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PREFACE 

The Symposium on Thermonuclear Fusion Reactor Desipn was co-

sponsored by the USAEC and Texas Tech U n i v e r s i t y on June 2 - 5 , 1970. 

The program cons i s t ed p r i m a r i l y of i n v i t e d papers and was aimed a t 

researchers with backgrounds in physics, e l e c t r i c a l engineering, 

nuclear engineering, e t c . , but not necessar i lv at those with pr ior 

research experience in fusion reactor design. Some of the par t ic ipants 

were already involved in various aspects of th i s research area and a 

small number of contributed papers were therefore also included t o 

take fu l l benefi t of t h e i r experience. 

Since the symposium was t o a large extent t u t o r i a l in nature 

some of the papers were based on re su l t s which had been or were going 

to be presented at other conferences or in nrofessional i ouma l s . 

Only the abstracts of these papers are included here in order not to 

preclude other publ icat ion. Several of the papers were prepared 

especial ly for t h i s symposium as evidenced by the length of the 

proceedings. 

The par t ic ipants came from 24 s t a t e s and 2 foreign countr ies . 

The d is t r ibu t ion of par t ic ipants between the various science and 

engineering discipl ines was very broad and the par t ic ipants contributed 

to the success of the symposium by t h e i r active comments and questions. 

I t has been found worthwhile t o include in these proceedings a 

selected l i s t of publications and reports pertaining t o fusion reactor 

design s tud ies . This l i s t was compiled with the kind cooperation of 

W.C. Gough, USAEC. In the in te res t of saving time and enabling an 

early pr int ing of the proceedings, only very minor edi t ing and 

retyping of the various man\:iscripts have been done. Certain errors 

i i 



and a non-uniform format wi l l be evident but none of these were 

found important enough t o jus t i fy delaying the print ing of the 

proceedings. 

The program covered a broad range of the various aspects and 

concepts of fusion reactor design. A s ta tus report on fast breeder 

reactors was spec i f ica l ly included in order to gain the proper 

perspective for evaluating the fusion s tud ies . Some of the contributed 

papers were devoted to possible space application of fusion and th i s 

was also the topic of a specia l evening discussion session. The 

symposium appeared to succeed in i t s goal of presenting a broad 

review of the most important and recent fusion reactor studies in the 

U. S. to an audience with widely varied background and i n t e r e s t s . 

i i i 
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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 S.S. reactor an engineering demand on the thermonuclear 

2 

energy flux through the vacuum wall (1300 W/cm ) sets the size and plasma-

physical properties of a reactor. The plasma radius R 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 chcirged-particle-heated and injection-heated reactors are 

considered, with plasma 3 (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 HW(th) output is a factor of "̂-SO 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 2 
liquid-Li flow at a heat transfer coefficient h % 3 x 10 Btu/ft hr°F. 

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 

'V'25%, 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 conversicai 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 tlie 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. 

2 



INJECTOR REQUIREMENTS FOR OPEN ENDED 

FUSION REACTORS 

Harold K. Forsen 

Department of Nuclear Engineering 
The University of Wisconsin 

May 1970 



I - INTRODUCTION 

Over the past twelve years considerable effort has gone into 

the study of plasmas and plasma containment toward̂ - the goal of 

power from controlled fusion. Throughout most of these studies 

the containment volumes have been of such size 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 
14 -3 densities near 10 cm and ion temperatures of kilovolts. 

In this paper we will address ourselves to the problems in 

open ended low 6 reactors where the plasma can not be heated or 

created in situ but which must be generated outside the system. 

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 a:i 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 criterion 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 nx 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 



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 n_ = n = n/2 

dn. 2 
g ^ = S. - 5- <av> - ?- = 0 (1) 

c 

where S. is the source of ions per unit volume and T is the 

containment time due to geometrical losses. If we look at the 

5 



two loss terms we recognize that their ratio is just the 

fractional burn up (f, = TT nx^ <av>) for the case where 
•̂  b 2 c 

X /x_ << 1 and x^ is the fusion reaction time, c f t 

In the limit of low fractional burn up we can approximate 

that S. = n/x or if we want a current per unit volume we have 
1 ' c *̂  

I = B£ (2) 
V X • ^ ' 

c 
Multiplying the numerator and denominator by n we see that the 

2 1 

current (per unit v̂ olume) is n e/nx and the Lawson or nx 

criterion becomes all important. If we further write the fusion 

power for the system per unit volume we have 
Pp = nĵ n2 <av> Q^^ ^̂ ^ 

where n, and n- are the particle densities for the two reacting 

nuclei which are usually taken such that n, = n- = n/2 and Q,2 

is the energy released per fusion. We solve Eq. (3) for a D-T 

reactor and solve for the density to obtain 

n^ = ^ . (4) 
<ov>Q 

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

4P-Ve 2P_V 
1 = ^ = f - | - (̂) 

<ov>Q nx b ̂ ev 

where Q is in eV. This does not leave much to the imagination ev ^ 

because If we are to run ^ 1500 MW(th) plant at some fractional 

6 



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 ^ = 3.6 5 MeV, 

Q =17.6 MeV and Q ^ =18.3 MeV. If blanket reactions and 

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 

2 
according to calculations by Post. One should be careful 

however because we are assuming a fractional burn up and this 

will charge as a function of nx 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 Eq. (2) 

directly and tr̂ ^ ing to establish 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 

Eq. (3), we obtain Fig. 1. The two lines represent extremes for 

<av> determined by the energies given. 

3 4 Using the criterion established by Carruthers et al. ' 

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 
3 

long. This gives a plasma volume of about 50 m and from Fig. 1 

14 -3 we find that a density between 2 and 30.10 cm is required 

7 



depending on the cycle and energy. Because open ended systems 

are limited in their confinement time to something like the 

3/2 ion-ion collision time and this varies as T ' /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 Lawson criterion for the reaction under consid­

eration. Several authors have recalculated this condition for 
3 

different assumptions and we use that given by Carruthers et al. 

for an injection heated system but do our own calculation for 
3 

the D-H cycle. Since calculations of this type generally 

assume T = T. we run into difficulties at high energy because 

of the large bremssttahlung contribution. Most injection heated 

systems will run with T << T. unless electron heating is 

externally provided. However, we approximate the nx criterion 

a;3 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 curnsnt 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 nx was used whether it corresponded 

to the energy at which <av> was taken or not. Also, the nx 

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

8 



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. 

Ill - 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 
2 

to maximize a, <av> or <av>/T 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. 
2 This is over and above the fact that kT. = o- U where U is the 1 3 o o 

injection energy. To give an example of the numbers. Rose 

calculates for a D-T mirror system where charged reaction 

products are not completely theirmalized, that at 5% burn up 

and 120 keV injection energies, T. =; 90 keV and T =37 keV. 

This is why the Lawson criterion used in the last section is 

not completely valid because T ĵ  T. as we pointed out. 

9 



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 
3 

reaction it comes at about 120 keV and for the D-H at around 
7 

400 keV. 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 <av>, 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 
2 

these details. Post and others have made these calculations 

and to show how th^y compare to a Maxwellian we use the 
Q 

calculations of Kuo-Petravic et al. They find the peak in 
-15 3 <0V> for D-T to be 1.1.10 cm /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 Lovberg and Rose who 

obtain g.e.lO""*-̂  at 80 keV. The point of this is that the 

reaction rate parameter <av> is greater for a loss cone 

distribution than a Maxwellian at the same temperature and 

increases as the anisotropy of the distribution produced by a 

larger mirror ratio. 

For the present study we are not interested in the 

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

at which it is a maximum. Therefore, we will assume a 

10 



9 
Maxwellian and use the values given by Glasstone and Lovberg 

for the D-D and D-T reactions. That is, for a D-D reaction 

the peak in <av> 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 

given by Post which occurs with a broad peak at 200 keV. 
1 -1 c 

Mills and Rose point out the advantages of using 
2 

<av>/T 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 3 and B are 
2 

limited, we write the reaction rate as R = n <av>/4 and since 
2 

n = 3B /4vikT for T = T. , we obtain 
e 1 

64y'̂  (kT)"̂  

Figure 3 presents a plot of Eq. (6) from Rose and the dashed 

portion of the curves represent the region where for T = T. 

the bremsstrahlung losses exceed the power produced by fusion. 

In Table I"I 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 

2 a higher operating temperature than the <av>/T 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 

11 



3/2 it depends on the temperature as T '̂  /if one operates a mirror 

system at higher temperatures the confinement time increases. 
p 

Kuo-Petravic et al. survey calculations of this type and find 

the confinement time for a D-T plasma goes as 

nx = 4.6.10"'"-'- U^/^ log R/Sin D cm""̂  sec (7) 

where R is the mirror ratio, in D is the Coulomb logarithm and 
U is in keV. If we were to set this equal to the Lawson o 

criterion and solve for the injection energy U , we would find 

U = 570 keV for R = 3. This may be a bit unrealistic but it o 

gives some idea of where the crossover occurs. One should be 

careful however because the Lawson criterion is a function of 

energy and assumes steady state conditions during the time x. 

Equation (7) obtains the m^ criterion by taking an instantaneous 

value of n / -rr in a decaying plasma where loss is only by 

Coulomb encounters. 

Most advocates of mirror reactors take the criterion of 

Eq. (7), couple it with other calculations and choose to operate 
2 

somewhere between the <av> and <av>/T criterion. Similarly, 

if it is possible to convert the energy of particles lost 

through the mirrors to electricity at high efficiency as 

suggested by Post , then one would like to increase U 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 

12 



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 requir 

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 iind of systems are possible. In 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 

13 forces. 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 

14 source such as that shown in Fig. 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. In 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 

If* 



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 desr.red ion and then post 

accelerate this specie to the necessary higher energy. In 

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 v/e 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 H 

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 a„, is much greater than the 

electron capture cross section o,̂ .. This means that even for 

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'yachkov 

has studied this problem for a lithium vapor jet crossing 

beams of H , H„ and H,, and finds the probability of producing 

a single H is given as 

r)(H~) = 0.65 

n(H^) = 255 u;0-4 (3̂  

n(Ht) = 500 u"°*^^ 3 o 

where U 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 keV H^ or 300 keV per particle, you would get 200 ma 

of H per amp of original ion and with 900 keV nt 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. Morgan 

17 and Stewart have found that the source shown in Fig. 4 is 

capable of producing 65-80% H2 ions with a gas efficiency of 

14 60-70%. Similarly Morgan et al. 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 H-. with either a large 

fraction ion specie or high gas efficiency and this probably 

is because of the manner in which one gets H^ and the magnitude 

of the cross sections involved. It would therefore seem desirable 

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 

ODtained 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 inj.ection. 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%. 

18 Dandl et al. have shown that a modest energy density target 

plasma can be orders-of-magnitude more efficient in trapping 

-4 than the 10 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. 

13 The Lorentz force or Lorentz trapping that has been 

->• -*• 

mentioned several times is caused by the v x B 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 
-3 

as n 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 magnetic 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 

19 done in the 2X experiment, 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 is 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 ysec to 

inject all of the particles suggested by Tables I and II. For 

a D-T reactor for instance this would be equivalent to 

22 7 
N = nV = 10 particles or 4.10 amperes- While this current 

2 seems high it is only a factor of 10 from several existing gun 

sources; however, the requirements on a neutral beam source 

are at least a factor of 10 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 

is 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 

20 coaxial system. Since the coaxial or Marshall 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 

17 20 containing 10 -10 atoms into the interelectrode region. 

After the plenum is emptied, 50 to 300 ysec 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 woulil be required for fueling injectors. 
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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 

21 
efficiency problem is not as evident. Larson et al. have 

reported energy balance measurements of a rather typical system 

and they find only 4 5% 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 

22 be developed as by Marshall and coworkers, 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 U when the separation of the 

electrodes is z and is given by 

4e „ 1/2 U ^/^ o 

z 

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 Eq. (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 em, then Eq. (9) gives us 7.8.10 amps/m for 
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4 
protons. Using the example of Carruthers et al. 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 2.2.10 m 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. In order to transport the beam this distance and r 

tain a reasonable fraction of the current, the beam brightness 

becomes an important consideration. Kelley defines the 

effective brightness of a beam as 

B = _10P_IM (,0) 

Uh^ A2/L 

where M is the mass in amu, U is the energy in MeV, I the beam 

2 
current in ma. A, the initial aperture size in cm and A„ the 

2 
final aperture size in cm when A, and A„ 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. Morgan 

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 Eq. (10) in terms of Eq. (9) to show 

that B «̂  U"̂ ^̂ /U = U-'-/̂ . 
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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 

2 -2 2 

0.13 cm . Since we need 2.2.10 m 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 Eq. (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/cm 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 1.7.10 cm 

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 

0.01 

0.05 

0.10 

D-D 

4.1.10^ 

8.2.10^ 

4.1.10^ 

D-T 

8.5.10^ 

1.7.10^ 

8.5.10^ 

- < 

8.2.10^ 

1.6.10^ 

8.2.10^ 

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 D-H" 

amps/volume 

amperes 

2.4.10' 

1.2.10 

32 

1.6.lo­

ll 

5.4.10' 

TABLE III 
2 

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

Parameter 

0 (̂ ) 

<av> (̂ ) 

<av>/T2 (6) 

D-D 

2000 

>1000 

15 

D-T 

120 

60 

14 

- - < 

400 

>1000 

70 
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TABLE V. EFFECTIVE BRIGHTNESS OF SOME ION BEAMS 

o 

Device 

ORGA-l25'26,27 

op 
ALICE 

PHOENIX-II^^ 

DCX-1.5l^'^° 

Ion Source 

Calutron 

Calutron 

Duo-Plasmatron 

Duo-Plasmatron 

Particle 
Energy 

(keV) 

160 

20 

40 

40 

20 

Particle 
Current 

(mA) 

155 

50 

50 

Effective 
Brightness 

(mA/MV 

4.9 

3.3 

5.7 

cm rad ) 

X 10^ 

9 
X 10 

X 10'̂  

Neutral or 
Ion Species 

H° 

H° 

H: 

DCX-2 14,30 Duo-Plasmatron 600 

66 

92 

100 

4.8 X 10 

1.35 X 10-

5.17 X 10 

H. 

Ĥ  

Ĥ  



TABLE IV 

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

Post(2) 

(12) Thonemann et.al. 

Lawson 

Post^^l) 

Lazar and Haste 
/ Q \ 

Kuo-Petravic et.al. 

D-D 

150-400 

100 

400 

D-T 

60-140 

200 

50 

300 

130 

_<100 

D-H^ e 

400 
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I FUNDAMENTAL CONSIDERATIONS FOR TOROIDAL FUSION REACTORS 

A. Nuclear Phys ics 

1. Reactions 

Table I. Nuclear Fusion Reactions 

1) D + T — He^ ( 3 . 52MeV ) + n( 14. 06MeV ) 17.58 3.52 

D + D — He"̂  ( 0. BZMeV ) + n ( 2. 45 MeV) 

2) 3.6 2.4 

D + D -* T ( 1 . 0 1 M e V ) + p ( 3. 03 MeV) 

3 ) D + He — He ( 3 . 67 MeV ) + p ( 14. 67 MeV) 18.34 18.34 

4 
4 ) T + T - * H e + n + n 11.32 

2. Cross Sections, Reactivity, and Relative Output 

The f i rs t two figures a r e compiled from data presented in 

Glasstone and Lovberg. 

F igure 3 is a cor rec t ion of F ig . 2 taking into consideration 

the difference in t e m p e r a t u r e s of the e lec t rons and ions and the part ia l 

p r e s s u r e of the product a lphas . 

3 . The Blanket 

Except for the nuclear reac t ions descr ibed under item 1, 

al l the nuclear physics of a the rmonuc lea r r eac to r is involved with the 

blanket. These questions a r e not in the scope of this l ec ture . 
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ENERGY,(keV) TEMPERATURE (keV) 

Fig. 1. Energy Dependence of Cross Section and Reactivi ty. 
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B. P l a sma Phys ics 

1. Resis t iv i ty 

2 
a ) Spitzer has calculated the res i s t iv i ty of an ionized hydro-

genic gas to be (the e lec t ron t e m p e r a t u r e , T , measured in keV ) 

p = ( 1 . 6 5 3 X 1 0 " ^ ) l n A / T ^'^ ( ohm-cm ) , ( 1 ) 

In this express ion A is the ra t io of the Debye shielding distance to the im-

o 
pact p a r a m e t e r of a close collision producing a 90 deflection. See Ref. 2. 

Numerical ly , 

A - 9.3 08 X 10^^ T / Z Z , n '̂'̂ ^ (2 ) 
e 1 e 

_3 
with the e lec t ron density, n , expres sed in cm , and Z and Z .a re the 

e 1 

charge numbers of the two interact ing spec ies . Figure 4 presents this 

re la t ionship . 

b ) The p resence of a strong e lect ron cur rent produces tu r -
17 

bulence and anomalously high res i s t iv i ty . F igure 5 shows the correlat ion 

of anomalous res i s t iv i ty with the ra t io of the e lec t ron drift velocity to the 

e lec t ron t h e r m a l veloci ty. 

2. Equi l ibr ia t ion Times 

a ) The self coll ision t ime is given by Spitzer as 

r = ( 0 . 4 5 X 1 0 ^ ^ ) A ^ / ^ T ^ / V n Z ^ l n A . eq 

where A is the m a s s number . 
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Under p lasma conditions typical of those assumed for a thernaonuclear 

r eac to r , the self collision t ime for e lec t rons will be of the order of a 

microsecond, and for the ions, of the order of 50 mic roseconds . T h e r e ­

fore, these populations may be considered to have a well defined t e m p e r a ­

tu re . 

b ) E lec t ron-Ion Equil ibriat ion Time 

2 
Spitzer gives this as 

T . = (0 .9899 X 10^^ )A .T ^'^Vn. Z . ^ l n A . . ( 4 ) 
ei 1 e 1 1 ei 

F o r a 50-50 D-T plasma the e lec t rons will be exchanging energy 

with a gas of average m a s s under 2. 5. In this special case 

T . = (2 .472 X 10^^ )T ^ ^ V n . l n A . ( 5 ) 
ei e 1 

This is plotted in F ig . 6. 

c ) Alpha Heating of D-T P l a s m a s 

With A. = 4 and Z. = 2 and a A appropr ia te for a lpha-e lec t ron 

col l is ions, the a lpha-e lec t ron cooling t ime may be calculated from (4 ) 

above. The alphas will cool according to this decay t ime towards the 

e lec t ron sea t e m p e r a t u r e until the i r velocity is low enough that they ex-

3 
change more rapidly with the ions. See Butler and Buckingham. The 

energy vs t ime curve for an energet ic alpha will therefore be s imi la r to 

Fig. 7. 
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3. Bremss t rah lung 

Bremss t rah lung radiat ion f rom a hydrogenic plasma has been 

2 
calculated by Spitzer . The resu l t is 

P ^ = ( 0 . 4 8 5 4 X 1 0 - " ) n ^ '^^ ( 1 + Z Z.^-') -^EM±-
B e e V . 1 n / 3 

1 e c m - s e c 

( 6 ) 

4. Synchrotron Radiation 

The point of depar ture for the study of synchrotron radiation 

4 
is the work of Trubnikov and Kudryavtsev. When metal l ic reflection is 

considered quantitatively, the amount of synchrotron radiat ion to be ex-

5 
pected from a device may be calculated. 

Typical r esu l t s a r e i l lus t ra ted in Fig. 8. 

5. Confinement and Stability 

a ) Magnetic confinement will depend on the rat io of p lasma 

p r e s s u r e to magnet ic p r e s s u r e , j3 » defined as 

8TrnkT 

o 

b ) Class ica l analys is yields the following diffusion coefficient: 

D = 130/3 /T^/^ c m V s e c . ( 8 ) 

c ) Bohm suggested the following s e m i - e m p i r i c a l re lat ion, 

D = 5 . 8 X 1 O ' ^ T / B cm / s e c . ( 9 ) 
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d ) Exper iment 

F o r many yea r s toro ida l confinement seemed to be consistent 

with Bohm. In recent yea r s Bohm has been exceeded by a factor of at 

least one order of magnitude and perhaps two in Tokamaks. 

e ) Confinement t ime , T , 

T « a / 4 D 

where a is the rad ius of a cyl indr ica l p l a sma . Assuming conditions of 

5 
B = 10 gauss , T = 10 keV, /3 = 0. 1, and a = 100 cm, 

T , , = 10 minutes 
c l a s s i ca l 

T ^ . = 1 7 mil l i seconds 
Bohm 

One second is r equ i r ed . 

C. Reactor Considerat ions 

1. Lawson Cr i te r ion 

• 2 
n. p ( l - p ) ( a v ) U T + 3 n . k T + P ^ T 

1 I D 

77 = 3 n . k T + PT ( 10 ) 
' 1 B 

In this express ion p is the fraction of n. that is t r i t ium, U is the 

total energy re l eased in a single fusion event (~ 22 MeV ), Tis the p lasma 

confinement t ime , and P is b remss t r ah lung power, which f rom (6 ) above 
B 

can be wri t ten as 

P g = b n . ^ T ^ / ^ . (11 ) 
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By d iv id ing ( 10 ) by n. we find t h a t t h i s g ives n.T a s a funct ion of 

T: 

p ( 1 - p ) ( a v ) U ( n . T ) + 3 k T + b T ^ / ^ ( n . T HTJ = 3 k T + b T ^ ' ^ ( n.T ) n.T)j 

or 

3 k T ( l / 7 ? - 1) n.T 
1 

( a v ) p ( l - p ) U - ( I / 7 7 - l ) ( b T ^ / ^ ) ( 1 2 ) 

2. E q u i l i b r i u m Condi t ion 

2 * 3 
n. p ( 1 ~ p ) (CTv ; c E = - m k ( T. + T ) . ( 13 ) 

1 2 1 e 

in this express ion E is the energy re l eased to charged pa r t i c l e s in the 

p lasma (alpha ene rgy) , and c is the fraction of this that r e m a i n s after 

b remss t r ah lung and synchrotron radia t ion. The feed ra te ( m ions (o r 

e lec t rons ) per second per cubic cent imeter ) de te rmines the var ia t ion of 

density in t ime by 

d n. n. 

and in equi l ibr ium 

2 * 3 ""i 
n. p ( l - p ) (CTv)cE = 2 ^ — ( T . + T^) 

or 
3 k ( T . + T ) 

V = ^—=—^ • (^') 

2 p ( 1 - p ) ( a v ) c E 

a resu l t of the g rea te s t impor tance . F igure 9 compares these c r i t e r i a . 
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3. Scaling Laws 

F r o m the definition of j3 and the fact that fusion re su l t s 

from binary col l is ions , it follows that the output of a r eac to r will 

scale as follows: 

Power ~ r /3 B . ( 16 ) 

4, Wall Limitat ions 

The power output available f rom a given size of machine will 

be l imited by the physical p rope r t i e s of m a t e r i a l s , no doubt the vacuum 

wall . The operat ing level m a y be charac te r i zed by the p a r a m e t e r in t ro-

7 8 9 duced by Rose and his s tudents , ' ' the neutron energy t r an spo r t pe r 

unit a r e a of the wal l . A typical cha rac t e r i s t i c is shown in F ig . 10. 

D. Hypothetical Machines 

1. Closed vs Open 

Open machines ( m i r r o r s ) cannot provide the confinement 

t ime sufficient to mee t the equi l ibr ium condition. Energe t ic injection 

is therefore n e c e s s a r y to maintain the r eac to r in steady s ta te . 

2. Closed Configurations 

This category includes s t e l l a r a to r s and Tokamaks , but a l so 

floating ring mach ines , toroidal 0 -p inches , and a s t r o n s . Closed m a ­

chines imply unfavorable field cu rva tu re . 

a ) S te l la ra tor 

This type of machine r equ i r e s stabilizing windings. 
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T h e o r y i s not su f f i c ien t ly a d v a n c e d t o p r e d i c t the ^ l i m i t . It 

m a y be in the 10-2 0% r a n g e . 

b ) T o k a m a k ' ^ 

T h i s type of m a c h i n e u s e s a n induced p l a s m a c u r r e n t to 

p r o v i d e the r o t a t i o n a l t r a n s f o r m . The fol lowing de f in i t i ons a r e n e e d e d : 

A s p e c t r a t i o , A = M a j o r R a d i u s / M i n o r R a d i u s 

q = B / A B , w h e r e B is the e x t e r n a l l y a p p l i e d s o l e n o i d a l 
z c? z 

con f inemen t f ie ld , and B is t he p o l o i d a l f ield g e n e r a t e d by the p l a s m a 
u 

c u r r e n t . The r e c i p r o c a l of q is the r o t a t i o n a l t r a n s f o r m in u n i t s of 2 TT. 

q is s o m e t i m e s c a l l e d the s t a b i l i t y m a r g i n . 

2 2 2 
P = S t r n k T / B . , t h e r e f o r e i3^ = i3 ( 1 + A q ) . 

u o u 

/3 _ m u s t be l e s s t h a n A, p o s s i b l y a s s m a l l a s 1. T h e r e -

fore ^ m u s t be l im.i ted to the 1-4% r a n g e . 

c ) C o m m o n F e a t u r e s 

Both m a c h i n e s a r e g o v e r n e d by the e q u i l i b r i u m cond i t i on 

( 15 ) a b o v e , and the p r e s e n c e of the o h m i c h e a t i n g c u r r e n t is s ign i f i can t 

only a t low^ t e m p e r a t u r e s . T h e r e f o r e , c h a r a c t e r i s t i c s s u c h a s r e l a t i v e 

output ( F i g . 3 ), t he d i f f e r e n c e in t e m p e r a t u r e b e t w e e n the e l e c t r o n and 

ion s e a s ( F i g . 11 ), and the r e l a t i v e t r i t i u m b u r n u p p e r p a s s ( F i g . 12 ) 

a r e a l l s i m i l a r . 

d ) D i f f e r e n c e s 

H e l i c a l w ind ings v s i n d u c e d c u r r e n t . P o s s i b l e b e t a a d -
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vantage for s t e l l a r a t o r s . The cyclic operat ion of Tokamak is not a 

severe disadvantage, since the operating period is long (minutes to 

hours ). 

E . Sizes and Costs 

1. Es t ima te s 

P r e l i m i n a r y cost e s t imates have been made ( see, for example, 

Ca r ru the r s , Mills , Rose ). These machines , if successful, would 

appear to be economical ly competi t ive. 

2. Fue l 

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

nates the cost difference. 
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T a b l e I I . C o m p a r a t i v e P o w e r C o s t s 

O y s t e r C r e e k O y s t e r C r e e k F u s i o n P o w e r 
N u c l e a r S ta t ion Coal S ta t ion S ta t ion 

Cap i t a l C h a r g e 1.55 1.52 1.75 

O p e r a t i o n s and 
M a i n t e n a n c e 0 . 5 0 0 . 4 2 0 . 5 3 

F u e l Cos t 1.62 2 . 3 7 0. 02 

P o w e r Cos t , 

m i l l s / k W h 3 . 6 7 4 , 3 1 2 . 3 0 
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II CONTROL AND IGNITION OF TOROIDAL FUSION REACTORS 

A. Stability 

1. Variat ion of the Equi l ibr ium Condition 

The equi l ibr ium condition requ i res the constancy of a function. 

\p = m T ^ p ( 1 - p ) c ( a v ) / ( T . + T ) . (17 ) 

Defining a function, S - c ( a v ) / T . + T , we have 

J// = m T ^ p ( 1 - p ) S , (18 ) 

and 

j / / " m ^ T V l - p / p S " (19) 

for stabil i ty. 

Thus the equi l ibr ium tends to be unstable against fluctuation in 

the fuel feed r a t e , the confinennent t ime , and the fuel mixture (unless 

p = 0. 5 ). The behavior with respec t to S ( essent ia l ly the t empera tu re 

dependence ) can be understood from Fig . 13. 

2. Need for Control 

Feedback control is n e c e s s a r y if one des i r e s to operate at 

m o r e advantageous t e m p e r a t u r e s below the maximum of the stabili ty 

function. F igure 14 i l lus t ra tes the problem. 

B . Various F o r m s of Feedback Control 

Stabilization can resul t fronn "Bohm-type" confinement. 

Most convenient, perhaps , is mixture control . F igures 15, 16, and 

17 demonst ra te these effects. 
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C. High Field Effects 

Synchrotron radiat ion reduces the stable t empera tu re point. 

The effect on the stable operating point is shown in Fig . 18. 

D. Ignition P rob l ems 

1. Ohmic Heating 

As the t empe ra tu r e r i s e s , b remss t rah lung inc reases , but 

the p lasma res i s t iv i ty fal ls . Consequently, with constant ohmic heating 

cur ren t density, the e lec t ron t empera tu re s a tu r a t e s . The t ime, t, to 

reach a t e m p e r a t u r e , T, is given by: 

A D 
2B 

2 a r c t a n ( ^ ) + in ( ^ - ^ ^ J 

D - T 

2 A T 
1/2 

B 

a solution of 

, d T „ ^ 1 / 2 ^ ^ - 3 / 2 
A - r - + B T ' - C T ' = 0 

d t 

with D = ( C / B ) ^ / ^ . 

The t empera tu re approaches an asymptot ic value, T , of D . 

The t ime requ i rement to reach half the l imit , t / , is given by 
1/2 

^1/2 ^ O-^gAD/B 

( 2 0 ) 

(21) 

.16 
ev T = ( 0 . 2 2 X 1 0 ' " ) j / n 

m 

t j , ^ = (0 . 58 X l O ^ S j ^ ^ ^ n " ^ / ^ seconds. 

F igure 19 shows typical behavior . 
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2. Low Tempera tu re Equi l ibr ium 

Figure 20 shows the equilibriunn among 1 ) ohmic heating, 

2 ) b r emss t r ah lung , and 3 ) alpha heating. The lower branch is s table . 

The upper branch is unstable and r e p r e s e n t s an ignition l imit . 

3. Intr insic Slowness of Ignition by Ohmic Heating Alone 

Figure 21 p r e sen t s the number of seconds to reach 6keV 

from var ious initial points by Tokamak ohmic heating ignition alone 

14 
for a plasma of density 1. 0 X 10 

E. Compress ion 

An analysis of Tokamak compress ion will be found in the 

l i t e r a tu re . F igure 22 shows its effectiveness in speeding ignition. 

F . Es tabl ishment of Equi l ibr ium Regime 

Figure 23 shows two examples of a complete ignition and in­

jection sequence to es tabl ish an equi l ibr ium burn. Compress ion 

takes place between 1 and 2 seconds, and injection of cold fuel begins 

at 4 seconds. Various injection r a t e s lead to var ious equi l ibr ium 

dens i t i es . 
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Turbulent Heating in Mirror Machines at 

Oak Ridge National Laboratory 
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Oak Ridge, Tennessee 37830 

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 

5 11 
the hot-electron case, electron temperatures of 10 eV, and 10 electrons/ 

3 3 
cm have been produced; in the ion case, ion temperatures of 10 eV and 

13 3 
10 ions/cm are now being studied. In both cases, the heating efficiency 

(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 

limitations 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 f i r s t survey the experimental resul ts of past experiments in 

turbulent heating in mirror machines at the Oak Ridge National Laboratory. 

We r e s t r i c t ourselves to discussing the Oak Ridge experiments and calcu­

lat ions because they lead d i r e c t l y 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 l i t e r a t u r e concerning turbulence 

ca lcu la t ions. Thus, we may have overlooked previous pert inent work by 

others. 

The f i r s t set of experiments involved in jec t i ng an electron beam 

through a hollow, g a s - f i l l e d anode, in to a magnetic m i r ro r , as shown in 

Fig. 1 . Experimentally, we found that the plasma electrons were heated 

5 1 1 - 3 
to a temperature of 10 eV, a density of 10 cm , had a l i f e t ime on the 

-1 1 2 

order of 10 sec, and were heated wi th an e f f i c iency of a few percent. ' 

Since the plasma was hot and reasonably dense, we t r i e d to use th is 

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

f lowing in to the hot ion olasma confined in a mirror machine. Experimental­

l y , the blanket was formed by placing the beam-plasma in terac t ion region 

o f f -ax is in a large mirror machine. Electrons heated by the in te rac t ion 

were trapped between the mi r ro rs , and precessed azimuthally in the radia l 
3 

magnetic f i e l d gradient , forming a shel l or "b lanket" . This blanket is 

shown in Fig. 2. Unfortunately, the empirical studies were not capable 

of forming plasma blankets of s u f f i c i e n t density (n > 10 cm ) to ac­

complish shie ld ing against gas i n f l u x , and the project was terminated. 

A study of the radiofrequency emission from the hot-electron plasmas, 
4 

using special high-frequency probes and cor re la to rs , has led to an under-
5 

standing of the heating mechanism and of the density l i m i t a t i o n . The 
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correlators suggest that noise, present in the plasma gun, excites oscil­

lations that grow at w and are convected along the electron beam. The 
pe 

parameters of the operating system were empir ica l ly so chosen tha t : (1) 

the amplitude of the r f is now computed to reach a maximum in the midplane 

of the mirror machine; and (2) w ;̂  w , so f r i n g i n g - f i e l d ef fects couple 

the r f plasma osc i l l a t i ons to cyclotron osc i l l a t i ons . Thus the electrons 

are heated to high temperatures by e lectron-cyclotron resonance. 

The density l i m i t a t i o n on the heating of electrons comes from the 

fact that the e- fo ld ing distance x for the r f to grow is given approxi­

mately by x„ = \ijiii „ , where v is the ve loc i ty of the incident electron 
•̂  -̂  0 0 pe 0 

beam, and w is the electron plasma frequency. Since to is proportional 

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. 

3/2 

The growth distance for plasma oscillations increases as y for longi­

tudinal oscillations, and y for transverse oscillations, where 

-1/2 
Y = 

• • ^ 

, V is the ve loc i ty of the electron beam, and c is the 

ve loc i ty of l i g h t . 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 l i m i t a t i o n in heating plasma electrons at 

high densi ty , we can begin to consider ways of overcoming th is l i m i t a t i o n , 
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One interesting observation is that the high-frequency rf fields in 

the plasma probably do not produce radial plasma losses. Our 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-
g 

mirror machine, we have obtained ion temperatures of a few keV at a den-

13 3 9 10 
sity of about 10 ions/cm . ' 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 psec. 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 (T. '^ 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 

ions. 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 M •. 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 
9 

fluctuating fields are perpendicular to the magnetic field, 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 w . is excited. The critical step occurred when one of the authors 

(I.A.) attended the Fusion Torch Study Group in Washington, D. C , where 

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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X-Ray Data. We have used commercial xenon- f i l led proport ional 

12 
counters to examine the so f t x-ray photon spectrum emitted 

the plasma in the range of 2-10 keV (from the counter's sensi­

t i v i t y threshold to the energy corresponding to the applied 

po ten t i a l ) . We f i nd tha t in the plasma, the electrons from 

the i n i t i a l electron beam are both spread in energy (which is 

expected from beam-plasma in terac t ions) and degraded in energy 

to about ha l f the value acquired in f a l l i n g through the applied 

po ten t i a l . This degradation in energy, wi th no electrons pre­

sent having energies near that corresponding to the applied 

po ten t i a l , is most eas i ly understood i f the core of the plasma 

is 5 kV negative wi th respect to the wall of the apparatus. 

Such a negative core would produce a radia l t - f i e l d of about 

10 kV/cm in our f i n i t e geometry plasma. 

13 Spectral Data. Using a recent ly discovered technique of 

using normally forbidden s a t e l l i t e spectral l ines from helium 

that is added to the plasma, we have measured e l e c t r i c f i e l d 

s t rength , e l e c t r i c f i e l d po la r i za t i on , and e l e c t r i c f i e l d f r e -

14 
quency in the plasma. We f i nd that the e l e c t r i c f i e l d has a 

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

f i e l d , and has a frequency w that l i es in the range 0 - w - w • 

or , in other words, w << to , u . 

Precessional Veloci ty Measurements. By placing two probes at 

d i f f e ren t azimuthal spacings, and by f i l t e r i n g out the intense 

r f near to . , we have followed the azimuthal propagation of smal 

density f luc tuat ions in the plasma. We f i nd that they move in 
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the d i rec t ion corresponding to the t x ^ d r i f t , and have a ve loc i ty 

corresponding to a rad ia l t f i e l d on the order of 10 kV/cm. 

Table 1 summarizes our present theoret ica l knowledge of the various 

two-stream azimuthal i n s t a b i l i t i e s which can resu l t when a strong dc radial 

t f i e l d such as described above exists in the plasma. Note that in a l l cases 

the computed maximum e- fo ld ing growth time is short compared to the observed 

ion charge-exchange l i f e t ime of 100 ysec. For a l l cases i t has been assumed 

that ^^^ < ^^^. pe ce 

All 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. All 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, 

and a predicted rf emission spectrum that agrees with experiment. The 

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 '̂' to • >> to . ) . 
J ^ '̂  pi CI 

The electrons, on the other hand, are magnetized (w << w < to ) and 
—^ pe ce' 

-*• C E X B precess with a velocity v = 5 — . 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 -̂  1 over the 

radius of the plasma). 
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Table 1 

Theoretically Predicted Instabilities 

T„,c. +=K-;i-;+„ D«̂ ,>-;v,oc Growth Time Azimuthal Wavelength Instability Requires /„,„\ .c„̂  ̂,, a.u? •^ ^ (max) for max growth^ 

1. Radial density gradient]^"^^ 10"^ sec "̂ r "̂  ~Au 

16 19 -7 * ** 
2. Electrons move axially, ' 10 sec 

ions azimuthally. 

-, to • 

3. Radial density gradient caused 10" sec k ^ -^ 
by applied t field r Au 

P(-\ - i f „ w • 

4. Collisions between electrons 10" sec k '̂  - ^ 
ions. 

01 7 i '̂  • 

5. Shear in rotating ion cloud 10" sec k^ ̂  - 2 -
^ r )j.j 

4-

Ay is relative drift of ions and electrons; 
y. is the ion drift velocity. 

* 
Computer solution for one case. 

Not studied. 

X 20 21 
These are the growth times predicted by linear theory ' ; 
quasi-linear theory (not yet published) predicts growth times 
^ 100 times shorter. 

86 



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 column. 

We find that the calculated turbulent electric field yields a calculated 

flow of radial electron current that is in excellent agreement with the 

22 value observed experimentally in our plasma device. 

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 

87 



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 

23 
by Kawabe and Eubank at Princeton, 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 to greatly 

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-heatin 

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 lead directly to severe plasma 

losses. 
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FIGURE CAPTIONS 

Fig. 1. Photos of hot-electron plasma taken with visible l ight (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 

co i ls . 

Fig. 2. Schematic of the hot electron blanket experiment. The reflex 

discharge was about three meters long. 

Fig. 3. Schematic of the hot ion plasma experiment. Burnout V. 

Fig. 4. Schematic of the proposed ion-heating ins tab i l i ty in Burnout V. 

An azimuthal charge perturbation takes electrons from the dense 

core, superimposing these electrons on the negative 

density perturbation, thus reinforcing i t . Similarly, ion and 

electron motion are such as to reinforce positive density f luc­

tuations. 

Fig. 5. Concept of using a multi-electrode structure to turbulently 

heat the ions in a large-volume plasma device by means of 

many cy l indr ica l , turbulent plasma cel ls . 

Fig. 6. Schematic of the turbulent-heating mechanism now used at the 

Princeton Plasma Laboratory to couple electr ical energy 

radial ly 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 looks 

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 
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INTRODUCTION 

Two of the four fusion reactions being considered for fusion reactors 

produce energetic neutrons. These reactions are: 

The Deuterium-Deuterium >- He^ (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 1 4.1 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 life hydrogen isotope 

not found in nature. Tritium breeding is therefore the most crucial 

requirement the blanket must meet for if sufficient tritium cannot breed 

a fusion reactor based on the DT reaction would not be feasible. 

Fortunately, blanket calculations with lithium 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 least enough tritium to make up for tritium consumed by fusion 

plus losses such as tritium's 12.6y half life B 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 be the only fertile element with any likelihood 

of producing required tritium from interactions with neutron. Natural 

lithium is composed of 2 stable isotopes, Li (7.42%) and Li (92.58%). 

Both isotopes undergo neutron reaction resulting in tritium. Lithium-6 

undergoes an exothermic reaction of the form: 

Li^ (n,a) T + 4.78 MeV 

100 



6 H F -

o 

0.01 

E — MeV 
n 

Fig. 1. Li (n,T)He cross section vs. energy. 

Figure 1 shows the Li (n,a)T cross section^ fo r 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: 

L i ^ (n ,n 'a) T - 2.47 MeV 

600 

500 

400 
i/i 

c 
o 

= 300 
E 

200 

Threshold 

100 

0 

I . . 9 <> 

—\ r 
MeV (n,tn) 

7' 
8 10 

E —MeV n 

12 14 16 

7 4 Fig. 2. Li (n,tn') He cross section vs. energy. 

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

14 MeV. 

Early references to the tritium breeding problem such as in the 

books by Bishop,^ Glasstone and Lovberg,^ and Rose and Clark"* mentioned 

the Li (na)T reaction as a means to breed tritium. 

In 1962 Myers5 et al at Lawrence Radiation Laboratory performed 

some one dimensional diffusion theory calculations on a number of 

different blankets. 
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TABLE 1 -ZOOM 1 DirfNSION DIFFUSION CODE RESULTS BY MYERS 

K - TOTAL TRITIUM ATOT^ PRODUCED PER INCIDENT NEUTRON 

K7 - TRITIUM ATOMS PRODUCED BY Lr (N J N ) HE^ PEP INCIDENT NEUTRON 

I^TERIAL 

EL/TECTIC FLIBE WITH WATER LAYER 

K 

EUTECTIC FLIBE 

K 

L r EUTECTIC FLIBE 

K 

30 MOLE PERCEMT LiF FLIBE 

K 

15 MOLE PERCENT LiF FLIBE 

K 

Ll"miUM METAL 

K 

K K7 

LlTHIUr^6 METAL 

K 

L1NO3 

L1NO2 

K 

K 

K7 

^ TOTAL PADIAL THICKNESS 

a 

.295 
fl73 

.m 

.092 

.129 

.066 

.051 

.033 

.024 

.264 

.254 

.065 

.091 

.114 

.109 

21 

.649 

.]35 

.496 

.174 

.604 

.303 

.046 

.578 

.503 

.298 

.97? 

.326 

.239 

39 

1.066 
.175 

1.133 
.225 

1.116 

1.036 
.132 

.946 

OF BLANKET-CM 

60 

1.332 
.187 

1.532 
.241 

1.361 

1.̂ 165 
.14^ 

L418 
.063 I .070 

.934 1.232 

.668 

.632 

.652 

.742 

.722 

.853 

1.CJ3 

1.1C4 
.405 

S4 

1.433 
.190 

1.641 
.245 

1.440 

1.645 
.148 

1.638 
.072 

1.453 
.736 

.955 

1,238 

1.315 
.m 

06 

1.448 
,190 

1.662 
.2K6 

1.45J. 

1.679 

1.682 
.072 

1.528 
.737 

.976 

L298 

1.365 
.428 
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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 

lithium fluoride (LiF) and beryllium fluoride (BeFp). Eutectic flibe 

composition is 48 mole % LiF. These results indicate attractive tri­

tium breeding ratios are attainable. In fact, only the all lithium-6 

blanket failed to provide required tritium breeding. Also note the 

Li (n,n'a)T reaction can be an important part of the total tritium 

breeding. In the case of the natural lithium 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 cxygen 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 is composed of 66 mole % lithium fluoride and 

34 mole % beryllium fluoride. A sample of Impink's results are listed 

in Table 2. 

lOit 



TABLE 2 

TRITIUM BREEDING CALCULATIONS BY Iff INK 

FIRST WALL 

NONE 

Ni Q C M ) 

Mo Q C M ) 

Mo (2CM) (STO) 

Mo (2 CM) 
II 

II 

f'b (2 CM) 
// 

// 

Ni (1 CM) 

COOLAKT 

CHMHEL 

PRIMARY 

ATTENUATOR 

(VARIATION IN FIRST WALL) 

STD. STD. 
// 

II 

II 

(VARIATION I N L I ^ ISOTOPIC ACTION) 

NAT 
0.20 
0.50 

NAT 

NAT 
0.50 

(ADDITIONAL BE IN PRIMARY ATTENUATOR) 

STD. 
// 

// 

// 

NONE 

+ 5 C M B E 

+ 9 CM BE 0 

+ 10 CM BE 

TRITIUM PER 

NELTTRON 

1.0717 

1.0042 

1.1414 

1.1679 

1.1499 

1.1806 

1.2163 

1.1499 

1.5526 

1.4942 

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 
17 

to 

10 -1 

n 

< 

5 »° 

10 -3 

10 -4 

10' -5 

COIL SHIELDING 

/ 
•WALL 

Mo 

WALL COOLANT AND 

PRIMARY ATTENUATOR 

0,813 LijBeF^+O.lSyC 

COIL SHIELD 

0.80Pb+0.20H20 
w. 9mole7eB 

20 40 60 80 100 
DISTANCE FROM 1ST WALL (CM) 

120 

3 2 
The heat rate in watts/cm is based on a 14 MeV neutron energy flux of 1 MW/m . 
Recoverable energy was 17.4 MeV per incident 14.1 MeV neutron. 
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TRITON PRODUCTION PER 1 4 I t V NBJTRDN INCIDENT ON VARIOUS B L M E T S BY BELL 

PROBLEM 
Nur^R 

TUO 
TUOl 
TU3 
1U3A 
7UJA 
TUJB 
mc 
TU2A 
1U2B 
1U2C 
TU4 
TU4A 

TU5 
TIJ5A 
m 
1U6' 
TUBA 
TUGB 
TU7 
W A 
TU7B 

R̂  (CM) Mi 

0 
0 
0 
0 

71 
77 
77 
77 
77 
77 
10 
10 

10 
10 
10 
3D 
10 
^ 

76 
76 
76 

LI 

FLIBE 

BE + 1.001 Li^ 
BE9C + 0.001 Li^ 

L I 

L I 

L I 

FLIBE 

FLIBE 

FLIBE 

Cu 
flo 

VOID 

VOID 

Qj 

rb 
Cu 
Cu 

Mo 
flo 
ffe 

i | CCM) 

oo 

00 

00 

oo 

U2.0 
137.0 
177.01 
112.0 
137.0 
177.0 
13.3 
13.3 
13.3 

Y 

h % 

INFINITE r€DIUM 

INFINITE MEDIUM 

INFINITE rCDIUM 

INFINITE f€DIUM 

0.5 BE + 0.5 Li 
13.3 0.75 BE + 0.25 Li 
13.3 0.5 BE + 0.5 Li 
13.3 
Y>,1> 
13.3 
77.0 
77.0 
77.0 

0.5 BE + 0.5 Li 
0 .5 BE2C + 0.5 Li 
0.75 I t + 0.25 Li 

0.5 B E + 0.5 FLIBE 

0.75 BE + 0.25 " 
FLIBE 

113.3 
113.3 

73.3 
73.3 
73.3 
73.3 
73.3 
73.3 

117.0 
117.0 
117.0 

\ 

1.05 
1.02 
2.74 
2.03 
0.16 
0.40 
0.72 
0.73 
0.97 
1.02 
0.81 
0.86 

2.09 
2.47 
1.60 
1.701 
1.35 
1.75 
1.46 
1.76 
0.87 

TRITON 

0.83 
0.10 
0 
0 
0.59 
0.73 
0.80 
0.10 
0.10 
0.10 
0.39 
0.41 

0.22 
0.09 
0.11 
0.12 
0.11 
0.05 
0.04 
0.02 
0.08 

PRODUCTION 

0 
0 
0 
0 
0.88 
0.64 
0.33 
0.29 
0.05 
0 
0.36 
0.39 

0.15 
0.06 
0.08 
0.09 
0.10 
0.04 
0.13 
0.12 

i0.19 

1.88 
1.12 
2.74 
2.05 
0.75 
1.13 
1.52 
0.83 
1.07 
1.12 
1.20 
1.27 

2.31 
2.56 
1.71 
1.82 
1.46 
1.80 
1.50 
1.78 
0.95 

f 
1.88 
1.12 
2.74 
2.03 
1.63 
1.77 
1.85 
1.12 
1.12 
1.12 
1.56 
1.66 

2.46 
2.62 
1.79 
1.91 
1.57 
1.84 
1.63 
1.90 
1.14 
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In another 1965 paper^ Bel l of LASL describes t r i t i u m breeding 

calculat ions i n a number of d i f f e ren t blankets. Table 3 l i s t s Be l l ' s 

blanket descript ions and t he i r resu l t ing t r i t i u m breeding. Calculations 

were made using the DTK neutron t ransport code wi th 25 energy groups and 

the S. approximation. Blanket geometry in each case was an i n f i n i t e l y 

long cy l i nd r i ca l annulus. The 14 MeV neutron source is ins ide R-., material 

M̂  i s between Rp and R_, where the R's re fer to rad i i i n cm. Tg and T^ 

are the " t r i tons produced per inc ident 14 MeV neutron by the Li {na)T 

and Li (n ,n 'a)T react ions, respect ive ly . Total t r i t i u m produced (T) 

is the sum of Tg and T^. L is the leakage and T is the sum of T and 

L. B e l l ' s i n f i n i t e medium resul ts ind icate that l i t h i u m , bery l l ium plus 

a l i t t l e l i t h i um-6 , and bery l l ium carbide plus a l i t t l e l i th ium-6 are 

a t t r ac t i ve t r i t i u m breeding mater ia ls , whi le f l i b e is marginal. F l ibe 's 

major problem appears to be i ne las t i c scat ter ing by f l uo r i ne which can 

degrade the f as t neutron's energy below the Li (n,n 'a)T and Be (n,2n) 

thresholds. The f l uo r i ne cross sections are the most uncertain of the 

l o t and should be suspect. 

Be l l ' s resul ts also show that pure l i t h i um blankets can give a t t r ac t i ve 

breeding but need to be th icker than blankets containing bery l l i um. 

While problem numbers TU & and TU 7A show that f l i b e plus bery l l ium can 

give a t t r ac t i ve breeding. 

Up to th is po in t , I have dealt wi th ideal ized blanket studies. 

These are very useful in that they indicate a t t r ac t i ve t r i t i u m breeding 

looks possible and show what d i rect ions one might go to come up wi th 

real blanket designs. 

I would now l i k e to discuss in some de ta i l neutron studies that 

consider to some extent s t r u c t u r a l , and heat t ransfer requirements, and 

also the t radeoff between t r i t i u m breeding and energy generation. The 

bases fo r these discussions are the oaoers presented at the In ternat iona l 
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Nuclear Fusion Reactor Conference held in England at the Culham Labor­

atory last September. 

Lithium Blankets 

In a paper ent i t led "Tritium Breeding and Energy Generation in 

Liquid Lithium Blankets,"^ T examine some of the neutronic aspects of 

a l i thium blanket. 

Liquid l i thium appears uniquely qual i f ied to meet a l l blanket re­

quirements except structural . 

1. I t is the f e r t i l e material from which t r i t ium must be bred. 

2. I t is a reasonably good fast neutron moderator. 

3. I t is an excellent heat transfer f l u i d , assuming MHD losses caused by 

the presence of strong magnetic f ields can be made acceptably low. 

4. I t is not subject to radiation damage. 

In i t s simple form, the l iquid l i thium blanket would consist of an 

annulus (cyl indrical or spherical) through which l iquid l ithium flows. 

The D+T plasma would be maintained inside the inner surface of the annulus. 

To calculate t r i t ium breeding and energy generation, two neutron 

transport codes were used. One being a three dimensional Monte Carlo 

code called SORS-N;̂ ° the other, a one-dimensional discrete ordinates 

code called ANISN.^^ The SORS-N code employed 66 neutron energy groups. 

The ANISN problems were run with a 19-energy group, PQ 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. Al l the SORS-N pro­

blems were run with f ive batches of 500, 14.1 MeV source neutrons each. 

The SORS-N runs calculated t r i t ium breeding and energy generation 

per source neutron. The ANISN runs calculated only t r i t ium breeding 

per source neutron. 
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To examine the effects of structural material present in a liquid 
lithium 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 (R ) of these zones (includ­
ing the inner zone simulating the plasma region) were 100, 101, 202 and 
302, respectively. 

With only liquid lithium in the three blanket zones, tritium breed­

ing and energy generation per source fusion neutron are 2.10 T/n and 

17.14 MeV/n, respectively. Table 4 l i s t s the complete results by zone 

TABLE 4 

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

Zones 

2(1 cm) 3(100cm) 4 (̂ ĥ ) Leakage Totals 

(Input) 
Atoms/cm-barn 0.03679 0.03679 0.03679 

ISO. fractions, Li^ 0.0742 0.0742 0.0742 

Li'^ 0.9258 0.9258 0.9258 

(Results per Source Neutron) 

Tri ton genera t ion 

Li (n,£v)T reac t ions 

L i {n,n'Qr)T reac t ions 

(n,2n) reac t ions 

Neutron energy 
deposition (MeV) 

Neutron energy 
deposition (%) 

Standard deviation (%) 

0.02263 

0.00524 

0.01739 

0.00229 

0:2196 

1.28 

2.1 

1.6894 

0.69084 

0.99857 

0.09284 

14.3098 

83.5 

1.0 

0.3928 

0.3065 

0.08637 

0.00471 

2.4989 

14.6 

1.3 

0.116 

0.665 

8.4 

2.1048 

1.0025 

1.1023 

0.0998 

17.144 

100.0 
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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 

lithium 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 

in Li tritons and a reduction in energy generation at low niobium fractions 

0 0.05 0.10 0.15 0.20 

Niobium volume fract ion 

Fig, 5 Tritium & energy generat ion 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 f i r s t 

wall (or vacuum wal l ) is a very demanding requirement. Bremsstrahlung 

and cyclotron radiation heat i t s inner surface, while neutrons and secon­

dary gamma heat i t volumetrically. 

The neutron-caused heating can be estimated by using the results 

SORS-N calculated for the blanket with the 0.1 cm Nb f i r s t wal l . Energy 
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deposition in this wall per 14.1 MeV source neutron is^0.17 MeV, therefore 

wall heating is e: 

on the first wall 

•5 2 

wall heating is estimated to be 12 watt/cm for 1 MW/m of neutrons incident 

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 blcinket 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 

Tr i t i um Breeding and Energy Generat ion 

per Zone per Source Neutron. 

Zone RQ(cm) T^ T"^ T Energy SD(%) E(%) E(%/cc) 

1 220 
(Plasma Zone) 

2 222 0.0202 0.0357 0.0559 0.698 1.4 3.75 1.35 X 10~^ 

3 226 0.0410 0.0703 0.1113 1.369 1.6 7.35 1.305X10""^ 

4 234 0.0824 0.1356 0.2180 2.598 0.9 13.95 1.205 X 10~^ 

5 250 0.1635 0.2211 0.3846 4.370 1.2 23.45 9.64X10"'* 

6 282 0.2718 0.2536 0.5254 5.451 2.5 29.20 5.45X10" '* 

7 346 0.2711 0.1212 0.3923 3.508 3.0 18.82 1.49 X 10~^ 

8 410 0.0685 0.0130 0.0815 0.634 5.5 3.40 2.24 X lO"^ 

TOTALS 0.919 0.850 1.769 18.627 2.0 

Results are l i s t ed in Table 5. Note tha t 95% of the t r i t ium 

breeding (1.69 t r i t on per neutron) and 96.6% of the energy generation 

(18.0 MeV per neutron) occurs in the f i r s t 126 cm of the blanket. Also 

note tha t energy densi tv, shown in the l a s t column, varies by more than a 

factor of 10 over the blanket radius . 
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I t is desirable to have a fast- running neutronic code for parametric 

blanket s tudies. The ANISN code (a one-dimensional discrete ordinates 

t ransport code) has the ootential f o r short running t ime. I t also can 

be recas't i n subroutine form for use in an overal l blanket design code. 

To compare the resul ts of ANISN and SORS-N, the f i r s t set of blanket 

problems was rerun wi th ANISN. 

The ANISN problems used the same zone geometry and material com­

posit ions as the SORS problems. Zone 1 [plasma-vacuum region (R = 100 

cm)] was broken up in to three equal-thickness in te rva ls wi th a d i s t r i ­

buted 14.1 MeV neutron source in the f i r s t i n t e r v a l . Zone 2 [niobium 

vacuum wal l (1 cm)] had three equal i n t e r v a l s . Zones 3 and 4 [2,100-

cm-thick blanket regions wi th l i q u i d l i t h i um d i lu ted wi th from 0 to 20% 

by volume wi th niobium] had ten equal Intervals. 

A quadrature (SN) order of four was used wi th the fo l lowing set of 

d i rec t ion cosines and weights: 

Cosine (y) 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 i so t rop ic neutron cross sections 

wi th s ix groups of downscatter was used. 
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Compar ison between SORS-N and ANISN calculated blanket 
t r i t i um production. 

Figure 6 compares ANISN to SORS-N t o t a l t r i t o n production per source 

neutron. ANISN-underestimates the SORS-N resul ts by -^ 15% fo r the 

100 v/o Li blanket to = 5% fo r the 80 v/o L i , 20 v/o Nb blanket. 
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1.2 

A N I S N reactions 

0 0.05 0.10 0.15 0.20 

Volume fraction of Nb in a liquid lithium blanket-

Fig. 7 Compar ison of SORS-N and ANISN calculated blanket t r i t i u m -

producing reac t ions . 

Figure 7 compares individual triton reactions and shows that the fast 
neutron Li (n^,n'a)T reaction is the major contributor to ANISN's under­
estimation of tr i ton 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 f lat 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. I t 
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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 lithium-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 (R̂ . = 100 cm, 

R = 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 lithium-6 to lithium atom fraction was varied from 

1 to 10% in five consecutive ANISN runs. 

0 0.02 0.04 0.06 0.08 0.10 

Li / Li atom fraction 

Fig. B Tritium breeding vs. Li /Li atom fraction in 95 v/o + 
5 v/o Nb homogenous blanket. [ T 6 and T' refer to Li"(n,Q')T 
and Li''(n,n',Q')T reactions, respectively.] 
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Figure 8 shows the results of the five runs, where T and T rep-
fi 7 

resent the number of Li (n,a)T and Li (n,n'a)T react ions, respect ive ly , 

per source neutron. 

From these resul ts i t is apparent that l i th ium-6 enrichment of 

natural l i t h ium is not worthwhi le. In f a c t , the l i t h ium can be depleted 

in l i th ium-6 to 1% whi le s t i l l g iv ing the respectable t r i t i u m breeding 

r a t i o of % 1.2. 

The raw material fo r fue l ing a deuter ium-tr i t ium fusion olant w i l l 

be water and l i t h i u m , and possibly bery l l ium. Deuterium makes up 0.015% 

of natural hydrogen, and t r i t i u m (as shown) can be bred from l i t h i u m . 

But what i s the t r i t i u m and energy generation potent ia l of our 

l i t h ium resources? Given a gram of natural l i t h ium (composed of 7.42 
6 7 

a/o Li + 92.58 a/o Li ) 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 Lithium-6 to tritium [by the Li (n.. ,a)T + 4.97 MeV reaction] 

at a bre&ding ratio of 1.0 and using 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 Li (n^,n'a)T - 2.47 MeV 

reaction. 

Four blanket schemes are presented as examples of these two basic 

choices. 

Scheme 1 

A blanket consist ing of Li + Na(30 v / o ) , Be(60 v / o ) , and 

Nb (10 v /o ) i s an example of a blanket compatible wi th 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 
21 

all the lithium-6 in natural lithium, producing 6.37 x 10 tritons 
3 

per gram of natural lithium or in terms of energy, 8.54 x 10 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. Li /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 lithium 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), 
22 the total triton atoms generated would be - 2.74 x 10 per initial 

gram of natural lithium. Therefore, at 22 MeV per fusion, - 2.60 
4 

X 10 kWh of energy could be generated per gram of lithium. Figure 

9 graphically displays approximate integrated blanket reactions and 

tritium excess vs. integrated power for scheme 2. 
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(1 ) L i ( n , T) reactions 

(2 ) D-T fusion reactions 

(3 ) Li ( n , n 'T ) reactions 

(4 ) L i ( n , T) reactions 

(5 ) Trit ium excess 

1.0 

Integrated power kWhr X 10 

2.0 
4 

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 lithium supplied, tritium decay of He reduced the 

energy generation by D-T fusion (at 22 MeV per fusion) to ̂  1.49 x 

10 kWh per initial gram of lithium; or 1.7 x 10^ kWh, if the He^ 

produced is used for D-He fusion. 
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Fig. 10 Integrated lithium and trit ium 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 l i thium and t r i t ium 

reactions (including decay to He ) and t r i t ium excess as a func­

tion of blanket age* for scheme 3. 

Scheme 4 

The last scheme considered also employs the basic lithium 

blanket but at a constant Li /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 lithium with natural lithium at the 

required rate. This scheme would oroduce and consume = 2.58 x 10 

tritons per gram of natural lithium used while generating ^ 2.53 x 
10 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 

Compar ison of the Four Lithium Utilization Schemes. 

Schemes 

1 2 3 4 

T r i t i um potential, 6.37X10^^ 2.74X10^^ 1.78X10^^ 2.58X10^^ 
a toms per g r a m 
of l i thium 

Energy potential, 8.54X10'^ 2.69X10'* 1.49X10'* 2.53X10'* 
kWh per g r a m . 
of l i th ium (1.71X10 

if the He"^ 

is used.) 

From a lithium utilization standpoint, scheme 4 appears to be the 
best choice. Its energy generation potential of ^ 2.53 x 10^ kWh (8.64 x 
10 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 
s t a r t up. 

At in i t ia l s ta r t 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 10^^ 
excess tritons are produced pergram of lithium which could be used to 

s ta r t up rew D-T reactors. These excess tritons could also be allowed 
3 •? 

to decay into ft and "burned" in D-He reactors. 

Referring again to Figure 8 . i t is obvious that any tritium breeding 
ratio up to ^ 1.65 could be maintained by tailoring the Li^/Li atom 
fraction if more excess tritiums were desired. But the higher the breed­
ing ra t io , the lower the energy generation potential of the lithium resources. 
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For example, if a breeding ratio of == 1.5 were maintianed by keep­

ing the Li /Li atom fraction at ~ 0.03, the energy potential of a gram of 
"J 

natural lithium would be - 6.65 x 10 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 lithium utilization scheme is employed. 

If lithium 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 lithium-6, beryllium, and sodium is low, then 

a higher energy yield per fusion scheme like number 1 (==30 MeV vs - 22 MeV) 

•/ould be better. 

In another Culham paper, entitled "Preliminary Design Considerations 

for an Astron Reactor System,"^^ j examine the tradeoff between tritium 

breeding and energy generation in a blanket containing beryllium for 

neutron multiplication by the reaction, 

Be(n^,2n) 2He^ - 1.67 MeV, 

lithium for tritium breeding, sodium for energy generation by the re­

spective reactions, 

+ 6.97 MeV 

Mg^^ + 5.51 MeV, 

and niobium for blanket structure. 

Neutronic analysis of the blanket employed the SORSi°Monte 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. 

N a " (n,Y) Na^^ 

Na 24 
t2=15hi 
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Blanket geometry was taken to be an infinite length cylindrical 

annul us 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 90% of theoretical to provide for a 10 v/o interconnected 

void for escape of telium generated by the Be(n,2n) 2He reactions. (See 

Table 7). 

T A B L E 7 

Element Densi t ies 

Element Density p (g/cc) N(atoms/cm )X 10 

Be 1.592 

Li 0.447 

Na 0.742 

Nb 8.25 

0.1065 

0.0388 

0.01945 

0.0535 
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With the volume fractions of the beryll ium, sodium or l i thium 

coolant, and the niobium structure fixed by heat-transfer and structural 

requirements at 35, 40 and 5 v/o, respectively, the rat io of l i thium-6, 

l i thium-7, and Na in the coolant was varied to examine the trade-off 

between t r i t ium production and energy generation per 14.1 MeV fusion 

neutron. Table 8 l i s t s the results of four such variations of the 

coolant mixture 

TABLE 8 

T r i t i um Breeding and Energy Generat ion 

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

Case 

1 

2 

3 

4 

Li6 

0 .1 

0.2 

40 

0 

Coolant fluid 

Li(nat) 

0 

0 

0 

40 

(v/o) 

Na 

39 .9 

39 .8 

0 

0 

Tri t ium 
production 

(T/n) 

0.936 

0.998 

1.84 

1.639 

Energy 
generat ion, E 

(MeV/n) 

24.21 

23.94 

22.46 

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 l isted in Table 9, 

TABLE 9 

Tr i t ium Breeding and Energy Generation vs . 

Coolant Mixture With Total Coolant = 25 v/o 

Case 

11 

12 

13 

Li6 

0 .1 

25 

0 

Coolant fluid 

Li(nat) 

0 

0 

25 

(v/o) 

Na 

24 .9 

0 

0 

Tr i t ium 
production 

(T/n) 

1.24 

2.07 

1.69 

Energy 
generat ion, E 

(MeV/n) 

26.05 

24.61 

24.73 
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Figure 11 graphically displays these results. 

30 

29 

28 

27 

26 

25 

24 

23 

Case 

No. 

1 1 
1 ^ 

3 

4 

11 

12 

1 13 

Coolant composition v /% | 

Li6 

0.1 

0.2 

40 

-

0.1 

25 

-

Na 

39.9 

39.9 

_ 

-

24.9 

-

-

Nat. L 

-

-

-

40 

-

-

25 1 

1 
0.8 1.0 1.2 1.4 1.6 1.8 

Breeding ratio — tritons/neutron 

2.0 2.2 

Fig. n Energy generation vs . breeding rr.tio for varying coolant 
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. I t 

is interesting to rote the natural l i thium coolant cases (4 and 13) com­

pared to the lithium-6-sodium mixture cases. I t does not appear worth­

while to separate lithium-6 and mix i t with sodium. 

More detailed results from case 4 are l is ted in Table 10. 

TABLE TO 

Tritium Breeding and Energy Generation By Zone for Blanket, Case #4 

Region 
No, 

1 

2 

3 

4 

5 

6 

7 

8 

T o t a l s 

Ou te r 
r a d i u s 

R (cm) 
o 

280 

285 

2 90 

293 

300 

320 

340 

380 

T r i t o n s p e r 
fusion n e u t r o n 

T^/n T ^ n T/n 

- P l a s m a Region 

0 .100 

0 .117 

0 .085 

0 . 1 0 0 

0 .428 

0 .286 

0 .187 

1.303 

0 .068 

0 .066 

0 . 0 3 3 

0 . 0 3 0 

0 . 0 8 3 

0 .036 

0 .020 

0 .336 

0 . 1 6 8 

0 . 1 8 3 

0 . 1 1 8 

0 . 1 3 0 

0 . 5 1 1 

0 .322 

0 .207 

1.639 

Energy / 
fus ion neut . 

E/n(MeV) 

1.92 

1.98 

2 . 5 0 

2 . 4 1 

7 .71 

4 . 1 3 

2 . 4 3 

2 3 . 0 7 

Std . 
dev. 

% 

2 . 4 

2 . 4 

1.9 

2 . 3 

1.6 

4 . 0 

2 . 4 

The T^/n, T^/n, T/n and E/n are again the l i thium-6, lithium-7 and 

total t r i ton producing reactions and energy generation per fusion neutron 

in the seven blanket regions and their to ta ls . 

I t 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 a l l l i thium blanket 

discussed ear l ier . 
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In another Culham paper,Steiner^^ compared the nuclear behavior of 

two designs differing only in their vacuum wall - cooJants. One design 

employs lithium, the second lithium-beryllium fluoride (flibe). Cal­

culations were performed using the ANISN one-dimensional discrete or-

dinates transport code employing 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 Jg cm niobium vacuum wall, 

3 cm vacuum wall coolant (lithium in design 1, flibe in design 2 ) , % cm 

niobium second wall, 60 cm lithium coolant diluted by 6 percent niobium 

structure, 30 cm graphite moderator, and 6 cm lithium 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 lithium and lithium plus beryllium blankets discussed earlier. 
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TABLE n Sim\RY DESCRIPTIONS OF DESIGNS 1 AND 2 (STEINER) 

REGION 
Nur©ER 

1 
2 
3 
4 

5 
6 

DESCRIPTION 
OF REGION 

VACUUM WALL 

VACUUM WALL (XWLANT 

SECOND WALL 

Oxium 
+ 

STRUCTURE 
MODERATOR 

COOLANT 
+ 

STRUCTURE 

TOTAL 

THICKNESS 
OF REGION 

0.5 
3.0 
0.5 

60.0 

30.0 

6.0 

100 CM 

DESIGN 1 

NIOBIUM 

LlTVIIUM 
NIOBIUM 

94% LITHIUM 

6% NIOBIUM 

GRAPHITE 

m LITHIUM 

6% NIOBIUM 

DESIGN 2 

NIOBIUM 

FLIBE 

NIOBIUM 

m LITHIUM 

6% NIOBIUM 

GRAPHITE 

94/0 LITHIUM 

6% NiCBIUM 

^k)TE: ALL PERCENTAGES ARE VOLUME PERCENTAGES 

SUITIARY OF TRITIUM. BREEDING CALCULATIONS* (STEIER) 

DESIGN Jc T> T L 

1 
2 

0.89 
0.86 

0.46 
0.36 

1.35 
1.22 

0.023 
0.020 

* BASIS: ONE 14-MEV NEI/TRON INCIDENT ON THE VACUUM WALL. Tg is THE TRITIUM 

BREEDING TRITIUM BREEDING RATIO IN "Ll/ T7 IS THE TRITIUM BREEDING RATIO IN 

Ll/ T IS THE SUM OF Tg AND Jj, 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 lithium or flibe as vacuum wall 

coolants, designs 1 and 2, respectively. 
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Fig. 12 Spatially-Dependent Heating Rates for the F i r s t Three Regions 
of Designs 1 and 2. (Steiner) 
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Heating rates are based on a wall loading of 10 MW/m^ 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/m^. 
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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 like 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 ;|; 180 $/kW . 

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 like 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 large 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: 

1. 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 

Per 14.1 MeV Neutron 

1.31 

17.1 MeV 

0.704 

0.602 

0.232 

1.79 X 10"^ 

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 

React!ons; 

Tritium breeding 

Energy 

Li (n,n'a)T reactions 

Li (n,a)T reactions 

Nb^^(n,Y) Nb^^ reactions 
7 8 

Li (n,Y) Li reactions 

Nb^^(n,2n) Nb^^ reactions 

134 



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% irv 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

tamination problem for a DT reactor. Morley and Kennedy in another Culham 

paper,"Fusion Reactors and Environmental Safety,"^^ compare dose rates 

from a tritium leakage rate of 0.1% (5 x 10^ Ci/y/1000 MW ) 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 

power level of 10 MW 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. 

o 
I have estimated the radioisotoe 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 fv, 1 kg or 9.48 x 10^ 

curies. Luckily the by-product of the required tritium breeding neutron-

lithium reactions is stable helium. Lithium-7 does undergo a neutron 

capture reaction but its probability is so low and lithium-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 life 10.1 days) and 

a capture reaction producing two isomeric slates of niobium-94 (half 

lives 6.6 min and 2 x 10 years). 
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Inventory calculations of these materials assume the short half 

life materials are in equilibrium and the long half life niobium-94 

isomer has been building up for 1 year. Results are: 

Material 

Lithium 8 
92 

Niobium 
94 

Niobium 
94 

Niobium * 

Half L i fe 

0.0855 

10.Id 

2 X 1 0 \ 

6.6 m 

Inventory (Curies) 

3.27 X 10^ 

2.0 X 10^ 

1.13 X 10^ 

3.43 X 10^ 

For comparison a 2000 MW fast fission reactor would contain =1000 kg 

of plutonium^"^ which is 6.13 x 10 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 

Concentration^^ (MPC's) in air. 

Relative Hazard 

no 

A(T) , " ( N ^ ' l . 
MPC(Tr MPC(Nb '̂̂ ) 

A(Pu239) 
MPC(Pu239") 

4.7 X 10^^ + 4.5 X 10^^ + 

1.0 X 10^^ 

1.0 X 10^^ _ , ^ -4 
17 " '^ 

MPC(Nb^^) 

1.1 X 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 !̂  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 u p 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 

radioactive waste products. 

3. Tritium is less hazardous than plutonium. 

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

gass^es. 

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 
3 

D He fusion. 

7. Fusion reactors can not have a nuclear excursion. 

CONCLUSION 

Blanket neutronic calculations 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 hDpe 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 

limit 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 involved. 

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 low tem­

perature, neutron-free environment. 

The analysis includes heat transfer calculations for the first wall, 

the heat pipes, and the lithium 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 Posti and has been treated from an engin­

eering standpoint by Werner.2 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 asoects 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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^D^ + ^T^ ^ 2"e^ (3.5) + n(14.1) 

r—* 2^e^ (0.82) + n (2.45) 

L ^T^ (1.0) + ^H^ (3.02) 

^D^ + ^He^ ^ 2"e^ (3.6) + ^H^ (14.7) 

Table 1 - Primary Fusion Reactions 

The deuterium-helium reaction (DHe ) produces only cnarqed oarticles 

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 

probability). The deuterium-tritium cycle (DT) has 80% of its reaction 

energy available as 14.1 MeV neutrons. DD and DT reactors may enploy 

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 oov/er exceed the power losses. 

Power losses are of two tynes, direct and indirect. Direct losses are 

those associated with the escaoe of either radiation or reactant particles 

from the plasma. Indirect losses are those associated with ooeration of 

auxiliary equipment such as magnets and particle injectors. 

Power balance against direct losses is primarily a question of the 

rates of energy gain 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 DHe . Studies have shown that a DT reactor can 

produce net power at reactant energy levels substantially below those 

required for other fusion cycles.^ 

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 lower 

electron temperature is typical of the mirror type containment system. 

Mean plasma ion energy, W. 

Ion temperature, T. 

Electron temperature 

= (2/3) 

• T = 

Plasma radius = 1.0 m 

Plasma ion density. 

Plasma neutron power 

n. = 1 

density 

= 90 keV 

W. = 60 

20 keV 

keV 

X lo'^ ions/cm-^ 

= 100 w/cm 

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 kqauss in strength. 

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. 

î'e shall design a blanket unit to convert fusion neutron power into 

2000 Mw of blanket thermal power. 

FUNCTIONS OF THE BLANKET 

Before we consider tfie details of blanket design 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 must 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 life. Both naturally 

occurring isotopes of lithium, lithium-6 (7.4/0 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 + JLi^ >• ^T^ + ^He^ + 4.78 MeV 

n + 3 L i 7 — . l " ^ ^ ^ "' "2"^"^ - 2.47 MeV 

Table 3 - Tritium Breeding Reactions 
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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 

olasma 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 Figure 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 interlocking 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. 

Note 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 is 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, 
2 

the energy flux is 2.20 kw/cm . Note that this neutron flux results in 

a neutron power less than the 2000 MW for which we are designing the 

blanket unit: 

Neutron power = (2.20 x 10^ K) (2IT (2.2) (5.0) m^) 
m 

= 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 Figure 3 that the first wall is 
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actually made up of the end caps of many heat oipes, and thus the stress 

in the wall is determined by the vapor pressure in the pioe. 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 
2 

a neutron heating load of 26 w/cm for the first v/all. 

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 oer 

blanket unit, are prevented from impinging on the first v/all by the 

magnetic containment system. This is fortunate because impingement of 

the charged particles on the first wall would contribute an unacceptable 
2 

heating load of 550 w/cm . The charged particles leak from the system 

on magnetic field lines, and may be dealt v/ith outside the reactor by 

another thermal conversion system, or perhaps a direct converter. 

Radiation 

I f the fusion plasma were a black body throughout the spectrum, i t 

would radiate according to the Stefan-Boltzman law at a rate: 

qp = 5.67 x 10"^^ T^ w/cm^ 

At T = 60 KeV (7 x 10^°K), q,̂  = 1.4 x 10^^ w/cm^. Fortunately, this 

stupendous power flux does not occur because the plasma is not 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 l ies pr incipal ly 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 wr i t ten: 

Pg = 2.14 X 10"^° np n^ T̂^ vi/cit? 

where T is the electron temperatures in KeV and nr, and nj are the 

number densities of deuterium and tritium, respectively, in ions/cm . 

For the present case, the bremsstrahlung energy flux on the first wall 

is: 

qg = (2.14 X 10-3°) (0 5 ̂  ^ol5)2 ^^^^H (jQO-0)^ 

2 
= 54 w/cm 

Because of the x-ray frequency of bremsstrahlung, this total 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 strength, 

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 transoort of gamma 

radiation. SORS-N assumes the energy of neutron-ganma reactions to be 

deposited at the site of the reaction. An investigation by Steiner^ 

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 lithium-beryllium 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 
2 

of 80 w/cm . For niobium the temperature difference across the wall 
2 

is 15°K. The 80 w/cm to be removed from the outside surface of the 

first wall is well within the capabilities of hiqh oerformance liquid 

metal heat pipes. Heat pioe fluid will vanorize in the wick v/nich 

covers the outside surface of the first wall, and the vanor will carry 

the heat radially outward. The maximum heat removal caoability at 

such a wall is determined by the flux at wnich nucleate boiling occurs 

in the wick structure. For typical sodium heat pipes it aooears that 
2 

200 v//cm is a reasonable limit. 

POWER DENSITY IN 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 pioe 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 

IteV. 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 lithium. Although lithium-6 constitutes only 7.4% of natural 

lithium, 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 lithium, such is not the case because the lithium-6 reaction is 

a neutron capture reaction while the lithium-7 reaction is (n,n'a). Thus, 

replacing lithium-7 atoms with lithium-6 increases the probability of 

lithium-6 reactions, but decreases the probability of lithium-7 reactions 

followed by lithium-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.^° 

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. 
3 

The maximum power density is about 46 watts/cm . 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/cm . 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 pioes which transport 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 pov;er 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 v/orking fluid in a heating zone and condensing the vanor thus produced 

in a cooling zone. The condensate is returned to the heating zone by 

capillary pumoing. 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 everyv/here handles 

exactly the average oower density (21 watts/cm ). As shown in Figure 4, 
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the power density of the blanket equals 21 watts/cm at about r = 268 cm, 

or 48 cm from the first wall. The average power density in the first 

48 cm of the blanket is 31 watts/cm ; 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 
2 

circumferential area results in a peak axial heat flux of 2.4 kw/cm . 

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 power handled per unit volume of lithium is the average power 
3 

density divided by the lithium volume fraction, or 21/0.75 = 28 w/cm . 

The heat to be transferred between the lithium 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 lithium 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 fracti 
3 

This results in a naximum lithium power density of 58 w/cm at the first 
3 

wall and a minimum of 6.5 w/cm 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 
3 

= 30 w/cm . We shall consider the heat transfer for these critical tubes. 
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An energy balance for a circular tube with uniform internal heat 

generation yields: 

ŝ = f^V^ 

where q is the surface heat flux, R is the tube radius, and q^ is the 

volumetric heat generation (in this case, qp is the excess power deposition, 
3 2 

30 w/cm ). Since we must limit q to < 200 w/cm 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: 

'^ - 4ir-

where k is the thermal conductivity of the l i th ium, approximately 0.63 

w/cm°K. For R = 3 cm, the temperature difference is AT = 110°K. I f the 

minimum operating pressure of the lithium is 1 atmosphere the boil ing 

point is over 1600°K; so the naximum l i thium temperature, 1150 + 110 = 

1260°K, is of no concern. 

FLUID FLOW 

Both the heat pipes and the lithium 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 lining 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 the 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 design 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 Hoffman.^^ ĵ ĝ 

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 lOOCK 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. 

2 
Zero magnetic field: q =5.1 kw/cm 

Magnetic field = 70 kilogauss: 

C = 0 q = 4.4 kw/cm 

C = 0.001 q = 2.5 

C = 0.01 q = 0.8 

It appears that such a heat pipe could satisfy the requirements of the 

present application (q = 2.4kw/cm ) if C can be maintained sufficiently 

close to zero. The nonconducting wall case, C = 0, is especially oromising, 

but whether suitable insulators comnatible with high temnerature sodium 

can be found is not known. 

For the non-zero C cases, if v/e neglect the effect of contact 

resistance, the conductance ratio may be written: 

a t 
r = w w 

a. a 

where o and a. are the electrical conductivities of the wall and liquid, 

respectively, a is the half-width of the flow channel, and t is the 

effective channel wall thickness. At 1000°K the conductivities of niobium 

and liquid sodium are about equal; so C is approximately t /a. While 

C = 0.01 may be possible for thin-walled niobium heat pipes with a = 1 cm, 

it appears that C = 0.001 is impossible. 

Electrical contact resistance between the liquid metal and a metallic 

heat pipe v/all 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 t^) 

would be bonded to the orimary metal structure with an intermediate 

oxide insulator.13 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 completely 

eliminated. 

Lithium Coolant 

The lithium coolant makes a single axial pass through the blanket. 

Assuming 5 axial blanket units and a lithium temperature rise of 150°K 
3 

yields a volumetric flow rate of 33 m /s in the first radial zone. For 

the given cross section of the blanket the lithium flow velocity is a 

moderate 2.5 m/s. The Reynolds number for a tube with radius 3 cm is 

3 X 10^. 

The flow of the lithium within the blanket is narallel to the maqnetic 

field and therefore not subjected to the mannetic pressure dron considered 

for the heat pioe liquid flow. For normal turbulent flow in smooth walled 
3 2 

pipes, the pressure droo of the lithium is only 8.7 x 10 N/m , or about 

1.3psi. This pressure drop may be further reduced if the maqnetic field 

is effective in laminarizinq the flow. This effect has been reported 

by Globe 11 but only for Reynolds numbers uo to 4000. 

Although the lithium flow is parallel to the magnetic field within 

the blanket, it must cross the field as it enters and exits the blanket 

region. In these entry regions, the flov.' is subjected to two maqnetic 

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 pipe 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 magnetic 

field gradients. Unfortunately, the two effects can be evaluated senaratel 

and the results superimposed only for the case of nonconducting walls. 

With conducting walls the tvio effects are coupled because both types of 

eddy currents flow through the walls. 
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For the case of nonconducting walls the entry region pressure drop 

due to the Hartmann effect is given by: 

A P ^ = u B ^;^ |-

where u is the flow velocity, B" is the average maonetic field strength, 

a is the electrical conductivity, n is the viscosity, i is the entry 

length, and R is the tube radius. The entry region pressure droo due 

to the end loop effect is given by Shercliffi'* for the special case 

£ = 0 (step change in field strength): 

A P^ = 0.27 auB^R 

where B is the strenqth of the maqnetic field to be entered. TIhe con­

stant in this equation is a decreasing function of i/R. Hoffman^^ has 

calculated 0.16 for «/R= 1 and 0.038 for z/R = 8. 

The way in which the fluid should be brouaht into and out of the 

field is not obvious. An abrupt entry through a large diameter manifold 

at a position of high magnetic flux density v/ould minimize the Hartmann 

effect. On the other hand, a gradual entry through small diameter tubes 

at a position of v/eak 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 description 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 z = 

3 m. Then, for F = 35 kgauss, 

AP^ = 2.1 X 10^ N/m^ = 3.0 psi 

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

AP^ = 3.5 X 10^ N/m^ = 51 psi. 
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Doubling the sum of APM and AP to account for both entry and exit and 

adding the normal viscous pressure drop (1 psi) yields a total lithium 

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 lithium 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 \/ery 

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 ^ery high neutron energy flux at the first wall is effec­

tively 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 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 loaded vacuum wall is external to the blanket, 

in a low 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 lithium 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 v/all is feasible 

for high temperature liquid metal flows. 
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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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INTRODUCTION 

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 limits, 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 list of direct converters we would now like 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.i In 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 limit 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 10 °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 

availably 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 loss. The reaction mean free path in a system containing 
14 15 3 

say 10 or 10 particles/cm has a value like 6000 miles. This is 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. 
3 

Direct conversion also allows consideration of fuel cycles such as D-He 

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 
3 

form of charged particles is the D-He reaction. The energy released 
4 

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 

170 



• 

2. 

3. 

.o'-r-

2 2 

p'+gHe'-

— 2He (̂3.5) + n(4.l) 

P * ^He (.82) + n(2.45) 

— ,T' (.0) + ,H'(3.02) 
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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 
3 

about three orders of magnitude higher than the D-He reaction. However, 

as energy is increased, the D-T cross section diminishes markedly while 
3 

the D-D and the D-He 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 olasma 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: 

where <av>^ is a mean scattering rate parameter a 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. 
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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 r a t i o R̂ . = B„/B . This i s discussed in some deta i l by Post.^ 
M M 0 

The p robab i l i t y of p a r t i c l e loss i n to the loss cone as a funct ion 

of Rw, the mir ror r a t i o , comes about in the fo l lowing way. Assuming 

that no co l l i s ions wi th other charged par t i c les occur, then a pa r t i c le 

moving under the inf luence of a magnetic f i e l d must conserve i t s to ta l 

k ine t i c energy. That i s , f o r a p a r t i c l e moving along a l i ne of force, 

the sum of the perpendicular energy Wĵ  and the para l le l energy W|| must 

be a constant. Therefore, ibr two discrete points a and b on a given 

l i ne of fo rce , the fo l lowing re la t ion must hold:^ 

W^a ' 
W 

lla 
= W 

'4-b 
W 

l ib (2) 

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: 

w. 
eB 
mc (3) 

175 



And the gyromagnetic radius: 

mvĵ c 

"eT" 
(4) 

Another adiabat ic invar ian t is that a pasrticle moves i n a magnetic 

f i e l d so as to maintain i t s magnetic moment y equal to a constant. 

That i s : 

u = 
]A 
c 

(5) 

where I i s the current produced by a pa r t i c l e moving i n a c i r cu la r 

o r b i t of area A. Since A can be expressed in terms of r from (4) 

and the current is equal to e/x , where T is the gyromagnetic per iod, 

(the time fo r one p a r t i c l e ro ta t ion) which is equal to 1/2TT W from (3) 

then: 

y = 

l m v ; S 
" j _ 

(6) 

Consider the s i t ua t i on shown in Figure 5: 

Figure 5 - Pitch Angle e of a Par t i c le 
in a Magnetic Field 
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The field is assumed to increase from its value at â  to a maximum 

value at b̂ . The velocity of the particle towards b̂  is: 

v„ = Vg cos e^ (7) 

and its perpendicular component: 

V, = V, sin e, (8) 

a a 

From equation (2) the to ta l k ine t i c energy is conserved and from equation 

(6) the magnetic moment is i nvar ian t . 

I f we rewr i te equation (2) in the fo l lowing form: 

• 2 m V | j + 2 ' " i v ^ = 7 " ' V (9) 

and the constancy of the magnetic moment as: 

mv̂  mv̂  o 
J- -La mv^ • 9 „ fin\ 

- g — = - g = g — sin2 e^ (10) 

then d iv id ing (9) by B and subs t i tu t ing from (10) the fo l lowing is 

obtained: 

v2 s in e. V2 
II 

B 

2 
V 
B T ^ (11) 

a 

So t h a t . 

v,f = v2 (1 - | - sin2 6^) (12) 
a 

For pa r t i c l e re f l ec t i on to occur V|| must be zero and i t then fo l lows: 

B 
s in^ e^ = - | (13) 
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If B = Bj., the field at the mirror, and consequently B̂ /̂B̂  = R̂ ^ 

(the mirror ratio), then for a particle to be bound between mirrors: 

-"^a -^(R^)' 
(14) 

Equation (14) states that any particle with an initial velocity vector 

which is at a pitch angle smaller than e will be lost out the end(s) 
a 

of the mirror machine. 

I f we now refer back to equation (1) i t can be seen that the term 

f(R„) represents the probabil i ty P that a par t ic le , having scattered, 

w i l l f a l l into the loss cone of the mirror machine and escape. The loss 

cone is defined as the region in velocity space within which particles 

w i l l be lost . (See Figure 6). This can be stated as: 

fi 
P = c 

2TT 

2i\ sin e de 
2-n 

(15) 

= 1 cos e 

FOR CONTAINMENT 

sin 6 > On-f' 
- KM 

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

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: 

1. Expansion 

2. Charge separation 

3. Deceleration and collection 

4. Conversion to a common potential 

As shown pictorially in Figure 7 the reaction products escaping from the 
8 3 

mirrors at already low ion density'* (typically 10 /cm ) would be allowed 

to further decrease their density by expansion into a larger chamber 

fi 3 

where the density would be reduced to about 10 /cm . 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 ions, 

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 collectors 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: 

r^hcBr = 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 particle^ perpendicular 

energy to translational energy. The density reduction is required be­

cause it appears that space charge effects will set the upper limit 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 limit can be scaled from the relationship: 

0) X T = constant (18) 

where: 

oj = plasma frequency in the particle beam at entrance to the col­

lector and T = the transit time through a focusing length of the collector 

structure. 

The plasma frequency is defined by: 

UTT n e^ 
h 

w_ P \ ni 
(19) 

So that the inf luence of the plasma frequency term as i t relates to 

space charge is due to the number dens i ty , n, of the pa r t i c l es . 

The to ta l power to be handled by the co l lec tor is proportional to 

the energy f l ux in the beam and to the entrance area of the co l lec to r . 

I f the co l lec to r entrance and the expander ex i t regions are contiguous 

and t h e i r areas are equal then: 

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

or P a r(nv) (v ) ( h r ^ ) ! 

where h is a typical collector dimension (the particle stream height) 

and rr- is the radius of the expander. W is the particle energy. From 
h 

(o) T ) requirement in (18) it is seen that u a(/n) and T a(--) and that 

the number density n is: 

(21) - f S ) 
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By substitution of (21) into (20) it is seen that: 

P =. [w5/2 1 ^ ] (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: 

\: 
5/2 1̂2 (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: 

- ^ (24) 
^tot ^M 

If the field at the expander is relatively small, for instance Bp - 500 
gauss and Bĵ , 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 lines at the ecpander exit in a direction perpendicular to the 
plane of the fan. This was *own 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: 

|v| = ^ B^ |y| (25) 

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

Since the transverse energy component Ŵ  = mv^/2 then: 

W^ = g f B^y ' (26) 

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

Wj_^ = 4.79 X 10^ 1^ B2 y2 (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" 

it can be seen that the mean transverse kick is: 

of the charged particle and B is in tesla (10" gauss). From the Figure 9 

W.z = W'' ^ ̂ O' IT < 

(28) 
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where p(y) is the particle density. If the particle density is assumed 

to be constant, then p(y) = 1_ and: 
3 

For a representative example: 

W ^ = jj-j (5. X 10"^)^ ^ (4.79 X 10^) 

= 5 KeV 

Mean particle energies are -v 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 collector, 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 distribution 

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 low 

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 lenses 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. The 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 4 , 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 4) to 

(j) it is necessary to bring all potentials to a common potential, 7 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 
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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 differenf^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 coninon potential is defined 

in terms of the several collector currents and potentials, I. and V.: 
J J 

_ _ N N 
V " l I . v . / L I . (30) 

j=l ^ ^ j=l ^ 

As shown, inver ters are used to diminish a l l potent ia ls > V, and 

r e c t i f i e r s to raise a l l potent ia ls < V". Currents are d i r ec t l y summed. 

From the d e f i n i t i o n of V" i t fol lows tha t the ac power from the inverters 

is j u s t sc i f f i c ien t to power the r e c t i f i e r s . However, the to ta l power 

handled (sum of inver te r and r e c t i f i e r power) is r e l a t i ve l y smal l . The 

to ta l power handled by the I-R system is given by: 

Py R = PT + P R = { V [ E _ I . - I _ I - ] - [ I : _ I - V . - S - ^ - ^ - ^ ^ 
'^ V . < V "' V . > V "̂  V . V ^ ^ V . V ' ^ ^ 

J J vJ vi 

For the example given e a r l i e r (calculated fo r the Fowler-Rankin 

d i s t r i b u t i o n funct ion) PT n = 0.28 P , i . e . the inverters and r e c t i f i e r s 
1 ~K 0 

each handle 14% of the total power. Since the efficiency of these 

devices, as established in HVDC practice, is about 0.99, the net loss 

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 ionization loss. 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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Figure 13 
Charge Transfer Cross Sections of Hydrogen Atoms and Ions In Hydro­

gen Gas. 

Ref. Barnett, C.F., Ray, J.A., & Thompson, J.C., "Atomic and Molecular 
Collision Cross Sections of Interest in Controlled Thermonuclear 
Research," ORNL-3113, Revised UC-20, Aug. 1964, p. 60 
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Figure 14 
Ckaf§« TrOfisfer Cross Sections of Hydrogen Atoms ond Ions in Helium 

Gas. 

Kef. Barnett, C.F., Ray, J.A., & Thompson, J.C, "Atomic and 
Molecular Collision Cross Sections of Interest in Controlled 
Thermonuclear Research," ORNL-3113, Revised UC-20, Aug. 1964, 
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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: 

P^j = } - exp i-z^j • i) (31) 

where: 

XT a^j • 2.58 x 10 19 mol 

cm3(STP) 

P(torr) 
76 

= 3.54 X 10^^ a^j ' P 

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

20 a^j = 4 X 10"^'' cm2/mol (H^) 

= 2 X 10"'^ cm2/atom (He) 

and the length as stated is: 

4 
£ = 7.5 X 10 cm 

The following table shows the probability of charge transfer in the 

expander as a function of pressure and assumed background gas: 

Pressure (torr) 

1 X 10"^ 

1 X 10"^ 

1 X 10"^ 

^CT (̂'" ̂ 2^ 

.0104 

.00106 

.000106 

P̂ y (in He) 

.0517 

.00530 

.000531 

Table 1 - Probability of Charge Transfer in the Expander 

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

transit JjO 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) 

10-" 

1 10-5 

Max. Loss 

In H^ 

.242 

.0273 

,In He 

.159 

.0171 

Min. Loss 

, In H^ 

.0184 

.0020 

, In He 1 

.0152 

.00160 

Table 2 - Probability of Charge Exchange in Collector 

Ionization losses in the collector: were based on an average cross section 
1 fi 7 

(a.) in hydrogen and helium of 10" cm /mol. This average value was 

used because the ionization cross section is a weak function of energy. 

The probability of an ion causing an ionization. P., is equal to the 

path length {i) times the mean free path ( E . ) . 

P. = 
1 

E. 
1 

(32) 

where 

â . 2.69 x 10 19 ( 
mol 

cc(STP) 
P(torr) 

760 

P. = 3.54 • P • a 

The probability of ionization loss in the collector is shown in Table 3, 

Pressure (torr) 

10-5 

Max. Loss 

In H2 

.0708 

In He 

.0708 

Min. Loss 1 

In H2 

.0035 

In He 1 

.0035 

Table 3 - Probability of Ionization Loss in the Collector 
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The maximum loss case assumes a l l the i n i t i a l 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 

los t , and for each ionization only the energy picked up by acceleration 

between 2 adjacent electrodes is los t , which in this case is 80 KeV. 

Fortunately, a collector design that e f f ic ient ly collects the primary 

ions should also e f f ic ien t ly collect the secondary ions and electrons 

born in the collector, making the minimum loss case the more rea l i s t i c . 

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 

I t is evident that for direct conversion three fuel cycles are 

possible; the D-T cycle, in which direct conversion is used in con­

junction with thermal conversion from a blanket which provides neutron 

mult ipl icat ion and t r i t ium breeding; the D-D cycle, where t r i t ium breed­

ing is not required but thermal conversion is a necessary contribution 

to the total power output; and the D-He- 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 relat ive croBS sections) and therefore a nominal blanket would 

be required to cope with perhaps 5% of the total energy release. 

I t 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 t r i t ium for the fuel is by straightforward 

separation processes for deuterium and by breeding in the blanket for 
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3 
t r i t ium. The source of He fuel is either from the radioactive decay 

of t r i t ium as an external means or from the accompanying D-D reactions 

as an internal source. Post has shown that i f the la t te r method is 
3 

employed exclusively, then the fractional density of He fuel ions can 

be jfe.25 at high temperature. The D-D reaction is repeated here to show 
3 

the He source. 

D̂2 . ^Di, 

OVERALL EFFICIENCY 

2He^ (.82) + n(2.45) 

^T^ (1.0) + ^H^(3.02) 

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, B^ = 150 kilogauss 
b. Expander Field Br = 500 gauss 
c. Radius of Expander Rr = 75 meters 
d. Height of the particle flux hn = 1 meter 
e. Fan Angle s = 240° 
'• ^tot Uve) ' 800 KeV 
g. Number of collectors ~ 20 

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

^tot ^M 
(33) 

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

2 

(34) h 

or rii/ '̂  .996 

Z2 B2 

" 3A 
(4.79 X 10^) 

^tot 1̂  
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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. 

\Ti =̂  -59 

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

simply: 

Pjg = r (35) 

where r is the grid porosity of njg = 1 - r 

= .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: 

Pj^ - .025 (36) 

°'' nj^ = .975 

F. The efficiency of the inverter-rectifier system to bring potentials 

to a mean value V" is: 

^IR = -597 

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

where N is the number of collectors 

n, = .95 
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The various efficiencies are indicated in the following table: 

Conversion n^ 
c 

Field exiting r\^ 

Avoidance of Charge Transfer 
& Ionization npj 

Diverter grid njg 

Expander columns njc 

Inverter Rectifier 

Collector 

Overall 

99.7 

99.6 

99. 
97. 
97.5 

99.7 

95. 

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 Ccrttitnzity 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 as tritium transporters in the 

blanket structure of a fusion reactor. The tritium produced by the 

reactions (n + ^Li •* T + '*He + 4.8 MeV) and (n + ^Li •* n""" + T - 2.47 MeV) 

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 FLASm"'-

T. A. Oliphant 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

Abstract 

In feasibility studies for thermonuclear reactors it is ot 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 of the 

plasma against the containing field, and i*) 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 sense 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 bum 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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STATUS REPORT ON FAST BREEDER REACTORS (Why Breeders?) 

World reserves of low cost uranium and growth of nuclear power 

require commercial fas t breeder reactors some time between 1980 and 

1990. High gain breeders consume small amounts of uranium and there­

fore w i l l extend ex is t i ng resources of economic f i ss ion fuels by orders 

of magnitude. While development work on fast breeders has been going 

on f o r approximately two decades, large e lec t r i c power producing 

breeders are s t i l l some years in the fu tu re . Technical f e a s i b i l i t y of 

fast breeders has been proven, but competitiveness of large breeders 

with more conventional f oss i l f i r e d or thermal reactor plants is s t i l l 

to be demonstrated. Advanced breeders, such as gas-cooled fas t re­

actors wi th carbide fuels and d i rec t cycle gas turb ines, promise to 

have power costs comparable to the most opt imis t ic estimates made fo r 

fusion reactors by the end of t h i s century. 
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INTRODUCTION 

I t has been recognized by ear ly nuclear power pioneers such as E. Fermi 

and W. Zinn that fas t neutron f i ss ion reactors could breed more f i s s i l e 

material than they consume, and that such breeding would eventual ly become 

necessary to extend the known resources of uranium fo r economic e l e c t r i c 

power. As a matter of f a c t , the f i r s t fas t reactor , Clementine, was operated 

in 1945 at Los Alamos wi th mercury cool ing. I t is in te res t ing to remember 

that the f i r s t e l e c t r i c power from f i ss ion came from the f i r s t fas t breeder 

reactor: EBR I produced 100 Kw of e l e c t r i c a l power in 1951 at Arco, Idaho. 

Since that t ime, a large amount of research and development has been 

carr ied on around the world in the fas t breeder f i e l d , mostly in USA, USSR 

and Western Europe. While a number of experimental f a c i l i t i e s have been 

operated, the f i r s t large e l e c t r i c power producing demonstration plants are 

only now being b u i l t . A s i gn i f i can t amount of development is s t i l l neces­

sary to transform those fas t breeders in to commercial power p lants . The 

t imetable is s t i l l somewhat uncertain and varies from one country to 

another, but i t is generally agreed tha t by the mid-1980s, large fas t breeder 

plants should be economically competi t ive. 

In our repor t , we are going f i r s t to look at the requirements fo r elec­

t r i c power and more s p e c i f i c a l l y f o r nuclear power and consider the fuel 

requirements and the resources ava i lab le . We w i l l then b r i e f l y mention the 

pr inc ip les of fas t and thermal breeders, and compare the two main types of 

fas t breeders (LMFBR and GCFR). We w i l l t r y to explain the main reasons f o r 

worldwide i n te res t in FBR and state the main remaining development problems. 

We w i l l then reca l l the h i s t o r i ca l evolut ion of FBR and describe the ex i s t ­

ing programs. F ina l ly we shal l make an attempt at cost comparison between 

f i s s i on and fusion reactors and suggest a t imetable f o r 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 600x109 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 {3x}0^'^ft^/year). Present forecasts show a decrease in coal 

uses by 1990 (̂ -226x10̂  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 U^Og, 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 w i l l be requfred 

between 1970 and 2000. 

Let us reca l l that the forecasts fo r nuclear power growth in the US 

show about 150 000 MWe ins ta l l ed by 1980, 500 000 MWe by 1990 and 10" MWe 

by the year 2000 [Ref. 3 ] . Figure 1 from the EEI Fast Breeder Reactor 

Report fo r 1968 shows that the US resources at less than $10/pound of 

UoOo are about 0.65x10^ short tons. Those low cost resources should be 

exhausted by about 1985, even wi th plutonium recycle in l i g h t water re­

actors. The t o t a l estimated resources below :>15/pound of U^Og of about 

10^ 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 exp lo ra t ion , mining, m i l l i n g and d i f fus ion plants 

would be needed to meet the increasing ore requirements of LWR; without 

breeders, a t o ta l of about 3x10^ short tons of U^O^ would be needed by 

the year 2000. With the in t roduct ion of advanced converters such as HTGR 

in the 1970s, the need fo r uranium ores w i l l already be reduced s i g n i f i ­

cantly since new f i s s i l e material (U-233) is bred in another material 

(thorium) and the to ta l uranium requirements of HTGR are about ha l f those 

of LWR (see Table I from Ref. 4 ) . Furthermore, HTGR fuel cycle costs are 

not as sensi t ive to increase in ore costs as are LWR fuel cycle costs and 

more expensive ores could therefore be used economically in HTGRs. But, 

even wi th a mixture of HTGR, LWR and f oss i l - f ue l ed p lan ts , i t is estimated 

that about 2.5x10^ tons of U^OoWOuld be used in the USA in the 50-year 

period between 1970 and 2020. Introduct ion of fas t breeder reactors in 

1984 is estimated to reduce those requirements to 1.1x10^ tons of U^Og, 

which is equivalent to a saving of 4x10^^ tons of coal [Ref. 5 ] . The annual 

ore requirements would peak below 10^ tons of UoOg by 1990 and would de­

crease to about ha l f t h i s number by the year 2020. 

The previous data correspond to US needs', we have already seen that 

s im i l a r requirements ex is t f o r Western Europe. The s i tua t ion 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 w i l l already be 
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between 56 000 and 80 000 tons [Ref. 2 ] . I t is also estimated thoit nuclear 

energy in Japan w i l l provide 30% of the to ta l e l e c t r i c energy production 

by 1978 [Ref. 6 ] . Furthermore, those countries have no indus t r ia l enr ich­

ment f a c i l i t i e s and now have to import enriched uranium from the US, 

unless they bu i ld natural uranium reactors (Magnox or HWR) which do not 

appear to be competit ive in those countries at the present t ime, or bu i ld 

t he i r own commercial enrichment p lants. Therefore breeding appears to be 

even more urgent ly needed in Western Europe and in Japan than in the USA. 

FAST BREEDER REACTOR PRINCIPLES 

Natural uranium contains only 0.7% of the f iss ionable material U-235, 

the remainder being U-238. In such reactors as LWR or HTGR, the uranium 

fuel is enriched through the gaseous d i f fus ion process, to about 4% of 

U-235 in LWR fo r instance. While U-235 f i ss ion occurs in the reactor , a 

small f r ac t i on of the f e r t i l e material i s transformed in to new f i s s i l e 

material which i t s e l f i s par t l y consumed in the reactor: U-238 y ie lds 

Pu-239 in LWR and Th-232 y ie lds U-233 in HTGR. But, in a l i g h t water re­

actor , less than 5% of the t o ta l weight of f i s s i l e and f e r t i l e material 

in the core is f iss ioned before the core is removed fo r reprocessing; 

furthermore, a large amount of natural uranium depleted in U-235 has been 

used in the d i f fus ion plant to produce the 4% enriched uranium. Fuel 

u t i l i z a t i o n is bet ter in an advanced converter such as HTGR, approximately 

by a fac tor of 2 (see Table I ) , but the f i ss ion fuel is s t i l l not used as 

e f f i c i e n t l y as i t would be in a breeder. The breeding pr inc ip le consists 

of transforming the f e r t i l e material (U-238, Th-232) in to new f i s s i l e 

material (Pu-239, U-233). A breeder produces more new f iss ionable material 

than i t consumes, thus leading to enormous extension of the reserves of 

uranium and thorium: from a few decades wi th converter reactors, to 

hundreds or perhaps even thousands of years with fast breeders [Ref. 5 ] . 

Before we look in more de ta i l at fas t breeders, l e t us mention that 

breeding is thought to be feas ib le in thermal reactors operating with the 

Th-232/U-233 cyc le. The ra t i o of neutrons produced to neutrons absorbed 
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in the a r t i f i c i a l f i s s i l e material U-233 is about 2.2 in a thermal spectrum, 

which gives a maximum theoret ica l conversion ra t i o of 1.2 ( r a t i o of new 

f i s s i l e material to f i s s i l e material consumed). Some of the excess neutrons 

leak out of the reactor or are absorbed in s t ruc tu ra l mater ia ls , and thus 

breeding w i l l be at best marginal in thermal reactors. There are several 

types of such near breeders or low 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 cyc le: 

a 40 MWe prototype has been in operation at Peach Bottom since 1967, a 

330 MWe plant w i l l be operating in Colorado in 1972 and large HTGRs (600 

to 1100 MWe) are now being marketed in Europe and in the US. The ex i s t i ng 

HTGRs are non-breeders, but i f the ore costs j u s t i f y i t , t h e i r fuel cycle 

could be adapted to higher conversion r a t i o s , perhaps by addi t ion of some 

BeO to the graphite moderator. Two thermal breeder concepts are under de­

velopment in the US, the Light Water Breeder Reactor (at Bet t is Laboratory) 

and the Molten Salt Reactor (at Oak Ridge National Laboratory). While 

the i r breeding gain w i l l always be yery low, economic thermal breeders 

could s i g n i f i c a n t l y extend the ore resources by u t i l i z i n g 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 w i l l probably only develop as high e f f i c iency advanced 

converters s ince, at least f o r the time being, t h e i r potent ia l marginal 

breeding is not j u s t i f i e d by current economics. 

What are now the main charac te r i s t i c features of fas t breeder reactors? 

As indicated by t h e i r name, most f i ss ions occur at high energies ( fas t 

spectrum), and they produce more f i s s i l e material than they consume 

(breeding). Compared to ex is t ing thermal nuclear reactors where most 

f iss ions occur at thermal energy, the main dif ferences wi th fas t breeders 

are 

— No moderator: in order fo r most f iss ions to occur at energies 

from, say 0.1 Mev to a few Mev, only fuel ( f e r t i l e and f i s s i l e ) , 

s t ruc tura l materials ( fuel c lad , 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 f issi le 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 (f iss i le 
and fe r t i l e ) . Thus, in a large reactor surrounded by blankets, 
losses by leakage or parasitic absorption may be kept \/ery 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 i t se l f and another reactor of the same power). 
The doubling time of large fast breeders could be made comparable 
to the doubling time of electr ic 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 yery 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 I I , a number cf fast breeder concepts could be consid­
ered with various types of fuel and fer t i le materials, coolants, reactor 
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arrangement and power cycles. For various technical and h i s t o r i ca l reasons, 

the main types of fas t breeder presently under consideration fo r power 

reactors are (see Fig. 2) 

LMFBR: Liquid metal cooled (Na) wi th an intermediate sodium 

c i r c u i t (nonactive) and a steam cyc le ; (UOp-PuO^) fuel 

in the core and depleted UOp in the blankets. 

GCFR: Gas cooled (helium) wi th a steam cycle and the same type 

of fuel as LMFBR 

Table I I I derived from Ref. 3 gives a comparison of advantages and disad­

vantages of the two main coolant approaches, namely sodium cooling and gas 

cool ing. Table IV shows a s imp l i f i ed comparison of reactor coolants [Ref. 4 ] : 

water and helium fo r thermal reactors, helium and sodium fo r fas t breeders. 

For typ ica l design condit ions of large LMFBRs and GCFRs, the heat t ransport 

per un i t core f r on ta l area with helium is about 80% of i t s value wi th sodium, 

while the heat t rans fer per un i t fuel surface area is about 50%. Thus, while 

from a heat t ransfer viewpoint,pressurized helium is not qui te as good as 

sodium, the gas s t i l l can e f f e c t i v e l y and economically ( i . e . , w i th reasonably 

low pumping power) remove the nuclear heat from the core. A comparison of 

typ ica l performance of those two types of fas t breeder is shown on Table V 

both fo r demonstration plants ('\̂ 300 MWe) and large reactors ('vlOOO MWe). 

Comparable doubling times and cycle e f f i c ienc ies are obtained wi th the two 

systems in both cases (demonstration plant and commercial reactor) and wi th 

two types of fuel (oxide and carbide). The spec i f i c inventory is lower fo r 

LMFBR (because of good sodium cooling p roper t ies ) , but the breeding ra t i o 

is also lower (because sodium acts as moderator); thus the doubling time is 

about the same fo r GCFR and fo r LMFBR. 

INCENTIVES FOR FAST BREEDER REACTOR DEVELOPMENT 

Let us restate the main reasons fo r the world-wide in te res t in the de­

velopment of FBRs. 

— The reserves of low cost uranium ores in the USA w i l l 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, the fuel cycle costs of advanced 
converters, and a lohXA-onA. breeders, are rather insensitive 
to such increase. Furthermore, the uranium requirements of 
fast breeders are v&ry 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, i t 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 fer t i le material in FBRs: in a 30-year period, about 50% 
of the U-238 in a FBR will be converted into f issi le 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 MWe plants after appropriate R&D 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 wi th LWRs by about 1989 and wi th 

HTGRs by about 1995. Simi lar resul ts obtain wi th the Gas 

Cooled Fast Reactor which should be the cheapest system by 

the end of th is century [Ref. 7] since the running costs of 

GCFR and LMFBR are the same and the plant costs of GCFR should 

be lower. 

A Cost-Benefit Analysis of the US Breeder Program has been performed 

by the US AEC [Ref. 8 ] . This study compares the ant ic ipated R&D costs of 

the breeder program to the expected savings in energy costs. This evalua­

t i on mainly considers the Liquid Metal Fast Breeder Reactor but i t also 

mentions the e f fec t of a para l le l breeder program. With LMFBRs introduced 

in 1984, r i s i n g uranium costs, constant f o s s i l fuel costs and a 6.3% per 

year growth rate of e l e c t r i c a l energy demand (11.4 years doubling t ime) , 

the bene f i t - to -cos t r a t i o is 3.64 ( f o r a discount rate of 7%). This is the 

r a t i o of ant ic ipated savings to development costs, discounted to 1970. I f 

GCFRs are introduced at the same time as LMFBR, the benef i t - to -cos t r a t i o 

may be shown to increase to 4.47, assuming a LMFBR i ns ta l l ed capacity double 

that of the GCFR. Those resul ts correspond to gross discounted savings com­

pared to a non-breeder economy from 9 to 12 b i l l i o n d o l l a r s , or more than 

200 b i l l i o n (1970) do l la rs benefi ts from 1984 to 2020 [Ref. 5 ] . In th is 

analys is , the e l e c t r i c a l energy demand increases from 2000x10^ Kwhr per year 

in 1980 to 18,500x10^ Kwhr in 2020. These studies assume a mixture of LWRs, 

HTGRs and FBRs introduced at d i f f e ren t rates and dates. 

DEVELOPMENT PROBLEMS OF FAST BREEDER SYSTEMS 

The development problems of the two FBR systems are somewhat d i f f e r e n t , 

except fo r fuel development since both LMFBR and GCFR use the same type of 

UO2-PUO2 stain less steel clad fue l p ins. Tables VI I and V I I I show the status 

of FBR technologies [Ref. 9] and the major development areas fo r LMFBR and 

fo r GCFR [Ref. 3 ] . No basic f e a s i b i l i t y problem is invo lved, and those de­

velopments are only required to obtain economic power from fas t breeder 

power p lants . FBR developments, system and component design, fuel 
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considerat ions, and core heat removal were discussed at the 1968 American 

Nuclear Society Meeting in Washington and are reported in Refs. 1ft and 11. 

Before we emphasize the most important remaining problems, l e t us b r i e f l y 

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 i t s heat in a primary heat exchanger wi th a secondary sodium 

coolant. This nonradioactive secondary sodium raises steam in another heat 

exchanger and the steam expands in a steam turbine dr iv ing a generator. The 

primary sodium loop which has to be heavi ly shielded is sometimes contained 

in a large pool of sodium where one f inds the reactor core, blankets and 

sh ie lds , the primary pumps, and the primary heat exchangers. In a GCFR, 

the primary loop comprising the reactor core and i n te rna l s , the helium c i rcu­

la tors and the steam generators, i s contained wi th in 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 turb ine. In some ad­

vanced concepts, the hot gas out o f the reactor expands d i rec t l y in to gas 

turbines which dr ive both helium compressors and generators [Ref. 12]. As 

previously mentioned, the cores of the LMFBR and GCFR are \/ery s im i l a r , con­

s i s t i n g of assemblies of ve r t i ca l fuel elements, each containing a number 

(200 to 300) of fuel pins cooled by axia l f low of sodium or helium respect­

i ve l y . 

The advantages claimed by the proponents of these two systems, which 

both have high thermal e f f i c iency and po ten t ia l l y low doubling t imes, are 

mainly 

LMFBR: a) Good heat t ransfer character is t ics with low coolant 

pressure 

b) Potential f o r low spec i f i c f i s s i l e inventory 

c) Good emergency cool ing p o s s i b i l i t i e s , especial ly i f 

the core can always be kept under sodium. 

GCFR: a) I n e r t , and transparent coolant which does not i n t e r ­

fere wi th core neutronics 

b) Potent ia l f o r 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 ar t i f ic ial 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 rel iable, safe and economic 
sodium-cooled steam generators is a difficult problem whirh is now under 
development in a number of countries, such as France, Germany, 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 afterheat 
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) which 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 fue l burnup required f o r large economic fas t breeders 

varies from 7-8% to about 10%, according to European or US estimates 

[Ref. 7 ] . Sat is factory experience has been obtained in fas t tes t f a c i l i ­

t i es in the US (EBR I I ) and in Europe (Rapsodie in France and Dounreay in 

UK), but only up to 5 to 8% with mixed oxide fue ls . While the desired 

burnup has nearly been reached, the fas t fluence (which indicates the 

amount of rad ia t ion damage) was usual ly a factor 3 to 4 lower than the 

fluence desired fo r large breeders (2-4x10^3 n/cm^ > 0.1 Mev). Even wi th 

demonstration plants o f approximately 300 MWe, the fast f l ux w i l l be only 

about 1/3 and the fas t fluence/burnup r a t i o only about 1/2 of the values 

f o r 1000 MWe reactors. The Fast Flux Test Fac i l i t y (FFTF) w i l l have a 

fas t f l u x comparable to tha t o f large FBRs ('^7x10^^ n/cm^-sec above 0.1 Mev), 

but t h i s large tes t reactor (400 MWt) w i l l only s t a r t operation in the US 

i n 1974-75. 

As shown in Table IX the design character is t ics of fuel elements fo r 

fas t breeder reactor prototypes are \/ery s im i l a r , even wi th gas cool ing. 

The fuel pin i s small (0.5-0.6 cm pe l l e t diameter), long ('\̂ 100 cm) wi th a 

th in sta in less steel clad (OD/ID: 1.12-1.16). The maximum l inear ra t ing 

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 ( f u e l ) . A core plan fo r 

a 300 MWe GCFR demonstration plant is shown on Fig. 4 which is ^ery s im i la r 

to a LMFBR core. 

Although fuel swells a t high burnups, swel l ing of the stainless steel 

clad under high fas t neutron fluences may even be more l i m i t i n g . This 

rad ia t ion swel l ing of the steel depends both on fluence and temperature and 

may therefore cause serious d i s to r t i on 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 10^3 n/cm^ (>0.1 Mev) at 500C. Figures 5 

and 6 show the strong dependence of radiat ion swel l ing upon fluence 

( s i gn i f i can t only above 'v-0.5x10^3 n/cm^) and upon temperature (maximum fo r 

s ta in less steels around 450C). Some metal lurg ica l improvements could be 

expected, but the nonuniform swel l ing of the fuel elements may have to be 

accommodated by leaving a clearance between elements ( less detrimental to 
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the neutron econoiriy in GCFR than LMFBR) and by per iodic ro ta t ion of the 

fuel elements [Ref. 16] . 

HISTORICAL FBR DEVELOPfCNTS AND WORLD PROGRAMS 

As previously mentioned, the f i r s t fas t reactor (Clementine) was 

operated in the US in 1946. Since then a number of fas t reactors have been 

operated or are being b u i l t in the US and abroad as seen on Table X (from 

Ref. 8 ) . The f i r s t fas t breeder, EBR-I was s tar ted in the US in 1951 whi le 

the f i r s t sodium cooled breeders in the USSR and in the UK were s tar ted in 

1959 (3R 5 and Dounreay respec t ive ly ) . The f i r s t fas t reactor in France, 

Rapsodie, went c r i t i c a l i n 1967 and has recent ly been uprated from 20 to 

40 MWt. Some character is t ics of those f i r s t generation fas t breeder re ­

actors are shown in Table XI (from Refs. 10 or 11). Most of these f i r s t 

reactors use meta l l i c f u e l , except f o r Rapsodie which uses PUO2-UO2 f u e l , 

and BR 5 which had a PuOp core and also a UC core; those fas t reactors are 

cooled by l i q u i d metal , Hg, NaK or Na. 

Table XI I updated from Ref. 3 shows the milestones of the LMFBR pro­

grams around the wor ld . Gtmiany, together with Belgium and Hol land, I t a l y 

and Japan have s tar ted ambitious FBR programs which fo l low by a few years 

the programs already s tar ted in France, UK, USA and USSR. I t may be noted 

t h a t , although the f i r s t demonstration plant went c r i t i c a l in 1963 (Enrico 

Fermi in the US), the next demonstration plant i s not scheduled to s t a r t 

u n t i l 1970 (BN 350 in the USSR). Figure 7 shows the Fermi reactor which 

has not yet operated at i ls design power (200 MWt) since some of the fue l 

elements experienced melt ing in 1966. Table X I I I shows the second genera­

t i on of LMFBRs, which are demonstration plants wi th e l e c t r i c power production 

in the 250 to 600 MWe range, and not commercial reactors. A l l of them w i l l 

have stainless clad UO2-PUO2 fuel cooled by sodium. As shown in th i s t ab l e , 

the net cycle e f f i c iency i s high (35 to 42%), and the power dens i ty , spec i f i c 

power and l i near ra t ing are yery s im i l a r f o r a l l p lan ts . In most cases, 

the breeding r a t i o i s rather low and therefore the doubling time is h igh. 

The assumed maximum burnup varies from 50 to 100 MWd/Kg. Both pool and 

loop designs are u t i l i z e d . Figure 8 shows an example of the pool concept 
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f o r the PFR under construct ion in the UK. Figure 9 from Ref. 17 shows a 

concept of a 1000 MWe sodium-cooled fast breeder with the same pool design, 

which should have a net e f f i c iency of 41%, a spec i f ic power of 1.3 MWt/ 

Kg( f i ss i l e ) and an average power density of '\.0.6 MWt/ l i ter (of core). With 

a breeding ra t i o of 1.4 wi th PuO -̂UOp f u e l , the doubling time should be ap­

proximately 8 years. 

Rather large sums of money are being spent now on LMFBR programs: close 

to $125 mi l l ions per year in the US and about the same amount abroad, mainly 

in France, Germany, I t a l y , Japan and UK. The spending level is also high 

in the USSR where two large reactors are presently under construct ion, 

BN 350 and BN 600. I t i s f e l t that t o ta l expenditures of 2 to 3 b i l l i o n 

dol lars 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 X I I I , the develop­

ment philosophy is qui te d i f f e ren t in the US and abroad. A conservative 

approach is taken by the US AEC [Ref. 18] whereby large component develop­

ment and fuel tes t ing programs ( inc lud ing f u l l - s i z p loops in a Fast Flux 

Test Fac i l i t y ) precede the construct ion of one or more demonstration p lants. 

In other countr ies, such as France, Germany, UK and USSR, construction of 

demonstration plants fol lows closely the operation of f i r s t generation re­

actors (Rapsodie, DFR); a great deal of the fuel test ing w i l l be performed 

in the demonstration plants which therefore are expected to go up to f u l l 

power rather s lowly. This l a tes t approach should lead to ea r l i e r commercial 

development of fas t breeders as shown on Table XIV established from recent 

estimates [Refs. 7, 1 1 , 18, 19, 20] . The f i r s t large FBR should operate in 

USSR before the f i r s t US demonstration p lan t . There now appears to be a 

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

A review of the US fas t breeder reactor program was recently published 

in Energie Nucleaire [Ref. 21 ] . The US FBR program was discussed by M. Shaw 

and J . Yevick of the US AEC and by H. Fenech of the Universi ty of Ca l i fo rn ia 

at Santa Barbara. Four US manufacturers described the i r 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 potent ia l of the GCFR system has previously been discussed in two US 

AEC reports on a l ternate breeders [Refs. 24 and 25 ] . The u t i l i z a t i o n of 

a closed cycle helium turbine coupled wi th a GCFR is presented in Refs. 12 

and 26. Figure 10 shows a conceptual design of a GCFR 300 MWe demonstration 

plant [Ref. 16] whose character is t ics are given in Table XV, together with 

typ ica l design parameters fo r a 1000 MWe p lant . These GCFR designs are 

based on LMFBR fuel technology and, as shown on Table IX, the fuel element 

parameters are \/ery s im i l a r . The Prestressed Concrete Reactor pressure 

Vessel containing the core, blankets and shields in a central cavi ty and 

the steam generators and helium c i rcu la to rs in s a t e l l i t e cav i t ies is s im i l a r 

to designs f o r other thermal gas-cooled reactors such as AGR or HTGR. De­

sign and safety studies f o r a GCFR demonstration plant are being pursued by 

Gulf General Atomic Incorporated together wi th 41 US and one foreign u t i l i t y 

company. Some fuel i r r a d i a t i o n is being performed under US AEC sponsorship 

and work in heat t rans fer and f l u i d flow is under way in a j o i n t program 

with the Swiss Federal I n s t i t u t e (EIR). Besides government studies in 

Europe, a Gas-cooled Breeder Reactor Association has been set up in Brussels 

in 1969 by 11 i ndus t r i a l groups, u t i l i t i e s , and government organizations 

wi th members from seven European countr ies. I t appears that the development 

of an al ternate breeder system could proceed with a t imetable not "^ery d i f ­

ferent from that of the LMFBR, i . e . , a large commercial GCFR wi th steam cycle 

could be in operation some time between 1985 and 1990. 
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CONCLUSIONS 

We have t r i e d to show the status of fas t breeder reactors which have 

now been under development f o r about 20 years in th is country and w i l l 

probably be b u i l t in large numoers by u t i l i t i e s some time in the coming 

twenty years. The t imetable fo r in t roduct ion of FBRs is d i f f e ren t in 

Europe and in the US because of d i f f e ren t needs. Uranium and thorium re­

serves are much larger in the US where enrichment f a c i l i t i e s are also 

readi ly avai lable and therefore i t does not appear that there is an urgent 

need fo r breeders in th is 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 fo r L iquid Metal Fast Breeder Reactors, 

but Gas-Cooled Fast breeder Reactors based on s im i la r fuel technology w i l l 

benef i t from the advent of High Temperature Gas-cooled Reactors and should 

be competit ive at about the same t ime. Fast breeders w i l l considerably ex­

tend the use of f i s s i on fuels (uranium and thorium) since they make a \iery 

e f f i c i e n t use of f i s s i l e material and breed new f i s s i l e material from f e r t i l e 

mater ia l . The plutonium produced by ex is t ing Light Water Reactors w i l l be 

used in FBRs and thermal and fas t reactors w i l l probably coexist f o r a 

number of years, together wi th f o s s i l fuel plants (especial ly fo r small 

p lant s izes) . 

I t i s i n te res t ing to speculate, now that we have attempted to answer 

the question Mky bn-zzdeju,? how those advanced f i ss ion reactors w i l l f i t in 

the timetable f o r fusion reactors. In an a r t i c l e published in tne June 

1970 issue of Fortune [Ref. 2 7 ] , e n t i t l e d "The Hot New Promise of Nuclear 

Power," Mr. T. Alexander wr i tes "The closest to hand is the fast oreeder 

f i ss ion reactor , the technical and economic f e a s i b i l i t y of which seems 

assured. The other , and po ten t i a l l y f a r be t te r , is contro l led thermo­

nuclear fus ion. In some ways complementary to the breeder, in some ways 

compet i t ive, the fusion p r inc ip le is inherent ly safer and cleaner. And i f 

d i rec t conversion of fusion energy to e l e c t r i c i t y could be achieved, as 

many now be l ieve, c i v i l i z a t i o n might obtain i t s energy at a price far lower 

than ever imagined." He continues by s ta t i ng that a Control led Thermonuclear 

Reactor has not yet reached the stage of the f i r s t f i ss ion reactor in 1942. 
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The timetable fo r fusion reactors varies according to the degree of o p t i ­

mism, but i t was pre t ty much agreed at the Culham meeting [Ref. 28] tnat a 

true cont ro l led nuclear react ion (producing more power than is provided to 

i t ) could be expected to occur during th is decade. In view of the d i f f i ­

cu l t problems of economic fuel i n j ec t i on and material behavior under hign 

neutron bombardment [Ref. 29 ] , especia l ly fo r the most promising (D-T) 

reac t ion , i t is questionable that an acceptable commercial fusion reactor 

could be Du i l t before the end of th is century. As we have seen, there is 

no immediate need f o r fusion reactors from the viewpoint of fuel resources. 

I t is true that the inventory of radioact ive materials w i l l be smaller in 

a fusion reactor than in a fas t breeder of the same power, and also tnat 

a fusion reactor does not contain several c r i t i c a l masses. But a large 

amount of radioact ive t r i t i u m c i rcu la tes in the various loops of a fusion 

reactor and the materials in the blankets (niobium or molybdenum) become 

qui te ac t i ve . Therefore fusion reactors w i l l also most probably require 

a seconaary containment l i ke fast breeders. The much lower thermal p o l l u ­

t ion (0.90% overal l e f f i c iency ) claimed fo r fusion reactors w i l l only be 

obtained in the next century wi th d i rec t conversion of thermonuclear power 

to e l e c t r i c i t y from such reactions as (D-He^) which require a much higher 

i gn i t i on temperature than (D-T) react ions. In the present systems wi th 

intermediate f l u i ds such as l i t h i um [Refs. 30, 31] or helium [Ref. 3 2 ] , 

and a steam turbine or gas turbine cyc le , the net e f f i c iency of fusion 

systems is comparable to that of advanced f i ss ion reactors {^^0%) when the 

energy required fo r coolant pumping and fuel i n jec t i on is taken in to account. 

At th is po in t , i t may be in te res t ing to look b r i e f l y at the world re­

serves of f i ss ion and fusion fuel and also at a b r i e f comparison of extrap­

olated power costs. We f i r s t remark that approximately the same amount of 

energy is obtainable per un i t mass of f i ss ion fuel (U or Th) or fusion 

fuel ( l i t h i um needed to breed t r i t i u m ) : about 1 MW-day/gram. Table XVI 

derived from Ref. 33, shows that the energy content of (U + Th) and of 

l i t h i um are about the same; even i f more l i t h ium were discovered, the con­

tent of natural l i t h i um in the ear th '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, i t is recognized, 
are much harder to ascertain for an unknown technology such as fusion re­
actors than for an extrapolation of known technology, namely fast breeders. 
Using numbers presented by Werner et a l . 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 mill/Kwh running costs, leading to total power costs of only 3.7 
to 4.5 mill/Kwh. Even using the more optimistic data from Carruthers et a l . 
[Ref. 33], the capital costs for a 2100 MWe fusion reactor is 175-188 S/Kwe 
and the running costs are about 0.21 mill/Kwh, leading to power costs of 
3.71-3.97 mill/Kwh, compared to about 3.73 mill/Kwh for a fast breeder of 
the same electrical output. With the previous data i t appears that the 
f i r s t 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?. . . .1 mentioned 
ear l ier 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 U^Oo 

Natural U required for 
yearly feed, tonnes UnOn 

Natural U equivalent of 
yearly U discharge, 
tonnes UoOg 

580 300 1130 450 700 

170 150 330 

40 — 

55 

Natural U equivalent of 
yearly Pu discharge, 
tonnes U^Oo 

20 — +75 

Net yearly requirements 
tonnes U^Og 110 150 330 50 -75 

Total 30-yr commitment 
tonnes UoOg 

3770 4650 10,700 1900 -1500 

Similar results obtain for LMFBRs, 

LWR = light water cooled and moderated reactor 
HWR = heavy water cooled and moderated reactor 
Magnox = CO2 cooled, graphite moderated, natural uranium 

reactor 
HTGR = high temperature gas cooled reactor (thorium cycle) 
GCFR = gas cooled fast breeder reactor (PUO2-UO2 fuel) 

tThrow-away cycle 

** 
Assuming fissile plutonium equal to 100% enriched U-235. 
(Fertile material: depleted uranium 'vl tonne UgOg/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 , ox ide, carbide 

l i q u i d metal (Na, NaK), gas (He, CO2) 

steam 

integrated concept (poo l ) , loop design 

d i rec t (gas t u rb i ne ) , i nd i r ec t (gas/steam) 

intermediate loop (Na/Na/steam) 
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TABLE I I I 

Juomparison of FBR Coolant Approaches 
(from EEI, April 1968) 

Sodium-Cooled 

ADVANTAGES 

1. Good emergency and post-accident 
cooling 

2. Low pressure 

3. Extensive fast reactor fuel and 
component experience 

4. Good heat transfer characteristics 

5. Vented fuel possible 

6. Low specific inventory potential 

Gas-Cooled 

1. Chemically and neutronically 
inert 

2. No coolant phase-change void 
effect 

3. High internal conversion rat io 
and long refueling intervals 

4. Potential high breeding rat io 
and short doubling time 

5. Vented fuel possible 

6. Small positive void coeff icient 

DISADVANTAGES 

1. Opaque fluid 

2. Chemically and neutronically 
acti ve 

3. Phase change-void effect 

4. Secondary heat transport system 
required. 

5. Component development required 

6. Lack of electric utility 
experience with sodium 

1. No fast reactor fuel and 
component experience 

2. Emergency cooling problem 

3. Heat transfer limited 

4. Stringent leak requirements 

5. Component development required 

6. High coolant velocity 

7. High pressure 
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TABLE IV 

SIMPLIFIED COMPARISON OF REACTOR COOLANTS 

COOLANT WATER HELIUM SODIUM 

Reactor Type 

Average temperature (°C) 

Average pressure (atm) 

AT (coolant rise) °C 

Density pCg/cm^) 

Specific heat Cp (wsec/g-' 

Flow velocity V (cm/sec) 

'C) 

Heat transport per unit frontal 
area 

pV CpAT (w/cm2) 

Heat transfer coefficient 
h (w/cm2-°C) 

Average f i lm drop At (°C) 

Heat transfer per unit sui 
area hAt (w/cm^) 

"face 

(PWR) 

300 

150 

25 

0.70 

5.2 

400 

36,000 

3 

25 

75 

(•HTGR -

600 

50 

400 

0.003 

5 

5000 

31,000 

0.3 

200 

60 

- GCFR) 

450 

100 

300 

0.0062 

2 

8000 

78,000 

1.5* 

100 

150 

(LMFBR) 

450 

10 

165 

0.80 

1.25 

600 

100,000 

10 

25 

250 

* 

With artificial surface roughening doubling the heat transfer coefficient. 
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TABLE V 

TYPICAL PERFORMANCE OF FAST BREEDER REACTORS 

Coolant 

Fuel 

Power (MWe) 

Inventory '^9-^^^^^^°'^^) 

Breeding ratio 

Doubling time (year) 

Coolant exit temp. (C) 

Cycle efficiency 

Capital costs ($/Kwe) 

Fuel costs (mill/Kwh) 

Power costs (mills/Kwh) 

DEMONSTRATION 
PLANT* 

Na He 

UO2-PUO2 

250-500 310 

2.5-3.5 4.4 

1.1-1.3 1.33 

15-20 '\>20 

540-590 540 

0.39-0.41 0.38 

COMMERCIAL 

Na He 

UO2-PUO2 

1000 1000 

1.55 2.6 

1.31 1.51 

8 8 

650 635 

0.43 0.40 

150 130 

0.8 0.8 

4.2 3.8 

REACTOR** 

Na He 

UC-PuC 

1000 1000 

1.45 2.0 

1.50 1.60 

4.5 4.5 

585 590 

0.39 0.38 

150 130 

0.4 0.4 

3.8 3.4 

LMFBR demonstration plants in France, Germany, UK and USA. GCFR designs from G6A. 
* 
The costs are taken from US AEC studies (1969) 



TABLE VI 

PROJECTED NUCLEAR POWER COSTS (1970 dollars)* 

Year of Startup LWR HWR HTGR LMFBR GCFR MSBR 

1975 

Plant ($/Kwe) 

Energy (mill/Kwhr) 

1980 

Plant ($/Kwe) 

Energy (mill/Kwhr) 

1985 

Plant ($/Kwe) 

Energy (mill/Kwhr) 

1990 

Plant ($/Kwe) 

Energy (mill/Kwhr) 

2000 

Plant ($/Kwe) 

Energy (mill/Kwhr) 

200-240 

6-7 

170-210 

5.2-6.2 

160-190 

4.9-5.7 

155-185 

4.8-5.6 

150-180 

4.7-5.5 

280-340 

6.8-8.2 

270-330 

6.6-8.0 

220-260 

5.5-6.5 

200-240 

4.8-5.8 

180-200 

4.2-5.2 

230-270 

6.1-7.1 

180-220 

5.1-6.1 

160-190 

4.6-5.4 

150-180 

4.3-5.1 

135-165 

4.0-4.8 

Demon­
strat ion 
plant 

220-260 

5.5-6.5 

180-220 

4.5-5.5 

160-190 

3.9-4.7 

Demon­
strat ion 
plant 

225-275 

5.6-6.8 

150-180 

3.7-4.5 

Demon­
strat ion 
plant 

150-180* 

3.7-4.5 

* 
from Ref. 7, Edison Electric Institute 1970 report 

** 
beyond 2000 
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TABLE VII 

Status of FBR Technologies 

Technological 
area under 
study or 
development 

GCFR LMFBR 

Coolant 

Fuel 

Pressure 
vessels 

Pumps and 
circulators 

Steam 
generators 

Considerable operating experience 
with British reactors (CO2) and 
US and European HTGR (helium) 

GCFR fuel design will be based 
primarily on LMFBR experimental 
data. Heat transfer results with 
roughened surfaces available 
mostly from European GCRs. 

Considerable PCRV experience in 
England and Europe. Fort St 
Vrain should provide any added 
US experience required. 

HTGR experience will be directly 
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. 

Operating experience with 
EBR-II, SEFOR and Fermi 
in the US, DFR in England 
and Rapsodie in France 

Experimentation is under 
way. High burnup on fuels 
will be tested upon com­
pletion of the Fast Flux 
Test Facility and the 
demonstration plant. 

High pressure primary con­
tainment not required. 

Both mechanical and electro­
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 

Large Pu criticals X 
Doppler confirmation X 
Data methods X 
Coolant reactivity 
Void coefficients X 

Safety 

Realistic DBA** 
Loss of coolant 
Emergency decay 
cooling 

Coolant voiding 
effects 

Fuel failure 
propagation 

Core Design 

Fuel element structure 
S/A irradiation testing X 
Coolant boiling effects X 
Heat transfer/hydraulics 
Core clamping and hold- w 
down 

X 
X 

X X 
X 
X 

X 

X X 

X 
X 

X 

X 

Fuel and Materials 

Fuel irradiation 
Clad, structure 

swelling 
Fuel/cladding 
interaction 

Cladding support/ 
cycling 

Instrumentati on/Control 

Fuel failure monitor 
Impurity monitoring 
Boiling detection 

Coolant Technology 

Chemistry and Pu r i f i ­
cation 

Na-H20 reaction 

Fuel Recycle 

Fuel fabrication 

X 

X 

X 

X 

X 

X 

X X 

X 

X 
X 
X 

Plant Design 

Emergency decay coolant 
Temperature optimization X 
Fuel transfer system X 
System transients X 

Components 

Steam generator X 
PCRV 
Pumps/blowers X 
Fuel handling X 

X 
X 
X 
X 

X 
X 
X 
X 

** 

Areas where effort is required are indicated by an X. 

Design Basis Accident 
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TABLE IX 

CHARACTERISTICS OF STAINLESS STEEL CLAD, MIXED OXIDE FUEL ELEMENTS 

FOR FAST BREEDER REACTOR PROTOTYPES 

Coolant 

Power, MVJe 

Pellet diameter, cm 

Cladding OD/ID 

"^Maximum linear rating, 
Kw/ft 

Hot spot cladding 
temperature at 
mid-radius, C 

Maximum burnup, 
103 MWd/tonne 

PFR 
UK 

Sodium 

250 (275)* 

0.50 

1.15 

13.5 

650 (700)* 

70 

Phenix 
France 

Sodium 

233 

0.55 

1.16 

'̂ .14.5 

700 (730)* 

^50 

SNR 
Germany 

Sodium 

295 

0.52 

1.15 

'v.17.5 

700 

85 

BN-350 
USSR 

Sodium 

350 

'x.0.52 

1.13 

14 

710 

>̂ 50 

BN-600 
USSR 

Sodium 

600 

0.60 

1.135 

13 (av) 

690 

100 

GE 
USA 

Sodium 

310 

0.51 

1.16 

15 

'̂ -700 

100 

Al 
USA 

Sodium 

500 

0.54 

1.135 

15 

%700 

Westinghouse 
USA 

Sodium 

300 

0.56 

1.125 

13.5 

665 

75 (av) 100 

GGA 
USA 

Helium 

'v.SlO 

0.62 

1.15 

13.8 

700 

50-100 

* 
For later cores. 



TABLE X 

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

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 States2 

USSR 

USSR 

Great Britain 

Japan 

France 

United States 

Italy 

W. Germany3 

USSR 

Power (MWt) 

.025 

1.0 

0.1 

5.0 

60.0 

1.0 

60.0 

200.0 

20.01 

20.0 

60.0 

1000.0 

600.0 

100.0 

600.0 

400.0 

140.0 

750.0 

1470.0 

Coolant 

Hg 
NaK 

Hg 
Na 

NaK 

Na 

Ma 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 
Na 

Initial Op 

1946 

1951 

1956 

1959 

1959 

1961 

1963 

1963 

1967 

1969 

1970 

1970 

1972 

1973 

1973 

1974 

1975 

1975 

1976 

1 Being increased to over 40 MWt in 1970. 

2'With Germany and Euratom. 

^With Belgium and Netherlands. 
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TABLE XI 

First Generation Fast Breeder Reactors 

Reactor Power 

Thermal, MW(th) 
Electrical, MW(e) 

Core 

Fuel 
Core volume, l i ters 
Fuel rating av, MW(th)/kg fissile 
Power density av, MW{th)/liter 
Linear rod power max, W/cm 
Neutron flux max, n / (cm' sec) 

Primary Heat Transfer System 

Coolant 
Coolant temperature 

Core inlet, °C 
Core outlet, "C 

Coolant mass flow, m ' / h 
Number of coolant loops 

Time Schedule 

Design 
Construction 
First criticality 
Full operation 
Shutdown 

Renuirks 

USA 

CLEMEN­
TINE 

0.025 
0 

Pu-Metal 
2.5 
0.0016 
0.01 
(av 50) 

(av 5 X 10") 

Hg 

40 
120 

0.6 
1 

1945 
9/1946 

11/1946 
3/1949 
6/1953 

1. fast 
reac tor . 
1. Pu-
fueled 
reactor 

EBR-I 

1.2 
0.2 

U-Metal 
6 
0.02 
0.17 

300 
1.1 X 10" 

NaK 

230 
320 

80 
1 

1945 
1949 

8/1951 
12/1951 

1963 

1. nuclear 
electr ici ty 
generation 
Pu-Core 
since 1962 

EBR-II 

62.5 
20 

U-Metal 
65 

0.3 
0.8 

450 
3.7 X 1 0 " 

Na 

370 
470 

2200 
2 

1957 
10/1961 
4/1965 

-

Reactor 
Plant 
with 
integral 
fuel 
processing 
facility 

EFFBR 

200 
66 

U-Metal 
420 

0.37 
0.45 

250 
4.7 X 10" 

Na 

290 
430 

5500 
3 

8/1956 
8/1963 
8/1966 

-

Since 
10/1966 
out of 
operation 

USSR 

BR-1 

0 
0 

Pu-Metal 
1.7 
0 
0 
0 

5 X 10'° 

_ 

-
-
-
-

1955 
1956 

BR-2 

0.1 
0 

Pu-Metal 
1.7 
0.008 
0.06 

150 
1 X 10" 

Hg 

30 
60 

6 
1 

1956 
1957 

BR-5 

5 
0 

PuOj 
17 
0.1 
0.3 

200 
1 X 1 0 " 

Na 

375 
450(500) 

240 
2 

1956 
1957 

6/1958 
7/1959 

-

UC-Core 
since 
1965 

UK 

DFR 

72 
15 

U-Metal 
120 

0.24 
0.5 

(av 320) 
2.5 X 10" 

NaK 

200 
350 

1800 
24 

3/1955 
11/1959 
7/1963 

-

France 

RAPSODIE 

20 
0 

PUO2/UO2 
54 
0.14 
0.32 

(av 210) 
1.8 X 10" 

Na 

410(450) 
500(540) 

800 
2 

1958 
1962 

1/1967 
3/1967 

-

(RAPSODIE 
is not 
really a 
reactor of 
the first 
generation, 
it belongs, 
to a large 
extent, to 
the second 
generation) 



TABLE XII 

FBR PROGRAMS -Mi les tones (from Ref. 3) 

lO 

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 : >5000 gpm) 

Demonstration reactor 
critical 

Large reactor critical 
(estimate) 

Professional Staff 
1966-1967 

R&D funds :through 1967 
millions $ :1967 annual 

:70 - 75 annual 

Reactor construction 
millions $ :already built 

:being built or 
discussed 

USA 

1945 

1955 
1968 

USSR 

1949-1950 

1955 
1961 

1946 (Clementine) 
1951 (EBR-I) 
1961 (LAMPRE) 1956 (BR-2) 
1963 (EBR-II) 1958 (BR-5) 
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-II 
LAMPRE 

90 Fermi 
330 

SEFOR 
FFTF 
3 Dems.? 

1961 

1969 (BOR) 
(60 MWt) 

1966 

UK 

1951 

1954 
1962 

1959 (DFR) 

1964 

--

1963 (7000 gpm 
1967 (large Na-

1970 (BN 350) 1972 (PFR) 

1975 
(600 MWe) 

? 

? 

1979 

'̂ .650 

? 

-̂ 35 
increase 

24 DFR 

70 PFR 

pump) 
-H 0) 

France 

1956 

1966 

1967 (Rapsodie) 

1968 

— 

1962 (10 MWt,IHX,pump) 
1964 (5 MWt SG) 
1969 (20 MWt SG) 

1973 (Phenix) 

1980 

^700 

? 

-x-SO 
-̂ 30 

45 Rapsodie 

100 Phenix 



Table XII contd. 

Germany/Belgi um/Hol1 and I ta ly Japan 

NO 
•tr 

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 
loops operation 

:(>5 MWt or 
:>5000 gpm) 

1956 (Belgium), 1960 (Germany) 

1966 

1970 (KNK-Na) 

1968 

1965 (5 MWt SG) 
1969 (88000 gpm pump 
1968 (large Na-H20) 
1970 (50 MWt SG) 

1962 1962 

1967 

1973 (JEBR) 

1968 
1968 

1975 (PEC) 
(140 MWt) 

1972 (50 MWt SG) 

1969 

1972 
('v-100 MWt) 

(under 
consideration) 

Demonstration reactor 
critical 

Large reactor critical 
(estimate) 

Professional staff 
1966-1967 

R&D funds 
millions $ through 1967 

1967 annual 
70 - 75 annual 

Reactor construction 
millions $ :already built 

:being built or 
discussed 

1975 (Na) 

'V.1980 

200-250 (Germany) 
150-200 (Belgium + Holland) 

1978? 

1983? 

'x-100 

'̂ 60 (Germany), '̂ 1̂0 (Belgium & Holland) -̂ .15 
^40 (+15 Belgium & Holland) ^10 
increase big increase 

0 

HNK , Na Dem. (300) 

1977? 

1987 

'vl50 

'̂ io 
big increase 

0 0 

PEC Na Dem. (140) JEBR Na Dem. (150) 



TABLE XIII 

LMFBR Demonstration Plants* 

Reactor Pov;er 
Thermal, MWt 
Electrical, MWe 
Net efficiency (%) 

Core (reference) 

Fuel: pin length (cm) 
diameter (cm) 

Core volume (liter) 

Fuel rating av,MWt/kg 
fissile 

Power density av 
MWt/liter (core) 

Linear rod power max, 
W/cm 

Breeding ratio 

Burnup, MWd/Kg (max) 

Primary Heat Transfer 
System 

Type 
Number of coolant loops 

Coolant temperature 
Core inlet, C 
Core outlet, C 

Steam conditions 
Temperature, C 
Pressure, atm 

Date of Operation 

* 

GE 

750 
310 
41.4 

90 
0.58 

2000 

0.82 

0.31 

500 

1.2 
100 

pool 
3 

425 
590 

510 
170 

USA 
Westing-
house 

770 
300 
39 

76 
0.64 

'V2000 

0.85 

0.39 

450 

1.22 

'̂ .100 

loop 
2+1 

400 
550 

480 
170 

Al 

1250 
'\.500 
40 

125 
0.64 

3100 

0.93 

'x.0.37 

490 

1.3 
75 (av) 

loop 
3 

405 
570 

'X.480 
^170 

BN-350 

1000 
350 
35 

105 

-vceo 
1900 

'^.^.2H 

0.5 

470 

1.5 
50 

loop 
5 

300 
500 

435 
45 
1970 

[••i-

USSR 

"* BN-600 

1470 
600 
40.8 

70 
0.69 

-̂ .2300 

1.22 

0.55 

'̂ .500 

-̂ .1.35 

100 

pool 
3 

380 
550 

505 
140 
1976 

UK 

PFR 

600 (670) 
250 (275) 

%41 

91,5 
0.585 

1320 

'vO./ 

^0.4 

450 

1.15-1.25 

70 

pool 
3 

400 (430) 
560 (600) 

515 (565) 
162 
1972 

France 

Phenix 

563 
233 
41.5 

85 
0.66 

1225 

0.78 

0.43 

-̂ 480 

1.16 

>50 

pool 
3 

405 (420) 
565 (590) 

510 (540) 
163 
1973 

Germany 

SNR 

730 
295 
40.4 

95 
0.60 

1750 

0.84 

0.37 

580 

1.33 

85 

loop 
3 

375 
545 

505 
165 
1975 

N3 
-F 
Is) 

PUO2-UO2 f u e l , stainless steel clad. UO2 fo r the f i r s t load (950 Kg of U-235) 



TABLE XIV 

ESTIMATED LMFBR POWER PLANTS TIMETABLE 

France 

Germany 

Japan 

UK 

USA 

USSR 

Demonstration Plant 
(250 to 500 MWe) 

1973* 

1975* 

1977 

1972* 

1977-78 

1970* 

. Large Plant 
(600 to 1000 MWe) 

1980 

1980 

1979 

1984 

1976* 

Commercial Plant 
(̂  1000 MWe) 

^.1984 

'vl986 

1987? 

-^1983 

'V.1990 

'V1980 

* 
Plants under construction or committed 

2̂ *3 



TABLE XV 

TYPICAL PARAMETERS FOR GAS-COOLED FAST BREEDER REACTORS* 

Plant Commercial 
Reactor 

1000 

2530 

39.5 

85 

340 

635 

800 

580 

100,000 

8600 

160 

0.8 

1.10 

0.30 

0.54 

3.4 

0.90 

270 

'v.lOO 

18 

2.3 

9 

1.5 

(1000)-538 (1000) 

163 (2400) 

Demonstration 
Plant 

311 

826 

37.6 

85 

312 

541 

700 

450 

50,000-100,000 

3200 

100 

0.715 

1.15 

0.30 

0.45 

2.7 

0.60 

240 

^50 

12 

2.4 

21 

1.33 

468 (875)-496 (925 

196 (2900) 

Electrical power (Mw) 

Thermal power (Mw) 

Net cycle efficiency (%) 

Helium pressure (atm) 

Reactor inlet temperature (C) 

Reactor outlet temperature (C) 

Mi del ad hot spot temperature (C) 

Maximum linear rating (w/cm) 

Maximum fuel burnup (Mwd/t) 

Active core volume (liters) 

Active core length (cm) 

Fuel pin outside diameter (cm) 

Clad OD/ID 

Fuel volume f rac t ion 

Coolant volume f rac t i on 

Reactor pressure drop (atm) 

Average ra t ing Mw/kg ( f i s s i l e ) 

Average power density kw/ii (core) 

Total pumping power (Mw) 

Average fuel enrichment (%) 

Fuel l i f e (year) 

Doubling time (year) 

Conversion ra t i o 

Steam condi t ions: 

Temperature, C (F) 538 

Pressure, atm (ps i ) 

PuOp-UOp fuel wi th sta in less steel clad and surface roughening. 
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TABLE XVI 

ENERGY CONTENT OF WORLD FUEL RESERVES 

(IQ = 10^8 Btu) 

High Grade Low Grade Ores 
Ores (estimate) 

Uranium 

Thorium 

U + Th 

Lithium 

(Li6 in 

Total Li 

oceans) 

76 

48 

124 

18* 

5x106 

7x106 

12x106 

5x106 

6x106 

11x106 

Assumptions: 100% utilization of U and Th by breeders; 

Li6 content (7.4%) burnt in D-T reactors. 

* 
very conservative figure because of low demand. (From 
Ref. 33) 
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WHY FUSION?* 

by 

WILLIAM C. GOUGH 
U.S. Atomic Energy Commission 

Division of Research 
Washington, D. C. 

INTRODUCTION: 

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. 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. 

2 
That is essentially the ratio of population in these groups -- 1:3:8. 

On the right side of Figure 1 is an energy source. It represents our 

present sources of energy which are primarily the fossil fuels. 

Tliose wtio use most of the energy live on the upper floors and they are 

getting pollution from their energy 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. 

*Fxom 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 

3 
of the world. 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 

4 
materials was for steel, which is a good indicator. 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. If 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. 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. 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 
Q 

shows the distribution of the U.S. population versus age. You find 

that about 907o 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 

9 10 
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 
11 

be for an old Buick, because I had to get it from scrap data. Where is 

the material for U.S. automobiles coming from? You see that about 3/4 

12 
of a ton is coming from foreign sources. 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 assume 
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12 
reserves. 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 

13 
these metals occur In the earth's crust In very few parts per million. 

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, 

14 
for Instance In copper, has been decreasing In the U.S. Figure 13 shows 

that although our production of ore is changing only slowly, the amount of 

14 
energy being used to obtain these ores has recently rapidly risen. 

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. These data were 

obtained before the Solid Wastes Program of HEW made a careful study. 

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 vrtiat is commonly 

known as water pollution. Another way is to burn it and this, of course, 

releases particulate matter and CO^ and other gases to the air. We 

looked at how much CO^ would be released in the year 2000 if all of 

the municipal refuse was burned and it was 444 million tons per year, 

just from the U.S. alone. 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. 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. 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 1% 

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 

YEAR 
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AVERAGE COMPOSITION OF MUNICIPAL REFUSE (% BY WEIGHT) 
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ELEMENTS RECOVERED % BY WEIGHT 

C 33345 
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recovered at low cost. 

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 
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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. It'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 

18 
produced by the use of auxiliary energy. In what form do we use 

auxiliary energy in the U.S.? Figure 21 shows that most of the energy i 

not electrical, although we seem to talk as if electrical was the 

20 
only form of energy. 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 

21 
are "infinite". The ones that are limited are shown in Figure 22. 

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 C0„ affect 

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. 

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 long 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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"INFINITE" ENERGY SOURCES 
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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 

23 
satellites to avoid problems created by weather on earth. 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 unlim 

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 

24a 
parameters towards the regime needed for fusion reactors. 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 Genera 

Atomics, although at low temperature and low density, has recently shown 

25 
nearly classical confinement. 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 27o, of our annual effort. Over three 

years we have spent about Ik 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-Li 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 neutrons. 

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-Li cycle could be made self-sustaining although it would 

26 
be an extremely difficult task. 

Figure 29 lists the environmental features of a fusion reactor. 

I'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 

6 
products: The p-Li cycle would have no radioactivity because there 

3 
would be no neutrons and no radioactive fuel. If you used the D-He 

cycle there would be some radioactivity induced in the wall -- nothing 
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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 

27 
magnitude less hazard potential than is present in a fission system. 

However, vrtien 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. In our discussions the 

other night, we were talking about very fast pulsed systems which use 

inertial confinement. There you really have a little explosion. I 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: 

6 3 
Again, if you assume the p-Li cycle we have no hazard. For the D-He 

cycle we have practically no hazard because there are no volative radioactive 
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materials or fuel. For 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 

27 
seems to be a very wide margin in favor of fusion. 

Reduced danger of diversion of weapon grade material for clandestine 

28 
purposes: This is a serious problem for the future. If you look at 

6 3 
fusion reactors you see that this is no problem with p-Li , D-He , 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-He and p-Li where efficiencies of 80-907o 

26 
are possible that will be very hard to match. Figure 31 is an 

3 
artists drawing of a 1000 megawatt D-He 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 307o, conventional fossil fuel plants operate at about 407= 

as will first generation breeder reactors. Advanced breeder reactors, 

MHD converters and steady state D-T fusion reactors should be in the 50-607, 

range. Direct conversion fusion reactors should be in the 80-907o 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, 

29 
it becomes a valuable asset. 

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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Figure 31 
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^^ŝ 
»^*^ 

i'J- r-^ 

p^?-. w 
^ -^ 

ft 

CVJ 



ro 
C3N 



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 

the "Fusion Torch". ' ' Figure 34 is a log-log plot of plasma 

parameter space in terms of plasma density versus temperature. 

Almost all industrial processes using plasmas now fall in the upfier 

left hand quadrant. What fusion research has done is to make 

available the entire right hand quadrant for exploitation. It'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 exi.stittg 

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 fusi<6ii 
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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 th^ plasma state. Figure 37 is a schematic of a fusion 

35 
reactor with a Fusion Torch unit. 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 
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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. In 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. This is a good candidate since 

aluminum takes a great deal of energy to process and some low temperature 

37 
plasma separation has been done. 

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 

30 
we're less than a fifth of the world effort in fusion. 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 

39 
the advent of very fast computers. 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 

"scientific 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. In 

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 

40 41 42 
R & D programs in the U.S. ' ' 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. If 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 

317 



200 

190 

180 

170 

160 

150 

140 

130 

U S GOVERNMENT 
RESEARCH AND DEVELOPMENT 

CUMULATIVE EXPENDITURES 
(FOR 70 YEARS) 

S 120 
< 

O 110 

u. 

o 

B
IL

L
IO

N
S

 

5 
§ 

80 

70 

60 

bO 

40 

30 

20 

10 

0 

"^ 

— 

— 

— 

— 

1 , -«.U 
1900 1910 1920 1930 1940 

FISCAL YEAR 

1950 1960 1970 

Figure 41 

318 



it is to support. We have started on supersonic aircraft; we have 

started on antlballistic missiles. 

Figure 42 gives the annual expenditures for the fusion program 

for operating and equipment funds. The dashed curve uses the consumer 

43 
price indexes to adjust these dollars for inflation. For the last 

seven years, the real purchasing power for the fusion program has remained 

essentially 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 noirmally 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. 

44 
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, 

45 
now. We have certain traps that we can fall into. 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 

46 
every man, woman, and child on earth. The security of this country, 

the Soviet Union, and possibly the world, is based upon a nuclear 

47 
deterrent system. 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. In 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. By the year 2000, our energy sources 

2 
will be running down, the ratio of population will be 2:4:16. 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. I'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. 
Old Dominion University 

Abstract 

It is likely that micro-thermonuclear detonations, as discussed 

1 2 

by Kidder and Winterberg , 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. 

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. 1958). 
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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 charf̂ ed, 

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 
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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 meeisurements become available. We consider the 

reaction 

f + ++ 1 
D + T — t ^ He + n +17.3 MeV, 

o 

take niobium as the wall material, and use the other assumptions 

of TM-2204^ and TM-2692. 

Presently available yield data for hydrogen ions is summarized 

2 + 

in Fig. 1. Yonts reported a yield of 0.0042 atoms/ion for D at 

20 keV on niobium at 1100 C, which is somewhat less thaui 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 0.0071 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, 

335 



0!0 

0 0 9 

0.0 3 

_.,, 

1 

1 

• 
• 

1 

• 
• 

I 
• 

• 

• 

1 1 1 I I j - I I ! 1 1 1 I I I ! T 1 

D o« Aa (Gpy-UNi* AND MOOP^ ^ 

• 
• 

• • 

0.07^-

O 0 3 ' -

5 

i 0.05 

004 

Q03 

0 0 2 

0.01 

[-

H ON Aa 

H ON Au (PURR ANO FINFGELO) 

8 o o o 

(YONTS er. AL) 

"J, 

xMo 
''W.AL 

J I I I I 1 L. 
8 10 12 14 

xNs 

_j I 1 I L_ 
16 18 20 22 24 

ION ENERGY (KEV) 
26 

0 ON Cu 

H*ON Cu 
• 

_1 I I I L 
28 3 0 32 34 36 38 4 0 4 2 4 4 

Fig. 1 



the ratios of yields for H and H were close to 1.5. Applying 

this factor to the D -T 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 I 

will almost certainly be the predominant erosive mechajiism. As 

++ 
burnup fractions are improved, however, sputtering by He 

will become increasingly significant. Unfortunately, there is 

no yield data for He , and data for multiply charged ions 

in general is exceedingly scarce. For this reason, we begin 

with Yonts' value of 0.0.51 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 results 

+ 
for D on silver. He found that yields decreased by 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 Fig. 1, we 

_2 

arbitrarily take 1 x 10 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 n is also included. Garber, Dolya, Kolyada, Modi in 

5 
and Fedorenko give the sputtering yield for monoenergetic 

_3 
14 MeV neutrons on gold as 3 x 10 atoms/neutron. Norcross, 

6 -4 

Fairand and Anno found a yield of 1 x 10 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 4.0 barns respectively. This indicates yields as 

-3 —5 
high as 2.3 x 10 , or as low as 7.6 x 10 atoms/neutron. We 

_3 
chose 1 X 10 atoms/neutron, a compromise weighted somewhat 

in favor of the monoenergetic result. 

Proceeding to CEulculate wcill erosion rates, we begin with 

the quantities of TM-220i. At a power level of 30,000 MW (thermal), 
22 + + , 

approximately 10 D -T /sec = S.-L. are burned, where S. and L. 

are rates of ion injection and loss, respectively, and the wall 

2 2 
eu-ea A is taken to be 3,000 M . The total erosion rate R(atoms/cm -sec 

is given by 

« = ̂ He-n̂ Ĥe ̂  V ^ V T ^ ^ D " V ' 

where the Y's are sputtering yields, 

$„ = (S.-L.)/A= 3.3 X 10"'^Vcm^-sec, and 
He-n 1 1 

'^r^ T - L . / A = ( S . - L . ) ( i _ D / A = • ? • : ! X ^n'^'^ fl o D-T 1^ 1 1 f 1 V A - C S . 3 X 1 0 ( i - D / c m ^ - s e c b f, ^^G. 
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Erosion r a t e as a funct ion of burn-up f r ac t i on for D-T, and 

t o t a l e ros ion r a t e s , both in cm/year, are given in Table 1, 

along with wall l i f e t i m e . As in TM-2204, 20% removal of a 

1.0 cm. wall i s taJten £is t e rmina t ing wall l i f e . 

Table 1 - Erosion r a t e s and WELII l i f e t i m e as a funct ion of 
burn-up f r a c t i o n . 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

80.0 

90.0 

100.0 

D-T Erosion Rate 
(cm/year) 

0.67 

0.33 

0.17 

0.11 

0.081 

0.064 

0.030 

0.014 

0.0078 

0.0051 

0.0034 

0.0023 

0.0014 

0.00084 

0.00037 

0 

Total Erosion 
Rate (cm/year) 

0.67 

0.33 

0.17 

0.11 

0.083 

0.066 

0.032 

0.017 

0.0099 

0.0071 

0.0054 

0.0043 

0.0035 

0.0029 

0.0024 

0.0021 

Wall 
Lifet ime 
(years) 

0.18 

0.36 

0.72 

1.1 

1.5 

1.8 

3 .7 

7 . 7 

12 

17 

22 

28 

34 

41 

49 

58 
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• 
CONCLUSIONS 

i'"or bu rnup f r a c t i o n s of 3'fo or l e s s , D-T s p u t t e r i n g 

. ippoars t o be t h e o n l y s i g n i f i c a n t mechanism of w a l l e r o a i o n . 

At a p p r o x i m a t e l y \Ct% b u r n u p , s p u t t e r i n g by rie-n c o n t r i b u t e s 

10% t o t h e t o t a l e r o s i o n r a t e , and would become t h e p r i m a r y 

f l o t e t i n lnan t of wa l l l i f e t i m e i f b u r n a p f r a c t i o n s of 607o o r 

moi'G were o v e r a ' - h l e v e d . 

The y i e l d s u sed h e r e a r e a l l f o r r ' l e an s u r f a c e s , and w i l l 

p r o b a b l y p'-ove t o be h i g h e r t h a n t h o s e fo r a c t u a l r e a c t o r 

w a l l s w i t h a t l e a s t mono laye r g a s c o n t a i i l n a t i o n . In Capt , 

c o n t i n u o u s r e - c y c l i n g of t h e hydrogen work ing f l u i d by l i g h t -

ion impa r t d e s o r p t i o n s h o u l d p r o v e h i g h l y a d v a n t a g e o u s , for 

b o t h w.il I l i l e t i m o and plaisma p u r i t y . Bombardment by h e a v i e r 

i o n s , however , would be q u i t e d e t r i T i e n t a l . 

The s p u t t e r i n g y i e l d s upon which t h e s o c o n j e c t u r e s a r e 

+ 
basGil a r c a l m o s t a l l u n c e r t a i n , o r w o r s e . Y l s l d s for D a.re 

+ 
m.>;5t r e l i a b l e , and thosic for T w i l l become b e t t e r known 

when d a t a Co.- p r o t o n s becomes a v a i l a b l e . E f f e c t s of e l e v a t e d 

t a r g e t t e m p o r a t u r e and e n e r g y v a r i a t i o n , a s w e l l a*; y i e l d s fo r 

s e v e r a l d i f f e r e n t m a t e r i a l s , need t o be e s t a b l i s h e d . 

+ (-
Therea f t e r , y i e l d s fo»- mul t ip ly charged ions , and for He 

in p a r t i c u l a r , need to be measured. Our d a t a In t h i s a^ea i s 

most ina>lcquatc, the y i e l d used here in being simply a guess , 

r + 
and the u n d e s i r a b l e e f f e c t s of lie boiibardmsnt o u t l i n e d abov^e may be 

• 
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beidly u n d e r - e s t i m a t e d . I t i s e x p e c t e d t h a t , w i t h t h e 

a c h i e v e m e n t of improved b u r n - u p f r a c t i o n s , t h i s i n f o r m a t i o n 

w i l l become i n c r e a s i n g l y s i g n i f i c a n t i n t h e a c c u r a t e e s t i m a t e 

of w a l l l i f e t i m e s . 
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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 Is assumed to consist of a power reactor 

supplying a part of a city with electrical energy. The waste 

energy from the reactor is to be utilized by a fusion torch. The 

torch processes scrap material to reduce it to Its basic elements. 

Senstlvity of the power output of the reactor and the cost per 

unit energy to uncertainties in ox>nflnement 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 produot" 

is 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 account. A utilization 

factor for the energy supplied to the torch is derived. Also 

obtained is the optimal capacity of the torch that pelves 

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 dally basis 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 fusion reator consists of: useful energy W^ , 

waste energy W^ and escaping plasma particles. The last two are 

proportional to the Inputs to the fusion torch. All outputs are 
1,2.3 

given by: 
-33 2.36 2 ^ 

W a 1.0 xlO p(l-p) T N t /V kWhr.(l-l) 
° -3 1.36 
W^- 1.0x10 V / (NT r ) kWhr.(l-2) 

for 8 ̂  T(keV).^ l6. Here N is the number of ions or electrons 

since both species are used at equal numbers, V is the reactor 

confinement time ,T is the plasma kinetic temperature,V is the plasma 

volume and p is the ratio of tritons to the fuel mixture (deuterons 

+tritons). 

There is a great deal of uncertainty towhat will 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 likely that the predicted values for B,n and T will deviate from 

the actual values after the reactor is put in operation. In addition 

these variables are liable to changes during operation. 

Since the core of the reactor is to be Integrated into an 

injection device, a magnetic field system and a heatintr device;any 

uncertainty in the rate of injection 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 their effect on 

the design of the torch and the whole plant. These changes have to 

be considered in the design of the industrial complex which is sup­

plied by the eleĉ r̂ical power from this reactor. 

Uncertainties in the design parameters of a fusion reactor have 

their impact on the price of the power produced and their 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'C which exceed some low bounds in order the reactor produces 

useful power. In the case of D-T reactors the feasibility criteria 

are: 
Ik 3 

N T / V > 10 sec/cm (1-3) 
and T > 6 keV (1-4) 

5 
In this paper the techniques introduced by Rudd and Watson are 

used to investigate the following problems: 

I. The senstivity cxjefficients 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 produced. The 

propagation of uncertainty in partially controlled parameters 

through the design is investigated. 
5 

II. The expected value criterion is used to select a proper plasma 

density in the presence of uncertainty In the plasrra temperature. 

III. A great deal o^ work has been done to develope a design 

criterion which is given numerically in Eq.(l-3). The values of 

parameters used to evaluate the value of N T /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 energy leaving the fusion reactor is used to evaluate 

the optimal capacity of the torch for maximum venture profit. 

V. The effec1;s of storage on a pulsed supply of material for 

processing in the torch is investigated taking in consideration 

the variable but continuous process. Variable energy input 

is 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 
Desicrn 

2-1 UNCERTAINTY IN THE ENERGY OUTPUTS; 

Let us test the senstivity of the energy outputs W and W 
w o 

to changes in the parameters N,'(f and p. These paranieters are con­

trolled by the injection device and by the magnetic field configur­

ation. The senstivity coefficients for W-(p,N,f) are: 

Sp = - ^ = W^ (l-2p)/(p(l-p )) (2-1) 

Sv = ^'^o = 2WyN (2-2) 

S = ?>Wo = W / y- (2-3) 

If in the base design W is the thermal energy output available for 

electricity, then the output energy after a sliPht change in p,N 

and r is given by: 

^o " ^o "̂  ̂ o ( 2 + (l-p)(l-p/p)/(l-p) - N/N - '^/r) (̂ -̂ 0 

where the bars indicate that the parameters are those of tJhe base 

design . From Eqs.(2-1) through (2-3) it is observed that W^ is not 

senstive to slight changes in the value ofrwhlle a change in N 

induces a change of the same order in N since ^ 2N while 
^N 

'^}tle Is independent of T . The effect of changing p is milder than 
i>r 
t h a t due t o changes in N, The e f f e c t on the value of W <d«e to 
changes i n p,N and X i s expressed approximate ly by E q . ( 2 - 4 ) . As an 

— ^ - 23 23 

example, l e t : p=0.5 , p=0.4 , T =1 , <- =0.8 , N=10 and N»2xl0 , 

then WQ/WQ ~ 1 .2 . 

A word of caution here is that Tis a fuhction of T, however, 

the change is considered to be indpendent of T. The effect of changes 

in T on Ẑ is considered afterwards. 
Now, let'us consider the senstivity of W to changes inland N: 
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^ ' ^ ^ ' -"w/t (2-5) 

We see that the senstivity coefficients are negative i.e. an increase 

in r or N causes a decrease in the base design value of Ŵ .̂ If we 

consider the parameters given in the above example, we get a change 

in W^ given by: W^ /V = 0.8. This result is no surprise since an 

increase in the useful energy WQ causes a decrease in the waste energy 

W^. 

2-2 UNCERTAINTY IN THE COST PER UNIT ENERGY: 

Assuming that the amount of money Invested I in the power plant̂  

does not change- with slight change in W^ , the cost per kWhr is given 

approximately by: 

c = klI/(apQ) mllls/kWh (2-7) 

where a is the plant! availability factor, 1 is the annual charges , 

Po "Ŵ /̂'C kW and k is a conversion factor to express c in mills per 

kWh. Now r does not appear in the equation for c . The cost per 

unit power is therefore a function of p,N,V and T only. Thus the 

sensi tiv! t.y ec^ff icients aret 

Sp = - c (l-2p) /(p(l-p)) (2-8) 

Sĵ  = - 2c/N (2-9) 

S^ = - 2.36 cT (2-10) 

S^ = c / 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 but he may not 

be able to decide on N, V, T,and p with lOOJg certainty. 

The signs of Eqs,(2-8) and (2-9) are opposite to those of 

Eqs,(2-l)and (2-2) although they depend on p and N in the same fashion. 

This Is because c is 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 proper to 
1 

the adventure- of using a new technology. This best guess of c 
23 8 3 -

corresponds to p=0,5 , N=l.25x10 , 7=2.5x10 cm and T=10 keVj 

where the overbars are assigned for the best guess values. The effects 

of the uncertainties on c is approximately given by: 
-23 23 

c - c = - 6.4x10 (N-1.25x10 ) - 94.4(T-10) 
-8 8 

+ 1.6x10 (V-2.5X10 ) (2-12) 

where the senstivity coefficients are evaluated using the best guess 

values and N , T ,and V are values near these best giiess values. 

Figure 2-1 shows the relation between c 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 is also demonstrated. 

In situation: A, the assumed uncertainty in the temperature of the 

plasma ions falls in a range in which the cost is sensitive to the 

temperature. This Is the range for which the approximate forms given' 

in Eqs.(l-l) 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 m.apped into a nearly 

uniform distribution of uncertainty in the cost, with the range of 

uncertainty greatly suppressed. Situation C is an internnediate case 

between the expanded uncertainty in situation A and the suppressed 

uncertainty in situation B, Thus the cost is 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 deuterlvim and tritium; 

the energy conversion from thermal to electrical is at an efficiency 

'7, The power output is given by: 
-34 2 2,36 

P(n.T) = 2,5x10 -̂  V n 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: 

l/( T^ - T^) T^< T<T^ 

P(T) = \ (3-2) 

0 otherwise. 

The situation is realistic in a steady-state reactor if the injection 

device is efficient 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 minimiim cost. The costs are assumed to be- : 

success on the first attempt 

C(n.T) (3-3) 

redesign needed 
V ciP -»• c^ (Q - P) + Cg T < T^ 

where c and Co are the costs per unit power of the initial capacity 
1 "^ 

and of the additional power respectively, Q Is the required capacity, 

C_ 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 TQ is the plasma temperature corresponding 

to a capacity Q, that is: 
33 2 1/2.36 

To = ( 4xie Q / n V ) (3-^) 

Cp is not necessarily equal to c-, but is most likely larger, since 

raising the reactor capacity may require the replacement of some parts 

The expected cost is then: T, 

-34 2 r ' 
CTnT = 2.5x10 07 Vn (c^ - C2)(1/(T -T.)) J T 

t H rn 

•° 2.35 
dT 

\ 

To 

* " = 2 « * = S ' / ' T H - \ ) ^ ^ / dT 

+ 2.5x10 -yj Vn c-> /(T - T ) J T dT 
-34 2 /'H 2.36 

H L T o 

(3-5) 

Thus, 
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- 1 - 3 4 2 3 . 3 6 3 .36 
C(nT = (T -T ) ( . 67x10 Vn (c^ T + ( c . - c^ ) T ) 

H L -̂  H ^ J- L 
33 2 Z 1 / 2 . 3 6 

- (cpQ + C )T + (4x10 Q / n V ) (c^Q+C^- Q / 3 . 3 6 ) ) 
^ S T- ^ s 

(3-6) 
33 2.36 i 33 2.36 i 

for (4x10 Q/T V) <^ n ^ (4x10 Q/T ) • 
H ^ L 

Differentiating with respect to n and equating the result to zero 

the minimum expected cost is reached when: 

» 33 2.36 i 59/168 59/168 
n = (4x10 Q/Tjj V) {c^ /c-^) (l+84Cs/59c2Q) 

3.36 -59/168 
X (I'f(c2-CT)(T /T ) /c^) (3-7) 

-̂  L H ^ 
The cost C^ is actually much less than c Q, In addition if 

" 3.36 2 
(CP-CT)(T /T ) /c, <^ 1 , Eq.(3-7) reduces to: 

•̂  L H ^ 

* 33 i 59/168 3.36 
n = (4x10 Q/T V) (Cg/c^) (1-59 (Cg-c^) (T̂ /̂T̂ ) /l68c^) 

(3-8) 

If we define an overdeslgn: factor f as the ratio of the recommended 
33 2.36 1 

design density to the optimistic design density (4x10 Q/T,, V) ,then; 
n 

59/168 3.36 
f = (cg/ĉ L̂  (l-59(c2-c^)(TL/Tg) /l68c^) (3-9) 

1.18 
for f < (TVT ) 

f = (T„/T^) otherwise. 
n L 

If c = ĉ  , f can be obtained from EQ.(3-8) as: 

f = (1 -f C^/2CpQ) (3-10) 

on the assumption that C <^ c Q. Since this is the case in practical 
s c 

sitliations, it is not dangerous fo gamble on possible underdesign, 

although it is preferable tt) overdeslgn by the factors given above. 
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Actually, in the construction of a huge power plant some money is 

assigned 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 

Itihas 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 is calculated from an energy balance on 

the plasma and is given by: 

Ph ^= Pp - PH (̂ -1) 

where P_ Is the fusion energy released" per unit time to the alphs 
c 

ions produced from the fusion reaction and P„ is the enertry radiated 

from the plasma per unit time. The amount of energy required to 

heat the plasma per unit time is: 
-19 2 

Py. = 2.4x10 n T/t: kW (4-2) 
6 

Equating Eqs.(4-l)and(4-2) yields the following equation for the 

product nl^ which we will call x: 
* . • 3 

x(c.E .T) = 12 T/ / T T 7 CE sec/cm (4-3) 

where j'(T) is the product of the fusion cross section times the 

velocity of the Incident particle averaged over the velocity distrib­

ution of the deuterons and ttitons and is a function of T only. In 
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the range 8^T(keV):^l6 f{T) can be written as: 
-19 2.36 3 

/ T T T = 4.7x10 T cm /sec (4-U) 

where T Is in keV. However, f(T) is used for generality. In 

Eq.(4-3) it is assumed that the electron temperature is almost equal 
# 

to the ion temperature. E is the fraction of energy released to 

the alphas per fusion reaction in keV and c is the fraction of energy 

retained in the plasma. The parameter c is liable to uncertainty 

since the amount of energy loss is 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 most 

probable energy of a normal distribution of the alphas produced, 

that is: 
* * X 

p(E ) =( l/( ^ c r * ) ) exp(-(E*-E )/2 ©- * ) (4-5) 
E E 

where E is the most probable energy of the alpha particles and rr ^ 
chance ^ 

IS the variance. There is a 96 per cent.that the uncertainvalue of 
• * « '̂  

E will fall within (E "••2T)and (E -2T),thus: ^_*=T ; and the 

distribution becomes: 

p(E*) = (l/( \fZTiT ) ) exp(-(E*-E*)/2T ) (4-6) 

The expression for the normal distribution is different from that 

given in Eq.(12.2.6) of reference 5 ̂ Y ̂  numerical factor for 

normalization purposes. 

The uncertainty in c encodes a uniform distribution: 

l/(CiT - c,) c ^ c < c 
" !< L "̂  H 

P(c) = ] (4-7) 
0 orherwise 
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where c is the optimistic value and ĉ  is the pessimistic. This 
H L 

distribution is adequate for c 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: oo c^ 

/

* r —1 2 

dE jdc (oE*) exp(-(E*-E*)/2T^) 

^ (4-8) 

Carrying out the Integral over c we get: ^ 

I T T T =(12 ln(Cjj/cL)/l/2nf(T)(cjj-CL)) /dEV"^exp(-(E*-E* /2T ) 
^ (4-9) 

At very vow plasma temperatures,i.e. for T4>E 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 

« 
\/^ and the result is: 

* 

I T T T '^ 12T ln(cH/Cj^)/ ( J T T K C ^ - C ^ ) 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 OL 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 it can be writtten explicitly as: 
. 19 1.36 J 

XTTT ^ 2.55x10 ln(c /c ) /(T (c -c ) E ) . (4-11) 
H L H 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 
• * _ • 

1/E . Since this term is peaked at E <. E , the exconential 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 

imprac+lf'f5l. To avoid such situation we may bound the uncertainty 
* « • 

in E to the range between a low value E and an upper bound E on 
L H 
• ^« , 

the account that the uncertainty below E- and above E is almost zero. 
L H 

• vs —* 
This is the case of interest since particles of E -^ E are likely 

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 enerp̂ y will rapidly neutralize. Hence x(T) is 

approximately given by: 
* * _*2 2 ^ -1 

/E ; 
H L 

XTTT ^ 12 ln(Cjj/ĉ ) ln(Ê ^ /E*) exp(-E /2T )i^fVn{c^-c^)) 

(4-12) 

for high T. 

Eauation (4-3) is well known as the design criterion for a 

feasible thermonuclear reactor. However, Eq. (4-10) gives the expected 

design criterion taking into account theuncertainties existing in 

the values of c and E . Such uncertainties 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 coefficient is : 

S = dxTfT/dT = - 1.36 XTTT/T (4-13) 

for 8 ̂ T(keV) $̂  I6 and D-T plasma. A negative sensitivity coefficient 

is 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 available to heat the plasma, thus 

raising T. An overestimated T leads to a less x(T) thus decreasing 

the heat availablelfor the plasma and consequently reducing T. 

This observation is useful in controlling the reactor during operation, 

since Sm can be regarded as a temperature coefficient for x(T),i.e.: 

cxf̂  = S^/x(T) ^ - 1.36/T (4-14) 

for D-T plasma and 8 ̂  T(keV)^ I6. c< isthe temperature 

coefficient 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 block diagram of a fusion 

reactor-torch assembly. The function of the unit is discrissed In 

reference 1, The torch is to process scrap material or raw material 

359 



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 "V less than one. The energy input to theftorch is thus: 
'B -3 1.36 

W ^ 1.0x1© \ V/Nir'T kWh (5-1) 

for D-T plasma at 8 <T '(keV)^l6. 

The energy W_ available to the torch is not constant but varies 

throughout the day and the seasons. In addition uncertainties in 

the design parameters of the fusion reactor propagates through the 

operation ran/?;e of the torch. There is no means of controlling Wm 

without Interferine" with thejperformance of the reactor and since 

the torch is mainly handling the energy refuse from the reactor it 

has to be flexible to ride out reasonable deviations from the average W^. 

The energy Wm is used to process w . ion pairs per hour of scrap 

material. In order to exhaust the energy W_ efficiently the scrap 

material must be fed approximately at a rate: 

^si = % ^i/^i ^^-2) 

where Wĵ  is the energy per ion pair and r is the processing rate. 

Assuming r. and Wĵ  are constant for a specific type of scrap material, 

the rate of feeding the scrap must closely match the variations in 

W„. In the case of power stations deviations from the mean tend to 

be- the rule rather than the exception. 

Figure 5-2 shows an idealization of the typical daily variation 

curve for the energy input to the torch. This reactor waste energy 

is assumed to vary in the same fashion as the electrical energy 

produced from the reactor W . The electrical energy is considered 

to match the load of power consumption. 
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Consider that every energy unit utilized yields a profit P $ 

per unit energy, that each unit unutilized by the torch costs the 

company L #/unit to dispose of as waste and that the inv^Ptment 

in the torch is given by the power law: 
M 

I = IQ (Q/QQ) (5-3) 

The total amount of energy units supplied in T hours ( a day ) are 

given by : 

«t=«L ((Qb-^L^/^V^L^^^/^ •" ̂ Hl V 2 + QH2V2. (5'^) 

The total amount of energy units lost are: 

Ql = i QHITI 4iOH2T2HT(Qp-QD)^/(Qp-Ql)-iQpT(Qp-Qfe)/(Qp-QL). 

(5-5) 

The sunount of energy u n i t s u t i l i z e d a r e : 
2 

Q^ = * ( Q P * Q L ) T - IQ^T -iT(Qp-Qjj) /(Qp-Qi^) (5-6) 

f o r Q^ ^ Qjj ^ Qb • 

Since theeconomy of the torch is different in nature from the 

economy of the utilities, one can write the venture profit as: 
2 

V =iPpT ( Q P * Q L - V ^ % - < 5 D ) /(Qp-Qj) 

-H <QHIW2''^V^D^ T/(QP-QL) -%'^%-%)/%-%)) 
M {5''7) 

Differentiating V with respect to Q and setting the derivative to 

zero, the optimal capacity can be obtained from the relation: 

(Qp-Qjj)/(Qp-QL) = II^M ( V Q o ) /((Pp'»-L)Qĵ T) (5-8) 

for <^^<: % ^ Q^. 
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If Q > Q ,Eq.(5-4) for Q is still the same and Eq.(5-5) for Q 
D b t 1 

becomes: 
2 2 

Q = ^T (Q -Q ) / (Q - Q ) + ^T (Q -Q ) /(Q -Q ) 
1 1 HI D HI b 2 H2 D H2 b 

(5-9) 

Consequently, the utilized energy is: 
2 

Q = iQ T (Q -Q ) / (Q -Q ) + iT (Q - (Q -Q ) / ( Q -Q ) ) 
u L b L p L I H I H I D H l b 

2 
-̂ T̂ (Q -(Q -Q ) /(Q -Q )). (5-10) 

2 H2 H2 D H2 b 
The venture profit is then given by: 

2 
V = i P (Q T (Q -Q ) / ( Q -Q ) -»• T (Q - (Q -Q ) / ( Q -Q )) 

p L b L p L I H l H I B H l b 
2 

+ T (Q - ( Q -Q ) / ( Q -Q ) ) ) 
2 H2 H2 D H2 b 

2 2 
-^L(T (Q -Q ) / ( Q -Q ) + ^ ( 0 - 0 ) / ( O -Q ) ) 

1 HI D HI b ^ H2 D H2 b 
M ( 5 - 1 1 ) 

- I I (Q /Q ) 
o D o 

and the optimal Q is obtained from the relation: 
D 

T (Q -Q )/(Q -Q ) + T (Q -Q )/(G -Q ) 
1 HI D HI b 2 H2 D H2 b 

K 
il M(Q /Q )/((P +L)Q ) (5-12) 
o B o p E 

Similarly if Q ^ Q : 
D L 

Q =Q T , (5-13) 
u D 
Q =Q - Q T . (5-14) 
1 t D M 
V = P Q T -L(Q -Q T) -11 (Q /Q ) . (5-15) 

p D t D o B o 
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and Q optimum Is obtained from : 
D 

Vr 

1 = 1 1 K (Q /Q ) /((P +L) Q T). (5-16) 
o D o p D 

The energy utilization factor is simply : 

^. = Q /Q ^ 1 (5-17) 
^ u t 

and the venture profit could have been expressed in terms of ^ as: 

M 
V » (P ^ - L ( l - $ ))Q - II ( # Q /Q ) . (5-lB) 

p E E t o E t o 

6. Pulsed Supply of Scrap Material to a Torch of 

Variable Processing Rate 

Consider that the scrap material arrives to the torch for 

procê sslng in discrete batches as truck loads. The processing rate 

varies in the same manner as the energy supplied Fie. 5-2 . 

Figure 6-1 shows the rate of arrival of the material to be 

procf̂ sse:'.. 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. 
£ 
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Due- to space limitation the capacity of the storage compartment is 

finite and relatively small. Any overflow has tt) be reshipped back 

or sent to a 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 H units per hour. No delivery 
J J 

takes place in the next B hours and then the cycle repeats itself. 
J 

In a period of twenty four hours four cycles take place. The pattern 

variable operating rate of thetorch is repeated every day. During 

delivery H > Q(e- ) at any time Q , where Q(©) is the processing 

rate with maximum energy utilization factor. Q(©) is approximately 

given by: 
Q (©)= m 0 +q (6-1) 
i l l 

where 1 refers to the segment of the linearized operating rate curve 

under consideration , m.is the slope of the segment and q is the 

intersection of the ith segment with the vertical axis. The values 

of m, and q takes four different values over the day period, since 
^ 1 

the operating rate curve Pig, 6-1 is idealized by four straight line 

segments labelled as I to IV. 

The supply utilization factor <^ is defined as the fraction 

of the supply that can be utilized by the torch. This will be calc­

ulated on a daily basis In the case of no storage: 
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^ = 2 l (H A - (H A - r Q(©) d s ) ) / v| H A 
S J=l J J J J ft^ J=l J J 

Ĵ 

Q + A 
n =4 ^ j J n =M- J J ^ 

Z^ / Q(<̂ ) d<9 / 2_. H A 
J=l e ^ J J J 

J 
(6-2) 

The I n t e g r a t i o n i s over a time d u r a t i o n of A h o u r s . The time Q 

i s t he t ime a t which a supply a r r i v e s . In the s i t u a t i o n demonstrated 

i n F i g . 6 - 1 , we have: 

2 2 2 
^ H A 5 = ( m A -^m ( A • ^ 2 A e ) + m (A + 2 A Q ) 

s I 1 I I 2 2 2 I I I 3 3 3 

2 
-f m (A ••• 2A O ) •2 (q A -t-q A -t-q A +q A )) 

IV 4 4 4 I 1 I I 2 I I I 3 IV 4 

(6-3) 

where the initial time 9 is taken as the zero time reference, 
1 

Arabic numeral subscripts refer to the order of the supply energy 
^ ^ *A 

cycle. In the absence of storage (HA - / Q(e) d© ) 
J J ^ 

units of material must be shunted to the overflow every cycle; where 

© is the time at which the cycle \» the supply starts. 
J 

In the period 0 S d -̂  A« • 6 , the amount S(e) of material 
•̂  J 

stiorcd increases as follows: 

(H - Q(e) ) for s(e) <: c 

dS(©)/de=^ (6-4) 

0 s(e)=c 

where C is the storage capacity , 

Integra ting Eq.(6-4) with the assumption that S(Q ) = 0, we get: 
J 

365 



H.(e - e ) - / Q(e) dd" for S(<9)^C 
^ J 

) ^ 

s(©) = < -̂  (6-5) 
otherwise 

which is valid as long as e <.©•<© +A^, 

The overflow first occurs at © .which can be obtained by setting 
o J 

& ^S , in Eq.(6-5), that-is: 
o J 

'̂ oj ^ / 
S(e^, ) = H. (a^ -a J - f Q(ê )d0 = C (6-6) 

oj J oj J fi ^ 

or: 

^J 

e =((H -q )/m ) ( 1 - ( 1 - (2mx((H -q ) O + C 
oj J 1 1 J i J 

2 2-1 
-im^e J)/(H, - qj ) ) 

(6-7) 

Let us assume t h a t H / > q . and t h a t : 

2 2 
2m^ ( (Hj -q^) €)j + C - im^ e ^ ) <^ (H - q^) (6-8) 

therefore Eq.(6-7) reduces to the two solutions : 

(6-9) (6 -e ) = (C - im, a ) /(H; '% ) 
Oj j 1 J / J ». i 

or 
2 

(e - & ) 0^ (2(H -q )/m ) -2 9 -(C -^m. B )/(Ĥ  -q ) 
oJ J J i 1 J 1 0 .1 i 

(6-10) 

The second solution is not the proper one in the limit of constant 

processing rate, that Is Q(<9) = q and m = 0, & - e = o<c , 
1 1 oj J 

while the solution of Eq.(6-9) reduces to the solution given by 
366 



Rudd and Watson (Eq.(14,2.4) reference 5) where c) is taken as zero, 
J 

Consequently Eq,(6-9) is taken as the solution. 

If any overflow takes place in the Jth cycle : 

2 
(a - e ) = (C - im, e ) /(H -q ) < A . (6-11) 
oJ J ^ J J 1 ^ J 

However, it is inconvenient in the case understudy to have overflow 

otherwise the scrap material has to be discarded causing loss to the 
« 

processing company. Cosequently there is a critical value C for 

which the supply will never exceed the processing capacity plus the 

storagê . This value is: 
• 2 

C > A (Hj -q^) + ^m^ e . (6-12) 

If the engineer has apriori knowledge of H and A before 
J "J 

constructing the storage space; he can estimate the storage place 
* 

by calculating the value of C for each pulse and selecting the largest 

value , If on the otherhand, the engineer can control the values 

of H^and A with the presence of a limited C ; he can select them 

to match the values of storage capacity. In the case when H , A 
J i 

and C are neutral to the control of the engineer, the overflow 

occurs when: 
e- - ^ ^ A (6-13) 
oJ J J 

The amount of scrap material that must be shunted to the overflow 

in one day is t 
Q -»-A. 

Zl (H(A^^-0 -e ) - / Q(e) d a ) (6-i4) 
j=i -1 J J oj 0 y 

oJ 

Thus, the supply utilization factor in the presence of the storage is: 

367 



^3= ^ ^VJ-^^J e'il/j'^^J^ 

- / Q(e-) d© ))/ 2ll A.H, (6-15) 

in one day. 

Substituting for (9- - ̂ J from Eq.(6-9) and evaluating the 
oJ J 

integral we can write the supply utilization factor as: 

5 = ( 2 1 HA. ) ( Z . ( H, ( C - im.Oj )/(H. - q, ) 
s J J J J '' •" J J ^ 

2 2 2 2 
+ ^m^ ( A^ - ( C - t m ^ e ) / ( H -q^ ) 

2 
+ 2© ( (C -^m, © . )/(H^ -q ) -A ) 

J 1 J .1 i J 

-2Aj ( C - im^ ©J ) ) 

+ q^ (Aj - ( C - ^m^Oj ) / (Hj - q^ ) ) ) ( 6 - l 6 ) 

Equat ion ( 6 - l 6 ) reduces a g a i n t o the va lue of<$ in the c a s e of cons t an t 
s 

operation, considering that vie are calculating $ here for several 

cycles per day (4), 

If We define theprocess utilization factor ^ as the fraction 
P 

of possible production capacity per day that is actually utilized, then: 
,^ T=24 hrs 

i^^= ( ^ Z H A )/ ( f Q(e) d 6 ) 

(6-17) 

where the denominator is given by the area under the operation rate 

curve, Asruming that the operation rate follows very closely the 

rate of energy variation given in Fig. 5-2 which is practically the 
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case if we consider that the operation rate is directly proportional 

to the energy avallatrle for the process. If the constant of propor­

tionality is taken as g then: 

T 
f Q(e) d © = gQ (6-17) 
0 t 

where Qx̂  is given by Eq.(5-^). 

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 . I f the material which 
P 

is shunted to the overflow costs the company apenalty of L $/unit 
P 

the total net profit for the torch is: 

21 HA (<^P -(1-§)L ) (6-18) 

J J J s p s p 

The Investment can be estimated as: 

M 
1 = 1 ( C/C ) + 1 (6-19) 

o ° 1 

where I is theconstant Investment in all equipment except storage 

and c< is the collection of Interest term* and the like required 

to amortize the investment on a day basis, the venture profit to be 

maximized i s : 

,ax ( i ^ A , (2^ P - ( 1 - ^ ) L ) -p<(I^(C/C^) +1 ) ) . max C\ j J J s p s P o o i 
(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 considiared. 
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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 rrjagni tudeand the size difference. 

The general residence time concept' 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. 
o 

The transfer function of the reactor is already evaluated . 

Thus by developing a local linearized model of the plasma process, 

the iterative optimization technique introduced by Rudd, Aris and 
g 

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 plasma physics while the others had reactor 

t 
physics and engineering backgrounds . The class was run m a true seminar 

fashion; while lectxires were presented by the instructor and other invited 

lecturers , 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 rajiging 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

what 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 wsts permitted to assume 6 = 1.0 while because of stability 

considerations the first group was restricted to 3 < 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 punqj liquid metal coolajit 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. 

tt 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 ORWL calculations 

the power required to pump the lithium coolant across field lines was foujid 

to be excessive if conducting tube walls were employed. To get around this, 

EM pijmps were inserted at each point where flow crossed lines (the pumps use 

the confiplng 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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TABLE I 

Some Parameters for the Steady-State Design 

Components 

Magnet 

Diverters 

Vacuum Pumps 

Vacuum Wall 

Coolant 

Coolant Pumping 
Power 

Ion Injection 
Power 

Energy Conversion 
Plant 

Nb-jSn-copper super­
conducting 6m major 
dia . , 2 . Us mittPf d ia . 

Four (O. l MW power) 

Ten 32-inch diffusion 
pumps 

Niobium webb 

Lithiian 

76 MW 

312 MW 

Potassium-steam binary 
vapor cycle 

Parameters 

HkJncr Radius 
of Torus 

Major Radius 

Thermal Load on 
Vacuum Wall 

Magnetic Field 

1 meter 

5.ii3 meters 

3.86 MW/m' 

Average Ion Energy 10 keV 

Particle Density 5 X 10 ̂  cm 

0.15 

120 kG (inner 
windings) 

3h.6 kO (outside; 

Total Thermal Power 10,600 MW 

Output Power 528O MWe 

Overall Efficiency kg.8% 

Breeding Ratio 1.35 
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TABLE II 

Some Parameters for the Pulsed Design 

Components Parameters 

Magnet 

Magnet Power 

Coolant 

Coolant Pumping 
Power 

Energy Conversion 
Plant 

Lithium cooled TZM, 
7-cm thick 

Superconductor storage 
system 

Lithium 

1U3 MW 

Potassium-steam binary 
vapor cvcle 

Plasma Radius 

Magnet Coil Radius 

Length 

Mirror Ratio 

Peaked Field 
Strength 

Ion Energy 
(compressed) 

Electron Energy 
(compressed) 

1 meter 

10 meters 

16 meters 

2.5 

100 kG 

58 keV 

39 keV 

(compressed) 

Duty Cycle 

Fuel Burnup 
Fraction 

Pulse Length 

Total Thermal Power 

Plant Feedback 
Power 

Output Power 

Overall Efficiency 

Breeding Ratio 

2.6 X 10^^ 

1/9 

0.073 

70 msec. 

21,800 MW 

5,900 MW 

5,000 MW 

23^ 

1.15 
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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 foxuid. The difficulty seems to have been the following: In 

order to obtain a reasonable value of ii (probability of escape per collision) 

it was necessary to go to relatively high ion temperat\ires. This in tiirn, 

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 iwo 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 mjmber of unanswered questions. For example, advances 

in fuel injection techniques of several orders of magnitude were assumed without 

a finn 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 vccilt cost figures 

were used (e.g. the cost per foot of magnet, etc.) many more details were 
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TABLE III 

Cost Estimates 

Steady-State Fusion Pulsed Fusion Current Fission 

Fixed Charges 

[Mills/kW-hr] 5-2 k.kS U.07 

Fuel Charges 

[Mills/kW-hr] O.OO56 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. 
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included, and perhaps less optimistic assumptions were made relative to 

escalation costs, etc. (Such a view was taJcen 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 iy 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 

Eire 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 aro\ind 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 lip 

service. It was generally concluded that more urgency should be given to 

3 
research on D-He 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 

radioactivity in the structure were raised, but the most important questions 

centered around tritixim control. Tritium recovery by diffusion through the 

niobivrai 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 (leurgely 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 Isirge volume of lithi\jm used for coolant and in the 

blanket. Other approaches, e.g. the use of heat pipes, would greatly reduce 

this inventory.) The argiment that tritium would be contained and reused in 

585 



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 

iesign 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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SCME THOUGHTS ON THE DESIGN OF A THERMONUCLEAR SPACE POWER SYSTEM* 

By Demetrios George Samaras, Sc.D. 
Fellow a.Ae.S. (London) 

Research Administrator A-'OSR 

INTflODUCTION 

Since the dawn of the nuclear era the Air Force has shown i n t e r e s t , 

both o f f i c i a l l y (ANP-Project) and unoff ic ia l ly (various publications l>y 

i t s members) in the exploi ta t ion of nuclear energy. As I am not the 

o f f i c i a l Air Force his tor ian I sha l l raention only some of the ea r ly 

events with which I have been int imately involved. 

To the best of my memory the e a r l i e s t nuc]e ar plasma engire configur­

ation considered was af ter thepublicst ion of Alfven's book . This book 

showed the usefulness of magnetic f ie lds as confinement v/alls 'cr a plssma 

medium. The plasma v̂ ras then assumed to be of fission origin ?s i t vies 

discussed in d e t a i l by the author^. The f i r s t e l ec t r i c thrust generators 
2 

were mentioned in Alexander's book . 

The f i r s t performance analysis of a nuclear ( f iss ion) e l ?c t r i c snace 

pronulsion system was done and repor'ted in 1952 . When in 1954 i t wts found 

that a thermonuclaar plasma i s not in thermodynamic Gcuilibrium fn-i the 

oremsstrahlung losses (pcj; ' ra ther thanocT^) are rredomintnt trie Jirst 

nerformance analysis or a thermonuclear oower plcnt was mode (19^^)' I t 

was a crude analysis because i t errolcyad low a curacy therron'oclofr 

cross-sections published in the Physical Review jetweon 1951 3nd 19^/*.. 

In these calcule-tions only brerr.sstrahlung losses v;er© considered. 

*The views and opinions expressed by the author do not necessarily 
represent those of the AFOSR or the USA. 
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After the publication of more accurate cross-sections these calcul­

ations were drastically revised and extended, A more drastic revision 

and extension followed the ij'lrst Geneva Atoms for Peace Conference (1953). 

In 1956 an electric plasma thrust generator was designed and built by 

my associate and student (OS'J Graduate Center) Dr. Kenneth Kissell. It 

was subsequently tested successfully. A coooer thrust chamber v̂ as used 

as anode and a coaxial tungsten electrode as cathode. The electric power 

supply was a rotary arc welder, /rgon and helium gaa were emoloyed as 

working media. 

In 1957 Col. Paul Atkinson started the present Â 'OSR Electric Propul­

sion Program, The first project scientist was Liilton Slawsky. Tnis 

program stressed low temperature plasmas, electrostatic thrust generators, 

colloids and MHD power generators. 

In 1962 when Samaras took over the project (9752) a change from lov; to 

high temperature plasmas was initiated. 

Whereas the AEG work on thermonuclear power was based on mi:;roscooic 

aporoaches and Plasma Physics, the early Air Force work'' was mostly 

based on macroscopic approaches and Plasma Engineering. It is not surpris 

ing that little Overlaoping occurred rnd the information from both may be 

considered as complementary. 

It should be well unierstood that a thermonculeaf soace power olant, 

although oased on the same fundamental olasma physics as a stationary 

terrestrial power plant, is vastly different from a stationary one. 

There are many fundamental differences between the aforementioned: 

a, A space povrer plant requires extremely high thermodynamic 
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efficiency in order to minimize the weight of the radiator and increase 

the payload. 

b. It demands a direct transformation of thermonuclear into electrical 

energy, 

c. It should have a very wide range of efficient ooeration, e.g., the 

2 1 ratio of maximum to cruising power may be 10 to 10^. 

d. A very advanced and reliable control system is mandatory. 

THE APPROACH 10 DESIGN STfJUPS 

The philosophy of early investigations was jased on zero order effects 

and the experience gained from Jet Prooulsion in world . ar II. This 

approach is based upon a given (rather gcjneral) configuration and a thermo­

dynamic cycle. In most cases the configuration do-'S not have to oe very 

detailed although it may be more specific than a system consisting: of 

black boxes, 

A typical example of a black box ccnfigurttion is si:iovvn in big. 1 

taken from Hef, 5> P«A53. '̂hile this may be suitable for early design 

investigations a more detailed one is required even for a preliminary 

design study. 

The thermodynamic cycle is shô vn in c'ig, 2, In the most ganeral case, 

the thermodynamic cycle will reoresent the following proce.sses: 

a, r'olytropic compression (energy addition from external sou-'ces, 

e,g,, turbulent heating). 

b, Energy release caused by the nuclear reaction 

c, Polytropic expansion (energy extraction and transformation). 
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The thermodynamic medium in which the thermodynamic changes occur is 

usually a plasma flow. 

It is well kno-.vn that the thermodynamic cycle represents m^an values 

of the parameters and one-dimensional flows. Again it is understood 

that the thermodynamic diagram varies little from steady functioning to 

cyclic operating machines. 

The thermodynamic cycle is plotted in two coordinates: total enthaloy 

(including both kinetic and electromagnetic) 'V and entrooy S, toy other 

suitable coordinates may be used, for example, kinetic temoerature, 

pressure and others; experience with jet propulsion systems, however, 

suggests that the former are extremely useful for cycle performance analysis. 

In "''ig.2 line 1-2 indicates a diabatic compression, namely, a compression 

accompanied by energy (heat) addition. The ignition ooint lies on this 

line and is not far away from point 2. 

Line 2-3 corresponds to a rapid ene'̂ gy release process K*iich, most 

of the time, may be considered as isoaaric. 

Line 3-5 represents adiaoatic expansion which under certain conditions 

may approach an adiaoatic one. 

Sometimes both the compression and expansion processes of the olssma 

may approach adiabatic conditions. For comparison, the ideal case of an 

isentropic variation may be invoked in all cases. 

As the cycles under consideration are not marksdly 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, th^ require a detailed analysis and aonraisal. 
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Generally speaking, the losses appear as energy losses and as pa r t i c l e 

l o s s e s . The energy losses are e i ther associated with radia t ion or with 

energy carried away by mass. The most important radia t ion losses ares 

a . Brems s t r ahlung 

b , Gyromagnetic rad ia t ion 

c . Excitat ion rad ia t ion 

d, Cherenkov r ad i a t i on . 

The energy losses associated with mass a re : 

a. Heat conduction and convection 

b . Energy carried by runaway pa r t i c l e s 

c . Energy los t by charge exchange c o l l i s i o n s . 

The loss of mass i s caused by: 

a. Diffusion 

b. Runaway particles 

c. NoHtral particles which cannot 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 

before'', however, a few fundamentals on the direct transformation of 

nuclear into electrical energy may be given, Before this it is advisable 

to compare thermonuclear with chemical power plants. 

In today's chemical power plants, such as ,asoline and diesel engines, 

gasturbines and rockets, the time of confinement of the reacting medium 

(time of flame propagation) is about one (1) millisecond. The corresponding 
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temperatures are 0.12 - 0.5 ev (1200-6000° K), In thermonuclear power 

olants the temperatures are expected to be 10 to 100 kev, i . e , , five (5) 

orders of magnitude higher, TVom t h i s i t may be concluded that olasma 

confinement times larger than the aforementioned (mi'l isecond) cannot be 

ser iously supported. To explain t h i s contention,in the following the time 

required for energy release and the time available from diffusion vfill 

be calcula ted. 

1. The time of energy re lease 

In 1957 Lawson's rule was announced: the plasma densi ty multiplied by 

the time of confinement i s constant 

n r « constant (1) 

Immediately a f te r vl958) i t was shoivn by Samaras^ (o.326 and Fig . 4..A.3) 

that n T i s not constant but varies enormously with initisQ. 02 and f ina l 0 

temperatures ( subs t i tu te time of energy re lease t2-;> for x ) as follows: 

nt23 - ^(^2> ^3) (2) 

Figures 3 and U (taken from Ref. 6) show the energy re lease time as 

a function of the i n i t i a l ©2 ^^^ f inal 6^ temperatures for D-T and D-He^ 

r e a c t o r s . 

2 . The time of confinement 

To obtain the time of confinement the plasma diffusion coeff icients 

should be known. This i s eas i ly done by non-diraensionalizing the laminar 

and turbulent diffusion coefficients as a diffusion parameter: 

laminar C^ « ^ ^ - (cox)"-^ (3) 
k^T 
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^e BDt 
turbulent Ĉ j • • K (4) 

lAierei 

q^ • charge of the e lectron 

B • magnetic f ie ld i n t e n s i t y 

D. ,D. " l amina r and turbulent diffusion coeff ic ient , respect ively 

kg " Boltzmann's constant 

T • temperature 

cox • H a l l ' s parameter 

The experimental r e s u l t s of various diffusion experiments are shown in 

Fig , 5 . This p ic ture i s s imilar to t h a t of the f r i c t i on coefficient in 

the How through a c i rcular pipe with walls of various degrees of rough­

nes s . The laminar and turbulent regions are obvious and the roughness 

coeff icient has an analog in the type of noundary layer exis t ing oetween 

the plasma and the confining magnetic f i e ld . 

The diffusion coefficient D^ may be correlated with a charac te r i s t i c 

length L of the power plant and a diffusion time which for convenience 

may be cal led as t ' 2 3 as follows: 

D - f— (5) 
t ' 
^ 23 

where: 

f • constant 

Another important parameter i s the k ine t i c over magnetic pressure r a t i o . 

2n k Q e 

B' 2 ' l̂ n (6) 

From the foregoing assuming a reference ion density n " 10 m~^ 

the following results: 
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f (n X 10-2°) . 24.65 ( ) ( ~ ) 3 . e ; (7) 
23 Ĉ  10 * 

d 

The most pessimist ic case, namely, of Bohm diffusion i s considered 

(C, - l A 6 ) . For s impl ic i ty the following values of the parameters may be 

assumed: f = l , ^ - 1 , L - 1 meter. Tten Eq. (7) may be plot ted as 

broken l ine in F igs . 3 and 4 for various values of the magnetic field B. 

Examination of these figyres suggeststhat for magnetic f i e lds r e a l i z ­

able in the future (B =» 40 Tesla) and f ina l temperatures 6 =» l̂oo kv, the 

confinement time i s larger than the energy re lease time • ^ ' 2 3 ^ *23* 

Taking as an exanple 02 » 20 kv, &^ • 50 kv and an ion density 

n • 10 -̂  m~3 the required time for energy release i s t23" .1 .3 msec. The 

corresponding diffusion time for a macqietic f ie ld B » 15 Tesla i s 

t '2-i* 3.3 msec. 

Assuming a diffusion coefficient one order of magnitude lower than 

Bohm (see F ig , 5) the corresponding diffusion time i s t*^ » 33 msec. 

Increasing the magnetic f ie ld to B • 30 Tesla the diffusion time 

becomes t ' 2 3 * ^'^ ""^^^ ^"^ ^°^ B • 40 Tesla i s t ' 2 3 * ^^ msec. 

The foregoing magnetic f ie lds are not f i c t i t i o u s . Existing superconductors 

produce magnetic f ie lds of 20 Tesla, -vdiereas those in the experimental 

stage (see .Dallas Meeting of the APS) are around 40 Tesla, The h i ^ magnetic 

f ie ld in t ens i ty superconductive magnets wi l l need a force-free design as 

i t was discussed byM. Levine of AFCRL sometime ago. Qne of the most 

important components of the system is the radiator which radia tes the 

l o s se s . Preliminary calculat ions indicate reasonable si^es at temoeratures 

of 1100 to 1200° K. Vi/hile these temperatures seem exce-^sive for maximum 
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power they are considerably decreased for cruising conditions which mry 

-2 ^ 

correspond t o 10 to lO"-* of the maximum power. Then corresponding 

temperatures may be calculated 

Rel T • 10-2A ^Q 10-3/4 . o.3l6 - 0.178 
and for T • 1200°K , T . 379 to 213,5° K which are acceptable, 

m ' cr 

The high temperatures of maximum power wil l appear in the f l igh t 

corridor where aerodynamic cooling may have a significant e f fec t . Some 

ear ly calculat ions (Fig . 6) indicate the a l t i tude speed charac te r i s t ics 

of the spacecrafts with l a rge , medium, and small engines. 

DIRECT TRANS'-"ORMATION 0.-" NUCLHIAR INTO L̂E'JTRICAL ENERGY 

The energy transformation between the plasma and i t s surroundings may 

be e a s i l y understood by examination of the energy equation. 

The mechanism of energy transformation may be examined in vsi-ious 

ways, and the methods of approach used depend upon the inves t iga to r ' s view­

point , 

A plasma in a magnetic f ield behaves as a diamagnetic medium k < ' i . 
m 

this diamagneticity of course depends upon its conductivity. Each 

charged particle of the plasma rotates around a magnetic line of force 

and thus possesses a magnetic momet M . The sum of these magnetic moments 

d 

the t o t a l magnetic moment of the plasma in the magnetic f i e l d . I t i s 

well known also tha t an e l ec t r i c current loop possesses a magnetic moment 

M(j|, From the foregoing, the s imi l a r i ty between a plasma in a magnetic 

f ie ld and an e l e c t r i c current i s obvious. Taking as an example a cyl ind­

r i c a l plasma in a magnetic f i e l d , i t i s seen that the plasma may be 

represented by a current I syer , i , iflftiose mat^neti" •jor-iiit rier unit length 
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is the same as that of the plasma. V»ith increasing; olasma temperatu""e 

irtiich may be caused by the energy release process, the msgn°tic moment 

M(j of the plasma 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 maximum temtaerature of the 

cycle is attained. Further transformation of plasma mechanical enthalpy 

may occur by an expansion of the plasma. This may be effected by a 

reduction of the external magnetic field. 

The system of plasma and external magnet coils trisy also be considered 

as a transformer. The primary of the transformer is the plasmia and the 

secondary is the magnet coils. This is shown in Fig. 7 both schematicclly 

and in a circuit forni. 

The external magnetic field interar-ts '.vith the plasma and this inter­

action is shown as the magnetic oressure upon the plasma caused by the 

external magnetic field Pĵ , " 8^/(2^^). It is known that an increase of 

the external magnetic field B compresses the plasma, that is, transfers 

energy from the external coils to the plasma. Again an expansion of the 

plasma transfers electric ene'̂ gy to the external coils. 

Some typical results of calculations are shown in Figs. 8 and 9. 

POv>tiR EQU^LIBRH'M, STARTING AND STA'iTt-JRS 

The power equilibrium in a fusion reactor is not markedly dî 'ferent 

from that of any other heat engine. Thus the po»'/er equilibrium equation 

for a continuous reactor will be similar to that of a gas turbine and 

the power equilibrium of an impulsive reactor will oe similar to a 

reciprocating engine. It should be stressed, however, that the losses will 
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be different in each case. 

For a continuous reactor in a ste&dy state of onerstion, the power 

generated by the reaction and the power of the starter (external oower 

introduced irto the system) will be equal to the excess -TOwer fnd the losses^ 

In an unsteady state of operation, the energy required for ths a celer-

ation or deceleration should also be considered. Then tl.c power eq'.;ili-

brium equation may be written 

tthcrc P/ = power produced by the fusion reaction 
P,p= power of the starter, 
P,, = excess power, 
P«« = power of acceleration (negative in the case of deceleration), 

2 (PL) = sum of the power losses, 
P»ux = power required for the auxiliaries. 

The power losses may be analyzed into 

a. Radiation losses (bremsstrahlung and gyromagnetic) 

b. Leakage power losses 

c. Joulean losses 

d. Hart conduction losses 

and other losses peculiar to the system under consideration. 

For en impulsive reactor in an unsteady state of onefation, the energy 

balance per cycle may be written 

Jo" (P, + P,,) dt = JI"[P,^ + Kc + l (PL) + Paux] dt (joules) (9) 

where f„ • duration of the cycle in seconds 

and the other symbols have their usual meaning. 

Depending upon the cycle of operation, a number of simplified assumptions 

may be made and simple zero order effects may be obtained. 

A starting process is necessary 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 Eq.. (8) or by Eq. (9). 

A large number of starting 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 ttirbine 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 individual components iî ich can be investigated 

and tested separately. Generally 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 component separ­

ation and testing is accompanied by the disadvantage of the nece-sity of 

matching the various components during the synthesis stage of the energy 

release system. This situation may be aggravated by the appearance of 

narrow OTB rational characteristics of the different comoonsnts and the 

incompatibility of different requirements, such as easy starting, low 

weight, high efficiency, and high reliability. 

Past exoerience with terrestrial ,jet nropulsion engines indicates 

that some of the greatest operational difficulties mfy be attributed tc 

unsatisfactory matching of the components. 

To perform the matching of the components during the synthesis orocess, 

a satisfactory understanding of the comoonent characteristics is necessary. 

Again, to satisfy tne performance requirements, certain rules for changing 

the performance characteristics are needed. 

To a certain degree, existing information may be const Jered sufficient 

to allow us to calculate the performance of each of the comoonents at the 

design point and its vicinity; today, however, there is little knovjledge 

about the theoretical evaluation of the instabilities snd performance 

away from the desiŝ n ooint. In this case, exnerirental •ists should 

be provided, if possible. 

By using similarity and non-dimensional analysis metViods, steady 

state performance characteristics may be developed, it is anticipated 
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that the characteristics during unsteady operation will be different from 

those of steady operation. 

During the development of the performance characteristics, considerable 

help and inspiration may be obtained by employing information available 

from terrestrial jet propulsion engines. Then instead of time, such as 

cycle time, t(,y, its inverse may be used, namely, the numoer o'" cycles 

per unit time which corresponds, to a certain degree, to the x-otati-inal 

speed N, 

The equation for the excess power may be written in a functional 

form 

P Jin AN) = A{^zl%^ Oi/O*. 60/62. »?„. a} (̂ 0) 

Taking into consideration the linearity characteristics (of if"±g./^,U3i 

01 Ref. S) the following results 

PeJ("2%N) = MiNIn,), (6 je,), (60/0̂ ), »j„, a} ^ ̂ ^) 

Equation ( l l ) r e p r e s e n t s the non-dimensional excess oower of an engine 

as a funct ion of f ive pa rame te r s , f o r t u n a t e l y , only some of t he se can 

be va r i ed independen t ly ; t h u s , t h e compression-ex^jansion e f f i c i e n c y i s a 

funct ion of t h e o ther c e r ame te r s . As the i n j e c t i o n temperature © i s 

u s u a l l y f ixed and t h e r e l a t i v e mass a d d i t i o n parameter o can be kept 

c o n s t a n t , on ly two parameters may be va r i ed and thn performance of t h e 

engine may be p l o t t e d as 

PeJi"2%N) = F[{Nln,), (e./e,)] (12) 

In a s i m i l a r way, the f u e l consumption and ^the s p e c i f i c f u e l 

consumption may fce expressed in terms of the parameters j u s t c i t e d . 
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When an engine is functioning, the operator must al.vays be able to 

control it to the desired conditions. Thus a control system should be 

incorporated with the energy release system. 

The control system should be designed for both steady and unsteady 

(accelerating, decelerating) conditions. 

Experience has shown that the energy release system and its controls 

should not be examined separately but always as a system. The main reason 

for this requirement is that one of the main functions of the cont"ols is 

to protect the engine at any marginal operational condition. Experience 

with nuclear reactors suggests that the rrotection afforded by automatic 

control considerably increases the life and reliability of the systerr. 

Control systems may be classifi'-id according to the level of intelligence 

available in the loop. Thus the lowest level of intelligence is held by 

the open-loop control system. The next is the closed-loop control sj'-stem. 

Above this is tne adaptive control system. 

The next three steps are held bj^ artificisl intelligence control systems 

nanely, automata .vith various degrees of sophistication i.Miich are adept at 

learning and pattern recognition. 

For the sake of convenience human intelligence was also subdivided 

into three (3) levels. Animal intelligence may be considered as over­

lapping between artificial and human intelligence. 

From the preceding, it is obvious that artificial intelligence 

automatic controls and protecting devices ohould be incornofated in all 

thermonuclear energy release systems. The protecting devices should be 

incorporated in complete electronic control systems and they should 
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contain electronic temperature limiters, pressure limiters, and others. 

The control system may be subdivided into two parts: controls for 

steady operation and controls for acceleration. 

The variables to be controlled may be subdivided into two groups: 

dependent and independent variables. These are shown in the following 

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 (ni> + />T) Specific fuel consumption 
Fuel mixture ratio HT/C"!) + "i) 
Temperature 

•i'or a simple system, all four independent 'a'̂ iabl-̂ s -̂ hown in tne table 

may be varied independently; in many cases, ho'i^eve^, it i'^-- roviP?bl=3 to 

reduce the number to one or two. Such a system will '5m'~loy s si".;!^ leve" 

and the variation of the other variaoles will be such as to guarantee 

ontimum power or minimum, specific '"uel conjumption. 

The measuring instruments of tn^ controlled qusrititioE are n̂ jme-̂ ous 

and have been discussed elsevjhere'', 

"'or design of the control system, methods similar tc those 'iisc';ssed 

before-' n̂ ay be emnloyed. The equations to be used or these are 

a. The energy conservation equation 

b. The mass conservation equations. 

Depending uoon the type of the control systerr, thes • equations may ba 

siwiplified considerably. This is true for th"̂  ir.oss conf^epvation equations 

which may be reduced to a single one. 

Pn increase ir' engine newer is effected by increasing the fuel 

injection rate beyond and above that required for ste'dy stfte operation. 
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Assuming constant reaction time t^o or its in̂ 'erse \% th3 maximum 

temperature ©^ increases. Under difficult cooling conditions, the 

increased maximum temperature may affect the engine life adversely; conse­

quently, due consideration must be ^iven to limiting the maximum temperature 

©o 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 limdting tne top temperature to 

a reasonable maximum and making the period of accelerationsbort enough 

to satisfy the engine operation requirements. 

The automatic acceleration control which satisfies the conditions 

just mentioned should be an integral part of the c-̂ utomatic fuel injection 

system, 

AUXILIARIIiS 

The energy release system requires extra power to d̂ 'ive a large number 

of components collectively called auxiliaries. The auxiliaries may oe 

subdivided into two main groups: 

a. Those directly connected wit}, the operation of the ongine, such 

as fuel pumps, vacuum pumps, and others. 

b. Those which may be required in the immediate pnvironment of the 

engine. 

The various installations in a spacecraft are serviced by auxiliaries: 

a. Electric requirements, such as t',ene''ators, transformers, control 

panels, lighting, radar, and others. 

b. Navigation equipment 

c. Heating and airconditio-^ing. 
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Various methods of extracting power from the engine may be devised. 

These may fall within either of the following categories! 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 xransformers and other inter-

nsdiate equipment. 

In conclusion it is felt that the time is ripe to train the designer* 

who will be able to initiate design studies lerding 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 U4135 

Summary 

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 

H. 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 

3 
2. Must use D-D or D-He 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 52804, 
presented at 5th Intersociety Energy Conversion Engineering Con­
ference, Sept. 20-25, 1970. 
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•+, 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 

3 
If self-sustaining fusion reactors based on the D-He (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: 

3 

1. A more detailed study of the D-He 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-He reactors, with loss of 

neutrons to space 

U. 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 f o r I n te rs te l l a r F l igh t 

T . Conley Powel l and O. J . Hahn 
Mechanical Engineer ing Department 

Un ive rs i t y of Kentucky 
Lex ing ton , Kentucky 

Abs t rac t 

A fus ion d r i v e can de l i ve r an exhaust ve loc i ty of severa l 

thousand k m / s e c . Th is is much l a r g e r than the opt imum exhaust 

ve loc i ty fo r any m iss ion inside the So la r S y s t e m . Thus fusion 

d r i ves should be considered fo r i n t e r s t e l l a r f l i gh t . 

A n ana lys is is made of the react ion equ i l i b r i um and energy 

balance i n a s p a t i a l l y - u n i f o r m , steady-state p lasma. A p a r t i c l e -

conservat ion equation is w r i t t en fo r each of the ionic species in 

the p lasma . F o r given ion t empera tu re , deutron number dens i ty , 

pa r t i c l e conf inement t i m e , and fuel compos i t i on , this set of equa­

t ions can be solved f o r the p lasma composi t ion and the fuel feed 

r a t e . 

Separate energy balance equations are w r i t t en for the ions 

and f o r the e lec t rons . By s imul taneous solut ion of the two equa­

t i ons , the e lec t ron tempera ture and the rate at which power must 

be removed f r o m the p lasma can be de te rm ined . Fo r given values 

of the energy-convers ion and p lasma-acce le ra t ion e f f i c ienc ies , the 

spec i f ic th rus t and the th rus t per un i t p lasma volume can be c a l ­

cu la ted . F o r a given d r i ve mass /b las t power r a t i o , the t h r u s t / 
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m a s s ra t io can be ca lcu la ted . 

An optimization ana lys i s i s c a r r i e d out for a two-s tage s t a r -

sh ip , both s t ages being assumed to have the s ame initial a cce l e r a t i on , 

specific t h ru s t , and dr ive m a s s / b l a s t power , payload/ini t ial m a s s , 

and fuel m a s s / t a n k nrrdss r a t i o s . If all these quanti t ies a r e given 

except the initial acce le ra t ion , one can de te rmine what acce le ra t ion 

r e s u l t s in minimum flight t ime for a given d i s t ance . Specific thrus t 

and acce le ra t ion can a l so be optimized s imul taneously; if no upper 

l imi t s a r e placed on the specific t h rus t , this de t e rmines the c a p ­

abi l i t ies of a dr ive that i s not ene rgy - l imi t ed , but a c c e l e r a t i o n -

l imi ted . 

Numerical calculat ions indicate tha t , for an overal l payload 

fraction of 0.01 and for dr ive m a s s / b l a s t power ra t ios higher than 

100 k g / m w , the optimum specific t h rus t s for flights to the n e a r e r 

s t a r s can be del ivered by fusion dr ives—that i s , fusion d r ives a r e 

acce le ra t ion - l imi t ed , not energy l imi ted . Unless very low m a s s / p o w e r 

ra t ios can be achieved, the t o t a l -mass -conve r s ion di^ive and the mtei— 

s t e l l a r ramjet—both much more difficult technically than the fusion 

drive—would not give s h o r t e r flight t i m e s . 

What p o w e r / m a s s ra t ios can be achieved, is quite unce r t a in . 

No at tempt is made to c a r r y out an engineering design study for a 

fusion d r i v e . However, rough e s t i m a t e s of the m a s s e s of some of 

the ma jo r s u b s y s t e m s indicate that it will be ha*"d to do be t te r than 
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100 k g / m w . A fus ion d r i ve can burn deuter ium o r a m ix tu re of 

deuter ium and he l ium 3. A d r i ve burn ing deuter ium and he l ium 3 

can de l i ve r a higher spec i f ic t h r u s t , at a lower power /mass r a t i o , 

than a d r i ve burn ing pure deuter iunn. However , he l ium 3 must be 

synthes ized. It i s not possib le to say at present whether the h i g h ­

e r cost of the deu te r i um-he l i um 3 fuel combinat ion w i l l be jus t i f ied 

by i t s pe r fo rmance advantage. F i ss ion power f o r i n te r s te l l a r f l i gh t 

can be ru led out on the basis of fuel cos t . 

Unless power /mass ra t ios much s m a l l e r than 100 k g / m w 

can be ach ieved, not even the nearest s ta rs can be reached w i th 

f l igh t t imes less than one human l i f e t i m e . Th is does not preclude 

f l igh ts by unmanned p robes . 
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SYMPOSIUM SUMMARY 

M. 0. Hagler and M. Kristiansen 
Plasma Laboratory, Department of Electrical Engineering 

Texas Tech University, Lubbock, Texas 79U09 

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, to 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 14 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 o-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. In 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 bumup 

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 blamket. 
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An i n t e r e s t i n g p roposa l [L idsky , MIT] for u t i l i z i n g fusion 

n e u t r o n s , t h a t was only mentioned b r i e f l y a t t h e symposium, i s t o 

233 239 
produce f i s s i l e U or Pu by cap tu r ing excess fusion neut rons in 

232 238 

Th or U p laced in t h e b l anke t of a fusion r e a c t o r . This f i s s i l e 

f u e l can then be used in a c o n v e r t e r f i s s i o n r e a c t o r t o give a much 

s h o r t e r fue l doubl ing t ime than f i s s i o n b r e e d e r r e a c t o r s . The neut ron 

r i c h but power ba lance poor DT fusion r e a c t o r and t h e neut ron poor 

but power r i c h f i s s i o n conver t e r r e a c t o r could make a very a t t r a c t i v e 

coup le . 

Di rec t convers ion of fusion r e a c t o r charged p a r t i c l e energy t o 

e l e c t r i c a l energy by us ing a s e r i e s of e l e c t r o s t a t i c a l l y focused 

c o l l e c t o r e l e c t r o d e s , r e c t i f i e r s , and i n v e r t e r s provides a means of 

ach iev ing o v e r a l l conversion e f f i c i e n c i e s of more than 90%. For a 

1000 MW sys tem, t h e d i r e c t conver t e r should cost approximately $20/ 

kW. This cos t compares with $70-$80/kW for convent iona l conversion 

sys tems . This energy conversion scheme i s p a r t i c u l a r l y s u i t e d for 

mi r ro r type r e a c t o r s where i t i n c r e a s e s t h e " u s u a l " Q by an o rde r of 

magnitude. 

Considerable i n t e r e s t in t h e use of fus ion r e a c t o r s for space 

power and space p ropu l s ion systems was ev ident among s e v e r a l of t h e 

symposium p a r t i c i p a n t s . As in t h e case of us ing fusion r e a c t o r s fo r 

e l e c t r i c power g e n e r a t i o n , t h e r e was d i sagreement , among those who 

a t t ended t h e s p e c i a l s e s s i o n on Space Appl ica t ions of Fusion Reac to r s , 

concerning the r e l a t i v e mer i t s of pulsed and s t eady s t a t e r e a c t o r s 

for space a p p l i c a t i o n s . The fac t t h a t agreement could not be 

reached simply i n d i c a t e s t h a t n e i t h e r oulsed nor s t e ady s t a t e r e a c t o r s 

cem be shown t o be i n h e r e n t l y unsu i t ed f o r space a p p l i c a t i o n s a t t h e 
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present stage of fusion reactor design and technology. However, 

•everal factors are especial ly important for space reactors 

regardless of whether they are steady s t a t e or pulsed. For example, 

since the i so t ropic neutron d is t r ibu t ion from a D-T reactor is not 

d i rec t ly useful for propulsion or heating the plasma and conversion 

w i l l require components with considerable mass, reactors in which 
3 P 

the fusion energy appears in charged par t i c les (D-He of P-llO are 

• spec ia l ly a t t r a c t i v e for space appl ica t ions . These cycles reouire 

h l ^ e r igni t ion and operating temperatures, of course, and thus 

lead to other problems. Mass considerations also seem to require 

that space borne reactors be se l f sustaining so that massive 

supplementary fuel heating systems are not required. This 

r e s t r i c t i o n requires the charged reaction products to be capable of 

heating the fuel t o temperatures high enough to produce at least one 

fusion reac t ion . In a D-T reac to r , such a reaction would have to be 

sustained by the r e l a t i ve ly small amount of fusion enerpy which is 

not carried away by the neutrons, tha t i s , bv a-par t ie l« heatinf. In 
3 6 

D-He and p-Ll r eac to r s , most of the fusion energy is piven off in 

charged reaction products which can be confined and used to h».at the 

Injected fuel as well as to supply power. Provided th.=it the igni t ion 

temperatures and adequate confinement can be achieved, therefore , the 
3 

s r l f sustaining requirement could be more eas i ly sa t i s f ied in D-He 

or p-Ll reactors than in D-T reac to r s . 

Quite a lo t of discussion centered on environmental, economic, 

and socia l considerat ions, which are a l l , of course, in t e r re l a t ed . 

Fusion reactors are expected t o introduce re la t ive ly few environmental 

problems. In D-T systems, for example, no radioactive wastes are 
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formed, and tritium, which is radioactive, 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 

tritiian breeding blanket is lithium. The world reserves of lithium 

az^ 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 also 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 =jt 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 transnorted). It 

may be possible to utilize the fusion plasma in a Fusion Torch to 

vaporize and ionize 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 Torch is even 
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partly feas ible , fusion reactors could offer significant advantages 

ovar fast f iss ion breeder reactors in th is area. 

Ver7 l i t t l e study has been given to the social implications of 

the Introduction of fusion power, although work i s beginning, as 

evidenced by the attendence of sociologists and economists during 

parts of the symposium. Understanding of the social e f f ec t s , "good" 

or "bad", w i l l 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 

fxislon reactors by the society at large. 

It was well documented at the symposium that the fast f ission 

breeder reactor development Is progressing well and that they 

probably w i l l be "on line" within twenty years. With the current 

rate of world wide funding i t does not appear that one w i l l have 

an "on line" fusion reactor in this century. 
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