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INTRODUCTION

- Coptroll,e@ thermonucleay x%search wes initiated at the University of
Celifornie, Lawrence Raudiation Laboratory, -early in 1952. 'After a review of
vm-ims magnetic £ield 'configumtwns for confinement of & hot plasma, active
investigation Of. megnetic mirror fields ves iﬁitiéted et the Livermore site.
About a yves.r later -experimez.atal studies of ginch &ische.rges vere started at
the Berkeley site end soon afterwards é.:.ao at Livermore. Fimlly, in 1955 the
Astron ‘eoncept wes add_ed-to the progrem. ‘This ‘l&.tter,devizce' mvolvés the use
of very high currents of relativistic electrons circulating in & wegnetic

field to modify the vacuuwm field and provide 2 system of closed lines of force

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

controlled fusion a variety of fundemental e;fudiea of the trausmission of micro-

vaves through plasms, the generstion and propagation of torsiomel Alfvén waves

and other basic plesme phenomena of general interest have also been carried cut. |

1. WACRETIC MIRRCR PROGRAM

e. GCeneral Aspscts of Magnstic Mirror Confinement(l)

~ The particles of @ hot plasia confined by e magnetic field spiral along

" the magnetic lines of force. Tha motion of the perticles is characterized

- by the fect thet the megnetic moment of each particle in the absence of colii-

siong is & conaté.nt of the motion, provided that the chenge in magnetic fieid
intensity during one revoiution of the particle in its spirel motion is not
too grest. The total kimﬁé energy of a Micle imy be represented es

Wel +¥, wzxen; W, =1/2 m;,rlz and Wy= 1/2 ‘n'w“ 2, tn which v, 1_s“ the component

of ve.loéity perpendiculsr to tha magnetic f’ieid and v, is that parallel with

- the field. The megnetic monment
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is therefore am approximate mmﬁ, and the total kmetic energy W is an
exact inveriemt of the motion. The emgle 6 between the velocity of the

- particle and the megnetic field é.t'any.point ia given by

v . 151
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As a pa.rticle approachee a region of increasins £ield 1ntensity, VW; inecresses

as H increeses un:til H” beccmas zero, 8t which point the motion of the particle

" is mst&ntamously in & plam perpendicular %0 the msguetic field. The axiel
‘motion of the pax'ticle ia then reversed, and the perticle is reflecmd from the

region of strong mmtia fiel'd hence the expression ' mam%ic mirror”.
In 1952 R. F. Pos’t(l) anﬁ h.is colleeguea began theoretical and experimental

'reseaz'ch inte thrz conlinemant of plaama by the use of me.gnetic mirrox*s. The

megnetic mirror confming field is axially -5ynme‘tric‘ end consa.sta of 8 central

. ".region ofi_ relatively low field intensity between twe regions of high field

intensity (the magnetic mirrors) et each erd. The field is préduced by co=-

~exial coils in which the magnetomotive force is concentrated pear the ends.

Iz HQ is the magnetic field intensity et the midpoint and By the maximum value
near the ends, then the mirror ratio R = B /H, > W/H, for e particle to be con-
fined by reflection et the mirrors. | This coxdition defines the critical pitch

o 1/2
v“”c‘aﬂ‘“‘\?x;) |

~ such that 21l particlee with pitch angle less than 9, relativ'e to the maguetic

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

. angle grester than &, will be trapped between the mirrors. If the particles

in the plasme are randculy oriented and the mirror retio R = 2, then about
0.3 of the particles are lost immedistely and the remainder are trapped.
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If the orbit 'size of the paz;'ticle is pot smell, a significant change in
the mognsbic field cccurs in ome rotation of the particle, and the assumption
that the mé:aétic‘mﬁﬁ is o constant of the motion Qz&.y no longer e valid.
Anslytical trestment of this cése ie difficult, but the problem has been

imetigaw&(z) by nxeericel mthosls. A Ticld ehape represented by

ﬁzaH [‘l-&acoaz'ml(r:l

wes sssumed, and particle orbits were traced during mony reflections until
the cuulative errois of the elactronic computer became 'eignifica‘zit. ’i‘ber.
conclusions ure that the sverage fractional change in the megnetlc moment
for each reflection can best be"'repmseaﬁtfed by en expression of the form

8 . o exp - 0B

- O wwsneans

u 2nR

mm L 1s the distence between the megnetic wmirror pesks and 2R is the meen
circaumterence oi’ the circular trace of tha orvit 1n the medisn plave. Thus, if
the cﬁar&cteristic lengih of the zmchim ia sufi‘iciemlg large compered with
the orbit dimension, the devie.tim in the mgmtic,mnt are negligible and |
the particles beheve edicbatically. Since for the shepe of field chesen for
these caleulations, ¢ = 5 and b =~ 2, depemmg acrms:zha*lt: on the redial position
of the arbits, it foilows that the motion is essentielly sdisbatic if 2xR/L < 0.2
end possibly for even larger orbits. __'Ce'rtain claaées of particle which fail to
meet this criterion are nevertheless founzi td'w trapped imiefmmly, hecause
the megnetic moment changes cyclically over such a mrréw range tha:b the par-’
ticlﬂ is still trapped. ~ Those for vhich tmlmgnet‘ic noment chsnges witho;rc
any a.pparem: li.mit eventually faell iatc the sScape cone with & < 8, and are
'lf,‘;lost cut the mirror.

If an &ppreciable plasms density is built up, then by collision processes _

ions wh.lch are initislly traypad are contimzally being scettersd into the



&

i

escape cone end lost. The dominent collision cross-section in a Mly,iozjzimed-
plesma s the coulomd cross-séecticn, which veries inversely as -the square of
the relative energy of the c@lli&ingpé.rtielea. Thus the rate of lose by scat-
tering &qcreaaea rapidly s the average aenesrgy or bdemperature of the veoxzf‘imd
pissma is increased. Fdr._thiﬁ reagon confinement by e magnetic-mirror field
becanss more effective as thevtemere‘.fure of thg plasma inereaée@.

In the scattering process the dispersion in the pitcn anglénéu@ to smalle
augle scatvering is muach mre significant thén tke very infrequent large-scale

(1)

scattering events. The rate of growth of angulm- diapersion is similar to
the displecement in & rendamwalk problem end can be exg:eaaed in the form
62 = t/ts; i.e. the square of the everage displacement angle is proportionsl

to the time. The comstent tp 16 the tims &t which the average dispersion angle

1 equel to one radisn. . Since most of the Anitially confined particles are lost

from the egcape cone for'change-s in pitch angle of thie or&er, tp 1 essentlally

the time for one-half the original plasma to escape dut. th.e' ands -by ags.meriug.

Celeuwlations on the scattaring-loas time result in the appr@imate'fcmm
| o 33/2
tnu26x101 -—--»&ecomis

for deuterons, where ¥ is the ewergy of‘ the particles in kiloelectron-volis

and n iaj the iom density in fons per éub_ic centimeter. Thus » for & deuteron

' enexgy of C.01 kav 8pd 1 = mlh mnalcx'u} , 88 pey be achieved in a vigorous dig~

charge, tp = 0.26 ;zsee--a..very brief period of confinement. However, if
¥ = 150 kev then ¢ D = O, 5 sec, which ie & very aﬁequaw confipement time for

experlmnml PUrposes .

- b. Adisbatic Magnetic c‘mmaeion and Hesting of e Plagms

Ibhe exrperiments which have been ca.rried out by ”ost and bie arcup a‘t

Livemaom are of tvo types«magnetic .compmsawn and heating of en initielly
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cold plesma, exd the injection of emergetic particles into e magnetice-mirror

field to build up a hot plasma. In the former type of experiments a plasme. is
Cinjected into e weak megnetic-mirror field and the intensity of the magnet'ic

field then incressed by e large factor by discherging & condenser bank thréu,gh

the mirror coils. The ériginel Pield lines, together with the plasms, are com-

pressed into o elender spindle near the exis of the machine. If the chenge in
£ie1d intensity is small during the period of rotetion of an ion in the field,
the magnetic mament is & constamt during the compressian, ie b =W /H= const.,
80 that the z*otationél enzrgy vwill increamse in &ireé"c m:-oporticn' to .the ‘me;neiic
field intensity: |

¥ (%) = W (0) % .

Since by rediel com:presaion the rotetional enzyrgy of thzs particles is increased,

'~ the mirror confinement of the particles is improved.

Experimente on the 'I‘e.ble«'l‘opw ) mechine have demonstrated the expected

_compression end heating of a plasma by a rising megnetic-mirror field. In

this machine the plesme is injected in an initial field mtensity of about %0
geuss. The injected plasma contains electrons of average energy of sbout 10
ev which ere held by the lov initiel field. However, deutercns of epergy
srester then sbout 1 ev (sbout 5 cm redius at 40 geuss) are immediately lost
to the walls in this vesk field. In 1/2 msec the field 1is increased to sbout
0 m,'yielding 2 ccmp'reséién ratio of sbout 1000 or more. | The coil is then

short-circuited, and the f£ield decresses with the L/R time-constant of the

coil, vhich is of the order of several miiliseconds. For various starting con-
 ditions the energy distribution of electroms scattered ocut through the mirror -
at one end was measured at the tinme of maximm field eand found to correspond

to a temperature of 10-20 kev. From these results it is cleer that the plasma
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electrons are hested as expected by mgnetic ccmpmeaion.' Zince only 'vary low
.emrgy positive ions ere initiall:f cenfmed, positive ion average energy of
- only abmt onz kav or-less is to be expscted. Althcmgb. d.irect measurement of

. thrs pcsitive m energy umtributim has not deen acermplished it is clear that

the contribution tc the pl.e.ma onarEy aemuty is m(,lisi‘oln 28 compared wi’ah

. thet of the much mx'e_emrgetic @lectrons. By belometer end amer mragsuremnis

on the"taﬁai emsrgy of the pai‘ticles esceping. through the mirrors &u.‘ring ‘ahe
dacay of the plasma, the plosme emm density at ita peak value énring the field
pulae waps found to be about €.09 that of tne magmtic £ield enert,y d@nsiay
(plesma § = 0.08). The fact that po evidence for instabilities has been Ob-
served during e eohfingmnt bime ajf;. lecaat a3 long as 10 mae‘c with such a highk
r?a.tio of plesms energy gensity to confiniug £ield -emm 18 most'e‘ngmmagingg,

The plasme confmzd in a magoetic mirror ficld might be expected to be

Cunstable egainst the lire interchange ot £lute instability. The time for the

develmn_t of such an instsbllity should it occur is the tins for sound to
travel the l&ngtn od.’ the confined plssma body. Sound speed in the plasma ie

given by

A e e\ /2
J kT « -
Vg = (7?/9)1/2 e (*g 2 - ) .

n,m, + DA,
Bince for ﬁbsa expsri:nemt uleer discuseion B, = n_ = n, K, << ET and

‘m_,,:f*vm th@n

e w-)#? E.(z AL

5w, \) 13,
vihere ﬁ is the avetage electron energy. i’hasvfor W, =20 kv = 3.2% 10‘8
ergs and m, = 3.3 x 10 g (for deuteroms)
-5 i/2 . '
; = 1.29 ® 10 em/sec
(.a 3.3 x 1072 » n/se
and §s independent of the plesms demsity, n, which was ebout 5 x 10°7 ions/cm”.
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The length of the hot plasma body was ebout 10 cm. Therefore the transit time

for sound over the length of the plasma body vas

10 ' o o
T = 0.0 x 107 sec.
| &% 1.5 x ;_-03
The observed containment time T, = 10 % sec so that
-2
1.0 T

.8 - 5
T, = = 1.25 x 10°7
"t 0.8 % 1077 S

'thns of the order of 10° times the axpected growth time for interchange insta-

bilitieas, vere they t¢ occur. Vheress 'qhis high degree of stability is not

understocd 1t 18 quite encoursging since, if instabilities scale as is now

believed, this observation provides some hope that magnetic nirror confimmnt

may be froe of instebilities for valuee of the plasms B = SxukT/HZ, which are

great enough to pemit gignificent aﬁvancas toward controlled fusion gower. '
| Another ohsewation of intemst carried cut in the Vable Top compression

exmrimnt ves the maezmemnt of the redidl distribution of the emergetic

electrons in the plasma as a funet.iqn of the time, (M

A scintillator probe
sensitive to electrons of several kev energy' vas inserted in the medisn plane

(n2lf way Detween the mirror coils) of the mechine end the counting rate obe

" served as a function of the radius. At redisl positions grester then 2.5 cm

from the axis essentisnlly no pulse signals vere observed. When 'thg probe was

at radial distences less then 2.5 cm it interfered with plasme formation and

produced e large counting rete. The rediue of the hot plasws is therefore
about 2A.‘AS cn and very few erergetic electrons appear ie be lost. by radial
o, _ | . - A

Muitiplae?cwxpres'sion experiwsnts are also beipg carried euﬁ. Plasme 1is
injected into an 18-;111; dismeter chamber in & weak magretic fiel.d By propai;’
shaping of & sequence of pulsed ficlds the plasma is compressed and trans-

ferred successively into e 9-in. diemeter chember end fipelly into a 3-in.



diameter chauber, vhere s very high pulsed field intensity of at leagt 150 ke

can be applied. The advantages of this system sre that the plasma 1s rapildly

removed Srom the region where it wes produced, leeving the neutral.gaé and
even the high atmﬁc mudber ions behind, end that a grester over-all eompres-
sion is possible. |

Us:mg a2 very cold plasma injected into the firat stage s the transfer and
compression was carried ‘out as expectad.(?)_ Improvements are now bem,g‘mde
in the injsction system by vhich the injected plasma parbicles will heve much

greater ixiitial transverse ‘em@gies (5'-’6)By this system it is reesonable éo

- expact that positive ion plesma tmratms of the erder of 10 kev and den-

sities of the order of mlk m/cmj can be attained.

c. Ingrgetic Perticle Injection

' From ‘the .inception of the megnetic mirror program & mejor objective has
been' the buildup of & plasma by injecting energetic positive ioums im;é the con-

fining volume. However, if e particle is injected intc a magnetic field from |
tﬁe outside, it ‘“‘%11 cone baék out again unless either the field, the particle

.emr@' or the particle charge/mess ratio changes while it is in thé’fie_lﬂ.

Mony schemes have been considered for injecticn and trapping by chenge of
charge 8%%.(7'9) the injection of either energetic meutral beems of particles
vhich ere ionized inside the confining volums or of molecular ions such as D'
which are dissociated into etomic joms md %rappad. At Livermore, preliminary
work has been carried out in preparationfor the ingection of energetic neutyal
andvmlecum.r ions. With equimsnt oow in operation st Livermore & Dz baam
of 0.3 e.mp at 100 kev cen he in,gecfted into an a.yerﬁure 5 in. in diameter with

8 divergame angle of about L deg. An energetic ncutral atcmic perticle beanm

corresponding to a bean current of 0.1 emp &t 100 kev is also produced by
focusing and neutralizing the atomic ion beem from this same equipment. A
very iptense neutral_‘zaarticl.e beam et 20 kev is now also urder development.
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The aiffeégmm aqumima describing the buildup of the ion density and
the reduction of the meutral denaié;y by ion purping ixave been get up and
: solved mmricallyfcr & wumber of cases. The case of particulayr interest is
that in which an intense deuterium src dowm the exis of the machine is used
a5 & t&rget for molecular-ion éieawiﬂtiﬂn (3‘0) . The mol.emz.lnr ions are injected
into mncal orbits 80 that they poss t,hmu&h the are msmy times and are essen~
tially all dissocidted before retwrning to the point of injection. The calcu-
Av-l,;a.tioas ehm? that with an imput of 05 ep of OO kev B?_f' jons the atamic iom
density should build up to 10%7 loms/cw® end the neutrel-particle density should
be reduced from &n initial value of 2 2 1010 garticles/mﬁ (goméponﬁing to a
pressure of 5 x 1077 mm Hg) to samething like U x 107 particles/cx’. The
sxpected ratio of don to neutral density is of the order of 250 000, which fa
begioning to approach conditions of practicsl intevest. The expectation is that,
after the plesms has built up %o o density of the order of 3 x 10M toms/e?,
the arc can be turned off and the ‘highﬁtéa@eraﬁure ple.sm then used es a jarget
for woleculsr-ion dissocistion. Work Qn this very promieing method of pro-
dueing & hot plasus will mot be comtimied at the Lawrence Radiation Leboratory
since by mutual agmemn‘chigh energy-mlecum ion injection in the ﬁ‘S.A.
will be developed exclusively at the Osk Ridge Nationed Leboratory, at least
for the immediste future. |

An alternative apyroach, that of relativaly low-ensrgy mu’cr&l partiel.a
' injeetim,(n) is bemg actively pureued at the ;,ivermore eite. This is the
ALICE experiment in wmch e very intense beanm (300 to 500 ms) of hydrogen ions -
“at 15 to 20 kev will be Focused into a pearly parallel beam of cross section »
about 3 %X 5 cm and passed through a temous neutralizing terget. At the energy
adopted for this doveldpment sbout 95% of thé incident mne. will be peutralized.

‘“he resultingemr’é,etic neutral stamic beam will be directed across the trepping



region of a magnetic mirror machine vith e cemtral field intensity of sbout
50 WG. The main part of tmbeam will cross the trapping volums and go 6ut thg |
other side into a “burial chamber”, where a high gettering speed will be main-
tained by pericdic vacuum eveporation of well qutgasaed nolybdenum., A small
frection of the enerzgétic neutral perticles will enéaui:ter either residusl ges
moléculea 11'1 the trepping volum.ér & low-density background plasma, experience
& charge-exchonge event end become trapped 68 an epergetic ion. By this pro-
cess & hot plasme vwill be built up in a'bout',m.xe second. To ensure that not
 ‘more then a small fraction of the trapped emergétic.ions are lost by e subse-
. quent charge-exchenge eventom e residual zes molecule the neutral ges density
met be kept very low--in the range 1 to 5 x 10~ mm Hg. Means of sealing
lar@elflanges with metallic gaskets(lz) and meintaining veiyllargg puztping
speeds dovn to pressuwres less than 1079 Hg(n) have been developed. An icw
source cé.yé,ble of producing 500 »ma. of hydrogen or deuterium ions is in opera-
| ' t.ion.(lb) Beem collimation amd neutralization sre yet to be accomplished
before an effective test of the ALICE plaswe buildup principle can be carried
A' out. ¥When this is evewtually done, & plesma of about the same positive ion
- energy and denmsity as that in .t.he mlﬁipl‘e;cmzpmesim experimsnt should result,
but the piasma volume (~50 end ) will be larger and the comtaiment time (~1 séc)
rrach lenger theh 'iu the mltiple-cmmssiﬁh experiment. If both muitiple-
ccz_mpression end the ALICE exparmm:a are successful, ths next ’step in the
‘mirror machine program would most liﬁely be & combingtion of these two systeus.
. Meanwhile bothh devices give promise of produéing hot and deme plasma for
eacgerimntél eiuay. | |
2. THE ASTRON PROGRAM

@a. Role of Relativiatic Electrons in the Astrom

Christofilos hag proposed & novel method of heating end confining @ plasma .
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ﬁtilizj.-ng vary bhigh energy electrons.(lj) In the Astron device it is proposed

to use intense circulating currents of very high ensrgy electrons (1) to modify
the vacuum £ield to form e cloged pattern of meguetic linss of foree for con-
fining & plasms, (2) t.o create e plasma by ionizing neutral ges, and (3) to beat
the resulting plasme by collision processes to the desired reaction temperature.
The main chember of the Astron 1s to consist of a cy—iinﬂrical chapber with an
axial megonetic field produced by external windings sgmevhat concentrated at the .
ends to pmvme meguetic mirrors. Within this chamber & cylimdricel layer of

'-&1@1}! rel&tﬁistic electrons mwmg helice‘.lly in ’tl@e'ﬁel& and being reflected
"fm tha mirmrs at the ends i5 to be built up in circul&ting current. When

the p@pulation of the electron leyer per om of axial Jength reachea the value

By = 7/re, Vhere 7 is the relativistic mess of the electrons in restmess units
end ¥, ie the claﬂsical electron radius, the megnetic field at the center due

to the circulating electrons is about equal and opposite to the vacwm field,
and the resultant field inside the layer is approximately zero. If the mumber
of electrone per wnlt length in the layer is increased above NG the fleld inside

'vill be reversed relative to that ocuteide the electron layer. When this occurs

the megpetic linas of force form & closed pattern pwvidmg & flattened toroiaal

trapping region within mch & plasma mey be confined.

When the desired fleld configuraticn is attained neutral gas is to be ad- '
mitted and ionized to form 8 plesma, which is then heated up by collisions with
the energetic eleétmm; &s the plasma energy density increeses the ampere~
turns in the external field windings will have to be increased to compensete -
for the diomagnetism of the plasme and maim;ain the appropriaste fleld intensity

" et the outside edge of the electron layer. By continuslly feeding in high-

&nérgy elgctrong the gystenm 15 %o be brought Lo and mainteined in & steady

- state ot any desired plasms density and temperature.
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nergy Electron Beam ..z;,jecti@n System -

In order to attain the cmxtm requima for the Astron an efficient

dyat:em for in,jec*tm very high currents of energet.ic elsctrens hes been designed

and some elements have been tested. The first reguirement is an eléctm gun

of unprecedented beam cutput and quali’ty.(m) %e present gun is superficially

 similar to these used in highepower kiystroms with the added festure of o

special field configuration which ensures that the rapdem angle of the owbput

 beem elsctrons will be very grall. m the pmaent guan the beam cutput is 60 -

ematmmmmarmmGflessthaml/gdegmemdamﬂ.seﬁmef :
Q 15 usec. The high vwlta@e 18 profuced by an iron~core pulse transformer of .
spaaial &eﬁi@- A modification of the gmaent gun o prcvide for & amewhat

: J.exgarea’t,ha&e 1snwheimgbuiltvmichahmudmdmabmafabcut 200 amp
'a‘bé@@kwf@tpul&eperi@ﬁs@f@luaec. ’

In order to reverse the field mme t}m laym" it ts necem'y for the

‘electmn emergy to beé woll ixxt@ the- mlativistic range. Althcugh gt 2 Mev

field reverssl way be merginally feasible; the aecelemtgr .whzch has heen designed
for the Astron model tests will sccelerate the beam from the new gun 1o 5 Nev.

Te aveid degrading the bemm quality, acceleration vill be eccomplisbed by e

pulsed dc field rather than by high frequezgy. The accelerator will consist of
en assewbly of pulse transformers with the acwl.erating eolumn inside the irem
core stme‘tum A in The pulge tmnsfmr Bun, the electron beam becaies the
secodiary for a nmabar af am.:.lta.nemmly energizz@d primary windings of a pulse
tmafﬁmr eystem. The in.jev*tcw is deaigmed for ot output of 200 mzsp of elec-

.trcms at 5 Mev with pulse length of about 0.1 psec and repétition rate of

60 pnl.aes/aemnﬁ
| The electron beam 15 to be injected through a megneticelly shielded tube

tangentially into the rield in an extension at one end of the Astron trapping _
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| chenber. This extension will consist of two concentric cylinders in the
aonulug between which the electrons will spiral along the field et & radilus
équél to about 3/5 the radius of the trapping chsmber. Becsuse of the small
pitech sngle of the sprisl and the ehort durstion of the beem puises, the
electrons will form short cylinders of circulating curremt moving coaxislly
along the anmuus of the extension.
. Cver the lexigth of the extension, m}rmm coils will be so arrenged
| that the field mtenény will decreage slowly es the électrom ammas. the
tmpping chamber () If no other provision were made the cylmdric&l muehe s
of electrons wcru.m experieme &n mc:mase m exisl velocity in passmﬁ from &
mg;ion of hi@hex to 8 mgiem of lawer me'bor moentigl,- would be reflected
fram the magpetic mirror at the far end of the trapping region And return to
strike the injector tube, To prevent this loss Lrom occurring it is meeasar;y
to ebsorbe energy. from the axisld component of the motion ag the electron
bunches slide amm the ma@etic vector pot@ntial. This is to be accomplished
- by mounting between the Gumr wall of t.,he injection em,tlm and the electiron
orbits an arrey of circule.r reeistors. As the short bunches of electrons
pass through the resistors they idnduce dissipative éuimnﬁs in the resistors
vhich remove enérgy frop the exial motion of the bunches. in this m:i the
electrons lose energy 80 that they cennot return to the point of inéect‘i® '
but are trapped between the megoetic pategtml remp at the injection end and
the mognetic mirrar on the far end of the tragping reglon, Although the
electrons alresdy tragped experience some epergy goln from the field energy
‘brought in by each subsequent bunch of electrons, calculetions indicate thst
& megnetic potentiel well of the ordexr of 20 per cent is suffictent to ensure

trepping encugh electrons in the layer to reverse the megnetic field.
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c. . Reversel of the Maspetic Field by Rotatinz Electrons

Vhether reversal of the megnetic £1e14 by high currents of relstivistic
elecmné is feasible has beeh exemined by lewi fi‘onks in & sequem:e of celeula-
| i;ons.(la) Since the electrons in the lsyer will b slowed dom by residual
gas even in the Memé of plﬁsma, tha equiiﬁ)rium emrgy diatribd’cioﬁn ccmisﬁs
of a.ll e‘nergigaa fmm the initial injection v&lue down to 8 cub-off value at - ‘
wmh the electrons are lost. . Bpace chm:ge neutrali@t{ion by donization of ths
residuel ges is essumed. ﬁsgléctm vfo:r theb present the angular séat;tering of
' the electrons but includirg the energy loss, & self-consistent salutiom for the
electron orbits asd the nodifted magnetic #1614 Les been ohté.ima, By deter-
‘ mining the aelféccnsistent ccnfigmtm ate.r'ting with a wery aanall populdtion _
in the electron layer and increusing the population, conditions have been found
which resuit in & steady refuction and eventual xéversal of the field.
| Hhétmr the ele-c{’.ron. layer will be steble under conditicns ‘of & reversed |
field camnot be deternined by calculations of the xind dsscribed above. For
$his reason the primary goal of the experimental progrem is to explore the sta-
'bility of the elactron la_yer with peremeters so chgse_n that reverssl of the
field shmid be feasiblé, essuming inat&bilitiea'do' not develop. If the layer
with reversed £1a1d proves to be steble then the layer with plaema should also
be. steble, at lesst up to same a8 yet undotermined value of the plesma energy

density.

d. Present Status of the Astron Develogmeut

Thé major ;accca@liakmm in the Astrqﬁ éevelopuent has beeﬁ the ﬂesi@.,
: constm‘ct':lpm and operstion of the first model electron gun. The bsem from th'e.
present gun has been imtroduced through a megnetically shielded tube tangen-
tielly into a ¢ylindrical vacuum tank with an spproximete sxisl magnetic field.

The beem pulse is reflescted from & weak magnetic mirror and then trapped by ;



energizing & pulsed coil which again réflecta_the electrons before they can
return to the point of injection. Roteting slectrons so trapped between
mirrors hﬂVa been rvetained for périads*up ﬁo geveral seconds (19) Experiments
of this kind will Ve cont-izmed in erd&r to measure and mxprcve the ef‘ficiency ‘
of the injection process. The present energy of the electrong is too small to
permit the trapping of & Beqpence'mf beam pulses for building up en sppreci-
eble laysr density. | |

Comstruetion of the improved gun to provide a beam current of 200 emp end
the induction accelerstor described sbove to increase the enmergy t6 S Mev should
be camgleteﬂ in two years or less. with‘thass facilities it will be possible to
determine whether the electron layer with réversea field 15 stable, a.n& if ao,.
%o build up &8 hot plaama to whataver energy éensity is germitted by stability
1imitatians _ .

5. THE PIN&H’?RGGRAM-

a. Lineayr and Tbroié&l Pineh Conficurations

Wherever the problem of contrelled fusion has been conaidered, the pinch

. effect has came to mind es the wmost promising Cirst atep towexrd beﬁh heat ing

| and confining e plasm. The simple linear pinch, such as that of Daker (20)
and collaaguae at the Berheley site of the Lewrence Radietion leboretory, vas

_ faund to be 60 ungtable against instability breelup that %he celumn.of ploema

. compressed by the self field of the plasme current coﬁlﬂ ve confired fer cniy
gbout & microsecond. Such a discharge 1n deuierium cen pevertheless produce
fusion peutrens in cuanmtities up to 10° neutrona/pulse However, these nsutrons
ere known to be ﬂne, not te thermonuclsar processes, but to ﬁhe acceleration of
. deuterons in the plaama by inductive effects assccisted with the imstebility
brealup of the pleame. %) Because of the very brief confinememt time there
scems t0 be no possibility that the aimplevlinear pinch can provide a fevors

eble balance of power,



‘Experiments to stabilize pinch discharge by imposing en axial magnetic
fie.m .on the tube before initiating the pinch were first carried cmt by Baker
and colleagues in Berkeley.(?8) fne extel £lux is locked tnto the highly con-
ducting plasma of the discbax'ge and is compressed together with the plasnm by
the esimithal field generated by the discharge current. Colgate, Ferguson and
Furth later carried out extensive experiments at Livermore for both & lineer ané
é toroidal “mgneticauy stabilized” pinch. (23 ) Hegnetic probe meseurements on
the linear mmtice.l;y stabilized pinch yislded results crudely .‘m agreement
vith the expectations of the Rosenbluth theary’  Mowever, since in the lincar.
pinch the plasma is in good thermal comtast with the end electrodes it wes r;ot
| surprising thatthe plésm temperature was never very high {ebout 30 ev) so
that the slectrical 'cmuctivity of the plasms wes lov. Rapid mez;aifrusion
of axial end ezimsthnl fields are expected under these conditions, snd the
pl.ama bmzﬁary layer of mixed fields was alvays broader than would be expected
for mg,h plasma tez@era’cure

The next J@gical step vas tc: el&mimte the end elactmdes by ccmvertlng
the megnstically stabilized pinch toa mm.al form and preﬂucing the dis-
 charge voltage sround the torus by induetton.$®) it no electrofes in contact
with the plasrm the toroidsal megneticelly stabilieed pinch was thm}ght to have
thf! posaibility of cresting such a high plasm t—emmtm (and therefore high
electricel confuctivity) that the imterpenetration of axial and azimithal
fields would be very slow. If this vere true a long confirement time  01’ the
“hot plasm w88 anticipetéd. | Magnetic probe and plasme conductivity measure-
nents, however, ci&arly showed that tha plasma boundary myér of mixed ields
was umz:pectgdly hroad and the plasma wm;gerature produced in the ma@mtice.l};}
stabilized toroidal pinch was much lower (abopt 20 ev) then had been expected.

Since many thousends of joules of energy ere poured into the pla.am from the
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-'ccméenser hank dm'wg ‘t.hsa disc he.r@;a the plasms 't;exm"atm-e should have reached
several thousend electron-volts. A search was mede for the energy loes wmecha-
nisus, aud the major loss vas foumd to be due to the ejection of electrons (in
the energy renge l 5 %0 5 kev) which strike the wall end produce soft x-reye.
The belief is that in the pl&am bowdery layer, in which the pinch current z‘lws,
runavay electrons ore produced, are sccelerated along the spirel lines' of force
" in this region and excite cross me&ea of electrical oscillation. The mon-adia-
b‘s;ti?é. effects 6f 4thase oscillations mry be responsible for the loas of thse -
awey 'e;lec%raﬁs which ap@ax to account for meost of the ﬁm: input into the
azscharge. | ‘ |

A recent asvelo]mnt at Livermore by Co]gaee and mrt;h in an effort: to
understand the processes which ‘cccur in the plasma boundary layer ig the “"bard

(26) In this device the pinch tube has a central copper conductor

core” pinch,
'(surrmmﬁ&ﬂ by & cylindric&l qmmm tube ) which carries the full discharge
return curvent. Smce the piaam is mide the. cantral conguctor, it is pushed
mztwaxd from the center by the azimuml field in the inverses of the normel mqu«-
petically s"cahilizgd pinch. Deceuse tha_ curvature of the plasma boundary leyer
45 awey fram the plesme, the comfiguretion according to hydramagoetic theory

' Aemam be stable. Experimentel mau:m obtained with rultiple magnetic probes
performed on the linear herd core pinch have shown that some configurations
which are hydromsgmetically steble in theory are meverthaless unstable.

| Megretic fluctustions are observed to be quite different at the cathode
and ancde ents of the tubes=the fluctustions near the cathode being smaller in

' amplitude but axtend:mg up into the high frequemey renge, whercées fluctuations

at the snode are larger in emplitude but made up of omly the lower frequenmcy
oscillations. The fluctustions have been explored aloug the length of the

discherge with the conclusion that the higher frequency oscillations ere
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: pmgressively denped out in the plasumn, whemaa the lover frequency oscilletions

ere progressively amplified. It appeers that electrons l;eavmg the cathode are
.modulataa, perhaps due to sheath oscillations, and sﬁba&quently intersct with

the plasma producing the observed results.

- The vacuum field of the bard core pinch, in which the exial field is inde-
“pendent of r and the ezimuthel field falls off as 1/r, exhibits the quality of
shear in the sense that the pitch of the resultsnt field lines changes with
‘radius. The property of shear in ths confining field contributes to tba sta-
| paadty of the system, es in the Stellarator. It 1s found that, in sddition to
the unstsble copfigurations mﬁt.iamd sbove, stablé configurations are also
found vhen the fleld with plasme does ndt dspert to redicelly from the vecuum
field; i.e. when the pleema B is emau ‘These stable configurstions are of
particuler interest and significance. - |
o e linesr hard cors pinch hes the seme limitation in sttainable tempera-
" ture as the linesr magnetically stebilized pinch due to thermsl contact of the
‘plesma with end elactrodes. In order to permit the attaiment of high tempera-
tures, the hard dore pinch is now being built in & toroidel form in vhich the |
céntré.l conductor. becoﬁma & ring. It is proposed to hold the ring in place by
magnetic levitstion resulting from cuz.'rents induced in the ring 3 thus the new
" device 18 called the levitron. The objective will be to determine whether
stable eohfigurations discovered in the linEa& hard éore pinch ere stable in
the toroidal form and vwhether severe energy lossges due to runaway elac*v‘:.rons
will again occur as in the case of the megnetically stebilized pinch.

After initieting experiments on magnetic stabllization of the pinch, the
Berkez.gy group sought configuretions for steble confinement not dependent upon
meghetic stsbllization. One such.conﬁgtmat_icn 1é the aheet;pinch.(m ) .An

infinite sheet of plaama centrelly located between twvo infinite conducting



plages hes neutral stebility. Two approximations to the infinite sheet pinch
have been uxﬁef investigaf;mn for tm o T2 A AT years.‘ These are the Tubular
‘. Pinch (or Triax) apd the plepe eheet pinch of limited width. Of these two the
Tubular Pinch has received much the grester effort.

In t’ne Tubular Pinck the ges is enclosed in anannular space between two
. cylnders. Vhen the ges is lonized anﬂ the pulse@ voltage applied between the
mr ring e:zéctmde aad the top electrods, the high plasme current produces
: azimml £iclds inside end cutside of the plesma which compress the plasma imto
a cylm&rm sheet. A muber of hy&xo&ywpic'boumesa can be seen on the volte |
ege t—race‘,— smd.. the configuration appesrs to be stable unless the current exceeds
abfmt 2 Ma, . The Tubular Pinch produces abcmt 106 peutrons per pulse, which do
not. alww evidence for appreciable deuteron accelera‘oion in the plésma. Eowever,
. the: resistance of the plesza 18 too high to permit the essumption that the
plasma reaches & sufficiently high temperature to profuce thermonuclesr peutrons.
Recent experimnta(as) looking lengthwise along the plasta with & streak camere
| navemve@edﬁh&tuiwntdmphsmcm*mmiaveryhightheylaemadoes not
remain centered in the axmulus between the two return confuctors, but is thrown
toward and strikes the 1mr vell after about 3 usac.. This eiffeqt appears to
be Gue to the lack of balsnce in the inductances between the immer end outer
return conductors, respectively, end the plaswa. A modification of the Tubular
Pinch has recently been constructed which permite increasing the inductance of
the cuter comductor and o balance the 'forcéa on the pla.sm With thies correc-
tionmde 1%t is hoped the plasma sheet can be lmptawayfrcaathe walls and
ccnsequenfc.ly reach aignifmm;y higner temperature. It should be pointed cmt
thet in the Tubular Pinch configuration<the megnetic fields are everywhere
' arthogonsl o the plasme current so thet thermal conductivity to the end

elsctrodes ghould be smaller by several orders of magnitude than that existing



‘in the magnstically stabilized pinch. The long confinement time end anticis
pated higher temperature of the Tubular Pinch would seem to offer at least
the possibility of making interestiang mmnts on the behavior of high
te:meratum plasm
b. Ihe Homopolar Rotating Pleewa Device -

Another plesme confinement scheome developed at Berkeley is the Homopolar

devic'e(ag) in which the plosma is created in crosesed electric and magnetic
filelde and experiences rotation from the resulting torque. In this device a
flat sheet pinch is produced by a redial flow of current from en outer ring
| ’electroﬁe w & central electrode. A magnetic field ie m*omced which ia
generally orthogonal to the current so that the plasms thus cmated, experiences
a torque and is &ét into rotation to velocities up to about 5 x 10® cm,/a%ec..
‘ Parameters can be ad;iusted 8o that the current pulﬁe from the condenser benik
is criticslly dsznged After cessation of’ radi&l current. flow the sheet plasms
com'.:l.nues to rotate ard to maintain e voltage scross the terminals for periods
of several amdred microseconds. This is an extreme case of rotational con-
. finement which may pm very useful for e period during whidch shock heating

s appl ed to yaise the temperature of the plmeme. Although the energy stored

in the plasmn 1s very large (of the order of 10 kJ), the rotationel motion is
relstively eokaemﬁ, vhereas the rerdon M1m corresponding to the temperature
is pmﬁably not in excess of 50 ev. If it 18 to be useful es & thermonuclear
devicé, some means of adding random energy or comvertingsam of the energy of
coherent rotion mist be found The Hempom device, mreover, has unusual
‘properties as an energyestora@e circuit element. (30) After the plasms has been
set iuto rotaticpal moticn, mainteining e voltage across its terminals, &8 in
the cusé of a Faradey~disc gensrator, energy ¢an be extracted from the device

by ¢connecdting e léw«-ixsxpedame load aeross the terminels.
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Recent experiments on the Homopolsr device show that when the ourtér‘ elec-
trode is en anode the current density during the steody-state phese shovs &
remarikable band structure in which fa‘éher equb.lly spaced. ea?c’s. z-u.n around the
machine &t the arift ve'jlfociey of tm-plam.(5l) The charscter of these local-
ized regions of comtact between the plesma end the ancde a.re sti1ll under studg',

~ but the explanation for this striking phenomenon is zot yet cleer.

l&. PLASHA ﬁAVES AND OWTIONS 5

‘@, Intersction of Plasma with Microwavexa

 The response of e plasme to high i‘requency electromagnetic waves provides
a useful dlagnostic method which hms been developed to an advanced state by
Vharton at MVGM.(E?) In the évent t’hm-; the collision f‘quxency is small
compared with electron plecms fre:quency given by o, = (’ameéz/m)l/ 2 redians/séc ,
the electromanetic wave is propagated through the plasme vwith an effective

dielsctric constent equal to

' 2 | hxn e
K:laials e
| -3 e

vhere @ is the angular frequency of the electromagnetic wave, ¢ and m are the

2

charge and me2ss of the electron, end ng, is the electron dla‘ns.'t_ty. Rumerically
the pleams frequency is then fp = 9 X 10° %1/2. Spuciﬁcally, for a microwave

- of wavelength equal to 8 mu, the frequency 15 3.75 x 1089 cj’cles/sec and would

caz'raep@d to & plasms density of ng = 1.7 % :t.():l_3 eléctmns/emj. Thus plasms
donsities characteristic of many plasma physics éxpermuta are such that the .
placma frequency 1s in the range of microwaves for which sources, wave guidzas,
horns and other circuit cox@cments axe available. |

Mcmmves directed into & plasma body exe tranmitted with & pha.se shift

sgf@»,%_)l/zzg /2

¢ ; e

* when the miéroveve frequency is gt*éé.tar ‘than the plaswa frequency, but are .
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ebsorbed and mflectéd Btzfcngly when the plasma frequency exceeds the micrcwavea
'fm@ncy., ‘The confition © & ay is referred to a8 the cut-off frequency. i‘beee.
effects ere somewhat brosdensd if the fmquancy of the electmmagnetie wave is
comparsbhle with either the collisieon fr&quency in the glam or the @lectron
gyrofrequency in the magne‘tic fiela. Howover, for ms‘t cages of interest the
'cut-of’f "requency a.xxd phage shift are quite sberyl;‘/ defimd g0 that mna.suremn’cs
yof p.‘i.asma density cen be mede.

Basseé upcm tha ab@w pmnamm, Wharton hes aevnlopaa 2 microveve inter-
feromgter in vhich the phove ohift per wavelangth tb.rough the plasme een be
accurately determined. In addition, cbservetion of phase shift or cub-off for
several éiffereﬂtz microwive frequencies gives very good information on t,hé
maximim ¢lectron density dn the plasms Ge well as some informetion of the dia-
tribution in density along the microwave beon peth. |

b, Qenerstion ond Propsgation of Toreional (Alfvén) Weves

' Wileok and Baker have studled the generation snd propagetion of torsional
Alfvén waves 1n 8 hz.gnly ionized ple,sm columm. (33) "'he experimental arrange-
ment was ﬁerived from the bompalar device a@scribed above. A colum of plasma
18 produced by disc_h&rging & smll condenser benk through the ges in & cylin-
drical chamber within vhich .there 4{s & neerly uniform axial megnetic Pield of
intensity up to shout 15 ¥G. . By amcha.rging a :skxarpl,{ rising voltage pulse
between & atm"c central electmde et one end of the chember and tm chamber
vwag.l, an E x E torsionzl force is spplied %o the pl&am calmm st ove end. A
comsfponding voltage pulse is then detected petween the central el&ctmde on
the fer end ond the chesber vell after a brief dslay.

- The velocity of matim of an Alfvén wave is given by ¥, = B/( lmp)]'/ 2
cn/sec. By plotting the obsemd velocity agaiast. the mtic field intensity .

* from about 7 to 16 K2, @ st a,igiz‘f. line ic obtained. However, imstesd of



extrepoleting to zero intercept, the experimentel curve nes en apprecishle non-zero

intercept, the cause of which 1 not kmown. ‘At B = 10 KG the measured value
of Vy = 2.8 x 107 emfsec, vhich yields p = 1.0 x 16°C g/cw or 6.1 x 10%
protons/c®. The hydrogen pressure before the discharge was regulsted to
100 ¢ Hg, corresponding to 7.1 x 10 15 crotons/cm.

By measuring tbe magnetic fleld fluctuations assoclated with the wave, the
ensrgy trmfer from the extemal circuit; to the wave was wund to be 43¢, This
re).atively high efficiency is important to the next st;z; which will involve irn-
put from e high frequency oscillator-zmd & non-uniform axial magnetic field of
the mirror machine type. W&wés initisted at the end of the chémber will propa-
gate into a r;egiqn of diminishing field intensity emﬁ reach a point where the
Alfvén vave f‘mquenc; equals the ion cyclotron f?equency, at vhich point the
wave should be sbsorbed end the plasma at the center of the mirror machine hested.
' Somewhat mhted axperiments on torsionsl Alfvén waves have been cerried
out by Chanbers and Furth at Livemore (3 h) in A»thg:irv experiments the plasma is
a hollow reflux or Pc«:nn.:.mug(3 5) type of discna.r{ge. B} aﬁ:pl;ying a radio freguency.
field radially through the plasma near one of the ring eiactmﬁes et one end,
exially émpagatmg mén waves are generafed 4n the plasma. As the magnetic
 fleld is changéd zhe location of the point et which the ion cyclotron resomance
is gé.jtisfied is observed to move from & point near one end to the central region
between the nﬁgmtic mirrors. Megnetic pickup loops are used @s p-*obes for
G.etecting tha, high frequency f£ields aaaociated with tbe resonence. As is also
expected, when the field 1s everyvhere abave ‘the iom cyclot“on resonance point
" the wave is tranemitted along the entire lergth of the hollow plssme and is
© detected at tm.'fax end of the m&chine.,‘ When rescpemce occurs anywhsre over
the length of the wachine the wave 1s observed to be cmnb]ﬁmiy absorbed and

no eignal is observed near the electrode at the far end. Although the energy



| fed inte the plasme in this experiment m very small, it appesrs that the " Inag -
'-.mﬂc beech” type'cf_ plam hee.ti:.ng"é.e predicted by Stix“é)‘ hae been observed.
| | 5. CONCLUDING REMARKS |
| In the ebove discussion of controlled thermcnucleer research at the

University of California mwéneé Rediation Laboratory technological develop-
ments have been mnitted_ and the descriptions of expérimxxté have been very

. brief. However, the main linea of endeavor mrd the production and confine-
mém’. of & very hot plasma have been outlined and> the status and plans of each
of the projects briefly described. | | o

A question which might be feirly esked 1s, "What are the prospects for

success frcm such & diverse program?” The enaswer to the question depends,
of course, upon the kind of succeas one is seeking. The probability of any
ope component af the progrem Alaading directly toward the controlled release

of fusion power may be smsll. However, the kuowledge of pleama physics being
gameé and the technology being developed certainly contribute to the eventual
attaimment of comtrolled ms.um power. Moreover, the justification for
intense resesrch on high temperature plasma is by no mevans limited to the
singls goal of comtrolled m:'.on power. Other practicel eb.jec‘tivée that,

may veij.‘y well be realized are magnetohydrofypamic power generation, plasma
thermocouple enerey converaion, plasma Wion and energy generation for
interplanetary vehicles, sources of very imtense microvavesand many other
thoroughly wortinihile goals. | '
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