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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. 

*»03 



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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