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Controlled thrmonuclear research was initiated at the University of 

C1ifornia, Lawrence R'idiation Laboratory, early in 1952.  After a review of 

various rnwnetic field configurations for coat inent of a hot plasma, active 

thvestiation of msnetic mirror fields was iuitiated at the Livermore site. 

AbOut a year later-experimental studies of pinch discharee were started at 

the Berheley site and soon afterwards also at Livermore. Finally 1  in 1955  the 

Aetron concept was added to the progrem. This latter device invoies the use 

of very high currents of relativistic electrons circulating in a magnetic 

field to modify the vacuum field and provide a system of closed lines of force 

for confining a plasma. In addition to these rather specific approaches to 

controlled fusion a variety of fundamental studies of the transmission of micro-

waves through plasma, the generation and propagation of torsional Alfvé'u waves 

and other basic plasma phenomena of general interest have also been carried out. 

1. MW!*flC MIBROR PROGRAM 

a. General Aspects of iiagnetic Mirror Confinemnt i) 

The partilss of a hot plas±aa cnfd by a magnetic field spiral along 

• the magnetic lines of force. The motion of the particles is characterized 

• by the fact that the magnetic moment of each particle in the absence of colli-

sions is a constant of the ma ion, provided that the change in magnetic field 

intensity during one revolution of the particle in its spIral, motion is not 

too great. The total kinetic energy of a particle may be represented as 

	

W = 'W1  + W 11 , where W 	1/2' mv 2  and , 1/2mv 2,  in which v is the component 

of velocity perpendicular to the magnetic field and v is that parallel with 

the field. The magnetic moment 

	

W 	1/2mvL2 



is therefore an approxinate invariaflt, and the total kinetic enez"W is an 

exact invartaflt of the motion. The ale 8 between the velocity of the 

páztiole and the megnetic field at any point in given by 

- V_L2  

As a particle approaches a region of increasing f41d intensity, % increases 

as I! increases until W1 1  becnes zero, at which point the motion of the particle 

is Lntantaneous1y in a plane perpendicular to the magnetic field. Me axial 

motion of the particle is then reversed, and the particle is reflected from the 

region of ótrong manetio field, hence the expression "tnagnetio mirror". 

In 1952  E. F. OSt 	and his colleagues began theoretical and experimental 

research into the confinement of plasma by the use of rnenetic mirrors. The 

magnetic mirror confinig field is axially synmtetric and consiste of a central 

region of. relatively low field intensity between two regions of high field 

intensity (the wetic rnirrcre) at each end. The field is produced by cc-

axial coils in which the raagnetomotive force is concentrated near the ends. 

If Ho is the magnetic field intensity at the midpoint and Hm  the RZiIUtUn Value 

near the ends, then the mirror ratio E LJIL> W/IL for a particle to be con 

fined by reflection at the mirrors. This condition defines the critical pitch 

angle, ac  

Gin WT  

such that all particles with pitch angle lees than O relative to the magnetic 

field at the median plane will escape through the ends, while those with pitch 

angle greater than o will be trapped between the mirrors. If the particle8 
a 	 C 

in the plasma are rand'n1y oriented and the mirror ratio fi 2, then about 

0.3 of the particles are lost Snediately and the remainder: are trapped. 



if the orbit size of the particle is not small, a significant chan€e in 

the rnag tiO field occurs in one rotation of the particle, and the assuztion 

that the 	ietic ont is a constant of the rotion may no longer be valId. 

AaalytIcal treatment of this ease is difficult, but the problem has been 

itte ( 2 ) by ntricsl th0ds. A field shape represented by 

was assud, and particle orbits were traced during eany reflections until 

the cumulative errors ol' the electronic computerbecam significant. The 

cotialons are that the averaft fractional cbaxge in the .magnetAc mont 

for each reflection can beet be represertèd by an expressIon of the form 

•bL c exp - - 

where L is the distcnce beten the nepietIc nirror peaks and 2zR is the mean 

rcference of the .circule.r trace of the orbit in the median plane. Thua, if 

the characteristIc 14tti of the rnachine Is sufficiently L.re compared with 

the orbit dns ion, the deviations in the magnetic rnonnt are negligible and 

the particles behave edicbatically. Since for the shape of field chosen for 

these calulations, a = 5 and b 	, depending acmewhat on the radial position 

of the orbita, It follows that the motion Is essentially adiabatic if 2R/L < 0. 

and poazibly for even larger orbits. Certain classes of particle whith fail to 

meet this criterion are nevertheless foand to be trapped indefinitely, becanse 

the magnetic moment cháoges cyclically over such a narrow range that the par. 

tide is still trapped. Those for whcb the magnetic inonnt changes without 

any apparent limit eventually fall into the escape cone with 0 < () and are 

r38t out the mirror.  

If an appreciable plaema density is built up, then by collision prooesses 

Ions which are initially trapped are contlrnaaliy being scattered into the 



-5'- 

eacee cone and bet. 'he dominant collie ion croas-section in a fully ionized 

plasma is the coulomb cross-section, vhioh varies inversely as the square of 

the relative energy of the colliding particles. Thus the rate of loss by scat-

teririg decreases rapidly as the average energy or temperature of the corfined 

plasm is increased. For this reason confinement by a nsnetic-mirror field 

becomes more effective as the teterature of the plasma increases. 

in the scattering process the dispersion in the pitch angle due to small-

angle scattering is much more signiflcant than the vry iufreuent arge-scale 

scattering events.(1)  The i-ate of grovh of angular dispersion iS sitlar to 

the displcemezrt in a random-walk Woblew and can be expressed in the form 

t/t3 i.e. the square of the average displacement angle is proportional 

to the time. The constant t is the time at which the average diSpers iQA angle 

is equal to one radian.. Since most of the Initially confined particles •are lost 

from the eGeape cone for changes in pitch angle  of this Order, tD 

the time for one-half the original plas*ia to escape out, the ends by scattering. 

CalculatIons on the scattering-loss time reault in the a)primate formula 

2.6 x 10seconds 
fl 

for deuterons, where W in the energy. of the particles in kiboelectron-volts 

and n is the ion density in ions per cubic cnl4meter. Thus, for a deuteron 

energy of 0.01 key and n 1014  ion/cni, as my be Schieved in a vigorous din - 

charge, t 	0.26 eec--a very brief period of confinement. However, if 

= 150 key then tD 0.5 sec, which is a very adequate conflmmi6i2t time for 

experimental purposes. 

b. Misbetic M tic 29yrossion and ating of 

The experiments which have been carried ont by Post and his grOup at 

Livermre are of two ty es--magnetic. compression and heating of an initially 
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cold plasma, and the injection  of energetic particles into a magziètic.mirror 

• 	field to build up a hot plasma. In the fornr type of experinente a plasma is 

injected into a weak negnetic-rnirror field ant the intensity of the magnetic 

field th5n Inc eased by a large factor by discharging a condenser bank through 

S mirror coils • The Original field lines, tcether with the plasma, are corn-

pressed into a slender spindle near the axis Of the machine. If the change in 

field intensity is small during the period of rotation of an ion In the field, 

the magnetic moment is a conetant during the conpression, i.e. W1/H = Oonst,, 

so that the rotational energy will increase in direct proportion to the magnetic 

field intensity: 

w1(t) w(o) 11(t) 

Since by radial compression the rotatiOnal energy Of the particles is increased, 

the mirror eonfiuemeizt of the particles is iszprovod. 

Experiments on the ¶r&xe rop Mchine have demonstrated the expected 

compression and Mating of a plasma by a rising magnetic-mirror field. In 

this machine the plasma is injected in an Initial field intensity of about 40 

gauss • The injected plasma. contains electrons of average energy of about 10 

ev which are held by the low initial field. 1awever, deuterons of energy 

greater than about I ev (about 5 cm radius at 40 gauss) are beuediatey lost 

to the wells in this weak field. In 1/2 msec the field is Increased to about 

40 kG, yielding a coression ratio of about 1000 or more. The coil is then 

ahorti.circuited, and the field decreases with the L/R ti-conatant of the 

coil, which is of the order of several milliseconds. For various starting con-

ditions the energy distritnitlon of electrons scattered out through the mirror 

at one end was measured at the time of maxim= field and found to correspond 

to a temperature of 10...20 icev. From these results it is clear that the plasma 



electrons 	. heated as expected by manetic copreesion. 3ince only very low 

energy positive ionS are initia1y confd, positive ion average energy of 

only about one key or less is to be expected. Although direct neasureuteut of 

the positive ion e ergy distribution has not been aciisbed it is clear that 

the contribution to the plasma energy density is negliible as conpared vith 

that of the tiacb more ens rgettc electrons. By b0i.outer and other neaeureute 

on the 'totel energy of the particles escaping throub the nirrors during the 

decay of the p1c&n, the plasma energy dssity at its peak value drisg. the field 

pulse waS found to be about 0.08 that of the magnetic field energy density 

(aerna 	0.08). Th fact that no evidence for instabilities has been oh- 

served during a coufineant tine at least as long as 10 esec with such a h1h 

ratio of plasm energy density to confining field ehergy is nost encouraging. 

The piema confined in a magnetic mirror field might be expected to be 

unstable against the line interchange or flute instability. The time for the 

devélorxt of suchen instability should it occur is the tine for sound to 

travel the length of the confined plasma bo&y.  Sound speed in the plast' is 

given by 

nk + u. r"\h/2  

+ 

Since for tbe. experiment 	 - 	<<, 	and 

za tbn 

(5 n'l/2  15. 

where 	is the average electron energy. Thus for 	= Z0 key = 3.2 x 10 

erga a.d mt. = 3.3 x W' g (for deuteraas) 

( "') 	
1.25* 0 cfseo 

and is independent of the plasma denety, n, which was e.botxt 5 x 10 ions/cm3. 



The length of the hOt p1aeia body was about 10 cm. Therefore the transit tim  

for sound over the length of the plasma bc4y was 

The observed conaimnt time rc  :IV 106 see so that 

/1o 2,. 
.1. 25 x  l05t 

'• 	o.SxlO1 

thus of the order of 10 time the epeoted groth time for interchange insta-

bilities were they to occur. Whereas this ii.gh degree of stability is not 

urAarstcod it is quite eneournging since, if intahi1itie seale as is now 

believed, this observation provides some hope that magnetic mirror confinement 

mej be free of instabilities for valaeo of the plasma 0 	 which are 

great enough to permit significant advances toiard controlled fusion power. 

Another obserratiOn of interest carried out in the Table Top msa ion 

eriment was the meaaurent of the radiil distribution of the energetic 

electrons in the plasma as a function of the tizo. 	A scintillator probe 

sensitive to electrons of several key emer' was inserted in the median plane 

(Imif way between the mirror coils) of the machine and the counting rate ob 

served as a function of the radius. At radial postions greater than 2.5 cm 

fron the aria essentially no pulse signals were observed. When the probe was 

at radial distances leso than  2.5 cm it interfered with p1aa formation and 

produced a large,comting rate. The radius of the hot plasma is therefore 

about 2.5 cm and very few energetic electrons appear to be lost by radial 

diffusion. 

IuItipie-cression experi: ta are also being carried out. Plasma is 

injected into an 18-ino diameter cbber in a weak magnetic field. By proper 

shaping of a se<uence of pulsed fields the plasma is cressed and traus 

ferred successively into a 9-in. diameter chamber and finally into a 5-in. 
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diainter chaber, 'where a very high puleed field intensity of at least 150 kC 

can be alied. The advantegea of this eystem are that the p1asa is rapidly 

removed from thO region where it was produced, leaving the neutral gas and 

even the high atni.c nwer ions behind, and that a greater over-aU c 	a- 

sloE is possible. 

Using a very cold p1aeim injected into the first stage, the transfer and 

compression vas carried out as expected.W Improvements are now being made 

in the injection System by uhich the injected plasma .palcles will have much 

greater initial tranaveree energiea.' 6y this  system it is reasomabie to 

expect that positive ion plasn2 toratiwes of the order of 10 hey and den-

sittes of the order of 10 1 i06i02
3  can be attained. 

C. Eitic Ptccinjeet 

F'om the -inception of the magnetic mirror program a Major objective has 

been the buildup of a plasma by injecting  energetic positive ions into the con-

fining volume. 1owever if a peticle is injected into a maetic field from 

the outside, it will come back out again unless either the field, the particle 

,energy or the particle charge/mass ratio: changes 'while it is in the field. 

Many schemes have been considered for injection and trapping by change of 

charge state, ' 	the injeetion of either energetIc neutral beans of particles 

'which are ionized inside the confining volume or of molecular Ions such as 

which are dissociated into atomic ions and trapped. At Livermore, preliminary 

work has been carried out in preparationfor the injection of energetic neutral 

and molecular ions. With equipment now in operation at Livermore a 	beam 

of 0.3 aup at 100 key can be injected into an aperture 3 in. in diameter with 

a divergence angle, of about li deg. An energetic neutral atomic particle beam 

corresponding to a beam current of 0.1 aaT at 100 hey is also produced by 

focusing and neutralizing the atomic ion beam from this same squlmmnt. A 

very intense neutral particle beam at 20 key is now also under deve1oment. 



- 	
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The differwitial ewt ions describing the buildup of the ion dn&ity and 

the reduction of the thutral density by i& pping have been eet up and 

solved umerically. for a uwnber of eases • The case of particular interest is 

that in which an itense deuterium 6rc down the exis of the .ehine is used 

as a t5ret fOr *acuiAr.4On disaociation. b0) The molemlar ions are injected 

into helical Obit5 so that they pzss thz'ough the arc way time and are esse*-

tialiy aU diseocisted before returning to the point of injection. The âc.lcu- 

Istions show that with an inat of 0.3 amp of 14% 	ions the atOic ion 

neity should build tp to I&' ion/cin and the neutral 	rticle density should 

be re4 from an initial value of 2 z l& partic.ea/cm3  (coreaponu.ing to a 

pressure of 5 x 	i) to scaethins li. 14  x 107 psrticja/. The 

axpected ratio Of ion to neutral density is of the Order of 250 000, which is 

begimlng to approach condtions of pratica1 interest The expectation i.e that, 

atter the pien irna built up to a density of the order of 3 x 10u 

the arc can be turned off and the .higtssrature plAsma than used as a target 

for mo uls.-ion dissOciation. Work an this very promising xsthod of pro-

ducing 

 

a hot arna will not be contiaed at the La,'nce rcadiat ton Lboratory 

since by rzatua1 ar enent h1gh enargy molecu,Jar ion injection in the U S .A. 

will be developed excLwively at the Oak Ridge at tonal. Laboratory, at least 

for the immediate future. 

An altCtzitiVe approach, tht of relatively low- energy neutral-particle 

is being actively pursued at the Livernore ette. This is the 

.ALICE exrnt in which a very intense beem (300 to 500 ma) of hron ions 

at 15 to 20 hey will be focused into a nearly paral beem of cross section 

about 3 x 5 cm end passed tbrough a tamotie neutralizing tat • At the energy 

adopted for this development about 95 of the incidezt ions will be neutralized. 

The resulting energetic neutral stic beam will be directed aee the trapping 
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• 	region of a magnetic mirror mathine with a central field intensity of about 

50 W. The main part of the hewn will cross the trappin voluve and go out the 
4 

other side into a "burial chamber"., where a high getterizig speed will be main-

tamed by periodic vacuum evaporation of well outgaased molybdenum. A small 

traction of the energetic neutral particles will encouuter either residual gas 

molecules in the traing volum.or a low-density bac1cgraud plasma, experience 

a charge-exchange event and bece trapped as an energetic ion. By this pro-

cass hot plaèma will be buflt up in about one second. To ensure that not 

more than a small fraction of the trapped energetic ions are lost by a subse-

qeut eherge -exchange evertan a residual gas molecule the neutral gas density 

must be kept very .low--in the range 1 to 5  x 1019  nmi  H6. iieans or sealing 

large flanges with metallic gaa1ts 	and maintaining very 3.arge puing 

speeds down to pressures lees than 	jg( 3) have been developed. An ion 

source capale of producing 500 ma of hydrogen or deuterium ions is in opera- 

tion. 	)ewn collimation and neutralization are yet to be accomplished 

before an effective test of the ALICE plasma buildup principle can be carried 

out. When this is eventually done, a plasma of about the sam positive ion 

energy and density as that in the mu1tiple-eoreesion expsriinnt should result, 

but the plasma volume (o cm3 ) will be larger and the eoutaiimnt time (i see) 

much longer thsh in the niltiple-cess ion experiiuent. If both multiple-

compreasion and the ALICE experiments are successful,, the next step in the 

mirror machim program vàuld most lilcely be a cobination of these two systems. 

Meanwhile both devicee give promise of producing hot and dense plasma for 

experimental study. 

2. TM ARC1 P 0OAM 

a. Role ofR tiv5ti.c Electrons in the Aetron 

Christofilos has proposed a novel uthod of heating and confining a plasma. 
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utilizing very bih ensrr eletrons." 	In the Astron dsvice it is proposed 

to use intense circulating curreute of very high energy electrons (1) to modify 

the YacLnsn field to form a closed pattern Of ngnetio lines of force for con-

fining a ples, (2) to create a. plaa by ionizing neutral gas, and (3) to heat 

the resulting plasma by collision processes to the deir'ed reaction temperature. 

The main chamber of the Astron is to consist of a cylindrical chr with an 

axial magnetic field produced by external windinge sornsvhat concentrated at the 

ends to provide magnetic mirrors. 1ithin this chamber a cylindrical layer of 

-hi.gb.ly  relativistic electrons moving helically in the field and being refl.ected 

fran the mirrors at the ends is to be built up in circulating current. When 

the population of the eleetron leper per em of axial length reaches the value 

y/r5, where y  is the relativistic mass of the electrons in reatmass units 

and r is the classical eletron radius, the magnetic field at the center due 

to the circulating electrons is about equal and ooeite to the vacuum field, 

and the resultant field inside the layer is apprcdmately zero.* if the number 

of electrons per unit length in the layer is increased above No  the field inside 

will be reversed relative to that aLLta.tde the electron layer. When this occurs 

the magnetic lines of force form a closed pattern providing a flattened toroidal 

trapping region within which a plasma may be confined. 

When the desired field configuration is attained neutral gas is to be ad-

mitted and ionized to form a plasma, which is then heated up by collie ions with 

the energetic electrons. As the plasma energy density increases the ampere-

turns in the external field wix4ings will have to be inreased to compsnste 

for the 4iangnetinn of the plasma and. maintain the appropriate field intensity 

• at the outside edge of the electron layer. By continually feeding in high-

energy electrons the system is to be brought to and maintained in a stea4y 

state at oy desired plasma density and temperature. 



• b. 	 R  J&_'nergy Eiectron Jfean 1glection • 6tem 

It or4er to aflai.n the eondittona require& for the Mtron an efficient 

• . ayatern for zJectiw very hiah currents of energetic e1ectron has been desigmd  

and sOM eleipenc have been teated. The fiat requirewnt is an electron gun 

of recettented be= output and *miity. 	ma preant gun is cuparflcially 

• 81"llar to theac used in bigh'power kitrons with the added feature of a 

special field coigurstion which ensures that the randn arie of the output 

bean electrone will be ver aa3. In the pmeent gun the boom output is 60 

e at 600 hew with a. rand.n angle of lees than 1/3 iagree and a pulse tim of 

0.15 tee. The hit,h voltejo is pothced by an 	core pulse tranaforr of 

scia1 design. A modification of the present gun to provide for a 8Oswt1at 

• lsrgr cathode is n&r being bi1t which should produce a beam of about 200 amp 

• 	• at 600 hew for pulee perios of 0.1 usec. 	. • 

In order to rveree the field Inside• the layer it is neceaary for the 

electh'on ez*ra to be well into the relativistic,  ra 

f IeJA reversal may be• 	 f*aible,, the accelerator which has been designed 

for . 	Astron rnc4el tests will acalerato the bern 	. 	 5 

To avOid dei6nvdiug  the beam quality, aceeleration will be aceolisbed by a 

fj4 rather than by  high frequency.  The acei.erator will cons let of 

an asaeth1y of pul . trsns1onrs with the accelerating coJn inside the iron 

core stiicture. As in the pUze trafor gw4 the electron beam beues the 

trneformar estern. The injector is dealgwd for at output of 200 amp of e1ec 

trous at 5 Nev with pulse length of about 0.1 psec and rp€tition rate of 

60 pulse s/eecontt. 

The electron bOan is to be injected thz.• a ugrtics2JLy shielded tube 

• tentid•ly into the ficid in an extension at One end of the Astron trapping 
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cier. This ectcmsion will consIst of two conentric cylinders in the 

the between which the eldctronE will spira.l alonj the field at a radius 

equal to about 3/3 the. radius of the trapping cher. Because of the amall 

electrons will form short cylinders of circulating current maving coatislly 

alorg the anuu.b of the ectene ion. 

Over the length of the extension, the field coils will be so arrorged 

that the field intensity will 4ecresse slowly as the electrons aproal the 

trapping 	 If no other provision were thadc the cy•lindrcal kywmhea 

of electrons would exporience an thcreae in axial velocity In passjzg  fr. a 

region of hi1zer to a region of lower vector potential, would be reflected 

frcm the magnetic mirror at the far end of the trapping region and return to 

strike the injector tube. To prevent this loss from occurring It is necessary 

to abtorbe encrgy frcn the axial cponsnt of the motion as the electron 

bunches elide down the zagnetic vector pote lal. This is to be accolisbsd 

by MoumtIng betweàn the outer wall of the injection sarnulus and the electron 

orbits an array of ciretUer resistors.. As the short huns. of electrons 

pass through the resistors they induce diesipaUve currents in the resistors 

which reve ery from the xial motion of the hunches. In this xnner the 

electrons lose energy so that they cant• return to the point of injection 

but are traed betwwn the =4petic potential ramp at the injection end and 

the !3etic mirror on the i'ar end of the trapping region. Although the 

electrons already trapped exarience ss energy gain from the field energy 

brought in by each subftquent bun of electrons, calciilat ions indicate that 

a inetic potential well of the order of 20 per cent is sufficient to ensure 

trapxg enOugh electrons in the layer to reverse the menetic field 
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Pv1 	 !eld by Rotating Electrons 

Whether reversal of the ugnetic field by high currents of relativtstic 

electrons is feasible has been examined by Lewi Tonk5 in a soence of calcula- 

ince the electz'os in the 1arer viil b .sLowd iiown by realdual 

gas even in the thsonce of plasma, the eyilibr1uin enerjy distribution consists 

of all energies from the initial injection value dawn to a cut-off value at 

which the electrons are lost. Space charge neutr UAtien by ionization ot the 

reSidual gas is ssed. Ne.tectiug for the present the angalar scattering of 

the Alectrons but inc.LudLng the energy loss, a se]!cQnsistent solution for the 

electron orbits en& the modified mqgwtic field has been otained. By deter-

mining the self-consistent configurti.on starting with a very amall papulatlozi 

which result in a ateay reduction and eventual reversal of the field. 

Whether the ci ctron layer will be stable wider conditions of a reversed 

rield cannot be determined by calculations of the kind described above • For 

this reason the prizrciry goal of the experiwntal progran is to explore the eta-

bility' of the' electron layer with parwsters so chosen that reversal of the, 

field ehonid be feasible, aaEnwing thatabilitiea do not deve3.op. It the layer 

with reversed field proves to be stable then the layer withplasm should also 

be atable, at least up to'soms as yet undetermined value of the plasma energy 

density. 

• 

The major acclisbu*nt in the Astron devolopsant has been the design, 

construction and operation Of the first model electron gun. The hewn from the 

present gun has been introduced through a magnetically shielded tabs tergen-

tially into a cylindrical vacuwn tank with an approxisiate axial magnetic field. 

The beam pulse is reflected from a weak magnetic thfrr. r and then trapped by 



energizirg a pulsed coil which a€sin reflects the ele•trs before they can 

return to the point of inaction. Rotating electrons so trapped between 

• mirrors have been retained for periods up to eevoral eecoma. 	Experiments  

of this kLud will be contiuue4 in order to meswure and ityrove the efficiency 

of the injection process. The present energy of the electrons is too small to 

permit the trapping of a Bequence of been puisea for builLthg up an appreci-

able layer danaity. 

Consiriction of. the improved gun to prov4e a bearn current of 200 amp and 

the induction a4acelerator described above to iucreaae the energy to 5 Mev should 

be coupleted in. two years or less. With these facilities it iiU be possible to 

determine whether the electron layer with reversed field in stable, and, if so, 

to build up a hot plaev&% to whatever enargy density is permitted by stability 

thitaticurs. 

3. TEPIME ROG}W 

a. LIMar and 21-Oi44 	Con &zatons 

Wherever the problem of controlled fusion has been considered, the pinch 

effect has come to mind as the most promising first step toward both heating 

and confining a pl. The siLe linsar pinch, such as that of Baker (20) 

and colleagues at the Berkeley site of the Lawrence Padlation Laboratory, was 

- found to be so unstable against instability breakup that the column of plasma 

comjresaed by the self fie34 of the plasma current could be confined for only 

about a microsecond. Such a. discharge in denier ium can zverthelass produce 

fusion neutrons in quantities up to 0 neutrone/lse. However, tkwae neutrons 

are kwm. to be due, not to thennonuclear processes, but to the acceleration of 

deuterons in the plasma by irhuctive effects associated with the instability 

• brea1p of the plasm., Because of the very brief confinement time there 

seems .o be no possibthty that the simple linear pinch can provide a favor 

able balance of power. 



Exper1xznta to stabilize a pinch discharge by InSming an axial magnetic 

field on the tube before initiating the pinch were first carried out by 3aher 

and colleagues in Bez'ke1y (22) The axial flux Is 1wked into the highly con-

ducting . plasma of the discharge and is compressed together vith the plasm by 

the azbxnzthl field generated by the discharge currezxt. Colgate.. Ferguson and 

1rth lter caed out extensive er1inta at Livermore for both a linear and 

a toroidal ugniticaUy stabilized" pinch. 	zagnet.ic probe nasurements On 

the linear magneticaliy stabilized pinch yielded resUlts crudely in agreeut 

with the expectations of the Rosenb].uth theô$ 	owevez', since in the linear, 

pinch the plasma is in good thermal eontaet with the and esetrodes it was not 

urpris 	that the plasm temperatre ws never very higtt (abotit. 30 ev) so 

that the electrical conductivIty of the plasma was low. Rapi4 interdiffualoñ 

of axial and azimuthai fields are expected under these conditions, and the 

plasma boundary layer of ndd fields was always broader than would be expected 

for high plasma teerature.. 

The next logical atOp ': to eliminate the end eleet*'odee by converting 

the magwtically stabilized pinch to a toroidal form and producing the dis- 

cge vtage aroun the torusty In tj 	With no electrodes in ctintact 

with the plasma the toroidal'magnetic&lly stabilized pinch was thought to have 

the possibility of creating such a high pins taerature (and therefore high 

e1ctrica1 conductivity) that the interpenetration of axial and azimuthal 

fielda ..vould be very slow. . If this were true a long cönfinennt time of the 

hot plasm 	anticipated. hsgtc probe and plasmaconductivity measure- 

nts, however, clearly showed that the plasma boundary layer of mixed fie]4s 

was unexpectedly broad and the plasma tOiuperature produced in the inagneticall.y 

stabilized toroidal pinch was math lower (abct 20 ev) than had been expected. 

Since many thØusnnds of jouleo of erargy are poured into the plasma from the 
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condeneer bank during the diechare the plaen teuerature shoult have reaebe 

svere.l thousarA electron-voi.t • i. search was mAde for the euezjy loss cIm.. 

and the xtjor loss wae found to be due to the eJ&ctlon or eLeotrons (in 

the energy rare 1.5 to 5 keY) which strike the wall and próduøe soft x-raa. 

The beUef is that in the plasma bow4ary layer 1  in wtich the pinch cvrreet flowa, 

anawsy electrons az's prcIue, are acelerated along the spiral 1ine of force 

in this region and ezcits cross modes of electrical oscillation. The non-adia-

batic effects of these oscillations may be responsible for the loss of the run-

away electrons ihich appear to account for nost of the power input into the 

discharge. 

A recent dsVe1Ojnt at Livermore by Colgate sth Furth in an eftort to 

unierstaiA the proceeso which o'ir in the plamm boundary 1yer is the ' s hard 

core jizci. 	In this device the pinch tube has a central copper conductor 

(surrounded by a c lindrical quartz tube) which carries the full discharge 

return currmt. Since the plasma is outside the central conductor, it is .pushed 

outward frcn the center by the eeirnztbal field in the inverse of the norzal r-. 

neucally stabilized pinch. Zecwmw the curvature of the plasma bouxary i.ayer 

is away from the plasma, the  configuration according to lWdrauagnsatic theory 

ehould be stable. 14erimntel results obtaizd with zatiple mapistic probes 

perfornd on the linear hard core' pinch have shotm that sow configurations 

which are 1y4t'gneticaily stabla in tbeot7 are neverUdeas unstable. 

6egnetic fi tuations are Observed to be quite different at the cathode 

and anode enie of the tube--the fl=tuations near the cathode being smaller in 

amplitude but extending ttp into the high frequency range, whereas fhctuatione 

at the anode are larger in alitude but mAde up of only the lower frequency 

oscillations. 1The t1,ctuations have been e*plored algug the 1th of the 

d5e with the conclusion that the higher frequency oscillations are 
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progressively damped Out in the pI, whereas the lower frequency oscillations 

are progressively amplif led. It appears that electrons leaving the cathode are 

modulated, perhaps due to sheath oscillations,, and ausequently interact with 

the plasma pro icing the observed results 

The vacuum field of the hard core pinch, in which the axial field is mdc-

pendent of .r and the aziunithal field falls off as l/r, exhibits the quality of 

shear in the sense that the pitch of the resultant field line's changes with 

radius. The property of shear in the confining field contributes to the eta-

.bility of the syetom as in the Steilarator. It is found that, in addition to 

the unstable configurations mentioned above, stable configurations are also 

found when the field with plasma does not depart to radically from the vacuum 

field'; i.e. when the plasma 13 is enall. These stable configurations are of 

particular interest and significance. 

The linear herd core pinch has the acme uinitat ion in attainable 'tempera-

tare as the linear magneticaI4 stabilized pinch due to thermal content of the 

plasma with end electrodes. In order to permit the attaizit of high tempera-

tuxas, the hard dora pinch is now being built in a toroida.l form in which the 

central conductor becomnes a ring. It is proposed to bold the ring in place by 

magnetic levitation resulting from currents induced in the ring; thus the new 

device Is called the Lvltron. The objective will be to determine vhether 

stable configurations discovered in the linear hard core pinch are stable in 

the toroldal form and whether severe energy losses due to runaway electrons 

will again occur as in the case of the magnetically stabilized pinch. 

After initiating experiments on iagnetic stabilization of the pinch, time 

erhe Icy group sought conftgirationa for stable confinement not dependent upon 

07) magnetic stabilization. One such conl'iguratlorx is the ebet:pinch. 	An 

infinite eheèt of plasma centra.Uy located betieen two infinite conducting 
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].anea ima. neutraL etability. Two aproxiuticne to the infinite aheet pinch 

have been under irivesti€ation for the peat two years. These are the Pubular 

Pinch (or riax) and the plane eheet pinch of limited width. of these two the 

Pubuiar Pinch bee received much the greater effort. 	- 

In the Tubular Pinch the gas is enclosed in an annular space betwen two 

cylindere. When the gas is ionized and the Ued volta€e applied between the 

lor ring electrode and thw top electrode, the high plasi current produces 

azinuthal fields inside and outside of the p1asa which coress the plasma into 

a cylindrical Sheet. A mter of hydrodynamic bowcea can be seen on the volt 

age trace 	d the cónfiguratii appears to be stable unless the current ezceeds 

about I la.. The Tubular Pinch producel about 10 6  neutrons per pulse, which do 

not shad. avidence for appreciable deuteron acceleration in the plasma. 1owever, 

the: resistance of the plasma La too high to jit the asauztion that the 

plaa reaches a sufficiently high teez'ature to produce tberuonuclear rmutrons 

iecent e  sri  t(28)  looking lengthwise along the plasma with a streak cara 

have rvealed that vben the plasma current is very high the plasma does not 

remain ceutered in the anntthie between the two return conductors, but is thrown 

tard and strikes the inner wall, after about 3 i.seá. This effect appears to 

be tue to the lack of balance in the inductances between the inner and outer 

return conductors, respectively, and the. pits. A modification of the Tubular 

Pinch has recently been constructed which psrnita increasing the inductance of 

the outeD conductOr and so balance the forces on the plasma. With this correc-

tion nede it is bip4 the plasma sheet can be kept away from the walls and 

consequently reach sigiicant]y higher temerature. It should be pointed out 

that in the Tu.bula.r Pinch configuration ithe raagoetic fleida are everywhere 

orthoobei to the plasma curreit so that thernal coMuctvity to the end 

electrodes should be smaller by several orders of magnitude than that existing 



in the mwetically at8bi1ied p±rsth. The long cofinec,.nt time and a.nti.ci -

pated higher teiperature at the bular Pinch would seen to offer at least 

the poasibility of 1k1ng ±nterestig naaureints on the behavior of high 

teerature plasu. 

b. T* 	Dla Rototiz ?cc 

Another plasm canfinet scheme developed at 8erheley is the Homopolar 

( 29) device 	in which the plasma is created in crossed electric and magnetic 

fields and eperiencee rotation from the resulting torjue. In this devIce a 

flat sheet pinch ±8 produced by a radial flow of current from an outer ring 

electrode to a central electrode. A magnetic field is oduced which is 

gene raUy orthogonal to the current so that the plasma thus created experiences 

a torque and is set into rotation to velocities up to about 5 x 106 

Paraters can be adjusted so that the current pulse frcm the condenser hank 

is critically denped. After cessatien of radial current,flow the sheet plasma. 

cant Inueb to rotate and to maintain a voltage across the terrainals for periods 

of seirersl hundred microseconds. This is an extrsma ease of rotational con- 

V inenent which may prove very useful for a period during which shock heating 

Is api1.ed to raise the teiierature of the plasma. Although the energy stored 

in the plasma is vary largo (of the order of 10 kJ), the rotatIonal motion is 

relatively cohér'ezit, whereas the random motion corresponding to the temperature 

is probably not in excess of 50 cv. if it is to be useful as a thereonuclear 

devicep som means of adding raxidoa energy or cowertirgacm of the energy of 

coherent motion nnist be found The Ronor device, moreover, has unusual 

properties as an energy.storage Circuit e1ent. 3  After the plasma has been 

set Into rotational motion, maintaining a voltage across its termin4s 1  as in 

the case of a Iara4ey.disc generator, energy can be etracted from the device 

by connecting a lo .:edance load across the terminals. 
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Recent oxernts on the Hamopolar device show that when the oxter elec-

trade is an ande the cnrrezrt density during the steady-state phase shows a 

rerkAb1e bard atructure in iihicit rather ecaUy spaced. arcs run around the 

machine at the drift velocity of the 	(a) __ 	 iocai- 

ized regions of contt between the'plasina and the anode are still under study, 

but the explanation for this striking phenonon is not yet clear. 

Ii:. PLA4A WAVES MD OSCILlATIONS 

a. eacticn o ! 	with 	oWaYe8 

The response of a piaena to higti frequency electxatic waves provides 

a useful diagnostic method mbleh.has been deve1oed to an advanced state by 

'dharton at Livermore 	In .te event that the collision frequency is smal 

coare4 with electron plasma frequency given by 	(zn5e2/m) 1/2  radians/see, 

the electrcgnetic wave is propagated through the plama with an effective 

dielectric constant equal to 

nae2  

where (D  is  the  angular frequency of the aiectroiiagnetic wave, e and a are the 

charge and mass of the electron, and n5  is the electron density. NunricaUy 

the plasma freqwncy is then 1 = 9 x io n1/2  apecically, for a aicrowavo 

of wavelexgth equal to 8 xa, the frequency is 3.75 x lO cycles/eec and would 

correspond to a plasma density of n = Li x 1O 01 trons/cm. Thus plasma 

dcnaitioe characteristic of many plasma physics expernts are such that the 

plaaaa frequency is in the rane of microwaves for ithich sources, wave guides, 

horns and other àircuit components are Svailable. 

Microwaves directed into a plasma body are transmItted. with a phase shift 

when the iiOrowave frequency is greater than the plasma frequency, but are 



e.beorbed a*d reflected etz'ony 4eii the plasm Trequency exceeds the wicrovave 

- 	frequency. The coi1itiu 	IG refermd to ae the cirt-off frequency. Theas 

effects are ssihat broaden&d if the freqeoy of the electranagratic vave is  

ec*areble with either the :colliaion frequency in the plasm or the I  electron 

gmfrequency in the m0anetic fle4. Eoever, for moat caeee of interest the 

cut*off frequency and '1iace  shift are quite sharply deftrd so that xareznts 

of plasma density can be made.' 

terometer in 'thith the phase shift per wavelength through the plasan can be 

accurately determined. In a44$.tion beervsti.on of phae Shift or cut-ott for 

severa.l different mlerewre frequencies GIves very good information on the 

madm electron density in the plasnA as wal.1 as so= information of the die-

tribution in density along the microwave beam path. 

b. Qationcd r_tionoforsion.l(vn)Wave B 

• Wilcox and Wwr have studied the g neratian and propagation of torsional 

PJ.fTcn WAVeS in A highly ionized plasma eolumn. 	The experinental arrange 

iant was 4erved from the bopolar device described above • A column of plasma 

Is produced by discharging a small condenser bank through the gas in a cylin-

drlcal chamber within which there is 'a nearly uniform axial magnetic field of 

intensity up to about 16 kG. By discharging a sharply rising voltage pulse 

bt'woen a abort central electrode at one end of the chamber and the ebeer 

aU on I x R torsional force is applied 'to the plasma coimm at one end. A 

corrosponding voltage pulse Is than detected between the central electrode on 

the far end and the chamber wail after a brief delaj. 

The velocity of propagation of an A1±'vn wave, ±a given by VA 
	1/2 

cz/eeo. By plotting the obaerred velocity against the maetic fIeld intensity 

from about 7 to 16 kG, a straight line Is obtained. iiciever, Instead of 



extrapolating to zero intercept, the experimental curve has an areciab1s non-zero - 

intercept, the cause of which is not knom. At B 	10 kG the measured value 

' cm/sec, which yields p 1.0 x 1O g/ 	or 6.1 x 1015 of VA  2.8 x 10  

protona/cm. The hydrogen pressure before the discharge was regulated to 

100 14 I, correspondiz to 7.1 X 10-  

By rie,suring the magrtic field fluctuations associated with the wave, the 

energy transfer from the external circuit to. the wage was found to be 43. 	is 

relatively high efficiency is iiortant to the n&xt step which will involve in-

put from a high frequency oscillator . and a non-uniform axial magnetic field of 

the niirror machine type. Waves initiated at the end of the cheber will propa-

gate into a region of diminishing field intensity and reach a point where the 

A1rvn• wave frequency equals the ion cyclotron frequency, at which point the 

wave should be absorbed and the plasma at the center of the mirror machine heated. 

Somewhat related experiments on torsiota1 A1f4n waves have been carried 

out by Chambers and Furth at Livermore. 	in their exper1uite the plasma is 

a hollow ref mx or penxiizig 	type of discharge. . By applying a radio frequency, 

field radially through the plasma near one of the ring e.1actroes at one end 

axially pr )agatinj A1fYn waves are generated . in the plaa. As . the maetic 

field is changed tie location of the point at which the ion cyclotron resonance 

is satisfied is observed to move from a point near one end to the central region 

between the magnetic mirrors. Magnetic pickup loops are used as probes for 

detecting the high frequency fields associated 	with the resonance. 	As is also 

expected, when the field is everyvhere above the ion cyclotron resonance point 

the wave is transmitted along the entire 1exgth of the holLow plasma and is 

detected at the far end of the machine. When resonance occurs anywhere over 

the length of the aachine the wave is observed to be completely absorbed and 

no signal is observed near the electrode at the far end. Although the energy 
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fed into the plasna in this epriment is very sU, it appasra that the "meg-

•.tic beach9  type of plasma heating as predicted byStix (36  has been observed. 

5. CONCLLJDI BEMARKS 

In the above discussion of controlled thermonuclear research at the 

Univereity of California Larezice Radiation Laboratory technological develop-

nents have been omitted and the descriptions of ezperinnts have been very 

brief. However, the man lines of endeavor toward the production and confine-

ment of a. very hot plasma have been outlined and the status and.plans of each 

of the prjecta briefly described.. 

A cuestion which might be fairly asked is, "hat are the prospects for 

success fron such a diverse program? The answer to the queetion depends, 

of course, upon the kind of success one is seeking. The probability of any 

One cuuponent of the prcrwm leading directly toward the controlled release 

of fusion power may be small. Eo%.Tever, the keowledge of plasma physics being 

gained and the teebno1ogj being developed certainly contribute to the eventual 

attainent of controlled fusiOn power. Moreover, the justification for 

intense research on high temperature plasma is by no means limited to the 

sin&e goal of controlled fusion power. Other practical objectives that 

may very well be realised are magnetchydrodynamic power generation, plasma 

thermocouple energy conversion, plasma propulB.ion and energy generation for 

interplanetary vehiclea, sources of very intense microwaves end many other 

thoroughly wortheihile goala. 	 . 	. 
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