
accommodated by leaving a clearance between elements (less detrimental to
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the neutron economy in GCFR than LMFBR) and by periodic rotation of the
fuel elements [Ref. 16].

HISTORICAL FBR DEVELOPMENTS AND WORLD PROGRAMS

As previously mentioned, the first fast reactor (Clementine) was
operated in the US in 1946. Since then a number of fast reactors have been
operated or are being built in the US and abroad as seen on Table X (from
Ref. 8). The first fast breeder, EBR-I was started in the US in 1957 while
the first sodium cooled hreeders in the USSR and in the UK were started in
1959 (BR 5 and Dounreay respectively). The first fast reactor in France,
Rapsodie, went critical in 1967 and has recently been uprated from 20 to
40 MWt. Some characteristics of those first generation fast breeder re-
actors are shown in Table XI (from Refs. 10 or 11). Most of these first
reactors use metallic fuel, except for Rapsodie which uses Pqu-UO2 fuel,
and BR 5 which had a PuO2 core and also a UC core; those fast reactors are
cooled by liquid metal, Hg, NaK or Na.

Table XII updated from Ref. 3 shows the milestones of the LMFBR pro-
grams around the world. Ge.wany, together witn Belgium and Hoiland, Italy
and Japan have started ambitious FBR programs which foliow by a few years
the programs already started in France, UK, USA and USSR. t may be noted
that, although the first demonstration plant went critical in 1963 (Enrico
Fermi in the US), the next demonstration plant is not scheduled to start
until 1970 (BN 350 in the USSR). Figure 7 shows the Fermi reactor wnhich
has not yet operated at its design power (200 MWt) since some of the fuel
elements experienced melting in 1966. Table XIII shows the second genera-
tion of LMFBRs, which are demonstration plants with electric power procuction
in the 250 to 600 MWe range, and not commercial reactors. All of them will
have stainless clad U02-Pu02 fuel cooled by sodium. As shown in this table,
the net cycle efficiency is high (35 to 42%), and the power density, specific
power and linear rating are very similar for all plants. In most cases,
the breeding ratio is rather low and therefore the doubling time is nigh.
The assumed maximum burnup varies from 50 to 100 MWd/Kg. Both pool and
loop designs are utilized. Figure 8 shows an example of the pool concept
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for the PFR under construction in the UK. Figure 9 from Ref. 17 skows a
concept of a 1000 MWe sodium-cooled fast breeder with the same pool design,
which should have a net efficiency of 41%, a specific power of 1.3 MWt/
Kg(fissile) and an average power density of ~0.6 Mdt/liter (of core). With
a breeding ratio of 1.4 with PuOZ-UO fuel, the doubling time snould be ap-
proximately 8 years.

Rather large sums of money are being spent now on LMFBR programs: close
to $125 millions per year in the US and about the same amount abroad, mainly
in France, Germany, Italy, Japan and UK. The spending level is also hignh

2

in the USSR where two large reactors are presently under construction,

BN 350 and BN 600. It is felt that total expenditures of 2 to 3 billion
dollars would have to be spent in the US before the advent of true commercial
breeders some time around 1990. As could be seen in Table XIII, the develop-
ment pnilosophy is quite different in the US and abroad. A conservative
approach is taken by the US AEC [Ref. 18] whereby large component develop-
ment and fuel testing programs (including full-size loops in a Fast Flux
Test Facility) precede the construction of one or more demonstration nlants.
In other countries, such as France, Germany, UK and USSR, construction of
demonstration plants follows closely the operation of first generation re-
actors (Rapsodie, DFR); a great deal of the fuel testing will be performed
in the demonstration plants which therefore are expected to go up to full
power rather slowly. This latest approach should lead to earlier commercial
development of fast breeders as shown on Table XIV established from recent
estimates [Refs. 7, 11, 18, 19, 20]. The first large FBR should operate in
USSR before the first US demonstration plant. There now appears to be a

lag of several years between the US and the European LMFBR programs.

A review of the US fast breeder reactor program was recently published
in Energie Nucleaire [Ref. 21]. The US F3R program was discussed by M. Shaw
and J. Yevick of the US AEC and by H. Fenech of the University of California
at Santa Barbara. Four US manufacturers described their LMFBR programs, and
gas cooled fast reactor developments were also presented (see also Ref. 4)
Reports on the US and European GCFR work were recently given at Oak Ridge
National Laboratory [Ref. 22] and are discussed by C. Rennie [Ref. 23].
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The potential of the GCFR system has previously been discussed in two US

AEC reports on alternate breeders [Refs. 24 and 25]. The utilization of

a closed cycle helium turbine coupled with a GCFR is presented in Refs. 12
and 26. Figure 10 shows a conceptual design of a GCFR 300 MdWe demonstration
plant [Ref. 16] whose characteristics are given in Table XV, together with
typical design parameters for a 1000 MWe plant. These GCFR designs are
based on LMFBR fuel technology and, as shown on Table IX, the fuel element
parameters are very similar. The Prestressed Concrete Reactor pressure
Vessel containing the core, blankets and shields in a central cavity and

the steam generators and helium circulators in satellite cavities is similar
to designs for other thermal gas-cooled reactors such as AGR or HTGR. De-
sign and safety studies for a GCFR demonstration plant are being pursued by
Gulf General Atomic Incorporated together with 41 US and one foreign utility
company. Some fuel irradiation is being performed under US AEC sponsorship
and work in heat transfer and fluid flow is under way in a joint program
with the Swiss Federal Institute (EIR). Besides government studies in
Europe, a Gas-cooled Breeder Reactor Association has been set up in Brussels
in 1969 by 11 industrial groups, utilities, and government organizations
with members from seven European countries. It appears that the development
of an alternate breeder system could proceed with a timetable not very dif-
ferent from that of the LMFBR, i.e., a large commercial GCFR with steam cycle
could be in operation some time between 1985 and 1990.
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CONCLUSTIONS

We have tried to show the status of fast breeder reactors which have
now been under development for about 20 years in this country and will
probably be built in large numbers by utilities some time in the coming
twenty years. The timetable for introduction of FBRs is aifferent in
Europe and in the US because of different needs. Uranium and thorium re-
serves are much larger in the US where enrichment facilities are also
readily available and therefore it does not appear that there is an urgent
need for breeders in this country before about 1990, while they may be
needed in Europe a few years before (1980-1985). Most of the development
work up to now has been performed for Liquid Metal Fast Breeder Reactors,
but Gas-Cooled Fast breeder Reactors based on similar fuel technology will
benefit from the advent of High Temperature Gas-cooled Reactors and should
be competitive at about the same time. Fast breeders will considerably ex-
tend the use of fission fuels (uranium and thorium) since they make a very
efficient use of fissile material and breed new fissile material from fertile
material. The plutonium produced by existing Light Water Reactors will be
used in FBRs and thermal and fast reactors will probably coexist for a
number of years, together with fossil fuel plants (especially for small
plant sizes).

It is interesting to speculate, now that we have attempted to answer
the question why breedens? how those advanced fission reactors will fit in
the timetable for fusion reactors. In an article published in the June
1570 issue of Fortune [Ref. 27], entitled "Tne Hot New Promise of Nuclear
Power," Mr. T. Alexander writes "The closest to hand is the fast obreeder
fission reactor, the technical and economic feasibility of which seems
assured. The other, and potentially far better, is controlled thermo-
nuclear fusion. In some ways complementary to the breeder, in some ways
competitive, the fusion principle is inherently safer and cleaner. And if
direct conversion of fusion energy to electricity could be achieved, as
many now believe, civilization might obtain its energy at a price far lower
tnan ever imagined." He continues by stating that a Controlled Thermonuclear
Reactor has not yet reached the stage of the first fission reactor in 1942.
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The timetable for fusion reactors varies according to the degree of opti-
mism, but it was pretty much agreed at the Culnam meeting [Ref. 28] tnat a
true controlied nuclear reaction (producing more power than is provided to
it) could be expected to occur during this decade. In view of the diffi-
cult probiems of economic fuel injection and material behavior under hign
neutron bombardment [Ref. 29], especially for the most promising (D-T)
reaction, it is questionable that an acceptable commercial fusion reactor
could be pbuilt before the end of this century. As we have seen, there is
no immediate need for fusion reactors from the viewpoint of fuel resources.
It is true that the inventory of radioactive materials will be smaller in
a fusion reactor than in a fast breeder of the same power, and also tnat
a fusion reactor does not contain several critical masses. But a large
amount of radioactive tritium circulates in the various loops of a fusion
reactor and the materials in the blankets (niobium or molybdenum) become
quite active. Therefore fusion reactors will also most probably require
a secondary containment like fast breeders. The much lower thermal pollu-
tion (~90% overall efficiency) claimed for fusion reactors will only oe
obtained in the next century with direct conversion of thermonuciear power
to electricity from such reactions as (D-He3) which require a much higher
ignition temperature than (D-T) reactions. In the present systems with
intermediate fluids such as 1ithium [Refs. 30, 31] or helium [Ref. 32],
and a steam turbine or gas turbine cycle, the net efficiency of fusion
systems is comparable to that of advanced fission reactors (~40%) when the
energy required for coolant pumping and fuel injection is taken into account.
At this point, it may be interesting to look briefly at the world re-
serves of fission and fusion fuel and also at a brief comparison of extrap-
olated power costs. We first remark that approximately the same amount of
energy is obtainable per unit mass of fission fuel (U or Th) or fusion
fuel (lithium needed to breed tritium): about 1 MW-day/gram. Table XVI
derived from Ref. 33, shows that the energy content of (U + Th) and of
1ithium are about the same; even if more lithium were discovered, the con-
tent of natural lithium in the earth's crust (65 ppm) is only four times
that of U+ Th (16 ppm). Therefore the amount of energy obtainable from
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the (D-T) fusion reaction is of the same order of magnitude as the energy
obtainable from fission reactions, i.e., sufficient for a large number of
centuries. Deuterium out of the oceans will then carry on the burden for
millenia. The last remark concerns power costs; which, it is recognized,
are much harder to ascertain for an unknown technology such as fusion re-
actors than for an extrapolation of known tecanology, namely fast breeders.
Using numbers presented by Werner et al. in Ref. 31, the capital cost of a
4200 MWe fusion reactor is about $235/Kwe, while the running costs, in-
cluding fuel, are about 1.75 mill/Kwh: therefore the net power costs are
approximately 6.45 mill/Kwh. The data given by the latest EEI report
[Ref. 7] for 1000 MWe GCFR plants in the year 2000 are $150-180/Kwe and
0.7-0.9 mil11/Kwh running costs, leading to total power costs of only 3.7
to 4.5 mi1l/Kwh. Even using the more optimistic data from Carruthers et al.
[Ref. 33], the capital costs for a 2100 MWe fusion reactor is 175-188 $/Kwe
and the running costs are about 0.21 mi11/Kwh, leading to power costs of
3.71-3.97 mil1l/Kwh, compared to about 3.73 mill/Kwh for a fast breeder of
the same electrical output. With the previous data it appears that the
first large (D-T) fusion reactors could only be marginally competitive with
fast breeder reactors by the year 2000. There most probably will be room
for advanced thermal fission reactors, fast breeders and fusion reactors
for many years, with possibly even symbiosis between the various types of
reactors, such as breeding of thermal fission fuel (U-233) in fast breeders,
or breeding of fast breeder fuel (Pu-239) in fusion reactors [Ref. 34].

Let us conclude by quoting from Chairman Seaborg's speech of November
26, 1969 [Ref. 5]. "If the energy potential of breeders is so good, why
bother with trying to achieve controlled thermonuclear fusion?....I mentioned
earlier that fission through breeders would supply us with energy for
centuries or perhaps thousands of years. With the successful utilization
of controlled fusion, man will have virtually an unlimited energy resource
at hand. Even at a power consumption rate many times that of today's, he
will have an energy reserve that will last for millions of years."
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TABLE I

URANIUM UTILIZATION FOR 1000 MWe PLANTS*

AT 80% CAPACITY FACTOR

Gas Cooled Reactors

LWR  HWRt Magnoxt HTGR GCFR**

Natural U required for
first core, tonnes U308 580 300 1130 450 700
Natural U required for - _
yearly feed, tonnes U308 170150 330 %5
Natural U equivalent of
yearly U discharge, 40 —_ — 5 —_
tonnes U,0

378
Natural U equivalent of
yearly Pu discharge, 20 —_ - — +75
tonnes U,0

378
Net yearly requirements -
tonnes U.0 110 150 330 50 75

378
Total 30-yr commitment 3770 4650 10,700 1900 -1500

tonnes U3O8

Similar results obtain for LMFBRs.

*
LWR =
HWR =
Magnox

HTGR
GCFR

light water cooled and moderated reactor
heavy water cooled and moderated reactor
= C0p cooled, graphite moderated, natural uranium

reactor

high temperature gas cooled reactor (thorium c
gas cooled fast breeder reactor (PuOp-U0; fuel

tThrow-away cycle

%*

{cle)

*
Assuming fissile plutonium equal to 100% enriched U-235.

(Fertile material: depleted uranium ~1 tonne U308/yr)
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TABLE II

DESIGN VARIABLES FOR FAST BREEDERS

Fissile material:
Fertile material:
Type of fuel:

Reactor coolant:

Reactor arrangement:

Power cycle:

U-235, Pu mixtures
U-238, depleted U, Th-232
metal, oxide, carbide

liquid metal (Na, NaK), gas (He, COZ)
steam

integrated concept (pool), loop design

direct (gas turbine), indirect (gas/steam)
intermediate loop (Na/Na/steam)
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TABLE III

Lomparison of FBR Coolant Approaches
(from EEI, April 1968§

Sodium-Cooled

ADVANTAGES

1.

Good emergency and post-accident
cooling

Gas-Cooled

. Chemically and neutronically

inert

2. Low pressure . No coolant phase-change void
effect

3. Extensive fast reactor fuel and . High internal conversion ratio

component experience and long refueling intervals

4. Good heat transfer characteristics . Potential high breeding ratio
and short doubling time

5. Vented fuel possible 5. Vented fuel possible

6. Low specific inventory potential 6. Small positive void coefficient

DISADVANTAGES

1. Opaque fluid . No fast reactor fuel and
component experience

2. Chemically and neutronically . Emergency cooling problem

active

. Phase change-void effect
. Secondary heat transport system

required.

. Component development required

Lack of electric utility
experience with sodium
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. Heat transfer limited
4. Stringent leak requirements

. Component development required
6. High coolant velocity
. High pressure
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TABLE IV

SIMPLIFIED COMPARISON OF REACTOR COOLANTS

COOLANT WATER HELIUM SODIUM

Reactor Type (PWR) (HTGR — GCFR) (LMFBR)
Average temperature (°C) 300 600 450 450
Average pressure (atm) 150 50 100 10
AT (coolant rise) °C 25 400 300 165
Density p(g/cm3) 0.70 0.003 0.0062 0.80
Specific heat Co (wsec/g-°C) 5.2 5.2 1.25
Flow velocity V (cm/sec) 400 5000 8000 600
Heat transport per unit frontal

area 36,000 31,000 78,000 100,000

pV  CpaT (w/cm?)

Heat transfer coefficient *

b (/a2 oC) 3 0.3 1.5 10
Average film drop at (°C) 25 200 100 25
Heat transfer per unit surface 75 60 150 250

area hat (w/cm?)

*
With artificial surface roughening doubling the heat transfer coefficient.
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TABLE V
TYPICAL PERFORMANCE OF FAST BREEDER REACTORS

DEMONSTRATION
PLANT* COMMERCIAL REACTOR**

Coolant Na He Na He Na He
Fuel U02-Pu02 U02-Pu02 UC-PuC

Power (MWe) 250-500 310 1000 1000 1000 1000
Inventory Kg'f;;z(cm) 2.5-3.5 4.4 1.55 2.6 1.45 2.0
Breeding ratio 1.1-1.3 1.33 1.31 1.51 1.50 1.60
Doubling time (year) 15-20 20 8 8 4.5 4.5
Coolant exit temp. (C) 540-590 540 650 635 585 590
Cycle efficiency 0.39-0.41 0.38 0.43 0.40 0.39 0.38
Capital costs ($/Kwe) 150 130 150 130
Fuel costs (mill/Kwh) 0.8 0.8 0.4 0.4
Power costs (mills/Kwh) 4.2 3.8 3.8 3.4

*
LMFBR demonstration plants in France, Germany, UK and USA. GCFR designs from GGA.

*%
The costs are taken from US AEC studies (1969)



PROJECTED NUCLEAR POWER COSTS (1970 dollars)™

TABLE VI

Year of Startup LWR HWR HTGR LMFBR GCFR MSBR
1975
Plant ($/Kwe) 200-240 280-340 23G-270
Energy (mill/Kwhr)|6-7 6.8-8.2 [6.1-7.1
1980
Plant ($/Kwe) 170-210 270-330 {180-220 | Demon-
stration
Energy (mill/Kwhr)|5.2-6.2 6.6-8.0 [5.1-6.1 |plant
1985
Plant ($/Kwe) 160-190 220-260 |[160-190 |[220-260 | Demon-
stration

Energy (mill/Kwhr)|4.9-5.7 5.5-6.5 |4.6-5.4 |5.5-6.5 |plant
1990
Plant ($/Kwe) 155-185 200-240 [150-180 |180-220 |225-275 | Demon-

s tration
Energy (mill/Kwhr)|4.8-5.6 4.8-5.8 [4.3-5.1 [4.5-5.5 |5.6-6.8 |plant
2000
Plant ($/Kwe) 150-180 180-200 ([135-165 [160-190 [150-180 ]50-180**
Energy (mill/Kwhr)|4.7-5.5 4.2-5.2 14.0-4.8 |3.9-4.7 (3.7-4.5 |3.7-4.5

*
from Ref. 7, Edison Electric Institute 1970 report

* %
beyond 2000
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TABLE VII

Status of FUR Technologies

Technological

area under
study or GCFR LMFBR
development
Coolant Considerable operating experience Operating experience with
with British reactors (C0p) and EBR-II, SEFOR and Fermi
US and European HTGR (helium) in the US, DFR in England
and Rapsodie -in France
Fuel GCFR fuel design will be based Experimentation is under
primarily on LMFBR experimental way. High burnup on fuels
data. Heat transfer results with will be tested upon com-
roughened surfaces available pletion of the Fast Flux
mostly from European GCRs. Test Facility and the
demonstration plant.
Pressure Considerable PCRV experience in High pressure primary con-
vessels England and Europe. Fort St tainment not required.
Vrain should provide any added
US experience required.
Pumps and HTGR experience will be directly Both mechanical and electro-

circulators

Steam
generators

applicable to GCFR. Fort St
Vrain circulator development
program has been completed.
Also, UK and European gas-cooled
reactors from which to draw
experience.

Steam generators for Peach Bottom
HTGR are operating satisfactorily
at design output. Steam genera-
tors for use at Fort St Vrain are
of a different design.Final proof
testing of the design will occur
when Fort St Vrain starts up in
1971. Since GCFR steam generators
will be the same design princi-
ples as the Fort St Vrain gene-
rators, Fort St Vrain will pro-
vide most of the necessary steam
generator experience.

magnetic pumps are under
study. Mechanical pumps

seem to be favored. Pumps

to about 20,000 gpm will be
needed for demonstration
plants. Larger sizes will

be needed for 1000 MWe
plants. At present, 12,000
gpm is largest size operated.

Present steam generators use
bi-metallic tubes to mitigate
corrosion problems. Only the
Fermi reactor has a single
tube steam generator and it
has a history of leakage
However, successful single
tube steam generators will
probably be required for
economical operation. Consid-
erable amount of sodium steam
generator testing now under
way.
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TABLE VIII

MAJOR DEVELOPMENT AREAS FOR LMFBR AND GCFBR*
(from Ref. 3)

Item Na Gas Na Gas
Physics Fuel and Materials
Large Pu criticals X X Fuel irradiation X
Doppler confirmation X X Clad, structure X
Data methods X swelling
Coolant reactivity Fuel/cladding XX
Void coefficients X interaction
Cladding support/ X
Safety cycling
Realistic DBA** X X .
Loss of coolant X Instrumentation/Control
Emergency decay X Fuel failure monitor X X
cooling Impurity monitoring X
Coolant voiding X Boiling detection X
effects
Fuel failure X X Coolant Technology
propagation Chemistry and Purifi-
: cation
Core Design Na-H20 reaction
Fuel element structure X
S/A irradiation testing X X
Coolant boiling effects X Fuel Recycle
Heat transfer/hydraulics X Fuel fabrication X X
Core clamping and hold- X
down
Plant Design
Emergency decay coolant X
Temperature optimization X X
Fuel transfer system X X
System transients X X
Components
Steam generator X X
PCRV X
Pumps/blowers X X
Fuel handling X X

*
Areas where effort is required are indicated by an X.

k% . 3
Design Basis Accident
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TABLE IX

CHARACTERISTICS OF STAINLESS STEEL CLAD, MIXED OXIDE FUEL ELEMENTS
FOR FAST BREEDER REACTOR PROTOTYPES

PFR Phenix SNR BN-350 BN-600 GE Al Westinghouse  GGA
UK France Germany USSR USSR USA USA USA USA
Coolant Sodium Sodium Sodium  Sodium Sodium Sodium Sodium Sodium Helium
Power, Mie 250 (275)* 233 295 350 600 310 500 300 ~310
Pellet diameter, cm 0.50 0.55 0.52 Q.52 0.60 0.5] 0.54 0.56 0.62
Cladding 0D/ID 1.15 1.16 1.15 1.13 1.135 1.16 1.135 1.125 1.15
N
\N - - -
\'Ma’év‘v'}‘;‘,';‘ linear rating, | 43 5 ~14.5 n17.5 14 13 (av) 15 15 13.5 13.8

Hot spot cladding

temperature at 650 (700)* 700 (730)* 700 710 690 ~700 ~700 665 700
mid-radius, C

Maximum burnup, )
103 MWd/tonne 70 >50 85 >50 100 100 75 (av) 100 50-100

*
For later cores.



Name

Clementine
EBR I

BR 2

BR 5
Dounreay
LAMPRE

EBR II
Fermi
Rapsodie
SEFOR

BR 60 (BOR)
BN 350
PFR

JEFR
Phenix
FFTF

PEC

NA 2
BN 600

Country

United States
United States
USSR

USSR

Great Britain
United States
United States
United States
France

United States?
USSR

USSR

Great Britain
Japan

France

United States
Italy

W. Germany3
USSR

TABLE X

LIQUID METAL COOLED FAST REACTOR PROJECTS (from Ref. 8)

Power (MWt) Coolant Initial Operation
.025 Hg 1946
1.0 NaK 1651
0.1 Hg 1956
5.0 Na 1959
60.0 NaK 1959
1.0 Na 1961
60.0 Na 1963
200.0 Na 1963
20.0! Na 1967
20.0 Na 1969
60.0 Na 1970
1000.0 Na 1970
600.0 Na 1972
100.0 Na 1973
600.0 Na 1973
400.0 Na 1974
140.0 Na 1975
750.0 Na 1975
1470.0 Na 1976

1Being increased to over 40 MWt in 1970.

2With Germany and Euratom.
3With Belgium and Netherlands.
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TABLE XI
First Generation Fast Breeder Reactors
USA USSR UK France
CLEMEN-
TINE EBR-I EBR-II EFFBR BR-1 BR-2 BR-5 DFR RAPSODIE
Reactor Power
Thermal, MW(th) 0.025 1.2 62.5 200 0 0.1 5 72 20
Electrical, MW(e) 0 0.2 20 66 0 0 0 15 0
Core
Fuel Pu-Metal U-Metal U-Metal U-Metal Pu-Metal | Pu-Metal PuO; U-Metal | Pu0,/UO,
Core volume, liters 2.5 6 65 420 1.7 1.7 17 120 54
Fuel rating av, MW(th)/kg fissile 0.0016 0.02 0.3 0.37 0 0.008 0.1 0.24 0.14
Power density av, MW(th)/liter 0.01 0.17 0.8 0.45 0 0.06 0.3 0.5 0.32
Linear rod power max, W/cm (av 50) 300 450 250 0 150 200 (av 320) (av 210)
Neutron flux max, n/(cm’ sec) (av 5x 10" 1.1 x 10" [3.7x10" [4.7x10"| 5x10* | 1x10"™ | 1x10" |{25x10"} 1.8x10"®
Primary Heat Transfer System
Coolant Hg NakK Na Na - Hg Na NaK Na
Coolant temperature
Core inlet, °C 40 230 370 290 - 30 3175 200 410(450)
Core outlet, °C 120 320 470 430 - 60 450(500) 350 500(540)
Coolant mass flow, m*/h 0.6 80 2200 5500 - 6 240 1800 800
Number of coolant loops 1 1 2 3 - 1 2 24 2
Time Schedule
Design 1945 1945 1956 1958
Construction 9/1946 1949 1957 8/1956 1957 3/1955 1962
First criticality 11/1946 8/1951 10/1961 8/1963 6/1958 11/1959 1/1967
Full operation 3/1949 12/1951 4/1965 8/1966 1955 1956 7/1959 7/1963 3/1967
Shutdown 6/1953 1963 - - 1956 1957 - - -
Remarks 1, fast 1. nuclear | Reactor Since UC-Core (RAPSODIE
reactor, | electricity | Plant 10/1966 since is not
1. Pu- generation | with out of 1965 really a
fueled Pu-Core integral operation reactor of
reactor since 1962 | fuel the first
processing generation,
facility it belongs,
to a large
extent, to
the second
L generation)
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TABLE XII
FBR PROGRAMS — Milestones (from Ref. 3)

USA

France

Start initial studies
First critical :small
facility operation :large

Experimental reactor
critical

5% burnup in :thermal flux
FBR pins :fast flux

Test reactor critical

Large test :(>5 MWt or

loops operation :

Demonstration reactor
critical

Large reactor critical
(estimate)

Professional Staff
1966-1967

R&D funds :through 1967
millions $§ :1967 annual
:70 - 75 annual

Reactor constrqction
millions $ :already built

:being built or
discussed

>5000 gpm)

1945

1955
1968

1946 (Clementine)
1951 (EBR-I)

1961 (LAMPRE)
1963 (EBR-II)
1963 (EVESR)

1960
1967

1969 (SEFOR)
1974 (FFTF)

1966 (SCTI)
1970 (SPTF)

1963 (Fermi)
~1978 (Na FBR)

1984

1000

400
~70
big increase?

EBR I-11

LAMPRE
90 Fermi
330

SEFOR

FFTF

3 Dems.?

USSR UK
1949-1950 1951
1955 1954
1961 1962
1956 (BR-2)
1958 (BR-5) 1959 (DFR)
1961 1964
1969 (BOR) --
(60 MWt)
1966

1970 (BN 350) 1972 (PFR)

1975 1979
(600 Mue)
? 650
?
? 35
increase
? 24 DFR
70 PFR

1967 (large Na-H 0)

1956

1966
1967 (Rapsodie)

1968

1963 (7000 gpm pump) 1962 (10 MWt,IHX,pump)

1964 (5 MWt SG)
1969 (20 MWt SG)

1973 (Phenix)

1980

~700

?
30
30

45 Rapsodie
100 Phenix




The

Table XII contd.

Germany/Belgium/Holland Italy Japan
Start initial studies 1956 (Belgium), 1960 (Germany) 1962 1962
First critical :small -- -- --
facility operation :large 1966 -- 1967
Experimental reactor
critical 1970 (KNK-Na) -- 1973 (JEBR)
5% burnup in :thermal flux 1968
FBR pins :fast flux 1968 1968 1969
Test reactor critical -- 1975 (PEC) 1972
(140 MWt) (100 MWt)
Large test :(>5 MWt or 1965 (5 MWt SG)
loops operation :>5000 gpm) 1969 (88000 gpm pump 1972 (50 MWt SG)  (under
1968 (large Na-H»0) consideration)
1970 (50 MWt SG)
Demonstration reactor
critical 1975 (Na) 19782 19777
Large reactor critical ~1980 198372 1987
(estimate) ?
Professional staff 200-250 (Germany) ~100 ~150
1966-1967 150-200 (Belgium + Holland)
R&D funds
millions § :through 1967 ~60 (Germany), ~10 (Belgium & Holland) ~15 ?
:1967 annual ~40 (+15 Belgium & Holland) ~10 ~10
:70 - 75 annual increase big increase big increase
Reactor construction
millions $ :already puilt 0 0 0
:being built or HNK , Na Dem. (300) PEC Na Dem. (140) JEBR Na Dem. (150)

discussed
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TABLE XIII
LMFBR Demonstration Plants®

USA USSR UK France Germany
Westing- .
GE house Al BN-350*%*  BN-600| PFR Phenix SNR
Reactor Power
Thermal, MWt 750 770 1250 1000 1470 600 (670) 563 730
Electrical, Mie 310 300 500 350 600 250 (275) 233 295
Net efficiency (%) 41.4 39 40 35 40.8 41 41.5 40.4
Core (reference)
Fuel: pin Tength (cm) 90 76 125 105 70 91.5 85 g5
diameter (cm) 0.58 0.64 0.64 ~0.60 0.69 0.585 0.66 0.60
Core volume (1iter) 2000 ~2000 3100 1900 2300 1320 1225 1750
F“ilsg?féng av,Mit/kg 1 g g 0.85 0.93  |1.28 1.22 | 0.7 0.78 0.84
Power density av
'MWt/]iter (core) 0.31 0.39 ~0.37 0.5 0.55 ~0.4 0.43 0.37
L‘ng; rod power max, | gq, 450 490 470 7500 450 480 580
Breeding ratio 1.2 1.22 1.3 1.5 ~1.35 1.15-1.25 1.16 1.33
Burnup, MWd/Kg (max) 100 ~100 75 (av) | 50 100 70 >50 85
Primary Heat Transfer
System
Type pool loop loop loop pool pool pool loop
Number of coolant loops| 3 2+1] 3 5 3 3 3 3
Coolant temperature
Core inlet, C 425 400 405 300 380 400 (430) 405 (420) 375
Core outlet, C 590 550 570 500 550 560 (600) 565 (590) 545
Steam conditions
Temperature, C 510 480 480 435 505 515 (565) 510 (540) 505
Pressure, atm 170 170 170 45 140 162 163 165
Date of Operation L]970 1976 1972 1973 1975

*Pu02—U02 fuel, stainless steel clad.

* %
U0y for the first load (950 Kg of U-235)




TABLE XIV

ESTIMATED LMFBR POWER PLANTS TIMETABLE

Demonstration Plant . Large Plant Commercial Plant

(250 to 500 MWe) (600 to 1000 MwWe) {> 1000 MWe)

France 1973* 1980 ~1984
Germany 1975% 1980 ~1986
Japan 1977 19877
Uk 1972* 1979 1983
USA 1977-78 1984 ~1990
USSR 1970* 1976* ~1980

*
Plants under construction or committed
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TABLE XV

TYPICAL PARAMETERS FOR GAS-COOLED FAST BREEDER REACTORS*

Rencrer R et
Electrical power (Mw) 1000 311
Thermal power (Mw) 2530 826
Net cycle efficiency (%) 39.5 37.6
Helium pressure (atm) 85 85
Reactor inlet temperature (C) 340 312
Reactor outlet temperature (C) 635 541
Midclad hot spot temperature (C) 800 700
Maximum Tinear rating (w/cm) 580 450
Maximum fuel burnup (Mwd/t) 100,000 50,000-100,000
Active core volume (liters) 8600 3200
Active core length (cm) 160 100
Fuel pin outside diameter (cm) 0.8 0.715
Clad OD/ID 1.10 1.15
Fuel volume fraction 0.30 0.30
Coolant volume fraction 0.54 0.45
Reactor pressure drop (atm) 3.4 2.7
Average rating Mw/kg (fissile) 0.90 0.60
Average power density kw/2 (core) 270 240
Total pumping power (Mw) ~100 50
Average fuel enrichment (%) 18 12
Fuel life (year) 2.3 2.4
Doubling time (year) 9 21
Conversion ratio 1.5 1.33

Steam conditions:
Temperature, C (F)
Pressure, atm (psi)

*
Pu02-U02
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538 (1000)-538 (1000)

163 (2400)

468 (875)-496 (925)
196 (2900)

fuel with stainless steel clad and surface roughening.




TABLE XVI

ENERGY CONTENT OF WORLD FUEL RESERVES

(1Q = 1018 Btu)

High Grade Low Grade Ores
Ores (estimate)
Uranium 76 5x106
Thorium 48 7x106
U+ Th 124 12x108
Lithium 18* 5x106
(Li® in oceans) 6x10°
Total Li 11x108

Assumptions: 100% utilization of U and Th by breeders;
Li® content (7.4%) burnt in D-T reactors.

*

very conservative figure because of low demand. (From

Ref. 33)
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Cumulative U30g Requirements, Millions of Short Tons

T

1 L t.01

(a) Case 1 - LWR's Without Recycle.
(b) Case 2 - LWR's With Recycle
(c) Case 3 - LWR's With FBR's Introduced in 1980.

Note: U308 reserves indicated are 1968 AEC values
for the long term. Quantities for the 1980
period are 100, 000 tons less because of
unavailability of uranium by-product material.

Est. Add't'l Resources

at $10-15/1b

.81
Reasonably Assured

.66 Reserves at 10-15/1b
Estimated Add't'l
Resources at Less
than $10/1b

.31

~ o AEC 1967 Est. Reasonably Assured

250, 000 Tons Reserves at Less
than $10/1b
1 ] | | 1 l 1 J | 1 1 | | l
1972 1980 1990 2000
Year

Fig. 1 — Cumulative U;0; Requirements.
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SODIUM FAST SYSTEM
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B odium q :(:I: o :L I}]
o O mmi Condenser
~ ____—f
N\ —
Reactor Pump  Sodium-to- Pump  Sodium-to-  Pump
Sodium Heat- Water Heat-
Exchanger Exchanger
— \ —

Primar; Sodium Second;ry Sodium  Steam-Electric System
Loop Loop

GAS FAST SYSTEM

Steam Generator
—

e B Turbine Generator
) F .
Core\.D
“\ Condenser
I
o &
Helium m Feedwater
Circulator
N v I\ —
Primary Loop Steam Electric System

FTGURE 2. Fast breeder reactor systems
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WHY FUSION?*

by

WILLIAM C. GOUGH

U.S. Atomic Energy Commission
Division of Research
Washington, D. C.

INTRODUCT ION:

Could controlled fusion power change our future? To answer this
question we must understand the relationships that exist between
population expansion, living standards, raw materials, pollution and
energy resources. In Figure 1, the apartment house represents the
size of the earth, with its limited amount of space.1 The man sitting
on the top floor represents North America. The three men down below
on the second floor represent the other developed countries -- primarily
Europe, Russia, and Japan. The eight people down on the bottom floor
represent the less-developed world - Asia (less Japan), Africa and South America.
That is essentially the ratio of population in these groups -- 1:3:8.2
Un the right side of Figure 1 is an energy source. It represents our
present sources of energy which are primarily the fossil fuels,

Those who use most of the energy live on the upper floors and they are
getting pollution from their emergy sources. The raw materials necessary
to maintain the life of ease on the top floor are being placed on the
dumbwaiter (shown at the left of the figure) by those on the bottom
floor. Since nothing is really used up but only transformed, almost
everything ends up as pollution on the upper floors. This piles up and
trickles down a little bit on those living below. Also, the tenants

of this apartment house have developed the habit of keeping numbers of

bombs to secure a more livable environment.

#Fiom the transcribed tape of the speech delivered June 5, 1970, at
the Fusion Reactor Design Symposium, Lubbock, Texas.
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Now for some actual data. Figure 2 is a plot of energy consumption
versus the Gross National Product on a per capita basis for nations
of the world.3 Although imperfect, the GNP is a good measure of living
standards. And you see there is a very close relationship between
energy use and living standards. The developed countries, such as the
U.S. and Canada are up on top, the rest of the developed world is in
the middle and the underdeveloped countries, which use practically no
energy, are down in the lower left hand corner accompanied by very poor
living standards. Let's look at use of materials versus energy consumption
as shown in Figure 3. The only data that I could find on the use of
materials was for steel, which is a good indicator.a Again, if we look
at who's using all the materials we see the U.S. sitting up on top,
all the other developed countries tend to be in the middle and if you
look down in the corner, we find all of the less developed countries.
Now I would project that pollution will probably follow the same pattern.
This is shown in Figure 4.5 I1f you go to Guinea, you wouldn't see much
pollution, but in the U.S., large quantities of raw materials are being
used and disposed of accompanied by the pollution from the energy sources.
POPULATION:
To obtain total worldwide figures, we must use population as a multiplier
factor for all of the above data. Figure 5 shows how this multiplier
is projected to change in the future.6 It's a very steep rising curve
showing a world population of 6 or 7 billion and a U.S. population of

over 300 million by the year 2000,
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But population estimates are predictions and can change. Figure 6
illustrates this.7 Where you are in time can have a large effect upon
what the future population is projected to be. For example, if you were
back in the depression days of the 1930's and you said, "What is the
population of the U.S. going to be in the year 2000", you would find it
was going to decrease. If you were predicting it in the year 1960, you
would estimate over 400 million by 2000. Right now we're on a downward
trend. Maybe people are seeing the future a little bleaker than they
were before or maybe they are consciously attempting to create a more
desirable future. Who are the people making the decisions that will
determine what our population will be? They are the women, the mothers,
who are having children. They fall over a narrow age range. Figure 7
shows the distribution of the U.S. population versus age.8 You find
that about 90% of the births occur for women in the range between 16
and 35. So it is this age group that determines what our future
population will be. From now on I'm going to assume that the population
that we will be dealing with in the year 2000 and the demands that
we'll be talking about will be based upon a U.S. population of 315
million and a world population of between 6 and 7 billion. But remember,
we have made an assumption and a small group of people, if persuaded,

could change the entire population question.

MATERIALS:
As the population and standard of living rise so do the world's needs

for raw materials. The upper portion of Figure 8 shows the recent
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sharp rise in the world's population and a corresponding very sharp

rise in the world's demand for iron. For a developed country, like

the U.S., the bottom portion of Figure 8, shows that we are now importing

a portion of our raw materials. In Figure 9, you see that we are importing
copper. In fact, we are importing a portion of almost all of our materials

from overseas, ’

We are producing less than we are using. We are, along
with the other developed countries of the world, now dependent upon external
sources to maintain our standard of living. Let's recognize that the
mineral resources of the world are not equally distributed among the
continents and the nations of the world, and that during the current
period of history we are depleting the richest mineral deposits and
districts that ever existed. These were created over billions of years,
and we're depleting them in decades.

The developed nations are becoming increasingly dependent upon the
less developed nations to supply materials. Figure 10 shows a picture
of a new Buick, however, the metal composition of the car happens to
be for an old Buick, because I had to get it from scrap data%1 Where is
the material for U.S. automobiles coming from? You see that about 3/4
of a ton is coming from foreign sources.12 We as individuals in this
country, are creating these demands. And thus, in a way, we are creating
a mandate upon our government to secure by political or military means these
raw materials obtainable only beyond our own boundaries.

To better understand the magnitude of the problem, I took the Bureau

of Mines' figures for commercial grade ore reserves -- both known and assumed
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FOREIGN METALS IN A U.S. AUTOMOBILE

POUNDS OF
FOREIGN METAL

TOTAL FROM

POUNDS FOREIGN COUNTRIES
IRON 3,705 36%
COPPER 52 38%
LEAD 24 58%
ALUMINUM 48 89%
ZINC 123 59%
OTHER MATERIALS 415 -

4,367

Figure 10
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reserves.12 Then I projected that the present population of the world

had our standard of living and asked how long would these reserves last.
Figure 11 shows what would happen during the lifetime of an individual,

in say 70 years. We see that within decades we would really be depleting
all of what you might call the vitamins of our industrial society. The
materials needed for the galvanized steel, the stainless steel, the copper
wire, the photographic film, and so on -- and you must also recognize that
these metals occur in the earth's crust in very few parts per million.13
Once the high quality ore is gone, we will have a very hard job obtaining
additional new metal. Now there are certain metals that are relatively
abundant such as aluminum, iron, and magnesium that we don't have immediate
worries about. Figure 12 shows that the grade of ore we have been mining,
for instance in copper, has been decreasing in the U.S.14 Figure 13 shows
that although our production of ore is changing only slowly, the amount of

energy being used to obtain these ores has recently rapidly risen.14

Increased energy will be required as one goes to the lower grade ores.

POLLUTION

Lets look at the question of pollution. We really don't use anything

up; actually all we do is alter its form. Figure 14 is a plot of the

refuse production per person in the U.S. versus time.15 These data were

obtained before the Solid Wastes Program of HEW made a careful study.16

That study showed we are already generating 7 pounds of household, commercial, and
municipal wastes per person per day. And that if you add on the wastes

being produced by the industries that provide our high standard of living

you must add another 3 pounds, so each person in this country is now
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responsible for about 10 pounds of waste per day. Some interesting

numbers for total waste production in the United States were given
for 1967: household, commercial and industrial total 360 million tons per year.
To that add agriculture waste which is 550 million tons, animal waste (for all
the fine steaks we eat) -- 1 1/2 billion tons, and mining wastes - over
1.1 billion tons. So the grand total is something like 2 1/2 billion
tons per year.

Now what do we do with all this? There are really three sinks
we can put it in. We can put it in the ocean, and that's what we
do with a lot of it. We essentially use the rivers as a means of
transporting the wastes to the ocean. This creates what is commonly
known as water pollution. Another way is to burn it and this, of course,
releases particulate matter and 002 and other gases to the air. We

looked at how much CO., would be released in the year 2000 if all of

2
the municipal refuse was burned and it was 444 million tons per year,

just from the U.S. alone.17 Another alternative is to bury it. From
Figure 15 we see that between 1965 and 2000, 10 billion tons would be
accumulated just from the municipal refuse.15 If all this were

compacted and disposed of by sanitary landfill, it would require burial
to a depth greater than 10 feet in a land area the size of the State of
Delaware., If a burial depth of 20 feet were used, the land area could

be reduced to the size of the State of Rhode Island. The average
composition of municipal refuse is shown in Figure 16.15 The refuse

is mostly paper, but it does contain much valuable material such as metal.

Practically everything that we use reappears in our wastes. From Figure 17,

you see that the municipal refuse is not too bad an ore with almost 7%

iron plus a number of other valuable elements, if they only could be
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LAND AREA REQUIRED IF ALL REFUSE PRODUCED IN THE
UNITED STATES IS DISPOSED OF BY SANITARY LANDFILL

ACCUMULATED SQUARE MILES OF
SOLID LAND AT FINAL
YEAR WASTE DEPTHs OF (1)
(109 TONYS) 10 FT 15 FT 20 FT
1965 0 0 0 0
1970 0.85 187.5 140.6 93.8
1975 1.84 406.3 304.7  203.1
1980 2.99 671.9 515.6  343.8
1985 4.3 968.8 726.6  484.4
1990 5.82 1296.9 984.4  656.2
1995 7.55 1687.5 1265.6  843.8
2000 9.49 2125.0 1593.8 1062.5

(1) BASED ON FINAL COMPACTION TO DENSITY OF
32 LBS/FTS.

Figure 15
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AVERAGE COMPOSITION OF MUNICIPAL REFUSE (% BY WEIGHT)

RUBBISH (64 PER CENT)

PAPER, ALL KINDS 42
WOOD AND BARK 2.4
GRASS 4,0
BRUSH 1.5
CUTTINGS, GREEN 1.5
LEAVES, DRY 5.0
LEATHER GOODS 0.3
RUBBER 0.6
PLASTICS 0.7
OILS, PAINT 0.8
LINOLEUM 0.1
RAGS 0.6
STREET REFUSE 3.0
DIRT, HOUSEHOLD 1.0
UNCLASSIFIED 0.5
FOOD WASTES (12 PER CENT)
GARBAGE 10.0
FATS 2.0
NON COMBUSTIBLES (24 PER CENT)
METALS 8.0
GLASS AND CERAMICS 6.0
ASHES 10.0
100.0

Figure 16

277



=

Fe
Cu
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Zn

ELEMENTS RECOVERED % BY WEIGHT

33.345
44.700
4.800
4.610
3.120
.112
6.645
1.377
.240
.730
.202
.019
01%
005
018
.003
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Figure 17
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recovered at low cost.17
ENERGY:
To better understand the importance of energy, return to Figure 2
which shows the per capita energy use by country versus the standard
of living. However, in studying a curve like this, we often forget
that it presents an incomplete picture of the total energy we use.
The main source of energy for the world is the sun rather than the
fossil fuels, water power, and nuclear power which serve as auxiliary
energy. This auxiliary energy is part of a feedback loop that
determines the efficiency with which the sun's energy is used by
mankind as shown in Figure 18. Thus, this auxiliary energy is the
true currency of the world for it determines your standard of living --
its not dollars or rubles, it's energy. Without energy we would quickly
return to a primitive state of existence.

If you have an underdeveloped society, only the sun's energy
is available to help the man push his plow. He's able to raise
enough food to feed himself and his family who also have to work.
You don't have much multiplication in the feedback loop. In an
advanced industrial country, what you do is add, as you see in Figure 8,
auxiliary energy. You essentially open the gate to allow more efficient
use of the sun's energy and you do it by producing fertilizers,
pesticides, tractors that can plow, refrigerators that can store
the food, transportation means and so on. This enables you to support

a large population that lives in cities and thinks of new ways to multiply
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SIGNIFICANCE OF AUXILIARY ENERGY

OPENING THE GATE FOR THE SUN'S ENERGY
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the efficiency of the feedback loop. You can also see what happens
in those food programs where we send food to a country that has not
opened its energy gate very far. What you do is bulge the population
in the cities. They still don't have the auxiliary energy needed in
the feedback loop to handle this population that becomes dependent upon
you, And both sides get angry. How does an underdeveloped country get
out of this situation? Figure 19 shows the building of a dam in India.
These specks are people. And they are crawling up and down building
the dam, 1It's not like the pyramids - when they finish, this dam will
produce 460 megawatts of power and 3,000,000 acres of irrigated land.
This is the first step on building up an industrial society -- the use
of human power (sun's energy) to build the auxiliary energy necessary
to amplify the amount of the sun's energy that can be harnessed by
civilization. This is about the only way you can do it. Figure 20
shows that you can go up orders of magnitude in the amount of food
produced by the use of auxiliary energy.18 In what form do we use
auxiliary energy in the U.S.? Figure 21 shows that most of the energy is
not electrical, although we seem to talk as if electrical was the
only form of energy.20 In 1960 only about 1/4 was electrical, in 1980
about a third and we're projecting that in the year 2000 something
like a 50-50 split., But let us not forget that we are talking in the
controlled fusion program of creating a new source of energy -- not just
a source of electricity.

What energy sources are possible -- some are limited while others
are "infinite". The ones that are limited are shown in Figure 22.21
Fossil fuels -- these are limited, irreplaceable, and they're being used

up at a fast rate. The questions about their longer term use
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center upon the CO_, build up in the atmosphere. How does CO, affect

2 2

the weather? What's the affect on photosynthesis? Does it affect
the pH in the first layers of the ocean and hence sea life?

The conventional nuclear fission reactor is another auxiliary
source. These are the converter reactors such as the pressurized
water reactors. They have a very inefficient conversion - 1 or 27
efficiency - for recovery of the fuel heat content from the uranium.
And they are using up the U-235, Now that raises the question brought
up in the preceeding paper about fission fuel availability at low cost
and the need for moving on to more efficient fission reactors -- breeders.
If you look at our fission fuel reserves in the U.S., you can see that the
"infinite" reserves are very expensive to recover. Take the projected
nuclear plants to be built by the year 2000 in the U.S. The fuel needs
over their expected life would raise the cost of uranium into the region
of $30-$50/pound, if breeders do not come in.

22

In Figure 23, we have what I will call the "infinite energy sources".
First, there will be the fission breeder reactors whose development is
further advanced than for any of the other major "infinite energy sources'.
The questions raised for }ong term use are on handling of fission products
since every ton of uranium produces a ton of fission products. There is
safety, which is being worked on hard to eliminate any potential hazards.
The radiological concentration processes -- an area where scientific data
is still not fully known. Also, the proliferation of nuclear material
requires careful study.

In solar energy, the main question that remains is our ability to
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economically and efficiently concentrate the low radiation energy density
that is coming in from the sun. There are proposals for the use of
satellites to avoid problems created by weather on earth.23 Maybe
there could be research and development programs on how to obtain
more efficient solar energy. Almost no effort is being devoted to harnessing
solar energy.

For controlled fusion we need a better understanding of the plasma
to control confinement and establish scaling laws. Right now we're
getting confinement times which are better than needed, but we have
to put all three properties - confinement, temperature and density --
into one device and then check the scaling laws. This is the current
world objective. Each of these three "infinite'" energy sources requires
extensive engineering and materials' development ~- and fusion is at an
early stage,

Looking at other energy sources you find ones that are infinite
but insufficient to meet future annual demands. Water -- if you took all
the water power that could be developed in the world you could produce only
about 1/10 of the world's energy requirements for the year 2000. Geothermal,
or wind power, will not meet or come close to meeting the needs that we are
going to be facing in this world. We have a very limited choice. We don't
have many options. And none of these options are guaranteed at this moment.
Environmental limitations could further restrict us. If we don't get an unlimited
energy source that is relatively inexpensive or at least somewhere close, we
will be in trouble. We will be unable to support the large world population
at a standard of living anywhere near what we have now in this country

or even what less fortunate countries now hope to obtain.
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Fusion Research

Most of our efforts in fusion have been in trying to advance the plasma
parameters towards the regime needed for fusion reactors.248 Figure 24
shows how plasma temperature for fusion like densities have moved up.
When the fusion program was in its formative stages, there were experts
who said we could never reach this minimum ignition temperature of 50
million degrees. Temperature was slowly increased and then suddenly
the ignition point was passed and nobody noticed it too much. Now we
are well past ignition temperature for fusion reactors and can produce
copious amounts of neutrons at will. Incidentally, the temperature of
the center of the sun is down there at a tepid 20 million degrees.
You barely can see the temperature of a conventional arc on the figure,
it is so cold.

In Figure 25 confinement time for toroidal systems is shown.
Again we have a long period with not too much change. And then the
curve breaks sharply upward. As you heard in the talks earlier this
week, the confinement time needed is affected by the size of the system.
The Rose study for instance shows that for large systems less than 200

24b

Bohm times are adequate. The confinement time needed for a fusion reactor
is not a point but a broad band region and we're now in that region.
In fact we are above it. The toroidal multipole experiment at Gulf General
Atomics, although at low temperature and low density, has recently shown
nearly classical confinement.25 Incidentally, the Soviet Tokomak T-3,

that appears on the chart operates at about 10,000,000°C.
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Figure 26 indicates the improvement in an open system. This is the
2X experiment at the Lawrence Radiation Laboratory that is running at 80
million degrees. The plot by years, shows that we have moved closer and
closer to what we call classical end loss confinement. We're within a factor
of two of this which is probably good enough for reactors. Fast pulsed
systems such as the theta pinch likewise are exhibiting excellent confinement
properties. In Figure 27, the experimental points for a British theta pinch
experiment show that the cross-field plasma loss, instead of being the fast
Bohm rate or even 1/10 of that, were at the slow classical rate. The Scylla
experiments at the Los Alamos Scientific Laboratory are operating in the range
of 50-80 million degrees. Our next objective is to close the open~-ended Scylla
type experiments and make a toroidal system (Scyllac) that hopefully will
maintain this good confinement. These are some points that have given
optimism over the last three years. Most of this data is new. It is the
reason we started technology studies, and the reason for the Culham conference

on Nuclear Fusion Reactors in September 1969, and why we are meeting here today.

FUSION REACTORS:

First, I want to point out that serious fusion reactor technology studies
have been underway for less than 3 years. At present these studies represent
only a very small amount, something like 2%, of our annual effort. Over three
years we have spent about 1% million dollars on this work. We really do not
have details. Many of you may see better ways to accomplish our technological
objectives. Don't be afraid to express your ideas because the amount of effort

that has gone into this area is small compared to the magnitude of the problem.
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Deuterium-tritium (D-T) is the fuel cycle usually considered
in fusion technology studies since it requires lower temperatures
and fewer engineering unknowns before design of a reactor. But
the true potential of fusion eventually may lie elsewhere. The
exploration of other fuel cycles has only just begun. Although
their unknowns are larger, the effort devoted to resolving these
uncertainities is as yet mimiscele.

Figure 28 gives the possible fuel cycles for fusion reactors.
The first three cycles produce neutrons. The only one with a
radioactive fuel is D-T. The fourth cycle, p-Li6 has been proposed by
Dick Post at LRL. As we move into the possibilities of very high
efficiency converters and very good plasma confinement, it becomes
possible to consider such cycles, for the future. The main advantage
of this cycle is that no matter what you do you get no neutroms.
Its all charged particles -- excellent for direct conversion. Maybe
its the cycle to consider for those advanced space propulsion missions
that have been discussed at this conference. It looks, in any case,
as if the p—Li6 cycle could be made self-sustaining although it would
be an extremely difficult task.26

Figure 29 lists the environmental features of a fusion reactor.
I1'd like to comment on each of these since they are dependent on the
fuel cycle and type of fusion system used. Lack of radioactive waste
products: The p-Li6 cycle would have no radioactivity because there
would be no neutrons and no radioactive fuel. If you used the D-He3

cycle there would be some radioactivity induced in the wall -- nothing
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FUSION FUEL CYCLES
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like a D-T, but there is some. There's little or no radioactive fuel
because tritium formed from any D-D reaction is burned up very quickly.
As you move over to the D-T cycle you have the question of radioactive
fuel -- the tritium and how you handle it ~- and the intense induced
radioactivity in the walls and blanket. Now this is still many orders of
magnitude less hazard potential than is present in a fission system.
However, when you speak about eventually storing this radioactive
structural material, the degree of the problem can vary. If you make

the asumption that you have to change the walls every year in a D-T
reactor as would be possible with a modular design and you assume a wall
material that is going to become highly radioactive you are moving closer
to the radioactive waste disposal problems of a fission system -- maybe
only two orders of magnitude away.

Inherent safety against nuclear explosion: There is no question that
fusion reactors using magnetic confinement will have an inherent nuclear
safety that is independent of engineering design. 1In our discussions the
other night, we were talking about very fast pulsed systems which use
inertial confinement. There you really have a little explosion. 1 don't
know what can be said about the inherent safety of such systems.

Absence of after heat problem: Possible melt down of a fusion system
due to after heat is normally not considered a problem since the fusion
nuclear process does not involve the concept of a '"critical mass'. However,
cooling for after heat will have to be provided for fusion systems with
intense induced radioactivity,

Low biological hazard in the event of sabotage or national disaster:

Again, if you assume the p-Li6 cycle we have no hazard. For the D-He3

cycle we have practically no hazard because there are no volative radioactive
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materials or fuel. TFor the D-T fuel cycle you must compare the
biological hazard for the possible release of tritium to the atmosphere
with say volative fission products from nuclear systems, and there
seems to be a very wide margin in favor of fusion.

Reduced danger of diversion of weapon grade material for clandestine
purposes: This is a serious problem for the future.28 If you look at
fusion reactors you see that this is no problem with p-Li6, D—He3, or
even the D-D. Now I want to qualify those latter two, because these
systems produce neutrons and although they could be designed so that the
production of any weapon grade material would be extremely difficult,
it would require a careful reactor design and an assumption that the
nations of the world have agreed to international control and inspection,
When you come to the D-T there is the same qualification but with the
additional consideration of tritium. Tritium requires a fission trigger
for any weapon potential. But even if it should ever become a weapons'
material, it circulates only within the fusion reactor as shown in Figure 30.
It does not travel out of the plant. There is one initial fuel shipment
of tritium and then the plant breeds its own tritium, which is separated
on site. Only non-radioactive lithium and deuterium need be shipped to
provide fuel. This greatly reduces transportation and material diversion
hazards.

The relatively low waste heat from fusion reactors: Again, you are
dependent upon the fuel cycle and the type of energy conversion used.

You go all the way from pulse D-T systems, where the conversion efficiencies
didn't look any better than conventional reactors, to the high temperature

D-T steady state systems where you obtain efficiencies equivalent to the
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best hoped for in breeders or even higher. And on to the direct
conversion cycles of D-He3 and p-Li6 where efficiencies of 80-90%
are possible26 that will be very hard to match. Figure 31 is an
artists drawing of a 1000 megawatt D-He3 fusion power plant using a
direct energy converter as described in the talk by R. W. Werner of LRL.
To see the relationship between high efficiency and thermal pollution
go to Figure 32, The black represents the amount of energy that has
to dissipate into the environment if no use can be found for the low
grade heat. Present fission reactors run at efficiencies slightly
better than 30%, conventional fossil fuel plants operate at about 40%
as will first generation breeder reactors, Advanced breeder reactors,
MHD converters and steady state D-T fusion reactors should be in the 50-60%
range. Direct conversion fusion reactors should be in the 80-907 range.
If achieved, this would represent a truly significant improvement in the
reduction of waste heat, approaching an order of magnitude over present
day systems. This means you could easily locate large plants of
the future right in the center of cities. Lower efficiency plants
could also be located in the center of a city if a use for the
waste heat could be found, because thermal pollution is nothing more
than energy in the wrong place. If a good use is found for the waste
energy, such as the heating of buildings or the distillation of sewage,
it becomes a valuable asset.29

In Figure 33, I show that the trend of population is to urban

30,31

centers, We have got to consider how to get energy there as
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efficiently as possible while producing as little unwanted energy

as possible, All the energy we use will eventually appear as heat.
The combination of a large population and their high standard of
living means that in future metropolitan areas large amounts of
energy will be released over a comparatively small, densely

populated area. Thus, these megalopolises will face consequences,
such as increased temperatures and weather disturbances, from even the

32
normal "desirable" uses of energy.

FUSION TORCH

I want to talk now about a concept of Ben Eastlund's and mine called

17,33,34 Figure 34 is a log-log plot of plasma

the "Fusion Torch".
parameter space in terms of plasma density versus temperature.
Almost all industrial processes using plasmas now fall in the upper
left hand quadrant. What fusion research has done is to make
available the entire right hand quadrant for exploitation. 1It's
an unexplored area industrially. With fusion reactors, when they
become available, we will have large volumes of very inexpensive
plasmas in these regions. Some commercial application using existing
plasma technology could actually begin now in this region.

Figure 35 is a schematic of the Fusion Torch. There are two
concepts involved. The first is returning materials to their basic

elements. Here the kinetic energy of the plasma is used to vaporize,

dissociate, and ionize any solid. The plasma source could be a fusién
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reactor or just a plasma generator., Next, is an isolation region.
Then the inter-action zone where material is injected into the

very hot plasma which is at millions of degrees. The region
following represents the various separation schemes that could

be used to collect the material. We are showing in the schematic
that these are possibilities; much work would have to be done

before one could guarantee what would occur in a particular process.
In fact, much of the data needed for analysis does not yet exist.
Nevertheless, the Fusion Torch concept does open up the possibility
of closing the materials' cycle as shown in Figure 36. As discussed
earlier, raw materials are limited and being depleted; we are going
to have to use more energy to mine the lower quality ores; we are
also going to have to use more energy to reduce pollution. The
Fusion Torch is an energy-intensive process., It takes energy

to ionize and dissociate material. But at the moment we see no

way to completely close the materials' cycle other than to put
matter into the plasma state. Figure 37 is a schematic of a fusion
reactor with a Fusion Torch unit.35 The D-T fuel cycle was used

(as is normally done) although it creates numbers of problems

that are much less serious in other fuel cycles. Although the
Fusion Torch is an energy-intensive process, you are really
cascading the energy created in the controlled fusion reactor downward
via the Fusion Torch to very high grade heat at its walls which can
then be used to produce steam. So, you have not really expended
any energy since the heat can be recovered at a high efficiency

and used to generate electricity. Although Figure 37 shows the amount

308




60g

CLOSING THE MATERIALS’ CYCLE

WASTES

(POLLUTION)

Figure 36



01¢

FUSION
REACTOR

(/ ?-T Coolant loop

STEAM GENERATOR/ ELECTRIC
TURBINE SYSTEM GENERATOR
N
ﬁ\ L — 3
[ — Electricity
_J o))
_J ~—~ ~— T

l from reactor
\ >
N

{FAY-

Refuse ==l

(2,000 Ib. /hr.)

r Rejected

heat

=

Plasma (42,000 kw.) —

ﬁ-—-w

FUSION TORCH L

*Tho thermael encrgy in the coolant stream from the fusion torch
can be convertad to clectricity st about 509, cfficiency.

Coolant loop from
fusion torch*

Oxygen (880 Ib./hr.)
Carbon (660 Ib./hr.)

Iron (132 Ib./hr.)
Hydrogen ( 96 Ib./hr.)
Silicon ( 92 1b./hr.)
Aluminum ( 62 Ib./hr.;
Copper ( 28 Ib./hr

/nr.
Sodium ( 14 1b./hr.)
Magnesium ( S5 ib./hr.
plus other elements

FUSION TORCH can be part of a deuterium-tritium fusion power system.

Figure 37




of material that would come out of such a system if typical refuse
was processed, you probably would not operate like this but would
pre-separate the refuse to optimize costs. 1In the near term applications
you could use existing plasma generators for processing. For example,
we are looking at the separation of aluminum from aluminum oxide using
ultra-high temperature plasmas.36 This is a good candidate since
aluminum takes a great deal of energy to process and some low temperature
plasma separation has been done.37

The second concept involved in the Fusion Torch is transforming
the kinetic energy of the plasma into ultraviolet radiation by the
injection of trace amounts of high Z impurities into the plasma.
The energy is then transmitted through an ultraviolet quartz window
as shown in Figure 38. By this technique it is possible to generate
large quantities of ultraviolet energy. This opens up the possibilities
for bulk heating and new chemical processing techniques. We know we can
successfully generate ultraviolet energy because this was one of the
limitations that held back the fusion program in the early days. The
impurities getting into the plasma prevented us from reaching high
temperatures because of the ultraviolet radiation emitted. The Fusion Torch
concept is still in its inception with no specific programs being supported
by the AEC. The concept is intended as a hunting license for those who
think they can come up with ideas to use industrially the plasmas that
have been developed in the fusion program and hopefully will be available

in large volumes with future fusion reactors.
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FUSION POWER TIMESCALE:

There are three principal factors that determine the timescale to obtaining
power producing fusion reactors. These are listed in Figure 39. First,

is the combination of the physics, technology, and economics that establish
what we call feasibility. Next, is the scientific and man power base upon
which the research and development program can build. And third are the
financial resources available to support the R&D program. We should recognize
that it isn't the United States who is determining this time scale because
we're less than a fifth of the world effort in fusion.30 We do, however,

make a major contribution.

Let's look at the first question on reactor feasibility as summarized in

Figure 40. Fusion, unlike fission, does not require the proof of any new
physical process such as the fission chain reaction which is commonly
considered the proof of '"scientific feasibility' for fission. There is no

need for a chain reaction in a controlled fusion reactor. Our sun and the stars
demonstrate that we can get net energy from fusion. However, to obtain useful
fusion energy on earth, requires that we generate the hot plasmas and confine
them for long enough. To accomplish this an extensive effort in fusion plasma
physics has been underway. For confinement we speak of using electromagnetic
fields rather than gravitational fields. The task is difficult,for to control
the fusion process requires the solving of a set of equations that are quite
intractable. A solution will require many approximations, plus experimental
verifications. Such efforts have been carried out over the years through a
series of experiments on one side with analytical work on the other. We have
now added to these a third, numerical simulation technique brought about by

the advent of very fast computers.39 These three tools are being used together

to bring us closer to an understanding of the fusion process. We have what
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amounts to an iterative process and progress of recent years shows we
are rapidly converging to an understanding of the relevant physics.

To reach the plasma conditions that we need to demonstrate the
"gcientific feasibility" of a fusion reactor, we will have to establish
beyond reasonable doubt the solution to technological problems to be faced
in commercial power plants. To demonstrate the '"economic feasibility"
of a fusion reactor, we will have to show that the costs are low. 1In
certain areas, we must accept the existing state of knowledge because additional
development would be too expensive. To reach reactor temperatures the fusion
program has developed vacuum technology, injection techniques, and plasma heating
technology. For suitable magnet materials for a fusion reactor we need
superconducting magnets. We are relying upon people outside of the fusion
program for these developments. If you look at the cost of fusion core you
find that most of the cost is in the superconductor. There are new superconductors
available that could be developed that might be cheaper and give higher fields,
but those developments are not being pursued. When you look at the neutronics,
we rely very heavily on all of the work that has been done in the fission field.
For start-up and control we will have to do additional work. System components,
pumps, and so forth, have been developed and will be developed to the extent
necessary to do the plasma feasibility tests. From the talk on direct
conversion, it is clear that the energy converters themselves can determine
what is a feasible fusion reactor. So we are now at a point in fusion plasma
research where developments in technologies can bring us closer to feasibility.
Fusion research is a combination of technology and physics, and when you

reach "scientific feasibility" you are at a different point than you were
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when you achieved the first chain reaction which had none of the
technology conditions necessary for a power plant or a test of reactor
conditions for commercial use.

Figure 41 illustrates the strong scientific base which now supports

R & D programs in the U.S.ao’al’42

The figure is a cumulative plot

of the dollars the U.S. Government has spent on research and development
(operating, equipment, and construction) over the last 70 years. Note
that from 1900 to 1942, the U.S. spent very little on R & D. This

was the scientific base available when it was first proven that net
energy could be produced from nuclear fission. It took over twenty
years before nuclear fission became economically competitive. 1I1f you
look at the year 1960, about the time we began the space program, you
can see we were building upon a much stronger scientific base, and in

10 years we had a man on the moon. In 1970, as controlled fusion faces
its technological problems, we have a base of almost 200 billion dollars
of government R & D. The cumulative amount spent by the U.S. controlled
fusion program from its inception is about 1/3 billion dollars as
indicated by the line in the bottom right hand corner of Figure 41.

Over the next 30 years, the U.S. will probably spend somewhere between
500 billion and 700 billion dollars on research and development, using
the scientific manpower that we have available and are training in this
country. What we do with that research and development will determine
what will be the benefits to our society at the end of that time. We

are making our commitments now on how that money is to be used and what programs
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it is to support. We have started on supersonic aircraft; we have
started on antiballistic missiles,

Figure 42 gives the annual expenditures for the fusion program
for operating and equipment funds. The dashed curve uses the consumer
price indexes to adjust these dollars for inflation.43 For the last
seven years, the real purchasing power for the fusion program has remained
esgsentially constant. As we pass into a stage where more technology must
be done in order to prove feasibility we are forced into a tradeoff.
To hire additional engineers to do the technology we have to reduce
the number of physicists working on the program. Figure 43 gives
some time scales to a controlled fusion power plant, The assumption
we normally make is number two. This assumes an expansion of the
world-wide fusion program as the reactor regime is reached in fusion
experiments. At that rate we would be almost 25 years away. Now if
we had to make the assumption that our effort and all the rest of the
world's remains constant you could come up with numbers in the order
of 50 years. Or we could make the assumption that we, or some other
nation, expands and really tries to obtain fusion power from fusion
as rapidly as possible. People have given me estimates that vary

between 7 and 12 years.

CONCLUSION:

Lets take a look at our past, the present, and into the future.

. X s 44 s s
Figure 44 is called the great transition. Our time scale is in
terms of thousands of years. And we're on that steep slope. We're

in a period of very rapid growth and change - probably the most abnormal
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in human history and probably the greatest ecological and biological
upheaval that mankind or this earth has ever seen. And we're in it,
now. We have certain traps that we can fall into.45 Population is
one. The rapid rises seen in Figure 5 could bring about food
shortages which could bring political upheaval, dictatorship and loss
of freedom to people. Energy is one way of postponing some of those
problems. Another trap is limited resources. The only way to get
around these limitations is to close the material cycle. This requires
energy. It must be a clean energy source, one that doesn't pollute
the environment. The third trap is war. A recent U.N. journal,
stated that there is the equivalent of about 20 tons of TNT for

every man, woman, and child on earth.46 The security of this country,
the Soviet Union, and possibly the world, is based upon a nuclear
deterrent system.47 And that deterrent system could go unstable -

as every nation obtains nuclear weapons which is something that

one must assume will occur over the next thirty years. During this
period of rapid change there will be stress on the political systems
of the countries of the world. The question is whether the political
systems can adjust this rapidly. Also, you will have stresses on

the social system which therefore, must be very flexible. There

are questions on economics. We're going to have to begin to adjust
to a non-growth economy and with limited resources. We'll have to
take into account the quality of life in the economic analysis.
Figure 44 lists three assumptions. First, successful control is
assumed. Second, an overshoot in population is assumed and we go
into temporary chaos and the population of the world levels off at
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a more desirable level. Third, things do not go well and we end up
with a serious catastrophe. We are back where we started from with
a small world population dependent on the sun.

Returning to Figure 1, we can recall where we are today. Three
floors of people all in one building, with our little bombs, our limited
supplies being sent up to those on top, pollution building up, and our
fuel being burned up rapidly. 1In Figure 45, we look in at our apartment
house as it would appear in the year 2000 if we continue in the same
way as we have in the past.1 By the year 2000, our energy sources
will be running down, the ratio of population will be 2:4:16.2 Living
conditions will be quite crowded down on that bottom floor. There
will be tremendous uses of energy. There will be tremendous numbers
of weapons. We'll be handling pollution with mechanized methods.

We'll be wondering why these fellows on the bottom are not sending
up supplies anymore. There will be some unsatisfied people trying
to break out of that bottom floor. That's the way things might be.

In Figure 46 we have a happy picture. We must make some
assumptions of course. We'll make the assumption that you have not
only an unlimited source of energy but also a very inexpensive source
of energy. The impact of that is almost unimagniable. Let us assume
that you can recycle material. Of course on the top floor they use an
automated machine, while on the bottom floor they do it by hand.

But you've got the idea. Everybody is happily looking out and basking
in the sunshine of abundant energy. We've taken out the bombs -- maybe
that would be a good idea. The population growth hasn't been changed

although that could be done, too.
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Will this happy picture become a reality? We are in a race with
time. At present about one tenth of one percent of our entire
federal budget is going towards solving the problems of infinite energy
sources, (solar energy, breeders, and fusion), materials' recycling,
disarmament, and population control. 1I've been talking about the
technology for solving many major problems that are facing mankind.
But one does not cure all these ills of society by technology alone.
We're all well aware of that. Human behavior must change and that
requires a vast effort in education and the development of a value

system that can permit the survival of mankind. Thank you.
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ON THE CONCEPT OF PULSED THERMONUCLEAR
MHD ENERGY CONVERSION

A. S. Roberts, Jr.
014 Dominion University

Abstract

It is likely that micro-thermonuclear detonations, as discussed
by Kidderl and Winterberg2, will be fully realizable in the very near
future. How can the nuclear energy which is released be converted to
useful work? An interesting answer is to have the intense plasma
burst pass through a MHD channel, thus converting some part of the

plasma enthalpy directly to electrical work.

What is the nature of this fusion plasma, how is it formed, and
is it practically feasible to harness the energy? These last
questions are the subject of the present report. A physical descrip-

tion is given based on some analysis and a brief literature survey.

1 Kidder, Ray E. The application of lasers to the production of high-

temperature and high-pressure plasma.
Nuclear Fusion 8, No. 1, 3-12 (1968).

2 Winterberg, F. The possibility of producing a dense thermonuclear
plasma by an intense field emission discharge.
Phys. Rev. 174, No. 1. 212-20 (5 Oct. 1968),
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INTENSE RELATIVISTIC ELECTRON BEAMS AND CONTROLLED FUSION RESEARCH

F. Winterberg
University of Nevada, Las Vegas, Nevada

Abstract

The different methods for igniting a small thermonuclear explosion by irra-
diating a target with a beam of energetic particles are discussed with regard to
their relative merits and promise of success. On the basis of this analysis, the
scheme in which the target heating is effected by an intense relativistic electron
beam seems particularly promising as a method for achieving the desired goal.

Beams of the required intensity can be produced with high efficiency bv the high
voltage Marx-circuit Blumleinline technique. A second method using a charged,
levitated, highly magnetized superconducting ring may produce electron beams of
substantially higher voltage and total energy output than in the Marx-circuit tech-
nique. The target heating is brought about by collective plasma instabilities.

In case the collision-free beam dissipation should pose unforeseen difficulties,

it is shown that one may alternatively irradiate the thermonuclear target by an
intense beam of ions. In this case the stopping power range ensures complete
collisional beam energy dissipation. A further distinct advantage of the methods
described is the reduction of the critical ignition size, by which it may even be
possible to extract energy from a D-D thermonuclear reaction. The energy produced
by a chain of thermonuclear micro-explosions occurring inside a spherical container
can be converted into useful electrical energy.

A modification of this scheme can be used for rocket propulsion by having the

explosions take place at the center of a spherical reflector open on one side.
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Wall Erosion by Sputtering in Controlled

Thermonuclear Fusion Devices

James M, Daniel and C. R. Finfgeld
Department of Physics

Roanoke College, Salem, Virginia
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In any controlled thermonuclear fusion reactor, ions
escaping from the plasma will strike the walls of the vacuum
enclosure, Sputtering is among the consequent deleterious
processes, resulting in contamination of the plasma and erosion
of the wall, This paper reviews existing data relevant to the
problem, and estimates the wall lifetime as a function of
burnup fraction using our best conjectures for yields. Those
yields which will be the primary determinants of erosion rates
are also identified, and recommendations as to which quantities
ought to be determined more accurately are made. It is hoped
that these estimates will be useful for design engineering until
more accurate measurements become available, We consider the
reaction

D+ + T+ —_— He++ + 0n1 + 17.3 MeV,
take niobium as the wall material, and use the other assumptions
of TM—22041 and TM-2692,

Presently available yield data for hydrogen ions is summarized
in Fig. 1. Yonts2 reported a yield of 0.0042 atoms/ion for D+ at
20 keV on niobium at 1100 OC, which is somewhat less than the
yield of approximately 0,01 atoms/ion which would be estimated on
the basis of other light ion yield data., Agreement within a factor
2 is encouraging, and an average value of 00,0071 atoms is taken
for these purposes.

There is no experimental data for sputtering by tritons. How-

3
ever, KenKnight and Wehner found that, for molecular hydrogen ions,
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the ratios of yields for H; and H; were close to 1.5. Applying
this factor to the D+—'I‘+ system, we estimate a sputtering yield
of 0,011 atoms/ion for T+ at 20 keV., It is assumed that the
peak of the ion energy distribution will be 20 keV, and variation
of sputtering yield over the energy distribution is ignored.

At low burnup fractions, sputtering due to D+ and T+
will almost certainly be the predominant erosive mechanism. As
burnup fractions are improved, however, sputtering by He
will become increasingly significant. Unfortunately, there is
no yield data for He+F, and data for multiply charged ions
in general is exceedingly scarce. For this reason, we begin
with Yonts' value of 0,051 atoms/ion for He+ at 20 keV., We
would expect second ionization to reduce yields by reducing
the hard-sphere collision diameter, and to increase them through
strengthened Coulomb forces, However, lacking information on
which to base estimates of these competing effects, we ignore
the consequences of second ionization. Making a crude energy
correction from 20 keV to 3.5 MeV, we use Kaminsky's results4
for D+ on silver. He found that yields decreased Yy about a
factor 5 between 100 keV and 1 MeV, and in rough accord with
this and the energy dependence for D+on copper of Fizg. 1, we
arbitrarily take 1 x 10'-2 atoms/ion as a guess for the alpha-

particle sputtering yield,
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For the sake of completeness, the very slight effect
of on1 is also included. Garber, Donlya, Kolyada, Modlin
and Fedorenko5 give the sputtering yield for monoenergetic
14 MeV neutrons on gold as 3 x 10—3 atoms/neutron, Norcross,
Fairand and Anno6 found a yield of 1 x 10-4 for a proton-
moderated fission spectrum of fast neutrons on gold. Since
neutron sputtering involves nuclear rather than atomic collisions,
we take the relative yields for gold and niobium to be proportional
to their total cross sections for 14 MeV neutrons, which are
5.25 and 1.0 barns respectively. This indicates yields as
high as 2.3 x 10_3, or as low as 7.6 X 10_5 atoms/neutron., We
chose 1 x 10-3 atoms/neutron, a compromise weighted somewhat
in favor of the monoenergetic result.

Proceeding to calculate wall erosion rates, we begin with
the quantities of TM-2204., At a power level of 30,000 MW (thermal),
approximately lO22 D+—T+/sec = Si—Li are burned, where Si and Li
are rates of ion injection and loss, respectively, and the wall
area A is taken to be 3,000 M2. The total erosion rate R(axoms/cmz-sec)

is given by

= + + +
R=3 (Y Y ey (Y + YD,

He-n "He D T
where the Y's are sputtering yields,
_ _ 14 2
QHe—n = (Si Li)/A = 3.3 x 107 /cm -sec, and
1
] =L /A= (S,-L_Y(= _ = 14
D-T i 17 1)/A = 3.3 x 10 (E - 1)/Cm2—sec.
b
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Erosion rate as a function of burn-up fraction for D-T, and
total erosion rates, both in cm/year, are given in Table 1,
along with wall lifetime. As in TM-2204, 20% removal of a

1.0 cm. wall is taken as terminating wall life,

Table 1 - Erosion rates and wall lifetime as a function of
burn-up fraction.

fb D-T Erosion Rate Total Erosion Wall
(cm/year) Rate (cm/year) Lifetime
(years)
0.5 0.67 0.67 0.18
1.0 0.33 0.33 0.36
2.0 0.17 0.17 0.72
3.0 0.11 0.11 1.1
4,0 0.081 0.083 1.5
5.0 0.064 0.066 1.8
10.0 0.030 0.032 3.7
20,0 0.014 0,017 7.7
30.0 0.0078 0.0099 12
40,0 0.0051 0.0071 17
50,0 0.0034 0.0054 22
60.0 0.0023 0.0043 28
70.0 0,.0014 0.0035 34
80.0 0,00084 0.0029 41
90,0 0.00037 0.0024 49
100.0 0 0.0021 58
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CONCLUSIONS

For burnup fractions of 3% or less, D-T sputtering
appears to be the only significant mechanisn of wall erosion,
At approximately 107% burnup, sputtering by de-n coniributes
10% to the total erosion rate, and would become the primary
determinant of wall liftetime if burnap fractions of 60% or
more were ever achieved,

The yields used here are all for rlean surfaces, and will
probably prove to be higher than those for aztual reactor
walls with at least monolayer gas contamination. In fact,
continuous re-cycling of the hydrogen working fluid by light-
ion impart desorption should prove highly advantagzeous, for
both wall liletime and plasma purity. Bombardment by heavier
ions, however, would be quite detrinental.

The sputtering yields upon which ithese conjectures are
hasell arc almost all uncertain, or worse, Yizslds for D+ are
mast reliable, and those for T+ will become better known
when data (o.” protons becomnes available, Effects of elevated
target tempeorature and energy variation, as well as yields for
several different materials, need to be established,

Thereafter, yields for multiply charged ions, and for He++
in parlicular, necd to bhe measured. Our data in this area is
mast inalequate, the yield used herein being simply a zuess,

+
and the undesirable effects of ller bobardment outlined above may bve
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badly under-estimated. It is expected that, with the
achievement of improved burn-up fractions, this information
will become increasingly significant in the accurate estimate

of wall lifetimes,
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THE NECESSITY OF STUDYING THE IMPLICATIONS
OF FUSION POWER ON ALL ASPECTS OF SOCIETY

Charles S. Shapiro
Department of Physics
San Franeisco State College
San Francisco, California

Abstract

Important technological advances have major repercussions on our
daily lives. Controlled fusion power has the potential of being one of
those few developments that completely restructures society. Energy is
one of the most fundamental factors in a society and these reactors will
have major environmental and social effects. It is necessary to consider
the wider implications at an early stage of this program so that these
considerations can be incorporated into the technological evolution of the
fusion reactor, and so that the program will be funded and accepted by
those groups concerned with it. It is not enough to have scientists and
engineers concerned with these issues. Too many painful experiences of
the past have shown the need to have the participation of these in the
humanities and in the social, political, and economic sciences. These
people must be incorporated into symposia such as this one. The hostility
and fear many feel toward science and technology is due in part to the
fact that it is often forgotten that ultimately the goal of science and

technology must be to serve man, not vice-versa.
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Abstract

. Uncertainties in the design parameters of a fusion plant are
investigated, The plant 1s assumed to consist of a power reactor
supplying a part of a clty with electrical energy. The waste
energy from the reactor is to be utilized by & fusion torch. The
torch processes scrap material to reduce it to its basic elements.

Senstivity of the power output of the reactor and the cost per
unit energy to uncertainties in confinement time and plasma density
is evaluated. A proper plasma density is obtained in case of
uncertainty in plasma temperature.

The design criterion for a feasible self-heated fusion reactor
is obtained taking into account uncertainties in the parameters
involved. The expected value of the density-confinement time produect
1s found to differ in some extent from that evaluated using average
values for the parameters where uncertainty resides.

The torch is considered next. The variation in the waste
energy throughput to the torch is taken into acecount., 4 utilization
factor for the energy supplied to the torch is derived. Also
obtained 1s the optimal capacity of the torch that rives
maximum venture profit.

The case of pulsed supply of scrap material in the presence
of a variable processing rate is finally considered. Utilization
factors on cdaily bhasis are obtained for the supply and the process.
The optimal capacity of the storage and the effect of overflow are

discussed.
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2.

1. Intoduction

The outputs of a fuslon reator consists of: useful energy wo ’

waste energy W, and escaping plasma particles. The last two are

proportional to the inputs to the fusion torch. All outputs are

10203
gilven by:
-33 2.36 2
W ~ 1.0 x10 p(l=-p) T N T /v kWhr.(1=-1)
o - 1036
W, ~1.0x10 V/ (NT € ) kWhr, (1-2)

w
for 8 < T(kev)K16. Here N is the number of ions or electrons

since both species are used at equal numbers, (" is the reactor
confinement time ,T is the plasma kinetlic temperzture,V is the plasma
volure and p is the ratio of tritons to the fuel mixture (deuterons
+tritons).

There is a great deal of uncertainty towhat wlll be the confin=-
ment time for a specific design. The fact that the confinement
time depends in some way or another on the magnetic field strength
B, the plasma density n and the plasma temperature T ; results in
uncertainties evolving from uncertainties in these parameters. It
is 1likely that the predicted values for B,n and T will deviate from
the actual values after the reactor 1is put in operation. Ih addition
these variables are liable to changes during operation.

Since the core of the reactor-is to be lntegrated into an
injection device, a magnetic field system and a heatine device;any
uncertainty in the rate of ilnjection of particles or energy will

propagate through the design of the reactor. On the other hand
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unpredicted changes in the reactor output will have thelr effect on
the design of the torch and the whole plant. These changes have to
be conslidered in the design of the industrial complex which 1is sup-
plied by the electrical power from this reactor.

Uncertainties in the design parameters of a fuslon reactor have
their impact on the price of the power produced and theilr effect may
become dangerous to the extent that the fusion plant become unfea-
sible. This is Because a fusion reactor has to have values of N,T
and which exceed some low bounds in order the reactor produces
useful power. In the case of D=-T reactors the feasibllity criteria
are:

14 3
NC/V D> 10 sec/cm (1=-3)
and T > 6 keV (1-4)
In this paper the techniques introduced by Rudd and Watson are
used to investigate the following problems:
I. The senstivity coefficients of the useful energy and the
waste energy due to uncertainties in p,N and?; and theeffect
of such changes on the cost of the power prcduced. The

propagation of uncertainty in partially controlled parameters

through the design 1is investigated.
5

II. The expected value criterion is used to select a proper plasma

density in the presence of uncertalnty in the plasma temperature.

IIT. A great deal of work has been done to develope a design

criterion which 1s given numerically in Eq.(1-3). The values of

parameters used to evaluate the value of N /V are taken as
the average values, Thus the expected value criterion is used

to give the desired condition on the product of the plasma
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density and the confinement time in the presence of uncertainties.

IV. The problem of the design of the torch in the presence of

variation in the input energy is then treated. A linearized
curve of the enerey leaving the fusion reactor 1s used to evaluate
the optimal capaclty of the torch for maximum venture profit.

V. The effects of storage on a pulsed supply of material for
processing in the torch is investigated taking in consideration
the varlable but continuous process, Varlable energy input

1s likely to effect the rate of processing.

At the end of this work some of the points needed to be

investigated are pointed out,
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2. Propagation of Uncertainty Through Fusion Reactor

‘ Design

2-1 UNCERTAINTY IN THE ENERGY QUTPUTS:

Let us test the senstivity of the energy outputs ww and wo
to changes in the parameters N, T and p. These parameters are con-
trolled by the injection device and by the magnetic field confilgur-

ation. The senstivity coefficlents for W_(p,N,{) are:

S = %o = W_ (1=2p)/(p()r-p )) (2-1)
P P - o PI/IPRETP )

S, = 2 0 = 2W./N (2=2)
) ’b\l\q/ ’ / ( )

S = o = W O
' ST o’ 3

If In the base design Wo is the thermal energy output available for
electricity, then the output energy after a slieht charpe in p,N
and [ is given by:

Wy = W, + Wy (24 (1=p)(1=B/p)/(1-p) = F/N - T/ ) (2-4)
where the bars indicate that the parameters are those of the base
design . From Egqs.(2-=1) through (2-3) it is observed that W, 1s not

senstive to slight changes in the value of(while a change in N

2V
induces a change of the same order in N since _5_3 ~ 2N while
N
dWe 15 independent of . The effect of changing p is milder than

k34
that due to changes in N. The effect on the value of Wo due to

changes in p,N and U 1s expressed approximately by Eq.(2-4). As an
example, let: p=0.5, p=0.4 , £ =1 ,T =0.8 , r_«=1023 and N=2x1023.
then W /W  ~ 1.2.

A word of caution here is that?718 a fuhcticon of T, however,
the chanese is considered to be indpendent of T. The effect of changes

in T on 7?18 considered afterwards.

‘ Now, let'us consider the senstivity of ww to changes in Tand N
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2 W,

S, = 331: = =W, /T (2-5)
= 9WW -
Sy = S T - ww / N (2=6).

We see that the senstivity coefficients are negative i1i.e. an increase
in (Cor N causes a decrease in the base design value of Wywe If we
consider the parameters given in the above example, we get a change

in Wy given by: Wy /ﬁw = 0.8. Thils result is no surprise since an
increase 1in the useful energy W, causes a decrease in the waste energy

wWO

2=2 UNCERTAINTY IN THE COST PER UNIT ENERGY:

Assuming that the amount of money invested I in the power plant
does not change with slight change in wo . the cost per kWhr is glven
approximately by:

c = kil/(aP,) mills/kWh (2=7)
where a 1s the plantiavailability factor, 1 is the annual charges ,
Po =Wo/13 kW and k 1s a conversion factor to express ¢ in mills per
kWh. Now ¢ does not appear in the equation for ¢ . The cost per
unit power 1s therefore a function of p,N,V and T only. Thus the

sensitivity coafficients are:

Sp = « ¢ (1-2p) /(p(1-p)) (2-8)
Sy = - 2¢/N (2=9)
sT = « 2,36 ¢T (2=10)
sv = ¢/ V . (2=11)

Here we included changes in T and V since after startup and
during operation of the reactor the plasma is likely to expand or
contract due to variations in the pres<ure of the magnetic field and

consequently V and T will be changed within some uncertainty.
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The engineer has a full control of the injection rate, the magnetic
field strength and the initial volume of the plasma hbut he may not
be able to decide on N, V, T,and p with 100% certainty.

The signs of Eqs.(2-8) and (2-3) are opposite to those of
Eqs.(2=1)and (2=2) although they depend on p and N in the same fashion.
This 1s because c 1is inversely proportional to P, as seen from the
approximate relation of Eq.(2-7).

The best guess of the cost per unit electrical energy produced
is 4 mills per kWh, taking into account the risk factor prover to

1
the adventure of using a new technology. This best guess of ¢

corresponds to p=0.,5 , I-J=1.25x1023 , V=2.5x108 cm3 and 5=1O keV;
where the overbars are assigned for the best guess values., The effects
of the uncertainties on ¢ 1ls approximately given by:

c-c= = 6.4x10-23(N-1.25x1023) - 94,4(T=10)

+ 1.6):10‘-8 (V-2.51108) (2-12)

where the senstivity coefficlents are evaluated using the best guess
values and N , T ,and V are values near these best guess values.
Figure 2-1 shows the relation between ¢ as a function of T in a
wider range of temperature than that considered above. The propag-
ation of uncertainty in T through the design 1s also demonstrated.
In situatiom A, the assumed uncertainty in the temperature of the
plasma ions falls in a range in which the cost 1s sensitive to the
temperature, Thls is the range for which the approximate forms glvem
in Egs.(1-1) and (1-2) are valid. In this situation the uniform
distribution function describing an uncertainty in the ion temperature

is mapped in a distorted distribution in the uncertainty of the cost

with the range greatly expanded.,
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The situations designated B and C are at higher temperatures
than the popular situation A. In the case of B the assumed uncertainty.
falls within a range in which the cost is not much influenced by T.
Thus a uniform distribution of uncertainty in T is mapped into a nearly
uniform distribution of uncertainty in the cost, with the range of
uncertainty greatly suppressed. Situation C is an intermediate case
between the expanded uncertainty in situation A and the suppressed
uncertainty in situation B. Thus the cost 1s greatly sensitive to
the variable T in which the initial uncertainty resides if T is

selected around 10 keV.

3. Use of Expected Value Criterion to Select the
Plasma Density

Cosider the capacity of a fusion reactor of volume V and plasma
density n (=N/V) fueled by equal portions of deuterium and tritium;
the energy conversion from thermal to electrical 1s at an efficlency
7l The power output is given by:

-34 2 2.36

P(n,T) = 2.5x10 ‘7 Vn T (3.1)

Assume that the engineer has full control on the design parameters

except from the plasma temperature in which uncertainty is encoded

as the uniform distribution function:

/¢ T, - 1) T < T<T,
p(T) = (3-2)
0 otherwise,.

The situation is realistic in a steady-state reactor if the injection

device 1s efficlient enough to give the required ion density . The
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%*
required decision is to find the proper plasma density n which

renders a minimum cost. The costs are assumed to be :

success on the first attempt
clP T 2 o

Cc(n,T) (3-3)

redeslgn needed
c1P + e, (2 - P) + Cq T4<.TO

where c1 and c, are the costs per unit power of the initial capacity
and of the additional power respectively, Q 1s the required capacity,
CS is a penality for the shutdown to be paid to a substituting power
plant which carries on the service during the outage of the plant
under consideration and T, 1s the plasma temperature corresponding
to a capacity Q, that 1is:
33 2 1/2.36

To = ( 4x16 Q@ / nV ) (3=4)

02 i1s not necessarily equal to ¢4 hut is most llkely larger, sirce

ralsing the reactor capacity may requlre the replacement of some parts

The expected cost is then: T

-3 2 ° 2.35
C(n) = 2.5x10 7 Vn (e - 02)(1/(TH =T;)) / T 4T
TL
TO
+ (02 Q +Cs)/(TH - TL)TLJ( dT
T
-34 2 H 2.36
+ 2.5x10 7 Vney /(T =T ) Jr T ar
H oL 1
(3-5)
Thus,
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Y )-1 ¢ =34 2 3.36 ( ) 3.36 )
C(n) = (T =T (.67x10 Vn (c, T + (¢, - ¢c,) T
H L 1 H 2 10 ®
33 2 21/2.36
-(c@ + C)T + (4x10 Q /nV ) (c,Q+C_- @/3.36))
L s
(3-6)
33 2.36 % 33  2.36 %

for (4x10 Q/T V) < n < (4x10 Q/T ) -

H “ L

Differentiating with respeet to n and equating the result to zero

the minimum expected cost is reached when:

* 33 2.36 3 59/168 59/168
n” = (4x10 Q/T, V) (c, /ey) (1484C5/59¢,Q)
x (1*(02-01)(TL/TH) /eq) (3-7)

The cost Cg 1s actually much less than cZQ. In addition if

3.36
(02-01)(TL/TH) /e; <« 1, Eq.(3-7) reduces to:

* 33 3 59/168 3,36
n = (4x10 Q/THV) (cz/cl) (1-59 (cz—cl)(TL/TH) /16801)
(3-8)
If we define an overdesign factor f as the ratlo of the recommznded
2.3
design density to the optimistic design density (4x10 Q/TH V)%,then:
59/168 3.36
f = (cp/cq) (1-59(c,=c, ) (T /T}) /168c,) (3-9)
1.18
for < (T, /T ) .
1" 1.18
f = (TH/TL) otherwise.
Ir 02 = Cq f can be obtained from EQ.(3-8) as:
f = (14 C_/2c,Q) (3-10)

on the assumption that CS << czQ. Since this 1s the case in practical
sltuations, it is not dangerous to gamble on possible underdesign,

although it is preferable to overdesign by the factors given above.,
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Actually, in the construction of a huge power plant some money 1is
assligned from the begining to startup problems which may be due to
inadequate estimation of parameters not completely under the control

of the engineer.

4, The Expected Design Criterion in the Presence of

Uncertainties

It has been shown that the fuel in the steady state reactor
6
under investigation can be heated internally thus saving the large

investment which could have been put in the construction of a heating
system. The amount of heat which can be retained per unit time in
the plasma reaction vessel 1s calculated from an energy balance on
the plasma and is given by:
»
P =P ~-P
h " F R

where PF is the fusion energy released per unit time to the alphs

ions produded from the fusion reaction and PR i1s the energy radiated

(4-1)

from the plasma per unit time, The amount of energy required¢ to

heat the plasma per unit time is:
=19 2
P, = 2.4x10 n T/ kW (4-2)
6
Equating Eqs.(4-=1)and(4-~2) ylelds the following equation for the

product nTwhich we will call x:
#

* 3
x(¢c,E ,T) = 12 1/ _fin cE sec/cm (4=3)
R
where §(T) is the product of the fusion eross section times the
velocity of the incident particle averaged over the velocity distribe

ution of the deuterons and tritons and 1s a function of T only. In
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the range 8 { T(keV) <16 ¢£(T) can be written as:
-19 2.36 3

F(T) = 4.7x10 T cm /sec (4=4)
where T is in keV. However, £(7T) is used for generality. In
Eq.(4=3) it is assumed tha: the electron temperature is almost equal
to the ion temperature. E 1s the fractlon of energy released to
the alphas per fusion reaction in keV and ¢ i1s the fraction of energy
retained in the plasma. The parameter c is liable to uncertainty
since the amount of energy loss 1is questionable and only rough
calculations can give the order of magnitude of the losses. The

amount of energy released per reaction is usually taken as the rost

probable energy of a normal distribtution of the alphas produced,

that 1is:
* . ¥ 2,
pP(E ) =( 1/( V2710 * ) ) exp(-(E'-E )/26 4 ) (4-5)
E E
»
where E is the most probable energy of the alpha particles and =~
. E
ance

ch
is the variance. There is a 96 per centAthat the uncertainvalue of
* * *
E will fall within (E +2T)and (E -2T),thus: CFE*=T ; and the
distribution becomes:
* —_— * _w 2
p(E ) = (1/( V271 T ) ) exp(-(E-E )/2T ) (4-€)
The expression for the normal distribution is different from that
given in Eq.(12.2.6) of reference 5 by a numerical factor for
normalization purposes,
The uncertainty in ¢ encodes a uniform distribution:
1/(cy = c.) c £ c< ¢
Ho "L L = g
p(c) = (4=7)

0 orherwise
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where OH is the optimistic value and cL 1s the pessimistic. This
distribution 1s adequate for ¢ since its value has a constant
likelihood to lie between two bounds.

Now the problem is to find the expected value of the parameter

x which gives the criterion for a feasible self-heated reactor.

The expected value of x(c.E*.T) is: oG c
£ -1 2
x(T) = (12 / \/Eﬁﬂﬂ(cH - cL))/dE ﬁc (cE*)  exp(-(E"-E*)/21°)
° T (4-8)
Carrying out the integral over c we get: oC
TTTT =(12 1n(og/op )/VET F(T) (egmey)) | aB'E* Lexp(~(5"-E) /21°)
° (4-9)
At very bow plasma temperatures,i.e, for T@Lﬁ* the Gaussian is
very narrow around E* ; consequently the bulk of the integral comes

*
* -
from the region in the immediate vicinity of E = E , and the

denominator in the integral can be extracted from the integral as

*
L/f and the result is:
%*
x(T) & 12T In(eg/ep)/ | f(TSicH-cL) E) (4-10)
for T« E . In this special case E in the original expression has

%
Just been replaced by the most probable energy. E ~ 3,520 keV

and the predicted range of plasma temperature is around 10 keV
in the case of D-T plasma. In this case Eq.(4-10) is applicable
and 1t can be written explicitly as:
19 1.36 _»
x(T) & 2.55x10 1n(cH/c ) /(T (cH-c ) E) . (4-11)
L L

At high temperatures, on the other-hand, the normal distribution

is broad, and the integral in Eq.(4=9) is now dominated by the term

* * -t
1/E . Since this term is peaked at E L E , the exvonential can Be
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2
-
extracted as exp(-E /2T ). Carrying out the integral over the limits

assigned above leads to undesirable diversion and the answer is

ifmpractiecal, To avoid such situation we may bound the uncertainty
*
L

*
the account that the uncertainty below EL and above E; is almost zero.

-t
This i1s the case of interest since particles of E*%é E are likely

* *
in E to the range between a low value E_. and an upper bound EH on

to leave the reaction vessel and will not contribute to the heating
of the plasma. Ions emerging from the reaction with energy close to
the ionization energy will rapidly neutralize. Hence x(T) 1is
approximately given by: .
x(T) ~ 12 1n(cH/cL) 1n(E; /EZ) exp(-E Z/ZTZ)(VEiJTrTT(CH-CL))
(4-12)

-1

for high T.

Equation {(4=3) is well known as the design criterion for a
feasible thermonuclear reactor. However, Eq. (4-10) gives the expected
design criterlion taking into account theuncertainties existing in
the values of ¢ and E*. Such uncertaintlies have been disregarded
and the most probable values were used as a way of simplifying the
treatment. Thus Eqs.(4-10) and (4-12) are considered to be more
adequate than Eq.(4-3) since the uncertainties do in fact exist.

To complete the picture let us check the sensitivity of x(T)
to uncertainty in T. The sensitivity coefficlent is :

8= ax(T)/dT = - 1.36 x(T)/T (4=13)
for 8 £T(keV) < 16 and D-T plasma, A negative sensitivity coefficient

1s to the advantage of the designer. An underestimated T leads
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to a larger x(T). A larger confinement time means morereaction will
take place and more energy will be avallable to heat the plasma, thus
raising T. An overestimated T leads to a less X(T) thus decreasing
the heat available#or the plasma and consequently reducing T.
This observation is useful in controlling the reactor during operation,
since ST can be regarded as a temperature coefficlent for X(1),tee.:
D(T = ST/x(T) o - 1.36/T (4=14)

for D-T plasma and 8 £ T(kev) < 16. <><T isthe temperature
coefficlent of X(T). For a critical parameter as X(T) ic is to the
designer's advantage to have a negative temperature coefficient,

The value of X(T) as a matter of fact plays as a milestone in
the design of a self-heated steady state fusion reactor ; since a
value of x(T) less than that given by Eq.(4-10) requires the use of
energetic injection or external heating mechanism which is a burden
on the reactor economy. A larger x(T) than that of Eq.(4-10) is a
burden on the technology which is trying hard to reach a reasonable

value of x at which any fusion could take place,

5. Design of the Fusion Torch in the Presence
of variations

Figure 5-1 shows a simplified Plock diagram of a fusion

reactor-«torch assembly. The function of the unit is discussed in

reference 1, The torch is to process scrap material or raw material
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using the waste energy diffusing out of the reactor. The energy is

transmitted from the plasma to the torch via a divertor with an ‘
efficiency'7 less than one. The energy input to thehorch is thus:
D - 1.36
W, ~ 1.0x16 } V/NPT kWh (5-1)
T D

for D-T plasma at 8 T {keV)<16.
The energy wT avallable to the torch is not constant but varles
throughout the day and the seasons. In addition uncertainties in
the design parameters of the fusion reactor propagates through the
operationrange of the torch. There is no means of controlling WT
wlthout interferings with theperformance of the reactor and since
the torch 1s mainly handling the energy refuse from the reactor it
has to be flexlible to ride out reasonable deviatlions from the average wT.
The energy wT 1s used to process Wy lon pairs per hour of scrap

material. In order to exhaust the energy W, effliclently the scrap

T
material must be fed approximately at a rate:

Wey = Wp ry/W, (5-2)
where Wy 1s the energy per ion palr and r1 1s the processing rate.

Assuming 1r, and W, are constant for a specific type of scrap material,

i
the rate of feeding the scrap must closely match the variations in

WT.

be: the rule rather than the exception.

In the case of power stations deviations from the mean tend to

Figure 5=2 shows an idealization of the typical dally variation
curve for the energy input to the torch. This reactor waste energy
ls assumed to vary in the same fashion as the electrical energy
produced from the reactor wo. The electrical energy 1s consildered

to match the load of power consumption.

360



Consider that every energy unit utilized ylelds a profit Pp$
per unit energy, that each unitunutilized by the torch costs the
company L $/unit to dispose of as waste and that the Snvestment
in the torch is given by the power law:

M

I =1, (¥/Q,) (5-3)
The total amount of energy units supplied in T hours ( a day ) are
given by :

Qt=QL ( (Qb"QL )/( Qp"QL) )T/z + QH]. Tl/z + QH2T2/2 . (5-“)
The total amount of energy units lost are:

2
Q = % Qq Ty +30y2T*+3T(Q,-Qp) /(QP-QL)-iQpT(Qp-Qb)/(Qp-QL).
(5-5)
The amount of energy units utilized are:
2
Q, = #(Q#Q) )T ~ 2Q,T -3T(Q -Qp) /(Q -qp) (5-6)
for .
QL < QD < Qb
Since theeconomy of the torch is different in nature from the
economy of the utilities, one can write the venture profit as:
V=tP T (Q +Q;-Q)-(Q -qp) /(Q -QL))
-%L (QﬂlT +Q T24(Q QDa T/(Q -QL) -QpT(Qp-Qb)/(Qp-QL))
(5=7)
-1I (QD/QO) .
Differentiating V with respect to QD and setting the derivative to

zero, the optimal capacity can be obtained from the relation:

M
(Qp-QD)/(Qp-QL) = 1I M (QD/QO) /((Pp+L)QDT) (5-8)
for QL <P < Qb.
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IrQ >Q ,Eq.(5-4) for Q is still the same and Eq.(5=-5) for @
D b t 1
becomes:

2 2
Q =37 (@ -Q )/ (Q - Q ) 4+ 3T (@ -Q ) /(@ =Q )
1 1 H D 2 H2 D H2 b (5-9)

Consequently, the utilized energy is: ”
Q =22 T (Q -2 )/(Q -Q )+ 3T (@ -(Q@ -9 ) /(Q -Qb))

u L b L p L 1 Hl Hl D Hl
2
+3T (Q =(Q =Q ) /(@ -Q)). (5-10)
2 H2 H2 D H2 b
The wventure profit is then given by:
2
= %P (Q T(R=-R)/(Q-Q)+T(Q -(Q =-2) /(@ -Q))
P b L p L 1 Hl H D H b
+ T (Q =-(@ =-Q) /(Q -Q)) )
2 H2 H2 D H2 b

2 2
-3L(T (@ =-Q ) /(@ _=-Q ) +L(e -0 ) /(e -Q ) )
1 HI D Hl b H2 D H b
M (5-11)
-1 I (Q/Q)
o D o

and the optimal Q 1s obtained from the relation:

D
T (@ =@ )/(Q -Q ) + T (@ =-Q )/(¢ =-Q)
1 Hl D Hl 2 H2 D H2 b
= 1iI M(Q /Q )/((P +L)Q ) (5-12)
o} D o p L
Similarly if @ £ Q
D L
Q =Q T ’ (5'13)
u D
QR =Q~-QT , (5-14)
1 t D M
V =PQT -L(Q -Q T) -1I (Q /Q ) , (5-15)
pD t D o I o
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and Q optimum 1s obtained from :

D
M
1=411I k(@ /Q ) /((P +L) Q@ T). (5-16)
o D o o) D
The energy utllizatlion factor is simply :
,@E =q /a < 1 (5-17)
u t

and the venture profit could have been expressed in terms of i; as:

M
v= (P & -10-D )a -1 (Pase). (5-18)
P E E t o] Et o

6. Pulsed Supply of Scrap Material to a Torch of

Variable Processing Rate

Consider that the scrap materlal arrives to the torch for
processing in discrete batches as truck loads. The processing rate
varies in the same manner as the energy supplied Filg., 5-2 .

Figure 6=1 shows the rate of arrival of the material to be
proc«ssel, On the same plot the maximum rate of operation of

the torch in processing this type of material is shown to the same
scale. The utilization of energy from the reactor is taken as

@ =1, Astorage compartment is provided for the arriving material,
E
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Due to space limitation the capacity of the storage compartment is

finite and relatively small. Any overflow has to be reshipped back .

or sent to a8 remote storage place. The effect of the storage limited

capacity on the process is to be investigated. This problem arises if the fusion
1,2
plant complex is located in a heavily populated area as have been suggested.

Trucks unload the material continuously in the jth cycle for
A hours at an idealized rate of HJ units per hour. No dellvery
takes place in the next BJ hours and then the cycle repeats 1tself,
In a period of twenty four hours four cycles take place. The pattern of
variable operating rate of thetorch is repeated every day. During

delivery H,> Q(& ) at any time @ , where Q(©) is the processing

J
rate with maximum energy utilization factor., Q(®) is approximately
given by:
Q(®)=m © +q (6-1)
1 1 1

where 1 refers to the segment of the linearized operating rate curve
under consideration , miis the slope of the segment and Qy is the
intersection of the ith segment with the vertical axls. The values
of m, and qi takes four &ifferent values over the day period, since
the operating rate curve Fig. 6-1 1is idealized by four straight line
segments labelled as I to 1IV.

The supply utilization factor @?Q is defined as the fraction
of the supply that can be utilized byuthe torch. This will be calc-

ulated on a daily basls In the case of no storage:
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n - Gﬁ J n
& =3, BA-@A - | A6 de))/ 5t H A
S S =1 3
" QA + A
n = 3
= f Q(s)de/z, H A
=1 eJ J J )

(6=2)
The integration is over a time duration of A hours. The time &
J
is the time at which a supply arrives . In the situation demonstrated

in Fig. 6-1, we have:

2 2 2
4HA D = (mA +m (A +20 ) + m (A +24A &)
s 11 II 2 2 2 III 3 3 3
2
+4m (A + 20 © )42(qA +qg A +q A +g A ))
Iv 4 4 4 I1 II 2 III 3 IV 4
(6=3)
where the initial time © is taken as the zero time reference.

1
Arabic numeral subscripts refer to the order of thg ﬁxpply energy

+
cycle. In the absence of storage. (HJAJ - o f ’ Q()e) de )
units of material must be shunted to the overflow every cycle; where
© 1s the time at which the cycle te the supply starts.
! In the period 0 < 6 < Aj + 63’ the amount S(8) of material

stored increases as follows:

(HJ - Q(8) ) for s(e) £ ¢
ds(e)/de = (6=4)

0 S(®)=C

where C 1s the storage capacity .

Integrating Eq.(6-4) with the assumption that S(SJ) = 0, we get:
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S Hj(e -6 ) -ﬁ(e’) de/ for S(e)gc
3
S(8) = } / (6-5)

C otherwise

which is valid as long as © |, < Béej thy.

J
The overflow first occurs at‘eojwhich can be obtained by setting

® =9° in Eq.(6-5), that is:

J

60.] ; /
s6,,) =1, (8,.-6)) -ejf a(8) a8’ = ¢ (6-6)
or:
& =((H-q)/m ) (1 2 (1-(2m((H -q )0, +C
0 J o1 o1 13
2 2 -}
-4my 0 )/, = a ) ) )
(6=7)

Let us assume that H3>q1 and that:

2 2
2my ( {Hy =qy) O, 4 C - dm O ) < (H, - a,) (6-8)

therefore Eq.(6-7) reduces to the two solutions :

2
& =6)= (Cc- 8 ) H: - (6=9)
o) #mlj/ch‘)
or
2
- o - - - - 6 -

(BOJ GJ) ~ (2(HJ ql)/mi) ZOJ (C -3m, j)/(HJ qi)

(6=10)

The second solution i1s not the proper one in the limit of constant
processing rate, that is Q(©) = q and m =0, © -eJ =oc |,

1 i o)
while the solution of Eq.(6-9) reduces to the solution given by
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Rudd and Watson (Eq.(l14.2.4) reference 5) where & 1is taken as zero.
J
Consequently Eq.(6-9) is taken as the solution.
If any overflow takes place in the Jjth cycle

2
e =-98)=/(C -%mie)/(H-q)é A . (6-11)
0J J J J 1 J

However, 1t i8 inconvenient in the case understudy to have overflow
otherwlse the scrap material has to be discarded causing 1os§ to the
processing company. Cosequently there is a critical value C for
which the supply will never exceed the processing capacity plus the
storage., This value is:

C* > AJ(HJ -qi) + %ml BJ . (6=12)

If the engineer has apriorl knowledge of HJ and Aj before
constructing the storage space; he can estimate the storage place
by calculating the value of C* for each pulse and selecting the largest
vafue . If on the otherhand, the engineer can control the wvalues
of HJand A with the presence of a 1imited C ; he can select them
to match the values of storage capacity. In the case when Hj. Aj

and C are neutral to the control of the engineer, the overflow

occurs when:

& -6 < a2 (6=13)
0] J J

The amount of scrap material that must be shunted to the overflow

in one day is =
o +AJ

4 3
T H(A +6 -8 ) - f ws) d &) (6-14)
o]

Thus, the supply utilization factor in the presence of the storage is:
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= ;Z: (HAA, -(H, (A, + 9, =& )

2,7 4 i RS PAChIL
- [Q(S) ae))/ 2, h B, (6-15)
6~ J

in one day. J

Substituting for (& y " 93) from Eq.(6-9) and evaluating the
o
integral we can write the supply utilizatlion factor as:

-1

2
§S=(2"? BAL) ZJZ (Hy ( C-moy )/(Hy - ay )

2 2 2 2
+4my (A, -(C -‘irmieJ )/(HJ -q, )
2
+283((C -%mlej )/(HJ -qi) -AJ )
-ZAJ (C - #m, e,j ))
C 2
*a, (A, -« - 8,y )/(Hy - a, ))) (6-16)

Equation (6~16) reduces again to the value of<§sin the case of constant
operation, considering that we are calculating @Srmre for several
eycles per day (4).

If we define theprocess utillizatlion factor E%Das the fraction
of possible production capacity per day that is actually utilized, then:

T=24 hrs
2,-(B 20 B A/ [ a(e) a0 )
s J J 0
(6=17)

where the denominator is given by the area under the operation rate

curve, Assuming that the operation rate follows very closely the

rate of energy variation given in Flg. 5-2 which is practically the
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case if we consider that the operation rate i1s directly proportional
to the energy avallable for the process. If the constant of propor=-
tionality 1s taken as g then:

fT Q(e) d o = gQ (6-17)

0 t
where Qt is given by Eq.(5<4).

The economically optimal storage capacity can be found as follows:

If we assume thati the net profit to be earned by the processing of a
unit of scrap material in the torch is P . If the material which
is shunted to the overflow costs the comiany apenalty of Lp $/unit

the total net profit for the torch is:

>V Ea (®P - -F )L ) (6-18)
3 33 S p § P
The investment can be estimated as:
M
I =1 ( ¢c/Cc ) + 1 (6-19)
o ° 1

where I1 1s theconstant investment 1n all equipment except storage
and o< 1is the collection of interest terms and the like required
to amortize the investment on a day basis, the venture profit to be

maximized is:

M
H - - -
§2% ( %1 Ay P - (1-2) L) -xX(I(C/C) 4T ),
(6-20)

The values of §; can be easily modified to take into account
values of & less than one . Seasonal variation of supply

E
material and energy can also be considered,
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7. Concluding Remarks and Recommendation for Further Work

The uncertainties that reside in the design parameters make
it impractical to rely upon average values only. Although in this
paper we attempted to tackle some of the important design problems
as the design criterion for a useful power fusion reactor and the
variation in the processing rate of the torch; an intensive
numerical evaluation is needed in order to reach decisive con-
clusions about the optimal capacity, optimal cost and so forth.
variation in the enrichment of some isotopes in the fuel may
reveal valuable information,

The account for a tolerence to failure has to be considered,
Failure tolerence is actually a complicated problem in the case
of plasma since we are dealing with hydrogen and radioactive material.
Vulnerability to sabotage and possible radiation hazard makes it
necessary to study disaster propagation in a power plant consisting
of storage places for hydrogen isotopes and of several operating
reactors. A three dimension evaluation may be required in this
case since optimal segregation distances are effected to a great
extent by the difference in mazgritudeand the size difference.

The general residence time concept7 can be used to calculate
the burnup rate of the fuel. Residence time corresponds to the
reactor confinement time and the burnup corresponds to the
activity of the catalyst in chemical reactors.

The transfer function of the reactor is already evaluated8.
Thus by developing a local linearized model of the plasma process,

the iterative optimization technique introduced by Rudd, Aris and

9

Amundson” can be used to optimize the design of the system under

arbitrary constraints,
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A fusion reactor design seminar was offered during the spring semester
at Cornell on a trial basis. Six graduate students were involved, two of
whom had completed courses in plasme physics while the others had reactor
physics and engineering backgroundsT. The class was run in a true seminar
fashion; while lectures were presented by the instructor and other invited
1ecturers++, much of the class involved progress reports and summaries of
individual investigations by class members. As described later, the climax
of the class was a presentation in an open seminar attended by a variety of
persons with backgrounds ranging from fish science and economics to plasma
physics.

The assignment was to design a 5000 MWe CTR for siting in or near New
York City. ©Sufficient detail was required to enable a reasonable cost
estimate, and a discussion of sociological implications was requested. Some-
vhat arbitrarily, the class was divided into two groups: one was to work on
a closed, steady-state device similar to a Stellarator or Tokomak while the
second was assigned a pulsed mirror-type device. After some discussions,
the latter group was permitted to assume B = 1.0 while because of stability
considerations the first group was restricted to B < 0.15. Both were to use
the D-T reaction. At this point it was thought that the pulsed system might
be competitive because of the high B~value and also the ability to inject fuel
and pump liquid metal coolant during the period between pulses when magnetic

fields were small or absent.

t The students were: John Glancy, Tom Holleman, Tom Johns, Massoud Navidi,
Dave Strobel, and David Thompson.

1+ Invited lecturers included: Professors Norman Rostoker; Charles Wharton;

Hans Fleischmann; and also Mr. G. Staley of New York State Gas and Electric
Company.
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Previous conceptual design studies by Rose, Carruthers et al; Mills;
and Ribe et al were not distributed to the class until the third week.

Thus, the students were forced to begin thinking about the task without
being prejudiced by past approaches. Rather than slowing progress, this
is thought to have instilled more enthusiasm and a deeper insight, as
often occurs when one wrestles with a difficult problem without the aid of
"ready made" solutions.

In the space available, it would be impossible to present the two class
designs in any detail. However, some comments about the results may transmit
the "flavor" of the studies. Some typical parameters are given in Tables I
and II.

As anticipated, the steady-state design turned out to have a reasonable
size, and based on an advanced thermal energy conversion cycle (not direct
conversion), a respectable 50% overall efficiency was predicted. Several
-nteresting points might be noted. The torus radius, it turned out, was
determined by space requirements for the blanket and diverters rather than
the wall thermal loading. In contradiction to previous ORNL calculations
the power required to pump the lithium coolant across field lines was found
to be excessive 1f conducting tube walls were employed. To get around this,
EM pumps were inserted at each point where flow crossed lines (the pumps use
the confiping B-field for their operation), and flow along field lines was
utilized over a majority of the path.

Despite its efficiency, the sheer size of the plant represents a problem
for waste heat disposal, e.g. assuming a 20°F temperature rise, 1.8 million
gpm would be used for cooling (about six times that used at the Shoreham

Nuclear Power Station on Long Island Sound). Unless some use can be found ‘
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Components

Magnet

Diverters

Vacuum Pumps

Vacuum Wall
Coolant

Coolant Pumping
Power

Ion Injection
Power

Energy Conversion
Plant

TABLE T

Some Parameters for the Steady-State Design

Nb.,Sn-copper super-
cohducting ém major
dia., 2.43 minoy dia.
Four (0.1 MW power)

Ten 32-inch diffusion
pumps

Niobium webb

Lithium

76 MW

312 MW

Potassium-steam binary
vapor cycle
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Parameters

Hinor Radius

of Torus
Major Radius

Thermal Load on
Vacuum Wall

Average Ion Energy
Particle Density
B

Magnetic Field

Total Thermal Power
Output Power
Overall Efficiency

Breeding Ratio

1 meter

5,43 meters

3.86 Mi/n°
10 keV

5 x lOlh cm-3
0.15

120 kG (inner
windingz)

34.6 kG (outside!
10,600 MW

5280 MWe

49.8%

1.35



Components

Magnet

Magnet Power

Coolant

Coolant Pumping
Power

Energy Conversion
Plant

TABLE II

Some Parameters for the Pulsed Design

Lithium cooled TZM,
T-cm thick

Superconductor storage
system
Lithium

145 MW

Potassium~steam binary
vapor cvcle

380

Parameters

Plasma Radius
Magnet Coil Radius
Length

Mirror Ratio

Peaked Field
Strength

Ion Energy
(compressed)

Electron Energy
(compressed)

Particle Density
(compressed)

Duty Cycle

Fuel Burnup
Fraction

Pulse Length
Total Thermal Power

Plant Feedback
Power

Output Power
Overall Efficiency

Breeding Ratio

1 meter
10 meters
16 meters

2.5
100 kG
58 keV

39 keV

2.6 x lO15 cm-3

1/9

0.073

T0 msec.

21,800 MW

5,900 MW
5,000 MW
23%

1.15




for this (space heating, etc.), it would be necessary to pipe it to a
disposal area in the Atlantic, adding to plant costs.

The pulsed reactor did not turn out to be as favorable, as seen by the
low efficiency found. The difficulty seems to have been the following: 1In
order to obtain a reasonable value of y (probability of escape per collision)
it was necessary to go to relatively high ion temperatures. This in turn,
reduced the amount of direct conversion energy recoverable during the expansion
phase of the pulse since this conversion is inversely proportional to tem-
perature. Concurrently, the magnet design (a conventional design inside the
blanket) involved considerable energy losses, particularly due to Joule
heating.

This design did not attempt to use direct collection methods to capitalize
on the mirror leakage, and while this might help, it would not completely cure
the problem.

Clearly the two designs were strongly influenced by the previous design
studies noted earlier. Still many changes have been incorporated, the scaling
is different, etc. as the class faced each problem anew.

Both concepts left a number of unanswered questions. For example, advances
in fuel injJection techniques of several orders of magnitude were assumed without
a firm basis. Reasonable extrapolations of present technology simply would not
be sufficient. Questions about radiation damage to materials, etc., were
simply given token recognition.

Both groups devoted considerable time to the cost estimates summarized in
Table III. It is seen that the fusion plant cost estimates are somewhat higher
than reported in previous studies. Although the same basic unit cost figures

were used (e.g. the cost per foot of magnet, etc.) many more details were
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Fixed Charges

[Mills/kW-hr] 5.2 L. L6 k.oT
Fuel Charges
[Mills/kW-hr] 0.0056 0.02 1.70
Operating and Maintenance
[Mills/kW-hr] 0.30 0.79 0.30
Insurance
[Mills/kW-hr] 0.10 0.10 0.10
Total 5.61 5.37 6.17
t From Philip Sporn, "Economics of Nuclear Power Badly Eroded," Nuclear News,

March 1970.

TABLE III

Cost Estimates

Steady-State Fusion Pulsed Fusion
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included, and perhaps less optimistic assumptions were made relative to
escalation costs, etc. (Such a view was taken based on the history of
fission plants where early estimates were a factor of two lower than those
reported by Sporn in Table III,) Further the two fusion plant estimates
are not entirely self-consistent. The pulse design appears to have a lower
fixed charge, largely due to the reduced cost of the magnets and perhaps an
over ly optimistic estimate for a superconducting energy storage system
(yet to be developed). The operating and maintenance costs for this design
were taken to be fairly high (ballpark of estimates for fast breeder reactors)
since it is complex. In retrospect, it appears that the steady state costs
are likely to have been set too low.

In conclusion, it is obvious that the costing of a plant still contains
large uncertainties. Still one boundary condition all agree on is that the
small fuel cost relative to fission reactors should lead to a lower cost
since other charges don't appear to be that much different.

Another interesting point about the estimates is that the major capital
item in both designs (about 2/3's of the cost) was the turbine-electric
section, while magnets and coils were second. Since the former involves a
fairly well established technology, the estimate for it should be expected to
be reasonably accurate. In the pulsed design, the magnetic storage unit was
also found to represent a major cost item. This automatically introduces a
larger uncertainty since the storage system, especially switching gear, has
yet to be developed.

An important aspect of the class was a presentation of the results at a
final seminar. It was listed in the university calendar as an open meeting,

and in addition a special review panel was invited. It included persons from
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Radiation Biology and also Fish Sciences (both of whom had been active in
the recent protest against the Bell Nuclear Station proposed for Lake
Cayuga); a representative from New York State Gas and Electric Company; a
member of the Electrical Engineering staff interested in power generation;
and a plasma physicist. The wide variety of backgrounds represented pro-
moted an interchange of thoughts that effectively tied together and high-
lighted the semester's work. Again, it is difficult to provide adequate
coverage here, and only a few representative remarks are possible.

Persons with non-nuclear backgrounds were somewhat skeptical. They
had read news releases about the safety of fusion plants, the reduction of
pollution, and the fusion torch concept. This all sounded too good to be
true and the impression seemed to hold that it was "overselling" ......
something must be wrong or overlooked! One person pointed out that the
study was entirely based on AEC reports and data, and expressed an inherent
distrust since this agency is charged with development of the CTR. (An
argument familar to persons in the fission field.) The thrust of questions
from these people centered around pollution problems and arguments about the
large size of the plant. The waste heat rejection was noted earlier. The
audience felt that this problem has been "skipped over" ...... only token
thought had been given to possible uses, and the cost suggested for dumping
in the ocean and the dump site, connected ecology, etc. only given 1lip
service. It was generally concluded that more urgency should be given to
research on D—He3 approaches so that higher efficiencies might be achieved.
One thought, not generally agreed to, was that "demonstration" devices using

D-T represented a political approach which, if by-passed, would save the
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public much money and distress in the long run.

The cost estimate was also viewed with some suspicion in light of the
many uncertainties involved. It was suggested that what was needed is to
form an unbiased observer (group) to make a comprehensive cost analysis of
the various competing sources and concepts. This way, at least, all would
be on an equal footing, using the same ground rules and assumptions, etc.
Carrying this one step further, it was suggested that an outside group, not
directly associated with the AEC development, might be asked to undertake
an entire conceptual study in order to evaluate the sociological implications
from "an unbiased point of view."

Radioactivity questions also consumed much time. Sure fusion would be
better than fission in this respect, but would it really be good enough "to
save mankind?" Some arguments about maintenance problems due to induced
radiocactivity in the structure were raised, but the most important questions
centered around tritium control. Tritium recovery by diffusion through the
niobium pipe walls in the main heat exchangers was proposed in the designs.
Might it also diffuse through other walls and escape? Class calculations
indicated that the permeation rate through other components (largely made of
stainless steel and operating at much lower temperatures) would be well below
tolerable limits. The audience questioned the accuracy of this calculation
(questioned the validity of the diffusion coefficient) and also pointed to the
rather large inventory involved as a potential hazard. (This was a failure
of the present design; it was estimated that over 100 kG of tritium would be
dissolved in the rather large volume of lithium used for coolant and in the
blanket. Other approaches, e.g. the use of heat pipes, would greatly reduce

this inventory.) The argument that tritium would be contained and reused in
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the same plant was warmly applauded.

Without going further, it is clear from this sampling of comments that
continuing discussions with concerned persons from other areas are desirable
if a general acceptance of the fusion approach is expected. The average
person is simply distrustful at this stage. Hopefully, this seminar helped
a little in this direction, but much more is needed to obtain effective
communication.

In conclusion, it can be stated that a seminar like this is extremely
effective in exciting a student's imagination and attracting him to an area,
Design seminars are not uncommon; the fusion problem is especially attractive
in the present stage since the class will typically gain the feeling that
they are undertaking an "open" problem in parallel with other conceptual
‘esign groups at the various AEC laboratories. The present studies worked
out very well despite the variations in backgrounds among the students.

Those with nuclear backgrounds originally feared that a stress on plasmas
would "snow" them. However, they found that there were plentiful engineering
challenges so that a knowledge of plasmas, stability, etc. was not absolutely
necessary to make a contribution. However, assignments were varied on purpose
so that each student was forced to look at a variety of topics. As it turned
out, the engineers were quick to pick up some basic plasma background, and
vice versa. (Appropriate lectures were also included to aid this process.)

It is the author's opinion that the mix of backgrounds was, in fact, an aid
rather than detriment. In fact, were the course offered again, an attempt
would be made to interest students from other departments, both in and

outside engineering.
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SOME THOUGHTS ON THE DESIGN OF A THERMONUCLEAR SPACE POWER SYSTEM¥*

By Demetrios George Samarss, Sc.D.

Fellow R.he.S. (London$
Research Administrator ACOSR
INTRODUCT ION

Since the dawn of the nuclear era the Air Force has shown interest,
both of ficially (ANP~-Project) and unofficislly (various publications by
its members) in the exploitation of nuclesr energy. As I am not the
official Air Force historian I shall mention only some of the early
events with which I hsve been intimately involved.

To the best of my memory the earliest nucle ar plasma engire configur-
stion considered was after thepublicetion of Alfvéh's bookl. This bvook
showed the usefulness of magnetic fields as confinement wglls “cr a vlesma
medium, The plasms was then assumed to be of fission origin 2s it was
discussed in detail by the authors. The first electric thrust generators
were mentioned in Alexander's bookz.

The first performance anzlysis of a nuclear (fission) elzctric snace
pronulsion system was done and revo-~ted in 19523. Khen in 1954 it wes found
that 2 thermonuclzar plesma is not in thermcdynamic ecuilibrium znd the
oremsstrehlung losses @*=Tl/2 rather thenctTA) egre wredominent tne Jirst
ner{ormance analysis o: & thermonucl=sar vower plent wes made (19.5). It
was & crude analysis becsvse it ewolcyed low & curacy thermronucleer

cross—-sections published in the Physiczl Review setween 1931 and 17.4.

In these czlculeztions only bremsstrahlung losses were cconsidered.

*The views and opinions expressed by the author do not necessarily
represent those of the AFOSR or the USA.

387



After the publication of more accurate cross-sections these calcul-
ations were drestically revised 2nd extended. A more drastic revision
and extension followed the first Geneva Atoms for Peace Conference (1943).

In 1956 an electric plasma thrust generator was designed and built by
my associate and student (0S™ Graduate Center) Dr. Kenneth Kissell. It
was subsequently tested successfully. £ coover thrust chamber was ussad
as anode and a coaxial tungsten electrode as cathode. The electric power
supply was a rotary arc welder. #Frgon and helium zes were employed as
working media.

In 1957 Col. Paul Atkinson started the present ATOSR Electric Propul-
sion Program. The r[irst project scientist was iMiilton Slswsky. Thais
program stressed low temperature plasmas, electrostatic thrust generators,
codlloids and MHD nower generators.

In 1962 when Samaras took over the vroject (9752) e change from low to
high tempersture plasmas was initiatad.

‘Whereas the AEC work on thermonuclear power wa2s tasad on mi-zroscooic
aporoaches and Plasma Physics, the early Air Force work5 was mostly
based on macroscopic spproaches and Plasme Engineering., It is not surpris=
ing that 1little overlsuping occurred snd the informaticr from both may be
considered as complementary.

It should be well unierstood that a thermonculssr svace power vplant,
2lthough oased on the same fundamental vlasme physics as 2 stationary
terrestrial power plant, is vastly different {rom a stastionary one.

There are many fundamental differences between the aforementioned:

a. A spsce power plant requires extremely high thermodynamic
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efficiency in order to minimize the weight of the radiator and increese
the payload.

be. It demends a direct trensformation of thermonuclear into elzctricel
energye.

¢, It should heve a very wide range of etficicnt onerstion, e.g., the

2

ratio of maximum to cruising power may be 107 to 103.

d. A very advanced and relieble control system is mandatory.

THE APPROACH TO DESICN STUDI™S

The philosophy of eerly investigations was »ased on zero order efiects
and the experience gained {rom Jet Propulsion in world .ar II. This
approach is based upon a given (rather generel) configuration and & thermo-
dynemic cycle. In most cases the configuration do:s not have to se very
detailed although it may be more specif'ic than a system consistin, of
black boxes.

bk typical exampls of 2 black box configuretion is shown in tig. 1
teken from Ref. 5, p.453. uhile this may be suitable {or early design
investigations a more detail=sd one is required even [or 2 prelimineary
design study.

The thermodynamic cycle is shown in #ig. 2, In the most generel case,
the thermodynamic cycle will renresent the following processes:

a. rolytropic compression (energy aidition trom externsl sources,
@.g., turbulent heating).

b. Energy release caused by the nuclear recction

ce Polytropic expansion (energy extraction and trans‘crmation).
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The thermodynamic medium in which the thermodynamic chenges occur is
usually a plasma flow.

It is well known that the thermodynamic cycle represenis mecan values
of the parameters and one-dimensional flows. Again it is understood
that the thermodynamic diagram veries littls from steady functioning to
cyclic operating machines,

The thermodynamic cycle is olotted in two coosdinetes: total enthalvny
(including both kinetic and electromagnetic) 7( and entropy S. Any other
suitable coordinates may be used, for examrle, kinetic temperature,
vressure and others; experience with jet propulsion systems, however,
suggests that the former are extremely useful lor cycle per 'ormance analysis.

In "ig.2 line 1-2 indicates a diabatic compression, namely, 2 compression
accompanied by energy (heat) addition. The ignition noint lies on this
line and is not far away [rom point 2.

Line 2-3 corresponds to a rapid ene-gy releese process which, most
of the time, may be considered as isovaric.

Line 3-5 represents adiasosatic expansion which under certsin conditions
may approach an adiacatic one.

Sometimes both the compression and expansion processes of the olasma
may apmoach adiabatic conditions. For comparison, the idea2l case of an
isentropic variation may be inwvoked in all cases,

As the cycles under consideration are not markadly different from
those of other power-producing devices, similar efficiencies may be defined.
On the other hand, the losses. occurring in each p-rt of the cycle are

different; consequently, they require a detziled analysis and avpnraisal.
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Generally spesking, the losses appear as energy losses and as particle
losses. The energy losses are either associated with radiation or with
energy carried away by mass. The most important radistion losses ares

a. Bremsstrahlung

b. Gyromagnetic radiation

c. Excitation radisation

d. Cherenkov radiation.

The energy losses assoclated with mass are:

8. Heat conduction and convection

b, Energy carried by runaway particles

c. Energy lost by charge exchange collisions.

The loss of mass is caused by:

a, Diffusion

b. Runaway particles

c. Neatral particles which cennot be confined by the magnetic field.

The preceding losses may cause a number of effects on the plasma and
the surrounding solid walls. These are contamination of the plasma
resulting from thermal evaporation of solid walls and sputtering.

The compression and expansion processes have been discussed in detail

5

oefore”, however, a few fundamentals on the direct transtormation of
nuclear into electricel energy may be given. Before this it is advisable
to compare thermonuclear with chemical power plants,

In today's chemical power plants, such a2s . asoline and diesel engines,

gasturbines and rockets, the time of confinement of the rescting medium

(time of flame propagation) is about one (1) millisecond. The cocrresponding
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temperatures are 0.12 - 0.5 ev (1200-6000° K). In thermonuclear power
plants the temperatures are expected to be 10 to 100 kev, i.e., five (5)
orders of magnitude higher. From this it may be concluded that plasme
confinement times larger than the 2 orementioned (mi'lisecond) cannot be
seriously supported. To explain this contention,in the following the time
required for energy release and the time aveailable from dirfusion will
be calculated.
1. The time of energy release

In 1957 Lawson's rule wss announced: the plaesmz density multiplied by
the time of confinement is constant

nt = constant (1)
Immedistely sfter (1958) it was shown by Samaras® (v.326 and Fig. 4.43)
that n T is not constant but varies enormously with initial 92 and rinel 93
temperatures (substitute time of energy release t23 for t) as follows:
ntp3 = £(8,, €3) (2)

figures 3 and 4 (taken from Ref. €) show the ene~gy relsase time as
a function of the initial 92 and final 63 temoeratures for D-T and D-He3
reactors.
2. The time of confinement

To obtain the time of confinement the plasma diffusion coefficients
should be known. This is easily done by non-dimension&lizing the leminar
and turbulent diffusion coefficients as a diffusion paremeter:
9 BDg

kT

laminar Cq = = (oT)? (3)
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de BDy

turbulent Cq = =K (4)
kBT
wheres
Qg = charge of the electron
B = magnetic field intensity

Dt ’Dt = laminar and turbulent diffusion coefficient, respectively

kg Boltzmann's constant
T = temperature
ot = Hall's parameter

The experiment&l results of various diffusion experiments are shown in
Fig. 5. This picture is similar to that of the friction coefficient in
the Ilow through a circular pipe with walls of various degrees of rough-
ness. The laminar and turbulent regions are obvious and the roughness
coefficient has an analog in the type of noundary layer existing oetween
the plasma and the confining magnetic field,

The diffusion coefficient D, may be correlated with a characteristic
length L of the power plant and a diffusion time which for convenience
may be celled as t'23 as follows: 12

Dy=f m (5)
where: 23
f = constant

Another important parameter is the kinetic over magnetic vressure reatio.

2nkBB

PR e

From the foregoing assuming a reference ion density n, = 1020 n~3

the following results:
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2
t (n x 10720) = 2465 (——) (—)3. §, 7)
23 c 10
d

The most pessimistic case, namely, of Bohm diffusion is considered
(Cd = 1/16). For simplicity the following values of the parameters may be
assumeds f =1, 3 =1, L = 1 meter. Then Eq. (7) may be plotted as
oroken line in Figs. 3 and 4 for various values of the magnetic field B.

Examination of these figures suggeststhat for magnetic fields realiz-

#hle in the future (B = 40 Tesla) and final temperatures ©,=100 kv, the

3

confinement time is larger than the energy relesse time t'23§>-t23.
Taking as an example 6, = 20 kv, €5 = 50 kv and an ion density

n= lO23 m=3 the required time for energy release is t23-.1.3 msec, The

corresponding diffusion time for a macnetic field 3 = 15 Tesla is

t'23= 3.3 msec,

assuming a2 diffusion coefficient one order of magnitude lower than

Bohm (see Fig. 5) the corresponding diffusion time is t'23 = 33 msec.
Increasing the magnetic field to B = 30 Tesla the diffusion time

becomes t‘23- 27 msec and for B = 40 Teslez is t'23 = 6/ msec,
The Toregoing magnetic fields are not tfictitious. Existing superconductors

produce magnetic fields of 20 Tesla, wheress those in the experimental

stage (see Dallas Meeting of the APS) are around 40 Tesla. The high magnetic

field intensity superconductive magnets will need 2 force-free design as

it was discussed by M. Levine of AFCRL sometime ago. (Qne of the most

important components of the system is the radiator which radiates the

losses., Preliminary calculations indicate reasonable sizes at temperatures

of 1100 to 1200° K. While these temperatures seem exce<sive for maximum
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power they zre considerably decressed for cruising conditions which mey
correspond to 1072 to 103 of the maximum power. Then corresponding
temperat wres may be calculated
Rel T = 1072/4 to 10-3/4 = 0.316 - 0.178

and for T = 1200% , Tcr = 379 to 213.5° K which are acceptable.

The high temperatures of meximum power will appear in the flight
corridor where aerodynamic cooling may have a significant effect. Some
early calculations (Fig. 6) indicate the altitude speed characteristics

of the spacecrafts with large, medium, and small engines.

DIRECT TRANSWORMATION OFf NUCLXAR INTO SLETTRICAL ENERGY

The energy transformation between the plasma and its surroundings may
be easily understood by examination of the energy equation.

The mechenism of energy transformation may be examinad in various
ways, and the methods of aporoach used depend upon the investigstor's view-
point.

A plasma in a magnetic field behaves as a diamagnetic medium km<:1;
this diamagneticity of course depends upon its conductivity. ZEeach
charged particle of the plasma rotates around a magnetic line of force
and thus possesses a magnetic momet Md. The sum of these magnetic moments is
the total magnetic moment of the plasma in the magnetic field. It is
well known slso that an electric current loop possessec a magnetic moment
My. From the foregoing, the similarity betwsen a plesma in a magnetic
field 2nd an electric current is obvious. Tsking as an example 2 cylind-
rical plasma in 2 magnetic field, it is seen that the plasma may be

represented by a current layer, i, whos2 macnetir wor-=nt per unit langth
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is the same as that of the plasma. With increasinz olasmz temperatu-e
which may bte caused by the energy release nrocess, the magnetic moment

My of the plesma increases and with it the current, i. The rising current
induces electromotive forces in the electromagnetic circuits which surround
the plasma. This process continues until the meximum temperature of the
cycle is attained. Further transformation of plasma mechanical enthalpy
may occur by an expansion of the plesms. This mey be effected by a
reduction of the external magnetic tfield,

The system of plasma and external megnet coils may elso be considered
as a transformer. The primery of the transformer is the plasme and the
secondary is the magnet coils. This is shown in #ig. 7 both schematicelly
end in a circuit form.

The extern&gl magnetic field interarts with the plesma and this inter-
action is shown s the magnetic oressure upon the plasms caused by the
externel magnetic field p, = B2/(2Pm). It is known that an incresse of
the external magnetic field B compresses the plasme, that is, trensfers
enargy from the external coils to the plasma. Again an expension of the
plasma transfers electric energy to the external coils.

Some typical results of celculetions are shown in Figs. 8 &nd 9.

Powcl EQUILIERIUM, STARTING AND STA2THRS

The vower equilibrium in a fusion reactor is not merkedly di“ferent
from that of any other heat engine. Thus the power eguilibrium equation
for a8 continuous reszsctor will be similar to thet of 2 zas turbine end
the power equilibrium ot an impulsive reactor will oe similer to =

reciprocating engine. It should be stressed, howevar, that tre losses will
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te different in each case.

For a continuous reactor in & steady stete of oweration, the power
generated by the reaction and the power of the starter (externel vower
introduced irto the system) will be equal to tre excess nower £nd the losses,
In en unsteady state of operation, the energy required for ths a‘celer-
ation or deceleration should also be considered. Then tlc power equili-
brium equaticn may be written

P, — P,=P,~ P, + : (Py) + Pyux (8)
where P, = power produced by the fusion reaction

P,,.= power of the starter,

P,, = excess power,

P,. = power of acceleration (negative in the case of deceleration),

> (PL) = sum of the power losses,
P,ux = power required for the auxiliaries.

The power losses may be anal yzed into
a. Radiation losses (bremsstrshlung and gyromagnetic)
b. Leakage power losses
c. Joulezn losses
d. Hezt conduction losses
end other losses peculier to the system under consideration.
For en impulsive reactor in &n unstesdy state of overation, the energy

bzlance per cycle may be written

-

Jo @+ Pydt = [7[Pes+ Pop + 3 (BL) + Pau] dt - (joules) (9)
where ¢, = duration of the cycle in seconds
and the other symbols have their usual mezning.
Depending upon the cycle of operation, a number of simplified assumptions
may be made and simple zero order effects may be obtained.

A sterting process is nccessary to put a nuclear energy release system
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into operation. This is not a peculiar requirement of nuclear systems
because a similar process is also necessary in chemical energy release
systems, such as gas turbines and reciprocating internal combustion
engines,

In the special case of nuclear energy release systems installed in
a spacecraft, there may be two main types of starting: (1) starting at
ground level; (b) starting in space. In ground level starting, large
power external starters may be available most of the time. In space
starting, the low density of the surrounding space helps considerably

in creating the desirable vacuum conditions in the system.

Depending upon the type of the system, the power required by the
starter is given by Eg. (8) or by Eq. (9).

A large number of stariing systems for fusion energy release
engines may be proposed; because of the extreme requirement upon power,
however, the solid fuel MHD generator seems to have certain merits.

Depending upon the starting system selected and the type of the

engine, various methods of starting may be developed.

WATCHING AND CONTROL

Nuclear energy release systems may be divided into two basic types:
(a) those which can be analyzed into individual components; (b) those
which cannot be analyzed into individual components. The first type
may be considered as comparable to a gas turbine system; the second, to
a reciprocating engine.

The main advantage of the first type over the second is its capability
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of being analyzed into individuzl components which can be investigated
and tested separately. Generzlly speaking, each one of these components
performs a discrete function and is represented by a separate line in the
thermodynamic cycle. As always, this great advantage of comronent separ-
ation and testing is accompanied by the dissdvantage of the nece-sity of
matching the various comvonents during the synthesis stage of the energy
release system. This situation may be aggravated by the appesrance of
narrow overational characteristics of the different components and the
incompatibility of different requirements, such as easy starting, low
weight, high efficiency, and high reliability.

Past exverience with terrestrial jet nropulsion engines indiceates
that some of the greatest operational difficultizs may be atiributed tc
unsstisfactory metching of the components,

To perform the metching of the components during the synthesis orocess,
a setisfactory understanding of the component cheracteristics 1s necesszry,
Again, to satisfy the performance requirements, certzin rules for chonging
the performance characteristics are nezded.

To a certain degree, existing informeticn may be consilered sufficient
to allow us to calculate tne performance of each of the comoponents at the
design point and its vicinity; today, however, there is little knowledge
gbout the theoretical evaluation of the instsbilities and performance
eway from the dssign point. 1In this case, exnerirental data shouvld
be provided, if possible,

By using similsrity and non-dimensionel anslysis methods, steady

state performance charactoristics may be developad. [t is anticivated
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that the characteristics during unsteady operation will be different from ‘
those of steady operation.
During the development of the verformance characteristics, considerable
help and inspiration may be obtained by employing informaticn available
from terrestrisl jet provulsion engines. Then instead of time, such as
cycle time, t.,, its inverse mey be used, namely, the numoer of cycles
per unit time which corresponds, to a certain degree, to the rotationsl
speed N,

The equation for the excess power may be written in 2 functional

form
Pez/("zeaN) =f2{02/03’ 01/92’ 60/02' Nexs a} ( 10)
Taking into consideration the linearity characteristics (ot Fig.d.43

orf Ref. 5) the following results
Poof(105N) = fo{(N/e), (8:/6), (86/85). T 6} (11)

Equation (1l1) represents the non-dimensionel excess vower of an engine
as 8 function of five verameters. cfortunately, only some of these can
be veried independently; thus, the compression-expansion efficiency is a
function of the other warsmeters. As the injection temverature Oo is
ustally fixed and the relative mass addition verameter a cen be kept
constant, only two parsmeters may »e varied and the performence of ths

engine may be plotted as

P,./(ns85N) = FI(N/ny), (6,/6,)] (12)

In a2 sirilar way, the fuel consumption and the soecific fuel

consumption may be expressed in terms of the parameters just cited.
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When an engine is functioning, the overetor must clxeys be zble to
control it to the desired comditions. Thus a control system should be
incorporated with the energy release system.

The control system should be designed for ooth steady and unsteady
(accelerating, decelerating) conditions.

Experience has shown that the energy releese system and its cont~ols
should not be examined separately but always as a2 system. The mein reason
for this requirement is that one of the mezin functions of the cont-ols is
to mrotect the 2ngine at any merginal omerationel condition., Exmerience
with nuclear reactors suggests thzt the orotection afforded by sutomatic
control considerably increases the life and reliability of the syster.

Control systems may be classifiad according tc the level of intelligence
available in the loop. Thus the lowest level of intelligence is held by
the ovnen-loop control system. The next is the closed-loovp conircl system.
Lbove this is tne adaptive control system.

The next three steps are held by artificicl intelligence contrel systems,
narely, sutomata ~ith various degrees of sophisticetion which are sdept at
lesrning and pattern recognition.

For the sa2ke of convenience human intelligence was 2lso subdivided
into three (3) levels. Animel intelligence may be considered as over-
laoping between artificial and human intelligence.

From the preceding, it is odvious that ertificial int=1ligence
automatic controls and rnrotecting devices chould be incorporated in a2ll
thermonuclear energy relesse systems. The protecting devices should be

incorporated in complete electronic contrel systems and they should

bo1



contain electronic temnrerature limiters, pressure limiters, and others.
The control system may be subdivided into two perts: contrcls ior
steady operation end controls for a:celeration.
The variables to be controlled mey be subdivided into two groups:
devendent and indevendent veriablas. These are shown in th2 Iollowing
table

DEPENDENT AND INDEPENDENT VARIABLES OF A NUCLEAR ENERGY
RELEASE SYSTEM

Independent Variables Dependent Variables
Time of the reaction or rps Power extraction
Plasma density (n, - 7y} Specific fuel consumption
Fuel mixture ratio nyf(n + ng)
Temperature

‘or a simole system, all four indeovendent varieblas <hown in tae tzble
may be varied indepeniently; in many cases, however, it is sivisshla in
reduce the numbe~ to on2 or two. Such z system will emr-loy 2 sin.:le lave-~
and the variation of the other varianles will be such as to guvarantee
ontimum power or minimum specific “nel consumption.

The measuring instruments of tn: controlled quentities arce numerous
and have been discussed elsewhere-’.

“or design of the control system, methods similer tec throse «discussed
berore5 may be emrloyed. The equations to be used or these are

2. The energy conservation equation

b. The mass conservation equations.

Depending uoon the type of the control system, thes— equztions may be
simplified considerably. This is true for th~ mass consepvetion eguations
which may bhe reduced to ¢ single one.

Bn incrzese ir engine nower is effected by increasing the fuel

o

injection rate beyond and sbove that required Tor ste-dy strte oparation,
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Assuming constant reaction time t23 or its inverse ¥, th:> maximum
temperature @, incresses. Under difficult cooling conditions, the
incressed maximum temperature may affect ths engine life adversely; conse-
quently, due consideration must be .iven to limiting the maximum temperatuce
93 below a certain level during the acceleration. At the same time, the
rate of acceleration must be fast enough to give satisfactory system
operation. This may oe accomplished by limiting tne2 top temperzture to
a reasonable maximum and meking the period of accelerationshort znough
to satisfy the engine overation requirements.

The automatic accelerztion control which satisfins the conditions
just mentioned should be an integral pert of the zvtomstic fuel injection

system,.

AUXILIARIES

The energy release system requires extra vower to d~ive a largc number
of ccmponants collectively called auxilieries. The zuxilieri=s may oe
subdivided into two main groups:

a. Those directly connected wit}. thz operation of the engine, such
as fuel pumps, vacuum pumps, and others.

0. Those which may be required in the immedizte enviconment of the
engine,

The vearious installations in a spacecrairt ace secviced by auxiliarices:

a., Electric requirements, such as gernerstors, transformers, control
panels, lighting, radar, 2nd others.

b. Navigation equipment

c. Heeting and airconditic-ing,
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Various methods of extracting power from the engine may be devised.
These may fall within either of the following categoriess direct extraction
and utilization and indirect extraction,

The direct methods utilize the electric energy in the form produced
by the engine, whereas the indirect use transformers and other inter-
mediate equipment.

In conclusion it is felt that the time is ripe to train the designers
who will be able to inlitiate design studies le~ding to the final design for

the development of a successful prototype thermonuclear power plant.
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""PROBLEMS POSED BY SPACE APPLICATIONS OF FUSION REACTORS '#
J. Reece Roth

NASA Lewis Research Center
Cleveland, Ohio 44135

Summarz

Some of the potential advantages of fusion propulsion systems
include the following:
1. Can operate at optimum exhaust velocity
2. Gas temperature not materials limited
3. Direct conversion of plasma enthalpy to thrust or electrical power
4, Lower round trip time and initial mass for fixed payload
than competing systems
5. If D-D reaction used, fuel should be inexpensive enough to
exhaust directly to space
Many of the foreseeable problems associated with space and ground-
based applications of fusion reactors appear to be common to the two
applications, while some are unique to the respective application. A
similar degree of commonality and uniqueness seems to hold for existing
developmental programs leading to space and ground-based applications
of fission reactors. Some of the basic physics problems most trouble-
some for space applications of fusion reactors include the following:
1. Must be self-sustaining: no steady-state injection
2. Must use D-D or D-He3 reaction

3. Control of synchrotron radiation

* Abstracted from "Technological Problems Anticipated in the Applica-
tion of Fusion Reactors to Space Propulsion and Power Generation',
by J. R. Roth, W. D. Rayle, and J. J. Reinmann, NASA TMX 5280u4,
presented at 5th Intersociety Energy Conversion Engineering Con-
ference, Sept. 20-25, 1970.
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4, Ions escaping from plasma must be made unidirectional
5. Mixture with propellant to form exhaust jet with optimum
velocity

6. Development of a liquid metal magnetofluid
Some of the engineering problems associated with space-borne fusion
reactors include the following:

1, Development of light weight components

2, Energy conversion system for thruster

3. Development of heat transfer and radiator system

4, Development of a light weight liquid helium refrigerator

5. Zero-G cryogenic heat transfer

6. System for repeated startup in space

If self-sustaining fusion reactors based on the D-He3 (or
possibly the D-D) reaction can be achieved, it is possible that fusion
reactors will see their first large scale applications in space,
rather than for ground-based electrical power generation. Studies
have shown that fusion reactors may be marginally competitive economi-
cally with other projected power generating systems (such as advanced
fast breeder reactors) on the ground, while mission analyses indicate
that fusion reactors may be much superior to other competing space
power and propulsion systems,

Some of the major research areas related to space applications
that should receive attention are:

1. A more detailed study of the D-He3 reaction characteristics

2. The study of energy balance at the higher plasma tempera-

tures involved
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3. Systems studies of D-D and D—He3 reactors, with loss of
neutrons to space
4, Experimental and theoretical work on the direct conversion
of the plasma enthalpy to power or thrust
5. Studies of neutron and radiation shielding methods for super-
conducting coil protection
6. Development of light weight, high current density super-
conducting magnets, light weight cryoplants, and associated
systems components
7. Development of a liquid metal ferrofluid suitable for space
applications of magnetocaloric pumping and power generation.
Work is also needed on methods of collecting the radially diffusing
plasma from toroidal systems, and converting it into a unidirectional
exhaust beam. One of the most important unknowns, the space-restart
system, cannot be adequately specified until controlled fusion has

been achieved.
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Fusion Power for Interstellar Flight
T. Conley Powell and O. J. Hahn
Mechanical Engineering Department

University of Kentucky
LLexington, Kentucky

Abstract

A fusion drive can deliver an exhaust velocity of several
thousand km/sec. This is much larger than the optimum exhaust
velocity for any mission inside the Solar System. Thus fusion
drives should be considered for interstellar flight.

An analysis is made of the reaction equilibrium and energy
balance in a spatially-uniform, steady-state plasma. A particle-
conservation equation is written for each of the i1onic species in
the plasma. For given ion temperature, deutron number density,
particle confinement time, and fuel composition, this set of equa-
tions can be solved for the plasma composition and the fuel feed
rate.

Separate energy balance equations are written for the 1ons
and for the electrons. By simultaneous solution of the two egua-
tions, the electron temperature and the rate at which power must
be removed from the plasma can be determined. For given values
of the energy-conversion and plasma-acceleration efficiencies, the
specific thrust and the thrust per unit plasma volume can be cal-

culated. For a given drive mass/blast power ratio, the thrust/
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mass ratio can be calculated.

An optimization analysis 1s carried out for a two-stage star-
ship, both stages being assumed to have the same 1nitial acceleration,
specific thrust, and drive mass/blast power, payload/imtial mass,
and fuel mass/tank rmass ratios. If all these guantities are given
except the imtial acceleration, one can determine what acceleration
results 1n minimum flight time for a given distance. Specific thrust
and acceleration can also be optimized simultaneously; if no upper
limits are placed on the specific thrust, this deterrines the cap-
abilities of a drive that 1s not energy-limited, but acceleration-
Limtted.

Numerical calculations indicate that, for an overall payload
fraction of 0.01 and for drive mass/blast power ratios higher than
100 kg/mw, the optimum specific thrusts for flights to the nearer
stars can be delivered by fusion drives——that 1s, fusion drives are
acceleration-limited, not energy limited. Unless very low mass/power
ratios can be achieved, the total-mass-—-conversion drive and the inter-
stellar ramjet—--both much more difficult technically than the fusion
drive~-would not give shorter flight times.

What power/mass ratios can be achieved, 15 quite uncertain,
No attempt 1s made to carry out an engineering design study for a
fusion drive. However, rough estimates of the masses of some of

the major subsystems indicate that it will be hard to do better than
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100 kg/mw. A fusion drive can burn deuterium or a mixture of
deuterium and helium 3. A drive burning deuterium and helium 3
can deliver a higher specific thrust, at a lower power/mass ratio,
than a drive burning pure deuterium. However, helium 3 must be
synthesized. It is not possible to say at present whether the high-
er cost of the deuterium-helium 3 fuel combination will be justified
by its performance advantage. Fission power for interstellar flight
can be ruled out on the basis of fuel cost,

Unless power/mass ratios much smaller than 100 kg/mw
can be achieved, not even the nearest stars can be reached with
flight times less than one human lifetime. This does not preclude

flights by unmanned probes.
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SYMPOSIUM SUMMARY

M. O, Hagler and M, Kristiansen
Plasma Laboratory, Department of Electrical Engineering
Texas Tech University, Lubbock, Texas 73409

Proposed fusion reactors have traditionally been classified as
either steady state or pulsed. Steady state reactors would seem to
permit more careful adjustment of the plasma parameters to optimum
values than pulsed reactors and to permit the use of superconducting
magnets to generate the confining magnetic field., Pulsed reactors
place less stringent requirements on plasma stability and confinement
than steady state reactors and offer a potential advantage in permitting
the reactor to be refueled between pulses when there is no fusion plasma
present. The equilibrium condition for steady-state reactors (the point
at which the released energy remaining within the plasma is equal to
that needed to heat the incoming cold fuel to the equilibrium plasma
temperature) is unstable and will require a control system, which mav be
complex, tc maintain equilibrium. Pulsed reactors based on the theta-
pinch concept require the coil to be placed close to the cylindrical
plasma, This configuration reduces the magnetic field volume and may
thus permit substantial savings in the cost of the reactor core. A
disadvantage of this system is that the coil is subjected to the 1li Mev
neutrons, bremsstrahlung, and cyclotron radiation. Radiation heating,
ohmic heating, and structural requirements place severe constraints on
the coil design., Steady state designs must include shielding of the
superconducting magnets from neutron and gamma radiation. At present, a

major problem in pulsed designs is energy storage. Magnetic energy
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storage appears to be the only possibility since capacitive energy
storage seems to be far too costly to be economically competitive.
It is not yet clear whether or not magnetic energy storage elements
will be able to deliver sufficient energy at fast enough rates.

Requirements for fuel injection into a DT fusion reactor
depend upon a-particle heating rates and on whether the reactor is
pulsed or steady state. Some calculations indicate that it may be
difficult to fill the reactor volume of a steady state reactor with
fuel because of the difficulty in penetrating a fusion plasma with
beams or pellets. Pulsed reactors permit refueling in the off
period, but consequently also require higher peak currents from the
injectors. 1In a steady state reactor with no a-particle heating, the
Lawson criterion was used to estimate the maximum current required to
maintain a steady state 1500 MW(th) reactor, with a fractional burnup
of 5%, as about 1000 amperes. With foreseeable beam technology, this
current will be difficult to provide economically., Furthermore, the
wall area required by the injectors may be large enough to affect the
neutron economy.

Several important advances in blanket design have been reported.
For example, it now appears that a simple natural liquid lithium
blanket will provide adequate tritium breeding without enrichment.
Second, a new modular design permits the vacuum wall to be located
outside the blanket, This configuration relaxes the structural
requirements which arise when the vacuum wall is also the first wall,
This design also uses modified heat pipes both to equalize the radial
temperature distribution and to separate out tritium which has been

generated in the lithium blanket.
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An Interesting proposal [Lidsky, MIT] for utilizing fusion

neutrons, that was only mentioned briefly at the symposium, is to

233

produce fissile U or Pu239 by capturing excess fusion neutrons in

Th232 or U238 placed in the blanket of a fusion reactor, This fissile
fuel can then be used in a converter fission reactor to give a much
shorter fuel douwbling time than fission breeder reactors. The neutron
rich but power balance poor DT fusion reactor and the neutron poor
but power rich fission converter reactor could make a very attractive
couple,

Direct conversion of fusion reactor charged particle energy to
electrical energy by using a series of electrostatically focused
collector electrodes, rectifiers, and inverters provides a means of
achieving overall conversion efficienclies of more than 90%., For a
1000 MW system, the direct converter should cost approximately $20/
kW. This cost compares with $70-580/kW for conventional conversion
systems., This energy conversion scheme is particularly suited for
mirror type reactors where it increases the "usual™ Q by an order of
magnitude,

Considerable interest in the use of fusion reactors for space
power and space propulsion systems was evident among several of the
symposium participants. As in the case of using fusion reactors for
electric power generation, there was disagreement, among those who
attended the special session on Space Applications of Fusion Reactors,
concerning the relative merits of pulsed and steady state reactors
for space applications., The fact that agreement could not be
reached simply indicates that neither pulsed nor steady state reactors

can be shown to be inherently unsuited for space applications at the .
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present stage of fusion reactor design and technology. However,
saveral factors are especially Important for space reactors
regardless of whether they are steady state or pulsed, For example,
since the isotropic neutron distribution from a D-T reactor is not

directly useful for propulsion or heating the plasma and conversion
will require components with considerable mass, reactors in which

the fusion energy appears in charged particles (D-He3 of P-Lf% are
especially attractive for space applications, These cycles require
higher ignition and operating temperatures, of course, and thus
lead to other problems. Mass considerations also seem to reaquire
that space borne reactors be self sustaining so that massive
supplementary fuel heating systems are not required. This
restriction requires the charged reaction products to be capable of
heating the fuel to temperatures high enough to produce at least one
fuslon reaction. In a D-T reactor, such a reaction would have to be
sustained by the relatively small amount of fusion enerpy which is
not carried away by the neutrons, that is, bv a-partiele heatimg. In
D-He3 and p-Li6 reactors, most of the fusion energy is piven off in
charged reaction products which can be confined and used teo heat the
injected fuel as well as to supply power. Provided that the ignition
temperatures and adequate confinement can be achieved, therefore, the
self sustaining requirement could be more easily satisfied iIn D—He3
or p—L16 reactors than in D-T reactors.

Quite a lot of discussion centered on environmental, economic,
and social considerations, which are all, of course, interrelated,
Fusion reactors are expected to introduce relatively few environmental

problems, In D-T systems, for example, no radinactive wastes are
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formed, and tritium, which is radicactive, is less hazardous than the
plutonium in fission reactors and should be easier to contain than
the noble fission gases, Moreover, fusion reactors cannot run away
and also have low after heat.

Most of the fusion reactor design studies to date have been
based on the D-T fuel cycle since it has the lowest ignition requirements.
It has also usually been assumed that at least a large part of the
tritium breeding blanket is lithium, The world reserves of lithium
are not well known, because of present lack of demand, but estimates
were given showing that, fron an energy viewpoint, they are comparable
to fast fission breeder fuels, U and Th. One of the arguments for
fusion reactors has been the "unlimited" amounts of fuel. A fusion
reactor based on the D-T fuel cycle may be limited by the available
amounts of lithium, however, This is then also an incentive for
considering other fuel cycles, Estimates were alsoc made to show that
electric power from fast fission breeder and fusion reactors are
comparable in cost,

Economic calculations concerning fusion reactors have traditionally
used the projected costs of producing electrical power by fast fission
breeder reactors as a target cost which fusion reactors must meet.

The rationale for this approach is that the design details of fusion
reactors are not yet specified in enough detail to permit accurate
cost estimates, while the cost of fusion reactors' major competitor,
fast fission breeder reactors, are known well enough to give a
reasonably accurate target cost which must be met in order to be
competitive, Although these estimates seem to show that there is no

reason why fusion reactors cannot compete economically with fast
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fission breeder reactors in producing cheap electric power, there
are at least two factors which may make these analyses less favorable
to fusion reactors than they should be, First, the fast fission
breeder reactor cost estimates used for fusion reactor target costs
do not include an effective cost for actual and potential hazards
and environmental pollution, Of course it is presently impossible
to quantify these costs; however, it is certainly true that these
costs will be more important in coming years and that the effective
fusion reactor costs will be less than the corresponding costs for
fast fission breeders. Second, the use of projected fast fission
breeder costs as a target cost assumes that the major part of the
produced power will be converted to electricity. In fact, as the
population increases, it seems that more and more energy will be
required for recycling waste materials for re-use, for desalinating
seawater and for other bulk processes, It is not at all clear that
electrical energy will be the most appropriate form for these
processes. These processes may require sufficient energy at one
location to permit more direct utilization of energy from the fusion
plasma. (The main advantage of converting energy to electrical form
is the ease with which electrical energy can be transported), It
may be possible to utilize the fusion plasma in a Fusion Torch to
vaporize and lonize wastes and permit them to be separated into
useful raw materials. The Fusion Torch concept might also be
applied by injecting high atomic number impurities into the plasma
to produce ultraviolet radiation which would be used to bulk heat
liquids for chemical processing and disalination of water, If

these applications actually develop and the Fusion Terch is even
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partly feasible, fusion reactors could offer significant advantages
over fast fission breeder reactors in this area,

Very little study has been given to the social implications of
the introduction of fusion power, although work is beginning, as
evidenced by the attendence of soclologists and economists during
parts of the symposium. Understanding of the soclal effects, "good"
or "bad", will be important for considering factors in the design,
location, and use of the fusion reactors by those directly concerned
with fusion reactor design and planning and for evaluation of
fusion reactors by the soclety at large.

It was well documented at the symposium that the fast fission
breeder reactor development Is progressing well and that they
probably will be "on line" within twenty years. With the current
rate of world wide funding it does not appear that one will have

an "on line" fusion reactor in this century.
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